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Popular Scientific Summary in English

We are living during an ongoing climate crisis, where a transition from fossil to re-
newable energy sources needs to take place as soon as possible. At the same time the
population on Earth is growing, and people gain higher living standards, which leads
to a growing global energy demand. To meet the massive demand of renewable en-
ergy that already exists and that is expected to grow during my entire life, currently
available technology might just not be enough. Research must therefore strive to find
solutions that will be more efficient in the long run, more specialised, or that can be
applied in new systems. The renewable energy source that according to many have
the largest potential is solar energy, since the energy content reaching Earth from the
sun is more than enough to cover the global energy consumption. Apart from solar
cells, researchers also try to develop solar fuels, a technology that can convert a simple
starting material (e.g. water) into a fuel (e.g. hydrogen) by the energy from sunlight
directly. Solar fuels are likely better suited compared to electricity and batteries for
applications of long-distance transport by container ships or aircraft, due to the ease
of storing and fuelling.

In my research, I study molecules that have potential for application in solar cells
and solar fuel devices. The molecules are called photosensitisers, since they can ab-
sorb sunlight and create a charge separation. The photosensitisers are designed to
mimic the chlorophyll molecules of photosynthesis, that perform the same processes
which enable light harvesting in plants. The energy content of the separated charge
carriers can be utilised either via direct extraction, which would be a solar cell, or to
drive chemical reactions that build a solar fuel. To understand how these important
molecules can absorb sunlight and utilise the separated charge carriers, I study them
via laser spectroscopy. With laser spectroscopy we can excite the molecules, i.e. put
them in a state of higher energy by absorbing light. We then measure how long they
stay in various excited states - something that is crucial to what type of reactivity that
has time to take place for an application purpose. For example, we can follow how
charge carriers are transferred from molecule to semiconductor (which happens in
the solar cells) or to another molecule (which is the first step to chemically build solar

fuels).

Within the research field of solar cells and fuels, there are currently many materials
competing for attention. In my case we study molecules, which have certain advan-
tages. The molecules can be adapted ad infinitum, and our colleges at Lund University
who make the molecules can relatively easily change their structure. This means for
example that the colour of the light absorbed by the molecule can be adapted, which
results in that beautiful solar cells of different colours (see Figure 1) can be fabricated
or tandem solar cells that absorb a broad range of the light spectrum. This type of

ix



solar cells (called dye-sensitised solar cells) currently have lower efficiency than the
conventional silicon solar cell, but have the advantage of being printable. This means
that they can be printed on a conductive plastic material resulting in flexible solar
cells to be rolled out when needed, or to be incorporated in bags and headphones
(something a Swedish company is working on).

Figure 1: Solar cells at the EPFL SwissTech convension centre in Lausanne.

The research field of solar fuels is not close to commercialisation yet. However, pho-
tosensitisers play an important part in many fundamental systems to absorb light and
transfer charge carriers to catalysts that then convert raw material to solar fuel. What
both applications have in common is that when photosensitisers are used, they are
often based on coordination complexes with the noble metal ruthenium. Ruthenium
is approximately as abundant as gold in Earth’s crust, which results in a high price.
It is not sustainable to base technology we need access to in large quantities on noble
metals that are scarce. Many researchers in the field therefore advocate a change to us-
ing abundant elements, often from the first row transition metals, which has sparked
a lot of initiatives within photosensitiser research.

The research group where I am a part, together with our collaborators, have since the
first publication in 2013 run a successful project with the goal of replacing ruthenium
with iron. Iron is one of the most abundant elements in Earth’s crust, cheap, non-
toxic and therefore suitable for sustainable technology. At a first glance researchers
thought it would be an easy task to replace ruthenium with iron since they are from
the same group in the periodic system, but this task turned out to take years of opti-
misation of the molecular structure. Today, the project has managed to prolong the
important time the iron-based photosensitisers spend in the exited state from <100
fs to 2 ns. This 10 000-fold improvement has made large impact in the research
field, and many more researchers are now working with iron-based photosensitisers.
The photosensitisers have since been used in solar cells, in OLEDs and for hydrogen
production. In this thesis work, I characterise the light absorbing properties of new
iron-based photosensitisers, and investigate how they work when incorporated into
solar cells or schemes for solar fuel production.



Populirvetenskaplig sammanfattning pa svenska

Vi lever under en pagaende klimatkris, dir omstillningen frin fossila till fornyelseba-
ra energikillor méste ske med omedelbar verkan. Samtidigt blir antalet minniskor pa
jorden fler, och trenden visar att vi far det allt bittre, vilket leder till att energiférbruk-
ningen okar. For att kunna méta det massiva behov av fornyelsebar energi som redan
finns och som forvintas 6ka under hela min livstid, s ricker troligtvis inte befintliga
utvinningstekniker till. Vi forskare méste striva efter att i det langa loppet hitta nya
tekniker som ir effektivare, mer specialiserade eller som kan appliceras i nya system.
Den f6rnyelsebara energikilla som manga menar har stérst potential ér solenergi, da
energiinstrilningen som nar jorden fran solen dr mycket storre an den mingd energi
minskligheten forbrukar. Utover solenergi sa jobbar forskare dven pé att utveckla sol-
brinslen, en teknologi som direkt kan omvandla en enkel rivara (exempelvis vatten)
till ett brinsle (exempelvis vitgas) med hjilp av energin i solljuset. Solbrinslen skulle
potentiellt vara bicttre 4n el och batterier i tillimpningar for lingviga transport med
tunga fartyg eller flygplan, di de gar att tanka och forvara pa enkelt sitt.

I min forskning studerar jag molekyler vilka potentiellt kan anvindas i solceller och for
att skapa solbrinslen. Dessa molekyler kallas firgimnen, da de kan absorbera solljus
och skapa laddningsseparation. Firgimnen imiterar fotosyntesens klorofyll-molekyler
som utfor ett identiskt steg vilket dirmed mojliggor for vixter att utnyttja energin i
solljuset. Den energi som finns i de separerade laddningsbdrarna kan utnyttjas an-
tingen for direkt extraktion (vilket ger en solcell) eller for att driva kemiska reaktioner
som skapar ett solbrinsle. For att forstd hur dessa viktiga molekyler kan absorbera
ljus och utnyttja de separerade laddningsbédrarna sa studerar jag dem med hjilp av
laserspektroskopi. Med laserspektroskopi kan vi excitera molekylerna, d.v.s. forsitta
dem i ett tillstdind av hogre energi genom absorption av ljus. Vi kan sedan mita hur
linge de befinner sig i olika exciterade tillstind — nagot som ir strikt avgdrande for
vilken typ av reaktioner som kan hinna ske i den senare applikationen. Vi kan ocksa
folja hur laddningsbirare fors 6ver fran molekyl till halvledare (vilket dr vad som sker
i solcellerna) eller till en annan molekyl (vilket 4r forsta steget for att pa kemisk vig
bygga solbrinslen).

Inom forskningsfiltet solceller och solbrinslen finns det idag manga olika material
som konkurrerar om uppmirksamheten. I mitt fall studerar vi specifikc molekyler
vilket har sina fordelar. Molekyler kan varieras in i det odndliga, och vara kollegor pa
Lunds universitet som tillverkar dessa kan relativt enkelt variera deras struktur. Detta
medf6r exempelvis att man kan dndra vilken firg pa ljuset som ska absorberas och kan
alltsé gora vackra solceller i flera olika firger (se Figur 2) alternativt tandemsolceller dar
olika molekyler hjilps at att absorberar ett brett spektrum av solljus. Nir det kommer
till firgimnesbaserade solceller (eller Gritzelsolceller) sa har de idag ligre effektivitet
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dn de vanliga kiselsolcellerna, en fordel dr dock att de kan tillverkas pa ett enkelt sitt
genom tryckning. Solcellerna kan t.o.m. tryckas pé ledande plast vilket ger en flexibel
solcell som kan rullas ut vid behov, eller som kan inkorporeras i viskor och horlurar
(vilket ett svenskt foretag jobbar pa).

Figur 2: Solceller pa EPFL SwissTech konferenscenter i Lausanne.

Nir vi talar om solbrinsle si har forskningsfiltet dnnu inte genererat kommerciella
produkter. Firgimnen spelar dock en roll i ménga fundamentalt viktiga system dir
de absorberar ljus och skickar laddningsbirare vidare till en katalysator som sedan
omvandlar rimaterial till solbrinsle. Vad som idr gemensamt f6r bada applikationer
ar att ndr firgimnesmolekyler anvinds, dr de till mycket hog grad baserade pé koor-
dinationskomplex av ddelmetallen rutenium. Rutenium ir ungefir lika vanligt fore-
kommande som guld i jordskorpan, vilket medfé6r ett hégt pris. Det dr inte héllbart
att basera teknologi vi behover tillgang till i stor skala pa ddelmetaller som ér svéra att
tillgd. Manga forskare i filtet anser dirfor att det maste ske ett skifte till mer vanligt
forekommande dmnen, ofta forsta radens évergdngsmetaller, vilket har skapat ménga
initiativ inom firgimnesforskningen.

Den forskargrupp jag tillhér, har tillsammans med véra forskarpartners, sedan forsta
publikationen 2013 drivit ett framgangsrikt projekt med att ersitta ruteniumet i fir-
gamnena med jirn. Jirn dr ett av de vanligaste grunddmnena i jordskorpan, billigt,
inte giftigt och limpar sig darfor utmirke for hallbar teknologi. Fran bérjan trodde
forskare att det skulle vara enkelt att ersitta rutenium med jirn da de 4r i samma
grupp i det periodiska systemet, men denna uppgift visade sig kriva dr av optimering
av molekylstrukturen. Idag har projektet lyckats férlinga den viktiga livstiden som de
jirnbaserade fargimnena spenderar i exciterat tillstind fran <100 fs till 2 ns. Denna 10
000-faldiga 6kning har gjort ett stort avtryck i forskningsféltet, och flera forskare har
hoppat pa trenden med att skapa jirnbaserade firgimnen. Dessa firgimnen har sedan
dess anvints i solceller, i OLEDs, samt for vitgasproduktion. I mitt doktorandarbete
karaketiriserar jag nya firgimnens ljusabsorberande egenskaper, samt hur firgimnena
fungerar nir de inkorporeras i solceller eller i system for att generera solbrinsle.
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Chapter 1

Harvesting Solar Energy

I'd put my money on the sun and solar energy.
What a source of power!

1 hope we don’t have to wait until oil

and coal run out to before we tackle that.*

1.1 Global Energy Demand

Humanity faces a growing global energy demand, where both the number of peo-
ple on Earth and the average energy consumption are increasing. On top of that, a
related challenge is the global warming caused by burning of fossil fuels for energy
consumption.[1, 2] At present time, the United Nations has agreed to treaties such
as the Paris Agreement, that if met will lead to the end of using fossil fuels.[3] This
means that humanity at the same time as expanding the energy usage, needs to cut
the energy resource today making up >75% of the world’s energy supply.[4] One of
the needed solutions, that relates to this thesis work, is a decentralised energy supply
not based on fossil fuels. The concept means that many smaller energy harvesting
facilities are placed close to the users, in contrast to few, big facilities e.g. extracting
raw oil which is then exported around the globe.[5]

We have built our society around the “energy currencies” electricity and fuel, that
are for us easy to utilise and transport. The source of these energy currencies does,
however, not have to be fossil fuels. In Figure 1.1 the energy potential of different
energy sources, both renewable and finite (including fossil), are compared.[6] Sys-

'Thomas Edison



tems for harvesting solar energy are investigated in this thesis work, and it is easy to
understand why when looking at Figure 1.1. The amount of energy supplied by the
sun as light annually exceeds by far all other renewable energy sources, as well as the
total remaining reserves of non-renewable energy sources.[6] Sunlight is also freely
accessible at all places on Earth, which fits the decentralised energy concept. It is
therefore a promising direction of development, to invest in the installation of exist-
ing solar harvesting technologies, and to put research effort into future generations of

the technology.
world renewable finite
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Figure 1.1: The energy potential of different energy sources compared by the area of their circles. Note that
renewable energy sources are compared per year, whereas non-renewable sources are compared by
their total remaining amount. The annual world energy usage from 2021 is also shown to scale.[4]
Adapted from Perez et al..[6] U - uranium, NG - natural gas, P - petroleum, T - tidal, O - ocean
thermal, G - geothermal, H - hydro, B - biomass, W - wind and waves.

solar

Also nature uses sunlight as the one form of renewable energy supply at the heart of
all living systems. Furthermore, the energy currencies in nature are circular, stored in
chemical bonds in various carbon-based molecules. In the initial steps of photosyn-
thesis, where light is harvested, the quantum efficiency of turning an absorbed photon
into a reactive intermediate is near unity.?[7, 10, 11] Light harvesting in natural pho-
tosynthesis therefore serves as an inspiration when developing solar energy conversion
technology. To understand how nature so efficiently harvests sunlight, the first steps
of photosynthesis are depicted in Figure 1.2. The photosystems in a plant contain a
large number of molecules that can absorb visible light, together contributing to give
the plant its colour. These molecules are called pigments, and some of them consist
of transition metal complexes.

?The light to glucose efficiency is however often < 1% since nature has optimised plants for perform-
ing not only photosynthesis but also metabolism and reproduction.[7-9]



The excited pigments, i.e. after light is absorbed, also perform the next fundamental
step of photosynthesis which is charge separation. This is accomplished by transferring
an electron to a nearby molecule in a reaction becoming thermodynamically possible
only when the pigment is excited. The efficiency of the charge separation in this step
is near unity since the charge separation occurs much faster than the deexcitation of
the pigment. The excited electron is further transferred through a cascade of units
with decreasing redox potential, making it virtually impossible for the electron to
recombine (i.e. travel in the “wrong” direction, back to the initial pigment). Light
harvesting in photosynthesis is thus enabled by a clever photosystem design, but also
by the special properties of the pigment molecules.[7, 8, 12] Inspired by the natural
pigments, artificial pigments for application in solar energy conversion technology are
discussed in this thesis. Such artificial pigments are called molecular photosensitisers,
which means that they are molecules that make a system sensitive to light.[13—16]

E/V

hv

separation

Figure 1.2: A simplified illustration of the initial steps involved in the photosynthetic “light reaction” in plants.
The vertical axis represents the redox potential of the system, whereas the horizontal axis instead
represents separation in space. The pigment (green) is excited by light (hv), and consequently
creates a charge separation by transferring an electron to a neighbouring molecule (grey). This
starts a cascade of electron transfer events that increases the charge separation.

1.2 Solar Fuels using Photosensitisers

The technological strategy that is most similar to photosynthesis is artificial photo-
synthesis, where a “solar fuel” is created from a device that absorbs sunlight.? Instead
of letting nature build biomass for us, artificial photosynthesis offers a direct way of

3Artificial photosynthesis as a concept also includes strategies that do not convert sunlight directly,
such as synthetic biology and electrolysis approaches, but these will not be considered here.



optimising the yield of fuel production.[1, 7, 8, 17, 18] The solar fuel device could
also operate at places not suitable for growing crops, and thus not be in competi-
tion with food production. Solar fuel candidates include syngas (mixture of CO and
Hj), methanol and maybe most well-known hydrogen.[2] These high energy content
chemicals can in principle be produced by utilising solar harvesting photosensitisers
together with catalysts, in a photocatalysis reaction scheme.[13-17]

The fundamental steps in the photocatalysis reaction scheme are similar to the first
steps of natural photosynthesis. First, the photosensitiser absorbs light, which is fol-
lowed by an electron-transfer reaction between the excited photosensitiser and a re-
actant. Consecutive absorption and electron-transfer events accumulate positive and
negative charges at two different catalyst sites respectively. The catalysts then convert
a raw material into solar fuel when enough charges are accumulated. Taking hydrogen
evolution as an example, the photocatalysis system would use the same raw material
as nature, HoO, and oxidise it generating oxygen, protons and electrons. This means
that one of the catalysts is an oxygen evolution catalyst, which after transferring four
electrons to the photosensitiser (i.e. accumulating four positive charges) performs the
reaction.

2H,0 — 4H" +4e™ + O,

At the other catalyst site, two protons are reduced by a hydrogen evolution catalyst
after receiving two electrons from the photosensitiser.

2H' + 2~ — Hy

Alternatively, COg can be added as a secondary raw material to be reduced to hy-
drocarbons of higher energy content than hydrogen (e.g. methanol). Which fuel
the system produces, depends on the selected reduction catalyst. Producing larger
fuel molecules than Hg, however, comes at the expense of a more complex reduction
reactions, where more than two electrons are involved.[1, 7, 14, 17, 19]

Two design strategies for solar fuel devices that utilise molecular photosensitisers are
depicted in Figure 1.3. Figure 1.3a shows an example of homogeneous catalysis, that
entails one molecule that performs all reactivity. In this supramolecular system, dif-
ferent parts of the molecule perform the tasks of light harvesting and catalysing reac-
tions, but the parts are held together by covalent or strong intermolecular bonds.[7]
In this way, electronic communication between the parts and closeness in space are
realised, which are important prerequisites for the system to work.[15, 17] In homo-
geneous catalysis both the produced fuel and side-product (e.g. hydrogen and oxy-
gen) will be mixed, which can make them difficult to separate and potentially lead to
side-reactions.[20] Therefore, there are also heterogeneous catalysis approaches, and
as an example a dye-sensitised photoelectrochemical cell (DSPEC) is shown in Figure
1.3b.[21] The photosensitiser is in this device combined with a semiconductor, which



it can bind to if certain anchor groups are incorporated in the molecular structure.
The semiconductor (commonly TiO2) does not by itself absorb in the visible spectral
range, but has the ability to extract and accumulate charges from the photosensitiser.
After excitation, the photosensitiser thus transfers an electron to the semiconductor.
The oxygen evolution catalyst then transfers an electron to the oxidised photosensi-
tiser, and after four such events the water splitting reaction takes place. With the help
of a small applied bias, the electrons are transferred from the semiconductor to the
counter-electrode where hydrogen evolution is performed by the hydrogen evolution
catalyst. In this arrangement, the solar fuel and the side-product are produced in
separate compartments.[2, 7, 16, 22, 23]
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Figure 1.3: a) Homogeneous catalysis exemplified by a supramolecular system. b) Heterogeneous catalysis
exemplified by a DSPEC. The example reactions are water splitting and hydrogen evolution. Green
- photosensitiser, orange - oxygen evolution catalyst, blue - hydrogen evolution catalyst, hv - light
excitation.

The research field of solar fuels entails many different approaches, schemes and ma-
terials. Only some suggestions utilising photosensitisers have been presented in this
section, according to the scope of the thesis work. The major challenges for solar fuel
systems are still to increase the efficiency and stability, in order to make the technol-
ogy commercially viable. Unfortunately, many materials (including molecules) tend
to corrode or break in the presence of water under oxidative/reductive conditions.
Here, molecular based solutions have an advantage of being much easier to adapt
with methods from chemical synthesis.[20, 24]



1.3  Solar Cells using Photosensitisers

By slightly altering the device design of the DSPEC, electricity can be extracted from
the harvested light instead of fuel. Such a device is called a dye-sensitised solar cell
(DSSC), and is schematically shown in Figure 1.4.[25] The working principle of an
n-type DSSC* is outlined in Figure 1.4 by the steps A-D. First, the photosensitiser
(PS) absorbs sunlight (A) and reaches an excited state of higher redox potential than
the conduction band (CB) edge of the semiconductor. An electron is then injected
(B) from the excited photosensitiser into the CB. Electrons in the CB are continu-
ously extracted (C) and travel to the counter-electrode due to the difference in redox
potential between the electrodes. At the counter-electrode, the circuit is completed by
a redox mediator (M) that has a driving force to be reduced at the counter-electrode,
and then reduce the oxidised photosensitiser (D). During the DSSC operation, a cur-
rent flows between the electrodes and a voltage is generated by the difference in redox
potential between the CB edge and the redox mediator.[7, 23, 26-28]

E/V

PS*/PS*

counter-electrode

electrode

Figure 1.4: Schematic of a DSSC, also indicating the key processes involved in its operation: A - absorption, B
- injection, C - extraction, D - regeneration, E - recombination. CB - conduction band, VB - valence
band, PS - photosensitiser, M - redox mediator, hv - light excitation. Scanning electron microscopy
image of the TiO5 nanoparticle layer by Linnéa Jonsson.

“4A p-type DSSC works by the same principle but with a reverse flow of charges, meaning that the
semiconductor transfers electrons to the photosensitiser.[23]



The record power-conversion efficiency is to date 13% for the DSSC (see Figure
1.5),[29] and crucial for this performance is to prepare the semiconductor as nanopar-
ticles and not as a thin layer (see Figure 1.4).[25] This increases the surface area
tremendously, which enables many more photosensitisers to be incorporated and
thus more light to be absorbed. The efficiency is still lower than the dominant solar
cell technology using silicon (and not photosensitisers) that today has ~26% power-
conversion efficiency (see Figure 1.5).[29] Common limiting factors for the DSSC
are the specific absorption spectrum of the photosensitiser, recombination processes
(e.g. process E in Figure 1.4) which returns the electron to the photosensitiser before
it is extracted, and voltage losses to create a driving force for the redox reactions (e.g.
process B and D in Figure 1.4). The DSSC technology, however, has the advantages
of being easy to fabricate via screen printing, the possibility to make solar cells of dif-
ferent colours and patterns, and the possibility to make flexible solar cells.[23] DSSCs
are also more competitive to silicon solar cells for indoor applications, and should be
seen as a complementary technology to other types of solar cells.[30] Moreover, with
the DSSC as the role model, many new solar cell technologies have developed based
on the same fundamental principle (see Figure 1.5, “Emerging PV”).[29]
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Figure 1.5: The well-known solar cell efficiency chart from National Renewable Energy Laboratory (NREL). All known solar cell technologies are compared by their certified

power-conversion efficiency.[29] This plot is courtesy of the National Renewable Energy Laboratory, Golden, CO.
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Chapter 2

Exploring Molecular
Photosensitisers

Show me the data,
and then we can talk.!

2.1 The Ideal Photosensitiser

The work in this thesis is centred around the development and characterisation of
novel photosensitisers, and their application towards solar energy conversion. The
most fundamental property of a photosensitiser is to absorb visible light, but to make a
good photosensitiser more is required. A set of criteria for the ideal photosensitiser[31,
32] is summarised here:

* strong visible absorption

* stability in all involved states

* high excited state redox potential

* long-lived excited state

* charge-separated excited state

'Modus operandi at Chemical Physics, Lund University.
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Many of these properties concern the excited state, which is the state responsible for
transferring charges to other compounds both in photocatalysis and solar cells. Dur-
ing the charge-transfer reaction, the oxidised or reduced form of the photosensitiser is
generated. For the desired reactivity to take place, and to have a chance of regenerat-
ing the ground state of the photosensitiser, it is therefore important that all involved
states (including oxidation states) of the photosensitiser are stable.[31, 32]

The reactivity of the excited state is determined by its redox potential as well as its
lifetime. The redox potential dictates what reactions are thermodynamically possible,
whereas the lifetime controls what reactions have time to take place (i.e. kinetically
possible).[31] The excited state lifetime 7 describes how long the photosensitiser stays
in the excited state before deexcitation, and is defined as the inverse of the deexcitation
rate k shown in Equation 2.1.

d[PS]
dt
In Equation 2.1, [PS] is the concentration of the excited photosensitiser and ¢ is the
time.[7]

— _k[PS] = —%[PS] @.1)

The final point, a charge-separated excited state, means that electron and hole density
are separated to different parts of the molecule in the excitation process. This often
results in reactive frontier orbitals on auxiliary, less hindered parts of the photosensi-
tiser, which facilitates participation in charge-transfer reactions.[32-34]

7

Figure 2.1: The molecular structure of the photosensitiser Ru(bpy)i*.

The Ru polypyridyl complexes, a type of transition metal complexes featuring a Ru(II)
ion coordinating organic ligands, fulfil all criteria for the ideal photosensitiser. This
class of complexes are therefore commonly used in fundamental research and well as
in applications. The “parent complex” in this class is Ru(bpy)3™, that is depicted in

12



Figure 2.1.[16, 31, 35-37] Ru(bpy)3 " will in the rest of this chapter be used as an
illustrative example for explaining the underlying electronic structure resulting in the
excellent properties, as well as how these properties are measured.

2.2 Electronic Structure

Ru(bpy)3 " is a homoleptic complex, which means it has three identical ligands. Each
ligand binds with two coordination sites to Ru(II), since they are bidentate (see Figure
2.1). The nitrogen atoms in the ligand interact both with o- and 7-type orbitals to
bind with the 4d-orbitals of Ru(II).[31, 37] To understand the bonding interaction
between Ru(Il) and the ligands, and realise what electronic states this bonding gives
rise to, ligand field (LF) theory is briefly introduced.[38]

a) : H b)
M2+ ML,
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Figure 2.2: a) The five d-orbitals that are the frontier orbitals of transition metals. The lobes represent the
electron probability distribution, and the colour represent the phase of the wave function. b)
Illustration of the d-orbital splitting caused by the ligand field strength when ligands (L) are coor-
dinated to the metal (M). Here populated by six electrons (d° electronic configuration).

Ligand-field theory describes the bonding interaction between transition metals and
ligands, such as the case of Ru(bpy)2". As already indicated, the frontier orbitals in
Ru(Il) involved in the bonding are the five 4d-orbitals shown in Figure 2.2a. The
orbitals are degenerate in an environment without ligands, and since Ru(II) has a dé
electronic configuration these orbitals hold six electrons (see Figure 2.2b).[38] For
simplicity, it is assumed that the three ligands coordinate to Ru(II) at six sites in an
octahedral arrangement.? The directions of the Ru(II)-ligand interactions are then
along the x, y and z-axes in the coordinate system of Figure 2.2a. Due to the sym-
metry of the 4d-orbitals, two of them feature lobes pointing in the direction of the

axes, whereas the other three have lobes in between axes. The orbitals d 2 and d 22,

2Ru(bpy)3 ™ is in reality not a perfectly octahedral molecule (it has D3 symmetry), but it is a com-
monly used simplification.[7, 28]
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with lobes pointing towards the ligands, are strongly destabilised since electron rich
domains are placed close. The orbitals dyy, dy. and d,. are not as strongly desta-
bilised, which results in a lower energy compared to d.2 and d,2_2. The orbitals are
thus divided in two groups named e4 and ty, based on their symmetry (see Figure
2.2b). The ligand field strength, i.e. the electrostatic field from the ligands, deter-
mine the splitting between the e,- and to,-orbitals.[38] In Ru(bpy)2", the ligands
have a rather high ligand field strength which results in a significant splitting. The
most favourable way to position six electrons is to fill the to4-orbitals, which yields a
low-spin complex with multiplicity 1 in the ground state.[31, 37]

A simplified molecular orbital structure diagram of Ru(bpy)?r is shown in Figure
2.3a, including bonding electrons both from Ru(Il) and the ligands. The electronic
structure can also be described within the state formalism, where the specific arrange-
ment of all electrons over the available set of orbitals is described as one state. The
arrangement shown in Figure 2.3a is the ground state (GS) of Ru(bpy)§+. Upon ex-
citation by light, an electron is promoted from the #94-orbitals to empty orbitals on
either the ligands or the metal which results in another electronic state being pop-
ulated. The transition can be of metal-to-ligand charge-transfer (MLCT) character
or metal-centred (MC) character which is indicated in Figure 2.3a. The electronic
states are named after the electronic transitions, and can have multiplicity 1, 3 or
5. Figure 2.3b shows the relevant electronic states of Ru(bpy)3 ', and how their en-
ergy depend on a reaction coordinate 7 (which commonly is the metal-ligand bond

distance).[31, 37, 39]

In a simplified picture, the IMLCT state is populated when Ru(bpy)?‘ absorbs sun-
light.[31, 32, 40] The deexcitation of the IMLCT state entails multiple deactivation
pathways that together contribute to return the complex to !GS, indicated in Figure
2.3b. 'The first set of competing processes are fluorescence (fl), which returns the
complex to ' GS by emitting a photon, and intersystem crossing (ISC), which changes
the excited state to ®MLCT. Since ruthenium is a heavy atom, the spin-orbit coupling
is large which favours the ISC process.[7] Therefore, the rate of ISC is faster (krsc >
k1) and fluorescence is rarely observed. The SMLCT state is long-lived, meaning
for Ru(bpy)3" an excited state lifetime of 930 ns® (for Ru polypyridyl complexes
in general from 10 ns - 1 ps).[31] The lifetime is long since the return to IGS is
spin-forbidden, as well as there is a substantial energy gap between the SMLCT state
and 1GS. The latter is called the energy-gap law, which describes how a large energy
difference between two states results in a small overlap between vibrational sublevels,
which hinders non-radiative transitions.[7] The deactivation of the SMLCT state can

¥The lifetime can range between 500-1000 ns, depending on parameters such as the solvent, the
oxygen concentration in the sample, the temperature, etc. 930 ns corresponds to a measurement in
deoxygenated acetonitrile at room temperature.[39]
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Figure 2.3: a) Molecular orbital structure diagram of Ru(bpy)?’, with MLCT and MC transitions indicated. b)

Schematic of the excited state landscape in Ru(bpy)é*, together with the relevant deactivation
rates. ISC - intersystem crossing, act - activation, nr - non-radiative, ph - phosphorescence, fl -
fluorescence. On the horizontal axis, the average metal-ligand (M-L) bond length is plotted.

occur via emitting a photon i.e. phosphorescence (rate kpp), non-radiative direct
decay (rate ky,) and via the 3MC state (rate kqct), see Figure 2.3b). A change of
excited state to MC or MC is associated with an activation energy, but at room
temperature this barrier can be overcome for the >MC state. The >MC state does not
show phosphorescence as it is very short-lived, and efficiently returns the complex to
LGS via non-radiative decay (rate k). Ky, is high since the 3MC state has a small
barrier towards the 'GS in some reaction coordinate (not shown in Figure 2.3b). The
small barrier is a result of the geometrical distortion of the MC states compared to

the 'GS and MLCT states.[31, 32, 40]

As a consequence of the excited state landscape, Ru(bpy)2" has all the desired prop-
erties of a good photosensitiser. The absorption in the visible spectral region is strong,
due to the nature of the MLCT transition. There are no dissociative states that make
the complex unstable. The excited state involved in charge-transfer processes is the
SMLCT state which has both high redox potential and long lifetime. The SMLCT
state even has some degree of charge separation, with the electron located on the lig-
ands and the hole on the metal. The SMLCT state is therefore called the photofunc-
tional state of Ru(bpy)3 ™", where photofunctionality in this thesis is defined as partic-
ipating in either electron- or energy transfer reactions, alternatively displaying emis-
sion. Ru(bpy)2™ also shows both reversible oxidation and reduction, which makes
it more robust than natural pigments.[16, 31, 32, 39] The excited state landscape
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and associated properties have been discovered by scientist performing measurements
and calculations on Ru(bpy)2". In the following sections (2.3-2.5), typical meth-
ods needed to investigate a photosensitiser will be outlined, with Ru(bpy)§+ as the
illustrative example.

2.3 Steady-State Spectroscopy

Steady-state spectroscopy can determine what excited states in Ru(bpy)2 " that inter-
acts with light, and which is the lowest excited state. The focus of this discussion
is electronic transitions, i.e. transitions between the states outlined in Figure 2.3b.
Absorption spectroscopy probes what electronic transitions can take place from the
ground state of Ru(bpy)3". Emission spectroscopy, on the other hand, probes the
lowest excited state via its radiative transitions to the ground state. That only the
lowest excited state will emit light is an assumption that is called Kasha’s rule.[7, 41]

In Figure 2.4a, the absorption spectrum of Ru(bpy)3 " is shown in the visible to ultra-
violet (UV) wavelength range.[16] The vertical axis is plotted in an absolute scale
called the extinction coefficient (€), which is a material property representing the
strength of the transition. The extinction coefficient varies depending on if the transi-
tion is spin- and/or Laporte-allowed, see Table 2.1.[7, 42] In Figure 2.4a the absorp-
tion bands are assigned to MLCT, MC and (ligand-centred) LC transitions based
on the extinction coefficient (see Table 2.1).[16, 31, 35-37] The assignments can be
cross-checked with complementary methods (such as quantum chemical calculations,
see Section 2.5).[43] To summarise, the absorption measurement gives insight into
what states are involved in the excited state landscape of Ru(bpy)?‘, their energy
(relative to the ground state) and how well the photosensitiser absorbs sunlight. The
absorption measurement can also be used to probe the stability of Ru(bpy)§+ over
time, by monitoring how the absorption spectrum changes on a timescale of hours or
days.[7] This also applies to the oxidised and reduced species of Ru(bpy)3 ', that can
be generated by applying a potential to the sample. By this technique, often referred
to as spectroelectrochemistry, the absorption spectrum of other oxidation-states of
Ru(bpy)3 " can be measured. [44]

In Figure 2.4b, the emission spectrum of Ru(bpy)3" at room temperature is shown
(298 K).[16] To identify the nature of the lowest excited state in Ru(bpy)ng, the
emission spectrum is compared to the absorption spectrum. The emission from an
excited state is always red-shifted compared to the absorption to that excited state.*

“This is sometimes referred to as the Stokes shift. The definition of the Stokes shift however varies
depending on the source, and becomes nontrivial when the emission is not coming from the same state
as the absorbing state.
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Figure 2.4: a) Extinction coefficient of Ru(bpy)> ™ with indicated transition assignments. b) Emission spectra

of Ru(bpy)é‘*’ at two different temperatures compared (normalised intensity scale), the emission is
associated with a MLCT transition. Adapted from Thompson et al..[16]

Table 2.1: Table with typical extinction coefficient (¢) values for different types of transitions. MC - metal-
centred, MLCT - metal-to-ligand charge-transfer, LMCT - ligand-to-metal charge-transfer, LC - ligand-
centred.[7, 42]

. Typical €
Type of Transition (M~tem—1) Comment
Spin-forbidden MC <1 Spin- and Laporte-forbidden

Laporte-forbidden
Depends on symmetry
MLCT, LMCT 1000-50000 Allowed

LC >10000 Allowed

Spin-allowed MC 1-1000

This is due to changes in the solvent environment and the structural relaxation of
the molecule after excitation. Furthermore, an emission excitation spectrum should
match the absorption feature of the state giving rise to the emission signal.[7, 41]
This is because the excitation spectrum maps the emission intensity as a function
of excitation wavelength, and the absorption spectrum describes how much of the
excitation wavelength that is absorbed. In Ru(bpy)3 ", the emission in Figure 2.4b
has been assigned to the lowest 3MLCT state.[16, 31, 35-37]

The emission energy provides a way to determine the energy of the relaxed SMLCT
state, and not just the energy at ground state geometry (which is what the absorption
measurement provides). The energy difference between the ' GS and *MLCT minima
(see Figure 2.3b) is often approximated by the intersection between the absorption
and emission spectra (called the Eg energy). Furthermore, how prominent the non-
radiative decay pathways are can be estimated from the emission quantum yield. The
emission quantum yield (®) is generally defined as the ratio between the rate of the
radiative transition (k;.) and the sum of all deactivation rates (k;) from that state, see
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Equation 2.2.[7, 41]

ky kpn

@ = =
Zi ki kph + knr + kact

(2.2)

For the specific case of the MLCT state phosphorescence in Ru(bpy)3 ", ® is de-
scribed by the last expression in Equation 2.2 based on the processes in Figure 2.3b
(kph - phosphorescence rate, ky,; - non-radiative rate and k¢ - activated decay rate).
The phosphorescence quantum yield of Ru(bpy) ™ is 9.5% at room temperature.>[39]
If the system is cooled down, the quantum yield increases since some of the non-
radiative deactivation processes are slowed down (especially kqe that has an activa-
tion energy). The emission spectrum at 77 K in Figure 2.4b also displays more fea-
tures than the spectrum at 298 K. These are the vibrational sublevels of the electronic
state, corresponding to vibrational modes involved in the deactivation of the SMLCT
state.[7, 16]

Absorption and emission spectra are measured by probing light intensity as a function
of wavelength, see Figure 2.5. The absorbance is given on a logarithmic scale, and is
defined Equation 2.3 by the light intensity sent on the sample (/y) compared to the
light intensity transmitted through the sample (1).

A= —log(ﬁ) = ecl (2.3)
Io

The absorbance is linearly dependent on the extinction coefficient (), the concentra-
tion of the photosensitiser (¢) and the path length of the sample (/). Equation 2.3 is
called the Beer-Lambert law.[7] The emission can be probed at any geometry since
light is emitted isotropically in space after exciting the sample. To estimate the emis-
sion quantum yield, the sample is either placed in an integrating sphere to capture
the emission in all directions, or measured comparative to a reference sample of know
quantum yield.[7, 41]

Figure 2.5: Sketch indicating the principle of how steady-state absorption and emission signals are measured.
I - incoming light intensity, I - transmitted light intensity, I..,, - emitted light intensity.

%9.5% corresponds to a measurement in deoxygenated acetonitrile.[39]
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2.4 Time-Resolved Spectroscopy

Since the lowest excited state in Ru(bpy)3 ™ (*MLCT) is emissive, the easiest approach
to measure the lifetime is to use a time-resolved emission spectroscopy technique. One
such technique is time-correlated single photon counting (TCSPC), which measures
the delay time between sample excitation and detection of a singly emitted photon.
Many excitation-detection events are measured in succession by the setup that counts
the number of times each delay time was measured. The distribution of the different
counted delay times is representative of the excited state lifetime if the counting rate
is low, i.e. the excitation density is adapted so only one molecule has the chance to
emit in <2% of the measurements. The low counting rate ensures that the probability
of emission from more than one molecule (which would distort the statistics) is very
low.[7, 11] The number of counted emission events (V) at each delay time decreases
exponentially with time (#) according to Equation 2.4.

N(t) = Noe = (2.4)

In Equation 2.4, Ny is the count of photons detected simultaneously as the excitation
(delay time is zero) and T is the excited state lifetime. By fitting this function to the
obtained data, the SMLCT state lifetime of Ru(bpy)%Jr is extracted.[7]
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Figure 2.6: a) A simplified TCSPC setup. b) Typical emission transients obtained from TCSPC, measured at dif-
ferent temperatures.

In Figure 2.6a, a simple TCSPC setup is shown. The sample is excited by a focused
laser beam tuned to a wavelength that the sample absorbs, and a low enough excitation
density. The laser is pulsed and has high repetition rate, in order to measure many
excitation-detection events in reasonable time. The excitation light is also sent to
the start-detector, that triggers the delay time measurement. The emitted photon is
focused by lenses to the stop-detector, that stops the delay time measurement. A
long-pass filter is used to filter out the excitation laser intensity, which naturally has
shorter wavelength than the emission from the sample.[7] Typical emission transients
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measured at different temperatures are shown in Figure 2.6b, illustrating that the
lifetime is dependent on temperature. The phosphorescence rate (k) is temperature
independent, but the SMLCT lifetime (7) in Ru(bpy)§+ also depends on two non-
radiative processes (kp;, and kget) according to Equation 2.5 (see Figure 2.3b).

1
; = Kph + Enr + Kact (2.5)

Therefore, temperature dependent emission lifetime measurements can be used to
find the activation energy of temperature dependent non-radiative transitions (e.g.
the transition associated with kge).[31, 32]

To measure the lifetime of states that are not emissive, or to probe products and inter-
mediates formed in reactions with excited Ru(bpy)3*, TCSPC is not enough. An al-
ternative approach is to study the evolution of the sample absorption at different delay
times after excitation, given that the involved species absorb in the probed wavelength
range. This is often represented as differential spectra, i.e. the difference in absorp-
tion between an excited sample and the same sample when it was not excited. The
technique is called transient absorption (TA) spectroscopy.[7, 11, 36, 45, 46] The dif-
ferential spectrum can feature four different signal types, summarised in Figure 2.7a.
These are i) ground state bleach (GSB) which is a characteristic of population missing
from the *GS, ii) excited state absorption (ESA) which is the characteristic absorp-
tion from the 3MLCT state to higher states, iii) stimulated emission (SE) which is a
characteristic induced emission of the SMLCT state and iv) product absorption (PA)
which is characteristic absorption appearing if a product is formed in reaction with
the SMLCT state. The signals can be described by considering the three-state sys-
tem consisting of the 'GS, the excited 3MLCT state and the product ground state
(see Figure 2.7a). Each of these states has an extinction coefficient depending on the
wavelength € a7 p()), and a concentration (cg a,p) of Ru(bpy)g+ at a given time
after excitation (G - 'GS, M - *MLCT and P - product). The Beer-Lambert law
(Equation 2.3) is used to describe the absorbance of the excited sample at a certain
delay time, shown in Equation 2.6.[7]

Aeze = l(eg(co — e — cp) + enrenr — kegenr + epep) (2.6)

In Equation 2.6, / is the path length of the sample, % is a scaling factor, and cg the
summed concentration of Ru(bpy)3 " in all states in the sample. To form the differ-
ential absorption signal, the absorbance of the unexcited sample is subtracted, which
results in Equation 2.7.[7]

AA = l(eg(co — cpr — cp) + enrenr — kegenr + epep) — egeol

(2.7)
= l(—eg(ear + cp) + enrenr — kegenr + epep)

The first term describes GSB, which is a negative signal following the spectral shape
of the steady-state absorption, with signal strength depending on the total missing
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concentration in the !GS. The second term describes ESA, which is positive and de-
pend on the concentration in the SMLCT state. The third term describing SE is
negative, since light is emitted instead of absorbed. The SE signal depends on the
concentration in the SMLCT state. Its theoretical shape can be calculated from the
spontaneous emission measured in a steady-state emission measurement. In the case
of a short-lived SE signal the theoretical shape, however, might not have the time to
develop. Finally, the forth term describes PA, which is positive and depend on the
concentration of the products formed. The PA signal at long delay times resembles
the steady-state absorption of the product, which is typically used to identify what
species is formed.[7]
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Figure 2.7: a) The possible signals in a differential spectrum exemplified by Ru(bpy)i*. GSB - ground state
bleach, ESA - excited state absorption, SE - stimulated emission, PA - product absorption (ES - ex-
cited state). b) A differential spectrum of Ru(bpy)2™ in the MLCT state, and Ru(bpy)2 ™ after re-
action with MV2*. For comparison also the inverted steady-state absorption (GSB) and calculated
stimulated emission (SE) spectra are shown. Adapted from Ha-Thi et al..[45]

In Figure 2.7b, a differential spectrum of Ru(bpy)3* in the MLCT state, and after
reaction with the methyl viologen di-cation (MV?1), are shown. The *MLCT state
displays the signals GSB (red) and ESA (purple), but no SE (its theoretical shape is
however indicated in Figure 2.7b).[45] SE is not seen since the extinction coefficient
of ESA is stronger than that of SE. By measuring how any of the characteristic signals
of the SMLCT evolves over time, transients are retrieved (similar to those in Figure
2.6b) from which the lifetime can be fitted. If the TA setup is made for sub-ps time res-
olution, also how the ESA signal changes as the system forms the 3SMLCT state during
ISC can be probed.[46] In charge-transfer reactions, such as that of Ru(bpy)3 " and
MV?2T, the TA measurement probes how intermediates and products appear (given
they have strong enough absorption in the probed wavelength range). In Figure 2.7b,
PA from the reduced MV ™ is detected.[45] To find the rates of the different steps in
the reaction, a common analysis method is global analysis. This approach fits a sum
of exponential decay functions with spectra A;(\) and decay rates k; to the TA data
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A(\, t) according to Equation 2.8.

AN ) =) Ai(Ve (2.8)

Each fitted A;() corresponds to a decay associated spectra (DAS), which is the spec-
tral shape that changes with the fitted rate k;. By identifying the shape of the DAS
as a known differential spectrum assigned to a species, the fitted decay rates can be
assigned to processes in the reaction (or in the decay pathway).[47]
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Figure 2.8: A simplified TA setup for measurements from 100 fs to 10 ns, and white light detection in UV to
NIR wavelength range.

In TA spectroscopy, a detector monitors how light is transmitted through the sample
at various times after excitation compared to the light transmittance of the unexcited
sample. In Figure 2.8, a simple TA setup is shown (for measurements from 100 fs®
to 10 ns). The setup relies on a pulsed laser producing a fundamental beam (not
shown in Figure 2.8), which is split and fed into two optical parametric amplifiers
(OPA). These devices can alter the wavelength of the light by using non-linear optical
phenomena. In the pump OPA, a wavelength that can excite the sample is selected
and then this light is guided and focused to the sample position. Important is that

¢The time resolution is largely depending on the pulse duration of the laser, but also other factors.
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every other pump pulse is blocked by a chopper to measure both the excited and
unexcited sample, from which the differential absorption signal is calculated. In the
probe OPA, an infrared wavelength is selected that is sent to a CaFy crystal for gen-
erating a white light continuum. This allows the TA setup to measure absorbance
in a wavelength range from UV to near infrared (NIR). The probe beam is delayed
with respect to the pump beam (i.e. excitation), to introduce the time dependence
in the measurement. The probe beam is commonly split before the sample, to have
one probe that transverses the sample and one reference probe relayed directly to a
detector for monitoring fluctuations in the light intensity. The reference measure-
ment improves the signal-to-noise ratio of the experiment. Finally, the polarisation
between the pump and probe beams can be set so that either polarisation effects are
avoided, or for measuring anisotropy.[7]

2.5 Quantum Chemical Calculations

Hypotheses about the excited state landscape and nature of the different transitions
found by spectroscopy on Ru(bpy)3™, can be confirmed by comparing measurements
to theory.[43] The time-independent Schrodinger equation (Equation 2.9) describes
the energy (£) and wave function (¥) of molecular electronic states.

HU = BV (2.9)

In Equation 2.9, H is the Hamiltonian operator.[48] Solving the Schrédinger equa-
tion for molecules such as Ru(bpy)3 " is however not possible with either analytical
or computational methods to date, thus simplifications are needed. As a first approx-
imation, only the electronic part of the equation is solved if the atomic nuclei are
kept at fixed positions and are described by an external potential. This is called the
Born-Oppenheimer approximation, which states that there is no coupling between
the nuclear and electronic coordinates (since the electrons are moving four orders of
magnitude faster than the nuclei).[48]

Still, the time-independent electronic Schrédinger equation is too complex to solve
since molecules have many electrons, each described by a set of three spatial coordi-
nates and one spin coordinate. To further simplify, the electronic wave function can
be replaced by the electron density. The electron density p(7) is defined according to
Equation 2.10, which integrates over the spin coordinates (5) and all but one spatial
coordinate () of all V electrons in the molecule.[48]

p(7) :N/.../|‘Il(ac_i,x_’2,...,:):}'V)Ist_idx_’g...:c_jv (2.10)

The electron density treats all electrons collectively, and thus only depends on three
spatial coordinates (7). The simplification does not contain all information about
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the system (e.g. the spin of the electrons) as is the case of the wave function. The
electron density is, however, an observable and can be measured. According to the
Hohenberg-Kohn theorems, p(7) is just as the wave function uniquely defined for a
given electronic state. Furthermore, the Hohenberg-Kohn theorems state that there
is a functional that given p(7) returns the energy of the system.[48, 49]

The problem has thus been reduced to finding the correct functional that describes
molecular systems. Given this functional, the energy of a system can be calculated
from the electron density. A commonly used approach to this problem is Kohn-Sham
density functional theory (DFT), where electrons are assumed to be non-interacting
particles with single electron orbitals. In this method, Equation 2.11 is the functional
returning the system energy £ from the electron density (p(7)).[48]

Elp(#)] = Tslp(F)] + Buelp(®)] + JIp(F)] + Eeclp(F)]  @.11)

Analytical expressions exist for T's, Ey. and J, which describe the kinetic energy
for non-interacting electrons, the attraction between electrons and the nuclei, and
Coulomb repulsion between the electrons respectively. E.., which is the exchange-
correlation energy, must however be approximated and has to date several different
implementations. In the DFT calculation settings, a functional approximating F.
and a basis set describing the single electron orbitals are selected.[48]

In the DFT calculation routine, an initial guess of the electron density is created from
which the energy is calculated based on the selected functional. An implication of
the first Hohenberg-Kohn theorem is that the variational principle can be applied
to find the geometry of a molecule in the ground state. Therefore, DFT algorithms
are based on minimising the energy calculated from the electron density generated as
the nuclei positions are moved stepwise (i.e. a self-consistent field approach). When
convergence at a given accuracy is met, the geometry of the ground state has been op-
timised. By optimising states of different spin, also selected excited states of molecules
can be calculated.[48]

With DFT calculations, the ! GS and selected excited states of Ru(bpy)3™ can be op-
timised. The optimisation returns the molecular geometry with bond lengths and
angles but also quantities such as the system energy and the spin density. From this
information, projected potential energy surfaces (PPES) can be constructed, to gener-
ate a computed version of Figure 2.3b. The nature of an optimised state is commonly
determined by the bond distances and the spin on Ru(II).[50, 51] This is a viable
strategy since MC states are highly distorted and have high spin on Ru(Il), whereas
MLCT states have similar geometry as the 'GS and a spin of ~1 on Ru(II).[51] To
validate the DFT results, the calculated energy of the states are compared to experi-
mental data (such as the energy of the IMLCT state relative to the !GS and the energy
difference between the 'GS and *MLCT minima, estimated from steady-state spec-
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troscopy techniques). If these match, the computational method describes the system
well. Information not accessible by measurements can then be calculated in a reliable
way. One such example is the energy of a state along any given reaction coordinate,
which provides information on deactivation pathways and state crossings.[50]
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Figure 2.9: a) Calculated electronic singlet transitions of Ru(bpy)g*', compared to the measured absorption

spectrum. Adapted from Alary et al..[43] b) HOMO of Ru(bpy); . c) LUMO of Ru(bpy)>*. Courtesy
of Petter Persson. All calculated by (TD)-DFT at the B3LYP level of theory.

To learn about electronic transitions in Ru(bpy)3 ", time-dependent density func-
tional theory (TD-DFT) can be used. From a given state, the calculation returns the
energy of possible electronic transitions to higher states of a given spin, as well as the
oscillator strength of each transition.[48] The calculated transitions are then used to
simulate the absorption spectrum of Ru(bpy)§+ (see Figure 2.9a), and thereby cross-
check the assigned transitions from Figure 2.4a.[43, 50, 52, 53] An assignment can
be made by analysing the natural transition orbitals (NTOs) involved in each elec-
tronic transition. From an NTO analysis, the charge-separated nature of the SMLCT
state can also be seen. The NTOs involved in the MLCT transition describe where
the electron density is located before the transition, and to where the electron density
is moved after the transition.[54] The lowest MLCT transition can also be approxi-
mated by analysing the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).[43, 50] HOMO and LUMO for Ru(bpy)g+
are shown in Figure 2.9b-c.
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2.6 Earth-Abundant Photosensitisers

Ru polypyridyl complexes have been studied for decades, in order to adapt the lig-
and structure to suit different applications.[31] Ru-complexes are used as photosen-
sitisers in solar cells,[55] solar fuel devices,[14] light emitting diodes,[56] molecu-
lar sensors[57] and medical applications.[58] There is, however, one major draw-
back with Ru polypyridyl complexes, and that is the availability and therefore cost
of ruthenium. In Figure 2.10, the abundance of all elements accessible in Earth’s
crust are compared.[59] The group named “rarest metals” includes the least abundant
elements, which from the logarithmic scale are shown to be several orders of magni-
tude scarcer than other elements. Elements such as gold and platinum belong to this
group, but also ruthenium.

The low availability of ruthenium would lead to it becoming more and more expen-
sive as the solar energy conversion technologies scale up, until it finally runs out.
Therefore, much new photosensitiser research focuses on Earth-abundant elements
including Cr, Mn, Fe, Co, Ni, Cu and Zn (see Figure 2.10) that are all first-row tran-
sition metals.[60—65] Fe-based photosensitisers is the scope of this thesis work, and
the following chapters discuss the research conducted on this topic. This chapter has
laid a solid foundation for understanding this work by discussing the properties of a
good photosensitiser, how they are measured and how the electronic structure enables
these properties.

[} 10° T T T T T T T T LRRAn PR AR e R [FRnn panad pannn Renan pan
& [ ]
° r Rockf . Relative abundance of 1
c - 1GCIOtmIng the chemical elements in -
g 108 Al I elements Earth’s upper continental crust -
mO :'H Na K Ca Fe -
g b ocllMe|, (T ]
=10 NF s | MR . Rare earth ]
5 s Cl __elements 1
£ - \/eN Ce .
3 i ver ; Ndgy g, Ph ]
S r SchlCp A\ Y aysm \'D\f;Tw‘ T-h 1
5 1 F ‘ 2
@ ]
% i Bi ]
® - Major industrial 1
g 10° | metals in Bold 4
_r§ L Precious metals Rh  Rarest “metals” 0s .
S [ in ltalic ]
210-6 | I N S I P e { PR (NI LIEr IFCTIO [erin (7N LATOIOIE] PO Loty Loy powre

10 20 30 40 50 60 70 80 90
Atomic number, Z

Figure 2.10: An overview of the abundance of all elements present in Earth’s crust. On the vertical axis abun-

dance is plotted on a logarithmic scale, normalised to Si. On the horizontal axis the atomic number
of the element is plotted. The figure is courtesy of the U.S. Geological Survey.[59]
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Chapter 3

Photophysics of Iron Carbene
Complexes

You can’t be healthy and rich.

Or can you?*

3.1 d° Fe Carbene Complexes

There are several options to realise Earth-abundant photosensitisers, but perhaps Fe
has always been the dream candidate to replace Ru. The reason for this is that Fe is
among the ten most abundant elements and also that Ru and Fe are in the same group
in the periodic system.[59, 66, 67] This means that Ru(II) and Fe(Il) are isoelectronic,
i.e. both have a d° electronic configuration. Due to the primogenic effect, their
respective frontier d-orbitals are, however, significantly different. The primogenic
effect states that in the first shell a new set of orbitals is populated, the orbitals will
not have a node in their radial distribution function.[68, 69] This leads to an electron
density distributed closer to the centre of the atom, which is the case for the 3d-
orbitals. This weakens the binding interaction with ligands, and makes the influence
of the ligand field much lower in an Fe(II)-complex compared to the same Ru(II)-
complex.[70] Therefore, in the case of Fe(bpy)?‘, the electronic state arrangement is
very different compared to Ru(bpy)3 " (see Figure 3.1).[70, 71]

In Fe(bpy)?r, there is only a minor energy barrier for the transition from 3SMLCT to
3MC, since the MC states are lower in energy than the MLCT states. This means that

"Traditional Russian expression, or communication between prof. Yartsev and PhD student.
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after excitation into the MLCT state, follows a rapid deactivation cascade through
the 3MLCT and 3MC states to the °MC state (with the SMLCT excited state lifetime
being <100 fs). The major excited state of Fe(bpy)§+ is thus the "MC state, which
has a lifetime of ~650 ps. The MC state in Fe(bpy)2 ™ is not a photofunctional state
according to the definition in Chapter 2, since it does not participate in charge- or
energy transfer reactions and does not display emission.[72-78] This means that just
exchanging Ru(Il) for Fe(II) is not a viable approach to yield an Fe-based photosen-
sitiser.

Fe(bpy);%* FeCAB2+

1I3M LCT

3MC

GS

Figure 3.1: Schematic comparing the excited state landscape in Fe(bpy)?r to a representative Fe carbene com-
plex (FeCAB>1).

The first step towards an Fe-based photosensitiser would be to instead have a long-
lived MLCT state, since this is the photofunctional state in Ru(bpy)3 . In order to
achieve this goal, the excited state landscape needs to be rearranged so that instead
the 3MLCT state has lower or similar energy as the MC states. This would create an
energy barrier that can slow down the transition from the SMLCT state to the MC
states seen for Fe(bpy)§+.[66, 67,71, 79, 80] Early attempts at making the SMLCT
state photofunctional in Fe-complexes include Fe cyanide complexes, where a SMLCT
state was observed for a few ps in certain solvents, but the lifetime only quantified
many years later.[81-83] More recent strategies include HOMO-inversion, [84] high
strain,[85] improved octahedricity,[86] and coherent control.[87]

This thesis is devoted to the study of Fe carbene complexes, which resulted in a
new class of Fe-complexes that did not rapidly deactivate into the >MC state.[88]
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The carbene-ligands rearranged the excited state landscape to such an extent that the
SMLCT state finally became the state of longest lifetime, see Figure 3.1.[66, 71, 88,
89] The ligand design strategies and their implications to the photophysics will be
explained in the following sections. This will be exemplified by Fe carbene complexes
from the research conducted in this thesis, however several other groups have also
published Fe carbene complexes advancing the field.[66, 67, 80, 90] Note that Sec-
tions 3.1.1-3.1.3 present the Fe carbene complexes within the original photophysics
model, which assigned all >1 ps lifetimes to the 3MLCT state. This model will be
revised in Section 3.1.4.

3.1.1 Strategy: Destabilising MC States

The destabilisation of the MC states is the major effect that the carbene-ligands have
on the excited state landscape. When the MC states are moved up in energy relative
to the SMLCT state, the energy barrier to go from 3SMLCT to 3MC is increased,
which is illustrated in Figure 3.2. Eventually, the barrier becomes substantial enough
so that the excited population can stay in the MLCT state. Thereafter, further SMC
destabilisation prolongs the lifetime of the SMLCT state. The energetic position of
the 3MC state is mainly determined by the LF strength, since the MC transition
entails moving one electron from a tg4-orbital to an eg-orbital (see Figure 3.3). The
strongly o-donating effect of the carbene-ligands create a strong LF in the Fe carbene
complex, thus destabilising the MC states.[89]

SMLCT  3MC

Figure 3.2: The effect on the 2MLCT to *MC energy barrier by varying the energetic position of the 2MC state.

In a more thorough picture, the frontier orbitals on the metal and on the ligands mix
since the metal-ligand bond is not purely ionic. There are three different kinds of
mixing interactions (illustrated in Figure 3.3), which involve both - and 7-orbitals

29



of the ligand.[66, 71] o-donation was already mentioned, and this is an effect of mix-
ing the ligand carbene sp?-orbital with the metal eg4-orbital. The new e4-like orbital
(~ e4) formed is the antibonding orbital between sp? and eg,> which is higher in en-
ergy than the pure eg-orbital (effect A in Figure 3.3). Therefore, this effect increases
the LF splitting. A similar mixing between the ligand 7*-orbital and the metal t9,-
orbital leads to the lowering of the bonding to,-like orbital (~ t24) (effect B in Figure
3.3). This effect therefore also increases the LF splitting. The third type of interaction
actually increases the energy of the to4-like orbital (~ to4) which leads to a smaller
LF splitting (effect C in Figure 3.3). This effect is, however, only slightly counter-
acting the other two, and the net outcome is an increased LF splitting and thus MC

energy.[66, 71]
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Figure 3.4a shows the molecular structure of the first published iron carbene com-
plex FeCAB, that resulted in an excited state lifetime of 9 ps assigned to the SMLCT
state.?[88] With this initial molecule as the “parent complex”, several similar struc-
tures with 1-30 ps excited state lifetime have been published.[66, 67, 91-97] One of
the related complexes is FeCABIm discussed in paper I, with molecular structure also
shown in Figure 3.4a. The excited state landscape of FeCABIm (Figure 3.4b) provides
a nice example for the changes introduced by the carbene-ligand, and is similar also
for FeCAB.[89] In FeCABIm, the MC states have been destabilised to such an extent
so that the SMC state minimum has a similar energy as the SMLCT minimum, and
the *MC minimum is only slightly below them. This arrangement of the excited states
is very different compared to Fe(bpy)g+ (Figure 3.1) where all MC states were well
below the 2MLCT state in energy. In FeCABIm, there is now an energy barrier to go
from the 2MLCT to the 3MC state, and also an energy barrier to go from the 3MC
state to the °MC state. Systematic studies of early Fe carbene complexes with similar
structure as FeCAB investigated how many Fe-carbene bonds are required to avoid
rapid deactivation into the MC state. Zimmer et al. and Duchanois et al. found that
a minimum of four Fe-carbene bonds are needed (which is the case of FeCAB and
FeCABIm) and furthermore that the excited state lifetime depends on the number of
such bonds.[96, 97]
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Figure 3.4: a) Molecular structure FeCAB discussed in papers I-IV, together with FeCABIm discussed in paper I.
b) Projected potential energy surfaces showing the relevant excited state landscape for FeCABIm.
Points are calculated by DFT at the B3LYP* level of theory, lines represent a guide to the interpre-
tation.

2NB will be reassigned in Section 3.1.4.
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3.1.2 Strategy: Stabilising MLCT States

A complementary strategy to increase the MLCT lifetime is to stabilise the MLCT
state. Figure 3.5 illustrates how this strategy indeed increases the energy barrier be-
tween the SMLCT and *MC states. Lowering the SMLCT energy also results in
lowering the LMLCT energy. This strategy can therefore expand the absorption spec-
trum of the photosensitiser towards the red spectral range, and enable harvesting of a
larger part of the solar spectrum.[98] There is, however, a trade-off between extending
the red absorption and maintaining a high redox potential in the excited state, which
must be taken into account.

3MLCT  3MC

rM-L)

Figure 3.5: The effect on the *MLCT to *MC energy barrier by varying the energetic position of the *MLCT
state.

The energy of the >MLCT state is within the orbital formalism the energy difference
between the to,-like (~ ta4) and m*-like (~ 7) orbitals, see Figure 3.3. Furthermore,
in most d° Fe carbene complexes these are the frontier orbitals; ~ ta4 is the highest
occupied molecular orbital and ~ 7* is the lowest unoccupied molecular orbital. To
stabilise the MLCT states, both increasing the energy of HOMO or lowering the
energy of LUMO are viable strategies. But if the energy of HOMO is increased, this
can also cause a smaller ligand field splitting affecting the MC states in an undesirable
way. Therefore, the main strategy to stabilise the MLCT states should be that of
lowering LUMO.

Since the nature of LUMO is ~ 7%, strategies to lower the energy includes to expand
the 7-system or to introduce electron-withdrawing groups. FeCABIm discussed in
paper I, belongs to the former of these strategies. The imidazole-groups attached to
the para-position on the pyridine-moieties (see Figure 3.4a) increase the number of
atoms in the 7-system, and thus lower the energy of LUMO. That the energy of
LUMO was decreased is seen in the calculations (Figure 3.6b) but also in the red-
shift of the absorption spectrum compared to FeCAB (Figure 3.6¢). Since the ligand

32



m-system interacts with the metal ¢94-orbitals (see Figure 3.3) the energy of HOMO
has decreased too (Figure 3.6b), but not to as large extent as LUMO. Expanding
m-systems generally increases the extinction coeflicient of the absorption, which is

observed in the case of FeCABIm (see Figure 3.6¢).
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Figure 3.6: a) Molecular structure of FeCABC, discussed in papers I-IV. b) Calculated relative HOMO and LUMO
energies for complexes FeCAB, FeCABIm and FeCABC by DFT at the B3LYP* level of theory. The
HOMO energy of FeCAB is used as a reference point to which 0 eV is assigned. c¢) Compared extinc-
tion coefficient of complexes FeCAB, FeCABIm and FeCABC.

With complex FeCABC (see Figure 3.6a), Harlang et al. and Duchanois et al. ex-
plored the strategy of introducing an electron-withdrawing group.[99, 100] The car-
boxylic groups attached to the para-position on the pyridine-moieties have electron-
withdrawing character, which accepts electron density and thus lowers the energy of
LUMO. Compared to FeCABIm, the LUMO stabilisation is similar in both com-
plexes, but in FeCABC HOMO is less affected (see Figure 3.6b). This leads to a
smaller HOMO-LUMO gap, which is reflected in the yet further red-shifted absorp-
tion of FeCABC (see Figure 3.6¢). The trend of red-shifted absorption is in agreement
with an increasing trend in excited state lifetime of these complexes, see Table 3.1.

Table 3.1: Photophysical properties of FeCAB, FeCABIm and FeCABC compared. HOMO-LUMO gap calculated

by DFT at the B3LYP* level of theory. Abs - MLCT absorption maximum, e - extinction coefficient, 7
- excited state lifetime.

Comblex HOMO-LUMO Abs €103 T

P gap ev) (nm) (M~lem™!)  (ps)
FeCAB 3.34 457 15 9
FeCABIm  2.95 496 21 16
FeCABC  2.75 516 25 19

3.1.3 Strategy: Increasing Charge Separation

A third strategy to increase the SMLCT lifetime of Fe-complexes, is to increase the
charge separation in the excited state. The separation slows down deactivation process-
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es,[32] and is furthermore one of the criteria for the ideal photosensitiser from Chap-
ter 2. Charge separation can be realised in a heteroleptic complex, meaning that
two different ligands coordinate to Fe(Il) that have different properties.®> In this
case, one of the ligands should have low electron density and therefore “pull” the
excited electron, and the other should have high electron density and thus “push”
it away. Similarly, the ligands would push and pull the hole to the opposite ligand
with respect to the electron. This type of design is called “push-pull complexes”,
and has been employed in both organic[101], Ru-based[102—104] and Zn porphyrin
photosensitisers.[105, 106]

In paper II, a series of push-pull Fe carbene complexes were introduced, see Fig-
ure 3.7, but also examples of push-pull Fe-complexes from other groups have been
presented.[107][108] For complexes FeFCABCN1 and FeCABCN2, the intended push-
pull functionality should result in the carboxylic group receiving the excited electron
and the amine-substituted carbene-ligand receiving the hole. To realise this, the 7-
orbitals should be raised in energy to an extent where they approach the to4-orbitals
and therefore contribute in sharing the hole density in the excited SMLCT state (see
Figure 3.3). Alternatively, the complex should, after coming to the >MLCT state,
access yet another state that is further charge-separated.
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Figure 3.7: Molecular structure of the push-pull complexes (FeCABCN1 and FeCABCN2), discussed in papers Il
and lll. Also shown are the homoleptic reference complexes with the amine-substituted ligands
(FeCABN1 and FeCABN2).

Paper II investigated to what extent the push-pull effect was realised in FeECABCN1
and FeCABCN?2 (Figure 3.7), which will here be exemplified by FeCABCNI1. In
Figure 3.8, the NTOs of the transition in the lowest energy MLCT absorption band
are shown. Figure 3.8a represent the electron density before the transition and 3.8b
after. The NTO analysis shows that electron density is moved to the carboxylic group
in the transition, which is according to the intended push-pull strategy. There is,
however, no involvement of the amine-substituted carbene-ligand in this transition.

3All complexes shown up to this point have been homoleptic, i.e. having only one type of ligand.
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In Figure 3.8¢, the spin density of the optimised 3SMLCT state is shown, which dis-
plays the combined density of the electron and the hole after ISC and relaxation.
Here, some density (presumably of the hole) extends to the amine-substituted lig-
and, which is a step towards the intended charge separation. The majority of the
hole density is however still on iron, which agrees with that the first oxidation of
the complex is Fe(IlI)/Fe(II). What the push-pull structures in Figure 3.7 accom-
plished is therefore rather a preferential excitation, ensuring that the electron goes to
the carboxylic-substituted ligand, but with the hole remaining on the metal. This is
an improvement compared to the parent complex FeCABC (Figure 3.6a), where two
degenerate LUMOs render excitation to both ligands similarly probable.[98]

Figure 3.8: a) Initial NTO of the strong transition from TD-DFT in the lowest energy MLCT absorption band of
FeCABCN1. b) Final NTO of the strong transition from TD-DFT in the lowest energy MLCT absorption
band of FeCABCN1. c) Spin density contour plot of the optimised >MLCT state of FeCABCN1. All
calculated by (TD-)DFT at the B3LYP* level of theory.

The push-pull complexes FECABCN1 and FeCABCN?2 are in many other aspects
very similar to FeCABC, e.g. in terms of the HOMO-LUMO gap, the absorption
spectrum and excited state lifetime (see Table 3.2). When comparing the absorp-
tion spectra also to the reference complexes in Figure 3.7, it is seen that the lowest
energy peak red-shifts ~0.3 eV for complexes with carboxylic group compared to
complexes without carboxylic group* (see Table 3.2 and Figure 3.9b). Furthermore,
the peak at 3.1-3.2 ¢V is consistently present in all complexes. The only change made
to the ligand structure of the different complexes is to change the substituent in the
para-position on the pyridine-moieties. The substituents seem to influence the lowest
energy absorption peak significantly more than other absorption peaks, which sug-
gests that the absorption peaks of the Fe carbene complexes in Figure 3.9b originate
from different electronic transitions. Furthermore, complexes with carboxylic groups

“Deprotonated carboxylic group will in this thesis be counted as without carboxylic group, since it
is then a carboxylate group.
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were easily deprotonated which generated a species with distinctly different absorp-
tion spectrum (also shown in Figure 3.9b). When the complexes FeECABCN1 and
FeCABCN?2 are deprotonated (here denoted FeCABCN1- and FeCABCN2-), their
absorption spectra instead become similar to the absorption spectrum of the unsub-
stituted FeCAB.
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Figure 3.9: a) Relative HOMO and LUMO energies for FeCABCN1 with related complexes. The HOMO energy of
FeCAB is used as a reference point to which 0 eV is assigned. Calculated by DFT at the B3LYP* level
of theory. b) Compared absorption spectra for the same set of complexes, off-setted and scaled to
facilitate qualitative comparison. A Gaussian fit to the absorption spectrum of FeCAB is shown by
filled contours. The inset shows the colour change of FeCABCN1 as it changes protonation state.

To explain the nature of the underlying electronic transitions contributing to the ab-
sorption spectra in Figure 3.9b, all absorption spectra were simulated with TD-DFT
in paper III. Here, the conclusions will be exemplified by FeECABCN1 shown in Fig-
ure 3.10. Based on a NTO analysis of the calculated transitions of FeFCABCNI1, two
distinctly different electronic transitions were identified. These involve m*-orbitals
of different symmetry here labelled A and B, shown in Figure 3.10. The electronic
transition contributing to the lowest energy peak in all complexes (i.e. at 2.4 ¢V for
complexes with carboxylic group and at 2.6-2.7 €V for others) has the symmetry of
m*A. Since 7" A extends to the pyridine para-position, this orbital is influenced by
the substituents. The electronic transitions contributing to the peaks in the higher
energy absorption band in all complexes instead have the symmetry of 7*B. The
7* B-orbital does not extend on the pyridine para-position, and is therefore not in-
fluenced by the substituents. This explains why the peaks at 3.1-3.2 ¢V display so
lictle shifts between the complexes in Figure 3.9b. Other peaks in Figure 3.9b result
from electronic transitions involving both symmetries, e.g. the peak at ~2.8 eV in

FeCAB.

The different symmetries of the electronic transitions contributing to the MLCT ab-
sorption band explain the observations in Figure 3.9b. Especially interesting is the
change in colour induced by deprotonating complexes with carboxylic groups, i.e.
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Table 3.2: Photophysical properties of the push-pull complexes with reference complexes compared. HOMO-
LUMO gap calculated by DFT at the B3LYP* level of theory. Abs - MLCT absorption maximum, ¢ -
extinction coefficient, 7 - excited state lifetime.

Comble HOMO-LUMO Abs  €10® T
plex gap (eV) (nm) M~ lecm™1) (ps)
FeCAB 3.34 457 15 9
FeCABNI1 3.48 459 34 11
FeCABN2 3.56 454 32 12
FeCABCN1- 3.30 470 - 12
FeCABCN2- 3.29 470 - 14
FeCABC 2.75 516 25 19
FeCABCNI1 2.66 511 16 19
FeCABCN2 2.65 512 14 19
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Figure 3.10: Absorption spectrum of FeCABCN1 compared to a simulated absorption spectrum calculated by
TD-DFT at the B3LYP* level of theory (corrected by -0.16 eV). Below is a representation of the
relevant NTOs of different symmetries, here called 7* A and * B.
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acidochromism. The carboxylic group is an electron-withdrawing substituent, but
the carboxylate group is an electron donating substituent. This leads to a stabilised
LUMO in the former case, and a destabilised LUMO in the latter case (see Figure
3.9a), which explains the colour change. To conclude, the sidegroup substitution on
FeCAB influenced mainly the properties of the lowest MLCT state. To also influence
higher MLCT states, substituting the pyridine para-position is not enough unless the
substituent extends the 7-system. In the case of the imidazole-substituted FeCABIm,
the entire ligand 7-system was affected which leads to a red-shift of all MLCT absorp-
tion peaks (see Figure 3.6¢). On a final note, Liu et al. showed that substitution on
the imidazole-moiety of FeCAB also resulted in a red-shift of all MLCT absorption
peaks.[88]

3.1.4 Revising d® Fe Carbene Photophysics

As indicated in the introductory Section 3.1, papers III and IV propose a new pho-
tophysics model for FeCAB and derivatives without carboxylic group (FeCABNI1,
FeCABN2, FeCABCN1-, FeCABCN2-). This model (shown in Figure 3.11b) im-
plies that their excited state lifetimes (ranging from 9-14 ps, see Table 3.2) should be
assigned to the 3MC state instead of the MLCT state. FeCAB derivatives with car-
boxylic groups (FeCABC, FeCABCN1, FeCABCN?2) are, however, still assigned to
the original Fe carbene model (shown in Figure 3.11a). This section will motivate the
reassignment of a rather large selection of complexes to the new model, and explain
why the carboxylic group distinguishes what complex belongs to which model.

Figure 3.11: a) The original Fe carbene photophysics model, valid for FeCAB-derivatives with a carboxylic
group. b) The new Fe carbene photophysics model suggested for FeCAB and derivatives with-
out carboxylic group. The dotted lines represent a minor branching process.

To begin with, the TA data of FeCABCN1 and FeCABCN1- are compared in Figure
3.12. FeCABCNI1 and its deprotonated analogue differ structurally only by a proton,
still they display large differences in their photophysics. In Figure 3.12, both com-
plexes show a similarly broad ESA spectrum at early times (100 fs). For FeFCABCNI1-,
however, this broad ESA converts to a narrower, blue-shifted spectrum already after
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200 fs. Since the GSB region display no recovery on a similar timescale, the observed
process is assigned to a change of excited state. In FeCABCNI1 there is no similar
spectral evolution at early times, and the initial broad ESA spectrum remains dur-
ing the lifetime of the complex. This broad ESA spectrum narrows somewhat, which
is assigned to relaxation within the same excited state. The spectral evolutions of Fe-
CABCN1 and FeCABCN1- are also different at longer delay times (>1 ps), see Figure
3.12. In FeCABCNI1-, the ESA spectra blue-shift at the expense of the GSB signal.
In FeCABCNI, the spectral shape remains constant which manifests as an isosbestic
point ~2.2 eV (after 1 ps delay time).
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Figure 3.12: Differential spectra measured at different delay times of FeECABCN1 and FeCABCN1-. In dashed
lines are the steady-state absorption spectra to compare to the GSB.

The TA data in Figure 3.12 shows that FeFCABCNI stays in the first probed excited
state, whereas FFCABCN1- changes excited state. In all investigated FeCAB deriva-
tives (paper III), the initially probed differential spectra are similar. It is therefore
reasonable to assign them to the same state. After excitation into the 'MLCT state
ISC takes place, which happens in <50 fs for Fe(bpy)3 " according to measurements
from Gawelda et al..[75] Assuming the ISC rate depends mainly on the spin-orbit
coupling, it should be similar in all Fe-complexes. The initially probed ESA spectra,
measured at ~100 fs delay time, are therefore assigned to the 3MLCT state. This as-
signment confirms that FFCABCNI1 (together with FeCABC1 and FeCABCN?2 that
display similar dynamics) stay in the SMLCT state during their 19 ps lifetime (see Ta-
ble 3.2). FeCABCNI1-, on the other hand, leaves the ®MLCT state and enters another
excited state with continuously blue-shifting ESA spectrum (Figure 3.12). Further-

39



more, a similar spectral evolution was observed for all FeCAB-derivatives without

carboxylic group.

To identify the nature of the second excited state, TA spectroscopy of FeCABtBu was
measured with improved time-resolution in paper IV (see Figure 3.13). FeCABtBu
was shown to leave the *MLCT and 3MC states on sub-ps timescale to then reside
in the °MC state for ~200 ps by Liu et al..[88] FeCABtBu is an Fe carbene complex
of similar structure as FeCAB (see Figure 3.13a), and is therefore a relevant reference
complex for the spectroscopic signature of the MC state in Fe carbenes. Comparing
the TA dynamics of FeCABtBu (Figure 3.13b) to FeCABCN1- (Figure 3.12), there
are striking similarities on the ultrafast timescale, but also differences on the longer
timescale. For FeCABtBu the first probed ESA spectrum is broad, which fits with a
SMLCT state assignment. After 1 ps delay time, no positive ESA signal remains in
the visible wavelength range, which by Liu et al. was assigned as the signature of the
PMC state.[88] The spectroscopic signature of the >MC state is clearly different to the
>1 ps ESA for FeCABCNI- (Figure 3.12). The lifetime of the MC state (~200 ps)
is also substantially longer compared to the lifetime of the FeCAB-derivatives (9-19
ps, see Table 3.2). The comparison of the spectral evolution between FeCABCN1-
and FeCABtBu therefore strengthens that the broad ESA observed corresponds to the
SMLCT state, and rules out the second excited state as "MC.
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Figure 3.13: a) Molecular structure of FeCABtBu, discussed in paper IV. b) Differential spectra measured at dif-
ferent delay times of FeCABtBu. In dashed line is the steady-state absorption spectrum to compare
to the GSB.

Since the MLCT and ?MC states were ruled out, the blue-shifted ESA observed for
FeCABCN1- and other FeCAB-derivatives without carboxylic group is assigned to the
3MC state. The 9-14 ps lifetime, together with a narrow ESA spectrum in the visible
range overlapping with GSB, are similar to reports of MC states in other Fe- and Ru-
complexes.[107, 109—113] The 3MC state is in the FeCAB-derivatives populated far
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from its energetic minimum, due to the difference in geometry between the SMLCT
and 3MC states (see Figure 3.11b). The observed ESA blue-shift at >1 ps delay times
is then explained by the structural relaxation within the 3MC state. The same argu-
ment can explain why the ESA of the 3MC state is blue-shifted compared to the ESA
of the MLCT state. The ESA was tentatively assigned to ligand-to-metal charge-
transfer (LMCT) transitions, since LMCT transitions of oxidised FeCAB-derivatives
are red-shifted compared to the Fe(I) GS absorption. LMCT transitions blue-shift
when a MC state is populated, since this increases the energy of the empty to4-orbital
involved in the LMCT transition. Finally, the shallow 3MC potential surface com-
monly consists of contributions from many different electronic MC states, and can
therefore have multiple local energy minima.[51, 114-119] This can explain why
some of the studied molecules (i.e. FeCAB) show multiple >MC excited states of
slightly different ESA and lifetime.

Several research groups have investigated the photophysics of FeCAB and FeCABC,
not only by TA spectroscopy but also by complementary techniques. For FeCABC,
the new results are in agreement with such previous studies including measurements
of fluorescence up-conversion and vibrational coherence spectroscopy.[99, 100, 120,
121] For FeCAB, the original model was replaced and therefore the new results refine
not only the first TA study but also an X-ray follow-up study.[88, 122] Why these
papers can not fully explain the TA dynamics of FeCAB, and thus a new model is
needed, is discussed in paper IV. The discussion is summarised as:

e The initial broad ESA spectrum is assigned to the 'MLCT state by Liu et
al.,[88] alternatively a hot MLCT state of mixed character by Kunnus etal..[122]
This can not explain why such a state would have a 19 ps lifetime in FeCAB-
derivatives with carboxylic group.

e Liu et al. assigned the narrow ESA to the SMLCT state based on its extinc-
tion coefficient and solvatochromism.[88] A MC state receiving the majority
population can, however, also posses such characteristics.

* Kunnus et al. identified a branching of 40% of the population from a hot
MLCT state to the *MC state, the latter was assigned a lifetime of 1.5 ps.[122]
The GSB dynamics, however, does not recover with a 1.5 ps component.

* Kunnus et al. assigned an even more blue-shifted ESA spectrum of 16 ps life-
time to GS cooling.[122] This spectral feature was in paper IV assigned to the
3MC state, since time-resolved anisotropy measurements found the dipole mo-
ment of the ESA feature different to that of the GSB.

* 'The photophysical model proposed by Kunnus et al.[122] could not be fitted
to the TA data using target analysis.
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To explain why complexes without carboxylic groups leave the SMLCT state, the
projected potential energy surfaces of FeFCABCN1 and FeCABCNI1- are compared
in Figure 3.14 The calculations show that the position of the SMLCT state differ by
~0.6 eV in the two complexes. For FeECABCN1, the 3MLCT state minimum is ~0.2
eV above the *MC state minimum, and the PPES suggests an energy barrier between
the states. For FeCABCNI1-, the 2MLCT state minimum was estimated ~0.9 eV
above the MC state minimum, and it is in this reaction coordinate hard to get an
indication of any barrier between the states.> The stabilisation of the MLCT state
is consistent with the HOMO-LUMO analysis in Section 3.1.3 (Figure 3.9a). The
carboxylic group stabilises the MLCT state whereas the SMC state is unaffected (see
Figure 3.14). The 3MC state is actually the lowest excited state in both complexes,
even though it is destabilised compared to complexes such as Fe(bpy)?‘. The relatively
high energy of the 3MC state (~1.2 eV) together with an even higher SMC state,
allows for a 2MC lifetime of 10-14 ps. To summarise, the FeCAB-derivatives have
SMLCT and 3MC states that are close in energy and therefore small influences from
sidegroups can determine which of these states will host the majority population for

a lifetime of 9-19 ps.
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Figure 3.14: Projected potential energy surfaces showing the relevant excited state landscape for a) FeCABCN1

and b) FeCABCN1-. Points are calculated by DFT and bars with TD-DFT at the B3LYP* level of theory,

lines represent a guide to the interpretation. Note that the two graphs are plotted on the same
energy- and reaction coordinate-scale.

3.1.5 CoChamp - a Photofunctional 3MC State

Following the sections about d® Fe(Il) carbene complexes, in this last section a d°
Co(III) carbene complex is presented. The complex is shown in Figure 3.15a, and

>The average Fe-L bond length is here the reaction coordinate, since it reflects the expansion of these
bonds when changing from GS/MLCT states to MC states. It is however not necessary that this reaction
coordinate represents the highest energy barrier on the multidimensional potential energy surface.
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is not based on the same ligand as FeCAB. The ligand in this complex is called
“Champ”, since it has yielded complexes with most spectacular performance in this
thesis work. This includes the CoChamp molecule presented here and in paper V (the
Fe(IIT)Champ complex will be discussed in Section 3.2). The two Champ-ligands
coordinate six carbenes to Co(III), which means that the o-donation is stronger com-
pared to FeCAB. This leads to increased LF splitting, and further MC state desta-
bilisation. In CoChamp, the 3MC minimum is ~2.1 eV above the GS minimum
(Figure 3.15b). In FeCABCN1 and FeCABCNI1-, the same number is ~1.2 eV (Fig-
ure 3.14).° Due to the large LF splitting, the MC state is above the 3MC state
similar to the FeCAB-derivatives. The Champ-ligand is however negatively charged,
which increases the energy of the 7*-orbitals, destabilising also the MLCT states. In
CoChamp the >MLCT minimum could not be optimised, but based on TD-DFT
calculations it is approximately ~4 eV above the GS (see Figure 3.15b). This means
that the 3MC state is by far the lowest excited state in this complex, and other states
appear nested within this state (i.e. do not have a crossing with it). The PPES of
CoChamp is thus very different compared to the FeCAB-derivatives, which yields
strikingly different photophysics.
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Figure 3.15: a) Molecular structure of CoChamp, discussed in paper V. b) Projected potential energy surfaces
showing the relevant excited state landscape for CoChamp. Points are calculated by DFT and bars
with TD-DFT at the B3LYP* level of theory, lines represent a guide to the interpretation.

As a consequence of the excited state landscape in CoChamp, the MLCT absorption
bands are in the UV wavelength range (>4.5 V), see in Figure 3.16a. The different
absorption bands were assigned based on their extinction coefficient.[42] MC ab-
sorption bands were identified extending from the UV into the visible range, but are

¢This comparison of the ligand-induced LF strength is however not completely fair, since the change
of metal will also have an effect.
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too weak to give CoChamp any visible colour. Furthermore, CoChamp shows weak
emission centred at 1.8 ¢V (690 nm) with quantum yield 0.01%, see Figure 3.16a.
The emission was attributed to the SMC state based on several considerations. First,
the energy of the emission (1.8 €V) is more similar to the calculated vertical energy
gap between the MC state and *GS (1.4 eV) than the gap between the SMLCT state
and 'GS (~4 eV), see Figure 3.15b. Second, the excitation spectrum match not only
the !MLCT absorption band but also the "MC lower energy absorption around ~4
eV (see Figure 3.16a). Third, the emission was proven to come from a triplet state
since it was quenched by an energy transfer reaction with 302, and subsequently dis-
played emission from 'Oy in the infrared (see Figure 3.16b). CoChamp is therefore
one of the few examples of d® complexes displaying emission from a MC state. The
reason why the emission is so red-shifted compared to the MLCT absorption band is
also explained by the PPES, since most of the energy is lost in the internal conversion
and ISC processes to reach the lowest excited *MC state.
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Figure 3.16: a) Extinction coefficient (NB logarithmic scale), emission spectrum and emission excitation spec-
trum of CoChamp. b) The triplet state energy transfer test with oxygen. In the bottom panel, the
emission intensity of CoChamp is decreased aerated. At the same time, the emission intensity of
10, appears in the top panel.

Not only the emission makes the >MC state in CoChamp remarkable, but also its
lifetime of ~1 ps.” Since the 3MC state is emissive, the lifetime was confirmed both
by time-resolved emission and absorption measurements. The excited state landscape
in CoChamp is optimised so that the 3MC state is high enough in energy to have a
long lifetime (considering the energy-gap law) as well as other states are even higher
and thus not provide a deactivation pathway to !GS. In the PPES of CoChamp (Fig-
ure 3.15b) there is no indication even for a crossing point between the 3MC state
and 'GS, which indicates a high energy barrier for this conversion. CoChamp pro-
vides an example of a photofunctional >MC state, since it fulfils the criteria displaying
emission and driving energy transfer reactions. The question is, however, if CoChamp

7The excited state lifetime depends on the solvent, e.g. in acetonitrile the lifetime is 0.8 s and in
methanol it is 1.3 ps.
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qualifies as a photosensitiser, due to the lack of (strong) absorption in the visible wave-
length range. Nevertheless, the complex nicely illustrates that it is not the nature of
the excited state that decides whether it is photofunctional or not, it is the relative

arrangement of the excited states.

3.2 d° Fe Carbene Complexes

<

MLCT

H—

Energy

Figure 3.17: Frontier orbitals and their resulting mixed orbitals for an Fe(lll) carbene complex (d® electronic
configuration). (L - ligand) Furthermore, the electronic transitions giving rise to the excited LMCT,
MLCT and MC states are indicated. Adapted with permission from Lindh et al..[66]

To improve the lifetime of Fe carbene complexes further, a stronger LF splitting
than what the FeCAB-ligand can provide is required. A straightforward solution
is to increase the number of carbenes from four to six, which indeed improved the
SMLCT lifetime to ~500 ps.[123] The bidentate hexa-carbene complex presented
by Chabera et al. did however exist both as a d° Fe(II)-complex and as a d® Fe(III)-
complex.[123, 124] This Fe(Ill) carbene complex became the first Fe-complex to
display emission at room temperature.[124] Furthermore, the emissive state was of
2LMCT nature which is to date only found in a few d® complexes (mainly Re(II) or
Fe(I11)).[125-128] Two families of Fe(IIT) carbene complexes with emissive 2LMCT
states have since then been introduced; paper VI presents a tridentate hexa-carbene
complex and Steube et al. presented a cyclometalated complex.[128] In the following
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sections, the properties of the 2LMCT state in Fe(III)-complexes will be exemplified
by the complex from paper VI and its derivatives.

The d® electronic structure implies other excited states with even spin-configurations
(since there must be at least one unpaired electron already in the GS). Due to the
large LF splitting, the Fe(IIl) carbene complexes all have low-spin 2GS, i.e. all five
electrons populate the ta4-orbitals (see Figure 3.17). Since there is one vacant spot
for an electron in the ta4-orbitals, electronic transitions from the ground state can
be of LMCT, MLCT and MC nature, see Figure 3.17. The ordering of the different
excited state will, however, depend on the energy of the metal-centred and ligand-
centred orbitals.

3.2.1 Introducing the 2LMCT State
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Figure 3.18: a) Molecular structure of FeChamp, discussed in papers VI-VIII. b) Projected potential energy sur-
faces showing the relevant excited state landscape for FeChamp. Points are calculated by DFT at
the B3LYP* level of theory, lines represent a guide to the interpretation. The 2LMCT state energy
is estimated based on measured absorption and emission spectra.

The Champ-ligand, introduced in Section 3.1.5, is both a strong o-donor and nega-
tively charged. From paper VI, the resulting Fe(III)-complex® is shown in Figure 3.18a
here referred to as FeChamp. Similar to CoChamp, both metal-centred and ligand-
centred orbitals are destabilised in FeChamp compared to FeCAB. This is seen in the
negative shift of the ligand reduction and metal oxidation potentials (Fe(III)/Fe(II)).

8The analogous Fe(IV)-complex is also stable shown by Prakash et al.,[129] but will not be discussed
here.
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The lowest excited state in FeChamp is the AMC state, identified by DFT calculations
(see Figure 3.18b). Similar to the d® complexes, a higher spin MC state (here 6MCQ)
is also present at even more elongated Fe-L bond lengths and at higher energy due to
the LF splitting.

FeChamp absorbs in the visible spectral range, see Figure 3.19a. Based on the extinc-
tion coefficient (~3000 M~ 1em™1), this band is spin-allowed and of charge-transfer
nature,[42] i.e. either 2MLCT or 2LMCT based on Figure 3.17. Furthermore,
FeChamp is to date the Fe-complex with highest emission quantum yield: 2.1% at
room temperature (see Figure 3.19a). The emission excitation spectrum matches the
absorption spectrum, which suggests that both absorption and emission involves the
same excited state (see Figure 3.19a). To judge whether this state is indeed a MLCT
or 2LMCT state, the 2.1 €V Egg energy was compared to measured redox potentials
from electrochemistry. Such a comparison is valid since charge-transfer transitions
to a first approximation oxidises and reduces different parts of the molecule. In the
case of a MLCT transition, the Eyg energy is similar to the energy difference between
the ligand reduction potential and the metal oxidation potential. In the case of a
LMCT transition, the Fq energy is instead similar to the energy difference between
the ligand oxidation potential and the metal reduction potential. For FeChamp, the
LMCT transition results in 2.8 ¢V which matches better with 2.1 ¢V than the >3.6
eV approximated for the MLCT transition. Therefore, the emissive state in FeChamp
was assigned as a 2LMCT state.
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Figure 3.19: a) Extinction coefficient, emission spectrum and emission excitation spectrum of FeChamp. b)
Differential spectra measured at different delay times of FeChamp. The absorption (abs) and
calculated stimulated emission (SE) spectra are also shown for comparison.

The differential spectrum of the 2LMCT state in FeChamp is shown in Figure 3.19b.
The differential spectrum features strong ESA in the whole visible wavelength range
also extending into the NIR and UV. In Figure 3.19b, the spectrum is only negative
~1.8 eV which is assigned to stimulated emission. The ESA extinction coefhicient is
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stronger than the GSB, which explains why only a dip in the ESA is seen ~2.5 eV
where a GSB region is expected. The differential spectra in FeChamp do not change
shape over the probed delay time, which means that no change of excited state is
taking place. This is consistent with a simple model, where the excited 2LMCT state
after the lifetime of the complex returns to 2GS. Both the TA data and time-resolved
emission measurements found a single exponential decay time of 2.0 ns, which was
assigned as the lifetime of the 2LMCT state.

3.2.2 Deactivation of the 2LMCT state

Both absorption and emission involve the same two states in FeChamp, that is 2GS
and 2LMCT. This means that excitation is directly into the state of 2 ns lifetime. De-
excitation of the 2LMCT state then proceeds via three deactivation pathways, shown
in Figure 3.20. These are fluorescence to the 2GS, non-radiative decay to the 2GS,
and activated decay via the *MC state which then non-radiatively decays to the 2GS.
The deactivation via the “MC state thus requires an ISC event. The deactivation of
the 2LMCT state is clearly very different compared to the MLCT state in d® Fe-
complexes. To get more insights, a temperature dependent study of FeChamp was
started in paper VI and continued in-depth in paper VII.

t 2mcr

2GS

r(Fe-L)

Figure 3.20: Schematic of the excited state landscape in FeChamp, together with the relevant deactivation
rates. fl - fluorescence, nr - non-radiative, act - activation.
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Starting with the steady-state data, temperature dependent absorption and emission
of FeChamp are shown in Figure 3.21. Characteristic for low temperature data is
that peak structure becomes more pronounced, which is seen both in the absorption
and emission spectra. For FeChamp, the absorption spectrum does not shift with
temperature, whereas the emission peaks blue-shift as the temperature is decreased.
This means that the 2GS and 2LMCT state minima have different geometry, so when
FeChamp is excited it enters a vibrationally hot 2LMCT state. When the complex is
cooled down, the relaxation is hindered which yields emission at higher energy. Yet
another difference between the absorption and emission spectra is that the emission
spectrum can be fitted by a vibrational progression model with four Gaussians, which
clearly does not work for the absorption spectrum. This means that the emission spec-
trum indeed is produced by one electronic transition from the lowest 2LMCT state
to the 2GS, and its vibrational sublevels. The absorption spectrum can only be fitted
by a vibrational progression model (with three Gaussians) if two independent Gaus-
sians are also included. This means that absorption involves transitions to multiple
electronic states in the 2LMCT manifold.
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Figure 3.21: a) Absorption spectra measured at different temperatures of FeChamp (vertically off-setted for
clarity). Also shown is a fit to the lowest temperature absorption spectrum by a sum of Gaussian
functions. b) Emission spectra measured at different temperatures of FeChamp. Also shown is a
fit to the lowest temperature emission spectrum by a sum of Gaussian functions of shared width
(i.e. a vibrational progression model).

The lowest 2LMCT state responsible for the fluorescence in FeChamp, shows a tem-
perature dependent excited state lifetime, see Figure 3.22a. At 80 K the lifetime has
extended to 12 ns, and the emission quantum yield has increased to 25%. The im-
proved properties indicate that there are non-radiative deactivation processes that are
hindered when FeChamp is cooled down. These processes have an activation energy,
such as the conversion to the *MC state with rate kg in Figure 3.20. The fluorescence
process is not governed by an activation energy, and its rate k y; is therefore tempera-
ture independent. Finally, the direct non-radiative deactivation from 2LMCT to 2GS
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(rate Ky, in Figure 3.20) is a collection of many different processes, and must there-
fore be divided in one temperature dependent and one temperature independent part.
Derived from these processes, Equation 3.1 is an Arrhenius expression describing how

the 2LMCT lifetime 7 depends on the temperature 7.[31]

1 _an _am M
—= ko + Aje” ®T + Age™ *T + 1+ cCO/T—1/T)

(3.1

In Equation 3.1, there are two Arrhenius terms which consist of a pre-exponential
factor A and an exponential decay function that relates an activation energy AE to
the temperature 7" (k is the Boltzmann constant). The first of these terms is associated
with the temperature dependent part of the direct non-radiative deactivation (k)
from 2LMCT to 2GS, the second one with the deactivation pathway via the *MC
state (kqer), see Figure 3.20. kg represents the temperature independent processes,
including fluorescence (ky;) and part of the direct non-radiative deactivation (k).
Furthermore, the temperature independent deactivation rate kg increases by a step-
function above the glass transition temperature (73,,), since the solvent melts. This is
corrected for by the last term including the empirically fitted constants M and C, as
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Figure 3.22: a) Time-resolved emission kinetics of FeChamp measured by TCSPC at different temperatures. Fits
are given by the solid lines. b) Emission lifetime of FeChamp as a function of temperature, fitted
by Equation 3.1. The relative contribution of the different terms in Equation 3.1 are also shown.

Equation 3.1 indeed fit the temperature dependent 2LMCT lifetime data, shown in
Figure 3.22b. 'The same model has been applied to several Ru-complexes[31], al-
though the states associated with each process are in the case of FeChamp different.
To interpret the result of the model, the relative significance of the different terms
in Equation 3.1 are plotted in Figure 3.22b. Especially interesting is of course the
deactivation pathways at room temperature, i.e. ~300 K. At 300 K, the temperature
independent pathway (kg together with M in Figure 3.22b) is the major contribu-
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tion to the deactivation rate, followed by the pathway via the 4MC state (kg in Fig-
ure 3.22b). The smallest contribution comes from the direct activated non-radiative
pathway (k1 in Figure 3.22b). This means that in FeChamp it is not the deactivation
pathway via a MC state that is dominating. The result is very different to the deac-
tivation model for the MLCT state in d® Fe-carbenes such as FeCABC. The result
also implies that improvement to the lifetime can not be accomplished by the usual
strategies of stabilising the charge-transfer state and destabilising the MC states.
Table 3.3: Temperature dependent lifetime (7) and fit results to Equation 3.1 comparing FeChamp,
Ru(dgp)2[130] and Coumarine 47 (fitted with only the first two terms in Equation 3.1).[131] k¢ -

temperature independent rate, T, - glass transition temperature, A - pre-exponential factor, AE
- activation energy.

Complex 780K 7 300 K ko Tm A1 AEl Az AEz
(ns) (ns) s™hH ® (s7H (em™) (7H  (em™h)
FeChampJr 12 2 8.0E7 139 1.8E8 200 49E10 1190
Ru(dgp)2* 8500 3000 12E5S 119 3.0E5 260 1.5E10 2600
Coumarine 47 54 4 2.0E8 - 4.3E9 850 - -

“Measured at 115 K.

To put the fitted parameters in context, FeChamp is compared to one of the best per-
forming Ru-based d6 photosensitisers, Ru(dqp)§+, see Table 3.3. This complex be-
haves similarly to FeChamp in the way that the lifetime is only prolonged by a factor of
<10 when cooled down, and not several orders of magnitude. For Ru(dqp)%“", a high
activation energy (2600 cm™ 1) together with a low pre-exponential factor (1.5E10
s 1) for deactivation via the MC state (see Table 3.3) has stopped this process from
limiting the *MLCT lifetime. In the case of FeChamp, the activation energy is some-
what lower (1190 cm™!), but the pre-exponential factor (4.9E10 s~1) is of the same
order of magnitude compared to Ru(dqp)3 ™, see Table 3.3. The low pre-exponential
factor in FeChamp is explained by the spin-forbidden nature of the transition from
2LMCT to *MC. This enables FeChamp to stay in the 2LMCT state despite the *MC
state being lower in energy (see Figure 3.18b).

What is really limiting the lifetime of FeChamp, is the non-radiative temperature in-
dependent deactivation from 2LMCT directly to 2GS. The non-radiative processes are
governed by factors such as the extinction coeflicient, vibrational modes, the energy
gap law etc. Especially important is the fact that the transition is spin-allowed, which
increases the rate of both fluorescence and non-radiative processes. In this regard, a
good comparison to FeChamp is an organic photosensitiser exemplified by Couma-
rine 47 in Table 3.3. In both photosensitisers, it is actually the temperature indepen-
dent deactivation processes that limit the excited state lifetime to the ns timescale.
What has stopped the deactivation via MC states in the d® configuration is therefore
also limiting the lifetime and emission quantum yield of the 2LMCT state. Strategies
to further improve the 2LMCT properties should therefore target the non-radiative
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decay. This can be done by hindering vibrational modes, a strategy used in some
Fe-complexes.[87] In FeChamp, the N-B bond generates strong infrared stretching
modes which are possibly involved in deactivating the 2LMCT state.

3.2.3 The robust ’LMCT state

One strategy to influence the 2LMCT state in FeChamp would be to attach side-
groups, similar to the push-pull complexes for FeCAB. This idea was explored in
paper VIIIL. Three different sidegroups were incorporated in the outmost phenyl rings
of FeChamp creating the homoleptic complexes FeChampBr (with Br sidegroups),
FeChampOM (with methoxy sidegroups) and FeChampC (with carboxylic sidegroups)
shown in Figure 3.23a. In Figure 3.23b the absorption spectra of all FeChamp-
derivatives are shown. In stark contrast to the FeCAB-derivatives, the FeChamp-
derivatives show only minor differences in their absorption spectra if any. Two deriva-
tives show slightly higher extinction coefficient than FeChamp, but within the exper-
imental accuracy no clear trends could be observed taking into account also steady-
state emission, oxidation/reduction potentials and excited state lifetimes (see Table
3.4). All photophysical characteristics are virtually unchanged between the parent
complex FeChamp and its derivatives. This suggests that there is no communication
between the 2LMCT state and the outmost phenyl ring with substituents.

Wavelength (nm)
R b) 650 600 550 500 450 400

—|PF6 RS R IR L S T AR ik R O]

a)

LT
FeChamp

———FeChampBr

—— FeChampOM |

@N \ R 30k FeChampC
CN\ :g 25 I
‘@N’ D E
T sl
R 1.0 —
FeChampBr R=Br 05 |

FeChampOM R=0OMe
FeChampC R=COOH 0.0

Fe(lll) 2.0 25 3.0
Energy (eV)

Figure 3.23: a) Molecular structure of the FeChamp-derivatives (FeChampBr, FeChampOM, FeChampC), dis-
cussed in paper VIII. b) Comparison of the extinction coefficients of the FeChamp-derivatives.
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Table 3.4: Photophysical properties of the FeChamp-derivatives compared. Abs - LMCT absorption maximum,
€ - extinction coefficient, Em - LMCT emission maximum, & - emission quantum yield, Fe!''/1! - Fe
reduction potential, Fe!V/1I _ Fe oxidation potential, Lo« - ligand oxidation potential, 7 - excited
state lifetime.

Complex Abs €103 Em P Felll/11  pelv/il y,_. . r

P (m) M~ lem™) (am) (%) (V) V) V) (ns)
FeChamp 502 3.0 655 2.1 -1.16 0.26 1.67 2.0
FeChampBr 508 3.5 658 1.8 -l1.14 0.28 175 1.8
FeChampOM 503 3.6 658 1.7 -1.19 0.24 1.39 1.7
FeChampC 505 3.1 661 19 -1.13 0.29 1.9 1.9

The 2LMCT state involves transitions from ligand 7-orbitals to metal ¢34-orbitals
(seen in Figure 3.17). This means that if the sidegroups should influence the 2LMCT
state, the ligand 7-orbitals must extend on the outmost phenyl ring. The highest
singly occupied molecular orbital is shown in Figure 3.24b, which clearly has contri-
butions only on the inner imidazole-moieties. Also ligand 7-orbitals of lower energy
(contributing to higher 2LMCT states) never extend past the boron atoms. As the
metal to4-orbital (Figure 3.24a) naturally resides on iron, this means that the side-
groups in the FeChamp-derivatives can not influence the 2LMCT state.

Figure 3.24: a) Lowest singly unoccupied molecular orbital of FeChampC. b) Highest singly occupied molecular
orbital of FeChampC. Calculated by DFT at the B3LYP* level of theory.
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The introduction of sidegroups in this series of FeChamp-derivatives did not improve
the 2LMCT lifetime nor the emission quantum yield (see Table 3.4). Even though
the intended strategy did not work, the result is still useful as it shows an integrity of
the 2LMCT state to sidegroup substitution. That can be useful in applications where
FeChamp is incorporated in a larger supramolecular structure or where FeChampC is
attached to a semiconductor. By only modifying the outmost phenyl rings the already
good properties of the 2LMCT state can be maintained. In order to further improve
or modify the photophysical properties of the 2LMCT state, modifications should
target the inner structure of the ligand (such as the imidazole-moieties, see Figure

3.23a).

3.3 Conclusions

This chapter has described how the classical picture of Fe-complexes, ultrafast de-
activation to the °MC state, changed due to the carbene-ligands. The Fe carbene
complexes presented show a rich variation of excited states, featuring both MLCT,
3MC and 2LMCT states with lifetimes varying from ~10 ps to ~2 ns. Therefore,
the Fe carbene complexes have paved the way to an Earth-abundant photosensitiser li-
brary where Fe-complexes are indeed included. The development was here presented
based on the two ligand-templates FeCAB and FeChamp, but as stated previously
there are many more structures from other researchers that were thus not included in

this thesis.[66, 67, 80, 90]

Sidegroup substitution on the FeCAB- versus the FeChamp-framework yielded very
different results. The FeChamp-derivatives hardly differed in their photophysical
properties. This was due to the lack of electronic communication between the 2LMCT
state and the position where the sidegroup was attached. The FeCAB-derivatives were
instead largely influenced by the sidegroup, which could even determine if the ma-
jor excited state resulted in MLCT or 3MC. The sidegroups were however found
to mainly influence the lowest SMLCT state, due to the different symmetry between
SMLCT states. For designing new complexes, calculations can give a pointer to the
position where sidegroup substitution is efhicient.

In this work, many of the short-lived Fe carbene complexes were reassigned to have
the 3MC state as the major excited state. MC states are known in the field for being
hard to observe spectroscopically, potentially due to their short lifetimes and weak
absorption.[121] Recent studies (including those presented here) show that the 3MC
state indeed can have lifetimes ranging from 2-450 ps and can be observed by TA
spectroscopy.[86, 107, 109—113] This thesis work therefore contributes to disproving
the myth of the “elusive MC states”. Even though the MC state is not a charge-
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separated state, complexes with photofunctional MC states have started to appear,
displaying emission and engaging in photocatalytic reactions.[132, 133] CoChamp
presented here constitutes one such example.

Comparing the d% and d® approach, both the *MLCT and ?LMCT states have their
own advantages and disadvantages. For the 2LMCT state, the spin-allowed nature
of the transition to 2GS enables strong emission. Furthermore, the spin-forbidden
transition to the *MC state significantly slowed this deactivation pathway down re-
sulting in a long 2LMCT lifetime. The same spin-considerations, however, also imply
that it will be hard to further improve the 2LMCT state properties by the strategies
described for d° complexes. For the d® Fe carbenes, the fight for longer lifetime is
against non-radiative spin-allowed internal conversion from 2LMCT to 2GS. This
includes blocking vibrational modes with strong Franck-Condon factors, and poten-
tially other strategies from the organic photosensitiser field since this type of molecules
face similar challenges.

For the d® Fe carbenes, this work has shown that four Fe-carbene bonds seldom guar-
antee the MLCT state as the major excited state. The ligand field strength of the
FeCAB-ligand does not destabilised the MC states enough to ensure the SMLCT
state as the major excited state. To accomplish that, also a strategy of stabilising the
SMLCT state is needed, such as adding an electron-withdrawing substituent. For the
FeCAB-derivatives studied here, the 2MLCT and *MC states are so close in energy
that the influence of a sidegroup can dictate the photophysics. More carbenes or other
ligands introducing an even stronger LF are needed to fully move the MC states out
of the way, which was explored e.g. by Chabera et al. and Braun et al..[123, 134]
The good thing with d® complexes is after all that the MLCT state has different spin
compared to the !GS, which means that the challenge to prolong the SMLCT lifetime
is to block the non-radiative decay via the >MC states. To meet this challenge there
are many strategies to apply, and it will be interesting to learn what will ultimately
limit the lifetime for d® Fe-complexes.
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Chapter 4

Photochemistry of Iron Carbene
Complexes

Temperature dependence,
and more points!

4.1 Intermolecular Charge-Transfer

Chapter 3 laid a firm foundation for understanding the photophysics of Fe carbene
photosensitisers. In Chapter 4, some of the introduced Fe carbene complexes will be
evaluated in terms of photofunctionality. Here, this entails if their excited states can
participate in charge-transfer reactions. Charge-transfer reactions are generally the
first step towards the solar harvesting applications discussed in Chapter 1. The first
half of this chapter (Section 4.1) will discuss intermolecular charge-transfer. That is a
reaction between two molecules, where in this case one is the Fe carbene photosensi-
tiser. The intermolecular charge-transfer reaction is often the first step in photocatal-
ysis schemes for making solar fuels. At the end of this section, some early examples
of photocatalysis with Fe carbene photosensitisers will be shown. Before that, a the-
oretical background is presented together with insights from fundamental studies of
intermolecular charge-transfer reactions with Fe carbene photosensitisers.

FeChamp is the Fe carbene photosensitiser of longest excited state lifetime discussed
in this thesis (Figure 4.1). The lifetime is important in photocatalysis applications,
since the intramolecular deactivation should be significantly slower compared to the

!Communication between prof. Persson and PhD student.
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intermolecular reaction rate. Furthermore, the 2LMCT state in FeChamp has both
high reduction and oxidation potential. This means that it can participate in poten-
tially both oxidative and reductive photocatalysis schemes. The presented examples
in this section will mainly involve FeChamp, which is in line with the scope of this
thesis. In this case, the selection actually represents the overall literature on Fe car-
benes in intermolecular charge-transfer, where this complex is well represented due to
its great photophysical properties.[135]

FeChamp

Figure 4.1: The Fe carbene photosensitiser mainly investigated for photocatalysis applications, that will be
discussed in the intermolecular charge-transfer section.

4.1.1 Marcus Electron-Transfer Theory

The rate of an intermolecular charge-transfer process (ko) is classically described by
Marcus electron-transfer? theory.[136, 137] The following presentation of this the-
ory is inspired by that of Balzani et al..[7] In Marcus theory, it is assumed that the
collective state of the two reacting molecules before and after charge separation can
be described by parabola, see Figure 4.2a. The transition from the initial to the final
state is associated with a free thermodynamic driving force (AG?). For the transition
to occur, a free activation energy needs to be overcome (AGH). The relative positions
of the parabola (i.e. states) are described by the free reorganisation energy (). The
three quantities are related via Equation 4.1.

1
AGH = B(AGO + )2 (4.1)

The reorganisation energy describes the energy the system needs to gain to reorgan-
ise to the charge-separated state at its initial optimal geometry, without making the
charge-transfer reaction (see Figure 4.2a). This energy difference has two contribu-
tions: i) the change in arrangement of the solvent surrounding the molecules, ii) the
change in the structure of the two reacting molecules.

?The theory is named Marcus electron-transfer, but in most practical cases electron-transfer and
charge-transfer (that is used in this thesis) are identical.
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The Arrhenius Equation 4.2 describes the charge-transfer rate ko of the system in
Figure 4.2a.
YN

kor = UNKee BT (4.2)
The rate is clearly temperature dependent, which means that the activation energy
AG* can be determined by temperature dependent studies of kor. Equation 4.2 has
two pre-exponential factors, vy and Kej. v is the nuclear frequency factor, which
describes how often the initial state comes to the crossing point between the parabola
(see Figure 4.2a). K, is the electronic transmission coeflicient, which describes how
likely it is to change state once the system comes to the crossing point. This depends
on the overlap between the electronic wave functions of the two states, and is very
distance dependent.
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Figure 4.2: a) The classical picture of Marcus theory. The initial state (orange) and final charge-separated state
(blue) have a quadratic energy dependence on the reaction coordinate r. Three energy quantities
are associated with the charge-transfer reaction: the free thermodynamic driving force AG?, the
free activation energy AG* and the free reorganisation energy A. b) The relation between the
charge transfer rate ko and AGY, indicating the normal and inverted Marcus regimes.

kcT does not necessarily increase with increasing thermodynamic driving force (AGY),
illustrated by the three cases in Figure 4.2b. In the normal regime, an increase of
driving force indeed leads to increased charge-transfer rate. When the reorganisation

energy exactly matches the thermodynamic driving force, the reaction is barrietless.

This is the optimal condition for creating as fast charge-transfer rate as possible. By

increasing the thermodynamic driving force further, the charge-transfer rate will in-

stead decrease. As seen in Figure 4.2b, this is because a barrier between the states is

reintroduced. This is known as the inverted Marcus regime, and in this regime the

initial state is nested within the charge-separated state. Experimental studies of how

kot depends on AGY have indeed identified the inverted regime in some systems

including natural photosynthesis.[138-140] For other systems, ko was found to

stagnate in the inverted regime rather than to decrease.[141, 142]
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4.1.2 Bimolecular Charge-Transfer

In a bimolecular charge-transfer reaction, the excited photosensitiser either reduces or
oxidises another molecule. In the case of oxidation, the photosensitiser (PS) receives
an electron from the other molecule which is then called a donor (D). In the case
of reduction, the photosensitiser (PS) gives an electron to the other molecule which
is then called an acceptor (A). The reaction takes place if there is a thermodynamic
driving force for either of the charge-transfer reactions generating PS™ and A~ or PS™
and D (see Figure 4.3a).[7]

PS*+A - PSt+ A~
PS*+D > PS™ +DF

a) Thermodynamic picture b) Kinetic picture
1
o _PSHPS* :
AR ,
- K
PS/PS I pox —9_, pp
1 Q
> I
E I kf kﬂf
|
|
PS*/PS 1 PS
o DD [
wses

Figure 4.3: Illustration of a) the thermodynamic picture verses b) the kinetic picture of bimolecular charge-
transfer. The excited photosensitiser PS* is quenched by an acceptor A or donor D (collectively
called quenchers, Q) to form photoproducts PP. The quenching rate kg will compete with the
intramolecular deactivation rates k,. (radiative) and k,,,- (non-radiative).

The charge-transfer reaction opens up yet another pathway for the excited state of
the photosensitiser to deactivate (with rate k@), apart from radiative (k,) and non-
radiative (ky,) deactivation (see Figure 4.3b). The donor and acceptor can therefore
collectively be called quenchers (QQ), as they quench the emission from the excited state
of the photosensitiser. This makes the emission quantum yield (®) of the photosen-
sitiser dependent on the concentration of the quencher ([Q]) according to Equation
4.3.[7]
2([Q)) = "”

kr + knr + kQ * [Q]
This means that ® without quencher (i.e. the quencher concentration [Q] is put to 0)
divided by ¢ with quencher will vary linearly with the concentration of the quencher,

(4.3)

shown in Equation 4.4.[7]

@([0]) kq

=14 5+ Q) (4.4)
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Equation 4.4 is the Stern-Volmer equation, which allows for a simple way to study
charge-transfer reactions by measuring the emission quantum yield at various con-
centrations of the quencher. The equation can also be formulated for the emission
intensity at a given wavelength, or for the observed emission lifetime. These quanti-
ties are both easily accessible via steady-state and time-resolved emission techniques,

respectively.[7, 41, 143]

For two molecules to engage in a bimolecular charge-transfer reaction, they have to
physically meet in solution. This means that diffusion plays a role, and will limit
the reaction if the diffusion time is similar or longer than the excited state lifetime
of the photosensitiser. Typically, photosensitisers with excited state lifetimes on the
ns-ps timescale are used.[135] In paper VI, FeChamp was observed to participate in
bimolecular charge-transfer reactions despite the 2 ns lifetime. In Stern-Volmer type
quenching experiments the quenching rate was, however, found to be diffusion con-
trolled. At high enough photosensitiser concentration, the product yield was ~5%.

kC% FE(”D* kCS
k hv| |Kes -
Fe(V)+Q —— -~ Fe V)Q Fe(INQ* — Fe(I)+Q*

k\ / krec
k
e(lnQ R

Figure 4.4: The possible bimolecular charge-transfer reaction steps for the system of Fe(lll)Champ and a
quencher Q in close contact (Fe(ll)Q). After excitation (hv), intramolecular relaxation (k.s) or
charge separation (kcs) takes place. The charge-separated state (Fe(I)Q™ or Fe(IV)Q™) either
undergo cage-escape (k.s.) or charge recombination (k¢ r). If cage-escape indeed happens, also
the generated photoproducts (Fe(ll) and QT or Fe(IV) and Q™) can recombine if they meet again
(krec).

Since then, two follow-up studies by Rosemann et al. and Aydogan et al. focused on
finding the reason for such a low photoproduct yield despite efficient quenching.[144,
145] If the concentration is high enough, the photosensitiser will always be in con-
tact with the quencher basically being the solvent. In this way, the “intrinsic charge-
transfer rates” independent of diffusion are studied, shown in Figure 4.4. FeChamp
(Fe(III)) and the quencher are therefore shown in contact from the beginning when
FeChamp is excited (Fe(III)*). In the excited state, Fe(III)Champ reacts with the
quencher in a charge-transfer reaction going to right or left in Figure 4.4 depending
on whether the quencher is a donor or an acceptor. The rate of the charge-transfer
reaction is here called kg, i.e. the charge separation (CS) rate. The charge-transfer
reaction forms a charge-separated state, where the positive and negative species are
still bound to each other. This state can proceed to escape the solvent cage (kesc), or
can recombine to reform the photosensitiser and quencher (kcr), i.e. charge recom-

bination (CR). If cage-escape happens, photoproducts are formed (Fe(II) and Q™ or
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Fe(IV) and Q™) which can sometimes be observed spectroscopically or even isolated
if surviving long enough. There is, however, also the possibility that the photoprod-
ucts recombine (kpc.). From a photocatalysis application point of view, the goal is

generally to form photoproducts at highest possible yield.[66]

Rosemann et al. and Aydogan et al. found that in general, the charge separation rate
(kcs) is high compared to systems with Ru(bpy)§Jr as the photosensitiser.[144, 145]
Rosemann et al. found that a fast charge recombination rate (k¢ r) limits the photo-
product yield, in a case study of two donors.[144] This means that it is not only the
diffusion that limits the cage-escape yield, but also the trade-off between kcs, kcr
and kesc (see Figure 4.4). Aydogan et al. found the kcp to be dependent both on
the specific donor and also on the solvent, to a larger extent than kcg. Therefore,
the cage-escape yield was improved to a final record value of 63%.[145] The factors
governing the kcg and kes., and thus the cage-escape yield, are still poorly under-
stood. Hypotheses discussed by Aydogan et al. includes: i) the dielectric constant of
the solvent (that determines the electrostatic forces influencing cage-escape), ii) the
direction of the charge-transfer (and how screened the charges are by the molecular
structure), and iii) the spin of the different states involved in the reaction.[145]

4.1.3 Light-Induced Charge-Disproportionation

The ground and excited state redox potentials of FeChamp are shown in Figure 4.5. In
the excited state (Fe(III)*), it is thermodynamically favourable for FeChamp to both
oxidise and reduce another FeChamp complex at ground state (Fe(III)). This process
is called light-induced charge-disproportionation (LICD). Regardless if the excited
Fe(III)* complex accepts or donates an electron the end result is the same: from two
Fe(III) complexes one Fe(IV) and one Fe(II) complex is generated.

Fe(I11)* 4 Fe(III) — Fe(IV) + Fe(II)

The LICD reaction can happen if the excited Fe(III) Champ has a neighbouring ground
state Fe(IIT)Champ to react with. Since the lifetime of Fe(III) Champ is 2 ns, diffusion
should also in this case be overcome by using a high concentration of the photosensi-
tiser. The reaction was identified and first characterised by Kaul et al., that measured
Fe(III)Champ at high concentration (70 mM) in solution.[146] The reaction was,
however, also found to take place at low temperatures (<170 K) when Fe(IIT)Champ
was dissolved in alcohol solvents with limited solubility. This enabled high local con-
centration of aggregated Fe(III)Champ. The LICD reaction at low temperatures, in-
cluding the temperature dependence of the involved rates, was investigated in paper
VII. Note that the solvent was frozen at virtually all probed low temperatures where
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the LICD reaction was seen, which means that in this system the diffusion parameter
is excluded.
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Figure 4.5: Ground and excited state redox potentials of FeChamp, versus the ferrocene reference electrode
(FC). The diagram indicates the thermodynamic driving forces for the LICD reaction. Note that
there is a driving force both for a reductive and an oxidative mechanism.

Since the species Fe(II) Champ, Fe(III)Champ and Fe(IV)Champ have drastically dif-
ferent absorption spectra (indicated in Figure 4.6) the LICD reaction can be studied
by transient absorption spectroscopy. In Figure 4.6, differential spectra probed at 100
ps delay time for a selection of different temperatures are shown. For temperatures
>170 K, the spectra resemble the characteristic differential spectrum of the excited
2LMCT state in Fe(II) Champ. Especially prominent is the negative SE feature ~1.8
eV (~670 nm), and the positive ESA in the rest of the probed spectral range. For
temperatures <170 K, the differential spectra instead display a negative GSB feature
~2.5 eV (~500 nm) and two positive bands at 1.5-1.8 ¢V (700-850 nm) and >3 eV
(<410 nm). The positive band at 1.5-1.8 ¢V nicely overlaps with the Fe(IV)Champ
absorption. The band >3 eV overlaps with the Fe(II) Champ absorption, but is harder
to assess as also Fe(IV)Champ and the excited Fe(III)Champ absorbs here. Since the
same time components for build up and decay of the Fe(II) and Fe(IV) bands were
fitted, the observed dynamics are safely assigned to the LICD reaction.

From the transient absorption analysis, the Fe(IV) and Fe(II) absorption bands form
with the rate 1 ps ™. This is therefore attributed to the rate of charge separation (kcs)
in the LICD reaction (see Figure 4.7), and agrees well with the results published by
Kaul et al..[146] Moreover, kcg is temperature independent over the studied range
of temperatures (80-170 K). This means that the CS process is in principle barrier-
less (fitted activation energy 3 meV) and should be the highest possible kcg for the
reaction according to Marcus theory. Based on quantum chemical calculations, a bar-
rierless CS process was indeed identified if the LICD reaction proceeds via an excited
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Figure 4.6: Differential spectra measured of FeChamp in alcohol solution at different temperatures. A differ-
ential spectrum measured in the UV wavelength range (3.2-4.0 eV) is also included for one low
temperature. The differential spectra are compared to typical spectral profiles such as the Fe(ll),
Fe(lll) and Fe(lV) species absorption (abs), and the characteristic SE and ESA of the excited Fe(lll)*
species.

state of Fe(IV)Champ (see Figure 4.7).
Fe(I11)* + Fe(IIl) — Fe(IV)* + Fe(Il) — Fe(IV) + Fe(I) + 0.5 eV

Since Fe(IV)Champ is an open-shell system, there are two excited states just ~0.5 eV
above ground state where the electrons in the ta4-orbitals only rearrange. Further-
more, the CS reaction outcompetes the intramolecular deactivation of the 2LMCT
state in Fe(III)Champ (rate 0.0005 ps’l). The quantum yield for CS in the LICD re-
action is thus 99.95% under the condition that there is a ground state Fe(III)Champ
neighbour to react with.

The majority of the generated Fe(II) and Fe(IV) species recombine with the rate
0.0125 ps—* (80 ps lifetime) extrapolated to room temperature. The rate is in good
agreement with the results published by Kaul et al., who also suggested that the re-
combination takes place in the inverted Marcus regime. This was based on the ob-
servation that CR proceeds with a lower rate than CS, despite a ~2 times higher
thermodynamic driving force compared to CS.[146] kcr was in paper VII found to
be temperature dependent, resulting in the fitted activation energy ~60 meV. Fur-
thermore, the quantum chemical calculations presented in Figure 4.7 shows that the
charge-separated state of one Fe(II) and one Fe(IV) is indeed nested within the ground
state potential of two Fe(III) species. This confirmed that CR takes place in the in-
verted Marcus regime, and explains why CR is significantly slower than CS in this
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Figure 4.7: Projected potential energy surfaces for the system of two FeChamp molecules. The horizontal
axis does not represent a true reaction coordinate, but show the states LMCT (Fe(lll)Fe(lll)*), GS
(Fe(llFe(lN)) and CS (Fe(ll)Fe(IV)). Indicated by arrows is the proposed LICD reaction pathway: hv -
light excitation, CS - charge separation, CR - charge recombination. Points are calculated by DFT or
TD-DFT at the B3LYP* level of theory, lines represent a guide to the interpretation.

system. The generated photoproduct of Fe(II)Champ and Fe(IV)Champ actually re-
combines one order of magnitude slower compared to the bimolecular reactions pub-
lished by Rosemann et al..[144] No photoproduct of Fe(Il) and Fe(IV) species was
however observed at low temperatures, tentatively attributed to the frozen positions
of the generated species which hinders cage-escape. In the high concentration solu-
tion study, however, Kaul et al. observed a small part of the photoproduct (quantum
yield 4%) survive to the ps-timescale.[146]

4.1.4 First Demonstrations of Photocatalysis

Intermolecular charge-transfer reactions were here exemplified by bimolecular reac-
tions and light-induced charge-disproportionation. These reactions can be incorpo-
rated as the first step in a photocatalysis reaction scheme, that forms the reactive
charge-separated intermediates. Photocatalysis where FeChamp or FeChampBr have
been utilised involve dehalogenation reactions,[145, 147] cyclisation reactions[147]
and borylation reactions.[148] Another Fe(III) carbene photosensitiser has been em-
ployed in radical cationic cycloadditions[149] and atom transfer radical additions.[150]

Hydrogen evolution, perhaps the number one solar fuel reaction, has also been inves-
tigated with Fe carbene complexes as the photosensitiser. Early attempts included
complexes based on the FeCAB-structure, of db electronic configuration and ex-
cited state lifetimes in the ps-range. Hydrogen evolution was shown to take place
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by Zimmer et al., however at very low yields.[92] Zimmer et al. also synthesised a
supramolecular dyad complex consisting of an Fe carbene photosensitiser connected
to a Co-based catalyst, but unfortunately there was no suitable electronic communi-
cation between the two parts.[91] With FeChamp as the photosensitiser, hydrogen
evolution was clearly demonstrated by Schwarz et al. using Pt colloids alternatively
a Co-complex as the hydrogen evolution catalyst.[151] In order to get high turnover
numbers (>1000), the strategy of using high donor concentration from the bimolec-
ular studies was applied. Actually, the reaction mechanism was shown to indeed start
with the reductive quenching of the excited FeChamp by a donor, just as in the bi-
molecular reactions.[151]

Even though Fe carbene photosensitisers are not yet competitive with Ru-based alter-
natives in photocatalysis, the stability has in general been higher of FeChamp com-
pared to Ru(bpy)3 ™. Still, too low cage-escape yields are considered to limit the per-
formance of FeChamp in photocatalysis.[135] Aydogan et al. has, however, shown
that FeChamp can participate in electron transfer reactions that do generate substan-
tial cage-escape yields if the conditions are right.[145] Overall, the progress in pho-
tocatalysis is enabled by the success to create Fe carbene photosensitisers with long
excited state lifetimes.

4.2 Interfacial Charge-Transfer

In this second section of Chapter 4, interfacial charge-transfer reactions will be dis-
cussed. These are reactions between a photosensitiser and a semiconductor (in this
thesis TiO2), that the photosensitiser is attached to. The interfacial charge-transfer
reactions are relevant for applications such as dye-sensitised solar cells (shown in Sec-
tion 1.3) and heterogeneous catalysis (e.g. the DSPEC shown in Section 1.2). In the
DSSC and DSPEC systems, an electron is transferred from the photosensitiser into
the conduction band of TiO2 upon excitation.? Such an interfacial charge-transfer re-
action is often referred to as injection, whereas the back-charge-transfer of an injected
electron is called recombination.[23]

Fe carbene photosensitisers have so far been employed in DSSCs. In general, these
complexes enabled solar cells of better performance than the early attempts using other
Fe-based photosensitisers.[152, 153] The photosensitiser needs an anchor group that
binds to TiO2, and the carboxylic group is one such group. The Fe carbene complexes
discussed in this section are mainly FeCABC, FeCABCN1, FeCABCN?2 (see Figure
4.8), according to the scope of this thesis. These are all d° complexes with an excited

¥This is valid for a n-type device. For a p-type device, instead a positive hole is transferred into the
valence band of a suitable semiconductor.[23]
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SMLCT state lifetime of ~20 ps. Also some initial steps of functionalising the d°
FeChampC complex on surfaces have been made, which is discussed towards the end
of this section.

FeCABC FeCABCN1 FeCABCN2 FeChampC
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Figure 4.8: The Fe carbene photosensitisers that will be discussed in the interfacial charge-transfer section. The
figure illustrates the bonding between the photosensitisers and TiO5.

4.2.1 Interfacial Charge-Transfer Theory

To describe interfacial charge-transfer reactions, Marcus electron-transfer theory can
be expanded to account for charge-transfer from one state to a band of acceptor states.
The acceptor is the CB of TiOg, which has a density of available states depending on
the redox potential p(E) (depicted in Figure 4.9). Figure 4.9a shows two possible ar-
rangements: one where the excited state redox potential of the photosensitiser (PS*)
is above the CB edge, and one where it is below the CB edge.* In the former case,
injection is not limited by the density of available acceptor states and this is called
the “wide-band limit”. In the latter case, the photosensitiser has much fewer acceptor
states to interact with, and typically there is also an activation energy for injection to
take place. The injection will therefore depend on the excitation energy, i.e. vibra-
tionally hot states of PS* will be better at injecting.[154]

In Figure 4.9b, the bonding between the PS and the CB instead results in a new
charge-separated state PSTCB ™. This case is mainly seen for small organic photosen-
sitisers that have no absorption in the visible spectral range, but with strong interaction
between the frontier orbitals of the PS and the CB.[28, 154, 155] It has, however,

also been observed for transition metal complexes e.g. with cyanide-ligands, including

#The conduction band edge is here defined as the redox potential where the derivative of p(E) is
maximum. This means that there are also states below the CB edge, but the density decreases rapidly.
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Fe(CN)g~.[156] In this case, a new charge-transfer band will appear in the absorp-
tion spectrum of the PS attached to TiOy, that was not present in the absorption
spectrum of any of the individual compounds.[28, 154, 155] When exciting into
this band, a metal-to-particle charge-transfer (MPCT) transition takes place, which
directly excites the system into the injected, charge-separated state.[28]

a) E/V b) E/V
CB
ps* ps* |
ps* edge § ps+CBF
p(E) p(E)

Figure 4.9: Two different mechanisms of injection; a) injection succeeding excitation and b) injection via exci-
tation. What determines the mechanism is the coupling between the excited photosensitiser state
PS* and the conduction band of TiO5 (CB). In the right case, they bind to form a new, charge-
separated state PSTCB ™. In the left case, injection will instead depend on the density of available
states in the CB (p(E)).

The rate of interfacial charge-transfer, here mainly considering injection as depicted
in Figure 4.9a, is composed of a sum of rates. This is because the transfer can happen
between the PS and a manifold of acceptor states, each interaction having a slightly
different rate. Taken together with the fact that TiOg2 substrates are often inhomo-
geneous means that it is common to measure multiexponential injection rates or a
distributed injection rate. Equation 4.5 describes the injection rate k;y,; based on
Fermi’s golden rule.[154]

2w
kinj = f ‘Véa‘Qp(E) (45)

kinj depends on a coupling term |V, |? between the donor (which is the PS) and the

acceptor (which is the TiO2 CB), and the density of available states in the acceptor
p(E).[154] By combining Fermi’s golden rule and Marcus theory, a more elaborate
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expression for the injection rate is obtained in Equation 4.6.%[28]

2 1 _o+ac%m)?
kinj = % ’VdaIZP(E)We ANET dE (4.6)

What is added to Equation 4.6 is the donor distribution as a function of energy (£)
which is a Gaussian function depending on the reorganisation energy (), the free
thermodynamic driving force (AGY) and the temperature (7) (k is the Boltzmann
constant).[28, 157-159] The donor has a Gaussian energy distribution due to fluc-
tuations in the solvation and the many binding configurations between the photo-
sensitiser and TiO».[28] In Figure 4.10, a Marcus theory interpretation of interfacial
charge-transfer is shown with the definition of A and AGY.[157]

R5=CB

PS*CRB™

E
o

&

AGY

Figure 4.10: Interfacial charge-transfer from a Marcus theory interpretation. The initial state PS*CB can here
transition to a band of charge-separated final states PST™CB ™. Both states have a quadratic energy
dependence on the reaction coordinate (r) within the Marcus formalism. Also indicated in the
figure is the free thermodynamic driving force AG® and the free reorganisation energy .

To summarise, the injection rate depends on three key parameters: i) the electronic
coupling between acceptor and donor, ii) the density of states in the acceptor, and iii)
the donor distribution function. These parameters are in turn dependent on system
specific factors such as the distance and binding geometry between the PS and TiO»,

5The density of available states in the acceptor, p(E), can also be expressed as p(E) (1 — f(E, Er)).
Then the Fermi function f(E, Er) with the Fermi energy E'r as parameter ensures that the acceptor
states are available and not filled. For a conduction band in a semiconductor of bandgap >> kT such
as TiOz, this is virtually always the case and the Fermi function can be omitted.[28]
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the alignment between the PS* and the CB of TiOg, the temperature, etc. If the
redox potential of PS* is close to the CB edge, the density of acceptor states will
play an especially large role, whereas in the wide-band limit there are many available
acceptor states to interact with.[28, 154]

4.2.2 The Fe-Based Solar Cell: Current Limitations

DSSCs with photosensitisers based on the FeCABC framework (Figure 4.8) have
to date reached a power-conversion efficiency of 2.0%, demonstrated by Marri et
al..[160] This is low in comparison with the currently best performing DSSCs with
efficiencies around 13%.[29] To understand what limits the performance in Fe car-
bene DSSCs, paper II investigated the fundamental charge-transfer steps crucial for
DSSC operation. The photosensitisers tested were FeFCABCN1 and FeCABCN?2 (see
Figure 4.8), but since the results are qualitatively similar FFCABCN1 will be used
as an illustrative example. The spectroscopic signal of FeCABCNI1 in the excited
SMLCT state is different to the oxidised Fe.CABCN1 generated after injection. The
processes of electron injection and recombination can thus be studied by measuring
transient absorption spectroscopy of FeCABCNI1 attached to TiOg substrates. Sen-
sitised AloO3 substrates were measured as a reference, since the conduction band of
AlpO3 is too high for any interfacial charge-transfer to take place.
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Figure 4.11: Steady-state absorption spectra comparing FeCABCN1 in solution in the protonated (CN1) and
deprotonated (CN1-) form, to FeCABCN1 attached to Al;O3 or TiOs.

The steady-state absorption spectrum of FeECABCNT1 attached to semiconductors dis-
play a shifted lowest energy peak compared to in solution, see Figure 4.11. The ab-
sorption on semiconductors blue-shifts compared to the protonated FeCABCNI1 in
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solution, since FeECABCN1 is deprotonated when it binds to a semiconductor (see
Figure 4.8). The absorption on semiconductors is, however, not as blue-shifted as the
spectrum of FeCABCN1-. This is because the MLCT state is stabilised to some extent
when FeCABCN1- binds to TiO3. Finally, no MPCT transitions are expected for this
system since no new absorption feature (apart from scattering) is present red-shifted
to the absorption in solution.

To find the rate of injection and possibly recombination, global analysis was applied
to fit the transient absorption data of FECABCN1 on TiO3.[47] Three major decay
times were fitted with decay associated spectra shown in Figure 4.12a. The DAS
with decay times 100 fs and >10 ns display positive broad ESA features between
1.2-1.9 eV (650-1000 nm), that very much resemble the absorption of the oxidised
FeCABCNI (measured by spectroelectrochemistry). Both components are therefore
related to recombination processes, as they have a positive amplitude signifying the
decay of a positive signal. A decay time >10 ns, however, means that the population
did not decay during the time frame of the experiment, which is 10 ns. The third DAS
of decay time 18 ps instead displays ESA between 1.7-2.3 eV (540-750 nm). This
ESA is assigned to the MLCT state, both based on measurements of FeFCABCNI1- in
solution (see Figure 4.12a, CN1- 100 fs) and measurements of FeFCABCN1 attached
to AlpO3. The assignment is further confirmed by a similar lifetime (18 ps) as the
SMLCT lifetime of FeECABCNI1 in solution (19 ps).
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——CN1 ox dye r K i | ]
- ----CN1-100fs Y
g ‘ g
£ s [ \ )
= < !
2 21 \l =
o % \.
L -1 -
1.5 2.0 25 -0.5 0.0 05 10 100 1000

Energy (eV) Time (ps)

Figure 4.12: Transient absorption data of FeCABCN1 attached to TiO». a) The DAS resulting from a global
analysis fit are compared to the absorption of the oxidised FeECABCN1 (CN1 ox dye) and the MLCT
ESA from FeCABCN1- (CN1- 100 fs). Spectra are plotted on the red side of the ground state bleach.
b) Kinetics from the ground state bleach (GSB) and oxidised dye (Ox dye) spectral regions are
compared.

The ideal outcome for the solar cell performance would be that all injected electrons
stay in the CB of TiOg, which means the >10 ns component dominates. The pres-
ence of the 100 fs recombination process signifies that this is not the case. It was
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estimated from the GSB kinetic in Figure 4.12b that 90-95% of the injected elec-
trons recombined with the 100 fs time component, and only 5-10% remained after
10 ns. The process is of course detrimental to the solar cell performance, and was
identified as a key bottleneck explaining the low efficiency. In Figure 4.12b, only the
oxidised dye kinetic decays with a 100 fs time component, i.e. it is not accompanied
by a similar recovery of the GSB kinetic. This suggests that the recombination re-

turns the photosensitiser to the excited state. This is also indicated by the negative
amplitude in the 100 fs DAS around ~2.1 eV, where the 18 ps DAS has its peak.

The injection rate was not resolved in the study, but an lower limit of 13 ps~! was

estimated. For FeCABC, the injection yield was determined to be as high as 92% by
Harlang et al., however proceeding at a slower injection rate.[99] Comparing the esti-
mated injection time component of <75 fs to the excited state lifetime of FeFCABCN1
(19 ps), the injection yield should be close to 100%. However, with a recombination
reaction being both ultrafast and very efficient (90-95%), that returns population to
the excited state, the question is whether the classical injection as described in Sec-
tion 4.2.1 indeed happened. Three hypotheses could potentially explain the observed
dynamics. One is summarised in Figure 4.13, which shows that the position of the
3MLCT state is just below the CB edge of TiOs. In this picture, the ultrafast injection
takes place from the 'MLCT state, and recombination instead goes to the MLCT
state. This explains why the recombination returns population to the excited state,
and fits with the observed ultrafast timescales.

Injection

<75 fs
TMLCT

ISC Z 3MLCT

Recombination
Relaxation

~20 ps

E/V

>
= Recombination
>0.1Tms
M
Regm 1GS

7 s

Figure 4.13: Schematic of all characterised processes relevant for the DSSC, in the system FeCABCN1 on TiO5.
CB - conduction band, M - redox mediation, hv - light excitation. Adapted with permission from
paper Il

An alternative explanation is that injection creates a charge-separated state where the
electron and hole are still bound. This would mean that in <75 fs, interfacial charge
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separation takes place to the bound state between the photosensitiser and the TiO»
CB. In this case, such a state must have a spectral signature similar to oxidised Fe-
CABCNI1. 90-95% of the bound charge-separated states would then quickly re-
combine, whereas 5-10% would escape and become truly charge-separated. Such
processes have, however, mainly been observed for photosensitisers bound to ZnO,
since ZnO has lower permittivity and thus screens charge less efficiently compared to
TiO2.[161-163] A third hypothesis is that the ultrafast process with decay time 100
fs instead is the transition from the >MLCT to the MC state. In paper III, this was
found to take place on the sub-ps timescale for FFCABCN1-, identified by an initial
broad ESA turning into a narrow blue-shifted ESA (see Section 3.1.4). This expla-
nation, however, seems unlikely since the 100 fs DAS matches well with the broad
oxidised dye spectrum, and the 18 ps DAS matches well with the early SMLCT ESA
for FeCABCNI1- (see Figure 4.12a).

Mainly injected electrons that stay in TiO2 to the ms-timescale can be extracted as a
current in DSSC. In solar cells with FeCABCN1 and FeCABCN2 this is only a small
part of the efficiently injected electrons, due to the ultrafast recombination process.
Furthermore, no slower recombination process was identified that was as prominent
as the ultrafast recombination (see Figure 4.13). This implies that there is a large po-
tential to increase the solar cell performance if the ultrafast recombination is hindered.
Since the power-conversion efficiency for the best published photosensitisers based on
the FeCABC motif lie within the range 1-2%,[97, 108, 160, 164—169] the ultrafast
recombination could be a general problem.

4.2.3 Towards Heterogeneous Catalysis

FeChampC has retained the favourable excited state properties of FeChamp, and can
be functionalised on semiconductors. This molecule is therefore a top candidate for
DSSCs and DSPECs. The carboxylic anchor group is, however, situated in the outer
part of the ligand (see Figure 4.8), which was shown in Section 3.2.3 to have bad
electronic communication with the 2LMCT state. Furthermore, since the 2LMCT
state locates the excited electron in a metal-centred orbital it needs to tunnel through
the ligand for injection to take place. These considerations suggests that injection
should be slower in this system, compared to FeCABCNI1. Furthermore, the high
local concentration generated when bound to semiconductors could enable the LICD
reaction present for FeChamp at high concentrations (see Section 4.1.3). To find out
what the dominant process is, transient absorption spectroscopy of FeChamp bound
to TiOg and AlyO3 was measured in paper IX.

As a first consideration, the absorption spectra of FeChampC attached to semicon-
ductors are shown in Figure 4.14. All spectra shown in Figure 4.14 share the same
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peak position, also the different protonation states of FeChampC. Only broadening
of the absorption spectrum when bound to semiconductors is observed, which could
be due to aggregation effects. The system thus displays a different behaviour com-
pared to FeCABCNI in the previous section (see Figure 4.11). The observed result
is, however, consistent with the bad electronic communication established in Section
3.2.3. Binding to semiconductors also does not influence the 2LMCT state.
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Figure 4.14: Steady-state absorption spectra comparing FeChampC in solution in the protonated (FeChampC)
and deprotonated (FeChampC-) form, and FeChampC attached to Al;O3 or TiO-.

The transient absorption data of FeChampC on TiO3 and AlyO3 in fact display very
similar dynamics, showcased here by the data on TiO3. The earliest probed spectrum
at 150 fs (see Figure 4.15) is well described by the ESA and SE associated with the
2LMCT state. This means that injection in this system, if present, is much slower than
for FeECABCNI1. At 10 ps delay time, the differential spectrum displays the features
of Fe(IV)Champ absorption (at 1.5-1.8 eV), Fe(II)Champ absorption (>3 V) and
GSB of Fe(III)Champ ~2.5 eV. This is similar to the differential spectrum generated
in case of LICD (see Figure 4.6). To reconstruct the differential spectrum at 10 ps,
however, also the 2LMCT differential spectrum is added to the linear combination
shown in Figure 4.15. This confirms that part of the excited FeChampC complexes
did participate in LICD, whereas others did not have a suitable neighbour to react
with and therefore remained in the 2LMCT state.

On both semiconductors, the spectral regions corresponding to Fe(II), Fe(IV) and
GSB rise biexponentially with the time components 600-700 fs and 3 ps. The same set
of features also decay with the major time component 30 ps. The similarity on both
semiconductors, together with the fact that the Fe(II) signal should not share dynam-
ics with interfacial charge-transfer processes, suggest that the observed dynamics are
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associated with LICD. Furthermore, the identified rates of CS and CR respectively,
are similar to what was found in paper VII and by Kaul et al..[146] On semicon-
ductor the CS and CR processes are multiexponential due to the inhomogenity, i.e.
there exist many unique binding geometries between the semiconductor nanoparticles
and FeChampC. The inhomogenity further explains why the lifetime of the 2LMCT
state is multiexponential (130-1000 ps) for the fraction of FeChampC molecules not
participating in LICD.
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Figure 4.15: Differential spectra measured of FeChampC on TiO» at 150 fs, 10 ps and 5 ns delay time. The
differential spectra are compared to the typical spectral profile of the excited Fe(lll)* species and
the absorption (abs) of Fe(lll) and Fe(IV) species. A linear combination (lin comb) of these signals
were used to reconstruct the measured differential spectra.

One substantial difference between the TiO3 and Al;O3 systems is that on TiOg,
part of the signal remains at the end of the probed time window (>10 ns). This
signal is represented by the differential spectrum at 5 ns delay time shown in Figure
4.15, and displays features of GSB and Fe(IV) absorption. The signal therefore fits
the expected outcome of an injection process. The multiexponential charge separation
and recombination processes of LICD makes it impossible to distinguish the minor
process of potential slow injection (and recombination) in the TiOy system. The
upper limit of the injection rate can, however, be estimated in relation to the CS rate
of LICD, which results in 0.3 ps_l. The presence of an injection process was thus
not proven by the studied system.

Since LICD efliciently outcompetes injection, an alternative application could be to
use the generated Fe(IV) and Fe(Il) species in a heterogeneous catalysis scheme. For
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such an application, the lifetime of the charge-separated species should ideally be
longer than ~30 ps. This was accomplished by adding triethylamine (TEA) to the
semiconductor samples, see Figure 4.16. In this system, after the initial 2LMCT
differential spectrum was probed at 150 fs, the spectra evolved to only resemble the
charge-separated species at 10 ps. This was corroborated by the reconstruction of
the 10 ps differential spectrum, which does not need the differential spectrum of the
2LMCT state in the linear combination (see Figure 4.16). Furthermore, at 5 ns delay
time still a signal resulting from charge-separated species remain. The signal from
Fe(II)ChampC (>3 ¢V) is however lower than expected at 10 ps delay time, and not
presentat 5 ns. Since both the TiO3 and Aly O3 systems displayed the same dynamics,
the observed dynamics are related to the LICD reaction and the reactivity of TEA.
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Figure 4.16: Differential spectra measured of FeChampC on Al;O3 with added TEA, at 10 ps and 5 ns delay
time. The differential spectra are compared to the absorption (abs) of Fe(lll) and Fe(IV) species. A
linear combination (lin comb) of these signals were used to reconstruct the measured differential
spectra.

Rosemann et al. showed that TEA can react with the excited 2LMCT state in FeChamp,
but no photoproduct (Fe(Il)Champ, TEA+) was observed since the CR rate was faster
than the CS rate.[144] The same reactivity was observed for FeChampC in solution
with TEA in paper IX. It is therefore reasonable to assume that TEA reacts with part of
the excited FeChampC molecules attached to the semiconductor, and quenches their
excited state. This can explain why no remaining excited FeChampC signal is observed
for the samples where TEA was added. A corresponding decay component of 5 ps
with DAS matching this assignment was also identified from global analysis. Further-
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state since all signal >3 eV decayed (see Figure 4.16). The disappearance of only
Fe(II) species leaves a fraction of Fe(IV)ChampC with no neighbour Fe(II) ChampC
to recombine with. Likely, this is what enables a photoproduct only consisting of
Fe(IV) species. Why the Fe(Il) species disappear is not understood yet, but worth to
note is that Fe(II)Champ is unstable under ambient conditions observed in paper VI.
The observation is, however, different to Kaul et al. who measured Fe(II) species sur-
viving in solution to the ps timescale.[146] More investigations are therefore needed
to understand the system and to optimise the yield of the long-lived photoproduct.

4.2.4 Ideas to Improve the Solar Cell Performance

Since Duchanois et al. first demonstrated Fe carbenes in DSSCs (FeCABC of power-
conversion efficiency 0.1%),[100] a 20-fold improvement was enabled both by photo-
sensitiser design and DSSC optimisation performed by different research groups.[97,
108, 160, 164-169] Many hypotheses have been proposed in order to explain the
still low power-conversion efficiency compared to Ru-based dyes.[29] One consistent
explanation in all studies, however, is that moving from a homoleptic design (Fe-
CABC) to a heteroleptic design with directional excitation towards TiO2 (such as for
example FeCABCNI, see Section 3.1.3) was beneficial.[108, 167-169] For FeCABC
anchored to TiOg, Pastore et al. even found the excitation directed towards the ligand

not facing TiOg, as the carboxylic group is more electron-withdrawing than carboxy-
late bound to TiO4.[108]

For heteroleptic complexes such as FeFCABCN1, FeCABCN?2 and other similar struc-
tures, separation on the semiconductor together with dye loading were important fac-
tors controlling the performance.[167] Marri et al. also found that different additives
such as Mg?" increased the performance by e.g. further enhancing directed excita-
tion towards TiO2.[168, 169] The main finding of paper II, that only 5-10% of the
initially injected electrons remain in TiOg is, however, a key bottleneck that if re-
solved should allow for a big increase of the power-conversion efficiency. To block
the ultrafast charge recombination, there are different strategies, and some suggestions
are summarised in Figure 4.17. Since the push-pull structure did not work as fully
intended (see Section 3.1.3) one approach would be to further strengthen the elec-
tron donating ability of the far-end substituent. Yet another strategy is to slow down
recombination by increasing the distance between iron and the attaching carboxylic
group with a bridge in the ligand structure. Both approaches were employed by Marri
etal., who showed that they indeed can yield a better solar cell performance.[160, 168]

If the ultrafast recombination is indeed taking place due to the SMLCT state being
below the CB edge of TiOg, altering this alignment should lead to improvement (see
Figure 4.17). This is accomplished by either increasing the redox potential of the
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Figure 4.17: Suggestions to improve the performance for DSSCs with heteroleptic Fe carbene photosensitis-
ers. From left to right: i) increasing the electron donating strength of the far-end substituent,
ii) increasing the distance between iron and the semiconductor surface, iii) increasing the redox
potential of the MLCT states, iv) decreasing the redox potential of the CB edge of the semicon-
ductor.

SMLCT state, or lowering the CB of TiO2. The current best DSSC performance
demonstrated by Marri et al. was reached with a photosensitiser of red-shifted ab-
sorption (i.e. lower MLCT states)[160] and with a mixed electrolyte of small cations
(Mg2+ and Li™) that each have an opposite influence on the CB of TiO2.[170, 171]
This is not in line with the strategy in Figure 4.17. However, the efliciency improve-
ment found is not reflecting the order of magnitude improvement that could result
if the ultrafast recombination was prevented.[160] One way to shift the CB of TiO2
towards lower potentials is to change from anatase to rutile crystal structure.[172] In-
deed, when FeCABCNI1 on anatase TiO3 from paper II was compared to a mixture
of anatase and rutile sensitised with FeCABCN1, the dynamics changed. In Figure
4.18, the GSB kinetic of FeCABCN1 on anatase compared to the mixed substrate
has shifted from having 5% of the signal amplitude left >1 ns to 25%. Even though
Figure 4.18 provides a striking result, the safe conclusion is that the optimal system
conditions have not been found yet, and should come with big room for improve-
ment.

No results have to date been published for a DSSC with an Fe-based d° photosensi-
tiser. Paper IX identifies one good reason for that, namely that injection is outcom-
peted by the LICD reaction. Therefore, injection could not be unambiguously iden-
tified and instead complementary techniques such as THz spectroscopy are needed
to distinguish the signal of injected electrons.[99] FeChampC is not ideal for n-type
DSSC application, since the lack of electronic communication with the sidegroup
together with the electron placed on the metal in the 2LMCT state slows injection
down. To improve the injection yield, LICD must be mitigated by e.g. using co-
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Figure 4.18: Kinetics from the GSB spectral region of two samples of FeCABCN1 on TiO,. TiO> has either
the crystal structure anatase or a mixture of the crystal structures anatase and rutile (Mix). This
influences the amount of signal not decaying within the time frame of the experiment.

down. To improve the injection yield, LICD must be mitigated by e.g. using co-
adsorbants or low dye loading. The question is, however, if this will allow for a good
DSSC performance, since a solar cell should have strong absorbance enabled by high
dye loading. An alternative approach is to try FeChampC in a p-type DSSC con-
figuration, since the 2L MCT state also has high reduction potential. In such a case,
injection could be faster as the hole is placed on the ligand, however still not on the

anchoring group.

Instead of blocking the LICD reaction, it can be used for heterogeneous catalysis
applications. The sensitisation on semiconductors yielded a high enough local con-
centration of FeChampC for most molecules to participate in LICD. This enabled the
LICD reaction at room temperature, and without using large amounts of the photo-
sensitiser such as in solution. Furthermore, the initial attempts in paper IX illustrates
that with the correct additives, long-lived charge-separated species for catalysis can be
generated. More work in this direction is, however, needed to optimise and under-

stand the system.
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Chapter 5

Reflections and Outlook

You are never too small
to make a difference.!

How an ideal photosensitiser should behave, how it can be assessed and what strategies
there are to tailor the photophysics of Fe-complexes, have been discussed in this thesis.
All with the ultimate goal to replace Ru polypyridyl complexes with Earth-abundant
Fe alternatives. The progress of the Fe carbene photosensitisers will here be assessed
by the set of criteria for an ideal photosensitiser[31, 32] introduced in Chapter 2:

* strong visible absorption

* stability in all involved states

* high excited state redox potential

* long-lived excited state

* charge-separated excited state
Considering all of these points, the Fe carbene complexes are indeed approaching
the ideal photosensitiser. All complexes investigated in this thesis (except CoChamp,
paper V) have strong absorption in the visible, however with room for further im-
provement especially towards the NIR. The Fe carbene complexes are also very stable,

and have redox potentials similar to those of Ru(bpy)2". Charge separation is realised
in complexes with MLCT or 2LMCT as their major excited state, but perhaps not

'Greta Thunberg
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in those with >MC (paper I11). The excited state lifetime has improved tremendously
from the first published Fe carbene of 9 ps, however in a MC state, (paper IV) to the
current best of 2 ns (paper VI). Although a great improvement, the current record is
not yet competitive with Ru(bpy)3* and other Ru polipyridyl complexes. However,
from a photofunctionality perspective a long lifetime is not everything. It is all a game
of being faster than the competing processes, and for electron-transfer reactions even
a 19 ps lifetime can be enough (paper II).

To further prolong the lifetime of Fe-based photosensitisers, thus remains an open
research field. Still there are strategies to employ within the d° system, and in recent
years long-lived Fe-complexes based on non-carbene ligands have started to appear.[84,
134] For the d° Fe carbene photosensitisers much is left to explore, as not many exam-
ples of photofunctional 2LMCT states have yet been demonstrated.[127] This thesis
work has, however, provided some progress in that direction by looking into the in-
fluence of sidegroup substitution and deactivation mechanisms (paper VII and VIII).

Parallel to the progress of Fe-based photosensitisers, many other Earth-abundant met-
als of various electronic configurations have been explored.[60-65] Only in the last
five years d® complexes with other transition metals have reached excited state lifetimes
on the order of ns, even with weak phosphorescence from the MLCT state.[173] By
changing electronic configuration to d1% and thus removing the presence of MC
states, even >10 ps >MLCT lifetimes have been reached with Cu(I)-complexes.[174,
175] The development of Earth-abundant photosensitisers is overall a promising and
recognised research field, where Fe-complexes have a natural role to play.

Furthermore, this thesis work contributed to the emerging field of photofunctional
MC states in transition metal complexes.[132, 133] Even though MC states are not
charge-separated, they can still fulfil the other criteria from the ideal photosensitiser
list. One of the most promising Earth-abundant photosensitisers to date actually
feature a long-lived, photofunctional MC state. This is a Cr(III) d* complex referred
to as “molecular ruby”, which has ps lifetime and display emission.[176] In this thesis,
CoChamp was provided as one example of a complex having a photofunctional SMC
state (paper V). Several more complexes were assigned to have a ~10 ps lifetime in
the 3MC state (paper III and IV). Such complexes constitute important cases for
fundamental studies, that aim to investigate what excited state landscape can favour
the 3MC state.

The two light harvesting applications solar fuels and solar cells, which Fe carbene com-
plexes have recently been employed in, were also discussed in this thesis. Both appli-
cations mainly show early demonstrations, rather than well-functioning devices.[145,
151, 160] In homogeneous photocatalysis schemes diffusion must be overcome, and
in this case the 2 ns lifetime of FeChamp is still on the low side. Diffusion is, how-
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ever, not the only factor controlling the photoproduct yield,[144, 145] and more in-
vestigations are needed to understand and control the intrinsic charge-transfer rates.
For heterogeneous catalysis, the light-induced charge-disproportionation reaction of
FeChampC bound to semiconductor surfaces could be a viable route forward (paper
IX). In this scheme diffusion of the photosensitiser can not take place, which means
that a smaller concentration of the photosensitiser and reactants are needed.

For Fe-based solar cells, the power-conversion efficiency has in recent years stagnated
around 2%.[97, 108, 160, 164—169] In this thesis, an ultrafast recombination reac-
tion is proposed as the main bottleneck for this performance (paper II). A substantial
improvement of the solar cell performance should therefore be possible, and several
strategies to resolve the recombination reaction have been discussed. Ultrafast spec-
troscopy is key to identify the relative contribution of injection and recombination in
these systems. On a final note, a long lifetime does not necessarily yield the best solar
cell performance.
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