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Photoinduced Processes in Molecular-Inorganic Materials  
- Design Strategies for Control of Photophysical and Photochemical Processes 

Elin Sundin 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

 

Abstract 

Sunlight is the most abundant renewable energy resource on Earth and has the 
potential to provide our society with clean energy. Despite this abundancy, solar 
energy corresponds to only a minority of the global energy production. Two major 
reasons for this are the limited efficiencies of solar cells and the difficulty of storing 
solar energy. The work presented within this Thesis aims to investigate ways of 
overcoming these issues. A process called singlet fission could be utilized to increase 
the efficiency of solar cell. The storage issue of solar energy could be circumvented by 
producing fuels (i.e. solar fuels) instead of electricity from sunlight.  

The work presented herein has been dedicated to mechanistic studies of photo-
induced processes in molecular/inorganic materials. The aim has been to gather 
knowledge about how the materials can be designed to obtain control of the 
photoinduced processes; so that one process can be favored over another. 
Molecular/inorganic materials were used because of their favorable characteristics 
compared to molecules or inorganic materials alone in terms of combining the 
stability of inorganic materials with the tunability of molecules.  

In this work, a derivative of the well-known singlet fission molecule 1,3-
diphenylisobenzofuran was attached to various semiconductor films in solvents of 
different polarities. Studies of these materials revealed that utilizing semiconductors 
with a relatively low conduction band energy in a non-polar environment is favorable 
for achieving singlet fission followed by injection from the triplet excited state. 
Further, studies of molecular/semiconductor materials with both photosensitizer and 
catalyst molecules attached to the surfaces revealed that the charge separated lifetime 
between the photosensitizer and the semiconductor can be significantly extended by 
design of a patterned film of two different semiconductors. These studies further 
revealed that two-electron transfer from the conduction band to an attached 
molecular catalyst is possible; thus, these materials are promising for use in solar fuel 
generating assemblies. The results presented herein can be useful for future design of 
molecular/inorganic materials to achieve singlet fission as well as multi-electron 
transfer necessary for generating solar fuels. 

 

Keywords: Photochemistry, solar energy conversion, dye-sensitized semiconductors, 

hybrid materials, mechanistic studies, singlet fission, electron transfer, charge 

separation.  
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1 Introduction – Light as the Starting Point 
 

Sunlight is the start of all life on Earth. Together with carbon dioxide and water, sunlight 

produces oxygen and carbohydrates via photosynthesis which is essential for life as we 

know it.1 The radiation from the sun contains a lot of energy that is not utilized to its 

fullest potential in today’s society, just 90 minutes of sunlight at the surface of the Earth 

contains enough energy to power the planet for almost an entire year.2 Despite this 

abundance of solar energy, only about 2 % of the global energy production originates 

from direct solar to energy conversion.3 This is a number that needs to increase in order 

to meet the climate goals stated in the Paris agreement; limiting the temperature increase 

to a maximum of 1.5⁰C compared to the pre-industrial era.4  

As I am writing this Thesis, the temperature increase on Earth has already become 

apparent. In fact, last year was the warmest year since the measurements of the 

temperature started in the mid-19th century, with an average temperature of 1.25⁰C 

above that in the pre-industrial era.5 The vast majority of researchers and scientists agree 

that this temperature increase is a result of global warming caused by burning of fossil 

fuels such as coal and oil, resulting in emission of greenhouse gases. Moreover, the 

temperature is predicted to continue to increase if we don’t change this behavior. Thus, 

to prevent a further increase of the temperature we need to replace the fossil fuels with 

renewable energy resources such as solar, hydro, biomass or wind that does not 

contribute to emission of greenhouse gases. By far the most abundant energy resource of 

these is solar radiation which, as previously mentioned, contains an almost endless 

amount of energy from a societal perspective.  
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Given the vast abundance of solar energy at the Earth’s surface, it is almost surprising 

that it is not yet the dominating energy resource for our society. There are of course 

several reasons for this, and I will not cover them all in this Thesis but will focus on two 

limitations of scientific interest that I have been working with. The first is the efficiency 

of solar cells, which is limited by the mismatch between the solar spectrum and the band-

gap of the solar cells.6, 7  Figure 1.1 shows the spectrum of the solar radiation at the surface 

of Earth. As can be seen in the figure, the main part of the solar radiation consists of visible 

light (400-700 nm). Silicon, which is the most common material used in solar cells, 

however, has a band-gap of ~1000 nm.8 Thus, a lot of the solar energy is not utilized fully 

in the solar cells and is lost as heat.  

 

Figure 1.1. The spectrum of the solar radiation at the Earth’s surface. The visible region of the spectrum is marked 

in green, and the UV part of the spectrum is the part to the left of the visible region. The band-gap of silicon solar 

cells is also indicated in the spectrum. 

 

The mismatch between the solar spectrum and the band-gap of solar cells could possibly 

be circumvented by utilizing a process known as singlet fission (SF), where one high 

energy photon can result in two charges in the solar cell, which would reduce the 

thermalization losses. In short, SF is a process where a molecule in its singlet excited state 

interacts with and shares the excitation energy with a neighbouring ground-state 

molecule, resulting in both molecules ending up in their triplet excited states.9-13 Efficient 

SF with quantum yields reaching the theoretical maximum have been demonstrated in 

several different molecules, both in concentrated solution, as dimer or trimers and in 

crystalline films.14-19 However, harvesting the obtained triplets into a device with 

maintained high yields has proven to be difficult, which limits the use of SF.20-25  

The second, and probably more important limitation, is the challenge of storing solar 

energy. Solar cells produce electricity when the sun is shining, but at night or on a cloudy 

day their power output is severely diminished. Finding a good way of storing solar energy 

is therefore of great importance. One possible way of storing solar energy could be to 

produce so-called solar fuels from the sunlight and store the energy in chemical bonds.26-

28 In principle, solar fuels can be generated by photoexcitation and subsequent charge 
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transfer into reaction centres, mimicking the key features of the photosynthesis.29 In 

natural photosynthesis, light capture is followed by a series of electron transfer steps that 

accumulates electrons at a final acceptor, which later is used for the light-independent 

reduction of carbon dioxide into carbohydrates.30-33 In order to mimic this in artificial 

systems, multi-electron transfer needs to be achieved since the reactions that are of 

interest for solar fuel production, such as reduction of carbon dioxide, require transfer of 

more than one electron.29, 34 Moreover, a long-lived charge separated state following the 

photoexcitation is necessary to allow for the multi-electron transfer events to occur as 
well as to match the turn-over frequencies of the solar fuel-forming reactions.  

The first example of fuel generation from irradiation with light in an artificial system is 

the experiment by Fujishima and Honda in 1972; using titanium dioxide (TiO2) and 

platinum as electrodes, UV-light irradiation (<400 nm) produced hydrogen and oxygen 

from water.35 As can be seen in Figure 1.1, the solar radiation at the Earth’s surface 

contains a limited amount of UV-light, and it is therefore desired to instead utilize the 

visible part of the spectrum to drive the fuel-forming reactions. This can be achieved in 

some molecular and hybrid assemblies, and since the initial experiment by Fujishima and 

Honda, solar fuel-forming reactions have been demonstrated in several systems.36-44 The 

efficiencies and stabilities of these systems are however limited, and key challenges 

include achieving more efficient multi-electron transfer as well as an extended charge 

separated lifetime. 

1.1 Aim of this Work 

Light, and the processes that occur in molecules and materials upon photoexcitation, is 

also the starting point for the work presented in this Thesis. As described above, solar 

energy has the potential to provide our society with clean and abundant energy, given 

that the limitations of solar energy conversion can be overcome. Light is also non-

intrusive and an ideal trigger for other photonic devices, such as logic gates or molecular 

machines.45, 46  

In this work, hybrid materials that consist of molecules immobilized onto inorganic 

semiconductor films have been designed and characterized. Hybrid molecular/inorganic 

materials are used since they come with some clear advantages compared to using pure 

molecular or inorganic materials alone. While pure molecular systems are tunable by 

chemical modifications, they often suffer from stability issues, for example, when it comes 

to several sequences of electron transfer events. Using pure molecular systems also 

typically requires working in liquid phase, which is not beneficial for practical 

applications. Inorganic semiconductor materials are on the other hand often stable for 

several sequences of excitation and electron transfer; however, they are not as easily 

tuned as molecular systems. Hence, assemblies that combine the selectivity of molecules 

with the stability of inorganic materials can be an ideal solution that takes advantage of 
both the selectivity of molecules and the stability of inorganic materials.47 

Here, molecular/semiconductor materials have been designed and studied with the aim 

of obtaining mechanistic information about the processes that occur following 
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photoexcitation, and how these processes potentially can be controlled in future devices. 

The applications that have been in mind are materials for solar energy conversion as well 
as other light-responsive functional materials.   

In Paper I, a derivative of the well-known SF molecule 1,3-diphenylisobenzofuran 

(DPIBF) was immobilized onto different semiconductor surfaces, and the SF and triplet 

injection dynamics were characterized in terms of solvent polarity and injection driving 

force. The aim of this work was to study if the photoinduced processes that occur on the 

surface, for example SF or charge separation, can be controlled by varying the substrate 

or surrounding environment.  

In Paper II, the goal was to design a photoswitchable molecule that can be attached to 

semiconductor surfaces to generate a light-responsive photoswitchable solid film with 

spatial addressability. The molecule was based on a ruthenium sulfoxide complex that 

can undergo reversible S-to-O linkage isomerization upon photoexcitation, and the aim 

was to study if the photoisomerization ability is preserved when the molecule is attached 

to a zirconium dioxide (ZrO2) film. In a follow-up study, the same ruthenium sulfoxide 

complex was used as a photosensitizer attached to TiO2. The aim of this work was to see 

if the complex can inject electrons into the conduction band of TiO2, and if the created 
charge separated state can be stabilized by one of the isomers.  

In Paper III, a patterned semiconductor film was designed with the goal of extending the 

charge separated lifetime between an immobilized photosensitizer and the film. The 

patterned film was designed using two semiconductors with different conduction band 

energy levels; TiO2 and tin dioxide (SnO2). The aim with this design was to study if an 

electron transfer cascade could be created in the film, and if that could result in an 

extended charge separated lifetime. Finally, in Paper IV, the electron transfer events 

from the conduction band of TiO2 to an immobilized catalyst molecule were studied. The 

aim of this work was to achieve two-electron transfer to the catalyst, both from direct UV-

light excitation of TiO2 and by visible light excitation of co-adsorbed photosensitizer 

molecules.  

 

 

 

 

 

 

 

 

 



5 
 

 

2 Theory and Experimental Methods  

In this Chapter, I will briefly describe light-matter interactions and photoinduced 

processes that are relevant for this work. I will also describe the experimental techniques 

that I have been using. This Chapter aims to provide a background to the light-induced 

processes that occur in the following chapters, so that the results presented therein can 

be understood. For a more detailed description of these topics, the reader is referred to 

other literature on the subjects.9, 48-55 

2.1 Light, Matter, and their Interactions 

The interaction between light and matter is something that we, whether we reflect upon 

it or not, come across every day. The interplay between light and matter is the origin of 

all the colors that we see and also what initiates photosynthesis, which is the source of all 

life on Earth. To fully understand these interactions, it is important to first understand 

what we mean by light and matter.  

2.1.1 Light 

Light is typically described as a harmonic wave of an oscillating electric and magnetic 

field, where the wavelength of the light (λ) corresponds to the distance between the 

waves, as illustrated in Figure 2.1.  



6 
 

 

 

Figure 2.1. Illustration of an electromagnetic wave, with the oscillating electric and magnetic field perpendicular 

to each other.   

 

Apart from being described as a wave, light can also be described as a flow of particles, 

called photons, with a discrete energy. The energy of the photons (E) are related to the 

wavelength (λ) or frequency (v) of the electromagnetic wave, the speed of light (c) and 

Planck’s constant (h) via the equation48 

𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
      (2.1) 

As can be seen in Equation 2.1, light with a shorter wavelength has higher energy than 

light with a longer wavelength. A photon of UV-light is, for example, more energetic than 

a photon of visible light. Light can interact with matter in a few different ways, and to 

understand these interactions, we also first need to define what we mean by matter.  

2.1.2 Matter 

The smallest components of matter which we consider in chemistry are usually electrons, 

protons, and neutrons. These components make up the atoms, which consist of a core of 

neutrons and positively charged protons surrounded by negatively charged electrons. 

The probability of where in space the electrons can be found as they are surrounding the 

core of the atoms are described by the atomic orbitals (AO), which in principle are 

solutions to the Schrödinger equation.56 The AO obtained from solving the Schrödinger 

equation have discrete energy levels, and they are occupied by electrons according to the 

Aufbau principle with the lowest energy orbitals being filled first. Each AO can only be 

occupied by two electrons, as is stated in the Pauli exclusion principle, and these electrons 

need to have opposite spin. In molecules, which in principle consist of several atoms 

bound together, the electrons are instead located in molecular orbitals (MO). The MO are 

linear combinations of the AO and are also occupied according to the Aufbau and Pauli 

exclusion principles. The highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) in molecules are especially important when it 

comes to photoinduced processes.51, 55  
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Instead of in orbitals, electrons in solid state materials such as semiconductors are 

located in discrete energy bands. The bands are in principle a combination of the 

individual orbitals, with orbitals of similar energy forming the continuous bands. Just as 

in atoms and molecules, the bands are occupied in increasing energy levels. The highest 

occupied band and lowest unoccupied band in the ground state of semiconductors are 

called the valence band (VB) and the conduction band (CB) respectively and the energy 

difference between these is called the band-gap.52 

2.1.3 Light-Matter Interactions 

Light, being electromagnetic radiation, can interact with matter in a few different ways, 

for example absorption of a photon or scattering of the light. When a photon has a suitable 

energy, it can be absorbed by a molecule through an interaction with the electrons in the 

molecule. This interaction induces an electronic transition from an orbital with a lower 

energy to an orbital with a higher energy. For an electronic transition between for 

example HOMO and LUMO to occur, the energy of the photon needs to match the energy 

difference between the orbitals as is stated in Bohr’s frequency condition, Equation 2.2, 

where ∆E is the energy difference between the orbital with higher energy (Efinal) and the 

initially occupied orbital (Einitial), h is Planck’s constant and v is the frequency of the light. 

Electronic transitions in molecules are often induced by light in the UV to visible part of 

the spectrum.48 

 ∆𝐸 = 𝐸𝑓𝑖𝑛𝑎𝑙 − 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = ℎ𝑣           (2.2) 

When a photon is absorbed by a molecule, the electrical component of light induces a 

dipole moment in the molecule known as the transition dipole moment. Hence, for light 

to be absorbed, the transition dipole moment also needs to be aligned with the electrical 

component of the light, in addition to the energy requirements. Additionally, for a 

transition between the electronic states to occur, the states need to be coupled, i.e. their 

wavefunctions need to overlap. The greater the overlap between the wavefunctions, the 

higher the probability of the transition to occur which also results in a larger absorption. 

The probability of an electronic transition to occur between two states is described with 

the Fermi Golden rule as51 

𝑘 =
2𝜋

ℏ
𝜌 < Ψ1|𝐻|Ψ2 >

2        (2.3) 

Where k is the rate of the transition (i.e. the probability per time unit) between the two 

states Ψ1 and Ψ2,  ℏ is Planck’s constant divided by 2𝜋, 𝜌 is the density of states that can 

couple the two states and H represents the perturbation that is induced on the system 

when the two states are mixed.  

Solid state materials like semiconductors can also absorb light if the wavelength of the 

light matches the difference between two energy bands. Semiconductors are, as might be 

apparent from the name, non-conductive in the ground state but can relatively easily 
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become conductive if their CB gets populated with electrons by for example 

photoexcitation. Wide band-gap semiconductors, which are used in this work, has a 

relatively large band-gap and only absorb light in the UV-region. The band-gap of anatase 

TiO2, SnO2 and ZrO2, which are all examples of wide band-gap semiconductors, are 3.2 

eV57, 3.8 eV57 and 5.0 eV58 respectively. Semiconductors can also become conductive by 

electron injection from molecules that are immobilized onto the surface via photoinduced 

electron transfer59 as will be further described in the following section. 

2.2 Photoinduced Processes in this Work 

Several processes can be triggered upon photoexcitation of molecules and materials. In 

this section, the photophysical and photochemical processes that are relevant to the work 

presented in this Thesis will be described.  

Figure 2.2 displays a simplified Jablonski diagram that summarizes the transitions that 

can occur in molecules upon photoexcitation. A molecule in its ground state (GS) is almost 

always in the lowest singlet state (i.e. a state where all electrons are paired with different 

spins), which is called S0 and this is the starting point for the light-induced transitions. 

 

Figure 2.2. Simplified Jablonski diagram with arrows indicating absorption, fluorescence, phosphorescence, 

vibrational relaxation, internal conversion and intersystem crossing. 

If a photon is absorbed by a molecule (blue arrows) the molecule ends up in an 

electronically excited singlet state, usually in the first or the second singlet excited state 

which are called S1 and S2, respectively. Each of the electronic states also has a number of 

vibrational energy levels that are represented by additional black lines in the figure. 
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According to the Franck Condon principle, electronic transitions are vertical in the 

diagram and do not involve any movement of the nuclei during the time of the transition 

(since the electrons are so much lighter than the nuclei). Following absorption, the 

molecule ends up in the so-called Franck Condon state, which typically is in a higher 

vibrational level in the electronically excited state. The molecule quickly relaxes from the 

Franck Condon state into the lowest vibrational level of the S1 state. This relaxation 

occurs via vibrational relaxation (VR) (pink arrows, a non-radiative deactivation process 

that releases heat) when the Franck Condon state initially is in the S1 state. If the Franck 

Condon state involves a higher electronically excited state, this relaxation occurs via 

internal conversion (IC) (purple arrows, a non-radiative process without energy loss) to 

a higher vibrational level of S1 followed by VR to the lowest vibrational level of S1.  

From the S1 state, there are a few competing non-radiative and radiative processes that 

can take the molecule back to the GS. One possible deactivation pathway is emission of a 

photon from the S1 state, this is a radiative process and is called fluorescence (green 

arrow). The molecule can also return to the GS non-radiatively via IC into a higher 

vibrational level of the S0 state followed by VR. Another possible pathway from the S1 

state is intersystem crossing (ISC) (red arrow) into a triplet excited state (T1), which is a 

state with two unpaired electrons. This is a non-radiative process without energy loss, 

and since it involves a spin change of one electron it is typically slow. From the T1 state, 

the molecule can return to the GS via emission of a photon, which is a radiative process 

called as phosphorescence (orange arrow) or ISC can take the molecule back to the S0 

state. Since phosphorescence involves the change of a spin, this process is generally 

slower (µs to ms) than fluorescence (ps to ns).49  

The relative preference for a deactivation process following photoexcitation is called the 

quantum yield (ϕ) of the processes and is defined as the number of events per absorbed 

photon. For example, the quantum yield of fluorescence can be written as 

𝜙𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
#𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑣𝑖𝑎 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

#𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
   (2.4) 

The quantum yield of fluorescence can also be expressed in terms of the rate constants 

as the rate constant of fluorescence (kf) over the sum of the rate constants of all the 

deactivation processes, i.e. fluorescence and non-radiative processes (knr) as  

𝜙𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
𝑘𝑓

𝑘𝑓+𝑘𝑛𝑟
     (2.5) 

In addition to the processes described above, other processes such as singlet fission, 

photoinduced electron transfer and photoisomerization can also occur in some molecules 

upon photoexcitation. These processes will be described in the following sections. 
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2.2.1 Singlet Fission 

In addition to the processes described above, some molecules can undergo singlet fission 

upon photoexcitation to the S1 state. As briefly described in the introduction, SF is a 

process where a molecule in its singlet excited state shares the excitation energy with a 

neighboring ground-state molecule, which results in both molecules ending up in their T1 

state.9 The maximum quantum yield for this process is 200%, since one absorbed photon 

can result in two triplet excited states. A simplified diagram illustrating the SF process is 

presented in Figure 2.3. The initially formed triplet states are coupled into an overall 

singlet configuration that is called a correlated triplet pair, [T1T1], which makes SF a spin-

allowed process.9 After the correlated triplet pair has formed, it should ideally dissociate 

into two free and independent triplets but can also recombine into two ground-state 
molecules or undergo triplet-triplet annihilation.9 

 

Figure 2.3. A simplified diagram of the SF process, a molecule in the S0 state initially absorbs a photon and ends 

up in the S1 state. Once in the S1 state, the molecule shares the excitation energy with a neighboring molecule so 

that both molecules ends up in the T1 state, the T1 states are initially coupled ([T1T1]) in an overall singlet 

configuration and these may subsequently dissociate into two independent triplets (T1).   

 

There are a few requirements that need to be fulfilled for singlet fission to occur. Firstly, 

the energy of the S1 state needs to be at least twice that of the T1 state to make this process 

energetically possible.9, 60 Secondly, an electronic coupling between the molecules is 

necessary, which requires that the molecules are in close proximity and in a favorable 

geometry for SF.9 The first requirement is fulfilled in various molecules like for example 

pentacene61, tetracene62 and DPIBF63. The second requirement has been fulfilled by using 

highly concentrated solutions, crystalline films and in dimers or trimers of the 
compounds, and the quantum yield of SF in these systems often reaches 200%.14-19  

The mechanism of SF has been extensively studied14, 64-73, and Figure 2.3 represents a 

very simplified picture of the process. Although being extensively studied, the mechanism 

is not yet fully understood and appears to vary between different molecules and in 

different assemblies. For example, in some molecules, an initial charge transfer into a 

molecular charge separated state facilitates for SF whereas in others it acts as a loss 

channel.14, 74, 75 Formation of a molecular charge separated state is one example of 
photoinduced electron transfer, which will be further described in the following section. 
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2.2.2 Photoinduced Electron Transfer 

Reactions where electrons are transferred from a donor (D) to an acceptor (A) are known 

as electron transfer (ET) reactions and are essential in many biological processes as well 

as in solar energy conversion. For an electron transfer reaction to occur, there must be a 

driving force for the reaction, i.e. the Gibbs free energy needs to be lower for the resulting 

state than for the initial state.76-80 Classical Marcus Theory77 is often used to describe 

electron transfer reactions, and this will briefly be described below.  

Electron transfer can happen both between molecules in the ground state and from 

thermally or photoexcited states.76-80 When electron transfer occurs following 

photoexcitation of either the donor or acceptor, the electron transfer is referred to as 

photoinduced electron transfer (PET). Since photoexcitation of a molecule results in a 

higher energetic state of the molecule, the driving force for electron transfer increases in 

the excited state. Electron transfer from a photoexcited donor (D*) to an acceptor is often 

written as 

𝐷 − 𝐴
ℎ𝑣
→  𝐷∗ − 𝐴

𝑘𝐸𝑇
→  𝐷+ − 𝐴−             (2.6) 

where D+-A- represents the charge separated state (CSS). A potential energy surface 

diagram illustrating PET following photoexcitation of the donor is shown in Figure 2.4.  

 

Figure 2.4. Potential energy surface diagram showing PET from photoexcitation of a donor. The diagram includes 

the ground state (D-A), the initially photoexcited state (D*-A) and the charge separated state (D+-A-). The driving 

force (∆G0), activation energy (∆G≠) and reorganization energy (λ) are also indicated in the diagram.  
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As can be seen in the figure, the photoexcited D*-A state is higher in energy than the CSS, 

thus there is a driving force for this electron transfer reaction to occur. To reach the CSS, 

the transition state (which is the intersection between the potential energy surfaces) 

needs to be crossed, and for this, an activation energy (∆G≠) is often required. The 

surrounding solvent molecules moreover need to rearrange following the ET, since they 

initially are organized with respect to the D*-A surface. This also requires energy which 

is called the reorganization energy (λ). The rate of electron transfer (kET) can be 

expressed in terms of the activation and reorganization energy together with the 

electronic transmission coefficient (κel), the nuclear motion (νel), Boltzmann’s constant 

(kB), the temperature (T) and the driving force (∆G0) as 

𝑘𝐸𝑇 = 𝜅𝑒𝑙𝜈𝑛 exp− (
(𝜆+ΔG0)

2

4𝜆𝑘𝐵𝑇
)     (2.7) 

By examining this equation, it is possible to identify three different regions for the 

electron transfer which are illustrated in Figure 2.5. The first region is called the normal 

region (left part of the figure), and in this region an increase in the driving force increases 

the rate of electron transfer. The second region (middle part of the figure) is the 

activationless region and represents the maximum electron transfer rate. The third 

region (right part of the figure) is called the inverted region, here the rate of electron 

transfer decreases with increasing driving force.76, 81 

 

Figure 2.5. Potential energy surfaces illustrating the different regions in the Marcus theory of electron transfer. 

Left: normal region, center: activationless region, right: inverted region. 

PET in molecular systems can occur both intra- and intermolecularly. In addition to 

occurring in molecular systems, PET can also occur in heterogenous assemblies between 

for example semiconductors and immobilized molecules.82 If the excited state oxidation 

potential of an immobilized molecule is higher in energy than the CB, an electron can be 

transferred from the molecule into the CB83, this process is generally referred to as 

electron injection.84 Similarly, electrons can be transferred back to the now oxidized 
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molecule, this is called interfacial charge recombination. Further, electron transfer from 

the CB to an immobilized molecule resulting in a reduction of the molecule can occur if 

the CB energy lies above the reduction potential of the molecule.85-87  

2.2.3 Photoinduced Isomerization 

Some molecules can undergo conformational changes upon photoexcitation that results 

in reversible changes in the absorption spectra of the molecules, these molecules are 

called photochromic molecules and the process is referred to as photoisomerization.45, 54, 

88, 89 The photoisomerization process between an initial isomer (A) and a metastable 

isomer (B) can be written as 

𝐴
ℎ𝑣1
⇆

ℎ𝑣2/∆  
 𝐵      (2.8) 

In some photochromic molecules, both the forward and reverse reaction can be triggered 

by irradiation with light of different wavelengths (hv1 and hv2, respectively), whereas in 

some molecules the initial state can only be regenerated thermally. Both certain organic 

molecules such as azobenzene90, spiropyran91 and diarylethene92 display 

photochromism as well as a few metal complexes such as ruthenium sulfoxide 

complexes.89, 93, 94 The quantum yield of photoisomerization95 from A to B is defined as 

𝜙𝐴→𝐵 =
#𝑖𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

#𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
    (2.9) 

When both the isomerization from A to B and from B to A can be triggered by light, the 

photostationary distribution (PSD) from irradiation with a certain wavelength depends 

on both the forward and reverse quantum yield of photoisomerization as well as on the 

molar absorptivity of the isomers at the wavelength of irradiation as 

𝑃𝑆𝐷(𝜆) =
[𝐴]

[𝐵]
=
𝜀𝐵𝜆𝜙𝐵→𝐴

𝜀𝐴𝜆𝜙𝐴→𝐵
     (2.10) 

where λ is the wavelength of irradiation, ελ is the molar absorptivity of the isomers at that 

wavelength and ϕ is the quantum yield of photoisomerization.  

2.3 Spectroscopic Techniques  

In this work, spectroscopic methods have been used to characterize photoinduced 

processes in molecular/inorganic materials. Below follows a brief description of the 

methods used herein.  
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2.3.1 Steady-State Absorption Spectroscopy 

The absorption spectra of molecules and materials reveal which wavelength of light that 

is absorbed, and thus which wavelengths that upon irradiation can result in 

photoinduced processes. To characterize the absorption properties of molecules and 

materials, steady-state absorption spectroscopy is used and the experimental setup for 

this is illustrated in Figure 2.6. Light from a white-light source is passed through the 

sample at different wavelengths, which are selected by a monochromator. The intensity 

of the light before (I0) and after (I) the sample at each wavelength is measured and used 

to create the absorption spectrum.   

 

 

Figure 2.6. Schematic illustration of the experimental setup used for recording an absorption spectrum.  

According to Lambert-Beers law, the absorbance (Aλ) of a molecule at a certain 

wavelength is directly proportional to the pathlength (l), concentration (c) and molar 

absorptivity of the molecule at that wavelength (ελ) as  

𝐴𝜆 = log
𝐼0

𝐼
= ɛ𝜆𝑐𝑙       (2.11) 

The molar absorptivity, usually presented in M-1cm-1, is related to the probability for a 

transition between two electronic states to occur. Thus, a higher ε means a higher 

probability of absorbing photons, and in principle this value is used to characterize the 

light-harvesting ability of molecules.  

2.3.1.1 Steady-State Absorption-Coupled Photolysis  

By coupling an external excitation source to steady-state absorption measurements, 

spectral changes following continuous irradiation can be monitored. During these 

measurements, the absorption spectra is recorded as a function of time during the 

irradiation time, and processes such as photoisomerization can be characterized.  
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2.3.2 Transient Absorption Spectroscopy 

To study photoinduced processes and their kinetics, transient absorption (TA) 

spectroscopy is often used. Here, a laser pulse is used to promote a sample into an excited 

state, and the differential absorption (∆A) between the absorption with (Ap+) and without 

(Ap-) the excitation pulse is measured as a function of wavelength and time. 

∆𝐴 = 𝐴𝑝+ − 𝐴𝑝−     (2.12) 

In principle, ∆A represents the difference in absorption between the excited state and the 

ground state. Positive features in the spectra (excited state absorption) occur when the 

absorption of the excited state is larger than the absorption of the ground state, and 

negative features can originate from either emission or when the excited state has a 

smaller absorption than the ground state (ground state bleach). Typically, the 

measurements are done in several time-steps following the excitation pulse and this can 

be used to construct a ∆A spectra as a function of time.   

Depending on the process of interest, either femtosecond (fs) or nanosecond (ns) TA have 

been used in this work. The main difference between these two are the pulse width and 

this is also what determines the time resolution of the measurement. The experimental 

setups for these two techniques are somewhat different and will be described below.  

2.3.2.1 Femtosecond Transient Absorption Spectroscopy 

In fs-TA experiments, ultrafast processes that occur in the picosecond to nanosecond 

timescales after photoexcitation can be monitored. Ultrafast processes like solvent 

reorganization, stimulated emission and formation of a charge separated state can be 

characterized and at these timescales a correction for the group value dispersion (GVD) 

is also necessary. A schematic illustration of the experimental setup used in this work is 

shown in Figure 2.7. Ultrashort pulses (800 nm, 80 MHz) are initially generated by a 

femtosecond Ti:Sapphire laser, and these are amplified in a regenerative amplifier 

(where they are used as the seed beam) using another laser as the pump laser. The 

resulting pulses are approximately ~200 fs wide with an energy of ~0.5-0.8 mJ (1 kHz) 

in our system.  

After the amplifier, the beam is split into a pump and a probe beam. The probe beam is 

passed through a moving CaF2 plate to generate a white-light continuum and is then split 

into a probe and reference beam before passing through the sample. The pump beam is 

directed through an optical parametric amplifier (OPA) where the desired excitation 

wavelength can be obtained and is then passed through a chopper to block every other 

pulse. The pump beam is subsequently delayed in time relative to the probe beam by 

changing the path-length with a delay stage (0-10 ns), and finally overlapped with the 

probe beam at the sample. The probe and reference beams are then directed into optical 

fibers which are connected to a CCD camera, and from the recorded spectra with and 



16 
 

without the pump, a ∆A spectra can be obtained. By recording ∆A at several different 

pump-probe delays, the spectra as a function of time is constructed. 

 

Figure 2.7. Schematic illustration of the experimental setup for fs-TA experiment used in this work. 

 

2.3.2.2 Nanosecond Transient Absorption Spectroscopy 

When the kinetics of the photoinduced processes of interest are hundreds of 

nanoseconds to micro- or milliseconds, for example the kinetics of interfacial charge 

recombination from the CB of semiconductors to immobilized photosensitizers, ns-TA 

experiments are used. The experimental setup for this used herein is illustrated in Figure 

2.8. The excitation pulse is generated with a Nd:YAG laser (1064 nm, ~7-10 ns). By third 

harmonic generation of the fundamental beam, pulses of 355 nm are used in an optical 

parametric oscillator (OPO) to generate the desired pump wavelength.  

The probe light is a continuous lamp placed perpendicular to the excitation beam, and the 

pump is overlapped with the probe light at the sample. The absorbance of the sample is 

measured using the probe light with and without the excitation pulse, and depending on 

the detector used, a ∆A spectra (by using a CCD camera) or a plot of ∆A vs time at a specific 

wavelength (by using a PMT or photodiode detector and selecting the probe wavelength 

with monochromators) is recorded.  
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Figure 2.8. Schematic illustration of the experimental setup for ns-TA experiment using a PMT detector to record 

∆A vs time at a specific wavelength.  

2.3.3 Steady-State Emission Spectroscopy 

To record an emission spectrum of a sample, steady-state emission spectroscopy is used, 

and the experimental setup for this used herein is illustrated in Figure 2.9. The excitation 

light is obtained from a Xe-arc lamp and the excitation wavelength is selected by a 

monochromator. The emission is detected with a PMT (with another monochromator to 

select the wavelength) which is situated perpendicular to the excitation light. The 

emission spectrum is obtained by scanning the detected emission at different 

wavelengths. An excitation spectrum can be obtained in a similar way by instead scanning 

the emission from different excitation wavelengths.  

 

Figure 2.9. Schematic illustration of a spectrofluorometer used for recording an emission spectrum.  
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2.3.4 Time-Resolved Emission Spectroscopy 

Time-resolved emission spectroscopy can be used to characterize the emission lifetime 

of a sample. In this work, time correlated single photon counting (TCSPC) was used to 

measure fluorescence lifetimes and the experimental setup for this is illustrated in Figure 

2.10. Like in steady-state measurements, the detector (PMT) is placed perpendicular to 

the excitation source. A pulsed diode laser is used to excite the sample and as is apparent 

from the name, a single photon is detected from each excitation pulse. For each detected 

photon, the time between the excitation pulse and the emitted photon is measured and 

placed in channels with specific time intervals. The measurement is continued until 

enough photons are collected in the top channel (usually 5000 or 10000) for statistical 

reasons.  

 

Figure 2.10. Schematic illustration of the experimental setup for TCSPC measurements.  
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3 Design of Molecular/Inorganic Materials - From 

Light to Useful Energy  

In this Chapter, I will introduce some applications of molecular/inorganic materials and 

provide a background to the research presented herein. I will also present the specific 

molecular/inorganic materials that are designed and studied within this work and 

motivate the choice of these. All the materials used herein are based on molecules 

immobilized onto thin films of mesoporous wide band-gap semiconductors, and 

therefore I will start by briefly introducing these in general followed by a more specific 

description of some potential applications and the individual materials.   

Mesoporous wide band-gap semiconductor films consist of a porous network of 

semiconductor nanoparticles with individual diameters of ~5-25 nm which are sintered 

together. The mesoporous films are typically coated on a glass substrate with a thickness 

between 2-6 µm. The porous nanoparticle network results in films with a high surface 

area, making them ideal substrates for applications where high surface coverages are 

desired since several molecules can be attached close to each other in the porous 

network.47, 96, 97   

Molecules can be immobilized onto mesoporous semiconductor films via binding groups 

such as carboxylic acid or ester groups. The majority of the surface binding is described 

as covalent with the oxygen atoms in the binding groups forming bonds to the metal 

atoms in the semiconductor.98 A schematic illustration of a semiconductor film with 

immobilized molecules is shown in Figure 3.1.  
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Figure 3.1. Schematic illustration of a mesoporous semiconductor film with dye molecules (illustrated as red 

circles) attached to the nanoparticles in the film (illustrated as blue circles). 

3.1 Dye-Sensitized Solar Cells Combined with Singlet Fission 

The most common application of molecular/semiconductor materials is for electricity 

generation in dye-sensitized solar cells (DSSC). Here, dye molecules (photosensitizers) 

are immobilized onto a mesoporous semiconductor thin film (usually TiO2). The dye 

molecules can either be metal complexes or organic molecules that absorb light in the 

visible region, thus allowing for a larger part of the solar spectrum to be utilized. Ideally, 

the absorption spectrum of the dye should match the solar spectrum. Moreover, the 

excited state oxidation potential of the dye needs to be higher in energy than the CB of 

the semiconductor to have a driving force for the initial charge injection. The dye-

sensitized semiconductor film is coated on a conductive glass and used as the photoanode 

in the solar cell.59, 99-101  

The working principle of a dye-sensitized solar cell is illustrated in Figure 3.2a. When the 

dye absorbs light, electrons are injected from the photoexcited dye into the CB of the 

semiconductor via PET. The electron injection typically occurs fast and efficiently with a 

quantum yield close to unity.99, 102-104 After the injection, electrons are transferred 

through the mesoporous film to the conductive glass and then to an external circuit to 

generate electricity. The electrons eventually reach the counter electrode, and the 

oxidized dye is regenerated by a redox mediator in the surrounding electrolyte solution, 

closing the circuit.59, 99-101 The efficiency of DSSCs depends on both the generated 

photocurrent, which is determined by the overlap between the absorption spectrum of 

the dye and the solar spectrum, as well as on the open circuit voltage that is determined 

by the energy difference between the redox mediator and the CB level of the 

semiconductor.59, 105  

One possible way of increasing the photocurrent in dye-sensitized solar cells and utilize 

a larger part of the solar spectrum is to incorporate a singlet fission molecule as the 

dye.106, 107  By incorporating a SF dye on the photoanode, one incident high energy photon 

can result in two charges in the solar cell, if both the created triplets inject an electron108-

111, as is illustrated in Figure 3.2b. If a SF dye that absorbs the high-energy photons is 
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combined with an ordinary dye, the theoretical conversion efficiency of dye-sensitized 

solar cells increases from 32% to 46%.106 

 

Figure 3.2. Schematic illustration of (a) a dye-sensitized solar cell and (b) a dye-sensitized solar cell with a singlet 

fission dye.  

At a first glance, combining dye-sensitized solar cells with singlet fission molecules might 

appear to be straightforward. There are however several challenges that need to be 

overcome before an efficient solar cell based on this concept can be realized. Firstly, the 

singlet fission molecules need to attach to the mesoporous film in a geometry that 

facilitates a favourable coupling between the molecules. Secondly, competing electron 

injection from the singlet excited state as well as triplet-charge recombination needs to 

be prevented.107 Previous studies have shown that SF can occur on mesoporous 

surfaces108, 110 and lead to increased photocurrents108, 111 and an injection yield of above 

100%109. The efficiencies of these systems are however far from what is theoretically 

possible, and a mechanistic understanding is lacking. It appears as if attaching molecules 

that display an efficient SF in other environments onto semiconductor surfaces reduces 

the SF efficiency and results in limited dissociation of and injection from the created 

triplets.110 These observations prompted us to study the SF and injection dynamics of 

singlet fission molecules attached to semiconductor surfaces in more detail.  

3.1.1 DPIBF/Semiconductor Materials for Singlet Fission and Triplet Injection 

In this work, we synthesized derivatives of the well-known SF molecule DPIBF18 that can 

be immobilized onto mesoporous semiconductor surfaces. We chose to work with DPIBF 

derivatives since the parent molecule is a well-studied SF molecule18, 63, 112-116 that 

displays a high quantum yield of SF18, the effect on the SF dynamics from immobilization 

onto the surfaces can therefore be studied. Moreover, other DPIBF derivatives have been 

shown to undergo SF when attached to surfaces.108 For example, Johnsson and co-
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workers have previously studied a DPIBF derivative with a carbon chain terminated with 

a carboxylic acid group attached to core-shell photoanodes with a TiO2 core and a ZrO2 

shell.111 They observed a small increase in photocurrent with an increase in shell 

thickness, which is expected if triplet injection occurs following SF. Subsequent to this, 

Hanson and co-workers synthesized a dicarboxylated DPIBF derivative and studied both 

the photocurrent attached to TiO2-Al2O3 core-shell photoanodes as well as the 

photoinduced processes of the molecule attached to ZrO2.108 They also observed an 

increase in the photocurrent with an increase in the shell thickness of the core-shell 

photoanodes.108 Further, their studies revealed that the photoinduced processes of the 

DPIBF derivative attached to ZrO2 were highly complex and that excimer or molecular 

charge separated states were formed upon photoexcitation of the assembly in 

acetonitrile.108 In accordance with previous studies of DPIBF dimers, a possible charge 

separated state could either facilitate for SF if the molecules are strongly coupled113, 117 

or act like a loss channel if they are weakly coupled113, 114. These observations, together 

with the fact that the observed efficiencies of the core-shell assemblies were rather low, 

prompted us to study the photoinduced processes of DPIBF attached to semiconductor 

surfaces further and in different environments.   

Here, the photoinduced processes that occur when a DPIBF derivative is attached to 

semiconductor surfaces were characterized in solvents of different polarities. This was 

done to study if the photoinduced processes display a polarity dependence and to 

elucidate the role of a possible molecular charge separated state in the SF process. The 

derivative synthesized herein has a flexible carbon linker (six carbons) terminated with 

a carboxylic acid group for the binding to the surface; this derivative is hereafter referred 

to as DPIBFC6.118 The idea with the carbon linker was both to facilitate for a flexible 

packing on the surface so that the molecules can rotate somewhat freely, and to slow 

down a fast injection from the S1 state to allow time for the SF process. A schematic 

illustration of DPIBFC6 attached to a nanoparticle is shown in Figure 3.3a. To study if the 

length of the carbon chain affects the photoinduced processes, a derivative with a five-

carbon linker was also synthesized. The photoinduced processes in both derivatives were 

however identical, which suggests that minor differences in the carbon chain length has 

no effect on the photoinduced processes that occurs on the surfaces. Therefore, only the 

results from photoexcitation of DPIBFC6 will be presented herein.  

DPIBFC6 was attached to three different semiconductors with varying CB energy levels; 

ZrO2, TiO2, and SnO2. The molecule was studied attached to the different semiconductors 

to characterize the effect on the SF and injection dynamics from varying the driving force 

for injection. ZrO2 has a CB energy higher than the S1*/S1+ state of DPIBFC6, thus neither 

singlet nor triplet injection is expected to occur, making it possible to exclusively monitor 

the SF process. TiO2 has a CB energy below the energy of the S1*/S1+ state and similar in 

energy to the T1*/T1+ state, thus singlet injection is energetically possible and triplet 

injection should also be considered. Finally, the CB of SnO2 is below both the S1*/S1+ state 

and the T1*/T1+, making both singlet and triplet injection energetically possible. The CB 
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energy levels of the semiconductors119, 120 together with the oxidation potential of the S1 

and T1 state of DPIBFC6118 are summarized in Figure 3.3b. 

 

Figure 3.3. (a)  Schematic illustration of DPIBFC6 attached to a semiconductor nanoparticle, (b) CB energy 

levels of ZrO2, SnO2 and TiO2 together with the oxidation potential of DPIBFC6 in the singlet and triplet excited 

state and (c) absorption spectrum of DPIBFC6 attached to ZrO2. 

The absorption spectra of the molecule attached to the different semiconductors look 

essentially identical to each other, with a slight broadening compared to in solution. The 

absorption spectrum of DPIFC6 attached to ZrO2 is shown in Figure 3.3c. The results from 

photoexcitation of these materials revealed some interesting differences and a polarity 

dependence which will be presented in Chapter 4. 

3.2 Photoisomerization on Films 

Another possible application of molecular/semiconductor materials, which is not as 

extensively studied, is as photoswitchable solid films that display spatial addressability. 

Achieving photoisomerization with spatial addressability is necessary for many 

applications, such as logic gates or memory storage.121 Previously, organic photochromic 

molecules have been modified in different ways or incorporated in matrixes to make 

photoisomerization attached to surfaces possible.121-128 These approaches are however 

often limited to monolayers of molecules on flat surfaces, which results in relatively low 

surface coverages and low signals.   

Utilizing photochromic metal complexes attached to mesoporous semiconductor films 

could provide some advantages compared to using organic molecules on flat surfaces. 

Metal complexes are for example relatively easily synthetically tuned by varying the 

ligands, and the porosity of the mesoporous films allows for a significantly higher surface 

coverage compared to when flat surfaces are used as the substrate. Molecules that are 

immobilized onto semiconductor surfaces also usually keep their ground-state 

properties in terms of absorption, and the molecules can rotate somewhat freely after 

immobilization.129 Thus, photochromic molecules are expected to keep at least some of 
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their solution properties following immobilization onto semiconductor films. 

Immobilizing photochromic molecules onto semiconductor surfaces can therefore be a 

straightforward way of making solid state photoswitchable materials based on molecules 

that previously have been studied in solution.  

3.2.1 Design of a Ru-Sulfoxide/ZrO2 Photo-Responsive Material 

In this work, we used a mesoporous ZrO2 film as the substrate when designing a 

molecular/semiconductor film that can display two-color photoisomerization. ZrO2 was 

used since it has a high CB energy level that prevents excited state interactions (such as 

electron injection) between immobilized photoexcited molecules and the CB.130-132 

Further, the mesoporous ZrO2 film is semitransparent, which makes optical detection 

possible.  

When designing the photo-responsive film, we synthesized a photochromic 

ruthenium(II) sulfoxide complex, [Ru(deeb)2PySO-iPr]2+ (deeb  is  4,4’-diethylester 2,2’-

bipyridin and PySO-iPr is 2-((isopropylsulfinyl)methyl)pyridine), which can be attached 

to semiconductor surfaces.133 Ruthenium sulfoxide complexes are a well-known and 

extensively studied type of photochromic molecules that undergo S-to-O linkage 

isomerization upon metal to ligand charge transfer (MLCT) excitation in liquid 

solutions.89, 93, 94, 134-139 In most of these complexes, the back isomerization from the O-

bonded isomer to the S-bonded form occurs only thermally and the O-to-S isomerization 

is typically insensitive to irradiation with light. A few years ago however, the Rack group 

synthesized a ruthenium sulfoxide complex, [Ru(bpy)2PySO-iPr]2+ (bpy is 2,2’-

bipyridine), that displays reversible photoisomerization where both the S-to-O and O-to-

S isomerization can be triggered by light138, 140, something that is rare in metal 

complexes93, 135, 138. The complex synthesized herein is a modified version of this complex 

with the previously used sulfoxide ligand combined with deeb-ligands to allow for 

immobilization onto semiconductor surfaces via diethyl ester groups.   

The ruthenium sulfoxide complex studied herein attaches successfully to ZrO2 films, and 

the obtained surface coverage (~50 nmol/cm2) is approximately 200 times higher than 

what is obtained for a monolayer on a flat surface.123 The absorption spectrum of the 

complex attached to the film is similar to in liquid solution, which suggests that no 

ground-state interactions between the immobilized molecules occur. A schematic 

illustration of the thermodynamically stable S-bonded isomer of [Ru(deeb)2PySO-iPr]2+ 

attached to a ZrO2 surface together with the absorption spectrum of the assembly is 

shown in Figure 3.4. The isomerization processes following photoexcitation of the 

complex in liquid solution and attached to ZrO2 will be presented in Chapter 5.  
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Figure 3.4. Left: Schematic illustration of [Ru(deeb)2PySO-iPr]2+ attached to ZrO2 nanoparticles (R=i-Pr), right: 

Absorption spectrum of a Ru(deeb)2PySO-iPr/ZrO2 film. Adapted with permission from Paper II133. 

3.3 Dye-Sensitized Photocatalytic Materials 

A third possible application for molecular/inorganic materials is as photocatalytic 

assemblies that can produce solar fuels. As mentioned in the introduction, solar fuels 

have been generated in pure inorganic systems by irradiation with UV-light.35 By using 

dye-sensitized semiconductor materials instead, the visible part of the solar spectrum can 

also be utilized. Moreover, in hybrid materials it is possible to use a molecular catalyst 

that is designed for a specific reaction, which can increase the efficiency and selectivity of 

the desired reaction.  

There are a few different hybrid molecular/inorganic materials based on dye-sensitized 

semiconductors that can be used for solar fuel generation. The most common is the dye-

sensitized photoelectrosynthesis cell (DSPEC), in which the solar-fuel reactions are split 

into two different half-cells.141, 142 Oxidation of water occurs at the photoanode, which 

usually consists of a dye-sensitized TiO2 film coupled to a catalyst active for oxidation of 

water. The reduction reaction, for example reduction of carbon dioxide, takes place at the 

photocathode, which usually consists of platinum or a dye-sensitized p-type 

semiconductor.39, 141 DSPEC assemblies have been used for solar fuel generation39, 43, 141, 

143-146, however with limited efficiencies and/or stabilities. 

Another possibility of generating solar fuels is via dye-sensitized photocatalysis (DSP) 

assemblies. In DSP assemblies, the dye and catalyst molecules are co-attached onto 

semiconductor nanoparticles, and the CB is used as a mediator for transferring electrons 

between the dye and the catalyst.147-150 DSP assemblies take advantage of the ability of 

semiconductor nanoparticles to store electrons in their CB and transfer the electrons to 

co-attached molecular catalysts.151, 152 The electron transfer processes in DSP assemblies 

involves electron injection from photoexcited dye molecules into the CB followed by CB 

mediated electron transfer to molecular catalysts, these events are illustrated in Figure 

3.5. 
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Figure 3.5. Illustration of the electron transfer events upon photoexcitation of DSP assemblies. After 

photoexcitation of the dye molecules (illustrated as pink circles) electrons are injected into the semiconductor 

nanoparticles (illustrated as blue circles) and transferred via the CB to molecular catalysts (illustrated as green 

circles).  

After at least two electrons have been transferred to the catalyst, the reduction reaction 

can take place at the reduced molecular catalyst. Different types of DSP assemblies have 

been successfully used for both reduction of protons into hydrogen gas and carbon 

dioxide into carbon monoxide by using sacrificial donors to regenerate the dye, the 

efficiencies of these systems are however low, and a complete mechanistic picture is 

missing.147, 153-157   

3.3.1 Molecular/Semiconductor Materials for a Long-Lived Charge Separation 

In dye-sensitized photocatalytic assemblies, charge recombination from the CB to the 

oxidized dye becomes a significant loss channel146, 158 as opposed to in DSSCs where this 

often is negligible159. The reason for this is that in solar fuel-generating assemblies, the 

lifetime of the charge separated state needs to be long enough to allow for multi-electron 

transfer events to occur as well as to match the turn-over frequencies of the fuel forming 

reactions.47 

In this work, two strategies for extending the charge separated lifetime in dye-sensitized 

materials were explored. In the first approach, the photoisomerizable ruthenium 

sulfoxide complex described above was used as the photosensitizer with the hypothesis 

that the O-bonded isomer could stabilize and increase the lifetime of the charge separated 

state. In the second approach, a patterned SnO2-TiO2 film was designed with the aim of 

extending the charge separated lifetime by an electron transfer cascade through the film. 
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3.3.1.1 A Photoswitchable Photosensitizer  

Ruthenium(II) sulfoxide complexes can, as mentioned earlier, undergo S-to-O linkage 

isomerization upon MLCT excitation. In addition to the photoinduced isomerization, S-to-

O isomerization can also be triggered electrochemically in many of these complexes by 

oxidation of the ruthenium center.94 Thus, O-bonded ruthenium sulfoxide complexes can 

be described as more stable in the RuIII oxidation state. Given this, we questioned whether 

charge injection from the photoexcited ruthenium sulfoxide complex into the CB of for 

example TiO2 can occur, and if this can result in an extended charge separated lifetime 

from the O-bonded isomer that is stable in the RuIII state. To study this, the same 

ruthenium sulfoxide complex that was described in section 3.2.1. was immobilized onto 

TiO2 surfaces since that should result in a driving force for electron injection into the CB 

of TiO2. The ruthenium sulfoxide complex however displayed a limited ability to inject 

electrons into the CB of TiO2, this together with the photoisomerization on TiO2 will be 

further discussed and presented in Chapter 6. 

3.3.1.2 Design of a Patterned SnO2-TiO2 Photoanode  

To explore the possibility of extending the charge separated lifetime by designing a 

semiconductor film, we prepared a patterned SnO2-TiO2 film. The patterned film was 

inspired by previously studied core-shell structures consisting of a core of SnO2 and a thin 

shell of TiO2 to slow down charge recombination and increase the efficiencies of DSPEC 

assemblies.143, 160-163 These core-shell structures utilizes the CB energy level alignment 

between the two semiconductors (with the CB energy level of SnO2 being ~0.4 V below 

that of TiO2)120 to create a barrier for the back-electron transfer. Depending on the 

thickness of the shell, the core-shell structures have resulted in an increase of the charge 

separated lifetime by up to three orders of magnitude.163  

Taking inspiration from the core-shell assemblies, we designed a patterned SnO2-TiO2 

film with µm thick stripes of TiO2 deposited on a SnO2 film. The stripes were selectively 

sensitized with dye molecules, leaving dye-free SnO2 parts where electrons can be 

accumulated and molecular catalysts can be attached.164 The cross section of a patterned 

film together with the possible electron transfer events is illustrated in Figure 3.6.164 The 

idea behind this design was both to take advantage of the CB energy alignment between 

the semiconductors to prevent back-electron transfer and create an electron transfer 

cascade165, 166 as well as to allow for co-attaching molecular catalysts on the film. 

Moreover, by utilizing µm thick stripes of TiO2, the high injection yield and fast electron 

injection on TiO2 compared to SnO2167-169 can be preserved in the patterned film. Further, 

the high electron mobility in SnO2 compared to TiO2170 could facilitate electrons being 

accumulated in the dye-free SnO2 parts.   
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Figure 3.6. Cross section and emphasized electron transfer events in a patterned SnO2-TiO2 where the TiO2 stripe 

have been selectively dye-sensitized. Reproduced from Paper III164 with permission from the PCCP Owner 

Societies. 

An organic dye, D35, was used as the photosensitizer in the patterned films. This is a dye 

with a broad absorption in the visible region that displays an efficient and fast injection 

into the CB of TiO2.102, 171 The patterned design resulted in a significantly extended charge 

separated lifetime between the dye and the CB, this will be presented in Chapter 6. 

3.3.2 Molecular/Semiconductor Materials for CB Mediated Electron Transfer 

To generate solar fuels in DSP assemblies it is, as previously mentioned, important to 

achieve multi-electron transfer to the molecular catalyst in the assemblies. Achieving this 

is generally difficult, and in addition to a long-lived charge separated state between the 

dye and the semiconductor, control of and fundamental insights into the electron transfer 

processes from the CB to the catalyst is necessary. The low efficiencies in DSP assemblies 

have been attributed to a slow second reduction of the catalyst172 and a lack of control 

over the electron transfer events155. Durrant and co-workers have investigated electron 

transfer processes from the CB to a molecular catalyst by measuring the lifetime of the 

electrons in the CB after band-gap excitation of catalyst/TiO2 assemblies.172 They 

concluded that the second reduction of the catalyst is orders of magnitudes slower than 

the first, and that most catalysts need to be singly reduced before the second reduction 

can take place. After this, they investigated how the multi-electron transfer events from 

the CB to the catalyst is affected by an applied bias or the light intensity used.156 They 

found that multi-electron transfer to the catalyst is slow and that an applied potential or 

using high light intensities favors the multi-electron transfer events. Moreover, their 

study revealed that recombination to TiO2 is a substantial loss pathway that needs to be 

prevented.  

In the work presented herein, we were interested in studying the electron transfer events 

in molecular/semiconductor materials where both dye and catalyst molecules are co-

attached to the surface. The focus in this work was limited to characterizing the electron 
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transfer processes, and for this purpose, a model catalyst was used together with the dye 

D35. The model catalyst used herein is a cobalt porphyrin, protoporphyrin IX cobalt 

chloride (CoPPIX), which is a suitable electron acceptor since it has two available redox 

states (CoIII/II and CoII/I) below the CB energy of TiO2, Figure 3.7a, and one available redox 

state below the CB of SnO2. Moreover, the spectra of the different redox states of CoPPIX 

have distinctly different features in the visible region, Figure 3.7b, making it possible to 

characterize the one- and two-electron reduction by optical spectroscopy.173  

 

Figure 3.7. (a) Molecular structure and redox potentials for one- and two-electron reduction of CoPPIX (vs NHE) 

in relation to the CB energy level of TiO2, where the dotted line represents the zero-line vs NHE (b) Absorption 

spectra of the different redox states of CoPPIX. Adapted with permission from Paper IV173. Copyright 2018 

American Chemical Society.  

 

Two different types of samples were prepared and studied for this purpose. To study the 

potential of utilizing the patterned films in DSP assemblies, CoPPIX molecules were first 

selectively immobilized onto the dye-free SnO2 parts in the patterned films. The electron 

transfer from SnO2 to CoPPIX was then characterized, both from direct band-gap 

excitation of SnO2 with UV-light and from visible light excitation of the dye molecules 

attached to the TiO2 stripes in the patterned films. Since multi-electron transfer is crucial 

for generating solar fuels, we chose to work with TiO2 films in addition to the patterned 

films, since the CB of TiO2 allows for two-electron transfer to the catalyst. To study the 

electron transfer events from the CB of TiO2 to CoPPIX, we prepared both TiO2 films with 

only CoPPIX attached to the surface as well as co-sensitized TiO2 films with dye and 

catalyst molecules co-attached to the surface. The electron transfer events from TiO2 to 

CoPPIX was then studied, both from UV-light excitation of TiO2 and from visible light 

excitation of the co-attached dye molecules. One additional benefit of the co-sensitized 

TiO2 films over the patterned films is that they are similar in design to the DSP assemblies 

that have been used to generate fuels. Thus, the information about the electron transfer 

processes obtained from studying co-sensitized TiO2 films should be possible to translate 

into DSP assemblies and how the electron transfer processes can be optimized in these. 

To study whether the relative concentrations of dye and catalyst molecules on the surface 

influence the electron transfer events in the co-sensitized TiO2 films, samples with 
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varying dye:catalyst ratios were prepared (30:1, 15:1 and 8:1). The absorption spectra of 

D35/TiO2 and CoPPIX/TiO2 together with the absorption spectra of the co-sensitized TiO2 

films are presented in Figure 3.8. Our studies of these samples revealed one-electron 

transfer from SnO2 to CoPPIX and two-electron transfer from TiO2 to CoPPIX, these 
results will be presented in Chapter 6.  

 

Figure 3.8. Absorption spectrum of (a) D35/TiO2 and CoPPIX/TiO2, and (b) co-sensitized TiO2 films with 

concentration ratios (D35:CoPPIX) of 30:1, 15:1 and 8:1 on the surface. Adapted with permission from Paper 

IV173. Copyright 2018 American Chemical Society.  
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4 Singlet Fission and Electron Injection in 

DPIBFC6/Semiconductor Materials 
 

In this Chapter, I will present the photoinduced processes that occur in the different 

DPIBFC6/semiconductor materials. The processes that I will focus on involves SF, 

formation of a molecular charge separated state, electron injection and fluorescence. As 

discussed in Chapter 3, different photoinduced processes are expected to occur 

depending on the semiconductor substrate and the surrounding solvent. When DPIBFC6 

is attached to ZrO2, SF and formation of an excimer or molecular charge separated state 

are possible photoinduced processes, whereas on TiO2 and SnO2 electron injection can 

occur in addition to these processes.  

In solution, DPIBFC6 displays an intense fluorescence (λmax ~460 nm) with a lifetime of 

~5 ns and a quantum yield close to unity, well in agreement with unmodified DPIBF. If 

immobilization onto the semiconductor surfaces results in additional photoinduced 

processes, the fluorescence is expected to be quenched by these processes. Therefore, we 

initially characterized the fluorescence of the DPIBFC6/semiconductor materials. The 

fluorescence studies of DPIBFC6 attached to the different semiconductor films revealed 

that the emission is quenched on all semiconductors compared to in solution, which 

indicates that additional photoinduced processes occur when the molecule is attached to 

the surfaces. As mentioned in Chapter 2, the molecules need to be in close proximity for 

SF or to occur. Thus, if SF or other intermolecular processes occur on the surfaces, we 
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expect the quenching of the fluorescence to exhibit a surface coverage dependence. 

Indeed, the fluorescence of DPIBFC6/ZrO2 displays a surface coverage dependence, with 

a higher surface coverage resulting in a more quenched emission, indicating that SF or 

other intermolecular processes occur when the molecule is attached ZrO2. The 

fluorescence of DPIBFC6/TiO2 is on the other hand substantially quenched already at low 

surface coverages and does not follow any surface coverage dependence, indicating an 

efficient injection from the S1 state. The fluorescence of DPIBFC6/SnO2 is also 

substantially quenched at low surface coverage, however the fluorescence gets 

additionally quenched at higher surface coverages which might suggest that SF occurs in 

addition to injection from the S1 state at higher surface coverages.118  

Given the high quantum yield of fluorescence in solution, we can conclude that no ISC or 

intermolecular interactions occur. Thus, the solution fs-TA spectra can be used to 

determine the singlet excited state absorption, which displays peaks at 475 nm and 675 

nm that decays uniformly to the GS, Figure 4.1a, similarly to what previously have been 

reported.108, 174 To determine the triplet excited state absorption, triplet sensitization 

experiments of DPIBFC6 were performed, both in solution and when attached to ZrO2. 

These experiments revealed a triplet excited state absorption at ~460 nm, Figure 4.1b, in 

agreement with literature reports.63 Thus, if SF occurs on the surface an excited state 

absorption at this wavelength is expected to appear. Finally, the radical cation and anion 

of DPIBF has been reported to have excited state absorptions at ~550 nm and ~650 nm 

respectively63, hence electron injection would give rise to a peak at ~550 nm whereas 

formation a molecular charge separated state between the DPIBFC6 molecules would 

give rise to peaks at both 550 nm and 650 nm. With this information in hand, the TA 

spectra of the different DPIBFC6/semiconductor materials can be analyzed to obtain 

information about which processes that occur on the different surfaces upon 

photoexcitation. 

 

Figure 4.1. (a) fs-TA spectra of DPIBFC6 in toluene solution and (b) ns-TA spectra of the triplet excited state of 

DPIBFC6 in toluene solution obtained from triplet sensitization experiments with platinum octaethylporphyrin. 

Adapted with permission from Paper I118.   
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4.1 Singlet Fission and Formation of a Molecular Charge Separated State in 

DPIBFC6/ZrO2 Materials 

The photoinduced processes that occur on ZrO2 were characterized using fs- and ns-TA 

measurements (Figure 4.2). To study if a molecular charge separated state is formed and 

its potential role in the SF process, the measurements were performed both in 

acetonitrile and toluene. The energy of the molecular charge separated state 

(DPIBFC6+/DPIBFC6-) was estimated using the Rehm-Weller equation,175, 176 and in 

acetonitrile the energy of the DPIBFC6+/DPIBFC6- state is below the energy of the S1 state 

whereas in toluene it is slightly above the S1 state.118 Thus, a molecular charge separated 

state could be formed upon photoexcitation in acetonitrile but is not expected to form to 

any large extent in toluene.  

As can be seen when comparing Figure 4.2a and 4.2c, the fs-spectra evolves differently in 

the two solvents after an initial rapid formation of the singlet excited state (with peaks at 

475 and 675 nm) that decays faster than in solution in both solvents. In acetonitrile 

(Figure 4.2a), two new features at 550 nm and 650 nm appears as the singlet excited state 

decays, demonstrating that a DPIBFC6+/DPIBFC6- state is formed. After a few 

nanoseconds, a shift in the excited state absorption is observed and a weak feature at 460 

nm can be distinguished, matching the triplet excited state absorption. The triplet excited 

state appears to form in parallel to the formation of the molecular charge separated state, 

but to a much lower degree, and is the most long-lived species on the surface and the only 

feature that can be distinguished in the ns-TA spectra (Figure 4.2b). The measurements 

in acetonitrile suggest that charge separation and SF happens in parallel on the surface 

and that the molecular charge separated state acts as a loss channel for SF rather than an 

intermediate given the weak triplet excited state absorption and the fact that the 

processes happen in parallel. This role of the molecular charge separated state is also 

supported by the TA measurement in toluene that reveals less of a formation of a 

DPIBFC6+/DPIBFC6- state and a more distinct feature at 460 nm after ~1 ns in the fs-TA 

spectra (Figure 4.2c) that also is more apparent in the ns-TA spectra (Figure 4.2d). The 

triplets on ZrO2 decay to the ground state uniformly with biexponential kinetics with the 

longer component having a lifetime of >200 µs118, in good agreement with previously 

reported lifetimes of the triplet excited state of DPIBF and its derivatives.63, 108 

These results taken together suggest that SF is hindered by the formation of a molecular 

charge separated state on ZrO2 surfaces and that SF occurs to a larger extent in a non-

polar environment. Moreover, similar features matching a molecular charge separated 

state has been reported in the TA spectra of dicarboxylated DPIBF attached to ZrO2 in 

acetonitrile,108 suggesting that this is a general trend for DPIBF attached to 

semiconductor surfaces and that a non-polar environment is more beneficial for the SF 

process. However, as the triplet excited state absorption is weak also in the non-polar 

environment, the efficiency of SF on ZrO2 surfaces appears to be low in general.  
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Figure 4.2. fs- and ns-TA spectra of DPIBFC6/ZrO2 (a) fs-TA spectra in acetonitrile (b) ns-TA spectra in 

acetonitrile, (c) fs-TA spectra in toluene and (d) ns-TA spectra in toluene. Reproduced with permission from Paper 

I118. 

4.2 Injection from the Singlet Excited State and Charge Recombination in 

DPIBFC6/TiO2 Materials 

The highly quenched fluorescence for all surface coverages on TiO2 suggests an efficient 

injection from the singlet excited state. To confirm this and study a potential polarity 

dependence, fs-TA experiments were performed of DPIBFC6/TiO2 in acetonitrile and 

toluene, Figure 4.3. As can be seen in the figure, the initially formed singlet excited state 

absorption rapidly transforms into a peak at 550 nm in both solvents. The peak at 550 

nm corresponds to the absorption of the radical cation and confirms injection from the S1 

state. Thus, it appears as if the flexible carbon linker used herein is not enough to slow 

down the injection from the S1 state on TiO2, in agreement with previous studies of DPIBF 

with a carbon chain linker attached to TiO2.111 This observation suggests that the 

approach by Jonsson111 and Hansson108 to utilize core-shell structures indeed is 

necessary to slow down singlet injection from DPIBF into the CB of TiO2 for SF to occur.  
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Figure 4.3. fs-TA spectra of DPIBFC6/TiO2 in (a) acetonitrile and (b) toluene. Reproduced with permission from 

Paper I118. 

By comparing the fs-TA spectra in the two solvents it is possible to distinguish some 

differences between them. Firstly, the peak at 550 nm is more intense in acetonitrile 

(Figure 4.3a) which suggests a higher injection yield. Secondly, the radical cation appears 

to decay faster in toluene (Figure 4.3b) compared to in acetonitrile, and as the radical 

cation decays, a feature at 460 nm that matches the triplet excited state absorption grows 

in. This observation suggests that in toluene, charge recombination occurs from the CB of 

TiO2 to the triplet excited state of DPIBFC6. To further characterize this behavior, ns-TA 

experiments were performed of DPIBFC6/TiO2 samples in acetonitrile and toluene and 

these spectra are presented in Figure 4.4. The ns-TA spectra reveal distinct differences 

between the two solvents, in acetonitrile (Figure 4.4a) a broad feature that matches the 

radical cation dominates the spectra and decays back to the ground state. In toluene 

(Figure 4.4b) however, the ns-TA spectra is dominated by the triplet excited state 

absorption at 460 nm. After ~100 ns, both the triplet excited state absorption and the 

excited state absorption from the radical cation can be distinguished. However, after 1 µs 

the triplet excited state absorption is the only feature that can be distinguished, which 

further suggests a recombination from the CB to the triplet excited state of DPIBFC6 in 

toluene.     

 

Figure 4.4. ns-TA spectra of DPIBFC6/TiO2 in (a) acetonitrile and (b) toluene. Reproduced with permission from 

Paper I118. 
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4.3 Electron Injection and Singlet Fission in DPIBFC6/SnO2 Materials 

The highly quenched fluorescence for all surface coverages on SnO2 suggests, as on TiO2, 

injection from the S1 state upon photoexcitation. However, since the fluorescence from 

high surface coverage samples is somewhat more quenched than from low surface 

coverage samples, there is a possibility that SF contributes to the additional quenching 

observed for samples with a higher surface coverage. As on TiO2, the fs-spectra reveals 

formation of a peak at 550 nm as the singlet excited state decays, this peak corresponds 

to the radical cation and forms both in acetonitrile and toluene, Figure 4.5. In acetonitrile 

(Figure 4.5a), singlet injection is the dominating process. However, in toluene (Figure 

4.5b) a feature at ~460 nm that matches the triplet excited state absorption forms in 

parallel to the radical cation, suggesting that both injection from the singlet excited state 

and SF occurs upon photoexcitation of DPIBFC6/SnO2 in toluene. Interestingly, the triplet 

feature that appears on SnO2 is more pronounced than on ZrO2, suggesting that SF is more 

efficient when DPIBFC6 is attached to SnO2 compared to when it is attached ZrO2. The 

reason behind this is not clear but could be related with small differences in the 

nanoparticle network between the two semiconductors that alters how the molecules 

attach to the surface and in turn the geometry and/or coupling for SF.  

 

Figure 4.5. fs-TA spectra of DPIBFC6/SnO2 in (a) acetonitrile and (b) toluene. Reproduced with permission from 

Paper I118. 

Since the CB energy of SnO2 lies well below the triplet excited state oxidation potential of 

DPIBFC6, triplet injection into the CB of SnO2 following SF is a possibility. To elucidate 

whether the triplets inject electrons into the CB, ns-TA experiments were performed. The 

ns-TA spectra in acetonitrile and toluene are presented in Figure 4.6. Interestingly, the 

spectra are dominated by a broad and positive feature between 450-600 nm in both 

solvents, which mainly matches the absorption of the radical cation of DPIBFC6. This 

feature looks similar to the final spectra in the fs-TA measurements in acetonitrile (Figure 

4.5a), and for DPIBFC6/SnO2 in acetonitrile this likely corresponds to the radical cation 

following injection from the S1 state. However, this feature looks markedly different from 

the final fs-TA spectra in toluene (Figure 4.5b) that is dominated by the triplet excited 

state absorption. This difference between the final spectra in the fs-TA measurement and 
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the initial ns-TA spectra demonstrates that triplets have injected electrons into the CB of 

SnO2 in toluene and evolved into the radical cation of DPIBFC6. 

 

Figure 4.6. ns-TA spectra of DPIBFC6/SnO2 in (a) acetonitrile and (b) toluene. Reproduced with permission from 

Paper I118. 

The feature assigned to the radical cation in the ns-TA spectra is somewhat broader than 

the previously observed absorption of the radical cation, which could be a result of some 

residual triplets that did not inject electrons into the CB. This is also confirmed by the 

single wavelength kinetic traces that are different at 470 nm and 550 nm in both solvents. 

The lifetime obtained from the decay traces at 470 nm matches the lifetime of the triplet 

excited state. However, the lifetime obtained from the traces at 550 nm is more short-

lived and likely corresponds to charge recombination from the CB into the ground 

state.118 This observation suggests that SF occurs to some extent in both solvents, but 

with a higher efficiency in toluene.  

4.4 Short Summary 

In summary, these studies of DPIBFC6 attached to different semiconductor surfaces 

reveal that SF is more efficient in a non-polar environment and that SF on ZrO2 is hindered 

by the formation of a molecular charge separated state in a polar environment. When the 

molecule is attached to TiO2, SF is outcompeted by electron injection from the singlet 

excited state. However, when the molecule is attached to SnO2 in a non-polar 

environment, SF occurs in parallel to injection from the singlet excited state. These 

studies further demonstrate that SF is more efficient when the molecule is attached to 

SnO2 compared to when it is attached to ZrO2, and that the triplets formed via SF on SnO2 

can inject electrons into the CB of SnO2.  

 

 

 

 



38 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

 

5 Photoisomerization of the Ru-Sulfoxide/ZrO2 

Material 

In this Chapter, the results from photoexcitation of [Ru(deeb)2PySO-iPr]2+ in solution and 

attached to ZrO2 will be presented. The aim of attaching the complex to ZrO2 was to study 

if the photoisomerization ability of the molecule is preserved when it is attached to a solid 

surface, and if this can be used when designing photoresponsive materials with spatial 

addressability.  

5.1 S-to-O Photoisomerization  

To confirm that [Ru(deeb)2PySO-iPr]2+ displays S-to-O photoisomerization in solution, 

MLCT irradiation of the complex was initially performed in liquid solution. As expected, 

S-to-O photoisomerization is triggered upon MLCT excitation, both in dichloromethane 

(Figure 5.1a) and propylene carbonate, with a quantum yield that is estimated to ~30 %. 

The S-to-O photoisomerization is accompanied by a decrease of the initial MLCT 

absorption band at ~410 nm and two new absorption peaks growing in at 375 nm and 

500 nm, similarly as previously described for other ruthenium sulfoxide complexes.93, 94, 

138, 177  

Following this, MLCT excitation of the Ru(deeb)2PySO-iPr/ZrO2 material was performed, 

and importantly, S-to-O photoisomerization is triggered also on the solid film, Figure 
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5.1b. The spectral changes are slightly muted compared to in solution, which 

demonstrate a somewhat lower photoisomerization ability on the surface. This is also 

reflected in the quantum yield of photoisomerization that is lower on the surface than in 

solution and estimated to ~4-7%. Although the photoisomerization ability is somewhat 

lower on the surface, the photoisomerization still proceeds far, with maintained 

isosbestic points and provides spatial addressability as is evident from Figure 5.1c where 

a film has been irradiated through a star-shaped scaffold.   

  

 

Figure 5.1. Absorption changes of [Ru(deeb)2PySO-iPr]2+ over time (from red to blue spectra) following 

continuous irradiation with 405 nm light (a) in DCM liquid solution and (b) attached to a ZrO2 thin film (~50 

nmol/cm2) in air. (c) Photograph of S-Ru(deeb)2PySO-iPr/ZrO2 before (left) and after (right) being illuminated 

with 405 nm light through a star-shaped scaffold. Adapted with permission from Paper II133. 

Since the origin of the lower photoisomerization ability on the surface either could be 

related to hindrance from neighbouring molecules or from being attached to the surface, 

we performed surface coverage dependent measurements of the photoisomerization. 

These revealed that the photoisomerization ability depends somewhat on the surface 

coverage, with a lower surface coverage resulting in a slightly higher photoisomerization 

ability. This observation suggests that the photoisomerization is hindered to some degree 

by neighbouring molecules. However, the photoisomerization ability is lower than in 

solution for all studied surface coverages, indicating that the surface is what hinders the 

photoisomerization the most. To further increase the photoisomerization on the surface, 

chemical modifications of the molecule that provides an increased flexibility on the 

surface is likely necessary, such as utilizing only one ligand with binding groups to the 

surface. Another modification that could result in an increased photoisomerization ability 

per area could be to utilize a ligand with two sulfoxide groups, as have previously been 

studied in solution.177-180 However, since these complexes typically do not display two-
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color photoswitching, this would likely result in a film that does not display reversible 

photoisomerization.   

5.2 O-to-S Isomerization  

For practical use as a photoswitchable film, it is of importance that the photo-

isomerization is reversible by irradiation with light of a different wavelength and that the 

metastable state is long-lived. The O-bonded isomer is metastable but trapped for a 

significant amount of time in the dark following the photoisomerization, both in solution 

and when attached to ZrO2. Thermal reversion to the S-bonded form occurs over several 

days, Figure 5.2. Interestingly, the thermal reversion occurs in a similar fashion on the 

surface as in solution, suggesting that the molecular rearrangement for thermal reversion 

is not affected to the same extent as for the photoinduced isomerization on the surface.   

 

Figure 5.2. Absorption changes of O-[Ru(deeb)2PySO-iPr]2+ over time (from red to blue spectra) left in the dark 

for thermal reversion (a) in DCM liquid solution (inset shows single wavelength kinetics at 375 nm (green), 411 

nm (blue) and 500 nm (purple)) and (b) attached to a ZrO2 thin film (~50 nmol/cm2) in air (inset shows single 

wavelength kinetics at 370 nm (green), 405 nm (blue) and 500 nm (purple)). Reproduced with permission from 

Paper II133. 

Importantly, O-to-S isomerization of the complex can also be triggered by visible light 

irradiation, both in liquid solution and when attached to ZrO2. Selective irradiation of the 

O-bonded isomer results in complete photoisomerization back to the S-bonded form in 

solution (Figure 5.3a) and an almost complete O-to-S photoisomerization when attached 

to ZrO2 (Figure 5.3b). As for the S-to-O photoisomerization, the O-to-S photo-

isomerization is somewhat hindered on the surface and displays muted spectral changes 

and a lower quantum yield, in solution the quantum yield was estimated to ~2%, whereas 

on the surface, it was estimated to ~0.4%. Despite the lower quantum yield, the 

photoisomerization can be cycled back and forth several times, both in solution and when 

attached to the film.133 These results suggest that attaching photochromic molecules onto 

mesoporous semiconductor films is a promising approach for designing photoswitchable 

solid films. 
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Figure 5.3. Absorption changes of O-[Ru(deeb)2PySO-iPr]2+ over time (from red to blue spectra) following 

continuous irradiation with 590 nm light in (a) DCM liquid solution and (b) attached to a ZrO2 thin film (~50 

nmol/cm2) in air. Reproduced with permission from Paper II133. 

5.3 Short Summary 

In summary, this study demonstrates that attaching a photochromic molecule onto a 

mesoporous semiconductor film is a straightforward way of achieving a solid-state 

photoswitchable material with spatial addressability. This approach further allows for a 

high surface coverage compared to previously studied materials. The photoisomerization 

ability of the molecule is however slightly lower when it is attached to the surface 

compared to in solution, which is attributed to a restricted molecular movement on the 

surface. Further investigations into how the anchoring to the surface affects the photo-

isomerization will likely be needed to improve the photoswitching efficiency on the 

surface.  
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6 Charge Separation and CB Mediated Electron 

Transfer in Molecular/Semiconductor Materials 

As mentioned in Chapter 3, extending the charge separated lifetime between the 

photosensitizer and the CB is of great importance for generating solar fuels in dye-

sensitized semiconductor materials. In DSP assemblies, it is further of importance to 

achieve CB mediated multi-electron transfer to a co-attached molecular catalyst. In this 

Chapter, I will present our attempts of extending the charge separated lifetime by using 

the photoisomerizable ruthenium sulfoxide complex as the photosensitizer and by using 

the patterned SnO2-TiO2 film. I will further present how the charge separated lifetime 

between the dye and the CB is affected by co-sensitizing TiO2 films with both dye and 

catalyst molecules. Finally, studies of electron transfer from the CB of SnO2 and TiO2 to 

CoPPIX will be presented.  

6.1 Electron Injection in Ruthenium Sulfoxide/TiO2 Materials 

Following the successful photoisomerization of [Ru(deeb)2PySO-iPr]2+ attached to ZrO2, 

we were interested in studying if the complex could inject electrons into the CB of TiO2 

and if the O-bonded isomer could stabilize and extend the charge separated lifetime. Like 

when the complex is attached to ZrO2, S-to-O photoisomerization is triggered upon MLCT 

excitation when the complex is attached to TiO2, Figure 6.1.  
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Figure 6.1. Absorption changes of Ru(deeb)2PySO-iPr/TiO2 over time (from red to blue spectra) following 

continuous irradiation with 385 nm light. 

To study if the complex can inject electrons into the CB of TiO2, ns-TA measurements were 

initially performed of the S-bonded isomer attached to TiO2. If the complex injects an 

electron into the CB, long-lived signals in the µs to ms timescale is expected.99 However, 

no signals appear in the ns-TA measurements upon photoexcitation of S-Ru(deeb)2PySO-

iPr/TiO2, thus we can conclude that the S-bonded isomer does not inject electrons into 

the CB of TiO2 and that S-to-O photoisomerization or other deactivation processes 

outcompete a possible charge injection.  

Upon selective irradiation of the O-bonded isomer attached to TiO2, O-to-S 

photoisomerization is triggered like on ZrO2 and in solution. However, the back-

isomerization is not completely reversible on TiO2 by irradiation with light, suggesting 

that the O-bonded isomer is more stable when attached to TiO2. Given the lower 

photoisomerization ability for the O-to-S isomerization on TiO2, it is possible that charge 

injection becomes more competitive. To characterize if charge injection occurs from the 

O-bonded form, we performed ns-TA measurements of samples that had been 

photoisomerized into the O-bonded form prior to the measurements. Interestingly, long-

lived signals arise in the ns-TA measurements upon photoexcitation of the O-bonded 

isomer attached to TiO2. These signals do not appear upon photoexcitation of the O-

bonded isomer attached to ZrO2 or in liquid solution and can therefore be reasonably 

assigned to the oxidized O-bonded complex after injection of an electron into the CB of 

TiO2. It must however be noted that the intensity of the signals is low, which suggests a 

low injection yield.  

The charge recombination kinetics of O-Ru(deeb)2PySO-iPr/TiO2 is shown in Figure 6.2 

and compared to the charge recombination kinetics of the commonly used ruthenium dye 

N3181, 182. As can be seen in the figure, the charge separated lifetime is substantially 

extended for the O-bonded isomer of our ruthenium sulfoxide complex compared to for 

the N3 dye. This is attributed to the O-bonded isomer being more stable in the RuIII 

oxidation state and thus that there is a lower tendency for it to accept electrons from the 

CB.  
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Figure 6.2. Normalized single-wavelength ns-TA traces of O-Ru(deeb)2PySO-iPr/TiO2 and N3/TiO2 films and 

corresponding KWW fits. ΔA-signal were recorded at 750 nm after pulsed 500 nm laser excitation. 

The decay traces of both O-Ru(deeb)2PySO-iPr/TiO2 and N3/TiO2 were well described by 

a stretched exponential function, the Kohlrausch–Williams–Watts (KWW) kinetic 

model183 (Equation 6.1). The β-value in this equation is related to the heterogeneity of 

the decay and is inversely proportional to the width of the Levy distribution of the rate 

constants. If the β-value reaches one the decay is homogenous, and if the β-value is close 

to zero the decay is heterogeneous with large variations in the rate constants.184  

Equation 6.2 represents the first moment of the KWW function where Γ is the gamma 

function, kcr is obtained by taking 1/〈τww 〉. 

∆𝐴(𝑡) = (∆𝐴0 − ∆𝐴𝑓) exp[−(𝑘𝑜𝑏𝑠𝑡)
𝛽] + ∆𝐴𝑓                (6.1)   

〈𝜏𝑤𝑤〉 =
1

𝑘𝑜𝑏𝑠𝛽
𝛤 (

1

𝛽
)                             (6.2)       

The β- and kcr values obtained from fitting the decay traces of O-Ru(deeb)2PySO-iPr/TiO2 

and N3/TiO2 to the KWW model are presented in Table 6.1.  

Table 6.1. Charge recombination rate constants (kcr) and β-values from KWW fits of the ns-TA single wavelength decay 
traces of O-Ru(deeb)2PySO-iPr/TiO2 and N3/TiO2. 

Sample kcr (s-1) β 

O-Ru(deeb)2PySO-iPr/TiO2 1.6x103 0.25 

N3/TiO2 1.2x104 0.29 

As can be seen in the table, the β-values for both samples are similar, the obtained kcr 

values can therefore be compared between the samples in a straightforward way. 

Comparison between the kcr values reveals that the charge recombination is slowed down 

by one order of magnitude in the ruthenium sulfoxide samples. This result suggests that 

the O-bonded isomer indeed can stabilize the charge separated state and result in an 
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extended charge separation lifetime. Moreover, it demonstrates the possibility of 

designing photosensitizer molecules based on photochromic molecules where only one 

of the isomers can inject an electron. However, for practical use of this type of molecule 

as photosensitizer, it is desired to increase the injection yield.   

6.2 Charge Separation in Patterned SnO2-TiO2 Films and Co-Sensitized 

TiO2 Films 

The dye used (D35) in the dye-sensitized patterned SnO2-TiO2 and co-sensitized TiO2 

films is a well-studied dye that displays a quantum yield of injection close to unity.185 

Therefore, the initial process that occurs upon photoexcitation of D35 in these materials 

is expected to be charge injection. As expected, rapid and efficient electron injection into 

the CB of the semiconductors is observed upon photoexcitation of the dye. To 

characterize the lifetime of the initially formed charge separated state, ns-TA 

measurements were performed where the charge recombination kinetics of the oxidized 

dye was probed at ~700 nm.  

6.2.1 Extended Charge Separation in Patterned SnO2-TiO2 Films 

To elucidate whether the patterned design could result in an extended charge separated 

lifetime by accumulation of electrons in the dye-free SnO2 parts, patterned films that were 

exclusively dye-sensitized on the TiO2 stripes (Type II) were compared to patterned films 

that were evenly dye-sensitized on all the film (Type I), see Figure 6.3a. These films were 

also compared to dye-sensitized SnO2-TiO2 films with a full layer of SnO2 on top of TiO2 

and to dye-sensitized bare TiO2 and SnO2 films.  

The charge recombination kinetics for the different samples are shown in Figure 6.3b. As 

can be seen by visual examination of the decay traces, the charge separated lifetime is 

substantially extended for patterned Type II films compared to all other studied samples. 

This suggests that electrons are transferred to and accumulated in the dye-free SnO2 

parts and that the barrier for back-electron transfer extends the charge separated 

lifetime. Moreover, the decay traces reveal that the charge recombination is faster for 

SnO2 samples compared to for TiO2 samples, in agreement with previously observed 

charge recombination kinetics.186, 187  

The difference between patterned Type II samples and the other samples becomes 

especially apparent at higher excitation energies, suggesting that the number of electrons 

in the CB is important for electrons to accumulate in the dye-free parts.164 Moreover, the 

difference is more apparent when a Li+ electrolyte is used, which we attribute to an 

increased conductivity from the Li+ ions188 that can facilitate electron transport further 

in the film.  
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Figure 6.3. (a) Schematic illustration of the cross-section of Type I and Type II patterned SnO2-TiO2 films, (b)  

ns-TA single wavelength kinetics at 750 nm for dye-sensitized Type I and Type II patterned SnO2-TiO2 films as 

well as for dye-sensitized non-patterned SnO2-TiO2, TiO2 and SnO2. All measurements were performed in 0.1M 

LiClO4/acetonitrile with an excitation energy of 0.4 mJcm-2. Adapted from Paper III164  with permission from the 

PCCP Owner Societies. 

The increase in the charge separated lifetime in patterned Type II samples is further 

confirmed by the charge recombination rate constants (kcr) obtained by fitting the decay 

traces to the KWW model183 (as described above). The kcr and β-values for dye-sensitized 

Type I and Type II patterned films and dye-sensitized TiO2 and SnO2 films measured in 

0.1M LiClO4 in acetonitrile (0.4 mJcm-2) are presented in Table 6.2. As can be seen in the 

table, the β-values are similar for the different samples and the kcr values can therefore 

be directly compared between the samples. The kcr values are decreased by a factor of 55, 

80, and 2000 for Type II dye-sensitized patterned films compared to Type I, TiO2 and SnO2 

films, respectively.  

Table 6.2. Charge recombination rate constants (kcr) and β-values from KWW global fittings of ns-TA decays of triplicate 
samples of dye-sensitized patterned SnO2-TiO2 films (Type I and Type II), TiO2 films and SnO2 films in 0.1 LiClO4/acetonitrile 
with an excitation energy of 0.4 mJcm-2. 

Sample kcr (s-1) β 

Type I 4.65x103 0.19 

Type II 8.49x101 0.19 

TiO2 6.67x103 0.20 

SnO2 1.97x105 0.14 

Interestingly, the kcr value for patterned Type II samples decreases with increasing 

excitation power.164 This is opposed to the Type I samples and literature reports on how 

the recombination kinetics usually depends on the number of injected electrons.164, 189 

This observation further supports the conclusion that when enough electrons are 

injected into the CB of TiO2, they are transferred into the dye-free SnO2 parts.   
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Samples with a full layer of SnO2 on top of TiO2 exhibited large variations in the charge 

recombination kinetics and were not well described by the KWW model, thus indicating 

heterogeneous samples and kcr values for these are therefore not included in the table. 

Nevertheless, these samples all exhibited faster recombination kinetics compared to the 

Type II samples.164 These results demonstrate that the patterned design significantly can 

extend the charge separation lifetime and result in accumulation of electrons in the dye-

free SnO2 parts.  

6.2.2 Charge Separation Lifetime in Co-Sensitized TiO2 Films 

The charge separated lifetime between the dye and the CB was also measured in co-

sensitized TiO2 films with varying relative concentrations of D35:CoPPIX on the surface, 

the charge recombination kinetics for these samples are shown in Figure 6.4. As can be 

seen by visual inspection of the decay traces, co-sensitizing the films with both CoPPIX 

and D35 extends the charge separated lifetime compared to when only D35 are attached 

to the surface, especially when a high relative ratio of CoPPIX is used.  

 

Figure 6.4. Single-wavelength ns-TA traces of D35-CoPPIX/TiO2 films in acetonitrile and corresponding t1/2 

values as a dotted black line. ΔA-signal were recorded at 680 nm after pulsed 480 nm laser excitation to selectively 

excite the dye. Adapted with permission from Paper IV173. Copyright 2018 American Chemical Society. 

The charge recombination kinetics in co-sensitized samples were not well described by 

either a biexponential function or by the KWW model, it was therefore characterized 

using the charge separation half-life (t1/2) which is commonly used in dye-sensitized 

semiconductor materials.163, 186, 190, 191 The t1/2 values for the different ratios of the co-

sensitized samples are presented in Table 6.3 and reveal that the half-life is increased by 

one order of magnitude for co-sensitized samples with the highest ratio of CoPPIX 

compared to for D35/TiO2 samples. These observations suggest that electrons are 

transferred to CoPPIX in the co-sensitized samples and that this alters the kinetics of the 

charge recombination to the dye. The electron transfer from TiO2 to CoPPIX was further 

characterized following this and will be presented in the following section.  
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Table 6.3. Average half-life (t1/2) of the charge recombination in co-sensitized TiO2 samples with different D35:CoPPIX 
ratios. 

Ratio D35:CoPPIX t1/2 (s)a 

1:0 2.7x10-4  ± 0.42x10-4   

30:1 5.5x10-4 ± 0.42x10-4   

15:1 1.1x10-3± 0.41x10-3   

8:1 2.4x10-3± 0.12x10-3   

aThe indicated uncertainties is the standard deviation from analysis of three different samples. 

6.3 Conduction Band Mediated Electron Transfer 

Since CB mediated electron transfer is necessary to generate solar fuels in DSP 

assemblies, we were interested in studying if CoPPIX can accept electrons from the CB of 

SnO2 and TiO2. To study this, direct band-gap excitation of TiO2 and SnO2 films with 

CoPPIX immobilized to the surface was initially performed, Figure 6.5. 

 

Figure 6.5. (a) Absorption changes of CoPPIX/TiO2 following continuous irradiation with UV-light (λ=250-350 

nm). Adapted with permission from Paper IV173. Copyright 2018 American Chemical Society. (b) Absorption 

changes of CoPPIX/SnO2 following continuous irradiation with UV-light (λ=250-350 nm). Adapted from Paper 

III164 with permission from the PCCP Owner Societies 

As can be seen when comparing Figure 6.5 with the absorption spectra of the different 

redox states of CoPPIX (Figure 3.7b), band-gap excitation of TiO2 results in two-electron 

transfer to CoPPIX whereas band-gap excitation of SnO2 result in one-electron transfer to 

CoPPIX. This is evident by an initial blue-shift of the Soret band at 405 nm and an increase 

and merging of the Q-band around 560 nm on both semiconductors, corresponding to the 

first reduction. Following this, doubly reduced CoPPIX is formed on TiO2 as is apparent 

by a regrowth of the initial Soret band and a decrease of the absorbance of the Q-band. 

These spectral changes are well in agreement with the spectral features of the redox 

states of CoPPIX173 and demonstrate that two-electron transfer from the CB of TiO2 and 

one-electron transfer from the CB of SnO2 to CoPPIX indeed is possible from UV-light 
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excitation. To study the kinetics of these processes and if they can be initiated from visible 

light excitation in samples with co-attached dye molecules, ns-TA measurements were 

performed and the results from these will be presented in the following sections.   

6.3.1 Conduction Band Mediated Electron Transfer in Patterned SnO2-TiO2 Films 

Since electrons appear to accumulate in the dye-free SnO2 parts of the patterned films 

upon photoexcitation of the dye, CoPPIX was selectively immobilized on these areas. The 

transient absorption of CoPPIX was then monitored to elucidate if electrons could travel 

through the patterned film and reach the CoPPIX molecules. For this purpose, ns-TA 

measurements were performed where the dye was selectively excited, and the probe 

light was focused to only measure on the CoPPIX/SnO2 parts. The probe wavelength was 

set to ~430 nm to monitor the initial Soret band of CoPPIX. If electrons reach the CoPPIX 

molecules, a negative signal is expected at this wavelength. Indeed, upon photoexcitation 

of patterned Type II films with co-attached CoPPIX molecules, a negative signal is 

observed at this wavelength, Figure 6.6a, demonstrating a one-electron transfer to 

CoPPIX. This negative signal does not appear in patterned Type II films without CoPPIX 

molecules or in patterned films without dye molecules (with only CoPPIX attached to the 

film), Figure 6.6b. These observations confirm a CB mediated electron transfer process 

from the photoexcited dye across the patterned film to eventually reach CoPPIX.  

 

Figure 6.6. Single wavelength ns-TA decays of patterned SnO2-TiO2 films after pulsed 500 nm excitation. (a) Type 

II films with D35 sensitized on the SnO2-TiO2 parts and CoPPIX sensitized on the SnO2 parts. (b) Type II films 

without CoPPIX and patterned films with only CoPPIX molecules on the surface. Adapted from Paper III164  with 

permission from the PCCP Owner Societies. 

6.3.2 Conduction Band Mediated Electron Transfer in Co-Sensitized TiO2 Films 

Characterizing the CB mediated electron transfer in co-sensitized TiO2 films with both 

D35 and CoPPIX on the surface is somewhat trickier. Since both dye and catalyst 

molecules are evenly attached to the film, overlapping signals from oxidized D35 and 

reduced CoPPIX appears in the ns-TA measurements. It was therefore of importance to 

carefully select the probe wavelengths to minimize the contribution from oxidized D35. 
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Figure 6.7a displays the ns-TA spectra of D35/TiO2 upon photoexcitation of the dye, and 

as can be seen in the figure, oxidized D35 displays broad features that cover most of the 

wavelength range. We therefore chose to monitor the reduction of CoPPIX close to the 

wavelengths where the signals from the dye cross zero. Probing around the crossing 

point at 550-555 nm proved to be most useful given the relatively small contribution from 

D35 together with the fact that the different redox states of CoPPIX have different 

absorption properties in this region (Figure 6.7b).  

To allow for a meaningful comparison between the samples, the excitation energy and 

concentration of dye molecules were kept constant for all co-sensitized samples (i.e. the 

number of injected electrons are the same) whereas the concentration of CoPPIX on the 

surface was varied. 

 

Figure 6.7. (a) ns-TA spectra of a D35/TiO2 film upon 480 nm excitation in acetonitrile (t=10µs) (b) Absorption 

spectra of the Q-band for the different redox states of CoPPIX. Adapted with permission from Paper IV173. 

Copyright 2018 American Chemical Society.  

At 550 nm, oxidized D35 exhibits a negative feature whereas the first reduction of CoPPIX 

would result in a positive signal. This wavelength was therefore initially monitored in the 

co-sensitized samples to characterize the first reduction of CoPPIX. The decay traces at 

550 nm for the co-sensitized samples are shown in Figure 6.8a, 6.8c and 6.8e. All co-

sensitized samples display a positive feature at this wavelength as opposed to the 

negative feature observed for D35/TiO2, thus suggesting a fast one-electron transfer to 

CoPPIX. After the initial formation of the positive feature, it decays with a markedly 

different kinetics compared to oxidized D35, demonstrating that this decay corresponds 

to a different process. Interestingly, the decay for samples with the largest excess of dye 

(30:1) turns negative after ~1 ms. Since doubly reduced CoPPIX would result in a 

negative feature at this wavelength (Figure 6.7b), this change in sign could result from a 

second electron transfer event. However, since oxidized D35 also displays a negative 

feature at this wavelength, this behavior cannot be unambiguously assigned to the 

formation of doubly reduced CoPPIX.  
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Figure 6.8. ns-TA single wavelength kinetics of co-sensitized films with varying D35:CoPPIX ratios upon 480 nm 

excitation, (a) D35:CoPPIX ratio of 8:1, kinetics recorded at 550 nm, (b) D35:CoPPIX ratio of 8:1, kinetics 

recorded at 555 nm, (c) D35:CoPPIX ratio of 15:1, kinetics recorded at 550 nm, (d) D35:CoPPIX ratio of 15:1, 

kinetics recorded at 555 nm, (e) D35:CoPPIX ratio of 30:1, kinetics recorded at 550 nm and (f) D35:CoPPIX 

ratio of 30:1, kinetics recorded at 555 nm. Reproduced with permission from Paper IV173. Copyright 2018 

American Chemical Society.  

To elucidate whether the change in sign corresponds to formation of doubly reduced 

CoPPIX, decay traces at 555 nm were also measured since oxidized D35 displays a small 

positive feature at this wavelength. At 555 nm, the change in sign becomes more apparent 

for the 30:1 sample (Figure 6.8f), as is also expected if the doubly reduced species is 

formed when comparing with the spectra of the different redox states (Figure 6.7b). At 

this wavelength, also the 8:1 and 15:1 samples result in a change of sign at longer 

timescales (Figure 6.8b and 6.8d). This suggests that the doubly reduced species is 

formed at all investigated surface coverage ratios, but to a greater extent with a larger 

excess of dye. 

These results taken together demonstrate that two-electron transfer from photoexcited 

dye molecules via the CB can take place and that a large excess of dye is beneficial for two 

electrons to reach the same catalyst molecule. However, these results also reveal that the 

first reduction occurs much faster than the second and that it appears to be necessary for 

most CoPPIX molecules to undergo the first reduction for the second reduction to occur. 
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These observations are in good agreement with previous studies where the CB mediated 

electron transfer to a catalyst was measured by the lifetime of the electrons in the CB172 

and with observed higher efficiencies in DSP assemblies with a high dye loading155. 

6.4 Short Summary 

The results presented in this Chapter reveal that a long-lived charge separated state 

between a photosensitizer and the CB can be obtained by utilizing a ruthenium sulfoxide 

complex in the O-bonded isomer as the photosensitizer. However, the injection efficiency 

from this complex is low and needs to be improved for it to be competitive as a 

photosensitizer. Moreover, these studies demonstrate that the charge separated lifetime 

in dye-sensitized materials can be significantly extended by the design of a patterned 

SnO2-TiO2 film.  

Studies of the CB mediated electron transfer to a model catalyst revealed that two-

electron transfer from the CB of TiO2 and one-electron transfer from the CB of SnO2 to the 

catalyst indeed is possible. The second reduction step is however much slower than the 

first and it is necessary to utilize a large excess of dye molecules on the surface. These 

studies also suggest that the simple approach of co-sensitizing TiO2 films with dye and 

catalyst molecules holds greater promise than the patterned films in terms of achieving 

CB mediated multi-electron to co-attached molecular catalysts.  
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7 Concluding Remarks and Outlook 

The work presented in this Thesis has been dedicated to studies of light-induced 

processes in molecular/inorganic materials. The main aim has been to study 

photoinduced processes in different molecular/inorganic materials and how these 

potentially can be controlled by varying the structure of the molecules, the 

semiconductor substrate, or by changing the surrounding environment. The photo-

induced processes that have been of interest are singlet fission, photoisomerization, and 

different electron transfer processes. 

Studies of the photoinduced processes in DPIBFC6/semiconductor materials revealed 

that SF on ZrO2 surfaces is inhibited by the formation of a molecular charge separated 

state, and that SF occurs to a larger extent in non-polar environments. This study further 

revealed that fast and efficient electron injection from the singlet excited state 

outcompetes SF on TiO2 surfaces, despite the flexible carbon linker used in the DPIBF 

derivative. The fast singlet injection on TiO2 speaks in favor of previously used core-shell 

structures to slow down injection from the singlet excited state on TiO2.108, 111 When the 

molecule is attached to SnO2 surfaces in a non-polar environment, SF can however occur 

in parallel to injection from the singlet excited state. Moreover, the created triplets on 

SnO2 can inject electrons into the CB of SnO2. Thus, it seems like utilizing semiconductors 

with a low CB energy level in a non-polar environment is beneficial for SF followed by 

injection from the triplet excited state and that this strategy indeed has a promise in 

future devices. Another surprising finding from this study was that the efficiency of SF 
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appears to be higher when the molecule is attached to SnO2 compared to ZrO2. The reason 

behind this is not clear at this point but could be related to differences in how the 

molecules are oriented on the different surfaces. It is possible that slight differences in 

the nanoparticle network between the semiconductors affect how the molecules attach 

to the surface, which alters the orientation and/or coupling necessary for SF. These 

results further demonstrate that it is not straightforward to utilize molecules that display 

efficient SF in one type of environment and expect similar behavior in another 

environment or a device. Thus, the photoinduced processes must be carefully evaluated 

in each new assembly, even when seemingly similar surfaces like SnO2 and ZrO2 are used. 

Given the relatively low SF efficiencies in the materials studied herein, it appears as if the 

molecules do not orient in a favorable way for SF when attached to a mesoporous surface. 

Therefore, it would be interesting to study if the SF efficiency could be improved by 

attaching for example dimers of SF molecules on semiconductor surfaces, as this would 

allow for a better control of the orientation between the individual molecules on the 

surface.   

The difference between the photoinduced processes of molecules in different 

environments was further apparent in the study of a photoswitchable ruthenium 

sulfoxide complex in solution and attached to ZrO2. Despite displaying both S-to-O and O-

to-S photoisomerization to completion in liquid solution, the photoisomerization is 

slightly hindered on the ZrO2 film and does not proceed until completion. These 

observations suggest that not all molecules can be photoisomerized on the surface, 

possibly due to a restricted molecular rearrangement. Despite this, reversible 

photoisomerization with the added benefit of spatial addressability is achievable when 

the molecule is attached to the film. This design further allows for a high surface coverage 

compared to previously studied surfaces, which can make up for a slightly lower 

photoisomerization ability while still achieving a high density of photoisomerized 

molecules per area. Studies of utilizing the ruthenium sulfoxide complex as a 

photosensitizer revealed that the complex did not inject electrons into the CB of TiO2 in 

the S-bonded form. However, after being photoisomerized into the O-bonded form, the 

complex could inject electrons into the CB of TiO2 and the resulting charge separated state 

was remarkably long-lived compared to for other commonly used ruthenium dyes. These 

preliminary results demonstrate that designing photosensitizers based on 

photoswitchable molecules can extend the charge separated lifetime. It is however of 

great importance to increase the injection efficiency from the molecule for it to be 

competitive as a photosensitizer.  

Designing a patterned semiconductor film to extend the charge separated lifetime 

between a photosensitizer and the CB was successful. By selectively dye-sensitizing TiO2 

stripes on a SnO2 film, electrons were accumulated in the dye-free SnO2 parts upon 

photoexcitation of the dye and this significantly extended the charge separated lifetime. 

Since the ultimate goal of these assemblies is for solar fuel generation, it was also of 

importance to study whether electrons could reach a molecular catalyst on the dye-free 
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SnO2 parts. Importantly, electrons were shown to transfer from the dye-sensitized TiO2-

SnO2 stripes to a molecular catalyst on the dye-free SnO2 parts upon photoexcitation of 

the dye. The patterned design however comes with one disadvantage in terms of 

achieving multi-electron transfer to the catalyst, which is the lower CB energy of SnO2. 

The lower CB energy results in a lower driving force for electron transfer to immobilized 

catalyst molecules. This was also apparent when studying the CB mediated electron 

transfer from SnO2 to a model catalyst, where only one-electron reduction was observed. 

We therefore chose to study the electron transfer processes in TiO2 films co-sensitized 

with dye and catalyst molecules as well. Although the initial charge separated state 

between the dye and the CB in these assemblies was more short-lived than in the 

patterned films, we observed two-electron transfer to the co-attached molecular catalyst 

in these assemblies. The second reduction step was however much slower than the first, 

and it was necessary to utilize an excess of dye molecules on the surface to observe the 

doubly reduced species. Given the slower second reduction of the catalyst, it would be 

desired to extend the charge separated lifetime between the dye and the CB more than 

what was achieved in the co-sensitized samples. This could possibly be realized by 

designing a photosensitizer molecule that extends the charge separated lifetime further. 

Another design that would be interesting to study in terms of this is to sensitize TiO2 films 

with dye and catalyst molecules in a pattern, this would also allow for a more 

straightforward way of studying the kinetics of the electron transfer and also provide an 

opportunity of separating the products in future solar-fuel generating assemblies.  

The work presented in this Thesis demonstrates the potential of utilizing molecular-

semiconductor materials in a variety of light-responsive applications. This work further 

highlights the importance of a careful design of both the molecular/inorganic material 

and of the surrounding environment to obtain control of the processes that are triggered 

from photoexcitation. The results presented herein will help design future 

molecular/inorganic materials to achieve singlet fission as well as an extended charge 

separated lifetime and multi-electron transfer necessary for solar fuel generation.  
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