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Using Low Energy Light to Enable High Energy Photochemistry
Wera Larsson
Department of Chemistry and Chemical Engineering

Chalmers University of Technology

ABSTRACT

Manipulating light to meet human needs is pivotal in various research fields and
technological applications, ranging from solar energy conversion to photodynamic
therapy and fluorescence imaging of cells and tissues. This thesis addresses the
spectral mismatches between available light and the specific energy requirements
of target photochemical reactions by employing low-energy light to control high-
energy photochemistry. Central to this endeavor are molecular photoswitches,
represented by diarylethene and spiropyran derivatives, which serve as model com-

pounds across all discussed papers.

The experimental research presented herein explores three distinct methodologies:
rapid fluorescence modulation, triplet sensitization, and triplet-triplet annihila-
tion photon upconversion. Notably, the rapid modulation of fluorescence using
a water-soluble diarylethene derivative enables the differentiation of fluorescence
from a bright background, opening up for contrast-enhanced fluorescence imaging
in cellular environments. Additionally, the realization of all-visible-light switching
of diarylethenes through nanocrystal /molecular hybrid triplet sensitizers enhances

the fatigue resistance of the diarylethene molecules.

Furthermore, the investigation into triplet-triplet annihilation photon upconver-
sion reveals promising avenues for single-wavelength control of diarylethenes and
water-compatible photochemistry, demonstrated by the isomerization and depro-
tonation of a spiropyran photoacid. While triplet sensitization relies on close
molecular contact between light-manipulating species and photoreactants, pho-
ton upconversion allows for physical separation due to photons serving as energy

carriers.

Building upon these advancements, further optimization and mechanistic under-
standing are necessary for these methods to realize their full potential. Neverthe-
less, the findings presented in this thesis bring us closer to achieving visible-light
control of high-energy photochemical transformations, offering significant implica-

tions for both fundamental research and practical applications.

Keywords: solar energy conversion, photochemistry, molecular photoswitches, flu-
orescence modulation, triplet sensitization, photochemical upconversion, triplet-

triplet annihilation
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Introduction

Without light, we humans could neither perceive the world around us nor have a
habitable planet to live on, nor food to eat, since plants and plankton would lack
the electromagnetic energy to convert carbon dioxide and water to oxygen and
chemical energy through photosynthesis.! Although the photochemical reactions
that enable vision in our retina and photosynthesis in plants can be readily enabled
by the light that is available from the sun and artificial lighting, this is not always
the case for other photochemical processes. One can say that there is a spectral
mismatch between the available light, and the light needed to efficiently control

different photochemical processes, particularly man-made "artificial” ones.

A well-known example of the spectral mismatch between the available light and
human needs is the utilization of sunlight in solar energy applications. Although
sunlight is highly abundant on Earth,? only parts of the solar spectrum can be
utilized in today’s photovoltaic devices and solar fuel production. This is because
conventional solar cells are made of semiconductors, with silicon being the most fre-
quently used material today. Silicon has a bandgap of 1.1 eV (approximately 1100

4 meaning that photons with lower energy than this will not lead to electricity

nm),
production in the device and that photons with excess energy will give rise to ther-
malization losses. These losses limits the theoretical efficiency of single-junction
silicon solar cells to just above 30%, known as the Shockley-Quisser limit.> An-
other example of how the sunlight reaching Earth does not perfectly match human
needs is the production of solar fuels. Many of today’s best performing systems
for photoinduced catalytic water splitting typically relies on ultraviolet (UV) light
catalysts, such as titanium dioxide to facilitate the hydrogen production.®” Since
a vast majority of the UV light coming from the sun is absorbed by the ozone
layer, there is not a lot of photons reaching Earth that can efficiently enable the

high energy photochemistry needed in solar fuel production.

Spectral mismatches between the light at hand and the desired application finds
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relevance in more fields than solar energy, a large one being life science. Sometimes
although the light has enough energy to facilitate the reaction it might never reach
the target due to poor tissue penetration of high energy light.*° An example of
when this issue arises is in photodynamic therapy, in which light and photo-active
compounds are combined to kill cancerous cells.!® The high energy light needed
to enable a photonic stimulus could also trigger other unwanted phenomena such
as autofluorescence,'* which can be troublesome when imaging cells and tissue
using fluorescence microscopy since it lowers the signal-to-background ratio. Using
a high energy light source can also cause photodegradation and phototoxicity,

disadvantages that are relevant also in non-biological applications.

Instead of being limited by the light at hand and adjusting the probes and mate-
rials, manipulating and modulating light to match the energetic requirements can
be a way forward. There are several ways of altering light to overcome the spec-
tral barriers exemplified above. While some research focuses on down-converting
photons through the process of singlet fission to e.g. reduce the above mentioned
thermalization losses in photovoltaics,'? the focus of this thesis will be to utilize
lower energy light to enable higher energy photochemistry. The higher energy
photochemistry exemplified in this thesis is centered around controlling the pho-
toisomerization and fluorescence of photochromic molecules, also referred to as
molecular photoswitches.!3!4 In this work, these molecules serve both as model
compounds, to demonstrate how to enable high energy photochemistry with low

energy light, and as a suggested tool for further applications.

In addition to utilizing the molecular kinetic and spectral features of a photoswitch,
one can also use other methods to enable high energy processes with lower energy
light. A well-known example of this is triplet sensitization, in which a triplet
sensitizer is excited by low energy light and transfers its excited state energy
to the photoreactant through triplet energy transfer (TET).!%!6 In this thesis,
I show how a photoisomerization reaction of a photoswitch requiring UV light
can instead be enabled using visible light by utilizing the lower energy triplet
manifold.!” Since triplet sensitization involves the use of molecules as energy
carriers, this way of enabling higher energy reactions requires the photoreactant
and the sensitizers to be in physical contact. To allow for physical separation,
one can use photon upconversion techniques so that the energy will instead be
carried by photons. There are several ways of upconverting lower energy photons

8 second harmonic

into higher energy photons, including two-photon absorption,*
generation,'® and lanthanide-based upconverting nanoparticles.?° These methods
have proven useful in the field of photon upconversion, but a drawback with them

is that they are limited to coherent and high intensity lasing light sources. In this

2
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thesis, photon upconversion has instead been done through the process of triplet-
triplet annihilation photon upconversion (TTA-UC).?""?* Since TTA-UC can occur
using low-intensity non-coherent light, this photon upconversion method also opens

up for solar energy applications.?* 26

1.1 Outline and Scope of Thesis

This thesis contains different approaches to using low energy light to enable high
energy photochemical reactions and photophysical processes. The theoretical
framework of the research in this thesis is presented in Chapter 2, spanning from
the fundamentals of light-matter interactions to the materials and photochemical
processes used in the papers on which this thesis is based. The findings in this
thesis are based on experimental research, and Chapter 3 contains a summary of
the experimental methods used. Chapter 4 is based on Paper I, in which the fluo-
rescence of a water soluble diarylethene (DAE) photoswitch is rapidly modulated
by light absorbed by the non-fluorescent isomer, rather than the fluorescent iso-
mer. As a result, lock-in amplification can be used to separate the modulated DAE
fluorescence from a bright background, opening up for novel applications in fluores-
cence microscopy. In Paper II, triplet sensitization, using hybrids of nanocrystals
(NCs) and organic mediators, is used to enable all-visible-light control of DAES,
resulting in less photodegradation as compared to using UV light. The findings of
this paper are presented in Chapter 5. Instead of using molecules or particles as
energy carries, such as in triplet sensitization, Paper III and Paper IV show how
photons can carry the photochemistry enabling energy through TTA-UC, which is
presented in Chapter 6. Paper III also focuses on the isomerization of DAEs. By
using TTA-UC, a single light source can be used to trigger both reversible pho-
toisomerization and fluorescence of the DAEs. The final work presented in this
thesis is Paper IV, in which the TTA-UC is performed in core-shell microcapsules
dispersed in water as a means to utilize the upconverted photons to facilitate pho-
tochemical reactions in a more efficient way. The upconverting microcapsules were
used to enable the isomerization and deprotonation of a spiropyran/merocyanine
(SP/MC) photoacid. Conclusions of the findings presented in Chapters 4-6 and an
outlook on future research within the scope of this thesis is presented in Chapter

7.
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Fundamentals

A fundamental concept for the research presented in this thesis is light-matter in-
teractions. In this Chapter, the theory behind these interactions will be presented,

together with the photochemical processes and materials central for the thesis.

2.1 Light-Matter Interactions

Light can be described as an oscillating electromagnetic wave. This electromag-
netic field is a combination of an oscillating electric and an oscillating magnetic field
that propagates in the same direction, as illustrated in Figure 2.1. The distance
between two consecutive maxima is defined as the wavelength, A, of light. Since
the oscillating electric field can interact with electrons in atoms and molecules, it

is this wave component that is of primary interest in optical spectroscopy.?”

Electric
field
Propagation
Magnetic direction
field

Figure 2.1: Illustration depicting the propagation of an electromagnetic wave as a com-
bination of an electric and a magnetic field perpendicular to each other, propagating in

the same direction.

A light particle is called a photon, and the two ways of describing light as both
an electromagnetic wave and a photon constitutes the wave-particle duality. The

energy, Epnoton, carried by a photon is discrete and is related to the wavelength,
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A, or the frequency, v, of the electromagnetic field through the Planck constant,

h, and the speed of light, c. This relation is shown in Equation (2.1).2%28
h
Ephoton = 76 = hv (21)

Looking at this equation, it is evident that light with shorter wavelengths has
higher energy than light with longer wavelengths. The electromagnetic spectrum
is divided into different wavelength regions, with three of them being relevant for
the methods used in this thesis: the ultraviolet (UV), visible, and infrared (IR).
Light that can be perceived by the human eye is referred to as visible light, and
covers wavelengths of approximately 400-750 nm. This spectral region is flanked
by UV light (shorter wavelengths) and IR light (longer wavelengths).

2.1.1 Electronic States

Atoms consist of a nucleus built up of neutrons and positively charged protons,
with negatively charged electrons surrounding the nucleus. These electrons can
possess discrete quanta of energy, and are organized in atomic orbitals. When
atoms are combined to form molecules, the atomic orbitals form molecular or-
bitals. Pauli’s exclusion principle states that only one electron can occupy a spe-
cific quantum state in a system. As a consequence of this, a maximum of two
electrons can be in the same orbital and only on the condition that they have
opposite spin. If this is the case, it is said that the electrons are paired. With
electrons being fermions, their spins can be either i%. The sign determines the
direction of the spin, which commonly is referred to as spin up or spin down. The
total spin, S, is the sum of the electron spins and can take on values of 0 or 1 in a
two-electron system as given from the Clebsch-Gordan series. If the electrons are
paired (S = 0), the molecule is said to be in a singlet state and if they are unpaired
(S =1) it is said to be in a triplet state. Figure 2.2 shows an illustration of the
electron configuration in a two-electron system for a singlet ground state, a singlet
excited state and a triplet excited state. The multiplicity of the electronic states
is defined as 25 + 1, and this is where the words singlet and triplet originates from

since they have the multiplicity of one and three, respectively.
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Energy

1| _ J
L |

Singlet Singlet Triplet
ground state excited state excited state

Figure 2.2: Diagram illustrating the electronic structure of singlet and triplet states,

with electrons represented as half-arrows indicating their spin direction.

Most molecules have a singlet ground state, with the possibility of having both
singlet and triplet excited states depending on the spin pairing. All of these types
of electronic states will be of importance in the photophysical processes that are
relevant for this thesis, as will be shown in the following sections. An important
exception to having a singlet ground state is the oxygen molecule, which instead
has a triplet ground state.?? This is made possible by the fact that molecular
orbitals can be degenerate, meaning that multiple orbitals can have the same en-
ergy. Hund’s rule states that if there are multiple orbitals with the same energy,
they will first be singly occupied with electrons with parallel spin before being
doubly occupied. In a molecule with e.g. two degenerate orbitals and two avail-
able electrons, this will lead to a triplet ground state with two unpaired electrons
distributed in each of the orbitals.

2.1.2 Radiative and Non-Radiative Transitions

After elucidating the properties of both light and matter in the preceding sections,
the focus now shifts to the interaction between the two. As seen in Figure 2.2, the
promotion of an electron to a higher energy orbital leaves the atom or molecule in
a higher electronic excited state. This excitation event can be induced by e.g. the
absorption of a photon. For this to occur, the energy of the absorbed photon must
match the energy difference between the two states. This energy conservation
criteria is called Bohr’s frequency condition, and this must also be fulfilled when

a photon is emitted from an electronically excited atom or molecule.?”

Upon absorption of a photon, the molecule can undergo several different relaxation
pathways to return back to its ground state. A Jablonski diagram showing some

of these photophysical processes is displayed in Figure 2.3, for a molecule with

7
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a singlet ground state (Sp). The absorption of a photon (blue arrow) occurs in
less than a femtosecond, and typically leads to the molecule being excited to a
higher vibrational level of its first singlet excited state (S;). This absorption event
is followed by vibrational relaxation (VR) (wavy grey arrow) to S;. From Sy,
the molecule can decay to Sy through radiative and non-radiative pathways. The
energy can be released as emitted light through fluorescence (green arrow), which
occurs on a timescale of nanoseconds. Non-radiative relaxation can occur through
internal conversion (IC) (dashed black arrow) to a high vibrational energy level of
So, followed by VR to the lowest vibrational energy level. Another decay pathway
from S; is through intersystem crossing (ISC) to the first triplet excited state (T),
followed by phosphorescence (red arrow). ISC and phosphorescence are said to be
spin-forbidden processes, since they involve a spin flip of an electron to go between
singlet and triplet states. This means that the lifetime of phosphorescence (i.e.
the time the molecule will reside in its excited state) will be longer than that of
fluorescence with typical timescales of micro- to milliseconds. ISC to T; can also

be followed by VR to Sy, making the molecule decay non-radiatively.

_— Z VR
e sG,
S, f— -
- 8 T_--I-S--C-;-)
> ._g S 1 @
o2 oy 5] e
5 VR S g VR
ks 5| ¢ 3
o) g 2
< i E
5
(@]
-
o
P) P)
S

0

Figure 2.3: Jablonski diagram illustrating photophysical processes that can occur be-
tween the singlet ground state (Sp) and the first singlet (S;) and triplet excited states
(T1). Thick black horizontal lines denote electronic states, while thin black lines rep-
resent vibrational energy levels. The depicted processes (arrows) include absorption,
vibrational relaxation (VR), fluorescence, internal conversion (IC), intersystem crossing

(ISC), and phosphorescence.

In optical spectroscopy, there is often a need to quantify the photophysical pro-
cesses that take place in the studied systems. A central way of doing this is by
determining the quantum yield (®;) of the process i, which is defined as shown in
Equation (2.2).

8
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number of events k;

= 2.2
number of photons absorbed — ¥;k; (22)

k; is the rate constant of the investigated process, and the quantum yield is found
by dividing k; with the sum of the rate constants of all possible deactivation
pathways that can deactivate the state (2;k;). Another parameter of great interest
within optical spectroscopy is the lifetime of a certain excited state (7;), i.e. the
average time a molecule will stay in this state. It is defined as the inverse sum of
all the rate constants of all possible deactivation pathways that can deactivate the

state, as seen in Equation (2.3).

(2.3)

2.2 Processes and Materials Central for This Work

Having outlined the background about light-matter interactions within single molecules,
specific processes and materials most relevant for this thesis will be explained in

the following sections.

2.2.1 Intermolecular Energy Transfer

The excited state energy of a molecule can, on top of being released through
the decay pathways presented in Figure 2.3, be transferred to other molecules.
Forster resonance energy transfer (FRET) is governed by Coulumbic dipole-dipole
interactions between a donor and an acceptor molecule.®® Dexter energy transfer
(DET) on the other hand, can be seen as a virtual electron exchange between the
donor and acceptor molecule.?! DET requires a spatial orbital overlap between the
involved molecules, and is hence limited to short distances between the donor and
acceptor molecule (typically a few A) while FRET can occur over slightly longer
distances (typically a few nm). The energy transfer mechanism of primary interest
in this thesis is DET, which is illustrated for a triplet energy transfer (TET) event
in Figure 2.4. A triplet excited donor molecule (*D*) transfers its energy to a
ground state acceptor molecule (A), resulting in a ground state donor molecule
(D) and a triplet excited acceptor molecule (?A*). As seen in the figure, the spin
multiplicity of both the donor and acceptor molecules change during this TET.
But since the total spin angular momentum of the whole system is preserved, it

will still be a spin-allowed process.
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1| _
o

3D* A D SA

Figure 2.4: Dexter energy transfer depicted as a virtual electron exchange between a
triplet excited donor molecule (*D*) and a ground state acceptor (A), yielding a ground

state donor molecule (D) and a triplet excited acceptor molecule (3A*).

2.2.2 Molecular Photoswitches

As outlined in Chapter 1, the higher energy photochemistry exemplified in this the-
sis is the photoisomerization of photochromic molecules. These types of molecules,
also referred to as molecular photoswitches, can be reversibly transformed between
two isomers. Generally, this reversible isomerization is photoinduced (i.e. photoi-
somerization) in both directions, but for some molecules one of the isomerization
directions can be thermally induced. Isomerization leads to structural changes
in the photochromic molecule, leading to changes in absorption and fluorescence
spectra together with other property changes such as redox energies and dipole

moments. 4

The molecular photoswitches used in Papers I-III all belong to one of the major
families of photochromic molecules, namely diarylethenes (DAEs).?2734 Figure 2.5
shows the structure and isomerization scheme of the DAEs in Paper III. UV light
irradiation of the colorless open form isomer (DAEo) can facilitate a ring-closing
reaction to the colored closed form isomer (DAEc). Since DAEc absorbs strongly
also in the visible region, the reverse ring-opening reaction can be facilitated using
a visible light source. During the isomerization reaction, a rearrangement of single
and double bonds takes place in what is called a cyclization reaction. As previously
mentioned, these structural changes will influence the emissive properties of the
DAEs. All DAEs in this thesis have one strongly fluorescent isomer, either the
open form (Paper I) or the closed form (Papers II and III). DAEs have found

35 organic light-

their way into various applications, including optical memories,
emitting transistors,?® and bioimaging.?” Their widespread use can be explained

by properties like thermal stability towards degradation, high fatigue-resistance

10
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over repeated isomerization cycles, efficient cyclization process, and rapid response

together with reactivity in the solid state.?*38
FF
F F
R
. L
o™ ' Foe
DAEo DAEc

Figure 2.5: Structure and isomerization scheme of the DAEs in Paper III, illustrating
the UV light-induced isomerization from the open isomer DAEo to the closed isomer

DAEc, and the reverse isomerization induced by visible light.

In Paper IV, another type of molecular photoswitch is used. Here, the molecule
belongs to the spiropyran (SP) family of photochromic molecules. They were dis-
covered even earlier than DAEs, and have also been thoroughly studied and used
over the years.? In contrast to the DAEs, it is the closed spiropyran isomer that is
colorless, while it is the open form isomer (known as the merocyanine (MC) form)
that is colored and absorbs strongly also in the visible region. For structures and
isomerization scheme of the photoswitch used in this study, refer to Figure 6.7c.
As with DAESs, the spiropyrans can undergo reversible photoisomerization but due
to a typically lower energy barrier for the thermal back-reaction from MC to SP
they are less thermally stable than DAEs.'* The spiropyran photoswitch used in
Paper IV can also be used as a photoacid, meaning that light can also induce a de-
protonation reaction, leading to light- and thermally induced pH changes when the
concentration of the molecules are kept high enough.®4 As with DAESs, spiropy-
rans have also found use in applications in diverse fields such as photoresponsive

materials,*? optical data storage,*® and drug delivery systems.**

2.2.3 Triplet Sensitization

Sensitization constitutes the process by which a molecule, termed as a sensitizer,
absorbs light energy and subsequently transfers this excited state energy to an
adjacent molecule while returning to its ground state.!®16 This thesis will focus
on the process of triplet sensitization in which a triplet sensitizer is first excited
to a singlet excited state, before it relaxes to a lower energy triplet excited state.
The excited state energy is then transferred through TET to an acceptor molecule
that will consequently become triplet excited. For this process to transpire effi-

ciently, the sensitizer needs to have a high molar absorptivity, a rapid ISC, and a

11
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small energy gap between the singlet and triplet excited states to minimize ther-
mal losses. The TET event between the sensitizer and acceptor requires a close
proximity between the molecules. This can be achieved by physically linking the
sensitizer to the acceptor.*>#® Another option is to have the two molecules in the
same solution, making the sensitization diffusion-controlled.*® This necessitates a
sufficiently prolonged triplet lifetime of the sensitizer, typically ranging from mi-
croseconds to milliseconds, to allow for the sensitization process. As mentioned
previously, oxygen has triplet ground states, making it particularly efficient in
quenching triplet states, hence requiring oxygen-free samples to avoid quenching

effects.?0752

2.2.4 TTA-UC

Photon upconversion is the conversion of lower energy light into light of higher
energy. The photon upconversion method employed in this thesis is known as
triplet-triplet annihilation photon upconversion (TTA-UC), a process wherein two
lower energy photons undergo conversion into one higher energy photon through a
sequence of energy transfer events.?!™23 Similar to the previously described triplet
sensitization process, TTA-UC relies on triplet excited states, thereby making
molecular oxygen a quencher for this process as well. Illustrated in Figure 2.6, a

Jablonski diagram elucidates the underlying mechanism behind TTA-UC.
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Figure 2.6: Jablonski diagram illustrating the TTA-UC process, from initial light ab-
sorption by a sensitizer molecule to the emission of higher-energy fluorescence from an
annihilator molecule, encompassing intersystem crossing, triplet energy transfer, and

triplet-triplet annihilation.

The TTA-UC process is initiated by the absorption of light (indicated by green ar-
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rows) by a sensitizer molecule (S). This transitions the sensitizer to its first singlet
excited state (1S*), and is followed by ISC to its first triplet excited state (35*). Tt
is imperative for a sensitizer to have a high ISC rate to efficiently generate triplet
excited states. Subsequently, the triplet energy of the sensitizer is transferred to a
ground state annihilator molecule (A) through TET. This leaves the annihilator in
its first triplet excited state (3A*). Two triplet excited annihilators can then un-
dergo triplet-triplet annihilation (TTA), resulting in one annihilator returning to
its ground state and the other being excited to its first singlet excited state (*A*).
In the final step of TTA-UC, a photon of higher energy than the two initially ab-
sorbed photons can be emitted as fluorescence (indicated by the blue arrow), while
the annihilator relaxes to its ground state. Given that both the TET and TTA
processes are diffusion-controlled in liquid solutions, it is essential for both the
sensitizer and the annihilator to exhibit sufficiently long triplet lifetimes, typically
on the order of microseconds to milliseconds, for these processes to unfold. The
energy of the 1A* state cannot be more than twice that of the >A* state for the

TTA event to be energetically allowed.

To further illustrate the TTA-UC process, Figure 2.7 shows the time-resolved
emission from a degassed upconversion sample containing the annihilator 9,10-
diphenylanthracene (DPA) and the sensitizer platinum octaethylporphyrin (PtOEP)
(the same TTA-UC pair that is used in Paper IIT). The sample was excited by
a 532 nm pulsed laser, and the two figures show how the emission from the two
upconversion chromophores evolve over time. Figure 2.7a shows the first 20 ps,
during which the initial directly excited PtOEP phosphorescence decays and the
upconverted DPA fluorescence rises to its maximum. The temporal evolution over
1 ms is shown in Figure 2.7b, during which the upconverted DPA emission decays

until the excited states are completely depleted.

13
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Figure 2.7: Time evolution of the TTA-UC process, illustrated as the time-resolved emis-
sion from a degassed upconversion sample containing 9,10-diphenylanthracene (DPA)
(Aem,maz = 426 nm) and platinum octaethylporphyrin (PtOEP) (A maez = 645 nm) as
a result of 532 nm pulsed excitation. (a) The first 20 ps, during which the initial PtOEP
emission decays and the upconverted DPA emission rises to its maximum. (b) The first

1 ms, during which the upconverted DPA emission decays.

With two lower energy photons being converted into one higher energy photon,
the quantum yield of upconversion (UCQY) can theoretically not be higher than
50%.73 As of today, the highest reported UCQY is 42% for red-to-green TTA-
UC,> and the highest reported visible-to-UV UCQY is 17%.%> TTA-UC performs
well under low-intensity noncoherent light, such as sunlight, opening up for ap-
56760 and producing solar
fuels.527%¢ While this thesis does not delve into the mechanistic intricacies of TTA-
UC or the development of new sensitizers or annihilators, it utilizes TTA-UC as a
tool in Paper IIT and IV to control the photoisomerization of DAE and SP/MC

photoswitches.

plications such as enhancing the efficiency of solar cells,

2.2.5 Microcapsules

When TTA-UC is performed in solution, the concentration of the chromophores
needs to be high enough to enable the diffusion-controlled bimolecular energy
transfer steps efficiently. One strategy to mitigate the re-absorption of upcon-
verted photons that typically follows the use of high chromophore concentrations,
is to encapsulate the TTA-UC system into smaller volumes dispersed in a solu-
tion.®”™ This means that the high local concentrations of annihilator and sensi-
tizer molecules can be maintained, whilst the total concentration and hence the
re-absorption is kept low. This was was done in Paper IV by placing the up-
conversion chromophores in core-shell micrometer sized capsules, with a polymer
shell made up of poly(D,L-lactide-co-glycolide) (PLGA) and an oil core made up

of glyceryl trioctanoate. These capsules will be referred to as microcapsules in this
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text, and Figure 2.8 shows a schematic illustration of them being dispersed in a

solution (left) and an enlargement of the core-shell structure (right).

Figure 2.8: Illustration of microcapsules in solution (left) with an enlarged capsule

showing the core-shell structure (right).

The developement of the microcapsule system and the formulation procedure will
not be covered in this thesis, since they here merely function as tools for making
efficient use of upconverted photons. It should still be noted that the method is
fairly simple, and based on a well-established formulation procedure™ with some
modifications.”® Briefly, the formulation is based on internal phase separation by
solvent evaporation, and results in microcapsules with diameters around 10 pm
with the annihilator and sensitizer molecules being primarily located in the oil

core.
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Experimental Techniques

Optical spectroscopic techniques have been the primary tools for the experimental
work that has been conducted in this thesis. This Chapter provides a brief overview
of different techniques together with examples of how the instrumentation was used

in the different research projects.

3.1 UV-Vis Steady-State Absorption Spectroscopy

UV-Vis steady-state absorption spectroscopy stands as a pivotal method for ana-
lyzing the absorption properties of substances across specific wavelengths within
the ultraviolet-visible (UV-Vis) spectrum. The absorbance at certain wavelengths
is determined by measuring the intensity of light that passes through a sample.

An illustration showing how a spectrophotometer works is depicted in Figure 3.1.

Beam splitter Sample

Light source|. # Monochromator > > | Sample detector
l /

Reference detector

Figure 3.1: Illustration of a UV-Vis steady-state absorption setup.

In the spectrophotometer, a beam of light, known as the probe light, is passed
through a monochromator, a device designed to isolate specific wavelengths of
light, before reaching the sample. The intensities of light both before, I, and
after, I, passing the sample are measured by a reference detector and a sample de-
tector, respectively. The relationship between these intensities and the absorbance,
A, is governed by the Lambert-Beer law, as represented in Equation (3.1). The
Lambert-Beer law also elucidates how the absorbance of a sample is linearly de-

pendent on the concentration of the absorbing species, ¢, the path length through
17
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which light travels in the sample, [, and the molar absorptivity, €, at the specific

wavelength.””

A =logi (]]0) = ecl (3.1)

An absorption spectrum can be generated by allowing the monochromator to scan
across a spectrum of wavelengths, and serves as a valuable resource elucidating
the composition of a sample, unveiling the presence of distinct species and quanti-
fying their concentrations. UV-Vis steady-state absorption spectroscopy can also
be used to monitor absorbance changes of reactive species over time, hence also

making it a tool to determine slow reaction kinetics.

3.2 Transient Absorption Spectroscopy

To study the absorption of excited states, time-resolved absorption measurement
techniques need to be used. In Paper II, nanosecond transient absorption (ns-TA)
spectroscopy was used to monitor the decay of non-emissive triplet excited states.
Figure 3.2 illustrates a typical ns-TA setup, in which the sample is excited using
an intense pulsed laser (pump) whilst also being subjected to a weaker and often
broadband pulse (probe). The detector records the transmitted probe light with
and without the excitation from the pulsed pump laser, which gives the resulting
differential absorption spectrum, AA. Equation (3.2) shows how AA is defined as
the difference in absorbance with, A, , and without, A_, the pulsed laser excitation,
and can be calculated using the intensity of the probe light that is transmitted
through the sample with I, and without /_ the preceding pump pulse.

I_
AA=A, — A = logw() (3.2)
I
Sample
Probe Iampk [ inn >:|. q Monochromator | Detector
A
|
|
|
|
Pulsed laser

Figure 3.2: Illustration of a transient absorption setup. Note that the type of detector

used varies with the type of measurement that is performed.
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A photomultiplier tube (PMT) can be employed to record single-wavelength time-
resolved decays, preceeded by a monochromator that isolates the desired wave-
lenght. Alternatively, to record an entire TA spectrum, a gated charged-coupled
device (CCD) camera can serve as the detector. By adjusting the delay time, the

temporal evolution of spectral features can be explored.

TA spectroscopy and emission spectroscopy, which will be explained shortly, can
both be used to study quenching of excited states. This can be done either through
measuring the lifetime of an emissive or non-emissive excited state, or through the
steady-state emission intensity. In the case of a linear relationship between the
lifetime (or emission intensity) and the concentration of the quencher, the rate
constant of the energy transfer event can be elucidated using the Stern-Volmer
equation as defined in Equation (3.3).7

I
2= 2= 1+ 7k, [Q) (3.3)

7o and 7 represent the lifetimes in the absence and presence of the quencher,
respectively. I and I are their emission intensity counterparts. The bimolecular
quenching rate constant (k,) and the quencher concentration ([Q]) are also involved
in this equation.

3.3 Steady-State Emission Spectroscopy

The determination of steady-state emission from a sample parallels the methodol-
ogy employed in UV-Vis steady-state absorption spectroscopy. llustrated in Fig-
ure 3.3, the setup involves subjecting the sample to monochromatic light, achieved
either through a combination of white light with an excitation monochromator or
via a continuous wave (CW) laser light source. Positioned after the sample is an
emission monochromator, selecting the wavelength of light for detection. Emission
is typically measured with the detector at a right angle relative to the excitation
light, but since there typically is an overlap between the absorption and emis-
sion of the chromophores in an emissive sample, high concentrations can lead
to inner-filter effects that influence the recorded emission signal.”” The primary
inner-filter effect constitutes the absorbance of the excitation light before reaching
the detection point of the sample, leading to a decreased emission signal. When
the emitted light is re-absorbed by the sample before reaching the detector the
secondary inner-filter effect can change the shape of the emission spectrum. To
mitigate these inner-filter effects, a front-face setup can be used in which the ex-

citation light and the detector are facing the same (front) side of the sample.
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Figure 3.3: Illustration of a steady-state emission setup.

With a monochromator on either side of the sample, two types of spectra can be
measured using steady-state emission spectroscopy. One type of measurement is
done by keeping the emission monochromator fixed at a single wavelength and
allowing the excitation monochromator to scan over a range of wavelengths. This
provides an excitation spectrum, which typically mimics the absorption spectrum
of the sample. Conversely, sweeping the emission monochromator while maintain-
ing the excitation light at a fixed wavelength absorbed by the sample yields an
emission spectrum. Variations in lamp intensity and detector sensitivity over the
recorded wavelength region need to be accounted for using reference detectors and

correction files.

Steady-state emission spectroscopy serves diverse purposes, including the determi-
nation of fluorescence quantum yields and the investigation of emission quenching
phenomena. By monitoring the emission intensity over time, it can also be used
to study reaction kinetics. Notably, fluorescence spectroscopy exhibits a very high
level of sensitivity, surpassing absorption spectroscopy in detecting even minute
concentrations of emissive species. In Paper I this sensitivity is detrimental when
the combination of lock-in amplification and steady-state emission spectroscopy
is used to discern a fluorescence-modulated signal amid a highly fluorescent back-

ground.

3.4 Time-Resolved Emission Spectroscopy

Time-resolved emission spectroscopy can be used to measure the lifetime of emis-
sive species, by recording how the emission intensity decays over time. The time

scale of the decay determines what technique needs to be used and depending on
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the complexity of the excitation process, different fitting equations needs to be
used to determine the lifetime of interest. Prompt fluorescence from direct exci-
tation typically decays on a nanosecond timescale, and in a homogeneous sample
with only one emissive species the decay is monoexponential. This means that the
recorded emission decay can be fitted using Equation (3.4), where t is the time
and 7 is the lifetime. Additional exponential terms need to be added to the fitting
equation if the sample contains multiple species that emits at the recorded wave-
length or if, e.g., heterogeneity in the sample makes molecules decay at different

rates.

t

I(t) = Aewp( - 7') (3.4)

Two different experimental techniques were used to measure emission lifetimes in
this thesis, both initiated by excitation of the sample with a short excitation pulse.
The fast fluorescence decays described above were recorded using time-correlated
single photon counting (TCSPC), in which a pulsed laser diode is used to excite
the sample. This is followed by the emission of photons from the sample, and
the time delay between the laser pulse and when the first of the emitted photons
reaches the detector is recorded. This is repeated for very many laser pulses, with
the recorded decay times eventually making up a histogram with each data point

representing the first emitted photon reaching the detector in each cycle.

Phosphorescence and TTA-UC with lifetimes on the micro- to millisecond timescale
would be very time consuming to measure using TCSPC, since the measurement
cycles needed to record every single photon would lead to very long measurement
times. These types of samples were instead excited by a modulated CW laser,
and square-shaped pulses were generated by coupling the laser diode to a pulse-
generator. A PMT was then used to record the emission decay, during the time
that the laser was turned off. Figure 3.4 illustrates both the TCSPC and the
modulated CW laser measurements setup, with differences between the two being

the excitation source and the detector.

Sample

- # MONOChromator | e | Detector

)
1
1
1
1

Timing device

Light source

Figure 3.4: Illustration of a time-resolved emission setup.
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When fitting TTA-UC decays, additional parameters need to be taken into ac-
count in the fitting equation as compared to a simple exponential decay. As seen
in Equation (3.5), the emission intensity, I(t), is proportional to the square of the
triplet excited annihilator concentration at time ¢, [*A*(¢)]. This is in turn de-
pendent on the annihilator triplet concentration at time zero, [*A*]y, the inherent
triplet lifetime of the annihilator, 7, and the dimensionless parameter, § that
indicates what fraction of triplets that initially decay by second-order channels
(annihilation) (0 < § < 1). By recording the upconversion emission decay over
a range of excitation intensities, a global fit of all decays with a shared 7 can

provide 3 for the different decay traces.”™

By determining the excitation inten-
sity that corresponds to 8 = 0.5 (i.e. when equal amounts of annihilators decay
by first- and second-order decay channels), one can find the threshold excitation
intensity, I;,, for the TTA-UC system. A low I;, value is often desired, since it

is defined as the excitation intensity needed to achieve 50% of the system-specific
UucQy.™m™

10« PAOF = (P4 g5 ) (3.5)

Iy, is defined in Equation (3.6), as a function of the rate constants of first- and
second-order annihilator triplet decay (kr and krra, respectively), the absorption

cross-section of the sensitizer (a), and the sensitizer ground state concentration

([*STo)-

ki

Ly, =+
th 2]€TTACY[1S]0

(3.6)

3.5 Microscopy

Although spectroscopic techniques served as the main tool of investigation for the
experiments conducted in this thesis, optical microscopy was used in both Paper
I and Paper IV. It is a powerful tool that in these two papers was used to study
both fixed cells and microcapsules, and this section aims to give a brief explanation

to the different microscopy techniques that were used.

Wide-field, and more specifically bright-field, microscopy involves illuminating the
entire sample with light and capturing the entire field of view simultaneously.
It is a fast imaging technique, where the light that passes directly through the
sample produces a dark image of the sample against a bright background. Since

the imaged samples in this thesis are fluorescent, they could also be imaged using
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fluorescence microscopy. In fluorescence microscopy, the samples are illuminated
with light of a wavelength that excites the fluorescent species, resulting in emission
that can provide information of where the fluorescent species are located. Confocal
microscopy is a fluorescence laser scanning technique. It enhances resolution and
contrast by placing a pinhole in a conjugate plane to the sample, eliminating out-
of-focus light. This allows for the imaging and scanning of thin optical sections

within a sample, which can produce high-resolution, three-dimensional images.®
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4

Intensity Modulation of a Turn-Off
Mode Fluorescent DAE

Recalling the molecular photoswitches introduced in section 2.2.2, this chapter will
focus on a photochromic molecule from the diarylethene (DAE) family. DAESs ex-
hibiting fluorescence exclusively when in their open isomeric state, while remaining
non-emissive in their closed configuration, are classified as turn-off mode DAEs.?*
Upon exposure to UV irradiation, the UV-induced fluorescence of the initial open-
form diminishes due to the isomerization to DAEc by UV light. This chapter is
based on Paper I8! and employs an asymmetric DAE, denoted as Dasy,%? with
Figure 4.1 illustrating the structures of its open (Dasy(o)) and closed (Dasy(c))
isomers within an isomerization scheme. Dasy, a water-soluble derivative, demon-
strates a significant fluorescence quantum yield of 0.21 in water for its open iso-
mer. While there is another DAE derivative that possesses a fluorescence quantum
yield similar to this value for its open isomer, its fluorescence cannot be entirely
quenched upon UV light exposure due to that the open isomer is far from fully
converted into the closed isomer at the photostationary state (PSS).®* In contrast,

Dasy can achieve nearly 100% conversion to Dasy(c) under UV light exposure.

Dasy(0) Dasy(c)

Figure 4.1: Structures and isomerization scheme of Dasy. UV light isomerizes the open
isomer Dasy(0) to the closed isomer Dasy(c), and visible light is used to facilitate the
reverse isomerization. The green glow on Dasy(o) is there to visualize its UV light

induced fluorescence.
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Figure 4.2 depicts the absorption spectra of Dasy(o) and Dasy(c), along with
the fluorescence of Dasy(o) in aqueous solution. Dasy(o) exhibits its most red-
shifted absorption band centered at 351 nm, primarily absorbing in the UV region.
Dasy(c) on the other hand absorbs in the visible region as well, with an absorption
band centered at 644 nm. The ring-closing reaction induced by 365 nm irradia-
tion has an isomerization quantum yield of 0.44, and the ring-opening reaction
induced by 523 nm irradiation has an isomerization quantum yield of 0.0033. As
mentioned earlier, Dasy (o) exhibits pronounced fluorescence when exposed to UV

light, displaying a peak emission at 511 nm.
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Figure 4.2: Absorption spectra of Dasy(o) (dotted brown line) and Dasy(c) (solid brown

line) together with the emission spectrum of Dasy(o) (filled green) in water.

The distinctive attributes of Dasy, such as its water solubility, high fluorescence
quantum yield in the colorless open form, and the capability to fully transition be-
tween open and closed isomers, position it as an excellent candidate for biological
applications. In this project, the primary objective revolves around augment-
ing fluorescence microscopy contrast through rapid fluorescence modulation. A
prevalent challenge in fluorescence microscopy pertains to discriminating desired
fluorescence, typically stemming from synthetic fluorescent probes, from unwanted
cellular autofluorescence. This dilemma reduces achievable contrast in fluorescence
microscopy, since the background emission constrains the signal-to-background

ratio. To discern desired fluorescence amidst bright backgrounds, modulation of
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excitation light and the utilization of optical lock-in detection (OLID) can facili-
tate the capture of amplitude-modulated emission from fluorescent probes. This
method proves effective if probe emission, but not autofluorescence, can be modu-

84,85

lated. Prior examples have been confined to organic solvents and necessitating

extensive (synthetic) sample preparation due to multi-chromophoric systems,3* 8
limiting the bio-relevance and usability. With reported modulation frequencies
below 1 Hz3 9 the acquisition times for these systems becomes unpractically
long for the intended application. Marriott et al. pushed the field towards uti-
lization in a cellular environment, using a spiropyran as the fluorescent probe.?%9!
Albeit showing a simpler and more bio-relevant system, it still suffers from a mea-
ger fluorescent quantum yield (around 0.01)?? and poor photostability. With the
spiropyran being fluorescent in its colorless open form, discerning the probe sig-
nals from background noise necessitates extensive data processing. Dasy addresses
all these challenges, enabling modulation frequencies that markedly surpass pre-

viously reported frequencies.

4.1 Rapid Modulation

The amplitude modulation of Dasy(o) fluorescence involved continuous UV irra-
diation of an aqueous Dasy solution, with Dasy initially in its fluorescent Dasy(o)
form, until reaching a PSS exclusively comprising Dasy(c), thereby extinguishing
the initial fluorescence. Upon exposure to red light at this juncture, while main-
taining the UV light, isomerization from Dasy(c) to Dasy(o) is induced. Conse-
quently, at the new PSS resulting from simultaneous UV and red light irradiation,
fluorescence is reactivated. Through sustained UV irradiation and modulation
of the red light, the fluorescence of Dasy can be toggled on and off, as depicted
schematically in Figure 4.3. Despite UV light triggering fluorescence, it is the
modulation of light not absorbed by the fluorescent species that governs the fluo-
rescence intensity. In Figure 4.3, A,, represents modulation amplitude, f,, denotes
modulation frequency, and ks signifies the observed rate constant for attaining
the PSS induced by simultancous irradiation of Dasy(o) with UV and red light.

27



4. Intensity Modulation of a Turn-Off Mode Fluorescent DAE
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Figure 4.3: Schematic illustration of how Dasy is switched between the two photosta-
tionary states, when alternately irradiating the sample with only UV light and both UV
and red light simultaneously. f,, is the modulation frequency, A,, is the modulation
amplitude and k.ps is the observed rate constant for the process of reaching the photo-
stationary state resulting from simultaneous irradiation with UV and red light. At the

start of the experiment, Dasy is in its fluorescent Dasy(o) isomeric form.

An experimental demonstration of amplitude modulation of Dasy(o) fluorescence
is illustrated in Figure 4.4, showcasing different modulation frequencies. In all
instances, an aqueous solution of Dasy with a concentration of approximately 20
uM was subjected to continuous 365 nm UV light (~30 mW) and square-wave
modulated 660 nm red light (~40 mW). Red light modulation was performed at
increasing frequencies: 10 Hz (left), 105 Hz (middle), and 205 Hz (right). At low
frequencies, the modulation amplitude remains constant across frequency varia-
tions, as irradiation durations suffice for complete isomerization between the two
PSS. With further increases in f,,, there is an initial drastic decline in A,,, which
stabilizes at higher modulation frequencies. This relationship between A,, and f,,

is further elucidated in Paper I.
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Figure 4.4: Amplitude modulation of Dasy in aqueous solution with modulation fre-
quencies of 10 Hz (left), 105 Hz (middle) and 205 Hz (right). The samples were under
constant 365 nm (~30 mW) irradiation, and the 660 nm laser (~40 mW) was modu-
lated at different frequencies (black lines) inducing the fluorescence modulation of Dasy

recorded at 500 nm (green lines).

4.2 Background Removal

OLID stands as a method capable of discerning an alternating signal with a fixed
frequency amidst a consistent background, as previously noted for its potential
in enhancing contrast in fluorescence microscopy. Following the demonstration
of rapid amplitude modulation of Dasy(o) fluorescence, the subsequent endeavor
aimed to differentiate Dasy emission from a luminous background. This endeavor
entailed the utilization of a 450 nm light source, characterized by its spectral
profile depicted in Figure 4.5 (purple line), to act as a background signal emulating
e.g. cell autofluorescence. A steady-state emission spectrum was captured from
Dasy(o) continuously excited by 365 nm light, while concurrently exposing the
detector to the 450 nm light source (brown line). Evidently, the contribution of the
450 nm light source dominates this spectrum. A comparative spectrum was then
acquired with Dasy(o) and the 450 nm light source, this time employing OLID for
signal capture. Dasy underwent continuous irradiation by 365 nm light, alongside
660 nm light modulated at a frequency of 10 Hz. The lock-in amplifier was finely
tuned to detect a 10 Hz signal, while the detector scanned the identical wavelength
region as during the steady-state measurement. The resulting recording, depicted
as a green filled spectrum in Figure 4.5, distinctly reveals the complete filtration of
continuous bright background light (the 450 nm light source), leaving only Dasy(o)

emission in the spectrum (cf. Figure 4.2).
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Figure 4.5: Spectral profile of the 450 nm light source (purple line), steady-state emission
spectrum of Dasy(o) fluorescence together with the 450 nm light source (brown line),
together with an amplitude-modulated spectrum of Dasy(o) + the 450 nm light source
under 10 Hz modulation of the 660 nm laser and continuous 365 nm irradiation (green

filled). All spectra are normalized to a common maximum value.

We have effectively demonstrated the capability of rapidly modulating Dasy fluo-
rescence in aqueous solution, coupled with the facile extraction of the signal from
a luminous background using OLID. To further underscore Dasy’s suitability for
contrast enhancement in fluorescence microscopy, Paper I also encompasses mea-
surements involving Dasy(o) added to a mouse fibroblast cell line. These findings
illustrate the detectability of amplitude-modulated Dasy fluorescence within a cel-
lular milieu, characterized by excellent fatigue resistance. Additional insights into

the cell studies are elaborated upon in Paper I.
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All-Visible-Light Switching of DAEs
Through Triplet Sensitization

Promoting ring-closing reactions of DAEs typically necessitates UV light, introduc-
ing drawbacks such as photodegradation and limited tissue penetration.®® Various
approaches have therefore been explored to achieve all-visible-light switching of
DAESs.?%9 One strategy involves chemically extending the 7 conjugation, requir-
ing intricate synthesis.”>% Alternatively, utilizing upconverting nanoparticles to
generate UV light from visible or near-IR light has, instead, resulted in low photoi-
somerization quantum yields.””% Another method involves driving the cyclization
reaction along the triplet manifold through sensitization, rather than singlet exci-
tation of the open isomers. This process requires less energy since the first triplet
excited state of the DAEs is lower in energy than the first singlet excited state,
making it feasible to use light of longer wavelengths than direct UV excitation. The
utilization of visible light enhances the fatigue resistance of repeated DAE isomer-
ization, as photodegradation predominantly occurs on the singlet manifold.?1%°
There has been examples of employing TET from molecular triplet sensitizers, 49
yet this approach suffers from constraints in molecular design, low molar absorp-
tivities, and high sensitivity to oxygen. In the study conducted in Paper II'"
and summarized in this chapter, we propose a general approach to all-visible-light
switching of DAEs that maintains high photoisomerization efficiencies and excel-

lent fatigue resistance compared to direct UV isomerization.

Semiconducting nanocrystals (NCs), or quantum dots, are quantum confined in-
organic crystals. They possess several properties making them suitable for photo-

1017103 including high molar absorptivities and often stable

chemical applications,
and high photoluminescence quantum yields.'®* By adjusting synthesis conditions
such as reaction temperature and time, the size of the NCs can be readily con-
trolled.!%%196 Ag the absorption and emission profiles strongly depend on the size

of the NCs, they can be tailored to meet various energetic requirements. NCs
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exhibit strong spin-orbit coupling, resulting in a minimal energy difference be-
tween the first singlet and triplet excited states. Despite these favorable proper-
ties for triplet sensitization, NCs have very short triplet lifetimes, limiting their
use in diffusion-controlled processes. Hence, we herein attach phenanthrene-3-
carboxylic acid (3-PCA) molecules to the surface of cadmium sulfide (CdS) NCs
to act as triplet mediators, which can harvest the NC triplets as long-lived molec-
ular triplets.!971% A schematic representation of the CdS NC/3-PCA hybrid is
depicted in Figure 5.1, along with the molecular structure of 3-PCA.
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Figure 5.1: Schematic illustration showing the photoisomerization from DAEo to DAEc.
The route induced by visible light irradiation via two triplet energy transfer steps (TET;
and TET3) from CdS NCs and 3-PCA is shown as blue arrows, and direct UV induced

isomerization is shown as dashed purple arrows for comparison.

The visible light-induced isomerization from DAEo to DAEc utilizing the CdS
NCs/3-PCA hybrid triplet sensitizers is depicted in Figure 5.1 by blue arrows.
Visible light excites the CdS NCs, followed by two triplet energy transfer steps
(TET; and TET),), first to 3-PCA and then to DAEo, resulting in isomerization
to DAEc along the triplet manifold. For comparison, direct UV isomerization
along the singlet manifold of the DAE is indicated by purple dashed arrows. To
demonstrate the versatility of our approach in achieving all-visible-light-induced
isomerization of DAEs, we employ four DAE derivatives denoted as DAE1, DAE2,
DAE3, and DAE4. Their structures and isomerization schemes are depicted in
Figure 5.2. DAE1 and DAE2 are sensitized using CdS NCs with an absorption
peak at 405 nm, denoted as CdS 405 in the figure. The remaining two DAEs are
sensitized using CdS NCs with absorption peaks at 425 nm and 450 nm, and three
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sizes of CdS NCs are synthesized to match the desired irradiation wavelength for

inducing ring-closing reactions at 405 nm, 425 nm, and 445 nm, respectively. A

wavelength of 590 nm is employed to facilitate the reverse isomerization for all
four DAEs.

DAE1c

Figure 5.2: Structures and isomerization schemes of the four DAEs. CdS NCs with
varying absorption bands are used to facilitate visible light (405 nm, 425 nm, and 445
nm) induced isomerization from DAEo to DAEc, and 590 nm light is used to facilitate

the reverse isomerization.

5.1 All-Visible-Light Switching

In pursuit of achieving all-visible-light switching of the DAEs and confirming the
pivotal role of TET in driving the photoisomerization, we synthesized CdS NCs to
match the absorption bands of the photochromic molecules’ transparent windows,
as detailed in prior studies.!!®'! 3-PCA was linked to the CdS NC surface via
its carboxylic acid functional group. Since the mediator is transparent for wave-
lengths longer than 370 nm, it will absorb none of the visible light sources used for
inducing sensitized ring-closing reactions. The mixture comprised 0.3 or 0.5 uM
CdS together with 100 uM 3-PCA and 50 uM of the respective DAEs in their open
as-synthesized form. Absorption spectra of the four DAEo mixtures in deaerated
toluene are illustrated in Figure 5.3 (green lines). Subsequent irradiation with
light matching the CdS NC absorption bands (405 nm for DAE1 and DAE2, 425
nm for DAE3, and 445 nm for DAE4) facilitated the formation of DAEc (purple

lines).
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Figure 5.3: Absorption spectra of solutions containing the DAE derivatives (50 uM of
a) DAE1, b) DAE2, ¢) DAE3, and d) DAE4), CdS NCs (0.5 uM CdS 405 in a and b, 0.3
uM CdS 425 in ¢, and 0.5 M CdS 450 in d) and 3-PCA (100 M) in deareated toluene.
Spectra are recorded for the open isomers before (green lines) and after irradiation of
405 nm, 425 nm, and 445 nm light, respectively (120 s, purple lines), and then after
subsequent 590 nm light irradiation (90 s, orange dotted lines).

Upon 405 nm irradiation of the DAElo sample, a 94% conversion to the closed
isomer was observed at the PSS (see Figure 5.3a), same as the conversion reported
for UV irradiation.!® The photocyclization (ring-closing) quantum yield was de-
termined to be 35%, close to that reported for direct 313 nm UV light irradiation
(43%1%%). However, the conversion of DAE2 using 405 nm light was lower than
that reported for 313 nm irradiation (58% versus 79%'1?), attributed to the larger
spectral overlap between DAE2c absorption and the excitation light. This overlap
causes competition between the triplet-mediated ring-closing reaction and direct
ring-opening over the singlet manifold. Conversely, the photocyclization quantum
yield under 405 nm for the DAE2 mixture matched that of 313 nm UV light iso-
merization (39%, compared to the previously reported 46%?"'?)
5.3d depict the successful isomerization of DAE3 and DAE4 to their respective

closed form isomers using our approach. Subsequently, all four DAEs revert to

. Figures 5.3¢ and

their open form isomers upon 590 nm irradiation (orange dotted lines).
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UV light triggers the formation of annulated byproducts of the DAEs,?: 00

as
evidenced by the reduced absorbance at 530 nm of DAEI1 recorded over time
(see Figure 5.4). The left panel displays the results of eight irradiation cycles of
405 nm and 590 nm light for the mixture of DAE1 and CdS 405/3-PCA hybrids
(black), alongside corresponding irradiation cycles using 302 nm and 590 nm light
irradiation on DAEL alone (red). Notably, the fatigue resistance is superior for
all-visible-light switching of the DAE1 mixture. Note that the lines connecting the
measured absorbance values marked as squares serve as a visual guide for readers to
track the irradiation cycles. Another comparison demonstrating improved fatigue
resistance when using visible instead of UV light is illustrated in the right panel.
Here, the 530 nm absorbance of DAEL is recorded over time, starting with only
DAElo isomers in the samples. The mixture is irradiated with 405 nm light

(black), and DAE1 alone is irradiated with 302 nm light (red).

—=— DAEL1 + CdS 405/3-PCA, 405 nm/590 nm =
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Figure 5.4: Photoswitching fatigue measurements. Left: Absorbance of DAE1 at 530 nm
recorded over eight irradiation cycles of 405 nm and 590 nm light for the DAE1 + CdS
405/3-PCA mixture (black), and for DAE1L alone using 302 nm and 590 nm light (red).
Right: Absorbance of DAE1 at 530 nm recorded over time for the mixture irradiated
with continuous 405 nm light (black), and for DAE1 alone irradiated with continuous
302 nm light (red). Both starting with DAE1o.

5.2 Investigation of the Triplet Sensitization Process

The efficiency of the TET; process from CdS 405 to 3-PCA was found to be near-
unity, standing at 91%, with comprehensive details available in the Supporting
Information of Paper II. Additionally, specifics concerning the triplet energies of

the compounds are also given in the paper. Notably, a peculiar observation arises
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regarding the triplet energies: while the triplet energy of DAElo is marginally
lower than that of 3-PCA (2.5 eV!% versus 2.6 eV!%), the opposite holds for
DAE20, which is estimated to possess a triplet energy of 2.8 eV. According to the

Sandros equation,'*® albeit slower, endothermic TET can still occur to DAE2o.

Nanosecond transient absorption spectroscopy (ns-TA) was employed to investi-
gate the TETy process by adding DAE1 and DAE2 to solutions containing 1.5 M
CdS 405 and an excess of 300 uM 3-PCA in deoxygenated toluene, ensuring the
formation of triplet excited 3-PCA via TET;. A 415 nm pulsed laser (2.0 mJ, 10
ns) served as the excitation source for the DAE1 measurement, while the DAE2
sample was excited with a 410 nm pulsed laser. The TA signal was recorded at
470 nm and 450 nm, respectively, for DAE1 and DAE2 (top figures in Figure 5.5),
both wavelengths lying within the broad positive absorption band of the 3-PCA
triplet state.!®® Initially, both measurements exhibit a rise in the TA signal, at-
tributed to the formation of triplet excited 3-PCA. Subsequently, in the absence
of DAE derivatives, the triplet signal of 3-PCA decays monoexponentially with
a lifetime of 22 us. This lifetime is shortened upon the addition of DAE1 and
DAE2, as the 3-PCA triplet energy is transferred to the DAE derivatives through
TET,. DAE1 and DAE2 can be viewed as triplet quenchers in this experiment,
and this phenomenon can be elucidated using the Stern-Volmer equation as de-
fined in Equation (3.3).

Stern-Volmer plots for DAEL (left) and DAE2 (right) are presented in the lower
portion of Figure 5.5, alongside their respective linear fits (depicted by red lines).
The fitting process yielded k, values of 1.4 - 10° M~'s™! for DAE1 and 2.7 - 107
M~1s7! for DAE2. The value for DAE] falls within the expected magnitude for
an efficient diffusion-controlled process, while the k, for DAE2 is almost two or-
ders of magnitude smaller. This observation aligns with the previous discussion
concerning the triplet energy of DAE2o, which is somewhat higher than that of

3-PCA, resulting in a slower endothermic TET, process.
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Figure 5.5: DAE quenching of the CdS 405/3-PCA hybrid triplet state. Top figures:
Time-resolved transient absorption decays of CdS 405/3-PCA (1.5 pM CdS 405 and 300
uM 3-PCA) in deareated toluene, recorded at 470 nm upon 415 nm pulsed excitation
adding DAEL (left) and recorded at 450 nm upon 410 nm pulsed excitation adding
DAE2 (right). *The initial rise in the DAE2 traces is due to laser scattering. Bottom
figures: Stern-Volmer plots with linear fits (red lines) for DAE1 (left) and DAE2 (right)
quenching of the CdS 405/3-PCA triplet lifetime.

5.3 Solid State Switching

We have demonstrated that our proposed system offers a universal method for
achieving all-visible-light isomerization across various DAE derivatives. The pho-
toisomerization quantum yields are comparable to those achieved using UV light,
and cyclization via the triplet manifold exhibits enhanced fatigue resistance. More-
over, as depicted in Figure 5.6, the CdS NCs/3-PCA hybrids perform admirably
in the solid state as well. The solid state experiments involved saturating a filter
paper with a solution containing CdS 405, 3-PCA, and the colorless DAE20 in
toluene, followed by solvent evaporation. Subsequent irradiation with 405 nm and
590 nm light, coupled with the use of masks, induces color and pattern alterations
on the paper, as depicted in the figure, facilitating the transition of DAE2 be-
tween the colorless DAE20o and the colored DAE2c states. Further elucidation is
provided in Paper II.
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Figure 5.6: Photographs showing all-visible-light-switching of DAE2 in the solid state.
A filter paper was soaked in a solution containing DAE2, CdS 405 and 3-PCA. After
solvent evaporation, the color (white and purple) and pattern (letters 'L’ and 'H’) were
changed by subsequently irradiating the filter paper with 405 nm and 590 nm light. This

was all done in a normal atmospheric environment.
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Controlling Photochemistry Using
TTA-UC

In the preceding chapter, the employment of triplet sensitization enabled the uti-
lization of visible light to catalyze ring-closing reactions for DAEs, traditionally
necessitating UV light. However, a limitation of employing triplet sensitization
in driving photochemical reactions is the requirement for the sensitizer to be in
close proximity to the photochemical reactant.*> 4 This poses no issue if no sub-
sequent separation step between the sensitizer and the photochemical products is
needed, and if both components share the same phase, such as the liquid solu-
tions employed in the previous chapter. In Paper III''* and Paper IV, we adopt
a different strategy by employing TTA-UC?123 to facilitate the isomerization of
DAEs and a spiropyran using light with lower energy than that absorbed by the
photoswitch. This enables us to maintain physical separation between the up-
conversion (UC) solution and the photoreactant solution, either using separate
chambers (Paper IIT) or encapsulating the TTA-UC solution in microcapsules
(Paper IV). TTA-UC has previously demonstrated efficacy in facilitating various

61-67,115-120 121,122

photochemical reactions, including photoisomerization.

6.1 Single Wavelength Control of DAEs using TTA-UC

In Paper III, we utilize a single green light source to both instigate reversible
isomerization and trigger fluorescence from the closed isomer among a set of DAE
derivatives. The findings pertaining to the derivatives labeled as DAE1, DAE2,
and DAE3 (distinct from those mentioned in Chapter 5) are presented herein.
While both the ring-opening reaction and the induction of fluorescence from DAEc
can be directly managed using green light, the ring-closing reaction necessitates
higher energy light, typically in the UV region. To drive this latter process with a
green light source, a well-established green-to-blue TTA-UC pair composed of plat-
inum octaethylporphyrin (PtOEP) as the sensitizer and 9,10-diphenylanthracene

39



6. Controlling Photochemistry Using TTA-UC

(DPA) as the annihilator is employed. The molecular structures of PtOEP and
DPA are illustrated in the upper panel of Figure 6.1, while the structures and
isomerization scheme between DAEo and DAEc of the three DAE derivatives are

depicted in the lower panel of the same figure.

PtOEP: DPA: OOO

UV or TTA-UC
> ——
‘—
Ry S R, ,S Rz 532 nm Ro S R, ,S
/, 1/ /, 1/
/\\O O/\ /\\O O/\\
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Figure 6.1: Top panel: Structures of PtOEP and DPA. Bottom panel: Structures and
isomerization scheme of the three DAEs: DAEL (green), DAE2 (purple), and DAE3
(brown). UV light or upconverted (TTA-UC) light can be used to isomerize from DAEo
to DAEc, and 532 nm light is used to facilitate the reverse isomerization. The yellow

glow on DAEc is there to visualize its green light induced fluorescence.

To maintain physical separation between the DAE solution and the UC solution,
we employ a two-chamber quartz cuvette, as illustrated for DAE2 in the pho-
tographs in Figure 6.2. When initiating the isomerization from DAFEc to DAEo,
532 nm light is directed solely through the DAE chamber. Conversely, the right-
most image depicts laser irradiation (indicated by a green arrow) when commenc-
ing with DAEo in the DAE chamber, triggering the ring-closing reaction, and
subsequently initiating the fluorescence of DAEc (experimentally observed in Fig-
ure 6.4). Throughout this experiment, the laser is directed through the DAE
chamber, which initially does not absorb any of the incoming 532 nm laser light.
The green light then reaches the UC chamber, prepared with concentrations (10
mM DPA and 0.5 mM PtOEP in toluene) ensuring 99% attenuation of the 532
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nm light within the first millimeter of the UC chamber. This setup ensures that
most of the TTA-UC occurs proximate to the quartz wall separating the two solu-
tions, minimizing secondary inner-filter effects of the blue UC fluorescence before

reaching the photochromic molecules.

Figure 6.2: Photographs showing two-chamber cuvettes containing DAE2 (left chamber)
and the PtOEP/DPA upconversion solution (right chamber), both in toluene. The
photograph to the left shows the cuvette in ambient light, and the photograph to the
right shows the cuvette in the dark under 532 nm laser irradiation from the left (indicated

by the green arrow) through the DAE2 chamber into the upconversion chamber.

Absorption spectra of DAEo and DAFEc for the three DAE derivatives are depicted
in Figure 6.3, alongside normalized DAEc fluorescence, and upconverted DPA
emission measured semi-front-face in the two-chamber cuvette (refer to Paper III
for experimental details). Similar to the DAE derivatives discussed in Chapters 4
and 5, DAEo predominantly absorbs UV light, while DAEc also exhibits absorp-
tion in the visible region. DAEo is virtually non-emissive, while DAEc showcases
strong fluorescence for all three DAE derivatives with fluorescence quantum yields
of 0.75,123 0.83, and 0.78,'** for DAE1, DAE2, and DAE3, respectively. The in-
tense yellow fluorescence from DAE2c is observable in the rightmost photograph
in Figure 6.2. A slight spectral overlap exists between the DAEo absorption and
the upconverted emission (see Figure 6.3), enabling the utilization of upconverted
photons to enable the ring-closing reaction. Despite a more substantial spectral
overlap between the upconverted emission and the DAEc absorption, we can still
induce isomerization from DAEo to DAEc. This observation arises from the iso-
merization quantum yields of the ring-closing reactions (0.30,'?* 0.39, and 0.23'%),
which are several orders of magnitude larger than those of the ring-opening reac-
tions (3.4-1075,1% 2.4.1074, and <1.0-1075,'2%) for these derivatives.
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Figure 6.3: Absorption spectra of DAElo, DAE20, and DAE3o (dotted lines) and
DAElc, DAE2c, and DAE3c (solid lines) together with the emission spectra of DAEIc,
DAE2c, and DAE3c (filled right-most spectra) and the upconverted DPA emission as
measured in the two-chamber cuvette setup (blue filled spectra). All spectra are mea-
sured in toluene, and the upconversion sample was prepared in an oxygen free environ-

ment.

6.1.1 Green Light Induced Isomerization and Fluorescence

Recording the DAEc fluorescence provided evidence of the capability for TTA-UC
to initiate the ring-closing reaction. Illustrated in Figure 6.4 is the temporal profile
of DAEc fluorescence, measured at the emission peaks in toluene (592 nm, 578 nm,
and 592 nm) for DAE1, DAE2, and DAE3. Initially, the DAEs existed in their
as-synthesized non-fluorescent open forms. At the onset of the measurement, a 532
nm laser was activated, resulting in an immediate surge in the emission signal when
the UC solution was present in the adjacent cuvette chamber (depicted in green,
purple, and brown, respectively), while no significant emission signal was observed
with toluene alone in the adjacent chamber (indicated in red). This observation
distinctly illustrates that the green-to-blue upconversion instigates the ring-closing
reaction. Over time, the fluorescence intensity levels out at the PSS achieved when
the DAE chamber is concurrently exposed to 532 nm irradiation and upconverted

photons.
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Figure 6.4: DAEc fluorescence measured at the respective emission peaks of DAElc,
DAE2c, and DAE3c (592 nm, 578 nm, and 592 nm) over time, measured in the two-
chamber cuvette with (green, purple, and brown, respectively) and without (red) up-
conversion solution in the other cuvette chamber. Initially, the DAE chamber contained
only the non-fluorescent DAEo isomer. At time zero the 532 nm laser was turned on,
resulting in DAEc formation and subsequent fluorescence in the presence of upconver-
sion solution. In the absence of upconversion solution, no significant DAEc fluorescence

was detected indicating that no DAEc was formed.

Our two-chamber cuvette configuration affords us the ability to selectively activate
various photophysical processes using the 532 nm laser by irradiating different
regions of the cuvette. Figure 6.5 shows the resulting absorption spectra when only
the DAE chamber underwent irradiation, with DAE2 being chosen to exemplify
this change. Initially, DAE2 was in its closed isomeric form, exhibiting pronounced
absorption at 532 nm. Absorption spectra resulting from 1, 3, and 5 hours of
532 nm irradiation are presented alongside spectra of DAE2o and DAE2c. It
becomes evident that the isomerization from DAE2c to DAE2o can also be initiated
by the same light source employed to initiate the ring-closing reaction and elicit
fluorescence from DAE2c. After 5 hours, nearly all DAE2c had isomerized to
DAE2o.
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Figure 6.5: Absorption spectra of DAE2c (solid purple line) and DAE2o (dotted purple
line), together with the resulting spectra of DAE2c after 1, 3 and 5 hours (more and
more transparent purple) of 532 nm laser irradiation only through the DAE2 chamber.
Hence, no TTA-UC occurred and therefore only the ring-opening reaction was triggered

by the green light.

6.1.2 Performance of the TTA-UC-Driven Isomerization

Finally, the efficacy of TTA-UC-driven isomerization from DAFE20 to DAE2c¢ was
compared with direct 365 nm LED-driven isomerization, as depicted in Figure 6.6.
This comparison entailed preparing highly concentrated DAE2 solutions (approx-
imately 800 pM) in one cuvette chamber, while filling the other chamber with
either UC solution or toluene. Detailed insights into this comparative analysis
are elucidated in Paper III. In essence, the high DAE2 concentration facilitated
an approximation of total absorption of both the upconverted and the 365 nm
photons. Linear fitting of the initial zeroth-order kinetics, coupled with the dis-
parity in irradiation power between the two light sources (16.2 mW for the 532 nm
laser and 0.21 mW for the 365 nm LED), revealed that direct 365 nm LED-driven
isomerization outperformed TTA-UC-driven isomerization by 140 times. This dif-
ference can be attributed to various loss factors, including the inadequate spectral
overlap of DAE20 absorption and upconverted emission, angular dispersion of up-
converted photons, and the observed upconversion efficiency, which were estimated
to be 24%, 50%, and 6%, respectively, in our setup. With further refinement of

the proposed system, most of these loss factors could be mitigated.
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Figure 6.6: Comparison of the absorbance at the 495 nm centered DAE2¢ peak recorded
over time during isomerization from DAE2o0 when using either a 365 nm LED (purple
squares) or TTA-UC (blue circles), together with linear fits (red lines) of the initial

absorbance change.

This investigation underscores the feasibility of employing a single green light
source to facilitate both reversible photoisomerization of three DAE derivatives and
induce fluorescence of DAEc through green-to-blue TTA-UC. This was achieved
within a straightforward and adaptable experimental framework, where the trig-
gered process could be selected by simply irradiating different segments of the
sample. The physical separation between the UC and DAE solutions enabled
characterization of the two solutions both individually and concurrently. More-
over, this physical segregation obviates the need for additional separation proce-
dures, while allowing for facile adjustment of concentrations and solvents in the

respective cuvette chambers.
6.2 TTA-UC in Microcapsules for Control of SP/MC Isomeriza-
tion

In Paper IV, we investigate the optimization of TTA-UC for photochemical ap-
plications by encapsulating the upconversion system within microcapsules, main-

taining the high local concentration of TTA-UC chromophores while minimizing
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re-absorption losses. An investigation into previous encapsulation strategies re-

veals diverse examples, including different types of nanoparticles,57-6870,72,74,125-127

L7 and microcapsules,.5%12 This study aims to address current chal-

micelles,
lenges by developing a two-phase system of microcapsules meeting specific cri-
teria: simple formulation procedures, ease of separation, non-toxicity, and water
solubility. Furthermore, the utility of this approach is demonstrated by incorpo-
rating a spiropyran/merocyanine photoacid*' into the continuous water solution,
enhancing an isomerization/deprotonation reaction using upconverted photons.
The core-shell microcapsules, fabricated via internal phase separation within an

75,76 with an average diameter of 10 pm dispersed in water (Fig-

oil-water emulsion,
ure 6.7a). Although volatile organic solvents like toluene are commonly employed
for TTA-UC, they are not feasible as core material for our microcapsules. Instead,
glyceryl trioctanoate serves as the TTA-UC solvent making up the microcapsule
core, surrounded by a poly(D,L-lactide-co-glycolide) (PLGA) polymer shell. These

76129131 yiliges

microcapsules, repurposed from controlled release applications,
platinum octaethylporphyrin (PtOEP) as the primary sensitizer and the analo-
gous zinc octaethylporphyrin (ZnOEP) in certain microscopy studies. For the
annihilator, 9,10-bis|(triisopropylsilyl)ethynyl]anthracene (TIPS-An) is employed,
enabling green-to-blue TTA-UC within the microcapsule system. The core-shell
structure together with the TTA-UC chromophore structures are shown in Fig-
ure 6.7b. Furthermore, as illustrated in Figure 6.7c, the upconverted blue light
generated within these microcapsules serves as a pivotal agent in enhancing the
photoisomerization and deprotonation process from the protonated merocyanine
(MCH) to the deprotonated spiropyran (SP) form of the photoacid, highlighting
the versatility and efficacy of the encapsulation approach in driving photochemical

transformations.
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Figure 6.7: Overview of the TTA-UC-enabled photoisomerization of a spiropyran/me-
rocyanine photoswitch. (a) Ilustration depicting the complete system comprising up-
converting microcapsules dispersed in water. (b) Schematic representation of the core-
shell microcapsule architecture featuring the molecular structures of the upconversion
molecules, specifically ZnOEP/PtOEP (red) and TIPS-An (blue). (c) Isomerization
scheme of the spiropyran/merocyanine molecular photoswitch (omitting all intermedi-
ate species). The upconverted blue light initiates the MCH — SP isomerization process,
subsequently triggering a deprotonation reaction, leading to both spectral alterations

and a decrease in pH. The reverse isomerization reaction is thermally driven.

To confirm the formation of the microcapsules, aliquots of the prepared samples
were imaged using fluorescence microscopy. Bright-field microscopy (Figure 6.8¢)
revealed microcapsules ranging in size from approximately 1 to 10 pm, with larger
capsules displaying a discernible core, slightly brighter than the surrounding shell.
Some capsules appeared collapsed, rendering them less prominent in the fluo-
rescence images (Figure 6.8a,b). Excitation with 545 nm light revealed ZnOEP
fluorescence, detectable with a red emission filter centered at 605 nm. ZnOEP, de-
spite being a less efficient sensitizer than PtOEP, was chosen for these microscopy
studies due to its fluorescent nature, facilitating easy monitoring under ambi-
ent conditions compared to the phosphorescent PtOEP. Figure 6.8a demonstrates
stronger fluorescence intensity in the cores than in the shells, indicating predom-
inant ZnOEP core localization. Conversely, PtOEP exhibited minimal emission

(see the Supporting Information of Paper IV). Directly excited TIPS-An fluores-
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cence was also notably stronger in the cores (Figure 6.8b; A, = 365 nm, A, =
445 nm). Additionally, confocal microscopy was employed to image fluorescence

from directly excited chromophores (Figure 2d, e).

a ZnOEP emission TIPS-An emission C

d ZnOEP emission

e TIPS-An emission

i@lUC TIPS-An emission

Figure 6.8: Microscopy images depict upconverting microcapsules (500 pM ZnOEP, 5
mM TIPS-An). (a)-(c) show the same area of the sample. (a) ZnOEP emission under
fluorescence microscopy (Aez = 545/25 nm, A¢py, = 605/70 nm). (b) TIPS-An emission
under fluorescence microscopy (Aeg = 365 nm, Aep = 445/50 nm). (c) Brightfield mi-
croscopy revealing core-shell microcapsules. (d)-(f) show the same area of the sample.
(d) Confocal microscopy displaying ZnOEP emission (Ae; = 565 nm, A, = 580-700
nm). (e) Confocal microscopy exhibiting TIPS-An emission (Aez = 414 nm, A, = 430-
500 nm). (f) Confocal microscopy showcasing upconverted TIPS-An emission (Aep =
565 nm, Mgy, = 430-500 nm). Note that DMTM was included in the microcapsule core

solution as a singlet oxygen scavenger to facilitate capture of the upconverted emission.

TTA-UC, reliant on long-lived triplet states, is, as previously stated, suscepti-
ble to oxygen quenching. Ideally, microcapsules would feature an oxygen imper-
meable shell, enabling an oxygen-free core at ambient conditions. However, our
PLGA shell did not fully meet this criterion, necessitating oxygen removal from
microcapsule samples for upconversion observation. The singlet oxygen scavenger
dimethyl thiomethane (DMTM)!¥? was introduced to the core solution to facilitate
upconverted anti-Stokes emission detection in confocal microscopy (Figure 6.8f).
Validation of the upconverted emission was achieved by imaging ZnOEP-only mi-
crocapsule samples under the same excitation conditions, yielding no emission
signal (see the Supporting Information of Paper IV). Subsequent spectroscopic

characterization involved oxygen removal via four freeze-pump-thaw cycles.
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6.2.1 Comparing the TTA-UC Performance in Solution vs Microcapsules

Central to this study is the mitigation of the secondary inner-filter effect, which
proved to be one of the major loss channels in Paper III, while preserving a high lo-
cal TTA-UC chromophore concentration within the microcapsules. Re-absorption
of upconverted light, primarily stemming from TIPS-An absorption and emis-
sion overlap, chiefly affects the highest energy TIPS-An emission peak in high
concentration bulk solution TTA-UC samples. Figure 6.9 illustrates steady-state
absorbance and upconverted emission comparisons between microcapsule and bulk
solution samples. Microcapsules, formulated in water with a concentration of ap-
proximately 1.3 wt%, were diluted with 70% glycerol to minimize light scattering,
resulting in negligible TTA-UC chromophore absorbance. Conversely, the bulk so-
lution sample absorbance exceeded the measurable limit of the spectrophotometer
(Abs > 3).
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Figure 6.9: Steady-state absorption (a) and emission (Ae; = 532 nm, 20.0 mW) (b)
spectra of 50 pM PtOEP and 2 mM TIPS-An upconversion solutions in PLGA /glyceryl
trioctanoate microcapsules (brown) and in a glyceryl trioctanoate solution (green). The
inset in (a) provides a magnified view of the absorbance spectrum for the microcapsule

sample. Both samples were measured in 10 mm x 10 mm cuvettes.

Moreover, Figure 6.9b demonstrates that the most blue-shifted band of upcon-
verted TIPS-An fluorescence experiences greater attenuation in bulk solution sam-
ples compared to microcapsule counterparts. Experimental adjustments to min-
imize the secondary inner-filter effect were implemented for both sample types,
with irradiation near the detector-facing cuvette wall in a right-angle measurement
setup. The observed reduction in re-absorbed upconverted photons, particularly
the high-energy fraction, underscores the potential of microcapsule-mediated up-

conversion for driving photochemical transformations requiring high energy light.
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To ensure accurate characterization of the TTA-UC system’s performance, time-
resolved measurements were conducted on the micro-to-millisecond timescale, since
the decay profiles of the sensitizer and annihilator emission are unaffected by light
scattering. The samples comprised 50 pM PtOEP and 2.0 mM TIPS-An in a 1.3
wt% microcapsule solution in water, and a bulk solution sample with glyceryl tri-
octanoate as the solvent with the same chromophore concentration. Figure 6.10
illustrates the decay of upconverted emission in both microcapsule and solution
samples, measured over a range of excitation intensities. Parameters such as the
threshold excitation intensity ([y,) and the annihilator triplet lifetime (77) were
determined using the fitting procedure detailed in Equation (3.5). I, for the bulk
solution, determined for 3 = 0.5, was found to be 2.4 W cm~2, compared to 227
mW cm~2 in the microcapsule sample. Looking at Figure 6.10a, it is clear to see
that the decay of the upconverted emission could not be recorded at low enough
excitation intensities to reach a non-annihilating annihilator triplet decay (i.e. a
[ approaching 0). This is thought to in part be due to the very low total chro-
mophore concentration in the solution, giving rise to very low emission signals at
low excitation intensities. Another factor is the high level of light scattering in
the solution, which leads to a diminished intensity of the excitation light source
throughout the sample. This means that the effective excitation intensity reach-
ing the chromophores at the detection point mid-sample will not be as high as the
measured excitation intensity. With this in mind, the I;;, of the microcapsule sam-

ple might very well be much lower than what was estimated in this measurement.
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Figure 6.10: Time-resolved upconverted emission of 50 pM PtOEP and 2.0 mM TIPS-
An in (a) microcapsules and (b) a glyceryl trioctanoate solution. Emission was measured
at 451 nm (a) and 475 nm (b) upon 532 nm pulsed excitation at various intensities (as
indicated in the figures). The fitting lines represent the best global fits of Equation (3.5),

employing a shared 7.
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Figure 6.11 illustrates the effective quenching of PtOEP phosphorescence by in-
creasing the concentration of TIPS-An, both in the microcapsules and bulk solu-
tion, using a fixed PtOEP concentration of 50 pM. The Stern-Volmer equation (see
Equation (3.3), was utilized to determine the triplet energy transfer rate (krgr)
from PtOEP to TIPS-An, representing the quenching pathway. The comparable
krpr values in microcapsules (1.3-10% M~'s™1) and bulk solution (1.1-10% M~!s™1)
are similar to the diffusion rate constant at room temperature (estimated using the

high viscosity of glyceryl trioctanoate!3?)

, suggesting a similar diffusion-controlled
TET in both environments. Notably, while a monoexponential fit sufficed for the
bulk solution, a biexponential fit was required for microcapsules with TIPS-An,
indicating a long-lived decay component comparable to the non-quenched PtOEP
lifetime. A very weak PtOEP phosphorescence in the microcapsule shell under
ambient conditions suggests PtOEP localization in the PLGA shell instead of
glyceryl trioctanoate cores, potentially explaining the observed long-lived PtOEP
component. Additional details on fitting procedures are provided in the Support-

ing Information of Paper IV.
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Figure 6.11: Stern-Volmer plots illustrating TET from 50 pM PtOEP to TIPS-An in
(a) microcapsules and (b) a glyceryl trioctanoate solution, under excitation with a 532

nm laser at 260 mW cm™? intensity.

6.2.2 TTA-UC Enhanced Isomerization and Deptrotonation of an SP/MC Pho-

toswitch

To demonstrate the utilization of upconverted light from microcapsules in enabling
a photochemical reaction, we employed the previously mentioned spiropyran/mero-
cyanine photoacid. The goal was to trigger a deprotonation /isomerization reaction
from the MCH form to the SP form using 532 nm light, chosen for its minimal
direct isomerization potential due to the absorption properties of MCH. Samples

were maintained at 5°C to disfavor the thermally induced back-reaction from SP
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to MCH. Figure 6.12 illustrates the resulting absorption spectra of the photoi-
somerization under 532 nm light irradiation. The brown solid traces represent
the equilibrated absorbance pre-irradiation, while the solid green trace with an
overlaying dashed purple trace depicts the absorbance at the PSS. Even before de-
gassing the sample, some isomerization occurred, indicating direct 532 nm-enabled
isomerization from MCH to SP. After degassing to remove TTA-UC quenching
oxygen, a higher degree of isomerization was observed, evident in the PSS. This
difference is further highlighted in Figure 6.12, where the subtracted absorbance
at PSS from the starting absorbance reveals the level of MCH to SP isomerization.
Additionally, a differential absorption spectrum under 445 nm direct irradiation
is included for comparison, showing that both 532 nm and 445 nm irradiation
induce the sought after photoisomerization reaction, with the former amplified by

upconverting microcapsules.
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Figure 6.12: Absorption spectra depicting 532 nm-induced MCH — SP isomerization
in a 2.4 wt% microcapsule sample with 50 pM PtOEP and 2.0 mM TIPS-An at an
initial pH of 2.34 in a 30:70 water:glycerol solution. Panels (a) and (b) show absorbance
before and after irradiation, with (b) representing a degassed sample. Panel (c) displays
differential absorbance spectra for 445 nm and 532 nm irradiation on oxygen-containing

and degassed samples.
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By encapsulating TTA-UC molecules within water-dispersed microcapsules, the
re-absorption losses from using bulk solutions in Paper III could be diminished.
Through thorough spectroscopic and microscopic analysis, the efficacy of these
microcapsules in facilitating TTA-UC-enabled reactions was validated. Time-
resolved measurements unveil the dynamics of the upconversion process, while
steady-state absorption measurements demonstrate the improved performance of
photoisomerization and deprotonation reactions using the microcapsule system.
Despite not achieving all intended goals, such as achieving oxygen impermeability,
the findings offer valuable insights into optimizing encapsulated TTA-UC chro-
mophores for driving photochemical reactions, particularly in aqueous environ-

ments.
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Concluding Remarks and Outlook

The objective of this thesis is to use low energy light to control high energy photo-
chemistry, as a means to overcome spectral mismatches between the available light
and the light needed to control a photochemical process. Nature has been great
at finding workarounds to this objective, but with the emergence of new technol-
ogy in fields like solar energy conversion and life science, the need to modulate
and manipulate light has emerged as an important tool. Molecular photoswitches
from the DAE and SP families serve as model compounds for the high energy
photochemistry in all four papers that this thesis is based on. Whilst serving as
examples on high energy photochemistry, some of the studies have also shown that
the modulated photochromic systems themselves could be used in future applica-

tions.

Chapter 4 shows how the fluorescence of a water-soluble DAE derivative (Dasy)
could be rapidly modulated by light absorbed by the non-fluorescent isomer. The
modulation frequencies strongly exceeded previous reports (250 Hz versus <1 Hz),
and by using OLID this rapid modulation could also be distinguished from a bright
background. In Paper I which this chapter is based on, this was also shown to
work in a cellular environment. These results together with the other favorable
properties of Dasy that are outlined in the study, show that Dasy is an excellent
candidate for enhancing the contrast in OLID fluorescence imaging. A natural
next step based on this study, would be to combine OLID with a fluorescence

microscope to see the anticipated increased contrast.

The following two result chapters, namely Chapters 5 and 6, revolve around the
common theme of using chemical methods to convert low energy light so that it
can be used to control high energy photochemistry. Starting with Chapter 5, the
findings presented herein show the versatility of using NC/molecular hybrid triplet
sensitizers to achieve all-visible-light switching of DAE derivatives. The absorption
bands of NCs can be easily tuned to match wavelength requirements of different

photochemical reactions. In this study (further detailed in Paper II), the light
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absorbed by the NC/molecular hybrids does not have enough energy to directly
drive the DAE photoisomerization reactions through singlet excitation. Instead,
the reaction is driven using the lower lying triplet manifold of the DAEs with
the NC/molecular hybrids acting as triplet sensitizers. This approach improved
the fatigue resistance of the DAEs, while maintaining comparable isomerization
quantum yields to using UV light. Further steps towards bio-applicability could
involve using two-photon absorption to gain deeper tissue penetration, coating the
CdS NCs with nontoxic organic molecules or polymers, or functionalizing DAE

derivatives with carboxylic acid functional groups to remove the need of mediators.

Chapter 6 covers the research in Paper III and Paper IV, in which low energy light
is upconverted to high energy light through the process of TTA-UC. Since the high
energy needed to enable the photochemical reactions is now carried by photons
instead of molecules or particles, such as in triplet sensitization, the light manipu-
lating species and the photoreactant no longer have to be in molecular contact for
the reaction to proceed. The first part of the chapter focuses on a project in which
TTA-UC enabled single wavelength control of both reversible photoisomerization
and fluorescence of DAEs. While the setup was proven both simple and versa-
tile, the TTA-UC-driven photoisomerization was not very efficient as compared
to direct UV isomerization. One of the loss factors found in this study was that
of inherent re-absorption of the upconverted light. This was one of the aims to
improve upon in the second part of the chapter, in which the TTA-UC system is
confined into core-shell microcapsules. The encapsulation allowed for driving pho-
tochemistry in water, which was exemplified by boosting the photoisomerization
of an SP/MC photoacid. Although both studies have proven to have their own
inherent problems, they can hopefully serve as a source of knowledge for future

use of TTA-UC to drive photochemical reactions.

In summary, this thesis has demonstrated significant advances in the utilization of
low-energy light to govern high-energy photochemistry, addressing the challenge of
spectral mismatches in controlling photochemical processes. Through the explo-
ration of various molecular systems, this work has elucidated strategies to modulate
and manipulate light effectively for targeted applications. From achieving rapid
modulation of fluorescence in cellular environments to enabling all-visible-light
switching of photochemical reactions, the findings presented here pave the way
for enhanced contrast imaging and biocompatible photochemistry. Furthermore,
the investigations involving TTA-UC offer promising avenues for single-wavelength
control and water-compatible photochemistry. Moving forward, further optimiza-
tion and mechanistic understanding will be crucial to realizing the full potential

of visible-light control in high-energy photochemical transformations.
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