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Abstract

The sun provides our planet with an abundance of energy in the form of solar light — a con-
tinuous stream of photons. Increasing our direct utilization of solar energy will constitute a
necessary part in our ongoing replacement of fossil fuels with energy sources free from green-
house gas emissions. The sunlight contains a broad spectrum of photon energies, but only a
fraction of the photons in this spectrum can be harvested by a solar energy device. In fact,
the energy harvesting efficiency of solar energy technologies is mainly limited by the mismatch
between the solar spectrum and the photon energies that the solar energy device can utilize
efficiently. Photon energy conversion techniques provide a way to circumvent this mismatch by
converting incoming photons of too high or too low energy to photons with energy that matches
the absorption of the solar energy device, thus enabling utilization of a larger part of the solar
spectrum.

Photon energy conversion includes both upconversion and downconversion. In this thesis, the
photophysical processes of photon upconversion (PUC) by triplet-triplet annihilation and exci-
ton downconversion by singlet fission (SF) have been investigated. The work presented in this
thesis focuses on gaining knowledge and in-depth mechanistic understanding of the electronic
interactions and excitation energy transfer events between chromophores that govern PUC and
SF. More specifically, this thesis presents results from an investigation of intramolecular elec-
tronic interactions between chromophores within a molecular construct designed for PUC or SF.
The mechanisms of intramolecular energy transfer between chromophores used for PUC have
been investigated with respect to rate and efficiency. Intramolecular SF in a molecular dimer
has been investigated in a detailed study of how the relative orientation of the chromophores
and molecular conformational flexibility influence the kinetics of SF.

The results presented in this thesis show how the relative orientation of chromophores as
well as the moiety connecting the chromophores, control the nature and magnitude of the
intramolecular electronic coupling. This insight highlights the importance of controlling molec-
ular orientations and conformation flexibility as a design parameter in the development of novel
molecular systems for photon energy conversion. Further, it has been shown that the overall
process of PUC or SF is faster in an intramolecular system compared to a corresponding in-
termolecular system. Finally, the work presented in this thesis has shown that careful design of
molecular frameworks could enable efficient intramolecular PUC and SF materials, which have
potential to increase the energy harvesting efficiency of solar energy technologies.

Keywords: Photon Upconversion, Singlet Fission, Excitation Energy Transfer, Intramolecular,
Solar Energy Conversion
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Introduction

The sun is ultimately the energy source for virtually all living organisms on Earth. Sunlight
drives the photochemical reaction in plants know as photosynthesis, which powers the entire
biosphere on our planet. In fact, fossil fuels could be regarded as a form of solar energy, even
though this solar energy has been accumulated and stored over millions of years. The use of
fossil fuels has enabled the development of our modern society, but this has come with a cost
that we now have started to realize. The emission of carbon dioxide (CO5) from the combustion
of fossil fuels has eventually led to an increasing CO, concentration in the atmosphere, which
has started a process of global warming as a result of the enhanced greenhouse effect.! Because
of this, the now living generations are facing one of the greatest challenges mankind has ever
encountered. Addressing this challenge must include a reduction in CO, emission,! for exam-
ple by replacing fossil energy with renewable and CO, emission free energy sources. The most
natural and abundant choice for this is to use the sun as an energy source.

The potential of using the sun as an energy source is enormous — the collected energy from
sunlight falling on Earth is more than enough to power our modern society. In fact, just a
tiny fraction of the solar energy reaching the Earth would be enough to cover mankind “s global
energy consumption,? but so far, the direct use of solar energy has been an almost negligible part
in the world 's total energy supply.> One of the limiting factors in the utilization of solar energy
is the efficiency of solar energy harvesting devices. This thesis focuses on the development of a
method with potential to increase the energy harvesting efficiency of solar energy devices.

1.1 Solar Energy and Photon Energy Conversion

The energy from the sun is packaged in discrete light particles, called photons. The distribution
of how much energy each photon carries is represented by the solar spectrum, as seen in Figure
1.1. A broad range of photon energies is covered in the solar spectrum: from the high energy
ultraviolet (UV) radiation, through the visible light, to the low energy infrared (IR) radiation.
In a solar energy device, the energy of the photons is harvested and transformed to other useful
forms, such as electricity in photovoltaics (solar cell) or chemical energy in solar fuels produc-
tion. However, the photon energies that a solar energy device can utilize efficiently does not
always match the solar spectrum. This sets an upper limit for the overall energy harvesting
efficiency of the device. For example, in solar fuel production it is often only the high energy
UV photons that have enough energy to drive the photochemical reactions; photons which are
scarce in the solar spectrum. Another example is photovoltaics, for which an upper theoret-
ical efficiency limit was calculated by William Shockley and Hans J. Queisser in 1961, called
the Shockley-Queisser limit.* According to their thermodynamic detailed balance, the energy

1



1. Introduction

harvesting efficiency of a single band gap solar cell cannot exceed approximately 33%.4° This
means that about two thirds of the energy from the sun will be lost, also in a perfectly opti-
mized solar cell. The main sources of energy loss in this calculation comes from the fact that
low energy photons below the so-called band gap of the solar cell cannot be absorbed and the
excess energy of high energy photons above the band gap cannot be utilized. By this, a large
fraction of the energy arriving from the sun cannot be harvested due to the mismatch between
the photon energies that are efficiently utilized in a solar energy device and the photon energies
present in the solar spectrum. However, this also means that there is great potential for increas-
ing the solar energy harvesting efficiency by implementation of photon energy conversion, that
is, a technique for changing the energy of the incoming photons so it better matches the device
of interest. Photon energy conversion can be done in both directions, both by converting low
energy photons to higher energy photons, so called photon upconversion (PUC), or by splitting
one high energy photon into two photons or excited states of lower energy, so called singlet
fission (SF). Figure 1.1 visualizes how both PUC and SF could be used to increase the solar en-
ergy harvesting efficiency of a silicon based solar cell beyond the Shockley-Queisser limit: PUC
enables harvesting of the energy from the sub-band gap photons and SF enables utilization of
the excess energy of a high energy photon by splitting it into two photons or excited states. The
figure also shows how PUC could be used to generate UV light from the abundance of visible
light, which could be used in solar fuel production.

Photon Energy (eV)

4 3 2 15 1 0.75 0.5
[ 1 1 1 1

Silicon band gap

Intensity

500 1000 1500 2000 2500
Wavelength (nm)

Figure 1.1: The solar spectrum at sea level. The gray line shows the band gap of silicon and the arrows
show how PUC and SF could be used to increase the solar energy harvesting efficiency of a silicon solar
cell. Also included is an arrow showing PUC from visible light to the UV region. Solar spectrum data
from National Renewable Energy Laboratory.”

1.2 Photon Upconversion

Photon upconversion is a method to combine the energy of two photons to form one photon of
higher energy. There are a couple of different techniques for photon upconversion, for example
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1. Introduction

two-photon absorption, second harmonic generation and triplet-triplet annihilation (TTA). Both
two-photon absorption and second harmonic generation require very high light intensities. In
contrast, photon upconversion by TTA can function also at lower light intensities, such as so-
lar light. In this thesis, only photon upconversion by TTA is considered and the more general
concept of PUC will from now on refer to PUC by TTA. PUC by TTA is a photophysical process
where two types of molecules interact to combine the energy from two incoming photons into
one emitted photon in a series of excitation energy transfer events, as will be further described
in Section 2.2. The phenomena of TTA (also called triplet fusion) was first observed in 1962,8
but the research field investigating the process started to grow around the 2000s, when it was
proposed that PUC could be used to improve the efficiency of solar cells.>~1!

In a solar cell, an upconverting material placed on the back side of the absorbing layer could
increase the solar energy harvesting efficiency by catching the sub-band gap photons initially
transmitted through the solar cell. For example, applying PUC to a silicon solar cell could
increase its energy harvesting efficiency from ~30% to ~40%, which is a 33% increase in effi-
ciency of the cell.'>13 Further, considering that PUC could potentially be applied as an add-on
feature to an existing technology, it could have a large impact on the solar energy production in
the world. The add-on ability is a great advantage as it enables an easy implementation into an
existing device structure.!?

There are some examples of solar energy applications where PUC has been implemented with a
proven effect from the upconversion.!4 ! However, implementation of an upconverting mate-
rial into a viable product requires further development. It has been shown that PUC can reach
an upconversion emission efficiency close to unity, but the best performing PUC systems are in
liquid solutions where the process is governed by molecular diffusion,?%2! Liquid PUC systems
have limited applicability due to reasons relating to production and durability. Therefore, solid
PUC materials would be advantageous.'>?? Several approaches for developing solid-state PUC
materials have been reported.?> Many of these reported PUC materials can be categorized as
semi-solid or rubbery where the (partly) soft nature of the material enables PUC governed by
molecular diffusion.?43% Another approach for achieving solid-state PUC materials would be to
replace the traditional intermolecular PUC system, where the interaction of the two types of up-
conversion molecules is governed by molecular diffusion, with an intramolecular system where
the two molecules are combined into one entity. Such a molecular construct could potentially
perform PUC without molecular diffusion and could hence be used in a solid-state PUC material.

1.3 Singlet Fission

Singlet fission is the opposite to TTA - it is the formation of two low energy excited states
from one initial high energy excited state. The process of SF will be descried in more detail in
Section 2.3 but can simplified be described as an electronic interaction between two molecules
where the excitation energy initially localized on one of the molecules is split up and shared
by both molecules in two independent excitons. In contrast to PUC, where the final product is
an upconverted photon that can be absorbed by a solar energy device, the two excitons formed
in SF are typically non-emissive. Utilization of SF for solar energy harvesting must therefore
include an additional step, for example, electron injection into the charge separating layer of a
solar cell,31-3> or excitation energy transfer to an emissive compound that emits photons, which
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1. Introduction

subsequently can be absorbed by a solar energy device.?*-38 By implementing SF into photo-
voltaics, the theoretical upper energy conversion efficiency could be increased from ~33%, as
stated by the Shockley-Queisser limit, to ~45%.°

SF was first observed in crystals of anthracene.?? Because SF requires close contact between
two chromophores, it was initially studied in crystals where each chromophore is always in
close proximity to a neighboring chromophore within a well-defined structure.*>* It was not
until 2013 that SF was observed for monomeric chromophores dissolved in a liquid solution.*?
Just as for TTA, SF can occur intramolecularly and the simplest system for intramolecular SF is a
dimer with two connected chromophores.*>4* As will be described in Section 2.3, the detailed
mechanism of SF is not yet fully understood. Several studies of SF in dimers of chromophores
have been published, where the intention has been to elucidate the detailed process of SF and
the influence of the relative orientation of the two connected chromophores.*>3 However, in
many of these studies, the dimer molecule is assumed to be a single static entity defined by its
molecular structure. By that assumption, dynamic effects such as conformational changes in
the excited state are neglected and the distribution of different conformers present in a popu-
lation of molecules is often simplified to only one lowest energy conformer. This motivates the
investigation of intramolecular SF and the effect of molecular geometry that is presented in this
thesis.
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1.4 Research Questions

The long-term goal with both the PUC and SF research presented in this thesis is to develop
new efficient molecular systems that can be utilized in solar energy technologies. For PUC, the
strategy is to develop intramolecular PUC systems that could be implemented in a solid-state
commercially viable upconversion material. For SF, the aim is so far to identify the key design
parameters for achieving efficient intramolecular SF. The common denominator of the work
presented in this thesis is thus the investigation of how a photophysical process that typically is
governed by intermolecular interactions of individual chromophores diffusing in solution can be
transformed into an intramolecular process, where the interacting chromophores are connected
to each other. In the work presented in this thesis, well known PUC and SF chromophores
have been used as model systems to gain insight into the electronic interactions between the
chromophores. The overall research questions addressed in this thesis can be stated as follows:

* Is intramolecular PUC a versatile approach for developing solid-state upconversion mate-
rials?

* How does the intramolecular excitation energy transfer events function in an upconver-
sion molecular framework, with respect to kinetics and efficiency?

* How does the relative geometry of the SF chromophores affect the rate of SF and the life-
time of the generated excitons?

* Are dynamic processes in the excited state useful for optimizing SF with respect to rate,
efficiency and excited state lifetime of the generated excitons?
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Theory

This chapter gives a brief introduction to the theory and photophysics that this thesis is based
on. Light, matter, and their interactions are described from a perspective of optical spectroscopy
with an emphasis on excitation energy transfer mechanisms. Finally, this chapter provides an
overview of the photophysics behind PUC and SF.

2.1 Light and Matter

Light is the visible fraction of the continuous and infinite spectrum of electromagnetic radia-
tion (EM radiation). EM radiation is a combined oscillating electric and magnetic field that
propagates in a direction perpendicular to the direction of the electric and magnetic fields, as
illustrated in Figure 2.1. EM radiation can be described both as a wave and a particle, a so
called photon. The energy, E, of a photon is related to the wavelength, ) or frequency, v, of the
EM wave motion by Equation 2.1,

E = he/\=hv 2.1

where h is Planck’s constant and c is the speed of light. Visible light covers the wavelength
range of approximately 400-750 nm, as illustrated in Figure 1.1. In optical spectroscopy, which
the experimental methods used in this thesis are based upon, it is mainly the electric field of
the EM radiation that is considered because the oscillating electric field can interact with the
electrically charged electrons in atoms or molecules.

Electric
field

Magnetic

field Propagation

direction

Figure 2.1: Illustration of EM radiation as an oscillating electric and magnetic field.

All objects and materials in the everyday world consist of atoms, which are built up by pro-
tons, neutrons and electrons. On a microscopic level, these particles are described by quantum
physics. In contrast to objects in the macroscopic world, quantum systems are quantized in
energy and exist in discrete states. An example of this is an atom or molecule in which the
electrons are organized in discrete orbitals. For an electronic system, the states are given by the
Schrodinger Equation, Equation 2.2.

HY = EV (2.2)
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2. Theory

H is here the Hamiltonian operator describing the total energy of the system, ¥ is the wave
function defining the state, and F is the energy of the state. The electronic wave function is re-
lated to the distribution of electrons as the probability of finding the electron in a certain volume
in space (the probability density) is given by |¥|?. Electrons are fermions and have spin of 4-1/2
or —1/2. Because electrons are fermions, they follow the Pauli exclusion principle, which states
that two or more fermions can never occupy the same quantum state simultaneously. This has
the consequence that each atom/molecule orbital can be occupied by maximum two electrons
—one with spin s =+1/2 (spin up) and one with spin s = —1/2 (spin down). An important case
to consider is a system with two electrons. The coupled spin of the two electrons can result in a
net spin of S = 1 or S = 0, as given from the Clebsch-Gordan series.>* If the net spin S is visual-
ized as the magnitude of the coupled spin states, the direction of the net spin is defined by Mg,
where Mg = 5,5 — 1,..., —S5.>% Hence, if the two electrons have antiparallel spin so that S = 0,
there is only one possible state, which has Mg = 0. This is called a singlet state. If the two
electrons have parallel spin, S = 1, there are three possible states with Mg =1, 0 or —1. This is
called a triplet state. The three triplet states are degenerate, that is they have the same energy,
unless an external magnetic field is applied. In general, the multiplicity of a state is defined as
M =25+ 1, where M =1 is singlet state and M =3 is a triplet state. The two-electron system is
important because the photophysical properties of atoms and molecules are mainly defined by
the valence electrons in the frontier orbitals, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). For most molecules, the ground state has
an electron configuration where each orbital up to the HOMO level is filled with two electrons
of antiparallel spin, thus being a singlet. In the lowest energy electronic excited states, one elec-
tron is promoted to a higher lying orbital. Hence, there are two unpaired electrons which can
have parallel or antiparallel spin, forming a triplet or singlet state, respectively, as illustrated in
Figure 2.2. An exception to the rule of the ground state being a singlet is molecular oxygen, Oo,
which is a triplet in its ground state.

—>

—+— - T
Singlet Singlet Triplet
ground state excited state excited state

Figure 2.2: Schematic illustration of electron spin in states of singlet and triplet multiplicity.

Light and matter can interact and their interactions are the basis of photophysics and spec-
troscopy. The next sections will describe the absorption and emission of photons by molecules
as well as the various relaxation processes and energy transfer events that can occur in the
excited state.

2.1.1 Photoexcitation and Relaxation Processes

The oscillating electric field of EM radiation can interact with the electron cloud of an atom
or molecule. EM radiation can add a perturbation that couples an initial state, for example a

8



2. Theory

molecule in the ground state, to a final state, a molecule in an electronic excited state, which
leads to photoexcitation of the molecule by absorption of a photon. For a radiative transition to
occur, where the transition between two states is induced by absorption or emission of a photon,
the energy difference between the two states must equal the energy of the absorbed/emitted
photon. This is called the Bohr frequency condition and is simply a criteria for energy conser-
vation. The probability of a radiative transition is given by the transition dipole moment, and
its magnitude is experimentally obtained from the intensity of absorption or the rate of emis-
sion. The oscillator strength is another measure of the transition probability. When a molecule
absorbs a photon, it can undergo a variety of relaxation processes to return to the ground state.
This is shown in a so-called Jablonski diagram in Figure 2.3. For each electronic state, illustrated
as thick horizontal lines in the Jablonski diagram, there is a set of vibrational and rotational en-
ergy levels illustrated as a set of thinner lines. Photoexcitation typically occurs from the lowest
energy level in the ground state to a higher vibrational level in the singlet excited state. From
this state the molecule undergoes vibrational relaxation, dissipating the vibrational energy to
surrounding molecules, in combination with internal conversion until the lowest energy level
of the singlet excited state, Sy, is reached. The excited state lifetime of S; is typically much
longer than the lifetime of higher excited states due to the usually large energy gap between S;
and the ground state. From S;, the molecule can return to the ground state by internal conver-
sion and subsequent vibrational relaxation or by emitting a photon by fluorescence. Vibrational
relaxation and internal conversion between excited states of the same multiplicity are usually
very fast compared to other relaxation processes and therefore fluorescence typically occurs
only from the lowest vibrational level of the S; state, as stated by Kasha s rule. The molecule
can also undergo intersystem crossing (ISC) to reach the triplet excited state, from which it can
return to the ground state by ISC or emit a photon by phosphorescence.> Transition between
states of different multiplicities are spin forbidden because it requires an electron to change
spin. Therefore, ISC and phosphorescence are typically slow processes. However, the electron
spin can couple to the electron orbital angular momentum, so called spin-orbit coupling, which
makes the transition more allowed. The effect of spin-orbit coupling is stronger in molecules
containing a heavy atom.

A
IC ;
S 82
IC < ISC
> /\/\/\/\S E JAVAVAVA'S -
o 1 ISC
2 2 NV
w Absorption T,
VR% Fluorescence Phosphorescence
> > S
> S 3 g
E A

Figure 2.3: Jablonski diagram showing relaxation processes subsequent to photoexcitation by absorption
of a photon, including vibrational relaxation (VR), internal conversion (IC), intersystem crossing (ISC),
fluorescence and phosphorescence. Sy denotes the singlet ground state and S; and S, the singlet excited
states. T; denotes the triplet excited state.



2. Theory

The relative rate of the processes illustrated in the Jablonski diagram determines the quantum
yield of the respective process. A quantum yield is defined as the number of quanta obtained
(for example the number of emitted photons or excited states) per quanta of input (the number
of absorbed photons). In the steady-state approximation, this can be rewritten as the relative
rate of the process of interest to the combined rate of all competing processes. For example, the
quantum yield of fluorescence, ®;, can be written as in Equation 2.3, where k; is the rate of
fluorescence and 3" k,,, is the rate of all non-radiative decay processes.

_ #femitted photons ky

o, = = 2.3
! #absorbed photons k¢ + > kpy 2:3)

As illustrated in the Jablonski diagram in Figure 2.3, the photons emitted by fluorescence or
phosphorescence are typically of lower energy than the initially absorbed photon, as a result of
vibrational relaxation. Another process that lowers the energy of the emitted photons is con-
formational relaxation. Radiative processes are vertical transitions, as illustrated in 2.4. This
means that there is no change in atom position during the event of absorption or emission.
Therefore, the conformation of the excited molecule will initially be the same as in the ground
state. If the potential energy surface of the excited state has another shape or is shifted in po-
sition compared to the potential energy surface of the ground state, the molecule will undergo
conformational relaxation to reach the new energy minimum conformation. This relaxation pro-
cess gives rise to a shift in energy, called the Stokes shift, between the absorption and emission
spectrum of a molecule, illustrated in Figure 2.4.

A A
Stokes Shift
3 r—
P
3 E
% Absorption E Emission Absorption
Conformation Coordinate g Photon Energy 4

Figure 2.4: Left diagram shows potential energy surfaces of the ground state and excited state. Relax-
ation in the excited state leads to a Stokes shift between the absorption and emission spectrum, shown
in the right diagram.

2.1.2 Excitation Energy transfer

Excitation energy can be transferred from a donor molecule in the excited state to another ac-
ceptor molecule in the ground state. There are two different mechanisms of excitation energy
transfer: Forster resonance energy transfer (FRET) and Dexter energy transfer. FRET is gov-
erned by the coulombic dipole-dipole interaction, where the transition dipole moment of the
donor couples to the transition dipole moment of the acceptor. The strength of the coulombic
interaction is related to the radiative transition dipole moment of the donor and acceptor.>®>7
Thereby, the rate of FRET is related to the spectroscopically easily obtained parameters of fluo-
rescence rate of the donor and absorptivity of the acceptor. In more detail, the rate constant of

10



2. Theory

FRET, krrpr, is given by Equation 2.4,

RS
krreT = g (2.4)
DA

where rp4 is the distance between the donor and acceptor, tp is the emission lifetime of the
donor in absence of the acceptor and Ry is the so called Forster critical distance, given by
Equation 2.5.

I‘\Z2(I)D J)1/6

Ry = 0.02108 - ( (2.5)

1
n
o is the emission quantum yield of the donor in absence of acceptor and n is the refractive
index of the surrounding medium. x? is a factor describing the orientation of the transition
dipole moments of the donor and acceptor, as defined in Equation 2.6 and illustrated in Figure
2.5.

k% = (cos(0pa) — 3003(9[))003(9,4))2 (2.6)
Donor Acceptor
_____ @6 D________ 7 0a__
; /////
/’e -7
NP

Figure 2.5: Illustration of the relative orientation of the transition dipole moments of the donor and
acceptor.

J in Equation 2.5 is the spectral overlap integral (with the convenient unit mol~!dm3cm~!'nm*
the way the equation is written here) between the donor emission spectrum and the accep-
tor absorption spectrum, defined in Equation 2.7, where I()) is the area normalized emission
spectrum of the donor, ¢ is the molar absorptivity of the acceptor and ) is the wavelength. An
example visualizing the spectral overlap can be seen in Figure 4.6.

J= / T()e(A)MdA 2.7)

Equations 2.4-2.7 might seem hard to digest at first sight, but they can be understood from a
more intuitive description: The rate of FRET depends on the coupling between the transition
dipole moments of the donor and acceptor. The transition dipole moment of the donor is in
these equations represented by 1p together with & in Equation 2.4 and 2.5 respectively, while
the transition dipole moment of the acceptor is represented by the integrated absorption spec-
trum in Equation 2.7. Further, the spectral overlap takes the energy conservation criteria of the
overall process into account and the orientation factor x? adjusts for the relative orientation of
the transition dipole moments.

Dexter energy transfer is governed by the electron exchange interaction. Exchange interac-
tion originates from the indistinguishability of electrons and has no classical analogue in the
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macroscopic world. The rate constant of Dexter energy transfer decreases exponentially with
increasing spatial separation of donor and acceptor, as described by Equation 2.8.

kDeater X e_BTDA (2.8)

Even though the exchange interaction is a purely quantum mechanical phenomena, Dexter en-
ergy transfer can be visualized as a simultaneous exchange of electrons between the donor and
acceptor, as illustrated in Figure 2.6. The attenuation factor, 3, in Equation 2.8 is a measure of
the height of the tunneling barrier for the exchange of electrons between the molecules. Dexter
energy transfer requires that the electron orbitals of the donor and acceptor overlap spatially.
This requirement is the origin of the exponential distance dependence in Equation 2.8, because
the electron density typically decreases exponentially with distance from the atom nuclei. Fur-
ther, the requirement of orbital overlap makes Dexter energy transfer a short-range mechanism
(some few A) that is often referred to as through-bond energy transfer. In comparison, FRET is
described as a long range (a few nanometers), through-space mechanism with a simultaneous
deexcitation and excitation of the donor and acceptor, respectively, as illustrated in Figure 2.6.
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| |
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e #
aA= S -
Donor Acceptor Donor Acceptor

Figure 2.6: Schematic illustration of FRET (top) and Dexter energy transfer (bottom). Both processes
are here illustrated with a donor in the singlet excited state, but can also occur with a donor in the triplet
excited state.

2.2 Photon Upconversion

Photon upconversion involves two types of molecules: the sensitizer that absorbs the incoming
low-energy photons, and the annihilator that emits the upconverted photon. The basics of the
PUC process are illustrated in the Jablonski diagram in Figure 2.7. The sensitizer is photoex-
cited to the singlet excited state by absorbing an incoming low energy photon. It undergoes
ISC to reach the triplet excited state. The excitation energy is transferred to an annihilator by
triplet energy transfer (TET) where the sensitizer returns to the ground state and the annihilator
reaches the triplet excited state. When two triplet excited annihilators interact, they combine
their excitation energies by triplet-triplet annihilation (TTA) so that one annihilator returns to
the ground state and the other is elevated to the higher lying singlet excited state. From the
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2. Theory

singlet excited state, the upconverted photon is emitted by fluorescence. The sensitizer and an-
nihilator molecules must fulfill some fundamental energetic requirements to enable PUC. First,
the triplet energy level of the sensitizer must match the triplet energy level of the annihilator to
enable TET. Second, the singlet excited state energy of the annihilator must not be higher than
twice the energy of its triplet excited state. Further, to enable an overall efficient upconversion
process, the sensitizer should have a high rate of ISC and the annihilator should have a high
fluorescence quantum yield. Also the triplet excited state lifetime of sensitizer and annihilator
is an important parameter, because a long-lived excited state increases the likelihood that the
molecules can find a counterpart to undergo TET or TTA. This is especially important in liquid
systems, as described below.

'An*
ISC ISC
o —
1 * 1 *
Sen *Sen* W_/ TTA AT *Sen* Sen

TET

Absorption *Fluorescence Absorption

ay

‘?er

Sen

Figure 2.7: The process of photon upconversion, transforming two low energy photons (green curved
arrows) to one higher energy photon (blue curved arrow), illustrated in a Jablonski diagram. The ground
state and excited states of the sensitizer (Sen) and annihilator (An) are here shown in red and blue,
respectively. The left superscript shows the spin multiplicity of the state and the asterisk indicates an
excited state.

2.2.1 Quantum Yield and Efficiency

The quantum yield for the overall process of PUC, ®py;c, can be written as the product of the
quantum Yyields of the substeps of ISC, TET, TTA and fluorescence, as written in Equation 2.9.

Spyc = [PrscPrerPrTa®) (2.9)

The maximum quantum yield of TTA, ®774, is 1/2 (50%), because one excited state is formed
from two initial excited states, and this sets the upper limit for ® p;;c. Some researchers choose
to present upconversion quantum yields normalized to a theoretical maximum of 100%. How-
ever, this way of presenting the yield of upconversion is better denoted as normalized upcon-
version emission efficiency and should not be confused with the actual quantum yield.>®>° The
factor f in Equation 2.9 is the spin statistical factor which describes the likelihood of generating
a singlet excited state in the TTA event. Due to spin statistics, the combination of two triplets
can result in singlet, triplet or quintet states with 1:3:5 relative ratio. In PUC, it is only the
emissive singlet state that is desired and the other states of higher multiplicity are in that re-
gard waste products. By that, only one out of nine TTA events could generate an upconverted
photon and the maximum upconversion quantum yield would hence be 1/2 x 1/9 = 5.6%.50-61
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However, upconversion quantum yield up to around 40% have been reported, which is well
above the spin statistical limit.2! The breaking of the spin statistical limit can be explained
from a closer look at the higher spin state and the spin statistics. First, the quintet is a high
energy state with four unpaired electrons, which is typically energetically inaccessible. Second,
when the combination of two triplets by TTA results in formation of one (high energy) triplet
state, effectively only one exciton is lost because the resulting triplet can be reused in subse-
quent TTA events.?%%2 Further, it has been reported that the detailed spin statistics depends on
the nature of the electronic coupling between the chromophores and their relative orientation.®?

The upconversion quantum yield depends on the excitation intensity, as a result of the bimolec-
ular nature of TTA. At low excitation intensities, the concentration of triplet excited annihilators
is low and hence also the likelihood of TTA. The rate of TTA increases quadratically with the
concentration of triplet excited annihilators, and thereby also with the excitation intensity,®4-6¢
At higher excitation intensities, the concentration of triplet excited annihilators can be high
enough that essentially all of them can find an annihilation partner within their triplet lifetime.
In this high excitation intensity regime, the rate of TTA, and thereby also the upconversion emis-
sion intensity, increases linearly with excitation intensity. The excitation intensity dependence
of the upconversion emission intensity is often plotted in a double logarithmic plot, illustrated
in Figure 2.8. The low and high excitation regimes can here be identified from the slope of
the line fitted to the experimental data points. The slope is 2 and 1 in the low and high ex-
citation intensity regimes, respectively. An excitation intensity threshold, I;;, can be obtained
from the intersect of the two lines. The intensity threshold is defined as the excitation intensity
at which half of the population of triplet excited annihilators undergo TTA under steady-state
conditions.®* The two regimes of excitation intensity are also seen in a plot of the upconversion
quantum yield, which increases approximately linearly at low excitation intensity and reaches
a plateau at higher intensities, as seen in Figure 2.8. The excitation intensity dependence is
an important parameter to consider in the development of new efficient upconversion systems.
In solar energy applications, the upconversion process must be efficient at the intensity of the
solar light. Therefore, it is desirable that the I, is well below the intensity of the solar light
integrated over the sensitizer s absorbance.
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Figure 2.8: Schematic illustration of the excitation intensity dependence of PUC emission intensity in
a double logarithmic plot (left) and quantum yield plotted in linear scale (right). The regions with
quadratic and linear excitation intensity dependence are indicated by gray background shading. The
intermediate region is shown with white background.
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2.2.2 Inter- and Intramolecular Photon Upconversion

Both TET and TTA are examples of the Dexter type interaction and are spin allowed processes
because the total spin momentum of the system is conserved. The whole upconversion process
could therefore in theory be very fast. However, the most efficient upconversion systems are
so far in liquid solution where the energy transfer events between the molecules occurs by in-
termolecular interactions in encounter complexes temporarily formed by Brownian motion. The
whole process of intermolecular PUC is therefore governed and rate limited by the diffusion of
molecules. With intermolecular PUC, the triplet excited state lifetime of the sensitizer and anni-
hilator must be long enough so the molecules have time to find each other in the solution before
spontaneously decaying to the ground state. When the molecules spend a long time in the ex-
cited state, they are susceptible to other quenching mechanisms such as triplet quenching by
molecular oxygen. Therefore, PUC in liquids does not work under atmospheric conditions and
must be properly deoxygenated to function, which is a great disadvantage for practical applica-
tions. As described in Chapter 1, intramolecular PUC would be advantageous as it enables PUC
in solid-state materials. In an intramolecular PUC system, the sensitizers and annihilators could
be connected to each other in a framework so that all energy transfer events would occur within
the molecular construct governed by fast exciton migration, rather than molecular diffusion. A
solid environment and an overall fast PUC process could make the upconversion insusceptible
to oxygen. An intramolecular PUC system must be designed carefully. Intramolecular PUC re-
quires the sensitizer and annihilator to be in close contact due to the short spatial range of the
energy transfer events. However, connecting the sensitizers and annihilators to each other could
result in additional quenching processes that are not present in a corresponding intermolecular
system in solution, where the molecules on average are far from each other. In addition, the
processes of TET and TTA are expected to be sensitive to the relative orientation of the chro-
mophores due to the requirement of orbital overlap in Dexter type interactions. The orientation
of the chromophores could have a major influence in intramolecular solid-state PUC where the
molecules are locked in a defined geometry with limited conformational flexibility. In contrast,
molecular orientation is not a prominent effect in intermolecular systems where the molecules
interact in randomly formed conformations and have the possibility to reorient and experience
multiple conformations in their attempts of TET or TTA.

2.3 Singlet Fission

Singlet fission is the formation of two triplet excited states from one initial singlet excited state,
as illustrated in Figure 2.9. Because two excitons are formed from one initial, the maximum
quantum yield of SF is 200%. The total process of triplet formation by SF can be divided into
at least two substeps: first the formation of an exciton pair of correlated triplets with overall
singlet multiplicity, ' (TT), and subsequently exciton decorrelation into two independent triplet
excitons. Just as for TTA, SF is a spin allowed process because the total spin momentum is
conserved. The law of energy conservation puts a limit on the number of molecules that can
undergo SF, as it requires the energy level of the triplet excited state of a SF chromophore
to be equal to or lower than half the energy of its singlet excited state. Some examples of
SF chromophores are diphenylisobenzofuran,33>67 rylenediimides,®8-7° tetracene*®71-72 and
pentacene,*?73-7> and derivatives thereof. The fundamental process of SF is not yet well un-
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Figure 2.9: Left: Jablonski diagram of SF. Right: Illustration of triplet pair formation by SF and subse-
quent triplet decorrelation.

derstood and Figure 2.9 shows only a simplified picture. There is an ongoing discussion in the
field about the detailed process and the influence of various intermediate states such as ex-
cimers, charge separated states and triplet pair states of overall quintet multiplicity.®>76-87 The
detailed process of SF and triplet decorrelation is best described as system dependent.

As mentioned in Chapter 1, SF can occur intramolecularly within a dimer with two connected
chromophores. In a monomeric system in solution, the interaction of the chromophores is en-
abled by Brownian motion bringing the molecules together and intermolecular SF occurs in tem-
porarily formed encounter complexes. In the same way, Brownian motion enables the formed
triplet pair to become independent triplets by dissociating the excitons and spatially separating
the molecules. In contrast, in intramolecular SF in a molecular dimer, the chromophores cannot
dissociate, which limits the degree of decorrelation that can be achieved. Further, the excited
state lifetime of the triplets formed by SF depends on the electronic coupling between the chro-
mophores. Independent triplet excitons are generally long-lived, because the direct return to
the singlet ground state is a spin forbidden process. However, in intramolecular SF, the formed
correlated triplet pair is often short-lived because of the additional decay channel of triplet re-
combination that quenches the triplets before they are fully decorrelated. Long-lived triplet
excitons is a requirement for efficient utilization of SF in for example solar energy technologies.

One parameter that has been identified to have a major influence on the process of SF and
triplet decay is the relative orientation of the chromophores.882 The conformation geome-
try of the dimer determines the magnitude of the through-bond and through-space electronic
coupling between the chromophores, which determines the kinetics of SF and triplet decay. In
a simplified picture, strong electronic coupling enables fast triplet pair formation by SF, but
increases also the likelihood of triplet decay by triplet recombination.”® This means that the de-
sign of molecular systems for intramolecular SF is a balance between strong enough electronic
coupling between the chromophores to enable efficient triplet pair formation, but low enough
coupling to enable formation of long-lived independent triplet excitons that can be harvested.
The orientation of chromophores is of less importance when studying intermolecular SF in liquid
systems where the chromophores interact in temporarily formed collision complexes and can do
several attempts of SF in various geometries. However, in intramolecular SF, the chromophores
are locked to each other in a more defined geometry. Hence, the study of intramolecular SF
enables investigation of the effect of chromophore orientation and intramolecular electron cou-

pling.
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This chapter provides an overview of the methods used in this thesis. Experimental spectro-
scopic techniques are presented and various procedures for fitting experimental data to a phys-
ical model are described. Finally, it is briefly described how computational chemistry have been
used in this thesis.

3.1 Steady-State Absorption and Emission

In steady-state absorption and emission spectroscopy, the radiative transitions between the elec-
tronic ground state and various excited states are investigated. By studying how the intensity of
absorbed/emitted light depends on the wavelength of the light, information about the excited
state energy levels can be acquired, according to Bohr s frequency condition. Quantification
of emission intensity can also provide information about decay channels from the excited state
and energy transfer pathways.

3.1.1 Absorption Spectroscopy

UV-vis absorption spectroscopy can be used to identify the chromophores in a sample and mea-
sure their concentration. The optical outline of an absorption spectrometer can be seen in Figure
3.1. White light from a light source is passed through a monochromator. The monochromator
usually consists of a diffraction grating, which split the incoming white light into different an-
gles depending on wavelength, and a slit, which is used to select a narrow wavelength range
to be passed towards the sample. The light is split up into two parallel beams: the probe beam
and the reference beam. The probe beam is directed through the sample and onto a detector.

o —/

Light source Monochromator Sample Detector

Reference
Detector

Figure 3.1: Schematic illustration of the optical setup of an absorption spectrometer.
The transmittance, T, of the sample can then be calculated from the ratio of the intensity of the

light before and after the sample, Iy, and I, respectively, where I is determined from the refer-
ence beam measured by a reference detector. Usually, the result is monitored as absorbance, A,
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calculated according to Equation 3.1.
A =logio(1p/I) (3.1)

By adjusting the monochromator, the absorbance of the sample at different wavelengths can
be recorded and an absorption spectrum can be constructed. The absorbance of a sample at
a wavelength, ), is proportional to the concentration, C, of the dissolved solute according to
Lambert-Beer “s law, Equation 3.2.

AN) =e(N)dd (3.2)

Here, ¢ is the molar absorptivity, which is a measure of the probability of a molecule absorbing
a photon of wavelength A, and [ is the optical path length through the sample (the sample
thickness).

3.1.2 Emission Spectroscopy

An emission spectrometer generally consists of a light source, an excitation monochromator,
an emission monochromator and a detector, as illustrated in Figure 3.2. Excitation light from
a white light source is passed to the sample through the excitation monochromator, which is
set to a wavelength that the sample absorbs. Light emitted from the sample is passed through
the emission monochromator and directed towards the detector. By this design, an emission
spectrum can be constructed from the recorded emission intensity at each wavelength set by
the emission monochromator. Further, by scanning the excitation wavelength in the excitation
monochromator while measuring the emission intensity at a fixed emission wavelength, an exci-
tation spectrum can be constructed. The excitation spectrum will thus show which wavelengths
of excitation light that give rise to emission and it does typically, but not necessarily, resemble
the absorption spectrum of the sample.

\ |/
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Monochromator Detector

Figure 3.2: Schematic illustration of the optical setup of an emission spectrometer.

3.2 Transient Absorption

Transient absorption (TA) is a technique used to study the time evolution of an excited state by
monitoring the absorption to higher lying states. Just like a steady-state absorption spectrum is
a characteristic of the ground state and can be used to identify the chromophore components
in a sample, the excited state absorption can be used to identify and track excited state species.
TA is a pump-probe technique where the sample is first photoexcited using an intense light flash
(pump) and the absorption spectrum of the sample is subsequently read out using a probe light,
as illustrated in Figure 3.3. By varying the time delay between the pump and probe pulse,
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a three-dimensional plot showing the time evolution of the TA spectrum can be constructed.
Typically, the TA is plotted in a differential absorption spectrum, A A, as the absorption of the
sample after pump pulse minus the absorption of the sample without pump pulse. Thanks to
the logarithm quotient identity, AA at a specific wavelength and delay time can be calculated
according to Equation 3.3

AA = logio(I-/14) (3.3)

where 7, and 7_ is the intensity of the probe light transmitted through the sample with and
without a preceding pump pulse, respectively. By this, positive signals in the differential ab-
sorption spectrum will correspond to excited state absorption (ESA). ESA bands can sometimes
be assigned to certain transitions and are then often denoted as S; — S,, or 17 — T, transitions,
meaning a transition from the first excited state to one or several n:th higher excited states of
singlet or triplet multiplicity, respectively. Depletion of the ground state population (ground
state bleach) induced by the pump pulse together with stimulated emission induced by the
probe pulse will result in a negative contribution to the differential absorption. Therefore, neg-
ative signals in the TA spectrum resembles the steady-state absorption spectrum superimposed
with features from the emission spectrum, as illustrated in Figure 3.3.
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Figure 3.3: Schematic illustration of transient absorption. a) The sample is photoexcited with the pump
pulse and the absorbance is measured using the subsequent probe beam. b) Excitation by pump pulse and
probe pulse shown in a simplified Jablonski diagram. ¢) Transient absorption spectrum (upper graph) in
comparison to steady-state absorption spectrum (lower graph).

The optical setup for measuring TA differs depending on the time resolution and the time win-
dow of interest. In nanosecond transient absorption (nsTA), monitoring photophysical processes
in the time window of some few nanoseconds up to milliseconds, the time delay between the
pump pulse and the read out of the probe can be controlled electronically. In the nanosecond
TA setup used in this thesis, the pump pulse is generated by a nanosecond pulsed Q-switched
laser. An optical parametric oscillator (OPO) is used to select the wavelength of the pump. The
probe light from a continuous white lamp hits the sample in right angle to the pump beam
and is directed towards the detector. A monochromator on the detection side of the sample
enables monitoring of the TA signal in a narrow wavelength region. The TA signal is calculated
from the variation in probe light intensity with time after the pump pulse. Depending on the
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application, a photomultiplier tube (PMT) or photodiode can be used as detector for measur-
ing the dynamics at a single wavelength. Alternatively, a charge coupled device (CCD) camera
can be used to measure the time evolution of the full TA spectrum. In femtosecond transient
absorption (fsTA), monitoring photophysical processes in the time window from some tens or
hundreds of femtoseconds to some few nanoseconds, electronics is not fast enough so the delay
between the pump and probe must be controlled optically. The setup used in this thesis is using
a femtosecond pulsed laser (a mode locked Ti:sapphire laser with a regenerative amplifier) to
generate both the pump and probe beam from the same laser pulse. The delay between the
pump and probe is controlled by extending/contracting the optical path length of one of the
beams in an optical delay stage. The probe beam is passed through a CaF, crystal to generate
a white light continuum that is focused onto the sample, superimposed onto the focused pump
beam. The transmitted probe light is passed to a CCD camera where the spectra with and with-
out a preceding pump pulse are recorded. These spectra are then used to construct the three
dimensional AA(\, t) spectrum.

3.3 Time-Resolved Emission

Time-resolved emission spectroscopy can be used to monitor how the emission intensity or emis-
sion spectrum evolves in time after an excitation pulse. Depending on the time scale of interest,
there are different techniques that can be used. At longer time scales, > ~1 ns, modern elec-
tronics are fast enough to read out the transient signal directly from the emission detector, for
example using a photodiode, a PMT, or a CCD detector. However, for measuring time-resolved
emission at even shorter time scales, more advanced techniques are required. Two such tech-
niques have been used in this thesis. The operation principle of these techniques are described
below.

3.3.1 Time Correlated Single Photon Counting

The technique of time correlated single photon counting (TCSPC) is based on the measurement
of the time after an excitation pulse that a photon emitted from the sample reaches the detec-
tor. A schematic illustration of the method is shown in Figure 3.4. The sample is excited with a
pulsed laser where each laser pulse is shorter or similar to the time scale of the emission kinetics
of interest. The emission from the sample is detected using a micro-channel plate photomul-
tiplier tube (MCP-PMT) placed after an emission monochromator. Using various filters, the
emission intensity detected by the MCP-PMT is turned down so that individual photons arriving
at the detector can be resolved. By measuring the time of the first emitted photon arriving at
the detector after an excitation pulse, and repeating over several excitation pulses, a histogram
can be constructed with time after excitation on the x-axis and number of photons on the y-axis.
This histogram represents the time evolution of the emission intensity. The time resolution of
TCSPC is typically down to ~50 ps, depending on the pulse width of the laser and the time
response of the detector.
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Figure 3.4: Schematic illustration of the operation principle of TCSPC.

3.3.2 Streak Camera Detection

Time resolved emission using streak camera detection enables a time resolution down to ~1 ps
or even shorter. A streak camera separates the emitted photons in different angles depending
on both wavelength and on time of arrival. Streak camera detection can therefore show the
time evolution of the whole emission spectrum, which is in contrast to TCSPC where the PMT
detector only gives the emission time evolution at one wavelength set by the monochromator.
The operation principle of a streak camera is shown schematically in Figure 3.5. The sample is
excited using a pulsed laser. The photons emitted from the sample are directed into a spectrom-
eter where they are separated in wavelength by a diffraction grating, causing them to propagate
in different angles in one plane. A photocathode converts the stream of photons into a stream
of electrons. Because electrons are electrically charged, they can be deflected by an electric
field. By applying an increasing electric field, the electrons will be deflected according to time
of arrival; the first arriving electron will experience a small electric field and only be slightly
deflected, while later electrons will experience a larger electric field and hence be deflected
more. The electric field is applied in a direction so that the plane of deflection is perpendicular
to the plane of the diffracted photons. By that, the propagation direction of the electrons is
a function of emission wavelength in one dimension and a function of time of arrival in the
other dimension. A phosphor screen is used to convert the stream of electrons back to a stream
of photons, which is detected by a CCD camera. The acquired image is a grayscale color map
showing emission intensity as a function of both time and wavelength.
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Figure 3.5: Schematic illustration of time resolved emission spectroscopy using streak camera detection.

3.4 Fitting Procedures

Extracting physical parameters such as rate constants or binding constants from experimental
data requires a physical model that describes the system or the process. In this section, some
fitting procedures and models used in this thesis are described.

3.4.1 Fluorescence and Phosphorescence — First-Order Kinetics

The rate constant of excited state deactivation can be extracted from the time profile of the
emission decay signal following a short excitation pulse. Fluorescence and phosphorescence
from an excited chromophore are both examples of first-order kinetic processes. The rate of
depopulating the excited state after a short excitation pulse can be described with a single first-
order differential equation with a starting condition (Equation 3.4).

d[X*]

Cdt
Here, [X*] is the concentration of the excited chromophore X, kg is the rate constant of excited
state deactivation and ¢ is the time. It should be noted that kg is the sum of all first-order
processes that depopulates the excited state, including for example fluorescence/phosphores-
cence, internal conversion and other non-radiative decay channels. The analytical solution to
this differential equation is an exponential decay as presented in Equation 3.5, where [X ™| is
the initial concentration of excited chromophores at time zero.

= —kp- X7, [X)=0)= (X" (3.4)

[(X*](t) = [X*]o - e ket (3.5)

Because the emission intensity, /, is proportional to the concentration of excited chromophores,
the emission decay traces following a short excitation pulse (as typically used in time resolved
emission spectroscopy) can be fitted to a single exponential decay, where kp is the fitting pa-
rameter of interest. However, sometimes a single exponential decay is not enough to to fit the
observed emission decay and more advanced models, like a multiexponential decay (Equation
3.6), can be used. The physical interpretation of a multiexponential emission decay is that
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the sample contains multiple subpopulations of the emitting chromophore, where each subpop-
ulation, n, is adding one exponential term to the emission decay function with its own rate
constant.

I(t) = Ioy e tent (3.6)

Using Equation 3.5 or 3.6 for fitting an observed emission decay assumes that the instrument
response function (IRF), that is the overall time response of the instrument combining the pulse
width of the excitation source and the response profile of the detection system, is fast compared
to the time scale of the emission decay. However, if they are on the same time scale, the observed
emission decay, I,,; will be a function of the ’true emission’ time profile, I, convoluted with the
IRF (Equation 3.7).%4

Lops(t) = /t IRF(z) - I(t — z)da (3.7)

In order to take the IRF into account, the fitting is made using deconvolution of the IRF. The
fitted emission decay function /(¢) in Equation 3.7 is chosen after the physical model describing
the system and can for example be a single- or multi-exponential decay, as in Equation 3.5
or 3.6. The IRF is usually recorded by measuring the time profile of scattered light from the
excitation pulse.

3.4.2 Upconversion Emission - Second-Order Kinetics

The time evolution of upconverted emission provides valuable information about the upcon-
version process. It can be used to extract for example the rate constant of TTA and the triplet
excited state lifetime of the annihilator, parameters that otherwise might be difficult to measure
directly due to the optically dark nature of the annihilator triplet excited state. As described in
Section 2.2, TTA is a bimolecular reaction and follows second-order kinetics, which means that
the rate of depopulation of the triplet excited annihilator, 3 A*, is proportional to the square of
its concentration. The total rate equation for depopulation of 3A* in photon upconversion is
given in Equation 3.8.

d[> A*]

dt

The terms on the right-hand side of the equation reflects the different decay channels; the first
term corresponds to the second-order TTA process with rate constant k774 and the second term
corresponds to first-order internal decay with rate constant k7. The factor 2 is included in the
first term to take into account that two triplet excited annihilators are consumed for each TTA
event. The analytical solution to Equation 3.8 is given in Equation 3.9.6%9°

1-p

et-k‘T _ /B

= —2kppa - PA*)? — kp - PAY] (3.8)

PA) = P A (1=0) - (3.9)
Here, [3A*](t:0) is the concentration of 34* at time zero. 3 is a dimensionless parameter re-
flecting the initial relative rate of TTA and internal decay at time zero, as defined in Equation
3.10.

2krTA - [3A*](t:0)

p= kr + 2krra - [2A*](1=0)

(3.10)

Because of the bimolecular nature of TTA, the upconversion emission intensity, I;;¢, iS propor-
tional to the square of the concentration of triplet excited annihilators. Therefore, the time

23



3. Methods

decay of upconversion emission, Iy;¢(t), is described by Equation 3.11.

_ 2

Tve®) > (PA10)" = (P4 emny i) (3.11)
By fitting the observed decay of upconversion emission intensity after a short excitation pulse
to Equation 3.11, the annihilator triplet lifetime (=1/k7) can be extracted. Further, if [3A*](t:0)
can be estimated, k774 can be extracted from Equation 3.10. It should be noted, though,
that this fitting requires that the initial condition [*A*](t = 0) = [*A*],—p) can be defined.
Usually this is not the case because the triplet excited annihilator is not formed directly from
the excitation pulse but is populated by TET from the photoexcited sensitizer. Therefore, a
short excitation pulse results in a nonzero build-up time of [>A*] and hence an initial rise of
the upconversion emission signal before it starts to decay, as illustrated in Figure 3.6. However,
if for example the triplet sensitization process can be assumed to be much faster than the TTA
process, the later part of the upconversion emission decay can be fitted to Equation 3.11. As
given from Equation 3.10 and 3.11, the curvature of the upconversion emission decay trace
depends on both k74 and [3A*](t:0), where the latter depends on the excitation intensity. For
example, Equation 3.11 reduces to a single exponential decay in the limit of 5 = 0.

Emission Intensity

\ 4

Time

Figure 3.6: Illustration of the upconversion emission time profile. The black solid line shows the typical
features of upconversion emission intensity after a short excitation pulse with a rise of the signal resulting
from the population build-up of 2 A* by TET from the photoexcited sensitizer and a subsequent decay of
the signal. Gray dashed line shows fit of the decay profile to Equation 3.11.

3.4.3 Global Analysis and Singular Value Decomposition

The simplest form of data fitting is when the variation of one experimentally observed depen-
dent variable is a function of one independent variable. This can for example be the variation
in emission intensity at one wavelength over time. In spectroscopy, it is common that the de-
pendent variable is a set of data, for example emission intensities at different wavelengths or
a whole emission spectrum that varies with the independent variable, for example time. In
such cases, global analysis can be used to extract the physical parameters in the model that are
shared for the whole data set (global parameters) as well as the parameters that are unique for
each data. In the example with an emission spectrum that decays with time, the emission life-
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time could be a global parameter that is the same for all emission wavelengths. By using global
fitting, the influence of measurement noise can be reduced because the fitting parameters that
best fit the whole data set is calculated at once instead of for each individual data.

A method for global analysis that can be used to extract the individual spectral components in
a set of spectra is singular value decomposition (SVD). SVD is based on linear algebra and is a
generalized version of eigendecomposition for a non-square matrix.”® It is a general mathemat-
ical tool that in this thesis has been used both to calculate the binding constant of a molecular
complex from the absorption spectra in a titration series (Paper I) as well as for analyzing tran-
sient absorption data (Paper IV). Here, an example of time evolution of an absorption spectrum
(transient absorption spectrum) will be used to describe global analysis by SVD.

An absorption spectrum or transient absorption spectrum is a linear combination of the indi-
vidual spectra of each absorbing species in the sample (the spectral components). The exper-
imentally obtained absorbance A(),t¢) at wavelength A and time ¢ can be written as an m x n
matrix,

A=l (3.12)
Ami - Amn

where each column represents a spectrum at a certain time and each row represents the time
evolution of the absorbance at a certain wavelength. The SVD theorem states that an m x n
matrix A can be decomposed into a product of matrices,

A =UxVT (3.13)

where the columns of the m x m matrix U are orthogonal (linearly independent) spectral com-
ponents spanning the spectral vector space of the spectra in A. In the example of transient
absorption, each spectral component represents one absorbing species. The n x n matrix V con-
tains information about the intensity evolution profile corresponding to the orthogonal spectral
components, that is, the concentration time profile of the respective species in the example of
transient absorption. The elements of the diagonal m x n matrix X are the singular values corre-
sponding to each spectral component in descending order where the magnitude of the singular
values represents the weight of each spectral component. In a physical interpretation of the
spectral decomposition, the number of spectral components necessary to describe the observed
absorption spectra A should equal the number of absorbing species in the sample. However,
U contains m spectral components, where m in the example of transient absorption equals the
number of wavelengths in the spectra. Hence, only a few of the column vectors of U carries
any significant spectral information. By reducing the matrices U, 3 and V to U,, ¥, and V.,
only keeping the respective vectors corresponding to the significant spectral components, the
measured absorption spectra can be approximated as in Equation 3.14

A~ A, =U,x. VT (3.14)

Thereby the noise that is carried by the excluded spectral components can be reduced. There are
multiple solutions to Equation 3.13 and the column vectors of U does therefore not necessarily
resemble the real absorption spectra of the absorbing species in the sample. In order to find
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the real absorption spectra as well as the corresponding concentration time profiles, a physical
model describing the system must be defined. In the example with transient absorption, it is
a kinetic model of how the absorbing species are related and how their concentrations evolve
in time, which can be defined as a set of differential equations. This model is used to find the
rotation matrix, R that best fits the observed spectra such that

V. =RC (3.15)

where C is a concentration matrix containing the concentration time profiles defined by the
kinetic model. The fitted rotation matrix is then used to rotate the spectral component matrix
U, according to

T =U;R (3.16)

where T contains the absorption spectra of each species as defined in the kinetic model.®” When
SVD is used for analyzing transient absorption data, the obtained spectra in T are often referred
to as species associated spectra (SAS).%%%?

3.5 Computational Chemistry — Density Functional Theory

Computational chemistry has been used in this thesis as a complement to aid the discussion and
interpretation of experimental results. More specificly, density functional theory (DFT) has been
used to find the lowest energy conformation of various molecules and to calculate the potential
energy of bending or rotation around a bond. Also, time-dependent DFT (TD-DFT) has been
used to calculate electronic transitions of a molecule. Readers interested in the fundamental
mathematics and quantum physics behind computational chemistry and DFT are referred to
one of the several textbooks on the topic.>*1% In this thesis, all DFT calculations were per-
formed in the Gaussian 16 program package.!°!

Computational chemistry is basically about numerically solving the Schrodinger equation for
an electronic system, Equation 2.2. The DFT method is based on the Hohenberg-Kohn theo-
rem, stating that the total energy of the system can be determined from the electron density.0?
The energy is hence described as a functional (a function of a function) of the electron density,
which is a function of space. The electron density in DFT is described as a linear combination
of orbitals, which in turn are described as linear combinations of orthogonal functions in a ba-
sis set.19% This can be seen as an analogy to a vector space where any vector (electron density
function) in a space can be described as a linear combination of a set of orthogonal basis vectors
(basis functions) spanning that space. Because it is impossible to use an infinite complete basis
set, a truncated set is used where only the significant basis functions are present. Therefore,
the choice of basis set in DFT calculations is important and must be done with care to balance
between accuracy of the result and computational cost. Also the functional to use must be cho-
sen with care depending on the molecule and property of interest, because different functionals
take the electron exchange and correlation energy into account in different ways.

When searching for the lowest energy conformation of a molecule, the principle algorithm of
a DFT calculation is as follows: A first start guess of the position of the atomic nuclei in the
molecule of interest is made based on chemical intuition of what could be anticipated to be
close to its lowest energy structure. Based on the given nuclei coordinates, an initial guess
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is made on the electron density around the nuclei. From the electron density, the energy of
the system can be calculated using the chosen functional. The electron density that gives the
lowest energy for that particular molecular geometry is then found by iterating over the electron
density in a self-consistent procedure. In a second outer iteration loop, the nuclei can be re-
positioned and the energy of this new conformation is calculated as above. This procedure is
repeated iteratively until convergence, which yields the minimum energy conformation of the
molecule. The obtained lowest energy conformation of a molecule can be interesting in itself
but can also be used as a starting point to investigate for example how much energy that is
required to bend or rotate a molecule. This can be done by changing one coordinate (that is, an
atom position, a bond length or bond angle) and calculating the energy of the new conformer
in a single point calculation. However, only forcing the molecule to bend/rotate around one
coordinate and calculating the energy of the new conformer does typically not yield a correct
representation of the real system. This is because in a real molecule the other coordinates would
adapt to the new bent/rotated structure and relax to find a new energy minimum. To take this
into account, a relaxed scan can be performed where only one coordinate is locked and all
other coordinates are free to optimize. An illustration of a relaxed versus non-relaxed scan is
shown in Figure 3.7. A relaxed scan was used in Paper IV where the potential energy of rotation
around a bond connecting two pentacene units was calculated, as will be described in Section
5. Finally, TD-DFT can be used to calculate properties of the excited state. For example, it can
be used to calculate the electronic transitions of a molecule in a given molecular conformation.
The energy of the electronic transitions together with their oscillator strength (intensity) can be
used to construct an absorption spectrum of the molecule. This was done in Paper IV where the
calculated electronic transitions of various conformers of the same molecule was compared to
the measured absorption spectrum, see Section 5.
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Figure 3.7: Illustration of relaxed and non-relaxed scan in a two-dimensional space, scanning over
coordinate xo, starting at the point marked by the yellow star. The green path illustrates a relaxed scan,
where the system is free to relax in the other coordinate(s) for each each set position in x,. The red path
shows a non-relaxed scan where coordinate x; is kept fixed while scanning over coordinate xs.
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Intramolecular Photon Upconversion

This chapter presents the central results from Paper I-III,194-106 describing the search for intra-
molecular photon upconversion systems. The substeps in the upconversion process have been
analyzed separately in a stepwise approach to gain insight in the parameters that are impor-
tant for designing efficient intramolecular upconversion systems. In the first section, the energy
transfer processes within a sensitizer-annihilator complex are described. This is followed by
a section where intramolecular TTA in an annihilator polymer is studied. In all investigations
presented in this thesis, the upconversion systems have been composed of a metal porphyrin as
sensitizer and various derivatives of 9,10-diphenylanthracene (DPA) as annihilator. The absorp-
tion and emission spectrum for such a system is exemplified with platinum octaethylporphyrin
(PtOEP) and DPA in Figure 4.1. This sensitizer and annihilator constitutes a green-to-blue
upconversion system. The low energy photons are absorbed by the sensitizer around 530 nm
and the upconverted photons are emitted by the annihilator in the wavelength range of ~400-
475 nm

DPA

Normalized
Absorbance/Emission

PtOEP

' I ' I 'J¥I ' I v I ' I

400 500 600 700
Wavelength (nm)

Figure 4.1: Absorption spectrum (unfilled) and emission spectrum (filled) of DPA and PtOEP

4.1 Sensitizer-Annihilator Interactions

To study the effect of attaching the sensitizer and annihilator to each other, a model system
consisting of a sensitizer-annihilator coordination complex was investigated. A set of annihi-
lator subunits was used in the investigation, seen in Figure 4.2. They all consist of a pyridine
substituted derivative of DPA but have different features such as a varying number of phenylene
spacers and anthracene moieties, which enables studying the effect of the sensitizer-annihilator
spatial separation. For the sensitizer subunit, two different metal porphyrins were used: ruthe-
nium(carbonyl) octaethylporphyrin (RuOEP) and zinc octaethylporphyrin (ZnOEP). The pyri-
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dine substituent on the annihilator coordinates to the central metal atom in the porphyrin,
forming a dative bonded Lewis acid-base-pair. The coordination geometry of the sensitizer-
annihilator complex is defined by coordination cone angle, 6, between the annihilator ligand
and the porphyrin plane, as schematically illustrated in Figure 4.2.
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Figure 4.2: Left: The pyridine substituted anthracene annihilator subunits used in the study. Right: One
example of the sensitizer-annihilator coordination complexes formed from an anthracene annihilator
coordinating to a metal porphyrin sensitizer. M = Ru(CO) or Zn. 6 is the coordination cone angle
between the porphyrin plane and the coordinated annihilator ligand.

The sensitizer-annihilator binding constant have been determined using absorption titration. In
this experiment, the change in the sensitizer absorption spectrum was followed as the concen-
tration of the annihilator ligand was increased. The obtained absorption spectra were analyzed
using SVD to extract the binding constant, as demonstrated in Figure 4.3.1%107 The obtained
binding constants varies a little for the different annihilator ligands but are in the range of
1-50x10M~! and 2-6x103M~! for RuOEP and ZnOEP, respectively. To illustrate what this
difference in binding constant of the two porphyrins means, it can be calculated that in a so-
lution of 100 M with 1:1 molar ratio of sensitizer and annihilator, approximately 90% of
the annihilator ligands will be coordinated to RuOEP, but with the same concentrations only
approximately 30% will be coordinated to ZnOEP. More importantly, the different binding con-
stants implies that the coordination lifetime of the complexes is different. The binding constant,
K, is an equilibrium constant defined by the rate constant of complex formation of the complex,
kon, and the rate constant of dissociation, k¢, as described by Equation 4.1.

kon

Kot f

Assuming that the rate of formation is diffusion limited with k,,, ~ 10° M~!'s~!, the rate constant
of dissociation can be calculated as k,¢s = kon/K. This calculation yields k,¢f ~ 103 s~1 and
~ 10% s~! for the RuOEP and ZnOEP complexes, respectively. Hence, the coordination lifetime
(= 1/koyys) is in the range of 1ms for the RuOEP complexes but only ~1 us for the ZnOEP
complexes.

K =

4.1)
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Figure 4.3: Shift in absorption spectrum of RuOEP upon ligand binding titration with AnPh1m as ligand,
from black to red. Dashed lines show measured absorption spectra and solid lines show fitted spectra
calculated using SVD. Reproduced from Ref. 104 with permission from the Royal Society of Chemistry.

4.1.1 Triplet Energy Transfer

The kinetics of triplet energy transfer in the sensitizer-annihilator complex was analyzed with
RuOERP as the sensitizer using both ns-TA and time resolved emission spectroscopy. Photoexcita-
tion of the RUOEP moiety results in almost quantitative ISC to its triplet excited state followed
by TET to the coordinated annihilator. The annihilator triplet excited state is located only ap-
proximately 0.13 eV below the triplet excited state of RuOEP, therefore, thermally activated
triplet energy transfer back to the sensitizer is possible (bTET).'%* This results in a pseudo-
equilibrium between the triplet excited state of the RuOEP and the annihilator, as illustrated in
Figure 4.4. The rate constants of TET, krpr, and bTET, kyrgr, were obtained by studying the
T, — T, transition of RuOEP in ns-TA. Due to the complex dynamics of excitation energy transfer
in this system, the time profile of the RuOEP triplet excited state follows a biexponential decay
where the two time constants contain information about krpp and kyrpr.1°® The fitted time
constants together with information about the intrinsic triplet lifetime of RuOEP and phospho-
rescence quantum yield of the complex could therefore be used to obtain krpr and kyrpr for
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Figure 4.4: Jablonski diagram of the sensitizer-annihilator complex (S-A), showing TET and bTET be-
tween the triplet excited states of the RuOEP sensitizer and the coordinated anthracene annihilator.
kr,s and kr 4 are the rate constant of spontaneous triplet deactivation of the sensitizer and annihilator,
respectively.
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the different sensitizer-annihilator complexes, as presented in Table 4.1.

Table 4.1: Rate constants of triplet energy transfer (TET) and triplet energy back transfer (bTET) of the
sensitizer-annihilator complexes with RuOEP. Data from Paper 1.104

Ligand krer (s71) kyrer (s71)
AnPhlm > 10 x 10° >2x 108
AnPhl 3.6 x 107 7.3 x 10°
AnPh2 7.6 x 10° 2.1 x 104
AnPh3 8.4 x 10* 1.7 x 103
AnPh5 3.3 x 10* 0.2 x 103
AnD3 3.7 x 107 3.4 % 10°
AnD7 3.8 x 107 2.4 x 10°

As can be seen in Table 4.1, both kr g1 and kyrpr decrease with increasing spatial separation of
the sensitizer and annihilator (following the series AnPh1-5). This trend is expected considering
that TET is a Dexter type process, for which the rate of energy transfer depends exponentially
on the distance between the chromophores. That kg is approximately two orders of magni-
tude lower than kg for these complexes reflects that bTET is an energetically uphill process
owing to the energy separation of the sensitizer and annihilator triplet excited states. Compar-
ing the meta coordinated annihilator, AnPh1m, with the para coordinated, AnPh1, it is clear
that the rate constants of both TET and bTET is at least two orders of magnitude higher for the
meta-coupled coordinated complex. This reflects the orbital overlap dependence of the Dexter
energy transfer mechanism. Finally, for the two dendrimeric annihilators AnD3 and AnD?7, the
rate constant of TET is very similar to that of AnPh1. This is expected considering that they
are all coordinated to the RuOEP in the same geometry and with the same spatial separation
between the sensitizer and the first anthracene moiety. However, the rate constant of bTET is
lower for the larger dendrimeric annihilators. This could be caused by triplet exciton migration
within the dendrimer, which results in an effective larger spatial separation of the annihilator
triplet exciton and the sensitizer.

Taken together, the results presented here show that triplet sensitization of an annihilator is
possible and can be very efficient in an intramolecular upconversion system. One drawback
observed when connecting the sensitizer and annihilator is the triplet energy back transfer,
but the effect of this could potentially be reduced by using a larger annihilator framework. It
should also be noted that the investigation about bTET conducted for the RuOEP complexes
could not have been performed in the same way for the ZnOEP complexes. This is because the
coordination lifetime of the ZnOEP complex (as described above) is shorter than the expected
rate constant of bTET, which means that the average ZnOEP complex will have time to dissociate
before it has time to do bTET.

4.1.2 Singlet Energy Transfer

The previous section described the excitation energy transfer occurring on the triplet surface
within a sensitizer-annihilator complex. Excitation energy transfer between chromophores can
also occur between states of singlet multiplicity, so called singlet energy transfer (SET). For an
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intramolecular upconversion system, the close proximity between the annihilator and sensitizer
constitutes a risk of the fluorescence from the annihilator, that is the upconverted emission, is
quenched by SET to the nearby sensitizer. In order to investigate the potential effect of SET
in intramolecular upconversion, a set of sensitizer-annihilator complexes consisting of ZnOEP
or RuOEP as sensitizer and AnPh2, AnPh3 or AnPh5 as annihilator was used (Figure 4.2). By
photoexciting the annihilator moiety and studying the fluorescence decay kinetics, the rate con-
stant of SET, ksgr, could be calculated for the different coordination complexes.

The calculated rate of SET as a function of the sensitizer-annihilator spatial separation can be
seen in a double logarithmic plot in Figure 4.5. In comparison to the rate constant of annihilator
fluorescence, which is approximately 2.5 x 108 571,107 k5 pr is at least one order of magnitude
higher for all complexes. This means that fluorescence from the anthracene moiety is outcom-
peted by SET to the coordinated porphyrin, and hence that any potential upconverted emission
will be heavily quenched. It can also be noticed that kggr is approximately one order of mag-
nitude larger for the RUOEP complexes compared to the respective ZnOEP complex. In the
following paragraphs, evidence will be presented showing that the mechanism of SET depends
on the central metal atom in the porphyrin sensitizer; SET is governed by FRET in the ZnOEP-
complexes but is governed mainly by Dexter energy transfer in the RuOEP complexes. Further,
the FRET theory has been used to estimate the coordination angle between the porphyrin and
anthracene moiety, which is discussed in relation to how SET quenching can be reduced in an
intramolecular upconversion system.
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Figure 4.5: Rate constant of SET for the different sensitizer-annihilator complexes at room temperature.
The sensitizer-annihilator spatial separation was estimated from the porphyrin central metal atom to the
center of the anthracene core in an optimized structure.'%”

A first indication showing that different mechanisms are governing SET in the different com-
plexes comes from the spectral overlap of the donor (anthracene) emission spectrum and ac-
ceptor (porphyrin) absorption spectrum, as seen in Figure 4.6. According to the FRET theory,
Section 2.1.2, the rate constant of FRET is proportional to the spectral overlap. Hence, assuming
a FRET based mechanism, the larger spectral overlap for the ZnOEP complexes should result
in kgpr being higher for the ZnOEP complexes than for the RuOEP complexes, but Figure 4.5
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shows the opposite. From this simple observation it is clear that the FRET theory cannot explain
the observed SET in both the ZnOEP and RuOEP complexes.
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Figure 4.6: Illustration of the spectral overlap of the sensitizer-annihilator complexes with ZnOEP (left)
and RuOEP (right) as sensitizer and AnPh5 as annihilator. Absorption spectra of the pyridine coordinated
porphyrin is here used to represent the absorption of the sensitizer moiety in the molecular complex. All
spectra were measured at room temperature.

As described in Section 2.1.2, how the rate constant of SET depends on the distance between the
donor and acceptor moiety can be used to elucidate the mechanism of SET. The distance depen-
dence can be obtained from Figure 4.5, where the spatial separation of the donor (anthracene)
and acceptor (porphyrin) is given by the length of the phenylene spacer bridge. The slope of
the linear fit in Figure 4.5 is -6.11 +0.57 and -7.27 £+ 0.18 for ZnOEP and RuOEP, respectively.
This indicates that SET in the ZnOEP complexes is governed by FRET, for which a slope of -6 is
expected (Equation 2.4). In contrast, the larger slope for the RuOEP complexes indicates that
the FRET approximation is not sufficient to explain the observed rate of SET. Hence, the higher
rate of SET for the RuOEP complexes must be a result of Dexter energy transfer in addition to
FRET.

The total observed rate constant of SET for the RuOEP complexes can be described as a sum of
Dexter energy transfer and FRET, Equation 4.2,

kSET = kDextET + kFRET (42)

where kprpr and kpegter are the rate constants of FRET and Dexter energy transfer compo-
nent, respectively. It should be noted that this assumes that other quenching processes such as
electron transfer can be excluded, which is further discussed in Paper II. The relative contribu-
tion of FRET and Dexter energy transfer in the RuUOEP complexes can be estimated using the
FRET theory. Assuming that both the ZnOEP and RuOEP complexes possess the same coordi-
nation geometry, that is, they have the same orientation factor, x, and that SET in the ZnOEP
complexes is governed only by FRET, the FRET component for the RuOEP complexes can be
calculated from Equation 2.4 and 2.5, where the spectral overlap integral, J, is calculated from
the measured absorption and emission spectra. The separated rate constant of FRET and Dexter
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energy transfer is shown in Figure 4.7 for the RuOEP-AnPh5 complex for various temperatures.
krrer for ZnNOEP-AnPhS5 is included in the same graph for comparison. As can be seen in this
figure, the rate constant of Dexter energy transfer is dominating and contributes to 92-95% of
the total observed SET at all temperatures.
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Figure 4.7: Rate constant of SET divided into its components of FRET and Dexter energy transfer for
RuOEP-AnPh5 and ZnOEP-AnPh5 at various temperatures. Here, SET in ZnOEP-AnPh5 is assumed to
be governed solely by FRET, as concluded above.

The conclusion about FRET and Dexter energy transfer being the dominating mechanism of
SET for the ZnOEP and RuOEP complexes, respectively, can be explained from a closer look
at the molecular orbitals involved in the lowest energy transitions, shown in Figure 4.8. For
ZnOEP, the molecular orbitals closest to HOMO and LUMO are centered on the porphyrin ring
with negligible density on the Zn atom. Further, DFT calculations show that the lowest energy
transitions in ZnOEP involves mainly the four orbitals shown in Figure 4.8. The lack of metal
centered orbitals in the lowest energy transitions means that the through-bond electronic cou-
pling between the porphyrin and the coordinated anthracene is weak, and hence the rate of
Dexter energy transfer is low in the ZnOEP complexes and outcompeted by the through-space
FRET mechanism. For RuOEP, the molecular orbitals contributing to the lowest energy transi-
tions has a significant electron density on the Ru atom. For example, HOMO-4 can be described
as an almost pure ruthenium 4d-orbital. The metal centered orbitals in RuOEP provides the
necessary through-bond electronic coupling between the porphyrin and the coordinated an-
thracene that enables Dexter energy transfer to be the dominating mechanism of SET in the
RuOEP complexes.

The investigation of SET in the sensitizer-annihilator complexes was intended to provide mecha-
nistic insights in order to identify design parameters for reducing SET as a quenching process in
intramolecular upconversion systems. One such design parameters is the coordination geome-
try of the complex; SET quenching by FRET should be eliminated if the anthracene moiety were
coordinated perfectly perpendicular to the porphyrin plane, because in that conformation there
is no overlap between the donor and acceptor transition dipole moment, yielding an orientation
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Figure 4.8: Frontier molecular orbitals of pyridine coordinated ZnOEP and RuOEP. Reprinted with
permission from Ref. 105. Copyright 2019 American Chemical Society.

factor k = 0. The perpendicular coordination, § = 90°, is the lowest energy conformation for
the studied sensitizer-annihilator complexes and this is hence the coordination geometry that
the complex would adapt at 0 K. However, at temperatures higher than 0K, thermal energy en-
ables the complex to adapt a tilted geometry, § < 90°, where the annihilator ligand can wiggle
around in a cone, as illustrated in Figure 4.2. Therefore, the rate of FRET is expected to increase
with increasing temperature, which in fact is observed in Figure 4.7. Further, the FRET theory
can be used to estimate the effective coordination cone angle, 6. Using Equation 2.4 and 2.5,
the orientation factor, 2, can be calculated from the measured rate constant of FRET. For the
axially coordinated anthracene-porphyrin complexes it can be shown that ~? relates to f as in
Equation 4.3.107,109

k2 = 2c0s%0 (4.3)

Based on this relation it is found that ¢ varies from 76° at room temperature to 83° at 130K for
the ZnOEP complex with AnPh5 as ligand.

Taken together, the results presented here show that SET quenching can be governed both
by FRET and Dexter energy transfer. Which mechanism that dominates depends on the elec-
tronic coupling between the coordinated chromophores. FRET quenching could in theory be
reduced by optimizing the geometry of the molecular complex. However, even though the
studied sensitizer-annihilator complexes were designed so that the lowest energy conformation
would inhibit FRET, molecular motion enabled by thermal energy distorts the molecular geome-
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try enough to allow efficient FRET quenching of the annihilator fluorescence. Another approach
for reducing SET quenching in intramolecular upconversion would be to use a large framework
of annihilators coordinating to the sensitizer, thereby increasing the spatial separation of the
annihilator singlet exciton and the sensitizer. Photon upconversion in a such annihilator frame-
work is described in the next section.

4.2 Intramolecular Triplet-Triplet Annihilation

For designing a fully intramolecular upconversion system, each step in the upconversion process
must be understood. The excitation energy transfer between the sensitizer and annihilator was
analyzed in the previous section with respect to how the triplet sensitization dynamics works
in a sensitizer-annihilator complex. In this section, intramolecular TTA (iTTA) in an annihilator
polymer is analyzed with respect to kinetics and efficiency in comparison to a corresponding
monomeric system.

For iTTA to occur, two or more annihilator units must be connected to each other in an anni-
hilator cluster and at least two of the annihilator units in the cluster must get triplet sensitized
within the triplet lifetime of the annihilator. The simplest annihilator system that enables iTTA is
thus an annihilator dimer. Some few papers have been published where upconversion with an-
nihilator dimers have been studied and some effects of iTTA have been noticed.!1%-114 However,
a challenge when studying iTTA in solution-based systems is the difficulty of spectroscopically
separating the upconversion emission resulting from iTTA within one annihilator cluster from
the upconversion emission resulting from intermolecular TTA (external TTA, XTTA) between
two separate annihilator clusters. This difficulty has been the main limiting factor for mak-
ing conclusions about the nature of iTTA. In the work presented in Paper III, an upconversion
system with a polymeric annihilator was designed to enable isolation of iTTA. The annihilator
framework in the studied system consisted of particles of an anthracene polymer dispersed in a
solution. In this polymer, called triphenylbenzene-linked anthracene polymer (TPBAP, molec-
ular structure seen in Figure 4.9), it is the anthracene moieties that constitute the annihilator
units. Triplet sensitization of the annihilator is governed by diffusion mediated TET from the
sensitizer platinum-octaethylporphyrin (PtOEP) dissolved in the solution surrounding the TP-
BAP particles. The triplet exciton can migrate within the TPBAP particle and once two triplet
excitons are located in the same particle, they can undergo iTTA. In analogy with diffusion medi-
ated upconversion, where (x)TTA usually denotes the combined process of molecular diffusion
and subsequent TTA, iTTA is here considered as the process of triplet exciton migration within
the annihilator particle and subsequent TTA. The comparably large size of the annihilator par-
ticles (~0.5 um) results in very slow diffusion that prohibits diffusion mediated xTTA between
two separate annihilator particles. To further reduce the probability of XTTA and increase the
likelihood of double/multiple sensitization and iTTA, low annihilator concentration (5-30 uM,
anthracene subunit concentration) was used in combination with high sensitizer concentration
(1 mM). Figure 4.9 shows a schematic illustration of green to blue photon upconversion in the
studied system with double sensitization and iTTA within the TPBAP particles.

The performance of the upconversion system with TPBAP was investigated using time resolved
emission spectroscopy. Figure 4.10 shows the time traces of upconversion emission at various
excitation intensities for the TPBAP system in comparison to an analogous reference system
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Figure 4.9: Schematics of photon upconversion with PtOEP and TPBAP as sensitizer and annihilator,
respectively. iTTA within the TPBAP particles is enabled by double/multiple triplet sensitization and fast
triplet migration within the TPBAP particle, while XTTA between between separate particles is prohibited
due to slow diffusion of the TPBAP particles.

with monomeric DPA as annihilator. The upconversion emission time traces show an initial rise
during the first few microseconds and subsequently a decay over some hundreds of microsec-
onds. The rise time reflects the rate of annihilator triplet sensitization by diffusion mediated
TET in combination with the rate of triplet migration/annihilator diffusion and TTA. As can
be seen in Figure 4.10, the rise of the upconversion emission signal (upper panels) is signifi-
cantly faster for the polymeric annihilator, even though the triplet sensitization process is the
same in both systems. This is a clear indication that the upconversion is governed by iTTA in
the TPBAP annihilator, where the process of triplet migration within the annihilator polymer
is faster than the corresponding process of molecular diffusion and xTTA for the DPA annihila-
tor. A further indication of upconversion governed by iTTA in the polymeric annihilator comes
from the decay profile of the upconversion emission time traces at longer time scales, shown
in logarithmic scale in the lower panels in Figure 4.10. As presented in Section 3.4.2, upcon-
version emission decay can be described by Equation 3.11. The curvature of an upconversion
emission decay trace is given by the parameter 3, as defined in Equation 3.10. 5 = 0 results
in a single exponential decay, which is seen as a linear decay in a logarithmic plot, and g = 1
gives a faster non-exponential decay, seen as a curved decay in a logarithmic plot. Because /3
reflects the initial relative rate of triplet depopulation by TTA and by internal decay, it can be
seen as a parameter describing the efficiency of TTA. As can be seen in Figure 4.10, the upcon-
version system with TPBAP shows a fast and non-exponential upconversion emission decay at
the higher excitation intensities, indicating an efficient TTA process. This is in stark contrast to
the upconversion sample with DPA which shows a single-exponential decay (seen as a straight
line on the logarithmic scale), indicating that TTA contributes negligibly to the triplet depopu-
lation. Because the excitation conditions and triplet sensitization process are identical for both

38



4. Intramolecular Photon Upconversion

TPBAP DPA

mJ/pulse/cm?
0.09
—0.44
—0.88
1.8
4.4
—8.8

Normalized Emission Intensity (a.u.)

0.014

0.001 T T — T T T LA
0 50 100 150 200 0 100 200 300 400
Time (us)

Figure 4.10: Time resolved upconversion emission at various excitation intensities with TPBAP (left)
and DPA (right) as annihilator. Upper and lower panel shows the rise and decay of the upconversion
emission signal at early and late time scales, respectively. Note the logarithmic scale on the y-axes in the
lower panels. Also note the different timescales on the x-axes in the lower panels. Black lines in lower
panels show fits to Equation 4.4. Annihilator subunit concentration 5 ;M, PtOEP concentration 1 mM,
excitation wavelength 532 nm, emission wavelength 440 nm.

the polymeric and monomeric upconversion system, this result can only be explained by iTTA
with triplet exciton migration within the TPBAP particles being faster and more efficient than
xTTA governed by molecular diffusion for DPA.

A value of § can be achieved by fitting the upconversion emission time traces in Figure 4.10 to
Equation 4.4,

et-kT _

Iye(t) = (9(t) + o 1_55)2 (4.4)

which is a modified version of Equation 3.11 taking the rise of the upconversion signal into
account. ¢(t) is here included as an annihilator triplet exciton generation function and « is an
arbitrary scaling factor representing the start concentration of triplet excited annihilator. From
this fitting, a value of 3 can be achieved, which is plotted in Figure 4.11 for TPBAP and DPA as a
function of excitation intensity. As expected from the curvature of the upconversion decay traces
in Figure 4.10, the value of § for the polymeric upconversion system starts at a low value but
increases with higher excitation intensity until it asymptotically approaches unity. In contrast,
the value of g for the DPA upconversion system is low and close to zero for all used excitation
intensities. The value of 3 is interesting in many regards as a figure of merit for the upconversion
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Figure 4.11: 3 as function of excitation intensity for TPBAP and DPA, 5;M annihilator subunit concen-
tration.

system. First,  is a measure of the excitation intensity dependent efficiency of TTA under
pulsed excitation. Therefore the excitation intensity at which § = 0.5 can be seen as pulsed
excitation analogue to the upconversion intensity threshold, I;;,, described in Section 2.2. With
this definition it is clear from Figure 4.11 that I;; is much lower for the upconversion system
with the polymeric annihilator TPBAP compared to its monomeric counterpart DPA. This can be
explained by the fact that in the TPBAP annihilator, the annihilator triplet excitons are located in
a confined space defined by the polymer particle, resulting in high local concentration of triplet
excitons.?>11> Hence, the likelihood of two triplet excitons to find each other and undergo
TTA within their excited state lifetime will remain high even though the average number of
annihilator triplet excitons in the whole sample is low. This enables a high rate of TTA also
at low excitation intensities and hence a low I;;,. However, at too low excitation intensity, the
likelihood of achieving double/multiple sensitization of the annihilator particle is low resulting
in a low 3, which can be seen in Figure 4.11 as the fast drop in 5 for TPBAP at the lowest
excitation intensities. Further, the fitted value of 8 can be used to calculate the rate constant
of TTA, both for the iTTA within a TPBAP particle and for the XTTA between DPA molecules.
Using Equation 3.10, the rate constant of XTTA for DPA was calculated to kyr74 = 9 - 10 M1,
which is in the range of what would be expected for a diffusion controlled bimolecular process
and similar to previously published values.!'* For TPBAP, k;rr4 was calculated to 1 - 102 M1,
which is two orders of magnitude larger than the calculated &, 4 for DPA. This shows that iTTA
governed by triplet exciton migration in a polymeric annihilator framework can be a much faster
than the corresponding process governed by molecular diffusion of a monomeric annihilator.

4.3 Summary of Intramolecular Photon Upconversion

In this chapter, the various electronic interactions between the chromophores in a sensitizer-
annihilator complex have been investigated and intramolecular TTA within an annihilator poly-
mer have been studied. This has been done in order to step by step analyze the versatility of
intramolecular photon upconversion as a concept for developing solid-state upconversion mate-
rials. The presented results have shown that iTTA in an annihilator polymer particle can be very
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efficient also at low excitation intensities because of fast triplet exciton migration and confine-
ment of the triplet excitons within the annihilator particle. Even though the fully intramolec-
ular system including also the sensitizer has not yet been tested, the study of the sensitizer-
annihilator complex has shown that additional quenching pathways of excitation energy back
transfer from annihilator to sensitizer may be activated when attaching the two chromophores
to each other, both on the singlet and triplet surface. The influence of these quenching processes
can be reduced by optimizing the electronic coupling between the sensitizer and annihilator.
Further, exciton migration in a large annihilator framework can enable a larger average spatial
separation of the annihilator triplet or singlet exciton and the quenching sensitizer. By that,
intramolecular photon upconversion has potential as a concept for solid-state photon upconver-
sion materials and solar energy applications.
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Intramolecular Singlet Fission in
Pentacene Dimers

This chapter presents the major findings from Paper IV. As described in Section 1.3, the de-
tailed process of SF is not yet well understood. One of the key parameters affecting SF is the
orientation of the two SF chromophores, which determines the electronic coupling between
them. In paper IV, intramolecular SF was studied in a set of three pentacene dimers in order to
elucidate the influence of chromophore orientation. The molecular structure of the dimers are
shown in Figure 5.1. In all three dimers, the pentacene moieties are connected with a phenylene
spaces bridge that enables rotation of the pentacenes relative each other. Various substituents
on the phenylene unit add steric hindrance that result in different orientations of the pentacene
units for the different molecules as well as a varying degree of rotational freedom. The rate
of intramolecular SF and triplet depopulation in the pentacene dimers was investigated using
fsTA. DFT calculations were used to aid the interpretation of the experimental results and to
strengthen the conclusions thereof. A selection of the results for some of the pentacene dimers
are shown here. The complete results and analysis is found in Paper IV.

PD1 PD2 PD3

Figure 5.1: Molecular structure of the pentacene dimers PD1-3.

All three pentacene dimers undergo intramolecular SF upon photoexcitation, as can be con-
cluded from the fsTA spectra in Figure 5.2. This conclusion comes from the assignment of the
species associated spectra (SAS) extracted using SVD. An example of the obtained SAS can be
seen in Figure 5.2b for PD2. The first spectral component, which has an excited state absorption
(ESA) band centered at 450 nm, must be the singlet excited state because it is formed directly
from the excitation pulse. This state is denoted S;.5 to indicate that one of the pentacene units
is in its first singlet excited state and the other is in the singlet ground state. To assign the
second component, its SAS was compared to the triplet nsTA spectrum of PD2, achieved from
triplet sensitization by PtOEP, Figure 5.2c. From the clear overlap of the two spectra it can be
concluded that the second spectral component must be a triplet excited state, or more specifi-
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cally, it must be a triplet pair state, 7173, formed by SF. All three dimers show similar SAS, as
can be seen in Paper IV. The time scale of SF and triplet depopulation varies for the different
dimers but are both in the order of 1-200 ps for all dimers. The fast triplet formation is a solid
evidence that the process is governed by intramolecular SF, because any other triplet formation
process such as intermolecular SF or ISC are expected to occur with a rate that is several orders
of magnitude slower. The relatively short triplet excited state lifetime indicates that the formed
triplet excitons are strongly correlated triplet pairs rather than free triplets.
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Figure 5.2: a) fsTA spectra of PD1 (top), PD2 (middle) and PD3 (bottom) in toluene at room tempera-
ture with excitation wavelength 612 nm. b) SAS for PD2 extracted using SVD assuming a two component
kinetic model S1Sy — 71Ty — ground state. ¢) Comparison of the SAS assigned to the T}7T; state for
PD2 with nsTA triplet spectrum of PD2 achieved from triplet sensitization.

5.1 Effect of Rotational Conformation

The pentacene dimers can adapt various rotational conformations due to the rotational freedom
around the bridge connecting the pentacene units. The geometry of the conformer that has
the lowest energy results from conjugation and steric hindrance acting as counteracting forces
that lowers and raises the potential energy, respectively. The lowest energy conformers of the
pentacene dimers were calculated using DFT and are shown in Figure 5.3a. PD1 adapts a planar
structure where both the pentacene units and the pheylene spacer are coplanar as a result of
maximum conjugation. The substituents on the phenylene spacer in PD2 and PD3 makes them
adapt more twisted structures. For PD2, there is one global and one local minimum energy
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PD1 PD2 PD3

a)
300 K 0
‘® 4
c
[}
0 0.02
=
5 -
3
g 0014
0- -
000 T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
b) 0 (degree) 0 (degree)

Figure 5.3: a) Lowest energy conformations of PD1, PD2 and PD3. b) Probability distribution of pen-
tacene dimer rotational conformation at 300K and 100K, calculated using DFT in a relaxed scan with
the basis set 6-31G(dp) and functional B3LYP. Inset figure illustrates 6§ as the dihedral angle between the
plane of one of the pentacene units and the plane of the phenylene spacer. The lowest energy conforma-
tions in a) corresponds to the highest peak(s) in the respective probability distribution in b).

conformer at almost the same energy. The lowest energy conformations are the geometries
that the molecule would adapt at OK, but other conformations will be present in a sample
at higher temperature. These conformers must be considered when evaluating the effect of
molecular conformation in intramolecular SF. The distribution of rotational conformers present
in a population of molecules at thermal equilibrium is given by the Boltzmann distribution,

Equation 5.1.
o~ V(0)/kpT

P is here the probability density of finding a molecule in a geometry defined by ¢ at temperature
T and V is the potential energy of the conformer. To estimate the potential energy of various
rotational conformers, V' (6) was calculated using DFT in a relaxed scan (see Section 3.5). 6
was here defined as the dihedral angle between the plane of one of the pentacene units and
the plane of the phenylene spacer, as illustrated in Figure 5.3b. The rotational conformation
probability distributions for PD1-3 at 300K and 100K for #=0-180° are shown in Figure 5.3b.
Virtually all conformers across the range of 6 are present at 300K, but at 100K, the distribu-
tions are much more narrow with larger weight on the lowest energy conformers. All rotational
conformers have a varying degree of electronic coupling between the pentacene units, both by
through-bond and through-space coupling, which influences the SF dynamics. To be able to
study the SF kinetics for the various rotational conformers individually, they must somehow
be separated. It is not possible to physically separate the different conformers, but they can
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be distinguished spectroscopically by means of selective photoexcitation by choice of excitation
wavelength.

The rotational conformers of a pentacene dimer can be seen as different absorbing species
where the varying degree of electronic coupling give rise to slightly different absorption spec-
tra. How much the absorption spectra differs for the various conformers was estimated from the
lowest energy singlet transitions calculated using TD-DFT, as presented in Figure 5.4a. A com-
parison with the room temperature absorption spectrum of PD1 is shown in the lower panel.
The conformers used in these calculations are illustrated in the inset and were chosen to rep-
resent the lowest energy conformers seen in Figure 5.3. The lowest energy singlet electronic
transition varies by ~0.2 eV depending on conformer, which corresponds to approximately a
variation of ~50 nm in this energy range. This result indicates that different conformers could
be photoexcited selectively. However, the broad range of rotational conformers present at room
temperature shown in Figure 5.3 results in broad absorption bands for the dimers, as seen in
Figure 5.4b, and it can be anticipated that the individual bands from the different conform-
ers are underresolved and overlapped with the vibronic progression of other bands. At lower
temperature, the distribution of conformers is narrower, which result in narrower and more
resolved absorption bands, which is especially seen for PD3 at 100K, Figure 5.4b. By this, it
can be assumed that excitation of various conformers can be more selective at low temperature.
Hence, the fsTA measurements performed to elucidate the conformation dependence in SF were
performed at 100 K.
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Figure 5.4: a) Lowest energy electronic transitions for a pentacene dimer in various conformations
representing the lowest energy conformers of the three pentacene dimers. The calculations were done
with PD1 as a model compound in various geometries, using TD-DFT with the basis set 6-31G(dp)
and functional CAM-B3LYP. The inset illustrates the geometry of pentacene dimer conformers with the
pentacene units and the phenylene spacer pictured as black and colored bars, respectively. Note that
the electronic transition of the red and blue conformers are similar in energy and oscillator strength
and therefore overlaps in the diagram. Lower panel shows room temperature steady-state absorption
spectrum of PD1 in MTHF for comparison. b) Steady-state absorption spectra of PD1-3 in MTHF at
295K and 100K.
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The rate of SF and triplet depopulation at 100K varies dramatically depending on excitation
wavelength for all three pentacene dimers. An example of the excitation wavelength depen-
dence can be seen in Figure 5.5 for PD3, for which this effect was most pronounced. The figure
shows the time evolution of the fsTA signal at 505 nm, which corresponds to the ESA of the
T1T, state. Photoexcitation in the lowest energy absorption band at 707 nm results in triplet
formation by SF faster than the time response of the instrument, ~300fs, and only the fast
decay of the T} T} state is seen with a time constant of 1.8 ps. This fast SF and triplet depopula-
tion process implies a strong electronic coupling between the pentacene units in the conformer
photoexcited by 707 nm. Changing the excitation wavelength to 651 nm, other conformers are
excited, which results in more complex kinetics. Initially, there is an underresolved rise of the
TA signal and a corresponding decay with a time constant of 1.6 ps, which is similar to kinetics
obtained with excitation wavelength 707 nm. On longer time scales, there is a clearly resolved
triplet pair formation by SF with a rise time constant of 153 ps. The formed triplet pair is com-
parably long-lived and decays with a time constant of 21 ns. This result with dual rise and decay
of the 71T} state indicates that two subpopulations of conformers have overlapping absorption
spectra at the excitation wavelength 651 nm. The short-lived species is assigned to the same
conformer that was selectively photoexcited using 707 nm and the longer lived species is as-
signed to a conformer with weaker electronic coupling between the pentacene units.
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Figure 5.5: Time evolution of the fsTA signal at the 505 nm ESA band, corresponding to the 7,7 state,
for PD3. Measured in MTHF at 100 K with two different excitation wavelengths. Black lines show fit to
a sum of exponentials, AA = . a;e~*/™ and the obtained time constants, T, are shown in the graph.

Exactly which conformers that are photoexcited with the different excitation wavelengths can-
not be elucidated from these experiments. For each excitation wavelength, a range of conform-
ers are excited, both due to the spectral width of the excitation pulse and due to the overlap of
the absorption spectra of the continuum of conformers. Based on chemical intuition and with
support from the TD-DFT calculations presented in Figure 5.4, it can be assumed that the lowest
energy absorption band of the pentacene dimers corresponds to a more conjugated conformer
where the pentacene units are more coplanar. A coplanar geometry is likely to have stronger
electronic coupling between the pentacene units, which is in accordance with the observation
of faster SF and triplet decay when exciting in the lowest energy absorption band. The species
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showing slower SF and triplet depopulation can, with the same arguments, be assigned to a
more twisted conformer with weaker electronic coupling between the pentacene units.

5.2 Effect of Excited State Relaxation

The results presented in Figure 5.5 show how the static conformation of a pentacene dimer
controls the rate of SF and triplet depopulation in a frozen solution of 2-methyltetrahydrofuran
(MTHF) close to the glass transition temperature. In this virtually solid environment, each
molecule is locked in a certain conformation and the chromophores cannot rotate or reorient.
However, in a liquid environment, the molecule can undergo conformational changes driven
by Brownian motion, both in the ground state and in the excited states. In the excited state,
conformational reorientation can also result from energy relaxation when the molecule adapts
its geometry to a new potential energy surface, as illustrated in Figure 2.4. In order to evaluate
how intramolecular SF and triplet depopulation is affected by or dependent on dynamic rotation
and relaxation in the excited state, the SF kinetics of the pentacene dimers dissolved in liquid
solution was compared to when dissolved in a solid polymer film. Figure 5.6 shows single
wavelength time traces of the fsTA signal at 505 nm for PD3 in a liquid toluene solution and in
a solid polystyrene film. As described above, this wavelength in the TA spectrum corresponds to
the ESA of the 777} state. The formation of the triplet pair by intramolecular SF is similar for
both samples with time constants of 28 ps and 46 ps for the toluene solution and polystyrene
film, respectively. In contrast, the decay of the triplet state is approximately 40 times slower in
the solid film compared to the liquid solution. Similar results were observed also for PD1 and
PD2, as shown in Paper IV. The excitation wavelength of 612 nm used in this experiment likely
excites a broad range of conformers, because the vibrational progression of each conformer ‘s
electronic transition overlap at shorter wavelengths. Hence, the SF kinetics observed here is an
average of all present conformers. The result indicates that the process of triplet pair formation
by intramolecular SF does not require any conformational changes in the S;.5y excited state
and can occur in the molecular geometry of the ground state. In contrast, the slower rate of
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Figure 5.6: Time evolution of the fsTA signal at the 505 nm ESA band, corresponding to the 7,7 state,
for PD3. Measured at room temperature in toluene solution and in solid polystyrene film, excitation
wavelength 612 nm. Black lines show fit to a sum of exponentials, AA = 3" a;e*/™ and the obtained
time constants, T, are shown in the graph.

48



5. Intramolecular Singlet Fission in Pentacene Dimers

triplet decay in the solid sample indicates that decay by triplet recombination is only efficient in
some geometries with strong coupling between the pentacene units. Therefore, the triplet pair
formed in conformers with weaker electronic coupling requires conformational reorientation in
the 71T} excited state to find a geometry where it can decay by fast triplet recombination.

5.3 Summary of Intramolecular Singlet Fission

The results presented in this chapter have shown how the orientation of chromophores controls
the rate of intramolecular SF and how conformational reorientation in the excited state governs
fast decay of the triplet pair. The conformational effects have a major influence, in fact, the rate
of SF and triplet pair decay can vary with more than three orders of magnitude depending on
the geometry of the molecule. Hence, the exact geometry of the SF chromophores is a design
parameter that cannot be neglected in the development of new molecular systems for SF. Fur-
ther, the results presented in Figure 5.6 show that conformational flexibility in the excited state
has a large influence on the rate of triplet decay, but not on the SF process in this case. This
indicates that the SF and triplet recombination processes have different dependencies on the
electronic coupling between the chromophores. As described in Section 2.3, the electronic cou-
pling between the chromophores is often seen as a parameter that must be fine-tuned to balance
between efficient SF and long-lived triplets. The insight that the SF process is less susceptible to
molecular reorientation than triplet recombination is important because it opens up for design-
ing new molecular systems that show both efficient SF and long-lived triplets. In conclusion,
both the static chromophore orientation as well as dynamic conformation flexibility must be
considered and optimized in the development of new efficient systems for intramolecular SF.
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Concluding Remarks and Outlook

The work presented in this thesis has focused on investigating the mechanisms behind PUC and
SF with a long-term goal of making PUC and SF applicable in solar energy technologies. Design
of intramolecular PUC and SF systems have been used as an approach for enabling efficient
PUC and SF in solid-state materials. This thesis have described the challenges associated with
the transformation of the photophysical processes governing PUC and SF, from electronic inter-
actions enabled by diffusion of individual molecules in solution to intramolecular interactions
within a molecular construct.

The results presented in this thesis has shown that the electronic interactions governing PUC
and SF can be very sensitive to the relative orientation of the chromophores. This is because
the molecular geometry determines the strength and nature of the electronic coupling between
the chromophores. By studying the electronic interaction in well-defined intramolecular sys-
tems, detailed information about the photophysical processes have been achieved that could
not have been obtained by studying the corresponding intermolecular interactions of individual
molecules in solutions. It has in this thesis been demonstrated that the rate of intramolecular
excitation energy transfer within a sensitizer-annihilator complex depends heavily on the co-
ordination geometry. Further, it has been shown that the relative orientation of the SF chro-
mophores in a dimer determines the rate of both triplet pair formation by SF and the rate of
triplet pair decay. This insight provides new design criteria for the development of novel effi-
cient PUC and SF systems.

For both PUC and SF, intramolecular interactions have the benefit that it enables fast energy
transfer processes beyond the limitation of molecular diffusion. However, it comes with the
drawback that it invokes additional quenching processes that are typically not observed in the
corresponding intermolecular system in solution. For PUC, coordination of the sensitizer to
the annihilator enables excitation energy back transfer, both on the triplet and singlet surface,
which quenches the overall PUC process. For SF, the close proximity of the chromophores hin-
ders decorrelation of the triplet pair into free triplets, which results in short excited state lifetime
and limited usability of the generated triplet excitons. However, a careful design of the molecu-
lar constructs could potentially reduce the influence of these quenching processes. For example,
a large chromophore network would enable excitons in the network to interact and dissociate
by exciton migration. This would hence mimic the intermolecular system in solution, but where
the diffusion of excited molecules has been replaced by intramolecular exciton migration. The
annihilator dendrimers and large particles of annihilator polymers presented in Chapter 4 is a
step on the way to such an intramolecular PUC system.
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The concepts of PUC and SF are mechanistically closely related, but has to a large extent devel-
oped as separate research fields. Comparing the research fields of PUC and SF, PUC is a more
mature technique and it is not unlikely that it will reach a breakthrough of implementation of
PUC into viable products within some few years. There are still many things that are unknown
and many challenges to address. For example, the details of the spin statistics in TTA, which
set an upper limit on the upconversion emission quantum yield, is not fully understood for
intermolecular TTA and even less studied for intramolecular TTA. A challenge for large scale
implementation of PUC in solar energy devices is the development of novel sensitizers and an-
nihilators that are stable over time and, preferably, only containing earth abundant elements.
The chromophores must also absorb and emit photons in a wavelength range that is suitable
for the application of interest. SF as a research field is further away from real world applica-
tions, even though it has developed a lot during the past years and we have now a much better
mechanistic insight in the SF process than only some years ago. With the massive growth of the
PUC and SF research fields the past years and the high pace of scientific achievements, there
are good chances of successful implementation of photon energy conversion technologies into
future solar energy devices.
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