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Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Solar energy stands out for its potential to supply the global energy demand by itself.
Therefore, it is of great value to expand the use of processes that involve light such as
conversion to electricity or fuels, or to drive high-energy reactions. However,
the limited availability of photons with the desired energy required to induce a
certain photophysical process poses a challenge. To circumvent this spectral
mismatch, processes that up- and down-convert photon energy can be used. In this
work the focus lies on photon upconversion through triplet-triplet annihilation (TTA-
UC) and two-photon absorption (2PA) and downconversion through singlet fission
(SF).

One key challenge for up- and downconversion processes is that for them to be useful
they must be incorporated into practical devices. Therefore, one of the overall
objectives of this work is to evaluate photoactive materials that both change the photon
energy and have potential to be incorporated with a working device. This means
moving away from diffusion control in liquid solution.

Self-assembling organogels, with chromophores covalently attached to the
gelator backbone, were tested as platforms for TTA-UC and SF. The results show that
chromophore-chromophore interactions can be tuned by choice of substitution
position, and that it is possible to obtain photon energy conversion in the studied self-
assembling gels, although efficiencies need to be improved for practical applications.
The results indicate that there is potential for future development of gel-based self-
assembled photoactive materials.

To demonstrate how TTA-UC can be applied to circumvent spectral mismatches
in devices, it was used to sensitize the well-known catalyst titanium dioxide (TiOz2). A
TTA-UC solution was used to absorb visible light and the upconverted emission was
in turn used to sensitize a TiOz thin film. Despite needs for optimizing the setup, visible
light photoexcitation could be confirmed and the number of holes in valence band
could be quantified to uM concentrations, using a redox couple, which at the same
time confirmed the reactivity of the sensitized TiO2.

Keywords: triplet-triplet annihilation upconversion, singlet fission, two-photon
absorption, photochemistry, energy transfer, self-assembly gels, carbon nitride
quantum dots, solar energy conversion, spectroscopy.
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1 INTRODUCTION

Light plays an important role in the development of human life on Earth. Without it
there would be neither oxygen nor food, which come from photosynthesis."
Understanding the nature of light, how to control its properties and apply it to our needs
has been a subject of investigation since it was possible to control fire for use as
lighting. Today, the behavior of light and its interactions with matter are described by
quantum theory,? and the applications extend to countless areas, such as
photovoltaics® 4, photochemistry® ¢, phototherapy” 8, and many everyday applications.

Given the environmental scenario in which it is necessary to limit global warming,
many countries have in their action plan to increase the conversion of solar energy. In
addition to use sunlight for heating and electricity, it would be beneficial to increase
the use of light to assist chemical reactions®'? and produce fuels.'®>'® To expand the
use of light it is still necessary to overcome the limited availability of photons with
sufficient energy to meet the requirements of a given application. For example, there
is little availability of sunlight for processes that require high-energy photons in the
ultraviolet (UV) range, as only 5% of the solar spectrum that reaches the Earth's
surface'” (Fig. 1.1) has this composition.
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Figure 1.1. Solar irradiance spectrum on the Earth’s surface and the classification of the
electromagnetic spectrum in UV (100 to 400 nm), visible light (400 to 700 nm) and infrared (above 700
nm) in relation to the wavelength. The photon up- and downconversion processes discussed in this
work are indicated in the figure.

Single junction solar cells, such as silicon, have an efficiency limit of around 32%.'®
This is due to the fact that photons with energy below the bandgap have no effect, as
they cannot be absorbed, and higher energy photons are absorbed and lose their
excess energy through thermalization. To efficiently incorporate photons that
mismatch the bandgap, up- and downconversion processes can be used.* 19 20

The downconversion process can be achieved by a mechanism called singlet fission
(SF).4 2021 |n this, one high-energy photon is absorbed by a chromophore and is
converted into two triplet excited states that can be injected directly into a



semiconductor. For silicon solar cell the bandgap is 1.1 eV (~ 1100 nm) and SF could
downconvert the visible photons, to be incorporated by the cell.#

Upconversion (UC) can be achieved through a number of processes including but not
limited to two-photon absorption (2PA), and triplet-triplet annihilation (TTA). The use
of each process depends on the available excitation light.?>?* In TTA-UC two low
energy photons are absorbed and fused into one high energy photon that is emitted
by the sytem.'® TTA-UC can be performed with low excitation power density and non-
coherent light. This can be beneficial for many areas of applications such as solar
cells,* 2527 hydrogen production,'3 17-28-30 3D printing,3'- 32 photocatalysis,'® 33-3% and
bioimaging3® 36 37 In the case of 2PAa molecule or material absorbs two long-
wavelength photons.®® This requires the use of coherent light and high excitation
power density, such as an ultrafast pulsed laser. 2PA has gained a lot of interest in
the study of biological tissue due to the longer penetration depth of infrared photons
compared to photons in the UV and visible regions, which are often a single photon
absorption process.3843

Although SF, TTA-UC and 2PA are promising to increase the efficiency of
photoinduced processes in several areas, it is still necessary to better understand their
photophysical mechanisms and how to efficiently incorporate them into practical
devices. In this context, the studies that are part of this thesis are based on two
objectives. First, to evaluate different photoactive materials as a platform for TTA-UC,
SF and 2PA. Second, to show how Vis-to-UV TTA-UC can be used to circumvent
spectral mismatches for a semiconductor.

In this thesis, easily synthesized self-assembly systems, formed by chromophores
covalently bound to a low molecular weight gelator, were photophysically
characterized and tested as a platform for TTA-UC and SF. It is hypothesized that it is
possible to control the orientation of chromophores, and to facilitate the desired energy
transfer processes between them.

Another study presented here explores the use of the fluorescence emission of TTA-
UC, from Vis-to-UV in solution, to photoexcite titanium dioxide (TiO2 — a known
catalyst), whose bandgap is around 3.4 eV, an energy equivalent to 365 nm. The
hypothesis is that it is possible to perform reactions with TiO2 films using visible
photons through Vis-to-UV TTA-UC.

In this work, we also investigated the near infrared (NIR) 2PA properties of carbon
nitride quantum dots (CNQDs). These water-soluble and non-toxic CNQDs have been
utilized as sensitizers in COz2 reduction schemes with one poton-absorption** and may
be suitable for multi-photon microscopy of biological tissues.



2 THEORY

This chapter briefly describes how interactions between light and matter occur. It also
contains an overview of the photophysical and photochemical processes relevant for
the work presented in this thesis.

2.1 Light-Matter Interactions

Light is radiation that has both wave and particle character. The wave is described as
an oscillating electromagnetic field divided into two perpendicular components, an
electric and a magnetic field. The particles are called photons and have a discrete
energy, E, which is related to the wavelength (1) or the frequency (v) of the
electromagnetic wave, the speed of light (¢) and Planck’s constant through Equation
212

E=hv=" (2.1)

Electrons are negatively charged particles that move around a nucleus containing
positive and neutral particles. These particles form atoms, which, through chemical
bonds, build up molecules and materials. Solutions of the Schrédinger equation, for
the wavefunctions of the electrons that form the atoms, result in the probability of
finding electrons in a given space location which are called atomic orbitals (AO). They
have discrete energy levels and, according to the Aufbau principle, the electronic
configuration is made from the lowest to the highest AO in energy. If there are AO with
the same energy, Hund’s rule states that first they are singly occupied by electrons in
the same spin (unpaired). Then, other electrons can occupy these orbitals following
Pauli Exclusion Principle, where each orbital is occupied by at most two electrons with
opposite spin (paired electrons). In a molecule, the linear combination of AO results in
the molecular orbitals. The same rules of the AO are applied for electronic distribution
in the molecular orbitals. The highest energy occupied molecular orbital is called
HOMO (highest occupied molecular orbital) and the first empty orbital LUMO (lowest
unoccupied molecular orbital). The possible orientations of the electron spin in a
molecule are described by the multiplicity. If all electrons are paired, the molecule is
said to be in a singlet state multiplicity. If two electrons are unpaired the molecule is in
a triplet state multiplicity.? 45 46

In semiconductors the electrons are distributed in continuous energy bands where
they are not associated to a certain orbital. The highest energy band occupied by
electrons is called the valence band and the lowest vacant one is called the conduction
band. The energy difference between them is the bandgap.*”: 4 Semiconductors can
have their dimensions reduced to nanometer scale and the properties begin to present
themselves as quantum features, the so called "artificial atoms". Therefore, as a
smaller number of atoms are present in the nanocrystal than in the bulk material, the
energy levels become discrete. Quantum dots (QDs) are semiconductor nanocrystals
with a size between 1.5 and 10 nm, whose optical and electronic properties vary
according to the size of the particle. This occurs because the bandgap energy
changes, resultant of the quantum confinement effects. This is to say that, due to the



small size of the material, it is more difficult to separate the electron-hole pair formed
by photoexcitation. Therefore, different sizes result in different bandgaps, which allows
for tuning of the absorption range and the photoluminescence according to the
application.*®®! The work present in this thesis includes studies on molecules,
quantum dots and materials such semiconductors.

When radiation impinges on matter it can be transmitted, if there is no interaction, it
can be scattered, or it can be absorbed if the energy corresponds to the difference of
two energy levels. Depending on the photon energy, the absorption of a photon can
lead to rotational, vibrational or electronic excitation.*®: 52 The work presented here
mainly deals with electronic transitions.

2.2 Photon Absorption Processes

Electronic transitions occur when UV-Vis light is absorbed by matter. Franck-Condon’s
Principle states that only electrons participate in the transition between orbitals
because they have lighter mass than the nuclei and absorption rate is around 1015 s,
fast enough for the nuclei to maintain their coordinates.? 38

The minimum excitation energy for molecules is the energy difference between HOMO
and LUMO. A single photon, whose energy is equal to difference between orbitals,
transfer its energy (hv) to an electron which is promoted from the HOMO ( Einitiz7) to an
orbital with a higher energy level (Zsna), Equation 2.2. The same is valid for
semiconductors, if the incoming photon has energy that matches the bandgap, an
electron is excited and moves to the conduction band leaving behind a hole in the
valence band.??

AE = Efinai — Einitiar = hv (2.2)

The transition of the electron is considered allowed if the multiplicity of the final state
is the same as the initial. Furthermore, the wavefunctions of the initial ( ¥inizia7) and final
( Prnal) states should overlap, and the better they are coupled the higher the probability
the transition occurs. This probability is given by the Fermi Golden Rule (Eq. 2.3).45: 53

2
k = ?ﬂp( YinitiallH| rinar) (2.3)

where kis the rate at which the transition happens, h is the Plank constant divided by
2r, p is the density of states, H is the Hamiltonian, which is the operator for the
absorption process when the molecule is perturbed by the oscillating electric field of
the electromagnetic radiation, whose interaction with the electrons induces a transition
dipole moment in the molecule due to the redistribution of charge.

Instead of one single photon absorption (1PA) to excite the molecule, it is under high
intensity and coherent laser light possible to simultaneously absorb two photons (2PA)
of the same or different wavelengths to reach the same excited state as with 1PA. This
type of absorption is usually obtained with long wavelengths, as the addition of two
low energy photons becomes equivalent to the energy delivered by only one photon
of higher energy (Fig. 2.1-a). The mechanism used to describe 2PA considers



sequential absorption of the two photons and a temporary virtual state, causing the
photons to be practically simultaneously absorbed.38 %4

In 1PA process, a transition is allowed when the oscillating electric field of light induces
a transition dipole moment in the molecule due to the redistribution of charge. This is
related to the symmetry of the molecule. For molecules that have an inversion center,
the transition is allowed when the initial and final states have different symmetries, for
example, the initial state is symmetric with respect to the inversion center and the final
one is anti-symmetric.? 52 In 2PA process for molecules with an inversion center, the
transitions with the same symmetry for the initial and final states are allowed as long
as the virtual state has opposite symmetry to them.5* %5

Another difference between the absorption process, is that in 1PA the emission
intensity is linearly proportional to the intensity of the light used as excitation source,
while in 2PA the emission is quadratically dependent on the intensity of the light used
as the excitation source, as this is a non-linear process.3® Furthermore, to ensure the
delivery of a large number of photons and increase the probability of the sample to
absorb two photons simultaneously, high power for the excitation is typically required
in 2PA, such as a pulsed laser with a pulse-width on the order of 10-'2 to 107'° s with
peak power on the order of MW to GW.

2.3 Steady State and Time-Resolved Emission

In both 1PA and 2PA processes the molecule remains excited for a certain time until
it returns through emission of a photon or non-radiative relaxation to the initial state,
also called the ground state. There are many processes that can occur following
excitation as illustrated in the Jablonski Diagram in Figure 2.1-a.
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Figure 2.1. (a) Electronic transitions illustrated in a Jablonski diagram showing one (1PA) and two-
photon absorption (2PA) processes, and the possible decay paths following absorption. Solid horizontal
lines represent energy levels, thinner lines are vibrational levels, and thicker lines are electronic states.
Vertical lines represent transitions between states. (b) lllustration of intersystem crossing due to the
overlap between the excited singlet and triplet states.



According to Kasha's rule, photon emission occurs from the lowest singlet or triplet
state, and it is independent of the excitation wavelength. When high vibrational levels
are populated the electron rapidly (102 s) releases energy by vibrational relaxation
(VR) until it reaches the lowest level of the electronic state. From there it is possible
for the electron to return to the ground state (Sop) emitting a photon or by non-radiative
decay (called internal conversion, IC, when it occurs between states of the same
multiplicity). The emitted photon has the same or lower energy than the absorbed
photon. Excess energy is dissipated to arrive at the lowest energy level from which the
photon is emitted. As a result, in a spectrum the emission has longer wavelengths than
the absorption. This is known as Stokes shift.38

When light is absorbed, it does not change the spin of the electron and transitions
between states of different multiplicity are forbidden. However, if there is an overlap
between the potential energy curves of the singlet excited state (S7) and the triplet
state (T1) the electron can undergo intersystem crossing, /ISC (Fig. 2.1-b). This can be
enhanced when heavy atoms, such as transition metals, are part of the molecule due
to favorable spin-orbit coupling. Photon emission with no multiplicity change is called
fluorescence (from S; to Sp), and with a spin multiplicity change is called
phosphorescence (from T7 to Sp). Usually, the spectrum and lifetime of emission for
2PA are equivalent to 1PA since the same excited state is reached.38

To assess how effective radiative decay is in relation to non-radiative decay the
emission quantum yield (@) is an important parameter. It is the ratio of emitted photons
to the number of absorbed photons. It is a common practice to measure @ relative to
a well characterized fluorescent substance whose @is known (Eq. 2.4). The reference
and test sample should be measured in the same conditions.%®

D= @y Arer (1)’ 2.4
= Pref i s <@) (2.4)
where the subscript refis related to the reference substance, /is the integrated area
of the emission spectrum, Abs is the absorbance at the excitation wavelength, and 7
is the refractive index.

Usually, fluorescence occurs on a time scale from 10-'2 to 10 s and phosphorescence
lifetime is on the order of 10 to 10 s. This difference is due to the change in the spin
direction of the electron during /SC, which in phosphorescence reverts to the original
spin direction to return to the So. The mathematical model of lifetime is usually
exponential. When decay occurs through more than one path, a multi-exponential
behavior is used as a model (Eq. 2.5). Judging whether the decay is mono- or multi-
exponential is done by visualizing the proper representation of the experimental data
by the model and the residuals.®®

I(t) = Y Aexp (— £) (2.5)

where /(%) is the emission intensity, 4;is the amplitude, that is, the participation of each
decay path with its respective lifetime 7.



If the decay is biexponential, an average lifetime can be calculated according to
Equation 2.6.2538.57

< r>=ftn (2.6)

2.4 Photo-Induced Electron and Energy Transfer

In a photoinduced energy and electron transfer the terminology donor (D) and acceptor
(A) is often used. A molecule in an excited state (D*) can interact with another molecule
(A), either in its ground or excited state, transferring electrons or energy (Figure 2.2).
At the end of an energy transfer there will be an excited acceptor (A*) and for electron
transfer there will be charge separation, because the excited donor will have an
electron removed (D*) and the acceptor will receive the electron (A-).58

Electron Transfer
e e
—
® 00 o oo
D* A D* A-
Dexter Forster
_® __ e ® e
—_—
e 00— 0 [ ] o 00 e o
D* A D A* D* A D A*

Figure 2.2. Schematic illustration of electron and energy transfer. Electron transfer results in charge
separation (D* and A°) while energy transfer results in an excited acceptor moiety. Note that Dexter and
Forster mechanisms for energy transfer are different.

Both energy and electron transfer can often be indirectly monitored by analyzing the
emission intensity and the lifetime of the excited donor. When there is a decrease in
these two properties it is said that dynamic quenching has occurred, that is, when the
acceptor collides with the donor and steals the excitation energy. When quenching
does not depend on molecular diffusion, e.g. the acceptor is linked to the donor, or
they may have formed a complex, and only a decrease in the emission intensity is
observed (the lifetime remains constant), it is said that a static quenching occurs.®®
Distinguishing between electron and energy transfer depends on a variety of factors.
For example, it may require the analysis of data obtained through the dynamics of the
excited state, by transient absorption; the presence of oxidized/reduced species, by
spectro-electrochemical method; and kinetics, dependent on the distance between the
donor and acceptor and the polarity of the solvent.5% 60



2.4.1 Photo-induced Energy Transfer

We usually distinguish between two types of energy transfer, Férster and Dexter. The
Forster energy transfer occurs when there is interaction between the oscillating dipole
of the excited donor and the dipole of the acceptor. A Dexter-type energy transfer
occurs due to overlapping molecular orbitals and there is a double exchange of
electrons between the donor and acceptor. The difference between Forster and Dexter
is that the former can occur when the molecules are relatively far from each other.3
%8, 61 |In the studies presented in this thesis, energy transfer occurs mainly via the
Dexter mechanism. Both TTA-UC and SF are examples of energy transfer processes.

2.4.1.1 Triplet-Triplet Annihilation Upconversion

As mentioned earlier, radiative emission has lower energy than absorption (Stokes
shift).3® However, energy transfer steps can be combined to result in photon
upconversion. In doing so, it is possible to obtain an anti-Stokes shift for emission
which allows the circumventing of spectral mismatch in photophysical processes that
require high-energy photons by absorbing low-energy ones.’ Triplet-triplet
annihilation upconversion (TTA-UC) consists of several steps of energy transfer by the
Dexter mechanism, represented in Figure 2.3. A sensitizer (S) and an annihilator (A)
are required. The sensitizer absorbs a low-energy photon and becomes an excited
singlet. Quickly its triplet state is populated through the ISC. When triplet excited S
encounters a ground state A, the energy is transferred to the triplet state of the
annihilator, known as triplet energy transfer (TET). Two excited annihilators in
proximity combine the triplet energy, also called triplet-triplet annihilation (TTA),
resulting in one annihilator being promoted to the singlet state and the other returning
non-radiatively to the ground state. The singlet excited annihilator emits a photon with
higher energy than the photons absorbed by the sensitizers.* 22 62

S
hv
ISC ISC
Si__2! - o S,
T1 X 'T T1 X T1
TET ™" — TTA _:_“" TET
i
1 Non-radiative
S, S, v ¥ S, S,
Sensitizer Annihilator Annihilator Sensitizer

Figure 2.3. lllustration of energy transfer process required for triplet-triplet annihilation upconversion.

For a molecule to be used as a sensitizer in TTA-UC, it is desirable to have a large
molar absorptivity at the excitation wavelength. The /ISC should be efficient and the
triplet state long-lived for molecular encounter with the annihilator to transfer energy.
It is desirable that there is a small energy difference between the initially populated



singlet and triplet states to minimize energetic losses. In addition, the absorption of S
should not overlap with the emission of the A to minimize re-absorption of the
upconverted emission (the so-called secondary inner filter effect).®

For the annihilator, it is important that the fluorescence quantum yield is high, close to
unity. The triplet state should also be long-lived and its energy lower than the triplet of
the S, but with minimal difference between them to reduce energy losses. The energy
of the first singlet state must be less than or equal to twice the energy of the first triplet
state (Es1 < 2xEt1). This last requirement is associated with combinations of spin
multiplicity resulting from the fusion of the two triplets, which can be a singlet, triplet or
quintet. Normally, the quintet state is energetically inaccessible. The second triplet
may be accessible, but only the first singlet may result in upconverted emission.'® 63

The energy in the triplet state of the sensitizer can be deactivated through
phosphorescence, non-radiative decay or energy transfer to the annihilator. The triplet
energy in the annihilator can decay non-radiatively or be combined in the TTA. There
is a minimum excitation intensity capable of making the TTA the main path and this is
known as the intensity threshold (/). At excitation intensities lower than I there is a
low population of triplets causing the upconversion intensity to be quadratically
dependent on the excitation intensity. For intensities above /i, there is high formation
of triplets resulting in a linear dependence on the excitation intensity. In a log-log plot
of UC intensity versus excitation power density, i is the intersection point where the
emission passes from the quadratic (slope 2) to the linear (slope 1) regime. 9. 62, 64-66

The efficiency of the upconverted emission is evaluated according to the quantum
yield. As TTA-UC works with the combination of two low energy absorbed photons for
the emission of one high energy photon, the maximum quantum yield, @&, that can be
obtained is 50%. The @ucis the product of the quantum yield of each energy transfer
step (Eq. 2.7) and a spin factor (£) that considers the probability of forming an excited
singlet state from TTA.19.64.66.67

Dyc = f X Dge X Dy X Dppy X Of (2.7)

where @sc is the intersystem crossing in the sensitizer, @77 is the triplet energy
transfer between sensitizer and annihilator, @774 is the triplet-triplet annihilation step
and @ris the fluorescence quantum yield of the annihilator.

For practical purposes, the @yc is usually determined as described in Eq. 2.4 using a
reference substance with known fluorescence quantum yield. In this case, the
measured @yc is the ratio of observed upconverted photons by the absorbed photons.
It is worth noting that the quantum yield of generated photons has a greater value than
the observed, because the efficiency of TTA-UC depends on the system’s
environment and energy loss channels, e.g., inner filter effects, scattering.84 6. 67

2.4.1.2 Singlet Fission
Another mechanism to circumvent spectral mismatch is singlet fission (SF). This is
used to downconvert one high energy photon into two lower energy triplet states. The



steps of energy transfer are represented in Figure 2.4. A chromophore absorbs a
photon of high energy, and it is excited to the singlet state, S1. Another chromophore
in its ground state, So, is in proximity and the position of these two molecules is
favorable for the electronic coupling of the triplet states. Then the first chromophore
shares the excitation energy with the second, thus forming a correlated triplet pair,
(TT), which are coupled as an overall singlet multiplicity. This coupled triplet state is
maintained until electronic coherence is lost. After that, two triplet states (77 + T7) are
formed and are, ideally, free to diffuse individually.2% 68-70

—
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Figure 2.4. lllustration of the necessary steps for singlet fission. Below the arrows indicate the spin of
each state.
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For a chromophore to be used in SF it is necessary that the energy of the first singlet
excited state is higher than twice the energy of the triplet state (Ess > 2xEry),
characterizing an exergonic process. In addition, the energy of the second triplet state
(Et2) must be high to be inaccessible through TTA. At least a magnitude of
2xET1 < ET2is required. Usually, the chromophore does not contain a heavy atom and
the ISC is slow (~ 100 ns) compared to the formation of triplets from SF (~ 10 ps). The
latter is faster because it is a spin allowed process, as in the formation of (TT) the
general singlet character is conserved. The most important requirement for efficient
SF is the orientation between the chromophores.20- 6972

The efficiency of SF is also measured according to the quantum yield. In this case, an
absorbed photon is split into two excited triplets and the maximum @is 200%. Usually,
it is not trivial to determine SF quantum yields.

2.4.2 Photo-Induced Electron Transfer

As stated earlier and illustrated in Figure 2.2, electron transfer (ET) between a
photoexcited donor (D*) and an acceptor (A) results in oxidized (D*) and reduced
species (A").%8 It can occur between molecules or intramolecularly, where D and A are
covalently connected by a bridge or between molecules and materials such as
semiconductors or quantum dots.”375
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In a spontaneous reaction in which the potential energy of the reactant is higher than
that of the product, the Gibbs free energy (AGP) is the driving force. For typical ET this
is also applicable. The rate of electron transfer (kzr) is described by Marcus theory
(Eqg. 2.8), and it is a function of AG® and the reorganization energy of the solvent (1),
which is the energy that would be needed to adjust the vibrational mode of D and A
and move the electron without rearranging the solvation environment.%8 73

—AG
kgr = ko vpexp (k?:) (2.8)
(4G° + 2)?
AG* = ——
G 42

where ke is the electronic transmission coefficient, vy is the nuclear frequency, AG” is
the free energy of activation, ks is the Boltzmann’s constant, T is the temperature.

The diagrams of the potential energy surface are illustrated in Figure 2.5. Excitation of
the donor (D* + A) changes the energy difference between D* and A and subsequently
increases the driving force. Consequently, the electron transfer rate increases. This
makes oxidation (or reduction) reactions easier to occur in the excited state than in the
ground state.”® 7 76 Starting from a case where the -AG? < 1, electron transfer occurs
in the normal region. Increasing -AG° to be equal to A enhances kzr, as AG* = 0 there
is no energy barrier to reach the charge separated state (D* + A"). In this situation the
electron transfer rate is at the maximum value. If -AG° is increased again, to values
higher than A, krrdecreases because AG* reappears. This is the so called inverted
region, where kzr decreases with increasing the driving force.””

D*+A
\ A [Dr+A A r
\ | VA AG*
h AG* 3
v \ / AGO
\ / 0
AGP AG
D+A - 2 3
-AGY =R

-AGP< A AG*=0 -AGY> A
Normal region Maximum kg, Inverted region

Potential Energy

>
Reaction Coordinate

Figure 2.5. lllustration of the potential energy surface diagram in the Marcus theory. The photoinduced
electron transfer occurs in the normal region. The diagram contains the ground state (D + A), the initially
photoexcited state (D* + A), the charge separated state (D* + A").

2.4.2 1 Interfacial Electron Transfer

Instead of using a donor and an acceptor in molecular form, it is possible to perform
electron transfer on surfaces of semiconductors, from a molecular species to the
semiconductor and vice versa. One of the most well-known examples of the former is
the dye sensitized solar cell where the electron injection from the dye to the
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semiconductor is a good example of interfacial electron transfer. Some reactions
require the transfer of more than one electron, and this can be difficult among
molecules to be oxidized more than once unless a very high concentration of D would
be necessary. This can be facilitated by a photoexcited semiconductor that serves as
an electron reservoir.4é 78

Photoexcitation of the semiconductor with energy equal to or greater than the bandgap
causes electrons (e’) to be promoted from the valence band (VB) to the conduction
band (CB). Holes (h*) are left in the VB. Both the e and the h* are charge carriers that
move randomly, and they can be trapped in the bulk sites, or they can migrate to the
surface of the semiconductor where they also become trapped. Both in the bulk and
on the surface e and h* can recombine, and the electron returns to the VB.

On the surface of the semiconductor, electrons can be accumulated and transferred
to an acceptor which will be reduced, in the environment or adhered to the surface.
On the other hand, a donor is oxidized by transferring electrons to the holes on the
surface. Figure 2.6 illustrates the steps from photoexcitation to electron transfer on the
surface of a semiconductor. For ET to occur from the semiconductor to an acceptor, it
is necessary that the CB has energy greater than the energy of the acceptor orbital
that will receive the electron. The opposite is true for oxidation reactions, in which the
electron that will be transferred by the donor has a higher energy than the VB of the
semiconductor. The reduction potentials can be seen as a measure of the difference
in energy levels between the HOMO and LUMO and are used to verify whether an
oxidation/reduction reaction will take place on the surface of a semiconductor (Fig.
2.6).48.79-81 Another option is to remove the e to an external circuit and use the electric
current for work or store the generated potential in a battery.*8 82
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Figure 2.6. (a) Schematic representation of semiconductor photoexcitation and electron transfer on its
surface. (b) Bandgap of some semiconductors and examples of redox potentials for some interesting
reactions.

The factors that affect the efficiency of ET on the surface are related to the rate of
recombination of e with h*, the rate of migration of the charges to the surface, the
morphology of the surface in terms of trap sites, the transfer of mass from the donor
/acceptor to donate/receive electrons and if there is adsorption/desorption of these
species on the semiconductor surface.*®
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3 METHODS

This chapter presents a summarized description of the main spectroscopic methods
used in this work.

3.1 Steady State Absorption Spectroscopy

3.1.1 Ultraviolet-Visible Absorption

The starting point of photophysical characterization is to verify which wavelengths a
molecule absorbs and how strong the absorbance is. A spectrophotometer is used to
obtain an absorption spectrum. The equipment contains a lamp, which emits light in
the UV-Vis region; a monochromator, which contains a dispersing element that
separates light into different wavelengths; and a detector (Figure 3.1). The detector
evaluates the light intensity before (Io) and after (I) passing through the sample, the
attenuation of the intensity is the measure of absorption. The result is shown in a plot
of the intensity of light absorbed versus the measured wavelength.

Path length
—
Abs ?
A
Ip I
t'/ I, = U
UV-Vis
light source  Monochromatoer  slit Sample Detector

Reference\'(

detector

Figure 3.1. A schematic illustration of an absorption spectrophotometer.

The intensity of the transmitted light depends on the concentration (C) and the path
length (I). For low concentrations the absorbance (Abs) is described by the Beer-
Lambert law (Eq. 3.1).38

Abs = £Cl (3.1)

where ¢ is the molar absorption coefficient and its magnitude is a measure of the
attenuation of light at a given wavelength.

In the works presented here, a Dual Beam UV-Vis Varian Cary 50 Bio
Spectrophotometer was used.

3.1.2 Steady State Absorption Coupled Photolysis
Photophysical and photochemical processes can be accompanied by changes in the
absorption spectrum of a molecule or material. To observe the changes, an external
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excitation source is added to the spectrophotometer described above, at a right angle
with respect to the lamp of the spectrophotometer. This source can be a UV-Vis
broadband lamp, or a monochromatic light emitting diode (LED) or a laser. As the
sample is continuously irradiated, differences in the absorption spectrum are
measured over time.

Figure 3.2 illustrates the set-up used to observe the changes in the absorption
spectrum of electrons in the conduction band of TiOz2 thin films. The cuvette containing
the film was placed inside the spectrophotometer, as described in Section 3.1.1, and
an external excitation source was used to photoexcite the film. In the case of
photoexcitation with the TTA-UC fluorescence emission, a second cuvette was used,
and it was placed in close proximity of the cuvette with the TiO2 film. A 405 nm
continuous wave diode laser (Coherent OBIS, 0.08 mm beam diameter) was used to
excite the TTA-UC cuvette. Control experiments were carried out by photoexcitation
of the TiO2 film with a 365 nm LED. In this case, between the LED and the cuvette
with the film, a neutral density filter was placed to change the power of the excitation
and a lens was used to reduce the illuminated area (diameter ~ 3 mm).

a) Tio, Film b)
in MeCN
Vis-to-UV =
TTA-UC ]

@

3

LED ND  Lens  Tio, Film
Filter in MeCN

ContinuousLaser

Figure 3.2. Schematic illustration of the photoexcitation of TiO2 film with (a) TTA-UC fluorescence
emission and (b) with a LED light source. MeCN stands for acetonitrile.

3.2 Transient Absorption Spectroscopy

Excited states also absorb light, and this can be used to study the properties of the
excited states that are non-emissive. Our set-up consists of a Quanta-Ray Nd:YAG
nanosecond pulsed laser (10 ns pulse, 10 Hz repetition rate), a continuous UV-Vis
lamp, a monochromator (Oriel Cornerstone), a detector (Applied Photophysics 5 stage
photomultiplier tube - PMT). The detector can be a camera containing a charge-
coupled device (CCD), to obtain an absorption spectrum, or a PMT to obtain excited
state kinetics. The layout of the set-up is shown in Figure 3.3-a.
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Figure 3.3. (a) Schematic illustration of the transient absorption set-up. (b) Example of the different
signals (filled regions) in the transient absorption spectrum. The dashed red line is the ground state
absorption spectrum.

The Beer-Lambert law is applied for the attenuation of the UV-Vis lamp signal before
and after the laser. Without laser excitation, the probe signal intensity refers to the
ground state absorption. With laser excitation, the ground state absorption decreases
because the molecules were promoted to the excited state, and a new signal is
detected due to the excited state absorption. The result is presented as differential
absorption, A4bs (Eq. 3.2).8% In the transient absorption spectrum (Fig. 3.3-b), the
negative signals are related to depletion of population in the ground state, or ground
state bleach (GSB), and stimulated emission. The positive signs are related to the
molecules absorbing light in the excited state (ESA).

AAbs = Absith iaser — AbSwithout laser (32)

The same set-up, but without the probe light, was used for time-resolved emission to
measure lifetimes in the range from 10 ns to 10 ms.

3.3 Steady State Emission

The spectrum of the radiative decay of an excited molecule is also obtained with a
spectrophotometer, however, the detector is placed in right angle relative to the
excitation light (Fig. 3.4-a). The apparatus has two monochromators. Choosing only
one wavelength to excite the sample, in the monochromator located before the
sample, an emission spectrum can be measured with the monochromator after the
sample. The equipment used here is a Varian Cary Eclipse Fluorescence
Spectrophotometer or a Fluorolog-3 Spectrofluorometer from Horiba Scientific.
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Figure 3.4. Schematic illustration of (a) an emission spectrophotometer and (b) the TTA-UC emission
set-up

To study the TTA-UC emission a home-built set-up was used (Fig. 3.4-b). It contains
as excitation light a monochromatic continuous wave Coherent OBIS diode laser (Lex
=532 nm, 0.07 mm beam diameter, and Aex = 405 nm, 0.08 mm diameter), an emission
monochromator, and a PMT detector. Between the laser and the sample, a neutral
density filter was placed to allow for variation in the excitation power. To reduce the
intensity of the laser signal in the emission spectrum, a notch filter was placed between
the sample and the monochromator.

3.4 Time-Correlated Single-Photon Counting

The Time-Correlated Single-Photon Counting (TCSPC) set-up used to measure the
emission lifetimes from 700 ps to 30 pys uses a monochromatic pulsed laser as
excitation source. In the monochromator after the sample a single wavelength is
selected at which the decay is measured.

The TCSPC technique is very sensitive for detecting a single photon emitted by the
sample after being excited by a laser pulse. A part of the laser light is separated and
used as a signal to start timing in a stopwatch. The other part of the laser light is
directed towards the sample. After excitation, the sample remains in the excited state
for a certain time until the emission of photons. The first photon that reaches the
detector stops the stopwatch. This cycle is repeated and the time between excitation
and emission is accumulated in a multi-channel analyzer. The decay is shown in a
histogram. The instrument response function (IRF) is deconvoluted from the emission
decay. The IRF is measured using a scattering sample in the same conditions as the
test sample.3®

Here the TCSPC was performed in an Edinburg Instruments fluorescence
Spectrometer with PicoQuant picosecond laser diodes.
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4 PHOTON UP- AND DOWNCONVERSION IN SELF-ASSEMBLED
ORGANOGELS

TTA-UC and SF occur through the mechanism of Dexter photo-induced energy
transfer. Consequently in solution they rely on the relative position between the
chromophores, for good electronic coupling, and the lifetime of the excited state.?

In liquid solution for some of the most successful TTA-UC systems the efficiency
reaches 38% (out of maximum 50%).8* This is because the sensitizer and the
annihilator are free to diffuse and interact for energy transfer. A common practice is
that the concentration of the annihilator is higher than that of the sensitizer. This
increases the possibility of efficient triplet energy transfer and triplet-triplet annihilation.
However, if there is a possibility of the TTA-UC system to re-absorb the UC emission,
it is necessary to find a concentration that minimize it.'% 8 86 Performing TTA-UC in
solid state can no longer rely on diffusion and this may hamper efficiency. The high
concentrations of the chromophores to ensure proximity for energy transfer may bring
up other energy loss channels, such as back energy transfer from the annihilator to
the sensitizer,8”-%° and the sensitizer can undergo TTA (s-TTA) returning the energy to
its singlet excited state.% 91

On the side of SF, it requires high concentration of chromophores in liquid solution as
the singlet excited state decay is usually faster than diffusion.®® 92 9 A common
practice to ensure favorable electronic coupling for SF in solution is to covalently bind
the chromophores as dimers.5% 71. 949 QOtherwise, the crystalline state is preferable to
promote strong exciton coupling.®® % The challenges lie in understanding the
dynamics of the correlated triplet pair, the splitting into two triplets and the efficient
extraction of them from the matrix in which SF is being performed.

Either way both TTA-UC and SF should preferably be realized in solid state so that
they can be used in practical devices. Self-assembly soft materials such as
polymers,87- 90. 98-101 mempbranes,'%? micelles,%3-1% and gels'® 196-19° gre interesting
because they allow for control of the distribution and distance between chromophores.
The gels stand out due to the advantage of the formed crosslinked three dimensional
(3D) network that holds a large amount of solvent, creating micro-spaces in which a
solute can still diffuse.!® " Usually, the chromophore is added to the gel prior to
gelation.' Although the synthesis of gelators modified by the covalent linkage of
chromophores is complex and time-consuming, optimization is valuable in order to
maximize proximity and electronic coupling between the molecules to perform TTA-
UC and SF.19‘ 106-108, 112

In this thesis, it was evaluated whether the self-assembly organogel formed from
oxotriphenylhexanoate (OTHO),25 113117 which is a low molecular weight gelator, can
be used as a platform for TTA-UC and SF. OTHO gels are readily formed when a hot
solution, containing the gelator and solvent, is cooled to room temperature. Through
an easy synthetic route, OTHO enables the covalent incorporation of chromophores
in any of its four aromatic rings (Fig. 4.1).
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To test the hypothesis that chromophore-decorated OTHOs could be used for TTA-
UC and SF we used the benchmark compounds, platinum octaethylporphyrin (PtOEP)
as sensitizer, and 9,10-diphenylanthracene (DPA) as annihilator,!® 25 62, 84,118,119 for
TTA-UC and 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-PC) as a singlet fission
chromophore.?>: 120122 Figure 4.1 shows the molecular structures of each

chromophore.
gH on 4 O
jjj“ Jo L)) e
W,

OTHO gelator PtOEP DPA TIPS-PC

Figure 4.1. The molecular structures of OTHO gelator, the sensitizer PtOEP and the annihilator DPA
used for TTA-UC, and the chromophore TIPS-PC used for SF.

4.1 OTHO Gels for TTA-UC and SF

For TTA-UC the annihilator, DPA, was covalently bound to the OTHO molecule, while
the sensitizer, PtOEP, was always kept free to allow diffusion into the gel matrix, by
dissolving it in the matrix prior to gelation. One hypothesis is that this configuration
would allow efficient triplet energy transfer (TET) between the sensitizer and the
annihilator. As the annihilator cannot diffuse, the triplet-triplet annihilation (TTA) step
now becomes dependent on the exciton migration. In total three OTHO-DPA
derivatives were investigated (Fig. 4.2). Two of them contain only one DPA unit
attached in the para-position to the aryl ring #1 and #2. The other contains two DPA
units, each of them was bound to the rings #1 and #2.

All three OTHO-DPA formed gels in toluene and the turbidity of the samples indicates
that the fibers are of the order of 1.0 um. "6

p1-DPA p2-DPA p1p2-DPA

Figure 4.2. The molecular structures of OTHO-DPA derivatives. In the abbreviations the letter
p- stands for para-substitution and the number refers to the aromatic ring in OTHO (see Figure
4.1).
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For SF, the TIPS-PC chromophore was attached to OTHO varying the 4 aromatic rings
in the ortho-, meta- and para-substitutions. In total 12 OTHO-PC derivatives were
synthesized (Fig. 4.3), out of which p1-PC, p2-PC, m1-PC and m2-PC promptly
formed gels at concentrations of 5 mg/mL.
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Figure 4.3. The molecular structures of OTHO-PC derivatives. In the abbreviations the letter o-, m-,
and p- refer to ortho-, meta- and para-substitution and the number to the aromatic ring in OTHO (see
Figure 4.1).

In summary, only para- and meta-substitutions on rings #1 and #2 of OTHO do not
interfere with gel formation. Furthermore, the nature of the chromophore does not
appear to control gel formation, as DPA and TIPS-PC decorated OTHOs readily
formed gels. This is in agreement with literature reports.'> 117

4.2 Photophysical Characterization of OTHO-Chromophore Derivatives
The photophysical properties of the gels were evaluated using absorption and
emission techniques. To minimize the oxygen concentration for triplet lifetime
measurements, the samples were prepared in a nitrogen glovebox.

For SF only the meta- and para-substituted compounds on aromatic rings #1 and #2
of OTHO were evaluated, together with a reference sample consisting of free TIPS-
PC dissolved in unsubstituted OTHO prior to gelation.
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4.2.1 Steady State Absorption and Emission

When PtOEP and DPA are freely dissolved in OTHO, i.e. added before gelation in
unsubstituted OTHO, the absorption and emission spectra (Fig. 4.4) are similar to their
spectra in toluene solution. The absorption spectrum of OTHO-DPA gel derivatives is
similar to free DPA in OTHO gel. The emission spectra show maximum intensity at the
same wavelength as free DPA in OTHO gel, but they are broadened and do not show
the vibrational structures. Therefore, the ground state properties of DPA are
maintained when it is bound to OTHO.

14 .y
14 . : — : p1-DPA gel
PtOEF in OTHOgel i A
E 3 14
p2-DPA gel
4 DPA
in OTHO gel 0 ¥ i L L
1 . 14
300 400 500 600 700 P1pZ-DPA gel
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Q b': 1 1
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Figure 4.4. Normalized absorption and emission spectra of free PtOEP in OTHO gel (6 uM, [OTHO] =
10 mM), free DPA in OTHO gel, p1-DPA, p2-DPA gels ([OTHO-DPA] = 10 mM) and p1p2-DPA gel
([OTHO-DPA] = 5 mM, [OTHQO] = 5 mM).

It was not possible to determine the fluorescence quantum yield (@r4) of OTHO-DPA
gels due to light scattering, as can be seen in the tails to the red end of the absorption
spectra. Therefore, @ra was determined in very diluted toluene solutions using DPA in
toluene as a reference (@ra = 100%) according to Equation 2.4. As a result, for p2-
DPA the @ra ~ 100%, while for p71-DPA and p1p2-DPA it is around 50%. It appears
that binding DPA to the aromatic ring #1 of OTHO promotes more non-radiative decay
from the singlet excited state than to the #2, yet we have no clear reason for this
behavior.

For TIPS-PC freely dissolved in OTHO gel the absorption and emission spectra are
similar to the toluene solution (Fig. 4.5). The absorption spectrum of m7-PC, m2-PC,
p1-PC and p2-PC gels show similar vibrational structures to TIPS-PC in OTHO gel,
however the peaks are red-shifted. This has already been observed when there is
aggregation or electronic coupling on the ground state.®® Interestingly, for m7-PC gel
a new absorption band around 700 nm appears during gel formation. Previous
observations indicate that this could be due to strong coupling between chromophores
or packing aggregation.'?® Qualitatively, the aggregation hypothesis can be
approximated by analyzing the ratio between the 0-0 and 0-1 vibronic bands.'?* In
diluted solution all OTHO-PC derivatives showed 0-0/0-1 lower than TIPS-PC. This
decrease was reported as H-aggregation and it seems that for TIPS-PC derivatives it
can also happen in diluted solution. 24
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Figure 4.5. Normalized absorption and emission spectra of free TIPS-PC in OTHO gel and OTHO-PC
gels (all samples 6 mg/mL). The vertical dashed lines are a guide to the eye to emphasize the shift in
absorption. The arrow indicates the absorption band around 700 nm that grows in during the gelation
process for m1-PC.

The total internal reflection technique was used to measure the emission spectra while
minimizing the inner filter effect for the TIPS-Pc samples.®? The emission spectra of
the OTHO-PC gels are unchanged in relation to free TIPS-PC in OTHO gel, presenting
the similar vibrational structures with the red shift as appeared in the absorption. This
indicates that there is no formation of excimers that could quench the excited state
energy.

Unlike OTHO-DPA derivatives which were turbid, OTHO-PC gels appeared
transparent. However, due to the high optical density it was not possible to determine
the @ra of the gel samples and they were again determined in a diluted toluene solution
using TIPS-PC in toluene as a reference (@4 = 75%). The @ra measured for p1-PC
and p2-PC was slightly less than 75%, while for m7-PC and m2-PC it was around
70%. Comparing the para- and meta-substitution, it appears that the latter favors non-
radiative decay from the singlet excited state.

4.2.2 Time-Resolved Emission

The fluorescence emission of all OTHO derivative gels was measured using Time-
Correlated Single-Photon Counting. The emission lifetime (1ex = 377 nm) for free DPA
in OTHO gel (6.5 ns) was similar to what has been measured in liquid toluene.'?® The
same behavior was observed for the fluorescence p2-DPA gel, being
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monoexponential and similar to DPA in OTHO gel. It was not possible to use the
monoexponential function to represent the fluorescence decay of p7-DPA and p1p2-
DPA gels. Both were modeled with a biexponential function, and the mean lifetime is
about half that of DPA in OTHO gel. This behavior is consistent with that of @ra, in
which the aromatic ring #1 promotes non-radiative decay when DPA is covalently
bound to OTHO.

For free TIPS-PC in OTHO gel, using low chromophore concentrations (0.6 mg/mL)
the emission lifetime (1ex = 560 nm) was reasonably modeled with single exponential
decay (11.8 ns) similar to liquid toluene. A biexponential decay was observed when
the concentration of TIPS-PC in OTHO gel was increased (6 mg/mL). Also, the
fluorescence lifetime of m1-PC, m2-PC, p1-PC and p2-PC gels (with concentration of
6 mg/mL) was modeled with biexponential function. The intrinsic singlet lifetime of
TIPS-PC (~ 12 ns) dominates the decay, while the short component is on the order of
3to5ns.

4.2.3 Triplet Energy Transfer in OTHO-DPA Gels

Nanosecond spectroscopy was used to measure the phosphoresce lifetime of PtOEP
in unsubstituted OTHO gel, and the decay was fitted with a biexponential function.
Both at low and high concentration and excitation intensity the phosphorescence
lifetime is around of tens of ps, which is shorter than in toluene solution, suggesting
that sensitizer triplet-triplet annihilation (s-TTA) is happening, due to collision between
two excited molecules.'?® Possibly the gel network encapsulates the solvent, forming
pockets, and the concentration of PtOEP in this location will be high, promoting s-TTA.
This is an energy loss pathway and may negatively affect the efficiency of the overall
TTA-UC process.

To study the triplet energy transfer (TET) between the sensitizer and the annihilator,
the PtOEP concentration was kept constant (115 uM) and the DPA concentration was
varied between 0 and 10 mM in the gels. To obtain the desired concentration of the
annihilator the gels containing p7-DPA, p2-DPA and p1p2-DPA were mixed with
unsubstituted OTHO. In all cases the total gelator concentration was maintained at 10
mM. The steady state and time-resolved phosphorescence emission intensity of
PtOEP as a function of DPA concentration was measured (Fig. 4.6). Then the Stern-
Volmer equation (Eq. 4.1) was used to evaluate the quenching capacity.38

Io _ 7o

T 1+ krertolQ] 4.1)

T

where, /o and /are the emission intensity without and with the quencher respectively,
70 and rare the phosphorescence lifetime without and with the quencher respectively,
kreris the rate of triplet energy transfer.
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Figure 4.6. Stern-Volmer plots of PtOEP phosphorescence quenching. (a) Comparison of the triplet
energy transfer rate in the different gels samples. (b) Time-resolved and steady state plots for free DPA
in OTHO gel. (c) Time-resolved plots for OTHO-DPA gels. (d) Steady state plots for OTHO-DPA gels.
Solid lines are linear fits, and dashed lines are guides to the eye. ([DPA units] = 0.08, 1, 4 and 10 mM,
[OTHO units] = 10 mM, [PtOEP] = 115 puM)

In Equation 4.1 the average lifetime (calculated with Eq. 2.6) was used for time-
resolved analysis (<7>/<7>), because the lifetime of PtOEP phosphorescence in
OTHO gel has biexponential decay. For steady state plots (/s//) the integrated area of
the phosphorescence emission was used.

The bimolecular quenching rate krzr for OTHO-DPA gel derivatives is lower than for
free DPA in OTHO gel (Fig. 4.6-a), indicating that in self-assembly OTHO gels the
probability of the sensitizer meeting with the annihilator is reduced. The high krzr for
DPA in OTHO gel suggests that the matrix allows good diffusion and encounter with
PtOEP. As reference, when PtOEP and DPA are in toluene solution the reported krzr
is 2.15x10° M-'s™.85 This behavior, of the gel providing a liquid-like environment, was
previously observed by Sripathy et al., where the quench rate of PATPP by DPA was
measured in 1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol organogel.'®

The plots with time-resolved and steady state data showed different trends (Fig. 4.6),
where time-resolved data show a linear relationship, while steady state deviates from
the linear behavior expected from Equation 4.1. A downward curvature, as for p71-DPA
and p2-DPA gels, indicates that the quencher has limited accessibility to the
fluorophore while an upward curvature indicates that static and dynamic quenching
are simultaneously present when DPA is free in OTHO gel.® To analyze the upward
curvature, Equation 4.1 is modified to calculate the dynamic ( Kp) and static (KXs) quench
constants (Eq. 4.2).%8
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2 = (1+Kp[QD (1 + Ks[QD) (4.2)

For DPA in OTHO gel, Ks= 355 M-! which represents 3% of k». As mentioned earlier,
the small pockets of encapsulated solvent in the gel probably bring the annihilator
closer to the sensitizer and cause this apparent static quenching to occur.

One way to evaluate the quenching efficiency (f) by collision of PtOEP with DPA in
self-assembly gels is through the Smoluchowski equation (Eq. 4.3). The parameter £
relates krerto the diffusion-controlled bimolecular rate constant (ko) and allows one to
investigate if the lower krzrfor OTHO-DPA gel derivatives is due to the attachment of
the annihilator to the gel structure.®®

4N
ko =500 (R + R,)(Ds + Dy) (4.3)
. kT
~6mnr
_ krer
fQ - ko

where kyis the diffusion-controlled bimolecular rate constant, Nis Avogadro’s number,
kis the Boltzmann’s constant, Drand D, are the diffusion coefficients of fluorophore
and quencher, respectively, T is the temperature (293 K), 7 is the solvent viscosity
(toluene 0.59 mPa.s), and ris the molecular radius (PtOEP = 6.3 A'26, and DPA = 6.55
A — estimated using the Chemdraw3D software).

For DPA free in OTHO gel the D; = 5.6x10°® cm?/s; while in p7-DPA, p2-DPA and
p1p2-DPA gels the annihilator diffusion is hindered as it is assumed that D; = 0. A
reduction of kv is expected for OTHO-DPA gel derivatives as there are no quencher
diffusion coefficient in these systems. The results of £, using steady state and time-
resolved data are shown in Table 4.1. The greatest quenching efficiency occurs for
free DPA in OTHO gel. Among the OTHO-DPA derivatives, p1p2-DPA gel shows the
highest quenching efficiency. Probably, in p71p2-DPA gel the annihilator is more
accessible for quenching due to the formation of a network with narrower gel fibers.
Therefore, it can be expected that it is not only the covalent binding of DPA to OTHO
that causes the low &7zrin p1-DPA and p2-DPA gels.

Table 4.1. Quenching efficiency (£) of PtOEP phosphorescence by DPA in gel matrix.

fo (%)
Compound Steady state  Time-resolved
DPA in OTHO 64 20
p1-DPA 1.4 0.88
p2-DPA 21 1.4
p1p2-DPA 6.6 3.6
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4.2.4 Triplet-Triplet Annihilation in OTHO-DPA Gels

To evaluate the TTA the upconverted fluorescence emission of DPA was measured
by varying the excitation energy (Fig. 4.7). In the emission profiles the upconverted
fluorescence appears around 432 nm and the unquenched PtOEP phosphorescence
at 646 nm. Comparing the relative intensities of UC emission and phosphorescence
shows that DPA in OTHO gel has a more efficient upconversion process. Among self-
assembly gels, p7-DPA has the highest relative UC emission intensity indicating more
efficient TTA and triplet energy migration through the gel fibers.
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Figure 4.7. Upconverted emission profiles for various DPA samples as indicated in the panels, with
excitation power varying from 68 yW to 10 mW (1ex = 532 nm) and remaining PtOEP phosphorescence
at 646 nm. ([DPA units] = 10 mM, [OTHO units] = 10 mM, [PtOEP] = 115 pM)

Nanosecond time-resolved emission was used to measure the build-up of UC
emission. For DPA in OTHO gel it is faster with build-up time of 45 ns, while for OTHO-
DPA gel derivatives it is around 1 us. When DPA is free to diffuse in the OTHO gel,
encounters between excited annihilators are facilitated and TTA is more efficient.

With gel samples it is difficult to obtain a reliable measure of the absolute UC emission
intensity due to turbidity and light scattering, and therefore the efficiency was
evaluated using the intensity threshold (/) as described in Section 2.4. /7 values for
gels samples are shown in Figure 4.8. The quadratic and linear regions were fitted
with straight lines showing small deviations from the 2 and 1. This behavior is usually
observed when TET is efficient. The resulting /7 values are high for the gels, when
compared to PtOEP and DPA in toluene solution where a value of 18 mW/cm? was
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reported.'?® It was not possible to determine /s for p1p2-DPA gel using excitation
power densities below 2500 mW/cm?.
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Figure 4.8. Integrated upconverted emission versus excitation power density. Black lines are linear fits
with slope ~ 2 and blue line are linear fits with slope ~ 1. The 7 values are the crossing points between
those lines. ([DPA units] = 10 mM, [OTHO units] = 10 mM, [PtOEP] = 115 uM)

The high 7» values indicate that the TTA step is not very efficient in the gels. The best
result was obtained for free DPA in OTHO gel. As DPA cannot diffuse in the self-
assembled gels, exciton migration through gel fibers is required. Although p71p2-DPA
gel is less turbid and possibly forms narrower fibers that may facilitate TET, exciton
migration appears to be poor and hinders TTA, resulting in a high 7Zx value.
Upconversion is more efficient in p7-DPA than in p2-DPA gel, although they have
similar TET. Possibly binding DPA to the aromatic ring #1 of OTHO favors exciton
migration.

Reduced molecular diffusion has been invoked as explanation for other observations
of high /4, for example in a study by Vadrucci et. al. were they obtained /» = 100
mW/cm? in an organogel made of poly(vinyl alcohol) and hexamethylene diisocyanate
in DMSO, in which DPA and a palladium porphyrin were dissolved.'” In contrast, there
are also impressive reports using DPA and PtOEP dissolved in a N,N"-bis(octadecyl)-
L-Boc-glutamic diamide gel in presence of oxygen, where a value of 7 = 1.48 mW/cm?
was reported, and attributed to efficient exciton migration through the gel fibers.'%® We
emphasize that the chemical synthesis to covalently link chromophores into gelators
is usually arduous, which does not apply to p7-DPA, p2-DPA and p1p2p-DPA which
are easily produced from OTHO.

4.2.5 Triplet Formation in OTHO-PC Gels

Sensitization with PtOEP was used to determine the triplet state spectroscopic
signature of OTHO-PC in toluene solution, by adding a small amount of each
derivative to a solution containing the sensitizer PtOEP (no gelation was observed).
Nanosecond transient absorption was used to monitor changes in the absorption
spectrum (Adex = 536 nm) with time and the triplet signature was observed around 525
nm, a slight redshift compared to the triplet state of TIPS-PC in toluene solution which
appears at 508 nm.®8
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In the OTHO-PC gel samples the excited state was studied using femtosecond
transient absorption. Excited state absorption of free TIPS-PC in OTHO gel showed
features similar to those reported for TIPS-PC in dilute toluene solutions with excited
state absorption peaks at 450, 525 and 575 nm. Also, m1-PC, m2-PC, p1-PC and p2-
PC in dilute solution showed similar behavior as TIPS-PC in solution and in OTHO gel.
The transient absorption spectra of the OTHO-PC gels (6 mg/mL) were different from
solution (Fig. 4.9). In m2-PC and p2-PC gels at long times (7 ns) the triplet at 525 nm
appears more perceptible than the singlet (405 nm). For p7-PC gel between 425 and
625 nm the spectra were broad and featureless. For m71-PC gel the triplet signal at
525 nm is seen immediately after laser excitation. This rapid triplet formation may be
resultant of singlet fission as opposed to ISC (12 ps).6® 127 This peak at 525 nm
appears with strong absorption after excitation of the m7-PC gel with 700 nm, which
is the absorption band that appears during gel formation.
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Figure 4.9 Femtosecond transient absorption spectra of OTHO-PC gels (6mg/mL, Aex = 650 nm). Inset:
m1-PC gel was also excited at 700 nm. The legends show the time picosecond scale.

Nanosecond transient absorption (1ex = 653 nm) was used to study the lifetime of the
triplets (Table 4.2). m2-PC and p1-PC have ftriplet lifetime around 28 us, which is ca
10 ps shorter than TIPS-PC in solution. On the other hand, m7-PC presented the
longest lifetime, around 68 us and p2-PC 46 us, which is almost 10 ys longer than
TIPS-PC in solution. When the concentration is increased (6 mg/mL), the longer
lifetime component decreased to around 25 ps for all the samples. Interestingly, m17-
PC gel that could be excited at 700 nm (6 mg/mL), due to the new absorption band
that appeared during gelation, the longer component of the triplet lifetime increased to
60 ps, recovering the lifetime as it was in dilute toluene solution. It can be hypothesized
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that each self-assembly gel forms a different structure that affects the triplet decay,
but a further investigation should be done to understand the details of this behavior.

Table 4.2. Triplet lifetimes in dilute solution and gel samples (Aex = 653 Nnm and 700 nma,
nanosecond transient absorption = 525 nm). A1 is the amplitude of t1.

Diluted solution

TIPS-Pc  m1-PC m2-PC p1-PC p2-PC
71 (MS) 38.5 67.8 28.2 285 46.0
Gel: 0.6 mg/mL
TIPS-Pc in
OTHO m1-PC  m2-PC p1-PC p2-PC
11 (MS) 30.0 4.3 3.9 7.2 2.0
72 (MS) 34.0 33.6 30.8 29.1
A1 (%) 28 26 27 28
Gel: 6 mg/mL
TIPS-Pc in
OTHO m1-PC m1-PC® m2-PC p1-PC p2-PC
71 (Ms) 6.3 2.8 16.1 4.8 2.3 4.1
72 (MS) 25.3 23.9 60.4 271 251 215
A1 (%) 42 26 64 29 31 25

4.3 Discussion

Here we have demonstrated that OTHO gels can be used as a matrix for TTA-UC and
SF. The easy synthesis of self-assembling OTHO gelators allows versatility in
attaching chromophores, however only para- and meta-substitutions on rings #1 and
#2 form gels independent of the chromophore.

Different chromophore interactions were obtained, consequently affecting the
efficiency of TET, TTA and SF. For TTA-UC only para-substitution was investigated.
Although the quenching efficiency is low when DPA is attached on aryl ring #1, a better
overall TTA-UC performance than the others was obtained. Possibly this environment
provides better exciton migration.

The study of SF in the self-assembly gels showed that meta-substitution, again in the
aromatic ring #1, resulted in the best structure for TIPS-PC to undergo SF, with a triplet
lifetime that is similar to when the compound is in dilute solution. It was possible to
verify that each self-assembling gel forms a different structure and affects the triplet
excited state lifetime. This is important information that should be investigated in TTA-
UC self-assembling OTHO gelators so that they can be improved.

The TTA-UC and SF studies in OTHO gel complement each other. Different
substitution positions affect the photophysical and structural properties as well as the
interaction between chromophores. For TTA-UC, the substitution of the annihilator in
the gel should provide a structure with good accessibility of the annihilator to the
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sensitizer, so that it can perform efficient TET, and facilitate exciton migration for
efficient TTA. For SF, it would be interesting to find a way to control the type of
structure the gel forms so that it is efficient, such as in the meta-substitution of ring #1
excited at 700 nm. Furthermore, it is necessary to reduce losses in the triplet lifetime
to be able to harvest them. Due to the variety of results, to improve the up- and
downconversion processes a better understanding of the structure of self-assembly
OTHO gel is necessary.
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5 PHOTOEXCITATION OF TiO2 THIN FILMS WITH UPCONVERTED LOW
ENERGY PHOTONS

Titanium dioxide (TiOz2) is an inorganic material widely used in water treatment, self-
cleaning surfaces, pigment, sunscreen, solar cells, water decomposition, and much
more. 3. 78 128133 Certainly this interest in TiOz2 is due to its non-toxic, stable and low-
cost nature. More important than that are its photocatalytic properties. However, TiO2
has a high bandgap (3.2 eV) and an absorption onset around 400 nm that requires
excitation by UV photons."° A way to circumvent the spectral mismatch between the
TiO2 bandgap and visible light is using Vis-to-UV TTA-UC.

Here we have studied the photoexcitation of TiO2 thin films with upconverted
fluorescence emission. The TTA-UC system is composed of 2,5-diphenyloxazole
(PPO) as annihilator and an iridium(lll) complex (Tris[(2-(2-pyridinyl-kN)-5-
(trifluoromethyl)phenyl-kCliridium(lll), in short Ir(p-CFs-ppy)s), in oxygen free
acetonitrile solution. Figure 5.1-a shows the molecular structures of the annihilator and
sensitizer.

5.1 Photophysical Characterization of the Sensitizer and Annihilator

In TTA-UC, among the requirements for the annihilator, it is necessary to have a high
quantum yield of fluorescence and also that the emission coincides with the TiO2
bandgap (below 400 nm — Fig. 5.1-b). PPO is a good candidate since its @r1 = 82% in
acetonitrile and the emission peak is at 363 nm (Fig. 5.1-c) and was selected after
investigation of several potential annihilators. For the sensitizer, high absorption of
visible light, a long-lived triplet state with energy equal or slightly higher than that of
the30nnihilateor are desirable. Ir(p-CFs-ppy)s is a commercially available iridium(lll)
complex that absorbs light below 500 nm (Fig. 5.1-d), its triplet state energy is around
2.4 eV (determined from the phosphorescence emission peak at 507 nm) which is the
same energy of the triplet state of PPO."3* The phosphorescence lifetime is 2.7 ys and
@ = 60% in oxygen free acetonitrile.

It can be observed that the sensitizer absorbs photons in the PPO emission region
and there is some overlap between the absorption and emission spectra of the PPO.
Probably the re-absorption of emitted photons will be detrimental to the quantum yield
of the UC emission.
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Figure 5.1. (a) The molecular structures of the annihilator PPO and the sensitizer Ir(p-CFs-ppy)s. (b)
The absorption spectrum of TiOz film immersed in acetonitrile and methanol. (c) Normalized absorption
and emission spectra, in acetonitrile, of PPO (d) Normalized absorption and emission spectra, in
acetonitrile, of Ir(p-CFs-ppy)s.

5.2 Evaluation of Blue-to-UV Triplet-Triplet Annihilation Upconversion

When 100 uM Ir(p-CF3-ppy)s and 15 mM PPO are together in acetonitrile solution,
excitation at 405 nm results in delayed and long lived (77.8 us) upconverted
fluorescence emission with a peak at 365 nm (Fig. 5.2-a). The concentrations were
chosen to minimize the secondary inner filter effect and the observed @uc is 8.6%
(maximum 50%, since one high energy photon is obtained from two photons of low
energy) at 637 mW/cm? (Coumarin 153 in air saturated ethanol, @ = 53%, was used
as reference). The minimum excitation intensity for TTA to be dominant in the system
is /tn= 65 mW/cm? (Fig. 5.2-b). Possibly a higher concentration for the sensitizer would
reduce the 7 value, however it would increase the re-absorption of UC emission.
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Figure 5.2. (a) Emission spectra with UC fluorescence at 365 nm and unquenched sensitizer
phosphorescence at 507 nm. (Lex = 405 nm, [PPO] = 15 mM, [Ir(p-CF3-ppy)s] = 100 uM, in oxygen free
acetonitrile). (b) Log-log plot of UC emission integrated area vs. excitation power density, the quadratic
and linear regimes of the emission are represented by the linear fittings with slopes 2 and 1,
respectively. The cross point is the intensity threshold Z». (¢) Stern-Volmer plots for steady state and
time resolved data respectively.

There is still remining phosphorescence at 507 nm from unquenched sensitizer.
Maintaining constant concentration for the sensitizer (100 uM), the phosphorescence
quenching was analyzed with the Stern-Volmer equation (Eq. 4.1). Both steady state
and time resolved plots showed linear relationship with PPO concentration (Fig. 5.2-
c) and the triplet energy transfer rate is k7zr = 1.1x10° M-'s*1. Although this rate is
almost 20 times lower than the diffusion limit in acetonitrile,’® it is still a high rate for
the annihilator to quench the triplet energy from the sensitizer. There is no indication
of self-quenching since the spectrum and lifetime of phosphorescence at low and high
concentrations of the sensitizer are the same. The remaining phosphorescence
observed in the UC system may be the result of the secondary filter effect or sensitizer
instability, as experiments showed photodegradation of the iridium compound.

Harada et al. reported @uc = 10.2% and 7 = 1.1 mW/cm? (Lex = 445 nm) with TIPS-
Naphthalene as annihilator and an iridium complex as sensitizer in deaerated THF.
The good performance of this TTA-UC was attributed to the low re-absorption of UC
emission.'® A high generated @ucs = 14% (which account for secondary inner filter
effect) with Z» = 210 mW/cm? (Lex = 405 nm) using PPO as annihilator and 2,3,5,6-
tetra(9H-carbazol-9-yl)benzonitrile (4CzBN) as sensitizer, in oxygen free toluene, was
reported by Olesund et al. The high 7 value was resultant from degradation of the
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sensitizer.%” Murakami et al. presented a stable TTA-UC in hexane constituted of 10-
butyl-2-chloro-9(10H)-acridinone as the sensitizer and 2,6-di-tert-butylnaphthalene as
annihilator. The ®uc was 4.1%, however /7 was extremely high, 1.3 W/cm?, due to the
low absorbance of the sensitizer. They claimed that the photostability takes into
account the energy difference of the orbital levels of the sensitizer, annihilator and
solvent, and the double electron transfer between the molecules.'®” Although the pair
PPO and Ir(p-CFs-ppy)s is not great for TTA-UC Vis-to-UV, and one ideally would have
excitation at longer wavelength, it fulfils the requirements for the purpose of
photoexcitation of TiOz2 thin films and testing its reactivity.

5.3 Photoexcitation of TiO2 Thin Films with Upconverted Emission

For excitation of the TiO2 film with TTA-UC fluorescence emission, a set-up using two
cuvettes was developed, Figure 3.2 in Section 3.1.2 shows the schematic illustration
for both set-ups. The absorption spectrum of the film was monitored throughout the
excitation time. When the absorbance had reached its maximum, the excitation light
was turned off.

When the TiOz2 film is excited with the TTA-UC emission ([Ir(p-CF3-ppy)s] = 100 uM,
[PPO] = 15 mM, Xex = 405 nm, 50 mW or 9947 mW/cm?), initially, a change in
absorbance is observed between 350 and 500 nm. Over time the absorbance
increases, reaches a maximum, and also broadens from 350 to 1000 nm (Fig. 5.3).
The absorption band between 350 and 500 nm is reported to be due to holes,
TiO2(h*).'%8 The broadest band is the conduction band electron absorption, TiO2(e"),138
and its absorbance (signal at 700 and 900 nm) decreases faster than the TiO2(h*) (at
400 nm). Comparing with direct excitation using the 365 nm LED (beam diameter ~ 3
mm), the same behavior is observed when the excitation power is about 43 pW (0.61
mW/cm?2). The difference is that it takes longer to reach maximum absorbance and it
is maintained for some time before it starts to decrease (Fig. 5.3). Increasing the LED
excitation power to 300 yW (4.2 mW/cm?) and 1.6 mW (22.6 mW/cm?), the absorption
is immediately present over the whole range 400-1000 nm (Fig. 5.3).

Although the maximum absorption remains for some time, when high excitation power
is used with the LED, rapid recombination still occurs contrary to what has already
been reported, that the electrons in the conduction band of TiO2 remain for weeks'3°
and low excitation power results in slow recombination.'38 140. 141 Here it may be that
the structure of the film, particle size, number of trap sites, or surface crystallinity are
responsible for the rapid recombination. 39 142145

Although the experimental design used here requires improvements for TiO2 film to
absorb more photons from UC emission, it allows for versatility. The UC system can
be easily changed in the cuvette, the sensitizer and annihilator pair or the solvent can
be different. The cuvette can also be replaced by a solid matrix that serves as a
platform for TTA-UC. In the literature it is possible to find different examples of cell
design. Khnayzer et al. reported the current generated when tungsten oxide (WQOs3)
with UC emission at 432 nm. They built a photochemical cell formed with a quartz cell
filled with water, electrolytes, the WO3s photoanode, a platinum cathode and the
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cuvette for TTA-UC. The latter was excited with a xenon lamp, in which a long-pass
filter was used to allow only wavelengths above 500 nm."'#6 Barawi et al. have used a
similar design, the difference is that the photoanode was a TiOz2 film excited with UC
emission at 370 nm. The film was placed very close to the UC cuvette that was excited
with a 445 nm laser. They have measured the produced current, the potential and the
hydrogen production.3* Another example using TiO2 as photoanode was reported by
Li et al., where they have built a dye sensitizer solar cell and TTA-UC was performed
in solid-state in a polyurethane matrix. They observed increased photocurrent when a
reflector is used together with the TTA-UC film.%°

In addition to the versatility provided by the set-up used here, instead of producing
electrical current as in the previous examples, the cuvette containing the TiOz2 film can
be used to perform chemical reactions using the electrons and holes on its surface.
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Figure 5.3 Left: UV-Vis absorption spectra of the TiOz film as function of excitation power. The film was
excited with TTA-UC emission and with the 365 nm LED with different excitation power (43 yW, 300
mW and 1.6 mW). Right: Absorbance dependence with time for different wavelengths representing the
region assigned to TiOz(h*) (400 nm) and TiOz(e") (700 nm and 900 nm).
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5.4 TiO2 Reactivity Following TTA-UC Excitation

To test the reactivity of the holes generated by photoexcitation TiOz2 thin film with the
UC emission, the iodine/iodide pair (I2/I') was used. The procedure consists of placing
the film in a cuvette containing a solution of lithium iodide (Lil) in acetonitrile purged
with argon. The triiodide ion (I3°), originating from the oxidation of I (Eqg. 5.1), has UV-
Vis absorption and its formation can be monitored during the photoexcitation of the
film.'4” The pair I2/I" is usually used as a redox mediator in sensitized dye solar cells
because it has good solubility, low visible light absorption, and slow recombination
with TiO2(e"). 148151

21 +2Ti0,(h") & I, (5.1)
L+ oI

The TiOz2 film in Lil solution, now without methanol, was photoexcited with UC emission
for 60 min. Changes in the absorption of the TiO2 film were observed in the range 350-
450 nm, with a peak at 365 nm, and the characteristic absorption of electrons in the
TiO2 film between 350 and 1000 nm was not observed (Fig. 5.4-a). The change in
absorption with a peak at 365 nm is indicative of the formation of the I3~ ion.'” When
photoexcitation of the film was stopped, the absorbance at 365 nm decreased and
reached a plateau (Fig 5.4-b).

The absorption of the TiO2 film, in air, was evaluated before and after excitation and
showed no changes, indicating that no species was adsorbed on the surface (Fig. 5.4-
c). The absorption of the Lil solution was also analyzed and it was observed that after
excitation the absorption spectrum changed with an increase in absorbance at the 300
and 365 nm peaks, which are related to I3~ (Fig. 5.4-d).

Instead of using UC emission excitation, the Lil solution film was excited with the 365
nm LED (60 uW) and the same behavior was observed. A control experiment exciting
only the Lil solution, without the TiO2 film, shows that there is no change in the
absorbance of the peak at 365 nm. Therefore, the formation of I3~ occurs only when |-
is oxidized by the holes in the TiO2 film.
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Figure 5.4. (a) UV-Vis absorption of TiOz> film in Lil acetonitrile during photoexcitation with UC emission.
(b) Absorbance profile at 365 nm with time. (c) Absorption before and after photoexcitation with the UC
fluorescence emission for TiOz film in air. (d) Absorption for the Lil solution before and after
photoexcitation of TiOz2 film with the UC emission.

Using the Beer-Lambert law (Eq. 3.1) and the I3~ maximum absorbance (I = 0.2 cm,
&= 11000 M-'em™)'47 it is possible to calculate the concentration of TiO2(h*), which
results in 4.9x10° M. This concentration has the same order of magnitude as the one
reported by Ito and Meyer and was used in pollutant reduction reactions in methanol
and water’® suggesting that Vis-to-UV TTA-UC can be utilized to circumvent the
spectral mismatch.

5.5 Discussion

Here a positive result of the photoexcitation of TiO2z film with TTA-UC Vis-to-UV
emission was shown. The electron absorption signal, in the TiO2 conduction band, is
similar when the film is directly photoexcited by a 365 nm LED at a power intensity of
46 yW. The low excitation intensity from UC emission makes it possible to observe,
initially, at the beginning of the photoexcitation, the absorption of holes (350 to 500
nm) and over time the absorption of electrons (350 to 1000 nm). Furthermore, when
the absorbance is monitored at 400 nm, in the region attributed to TiO2(h*), the decay
is slower compared to the absorbance at 900 nm, in the TiO2(e") region. A hole
concentration of almost 50 uM is produced when the TiO2 film is excited with UC
emission.
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6 TWO-PHOTON ABSORPTION IN CARBON NITRIDE QUANTUM DOTS

Another way to circumvent spectral mismatch is two photon absorption (2PA). This
chapter concerns 2PA properties within carbon nitride quantum dots (CNQDs). The
motivation for this interest is that these quantum dots have shown promise both as
photocatalysts®! 152 on their own and as sensitizers for molecular catalysts*4. Being
able to extend the absorption out in the infrared (IR) could then be of importance for
applications. Another area of great interest is the application of 2PA in fluorescence
microscopy of biological tissues, since visible light has small penetration depths due
to scattering or absorption of the different molecules that compose the tissue. To
circumvent these difficulties, IR light, which has a greater penetration depth, can be
used with the 2PA technique. Another technical advantage emerges as the excitation
light is precisely focused, confining emitted fluorescence to a small area, improving
resolution by reducing background.#2 %5 153

In biological microscopy, dyes should be water-soluble, photostable, non-toxic and
have a high cross section (o), which is the capacity to absorb photons in the 2PA
regime. Here, QDs are a good option because high ¢ can often be obtained and the
synthesis routes are often easier than for molecules with large cross sections.*? 55 154

In this thesis, the photophysical characterization for 2PA was done in CNQDs,
functionalized with ethylenediaminetetraacetic acid (EDTA) so that the surface
becomes negatively charged, to improve solubility and allows for binding of
photocatalysts.#* The CNQDs were synthesized using a microwave-assisted
approach.'95-157

6.1 Photophysical Characterization of the Quantum Dots

Basic photophysical characterization using 1PA of CNQDs in water was carried out at
room temperature, to provide comparisons for the 2PA studies. The UV-Vis absorption
spectrum is shown in Figure 6.1. For this type of QDs, the absorption band is attributed
to the n—n* transitions of the C=C and C=N bonds from the tri-s-triazine rings. The
shoulder observed at 335 nm is due to the n—=n* transition of the C=0O and C=N
bonds.’%8-160 Using a Tauc plot, and assuming indirect bandgap, the estimated
bandgap is approximately 2.4 eV.

Photoluminescence presents the characteristic behavior of QDs, which is wavelength-
dependent emission (Fig. 6.1). The photoluminescence in CNQDs is attributed to the
transitions with the nitrogen lone-pair of electrons with the ©* orbitals of carbon in the
C=N from the tri-s-triazine rings.'®® 16" The emission lifetime was measured using
TCSPC and the amplitude-weighted average lifetime was 3.9 ns. The emission
quantum yield was determined to be 3.8% using Coumarin 102 (@ = 76% in air
saturated ethanol) as reference. The photophysical behavior for 1PA found here is in
agreement to what has already been reported in the literature for CNQDs. 62
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Figure 6.1 (a) UV-Vis absorption spectrum of the CNQDs in water. (b) 1PA emission spectra dependent
on the excitation wavelength. (c) 3D emission spectra.

6.2 Two-Photon Absorption

A detailed study of the 2PA behavior, using a fluorescence microscope equipped with
a femtosecond laser (100 fs pulse, repetition frequency 80 MHz) was carried out.
Using this set-up, it was possible to evaluate the emission intensity with excitation
power, between 680 and 860 nm (with increments of 10 nm), Figure 6.2. No generation
of white light was observed when only water without CNQDs was tested.

By varying the power, quadratic behavior of the emission was observed at all
wavelengths. In a plot of the logarithm of the emission intensity versus the logarithm
of the excitation power, this behavior is described by linear fitting with slope 2. When
the fitted slope results in 1 the relationship is purely linear, and the emission intensity
is proportional to the absorption that occurs due to 1PA. Slope values greater than or
equal to 1.8 are typically considered purely 2PA.'%3 Therefore, when the slope is
between 1 and 1.8, both 1PA and 2PA can occur simultaneously.>® Other processes,
such as stimulated emission, absorption and saturation of the excited state, intensity-
dependence of the 2PA cross section, may be responsible for the deviations in the
slope values and this depends on each type of system.'®* Here, for the CNQDs, the
average value of the slopes is about 1.97, being characteristic of the pure 2PA
process.
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Figure 6.2 (a) UV-Vis emission spectra of the CNQDs (4.0 g/L) under excitation with the fluorescence
microscope. (b) 3D emission spectra, extracted from (a). (c) Log-log plot of emission intensity vs
excitation power.

In the 3D emission graph in 2PA it is observed that there are three different bands with
peaks at 450, 477 and 500 nm (Fig. 6.2-b). This is in contrast to what is observed in
the 1PA regime, whose heatmap shows that the emission peak shows a continuous
wavelength-dependence between (Fig. 6.1-c). This behavior may indicate that with
2PA it is possible to access different energy levels or different populations depending
on the particle size and surface traps in the QDs. Furthermore, the emission resulting
from 2PA does not match with that performed with 1PA. For example, with excitation
at 760 nm the emission resembles excitation at 410 nm. This behavior has already
been reported as 2PA accessing different energy levels in surface traps.'®® However,
further investigation must be done with the CNQDs to distinguish the cause of this
emission spectra mismatch between 1PA and 2PA and the stepwise emission under
2PA, since this has not been reported previously, likely due to the limited
characterization of QDs across such a wide excitation wavelength range.

The 2PA performance of the CNQDs were also evaluated using a femtosecond laser
for excitation of a CNQD sample in water in a 1 cm cuvette, (60 fs pulse, repetition
frequency 3.0 kHz). Excitation wavelength and power were varied between 700 and
760 nm, and 0.2 to 1.6 mW, respectively. Longpass (600 nm) and neutral density filters
and a converging lens were used to control the excitation beam reaching the sample.
For excitation powers between 0.2 and 0.8 mW the emission intensity showed a
quadratic behavior, while higher excitation power resulted in a pronounced
instantaneous increase in emission intensity and a shift to linear dependence on
excitation power. This can be explained with white light generation in water. Control
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experiments showed that with water only, the same excitation conditions resulted in
observation of white light from the cuvette. Thus, at high excitation powers the
apparent emission can originate from many different processes including 1PA
excitation from the white light.

6.3 Estimation of the Two-Photon Absorption Cross Section

In 1PA, the molar absorptivity represents the probability of a transition to occur.
Furthermore, the absorption cross section at 1PA is related to the size of the
chromophore and can be described as an effective area in cm?. For 2PA, the cross
section unit is cm*s/photons, which is generally reported as GM (1 GM = 105
cm“s/photons). The meaning remains the effective area of chromophore for photon
absorption, however as the number of photons absorbed per second is proportional to
the square of the absorption intensity, the cross section cannot have just an area
unit.38 42,55 Although there are many works in the literature on carbon-based QDs, few
report values for the cross section.'66-169

Two types of methods are used for experimental determination of 2PA cross section
(o), direct methods (non-linear transmission and Z-scan) and indirect methods. The
indirect method is similar to that used to determine the quantum yield (Eqg. 2.4), in
which the photoluminescence is measured and compared with a reference
chromophore, excited under the same 2PA conditions of the sample, whose cross
section is known (Eq. 6.1).17°

_ Cref lref Pref F 1
e Fror (6.1)

where the subscript refrefers to the reference compound, Cis the concentration, 7 is
the refractive index of the solvent and Fis the integrated emission spectrum. This
indirect method was chosen to determine the cross section of the CNQDs studied here
due to the ease of performing the experiments. Rhodamine B in air saturated methanol
was used as reference (n = 1.3284, @®=71%, €= 0.05 uM, o= 67 — 300 GM between
380 — 860 nm)'"",

Equation 6.1 requires the concentration in molarity, therefore the molecular weight or
molar absorptivity of the QDs is necessary for unit conversion. The molar mass was
approximated using a simple computational model built upon established CNQD
crystal structures found in the Cambridge Structural Database (CSD). The model
employed a straightforward carbon nitride structure with a heptazine-base layer
pattern featuring dimensions of approximately 1.0 x 1.0 nm. The calculated molecular
weight was 2441.9 g/mol with a molecular formula C7sN104H4s. The carboxylate groups
introduced into the lattice by addition of EDTA were not included for simplicity.

For particles with a diameter of 6 nm, as determined for the CNQDs in this work, o =
376 GM at 700 nm. Consideration of larger particle sizes, such as 10 nm, results in an
increase cross section of 1741 GM. Although there are numerous works with CNQDs
that explore the 2PA process, the determination of the cross section was found in only
one. Xie et al. reported o= 28000 GM for QDs of average size of 4 nm, which is much
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higher than the value found here.'®® For carbon QDs the reported o has values
between 31 and 1174 GM, for particle sizes and photoluminescence properties that
can be compared to the CNQDs studied here.

6.4 Discussion

The CNQDs prepared here using a microwave synthetic route were photophysically
characterized for the 2PA process. The relationship between the emission intensity
and the excitation power presents a quadratic behavior. The photoluminescence
response with 1PA presents a continuous shift depending on the excitation
wavelength, in the 2PA process this behavior is gradual with the appearance of three
bands. This may be due to different energy levels being accessed by the 2PA process.
It can also be influenced by the size and shape of the particles, and the traps on the
surface. The cross section calculated here, with the aid of a computational model for
the size and molecular weight of CNQDs, has an upper limit value of 1741 GM for a
QD size of 10 nm and excitation at 700 nm.

Caution is needed in experiments aimed at observing 2PA behavior in water as
generation of white light cannot be excluded. This phenomenon may be responsible
for exciting the QDs rather than the intended excitation from the long wavelength laser.
It was observed that there is an excitation power threshold for the white light
generation and below this limit the 2PA process could be studied.

The CNQDs prepared here are promising for application in microscopy of biological
tissues, since they are water-soluble, photostable, with absorption in the infrared
region. Their use in solar light driven catalysis is more uncertain. While they appear to
undergo some 2PA already at relatively low excitation powers, it is hard to imagine
that near IR-photons will make a large difference to the catalytic performance.
Nonetheless, the upconversion process remains an intriguing phenomenon with
remarkable potential.

Notably, the cross section value falls within the same order of magnitude as that of
many organic molecules whose synthetic route is laborious. A better understanding of
the mechanism of 2PA in the CNQDs may help in improving their structure to increase
the cross section and potentially unlocking new avenues for catalytic applications.
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7 CONCLUDING REMARKS

In this work, different photon up- and down-conversion materials were evaluated with
a focus on their future utility in practical devices.

First, low molecular weight gelators, with chromophores covalently attached to the
gelator backbone, were evaluated as functional material for TTA-UC and SF, the idea
being that the self-assembly properties of the gels may facilitate desired chromophore-
chromophore interactions. For TTA-UC the DPA annihilator was covalently para-
substituted to the OTHO gelator on aromatic rings number 1 and 2, and also on both
rings simultaneously. Using PtOEP as a sensitizer it was possible to obtain UC
emission in all cases, with p7-DPA gel being the best, however, high excitation
intensities were necessary to make TTA the main deactivation pathway for the triplet
excited state. This is possibly the result of the slow triplet energy transfer rate between
the sensitizer and the annihilator, which may be caused by the difficulty of the
sensitizer in accessing the annihilator in the gel fibers. In addition, the triplet-triplet
annihilation step in p7-DPA may be more efficient because exciton migration appears
to be favored in the structure of this gel.

SF was also tested in self-assembled OTHO gels, using the well-studied SF
chromophore TIPS-PC covalently linked to the gelator. This study made it possible to
evaluate how photophysical properties are influenced by ortho-, meta-, and para-
substitution of TIPS-PC in the four aromatic rings of OTHO gelator. Only meta- and
para-substitutions on rings #1 and #2 formed gels. The gel-forming OTHO derivatives,
m1-PC, m2-PC, p1-PC and p2-PC, all show different behavior in transient absorption
studies, and it is therefore likely that the gels favor slightly different chromophore-
chromophore orientations and distances in the different gels. In m1-PC, the
chromophores appear to interact favorably for SF, since the triplet signal is observed
right after the excitation pulse.

The studies of SF and TTA-UC OTHO gel suggests that the OTHO gels are viable as
materials for photon conversion. We confirmed the hypothesis that it is possible to
control the orientation of chromophores in self-assembling OTHO gels. On the other
hand, the low efficiency for triplet energy transfer and triplet-triplet annihilation
contradicted our hypothesis. A better understanding of how the substitution patterns
affect the self-assembly and thus how chromophores will interact with each other, and
the environment is needed. Further studies to understand the energy transfer
processes in detail as well as energy migration in the gel structure are also needed.

This work also includes experimental development to utilize Vis-to-UV TTA-UC to
excite photocatalysts like TiO2 with visible light. Here, a combination of an Ir(lll)-
complex and PPO in solution was used for TTA-UC. Despite the low quantum yield of
the TTA-UC and the instability of the sensitizer at high excitation power, it was possible
to confirm the characteristic absorption of holes in the valence band and electrons in
the conduction band of TiO2 when excited with the UC emission. Furthermore, we
could confirm our hypothesis that it would be possible to perform a reaction with the
holes formed in the TTA-UC excited TiO2 film. The results also showed that
photoexcitation using low intensity direct excitation leads to the same behavior. While
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these results are encouraging, further work is need both to optimize the UC system
and the set-up, for using a more stable sensitizer and minimizing the re-absorption of
UC emission, adding a back reflector or a waveguide to direct the UC emission
towards the semiconductor.

Finally, we studied the 2PA absorption properties of CNQDs. Under the 1PA regime,
CNQDs excited in the range 300-550 nm exhibited typical, excitation wavelength
dependent, photoluminescence behavior. Using a femtosecond microscope,
excitation between 680 and 800 nm, the 2PA properties could be studied. A pure 2PA
process was confirmed and results similar to 1PA excitation were observed. However,
a detailed analysis revealed that three distinct emission bands could be distinguished.
Possibly the 2PA process has access to different populations that may result from
particle size, shape, surface defects that generate traps, and more detailed studies to
understand this behavior is needed and underway. Given the lack of reliable methods
for 2PA cross sections for this type of material, a method to estimate cross sections
was developed. Using Rhodamine-B as a reference and computational modeling for
the molecular weight of CNQDs, a size dependent ¢ value could be calculated, 376
GM for particles with an average size of 6 nm and 1741 GM for average size of 10 nm,
when 700 nm is used for excitation. The o value calculated here is of the same order
of magnitude as many organic donor-bridge-acceptor molecules for 2PA that are used
in microscopy of biological tissues. A more detailed study of the behavior of CNQDs
in the 2PA process may indicate design improvements so that the cross section can
be increased and whether this process can have any practical implications for the use
of CNQDs as catalysts.

To conclude, the two objectives of this work were achieved. First, by evaluating
different photoactive materials on their ability to support photon conversion processes
and the potential utility for practical applications. Second, by demonstrating how Vis-
to-UV TTA-UC can be applied to circumvent spectral mismatch for TiO2. This work
highlights how the structure of the environment influences SF and TTA-UC. Both
processes have the potential to increase the efficiency of photovoltaic devices. Also,
the results presented here serve as a basis of application to photo-assist reactions on
semiconductor surfaces using Vis-to-UV TTA-UC. The photophysical characterization
of the water-soluble CNQDs under the 2PA processes indicates their potential to be
used in multiphoton fluorescence imaging.
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