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ABSTRACT

With climate change already setting new temperature records and causing more extreme weather
events, transitioning to clean and renewable energy sources is more urgent than ever. Solar en-
ergy harvesting arguably holds the most promise with the abundance of terrestrial sunlight
available. However, significant improvements to existing solar technologies would be beneficial
as large parts of the solar spectrum currently can not be properly exploited in devices.

Triplet-triplet annihilation photochemical upconversion (TTA-UC) is a process in which the
interplay between a light-absorbing sensitizer and an emissive annihilator compound renders the
conversion of low-energy to high-energy light; a promising prospect for existing solar devices.
Photovoltaic systems require incident photons that hold an energy above a certain threshold
value called the band gap, and TTA-UC could be used to make use of photons with energies
below the band gap of the photovoltaic cell. Additionally, many photochemical reactions require
high-energy photons, commonly in the ultraviolet (UV) region, to proceed. TTA-UC provides
a pathway towards driving such demanding reactions with visible light instead.

In this thesis, the properties of the annihilator species are investigated in a systematic fashion.
TTA-UC is a process dependent on several energy transfer events which are diffusion-controlled
in fluid media, but for device incorporation solid state solutions are often needed. Dimers
based on diphenylanthracene (DPA) are investigated as potential candidates to take part in
intramolecular (7)TTA-UC, in which the two annihilating triplets emanate from within the
same molecule. It is shown that DPA dimers indeed enables :TTA-UC, and important insights
regarding the underlying mechanism are highlighted.

Visible-to-UV TTA-UC has long suffered from much lower efficiencies than other spectral
transformations. Pairing a set of annihilator molecules with nanocrystal (NC) sensitizers based
on CdS yield important insights into the energetics regarding NC-sensitized TTA-UC, as well
as improved conversion efficiencies when using 2,5-diphenyloxazole as the annihilator. Further
improvements are achieved when switching to the organic sensitizer 4CzBN, which when paired
with several UV-emitting annihilators yield efficient visible-to-UV TTA-UC. A record visible-
to-UV TTA-UC quantum yield of 16.8% is reported for the best-performing system, which is
an almost 2-fold improvement on the previous record.

Finally, it is shown that triplet excimer formation competes with TTA in annihilator species
based on naphthalene, which will cause TTA-UC efficiencies to decrease. The excimer forma-
tion pathway can be modulated by switching the type of substituent used, with more bulky
substituents promoting TTA. The collective insights gathered herein provide a road map for
future annihilator design, moving us closer to the ultimate goal of harnessing TTA-UC for solar
energy conversion.

Keywords: solar energy conversion, photochemical upconversion, triplet-triplet annihilation
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Carbon dioxide

Continuous-wave

Singlet excimer

Triplet excimer

Singlet-triplet energy gap

Dexter energy transfer
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Double sensitization

Photon energy
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Spin-statistical factor

Forster resonance energy transfer
Highest occupied molecular orbital
Internal conversion

Infrared

Intersystem crossing

Intramolecular photochemical upconversion
Excitation intensity

Excitation threshold intensity

Rate constant for process i

Lowest unoccupied molecular orbital
Singlet excited monomer

Triplet excited monomer

Molecular orbital

Multiple resonance thermally activated delayed fluorescence
Naphthalene

Nanocrystals

Nanosecond transient absorption
Molecular oxygen

Quantum yield for process i
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Time correlated single photon counting
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1

Solar Energy Conversion

It should come as no surprise that our society urgently needs to move away from the combustion
of fossil fuels. The use of renewable energy sources, with wind and solar energy leading the way,*
has, luckily, expanded significantly in recent years. Solar energy is particularly promising given
its abundance on Earth. More than 10® GW of solar power reaches Earth’s surface,? which
translates to about 5000 times more energy than the world energy consumption.? Utilization of
this energy is a challenging task which will be heavily reliant on further technological progress.

1.1 Unconventional Ways of Breaking the Detailed-Balance Limit in Photo-
voltaics

Solar energy can be harvested in a number of different ways, of which photovoltaics (PV)
represents the most mature technology. A PV cell makes use of the photovoltaic effect and
typically consists of a semiconducting material, such as silicon.* If the incident sunlight has
enough energy it can be absorbed by the PV cell, causing the excitation of an electron, which
can then be used for electricity generation. The band gap of the light-absorbing material
dictates the energy that incident photons must have to be absorbed by the PV cell. For silicon
the band gap lies at 1.12 eV, which translates to infrared (IR) light with a wavelength of
around 1100 nm. This means that photons of longer wavelengths (i.e., lower energy) can not
be absorbed by a silicon PV cell and are, thus, wasted. Other efficiency losses are caused by,
e.g., electron-hole recombination and thermalization. Taken together, the upper efficiency limit
of a single-junction silicon PV cell (often called the detailed-balance limit)>® lies just above
30%, meaning that more than two thirds of incident solar energy is wasted. In practice, the
efficiencies of commercial silicon-based PV typically lie closer to 20%,” further highlighting
the potential for improvement in this area. On the lab scale, there are other PV cells with
much higher efficiencies, often as a result of combining a number of different materials in the
same cell.® Efforts aiming at improvements of specific PV systems are of obvious importance,
but other less conventional ways of improving efficiencies have gained some attention from the
scientific community in recent years. Instead of focusing on making changes to the device itself,
these processes instead manipulate the constitution of incoming light. These light conversion
techniques can be divided into two segments: downconversion and upconversion.



1. Solar Energy Conversion

1.1.1 Downconversion

In downconversion, a photon of high energy is split into two photons of lower energy (Figure
1.1a), and the most studied downconversion technique is called singlet fission.” This process
could help alleviate the issues regarding thermalization losses in PV cells. When a photon of
much higher energy than that of the band gap is absorbed, the excess energy is released as
heat, and the absorbed photon produces the same current as any other photon absorbed. If
the photon energy is more than twice higher than the band gap, singlet fission could be used
to create two photons (or electron-hole pairs) with enough energy to still be used in the PV
cell. This requirement on the photon energy is true for photons with a wavelength of 550 nm
or shorter for a silicon-based PV cell. In theory, this could boost the efficiency of such devices
to above 40%,'%!1 even though more realistic values lie a bit lower.!? While the details of
downconversion and singlet fission are outside the scope of this thesis, it presents an intriguing
pathway towards more efficient PV devices.

a Incident b Outgoing
high-energy —‘,‘AMI\M —’J‘W/‘H high-energy
photon photon

DOWﬂ_‘ Outgoing Incident Up- _
conversion low-energy low-energy conversion

black box photons photons black box

e e

FIGURE 1.1: Simplified schematics of light manipulation processes. (a) In downconversion a high-
energy photon is split into two low-energy photons. (b) In upconversion two incident low-energy
photons are transformed into one high-energy photon.

1.1.2 Upconversion

On the opposite side we have upconversion, where the energy of two low-energy photons are
combined to form a photon of higher energy (Figure 1.1b). There are several different possible
upconversion mechanisms to consider. Second-harmonic generation, or frequency doubling,'3

4 are non-linear processes in which the energy from two photons are

and two-photon absorption!
combined. These processes are useful for several applications within lasing and microscopy, but
function only with coherent and rather intense irradiation. This means that their usefulness for
solar energy applications is restricted. The same problem is prevalent when doing upconversion

using lanthanide ions owing to the weak and narrow absorption bands of lanthanides,!?

even
though research efforts on combining modified lanthanide-based upconversion systems with PV
devices are underway.'”

Luckily, upconversion may also function using non-coherent, low-intensity light sources, such
as sunlight. The process that works under such conditions is called triplet-triplet annihilation
upconversion (TTA-UC), or photochemical upconversion.!® 1% This is the process of interest in
this thesis, and one that due to its compatibility with low-intensity, non-coherent excitation has
gained significant research interest in the last 20 years. While downconversion would be useful

for the management of high-energy photons, TTA-UC could instead improve PV efficiencies
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by combining the energy of two photons with energies below that of the band gap (Figure
1.2).2024 The upconverted photon could then be absorbed by the PV cell. Theory predicts
possible efficiencies of silicon-based PV of almost 50%,2>2% which is perhaps not surprising given
that terrestrial sunlight has plenty of photons in the IR part of the spectrum?’ (Figure 1.2, gray
spectrum). Whereas there is yet only one example of TTA-UC from below the band gap of
silicon,? 2 several research groups have sought to improve PV efficiencies by the inclusion of
TTA-UC systems.?

| | 4 I ' | ! | ! |
Water _ ! Silicon
photocatalysis | band gap L 551018
< 1.5+ |
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£ | €
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8 0.5- o
@
- 1x10'®
IR-to-vis UC |
0.0 : : — 0
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300 500 700 900 1100 1300 1500 1700
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FIGURE 1.2: Terrestrial solar irradiance in units based on energy (black) or number of photons
(gray). Dashed lines mark the thresholds for hydrogen production via water photocatalysis (white),
and the band gap of silicon solar cells (red), respectively. Spectral data acquired from reference 27.

1.2 Solar Fuels

Photosynthesis is a natural process that plants use to store solar energy in chemical bonds for
later use,® and is a process that scientists have tried to understand and emulate for decades.

Such efforts are often referred to as artificial photosynthesis.3!32

In the natural process, water
and carbon dioxide (COs) are transformed into energy-rich hydrocarbons via a complex reaction
mechanism involving several electron transfer steps. However, trying to produce solar fuels in
a fashion that fully imitates photosynthesis is perhaps not the right way to go, since eventual
combustion of such fuels would lead to further CO, emission.

There are other ways of storing solar energy in chemical bonds, with hydrogen gas (H)



1. Solar Energy Conversion

arguably holding the strongest appeal for large-scale application.®® The appeal of Hy is manifold:
it is abundant, has an energy density about three times higher than typical liquid fossil fuels,
and is envisioned to be useful in a wide range of applications.>® In addition to this, H, can be
produced during photocatalytic water-splitting (PWS), with water being the only byproduct
during combustion, and can also be used in subsequent production of, e.g., ammonia. However,
current Hy production is heavily reliant on fossil fuels,?? and the development of efficient PWS
systems is necessitated.

PWS is a process involving two separate electron transfer steps. It is thermodynamically
uphill, and therefore requires external stimuli, e.g., light, to proceed.®® Since water itself has
very limited absorption in the visible range, a light-absorbing catalyst is typically needed.
Although PWS functions under visible light irradiation, UV-absorbing catalysts have generally
been more successful as most visible light-absorbing catalysts suffer from low stability.?® In
particular, titanium dioxide (TiOz), which due to a large band gap of 3.2 eV only absorbs in
the UV, has been widely employed as a PWS catalyst owing to its suitable energetics, high
photochemical stability, and low price.3” 3

Even though TiO, is arguably the most well-studied catalyst for PWS, more recent efforts
make use of completely different materials with highly promising results.*®4! It would, however,
be beneficial for the further development of PWS systems if the spectral range of light absorption
could be expanded to include the entire visible spectrum, while maintaining the favourable
properties of UV-absorbing catalysts. Some attempts at combining TTA-UC with PWS have
been undertaken with varying success,*? *® although most of these use visible light-producing

TTA-UC systems.

1.3 Outline and Scope of Thesis

Herein, this thesis contains systematic investigations of the triplet annihilator species, which is
one of two interacting species during the TTA-UC process. This thesis aims at improving the
understanding of their properties, as well as improving their performance in different TTA-UC
systems. In Chapter 1, different light-manipulating techniques and their use for solar energy
conversion have been briefly introduced. In Chapter 2, a review of recent advances in the
research field of TTA-UC is presented, which is followed by a theoretical section covering the
fundamentals of light-matter interactions, as well as important concepts in TTA-UC. Chapter
3 contains the experimental methods used for this thesis, including some details focusing on the
kinetics of TTA-UC. The results from Paper I are then presented in Chapter 4, which focuses on
annihilator dimers and their performance in intramolecular TTA-UC. In particular, important
mechanistic insights are collected which will be key for the further development of solid state
TTA-UC systems. Chapter 5 covers Paper II-1V, which all focus on improving the performance
and understanding of visible-to-ultraviolet (vis-to-UV) TTA-UC systems. This was primarily
done by careful examinations of different annihilator compounds and what factors affect their
performance in TTA-UC.
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Photochemical Upconversion

In this chapter, an overview of research within the TTA-UC field is presented to give context to
the undertakings of this thesis. A section on the theoretical groundwork in physical chemistry
needed for the full understanding of TTA-UC (and other relevant photophysical processes) then
follows. This includes a presentation of the materials needed in TTA-UC and their properties,

and an explanation of some of the most important parameters that are used when evaluating
TTA-UC performance.

2.1 Recent Progress in TTA-UC

The TTA mechanism has been known ever since the 1960’s, when Parker and Hatchard first
observed delayed fluorescence from solutions of phenanthrene and anthracene.*® For a long
time TTA was perhaps seen as more of a curiosity with no practical relevance, but this was
soon to change. About 20 years ago, researchers realized that TTA holds promise as a spectral
conversion technique, with potential applications in solar energy conversion.’*®2 A surge of
interest then followed, and efficient systems for conversion between different visible wavelengths
(primarily green-to-blue) were quite rapidly developed,*?®® with the first system approaching
the theoretical conversion maximum being reported in 2015.%4

2.1.1 Liquid and Solid State TTA-UC

To achieve TTA-UC two different species are needed, which are called sensitizer and annihilator,
respectively. These will be introduced in more detail in Section 2.4, but for now it suffices to
state that the TTA-UC process depends on energy transfer between these species, and that
they must be in close spatial proximity. Thus, the best-performing systems are typically found
in diffusion-controlled environments, i.e., in liquid solvents.?® The fluid surroundings allow for
collisions between the species which promote the energy transfer events.

The archetypal sensitizer-annihilator pair is perhaps that of platinum- or palladium oc-
taethylporphyrins (PtOEP or PAOEP) and 9,10-diphenylanthracene (DPA), which can perform
efficient green-to-blue TTA-UC in solution.’® %2 However, implementing TTA-UC systems with
PV will require solid state solutions.®®> With the early success of particularly DPA as the anni-
hilator species, several studies on (quasi) solid state TTA-UC followed, albeit with low reported
TTA-UC efficiencies.% 5% Many examples of solid state systems have since then been reported,®3

66-71 72776 £ilms, 29227780 and more. Attempts at com-

81-86

ranging between polymeric systems, gels,
bining solid state TTA-UC with solar energy conversion devices have also been undertaken,

but these systems must be improved to have practical relevance.
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The decent efficiency of several of the solid state systems are due to the soft nature of the
chosen media, which allows for some molecular diffusion to still take place. Alternatively, the
TTA-UC process could proceed in an intramolecular fashion, with the TTA step specifically
taking place within a single annihilator molecule. Such systems could overcome the need for
molecular diffusion, and would instead rely on exciton migration within a multichromophoric

exist,67:6%76.87.88 hyt a better mechanistic under-

annihilator. A few reports on such systems
standing of the underlying processes is needed to make such systems viable for solid state

applications.

2.1.2 Visible-to-Ultraviolet TTA-UC

Using TTA-UC to drive photochemical transformations have been the subject of numerous
studies, but these have primarily been performed using spectral conversion within the visible
or (near-)infrared region.®® % While a few studies have harnessed TTA-UC to drive demand-

46,9498 or green® 1% light, the development of such systems have been

ing reactions with blue
hampered by low or moderate vis-to-UV TTA-UC efficiencies.

Pioneering work was done by the Castellano group in 2009, reporting the first vis-to-UV
TTA-UC system employing 2,5-diphenyloxazole (PPO) as the annihilator and biacetyl as the
sensitizer.!"! The TTA-UC quantum yield (®y¢, which due to the 2-to-1 nature of TTA has a
theoretical maximum of 50%) was below 1%, and subsequent efforts only saw minor efficiency
improvements. A breakthrough was achieved in the early 2020’s, when the first reports on vis-
to-UV TTA-UC with &y above 10% was reported, utilizing a new annihilator chromophore
based on naphthalene.0? 103

Since then interest have increased even more, with numerous studies on new sensitizer and
annihilator compounds. While PPO has gained the most attention as a UV annihilator,6% 1047109

a few others have also been reported, including terphenyl compounds,®®: 107,110 100,107,111

95,98,99,112-114

pyrenes,
naphthalene and oxazole derivatives, and compounds based on biphenyl''* 117 and
benzene.?® The vis-to-UV TTA-UC systems have also employed a plethora of different sensitiz-

95,98,100,102,108,111,113,116 organic COITlpOUIldS,94’ 99,101,103,107,110,114

ers, including metal complexes,
and inorganic nanocrystals.!0% 10510917 Degpite these efforts, the field struggles with finding
sensitizer /annihilator pairs that can match the performance of the best blue light-generating
TTA-UC systems, which yield ®y ¢ of around 40%.5411® Efficiency improvements will be needed
to further enable the incorporation of vis-to-UV TTA-UC in photochemical transformations

schemes in general, and in PWS systems in particular.

2.2 Fundamentals of Light-Matter Interactions

Light consists of propagating perpendicular electric and magnetic fields that move through
space. These fields are oscillating in a wavelike fashion, with the distance between two maxima
being defined as the wavelength () of the light. As was shown in Figure 1.2, terrestrial sunlight
mainly consists of visible light (400 nm < A < 750 nm), but also an appreciable amount of
(near)-IR light (750 nm < A < ~20 um), as well as small amounts of UV light (100 nm < A <
400 nm).
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With the advent of quantum mechanics came important realizations regarding the funda-
mental properties of light and matter. Several scientists in the early 1900’s laid the foundation
to what is known as the wave-particle duality, stating that all particles also possess wavelike
properties. This is particularly true for light: it has wavelike properties such as a wavelength,
but can also be seen as particles holding well-defined quanta of energy. Light particles are
called photons, and their energy (E,;) relates to the wavelength of the electromagnetic field
via Planck’s constant (h = 6.626 x 10734 J s) and the speed of light (¢ = 2.998 x 10® m s71)
using Equation 2.1.

he
A
From this follows that UV light is of higher energy than visible light, which in turn has higher

By = (2.1)

energy than IR light.

2.2.1 Electronic States

Everything around us consists of atoms. These consist of a nucleus of neutrally charged neutrons
and positively charged protons, with negatively charged electrons orbiting the nucleus. These
particles, just like photons, possess both wave- and particle-like qualities and must be described
using quantum mechanics. Atoms are best described using mathematical functions called wave
functions, which when describing the behavior of electrons in atoms and molecules are often
referred to as orbitals. These hold information about the probability of finding an electron at
a certain point in space around the nuclei. Wave functions also contain information about the
energies of a quantum system, which are located at discrete, well-defined levels, in contrast
to macroscopic objects. The orbital energies can be extracted from the wave functions using
the Schrodinger Equation.!'® Molecules are made up of atoms, and as such are also subject to
quantum mechanical treatment. Their wave functions are called molecular orbitals (MOs) and
are created through linear combinations of atomic orbitals. From hereon, we will mainly focus
on the properties of molecules.

The quantum states of electrons are important when describing molecules. Electrons in
atoms are defined by four different quantum numbers, each describing either the energy, angular
momentum, orientation, or spin. To understand the electronic states which are of importance
for this thesis, we will focus on the electron spin property. Electrons are fermions, which are
particles that are defined by possessing a spin of either +1/2 (spin up) or -1/2 (spin down).
The Pauli exclusion principle states that two fermions in a system (e.g., a molecule) can not
have the same set of quantum numbers.'?° This means that a MO can hold a maximum of two
electrons, and these electrons must have opposite spin. The two electrons are then said to be
paired, and the total spin S = 0 for the molecule. A molecule with S = 0 is said to be in a
singlet state. The name stems from the spin multiplicity of a state, which is defined as 25 + 1.
The ground state of molecules are typically singlet states, but also excited states can be singlets
(Figure 2.1a).

When defining the state of a molecule it is typically only the electrons in high-energy MOs
that must be considered (paired electrons in lower-lying MOs do not contribute to the total
spin). The highest occupied MO is called HOMO, and the lowest unoccupied MO is called
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FIGURE 2.1: (a) Electronic structure of singlet and triplet states, with electrons shown as up- or
down arrows. Singlet states have a total spin S = 0, whereas triplet states have S = 1. (b) If the
highest occupied MO is degenerate the ground state will be a triplet in some molecules, in accordance
with Hund’s rule.

LUMO. MOs can be degenerate, i.e., have the same energy, and in some molecules there are
degenerate HOMOs. If there are only two HOMO electrons available, Hund’s rule stipulates
that the total energy will be lower if these electrons have equal spin and occupy different MOs
(Figure 2.1b).!2! This leads to a total spin S = 1, a spin multiplicity 25+ 1 = 3, and are, thus,
referred to as triplet states. Triplet excited states are common, since these can exist even when
there are no degenerate MOs available. In fact, the processes of interest in this thesis heavily
depend on the involvement of triplet excited states, as will be detailed further. While almost all
molecules have singlet ground states, molecular oxygen (O3) is one important exception from
this rule, having a triplet ground state.!??

2.2.2 Radiative and Non-Radiative Transitions

TTA-UC is a process that heavily depends on materials that are capable of interacting with
light in different ways. When working with optical transitions we only need to consider the
electrons occupying frontier MOs (i.e., HOMO and LUMO) as all lower-lying electrons are much
more tightly bound to the nuclei, making them inaccessible. The electrons in a molecule can
interact with the electromagnetic field of light, which can give rise to several different optical
transitions. Light absorption is a common phenomenon that only occurs if Bohr’s frequency
condition is fulfilled (Equation 2.2). The energy of the absorbed photon must match that of
the energy difference between the initial (E,,) and final (F, 1) states.

Epp = B — B, = AE (2.2)

With few exceptions, light absorption will move the molecule from its singlet ground state to
a singlet excited state. A number of different processes may then take place, as summarized in
Figure 2.2. Intramolecular photophysical processes can be categorized into radiative transitions,
1.€., events which involve light absorption or emission, and non-radiative transitions. The two
main emission events are called fluorescence and phosphorescence. During fluorescence the
molecule is deactivated from an excited state to a state with the same spin multiplicity (typically
singlet — singlet), whereas phosphorescence involves deactivation between states of different
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FIGURE 2.2: Jablonski diagram depicting intramolecular photophysical processes. Singlet and triplet
states are denoted S and T, respectively, with subscripts indicating ground state (0) or excited states
(1, 2). Vibrational levels are indicated by thin horizontal lines. VR = vibrational relaxation, IC =
internal conversion, ISC = intersystem crossing.

spin multiplicity (typically triplet — singlet). Moving between singlet and triplet states must
involve a spin flip of one electron (as can be understood from Figure 2.1), which is a formally
forbidden process. This means that phosphorescence is much slower than optically allowed
transitions such as fluorescence.'?

The non-radiative transitions depicted in Figure 2.2 are similarly affected. Internal con-
version (IC) is typically much faster than intersystem crossing (ISC), since the latter is a
spin-forbidden transition. Due to the close spacing in energy, IC between excited states is par-
ticularly fast. The spacing between Sy and Sy is typically much larger, which results in that
fluorescence becomes competitive with non-radiative decay. Therefore, according to Kasha’s
rule,'?* fluorescence takes place from the first singlet excited state (S;), although rare excep-
tions with S, emission are known.!'?® Fluorescence typically has rates of 10® - 10° s71, resulting
in singlet lifetimes (7) on the order of nanoseconds. Triplet state lifetimes are longer, typically
on the micro- or millisecond timescale (sometimes even seconds), owing to phosphorescence
and ISC rates on the order of 10° - 10° s~!. However, ISC between excited states is often
much faster, especially in compounds containing heavy elements, which is a result of enhanced
spin-orbit coupling.'?® Excited states can also absorb light, leading to the population of even
higher-lying states.

2.2.3 Thermally Activated Delayed Fluorescence

Hund’s rule stipulates that triplets will always have a lower energy than the corresponding
singlet state. The singlet-triplet energy difference, AFEs_r, is quite large in most molecules,
but by clever molecular design in which the exchange energy is minimized owing to spatial
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FIGURE 2.3: Jablonski diagram depicting the different processes involved in thermally activated
delayed fluorescence (TADF).

separation of HOMO and LUMO, AEg_r can be minimized.'?” A small AEg_7 enables reverse
intersystem crossing (rISC), in which the molecule moves from the first triplet excited state (7})
to S; (Figure 2.3). rISC is a thermally activated process with a rate constant (k,;sc) that is
highly sensitive to both AEs_7 and temperature (Equation 2.3):

AFEq_
krrsc o< exp <— ° T> (2.3)

kT

Here, kp is the Boltzmann constant. rISC will, thus, be faster in molecules with a small
AFEg_p. The fluorescence kinetics in TADF-active molecules will be biexponential with a short
component owing to prompt fluorescence, and a long-lived component which is due to TADF.

2.2.4 Quantum Yields and Lifetimes

The performance of different systems, to a large extent, depends on how efficiently certain
photophysical processes progress. The efficiency of a specific process is measured using quantum
yields, which is a dimensionless parameter. The quantum yield of a process i is denoted ®;,
and is defined by Equation 2.4.

number of events

o, = (2.4)

number of photons absorbed

This definition will in turn give rise to different expressions for ®;, which are often based on
the rate constants of relevant processes. To exemplify this, the fluorescence quantum yield (®)
of a compound is given by Equation 2.5a, in which k; is the rate of fluorescence, and k,, is
the rate of all non-radiative processes from S;. In some instances, it can be more convenient
to talk about the efficiency of a certain process. The rISC efficiency (n,rs¢) of TADF-active
compounds relates to the rates of all processes emanating from 77 (Equation 2.5b), but does
not specifically take into account the absorption and ISC events needed to populate 77 in the

first place.
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ky
Prp=_—J 2.5
P et o (2.5a)
krrsc
r pr— 2.5b
hr1se krrsc + knr + K ( )

Here, k,p, is the rate of phosphorescence. Maximizing the quantum yields/efficiencies of the
processes of interest is vital for optimizing the performance of a system.

Closely related to quantum yields are lifetimes (7), which is a measure of the average time a
specific state persists. As long as all deactivation processes are (pseudo) first order, the lifetime
of a state is given as the reciprocal of the different deactivation rate constants (Equation 2.6).

(2.6)

2.3 Intermolecular Interactions

Although intramolecular interactions are vital to the properties of molecules, most natural
processes, such as photosynthesis, are highly dependent on complex interplay between different

species, i.e., intermolecular interactions.?®

2.3.1 Excimer Formation

The electronic structure of a molecule will change when moving to an excited state, which can
lead to electronic interactions that are not possible in the ground state. As the concentration
of a fluid, flat-aromatic molecular solution increases, the fluorescence spectra often change,
with a broad, structure-less emission feature at longer wavelengths appearing. This emission
emanates from excited dimers, or excimer, states of the molecule. The first and most famous
example of excimer fluorescence is that of pyrene, which starts forming excimers already below
millimolar concentrations.!?* 13! Singlet excimers are formed when a singlet excited monomer
(*M*) interacts electrostatically with a ground state moiety (!M) in an attractive fashion.
As the excimer decays back to the ground state, it again dissociates into separate molecules
(Equation 2.7a). While singlet excimers (' D*) are more common, triplet excited states (*M*)
may also partake in excimer formation, resulting in triplet excimers (3D*, Equation 2.7b).131132
Excimer fluorescence (hiy) or phosphorescence (hig) may or may not be emitted from the
excimer before dissociating.

'M* + 'M — 'D* = M 4+ M (+ hv) (2.7a)
SM* + M — 3D* — M + M (+ hw) (2.7b)

Excimers form not only according to the intermolecular description above, but may also form in
an intramolecular fashion. Excimer formation is then independent on concentration, but instead
sensitive to temperature and choice of solvent. This is because the interacting moieties must

11
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FIGURE 2.4: Example of monomeric and excimeric emission from a dimer molecule. At high tem-
perature (orange), the formation of an intramolecular excimer proceeds efficiently, leading to long-
wavelength emission. At low temperature (blue), excimer formation is prevented by the surrounding
solvent which has formed a glass, and the individual monomers instead primarily emits.

align in the correct way for the excimer to form.'3313% One such example is given in Figure 2.4
for the dimer molecule 1,2-DPA; (see Paper I for more details). At room temperature, the dimer
easily obtains the favorable excimer conformation, leading to long-wavelength, unstructured
excimer emission. At cryogenic temperatures, the structural reorganization is prevented as the
surrounding solvent creates a glassy matrix, leading to primarily short-wavelength, vibronically
structured emission from the independent monomers.

2.3.2 Excitation Energy Transfer

Other bimolecular interactions of great interest are those concerning excitation energy trans-
fer. Excitation energy can be transferred from an excited donor molecule to a ground state
acceptor molecule by two different mechanisms. Forster resonance energy transfer (FRET)
is a Coulombic interaction that depends on the dipole-dipole interaction between donor and
acceptor,!3® but is not of particular interest in this thesis. The second mechanism is called
Dexter Energy Transfer (DET), which is an exchange interaction.'®” The exchange interaction
is a purely quantum phenomenon, but can be thought of as the virtual exchange of electrons
between donor and acceptor (Figure 2.5).

DET is a radiation-less process which depends on the spatial overlap between donor and ac-
ceptor frontier orbitals, meaning that DET can only proceed efficiently if the interacting species
are in close proximity (typically <1 nm). Since the electron density exponentially decreases
when moving further away from the atomic nuclei, the rate of DET (kpgr) is exponentially

dependent on the donor-to-acceptor distance (Rp4, Equation 2.8).138

kDET = J&%’p(—ZRDA/L) (28)

Here, L is the effective orbital radius, and J is the spectral overlap as defined in Equation 2.9.

J= /0  fo(0)ea(o)do (2.9)

12
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FIGURE 2.5: Dexter energy transfer can be seen as the virtual exchange of electrons between an
excited donor and a ground state acceptor. Exemplified here is the transfer of a triplet excitation,
with the virtual electron exchange indicated by gray arrows.

Here, fp is the area-normalized donor emission spectrum, £, the area-normalized acceptor
absorption spectrum, and ¢ the wavenumber in cm~!. DET is, thus, promoted for interacting
species with substantial spectral overlaps, but is insensitive to, i.e., ®; of the donor (which
is not the case for FRET).!?® The DET distance dependence means that high efficiencies are
most easily achieved in fluid environments, in which collisions between donors and acceptors
are responsible for energy transfer. DET is the only mechanism that works for triplet energy
transfer (TET), and is therefore vitally important for TTA-UC. As was detailed in Section 2.1.1,
achieving high TTA-UC efficiencies in solid state materials is hard, mainly due to difficulties in

achieving sufficient donor-acceptor interactions in the absence of diffusional motion.53

2.3.3 Triplet-Triplet Annihilation

At the center of photochemical upconversion lies a process called triplet-triplet annihilation
(TTA). This is a special type of DET in which two triplet excitations interact in a spin-allowed
fashion to form one singlet excited state and one singlet ground-state molecule. This process
can proceed with high efficiency if the total energy of the two interacting triplets is higher than
the resulting excited singlet state, i.e., if 2 X E(T}) > E(S;). The diagram in Figure 2.6 shows
the full TTA-UC process from start to finish. As can be seen, its success not only depends on
efficient TTA between the species referred to as the annihilators, but also depends on efficient
Dexter-type TET from a donor molecule usually referred to as the sensitizer.

2.4 Materials for TTA-UC

The properties of sensitizers and annihilators are key to achieve efficient TTA-UC. The sensitizer
is responsible for light absorption, triplet generation, and triplet sensitization of the annihilator
via TET (Figure 2.6). To promote TET, all other deactivation, such as non-radiative decay and
phosphorescence, from the sensitizer triplet should be as slow as possible. Additionally, it is
vital to remove as much oxygen as possible from the sample, since oxygen is an efficient triplet
quencher (which will be detrimental to downstream TTA as well).'?? Thus, a long triplet excited

13
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FIGURE 2.6: Jablonski diagram showing how triplet-triplet annihilation photochemical upconversion
(TTA-UC) progresses. Rate constants for the most important processes are included as follows: kr =
spontaneous triplet decay, krpr = triplet energy transfer, kppa = triplet-triplet annihilation.

state lifetime (77) is an important property of a good sensitizer. In addition to this, AEg_r
should be as small as possible to minimize energy losses. Finally, reabsorption of outgoing light
should be avoided as much as possible. The sensitizer absorption should, therefore, optimally
not overlap with that of the upconverted fluorescence spectrum in order to maximize the output
light intensity.

2.4.1 Triplet Sensitizers

There are several different classes of compounds that fulfil the above-mentioned criteria to a
large extent, of which the most widely used are metal complexes and semiconducting nanocrys-
tals (NCs).!%110 The inclusion of heavy metal elements promotes ISC by means of enhanced
spin-orbit coupling,'?® thus facilitating triplet generation in metal complexes (which often in-
clude platinum, palladium, iridium etc.) as well as in semiconducting NCs (which often include
cadmium or lead).104 1417146

A variety of metal complexes have been used for TTA-UC,5293, 111,116, 147149 with metal por-
phyrins arguably finding the most widespread use.?® 946581 Porphyrins possess optical proper-
ties that are especially suitable in the context of TTA-UC. Their molecular structure gives rise

150,151 presenting

to two distinct, strongly light-absorbing bands which are separated in energy,
a suitable optical window where upconverted light is subject to little to no reabsorption from
the porphyrin. Virtually unity ®;5¢, moderate AEg_r, and 77 often on the order of 100’s of
ps make metal porphyrins attractive sensitizer options.%6%152

Semiconducting NCs (often referred to as quantum dots) are a class of materials made
up from small groupings of atoms in crystal arrangements. The nanoscale of these materials
gives them interesting properties that distinguish them both from molecules and from their

bulk counterpart. The band gap of NCs can be controlled by the size of the NCs, with a

14
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larger diameter giving a smaller band gap.!'®® The optical properties of NCs may, thus, be
synthetically controlled with precise control over the band gap. Timely enough, the Nobel
Prize in Chemistry was recently awarded to pioneers in the field of semiconducting NCs: Louis
Brus, Alexey Ekimov, and Moungi Bawendi.!?*

Together with a negligible AEg_r, strong light absorption, and efficient triplet generation,®
NCs hold several of the properties one would look for in a sensitizer. Significant drawbacks
are, however, found in their substantial high-energy absorption, which in the context of TTA-
UC will lead to significant reabsorption of upconverted light. Additionally, their excited state
lifetimes are often orders of magnitude shorter than for molecular sensitizers. Stemming from
the first observation of TET from NCs to surface-bound molecules,'*! 71 of such sensitizers
are typically elongated using organic mediator molecules which bind to the NC surface via
anchoring groups.!#1:156:157 There are also recent examples of triplet sensitizing NCs free of
toxic cadmium or lead, including InP,'*® CulnS,,'" and CulnSe,.1%

a) TADF-active species b) Metal-organic complex c¢) Semiconducting nanocrystal
* S-T energy splitting = 0 - 300 meV * S-T energy splitting = 200 meV * Negligible S-T energy splitting
* Purely organic » Strong ISC « Size-tunable optical gap
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FIGURE 2.7: Three different classes of triplet sensitizers, spanning from purely organic to inorganic.
(a) TADF-active species, (b) metal-organic complexes, and (c) semiconducting NCs.

Due to the scarcity and cost of rare earth metals such as platinum and iridium, the search
for purely organic sensitizers has seen a surge in recent years. While organic triplet sensitizers
such as benzophenone and biacetyl are well-known, these display very poor light absorption
with molar absorptivities as low as ~10-100 M~ cm ™! at relevant wavelengths, deeming them

161,162 The last decade has seen an explosion in research on

unsuitable as triplet sensitizers.
TADF-active materials, which due to their ability to efficiently convert triplets into singlets via
rISC are attractive as emitter materials in organic light-emitting diodes.!%37165 TADF-active

166 and

molecules also possess efficient ISC, small to moderate AFg_r, 7 in the us regime,
decent light absorption. A TADF-active molecule was first used as a sensitizer for TTA-UC in
2015,167 but several examples have since then followed with promising results.!1%15 A special

class of TADF-active materials, showing multiple resonance (MR)-TADF, has also recently
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been used as sensitizers for TTA-UC, and are especially interesting due to stronger and more
narrow absorption than conventional TADF compounds.?® ' A summary of the three classes
of sensitizers presented above is found in Figure 2.7.

2.4.2 Triplet Annihilators

The properties of the annihilator species, which can undergo TTA between two T} states to
form S; and Sy states (Figure 2.6), are crucial to the performance of TTA-UC systems. The
interplay between sensitizer and annihilator requires that this donor-acceptor pair is chosen
appropriately in terms of excited state energetics. Specifically, for TET to be thermodynam-
ically favored it is beneficial if 77 of the annihilator lie energetically slightly below T} of the

168,169 170,171 7. should, as for the

sensitizer, even though endothermic TET can be accessible.
sensitizer, be as long as possible (preferably in the ms regime) to provide ample time for annihi-
lator triplets to collide and interact. Even though the S; state could be exploited directly, most
studies so far rely on fluorescence as the final step. For such systems to perform with highest
possible efficiency, the annihilator must have a high ®;. Finally, the internal energy alignment
of the excited states is important. As mentioned earlier, for TTA to proceed the energy re-
quirement 2 X E(T}) > E(S;) should be fulfilled (although endothermic TTA has been reported
in, e.g., rubrene).” " Annihilator materials are typically based on polycyclic aromatic hydro-
carbons, with 2,5-diphenyloxazole (PPO, emits UV light), 6594101104 9 10_diphenylanthracene
(DPA, emits blue light),2:51:57:58,64.173 aq rubrene (emits yellow light)™ 17217417 representing

annihilators that have been widely used for different spectral regimes.

2.5 Key Performance Metrics in TTA-UC Systems

Having introduced the different species needed for TTA-UC, it is time to look at the system as
a whole. There are several different metrics used when evaluating the performance of TTA-UC
systems, and these are in most cases related to each other in some way.

2.5.1 The TTA-UC Quantum Yield

The overall efficiency of a TTA-UC system is measured with the upconversion quantum yield
(Pye). It is usually defined as the ratio between the number of emitted upconverted (high-
energy) photons and absorbed low-energy photons. Since the production of one upconverted
photon requires the absorption of two low-energy photons (Figure 2.6), the theoretical maximum
of @y is 50%. Some authors choose to normalize this value so that the reported values are out
of a 100% theoretical maximum, and are then usually referred to as the upconversion efficiency
(denoted with either ®f; or nyc).!™ In this thesis, the 50% theoretical maximum definition of
®y e will be used throughout.

®y ¢ can be thought of as the product of the quantum yield of each process leading up to the
final emission of the upconverted photon (Equation 2.10). If the quantum yield of ISC, TET,
TTA, or fluorescence is low, then &y will also be low. However, in oxygen-free and optimized
systems these quantum yields have the ability to approach unity.
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Pyc = PrscPrer®rra®s (2.10)

O pr is defined by Equation 2.11, in which krgr is the rate of TET from sensitizer to anni-
hilator, k7 is the rate of first-order spontaneous triplet decay of the sensitizer, and [A]y is the
annihilator ground state concentration.

krer [114]0
kTET[lA]O + kr

Since kr is the reciprocal of 7, a long sensitizer 7 will lead to a higher ®7gr. As TET

(2.11)

Orpr =

is diffusionally controlled (in liquid environments), the maximum k7pr in common non-polar
solvents lie around the diffusion limit 10 M1 s71.123 Most experimentally measured krpr
for exothermic TET lie at or slightly above 10° M~! s7!, and are commonly measured using
Stern-Volmer kinetics (Equation 2.12). The dynamic quenching of the sensitizer will lead to
a decrease in 7 (or in emission intensity if the sensitizer is emissive), which depends on the
amount of quenching agent (i.e., annihilator) that is present. A linear relationship between 7

and [*A]y should then be obtained, in accordance with the Stern-Volmer equation below.!??

i I
?0 = 7‘) =14 kpgrmo[* Al (2.12)

Using a sensitizer with 75 &~ 100 us, such as PtOEP,'®? then necessitates a ['A]y ~ 1 mM to
achieve ®7pr above 99% for typical TTA-UC systems.

A high ['A]y is not only helpful to promote TET. The result of efficient TET is a high
concentration of triplet excited annihilators, [*A*], on which TTA depends quadratically. The
kinetics of TTA-UC and the experimental determination of ®p74 are covered in Section 3.3,
but for now it is sufficient to conclude that efficient TET results in high [*A*], which in turn
leads to higher ®7r4.

®y ¢ is commonly determined using relative actinometry. The integrated emission intensity
(I) of the UC sample is then compared to that of a reference sample, which consists of a fluo-
rophore with a known ®¢. Taking into account also the absorption at the excitation wavelength
(A) and the refractive index (1) of the solvents used for each sample, ®y¢ is determined using
Equation 2.13.

1—-107%  Iyc., 0, 9
2.13

Here, UC and r subscripts denote UC and reference sample, respectively. Depending on the

Py = Oy, (

ultimate purpose of the TTA-UC system, different definitions of ®y - are of interest. When
investigating the intrinsic properties of annihilators it is often useful to measure the generated
®ye, denoted @yt This is a measure of the number of UC photons being emitted from the
sample in absence of any reabsorption. As visualized in Figure 2.8, UC samples often have very
strong absorption at higher energies. This leads to reabsorption of some of the upconverted
photons, causing the observed UC spectrum to diverge from the fluorescence spectrum of an
optically dilute sample of the annihilator. At longer wavelengths the sample absorption is
typically lower, and the observed emission matches that of pure fluorescence well. Making
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a proper fitting to the observed UC spectrum then gives the spectrum one would observe if
reabsorption was not a factor (dashed line in Figure 2.8), and its integrated emission intensity
can be used in Equation 2.13 to obtain ®yc 4. Using this definition of ®y¢ is crucial when
evaluating some system properties, e.g., the spin-statistical factor, a metric which is otherwise
underestimated.

——UC 1,3-DPA,
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FIGURE 2.8: The measured UC emission from a sample with 6.6 uM PtOEP (sensitizer) and 1 mM
1,3-DPA5 (annihilator, solid purple) does not perfectly match the fluorescence of an optically dilute
sample of 1,3-DPA, (dashed) at shorter wavelengths due to reabsorption of UC emission by the sample
itself.

2.5.2 Spin-Statistics of TTA

Although the theoretical maximum of ®y¢ is 50%, there are few systems that reach above
20%. The reason for this relates to the spin-statistics which dictate the products of TTA.
In the absence of a magnetic field, there are three triplet eigenstates degenerate in energy
(Equation 2.14). In the |s,m) notation below, s (which is 1 for all triplets) is the total spin of
the state, and m is the spin projection onto the system’s z axis.

L1) = 11 (2.14a)

10) = —=(th+ 1) (2.14D)

1, -1) = |} (2.14¢)

Ql

When two strongly-exchange coupled triplets interact, the spin-statistics dictate that there are
nine possible outcomes: five quintet states, three triplet states, and one singlet state. Quintet
states require the simultaneous excitation of two electrons and often lie much higher in energy
than twice the energy of the interacting triplets. Thus, quintet states are unattainable and
may be disregarded in the analysis. The formed triplet, which is typically in the second excited
state (T3), is for most annihilator molecules energetically accessible, which is also the case for
the formed S; states. The Ty states will then decay non-radiatively back to T;. This means
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that from the TTA interactions between four triplet pairs (eight 77 states in total), one singlet
excited state is formed and three triplet excited states are regenerated (Equation 2.15).

S1+ So

T+T, — Ty+ Sy — Ti+ Sy (multiplicity of 3)

(2.15)

Hence, five T} states are destroyed during four TTA events. Out of these five T7 states, two are
used to form the sought-after S;. This means that the spin-statistical factor (f) for S; genera-
tion during TTA is 2/5 for most annihilator molecules, which translates to a maximum ®y¢ of
20%. It is common that f is also included as a pre-factor in Equation 2.10. Circumventing the
limit that f imposes on upconversion efficiencies has been the subject of some research within

5,118 a9 well as cases

177-179

the field, and includes examples in which T3 is energetically inaccessible
in which the T3 state can be converted to S; via high-level reverse intersystem crossing.

2.5.3 Excitation Threshold Intensity

Apart from having a high efficiency of the overall TTA-UC process, it is also important to
consider under what conditions the highest possible efficiency can be reached. It was previously
noted that achieving a high [*A*] is vital to reach high TTA efficiencies. [2A*] is a product of
TET from [3S*], which in turn is dependent on the intensity of incident excitation light (I.,).
At low I, [PA*] will be low and the annihilator triplets will primarily decay through first-order
processes. At high I.,, [PA*] will be high, thus making TTA the dominating decay mechanism.
The transition between these regimes is defined in terms of the excitation threshold intensity
(I, Figure 2.9a), which is the excitation intensity at which half of the triplet annihilator
population decays through TTA. In the high-intensity regime (l., > I;), the intensity of
upconverted light will be linearly dependent on /.., which means that ®;¢ reaches a saturation
value (Figure 2.9b). In the low-intensity regime (I, < Ij;), the output light intensity is instead
quadratically dependent on I, and ®y¢ will increase with I.,.

Under steady-state conditions and under the assumption that TET from sensitizer to anni-
hilator is efficient, I, is defined by Equation 2.16.

_ M
2kTTAa[1S]0

Here, kr and kpr4 are the rate constants for first- and second-order annihilator triplet decay,

I, (2.16)

respectively, a is the absorption cross-section of the sensitizer (cm?), and ['S]y is the sensi-
tizer ground state concentration. I, is, thus, a system parameter which is influenced by the
properties of both the sensitizer and the annihilator. For solar applications, a low [y, is sought
after. Optimally, I;;, should lie at or below the intensity of incident sunlight integrated over the
absorption of the sensitizer, as this would maximize the system efficiency also using sunlight.
For some applications, a high I, is instead wanted. This is the case for applications in which
the quadratic dependency on I, is important for their functionality, such as when TTA-UC is
used for 3D printing.'® It should be noted that the traditional method of determining I, as
visualized in Figure 2.9a, for a long time was thought to give Iy, exactly at the crossing point
between the quadratic and linear regimes. However, this was recently put under scrutiny,®!
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FIGURE 2.9: Excitation intensity (/.;) dependence on (a) TTA-UC emission intensity, and (b) @y
In the low-intensity regime (yellow) the emission intensity quadratically depends on I, giving a linear
slope of ~2 on a log-log plot. At high I, TTA dominates, yielding a linear dependence on I, (slope
~1) and a saturated value for @y .

and it has been shown that the crossing point in reality corresponds to the value of %]th. This
shortcoming shall be overcome with the new methodology presented in Section 3.3, in which
I, can be extracted also from samples that do not fully converge towards purely quadratic and

linear dependencies on I,,.
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3

Spectroscopy Methods

Vital to performing research is having a toolbox of methods suited for the specific purpose.
Spectroscopic techniques lie at the heart of research in photophysics and photochemistry, and
in this chapter a brief introduction to the methods used in this thesis are presented.

3.1 Steady-State Measurements

3.1.1 Absorption and Emission of a Liquid Sample

Most photophysical processes are initiated by an absorption event in which the molecule is
excited to a higher-lying state. The absorbance of a sample can be calculated using Equation
3.1, which is called the Lambert-Beer law.!%2

logio (?&?) = A\ =e(N)dl (3.1)

Here, Iy and [ are the light intensities before and after the sample, respectively, A()\) is the

'em™), ¢ is the sample concentration

absorbance, ¢ is the molar absorption coefficient (M~
(M), and [ is the path length (cm). The setup for measuring absorption is presented in Figure
3.1a. The detectors measure the transmitted light intensity I(\) for one wavelength at a time,
which is selected by the monochromator in front of the sample. The difference in ¢ at different
wavelengths then results in the emergence of an absorption spectrum as the monochromator
sweeps over a predefined wavelength interval. Absorption measurements yield information
about the presence of different species in a sample, the concentration of those species, as well
as information about the presence of different transitions and excitations for a given species.
The emission from a sample can be measured in a similar fashion (Figure 3.1b). A suitable
excitation wavelength is chosen using a monochromator and is kept constant throughout the
measurement. The emitted light is then measured perpendicularly to the excitation path to
avoid any influence from the excitation source. A second monochromator is placed after the
sample, sweeping over a predefined wavelength range in order to collect an emission spectrum.
Steady-state emission can be used to determine excited state properties, e.g., fluorescence
quantum yields (@), which is determined by comparing the integrated emission intensity to
that of a reference compound with a known ®. It can also be used to investigate the efficiency
of energy transfer by measuring how the emission intensity varies as a quencher is added to the
sample. Steady-state emission is also important when investigating TTA-UC. To ensure that
high TTA-UC efficiencies are reached, a continuous-wave (cw), monochromatic laser is used as
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FIGURE 3.1: Experimental setups used for measuring (a) absorption, and (b) emission from a liquid
sample.
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the excitation source instead of a lamp, thus making the excitation monochromator superfluous
in such measurements. The excitation power can be modified by varying the pumping current
to the laser, or by placing a neutral density filter between the laser and the sample.

3.2 Time-Resolved Measurements

As evidenced by this thesis, knowing the lifetimes of different states is in many cases pivotal.
Time-resolved techniques are then needed, which all rely on using a pulsed excitation source
instead of a continuous one.

3.2.1 Determining Lifetimes from Emission

Two different setups are used when measuring time-resolved emission. Lifetimes on the nanosec-
ond timescale (e.g., prompt fluorescence) are measured using time correlated single photon
counting (TCSPC). A setup similar to that of Figure 3.1b is used, with the important differ-
ence that the laser light is pulsed, typically with a high (MHz) repetition rate. Following each
pulse, photons are emitted from the sample. The TCSPC setup is constructed such that only
the first photon to reach the detector is observed, and the time it takes for the photon to reach
the detector following excitation is measured using specialized electronics. The measurement
results are stored in a histogram, which can be analyzed to obtain the lifetime(s) of the emitting
species. Prompt fluorescence typically decays mono-exponentially, and the measured intensity
is then fitted to Equation 3.2:

t

I(t) = A exp(——) (3.2)

Tf
where t is time and 7y is the fluorescence lifetime. If two or more species emit light of the same
wavelength, the above expression must be modified to include more exponential terms.
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When measuring slower kinetics on the micro- or millisecond timescale, such as phosphores-
cence or TTA-UC emission, the TCSPC setup is typically not used since the need for slow repeti-
tion rates would lead to very time-consuming measurements. Additionally, on these timescales,
electronics are fast enough to measure multiple photons per excitation while maintaining a
satisfactory time-resolution. In contrast to the TCSPC setup, a Nd:YAG laser equipped with
an optical parametric oscillator (OPO) is used to create the pumped excitation light. The
use of an OPO allows for facile tuning of the excitation wavelength, ranging from well below
400 nm into the infrared region (>800 nm). It is also possible to use cw diode lasers coupled
to a pulse-generating device for excitation, as detailed in Section 3.3. Phosphorescence decay
typically follows the mono-exponential behavior of Equation 3.2, whereas TTA-UC emission
follows more complex kinetics (see Section 3.3).

3.2.2 Non-Emissive Species and How to Find Them

Transient species are not always detectable by emission, and one must then reside to transient

183 4 setup such as that

absorption techniques. In nanosecond transient absorption (nsTA),
of Figure 3.2a is used. A high-intensity (typically 1 mJ/pulse) short (10 ns) monochromatic
pulse, referred to as the pump, excites the sample, leading to excitation of a fraction of the
molecules from the ground state to excited states (Figure 3.2b). After a defined time delay At,
the sample is subject to the probe, which is often a broadband lamp, such as a quartz-halogen
lamp. The detector then measures the intensity of transmitted probe light. The measurement
is then repeated without any initial pump excitation. Combining these two measurements gives
the differential absorption, AA, which is calculated according to Equation 3.3. I, /I_ are the

transmitted probe light intensities with and without pump excitation, respectively.

I

In contrast to steady-state absorption, AA can take both positive and negative values. By using
a time-gated CCD camera, spectra such as those in Figure 3.2c¢ are obtained. A positive value
(region I and IIT) is indicative of absorption from an excited state. A negative value (region II)
may arise from either the depletion of the ground state (and is then referred to as the ground
state bleach) or from emission from the sample.

The differential spectra are typically collected at different At, allowing for probing of the
transient development of different species. In Figure 3.2c, region I and II follow the same
kinetics, which could indicate that these peaks originate from the same transient species. At
small At (black spectra), large |AA| values are observed in these regions, which then decay
toward zero as At increases (blue spectra). In contrast, the peak in region III rises with
increasing At, indicating that this represents a different excited state species which is populated
at a slower rate.

The probe can also be chosen to be of a single wavelength. Single-wavelength kinetic traces,
such as those shown in Figure 3.2d for region I, II, and III, are then obtained. Such measure-
ments are useful when extracting the lifetimes of the excited state species, rather than only
identifying them by analysis of the peak positions.
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FIGURE 3.2: (a) Schematic of nsTA experimental setup. (b) Schematic of how a nsTA measurement
works. The pump excites a fraction of the ground state molecules to an excited state. The probe
arrives at a time delay At after the pump, probing the transient species present in the sample at time
At. (c) Both positive and negative AA values can be seen. The peaks in region I and II decay to zero
as At increases, whereas the peak in region III increases with time. (d) The kinetic evolution of the
transient species can be analyzed by probing at specific wavelengths. Here, the peaks in region I and
II show the same kinetic decay, indicating that these peaks originate from the same species. The peak

in region III belongs to a different species, potentially formed from the species probed in region I and
1I.

3.3 Characterizing TTA-UC Systems with Time-Resolved Emission

To fully characterize a TTA-UC system, a combination of steady-state and time-resolved mea-
surements are needed. TTA-UC emission can be used for determining the TTA-UC quantum
yield, @y, the excitation threshold intensity, Iy, and the annihilator triplet lifetime, 7. The
rate constant of triplet-triplet annihilation, k774, and the TTA quantum yield, @774, have typ-
ically been extracted from separate TA measurements. While TA measurements are in many
cases possible, these are trickier to perform than emission measurements, mainly due to high
sensitivity to the pump/probe overlap and, sometimes, complex analysis of the data due to
competing absorption and emission events.?8: 184

To facilitate the characterization, a new method has been developed in our group (as re-
ported in Paper B).'® With this method, I, 77, kpra, and ®774 can be extracted from the
same set of time-resolved emission measurements, removing the need for TA measurements

entirely, thus making TTA-UC characterization simpler, more efficient, and more accessible.
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3.3.1 Theoretical Framework

The fate of annihilator molecules in their T; state dictates the kinetics of TTA-UC. Typically,
the triplets decay through two different channels in solution. The intrinsic non-radiative decay
is a first-order (i.e., mono-exponential) process in which a triplet returns to the ground state.
In contrast, the TTA process, in which two triplets interact to form one singlet excited state
and one ground state, is a second-order process. The time-evolution of the triplet excited
annihilator concentration is then given by Equation 3.4.

d[®A*]
dt
kgen is the rate of triplet annihilator generation, kr[>A*| is the rate of depopulation through
first-order spontaneous decay processes, and 2kpra[>A*]? the rate of depopulation through
second-order TTA. The factor 2 in front of krr4 is here explicitly written out to indicate that
two triplet annihilators are consumed in each TTA event.

== kgen - kT[3A*] - 2kTTA[3A*]2 (34)

The analytical solution to the decaying terms of Equation 3.4 is well-known,'®® and yields
the expression in Equation 3.5 for the decay of triplet annihilators.

3 4% 3 g+ 1-p

PA(0)] = PA (35
Here, [2A*(t)] is the annihilator triplet concentration, [*A*], the initial annihilator triplet con-
centration, 7r (= 1/kr) is the intrinsic triplet excited state lifetime, and 5 is a dimensionless
parameter indicating the fraction of initial annihilator triplets that decay through the TTA
channel. Since the TTA-UC emission intensity is proportional to [>A*(¢)]?, it will decay accord-
ing to Equation 3.6.

Tvel(t) & PA* (1)) = ([3A*]omé/_ﬁf_ﬁ)2 (3.6)

The expression in Equation 3.6 has been used extensively to analyze TTA-UC systems previ-
ously, yielding information about the important parameters 7 and .

Taking a closer look at the definition of 3, one sees that it includes both [*A*]y and k74
(Equation 3.7). Thus, if [*A*]; was known, kpra could be extracted from the global fit of
TTA-UC decay.

5= 2krra2A*)o
kr + 2krra[2A*)o

Time-resolved TTA-UC emission measurements are typically performed using a short, high-

(3.7)

intensity laser pulse for excitation. When doing so, estimating [>A*]y is very tricky. Conversely,
a good estimate of [3A*]y is obtainable if cw excitation is used instead.
3.3.2 Experimental Setup and Data Analysis

In the new method described herein, a diode laser is coupled to a pulse generator to generate a
square-shaped excitation pulse of tunable width (Figure 3.3a). The TTA-UC sample is excited
for an extended period of time set by the pulse width (typically a few ms), during which the
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observed TTA-UC emission will increase as more and more triplet annihilators are formed and
subsequently annihilated. After some time, when the rate of triplet generation matches that
of triplet depopulation, the emission intensity will reach a steady-state value (Figure 3.3b). At
this point, the laser is turned off and the emission signal decays according to Equation 3.6.

Sample
a Pulsed laser b Laser

Diode laser ~ ©citation On On

5%%5 II II | Off : Off

Sample
Pulse emission
generator
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FIGURE 3.3: (a) Experimental setup. (b) The excitation pulse width is tuned such that the measured
emission intensity signal is saturated before the laser is turned off. During the laser-off stage, the
emission decay is measured as in a normal time-resolved measurement using short-pulsed excitation.
(¢) Iyc will decay faster at higher I.,, yielding higher values of 5. Globally fitting 7r to several
measurements collected at different I, increases accuracy. (d) Iy, of the system under investigation
is found at the I, yielding 5 = 0.5.

Using a cw diode laser in pulsed mode enables having the sample in a well-defined state at
the beginning of the emission decay. Since the sample with respect to [*A*] is in steady state,
and as this steady-state concentration will equal that of [3A4*]y, Equation 3.4 can be rewritten
as Equation 3.8.

d[*A*]
dt

The first term corresponds to kge, in Equation 3.4, and includes the quantum yields of inter-

=0 = kee@rscPrer — kr[>A*]o — 2kpra[PA*]2 (3.8)

system crossing (ISC) and triplet energy transfer (TET), both of which can be obtained from
separate experiments. k., is in turn calculated from Equation 3.9, yielding values from 1075 -
10~! M s~! under typical excitation conditions.

L a1 - 1074
T heNAVe,

Here, I., is the excitation intensity (W), X is the excitation wavelength (m), A is the sample

(3.9)

absorbance at A, h is Planck’s constant (Js), ¢ is the speed of light (m s™1), N4 is Avogadro’s
number (mol™'), and V,, is the excitation volume (dm?®). Equation 3.7 and 3.8 make up a
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solvable equation system with two unknowns, krra and [3A*]y. These can now be obtained
from time-resolved emission measurements, which are fitted to Equation 3.6 with krrs and
[®A*]y as fitting parameters.

For increased accuracy, one can measure how Iyy¢ evolves in time at several different excita-
tion intensities (Figure 3.3c). Altering the excitation intensity will alter [*A*]y and, thus, also
B. The set of decays can then be fitted globally using 77 as a fixed parameter, while j is fitted
independently to each decay. This method then yields a reliable value of 7 while the 5 values
give &7, for each measurement, in accordance with Equation 3.10.

krral>A*o
kr + 2kpra[2A*)o

An additional benefit of measuring a set of decays at different excitation intensities is that I,

1
q)TTA - §B - (310)

falls out as a byproduct of the fitting procedure. I, is defined as the steady-state excitation
intensity at which half of the excited annihilator triplets decay by TTA. In other words, I;;, can
be found as the excitation intensity which results in § = 0.5 (Figure 3.3d). From a practical
viewpoint, the method presented herein requires far fewer measurements for extracting [y, than
is needed in the traditional method, which is used in, e.g., Paper 1. It can also be useful in
situations where intensity measurements are difficult, such as when working with light-scattering
samples.
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4

Intramolecular Photochemical Upconversion

This chapter focuses on the main findings from Paper 1.!%* In this paper, a set of dimer
molecules were synthesized and investigated as potential annihilators. The dimeric nature
of these molecules, with two identical chromophores covalently linked, allows them to hold
two excitons simultaneously. It was envisioned that this would enable TTA to proceed in
an intramolecular fashion. We sought to elucidate the mechanism that is responsible for in-
tramolecular TTA-UC (iTTA-UC), as there are different mechanistic models for iTTA-UC that
exist in the literature.

4.1 Models of Intramolecular TTA-UC

Two main models for iTTA-UC have been proposed previously, with the main difference lying in
how the second of the two triplet excitons is transferred to the annihilator. The first model will
be referred to as the triplet energy transfer between annihilators (TETA) model.5:18 Following
regular TET from sensitizer to annihilator to populate T} of the first of two annihilator moieties
(here denoted ' A-3A*), the second annihilator moiety accepts a triplet exciton from another ' A-
3A* annihilator via TET (here explicitly denoted TET,). In the TETA model, TET, depends
on the relative orientation between the annihilator moieties during their collision, and two other
(non)-interactions may also take place (Equation 4.1a).5!

The second model is called the double sensitization (DS) model. TET, is here assumed to
proceed in a similar fashion to regular TET, with a T} sensitizer being responsible for populating
both moieties of the annihilator dimer (Equation 4.1b).676%187.188 Tn hoth models, iTTA may
then proceed in *A*-3A* dimers, forming a 'A*-'A dimer capable of emitting UC light.

TABA* ¢ TABA* TE;% SA*¥BA* 4 TATA
50%

TETA model: { "A-*A* + 3A*.TA %T—A—) TA*¥-TA 4 TA-TA (4.1a)

3A*_1A + IA—?’A* no mtef;ctlon 3A*_1A + 1A_3A*
25%

DS model: 3% 4 TABA* % SA¥3A* 1 1S (4.1b)

The two models are summarized in Figure 4.1, in which the conventional intermolecular pathway
(which is present alongside {TTA-UC) is also included. The overall TTA-UC performance of
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the dimers were evaluated alongside the mechanistic study on ¢TTA-UC, and the results are
summarized in the following section.
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FIGURE 4.1: Schematic of suggested pathways for TTA-UC with dimeric annihilator compounds
(here represented by 1,3-DPAjs). Designations: S = sensitizer, A = annihilator moiety (spin multi-
plicity denoted by left superscript), * = excited state. Upon light absorption (hr;) and rapid ISC, the
sensitizer populates the triplet excited state of one annihilator moiety through TET. The TTA event
forms a singlet excited state, and one high-energy photon (hvs, hrp > hry) is emitted. (1) Conven-
tional intermolecular TTA between two triplet excited dimers. (2a) TET between annihilators (TETA)
model: The triplet excited dimer becomes doubly excited following TET from another triplet excited
annihilator. (2b) Double sensitization (DS) model: The ground state moiety of the singly triplet
excited dimer is populated with another triplet following TET from a sensitizer molecule. Reprinted
with permission from ref. 184. Copyright 2021 American Chemical Society.

¢
S

4.2 Evaluating TTA-UC Performance of Dimeric Annihilators

Four symmetric dimers based on DPA were synthesized, and their molecular structures are pre-
sented alongside their steady-state absorption and fluorescence spectra in Figure 4.2. 1,2-bis(10-
phenylanthracen-9-yl)benzene (1,2-DPA,), 1,3-bis(10-phenylanthracen-9-yl)benzene (1,3-DPA,),
and 1,4-bis(10-phenylanthracen-9-yl)benzene (1,4-DPA,) all have a central phenyl ring connect-
ing the two annihilator moieties. This feature is lacking in the fourth dimer, 10,10’-diphenyl-
9,9’-bianthracene (9,9-PAs), in which the moieties are instead directly covalently linked. Only
small differences between the absorption spectra of the dimers can be seen, indicating that the
dimeric nature does not significantly perturb the electronic structure of the ground state.

The fluorescence characteristics are again similar, with 1,2-DPA, being the obvious ex-
ception with a red-shifted and broader fluorescence spectrum. Using temperature-dependent
measurements, it was concluded that the red-shifted fluorescence is caused by the formation
of an intramolecular singlet excimer. Upon absorption, one chromophore moiety populates 57,
which is followed by excimer formation between the Sy and S; moieties. This is made possible
due to the close spatial proximity between the moieties and the structural flexibility of the
molecule. When lowering the temperature the excimer formation process is mitigated, and vi-
bronically resolved, short-wavelength fluorescence is seen from the individual monomers (Figure
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FIGURE 4.2: Absorption (dashed) and normalized emission (dash-dot) spectra of the investigated
annihilators and the sensitizer PtOEP in deaerated toluene. Reprinted with permission from ref. 184.
Copyright 2021 American Chemical Society.

4.3). The excited state behavior of 1,2-DPA; is suboptimal for TTA-UC, since the red-shifted
fluorescence reduces the obtainable anti-Stokes shift.!®?

As for the parent monomer DPA, @, is above 95% for all investigated annihilators, making
them excellent candidates for TTA-UC. When paired with the sensitizer PtOEP (Figure 4.2),
strong UC emission was observed from all samples upon 532 nm excitation. The system with
DPA performs the best both in terms of ®y¢y and Iy, (Figure 4.4), with 1,3-DPA, being
outstanding in this regard among the dimers, despite all systems showing efficient TET and
sufficient thermodynamic driving force in the TTA event (Table 4.1). The excellent performance
of DPA and 1,3-DPA, could instead be ascribed to them having significantly longer 7, which
was concluded to be the annihilator parameter with the most impact on TTA-UC performance.

The superior performance of 1,3-DPA, was interpreted in terms of differences in the geo-
metric motifs of the dimers. It is well-known that linkage in the meta-position decreases the
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FIGURE 4.3: Steady-state fluorescence of 1,2-DPA, in deaerated 2-methyltetrahydrofuran at different
temperatures. The broad feature at longer wavelengths is fluorescence from an intramolecular excimer
state which is readily formed at room temperature. Inset: Fluorescence quantum yield of the excimer
state (®g) and the monomer state (®,/) at different temperatures. Reprinted with permission from
ref. 184. Copyright 2021 American Chemical Society.

electronic coupling between moieties.'?*192 This decrease in electronic coupling suggests that
1,3-DPA, should better retain the properties of monomeric DPA, which then also explains why
DPA and 1,3-DPA, have similar values of 7 (Table 4.1). Similar results have been reported
for other families of dimers based on DPA, but those results were interpreted in terms of more
efficient i TTA-UC according to the TETA model for the meta-linked dimer.%

TABLE 4.1: Important TTA-UC parameters determined for DPA and the dimers.

u Lip, krer krra T 2 x E(Ty) - E(Sy)
VGs  mWem™2) (M~ 'sh) (M7 lsh) o (ms) (eV)

DPA 0.240 15 1.78 3.01 5.5 0.29
9,9-PA, 0.150 605 0.99 3.73 0.56 0.36
1,2-DPA, 0.140 142 0.95 2.89 0.80 0.34
1,3-DPA, 0.212 44 1.04 2.81 4.7 0.32
1,4-DPA, 0.149 1343 0.96 4.00 0.29 0.32

2Qut of a 50% theoretical maximum.

4.3 Elucidating the Mechanism of Intramolecular TTA-UC

TTA-UC is governed by complex kinetics, but simulating the kinetic evolution of different
species is possible. To take advantage of this possibility, simulations of the behavior of different
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FIGURE 4.4: (a-b) Log-log plots of UC emission intensity versus excitation power density. The
crossing point between the quadratic and linear regions, Iy, is indicated for each annihilator. (c)
®yc g versus excitation power density. At high intensities, ®yc 4 asymptotes towards its maximum
value. Adapted with permission from ref. 184. Copyright 2021 American Chemical Society.

iTTA-UC mechanisms were performed and then compared with experiments. The simulations
were performed using experimentally derived values of relevant parameters, and full details and
results from the simulations are found in the Supporting Information of Paper I. Simulations
and experiments focused on two different concentration regimes: one in which the ratio between
ground state annihilator and sensitizer (i.e., ['A]o/[*S]o) is high, which is the most common
for TTA-UC systems in liquid media, and one in which [*A]q/[*S]o is low (typically [* Ay =~ 10
puM, [1S]o &~ 100 uM).

Figure 4.5 presents comparisons between the simulated and experimentally measured UC
emission kinetics for each system. At high [*A]y/['S]o, there are little to no differences in the
expected kinetics between the different models. The behavior of the two iTTA-UC models also
coincides with the kinetics of a model in which any ¢TTA-UC contributions are forbidden (Figure
4.5¢), indicating that contributions from ¢TTA-UC under normal conditions are negligible.

Much larger differences are seen when moving to low ['A]/['S]o. Here, the TETA model
predicts that the DPA system should yield the fastest emission kinetics, with the rise time in
particular being significantly shorter than for the dimers (Figure 4.5¢). On the contrary, the
DS model predicts that the rise time of the dimers is shorter than for DPA (Figure 4.5f). Given
the nature of the DS model, the faster early time kinetics would be expected, as the :TTA-UC
pathway depends on TET, from 3S*, an event which is likely to take place at early times.
Interestingly, experiments show that the dimers have a faster rise time than DPA, indicating
that the DS mechanism is responsible for the observed kinetics at low [*A]o/[*S]o.

As is evident from Figure 4.5h, all dimers show evidence of {TTA-UC. It could, thus, be
helpful to evaluate the performance of the dimers as a group in order to better understand
how the additional iTTA-UC pathway affects overall performance. To do so, the mean steady-
state UC intensity of the dimers at different [*A]y/['S]y was compared to that of DPA (Figure
4.6). At low [*A]o/[*S]o, the mean UC intensity of the dimers increase relative to DPA as
predicted by the DS model, while at high [*A]y/['S]y the predictions of the TETA model
better coincide with experiments. This is to be expected given that the influence from the
mechanism proposed in the TETA model will be more pronounced when increasing ['A]y. The
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FIGURE 4.5: Simulation results for the (a, e) TETA model, (b, f) DS model, (c, g) model where iTTA-
UC contributions are disallowed, and (d, h) experimental kinetic traces from delayed UC fluorescence
emanating from (a-d) samples with [1S]p = 5 uM and [*A]p = 1 mM (i.e., ['A]o/['S]o = 200), and
(e-h) samples with [*S]g = 100 uM and [*A]p = 5 uM (i.e., [LAJo/[*S]o = 0.05). Emission monitored
at 430 or 510 nm (for 1,2-DPAy). Adapted with permission from ref. 184. Copyright 2021 American
Chemical Society.

accuracy of the measurements at low ['A]y/['S]y is rather poor, as the measured UC spectra
are low in intensity and strongly affected by inner filter effects. Nonetheless, the steady-state
measurements further indicate that the DS mechanism is responsible for the TTA-UC behavior
we see from the dimers at low ['Alo/['S]o.

4.4 Conclusions Regarding Intramolecular TTA-UC

To summarize, the findings of Paper I suggest that iTTA-UC is an active pathway in DPA
dimer molecules. This additional pathway is primarily governed by a second sensitization step
in which a singly excited triplet annihilator becomes doubly excited following TET from a
second sensitizer molecule (as proposed in the DS model). The additional iTTA-UC pathway
leads to improved performance of these dimers at low [*A]y/['S]y ratios. In terms of overall
TTA-UC performance, systems with the reference monomer DPA still outperforms the dimers
at normal conditions, with 1,3-DPA, showing outstanding performance among the dimers. A
much longer 7 was found in 1,3-DPA, compared with the other dimers, which was attributed
to decreased electronic coupling due to the two chromophore moieties being covalently linked
in the meta-position.

These results are of importance for the development of TTA-UC systems intended for solid-
state applications, such as for PV. In the solid state, diffusional motion is hindered, and en-
ergy transfer events will be increasingly dependent on exciton migration. This means that
intermolecular TTA is obstructed in the solid state, and that ¢ TTA-UC will have an important
role. Additionally, the mechanism proposed in the TETA model would be improbable in the
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FIGURE 4.6: Comparison between the UC emission of DPA and dimers as a group. The abscissa
signifies the ratio between ground state annihilator and sensitizer concentrations, and the ordinate the
mean relative UC emission of the dimers compared to that of DPA. Purple circles are the experimental
mean values of dimer UC emission divided by that of DPA and are compared with the corresponding
intensity ratios predicted by the DS (black solid line) and TETA (blue solid line) models. The red
dotted line represents the UC emission of DPA and is included as a reference point. Reprinted with
permission from ref. 184. Copyright 2021 American Chemical Society.

solid state as it relies on diffusional encounter between annihilators. Several systems taking
advantage of the DS mechanism have been reported both before®”% and after™®® Paper I was
published, with a few promising examples of efficient ¢TTA-UC in solid-state systems. While
more studies are still needed, these collective efforts are bringing new insights and moving the
field closer to the ultimate goal of harnessing ¢TTA-UC for solar applications.

35



4. Intramolecular Photochemical Upconversion

36



O

Visible-to-UV TTA-UC in Solution

In this chapter, the main findings from Paper I1,'*3 Paper IIL,'** and Paper IV'% are presented.
These studies focus on different aspects of using TTA-UC to transform visible light to UV light.
In Paper II, a set of potential annihilator molecules were paired with cadmium sulfide (CdS)
nanocrystal (NC) sensitizers. The CdS NCs were decorated with a number of different organic
ligands, from hereon called mediator molecules, which act as triplet reservoirs, elongating 7 of
the sensitizer and, thus, promoting subsequent TET to the annihilators in solution.'#! 142 Pre-
vious efforts on using NC sensitizers for vis-to-UV TTA-UC yielded only moderate ®y 104105
and we sought to investigate the different energy transfer steps and how to optimize them in a

systematic fashion.

5.1 Using CdS Nanocrystals as Triplet Sensitizers

Figure 5.1 presents the full set of compounds investigated in this study. Three different sizes
of CdS NCs were synthesized using the hot injection method,'® with shorter reaction times
at higher injection temperatures yielding larger NCs. These are referred to according to their
respective absorption maxima in nm, with CdS 393 and CdS 426 having the smallest (3.1 nm)
and largest (4.3 nm) diameters, respectively (Figure 5.1a). All three sizes of CdS NCs exhibit
photoluminescence quantum yields (®py) between 20-30%, which is a significant improvement
from previous studies employing CdS NCs as sensitizers.!®* A high ®p; signifies suppressed
non-radiative decay, allowing for more efficient subsequent TET events.

The CdS NCs exhibit multi-exponential photoluminescence kinetics, but the amplitude-
weighted average lifetime, <7>, can still be used as a proxy to determine the TET efficiency
from CdS NCs to surface mediators (®7p71). The CdS/mediator assemblies were constructed
by simply adding the mediator to a CdS solution under mixing, with no subsequent washing
step to remove excess mediator left in solution. Omitting subsequent washing was key in
obtaining well-functioning systems. As is evident from the excited state energies presented in
Figure 5.1b and Table 5.1, ®7g7 is sensitive to the energy alignment between CdS NCs and
surface-bound mediators. Previous studies have mainly used 1-naphthoic acid (1-NCA) as the
triplet mediator,'1% but our results show that also phenanthrene-3-carboxylic acid (3-PCA)
and biphenyl-4-carboxylic acid (4-BCA) can accept the triplet from the NCs, albeit only from
CdS 393 in the case of 4-BCA (Table 5.1).
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FIGURE 5.1: (a) Compounds used in this study: CdS NCs with different diameters, ranging from 3.1

m (CdS 393) to 4.3 nm (CdS 426). Four mediators: benzoic acid (BA), biphenyl-4-carboxylic acid
(4-BCA), phenanthrene-3-carboxylic acid (3-PCA), and 1-naphthoic acid (1-NCA). Four UV emitting
annihilators: 2,5-diphenyl-1,3,4-oxadiazole (PPD), naphthalene (Naph), p-terphenyl (TP), and 2,5-
diphenyloxazole (PPO). (b) Energy level diagram of the compounds under investigation. Adapted
with permission from ref. 193. Copyright 2021 Wiley-VCH GmbH.

TABLE 5.1: Energy levels of mediator compounds and their quenching behavior when assembled
with CdS NCs.

<7>% (ns) Srpr (%)
Sy (eV) Ty (ev) | CdS CdS CdS | CdS CdS CdS
393 405 426 393 405 426
BA 4.4 3.4 16.9 17.0 14.3 b - -
4-BCA 4.1 2.8 5.11 17.0 14.3 70 - -
3-PCA 3.6 2.6 1.34 1.21 3.23 92 93 78
1-NCA 3.7 2.5 1.67 1.65 5.67 90 90 58

“PL lifetime in the presence of 300 M mediator. °No PL quenching observed.
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Interestingly, the systems using 3-PCA as the mediator show slightly higher ®rg7 than
the respective systems using 1-NCA, despite 3-PCA having a higher T} energy than 1-NCA.
Our hypothesis is that 3-PCA might have a slightly stronger binding affinity to the NC surface,
or that the position of the carboxylic group in 3-PCA results in the phenanthrene core being
slightly closer to the NC surface. Additionally, despite 4-BCA having a lower T} energy than
all sizes of CdS NCs, TET; (Figure 5.2) was only realized when paired with CdS 393. This
result indicates that a substantial thermodynamic driving force of at least 0.2 eV is needed to
afford TET; in systems using CdS NCs as sensitizers, consistent with previous studies on TET

between semiconductor NCs and surface-anchored ligands. 1719

5.1.1 Achieving Efficient Vis-to-UV TTA-UC

The CdS/mediator assemblies were subsequently used to sensitize a set of annihilator molecules
with different S; and T; energies (Figure 5.1). Out of these, PP 101,1047106,108 311 p_terphenyl
(TP)!7 10 have been used as annihilators previously, whereas 2,5-diphenyl-1,3 4-oxadiazole
(PPD) and naphthalene (Naph) are investigated as annihilators for the first time. In contrast
to the mediator, the annihilator is kept free in solution, allowing it to come in close contact with
both the sensitizer and other annihilator molecules. A schematic of the full TTA-UC process
using NC/mediator assemblies as the sensitizer is shown in Figure 5.2.

TET, OV :
> TTA>>350

~~ 426 ———u \ o =350 nm
& O ~\’)‘©

fHJ \-‘1 Surface-bound Annihilators

CdS NCs sensitizer mediators in solution

FIGURE 5.2: Schematic of the full NCs-based TTA-UC process. The CdS NC excited state is formed
following 405 nm excitation. Two separate TET events are then needed before TTA in solution is
achieved. The system energies may be varied by changing the size of the CdS NCs and by using
different mediator/annihilator pairs. Wiggly lines represent oleic acid ligands, which stabilize the CdS
NCs during and following synthesis.

The normalized steady-state absorption and emission spectra of the annihilators are pre-
sented in Figure 5.3. All annihilators have significant emission in the UV region and fulfil
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FIGURE 5.3: (A) Normalized steady-state absorption and fluorescence of (a) naphthalene (Naph),
(b) 2,5-diphenyl-1,3,4-oxadiazole (PPD), (c) p-terphenyl (TP), and (d) 2,5-diphenyloxazole (PPO) in
toluene.

the energy requirement for TTA. Aside from Naph, all annihilators also have high ®;, making
them great annihilator candidates. However, their TTA-UC performance differ significantly,
with PPO far outperforming the other annihilators. A high ®y¢ 4 of 10.4% was measured for
the CdS 405/3-PCA /PPO system, which is on par with the efficiency of a system using a new
compound based on naphthalene, 1,4-bis((triisopropylsilyl)ethynyl)naphthalene (N-2TIPS), as

the annihilator.'9?

The full set of measured ®y ¢, for all different combinations of sensitizer,
mediator, and annihilator are given in Table 5.2.

Evident from Table 5.2 is that the TTA-UC efficiencies are greatly affected by the system
energetics. Crucial to achieve high ®y¢ 4 is a high @711, and it seems that $y¢ 4 does not scale
linearly with ®7 g7, but rather it decreases even more strongly. This can be understood from
the bimolecular nature of TTA. If the annihilator triplet concentration, [*A*], decreases due to
a lowering of ®rpr1, the decrease in @774 will be even more pronounced as it is quadratically
dependent on [>A*]. Further, to achieve TTA-UC altogether it is required that the T} energy of
the annihilator is the same or lower than that of the mediator. Significantly, the systems using
PPO as the annihilator perform much better than all other systems, which is interpreted in
terms of a more efficient secondary TET event (TET,, Figure 5.2) from mediator to annihilator.

While the performance of PPD as an annihilator is difficult to assess given that only one
NC/mediator assembly works for sensitization of PPD, it is interesting to look at the trends
in ®yc, for the remaining annihilators. In general, using CdS 393 or CdS 405 yields the
highest ®y ¢4, highlighting that a high thermodynamic driving force for TET; between NCs
and mediators is needed. Naph performs poorly overall, which can be explained by its low @
of only 25% and a relatively short 77.2%° A slight improvement in ®y¢, is seen when using 4-
BCA as mediator, again highlighting that also TET, benefits from a sufficient thermodynamic
driving force.

The T} energy of 2.53 eV for TP was obtained from the literature,?°* which would indicate
that TET, from both 3-PCA (E(T)) = 2.56 eV) and 4-BCA (E(T)) = 2.78 eV) should be
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somewhat efficient. In Paper III, we argue that the value for E(T}) of TP used herein might
be underestimated, and instead refer to a literature value of 2.62 V.22 This value seems to
better match also the findings in Paper II, with an inefficient TET, event explaining the low
efficiencies found in systems using 1-NCA or 3-PCA as mediators. Nonetheless, it is promising
that the performance of TP as an annihilator drastically improves when using the CdS 393/4-
BCA assembly as sensitizer, almost matching the performance of the respective system with
PPO. Using 4-BCA as mediator should result in equally efficient TET, to TP and PPO, thus
indicating that not only PPO but also TP can undergo TTA quite efficiently. This is especially
interesting given that TP emits much deeper in the UV region than PPO (Figure 5.3), which

could be important for certain applications.”

TABLE 5.2: Measured TTA-UC quantum yields (®yc,q, %)%

Sensitizer Srpr (%) Annihilator

PPD Naph TP PPO
CdS 393/4-BCA 70 0.2 0.07 1.6 2.6
CdS 393/3-PCA 92 b 0.04 0.4 8.8
CdS 393/1-NCA 90 - - 0.2 8.4
CdS 405/3-PCA 93 - 0.03 0.2 10.4
CdS 405/1-NCA 90 ; ; 0.1 9.1
CdS 426/3-PCA 78 - 0.01 0.08 6.0
CdS 426/1-NCA 58 - - - 3.6

“Determined relative to a theoretical 50% maximum in deaerated toluene with an experimental error of approx.
+10%. ®No UC emission detected.

5.2 Further Improvements of TTA-UC Efficiencies

The rather complex systems used in Paper II, which depend on the successful assembly of NCs
and mediators, as well as on realizing two separate TET events, made it difficult to make a fair
19 we therefore sought to simplify the

systems under investigation, with the goal being that sensitization of all annihilators should

assessment of the investigated annihilators. In Paper III,

be efficient, and equally so. In Paper II, PPO and TP stood out as promising annihilator
candidates for vis-to-UV TTA-UC, while PPD likely was not properly sensitized in any of the
investigated CdS-based systems. These three annihilators were chosen for further investigation,
together with N-2TTPS,'92:103 2 5_diphenylfuran (PPF), and 2-phenylindene (2PI). PPF and 2PI
were investigated as annihilators for the first time, to the best of our knowledge. This set of six
annihilators hold several of the properties needed in an efficient annihilator, including a high
®; of at least 75% in the UV region, and a high thermodynamic driving force for TTA (Table
5.3). Their molecular structures and normalized steady-state absorption and emission spectra
are presented in Figure 5.4a.
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FIGURE 5.4: (a) Normalized steady-state absorption and fluorescence of investigated UV-emitting
annihilators. (b) Steady-state absorption, fluorescence, and phosphorescence of the sensitizer 4CzBN,
alongside its molecular structure. (c) Jablonski diagram of the TTA-UC process with a TADF-type
sensitizer. Adapted with permission from ref. 194. Copyright 2022 American Chemical Society.

TABLE 5.3: Excited state energies and fluorescence quantum yield of investigated annihilators.

S{ (eV) T? (eV) O

PPD 3.99 2.824 0.88
TP 3.98 2.62°¢ 0.92
2P1 3.71 2.22¢ 0.85
PPO 3.67 2.40¢ 0.78
PPF 3.59 2.28 0.79
N-2TIPS 3.53 2.12/ 0.77

“First singlet excited state energy, determined from the intersection of normalized steady-state absorption and
fluorescence spectra. PFirst triplet excited state energy, determined from the highest energy peak position of
phosphorescence, collected at 77 K in 2-methyltetrahydrofuran or collected from the literature when applicable.
°Fluorescence quantum yield of optically dilute samples. A¢; = 300 nm, determined relative to TP in deaerated

cyclohexane (®; = 0.93).203 9Reference 204. “Reference 202. /Reference 102.
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5.2.1 Using a High-Energy TADF-Active Sensitizer

To certify that equally efficient TET proceeds to all annihilators, it was crucial to find a
sensitizer with a sufficiently high 7T} energy. We also sought to use a sensitizer free of rare-
earth metals such as iridium,?10% 15116 and therefore focused our attention on purely or-
ganic compounds with TADF characteristics. It was found that 2,3,5,6-tetra(9H-carbazol-9-
yl)benzonitrile (4CzBN, Figure 5.4b) was able to efficiently sensitize all annihilators, owing to
a high T} energy of 2.71 eV, a high ®;5¢ of 0.89, and a long T} lifetime (7 = 62 ps). 4CzBN
was originally designed as a blue TADF emitter for organic light-emitting diodes,?% but due to
a relatively large AEg_ 7 of 0.28 eV, rISC in 4CzBN is comparatively slow, which allows TET
to proceed efficiently under optimized conditions. 4CzBN has a prompt fluorescence component
with a ®; of 0.11, which is the reason why ®;g¢ is capped at 0.89. The prompt fluorescence
is an unavoidable loss channel in TTA-UC systems employing TADF sensitizers, and will be
present in the spectra of steady-state UC emission (Figure 5.5).

High annihilator concentrations of 1 or 10 mM were used throughout to promote TET,
which was especially important in the case of PPD, to which krgr was significantly slower. This
was expected given the endothermic nature of TET from 4CzBN to PPD. It is not straight-
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FIGURE 5.5: Steady-state UC emission spectra of samples with 25 pM 4CzBN and (a) 1 mM N-

2TIPS, (b) 10 mM PPF, or (¢) 10 mM TP. The broad long-wavelength feature is due to prompt
fluorescence from 4CzBN. Ao, = 405 nm, I, = 18 W cm™2.
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forward to evaluate ®7gr in these systems, as the addition of annihilator molecules perturbs the
excited state equilibrium of 4CzBN. The determination of krpr from TADF-active sensitizers
using Equation 2.12 have previously been carried out using changes in the overall steady-state

110 or using changes in the lifetime of the delayed component (7pr).2% We

emission intensity,
used modelling to determine which approximate method most accurately mimics the analytical
expression of @71, and found that for TADF sensitizers with moderate to high AEg 7 (>0.1
eV) using 7pr as a proxy should yield accurate values of krgpr and ®rpr (see Supporting
Information of Paper III for more information).

Having realized the goal of equally efficient TET to all annihilators, the TTA performance of
each annihilator was evaluated. ®y¢ was measured for all annihilators, from which ®¢¢ 4 could
be deduced using a fitting procedure similar to that shown in Figure 2.8. To our delight, several
of the TTA-UC systems exhibit conversion high efficiencies upon 405 nm excitation, with the
N-2TIPS system in particular showing a record vis-to-UV @y, of 16.8%. PPO, PPF, and TP
show similar efficiencies well over 10%, whereas PPD and 2PI suffer from weaker performance
(Table 5.4). The relatively poor performance of 2PI was in part explained by poor solubility
in toluene, meaning that the effective 2PI concentration was much lower than anticipated. A
few representative steady-state UC emission spectra are shown in Figure 5.5, with prompt
fluorescence of 4CzBN being present at longer wavelengths in addition to the short-wavelength
UC emission.

5.2.2 Full TTA-UC System Characterization

To understand the minutiae of the performance of each individual annihilator, we employed
the new methodology that was detailed in Section 3.3. Some representative graphs of the
performance of PPO are shown in Figure 5.6. From the set of time-resolved UC emission mea-
surements that are shown in Figure 5.6a, 7, Ii, krra, and ®rra (i.e., Bmaz/2) are extracted.
Increasing I, leads to faster kinetics due to more efficient TTA, which in turn yields a higher
[. The [ value of each measurement, which was obtained by globally fitting the kinetic traces
in Figure 5.6a to Equation 3.6 with a constant 7, were plotted to extract I, by finding the
I, that would yield 5 = 0.5 (Figure 5.6b). The extracted value of I, was compared with that
obtained using the traditional method, showing that similar results are obtained regardless of
the methodology used, thus highlighting the applicability of the new methodology.

The full results are presented in Table 5.4, and it is again evident that a high ®y ¢, results
from annihilators with a long 7p. In fact, the relationship between a long 7 and beneficial
behavior otherwise is indubitable, which is of course to be expected, but further reinforces
the reliability of the new methodology utilized herein. It is also interesting to note that the
extracted krra values do not necessarily scale with TTA-UC performance. It instead seems
that also relatively slow krra (<10° M~! s71) is sufficient to achieve high ®774, as long as 77
is on, or at least near, the millisecond time scale.

The careful evaluation of all relevant TTA-UC parameters, with the evaluation of ®y ¢,
being especially important, allows further analysis of the spin-statistical factor, f. It was
extracted using Equation 2.10 with f as an additional prefactor, and using the values of ®y¢ 4
since f relates to the intrinsic ability to produce singlet excited states during TTA, not to the
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FIGURE 5.6: (a) Normalized excitation intensity-dependent kinetics of the UC emission of PPO. (b)
Evaluation of I, at 5 = 0.5 for PPO. Solid line is included as a guide for the eye. (c) Determination of
I, using the conventional method. Adapted with permission from ref. 194. Copyright 2022 American

Chemical Society.

actual emission event. This analysis shows that most annihilators have f values around 0.4,
which is to be expected (Table 5.4). Interestingly, N-2TIPS shows a slightly higher f of 0.54.
The reason for this is unclear, but DFT calculations indicate that N-2TIPS have a T5 energy

above that of 57, which was not the case for any other annihilator. This could potentially
enable exothermic high-level rISC from 75 to S, which has previously been used to explain

elevated f values in, e.g., rubrene.!7" 207

TABLE 5.4: Measured values of yields and rates important in TTA-UC.

Dy | B krer (x 10° T Ly, MW kppa (x 10° b /
’ Mt s (ms) cm™?) Mt st e
PPD 0.058 | 0.044 0.18 0.18 4900 2.87 0.67  0.22
TP 0.126 ] 0.091 0.41 0.31 1700 3.30 0.77  0.40
2P1 0.044]0.039 2.1 0.075  >25,000 0.69 0.27  0.43
PPO 0.140]0.124 2.0 1.3 210 1.75 0.91 0.44
PPF 0.130]0.102 3.6 0.75 600 1.77 0.85 0.44
N-2TIPS  0.168]0.131 0.80 2.2 220 0.62 091 0.54

2Qut of a 50% theoretical maximum. *Evaluated at 18 W cm™2.
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5.3 Substituent Effects on Triplet Excimer Formation and TTA

The results of Paper III show that a range of different UV-emitting annihilators can partic-
ipate in TTA-UC with high efficiencies. However, even though the superior performance of
N-2TIPS, with several reports of ®;;¢ above 10%,10% 103,114,208 jg hotentially explained by high-
level rISC contributions, other TTA-UC systems using naphthalene derivatives for annihilation

have suffered from much lower efficiencies.?® 98113

The poor performance of these systems
is in part due to differences in the choice of sensitizer, but this explanation is not sufficient
to account for all discrepancies. Particularly, a recent report on the inferior performance of
1-((triisopropylsilyl)ethynyl)naphthalene (N-1TIPS) caught our attention, as only minor differ-
ences in TTA-UC performance, emanating from differences in @, were to be expected.'!*

In Paper IV,'% we therefore sought to investigate how structural modifications in naph-
thalene derivatives affect their suitability as annihilators in TTA-UC. Substituent effects in
particular were investigated, with three different substituent motifs being used: trimethylsi-
lyl (TMS), triisopropylsilyl (TIPS), and triphenylsilyl (TPhS, Figure 5.7a). Derivatives were
synthesized according to the scheme in Figure 5.7b, resulting in monosubstituted (grouped
together as N-1TXS) or disubstituted derivatives (N-2TXS). The choice of substituent has lit-
tle to no influence on their optical properties; instead the addition of a second substituent is
what invokes spectral changes (Figure 5.7c). A red-shift in absorption and fluorescence is seen
for N-2TXS compared to N-1TXS, which limits the achievable anti-Stokes shift in subsequent
TTA-UC. However, N-2TXS also show higher ®; of around 75%, whereas N-1TXS have a more
modest @ of around 50% (Table 5.5).

Q  TXS substituents b C | N-1TMS
X = M/IP/Ph q
| I
—Si— B N-1TXS | | S N-1TIPS
: c |
TMS = trimethylsilyl o L : ; :
j E i N-1TPhS
TXS + P d(PPh) 3CI2 Cul %
Ve il g 1
> Br THF/DusopropyIamlne T S MTMS
: o
TIPS = triisopropylsilyl Oe 3
3 = ; ; v
Br © N-2TIPS
N2txs |l €]
@ TXS S = . - .
Si—@ 1 N-2TPhS
TPhS = triphenylsilyl v . v v
300 350 400 450

Wavelength (nm)

FIGURE 5.7: (a) Molecular structures of the substituents used for the synthesis of N-1TXS and N-
2TXS. (b) Simplified synthetic routes of N-1TXS and N-2TXS. (c) Normalized steady-state absorption
and emission (filled in) spectra of optically dilute N-1TXS and N-2TXS samples in deaerated toluene.
Adapted with permission from ref. 195. Copyright 2023 American Chemical Society.
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TABLE 5.5: Photophysical characteristics of N-1TXS and N-2TXS derivatives.

Si(eV) TP (eV)  Linmas (nm) @
N-1TMS 3.83 2.39° 333 0.50
N-1TIPS 3.83 2.407 334 0.52
N-1TPhS 3.79 2.38° 349 0.50
N-2TMS 3.53 2.12° 353 0.77
N-2TTPS 3.52 2.12¢ 355 0.78
N-2TPhS 3.47 2.12° 361 0.71

“First singlet excited state energy, determined from the intersection of normalized steady-state absorption and
fluorescence spectra. PFirst triplet excited state energy, determined from the highest energy peak position of
phosphorescence collected at 100 K in 2-methyltetrahydrofuran. “Fluorescence quantum yield of optically dilute

samples, determined relative to 2-phenylindole in deaerated cyclohexane (9 = 0.86).293 dReference 102.

5.3.1 Self-Quenching by Ground State Annihilators in Naphthalene Derivatives

4CzBN was again used for triplet sensitization. Strongly exothermic TET proceeded efficiently
to all annihilators, which facilitated fair comparison of the TTA performance of all annihilators.
Interestingly, ®yc, differs strongly between N-1TXS and N-2TXS, with the latter yielding
much higher efficiencies (Table 5.6). While the difference between N-2TIPS (®yc, = 16.4%)
and N-2TPhS (14.8%) is readily ascribed to their difference in @, the inferior performance of
N-2TMS (7.8%) and N-1TXS (<5%) is harder to rationalize. 7 values from samples with 1
mM annihilator followed the trend in ®y¢ 4, with long 7 (>3 ms) observed for N-2TIPS and
N-2TPhS, but much shorter 7 (<100 us) for N-1TMS.

The large differences could not be rationalized from the molecular structures, but re-
quired other explanations. We thought about the possibility for self-quenching in our systems,
and soon realized that neat naphthalene (and derivatives thereof) can form triplet excimers
(3D*).132,133,209.210 3 )% formation takes place between two annihilators in their Sy and T}
states, respectively, and would, thus, provide an additional deactivation pathway for the anni-
hilator triplets, competing with that of TTA.

The presence of *D* formation would affect the observed TTA-UC kinetics, and assuming
that 2D* formation deactivates the annihilator triplets, the observed 7 would be dependent on
the annihilator ground state concentration (['4]y) according to Equation 5.1.21

7'1?1 = l{?T = kTO —f- k?emc[lA]o (51)

Here, k7 is the observed rate of overall triplet deactivation, krq is the rate of first-order triplet
deactivation, and ke, is the pseudo first-order rate of (presumed) *D* formation. The results
from measurements of 7 at four different concentrations could then be fitted to Equation 5.1
to extract k... for the different annihilators, which are presented in Figure 5.8.

Strikingly, in derivatives with the comparatively small TMS substituents, 77 is significantly
shortened when increasing [! Ay, signifying that Sy annihilators indeed quench the T} annihila-
tors. The triplets of N-1TMS are most strongly quenched, with an extracted k.. of 1.6 x 107
M~! s71 a value virtually identical to the rate previously reported for 3D* formation in neat
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FIGURE 5.8: Linear fittings of Equation 5.1 to measured 7 obtained at different ['A]y for (a)
N-1TXS, and (b) N-2TXS. Note that the x- and y-axes differ between the panels. Adapted with
permission from ref. 195. Copyright 2023 American Chemical Society.

132

naphthalene.'** N-1TPhS is also quenched to some extent (though not as strongly as the TMS

derivatives), whereas the remaining annihilators show only minor changes in 7 at different
['A]o (Table 5.6).

The results from the quenching studies indicate that the rate of triplet deactivation can be
controlled by the choice of substituents, with more bulky substituents impeding 3 D* formation.
Adding smaller TMS substituents seems to be insufficient, which is then reflected in the inferior
TTA-UC performance of TMS derivatives. The number of substituents seems to have only a
minor effect, even though N-1TXS in general form 3D* more efficiently than their N-2TXS
counterparts. Additionally, krr4 was extracted from time-resolved emission measurements,
showing that N-1TXS have faster TTA than N-2TXS (Table 5.6). This trend is equal to
that observed for krgr, which is expected since both TET and TTA are diffusion-controlled
processes.

TABLE 5.6: TTA-UC characteristics of N-1TXS and N-2TXS derivatives.

” o [t A] range Tr range kewe ”
TET UC,g (mM) (ms) (M1 1) TTA
N-1TMS 2.0 0.013 0.1—>1 0.32 — 0.058 1.6 x 107 46 +14
N-1TIPS 1.8 0.043 0.1 —=5 0.98 — 0.88 1.8 x 10* 54+ 1.6
N-1TPhS 1.6 0.050 0.1 —5 0.91 — 0.37 3.4 x 10° 5.5 £ 0.54
N-2TMS 1.1 0.078 01—3 1.5 — 0.18 1.7 x 10° 1.7 £ 0.24
N-2TIPS 0.8 0.164 0.1 =8 3.8 > 14 5.8 x 104 0.73 &= 0.10
N-2TPhS 1.0 0.148 0.1 - 8 3.7 — 1.7 4.0 x 10* 0.84 +£ 0.11

2(x10% Mt s71). POut of a 50% theoretical maximum.
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5.3.2 Experimental Evidence of Triplet Excimer Formation

3D* have been suggested to form in some TTA-UC systems previously. In these cases, their
presence were implied from investigations on the behavior of resulting singlet excimer fluo-
rescence of the studied annihilators.?'?2!3 However, the presence of 3D* specifically was not
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FIGURE 5.9: ns-TA spectra of samples consisting of 25 uM 4CzBN and (a) 8 mM N-1TMS, or (b)

100 uM N-1TMS, at indicated time delays. A, = 410 nm, 1.4 mJ pulse~!. Reprinted with permission
from ref. 195. Copyright 2023 American Chemical Society.
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experimentally verified. In our systems, no sign of either singlet or triplet excimer emission
could be detected, and we instead turned to ns-TA to verify the presence of 2D*. Naphthalene
is known to have strong T} — T), absorption at 400-450 nm,?'* whereas absorption at longer
wavelengths (550-600 nm) has been assigned to *D* absorption.?10:215-217

ns-TA spectra of all investigated TTA-UC systems were collected. Figure 5.9 shows the
spectra after indicated time delays at 410 nm excitation for a sample consisting of 25 pM 4CzBN
and 8 mM N-1TMS (Figure 5.9a) or 100 uM N-1TMS (Figure 5.9b). T} — T,, absorption is
evident in both samples around 450 nm as a result of TET from 4CzBN. This signal grows in
concomitantly with a negative signal centered around 350 nm, which is due to UC emission
from N-1TMS. Importantly, a second absorption feature, centered around 585 nm, can be
seen in Figure 5.9a. This absorption grows in at later times, concomitantly with the decay of
the T7 — T,, absorption, suggesting that the 585 nm feature is formed from the 7} state of N-
1TMS. Its position matches well with previous designations of intramolecular 2 D* absorption in

215,216 and naphthalenophanes,217

dinaphthylmethanes suggesting that this is indeed absorption
from the 3D* of N-1TMS. Further support for this designation is given based on the us lifetime of
this feature, as well as the absence of this feature in the low-concentration sample (Figure 5.9b).
Although previously suggested,?!?213 these findings provide the first experimental evidence of
the presence of 2D* in a TTA-UC system to date. The long-wavelength absorption feature was

absent in all other samples, which is consistent with N-1TMS having the highest k...

5.4 Conclusions Regarding Vis-to-UV TTA-UC

Annihilators for vis-to-UV TTA-UC have been studied systematically in Paper II, III, and IV,
with important insights into the behavior of TTA-UC systems in general, and the performance of
UV-emitting annihilators in particular, as a result. In Paper II, we used CdS NCs as sensitizers
to investigate the performance of six different annihilators, showing that the precise alignment
of system energetics is crucial to achieve efficient TTA-UC. High ®y¢ was obtained using
PPO as the annihilator, especially when using 3-PCA as the surface-bound ligand. However,
competitive performance was seen when using TP as an annihilator in the system employing
the CdS NCs with the highest excited state energy.

In Paper III, the sensitizing protocol was simplified by exploiting a high triplet energy
TADF-type sensitizer, circumventing the need for multiple TET steps. This allowed efficient
sensitization of all investigated annihilators, allowing for facile comparison of their intrinsic
properties. Several combinations provided unprecedented vis-to-UV TTA-UC efficiencies, with
the 4CzBN/N-2TIPS pair in particular yielding a high ®yc, of 16.8%. Additionally, a new
methodology for extraction of some important TTA-UC parameters was utilized for the first
time, which compared to previous methods requires simpler and fewer measurements, but with
maintained, or even improved, accuracy.

Finally, in Paper IV the intrinsic TTA-UC properties of annihilators based on naphthalene
were investigated. Substituent motifs of different size were used resulting in mono- or disub-
stituted derivatives. Big differences in TTA-UC performance were found, which were primarily
ascribed to differences in 7 of the annihilators. For derivatives with the smallest substituent,
a strong dependence on the ground state annihilator concentration was found for 7p. This
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was interpreted in terms of triplet excimer formation competing with TTA-UC, which affects
the observed emission kinetics. The first experimental verification of the presence of triplet
excimers in a TTA-UC system was provided for N-1TMS, confirming that this additional path-
way may be present in some TTA-UC systems. Importantly, the absence of triplet excimers in
derivatives using bulkier substituents indicate that this detrimental process can be controlled
by molecular design. These findings are likely to be of relevance also for annihilators based on,
e.g., benzene or anthracene, both of which may also form triplet excimers.?!!218-220
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Concluding Remarks and Outlook

This thesis serves to present foundational research on photochemical upconversion (TTA-UC).
This process relies on the interplay between a light-absorbing triplet sensitizer, and an an-
nihilator species which can form a high-energy, emissive singlet state through triplet-triplet
annihilation (TTA). The work presented herein carefully investigates different aspects of TTA-
UC performance in general, and the properties of the annihilator species in particular.

For some applications, finding solid-state solutions that do not rely on molecular diffusion
is paramount. A possible avenue towards this end is to employ multichromophoric annihilators
capable of holding multiple triplet excitons simultaneously, thus, allowing TTA to proceed in
an intramolecular fashion. In this thesis, it is shown that intramolecular TTA may proceed in
dimers based on diphenylanthracene, and that this pathway is especially important when the
relative sensitizer-to-annihilator ratio is high. It is also shown that molecular geometry is of
significance for dimeric annihilators, with coupling in the meta position leading to decreased
electronic coupling and superior annihilator performance compared with other binding motifs.

Vis-to-UV TTA-UC is attractive to drive photochemical transformations such as photo-
catalytic water splitting, but the conversion efficiencies in this spectral region have typically
been lower than for transformations within the visible region. This has been due to a scarcity
in functioning sensitizer/annihilator pairs, and a lack of understanding regarding the inherent
properties that controls TTA-UC. Herein, it has been shown that cadmium sulfide nanocrystals
(NCs) decorated with triplet mediators can efficiently sensitize annihilators in solution. Large
variations in the performance of the NC-based systems were seen, primarily owing to suboptimal
energy alignment between the triplet excited states in the NCs, mediators, and annihilators.
The best-performing systems, however, were on par with state of the art in terms of conversion
efficiencies.

Further, it is demonstrated that switching to a high triplet energy sensitizer exhibiting
thermally activated delayed fluorescence allows facile and efficient sensitization of an array of
annihilator compounds. This results in highly efficient systems for a number of compounds,
with the system employing N-2TIPS as the annihilator yielding a record vis-to-UV TTA-UC
quantum yield of 16.8%. The sensitization scheme allows for a more in-depth annihilator
characterization, with indications that the superior performance of N-2TIPS emanates from a
slightly elevated spin-statistical factor. It is confirmed that a long triplet excited state lifetime
(7r) of the annihilator is pivotal to its performance, and a new methodology is developed to
more accurately determine this, and other, important TTA-UC parameters.

Efficient TET is typically ensured by employing high annihilator concentrations, but other
processes competing with that of TTA could then also be facilitated. It is shown that annihi-
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lators based on naphthalene are sensitive to changes in ground state concentration, and that
this is due to triplet excimer (3D*) formation. In particular, the rate of 3D* formation can be
modulated with the choice of substituents, with more bulky substituents (such as those found
in N-2TIPS) effectively turning off 2 D* formation. In derivatives with smaller substituents 3 D*
formation is prevalent, causing deteriorated TTA-UC performance and a shortened 7. These
results highlight a detrimental pathway that has likely went unnoticed for some time, suggest-
ing why many derivatives that seemingly should be well-behaving annihilators suffer from poor
TTA-UC performance.

The prospect of using TTA-UC for solar energy applications remains bright, but several
challenges remain in order to make TTA-UC technologically mature. Higher TTA-UC efficien-
cies across all ranges of the solar spectrum are needed. While efficient sensitization is achieved
with relative ease (at least in solution), the shortcomings lie within the properties of the an-
nihilator. Efforts in fully understanding the spin-statistical factor, f, and finding annihilators
which maximize this value, will be of particular importance. The full understanding of spin-
statistics is still lacking, but important insights have recently come to light, suggesting that f
can be modulated upwards by changing the exchange coupling and intermolecular geometry.'””
It is still unclear precisely how the energetic alignment of triplet excited states affects f,%?! but
hopefully a clearer picture will emerge shortly. It would also be beneficial if ways to lower the
first triplet excited state while keeping the emissive singlet energetically unperturbed are found.
This is especially vital for UV-emitting annihilators, for which energy losses during the TTA
step are significant. The achievable anti-Stokes shift could then be greatly enhanced, further
enabling excitation with green light.””

Utilization of TTA-UC for solar applications is still quite uncommon, and, to the best of my
knowledge, no commercial applications harnessing TTA-UC are yet available. Combining TTA-
UC with photovoltaics (PV) is perhaps the most appealing usage, but it has been impossible to
find sensitizer/annihilator pairs that function well for the conversion of infrared light, impeding
the development of systems that are applicable to silicon PV.?* However, the emergence of

222,223 may better

new high-performance PV infrastructures, such as those based on perovskites,
align with the properties of efficient TTA-UC systems, as these materials typically exhibit larger
band gaps.'™ Big challenges in retaining the high performance of many TTA-UC systems in
the solid state remain, but it would come as no surprise if PV applications taking advantage of
spectral conversion techniques are presented in the foreseeable future.

The same development could be expected for the utilization of vis-to-UV TTA-UC for
photocatalytic water-splitting (and other photochemical transformations). It is becoming in-
creasingly more feasible to combine vis-to-UV TTA-UC systems with sunlight excitation due
to the recent development of systems with much higher conversion efficiencies (including the
work presented in this thesis). While prominent challenges include the need for water-soluble
TTA-UC infrastructures, compartmentalization, and a stronger mechanistic understanding of
the underlying processes governing the photochemical transformations, it is likely that these
will be overcome shortly, as interest in this research field has increased immensely only in the
last few years. With the additional insights provided herein, the ultimate goal of using TTA-UC
for improved solar energy conversion is closer than ever before.
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