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[I. Abstract

In the last few years, the development of solid-state systems with delayed
fluorescence through triplet-triplet annihilation upconversion (TTA-UC) has
become a very attractive research topic, with these types of systems emerging in
different application areas such as solar energy gathering, optical sensing of oxygen,
drug targeting, and bioimaging.

The development of systems that can be excited at the so-called NIR "imaging
window" (650-1350 nm), where light has high tissue penetration and low auto-
fluorescence, in order to achieve a better signal-to-noise ratio for bioimaging
techniques, is of particular interest. The TTA-UC system are an "anti-Stokes" process
and is particularly helpful in this scenario because it can upconvert excitation
energy from the NIR region, resulting in an emission in a region at lower
wavelengths that are easily detectable by current equipment. In the bioimaging field
this photophysical process presents promising potential because the resulting
emission is not hampered by the noise caused by tissue autofluorescence or by the
excitation radiation. A sensitizer and an annihilator are two functional species that
are required for the TTA-UC process to occur. As sensitizers, two palladium (II)
porphyrins, 1Pd and 3Pd, exhibiting room temperature phosphorescence with long
lifetimes of the triplet state, were synthesized through the nitrobenzene method,
fallowing with the complexation with Pd(II)OAcz, and their characteristics were
evaluated in solution. 3Pd was functionalized with electron-donating groups in the
meso-positions to red-shift its absorption closer to the NIR region.
Tetraphenylethylene (TPE), a known aggregation-induced emission luminogen
(AlEgen), was chosen as the annihilator, enhancing the TTA-UC system's emissive
capabilities in the solid state. Pure sensitizer and annihilator-containing cellulose
acetate polymer blend films were also prepared, and their spectroscopic properties
were investigated. For the investigated sensitizers:annihilator
(Pd(Il)porphyrin:TPE) pairs in cellulose acetate films it was successfully observed
the TPE delayed fluorescence promoted by triplet-triplet annihilation upconversion.

Overall, this work has contributed to the development of innovative TTA-UC organic



systems that could be employed as a solid-state optical probe for bioimaging, with
absorption and emission capabilities to allow for its use in with conventional

detectors.

Key-words: TTA-UC, Bioimaging, solid-state, Pd(II)Porphyrins, TPE



[II. Resumo

Nos ultimos anos, o desenvolvimento de sistemas no estado sdlido com
fluorescéncia retardada através da conversao ascendente de fotdes por aniquilagdo
tripleto-tripleto (TTA-UC) tornou-se um tépico de pesquisa de elevado interesse.
Estes, tém sido estudados para diferentes aplicagdes como por exemplo em células
solares, como sensores de oxigénio e para bioimagem.

O desenvolvimento de sistemas que podem ser excitados no IV (Infra-
vermelho) préximo (650-1350 nm), onde a luz tem alta penetracao nos tecidos,
resultando em baixa auto-fluorescéncia, a fim de alcangar uma melhor relagdo sinal-
ruido para técnicas de bioimagem é de particular interesse. O sistema TTA-UC é um
processo "anti-Stokes" sendo particularmente util neste cenario devido a sua
capacidade de promover conversao ascendente de fotdes de baixa energia, da regidao
[V préoximo, em fotdes de maior energia emitidos, a comprimentos de onda mais
baixos, permitindo a sua detecao recorrendo aos equipamentos atualmente usados.
A técnica de bioimagem ganha grande sensibilidade porque a emissdo resultante
nao € obstruida pelo ruido causado pela auto-fluorescéncia dos tecidos ou pela
radiacdo de excitacdo. Um sensibilizador e um aniquilador sdo duas espécies
funcionais essenciais ao processo de TTA-UC. Como sensibilizadores, duas meso-
tetrafenilporfirinas de palddio(II), 1Pd e 3Pd, que apresentam fosforescéncia a
temperatura ambiente com longos tempos de vidas do primeiro estado tripleto
excitado, foram sintetizadas pelo método nitrobenzeno e complexadas com
Pd(I1)OAcz, e as suas caracteristicas fotofisicas avaliadas em solucao. A 3Pd foi
funcionalizada com grupos dadores de eletrdes nas posi¢cdes meso-fenilicas para
produzir um red-shift para uma regido mais préxima do NIR. O tetrafeniletileno
(TPE) é um luminogénio de emissdo induzido por agregacdo (AlEgen) e foi escolhido
como o aniquilador. Filmes polimericos de acetato de celulose contendo apenas o
sensibilizador ou aniquilador foram preparados e as suas propriedades
espectroscopicas foram avaliadas. Para os pares sensibilizadores:aniquilador
(Pd(Il)porfirina:TPE) investigados em filmes de acetato de celulose foi observado
com sucesso a fluorescéncia retardada do TPE promovida pela conversao
ascendente por aniquilacao tripleto-tripleto. No geral, este trabalho contribuiu para

o desenvolvimento de sistemas organicos TTA-UC inovadores que poderiam ser

Vi



utilizados como uma sonda Optica no estado solido para bioimagem, com
capacidades de absorcdao e emissdo que possibilitam o seu uso com detectores

convencionais.

Palavras-chave: TTA-UC, Bioimagem, estado s6lido, Porfirinas de Paladio, TPE

VIl



[V. Nomenclature

Tetrapyrrolic macrocycles can now be categorized using either the Fischer?
nomenclature or the IUPAC (International Union of Pure and Applied Chemistry)
nomenclature. The tetrapyrrolic conjugated macrocycle was named porphyrin by
Fischera), who also gave the peripheral locations the name of (-positions and the
tetrapyrrolic methylene bridges as the meso-positions. The pyrrolic positions,
according to this source, are numbered from 1 to 8, while the meso-positions are
denoted by Greek letters and the pyrrole rings are known as A, B, C, and D (seen in
red). On the other hand, all carbons are numbered from 1 to 20 in accordance with
the IUPAC's requirements for tetrapyrrolic macrocycles, and the nitrogen of the
pyrrole groups are numbered from 21 to 24.>-d Scheme A shows both methods of

representation of the porphyrin’s nomenclature.

meso-positions beta-positions

Ficher IUPAC

Scheme A - Nomenclature for the Ficher (left) and the IUPAC (right) nomenclature.

a)  Fischer, H.; Orth, H. Die Chemie des Pyrrols; Akademische Verlagsgesellschaft: Leipzig, 1934.

b)  Moss, G. P. Nomenclature of Tetrapyrroles (Recommendations 1986). Pure Appl. Chem. 1987,
59 (6), 779-832.

c¢)  Nomenclature of Organic Chemistry. Royal Society of Chemistry. 2013, 552-647

d) The IUPAC Compendium of Chemical Terminology: The Gold Book, 4th ed.; Gold, V., Ed,;
International Union of Pure and Applied Chemistry (IUPAC): Research Triangle Park, NC,
2019.
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Introduction

1.Introduction

In recent years non-linear optical photophysical systems have shown to have
high potential for application in various domains such as medicinal imagiology,1-¢
solar energy gathering?, drug-targeting,8° oxygen sensing*10. One of the non-linear
optical photophysical systems that gained considerable attention for this purpose is
photon up-conversion through sensitized triplet-triplet annihilation (TTA-UC). This
process was recorded for the first time in the 1960s by Parker and Hatchard!'! by
studying the behavior of molecules like pyrenel? and anthracene and its
derivatives!3-16, This work was done in solution, using purely organic compounds.
Afterwards Baluschev'sl” research team developed the first film based TTA-UC
system that used a metal-organic complex as the sensitizer or acceptor (they used
different metal bearing octaethylporphyrins) and an organic annihilator or emitter
(polyfluorene), resulting in a room temperature anti-Stokes up-conversion
fluorescence system displaying green to blue upconversion. Following this first
article, there has been a significant increase in research conducted in this field and
reports of extremely effective TTA-UC systems based on metal-organic
complexes.181% Comparing the upconversion emission observed in solution and in
solid state systems from the literature20-28 it becomes evident that the liquid system
tend to have higher upconversion yield when compared to the solid state. In
solution, the organic molecules that constitute the system can diffuse and form
collisional pockets (colliding with one another in solution) leading the components
to close proximity allowing the transfer of energy from one molecule to another. In
this case the likelihood for two components to efficiently interact with one another
is much higher since the molecules can move freely in the solvent allowing for the
formation of a great number of dynamic encounters. In contrast in the solid state the
molecules are trapped in place resulting in the fewer and static encounters (since
molecular motion is restricted one molecule will only interact with molecules in its
local vicinity), meaning that as the molecules that constitute the system are in
predetermined place from the conception of the solid system leading to lower up-

conversion yields. Some examples of solid-state systems were already reported and



can overcome the limitations imposed by the lack of mobility of the components
system leading to efficient solid-state emissions comparable to the solution systems
with the same components.2-31 The construction of solid state systems that ensure
efficient packing of the components will minimize the formation of trap states
(states where the excitation leads to loss of energy through nonradiative decay)
reducing the energy loss achieving higher upconversion yields.28-30

To construct an efficient TTA-UC system its components need to be carefully
selected considering several factors such as the absorption regions of both the
annihilator and the sensitizer, their energy levels, the lifetimes of the triplet excited
states and the efficiency to populate the triplet state through intersystem crossing
(ISC). These features can be modulated, changing the structure of the compounds to
ensure the best conditions for an efficient triplet energy transfer between the
components to yield an efficient upconversion emission. Nowadays the research is
heavily focused on the development of efficient solid state TTA-UC systems for
application on different domains.”-830.3233 The solid-state systems of less complexity
are highly sought after given their practical nature, their higher shelf life, and
reduced non-radiative deactivation of the triplet state by the solvent when

compared to a liquid system.28:34

1.1. TTA-UC system’s

Triplet-triplet annihilation photon upconversion is an energy conversion
process where low energy photons are upconverted to higher energy photons
through the use of a molecular energy transfer system (the overall processes are
depicted in Scheme 1.1). The TTA-UC system is comprised of two molecules: the
sensitizer or donor (D) and the annihilator or acceptor (A). The first step in the
upconversion process is the absorption of low-energy photons by the donor
molecule, which is excited to a higher electronic state before decaying swiftly to the
first singlet excited state (D1*). The second step consists in the deactivation of the
excited donor to the lower lying first excited triplet state (D3;) by intersystem
crossing (ISC). In the third step, the donor in the triplet excited state will transfer its
energy through triplet-triplet energy transfer (TTET) to a ground-state acceptor



molecule (Ao). This energy transfer will result in the simultaneous excitation of the
acceptor to the triplet state (43) and the decay of the donor molecule to the ground
state (Do). In the fourth step, triplet-triplet annihilation (TTA) occurs between two
acceptor molecules, both of them in the triplet excited state (A3), resulting in the
transfer of the combined energy of the two excited states to one of the molecules
(A7), while the other returns to the ground state. Finally, in the fifth step radiative
deactivation of the excited acceptor molecule to the ground state occurs, and the

resulting emission is called upconversion emission (Scheme 1).

Excitation

Dy + hv(excitation) — Dy 1st step
Isc
Di — D; 2nd step
TTET
D; + Ag— Dy + A5 3rd step
TTA
A+ A3 — AT+ A 4th step
Al = Ay + hv(upconversion) 5th step

Scheme 1.1 - Required reaction steps to obtain an upconversion emission.

The second, third and fourth steps in Scheme 1.1 are essential to attain
upconversion since the TTET, TTA, and ISC will be the processes that will be critical
to the TTA-UC system's rate and efficiency. Focusing more on the application in bio-
imaging1-63536 and drug-targeting®® where the development of these emitters
systems has a big appeal since these materials can be excited in the so-called NIR
“imaging window” (650-1350nm), where the tissue absorbance and
autofluorescence are minimal and light emission is possible to observe in regions
that are easily detected by existing equipment.37-41 One of the features that is crucial
to improve in bioimaging methods is the signal-to-noise ratio, which is typically
impeded by tissue autofluorescence. TTA-UC system, as an anti-Stokes process,
overcomes this limitation, resulting in biomedical imaging with outstanding
sensitivity#2. Since anti-Stokes shifts are uncommon, light at the wavelengths under
investigation is expected to originate, solely, from TTA-based process. Furthermore,
the longer wavelengths used for the excitation increases the tissue penetration.

TTA-UC is desirable for practical applications because, in contrast to other



upconversion methods that frequently involve the use of lasers, it can upconvert
light from low-power, incoherent excitation sources.38

Despite the various benefits of such systems and their advantages in the
application of bioimaging, there are still pitfalls that need to be addressed. One of
the main pitfalls in the use of such systems in biological media is the quenching
produced by oxygen.334344 There are various ways to protect the TTA-UC or limit its
exposure to oxygen to enhance the system'’s emissive capabilities. One of the main
ways of dealing with the oxygen influence on the system is by sealing or
encapsulating the system components in a solid matrix (e.g.: polymer?28, organogel
matrix183045 or nano-capsules3>35) that can limit the oxygen diffusion or quench
totally.

Qian Liu et al® developed a green to blue upconversion system based on PEG
stabilized-silica nanoparticles that were loaded with octaethylporphyrin palladium
complex (as sensitizer) and 9,10-diphenylanthracene (as the acceptor). These
nanoparticles worked as imaging probes for in vivo and in vitro bioimaging. The
nanoparticles had an upconversion efficiency of 4.5% in aqueous solution, with a
high signal-to-noise ratio given that the system didn’t exhibit any background
fluorescence upon excitation with a low-power density excitation. This work is an
example of a TTA-UC system that successfully devised a bioimaging probe that can
operate at low power excitation with great sensitivity.

In Table 1.1 more examples of several TTA-UC systems used in solution and
in the solid-state with different immobilization matrixes are presented. Although
oxygen quenching can be reduced when the TTA-UC components are immobilized
in a solid matrix like silica nanoparticles, polymer films, liposomes or gels, the
system's efficiency can still be constrained resulting in small upconversion
emissions. The efficiency across the multiple solid matrixes formed is expected to
be different since the system's components are physically entrapped inside of the
nanoparticles during their making. This means that each nanoparticle will have a
varied organization and concentration of components within, making the TTA-UC
more or less efficient than in solution.

From table 1.1 it becomes evident that in solid state the upconversion

emission are smaller than in solution or in the liquid state given the effect that the



Table 1.1 - Summary of TTA-UC sensitizer and annihilator pairs used in solution and in
different matrix in the solid-state.(a) in the presence of oxygen; (b) in the liquid state or in
solution; (c) could not be quantified; (PdOEP) Pd(II)Octaethylporphyrin; (PdPc(OBu)s)
Pd(II)octabutoxyphthalocyanine; (PdTPBP) Pd(II)Tetrabenzophorphyrin; (Pt(OEP))
Pt(II)Octaethylporphyrin; (PdDTP-M) Pd(Il) 5,15-di(3,5-di-tert-butylphenyl)porphyrin;
(PdTAP-Familly)-mixture of diverse m-extended porphyrins; (TIPS-AnS) TIPS-anthracene

2-sulfonate.

Sensitizer Annihilator Matrix Duc (%) reference
PdOEP Perylene Polymer -C 2
nanocaps
PdPc(OBu)s BPEN nanoparticles 0to 2.132 4
PdTPBP 2,5,8,11-tetra Polymer 0.22 42
(tertbutyl)perylene based (0.54 at 37°C)
liposome
PdTPBP Super Yellow Polymer film 6 46
PtOEP Anthracene Polymer 0.352 47
PtOEP DPA Gel 3.52 45
PtOEP DPA-derivative Self- 30ab 32
assembly
PdDTP-M DPA solution 6.2b 48
PATAP- Rubreno solution 2.2b 49
Familly
PdTPBP TIPS-AnS Gelatin 8.52 21
biofilms

molecular motion has in the formation of effective encounters between the
molecules.

Indeed, chromophores that are usually used in solution TTA-UC systems, in
the solid state may produce aggregates where quenching of its fluorescence is likely
to occur. Phenomenon associated with trap state formation such as sensitizer self-
quenching resulting from pure sensitizer aggregates can limit the energy transfer to

the accepter hindering the upconversion emission of the system. So, it is of high



interest to develop emissive systems that don’t suffer from these restrictive
phenomena. We envision the development of a D/A pair immobilized in solid state
matrix that could perform the desired outcome of an upconverted emission
unbothered by aggregation caused quenching (ACQ) and with reduced trap state

formation.

1.2. Porphyrins as sensitizers

In the last two decades there has been a growing interest in the development
of TTA-UC system’s employing sensitizers that would emit at room temperature
with adequate long lifetimes of the first excited triplet state Ti.

Molecules complexed with heavy atoms have enhanced ISC efficiency given
the influence that the heavy atom has on the spin-orbit coupling transitions that are
in the basis of population of triplet states. So, it is not uncommon to find systems
that apply the heavy atom effect in the development of efficient phosphorescent
systems using a metal to form metalorganic chelates with the chromophore245051 or
using solvents that are rich in heavy atoms like halogens.5253

Porphyrins are tetrapyrrolic macrocycles that have been extensively studied
as sensitizers/photosensitizes for several applications, namely PDT, PDI, catalysis
and bioimaging.>4-58 Obtained from the condensation/cyclization of four aldehydes
with four pyrrole units.5%60 These tetrapyrrolic macrocycles have various
characteristics such as a specific absorption profile with Soret and Q-bands and
great emissive capabilities originating from its large conjugated m-system in
addition, porphyrins also have high molar absorptivity coefficients, between 400
and 420nm. Porphyrins are very versatile molecules that can be structurally
modulated to improve features such as solubility, region of absorption/emission,
molar absorption coefficients as well as lifetimes, and energy of its excited states.

Despite their many benefits porphyrins have certain drawbacks when it
comes to aggregation. Their large conjugated m-system tends to form aggregates at
higher concentration promoting the formation of excited state trap states leading to
an increase in nonradiative decay.23 This effect can be minimized by enhancing the

solubility of the sensitizer that would limit the formation of these trap states. The



introduction of alkyl chains in the macrocycle enhances the solubility of the
porphyrin in nonpolar solvents. Also, from such a modification the interaction
between the porphyrins and the hydrophobic annihilators molecules in TTA-UC
systems could be enhanced.32

By modifying the porphyrins structure its spectral features can be tuned to
produce good sensitizer candidates for TTA-UC systems. A good sensitizer candidate
requires an efficient ISC to effectively populate the low energy T1 state that is in the
base of the energy transfer process (TTET) between the various
sensitizer/annihilator pair. The T1 state is required to be long lasting to ensure that
it has enough time to interact with the donor molecules enhancing the probability
of energy transfer between the pair. The energy gap between the
sensitizer/annihilator pair also affects the upconversion emission and needs to be
adequate. If the energy gap is too large the energy loss between
sensitizer/annihilator pair will be also large reducing the upconversion yield (since
other deactivation routes such as through IC could promote the deactivation of the
sensitizer excited state). If the energy gap is too short despite the small energetic
losses the reverse triplet-triplet energy transfer (RTTET) may occur, resulting in an
overall decrease in the upconversion emission. The bandgap of the sensitizer and
annihilator are also important to ensure that the emission of the annihilator isn’t
reabsorbed by the sensitizer.

For the TTA-UC system to be better suited for biological imaging modification
to the porphyrins can be made ensuring that the porphyrin gets closer to the so-
called NIR “imaging window”. From the literature2261.62 different modification can
be made to achieve a red-shift in the porphyrins on such example is the extension
the conjugated m-system. Palladium (II) meso-tetraaryl-tetraanthro[2,3]porphyrin
is an example of one such conjugated system, although frequently this entails a
drawn-out and difficult synthetic process.#? As a consequence, the first excited
singlet and the first excited triplet states lower their energy.

Additionally, the introduction of electron donating groups in the porphyrin
ring can also slightly red-shift its spectra. This shift, although much smaller than the
one produced by extending the pi-conjugation, doesn’t drastically impact the T1

energy and lifetime maintaining the valuable characteristics of the porphyrin. Pinar



Sen et al®3 developed a palladium porphyrins derivative bearing para-alkoxy groups
in the phenyl substituents.

In porphyrins another way to produce a “red-shift” in its absorption is to
employ aggregates. It is noted that porphyrins may undergo a specific type of
aggregation when in high polarity solvents these aggregates are known as J-
aggregates and are characterized by having a red-shifted spectral profile compared
to the monomeric form of the porphyrin. Such aggregates may prove to be trap
states, as referred earlier, but if the annihilator and sensitizer are found locally an
upconversion emission in the aggregate can occur.%*

Li Li et al?> developed one such TTA-UC system that exhibited solid state
upconversion emission from AIE nanocrystals dopped with porphyrin. The
structurally well-organized nanocrystals of 9,10-distyrylanthracene exhibited
emission when palladium benzoporphyrin was introduced into the crystalline
structure leading to the conclusion that even in the solid state given a well-organized
structure the production of trap states can be minimized.

Free-base porphyrins without heavy atoms have a reduced capability of
promoting the availability of the T1 state, since the ISC process is a spin-forbidden
process. When the porphyrins are complexed with a heavy metal, such as palladium,
platinum or zinc through chelation, it’s ISC rate is enhanced with the first two metals
being able to exhibit the best ISC efficiency.®> From the literature is also evident that
Pd(II) /Pt(II) porphyrin complexes exhibit room-temperature phosphorescence and
long lifetimes of triplet state.®%67 Long lived triplet lifetimes ensure a higher time
window for the TTET process to occur while room temperature phosphorescence
ensures that the nonradiative decay from the triplet state is a sufficiently slow
process to minimize the energy loss and depopulation of the T1 state. With these
characteristics palladium porphyrins are envisioned to minimize the energy loss
from the competitive processes of nonradiative deactivation ensuring a higher

probability for the energy to be transferred to the acceptor molecule.



1.3. Annihilators

For the production of a TTA-UC system it is crucial that the annihilator has
good efficiency. Following the sensitizer's absorption of a photon, and population of
its first singlet excited state, a subsequent decay occurs, through ISC, into the triplet
state of the sensitizer. Then TTET needs to occur annihilator receives the triplet
energy of the sensitizer's triplet state getting excited in the process. After this energy
transfer, the annihilator must be able to fuse with another annihilator molecule by
TTA, converting energy from two triplet states into a single higher-energy singlet
state annihilator and a ground state annihilator. After this process the annihilator is
expected to emit a higher energy photon yielding a fluorescence emission of higher
energy.222327

In order to get the good upconversion efficiency, the annihilator should
adhere to the following criteria: 1) the triplet energy of the annihilator must be
slightly lower than of the sensitizer, guaranteeing an effective energy transfer
between the components with less probability of reverse TTET (occurs when the
sensitizer and annihilator have a very small energy gap between their triplet states);
2) the first excited singlet state would be efficiently populated by the TTA process if
the first excited triplet state of the annihilator has an energy larger than half that of
the first singlet state; 3) the annihilator molecule must have a high fluorescence
emission quantum yield; 4) the energy of two annihilator molecules in triplet state
must not be higher than the energy of the first quintet state or the second triplet
state, these state are considered to be parasitic states and may reduce the overall
efficiency of the system.

These criteria are very important and should be considered when
constructing a TTA-UC system. In general, the annihilator used in such systems are
organic aromatic hydrocarbon molecules, sometimes modified to fit the systems
design. TTA-UC system described in Table 1.1 shows distinct annihilators for each
system.

9,10-diphenylanthracene, DPA, is the most widely used annihilator and is
derived from the anthracene molecule with two phenyl substituents, it has strong

absorption at 268, 357, 377, and 396 nm in solution and has an emission at 468nm



(blue emission).®8 It’s a great annihilator to use in combination with Pd(II)/Pt(II)
octaethylporphyrins and was extensively studied in the literature as well as its
derivatives.®®-74 Other compounds that are used as annihilators such as
perylene27576, pyrene’?.’8, BPEA1? and rubrene’?-81 have also seen results in the
construction of TTA-UC systems.

In this work the TPE was chosen to be the annihilator for the system. The AIE
capabilities of a molecule mean that it doesn’t emit in solution but does in solid or
aggregate states. This phenomenon occurs when certain molecular motions are
restricted in the molecule, limiting its nonradiative decay pathways leading to
emission. TPE has a strong absorption in the UV region (250 to 350 nm) and will
emit between the 400 to 550 nm range.82 This emission range falls in between the
sensitizers absorption limiting the reabsorption. From the literature8384 the triplet
lifetimes and the approximated triplet energies for the TPE where accessed. TPE has
long triplet lifetimes rounding the 180ns range under atmospheric air and its triplet
state as its peak neat 453 nm.%* Having these characteristics it validates three
conditions to be an efficient annihilator for a TTA-UC system: 1) the triplet state
having smaller energy than the triplet state of the sensitizer (porphyrin) leading to
an exothermic driving force that allows the transfer of energy from the sensitizer to
the annihilator pair, 2) the emission of the TPE is in a region where reabsorption by
the sensitizer is limited and 3) the sum of the energy of two TPE molecules in their
triplet state would exceed half of the energy it’s singlet excited state. These reasons
as well as the solid-state emission of the TPE make it a suitable chromophore to act

as an annihilator in the TTA-UC.

1.4. Energy transfer

Since TTA-UC delayed fluorescence emission depends on the efficiency of
TTET and TTA (which are bimolecular energy transfer processes) these need to be
understood. Bimolecular energy transfer can occur via two different pathways,
radiative and nonradiative, but always with a spectral overlap between the emission
(of the donor) and the absorption (of the acceptor) and always from a molecule in

the excited state to a molecule in the ground state since the driving force behind this
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energy transfer will be the exothermic nature of the process. The simplest way for
energy to be transferred from a donor molecule to an acceptor is through radiative
transfer also known as trivial transfer. This process is a radiative in nature meaning
that the excited state species will decay to the ground state and in the process will
emit a photon that can be absorbed by a second molecule in the ground state

promoting its excitation, as follows:

D - D; + hv (Fluorescence)

A +hv - A] or Dy + hv —» Df (Absorption)

This energy transfer is dependent on the spectral overlap and the
concentration of the species. Radiative transfer doesn’t require any interaction
between the D/A pair. The concentration of D/A, in solution, is a factor that limits
the radiative energy transfer in two ways. First, an increased number of
chromophore molecules causes a direct increase in the quantity of photons emitted,
having a bigger number of photons available increases the likelihood that one of
them will be absorbed by radiative energy transfer. Second, an excessive
concentration can prove harmful for the system because too many chromophores
may dampen the excitation and cause an inner filter effect, which results in
inhomogeneous emissions that result ultimately in the distortion or disappearance
of the emission spectra on which the system is dependent. Low concentrations are
required to mitigate the inner filter effect and as a result low intensity emission will
produce less photon diminishing the probability of energy transfer. The spectral
overlap is essential for the radiative energy transfer, since the resulting emitted
photons need to be in adequate energy range to be absorbed by the accepter
resulting in its excitation.

In the case of nonradiative energy transfer two molecules need to interact
with one another to allow the transfer of energy. These interactions are Coulombic
interaction, also known as Forster resonance energy transfer (FRET) and/or
interaction resulting from orbital overlap between the two molecules, also known
as the Dexter electron exchange mechanism. At long distances, 80-100 A, the

transfer of energy occurs solely through dipole-dipole coupling interactions
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between the transition dipoles (Dp and Da) associated with the transition from (D*)
to (D) and (A) to (A*), as can be seen in Figure 1.1. At short range, the two forms of
interaction occur: the Coulombic interaction results from short-distance multipolar
interactions, while the orbital overlap allows for the transfer of energy through the

Dexter mechanism of electron exchange, as seen in Figure 1.2.

LUMO
9
HOMO 1

HOMO

Donor' (S;) + Acceptor(S;) —Jme Donor (S) +  Acceptor (Sy)

Figure 1.1 - Schematic representation of the resonance energy transfer (RET) mechanism

from a donor in S1 excited-state to the acceptor in So through Coulombic Interaction (CI).

If the energy transitions between the states are allowed (e.g.: singlet-singlet
energy transfer) both Coulombic interaction and Dexter mechanism contribute to
the transfer of energy despite the Coulombic interactions being the predominant
mechanism even at short distances. When transitions are forbidden only energy
transfer due to orbital overlap is possible since these transitions have small
transition dipole moments, making the prevalent mechanism the Dexter electron
exchange.

The Dexter energy transfer is a process that relies on the overlap of the
electronic clouds (wavefunctions) of the molecules, that occurs at short distances
(<10 A) or during collisions. In Figure 1.2 B) the TTET process is shown, where one
electron in the LUMO orbital of the (D) migrates to the LUMO orbital of the (A), at
the same time that another electron migrates from the HOMO orbital of (A) to the

12



HOMO orbital of (D). The rate of the energy transfer using the Dexter mechanism,

kpexter, can be obtained from the following equation 1.1:

=27 AD

kpexter = K X ] X e L Equation 1.1

where K is an experimental factor that relates to the magnitude of the orbital
interactions that are responsible for the exchange of electrons; ryp is the distance
between the D/A pair and is the rate depends exponentially on it; L is the sum of the
of the van der Waals radii; J corresponds to the integral of the spectral overlap
between the donor’s fluorescence emission spectrum with the acceptor’s absorption

spectrum normalized for the extinction coefficient of the acceptor molecule, &,:
J = [ Fp(Dea(2) da Equation 1.2

here the F, (1) corresponds to the fluorescence emission of the donor in a specific
wavelength (1) and g4 (4) is the molar excitation coefficient of the acceptor molecule
in the same wavelength (4). From these equations it becomes clear that the two
factors governing the rate of Dexter mechanism are the distance and the spectral
overlap between the D/A pair.

The spectral overlap, J, is used to ascertain the energy similarities between
the emission energy of the donor with the absorption energy of the acceptor. This
makes it possible to determine the likelihood of energy transfer based on the degree
of the overlap of the two spectra. Even after having a great spectral overlap the
process will exponentially depend on the distance between the two species, 74,
resulting in the mechanism only being efficient at short distances (5-10 A). In liquid
medium the molecules move freely and can collide with one another increasing the
probability of efficient energy transfer between them. In this case the efficiency is
limited by the rate of the diffusion-controlled bimolecular collisions of the D/A pair.
On the other hand, in solid or rigid matrix these molecular motions are restricted
resulting in an overall decrease in efficiency. This decrease in efficiency is linked to
the limitations of the spatial arrangement of the molecules in the solid matrix, since

the position of the molecules are fixed in space, the number of encounter complexes
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Donor  (T;) + Acceptor(S;) —Jme Donor(Sg) +  Acceptor’ (T,)

Figure 1.2 - Schematic representation of the Dexter energy transfer process.

in the solid-matrix will be kept in the same and in smaller number when compared
to solution where the number of encounters is being controlled by diffusion.

Given a successful energy transfer through TTET between the D/A pair
results in the population of the first triplet excited state of the acceptor. The acceptor
molecules are in the triplet state which means they have a total of three forms of
combining its electrons since they are unpaired, them being T-(|]), To({T), and T+(T
7). Through TTA these acceptor molecules will interact with each other forming
encounter complexes (A*A"), as seen in Figure 1.3. The combination of two triplet
state molecules will result in a total of 3 X 3 = 9 different forms of combining the
two states. Of the 9 possible combinations the encounter complex will have three
possible spin configurations singlet, triplet, and quintet. Five of the combinations
will produce a quintet state, three of the combinations will produce a triplet state
and only one configuration will yield a singlet state. Equation 1.3 show the 3 possible
spin configurations for the encounter complex and the dissociation results for the

singlet and triplet state:

|AA|* A + Ay (158 case)
A3A5 = [|AAI®] - A3 + Ay (2™ case) Equation 1.3
|AAI®] AL + A (37 case)
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After the formation of the encounter complex between two acceptors the transfer of
their combined excited state energy (2 X Er;) to one of the molecules is possible. If
the energy transfer didn’t occur the complex would dissociate back to their original
triplet state molecules. To efficiently transfer energy between the species that
comprise the encounter complex their combined energy needs to be of equal or
greater than the energy of their higher states. According to Wigner’s rules for an
energy transfer to be allowed there needs to be conservation of the spin value, so
the spin of the encounter complex will be conserved during the dissociation. The
first case shown in Equation 1.3 depicts the case where the encounter complex
formed is a singlet.

The spin of the encounter complex is maintained but the spin of the two
individual excited states is inverted, resulting ultimately in one of the species going
to the first excited singlet state (A]) and the other to the ground state. This process

is possible only if the following energy relation is meet:

2X Erq =2 Egq Equation 1.4
—— LUMO
LUMO
HOMO% + +HOMO
Acceptor’ (T,") + Acceptor (T;) —Jmm Acceptor (S,) + Acceptor (S,)

Figure 1.3 - Schematic representation of the TTA process between two acceptor molecules

in their triplet excited state through the Dexter exchange mechanism.
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where Er; is the energy of the first excited triplet state of the acceptor, and Eg; is
the energy of the first excited singlet state.

In the second case shown in Equation 1.3, the resulting encounter complex is
in its triplet state and from its dissociation results one excited specie at a higher
triplet state (A3") while the other specie returns to its ground state (4,).

This second process only occurs if the following energy relation is meet:

2X Ery 2 Ep, Equation 1.5

where the E7, is the energy of the second excited triplet state.

The third case has a lower probability of occurring since the energetic
availability of the quintuplet state is generally inaccessible. The second and third
cases the excited state obtained are considered parasitic states or trap states since
their transition to the ground state is expected to take the nonradiative route, thus,
they will reduce the overall upconversion emission during the TTA process. The best
energetic condition for the first triplet excited state for the annihilator, to avoid the

population these trap states is seen in the Equation 1.6.

Ery =2 2X Ery 2 Eqy Equation 1.6

This would be the ideal energy conditions for the annihilator molecule. Ensuring
that no energy would be lost during the annihilation process by population of trap

state.

1.5. Objective

In this work we describe the construction of a solid state TTA-UC system
comprised of a cellulose acetate based polymeric blend with immobilized sensitizer
and annihilator molecules. For the TTA-UC system, palladium(II) porphyrins 1Pd
Palladium (II) 5,10,15,20-tetraphenylporphyrinato and 3Pd Palladium (II) 5-(4-
hidroxyphenyl)-10,15,20-(4-((2-ethylhexyl)oxy)phenyl)porphyrinato were

synthesized to act as the systems sensitizers and as the annihilator
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tetraphenylethylene (TPE) was chosen for its AIE (aggregation induced emission)
capabilities. TPE with its increased emission in the solid state and its adequate
spectral characteristics allowed it to be used as an annihilator for this TTA-UC
systems. The system was trapped in a matrix of cellulose acetate this encapsulation
in the solid-state lead to the formation of polymeric films with great clarity allowing
for the spectroscopic characteristics of the system to be studied.

The primary goal of this work was to develop a TTA-UC system that had good
emissive capabilities in the solid-state with efficient upconversion of excitation
radiation close to the NIR, that could potentially be applied in bioimaging or in the
development of optical sensor. Combining sensitizers that tend to form aggregates
in the solid state such as porphyrins with annihilators that have strong emission in
the solid/aggregated state for the formation of a TTA-UC system were the formation
of aggregates was as beneficial factor rather than a negative one. Since the majority
of solid-state TTA-UC systems are plagued by the formation of trap states, some
made of pure sensitizer others of pure annihilator regions were upconversion is
limited. This system was envisioned to overcome the drawbacks of conventional
organic dyes, that suffer from fluorescence quenching in the solid state as a result of
ACQ, while at the same time achieving with the porphyrin’s formation of red-shifted
aggregates, we believe that it is possible for the system to access shorter
wavelengths and be capable of upconverting light closer to the "near-IR" while at
the same time promoting an anti-Stokes shift emission by upconversion to lower
wavelengths, limiting tissue auto-fluorescence, and consequently enhancing the
signal-to-noise ratio of the bioimaging technique. The scheme 1.4 illustrates a

schematic representation of the TTA-UC material developed in this work.
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1Pd: R%=R"'=H

3Pd: R%= OH; R' = ‘,{O,D/\/\

Figure 1.4 - Schematic representation of cellulose acetate polymer films with the TTA-UC

system’s components immobilized in its matrix.
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2. Synthesis of porphyrins and metalloporphyrins

The main goal of the work described in the current thesis was the development
of an efficient solid-state TTA-UC system with potential for the application as a
bioimaging probe.l-> To achieve this goal, we started by synthesizing a porphyrin
that could act as a sensitizer, an essential component of the envisioned system.
Porphyrins are known to have great stability, sensitivity, selectivity, and can be
structurally modified to suit a specificity of a given system for these reasons we
chose the aforementioned macrocycle as the sensitizer. The porphyrins have great
absorption and emission on the visible region of the electromagnetic spectrum and
can undergo efficient ISC (intersystem crossing), when modified, to populate the
triplet state, making them an essential component of the TTA-UC system as the
photon acceptor molecule.6-8
There are several methods for the synthesis of porphyrins. The first synthetic
methodology was proposed by Rothemund and involved an one-pot reaction,
between an aldehyde and pyrrole dissolved in a pyridine and methanol mixture
under anaerobic conditions.?-11 The reaction was carried out in a glass sealed
container for 24 up to 48 hours under 90 to 220°C, yielding small amounts of
porphyrin mixed with variable amounts of chlorin.?-11 A long time has passed since
the initial findings of Rothemund and a lot of new progress in the synthesis of
porphyrins were made, giving rise to new synthesis methods some derived from the
work of Rothemund, such as the Adler-Longo.12-14 The Adler-Longo approach
consists of an one-pot acid catalyzed reaction between an aldehyde and pyrrole
under aerobic conditions. In this methodology, first the acid is heated to its reflux
temperature followed by the addition of aldehyde. Thereafter, the pyrrole is added
to initiate the condensation with the protonated aldehyde in the mixture, which is
then refluxed for 30 min. After the reaction time has ended, the crude mixture is
cooled to room temperature, and the product is precipitated with methanol and
dried under vacuum, obtaining 20-40% of porphyrin yield. Contrary to Rothemund
method, Adler utilized the presence of atmospheric oxygen to oxidize the products
of the condensation/cyclization doubling the reaction yield when compared to the

Rothemund’s method.111214 The use of atmospheric oxygen as an oxidant meant that
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the oxidation step was dependent on the oxygen diffusion in the reaction medium,
leading to slow kinetics and incomplete oxidation, resulting in the product being a
mixture of porphyrin and chlorin. The Adler-Longo approach has the advantage of
using an acid to catalyze the condensation/cyclization step, ensuring a faster
reaction kinetics for the reaction between the aldehyde and the pyrrole resulting in
a reduced reaction time to 30min compared to the Rothemund methodology
(48h).11.14

Gonsalves and Pereira made a great leap in the synthesis of porphyrins by
splitting the two steps in the synthesis of meso-tetraalkylporphyrins in the
condensation/cyclization and oxidations steps. More so, they used a quinone (DDQ)
to oxidize the porphyrinogen, the intermediary between the two step.1> Sometime
after, the development of a one-step one-pot method for the synthesis of porphyrins
was achieved by Gonsalves and Pereira, the nitrobenzene method.16-18 [n this
procedure, one or more aldehydes are dissolved in a mixture of acetic or propionic
acid with nitrobenzene and then heated to 140°C. Then, the pyrrole is added, and
the reaction is kept at 140°C for approximately one hour. In the end of the reaction,
the product may be precipitated from the medium, in the majority of cases, by using
methanol or other appropriate solvent that ensures precipitation of the porphyrin
from the medium. When the product doesn’t precipitate from the addition of a
solvent, extensive purification is required. In this case, where additional purification
is required, first the solvent is removed under reduced pressure and the obtained
crude solid-mixture is applied in a silica-gel chromatographic column. With an
adequate eluent it’s possible to separate the desired compounds from the unwanted
byproducts.

In this methodology by employing an organic oxidant (nitrobenzene) instead
of using atmospheric oxygen, the reaction favors the production of pure porphyrins
without chlorin contamination. Furthermore, when employing this methodology in
the synthesis of symmetric porphyrins (using only one aldehyde) the majority of the
obtained porphyrins can be precipitated pure from the medium avoiding extensive
purification processes.

Lindsey et. al. developed a two-step porphyrin synthesis method under mild

temperature conditions, during both the condensation and oxidation steps, to obtain
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a high yield and high purity end product using a broad variety of aldehydes in small
molar concentrations (0.01M). The first step involves the condensation of pyrrole
with the aldehyde, using chloroform or dichloromethane as solvent, in a closed
vessel under nitrogen atmosphere with the presence of trifluoroacetic acid or a
mixture of boron trifluoride and diethyl ether at room temperature. The second step
is the oxidation of the porphyrinogen to the desired porphyrin using organic
oxidants, like p-chloranil or DDQ.19-21 Typically, using this methodology the
porphyrins are obtained in 30 to 40% yields.20

The Lindsey methodology has the advantage of using mild reaction
temperatures, broadening the type of substituted benzaldehydes that could be used
in the reaction. Another advantage comes from the use of an organic oxidant in the
second step. The oxidant not only enhances the kinetics of the reaction, reducing the
reaction time, but also reduces the chances of an incomplete oxidative
dehydrogenation of the porphyrinogen, providing a crude product free of chlorin.
Despite these advantages, the Lindsey methodology also has its shortcomings. First,
the necessity to employ lush quantities of organic solvents (e.g., chloroform or
dichloromethane) during the condensation step. Second, the use of costly organic
oxidants, such as p-chloranil or DDQ, increases the overall cost of the methodology.

Macdonald et al. developed a two-step methodology for porphyrin synthesis
that consisted in the [2+2] condensation of dipyrrylmethanes in acidic media.22-25
First, the dipyrrylmethanes are heated to 100°C in an acidic solution (e.g.: formic,
acetic, or p-toluenesulfonic acid) containing hydrogen bromide resulting in the
formation of porphodimethene as an intermediary. Second, to the resulting
porphodimethene sodium or zinc acetate is added in the presence of atmospheric
oxygen, or occasionally using DDQ as an organic oxidant, resulting in the desired
porphyrins being obtained as a mixture of isomers.2325 The formation of isomers
arises from two factors, the first is the substituents in the alfa and beta positions of
dipyrromethanes that influence the type of isomers that can be formed, the second
is the acidic media impact on dipyrrylmethanes that may lead to acidolytic cleavage
of the dipyrrylmethanes, resulting in scrambling and isomer production. Another
version of the Macdonald methodology is the [3+1] condensation, where tripyrranes

and pyrrole are used instead of dipyrromethanes under the same acidic conditions
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followed by the same oxidation step.252¢ This methodology produces high yields of
porphyrin (around 20-65% depending on dipyrromethanes), is more versatile, and
has milder reaction conditions than Rothemund or Adler-Longo methods.23
However, the methodology also has its disadvantages, since it requires the synthesis
and purification of dipyrromethanes if they are not commercially available, and the
reaction produces a mixture of isomers, requiring chromatography to obtain high-
purity compounds and reducing the overall yield if only one of the isomers is the
goal.

Considering the several methods described above, the nitrobenzene (one-
step) method remains one of the most widely used for the synthesis of meso-aryl
porphyrins.16-1827 The research for more sustainable strategies based on this
method has led to the appearance of new methodologies in recent years, like e the
nitrobenzene-microwave method,28 the nitrobenzene/NaY method82° and the
microwave water method3°.

The nitrobenzene-microwave method, developed by Pinero et al. scales the
nitrobenzene method for the synthesis of meso-arylporphyrins to microwave
conditions, changing the conventional irradiation method to microwave
irradiation.?® From this change microwave irradiation improves the heating
efficiency of the reaction mixture by heating the mixture directly. Employing this
methodology in the synthesis of porphyrins improved, in the majority of cases, the
reaction yield and reduced, in all cases, the reaction time from hours to minutes.

Calvete et al. introduced a modification to the nitrobenzene method by
employing the porous NaY aluminosilicate zeolite for porphyrin synthesis.1829.31
The NaY works as a Lewis acid and co-catalyst to the acetic acid, providing an
increase in the reaction yield for the synthesis of symmetric and non-symmetric
meso-arylporphyrins bearing different substituents in the meso-aryl positions.29:31
The yields of the reaction were enhanced in the reaction with benzaldehydes
bearing one or two ortho-fluorinated substituents, as well as for the perfluorinated
meso-aryl porphyrin. This method is also characterized by a low ecological impact
as well as a high cost-effectiveness compared to the standard methods for porphyrin

synthesis that tend to be more expensive and difficult to produce.2931
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Calvete, Pereira et al. developed a new methodology for the synthesis of
meso-substituted porphyrins under microwave irradiation using water as solvent.30
Under harsh microwave conditions, of heat and pressure, water changes its
properties, such as the dielectric constant and the value of the ionic product. Under
microwave irradiation, water functions as a solvent, acid catalyst, and oxidant all at
the same time, allowing the synthesis of meso-substituted porphyrins in high yields
at extremely high concentrations (50 M).3°

In this work we have synthesized symmetric and non-symmetric meso-
substituted porphyrins via the one-pot nitrobenzene methodology under batch and
microwave conditions.1617.27.28 This methodology was selected for its simplicity, as
a one-pot single-step reaction obtaining porphyrins in relatively adequate yields,

without chlorin contamination.

2.1 Synthesis of 5,10,15,20-tetraphenylporphyrin

This work started with the synthesis of 5,10,15,20-tetraphenylporphyrin (1)
as can be seen in Scheme 2.1. This porphyrin was synthesized to act as a reference
in spectroscopic studies. Both free-base and the corresponding Pd(II) porphyrin
have been extensively studied and are well suited to be used as reference.32:33 So, a
reaction mixture containing benzaldehyde and nitrobenzene/glacial acetic acid (1:2
in v:v) was prepared, heated to 140°C, and the pyrrole was then added dropwise.
After approximately 1 hour of reaction time, the crude mixture was cooled to room
temperature and methanol was added to promote precipitation. The obtained
purple crystalline powder was filtered and after drying under vacuum to remove
any traces of solvents, 5,10,15,20-tetraphenylporphyrin was obtained in 8% yield.
The same porphyrin was also synthesized by the nitrobenzene method under
microwave irradiation.?8 This process was employed to reduce the reaction time as
well as to enhance the reaction yield. The reagents were introduced in a proper
microwave vessel and the reaction was carried out for 5 min. After confirming, by
TLC, the formation of porphyrin (1), methanol was added to the medium to promote

the precipitation of the porphyrin, giving porphyrin (1) in 20% yield. Porphyrin (1)
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was characterized by proton NMR in CDCl3, the signals chemical shift, integration

patterns, and multiplicity where in agreement with the literature.34

H
o a) nitrobenzene

H
N method >
+ § /7 b) Microwave O

method

4eq. 4eq.

Scheme 2.1 - Synthesis of 5,10,15,20-tetraphenylporphyrin (1);(a) the nitrobenzene

method; (b) microwave nitrobenzene method.

2.2 Synthesis of 5-(4-hidroxyphenyl)-10,15,20-(4-((2-ethylhexyl)oxy)phenyl)
porphyrin

To develop an efficient sensitizer for a TTA-UC system several features need
to be taken in to account: (1) the photosensitizer needs to have a good absorption
with minimal overlap between the sensitizer and annihilator; (2) have an efficient
ISC process to promote a great population of the triplet excited states in the
molecule; (3) provide an efficient energy transfer between the sensitizer and
annihilator. First it was decided to proceed with synthesis of a non-symmetric meso-
substituted porphyrin with one 4-hydroxyphenyl group, that could be the anchor
point for potential further functionalization of the porphyrin, combined with three
4-((2-ethylhexyl)oxy)phenyl groups. These alkoxy groups increase solubility in
organic solvents and also may influence the formation of J-aggregates in polar
solvents.35 Also, from the introduction of electron donating atoms, such as an oxygen
in the para-position of the phenyl may allow for the porphyrins spectral properties
to shift closer to the NIR region.36:37

Initially we started by the synthesis of 4-((2-ethylhexyl)oxy)benzaldehyde
through the Williamson ether synthesis, as seen in Scheme 2.2383% First, 4-

hydroxybenzaldehyde was dissolved in acetonitrile and an excess of K2CO3 was
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a)
1. K2CO,, ACN, r.t., 30min

+ Br 2. RBr, 80°C, 18h
b) > 5
OH _ 1. CsCO;3, ACN,
RBr, 130°C, 10min
RBr

2

am=88%
b)n=92%

Scheme 2.2 - Synthesis of 4-((2-Ethylhexyl)oxy)benzaldehyde (2); (a) the nitrobenzene
method and (b) through the microwave nitrobenzene method with the respective yields of

reaction.

added, the reaction was left stirring for 30 min at room temperature. Afterwards, a
small excess of 1-bromo-2-ethylhexane was added to the mixture and the reaction
was heated to 80°C and left stirring for 18h. Following the reaction with TLC we
observed that after the 18h all the 4-hydroxybenzaldehyde was consumed, so we
considered the reaction complete.

The remaining solid was filtered and the acetonitrile was evaporated, then
the crude product was purified by column chromatography giving pure aldehyde
(2) in 88% yield, as seen in Scheme 2.1, point a). The reaction mechanism for the
Williamson ether synthesis is depicted in scheme 2.3. It starts with the formation of
the required phenolate after deprotonation of the hydroxyl group of the 4-
hydroxybenzaldehyde by the carbonate base. This step is essential to produce a
stronger nucleophile and is made first to ensure the reduction of any byproduct that
may be formed by direct reaction between the haloalkane and the base. Following
the phenolate formation the nucleophilic group attacks the electrophilic carbon that
is bonded to the halogen promoting a Sn2 nucleophilic substitution.

The synthesis of the aldehyde was also performed using microwave
irradiation in order to reduce the reaction time. So, we started by using the same
temperature used in the conventional heating, with P=200W, (Table 2.1, entry B).
The reaction was followed by TLC, and after 10 min of heating the product formation

was not observed. The reaction was then left for one additional hour, but again no
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Scheme 2.3 - Mechanistic representation of the reaction of the Williamson ether synthesis

of 4-((2-ethylhexyl)oxy)benzaldehyde (2).

change was observed. The issue was traced back to the limited solubility of the
K2COs3 in acetonitrile, which caused a restriction in the reaction since the phenolate
was not produced, and under the reaction time and heat condition the reaction
didn’t proceed.#? In continuation with the study, instead of increasing the reaction
temperature that may favor the Ez instead of the nucleophilic substitution384! We
choose to use a different base (Cs2C03) that had a better solubility in acetonitrile
giving the effect of the cesium ion in this carbonate.#2-44 The reaction was carried
out under the same conditions as with the previous base, and after 20 min, the
phenolate had formed, but the reaction conditions were still lacking as no product
had been formed. As the Cs2C03 was easily dissolved in the reaction mixture and
even the formation of the phenolate was observed the problem was not purely
dependent on the lack of solubility of the base, so the reaction was irradiated for an

additional 60 minutes, but still no product was seen to form.
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Then the solvent itself was evaluated, since the dielectric constant and the
dielectric loss of acetonitrile tend to decrease with temperature reducing the
amount of microwave radiation that the solvent can convert to heat.*>-47

So less efficient heat production provides the need to increase temperatures
to obtain a desirable kinetics for the reaction and reduce the time of reaction. As
expected by providing a higher temperature condition, of 130°C, the reaction occurs
in almost quantitative conversion yield (n = 92%) after only 10 min of reaction
time, as seen in Scheme 2.2. A reaction with K2COs3 at 130 °C was also accessed
yielding small quantities of aldehyde with most of the starting materials still present
in the reaction mixture, this means that in these conditions the reaction could occur
but with slower kinetics compared to the Cs2C03 which has, almost a quantitative
yield after only 10 min. Afterwards, the 4-((2-ethylhexyl)oxy)benzaldehyde was
purified with the same conditions that were used in the batch reactions.

The obtained aldehyde (2) was characterized by proton and carbon NMR.
Figure 2.1 is the 1TH NMR of aldehyde (2) and Table 2.2 contains the observed signals.

Table 2.1. - Comparison between the conventional and microwave heating methods.

Entry Solvent Base Type of T (°C) Time
Heating (min)
A ACN K2CO3 Conventional 80 1080

B ACN K2C03 Microwave 80 80

C ACN Cs2€03 Microwave 80 80

D ACN K2C03 Microwave 130 10

E ACN Cs2C€03 Microwave 130 10
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Figure 2.1 - Proton NMR spectrum of 4-(2-ethylhexyloxy)benzaldehyde (2) in CDCl;
(7.26ppm).

In order to attribute a signal to a proton or group of protons with the same
chemical environment, the signals are classified according to their chemical shifts,
multiplicity, and the number of protons integrated under each signal. Given the
deshielding induced by the carbonyl group, the aldehyde's proton (in yellow)
appears first. Followed by two aromatic signals (red and green) corresponding to
orto-protons and meta-protons, respectively, given that the deshielding effect of the
carbonyl group is greater than that of the oxygen. The next signal (seen in violet)
corresponds to the alkyl protons near the electronegative oxygen atom. The
remaining alkyl signals appear in the following order -CH (seen in black) then -

CHz(seen in blue) followed by -CHs3 (seen in orange).
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Table 2.2 - 1H NMR data of compound (2) in CDCl3; (a) in relation to the aldehyde group of
the compound (2); (b) - two overlapping triplets.

Chemical shift Signal Integration Characterization
(6, ppm) multiplicity
9.87 singlet 1 proton Aldehydes proton
7.83 to 7.80 multiplet 2 protons orto-benzylica
7.01 to 6.97 multiplet 2 protons meta-benzylic?
3.92 duplet 2 protons -OCH2
1.78t0 1.72 multiplet 1 proton -CH
1.54to 1.31 multiplet 8 protons Alkylic -CHz
0.95 to 0.90 tripletb 6 protons -CHs

In Figure 2.2 it is depicted the 13C NMR of aldehyde (2) and in Table 2.3 are

the respective peak characterization for the observed signal.
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Figure 2.2 - 13C NMR spectrum of 4-((2-ethylhexyl)oxy) benzaldehyde (2) in CDCI3
(77.16ppm).
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Table 2.3 - 13C NMR data of compound (2) in CDCl3; (a) - carbons with the same chemical

environment.
Chemical shift (5, ppm) Characterization
191.17 C15
164.93 C3
132.37 C1and C52
130.17 C6
115.20 C2 and C42
71.32 C7
39.70 C8
30.88 Co
29.47 C10
24.24 C13
23.42 C11
14.47 C12
11.50 C14

This attribution is given based on the electronic density of each group (CHs
has the highest electron density decreasing with the number of C-H bonds). After
the successful production of 4-((2-ethylhexyl)oxy)benzaldehyde (2), we progressed
with the synthesis of  the 5-(4-hydroxyphenyl)-10,15,20-(4-((2-
ethylhexyl)oxy)phenyl)porphyrin (3). To obtain the desired porphyrin we
dissolved, in acetic acid and nitrobenzene mixture, 1:3 molar ratio of 4-
hydroxybenzaldehyde and 4-((2-ethylhexyl)oxy)benzaldehyde (2), followed by the
addition of 4 molar equivalents of pyrrole. Afterward the reaction was heated to
140°C and left under rigorous stirring for approximately 1h. Since two aldehydes in
different molar amounts were used, the formation of several porphyrins is expected.
Contrarily to TPP, previously referred, it was not possible to precipitate the desired
porphyrin from the reaction media. Therefor the solvents were evaporated via
reduced pressure distillation, and the reaction mixture was purified by silica gel
column chromatography in order to separate/purify the obtained porphyrins. In
this case, the application of the crude mixture was made without solvent in order to
increase the efficiency of the separation. The column was eluted firstly with n-
hexane, to remove any residue of nitrobenzene, followed with gradient increase in
polarity by adding dichloromethane. Starting with a mixture of 10:1 (n-
hexane:DCM) till pure DCM was employed. With this elution we obtained the pure
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Scheme 2.4 - Nitrobenzene method for the porphyrin synthesis of porphyrins (3) and (4).

fraction of porphyrin (4). By continuing the increase in the eluent’s polarity with the
addition of MeOH we obtained the porphyrin (3). Following the purification of
porphyrin (3) and (4), we proceeded with their characterization. Figure 2.4 shows
the proton NMR spectra of compound (3) in CDCl3, and Table 2.4 represents spectral
data of the signals and the corresponding attributed protons to each signal. The
asymmetry of porphyrin (3) promotes a small change in the chemical
environment in the surrounding area of the benzylic para-positions, which splits the
signals of the aromatic and beta-pyrrolic protons that otherwise would be

equivalent such as in porphyrin (4).
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Fig. 2.3 - Proton NMR spectrum of porphyrin (3) in CDCl3 (7.26ppm).

When starting downfield the first signal is a broad singlet with one proton
which is attributed to the hydrogen of the hydroxyl group (seen in orange). The next
signal at 8.87 to 8.86 ppm is a broad multiplet corresponding to a total of 8 protons
attributed to the beta-pyrrolic protons of the porphyrin (seen in red). The next
signals at 8.12 to 8.06 are two multiplet that are attributed to the meta-position
protons of the phenylic group. The first, with an integration of 6, corresponds to the
Ha of the phenyl groups that have the alkylic chain. The second one, with an
integration of 2 corresponds to the Hp of the other phenyl group (as seen in green).
The next signal at 7.29 ppm and 7.20 ppm, in a similar manner to the last one, is
comprised of two duplets with an integration of 6 and 2 protons, respectively,
corresponding to the orto-position phenyl protons (seen in dark blue). The next
signal at 415 and 414 ppm is a doublet with 6 integrated protons, the signal appears
downfield in the alkylic area of the spectrum resulting from the deshielding done by
a nearby electronegative atom such as oxygen and has only one adjacent proton

meaning this signal corresponds to the -OCH2 groups (seen in cyan).
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Table 2.4 - 1H NMR data of compound (3) in CDCls; (a) - Ha protons of the alkoxy para-
substituted phenyl; (b) - Hy protons of the hydroxyl substituted phenyl.

Chemical shift Signal Integration Characterization
(5, ppm) multiplicity

9.88 singlet 1 proton -OH
8.87 t0 8.86 multiplet 8 protons B—pyrrolic
8.12 t0 8.09 multiplet 6 protons meta-phenylic?
8.08 to 8.06 multiplet 2 protons meta-phenylicb
7.29to 7.27 multiplet 6 protons orto-phenylic2
7.23t07.20 multiplet 2 protons orto-phenylicb
4.15t0 4.14 duplet 6 protons -OCH2
1.95to0 1.90 multiplet 3 protons -CH
1.73 to 1.59 multiplet 24 protons Alkylic -CHz
1.10 to 1.06 triplet 9 protons -CHs(a)
1.01 to 0.98 triplet 9 protons -CHs(b)

The multiplet at 1.95 to 1.90 ppm with 3 protons corresponds to the -CH
group (seen in yellow). The next signal is a mixture of various multiplet signals from
the overlap of multiple similar -CH2 signals, with a combined integration of 24
protons, representing all the remaining alkylic protons of the -CH2 groups. The next
two signals at 1.10 and 0.98 ppm are two triplets, appearing in close proximity, each
with an integration of approximately 9 protons, each characterizing a different -CH3
group. The last signal at -2.74 ppm corresponds to the porphyrin's core protons,
which suffer from a high degree of shielding from the delocalized electrons of the

porphyrin's m-conjugated system.

2.3. Synthesis of Metalloporphyrins

Following the goal of producing a good photosensitizer, with adequate
features to be used in a TTA-UC system, we choose to introduce a transition metal
from the d1° group (e.g., palladium(II)) in the porphyrin core. Inserting such metal
in the porphyrin core produces changes in the electronic structure of the porphyrin

macrocycle consequently altering its photophysical characteristics. More so,
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palladium(II) with an electronic configuration of [Kr]| 5s°4d8 has 8 valence electrons
producing a strong spin-orbit coupling with the porphyrin ring resulting in
beneficial changes to the excited-state dynamics of the system namely by enhancing
the inter system crossing (ISC) kinetics, ultimately resulting in attaining a higher
population of triplet states and enhanced TTA-UC efficiency in regard to the free-
base porphyrin.48-50

From the literature, it was evident that different kinds of methods exist for
the metalation of porphyrins.51-57 The benchmark method for this synthesis of
palladium porphyrins is the benzonitrile method>2585% which employs different
palladium salts dissolved in benzonitrile to produce the corresponding porphyrin.
Although this method has a relatively good yield it has some drawbacks. The main
one is the high boiling point of the benzonitrile (b.p.= 190.7 °C) which makes the
purification of the product extensive and compels the use of harsh reaction
temperatures that may reduce the overall yield by enabling decomposition of
palladium acetate, so other methods were sought.60

A modified version of the DMF method was employed.>161 Contrary to the
standard DMF method>357 where the porphyrin and the metal salt were dissolved
in DMF and then refluxed, in the modified version 2,6-lutidine is added to the
mixture.>1.6263 As a weak nucleophilic base, 2,6-lutidine will work as a weak
coordination ligand that will facilitate the metalation of the porphyrin. The
synthesis of palladium(II)tetraphenylporphyrin, 1Pd, in a round bottom flask one
molar equivalent of porphyrin was dissolved in previously dried DMF, and a few
drops of 2,6-lutidine were added. then a molar excess of palladium acetate was
added to the mixture. The reaction was left stirring at 120°C for 24h and was
followed by TLC, UV-Vis, and fluorescence excitation. With this methodology and
after purification, the obtained palladium(II) porphyrin was always obtained with a
contamination of free base porphyrin (assessed by the analysis of the fluorescence
excitation spectrum, see Figure 6.2 and 6.3 in Chapter 6)

To overcome this contamination problem, we performed a new palladium
metalation but using a method that we called acetonitrile method.3-65 [n this case
we started by dissolving the porphyrin in a mixture of dry chloroform and freshly

distilled acetonitrile (80:20; v:v), then an excess of 4 equivalents of palladium

40



Synthesis of porphyrins and metalloporphyrins

acetate were added and the reaction was left under reflux, with stirring. After 30min
almost all of the porphyrin was converted into the palladium(II) complex and only
a small amount of free-base porphyrin remained. After an additional 30min, all the
free-base porphyrin was consumed, and the end of the reaction was determined by
TLC, by UV spectroscopy with the observation of the disappearance of two Q bands,
as the complexation of the porphyrin with a metal produces a change in orbital
energy, originating degenerate orbitals, and finally by taking fluorescent emission
and excitation spectra from the samples to determine the presence of any traces
amounts of free-base porphyrin.

The purification of the crude mixture was done by silica gel column
chromatography, using a mixture of n-hexane and DCM as eluent and the purity of
the product was assessed by comparing the excitation and absorption spectra (seen
in Figure 6.2 and 6.3 in Chapter 6). With this methodology it was possible to obtain
Pd(II) porphyrin without free-base porphyrin contamination. Comparing the two
methodologies we concluded that only the latter produced 1Pd with high purity,
and this methodology was selected to proceed with for all the Pd complexations
performed.

From the DMF modified method, it was noted that a lot of metallic residues
were formed at the end of the reaction. Palladium acetate is known to react with
water, even when in small quantities, yielding unwanted intermediaries such as
palladium hydroxide.6-68. When dissolved in a solvent with a high dipole moment
(3.86 for DMF)%® the palladium acetate tends to split to its monomeric form at room
temperature making it more susceptible to moisture present in the solvent,
resulting in a ligand competition, between the porphyrin and the water, for the
palladium ion making the metalation of the porphyrin inefficient. Also, in the
temperature conditions of the DMF modified method, a parallel reaction can occur,
namely B-hydride elimination that is catalyzed by palladium acetate, resulting in the

reduction of palladium(II) acetate to the metallic form of palladium(0).60.69.70
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Scheme 2.5 - Synthesis of metalloporphyrins using (top) the modified DMF method and

(below) acetonitrile method. The yields of the reaction after purification for the acetonitrile

method.

Palladium acetate can also be found in three different crystalline structures
Pd3(0Ac)e, Pd3(OAc)s(NOz2), and [Pd(OAc)z]n, the last two being byproducts from the
industrial synthesis of palladium acetate firstly reported by Wilkinson’!. From the
synthesis of palladium acetate, each one of the palladium acetate derivatives will
have its characteristics. The palladium acetate in its polymeric form, [Pd(OAc)z]n,
will not be soluble and will not form metal complexes which if present in the
commercially available compound will reduce the amount of palladium capable of
undergoing metalation reaction. Pd3(0Ac)s(NO2) despite being capable of producing
metal organic complexes may affect the yield of the reaction depending on if the
ligand is acetate or NOz-, as the latter may prove to be difficult to remove. The
palladium acetate used during this reaction may have a mixture of different amounts
of these species and therefore the reaction kinetics as well as the yield may be
affected.687273

After all these occurring problems, purification through the chromatographic

column was still tried but with no success as the compound remained contaminated
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with unreacted free-base porphyrin, such contamination was detected by
comparing the excitation spectra with the absorption spectra.

To overcome the above referred problems we decided to perform all the
synthesis of the metalloporphyrin, using the acetonitrile method.646574 First, the
choice of palladium salt used in the metalation is a decisive factor for the success of
the metalation reaction. Generally, the salt used in the metalation reactions in the
benzonitrile, DMF and DMF modified method is palladium chloride that is not
particularly soluble in non-coordinating solvents and has a smaller reactivity than
palladium acetate. This difference in reactivity comes from the ligands, as from
ligand field theory the Cl-ion is a monodentate ligand and in consequence the ligand
only interact with the d-orbitals of the metal through o-bonding and doesn’t have m-
anti bonding orbitals present that could donate electron density to the metal,
contrary to chloride ion the CH300- ion has a carbonyl group which has m-bonding
and m-anti bonding orbitals that can enhance the reactivity of the salt by allowing
delocalization of electronic density from one oxygen to another, and in a similar
manner promote the delocalization of the electronic density to the metal allowing it
to promote metal-ligand interaction more easily.7>-77

Second, the method employed in the metalation reaction should take to
account the palladium salt used as the more reactive palladium acetate can promote
the metalation of porphyrin at a lower temperature compared to palladium chloride
but can also be reduce easily under solvent and temperature conditions at which
palladium chloride is normally used. Palladium chloride not only uses higher
temperatures but also needs to employ solvents such as benzonitrile, to promote as
the first step a formation of adducts such as bis(benzonitrile)palladium dichloride,
that can be employed in situ metalation reaction to make the palladium salt more
susceptible to coordination with the porphyrin as well as to enhance its solubility in

the reaction media.52:5978
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3. Photophysical characterization of the TTA-UC system
and its components

This section aims to presentthe photophysical data acquired on the
properties and characteristics of each individual TTA-UC system component as well
as for the system as a whole. Starting the discussion with a topic describing the
behavior of light and matter, following with an insight in the behavior of the
sensitizers and annihilators under study and their characteristics, then the chapter

concludes with the spectroscopic characterization of the systems as a whole.
3.1. Light and matter

Electromagnetic radiation consists of waves that exhibit two oscillating
fields, one magnetic and one electric perpendicular to each other, and with the same
direction of propagation. The electromagnetic spectrum is made up of different
forms of electromagnetic radiation. Depending on the type of electromagnetic
radiation, the spectrum may be split into many areas, each with a unique oscillatory
field. This difference can be observed by changes of wavelength or frequency.
Wavelength, denoted }, is considered the distance between two peak maximum (or
two minimum) of the corresponding electromagnetic wave. Frequency, denoted v, is
described as the number of complete oscillations produced by an electromagnetic
wave per unit of time. So, light is electromagnetic radiation, from a specific region of
the electromagnetic spectrum that extends from just a few nanometers to several
micrometers in wavelength. Light with a wavelength inferior to 400nm is
considered Ultra-Violet light or UV and light with wavelength higher than 700nm is
considered Near Infrared light, in between the two region the visible light region is
found, and it’s this region that is perceived by the human eye. Light, as seen before,
can be described as an electromagnetic wave but it can also be described as being
comprised of discrete packets of energies without mass known as photons. Photons
are described by Planck as having specific energies, E, which are dependent on the
relation between the frequency, v, of their electromagnetic wave through the

Planck’s constant, h, (h = 6.626 x 10-3%] s) as described by Equation 3.1.
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E=hv=— Equation 3.1

The photon energy is also related to the Planck’s constant through the speed of light
(c, 2.998x108 m s'1) and inversely related to the wavelength of its electromagnetic
wave, also seen in Equation 3.1. This promotes an energetic gradient in light directly
proportional to the changes in frequency of the electromagnetic wave, resulting in
light decreasing in energy from UV light to visible light and then to IR light that is

the less energetic of the three.

electric
4 field
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Scheme 3.1 - Electro-magnetic wave consisting of an oscillating magnetic field (in blue)
perpendicular to the oscillating electronic field (in pink), both propagating in the same

direction of the green axis.

Matter on the other hand, is a substance that has a specific mass and volume,
and has for its component’s protons, neutrons, and electrons. These particles that
are the building blocks of matter have a different behavior than larger objects that
are described by classic mechanics requiring a specific method, quantum mechanics,
for their description.

These particles when combined together can produce atoms, different atoms
have in their center nucleus comprised off different numbers of proton and
neutrons, the former are positive and with the latter being neutral in charge,
meaning that the nucleus has positive charge. For an atom to be neutral it requires
that around the nucleus the electronic cloud be comprised of an equal number of
electrons that have a negative electronic charge counterbalancing the positive
charge of the nucleus. Similar to photons, electrons have a dual nature, which means

that it is possible to describe their behavior as having characteristics of both
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wave and particle. As mentioned earlier, these particles have a reduced size and
mass, requiring the application of quantum mechanics for their description, were
concepts such as particle-wave duality, the Heisenberg uncertainty principle, the
quantization of energy, wavefunction and probability density appear and are used
for the description of systems of a single or multiple particles. The wavefunction, vy,
is a fundamental solution of the Schrédinger equation used in the description of a
quantum state of a particle or system of particles and how it evolves in time.
Probability density, [|?, is the square of the absolute value of the wavefunction
yielding the probability density of finding in a particular state of the system under
study. The information provided from the probability density is the likelihood of
observing a particle in a state with a specific value for the position, momentum, or
energy.

Also, the Schrodinger equation can be applied for a specific atom like
hydrogen that only has a single electron, we obtain a series of quantum numbers
that describe the energy, shape, orientation in three-dimensional space of atomic
orbitals (AOs) of the hydrogen atom. There are four quantum numbers and each of
them describes a different property (energy, atomic orbital, orientation, and spin of
the electron) and by combination of these different quantum numbers can be used
to describe the quantum state where the electron exists. The first quantum number
or principal quantum number, n, is described as a positive integer value (meaning
that n=1, 2, 3, ...) and arises from the solution of the radial partial differential
equation of the Schrodinger equation and this value relates to the energy of each
state. Next is the second quantum number or the azimuthal quantum number, [,
described by the colatitude partial differential equation which collects all the
angular dependent factors of the Schrodinger equation, the resulting values are
related to the principal quantum number and can take n-1 values, startingat 0 (Il =
0,1,2,3,n — 1) and depending on the values of this quantum number the shape of
the state (orbital) can be determined. The third quantum number or magnetic
quantum number, my, relates to the former quantum numbers and takes the value of
(m; =0,%£1,12, £3, +1) and describes the orientation of the orbitals described by
n and [ The fourth quantum number or spin magnetic quantum number, ms, is an

intrinsic property of a particle that describes the orientation in which the electrons
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Scheme 3.2 - Schematic representation of s and p orbitals and the possible quantum
numbers associated with each orbital. It's noteworthy the representation of orientation

defined by the m; resulting in the p orbitals being oriented along the X, Y, and Z axis.

angular momentum vector is oriented regarding an imaginary axis (this imaginary
axis, will call it z-axis, can be produced using an external magnetic field resulting in
the electrons adopting a parallel or antiparallel configuration). The spin quantum
number is related to the spin magnetic quantum number by multiplying the spin
magnetic quantum number value with the reduced plank constant, #, resulting in

equation 3.2.

S=mgXh Equation 3.2

The spin quantum number, s, of a particle is a non-negative value (for the electron
this value is s=1/2). When the value of spin is described as vectorial quantity along
the z-axis, ms will adopt values ranging from +s to -s, varying in integer increments.
Each value of ms will depict a different orientation that the vector describing the
projection of the angular momentum that an electron can adopt with regard to the

Z-axis.
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The magnitude of the spin is described as {s(s + 1)}*/?#, so for electrons and

when s=1/2 we observe that the vector obtained will have a magnitude of g h, and
accounting for the orientation factor in regard to the z-axis, from Equation 3.2, will
resultins = + % h. Spin up (a or T) and spin down (S or |) are often used as terms

denoting such spin orientation with the spin up referring to ms =+1/2 and spin down
to ms=-1/2, respectively. In a system of multiple electrons, e.g., a system with two
coupled electrons, there will be a combination of spin values of the electrons in a
total spin value for the system, being a combination of orientation that the various
particles can adopt yielding the total spin quantum number, S, that can be obtained

using the Equation 3.3:
S =s1+5s,51+5,—1,..., |51 — 55| Equation 3.3

where s; and s, are the spin quantum number of each individual electron. So, in the
given example, for two electrons there are two possible values for the total quantum
spin, S=0 (singlet state, with one electron in +1/2 orientation and another in -1/2)
and S=1 (triplet state, with both electrons with the same ms). Spin multiplicity, M,
describes the number of possible configurations in a system of multiple particles

and is described by Equation 3.4,
M=25+1 Equation 3.4

with § the total spin multiplicity. When S=0 there is only one possible configuration
(M=1) of the spins, however if S=1 then there will be three possible configurations
(M=3) for the two particles spins. The total magnetic quantum number, Ms, will have
values comprised between S and —-S and will describe the different possible
orientations obtained for each configuration of the spin multiplicity of the total spin.
So, when S=0 with M=1 there is only one configuration possible (Ms=0) and when
S=1 with M=3 then there will be three possible orientations (Ms=-1, 0, +1). In some
cases, higher values of S are possible (e.g.: S=2) when the system under study
possesses multiple electrons resulting in an even bigger set of orientation being

possible.
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In a quantum system these four quantum numbers can describe the possible
state (or orbital) with a specific energy, shape and orientation in space where an
electron can exist in an atom and the spin that this atom possesses. Two electrons
in the same atom can’t be described by the same four quantum numbers. The Aufbau
principle dictates how the electrons populate the atoms orbitals, starting from the
lowest energy to the highest energy orbital. As each orbital can only contain two
electrons as per the Pauli exclusion principle (that states that no two particles that
are described by a half-integer spin cannot occupy the same quantum state)
resulting a need for the two electrons to have different spin values to be paired in
the same atomic orbital (these two particles will only differ in their spin magnetic
quantum number). When an atom has an open shell configuration the last orbitals
will have a degenerate nature. In this case, and in accordance with the Hund’s rule,
the electrons will populate each individual orbital with one electron each before
pairing them in the same orbital. This reduces the overall energy of the system by
reducing the repulsion between the electrons in the same orbital.

Linear combinations of AOs produce molecular orbitals (MOs), and they
describe molecular electronic structure. MOs are ruled over by the same principles
as the AOs. When considering the reactivity of molecules and the capability of the
molecule to interact with light, two orbitals have especial importance, first the
HOMO that stands for highest occupied MO and LUMO that stands for lowest
unoccupied molecular orbital.

To better understand electronic transitions, one must understand the
influence that light, as an electromagnetic wave, has on electrons, as negatively
charged particles that are susceptible to perturbations produced by said wave
resulting in changes at the atomic and molecular level. If the result of the irradiation
of an atom or molecule by light produces a significant perturbation on the
wavefunction (1) of an electron in the ground state resulting in y; having a high
constructive overlap with wavefunction (y,) of a higher state, then the transition is
probable. Then again, for the transition to occur the photon absorbed by the
electrons must have sufficient energy as to surmount the energy gap necessary to
populate the excited state. Then the molecule, if the transition in fact occurs, will

leave the ground-state to populate an excited-state, leaving the ground state orbital
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with one electron and the excited state orbital with another resulting in a state with
two unpaired electrons. This probabilistic effect is explained by the Fermi Golden

rule, Equation 3.5,

ko p = (|P,)? Equation 3.5

where the k is the rate of the transition from state 1 to state 2 of different energies
respectively described by Y, and y,, p is the density of states that represent
favorable (or constructive) overlap of ¥, and y,; P describes the perturbation
applied on the system that induces the described transition. From the absorption of
a photon, the electron density in a molecule or atom will produce a transition dipole
moment that results from the electrons interaction with the electric field of the
absorbed photon promoting a fluctuation in the electronic cloud. It's through
coupling that such perturbation occurs altering the dipole momentum of the
particle, but the transition is only possible if this transition dipole momentum
orientation is aligned with the electric field of the photon. Large fluctuation in the
electronic cloud result in large transition dipoles, that consequently result in a
higher probability of the transition of occurring.

This transitions from the ground state to higher excited states tend to occur,
in organic molecules, from the HOMO to the LUMO as referred earlier. The energy
associated to such transitions is commonly observed in photons ranging, in the
electromagnetic spectrum, from the near infrared region throughout the visible
region and sometimes close to the ultraviolet region. This results in the general
notion that for electronic transitions of organic molecules the visible spectrum is of
outmost importance as it will be in this region that most of the process will be
assessed and studied. In the following section the behaviour of molecules, as well as

the processes that molecules undergo in the excited state, will be discussed.

3.2. Photoinduced processes

A Jablonski diagram, Scheme 3.3, can be used to schematically depict the

various photoinduced processes that molecules might undergo. In general, most
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molecules are found in the ground state (in So configuration), but when exposed to
light, the photons impacting and exchanging energy with the molecule’s electrons
may have sufficient energy to promote an electronic transition, causing the electron
to populate a higher energy state (excited state, Sn with n21) this process is called
absorption. Each electronic state can also be divided into a set of vibrational states
as these states describe atomic motion in the molecule. When an electron undergoes
electronic transitions, such as absorption or emission, frequently, these transitions
occur from the lowest vibrational level of the starting electronic state and transit to
a higher vibrational level of the final electronic state. Known as the Frank-Condon
principle it depicts that during an electronic transition, that occurs in a relatively
instantaneous manner when compared to the nuclear motion of the atom, is more
likely to occur when the nuclear position has little to no change for the starting and
the final vibrational energy levels, meaning that the two vibrational wavefunction
describing each of these vibronic energy levels have a significant constructive
overlap. In some cases, molecules are also excited beyond the first excited energy
state (Sn or Tn, with n>1, e.g., S2) but from these states the molecules in general tend
to return, in a rather quick manner, to the lowest energy electronic excited-state S1
or T1. This relaxation may occur through internal conversion (IC), which is the
dissipation of electronic energy by converting it to vibrational and rotational energy,
as well as vibrational relaxation (VR), in which the excited vibrational state decay to
the ground vibrational state of said excited electronic state by interacting with the
environment or by converting their energy to other degrees of freedom in the
molecule. These two relaxation mechanisms promote the dissipation of excess
energy, allowing the molecule to return to its lowest energy vibronic and electronic
state. They are non-radiative relaxation processes (processes that do not convert
energy in photons). According to Kasha’s rule, the radiative relaxation process in
molecules, where the energy is dissipated by the emission of photons, generally
occurs in an appreciable yield from the S1 and T1 states.

When the relaxation occurs from S1 to So it can take both the radiative and
nonradiative pathway. The nonradiative decay pathway to So occurs in a similar
manner to the relaxation of Sn (with n>1) to the S1 state, through IC and VR as

referred earlier. The radiative decay pathway from a singlet state is called
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fluorescence and results in the emission of a photon. In some cases, the first singlet
excited state can undergo a process called intersystem crossing (ISC), through spin-
orbit coupling interaction, a change in the spin value (spin-flip) on the excited
electron resulting in the transformation of the Si state to a Ti state. ISC is a
nonradiative process that occurs between two states of different multiplicity which
makes it spin-forbidden. As spin angular momentum changes, the orbital angular
momentum needs to compensate for this transition through coupling. This process
of spin-orbit coupling is dependent on the total angular momentum (the sum of
orbital and spin angular momentums) of the molecule and its magnitude is
proportional to the Z* (Z is the atomic number and corresponds to the number of
protons in the atom). This proportionality describes an increase in the spin-orbit
coupling induced by the presence of heavy atoms (i.e.,, whose atomic number is
large, for example Br, Pb) in the system. This effect can be internal, when the
molecule under study includes heavy atoms in their molecular structure or external,
when the molecules are influenced by the presence of heavy atoms in the
surroundings, such as heavy atoms bearing solvent. In both cases the presence of a
heavy atoms carrying large orbital angular momentums will strengthen the spin-
orbit coupling in the chromophore increasing the likelihood of spin forbidden
process such as ISC of occurring.1-4

From the triplet state, molecules can also undergo radiative and nonradiative
relaxation to the ground state. However, this transition is spin-forbidden and as
there is a need for a spin-flip to occur, the resulting relaxation process to the ground
state will take longer to be achieved. In a nonradiative relaxation from T1 occurs first
through ISC and then followed by VR.

The radiative relaxation from the T1 is known as phosphorescence, and then
again, according to Kasha'’s rule, occurs from the lowest vibrational state of T1. Even
if this transition is a spin-forbidden the molecule can still emit photons from this
state as the spin-orbit coupling that ensured the population of Ti once again

increases the probability of such forbidden transitions.
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Scheme 3.3 - Photophysical processes such as absorption, fluorescence, phosphorescence,
internal conversion (IC), vibrational relaxation (VR), and intersystem crossover (ISC) are
all depicted in the Jablonski diagram. Black lines represent electronic energy levels,
whereas orange lines represent vibrational energy levels. S, and Tn represent the singlet
and triplet states, respectively. Straight and undulated arrows show radiative and non-

radiative transitions, respectively.

In terms of rate constants, fluorescence is faster than phosphorescence as it
normally occurs in a few nanoseconds (10~%s) compared to a few microseconds
(107%5) to seconds for the later process. By determining the rates of all relaxation
processes that a molecule can undergo one can understand the behavior of a
molecule in its excited-state and the predominant mechanism of deactivation of the
excited state. A molecule that transitions from its ground state to higher electronic
state tends to return to it by dispersing the excess energy from the excited state. In
accordance with the principle of conservation of energy, the energy difference
between the excited and ground state will be equal to the sum of the energies lost
during each relaxation process. The sum of the yields for all the decay processes
possible will be equal to 1 meaning that there is always a probability of describing
the systems decay through one of said relaxation processes (¢r + ¢;5c + ¢P1c = 1).
The probability of a molecule of emitting fluorescence is described by the
fluorescence quantum yield, ¢, and this value is described by equation 3.6, were

the kr is the rate of radiative decay representing the number of photons emitted by
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fluorescence, the kar is the rate of nonradiative relaxation corresponding to the sum

of all nonradiative decays (ISC and IC).

rate or N2 of emited photons kr

br = Equation 3.6

rate or N2 of photon absorption - Yknr +kp

Fluorescence quantum yield, ¢, is a process that determines how many photons
are emitted from Si state and is written as the ratio of the number of photons
absorbed to the number of photons emitted by the molecule or chromophore. The
¢r has values in between 0 and 1 but since there are always nonradiative processes
undergoing this value is never reaches unity. In the simplest of cases, the emission
of fluorescence decays in a mono exponential manner and the time it takes for the
depopulation of the first excited state to occur is given by the fluorescence lifetime
or the lifetime of the first excited singlet state, 7s . The 75 is inversely proportional
to the rates of deactivation of that state (Equation 3.7), meaning that the energy of
the excited state can decay in a nonradiative manner (ISC and IC) or through
fluorescence emission. The relation between the ¢ and g, can also be established

as seen bellow:

t ¢

Ts, = St ke — ke Equation 3.7

This expression gives us the mean time that the molecule under study will occupy
this excited state before decaying. The ¢ and 75, are two important parameters
used to describe the S1 state and its deactivation behavior and can be obtained
experimentally. The 75, can be obtained by fitting an exponential decay function to
the observed fluorescence decay, while the ¢ can be quantified using two distinct
methods, the absolute and the relative methods.

The absolute method consists in the direct quantification of the fluorescence
quantum yield by the variation of the number of absorbed/emitted photons
requiring the use of an integration sphere to quantify the intensity of the

fluorescence emission. While the relative method uses a reference compound with
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a well established ¢y value to which the sample will be compared. Equation 3.8
shows the fluorescence quantum yield equation for the relative method used during

this work.

2
Ab I .
Or sampte = Prref ( oref ) ( Sample) ( Tsample ) Equation 3.8

AbSsample Iyer Nreference

where the ¢p,.r is the fluorescence quantum yield of the known reference. The
Absyer and AbSggmpie are the absorption at the excitation wavelength of the
reference and of the sample, the I, and I4p,. are the integrated values for the
fluorescence emission obtained for the reference and the sample, and the n,.; and
Nsample are the refractive indexes of the solvent used in the reference and sample,
respectively. In general, the samples are degassed, and the Abs,.r and AbSsgmpe are
measured then the sample can be excited at the set wavelength obtaining the I,..f

and Lsampie-

3.2.1. Absorption features of porphyrins

Porphyrins are a spectacular chromophores and their structure consists of
four pyrrole rings linked to one another through methine groups producing a cyclic
aromatic macrocycle. From their aromaticity, the porphyrin has 18-m electrons in
its conjugated system delocalized throughout its structure. This characteristic
ensures that the porphyrin has a strong absorption across a broad range of
wavelengths, generally absorbing from 400 to 750nm. This absorption is very
characteristic to this kind of macrocycle and was described by many but most
noteworthy was the work done by Gouterman.>-8 He proposed that in the case of
free-base porphyrins their absorption profile came from their conjugated electronic
system, more precisely from their - transitions, that would be produce from the
four molecular orbitals, that Gouterman labeled as b1, bz, c1, and c2. The b orbitals
correspond to the highest occupied molecular orbitals (HOMO and HOMO-1) and

have two types of symmetry aiu and azu while the c orbitals correspond to the lowest

60



Photophysical characterization of the TTA-UC system and its components

unoccupied molecular orbital (LUMO and LUMO+1) and have eg symmetry, their
representation can be seen in Scheme 3.4.

The absorption spectrum profile is characterized by having several absorption
bands, Platt characterized them as Q-bands for the lower energy ones and B-band
(or Soret band) for the higher energy one.?10 Gouterman also says that the B band of
higher intensity near the ultra-violet region (around 400nm range) originates from
b2—>(c1,c2) allowed transitions and can have two transition split states, Bx and By,
taking into account the direction from which the transition occurs to the excited
state. This directional factor is obtained by dividing the porphyrin planeinaxand y
axis (with a slightly distorted perpendicular overlap of the axis that is produced by
a small distortion along the porphyrin plane) over which each corresponding
transition will proceed. The four Q bands with lower intensity (around 500-750 nm)
originate from b1—>(ci1,cz2) forbidden transitions, and in a similar manner to the
previous bands, will also have split transition states, namely Qx and Qy. Deriving
from this notion, and from the fact that when the porphyrin is excited from its
fundamental state (and consequently from its lowest vibrational level) to the lowest
vibrational level of its excited state we can represent the bands as Bx(0,0), By(0,0),
Qx(0,0) and Qy(0,0). Sometimes the transition occurs with a consistent vibronic
energy separation from the fundamental vibronic state, (0,0), producing a vibronic
overtone which in consequence produces splitting in the Q bands that can be
characterized as Qx(1,0) and Qy(1,0).

In general, the absorption spectrum profile of the free-base porphyrin only
presents a single B-band resulting from the overlap of the Bx and By transition. Also
in recent accounts, the complex nature of the electronic transition has seen a lot of
attention, especially for the B band, for the possibility of mixing transitions

produced by vibronic coupling that may complicate its understanding.11.12
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Qy By

Scheme 3.4 - A) Adapted representation of Gouterman’s proposed porphyrin Molecular
Orbitals (HOMO and LUMO) for D4, symmetry with the nodes being represented by dashed

lines.5

Metalloporphyrins arise from the insertion of transition metals in the
porphyrins core, this insertion produces a change in the symmetry of the
macrocycle from a Dzn to a D4h symmetry, as seen in Scheme 3.5. In agreement with
the change in the symmetry, the d-orbitals of the metal will interact through
coupling with the m-electronic system of the macrocycle, promoting: (i) a planar
structure; (ii) and change in the energy of the orbitals producing degenerate
orbitals, meaning that the x and y polarized transitions will be equal, resulting in a
single B band and two Q bands (Q(0,0) and Q(1,0)).

The type of metal that would be inserted would be characterized by
Gouterman as “open shell” or “closed shell” metal depending on its valence electrons.
A “closed shell” metal has the last orbital completely empty (in the case of d? e.g,,

Ba*Z) or completely full (in the case of d?¢ e.g., Cd*2) while an “open shell” metal has
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incomplete valence with paired (diamagnetic d¢ e.g., Pd*2) or unpaired electrons
(paramagnetic d? e.g., Cu*2). The “closed shell” metal will exhibit spin-orbit coupling
but to a smaller degree when compared to the “open shell” metals that have
incomplete orbitals. The “closed shell” metals spin-orbit coupling will depend
mainly on the atomic number of the metal, as referred to earlier. Metal such as Mg
have small spin-orbit coupling resulting in a strong fluorescence and weak
phosphorescence, on the other hand the Ba has a high atomic number leading to a
strong spin-orbit coupling resulting in weak fluorescence and strong
phosphorescence emission. The “open shell” (d" with 1<sn<9) metals can have an
incomplete valence with paired electrons, such as palladium, where the
phosphorescence emission is enhanced by spin-orbit coupling on the n—=n
transitions populating the lower laying triplet state. In the case of “open shell”
metals with unpaired electrons a charge transfer state can occur, since these metals
are good electron acceptors and by interacting through coulombic exchange with it
the porphyrins fluorescence is quenched by enhancing nonradiative transitions.
“Open shell” metal atoms can also promote two different effects in the spectral
profile of the porphyrins, a bathochromic shift or an hypsochromic shift. The word
bathochromic is derived from the prefix “Batho-“ which derives from the Greek
“bathys” meaning “deep” and the suffix “-chromic” derived from the word “chroma”
meaning color, the phenomenon is described as color change and a shift in the
molecule’s spectral bands to a higher wavelength. One such shift is also known as a
red-shift and can be observed by introducing in the porphyrin atoms, such as,
manganese(IIl) and tin(II). On the other hand, hypsochromic derives from the prefix
“hypso-" from the Greek word “upsos” which translated means “height”, and
contrary to the bathochromic shift, will produce a band shift to lower wavelengths,
resulting ultimately in the change of the color of the molecule and its spectroscopic
properties. This shift is also commonly known as a blue-shift and can be obtained

by incorporation of atoms like palladium(II) and platinum(II) in the porphyrin core.
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3.2.2. Spectroscopic and photophysical measurements

After the synthesis of the free-base porphyrins and respective
metalloporphyrins the work continued by performing a spectroscopic analysis of
the compounds. The metalloporphyrins are to be used as photosensitizer in a
formulation of a TTA-UC system, thus, the purity of the compounds must be
guaranteed to reduce the probability of any unwanted chromophores the system
that could influence the desired photophysical effect. After the synthesis and
purification of the compounds the fluorescence emission and excitation spectra
were collected to ascertain the presence of the desired metalloporphyrin. It's worth
mentioning that two distinct methods were used in the synthesis of the
metalloporphyrins, as referred in Chapter 2, the DMF and the acetonitrile method.
The latter method was employed as the main synthetic procedure since it produced
the desired compound without free-base porphyrin impurity. The purity of the
metalloporphyrins was proven spectroscopically, see Chapter 6.2.

The characterization of the TTA-UC system’s sensitizers starts by considering
the absorption spectrums of the free-base porphyrins and their metalated
equivalents as seen in Figure 3.1, and determining the correlation between its

concentration and absorption through the Beer-Lambert law:

AD) =1*xCxe(N) Equation 3.9

with £(4) the molar extinction coefficient (mol cm-1 L-1) at a wavelength A (nm), C
the concentration in solution (mol/L), [ the optical path and A(4) is the absorption.
From this equation (3.9) a fundamental relation between the concentration of a
chromophore molecule in solution and the quantity of light absorbed is established.
Also, from this equation the molar extinction coefficient is determined specific

chromophore under study.
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Figure 3.1 - Room temperature absorption spectra for the investigated porphyrins in 2-
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methyltetrahydrofuran (in inset a zoomed area where the Q-bands are easily

distinguishable).

To obtain the molar extinction coefficient for the various porphyrins,
individual solutions were prepared with known concentrations of chromophore.
For each solution several spectra with different concentration but with the same
volume were taken. The plot of the absorbance (1) vs. chromophore concentration
were fitted with a first order for the equation, with the slope yielding the molar
extinction coefficient (see annex 6.1). The results for the free-base porphyrins
synthesized in this work are presented in Table 3.1 and the results for the metal
bearing corresponding porphyrins can be seen in Table 3.2.

This constant determines the quantity of light that a chromophore under
study can absorb at a set wavelength. This constant is not only dependent on the
compound under study it also depends on the condition applied to the system such

as the solvent used, the pH of the solution, the temperature and the concentration.13-
15
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Table 3.1 - Molar Extinction Coefficient (&) of free-base porphyrins, obtained in the

wavelengths of the corresponding band peaks in 2-MeTHF solution.

Amax (NM), g(L.molcm™?)

B(0,0) QY(l’O) QY(OIO) Qx(l,O) QX(OIO)
Compound
1 (416nm) (512nm) (545nm) (588nm) (644nm)
2.1x10° 1.7 x 104 8.0 x 10° 7.2 x 103 3.7 x 103
3 (420nm) (517nm) (553nm) (596nm) (650nm)

3.7 x10° 1.1 x 104 9.8 x 103 4.4 x 103 4.8 x 108

Table 3.2 - Molar Extinction Coefficient (g) of palladium(II)porphyrins, obtained in the

wavelengths of the corresponding band peaks in 2-MeTHF solution.

Amax (M), g(L.moltcm™?)

B(0,0) Q(1,0) Q(0,0)
Compound
1Pd (414nm) (522nm) (552nm)
5.8 x 10° 2.2 x 10 1.8 x 103
3Pd (419nm) (525nm) (561nm)
6.1 x 10° 2.1 x 104 2.0x 108

From the analysis of the absorption spectra, in Figure 3.1, of the free-base
porphyrins it is noted that the TPP and Tri-Alkyl have a similar spectrum with the
Soret band (corresponding to So—S2 transitions) being found at 416 and 420 nm,
respectively.

The introduction of the electron donating groups (alkoxy- and hydroxyl-
groups) in the para-positions of the porphyrin core is responsible for the
bathochromic shift and increase in the molar extinction coefficient of the Soret band,
going from the 1 to the 3 derivative.1617 This effect result from the lowering of the
energy barriers between the ground and excited states by lowering the energy gap
between the HOMO and LUMO orbitals.16-18 This effect seems to originate from the
oxygen groups, these electron donating groups have nonligand electrons that can be
delocalized to the macrocycle of the porphyrins promoting the observed band shift.
From the literaturel®1° it can be seen that alkyl chains don’t seem to meaningfully

impact the absorption spectrum of porphyrins proving that most likely the effect on
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the absorption of the porphyrin comes from the oxygen atom alone. With the
insertion of palladium in the porphyrin a small blue-shift for the Soret-band, of
about 1 to 2 nm, is observed when compared to the free-base porphyrins absorption
spectra (Figure 3.1). Moreover, the Q band after metalation, as described earlier, will
degenerate from four bands to only two Q(1,0) and Q(0,0), see Table 3.2.
Palladium(II) with an electronic configuration of [Kr] 5s° 4d® and a diamagnetic
nature (as (dy, and dy,)* (dy,)? and (d,2)? orbitals are fully filled leaving the
(dy2_,2)° orbital unfilled) form a closely packed coordination complex with the
porphyrin ring resulting in a square planar configuration, as the porphyrins acts as
a tetradentate ligand with the metal in its center. The blue-shift in the absorption
spectra after complexation has its origin in the strong interaction between the
electrons in the d-orbitals of the metal (dxz and dy. orbitals), which are
perpendicular to the porphyrin ring, and the eg(m*) orbital of the porphyrin. This
results in the increase of the energy gap between the HOMO and LUMO orbitals
promoting the observed spectral shift to higher energies.®2021 One more aspect
observed from the absorption spectra is the low ratio of the Q bands (Q(0,0)/Q(1,0))
that results in the Q(1,0) band being much more pronounced than its Q(0,0)
counterpart. This effect originates from the energy difference from the So ground
state to the Si1 excited state, as by having a very similar energy or being almost
degenerated, resulting in their transition dipoles nearly canceling out and the near
disappearance of the Q(0,0).20

Following the analysis of the sensitizer absorption characteristics the focus
shifted to the characterization of the fluorescence emission spectra under
atmospheric air and degassed conditions for the solutions of 1Pd and 3Pd in 2-
MeTHF which were in agreement with the reported literature, and are presented in
the Figure 3.2.22-24 In Figure 3.2 A), the luminescence spectrum at atmospheric
oxygen conditions has a similar profile for both porphyrins whit one emission band
with two peak maxima. 1Pd has its peak maxima at 560 and 608 nm while the 3Pd
has its maxima at 569 and 613 nm, with a short red shift when compared to the
latter which were associated to the palladium porphyrin small residual fluorescence
emission corroborated from the literature.24-26 On closer inspection of the

luminescent spectrum a very small emission band appears in both
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metalloporphyrins at higher wavelengths (higher than 675nm), this band was
assigned to room temperature phosphorescence that wasn’t fully quenched by the
molecular oxygen in solution. Further in this work, studies of oxygen singlet
generation by 2-MeTHF solution of the metalloporphyrins under atmospheric
oxygen conditions were conducted that validate this claim.

Although small the fluorescence quantum yields for both metalloporphyrins
were quantified using the comparative method, with TPP in toluene as the reference
(¢£=0.11) resulting in values of 1.83 X 10™* and 2.17 X 10~* for 1Pd and 3Pd,
respectively.222527.28 The fluorescence lifetimes were not quantified since the small
intensity of the signal was not picked-up by the experimental apparatus detector.

Following the investigation of the triplet-state dynamic, taking a closer look
at the phosphorescence, its lifetimes, the singlet oxygen generation, and the
transient absorption spectra of the synthesized metalloporphyrins. In figure 3.2 B),
the spectra of the metalloporphyrins solution purged of molecular oxygen can be
seen, were the room-temperature phosphorescence is revealed. The profiles for the
phosphorescence emission of both porphyrins are relatively similar to what is found
in the literature resulting from T1—So transition (resulting from the low-lying state
(mt*)).26:29 Both 1Pd and 3Pd had very intense phosphorescence emission with peak
maxima at 696 and 771nm and at 715 and 783 nm, respectively. The observed red-
shift in the phosphorescence emission of 3Pd when compared to 1Pd is assigned to
the electron donating nature of the oxygen groups found in the para-position of the
3Pd derivative, since these substituent groups tend to reduce the energy gap
between the HOMO and LUMO states by increasing the electronic density and
energy of the HOMO orbital, while the energy of the LUMO orbitals remains

unchanged.17.18

69



Photophysical characterization of the TTA-UC system and its components

1.0 T T T
A) —— 1Pd
os ——3Pd
30.6
z
92_'3 0.4

0.2

550 600 650 700 750
A(nm)

1.0 '

L]
0.014

0012

0010

08— 1Pd
— 3Pd

0,008

0.006

0.004

e
o
L]

0002

0,000

560 580 600 620
Wavelenght (nm)

o
>

Intensity (a.u.)

0.2

0.0

600 700 800 900
A (nm)

Figure 3.2 - Room temperature photoluminescence spectra for the investigated porphyrins
in 2-MeTHF solution (A) under atmospheric air (arrow signals a small room temperature
phosphorescence emission peak not being fully quenched by atmospheric oxygen); (B)

under nitrogen degassed conditions (in inset the residual fluorescence emission).
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Figure 3.3 - Room temperature phosphorescence decays for the investigated porphyrins in

N degassed 2-MeTHF solutions collected at the corresponding phosphorescence emission

maximum.

The 1Pd has a phosphorescence lifetime of 167 us and 3Pd has a
phosphorescence decay of 140 us and can be seen in Figure 3.3. The
phosphorescence lifetimes obtained for the investigated porphyrins samples
remain approximately constant. Nonetheless, the small observed difference can fall
in the experimental error, the smaller phosphorescence lifetime of the 3Pd could be
attributed to non-radiative relaxation interaction that the bulkier porphyrin has
with the solvent. Indeed as previously reported the solvent also decreases the
luminescence quantum yields apart from the lifetimes since it promotes the non-
radiative relaxation of the chromophore, and this effect increases with the polarity
of the solvent.30 The room temperature phosphorescence lifetimes for 1Pd were
reported to be 208.5 us31 and 401 us3% in degassed 2-MeTHF and toluene solutions,

respectively. Thus, in good agreement with the values obtained in the present study.
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Figure 3.4 - Singlet oxygen phosphorescence measurements collect with excitation at
355 nm and emission at 1270 nm for the palladium porphyrins under study and the

reference compound TPP in aerated 2-MeTHF and toluene solutions, respectively.

Singlet oxygen photosensitization quantum yields for the metalloporphyrins
were obtained following laser irradiation at 355 nm of aerated 2-MeTHF solutions
of the compounds and comparing the singlet oxygen phosphorescence signal with
that generated by photosensitization of a reference compound (TPP in toluene,

A = 0.66)33 see Figure 3.4. The obtained values for 1Pd and 3Pd are ¢, = 0.46 and
A = 0.30, respectively. These values are far lower than the values reported in the

literature for similar palladium porphyrins (¢, = 0.90)34 in CH2Cl2 demonstrating

that the singlet oxygen photosensitization efficiency (S), = %) is not unitary. These
T

findings support the observation of room temperature phosphorescence emission

in the aerated solutions of the metalloporphyrins, Figure 3.2 A).
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Figure 3.5 - Nanosecond time-resolved transient absorption data for a) 1Pd and b) 3Pd
collected with excitation at 420nm (the gap between 400 and 431nm was made to limit the
instrumental influence on the data). In inset presents the transient absorption decay

collected at 461 nm.

To better understand the excited state dynamics of the sensitizers, the
molecules were studied by nanosecond-transient absorption spectroscopy. The
data obtained for the studied porphyrins in 2-MeTHF degassed solutions can be

seen in Figure 3.5. The transient absorption experiment for a pure sample of 1Pd
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revealed a triplet-triplet absorption bands in the range 428-516 nm and 532-
700nm, together by a negative signal in the 516 - 532 nm range, attributed to the
ground-state absorption of the Q-band of these derivatives. The signal intensity
variation over a period of time can also be observed at a specific set wavelength, we
choose the triplet-triplet maximum at 465nm and at 457nm for 1Pd and 3Pd,
respectively. The triplet lifetimes of the referred triplet-triplet maximum were
627 ns and 1.3 us for the 1Pd and 3Pd, respectively (Table 3.3). In the literature?22.25
the 1Pd triplet state has a lifetime vales of 110 ps?2 in degassed 2-MeTHF solution
and 225 us?5 in degassed toluene while having values two and three orders of
magnitude longer than the values obtained experimentally for the 3Pd and 1Pd,
respectively. On the other hand the value of 0.336 us2> in air saturated toluene
solution comes closer to the values obtained experimentally. The observed
difference in values of triplet lifetimes of the studied porphyrins compared to the
literature values was attributed to the degassing method. The freeze-pump-thaw
procedure used by Hooi Ling Kee et al.22 allows a full removal of molecular oxygen
from the porphyrin's solution, in contrast to the degassing of the solution utilizing a
N2 gas stream, which appears to be incapable of degassing the sample in the same
thorough manner.

All the spectroscopic data obtained in chapter 3.2.1, of the investigated
metalloporphyrins (1Pd and 3Pd) in solution with the data obtained of solid-state

films of pure sensitizers, can be seen in table 3.3.
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Abs
max’

Fluo

Table 3.3 - Spectroscopic (absorption, A fluorescence, A,

and phosphorescence

Phosph

emission maxima, 4,,,.° ) and photophysical data (fluorescence quantum yields; , ¢,

phosphorescence, tp, and triplet state lifetimes, tr, together with singlet oxygen

sensitization quantum yields, ¢,) for the metalloporphyrins in 2-methyltetrahydrofuran

solution and in solid state (cellulose acetate films) at 293 K.

Ao Aie? or APhospR ey g T
Compound (nm) (nm) x10-4 (nm) (us) (ns)
1Pd 414;522;552 560; 608 1,83 696; 771 167 0,46 627
1Pd Film 415; 522; 556 - - 699; 777 62 - -
(0.5mg 1Pd)
3Pd 419;525;561 569; 613 2,17 715;783 140 0,30 1272
3Pd Film 423;527; 562 615 - 718; 788 66 - -
(0.5mg 3Pd)

3.3. Immobilization in Solid matrix and Spectroscopic characterization of the TTA-

UC system

The assembly of the TTA-UC system was made using as building blocks the
sensitizers (palladium porphyrins) mixed with the annihilator (TPE) and as the
immobilization matrix cellulose acetate was used, producing cellulose acetate films
with TTA-UC capabilities. When working in the solid state, common organic
fluorophores tend to become weakly emissive or lose their emission in its entirety
due to aggregation-caused quenching (ACQ). ACQ causes the quenching of
luminescence molecules due to strong interaction with adjacent molecules through
-1t stacking, in the aggregate or solid phases, leading to deactivation through non-
radiative pathways.35-37 Some molecules can experience the opposite effect,
resulting in these chromophores having little to no emission in solution, but when
aggregation is promoted or they are found in the solid state, they develop an
emission; this process is also known as AIE (aggregation induced emission). TPE is

one such molecule, and when in solution, the intramolecular rotation of its four
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phenyl groups leads to the excited-state being predominantly deactivated through
radiationless transitions. Constraints in the molecular rotation of the phenyl groups,
as in the solid or aggregated states, lead to the restriction of the non-radiative decay
pathways leading to the emission of the compound. The characteristics of AIE
luminogens make them an very attractive group of molecules for application in the
construction of solid state system compared to conventional fluorophores.38

As for choice of polymeric matrix we decided to use cellulose acetate.
Cellulose acetate (CA) is produced from the acetylation of cellulose, one of the most
abundant biomaterials on earth. This polymer matrix has been used in several
optical systems for its good optical transparency, mechanical strength, and the fact
that it is a biogenic material makes it ideal to be used as the matrix of the TTA-UC
system.39-42

Preliminary CA films were produced containing only annihilator or
sensitizer. The absorption and emission spectra of the films were taken, as seen in
Figure 3.6 and the values of the maximum peaks for each band are presented in
Table 3.3. The films containing pure TPE display three absorption maximum at 211
nm, 241 nm, and 304 nm. When excited at 310 nm, a strong emission between 400
and 600 nm with a maximum at 465 nm is observed related to the prompt
fluorescence of TPE in the solid state. The films bearing only porphyrins also had
their emission data accessed after excitation at the Soret band maximum. The
resulting fluorescence emission was very low just as in solution leading to only the
phosphorescence being characterized. The phosphorescence emission of the
studied porphyrin in solid state presents a similar profile to the room temperature
phosphorescence spectra in 2-MeTHF solution (with a small red-shift). The
phosphorescence emission for the 1Pd exhibits two bands with maximum the first
at 699 nm and the second at 777 nm, while for the 3Pd the phosphorescence
emission also displays two maximum centered at 718 and 788 nm. The
phosphorescence decays collected from the polymeric blends containing only 1Pd
and 3Pd, were found to be well fitted with a monoexponentially decay law, with

phosphorescence lifetimes, teh, of 62 us and of 66 us, respectively (Table 3.3).
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Figure 3.6 - Normalized absorption/emission spectra for the investigated sensitizer (blue

and red spectra) and annihilator (black spectra) molecules in cellulose acetate films.

Giorgio Macchi et al*3 obtained similar results when preparing polymeric
blends of cellulose acetate with palladium octaethylporphyrin under atmospheric
air conditions (60 us). However, they demonstrated that preparing the same
polymeric films in a glove box and with deoxygenated solvent results in an increase
of the tph (1.2 ms). This shows that under atmospheric conditions the presence of
oxygen in the sample is inevitable leading to a decrease in the phosphorescence
lifetime of the films. When comparing the values obtained in solution and in the
polymer films, as expected a reduction of the phosphorescence lifetime is observed,
since the solution samples analyzed were deoxygenated with N2, reducing the
presence of oxygen in the sample. Monguzzi et. al prepared CA films with a similar
loading of sensitizer and when combining the annihilator in the polymeric films they
observed a substantial decrease of the phosphorescence decay (<3 us), which gave

support for their observation of efficient TTA-UC in a very efficient manner.40
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Figure 3.7 - Phosphorescence decays comparison of cellulose acetate polymer film with
loadings of only 1Pd (1.39 x 10~* M) with films with TPE (0.015 M) and the same loading
of 1Pd.

3000 pr T T T T T T

2500 3Pd without TPE (tp,=66 ps)
o 3Pd with TPE (tp,(1)=38 ps

and 1p,(2)=121 ps) .

)
N
[=]
o
o
T

1500

1000

Intensity (a.u.

500

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (Ms)

Figure 3.8 - Phosphorescence decays comparison of cellulose acetate polymer film with
loadings of only 3Pd (9.84 x 10~° M) with films with TPE (0.015 M) and the same loading
of 3Pd.

The effect of the annihilator presence in the system was studied by collecting

the phosphorescence emission at the peak maximum of the investigated sensitizer,
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the results are shown in Figures 3.7 and 3.8. Polymer films containing solely
sensitizer were fitted with a mono-exponential decay law while the films containing
both sensitizer and annihilator were better fitted with a bi-exponential decay law.
This observation suggests that the films compositions have two distinct populations
of sensitizer, those that have access to the annihilator and those that have not. In
films containing 1Pd and annihilator the phosphorescence lifetimes are 50 ps and
143 ups, while for films containing 3Pd and annihilator the phosphorescence
lifetimes are 38 us and 121 ps. This bi-exponential behavior was attributed to: (i)
the sensitizer molecules with TPE in their proximity have short decay lifetimes,
stemming from the emergence of a new decay route for the deactivation of the
sensitizer's T1 excited state (energy transfer to the TPE); (ii) additionally, the films
will also have a population of sensitizer molecules that do not have TPE molecules
nearby, causing the sensitizer to decay in a monoexponential manner having longer
decay lifetimes. The transfer of energy occurs through the Dexter mechanism, as
referred earlier (Chapter 1.4), requiring the close proximity between the species as
to promote the overlap of their orbitals, since the components positions are static
the collisions are negligible, leading to limitations on the number of overlapped
components leading to reduced energy transfer. This incomplete deactivation of the
sensitizer triplet state by energy transfer to the surrounding annihilator molecules
leads to two conclusions, first the components concentration may not be the most
adequate to ensure complete energy transfer and second the distribution of the
components in the matrix may not be the most efficient, therefore leading to less
favorable energy transfer, as the formation of trap states is still a factor to be
controlled.

The intensity of the TPE delayed upconversion emission (obtained by TTA-
UC) in the films was accessed using a Horiba-Jobin-Yvon FL3.2.2.
spectrofluorometer (equipped with a 450 W Xenon lamp as excitation source) while

the irradiation was performed at 560 and 600 nm.
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Figure 3.9 - Comparison between prompt fluorescence (black line) of the TPE when excited
at 310 nm and upconversion emission (red line) of TPE in the polymer blend film of 1Pd

(1.39 X 10~* M) when irradiated at 650 nm.

In Figure 3.9, a luminescent emission spectra of a cellulose acetate film
loaded with TPE (15 mM) and metalloporphyrin (1.39 x 10~* M) is shown. In the
spectrum the comparison of two emission were made at the same wavelength,
depicting the radiative decay of TPE, when the films were excited at 310 nm (in
black), a region where the TPE absorbs, and at 560 nm (in red) a region that only
the porphyrins emit. The observation of emission even when the film was excited at
a wavelength far from the TPE absorption region leads to the conclusion that the
resulting emission, seen in red, being assigned to the delayed fluorescence by the
TTA-UC process. To optimize the polymeric films, several samples of polymeric
blends were prepared with different loadings (concentrations) of porphyrin while
maintaining the same concentrations of annihilator (15 mM) to ascertain at which
sensitizer concentrations the upconversion has higher intensity.4%44 In Figure
3.10A) the obtained upconverted emissions for the various films with different
loading of 1Pd when irradiated at 560 nm while the point B) represents the relation

between the concentration of each polymeric film and the maximum intensity of the
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Figure 3.10 - A) upconverted emission of various cellulose acetate polymer blends with
different loading of 1Pd while maintaining the concentration of TPE (0.015 M), when
irradiated at 560 nm; B) maximum intensity concentration relation plot showing the

concentrations with the highest upconversion intensity.
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Figure 3.11 - A) upconverted emission of various cellulose acetate polymer blends with
different loading of 1Pd while maintaining the concentration of TPE (0.015 M), when
irradiated at 600 nm; B) maximum intensity concentration relation plot showing the

concentrations with the highest upconversion intensity.

emission. Higher concentration of sensitizer may not always provide a high
emission of upconversion. This fact can be proven with the data in Figure 3.11 where

the films with the highest concentration are those with the lowest intensity of
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Figure 3.12 - A) upconverted emission of various cellulose acetate polymer blends with
different loading of 3Pd while maintaining the concentration of TPE (0.015 M), when
irradiated at 560 nm; B) maximum intensity concentration relation plot showing the

concentrations with the highest upconversion intensity.
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Figure 3.13 - A) upconverted emission of various cellulose acetate polymer blends with
different loading of 3Pd while maintaining the concentration of TPE (0.015 M), when
irradiated at 600 nm; B) maximum intensity concentration relation plot showing the

concentrations with the highest upconversion intensity.

upconversion. The concentration of sensitizer was lowered gradually resulting in a
concomitant increase in upconversion intensity. When a film with the concentration

of 1.32 X 10™* M was measured the resulting upconversion intensity was smaller
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than for case the previous concentration of 1.39 x 10~* M which was identified as
the best sensitizer concentration for this system.

The same concentration studies were performed for the 3Pd obtaining
similar results as shown in Figure 3.11 and 3.13. The film with the best upconversion
emission has a concentration of 1.95 x 10™* M a slightly higher concentration that
for 1Pd (1.39 x 10~* M). As seen with 1Pd high concentrations of sensitizer doesn’t
favor the increase in upconversion intensity but even so 3Pd film with the best
upconversion emission had a higher concentration than for the previous porphyrin.
This effect is, most likely, related to the increased solubility in THF that the alkyl
chains provide in the porphyrin leading to a better distribution of the sensitizer
within the polymer matrix. Whit the analysis of the same polymer films but with
excitation set at 600 nm lead to upconversion similar to the one observed in 1Pd
with the highest upconversion being again in the film with 1.95 x 10~* M sensitizer
concentration. Nonetheless, the polymer film of 3Pd with 2.5x107*M
concentration had an unexpected high upconversion emission, when excited at this
wavelength, closing in intensity to the film with the best concentration conditions.
Additional testing is required to solidify the observed effect as there are still a lot of
variables to consider such as the random distribution of the components in the
matrix as well as the production of aggregated state, or even the production of
crystalline structures within the material.4546

In addition, while in solution the palladium porphyrins don’t absorb at 600
nm in the polymer blend films a small absorption band (aggregates) can be found
centered at this wavelength. The irradiation of the polymer films in this region lead
to an upconversion emission, although smaller than when irradiated at 560nm the
upconversion was still detected. The results of this study are shown in Figures 3.11
and 3.13 and a plausible explanation for the observed effect may come from the
formation of a small quantity of “J-aggregates” dispersed in the film, that although
small had the capacity to promote upconversion with TPE molecules adjacent to the
aggregate. This results show promise in the formulation of materials, such as the
films produced in this work, that have in their composition aggregates capable of
emitting delayed fluorescence (by TTA-UC) while being excited further in the

electromagnetic spectrum (at higher wavelengths).
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The prompt fluorescence observed has five-times the intensity of the
strongest upconversion emission, this result could be expected since not all the TPE
molecules are in contact with the sensitizer (as seen previously) and/or form
adequate collisional pockets that lead to upconversion. The upconversion could
achieve higher values of intensity at the same concentration of sensitizer by
changing the concentration of annihilator leading to better concentration condition.
The same could be said about the distribution of the components in the polymeric
matrix, since the type of casting employed in this work resulted from the diffusion
of both the sensitizer and annihilator in the polymer matrix leading to, most likely,
production of inhomogeneous polymer films that could be plagued by formation of
trap states.

Overall, the observed upconversion emission is quite strong when exciting at
the last Q-band (650 nm) of the porphyrin while the excitation at 600 nm was small
it ascertained the presence of a small number of J-aggregates as well as the
possibility for them to promote TTA-UC. This demonstrates the viability of this
system to be used in the construction of a solid TTA-UC material with application in
bioimaging based on upconverting aggregates showing that show promising results

in the upconversion of radiation closer to the therapeutic window.47:48
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4. Conclusion and Future Research Prospects

In this work, solid-state polymeric films with delayed fluorescence emitting
capabilities, employing the TTA-UC mechanism, were conceived. For this end,
palladium porphyrin, 1Pd and 3Pd, were successfully synthesized and purified
allowing for its use as the systems sensitizer or acceptor molecule. The
metalloporphyrins were characterized with various distinct methods, allowing for
the quantification of the fluorescence and to determine the regions of absorption
and emission of the components in the system. The palladium bearing porphyrins
in this study exhibited strong phosphorescence accompanied with a very weak
emission of fluorescence (¢r values in the 1.8 to 2.2 X 10~* range), an expected
behavior of porphyrins containing heavy atoms that facilitate the ISC process
through a strong spin-orbit coupling. The phosphorescence lifetimes and the triplet
state lifetimes although quenched by the presence of oxygen in both solution and
solid state showed promising results since by thorough elimination of the molecular
oxygen these values are expected to increase to values described in the literature.
The sensitizers: annihilator pairs were successfully encapsulated in cellulose
acetate polymer matrix, while accessing the best concentration of sensitizer to
achieve the best TTA-UC emission. More so, the observation of delayed fluorescence
of TPE with a standard spectrofluorometer demonstrated the viability of the
developed TTA-UC pairs to be used with low excitation power, which could be
interesting for application in the bioimaging domain (thus avoiding tissues damage

through the use of lasers of higher energy).

All things considered, the current research resulted in the development of a
solid-state TTA-UC emitter system with an upconversion emission (excited at
560nm) of 1/5 the intensity of the prompt fluorescence (excited at 310nm), which
is a particularly good result. Nonetheless additional tests are needed, to ensure that
the polymeric blend films achieve stronger upconversion emissions with more

efficient energy transfer.
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Future work should focus primarily on enhancing the TTA-UC system's
optical, structural, and mechanical capabilities. One way that the optical capabilities
of the system could be enhanced would be through the covalent linkage between the
sensitizer-annihilator pair. This modification would ensure constant contact and
proximity between the two components, allowing for a more efficient energy
transfer between the components. This covalently linked system could form
emissive aggregates, that are less prone to trap states formation, leading to
enhanced upconversion emission while at the same time promoting a red shift in
the absorption closer to the NIR region. Likewise, cellulose acetate polymer films
require further analysis of their characteristics to underline the viability of the solid-

state material to be used in bioimaging techniques.
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Annex

5. Experimental section

This section of the work is intended to provide a clear, detailed, and extensive
description on how the work presented in this thesis was performed, including the
different methodologies used, synthesis routes, purification, and characterization
techniques. The chapter is divided into 2 parts, the first, named “Techniques and
Purification” that describes the techniques used, and the pre-work-up done on
solvent and other compounds. The second, named “Experimental Work” being
destined for the synthesis and description of all the products and intermediaries in
this work. All the numerical designation for the compounds were maintained the

same throughout the work.

5.1. Solvents and Reagents

Reagents were purchased from Sigma-Aldrich, Merck and were used with the
purity described by the supplier. All solvents used in the course of this work were

purified by distillation or drying according to procedures described in literature.!

5.2. Instrumentation and methodology

5.2.1. Chromatography

Two types of chromatography were employed during the work, thin layer
chromatography (TLC) using silica plates 60 and silica gel column chromatography
using grade 60 silica . The eluent used for each chromatography was considered
depending on the compound. A UV250 lamp was used to identify the compounds

when its identification was not possible through the naked eye.

5.2.2. Absorption spectra

All spectroscopic data regarding the absorption of light in the Ultraviolet-
Visible range were determined using a Shimadzu U.V.-2100 and a Hitachi U-2010

spectrophotometer. The spectra were measured using a quartz cell with 10 mm of
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optical path. The solvent used for the spectroscopic measurements was 2-MeTHF,

except for the free-base TPP data (reference) which was collected in toluene.

5.2.3. Fluorescence Emission/Room Temperature Phosphorescence Emission

Spectroscopy

The fluorescence emission and excitation spectra were carried out at room-
temperature using a Horiba-Jobin-Ivon SPEX Fluoromax 3.22 spectrofluorometer
equipped with a 450 W Xenon lamp, using cells with an optical path of 10 mm. The
fluorescence spectra were corrected for the wavelength response of the system.
Two types of methods could be employed for the quantification of the fluorescence
the absolute and the relative method. The absolute method consists in the direct
quantification of the fluorescence quantum yield by the variation of the number of
absorbed/emitted photons requiring the use of an integration sphere to quantify
the intensity of the fluorescence emission. While the relative method uses a
reference compound with a well established ¢ value to which the sample will be
compared. Equation 3.8 shows the fluorescence quantum yield equation for the
relative method used during this work. For this equation to be correctly applied the
solution of both chromophores need to be adjusted so that their absorption would
be equal in the excitation wavelength ensuring that the number of absorbed photons
is the same in both samples. If the solutions of two chromophores use a different
solvent, then the difference in their refractive indexes needs to be quantified. If the
same solvent is used in both samples, then this component can be disregarded since
they will have a unitary value.

The phosphorescence emission spectra as well as the phosphorescence decays
were also quantified using this apparatus but employing a 150W pulsed Xenon lamp.
The spectra were obtained by dissolving the compounds in 2-MeTHF in a 10 mm
optical path cuvette. The solid-state phosphorescence measurements were made
under atmospheric oxygen and temperature conditions using a specialized film
holder. As the samples were taken in a solution media and the solvent used was 2-
MeTHF one has to consider the effect that the solvent may have on the

phosphorescence.?
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5.2.4. Singlet oxygen photosensitization

Quantification of single oxygen quantum yields, ¢,, were performed using a
modified flash photolysis spectrometer equipped with a Hamamatsu R5509-42
photomultiplier cooled to 193 K in a liquid nitrogen chamber. The phosphorescence
emission of singlet oxygen was detected at room-temperature (20°C) with
excitation at 355nm (using the third harmonic of a Spectra-Physics Quantaray
Nd:YAG laser) and detection at 1270 nm. The first and second harmonic
contributions were eliminated with the interposition of a dichroic lens installed in
the optical path between the sample and the monochromator used as a harmonic
laser separator. The detector was kept at -1600 V.

The samples were prepared by dissolving the porphyrin in 2-MeTHF then
determining their absorption at 355nm, the same was performed for the reference
sample used was TPP in toluene which had an ¢,= 0.66.> From the equation below
the singlet oxygen generation of the sample was quantified by a comparative

method of single oxygen quantum yields, ¢,:

Sample __ slopesvmple N ODyer(excitation 1) ref

Equation 5.1
A sloperef ODsampie(excitation 1) A q

5.2.5. Transient absorption spectroscopy

The experimental setup used to obtain the triplet-triplet absorption spectra
and lifetimes consisted of a nanosecond-millisecond broadband (350-1600 nm)
pump-probe Transient Absorption EOS-Fire spectrometer from Ultrafast Systems
equipped with an amplified femtosecond Spectra-Physics Solstice-100F laser (1 kHz
repetition rate) coupled with a Spectra-Physics TOPAS Prime F optical parametric
amplifier (195-22000 nm) for pulse pump generation. In this case the transient
absorption data was collected with excitation at 420 nm and probed in the 350-800
nm range. Low laser energy was used to avoid multiphoton and triplet-triplet
annihilation effects. The solutions used to collect the transient singlet-triplet
difference absorption spectra were bubbled with nitrogen for at least 20 minutes
before the experiment and kept bubbling during the experiment. After the first pulse

is taken of the sample, a few moments after a second pulse are used to measure the
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absorption. The absorption is measured by subtracting the absorption before the
second pulse to the absorption after the second pulse, as it can be seen in the

following Equation 5.2 :

AAbs = Abs(after both pulses) — Abs(after one pulse) Equation 5.2

5.2.6. NMR

All nuclear magnetic resonance spectrums were obtained using a 400 MHz
Brucker NMR belonging to the Chemistry department of the University of Coimbra.
All the samples that were characterized through this technique used, the TMS
(Tetramethylsilane) or the deuterated solvent in which the sample was assessed in,
as a reference. The characterization of the obtained spectra was done with
Mestrelab Research S.L. - Analytical Chemistry Software also known as

MesTreNova®.

5.3. Porphyrin synthesis (general methods)

5.3.1. Nitrobenzene method for one-pot porphyrin synthesis

The above-mentioned method developed by Gonsalves e Perreira®-8is one of
the main, one-pot synthesis pathways for the synthesis of meso-arylporphyrins. The
method consists of preheating a mixture nitrobenzene with double the molar
amount of acetic acid in aerobic conditions, under temperatures of 120°C up to
140°C. Following the addition of equimolar quantities of aldehyde and pyrrole up to
concentrations of 0.2M. The initial condensation step involving acetic acid will
promote a sequence of condensation reactions, leading to the production of
tetramers. Subsequently, a cyclisation step will result in porphyrinogen formation,
after which the nitrobenzene, in the presence of atmospheric oxygen, will oxidize
the porphyrinogen yielding the desired porphyrin. After the completion of the
reaction the organic solvents are removed under reduced pressure and the mixture
is purified by an adequate physical purification technique depending on the

characteristics of the product.
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5.3.2. Microwave Nitrobenzene method for one-pot porphyrin synthesis

According to this methodology a combination of propionic acid (3.5 mL) and
nitrobenzene (1.5 mL) was added to an adequate quantity of aldehyde (10 mmol)
and pyrrole (10 mmol) in a 35 mL microwave vial. After that, the reaction vessel was
sealed to avoid spills. The vial was inserted in the microwave used to heat the
yellowish reaction mixture for five minutes. UV-vis absorption spectrophotometry
was used to track the reaction's progress over time. Afterwards by adding methanol,
the concentrated crude product combination was readily converted overnight into
porphyrins. After filtering the dark purple solid and washing it with methanol we
finish by drying and removing the residual solvent under vacuum. The microwave
apparatus used was the Microwave synthesizer - CEM Discover SP from CEM

Corporation with a 200 W max potency.

5,10,15,20-tetraphenylporphyrin (1)

Yield: 8% (batch) 20% (MW)

NMR H (400 MHz, CDCl3), § ppm: 8.84 (s, 8H , B-
pyrrolic); 8.23-8.21 (d, ] = 7.6 Hz, 8H, o-phenyl); 7.80-
7.72 (m, 12H, m,p-phenyl); -2.77 (s, 2H, -NH).

HRMS (ESI-TOF) m/z: calculated for Cas4H30Na:
614.2543, obtained 615.3421 [M+H]*

5.4. Aldehyde synthesis
5.4.1. Aldehyde synthesis Batch

In a 250mL round bottom flask 41mmol of 4-hydroxybenzaldehyde was
dissolved in acetonitrile, then an addition of 210mmol of K2C03 was performed
keeping the reaction under medium stirring at room temperature for 30min. After
the initial 30min of reaction 61.5mmol of 1-bromo-ethyl-hexane was added and the
reaction was put under reflux conditions, with a temperature of 80°C. The reaction
was followed by TLC, and the reaction was considered complete after a total of 18h.
The reaction mixture was then cooled to room temperature and the K2C03 was

filtered out using a funnel and filter paper and by being washed repeatedly with
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DCM. Following the filtration of the mixture, the organic solvents were removed
under reduced pressure and the product was purified using a C60 grade Silica
chromatographic column, with CM as the eluent resulting in pure 4-(2-ethyl-

hexiloxy)benzaldehyde.

5.4.2. Microwave

In a 10 mL microwave vial, 60 mg (0.48 mmol) of 4-hydroxybenzaldehyde, 0.1
mL (0.52 mmol) 1-bromo-2-ethylhexane, 0.31 g (0.96 mmol) of Cs2CO3 were
dissolved with 1 mL of acetonitrile. It was placed in the microwave (P=200 W) for
10 minutes at 90°C if the solvent was methanol and at 130 °C if the solvent was
acetonitrile. The conclusion of the reaction was accessed with the help of TLC and
an iodine chamber. Afterwards the reaction solvent evaporated, and the crude was
redissolved in dichloromethane and the excess base was extracted with water. The
dichloromethane was evaporated obtaining an oil. The microwave apparatus used
was the Microwave synthesizer - CEM Discover SP from CEM Corporation with a

200 W max potency.

4-((2-ethylhexyl)oxy)benzaldehyde (2)

Yield: 88% (batch) 92% (MW)

NMR H (400 MHz, CDCL3), 8 ppm: 9.87 (s, 1H, CHO); 7.83-

7.80 (m, 2H, o-phenyl); 7.01-6.97 (m, 2H, m-phenyl); 3.92 (d,
] =5.8 Hz, 2H, -OCH2); 1.78-1.72 (m, 1H, -CH); 1.54-1.31 (m,

\/\OJ\/ 8H, Alkylics -CH2); 0.95-0.90 (two t, ] = 7.5 Hz, 6H, -CH3)
NMR 13C (400 MHz, CDCL3), § ppm: 191.17 (C15); 164.93

(C3); 132.37 (C1+C5); 130.17 (C6); 115.20 (C2+C4); 71.32 (C7); 39.70 (C8); 30.88

(C9); 29.47 (C10); 24.24 (C13); 23.42 (C11); 14.47 (C12); 11.50 (C14).
MS (ESI-TOF): m/z: calculated for C15sH2202=234.162, obtained 235.171 [M+H]*

H_ O

5.5. Synthesis of 5-(4-hidroxyphenyl)-10,15,20-(4-(2-
ethylexyl)oxy)phenyl)porphyrin (3)

The previously synthesized 4-((2-ethylhexyl)oxy)benzaldehyde, is used a

reagent for the synthesis of porphyrin (2). The synthesis was carried out through a
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one pot nitrobenzene method. For starters, in a round bottom flask 45 mmol of
benzaldehyde (2) was mixed with the 15 mmol of 4-hydroxybenzaldehyde both
dissolved in 210 mL (1.05 mol) of glacial acetic acid and 105 mL (1.02 mol) of
nitrobenzene. 9.1mL (55.6 mmol) of pyrrole was added dropwise to the reaction
mixture. The reaction was heated . Afterwards the completion of the reaction was
determined by TLC and the mixture was cooled to room temperature and the
organic solvents were removed under reduced precure. The resulting bulk of the
reaction was purified by column chromatography with ethyl acetate:n-hexane in 1:3
(v:v) as eluent. As the reaction was carried out with different molar quantities of 2
different benzaldehydes different porphyrin will also be formed as product of this
reaction. One of the main by-products was the porphyrin (4) produced from the

condensation of four 4-((2-ethylhexil)oxy)benzaldehyde groups with pyrrole.

5-(4-hidroxyphenyl)-10,15,20-((4-(2-ethylexyl)oxy)phenyl)porphyrin (3)

Yield: 6% (batch)

NMR 1H (400 MHz, CDCL3), § ppm:

9.88 (s, 1H, OH); 8.84-8.87 (s, 8H, 3-H); 8.09-
8.12 (d, ] = 8.6 Hz, 6H, m-phenyl); 8.06-8.08
(d, J=8.5Hz, 2H, m-phenyl); 7.27-7.29 (d, ] =
8.5 Hz, 6H, o-phenyl); 7.20-7.23 (d, ] = 8.7 Hz,
2H, o-phenyl); 4.14-4.15 (d, / = 5.8 Hz, 6H, -
0OCHz2); 1.90-1.95 (m, 3H, -CH); 1.42-1.73 (m, 24H,-CH2); 1.06-1.10 (t,/ = 7.5 Hz, 9H,-
CHs); 0.98-1.01 (t,/ = 7.0 Hz, 9H, -CH3); -2.74 (s, 2H, -NH).

MS (ESI-TOF): m/z: calculated for C79H9sN404=1014.602, obtained 1014.549
[M+H]*
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5,10,15,20-tetrakis((4-(2-ethylexyl)oxy)phenyl)porphyrin (4)

/\/\(\ Yield: 8% (batch)

o NMR 1H (400 MHz, CDCL3), § ppm:
8.80 (s, 8H, B-H); 8.02-8.05 (d, ] = 8.6 Hz, 8H,

Qﬂ O m-phenyl); 7.20-7.22 (d, ] = 8.6 Hz, 8H, o-
(o] (o]
O LZ_\; phenyl); 4.07-4.08 (d, J = 5.8 Hz, 8H, -OCH2);

1.83-1.85 (m, 4H, -CH); 1.19-1.66 (m, 32H,-
\/\)\,0 CHz2); 0.99-1.02 (t,/ = 8.5 Hz, 12H, -CH3); 0.89-
0.93 (t,/ =8.5 Hz, 12H, -CH3); -2.81 (s, 2H, -NH).

HRMS (ESI-TOF): m/z: calculated for C79H9sN404=1126.720 obtained 1126.641
[M+H]*

5.6. Palladium porphyrin synthesis

The synthesis of palladium porphyrins was made by two distinct methods.

5.6.1. Method A - (or the modified DMF Method):

In a round bottom flask the porphyrin and an excess of palladium salt were
dissolved in DMF. Following this step, the mixture was heated to a temperature of
about 120 °C. 2,6-lutidine was then added, dropwise, to the mixture and the reaction
was carried out till completion or till no more free-base porphyrin was present. The
state of the reaction was followed by TLC. After the completion of the metalation
reaction the crude product would be washed with distilled water and from the
organic phase the solvents would be extracted under reduced pressure. A silica gel
chromatographic column with pure CH2Clz as eluent was used for the purifications
1Pd while an analogue column with a mixture of 1:1 CH2Cl2:n-hexane (v:v) was used
in the case of 3Pd to remove any left-over byproduct and/or any unreacted starting

materials, yielding the pure palladium porphyrin.

5.6.2. Method B - (or the acetonitrile Method):

In a round bottom flask the 1 equivalent of porphyrin and an excess of

palladium acetate (4 or more molar equivalents depending on the porphyrin and its
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substituents) would be dissolved in a (80:20; v:v) mixture of chloroform and
acetonitrile. The flask was then refluxed at 70 to 80 °C and the reaction was followed
till completion, or till no more free-base porphyrin would be detected by TLC. The
crude mixture was then purified by chromatographic column with an adequate

eluent yielding the palladium porphyrins.

Palladium (II) 5,10,15,20-tetraphenylporphyrinato (1Pd)

Yield: 97.8%

NMR H (400 MHz, CDCL3), 8 ppm:

8.81 (s, 8H, B-pyrrole); 7.72-7.77 (m, 12H, m,p-phenyl),
8.16-8.18 (d, ] =8.4 Hz, 8H, o-phenyl).

Palladium (1D 5-(4-hidroxyphenyl)-10,15,20-((4-(2-
ethylexyl)oxy)phenyl)porphyrinato (3Pd)

Yield: 88%

NMR 1H (400 MHz, CDCL3), 8 ppm:

9.46 (s, 1H, OH); 8.82-8.85 (s, 8H, B-pyrrolic);
8.04-8.06 (m, 6H, m-phenyl); 8.01-8.03 (d, J
=7.4 Hz 2H, m-phenyl); 7.24-7.27 (m, 6H, o-
phenyl); 7.17-7.19 (d, /] = 8.2 Hz 2H, o-
phenyl); 4.11-4.13 (d, /] = 5.4 Hz 6H, -OCH2);
1.89-1.95 (m, 3H, -CH); 1.42-1.72 (m, 24H,-CH2); 1.05-1.09 (t, /] = 7.4 Hz 9H, -CH3);
0.98-1.02 (t,/ =7.2 Hz 9H, -CH3);

5.7. Cellulose Acetate Polymer Blend films

The cellulose acetate (MW 30 000) used in the fabrication process of the films was
purchased from Sigma-Aldrich. A solution for each film is prepared by dissolving the

components (sensitizer/annihilator) in THF, then 10%wt/v of cellulose acetate (5
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mL of solvent are used for 0.5 g of cellulose acetate) is added to the solution and the

solution is kept under rigorous steering for 30 min. Afterwards the solution is

heated for 3h at 60 to 70 °C till a desired viscosity of the solution is achieved, then

the solution is transferred to an ice bath for 1 to 2 min to reduce the presence of air

pockets/bubbles. Then the solution is casted into a glass plat with a predetermined

thickness of 50 um. The films are then left to dry for at least 12 to 24h to remove any

residual solvent.”-9
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6.Annex

6.1. Molar absorptivity calculation

In this work the UV-Absorption spectra were collected with the previously refereed
apparatus (chapter 5.2.2). Porphyrin solutions in 2-MeTHF with concentrations
from 10-5M to 10-7 M are prepared through the dilution of a stock solution of higher
concentration to calculate the molar absorption coefficients. Then, using the law of
Beer-Lambert mentioned in chapter 3, the absorption for the maximum of the band
under study is accessed and then is graphically represented as a function of the
concentration of the various solutions. A linear fit is applied to the obtained values
yields resulting in a straight line whose slope value corresponds to the value of the
molar absorption coefficient, €. Figure 6.1 shows the data obtained from the values

of maxima absorption of the Q(1,0) band of 1Pd and its change with concentration.

1.0 T T T T T T T
09} 4
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Figure 6.1 - Change in the Q(1,0) bands absorption with concentration, in 2-MeTHF solution
of 1Pd.
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6.2. Purity evaluation of the palladium porphyrins/determination of the best

metalation method

To determine the effectiveness of each of the metalation methods the 1Pd (or
Pd(II)TPP) were prepared by each method. Both reactions were followed by TLC,
UV-Vis, and the TH-NMR and both reactions seemed to yield pure 1Pd. After closer
examination of the luminescent emission spectrum of the compounds synthesized
by the DMF modified method under atmospheric air four bands (two emission pairs
with two bands each) were displayed in the spectra, as seen in Figure 6.2. The
stronger emission appeared at higher wavelengths with peak maximum at 650 and
717 nm and the lower intensity emission at lower wavelengths with peak maximum
at 560 and 608 nm. Luminescent emission of palladium porphyrins is expected to
have two band originated from the emission of each Q-band which meant that one
of these emission didn’t correspond to the metalated porphyrin. We proceeded with
the determination of the excitation spectra of the sample, and by comparing them to
the absorption spectrum of 1Pd we could determine if the compound had promoted
this emission or if there were impurities in the sample. The measurements of the
same sample were made collecting the emission at 608nm and 650nm, as seen in
Figure 6.3 and 6.4 respectively. The first spectrum taken at 608nm has the same
spectral profile as the absorption spectrum of 1Pd with a single Soret band and one
Q-band of high intensity. We note that the absorption and excitation spectra are
equal so this emission must be related to the 1Pd species. The second spectrum
taken at 650nm has a shape characteristic of a free-base porphyrin. The Soret band
has a small shoulder at the left side of the band that may correspond to the metalated
porphyrin, also four Q-bands are seen, with the last one being overlapped with the
wavelength of emission. In the current case, the sample under study was
synthesized using the DMF modified method and was contaminated with the free-
base porphyrin which would pose a serious problem in the construction of the TTA-
UC. On the other hand, the emissions seen in the Figure 3.4 in Chapter 3, correspond
to the emissions of a pure sample of 1Pd and 3Pd obtained with the acetonitrile

metalation method.
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Figure 6.2 - Luminescent emission spectrum of 1Pd, synthesized using the DMF modified

method, in 2-Me-THF at RT (A lower intensity first emission is shown in the inset)
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Figure 6.3 - Room temperature absorption (Black) and fluorescence excitation spectra
(red) for the 1Pd synthesized using the DMF modified method, in 2-MeTHF solution

collected at 608 nm.
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Figure 6.4 - Room temperature absorption (Black) and fluorescence excitation

spectra (red) for the 1Pd synthesized using the DMF modified method, in 2-MeTHF

solution collected at 650 nm.
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