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Chapter 1

Triplet states in multicomponent photosensitizers for photo-
medicine

Abstract

Triplet excited states of photosensitizers in photo-medicine are responsible for treating many
different diseases using light therapy. In particular, triplets are responsible for curing cancers
via photodynamic therapy (PDT) and microbial infections using antimicrobial photodynamic
therapy (APDT). While there are many advantages and limitations of this therapy, a large
amount of research has been conducted towards optimizing the design of the PS to improve the
yield of triplet formation. Further importance of the PS design is dictated by the PS’ ability to
absorb light at a low energy wavelength. These wavelengths, in the near-IR region, are able to
penetrate the skin and arrive to the bloodstream, where the PS can be activated. The structure
can finally determine the mechanism by which the triplet formation occurs. This introduction
entails the background and foundations of PDT as well as a synthetic toolbox. This will enable
the future PDT community to create the next big PS that will cure many other kinds of cancer

and microbial infections.
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1.1. Introduction to Photodynamic Therapy

Cancer and microbial infections can affect everyone in the world. While we are a long way
from curing cancer or eradicating microbial infections from the face of the earth, there exists a
targeted treatment that can help people with these conditions, a treatment called photodynamic
therapy (PDT). This therapy is known for being non-invasive and minimally toxic. It holds
great promise in curing cancers and killing harmful microorganisms. It is a treatment that dates
back to the ancient Greeks and there is a rather large community that believes it can help the
modern world and has the potential to be improved. All that is required are three things: light,
a drug (or molecule called a photosensitizer) and oxygen (in its molecular form : 30,). It is
important to distinguish PDT from antimicrobial photodynamic therapy (APDT), or
photodynamic antimicrobial chemotherapy (PACT) as it is also called. While PDT describes a
cancer treatment, APDT concerns the therapy aimed at microbial infections. PDT and APDT
follow the same basic photochemical mechanism (see Figure 1.1).% In this context, we can see
what happens, on a chemical level, to the PS when it is excited or “activated” by light.

Type-| photochemistry:
Electron/hydrogen Transfer

EA 305 0372, 03
H* ZH‘l
Excited singlet states
: HO3 H202
g — |5 ‘
HO*® + OH™
Type- Il photochemistry:
e Energy Transfer
S1 :_ e (~10 10108 s) Excited triplet state } §=‘ 1Zg
=il
o Q = AQ
£ S0 = @
o i o
= g2 20
k=] o o,
» Vo £’
2L g 8o
=L ol
2<
o
So% ¥ = = gE: 329
Ground state
Photosensitizer Molecular oxygen

Figure 1.1. Jablonski diagram showing how the photosensitizer is activated by light, promoting it from
its ground state to its excited state (S1). From here, it can undergo intersystem crossing (ISC) to form a
long-lived triplet excited state (T1). From here, the T, can interact with oxygen to form reactive oxygen

species (Type | mechanism) and/or singlet oxygen (*O; Type Il mechanism).!

As previously stated above, PDT involves three components: a photosensitizer (PS), oxygen
and light. %2 The PS is a molecule that causes a chemical change in another molecule with the

help of light energy. These types of molecules are not only used in the medical fields, but have
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been wused throughout the photo-sciences. Examples of their applications are
photopolymerization, photodegradation, photocatalysis and in photoinactivation of proteins,®
456 solving environmental problems,” & 1% and energy production in the form of hydrogen
(H2).1! Furthermore, when the photosensitizer absorbs light energy, it can react with other
molecules. During scientific discussions about PDT, it is commonly said that the PS is
‘activated’ by absorbing light energy. Once it has gained this energy, it can interact with oxygen
to form singlet oxygen which is toxic for cells and is capable of killing cancer and microbial
cells.!? 1314 The advantages and limitations of this therapy are discussed below in section 1.2.

Historically, light has been employed therapeutically for thousands of years as ancient
cultures believed that it was a ‘health-bringing deity’ that could cure many diseases known to
mankind (Figure 1.2).*>%° From antiquity to the end of the 19" century, light, in combination
with natural herbs and plant extracts, has been used to treat various skin conditions (non-
pigmented skin areas, psoriasis, vitiligo, skin cancer), physical and mental illnesses (such as

rickets and psychosis, respectively), in a process known as heliotherapy or phototherapy.® 1"
18

Figure 1.2. Ancient civilizations worshipping the sun.*

The ancient Greeks believed in the power of sunlight thanks to the 2" century BC Greek
doctor Hippocrates. He was known as the “father” of medical science and educated people
about the importance of sun exposure to restore human health. He credited his medical findings
to his trips to Egypt, where sunlight treatments were well known.?® The Greeks had a city
known as Heliopolis (city of the sun) that was famous for its healing temples and light rooms

equipped with windows covered with special dyed cloths.*® %!

3
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The Romans continued the use of this light therapy within their famous baths. It was
possible to sunbathe in a solarium and they were the first civilization to treat acne.*® It was
thought that the pores could be cleared and cleansed by mixing sulfur in a mineral bath, which
was then able to clear the acne. This would thus conclude the development of phototherapy as
when the Roman Empire declined and Christianity began to rise, this type of treatment largely

disappeared.

It wasn’t until 1877 AD when this type of therapy would crop up once again with Arthur
Henry Downes and Thomas Porter Blunt discovering that ultraviolet light exhibited
bactericidal effects.?? This discovery was followed by Niels Finsen publishing a seminal book
entitled “Phototherapy.” 2 2 Furthermore, from the period of 1897-1904, Herman Von
Tappeiner, alongside his PhD student Oscar Raab, investigated the influence of acridine and
it's derivatives on infusoria and other protozoan. They concluded that there was a higher
toxicity on protozoan in the presence of light vs absence of light.?> 26 Raab speculated that this
toxic effect from the light was mediated by the fluorescence as it was known at the time, that
these acridine type dyes could absorb light and emit light as fluorescence. In 1904, Von
Tappeiner coined the term "photodynamic reaction™ as according to him, it was based on a type

of fluorescence effect.

Initially starting in early 1903, without even knowing the real mechanism of action,
Von Tappeiner teamed up with Albert Jesionek, to conduct their first human trials of this
therapy. Their first research paper on this topic was a study on the photodynamic treatment of
cancerous, syphilitic and tuberculous skin conditions.?” The same year that he described the
photodynamic reaction, VVon Tappeiner also worked alongside Jodblauer to describe oxygen-
consuming reactions in protozoa as a “photodynamic effect.”?® These experiments consisted of
aniline dyes giving fluorescence after being applied to the parasitic protozoa. In 1905, Von
Tappeiner and Jesionek reformed to report a topically applied PS of 0.1-5 % Eosin dye in their
PDT experiments.?® This PS, with the aid of an artificial light source, successfully treated non-
melanoma skin cancers, condylomata lata and lupus vulgaris. They hypothesized that once this
dye got inside the respective harmful cells, a cytotoxic reaction occurred upon light irradiation
and it occurred in the presence of oxygen. These early experiments revolutionized the medical
world and this concept is still used in the world today where it is more accurately described:
when an appropriate PS is applied to the affected region of the skin, it can be absorbed into the

target cells within the skin. In the presence of oxygen, and an appropriate light source, a
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phototoxic reaction can occur within those skin cells, leading to a photodynamic effect and cell
death.

1.2. Advantages and Disadvantages of Photodynamic Therapy
While the major advantage of PDT is the fact that it can cure cancers and fight against microbial
infections, it does not come without its disadvantages and limitations. The benefits of this

therapy are discussed first, followed by its limitations and drawbacks.

1.2.1. Advantages of Photodynamic Therapy

There exist major benefits of this non-invasive cancer therapy. It can provide reduced long
term morbidity compared to other cancer therapies like surgery and chemotherapy.* It is more
selective and less toxic to healthy human cells, there are no long-term side effects (when used
properly), it is less invasive than surgery, less time consuming and targets precisely the area of
the body being treated.®! However, before continuing further, it would also be “advantageous”
to know where we are in terms of this therapy. How far has this therapy come since the days
of Von Tappeiner and Jesionek in the early 20" century? What cancers does it treat? Is it
accessible to the public? To answer simply, yes, it has found its way into the world. It is also
possible to get this treatment throughout the Netherlands as well as other countries in the world.
A multitude of hospitals in this country offer photodynamic therapy and are detailed in Table

1.1 (along with the type of cancer they treat).
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Table 1.1: Hospitals in the Netherlands and the type of cancer they treat in this hospital via

Photodynamic Therapy *

Hospital Type of cancer treated within this hospital using

Photodynamic Therapy

Antoni van Leeuwenhoek- Cancer Institute Skin cancer

Amsterdam (Dutch Cancer Institute) Throat cancer

Oral cavity cancer

Oral cancer

Tongue cancer

Universitair Medisch Centrum Groningen Head and neck cancer
Erasmus MC Rotterdam * Superficial skin cancer.
Ziekenhuis Nij Smellinghe — Oogheelkunde “wet” (exudative) form of Age-related Macular
Drachten Degeneration (AMD)
Radboud Universitair Medisch Centrum Basal cell carcinoma, skin cancer, melanoma and
Nijmegen various precancerous skin cancer.
St. Antonius Ziekenhuis — Polikliniek Skincancer, Basal cell carcinoma, melanoma.

Dermatologie Utrecht

Universitair Medisch Centrum Utrecht Various skin conditions, such as actinic keratosis,
superficial, basal cell carcinoma and Bowen’s

disease

*At the moment, various PDT studies to treat head and neck cancer, and even esophageal cancer, are
currently carried out. Also, research on treatment of precancerous uterine cancer and cancer of the

vagina is under way.?

As shown above, PDT is commonly used only for skin cancers or cancers that are close
to the surface of the skin (throat, head and neck, and oral cancers). Clinical trials using PDT in
other types of cancers are currently undergoing (or have been completeled) that include:
bladder, lung, breast, pancreatic and cervical cancers®. In PDT, an added advantage over
surgery is that there is no risk of infections occurring or recurrence of the cancer®* post-surgery.
Furthermore, to the best of our knowledge, no studies have indicated the risk of harmful side

effects that occur in chemotherapy.

While there have been great strides to treat other forms of cancer: pancreatic and
prostate cancer® %6 to name a few, PDT has been clinically approved for treating skin cancers
and early-stage cancers. In January 2020, there was some bad news for the PDT community,
as the FDA refused the approval of Tookad Soluble into the North American market.*® This

drug has previously been approved by the European Medicines Agency in November 2017 for
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prostate cancer and shows good results. The American critique was that the studies were
conducted poorly and lacked follow up data. Therefore, there is still hope that Tookad Soluble

can break into the North American market.

1.2.2. Drawbacks of Photodynamic Therapy

The main disadvantages of PDT are the time it takes to administer the PS, accumulate at the
target and treat the cancer, photosensitivity caused by the PS and the pain associated with the
light treatment.®"- 8 Upon admission of the drug, it takes time for the PS to accumulate to the
target (from three to 6 hours) and depends obviously on the PS and location of the tumor. In
terms of pain arising due to the PS and light irradiation, it has been reported that Foscan (or
Temoporfin) caused photosensitivity in patients and the light source burnt the patients’ skin

(see Figure 1.3 for structure).®

HO
Figure 1.3. Chemical structure of Foscan (Temoporfin).

Foscan is used in the treatment of malignant pleural mesothelioma (a type of lung
cancer). The photosensitivity issue signified that it is too stable and patients were obliged to
quarantine indoors away from the sunlight for weeks. Then once Foscan degraded and the
patients were no longer photosensitive, they could resume their lives. In an ideal case, the PS
should treat the cancer, breakdown and be excreted from the body without being toxic to the

patient.

It is clear that the burning effect experienced by patients during treatment needs to be
eliminated or severely reduced. Therefore, the optimization of current light sources used in
PDT is needed. Lasers, light emitting diodes and lamps are the main light sources used in the
clinic.® The light source needed for the specific PDT treatment can vary greatly and depends

7
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on the depth of the target in the body as well as the wavelength the PS absorbs. It is optimal to
have a photosensitizer that absorbs strongly in the therapeutic region (approximately 650-850
nm). This can allow for deeper tissue penetration that activates the PS to kill cancer cells.3% 4
Therefore, creating photosensitizers that can absorb strongly in the therapeutic region (and are
stable enough) is of utmost clinical importance as lower energy light can penetrate deeper
within the body, be less harmful for the patient and potentially reduce the irritation arising from

the treatment.

Overall, PDT is a clinically approved therapy that is in need of new approaches to optimize
the current treatments in place. Furthermore, advancement of the current PSs and effecting

actual change in the treatment standards are required.*® 4% 42

1.3. Photochemistry of triplets in photosensitizers

The main aim of this thesis is to investigate the novel ways to access the triplet excited state
(T1; see Figure 1.1. and 1.5). The formation of this state is fundamental in
electroluminescence,*® #* photocatalysis,*> photodynamic therapy,’ 3 3% 3335 photovoltaics*®
photo-oxidation and triplet—triplet annihilation up-conversion.*- 48 4% In photovoltaics, there is
a known triplet forming mechanism called singlet fission. This encompasses the potential of
passing the Shockley-Queisser limit, by creating two T states from one singlet excited state
(S1).%0-°1-%2 This mechanism has been reported in some BODIPY -based PSs and it is outside of

the scope of this thesis.

On a chemical level, when the photosensitizer is in its ground state (lowest in energy), it has
two electrons that have opposite spins in its highest occupied molecular orbital (HOMO; See
Figure 1.4).5

LUMO —— - LUMO + ISC LUMO —1—

— —
HOMO —1-F plll.o tonof HOMO —1— HOMO 4—
ight
Ground State Singlet excited Triplet excited
state state

Figure 1.4. Frontier molecular orbital diagram of the three main states of a photosensitizer.
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It must be noted that while there are many electrons and orbitals in molecules like PSs,
the HOMO and LUMO are the most important orbitals in terms of reactivity. PSs are light
harvesting complexes®* and thus have the ability to absorb a lot of light efficiently. When the
PS absorbs a photon, this energy is used to promote an electron from a lower energy level to a
higher energy level (HOMO to LUMO electron transition). Thus, the PS absorbs this energy
and is now in a singlet excited state. The PS in this state has a short lifetime and is unstable,
thus, it can undergo two essential mechanisms from here: the first mechanism involves the
singlet excited state returning to the ground state and giving off energy in the form of light in
a process called fluorescence.® The second mechanism that can occur is intersystem crossing
(ISC). This involves the photosensitizer passing to a more stable state via a spin-flip of the
electron in the LUMO. Here, the photosensitizer is in a much more stable excited state called
the triplet excited state (T1) where the lifetime is a lot longer (100s of microseconds) than that
of the singlet excited state (~ 1 ns). The singlet excited state can also lose its energy by

vibrations and collisions, resulting in heat.

As mentioned, intersystem crossing occurs from the S; to the Ty. This pathway is highly
favorable when the molecule has a heavy atom included — called the heavy-atom effect.®® 57
The introduction of a heavy atom can enhance the spin-orbit coupling, rendering the I1SC
pathway more favorable and increase the formation of T states. After the triplet has formed
via ISC, the diagram in Figure 1.5 illustrates the likely reactions and pathways that can occur.t
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Type I photochemistry
Electron / hydrogen Transfer

3 € - e p. o
0, — 0, —*0,

l H* l 2H"
) Reactive oxygen
HO, H>0, > species (ROS)

o

HO + OH,
/

Triplet excited state Type II photochemistry

@ T, Energy Transfer

Singlet oxygen

l()2

Phosphorescence
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N %0,
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Figure 1.5. Modified Jablonski diagram illustrating common pathways once the PS is in the triplet
excited state (T1). Once in this state, the molecule can 1) return to its ground state via phosphorescence;
2) undergo type | photochemistry reactions in the form of electron (e”) and proton (H™) transfers to
create reactive oxygen species (ROS) or 3) transfer its energy to molecular oxygen, thus creating

cytotoxic singlet oxygen.!

Once in the T state, the molecule can go back to its ground state via phosphorescence.
This is a spin-forbidden process that is attributed to the long-term (from minutes to hours)
luminescence observed, even after light irradiation has ceased.®® °® As well as returning to the
ground state, the triplet excited state can undergo reverse intersystem crossing back to the S;
state,* and two photochemical reactions: commonly known as Type 1 and Type 2

photochemical mechanisms.

The type 1 pathway involves electron and proton (H*) transfer reactions from the PS,
in its triplet excited state, to surrounding substrate molecules (that can then react with molecular
oxygen), to form toxic oxygen anion and cation species, or radicals, such as O;~".2 6162 These
species can undergo similar reactions that eventually lead to the formation of reactive oxygen
species (ROS) — like H202.%% In biological media, it is then possible for this H202 to reform Oz
"as well as another cytotoxic oxygen species, “OH by a chain of reactions, involving a divalent

Fe?*ion, called the Fenton reaction cascade.

10
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The type 2 mechanism involves the transfer of the PS’ triplet energy to molecular oxygen (°02)
to singlet oxygen (*02).%* % This energy transfer is a type of triplet-triplet annihilation process,
whereby the Ty of the PS interacts with the triplet oxygen to form the ground state of the PS
and the cytotoxic singlet state of oxygen. Singlet oxygen is capable of causing oxidative stress
to living cells and is the most well-known cytotoxic agent in PDT.® The dosing (measuring
the production) of this reactive oxygen species is a common photophysical indicator of PDT’s
treatment efficacy for treating a certain cancer or microbial infection. Lastly, while the
Jablonski diagram highlights the most common PDT mechanism, there is another mechanism
that has recently received attention called triplet formation by charge recombination (TCR). In
order to form singlet oxygen via this pathway, there must be two molecules joined together
(donor-acceptor dyad = two molecules joined together by a specific linker), light and molecular
oxygen (see Figure 1. 6).57

S
D-A* s
A \ lcg  HFI 3eg
bCR DAy =2 (DA

\‘ SOCT-ISC / CR
hv
CR,

Y c,

D-A

Figure 1.6. Diagram showing the process of triplet formation via charge recombination (TCR).?

The formation of the Ty, via this exotic TCR mechanism, is highly dependent on a number
of factors that are discussed in the TCR chapter (see chapter 2 for details and full discussion:

Making Triplets from Photo-generated Charges: Observations, Mechanisms and Theory).

1.4. Structural design of Photodynamic Therapy

In order to improve or enhance PDT, it is necessary to focus on one of the three factors: increase
oxygen levels, use different sources of light (or different wavelengths), or the design of PS.
While the oxygen content in vivo is rather difficult to increase without harming the human

patient, the other two elements of PDT can be altered to have largely different effects. It must

11
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also be noted that while these latter two elements are of paramount importance, they would
both be rendered useless and even toxic, if the PS did not accumulate at the target site. In these
cases, an appropriate delivery system is needed.®® When a PS is administered to the body, time

needs to be allowed to reach its target. This thesis will discuss three main PS-type molecules:

porphyrins, cyanines and lignins (see Figures 1.7, 1.9, 1.10).

1.4.1. Porphyrin-like molecules - Tetrapyrroles
Porphyrin, meaning “purple” in Greek, is the most common and studied PS.%° They are

intensely coloured compounds and serve nature in several ways.”® Some of the services
provided by the porphyrin is the backbone of heme, a porphyrin with an iron metal in the centre
and is responsible for carrying oxygen around in our bodies. Another famous example is
chlorophyll (actually a chlorin). Their chemical structure consists of 4 pyrrole moieties bound

together by methine bridges (Figure 1.7).

) ‘. |
| \ [ D N —
. . o / O
HO Ny 7 . 0
S TN
Sl b
YNH  N=(
N HN—
(. \ [ )
A |

Figure 1.7. Chemical structures of (Top left): Heme; (Top right): chlorophyll and (Bottom):
unsubstituted porphyrin. Note: Heme is an iron-metalated porphyrin whereas chlorophyll is a

phytochlorin derivative. The most basic form of a phytochlorin, is a chlorin with a five membered ring.

12
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These macrocycles are capable of binding metals via the nitrogen atoms in the centre.
Once metallated, the photophysical, photochemical and photobiological properties change.
Porphyrins are characterized by a specific UV-Vis spectrum (from 400 nm to 800 nm). All
porphyrins show a spectrum where a large intense band, the Soret band, is detected. In the free-
base porphyrin, the Soret band is accompanied by four smaller bands called Q-bands whereas

the metallated derivatives only have two Q bands (Figure 1.8)."*
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Figure 1.8. Porphyrin absorption spectrum of the, (Left): free-base porphyrin; and of the (right):
metallated porphyrin.”

1.4.2. Heptamethine cyanine dye
Near Infrared (NIR) cyanine dyes (Figure 1.9) have attracted attention in many fields in

photomedicine for their intraoperative imaging,’? and cancer targeting properties.”
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Figure 1.9. Chemical structure of the cyanine dye.

In 2017, their potential as triplet photosensitizer in photodynamic therapy was

reported.”® Their structure consists of two heterocyclic components that are connected by a
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polymethine bridge, bearing an odd number of carbons. These dyes have large molar absorption
coefficients between 700 and 1000 nm and show bright fluorescence in aqueous solutions.
Modification of the dye’s base structure, like extension of the bridge, results in the red-shift
(moving from shorter wavelength to longer wavelength) of absorption and fluorescence
maxima. It is also common for sulfonate groups to be attached to the structure to increase its

water solubility for use in biological applications.”

1.4.3. Lignin

Lignin is one of the principal constituents of the lignocellulosic biomass, alongside cellulose
and hemicellulose (see structure in Figure 1.10).”° Moreover, it is a polymer that is made in
large quantities every year by the pulp and paper industry and has been identified as an ideal
starting material for value-added products.”” ’® Recently, it has been identified can be utilized
as a starting material for the fabrication of novel PSs.” It is a highly branched 3D polymer that
appears as one of the most attractive alternative to fossil fuels in the production of energy and
chemicals.?® The lignin component makes up approximately 15-30 % by weight, while
cellulose and hemicellulose make up 30-50 % and 20-35 %, respectively. Located naturally in
plant cell walls,® lignin is relatively abundant to be considered a renewable resource in the
production of aromatic chemical compounds.® Lignin is mainly composed of three 4-
hydroxyphenylpropanoid moieties: H (p-hydroxyphenyl), G (guaiacyl) and S (syringyl) units,
respectively (see Figure 1.10).82 These moieties are more commonly known as monolignols,

which subsequently form the lignin polymer in a process called lignification.
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Figure 1.10. The lignification process in plant cells. Monolignols are biosynthesized from
phenylalanine in the cytosol. After being exported to the cell wall, monolignols are oxidized to radicals
by peroxidases or laccases after which they undergo purely chemical radical coupling reactions to
polymerize to lignin polymers, a process termed lignification.®

While the lignification process is known, the mechanisms that regulate it are still
unknown and further studies and investigations are needed for further understanding. The
structure of lignin itself can depend on the plant that it was extracted from, the plant tissue
within this plant, temperature, lack of nutrients, water and plant pathogens that affect the
plant.8® Therefore it begs the question: How do we extract this lignin from nature so that it is

useful in the area of photodynamic therapy?

There are various extraction techniques as shown in Table 1.2.8* In the pulping and
biorefinery industry, over 50 million tons of lignin are generated every year as a side product.®
Therefore in the last number of years, there has been a shift from lignin being used as a side

product, to being viewed as an attractive alternative raw material for value-added products.®
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Table 1.2. Extraction processes of lignin including the temperature, pH and chemicals used to create

the products indicated in the far right column.®

Extraction process pH Temperature (°C) Chemicals Product

used/solvents

Sulfite 1-2 125-175 HSO3/ SO5 Lignosulfonates
Kraft 13 150-170 NaOH / NaS; Kraft lignin
Organosolv - 150-200 Organic solvents Organosolv lignin
Soda 11-13 150-170 NaOH Soda lignin

In 2018, the rate of adding value (also known as valorisation rate) of lignin was less than 2
%.87 Thus, only 2 % of this 50 million tons are used in the world annually and thus there is a
need for technological advancement to capitalize lignin as a versatile feedstock. The majority
of this lignin used is lignosulfonate, which is mainly used as an additive in building materials.®
There have been reports of value-added chemicals produced from lignin by means of tailored
thermochemical technologies. These chemicals include: ethyl benzene (common intermediate
in organic synthesis),% p-hydroxyl acetophenone (perfume industry),®’ vanillin (perfume and

pharmaceutical industry)®® and carbon materials for supercapacitors and catalysts.%

Lignin possesses a high thermal stability, has oxidative properties and antioxidant
activity.% Moreover, while it is insoluble in water,*® it is capable of forming nanoparticles. It
was shown that the acetylation of alkali lignin allowed the possibility of colloidal sphere
nanoparticles in certain solvents.®* This thus created the possibility of nanoparticle formation
from lignin. These nanoparticles have served as “vehicle” type structures for therapeutic drugs
in pharmaceutical applications that include anticancer treatment.*® In the past few years, there
have been reports of these nanoparticles encapsulating porphyrin-type PSs for their application
in antimicrobial photodynamic therapy (APDT). This is a branch of PDT that is used to fight

against bacteria, mainly gram-positive bacteria.®®

As previously mentioned, lignin acetylation facilitates nanoparticle formation,® it has also
been suggested that acetylated lignin can be a potential photosensitizer.”® This work was
conducted by the PEREINE group in Limoges, in collaboration with the molecular photonics
group in Amsterdam. These groups showed that by blocking the anti-oxidant behaviour of the
phenol groups in lignin, by acetylating the hydroxy groups, the photoinduced generation of
reactive oxygen species was increased. They provide ample evidence that, in terms of the

superoxide anion formation, there was no difference in the origin of the lignin (kraft or
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organosolv extraction processes). The singlet oxygen generation was however slightly lower
in one of the acetylated kraft lignin samples tested. The authors conclude saying that the

acetylated lignin could be used to kill harmful micro-organisms.”®

1.4.4. Ideal photosensitizer for Photodynamic Therapy

It is important to note, and hopefully rather obvious, that there is no “one” ideal photosensitizer
in PDT. As many scientists from the drug discovery domain know, there are so many different
types of cancers that need one drug to be able to treat them separately. This same basic principle
applies to PDT: one photosensitizer is needed to treat each cancer using light. Therefore, in
order to construct a general strategy for the PDT community, to create an ideal photosensitizer
that treats the cancer of interest, there are various aspects (or properties) that need to be taken
into account: the optical properties, physicochemical properties and targeting properties.
Within this section of the introduction, the aim is to discuss the various aspects that an ideal
photosensitizer should contain in order to be able to provide a “synthetic toolbox” for the PDT
community. This toolbox can then give scientists the necessary guidelines to design a plethora
of new PSs that can fight against cancer.

1.4.4.1. Optical properties

With regard to the properties of the ideal photosensitizer that are correlated with the interaction

of light, the following design aspect should be taken into account:

* The optimal wavelength for treatment lies within the biological window, between 650 and
900 nm. Considering all aspects in the area of PDT, the optimal wavelength is 808 nm.%7: %899
This also correlates to affordable diode lasers with 808 nm (also used in Diode Laser Hair
Removal).1® This means that ideally the wavelength of absorption is 808 nm, or is rather close
to that. The closer the better: 690 nm is better than 650 nm.* The molar absorption coefficient
at around that wavelength (~800 nm) should be as high as possible. Between 200 000 and 300

000 Mtcm® seems feasible;102

* A small yield of fluorescence emission (between 1 and 5%) is needed for localization. If the
photosensitizer can accumulate at the tumor site, medical doctors use the emission of

photosensitizers for (tumor) localization using microscopy; %
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» The system should pertain molecular properties that are not influenced by intermolecular
interactions between PS molecules. The systems should not aggregate, form dimers or trimers
or interact with the medium (serum) leading to a reduction of singlet or triplet excited state

lifetime;

* A very high yield of intersystem crossing is needed in order to populate the triplet excited
state.1% Spin Orbit Coupling should be efficient in these systems, giving triplet yields between
99 to 70%. Spin Orbit Coupling can be influenced by heavy metal ions (e.g. Pt or Pd), heavy
atoms in the form of bromo- or iodo-substituents, or by a special charge recombination
interaction (SOCT-ISC); 10

» The triplet state should interact with oxygen and give a high yield of singlet oxygen
production (operating by the Type 1l mechanism).*% If the Type | mechanism is important,
then the triplet state should have a high oxidizing power, to abstract electrons from biological
molecules leading to superoxide radical anion formation. This value (singlet oxygen quantum
yield or @,) should be between 99 and 60%;

* In the absence of oxygen, the (intrinsic) triplet excited state lifetime should be as long as
possible. An intrinsic triplet excited state lifetime at room temperature of 1 ms should be an
attainable goal. This is important for biological materials with low oxygen concentration and

the oxygen consumption that will occur in the process;

* The above molecular properties should be available in biological media, implying in vitro
conditions with cells or in vivo conditions in patients. Using the PBS buffer can give a first

approximation to these conditions (Phosphate Buffered Saline, pH 7.4);

* Under these conditions, at relatively high laser power irradiation, the photosensitizer
molecules should be chemically photo-stable.'%”: 1% They should not chemically react with
oxygen, singlet oxygen, water, NaCl or other regular components of serum. Their optical

properties described above should not be lost during the treatment with light;

« All together, these properties should lead to the efficient production of ROS (reactive oxygen
species): singlet oxygen [Type I1] and/or superoxide radical anion [Type 1].2%° These primary
ROS then react further to create hydroxy- and peroxy-radicals.!'® Additions to biological
molecules should then lead to peroxy-lipids, peroxy-nucleotides, peroxy-acids. Next to ROS
production, a highly interesting approach is to target NO releasing photosensitizers: NO

radicals are signaling molecules that play an important role in apoptosis, necrosis, phagocytosis
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and paraptosis.'!! They are secondary products of photodynamic therapy, produced by the cells

as a result of the ROS generation by light.

The optical properties formulated above are in agreement with photophysical properties
that are compatible with biological media and maximize ROS production. Therefore,
photosensitizers should not aggregate in solution (nor undergo excited state quenching). They
should be resistant to photobleaching and induce maximum light toxicity when irradiated.

1.4.4.2. Physicochemical properties

The next set of properties that need to be discussed, and relate to the intrinsic chemical
properties, has been published in the Callaghan and Senge review, and are well known in the
PDT community.?® These properties are the physicochemical properties and are described
below. An ideal PS for PDT should have:

« A facile and reproducible synthesis;
* Chemical purity;
» Water-solubility;

* Straightforward administration (intravenous, however oral administration is highly sought
after);

* Minimum dark toxicity;
» Minimal side effects;
* Swift activation in the body;

» Swift excretion from the body.

1.4.4.3. Targeting properties
One of the most important and difficult aspects of photosensitizers to control, is related to the

magic bullet effect:*'? the drug should go to a specific place in the body only, and not to the
other parts. This ratio, of regular distribution through the body compared to specific
accumulation at the tumor tissue, is very important and should be as high as possible. A factor
of 20 to 100 is a desirable goal. Although PDT relies on three local factors: photosensitizer,
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light and oxygen, targeting is still of crucial benefit. The main targeting strategies that exist

are:

« the use of antibodies (like Epidermal growth factor receptor or EGFR). The PS can be

coupled to a known antibody that has strong affinity for tumor tissue;**

« the use of nanobodies.'* The PS can also be coupled to a smaller active part of an antibody
(= nanobody) that implies easier access and purity, and can have a better mode of operation

than antibodies;

« the use of folate receptors on tumor cells.!'® Folic acid substituted PS can have a higher

affinity for cancer cells;
« the use of transferrin.!® Transferrin substituted PS can have a higher affinity for cancer cells;

» the use of ligands that have strong affinity for tumor tissue. The use of ligands is the broadest
section of targeting molecules. As of today, there is a lot of research in the PDT community
into novel targeting properties. In a review by Gierlich et al., the authors detailed the recent
advances in the active targeting of PSs via ligand-derived bioconjugates and ligand-targeting

nanocarriers.'’

Therefore it is hopeful that this section (section 1.4.4), as well as the literature cited, can
act as a synthetic toolbox in the PDT community. This can enable the future chemists and PDT
community to create their own ideal photosensitizer for the many different types of cancers

that exist.

1.5. Scope and outline of the thesis

This thesis describes the exploration of triplet excited state formation for use in the
photo-sciences. It entails the detailed description of the mechanisms that are used to create the
sought after triplet state, with a specific focus on applications in photomedicine. Then, it entails
an investigation into the application of these mechanisms in novel combinations of

photosensitizers and fluorophores.

While this introductory chapter explained the basics, the second chapter describes in
detail the main factors that affect the mechanisms of triplet formation via charge
recombination. Examples in which this rare triplet forming mechanism occurs are shown.

Large aromatic dyad and triad systems reported in the years preceding 2015 are described.
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Then a comprehensive summary of the findings in BODIPY -based dyads is discussed, followed

by the mechanistic details.

Chapter 3 entails the synthesis and photophysical studies of a tetra-
hexyloxyphenylporphyrin (see structure in Figure 1.11) in solution and in a thin film. This
porphyrin was synthesized with the idea that the alkyl tails on the para position of the phenyl
moiety will optimize the properties. Thus, this would aid in the assembly in the thin film by
minimizing aggregation, a commonly encountered problem in porphyrin PSs. Thin films of the
porphyrin were made using spin coating and vapour phase deposition (see thin films in Figure
1.11). The photophysical properties were measured using standard fluorescence emission and
direct singlet oxygen measurement. Furthermore, time-resolved spectroscopy was conducted
namely, nanosecond transient absorption spectroscopy and single photon counting. For the
singlet oxygen determination of the porphyrin in the thin film, a singlet oxygen probe was used.
This chapter concludes by highlighting the possible applications this porphyrin in a thin film

could have.

Figure 1.11. (Top): Chemical structure of the tetra-hexyloxyphenylporphyrin; (Bottom Left): Tetra-
alkoxyphenylporphyrin in a thin film and (right): the thin film under UV-light.
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Chapter 4 entails the organic synthesis and photophysical studies conducted on
molecules that were covalently attached to lignin (lignin conjugates). This chapter reveals the
synthetic methods used to create novel lignin-containing compounds with the aim of improving
their photophysical properties for photodynamic therapy.

In Chapter 5, the synthesis of a novel porphyrin-cyanine conjugate is described.
Porphyrin-cyanine conjugates have been synthesized before, however their photophysical
properties have never been fully described, to the best of our knowledge. The synthetic details
are described followed by the synthetic characterization. This conjugate’s photophysical
properties were studied for its application in photomedicine. This included steady state and
time-resolved emission spectroscopy, followed by nanosecond transient absorption

spectroscopy.

Chapter 6 synthesis of cyanine dye starting materials and meso-As-porphyrins, and
starting materials for other A4 porphyrins like THOPP in chapter 3. Whereas, chapter 7 focuses
on the experiments conducted on derivatives of a natural photosensitizer called phenalenone
(see structure in Figure 1.12).*'8 Phenalenone is known as a natural photosensitizer that has a

singlet oxygen quantum yield of approximately 1.

-

Figure 1.12. Chemical structure of the natural photosensitizer, phenalenone.
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Chapter 2

Making Triplets from Photo-generated Charges: Observations,

Mechanisms and Theory'

Abstract

Triplet formation by charge recombination is a phenomenon that is encountered in many fields
of the photo-sciences and can be a detrimental unwanted side effect, but can also be exploited
as a useful triplet generation method, for instance in photodynamic therapy. In this chapter, we
describe the various aspects that play a role in the decay of charge separated states into local
triplet states. The observations and structures of a selection of (pre-2015) molecular electron
donor-acceptor systems in which triplet formation by charge recombination occurs are
reported. An overview is given of some more recent systems consisting of BODIPY dimers,
and BODIPYs attached to various electron-donor units displaying this same triplet formation
process. A selection of polymer-fullerene blends in which triplet formation by (hon-geminate)
charge recombination has been observed, is presented.

Furthermore, in-depth information regarding the mechanistic aspects of triplet formation by
charge recombination is given on spin dephasing, through hyperfine interactions, as well as on
spin-orbit coupling occurring simultaneously with charge recombination. The limits and
constraints of these factors and their role in intersystem crossing are discussed. A pictorial view
of the two mechanisms is given and this is correlated to aspects of the selection rules for triplet
formation, the so-called El-Sayed rules. It is shown that the timescale of triplet formation by
charge recombination is indicative for the mechanism that is responsible for the process. The
relatively slow rates (“Rkr ~ 1 x 108 s or slower) can be correlated to proton hyperfine
interactions (also called the radical pair mechanism), but substantially faster rates (“Rkr ~ 1 x
10°up to 2.5 x 10% s or faster) have to be correlated to spin-orbit coupling effects. Several
examples of molecular systems showing such fast rates are available and their electron donor
and acceptor orbitals display an orthogonal relationship with respect to each other. This
orientation of (the nodal planes of) the -orbitals of the donor and acceptor units is correlated

to the mechanisms in photodynamic agents and photovoltaic blends.

*The content of this chapter has been adapted from the publication: Daire J. Gibbons, Aram
Farawar, Paul Mazzella, Stéphanie Leroy-Lhez and René M. Williams, Making triplets from
photo-generated charges: observations, mechanisms and theory, Photochem. Photobiol. Sci.,
2020, 19, 136-158, DOI: 10.1039/c9pp00399a.
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2.1. Introduction

Triplet excited state formation is of great importance for many applications such as photo-
initiators for photopolymerization,® photodynamic (anticancer) therapy,? photodynamic
antimicrobial chemotherapy® as well as light emitting diodes containing triplet emitters.* In
photovoltaics, making triplets by using singlet fission® entails the promise of passing the
Shockley-Queisser limit® by creating two free charged pairs from one photon. However, next
to creating charges by using triplet excited states, also the reverse process, the formation of
triplet states from charges has gained a lot of interest, especially in recent investigations of
organic thin film blends that relate to photovoltaic materials.” & ° Various reports on these
matters state that there is no clarity regarding the mechanistic aspects of this loss channel in
organic photovoltaic materials,'® 1 12 especially when occurring on a sub-nanosecond
timescale.

Upon local photo-excitation of an electron donor-acceptor system, the excited singlet
state is formed, from which charge separation can occur. The process of photoinduced charge
separation has been described extensively,'® and will not be dwelled upon here. Most charges
that are photogenerated recombine back to a ground state singlet. Sometimes, high lying
charge-transfer states can even repopulate the singlet excited state, leading to so-called delayed
luminescence.!* However, instead of recombining to the singlet, the charges can also
recombine to form a triplet state. This pathway is more exotic, but there are many examples
where this triplet formation by charge recombination process, sometimes also called triplet
charge recombination, plays a role in the photophysical processes occurring after
photoexcitation.

The triplet excited state contains two unpaired electrons with the same spin in separate
orbitals. In the absence of a magnetic field, the three triplet levels are degenerate only for a
totally symmetric system. However, for an asymmetric environment the so-called zero field
splitting (characterized by D and E) orients the spin-vectors along the molecular x-y-z axis
giving the T, Ty and T triplet levels. Applying a magnetic field results in the Zeeman effect
and the thus introduced magnetic operator (Hamiltonian) converts the levels into the more often
encountered T+, To and T- levels represented by their spin orientations relative to the magnetic
field® 6,

In this work, examples are given of the experimental observations regarding triplet
formation by charge recombination in molecular electron donor-acceptor systems studied in

solution as well as in various polymer-fullerene thin film blends. Special attention is given to
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recent work on BODIPY dyes that are attached to electron donors, as well as BODIPY dimers.
Next, the currently known mechanistic aspects for these processes are presented. Both (H-HFI)
proton hyperfine interactions (= radical pair mechanism, RPM) as well as spin-orbit coupling
are discussed in detail with relation to charge recombination. Focus is on the mechanistic
aspects regarding the “electron spin-flip”, implying that this is the rate determining step in these
systems (not the energetics). A correlation (as well as a visualization) is made between the
spin-orbit charge transfer intersystem crossing (SOCT-ISC) mechanism and the El-Sayed
rules, the spin selection rules for triplet state formation (see section 5).

It has to be noted that a third, more exotic (singlet fission) mechanism has also been
proven. In a thin film of a TDI (terrylene-3,4:11,12-bis(dicarboximide)) derivative, an excited
state dimer with charge-transfer character can split into two triplet states by singlet fission.’
This third mechanism is beyond the scope of this chapter.

Magnetic field effects in time resolved electron spin /paramagnetic resonance (TR-
ESR/TR-EPR) also fall beyond the scope of this chapter. Interestingly these aspects regarding
triplet formation by charge recombination have been reviewed very recently.®
This chapter is partly meant to be set up as a tutorial review. It assumes general knowledge of
photoinduced charge separation as well as basic knowledge on triplet states. Indeed, the
recombination of charges forming a triplet state as the “product” is our topic. This is an
illustrative review, it is not a comprehensive survey, and reports on research published between
1968 and June 2019.

Within the theory of electron transfer, creating charges with light is often well described
and understood within the frame-work of the Classical Marcus equation. The recombination of
the charges is always more complex, often requiring the Semi-classical Marcus theory.
Creating long-lived charges (by controlling the charge recombination) in order to use the
energy of the photons to create an (electro)chemical potential or electricity still is an important
scientific challenge. We believe that charge recombination to a triplet state is one of the most
complex aspects of the electron transfer theory, as the role of spin comes into play and becomes
one of the determining factors, next to all the other factors in the electron transfer theory.

Triplet formation by charge recombination is an alternative method to generate triplet
states. Other methods are using the heavy atom effect or using triplet sensitization. The heavy
atom effect is potentially expensive (for instance with Pd or Pt) and also enhances spin orbit
coupling back to the ground state. For triplet sensitization we need other triplet forming systems

that can transfer their triplet excited state energy. By simply incorporating an electron donor or
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acceptor we can change the properties of molecules converting them into systems with high

triplet yields by applying the triplet formation by charge recombination mechanism.

2.2. Fast Molecular Electron Donor-Acceptor systems (pre-2015):
We start with a selection of four molecular electron donor acceptor systems to show that
structural factors play an important role in fast charge recombination to the triplet state. It is
instructive to look at the some of the old work of Noburu Mataga, one of the most excellent
Japanese photochemists of the 20™ century. The amount of detail and insight that this work
displays is flabbergasting and a more in-depth explanation of some of these insights is part of
our current mission.

Mataga and co-workers®® observed the formation of locally excited triplet states (with
tcr(T) = 40 ps, =cr(T) = decay time of charge-transfer (CT) state correlating to the time of
formation of the local triplet state T) from charge-transfer intermediates in 1981. The fastest

rate of triplet formation by charge recombination (“*kr = 2.5 x 10%° s*) was observed for N-

methyl-N-phenyl-1-pyrenemethanamine (see figure 2.1) in hexane.

Figure 2.1. (Top): Structures of molecular electron donor-acceptor systems that display triplet
formation by charge recombination on a ~ns timescale. The characteristic times of triplet formation by
charge recombination are indicated for each molecule. Orientation of separate units is accentuated in

the Lewis structure; (Bottom): 3D structures calculated here with DFT (using Spartan).
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These studies uncovered “the very fast generation of the triplet state localized on the
pyrene (acceptor) moiety via the intramolecular charge-transfer state (referred to as hetero-
excimer). The intersystem crossing rate depends rather strongly upon the mutual configuration
of donor and acceptor groups as well as the solvent polarity.'® The compounds with one CH>
group where the two moieties are close but not parallel have much larger “Rkr values compared
to compounds with two or three CH> groups where the formation of a sandwich-type charge-
transfer complex is possible.” As reported by Mataga et al. 1° “the matrix element of the spin-
orbit coupling interaction between the heteroexcimer state and the so-called 3L, state of pyrene,
will become enhanced in the perpendicular configuration” (the La transitions of pyrene are
directed in the long axis of the molecule). This reasoning is the same as in the case of the
relatively large spin-orbit coupling matrix element between n-n” and n-r” transitions.® Mataga
and co-workers point to the perpendicular nodal planes of the molecular orbitals of the
(aniline)donor and (pyrene)acceptor playing a role in the process (see also section 5).

In 1995 Williams and Verhoeven reported? that “the relatively high triplet yield (& =
0.8) and the absence of fluorescence (97% quenched) of the bridged Ceso (acceptor) - aniline
(donor) system (see figure 2.1) indicates that charge recombination to the local fullerene triplet
is a major decay pathway of the charge-transfer state in dichloromethane (a solvent with
medium polarity).” Since nanosecond transient absorption spectroscopy was applied, it can be
inferred that this charge recombination is occurring on a ~ns time-scale. The 3D structure
(Figure 2.1) shows that the aniline donor is virtually orthogonal to the curvature of the fullerene
n-system. Just like the molecule studied by Mataga, a ~90° angle between donor and acceptor
is present.

Indeed, Williams et al. encountered triplet formation by charge recombination in 1995
as an exotic event without putting much emphasis on it. This work however has triggered
computational studies that give useful insight: computational chemistry has advanced to such
a level that excited state charge transfer processes are within reach. It is important to note that
for such systems TD-DFT calculations on excited state electron transfer processes are possible.
TD-DFT calculations of the electron transfer time (tcs = 27 ps) of this system?! in the strongly
polar benzonitrile solvent as well as more exact determination of experimental times?? of
charge separation (tcs= 5 ps) and recombination to the ground state (tcr = 32 ps) have been
reported. These latter results imply that accurate TD-DFT computations can be obtained for
such excited state charge transfer processes and it would be highly interesting and
computationally challenging to use TD-DFT to determine the charge-transfer integrals for

triplet formation by charge recombination (see section 5).
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Wasielewski et al. investigated “intersystem crossing in a series of donor-bridge-
acceptor molecules involving photo-generated strongly spin exchange-coupled radical ion
pairs” in 2012.2 Their fastest system has a 3,5-dimethyl-4-julolidine (DMJ) donor, which is
connected via an anthracene bridge to a naphthalene-1,8:4,5-bis(dicarboximide) (NI) acceptor.
“Femtosecond transient absorption spectroscopy shows that photo-driven charge separation
produces DMJ**-An-NI" quantitatively (tcs < 10 ps), and that charge recombination (with
cr(T) = 158 ps) to the triplet state on An occurs (“Rkr = 6.3 X 10° s).” The NI & system is
perpendicular to that of An and parallel to that of DMJ. “Clearly, charge recombination in
DMJ**-An-NI" will formally require two electron and/or hole transfers between mutually
perpendicular m systems to produce **An and necessitates consideration of the orbital changes
of both charge transfers.”

“The triplet sublevels populated by spin-orbit coupling in these molecules depend on
the donor-acceptor geometry of the charge-separated state. This is consistent with the fact that
the intersystem crossing mechanism requires suitable donor and acceptor orbitals which are
nearly perpendicular. Electron transfer results in a large orbital angular momentum change that
must be compensated by a fast spin flip to keep the overall angular momentum of the system
constant”.?® Spin-orbit charge-transfer intersystem crossing (SOCT-ISC) is the nomenclature
for the mechanism of these molecular systems. It relates directly to the mechanistic aspects for
the orthogonal systems reported by Mataga and co-workers, as described earlier. In some of
the slower molecules reported by Wasielewski, the radical pair mechanism (HFI) and SOCT-
ISC operate simultaneously, with similar rates (zcr(T) = 10 ns).

Van Willigen and co-workers observed fast direct conversion of the singlet charge-
transfer state into a local triplet state for naphthyl-acridinium compounds with EPR. Their
experimental data is consistent with a (charged-shifted singlet state) :CSH — 3LE (locally
excited triplet state) mechanism of triplet-state formation.?* In particular, the 10-methyl-9-(1-
naphthalenyl)acridinium hexafluorophosphate dyad (1) (see figure 2.2) was held orthogonal
due to steric rotational hindrance of the C-H groups of both electron donor (naphthyl) and

acceptor (acridinium) subunits.
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Figure 2.2. 10-methyl-9-(1-naphthalenyl)acridinium hexafluorophosphate dyad that undergoes triplet
formation by charge recombination from a charge-transfer state.?

These examples of molecular electron donor-acceptor systems indicate that the specific
orientation of the m-systems of the donor and acceptor are of great importance for the
occurrence of fast triplet formation by charge recombination, and that this process is facilitated
by spin-orbit coupling.

Many more examples of molecular systems are available in which the more general,
slower triplet formation by charge recombination occurs. Verhoeven et al. reported rates of
CRkr ~ 1 x 108 st for (HFI-limited) co-planar dimethoxynaphthanlene(donor)-
dicyanovinyl(acceptor) systems studied with EPR? and with transient absorption
spectroscopy.?® Furthermore, for an artificial photosynthetic reaction center?’ a rate of “Rkr =
2.2 x 107 st was obtained. Based on these examples it is concluded that relatively slow rates
(“Rkr ~ 1 x 10® s or slower) can be correlated to and can be dominated by proton hyperfine
interactions (if spin inversion is the rate determining step and not the electron transfer
energetics). Substantially faster rates however (“Rkr ~ 1 x 10%up to 2.5 x 10 st or faster),

have to be correlated to spin-orbit coupling effects in orthogonal systems, as also inferred by

Mataga et al.'® and Wasielewski et al.%

2.3. BODIPY-based dimers and dyads

We proceed with an overview of recent work on BODIPY systems. The renewed strong interest
in making triplets from charged states has resulted in a great variety of molecular structures,
and attempts are made to obtain the ultimate system for this purpose. If we combine these
works with the results presented in the previous section we can unify these two parts (see

section 5).
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Over the past two years, there have been a score of investigations into the use of
BODIPY-related dyads as a heavy atom-free photosensitizer (PS). The following discussion
entails these investigations as well as their outcomes, impact and applications. In general,
BODIPY dyes by themselves are strongly fluorescent and are generally characterized by a
fluorescence quantum yield close to unity.?® Early 2017, Filatov et al.?® demonstrated that
BODIPY (acceptor)-anthracene(donor) dyads (BADs) form triplet states via photoinduced
electron transfer (PeT). When excited with light these BADs yield charge separated states (CS
or CT state) which, under the right conditions (solvent, donor-acceptor strength, distance)
undergo charge recombination (CR) to form the desired triplet state. Using single crystal X-
ray crystallography, the authors demonstrated that when irradiated under aerobic conditions,
these BADs react with singlet oxygen (*Oz) resulting in oxygen addition onto the anthracene
moiety. Upon reaction with 1O, these dyads formed adducts where the 'O, was covalently
bound to the anthracene by breaking the aromaticity. These showed strongly increased
fluorescence (because PeT is now impossible) and the authors noted that this property could
be used in in vivo imaging in the future.

Zhao has made several contributions in the area of “BODIPY -based dyads that undergo
triplet generation by CR.” In 2017, with Wang® they studied BADs similar to ones of Filatov
et al.?® (Figure 2.3). Additionally, other BADs were also prepared in order to enhance spin-
orbit charge-transfer intersystem crossing (SOCT-ISC), which is related to an orthogonal
geometry.

Figure 2.3. BODIPY-anthracene dyads studied by Wang and Zhao to determine how chromophore

orientation influences their application as triplet PSs.*
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Dyads, 4 and 5, were compared with 2 and 3 (also studied by Filatov et al. in 2018, vide
infra).3! Using DFT calculations, they showed that 4 had the most restricted orthogonal
geometry followed by 2, 3 and 5. The triplet yields however, did not follow that trend in polar
solvents. In fact, the electron donor-acceptor structures that were connected via the meso (5
position) of the BODIPY unit had the highest triplet yields (3 = 96% triplet yield in
acetonitrile). BADs 4 and 5, whose donor-acceptor moieties were connected via the position 2
of the BODIPY, only had triplet yields of < 31% measured in dichloromethane, acetonitrile

and toluene.

The authors state that orthogonality isn’t the only necessity for quantitative triplet
yields. They tentatively propose that the parallel/antiparallel (ground state) dipole moment
orientation of the donor and acceptor results in more efficient intersystem crossing (ISC), thus
creating higher triplet state yields. To our knowledge however, there is no theory that links
these two aspects.

As reported®® by Mataga et al., it is the matrix element of the spin-orbit coupling
interaction between the charge-transfer state and the triplet state that will become enhanced in
the perpendicular configuration and is responsible for the rate of triplet formation by charge
recombination. (See also section 5: Mechanistic Aspects).

Zhao and Wang tested the capability of 2 in triplet-triplet annihilation up-conversion
(TTA UC). Using perylene as a triplet acceptor, the quantum yield for up-conversion was
15.8%, which is slightly higher than conventional TTA UC candidates (like the heavy atom
containing BODIPY 6, that was also studied).

Zhang et al. synthesized four covalent BODIPY heterodimers in which dihedral angles
tune the photosensitizing ability.3 They aimed to understand the mechanism of triplet
formation in BODIPY dimers as well as to elucidate “how dihedral angles in a BODIPY dimer
affect the triplet state formation and whether it is possible to tune the T1 formation efficiency.”
With the use of laser-flash photolysis and Near-Infrared (NIR) luminescence, the authors
reported that the dimers in which the two units are perpendicular to each other are better triplet
PSs than ones where the BODIPY units are coplanar. Comparing the UV-Vis absorption
spectra of the dimers, the authors indicated that the lower dihedral angles between the BODIPY
units result in the larger exciton coupling. The BODIPY dimer with a dihedral angle of 62°
(d2; Figure 2.4) showed the largest triplet yield (94% in Toluene), which was corroborated by

other models.33
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d2

Figure 2.4. BODIPY dimer d2, studied by Zhang et al.*

Polar solvents stabilize the CS state and therefore solvent polarity has a substantial
effect on the triplet formation and *O2 production. The steric hindrance induced by the methyl
groups in the BODIPY dimers make the two chromophores orthogonal to each other and thus,
allow them to be excellent triplet PSs.3! The triplet formation is due to CR from CSS that results
from PeT (Figure 2.5). The photosensitizing ability of these PSs can be tuned not only by
dihedral angles, but also by manipulation of solvent polarity.

Ground State Tr|p|et State
D(S,) D(T4)

Figure 2.5. lllustration of triplet formation shown by Zhang et al.*® D is electron donor, A is electron

acceptor.

Liu et al. prepared BODIPY dimers to determine the mechanism of triplet formation in
these compounds (Figure 2.6).>* The rates of triplet formation are given in table 2.1. The
photophysical properties were studied using time-resolved and steady-state fluorescence
spectroscopy. The fluorescence properties were solvent polarity dependent whereas this was
not the case for the UV-absorption.

A red shifted BODIPY dimer, (8; with a carbazole moiety) as well as BODIPY dimers
with donating or withdrawing groups attached to these BODIPY dimers (9 and 10) showed a
decrease in the triplet yield. This was determined by comparing the intensity of the ground state

bleaching signals and singlet oxygen quantum yields.
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Figure 2.6. BODIPY dimers prepared by Liu et al.>*

A calculation of the Gibbs free energy for PeT in these BODIPY dimers determined
that charge separation in 10 is thermodynamically allowed. The authors stated that the triplet
state yield is highest in solvents with moderate polarity. They claim that the ISC involved in
this CR process is now most efficient (Table 2.1) as the triplet state is accessible in these

moderate polarity solvents.
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Table 2.1. Photophysical data for compounds 2 to 12. Rates of triplet charge recombination (“*kr) are

given where available. Fluorescence quantum yields (), *O, quantum yields (= @,) are indicated.

cmpds Solvent SRkt (s1) (dr) Da DA/DAR? Ref.

2 TOL 0.81;0.79 0.10 30, 31
2 DCM 0.01; 0.024 0.95 30, 31
2 ACN 3.5 x 108 0.002; 0.007 0.84 30, 31, 39
2 DMF 1.75 x 105 0.01 0.59° 31

3 TOL 0.84; 0.92 0.04 30, 31
3 DCM 0.14; 0.072 0.82 30, 31
3 ACN 0.01; 0.006 0.86 30, 31
3 DMF 1.25 x 10° 0.011 0.53° 31

4 TOL 0.39 0.20 30

4 DCM 0.10 0.24 30

4 ACN 0.01/0.02 0.11 30

5 TOL 0.42 0.11 30

5 DCM 0.20 0.13 30

5 ACN 0.04 0.05 30

7 TOL c 0.80 0.16 34

7 THF 4.0 x 108 0.063 0.85 34

7 DCM 7.7 x 108 ¢ 1.41 34

7 ACN 2.1 x 10° 0.001 0.41 34

9 TOL 0.628 0.18 34

9 THF 0.001 e 34

9 DCM d 0.85 34

9 ACN 0.001 0.14 34
10 TOL 0.033 0.55 34
10 THF 0.001 e 34
10 DCM d 0.25 34
10 ACN 0.001 e 34
11 DCM 1 x 10° 0.04 0.81 36
12 DCM 1 x 10° 0.07 0.65 36

3 Ratio relative to Rose Bengal in MeOH ( = @4R); ° 'O, quantum yields (= @) determined in EtOH;
°Not given in paper; *Not determined; ¢ Too low to be determined;* 3% 313436 The relatively slow rates

in DMF of compounds 2 and 3 are remarkable. The fast rate in ACN is from ref. 39.
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Even though no long-lived triplet state was observed in 8, it has a cathodic shift of
oxidation potential as well as an anodic shift of its reduction potential. Therefore, the authors
conclude that the carbazole (donor) moiety facilitates charge separation leading to a unique
CSS between one of the BODIPY's and this functional group. These results were not seen in
the BODIPY dimers 9 and 10. Using femtosecond TA spectroscopy, the authors found I1SC
was most efficient in solvents with moderate polarity, especially for the unsubstituted dimer 7.
These studies were also supported by TD-DFT calculations showing that the energy of the CSS
was high in non-polar solvents and low in polar solvents. This implied CR was a driving force
of ISC in solvents with moderate polarity and thus clarified the mechanism of SOCT-ISC in
orthogonal BODIPY dimers. The carbazole containing BODIPY dimer (8) exhibits inefficient
ISC.

BODIPY dimer 7 has the highest singlet oxygen yield and the nitro-containing
BODIPY dimer 10 shows a decrease in the triplet yield in solvents like dichloromethane and
THF. In the amino-containing BODIPY dimer 9, however, there appears to be inefficient ISC
in THF.

In 2018 Filatov et. al also reported that the solvent dependent fluorescence of BADs
and their 1SC relied on donor-acceptor couplings.®! The authors compared the triplet state
yields (formed either by RP-ISC or SOCT-ISC from the CT state) of their BADs to the values
published in their previous paper.?® This comparison showed that especially the unsubstituted
BAD displayed high populations of the CT state that was independent of the solvent polarity.
Studying the steady state absorption and emission properties of these BADs, it was found that
the emission of the BADs was greatly affected by solvent polarity. Changing the substitution
pattern in the BODIPY or anthracene subunits has a strong effect on the spectroscopic
properties of these dyads. For example, BADs containing methyl groups on the 1, 3, 5and 7
positions of the BODIPY indicated very efficient PeT in these dyads. The PeT efficiency of
the BADs mainly depends on the electronic coupling between the donor-acceptor subunits and
their redox potentials.

10, sensitization experiments were conducted with a variety of different BADs in both
ethanol and hexane. They differed in extended conjugation, phenylene spacers and alkyl
substitutions on the anthracene and BODIPY moieties. The emission quantum vyields varied
depending on solvent polarity and subunit structure. In hexane, there were higher 1O, quantum
yields obtained for 3,5-dimethyl-substituted BADs. The BADs with unsubstituted BODIPY
(see figure 2.7) showed the lowest 1O, quantum emission yields in ethanol (0.05-0.12) and

higher values of 0.43 in hexane. The introduction of a phenylene spacer, thus increasing the
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distance between the electron donor and acceptor, reduces the PeT efficiency as the electronic
coupling is decreased. The authors claimed that the different 1Oz emission quantum yields can
be partly due to the larger energy gap between the local excited singlet state of the BODIPY
(SBPP) and the CT singlet state (S¢T), which is altered by the introduction of alkyl substituents.
The authors found that the PeT is largely dependent on the SCT/SBPP energy gap and that
increasing the distance between the donor and acceptor (by a phenylene spacer) minimizes ISC
and results in poor triplet yields.

Femtosecond and nanosecond TA spectroscopy was carried out on these dyads and they
were split into two different sets. The first set was composed of molecules with the same
anthracene unit and chemically varied BODIPY components while the second set kept the
BODIPY constant and varied the anthracene. TA spectroscopy proved fast energy transfer
(EnT) between Anthracene and BODIPY in orthogonal BADs. In lower polarity solvents, like
toluene, the generated singlet states of these BADs decayed to the ground state without forming
the CT states, indicating poor PeT. The authors were able to prove that in their orthogonal BAD
(9-methylanthrancene and 1,3,5,7-tetramethyl BODIPY), the mechanism of triplet state
formation was CT state recombination as opposed to direct ISC. With TA spectroscopy the
authors show that in their BADs, triplet generation via CR was much less efficient in non-polar
solvents even though a small amount of triplet formation occurred.

DFT calculations and X-ray crystallography proved that directly linked BADs had
almost orthogonal angles (68-88 °C) clearly showing that all BADs studied were orthogonal
with respect to the orientation of the BODIPY and anthracene subunits. This orthogonality
would increase ISC. The electronic coupling between the local excited singlet state of the
BODIPY (SBPP) and the CT singlet state (S°T) is responsible for PeT efficiency. This
orthogonal geometry allows efficient electron transfer, providing high yields of CT resulting
in efficient ISC and high triplet yields. Increasing the steric bulk onto already orthogonal
BADs, by adding ethyl groups onto the 2 and 6 position of the BODIPY, results in a decreased
PeT efficiency which decreases CT yields, ISC efficiency and overall triplet yields. Deviations
from orthogonality in their BADs also reduced triplet state yields highlighting the importance
of orthogonality in their dyads to produce the desired triplet state.

In summary of the study of Filatov et. al.,3 structural factors and media polarity
determine the dominant decay pathway. The correct amount of steric bulk, in terms of alkyl
substituents, is needed to make PeT feasible for the BADs in polar solvents. Orthogonality
reduces the gap between singlet CT state and triplet CT state. The authors also noticed triplet

excited state generation in non-polar solvents in hexa-alkylated BADs.
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In 2018, Filatov et al. reported on other dyads that can be used as heavy atom-free
oxygen photosensitizers.>® In BODIPY-pyrene (BpyrD) and BODIPY-perylene dyads
(BperD), BODIPY triplet states were formed following CSS formation.

Unsubstituted BADs Hexa-alkyl substituted BADs
(R=H, Me, Ph) (R=H, Me, Ph)

Figure 2.7. BODIPY dyads studied by Filatov et. al.*"3*

They found that the BpyrD dyads produced higher triplet yields compared to previously
reported BADs by the same group.?® 3! The singlet excited states of pyrene(donor) undergo
EnT to the BODIPY (acceptor) core in these dyads, following excitation at 355 nm. This is
followed by PeT, generating a CSS equivalent to a radical cation of pyrene (Pyr*) and a radical
anion of BODIPY (BDP~). From this point, the CSS state can undergo ISC via two
mechanisms: the radical pair ISC (RP-ISC) or spin-orbit charge-transfer ISC (SOCT-ISC).
With the use of transient absorption (TA) spectroscopy, the authors confirmed triplet formation

via PeT.

10, sensitization, of the triplet states formed from the CT states in these dyads, was
evaluated by studying the trapping of 1,3-diphenylisobenzofuran (DPBF) in a polar and non-

polar solvent (ethanol and hexane, respectively). They found the most efficient sensitization
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occurred in the unsubstituted BpyrD dyad in ethanol. The authors concluded that in order for
PeT to occur, the energy level of the charge-transfer state (S°T) must be energetically close to
that of the electron donor-acceptor’s excited energy level (D-A*). Using DFT calculations,
they explained that the alkyl groups increased the S°T and reduced the electron accepting ability
of the BODIPY moiety.

Hou et al. % synthesized phenothiazine(PTZ)-anthracene(An) dyads (Figure 2.8) with
the aim of achieving orthogonal geometry thus enhancing SOCT-ISC. The bond between the
electron donor and acceptor was ‘varied to systematically tune the geometry constraint’,
therefore resulting in different coupling strengths (Vpa) and hopefully, increasing triplet yields.
Vpa values were determined by using the charge-transfer absorption bands as well as the
charge-transfer emission properties.

They introduced their paper by stating that it had been recently shown that weakly
coupled orthogonal multi-chromophore systems exhibit CR induced ISC.3" Hou et al. assume
that the more coplanar the donor and acceptor units within the dyad are to each other, the
stronger the electronic coupling (higher Vpa). The emissive properties of their compounds
indicated that the emission was governed by the strength of Vpa between the electron donor
and acceptor parts of the dyad. The emission of the acceptor appears to be controlled by
modulating the conformational restriction.

The authors use time-resolved electron paramagnetic resonance spectroscopy (TR-
EPR) to confirm that the overall ISC is not due to the intrinsic ISC of anthracene, but SOCT-
ISC must also play a role. The Gibbs free energy values indicated that PeT shows a
thermodynamically favoured preference for polar solvents compared to non-polar solvents in
their dyads. This corresponds to the fluorescent properties.

Using nanosecond TA spectroscopy, they confirmed that anthracene is a good electron
acceptor and show that SOCT-ISC is the main mechanism in their PTZ-An dyads. Using
femtosecond TA spectroscopy, they analysed the kinetics of charge transfer and triplet-state
formation for their compounds (see also Table 2.1). TR-EPR can be used to discriminate
between different ISC mechanisms (RP-ISC, SOCT-ISC or normal spin-orbit coupling ISC
(SO-1SC)).%: 18 Each mechanism yields different ESP (electron spin polarization) patterns. The
ESP pattern of anthracene was drastically different from that of the PTZ-An dyads. Therefore,
the ISC mechanism was largely affected by the attachment of PTZ(donor) to the anthracene.
They reported a novel finding for SOCT-ISC. Not only does the ESP pattern depend on the
molecular conformation (orthogonal vs coplanar), but it is also dependent on the electron donor

structure. Using DFT calculations, they verified their approach to be efficient for
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conformational restriction and thus SOCT-ISC purposes (see also section 5). By introducing a
methyl group on a julodine-An dyad that was previously studied by Dance et al.,*’ they
determined that the conformation was restricted to 69-102° between the electron donor and

acceptor.

Figure 2.8. Examples of PTZ-anthracene dyads (11) and (12).%

The authors use electron density difference maps to show that, for compound 11
(chemical structure in figure 2.8), singlet (S1 = CT) and triplet (T. = 3CT) states are
characterized by an intramolecular charge-transfer. According to the El-Sayed rules, the rate
of ISC is greater if a radiationless transition involves a change of molecular orbital type.
Leading on from this, the increasing spin-orbit coupling between the !CT and T; states can lead
to a higher 1SC rate. Computational results of this work are discussed further in section 5.

In 2019, Buck et al. reported that triplet formation in BODIPY-based dyads is controlled by
spin-allowed transitions.>® SOCT-ISC has to be faster than competing processes in order to
form triplets in ‘non-triplet-forming compounds’ like BODIPY or perylene. The authors show
a generic scheme for triplet formation in donor-acceptor dyads (Figure 2.9) that complies to
the work of El-Sayed in 1974,% the work of Van Willigen,?* Wasielewski,?> 3" 4 and Filatov,

Senge?® 3% 35 and Buck et al.®
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Figure 2.9. Jablonski-type energy diagram of process involving the photon absorption of a donor-
acceptor dyad (D-A) to form a singlet localized on A (:A*). This singlet can then undergo charge
separation to a charge-separated state (*CS). In certain conditions, a triplet (T1) can be formed by

recombination of the charges.®

According to the authors, the recent studies conducted by Filatov et al., 231 % Zhao et
al., %0 34 3% Jack magnetic field effects (MFE) measurements clearly indicating that SOCT-ISC
is the main transition to populate triplet excited states. Buck et al. proceeded to carry out studies
to answer one question: in relation to Figure 2.9, “how do the processes: CS, CRs and CRr;
relate to each other in terms of producing triplets?”

The authors used general orthogonal BODIPY -based D-A dyads to systematically tune
the oxidation and reduction potentials therefore investigating the Gibbs energy changes
associated with the three processes and how they affect triplet quantum yields. Their study
revealed that the spin-allowed processes (CS and CRs) largely control the triplet yield
formation, rather than CRt (or SOCT-ISC). They also provided two general guidelines for
improving triplet quantum yields in orthogonal D-A motifs, namely the close distance between
donor and acceptor (< 5 A) and the adjustment of the CS state energy to suppress CRs pathway.
The latter can most likely be done by making the CS energetically close to S;.

In this section, we see that BODIPY moieties in donor-acceptor dyads that form triplet
states via charge recombination can act as the electron acceptor or as both donor and acceptor
(in the case of BODIPY dimers). BODIPY-based dyads have applications in in vivo imaging
as well as in the many other photochemical processes. When these dyads are orthogonal they
can undergo SOCT-ISC to form triplet states. In sterically strained BODIPY -anthracene Dyads
(BADs), the highest triplet yields are observed in non-polar solvents. An optimal dihedral angle
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of approximately 62° is repeatedly found between the donor and acceptor moieties of these
BADs. The ISC of these PSs can be tuned, not only by the angles between the two electron
transfer moieties, but also by manipulation of the solvent polarity. Attaching electron donating
and withdrawing groups to BODIPY dimers has reportedly resulted in a decrease in triplet
yield. However, it is yet to be investigated whether this statement is true for all BODIPY
dimers. The driving force for charge recombination and SOCT-ISC in orthogonal BODIPY
dimers is optimal in solvents with moderate polarity. Singlet oxygen quantum yields vary
depending on solvent polarity and subunit structure.

In summary, the key is to find the ideal balance between initial charge separation and
recombination pathways. It has been shown that promoting SOCT-ISC, by suppressing the
spin-allowed transitions using a unique feature of electron-transfer reactions known as the
Marcus inverted region, allows triplet formation by charge recombination to occur under
favourable conditions but it is not always the preferred route. It is clear that ISC is dependent
on solvent polarity and that SOCT-ISC can be the main ISC mechanism in orthogonal dyads.
Some of the dyads discussed have shown promising results in vitro. Specifically, derivatives
of the BODIPY-Anthracene Dyads and BODIPY-pyrene dyads, that were discussed by Filatov
et al., have shown to have in vitro cytotoxicity against human breast cancer cells.*? For more
information on recent work on BODIPY molecules and their triplet states we refer to some
excellent review papers. > 44 45

From the great variety of compounds presented above we tentatively select two
molecules to discuss a unifying theme in section 5: the BAD compound 2 (see figure 2.3) and
the BODIPY dimer d2 (see figure 2.4). Both compounds give singlet oxygen / triplet yields
above 90 % in the optimal solvent.

2.4. Polymer-Fullerene blends

Within organic photovoltaic research, there are many examples where triplet formation by
charge recombination is reported to occur in thin solid films.” These films consist of electron
donating polymers with the (fullerene) electron acceptor incorporated into it. However, in
contrast to the molecular electron donor-acceptor and BODIPY systems discussed before, these
observations cannot be correlated to structural information regarding donor-acceptor
orientation. The most studied combination with respect to this particular triplet formation
pathway is PCPDTBT : PCsoBM.
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In 2013, Friend and co-workers’ observed formation of the polymer T: state due to
bimolecular charge recombination (= triplet formation by charge recombination) in a series of
polymer-fullerene systems in which the lowest-energy molecular triplet exciton (T1) of the
polymer is lower in energy than the charge-transfer (CT) state. They stated that the formation
of triplet excitons can be the main loss mechanism in organic photovoltaic cells. Four fullerene
derivatives (PCeoBM, PC70BM, ICsoMA, 1CsBA) and two polymers were used (PIDT-PhanQ
= (poly(indacenodithiophene-co-phenanthro[9,10-b]quinoxaline) as well as PCPDTBT =
(poly([2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)]). Charges are formed within the instrument response time (2 ns) in all
blends (see figure 2.10 for the molecular structures).

In the polymer-fullerene blends of PIDT-PhanQ : ICsoMA and PIDT-PhanQ : 1CsBA,
triplet excitons are formed through bimolecular recombination on nanosecond timescales. They
report that the values of f (rate constant for triplet-charge annihilation) vary by a factor of two
with laser fluence. Triplet-charge annihilation occurs when a triplet state (in the film) interacts
with a charge (in the film) and they annihilate each other. At fluence of 2 pJ/cm? for the PIDT-
PhanQ : ICBA blend they obtained a value of 0.58 for a (final triplet fraction) and a value of
2.2 x1071° cm®s for . This demonstrates that a large fraction of charges underwent
bimolecular recombination mediated by 3CT, to form triplet excitons. A characteristic
timescale for their observations is 10 ns. By using PCPDTBT as the second polymer the authors
generalized the results.

“According to spin statistics, the encounters of spin-uncorrelated electrons and holes
generate charge-transfer states with both singlet (*CT) and triplet (3CT) spin character in a 1:3
ratio. Relaxation of >CT states to T states (energetically favoured), can be strongly suppressed
by wave-function delocalization, allowing for the dissociation of 3CT states back to free
charges and enhancing the device performance. Decreasing charge recombination is possible
due to the interplay between electron spin, energetics and delocalization of charges in these
organic semiconductors.”” This work focuses on proton hyperfine interactions being the
mechanism for the interconversion of singlet CT into triplet CT states. Spin-orbit coupling is
not considered. At their earliest observation time of t = 2 ns, 50 % of the triplet states in PIDT-
PhanQ : ICBA are already formed. Interestingly, this could imply that spin-orbit coupling plays
arole here.
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PCPDTBT

PIDT-PhanQ

OMe

Figure 2.10. Molecular structures of the polymers and fullerene acceptors used by Friend and co-

workers. ’

The same PCPDTBT polymer was studied in 2015 by Laquai et al.® who demonstrated
that after exciton dissociation and free charge formation, fast sub-nanosecond non-geminate
recombination (recombination of charges that were not created together by one
photoexcitation) leads to a substantial population of the polymer’s triplets state in a PCPDTBT
: PCsoBM blend. This complements the earlier work of Friend. It seems that in this blend of
materials, two rates of triplet formation by charge recombination can occur, a fast sub-ns rate
and a slow process on the 10 ns timescale. Laquai et al.® also reported that PSBTBT : PCsoBM
blends (with a silicon atom bridgehead) show a higher charge generation efficiency, but less
triplet state formation at similar free charge carrier concentrations. The film morphology of the
two blends are similar in terms of crystallinity, phase segregation, and interfacial contacts. But
silicon substitution has a significant impact on the morphology of the blend (as well as hole
mobility) and solid-state morphology. The interfacial structures of PSBTBT : PCsoBM blends
reduce non-geminate recombination, leading to superior device performance compared to
optimized PCPDTBT : PCsoBM blends. It is characterized by a decreased n-m stacking distance
in conjunction with an increased lamellar stacking distance. For the PSBTBT : PCeBM blend,
there is a significant change in the solid-state morphology that is not only related to the 2-

ethylhexyl side chain organization, but also to an increase in molecular order and
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packing/aggregation of the PSBTBT polymer chains. Solid-state NMR studies also indicate a
possible folding of the butyric methyl ester functionalities of the fullerene of PCBM to the
PCPDTBT.

In 2014, Friend and co-workers revealed that upon addition of ODT (octane-dithiol),
triplet generation in PCPDTBT : PC70BM was strongly promoted due to an increased
generation of free charges.*® Recent measurements*” 8 on PCPDTBT : PCsBM blends
revealed a lifetime of these CT states of a few hundred picoseconds, which according to the
authors is too short to create a substantial yield of triplets by intersystem crossing (but as we
discussed earlier, such observations have been made for molecular systems in solution, see
section 2). The population of polymer triplet states occurs if the triplet state is lower in energy
than the interfacial triplet CT state. This causes a downhill energy transfer process, which
competes with re-dissociation of the CT state. This process adds another loss channel to the
efficiency-limiting processes in organic solar cells, and hence likely decreases its efficiency.

Durrant and co-workers observed the generation of polymer triplet excitons in SilDT—
2FBT : PC70BM (but not for SiIDT-DTBT : PC7BM), (Figure 2.11). This occurs on a
timescale of 1 ns (independent of laser-fluence, but charge generation is influenced by applied
electrical bias). Population of singlet CT states is assumed to be followed by intersystem
crossing (by HFI) to degenerate triplet CT states. There is no comment on the short time scale
of this process. Charge recombination from 3CT then populates the lowest lying polymer triplet
state (T1), thus limiting free charge generation in this system. Instead of CT state, the authors
used the terminology of bound polaron pair (BPP). In contrast to the work of Friend and co-
workers, the authors have inferred geminate charge recombination, implying that the charges
that recombined into triplets have not escaped each other’s coulomb field. The dynamics of
free charge separation competing with recombination to polymer triplet states is studied in two
closely related polymer-fullerene blends with differing polymer fluorination, differing linking
thiophene groups and different photovoltaic performance by Durrant and co-workers. No

quantification of the theoretical timescales relating to HFI or SOCT-ISC were reported.
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a R=CgH;7

Figure 2.11. Structures of polymers in which triplet formation by charge recombination has been
observed, in combination with fullerene adducts: SilDT-2FBT (a), SiIDT-DTBT (b), studied by

Durrant et al .8

“For the SiIDT-2FBT:PC7BM blend, electron transfer across the interface creates
coulomb-bound BPP states with a spin singlet character, in which the hole resides on the
polymer chain, while the electron resides on the fullerene molecule. Motion of the polarons
within their coulomb attraction field is likely to reduce their charge-exchange integral thus
creating energetically degenerate triplet and singlet bound states that can efficiently
interconvert, enabled by hyperfine interactions.*® Once generated, the triplet BPP states serve
as precursors for subsequent efficient back electron transfer to the lower lying polymer triplet
excitons.”®

Other studies on charge recombination in low band gap polymer : fullerene donor-
acceptor blends also show sub-ns triplet state formation from charges for both PDBTTT :
PCsoBM® and diketopyrrolopyrrole (DPP) type polymer blends with fullerene adducts. 5% °2
The formation of triplet states in thin film blends of low band gap polymers and fullerene
adducts has been the focus of many studies. The great variety of polymer molecular structures,
the different types of morphologies and crystalline regions, different energetics as well as the
large influence of laser power applied in optical studies makes triplet formation by charge
recombination difficult to pinpoint within this field. Furthermore, interface layers and a
potential difference (of 0.5 to 1 V) in real operating devices will induce band bending and
change energetics. However, recombination to triplets can proceed faster than charge extraction
and can be observed in working devices even under short-circuit conditions. The studies

reported here are performed on spin-coated films on quartz.

Considering the previous sections on molecular donor-acceptor systems and

BODIPY’s, there are hints to the following suggestion: the orientation of the = systems of
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electron donor and acceptor units in the solid state will influence the charge recombination
process to the same extent as in well-defined molecular systems in solution. This implies that
the specific orientation of the z systems of the polymer, relative to the z system of the fullerene
adduct will be an important factor to control (Figure 2.12).

“ Polymer | | :
| ’ /
Polymer | (
_ |4 __ a4 . . V/ 14 |/
Fullerene . Fullerene

Figure 2.12. Representation of the different orientations of polymer donor and fullerene acceptor units
in a thin solid film, in which the aromatic core of the polymer units is considered as a relatively flat
building block for simplicity. Schematic orientation of the w-orbitals is indicated (brown p orbitals). In
the left structure triplet formation by charge recombination will be enhanced due to orthogonal w-

orbitals.

The suggestion that we postulate and model in figure 2.12 indicates that for the thin
films containing two dyes (perylene red and pyrene), two different conformations/complexes
(similar to those in figure 2.12) must be present too. These two conformations are in agreement
with the two reported rates of ~1.04 x 10%° and 7.21 x 107 s™! for triplet state formation by
charge recombination in a mixture of pyrene and perylene red (N,N’-bis(2,6-di-
isopropylphenyl)-1,6,7,12-tetraphenoxy-perylene- 3,4:9,10-tetracarboxylic acid bis-imide).>

2.5. Mechanistic Aspects

In the previous sections we have reported various examples of molecules and materials in
which triplet formation by charge recombination has been observed, and important factors such
as the orientation of donor and acceptor, the nodal planes of orbitals involved, hyperfine
interactions and spin-orbit coupling have been indicated. Here we describe some of these

mechanisms in more detail and correlate them to representative rates.
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Proton Hyperfine Interactions

Next to spin-lattice relaxation (T1) and spin-spin (longitudinal) relaxation (T2), spin de-phasing
can also occur due to hyperfine coupling (coupling between nuclear spin and electron spin) and
cause intersystem crossing. This process can be approximated by using T.", the transverse
relaxation time (T1>T2 > T.") also known as the spin de-coherence or the spin de-phasing

(interconversion) timescale, which is given by:

Sy

It depends on the g-value (mainly ranging between 1.80 up to 2.20), us, the electronic
Bohr magneton (5.78838 x 107° (eV T%)), the hyperfine coupling constant (an) as well as
Planck’s constant (6.58212 x 107 (eV s)). The magnitude of the hyperfine constant (in Tesla)
has a large influence on the spin de-phasing time. If we simplify this and assume g = 2 we get
T2 = (5.686 x 109 ay), with the an values expressed here in mT. Through the hyperfine
interaction, the spin of the nuclei can interact with the electron spin causing it to change and
thereby spin-flip. Hyperfine interactions are named after the hyperfine splitting of the peaks
observed in EPR (or ESR) spectra.

For the molecular donor-acceptor system of Mataga and co-workers,'® we can take
values for the radical anion of pyrene and the radical cation of dimethylaniline. The three
hyperfine coupling constants for the unsubstituted pyrene radical anion have been reported®
to be 0.489, 0.226 and 0.10 mT with the g-value®® being 2.002724. We can then estimate the
value of T2" to be between 1.16 X 108sand 5.68 x 10®s. The fastest rate would be
CRkr=8.61 x 10"s?, which is remarkably close to that measured® in thin films containing
pyrene “Rkr = 7.21 x 107 st However, clearly the rate in the orthogonal molecular system

studied by Mataga et al. in solution is much higher,*® and cannot be explained with the T2".
For N,N-dimethylaniline, the hyperfine coupling constants for the ortho and meta hydrogen

atoms®® are between 0.6 and 0.079 mT from which we can estimate T>" between 7.18 x 108s
and 9.48 x 107°s (fastest rate of “*kr = 1.05 x 10%s™) in reasonable agreement with those

obtained for pyrene.
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In order to estimate the timescale of intersystem crossing, we need to look into EPR

data of polymer-fullerene blends. In purely organic photovoltaic materials, the main nuclear
spin that is present is related to the protons (H-HFI). The presence of other atoms in the polymer
(besides hydrogen, carbon and nitrogen) that have a high relative abundance of isotopes with
nuclear spin like fluorine, sulphur or phosphorus can be of importance.
There are various reports®’, %8 of g-values for polymer-fullerene blends and they all are very
close to 2, ranging from ~1.998 to 2.005. For P3HT/PCe:BM and P3HT/PC7:.BM composites
effective, isotropic g-factors of the methanofullerene anion radicals were 1.99983 and 2.00360,
respectively.

The hyperfine constants, however, are not so easily obtained, but also indicate a slow
process (~5 to 22 ns timescale relating to an values of 32.2 and 7.3 MHz [~(32.2/28) = 1.15 and
~0.26 mT] reported for thin films with fluorine containing oligomers [e.g. dithienosilole-
fluorobenzothiadiazole] and PBCM).>® The hyperfine coupling constant is directly related to the
distance between peaks in a spectrum and its magnitude indicates the extent of delocalization
of the unpaired electron over the molecule. However, we can also use the Ag values.

A second approach to estimate the rate of triplet formation by charge recombination is
related to magnetic field effects. 8% ¢ Using the magnitude of the magnetic field (B) of the
Earth, together with the g-values of the radical cationic and radical anionic species, it is possible

to estimate a timescale for the process.

1 _BgusB __8gB
VS TR T 071446

with v in GHz and B in kG. The Earth’s magnetic field is ~50 uT (0.5 G). Ag for typical radical
pairs can be up to 0.004, leading to a rate of ~2.8 x 10 GHz. At low magnetic fields, the rate

for magnetic field induced triplet CT state formation is very low (2.8 x 10%s?).

Based on the information on H-HFI, we have to conclude that rates of triplet formation
by charge recombination (10°s™ up to 10'° s), that are one or two orders of magnitude higher
than the rates related to HFI (108 s), have to be related to other physical effects and can be not

be explained by spin dephasing.
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By looking into the quantum chemical background of the H-HFI interactions more
insight can be gained into this mechanism. The Hamiltonian given®? by Frankevich et al.

describes the hyperfine interactions:
H,, = 29SH +7ia,1S, +ha, 1S, — hJ (r)[%—zéléz}

The first term represents the Zeeman interaction which depends on the g factor, with S the total
spin vector, H the magnetic field. The second and third terms represent the interaction between
the electron (S1.2) and nuclear (1) spins while the fourth term represents the exchange interaction
J(r) or the quantum mechanical correction to the classical electron-electron repulsion. J(r) is
based on the Pauli exclusion principle, which says that no two electrons can have the same four
quantum numbers (In other words if two electrons occupy the same orbital, they must have
antiparallel spins). This leads to a quantum mechanical correction to the classical electron-
electron repulsion. This will usually increase the energy for paired spins or singlets and
decrease the energy of unpaired spin states or triplet states because the electrons cannot occupy
the same orbital.

These H-HFI effects in a system can be visualized by looking at the interactions
between the hydrogen atoms nuclear spin (I) and the spin of the electron (S1) (Figure 2.13).
The relatively slow process can be viewed as small separate pushes of the nuclear spin
momenta resulting in a relatively slow dephasing of the electron spin of the radical cation or

radical anion. A vector description of these spin-spin interactions is given in figure 2.13.
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Figure 2.13.Visualization of proton hyperfine interactions (H-HFI) within a co-planar electron donor-

acceptor compound. Within the singlet charge-transfer excited state (top), the interaction between the

electron spin (S1) and the nuclear spin of the H atoms (1), leads to slow spin dephasing (T2"). This

interconverts the singlet charge-transfer excited state into the triplet charge-transfer excited state

(middle). When this is formed, fast spin allowed charge recombination to a local triplet state can occur

(bottom). The Ty level is populated specifically (and not the T+ or T., see also figure 2.15). The red

arrow in the three electron configurations depicts the dephasing and transferring electron. A magnetic

field is present in the z direction, for the purpose of simple spin representation
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Spin-Orbit Coupling

Due to the conservation of momentum, a change in (electron) spin magnetic momentum has to
be compensated by a change in orbital magnetic momentum. The change of molecular orbitals
related to a transition is coupled to the change in electron spin. “In molecules such as acetone
and, for example, aromatic ketones, that are known for their high triplet yields, the n—n*
transition of the carbonyl group can be viewed as the transfer of charge from the lone pair of
the oxygen atom to the * orbital mainly located on the carbon atom.®® This exemplifies the
importance of charge transfer in triplet state formation. The orbital magnetic momentum is
changed when the interacting orbitals are located in different areas of the space on the molecule,
compensating the change of spin magnetic momentum of the electron (spin—orbit coupling).”
In fullerene Ceo, the orbitals related to the (very efficient) transition to the triplet state change
from “pole” based to “equator” based.®* Thereby, the change in orbital magnetic momentum
can be anticipated.

Orthogonal donor and acceptor units can easily fulfil the change in orbital magnetic
momentum, upon back electron transfer interaction. As discussed earlier, this mechanism has
been implied by Mataga and co-workers'® in 1981. It was also inferred in 1996 on the basis of
TR-EPR of acridinium systems by van Willigen et al.?*

By looking into the quantum chemical background of spin-orbit coupling interactions,
we can gain more insight into this mechanism. Spin-orbit coupling is the result of the spin-

operator expressed by its Hamiltonian.

We can use the approach given® by Beljonne and Bredas:
“The spin-orbital Hamiltonian is the interaction between the spin and orbital motions of an

electron (spin-orbit coupling) and induces a mixing between singlet and triplet excitations.

fs i~
uoi

3
iu

in which afs is the fine structure constant, Z,, is the effective nuclear charge for nucleus x, L
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and S are the orbital and spin momenta, respectively, r = distance between the nucleus and the

electrons.

This Hamiltonian represents the coupling between the spin and orbital momenta of the

nucleus («) and the electron (i).
SO N n 7 )
¥ 2 B.TFoe
H = Ufs Z Z,_3Ll A.Sl
oo

iu

The Golden-rule expression for radiation-less transitions can be used to compute the

intersystem crossing rates, k'Fisc, between an initial singlet state I and a final triplet state F:
k 15" =r/m) <'W \° |Hso | *¥ £° >* [FCWD]

where the Franck-Condon weighted density of states, FCWD, is the density of vibrational states

in the triplet times the Franck-Condon vibrational overlap.
The FCWD term (in high-temperature limit) is given by:

—(AE+2)?

_ 1 ( )
[FCWD] = \/(47TART)e 4ART

Here, AE is the energy difference between the initial and final states, (here the singlet-triplet

energy splitting), and A denotes the Marcus reorganization energy.”

So basically, the expressions are very similar to the regular equations for electron transfer, but
the main difference is the Hamiltonian. In regular electron transfer processes, this is related to
the electronic coupling between the electronic orbitals of two states. Now it relates to the
coupling of the spin magnetic momenta and the orbital magnetic momenta of the two states. It
is not the electronic coupling (normally called V, or Hpa) but the spin-orbit coupling between

the initial and final states.

The wavefunctions on which the spin-orbit Hamiltonian operates can be specified in
more detail: the orbitals of the radical anion and the orbitals of the radical cation (the charge-

transfer state) and the orbitals belonging to the final triplet state should be the ones to consider.

This gives us the so called “spin-orbit coupling matrix element”’(= SOCME). Orthogonality of
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the nodal planes of the interacting orbitals may be an important factor.
<9 0 Heo | P > =<'D"-A™ 0 |Hso | °D-A £ >

The selection rules for triplet state formation are known from the work of Mostafa El-
Sayed (El-Sayed rules).** % These rules have been visually correlated to orbitals and electron
spin by Turro.%” Turro demonstrated via the use of orbitals in the carbonyl group of acetone
how intersystem crossing is the movement of an electron from a Py orbital to a Px orbital (Figure
2.14). First, such an example is presented here using a rotating vector description of electron
spin, which is then correlated to the spin-vector description and to molecular orbital changes
occurring in orthogonal electron donor-acceptor systems (Figure 2.15).

* T/ 180" flip

T
\'4

A \ /)

/,l‘

£ C g RGN

Si=n(T) n( ) ()= Y, )

3(n-1") /c

Figure 2.14. Visualization of the selection rules for spin-orbit coupling for a carbonyl compound. For

T=n(y 1) n(d)({)=3(n, )

a (7z-7*) singlet excited state (top), the transition between the orthogonal doubly occupied n orbital
(green) and = orbital (red, single occupation) provides the spin-orbit coupling to enable the electron
spin flip and produce the 3(n-7*) triplet excited state (bottom). We use the rotating frame vector
representation and the selection rules for triplet state formation of a *(z7*) singlet into a *(n-7*)
triplet (adapted from reference ). It is a qualitative orbital description of the basis for allowed
intersystem crossing. The red arrow in the two electron configurations depicts the flipping electron. A

magnetic field is present in the z direction, for the purpose of simple spin representation
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Figure 2.15. Visualization of spin-orbit charge transfer inter system crossing (SOCT-ISC) within an
orthogonal electron donor-acceptor compound. Within the singlet charge-transfer excited state (top),
the transition between the singly occupied orthogonal acceptor 7 -orbital (green) and donor z-orbital
(red, single occupation + empty ) provides the spin-orbit coupling to enable the simultaneous spin
flip and produce the local triplet state excited state 3(z-7*) on the donor (bottom). Upon charge transfer
accompanied by an electron spin flip, the orbital magnetic momentum change (of the orthogonal
orbitals involved in the transition) compensates for change of electron spin magnetic momentum. The
orthogonal orbital (nodal plane) relation in the transition is important. The T+ (or T.) level is populated
specifically (and not the Ty level, see also figure 2.13). The red arrow in the two electron configurations
depicts the flipping and transferring electron. A magnetic field is present in the z direction, for the

purpose of simple spin representation.
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Considering that HFI and SOCT-ISC mechanisms can operate in one particular system
at the same time, it is important to stress that HFI is a ‘localized’ interaction occurring between
electron spin and nearby nuclear spins. As such, the timescale of this process will not depend
on the distance (nor orientation) between the donor and acceptor unit. However, in the SOCT-
ISC mechanism a coupling term is present, that will show a strong distance (and orientation)
dependence.%®

Further inspection of figure 2.15 shows two more aspects: without dephasing, the triplet
level that is formed specifically by SOCT-ISC is the so-called T (or the T.) level. In the To
level the two electron-spins point in opposite directions and should have the same phase (see
e.g. figure 2.13, a result of spin dephasing; see also Ref. 16 page 147). Furthermore, the spin-
orbit Hamiltonian will operate between the charge-transfer state (consisting of the
‘electronically coupled’ radical cation and radical anion) and a local triplet state that can be

localized on the donor or the acceptor.

<9 0\ Ho | ¥ > =<'D"-A" " |Hso | 'D-A £ >
or

<y \Hso | 3w O = <Ipta 0 Hso | D3A >

If the triplet is formed on the donor, the orbital symmetry of the radical anion of the acceptor
will play a more important role (next to that of the donor triplet) for the magnitude of the spin-
orbit coupling interaction matrix element. If the triplet is formed on the acceptor, the orbital
symmetry of the radical cation of the donor (next to that of the acceptor triplet) will play a more
dominant role in the transition.

As discussed in section 2, Weber and co-workers have been able to apply computational
chemistry to determine important aspects for the triplet formation by charge recombination for
compound 11 and 12.3¢ By using experimental data from charge-transfer absorption and
charge-transfer emission properties they determined a rather large Vpa value of 0.16 eV (=
1290 cm™) for 12 (related to the charge separation). By using DFT methods (TD-DFT and the
Dalton code) they were able to calculate the magnitude of the spin-orbit coupling interaction
matrix element (SOCME) to be 2.37 cm™ for compound 12, and 0.37 cm™ for compound 11.
These small interaction energies are enough to mediate charge recombination to the triplet (by
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SOCT-ISC) on a ~1 ns timescale. So clearly is it possible nowadays to calculate the magnitude
of the coupling that mediates TCR. This is also possible with ADF (see section 2.6).
Although it is most certainly an oversimplification, we can apply a frontier molecular
orbital description (FMO) as a starting point to identify the orbitals that mainly play a role in
the triplet formation by charge recombination process. Such an approach results in the
simplified orbital representation in figure 2.16. By using such an FMO scheme,® * * we can
identify that the TCR process will be an interaction between the HOMO of the acceptor and
the HOMO of the donor. We refer here to the orbitals of the neutral system. In fact, the SOMO
of the radical cation of the donor and the HOMO (below the SOMO) of the radical anion are
the active orbitals, but for simplicity we consider the orbitals of the neutrals. We assume that

the symmetry properties of these orbitals are similar.

LUMO s | — | —
LUMO — L + cs L _'_ L +
= -
HoMO +_ —H—HOIVIO e H_j_ +H . HJF,_TCR_&_H—'- H+ +H
A D A D A D* 3A D
| iISC

Figure 2.16. Frontier molecular orbital description of triplet formation by charge recombination in a
donor (D) acceptor (A) system. Upon excitation of the acceptor (A”), charge separation (CS) can occur
to give the radical anion (A“) and the radical cation (D). Now TCR (triplet formation by charge
recombination) can occur via a charge transfer accompanied by a spin flip, leading to the triplet state
of the acceptor (°A). In an energy scheme, the triplet state is lower than the charge-transfer state (note
the difference between “energy of state” and “energy of orbital ”). The triplet state decays through
intersystem crossing (ISC) back to the ground state. HOMO and LUMO levels are represented for the
neutral starting systems.

For the system studied by Mataga as well as for the BAD system 3 and the BODIPY
dimer d2 the HOMO of the donor together with the HOMO of the acceptor clearly show a
special feature. Double orthogonality of the nodal planes is observed. Not only are the nodal
planes related to the two molecular planes of donor and acceptor orthogonal, also the
‘secondary’ nodal planes of the orbitals are orthogonal! This was already stipulated by Mataga
in 1981, but here we visualize these requirements for triplet formation by charge recombination

(see Figure 2.17). Note that for compound 4 (see Figure 2.3) these requirements do not hold,
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and that this compound does not show substantial TCR (as well as for compounds BB5 and
BB6 in reference 34).

d2 i

Figure 2.17. Orbital representation of the HOMO of the electron-donor (in blue) and the HOMO of the
electron-acceptor (in red). The black dotted lines represent the secondary orthogonal nodal plane. The
first orthogonal nodal planes of the orbitals are the molecular planes of the donor unit and acceptor
unit (with a ~90° angle between the © systems). Double orthogonality of the nodal planes is present.
See figure 2.1 for a 3D model of the first molecule. Note that in d2 there is a ~90° twist angle between
the red part and the blue part. In the first molecule molecule both angles (between the molecular planes
and the secondary nodal planes) are approaching 60°. For 3 the angle is estimated to be between 78
and 85° (see ref. 31).

A similar approach can be applied to systems in which the triplet is formed on the donor
(like in the polymer fullerene blends discussed in section 4). Here however, the character of
the LUMO of the donor and the LUMO of the acceptor will be the most significant (again
referring to the orbitals of the neutral systems). This does imply that the energetics has to be
such that TCR is possible, leading to triplet formation on the donor.

Hereby we have identified a unifying theme, that connects the early donor acceptor
systems (in section 2) with the recent BODIPY work (in section 3): double orthogonality of
the nodal planes. The key is not the ground state dipole moment, nor the transition dipole
moment of the two separate transitions (CT and triplet), but the specific orbital symmetry
properties. This fits the concept that the spin-orbit Hamiltonian operates between the initial and

final state and has a maximum output when orbitals are orthogonal.
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2.6. Conclusions and Outlook

Triplet formation by charge recombination has been observed in numerous molecular electron
donor-acceptor systems.”> However, examples of systems in which this process occurs well
below a 10 ns timescale, are scarce. The recent intensive research on BODIPY systems has
renewed the interest in triplet formation by charge recombination, as well the work on organic
photovoltaic materials. The main viable mechanistic factors that play a role in the formation of
triplet states in which the precursor state is not a locally excited singlet state, but a charged
state, are proton hyperfine interactions (H-HFI) as well as spin-orbit coupling (SOCT-ISC).
These two interactions can be quantified (see section 5). When we look at the various other
possible mechanisms we see that they occur on a much longer timescale.

Triplet formation can occur by geminate (in molecular systems) or by non-geminate
processes (in thin films). In long lived (geminate or non-geminate) charge-transfer states, HFI
is inevitable and will lead to formation of triplet CT states through the localized interactions of
nuclear spins and electron spin on a ~ 10 ns timescale. Electron donor acceptor systems that do
not contain nuclear spins are so far unknown (to us). The triplet CT state can recombine fast to
a local triplet state without spin-forbiddenness (via spin-allowed transitions), if the energetics
allows this. However, in short lived singlet CT states, fast competitive spin-orbit coupling can
lead to direct local triplet state formation on a ~ 40 ps timescale. The selection rules for triplet
state formation become important and imply short distance and orthogonal orbitals, with double
orthogonality of the nodal planes. As the origins of these interactions (HFI and SOCT-ISC)
have a quantum-chemical basis these effects will ultimately be related to the nature of the
Hamiltonian that couples the two states: a trivial assessment with complex consequences. With
modern computational methods however, it is possible to calculate the so-called transfer
integrals (or SOCME) between CT states and local triplet excited states, (also as a function of
a rotating bond between donor and acceptor) for the SOCT-ISC mechanism. From several
experimental studies, 60° angles between the nodal planes of the orbitals seems optimal. FMO
analysis suggests that double orthogonality of the nodal planes is an important factor.

The physical and quantum chemical effects that play a role in the formation of local (excited)
triplet states from charged states can be visualized by using a spin-vector description together
with a molecular orbital representation. Thereby we can understand and describe these factors
in a better way, expanding on the visualizations provided us by Turro.

We can exploit triplet formation by charge recombination by using it as an ‘alternative’ method

to generate triplet states. This paper begs the question: What can the produced triplets be used
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for? While there will likely be many applications in the photosciences, we have seen their
application in PDT already. Can all dyads that undergo triplet charge recombination be used
for Photodynamic Therapy? In Vitro tests can be carried out to determine the best candidates.
After this, evaluation of their photosensitizer properties will have to be assessed. BODIPY’s
can also be attached to known photosensitizers to see what their capability as a singlet oxygen
photosensitizer is. There is also an ideal situation that many types of dyads can use this triplet
formation method that results in the next big photosensitizer that cannot only be used in
photodynamic therapy but in many other photo-associated applications as well.

Applying the principles of triplet formation by charge recombination to photodynamic therapy
not only implies optimizing the orientation of the donor and acceptor (and the nodal planes of
their orbitals), but also the charge generation has to be optimal and the energy difference
between the CT state and the triplet state has to be fine-tuned.

If we want to understand, control or predict charge recombination, we need to quantify the !CT
— 3CT interconversion characterized by T," (and HFI) as well as the '1CT — T; conversion
characterized by the SOCME, the transfer integral for the SOCT-ISC mechanism. Both

quantities can be determined experimentally’® or with computational chemistry.36 5% 74 75.
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List of Abbreviatons

T+ Tol T- Triplet excited state energy levels

T Lifetime (in seconds)

cr(T) Time of formation of the triplet state corresponding to the decay time of the

charge-transfer state

T Triplet excited state

CRk+ Rate of Triplet formation by charge recombination

DFT Density Functional Theory

3La triplet state with La symmetry using Platt’s notation of the symmetry of the

excited state of a molecule

T pi orbital

n pi* orbital

n Lone pair molecular orbital
Coeo Fullerene

ns Nanosecond

BAD BODIPY-Anthracene dyad
CSS Charge Separated State
CR Charge Recombination

CS Charge Separation

CT Charge Transfer

10, Singlet Oxygen

3D Three Dimensional

EnT Energy Transfer

ISC Intersystem crossing

TD-DFT Time-Dependent Density Functional Theory
1cs Electron transfer time in a donor-acceptor dyad from the donor to the acceptor
to form a Charge Separated State

TCR Charge recombination time

DMJ 3,5-dimethyl-4-julolidine

NI Naphthalene-1,8:4,5-bis(dicarboximide)
An Anthracene

DMJ-An-NI  3,5-dimethyl-4-julolidine Naphthalene-1,8:4,5-bis(dicarboximide) triad with an

Anthracene linker
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DMJ®)-An-NI) Charge Separated State of DMJ-An-NI

ps Picoseconds (10712 seconds)

st Unit of rates of physical and chemical processes (per second)
SOCT-ISC  Spin-Orbit Charge-Transfer intersystem crossing

SOCME Spin-orbit coupling matrix element

RP-1SC Radical Pair intersystem crossing
EPR Electron Paramagnetic Resonance spectroscopy
1CsH Charged-Shifted singlet state

3LE Localized-Excited triplet state

kt Rates of Triplet formation
SOMO Singly occupied molecular orbital
HFI Hyperfine Interactions

PS Photosensitizer

PeT Photoinduced electron transfer
TOL Toluene

THF Tetrahydrofuran

DCM Dichloromethane

ACN Acetonitrile

TA Transient Absorption

BODIPY Boron-dipyrromethene
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Chapter 3

Photo-activated thin films of porphyrinoids for reactive oxygen

species generation’

Abstract

This chapter discusses the synthesis and photophysical studies, in both solution and thin film,
of free base 5,10,15,20-tetra-(4-hexyloxyphenyl)porphyrin. The porphyrin was synthesized via
modified Adler-Longo conditions. This porphyrin was then studied via UV-Vis spectroscopy,
and steady-state and time-resolved photoluminescence spectroscopy. A thin film was cast on
quartz glass via spin coating and via vapour-phase deposition. The fluorescence lifetime of the
porphyrin in a solid film, as well as the detection of singlet oxygen generated by the film using

a water-soluble singlet oxygen probe, are reported.

"The content of this chapter has been submitted to the Journal of Porphyrins and
phthalocyanines.
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3.1. Introduction

The first written accounts of Photodynamic Therapy (PDT) were reported at the end of the 19™"
century.! Back then, it was coined as ‘phototherapy’? and has since been developed to treat
early stage tumors,® dermatological conditions* and microbial infections (Antimicrobial
Photodynamic Therapy).> PDT requires the presence of molecular oxygen ((0.), a
photosensitizer (PS) and light to form singlet oxygen (*Oy) that is responsible for the desired
therapeutic effect. The ‘ideal PS’ is highly sought after and its properties are described in
reviews by Callaghan and Senge, and by Abrahamse and Hamblin (see also section 1.4.4).1:5
Some of these properties include efficient triplet excited state formation with an excitation
wavelength in the region of 650-850 nm (known as the therapeutic window), possessing a
sufficiently long triplet lifetime, and generating high yields of singlet oxygen and Reactive
Oxygen Species (ROS). Following irradiation of a PS, its singlet state is populated. This singlet
state can then undergo intersystem crossing (ISC) to form the triplet state. The triplet state can

interact with 302 to form O (Figure 3.1), which can destroy cancer cells or microbial cells.

Type-I photochemistry:
Electron/hydrogen transfer

30) —_— Ol——-be O:}

E A lll‘ l 2H'
HO> H;O,
S, 19
HO ©OH

IS¢ Excited Trlplet state
’ Type-II photochemistry:

__Energy transfer
0,
Phosphorescence 1270 nm >

Molecular oxygen

=

aduddsarony |

Absorbance

So

Ground state
Photosensitizer

Figure 3.1. Jablonski energy diagram showing how the photosensitizer is excited to the singlet state
(S2), followed by population of the excited triplet state by intersystem crossing (1SC) and the triplet state

interacting with molecular oxygen to form cytotoxic singlet oxygen.’

Antimicrobial Photodynamic Therapy (APDT) is the light treatment against harmful
micro-organisms and has been applied in the clinics for almost thirty years.® It has been used
to treat skin infections,® oral infections in dentistry® and more recently, it has been investigated
as an alternative pest management in agriculture.** In order for the PSs to treat the microbial

infections in the clinic, they have to be physically applied to the surface of the infected areas.
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Furthermore, PSs have been incorporated into thin films for their uses as photodetectors and

sensors. 1213

The PS used in this study is the 5,10,15,20-tetra-(4-hexyloxyphenyl)porphyrin
(THOPP), that was synthesized for the first time in 1993 by Shimizu et al.** It was recently
shown that introducing a Zn(lI1) metal ion into the core of the THOPP macrocycle allowed an
electroluminescence process to occur in thin films.2> Furthermore, Shimizu and coworkers
described the mesomorphic phase transitions of meso-tetra-(4-alkoxyphenyl)porphyrins with
differing chain lengths.** THOPP appeared in numerous papers that reported on volumetric
properties of porphyrins,® oxygen sensing,!” fluorescence and FTIR analysis,'® mesogenic

properties of porphyrin liquid crystals,® and organic-inorganic surfaces in thin films.2°

Since thin films containing meso-tetra-(4-alkoxyphenyl)porphyrins can exhibit
luminescence,' 8 investigations were conducted to determine whether it is also possible to
create singlet oxygen, via light excitation, in the thin film. Herein, the synthesis of a meso-
tetra-(hexyloxyphenyl)porphyrin, THOPP, and its photophysical properties in solution, as well

as in thin films, are described for application in photomedicine.
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3.2. Results and Discussion

3.2.1. Synthesis and characterization

THOPP was synthesized (Figure 3.2) via a modified literature procedure (see supplementary
information for full synthetic procedure and characterization data - figures S3.1-53.6).%°> The
photophysical properties of THOPP were studied in solution and in a thin film. Results are
summarized into tables 3.1-3.4 and commercially available 5,10,15,20-tetraphenylporphyrin

(TPP) was used as a reference for properties in solution (see structure of TPP in Figure 3.2).

(0]
i acetic anhydride —\_\_\
d § L > (6]

propionic acid, /\

Figure 3.2. (Top): Reaction scheme for the synthesis of 5,10,15,20-tetra-4-hexyloxyphenylporphyrin
(THOPP) and (Bottom): chemical structure of 5,10,15,20-tetraphenylporphyrin (TPP).*
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3.2.2. Photophysical characterization

3.2.2.1. Solution properties

UV-Vis spectra of THOPP and TPP in chloroform (CHCIs) (Figures 3.3 and 3.4) are
characteristic of free base porphyrins with an intense Soret band at 423 nm and 418 nm,
respectively (Table 3.1).24 % These Soret bands both bear shoulders with maxima at 400 nm
and four Q-bands (Q-band maxima are summarized in Table 3.1). THOPP shows a small peak
at 450 nm that corresponds to partial protonation of the porphyrin by the CHCIs solvent.?! For
this reason and for the determination of the triplet lifetime, THOPP was also studied in
tetrahydrofuran (THF; see UV-Vis spectrum in Figure S3.7). Upon changing the solvent from
CHCIs to THF, the Soret band shifts towards the blue region by 2 nm (see Table 3.1). No partial
protonation was observed, the Q-bands absorbed less light (as indicated by their reduced molar

absorption coefficients), and they were shifted to the blue region by a max of 3 nm.

The UV-Vis spectrum of TPP in CHCIs also shows evidence of partial protonation by
the acidity of the CHClI3 solvent, as it has a small peak at approx. 440 nm. THOPP undergoes
a bathochromic shift (4-9 nm) of all bands, compared to TPP. This is most likely due to the
presence of electron-donating hexyloxy chains on the para-position of the phenyl rings. This
structural difference therefore causes a shift towards the red region of the UV-Vis spectrum.
The photoluminescence spectra were recorded in toluene and CHCIz to determine the
fluorescence quantum yield (&5) and the singlet oxygen quantum yield (@), respectively. In
Figure 3.5, it shows that the energy of the first excited state, S1, of THOPP is 654 nm and 648
nm for TPP. The energy of the S (E(S1)) slightly lower for THOPP than for TPP and thus
explains the bathochromic shift observed in the UV-Vis spectrum of THOPP, compared to
TPP.

The concentration of THOPP in the UV-Vis spectrum was 2.3 uM (Figure 3.3), while
that of TPP in Figure 3.4 was 1.6 uM. Despite the higher concentration of THOPP, its Soret
band absorbs less than TPP as shown by its lower molar absorption coefficient (Table 3.1 and
in Figures 3.4 and 3.5). However, the Q-bands of THOPP absorb more and their intensity ratio
is different compared to TPP in CHCIs. The intensity of these bands of THOPP in decreasing
order, from longer to shorter wavelengths (low energy to high energy), are: Qiv > Qi > Q; >
Qu. In TPP’s UV-Vis spectrum, the Q-bands decrease in order of: Qi > Qui > Qu > Qy, with
the Qiv-peak much more intense than the others. This intense peak is followed by minor
decreases in intensity from the Qi to Qi in the UV-Vis spectrum of TPP. However, THOPP

shows a gradual decrease from Qv to Qui, followed by a large decrease to the Q. Surprisingly,
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the intensity almost doubles from the Qu to Qi in the UV-Vis spectrum of THOPP. These
differences in the intensity ratio and position of the Q-bands are accredited to the molecular
structure. Previous reports of THOPP show identical UV-Vis spectra, only differing slightly
(Soret and Q-band experience shifts of 1-4 nm) due to the different solvents used.!” 2
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Figure 3.3. UV-Vis spectrum of THOPP, in CHCls, using a molar absorption coefficient scale. The

concentration of THOPP was 2.3 uM and the spectrum was recorded at room temperature.
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Figure 3.4. UV-Vis spectrum of TPP, in CHCIs, using a molar absorption coefficient scale. The

concentration of TPP was /.6 uM and the spectrum was recorded at room temperature.
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Table 3.1. UV-Vis absorption data of the PSs, THOPP and TPP. The concentration was 2.3 uM for
THOPP in CHCl3, 2.2 uM for THOPP in THF, and 1.6 pM for TPP in CHCls. Values in brackets refer
to the log of the molar absorption coefficient (¢).

PS Sha Soret Q-bands (A/nm) Qy / Soret ®
(A/nm) band
(A/nm)
Qive Qm ¢ Que Qf
THOPP — 400 423 521 556 594 655 0.02
CHCls (5.65) (4.40) (4.32) (4.14) (4.20)
THOPP - 400 421 518 554 596 654 0.02
THF (5.64) (4.16) (4.02) (3.56) (3.84)
TPP - 400 418 515 550 590 644 0.02
CHCIs (5.76) (4.35) (3.97) (3.82) (3.69)

aSh = shoulder that appears beside Soret band; ° Ratio of the intensity of the Qi band compared to the
Soret band; ¢ Qi = Qy(1,0) peak; ¢ Qu = Qy(0,0) peak; ¢ Qi = Qx(1,0) peak; " Q; = Qx(0,0) peak.

The overlap of the absorption and emission spectra for THOPP and TPP in CHCIz are
shown below. This overlap determines the experimental energy of the singlet excited state
(E(Sv); Figure 3.5). This figure shows the wavelength at which the normalized absorption
spectrum overlaps with the normalized emission spectrum. The E(S1) of THOPP in CHCls is
654 nm and for TPP in CHCIg, the E(S1) is 648 nm. This result is in close agreement with the

literature value of 646 nm of TPP.28
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Figure 3.5. (A): THOPP’s normalized absorption (blue) and emission spectra (red) in CHCIs. E(S1) of
THOPP = 654 nm. (B): TPP’s normalized absorption (blue) and emission spectra (red) in CHCla.
E(Sz) of TPP = 648 nm.

Furthermore, the emission spectra of THOPP and TPP in CHCI3 at room temperature
are shown in Figure 3.6. The emission maxima of THOPP appear at 655 nm and 725 nm. The
former (Em1 as shown in Table 3.2) is approximately three times more intense than the latter
emission maximum (Emz2). The fluorescence of THOPP in THF was also conducted (Figure

S3.8). The position of the emission maxima, and the overall emission shape, remain unchanged
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upon changing the solvent from CHClIz to THF. Furthermore, the & remains unchanged (Table
3.2). TPP exhibits emission maxima at 649 nm and 718 nm in CHCI3z (Figure 3.6). All solutions
(TPP in CHCIs, and THOPP in CHCI3 and THF) were excited at 518 nm and the absorbance
at this wavelength was 0.1. TPP’s emission spectrum appears to have a more bimodal
distribution shape as the Em1 emission band is almost 1.6 times more intense than the Em2
peak. TPP’s emission spectrum is overall less intense than THOPP. The THOPP emission
profile reported here is slightly different compared to previous reports in the same solvent.
Also, the @ (THOPP) in this report is larger than previously reported (0.22 vs 0.13) by Sen et

al.’8 and the zs reported herein is twice as long compared to that reported by Sen and coworkers.

Table 3.2. Photophysical properties of THOPP in THF and CHCIs, and TPP in CHCls.

PS Eml2 Em2? sSSP b; ¢ @, 7s(ns) © rr(ns) f 77 (s) 9

(hm)  (m)  (cm*) 71 T2

THOPP - 655 725 70 0.22 0.44 - - - -
CHCI3h

THOPP - 655 725 70 0.22 - 9.4+09 330+4.5 297 46

THF

TPP — 649 h 718" 120" 011" 055" 10.6+0.3% 480k 385k *

CHCIsh

& According to the emission spectra, Eml = first emission peak [Aem Qx(0,0)] and Em2 = second
emission peak [Aem Q«(0,1)]; ° The Stokes shift (SS) that was calculated from the corresponding UV-Vis
and emission spectra; © @+ = fluorescence quantum yield calculated using TPP (0.11) as a reference in
toluene;** ¢ &, = singlet oxygen quantum yield was calculated using TPP (0.55) as a reference in
CHCls; © 7, = singlet state lifetime in air (equilibrated), given in nanoseconds; * zr (ns) = triplet state
lifetime in air (equilibrated), given in nanoseconds; ¢ zr (us) = triplet state lifetime in oxygen-free
solution (given in microseconds), the triplet state lifetime in the oxygen-free solution undergoes bi-
exponential decay giving two lifetimes, tl and t2, given in microseconds; " in CHCl3 solvent; ' data not
available; ' in THF solvent; ¥ literature values in DMF solvent;?* * no triplet-triplet annihilation

reported in literature, it decays mono-exponentially, thus yielding one triplet lifetime.

Figure 3.6 displays the fluorescence quantum yield (@) of THOPP in CHCIs and it
was determined using TPP in toluene as a reference (0.11).2* The fluorescence of TPP is lower
than that of THOPP (Figure 3.6). The &4 of THOPP in CHCI3 was calculated using TPP in
CHCI; as a reference (0.55).% The higher @; in THOPP is compensated by the decreased
singlet oxygen quantum yield of THOPP (0.44; Figure 3.7). Therefore, the quantum yields
confirm that intersystem crossing (ISC) in TPP is faster than in THOPP.
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Figure 3.6. (A): Fluorescence spectra of THOPP (blue) and TPP (red) in CHCI; using TPP in toluene
(0.11) as a reference (Excitation wavelength = 518 nm and absorbance of both samples at this
wavelength was 0.1).% The fluorescence quantum yield obtained for THOPP was 0.22. (B): Normalized
fluorescence emission spectra of THOPP (blue) and TPP (red) in CHCls.
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Figure 3.7. Singlet oxygen emission of THOPP (blue) and TPP (red) in CHCI; using TPP in CHCI; as
a reference (0.55).% Excitation wavelength = 521 nm and the obtained singlet oxygen quantum yield
was 0.44.

In figure 3.8, the nanosecond transient experiment of aerated THOPP in THF is
reported. The experiment was first conducted in CHCI3, however the sample decomposed after
excitation by the pump laser (see experimental details). There was no decomposition observed
in THF and the decay curve of this aerated sample is fitted mono-exponentially. The oxygen-
free sample of THOPP in THF decays bi-exponentially (Table 3.2 and Figure S3.9). This
indicates that triplet-triplet annihilation is predominantly occurring and this decay undergoes
second order decay kinetics. There is a slow and fast component observed and the slow
component likely corresponds to the intrinsic lifetime of the triplet excited state of THOPP in
oxygen-free THF (see section 3.5.1.1 for experimental details). The fast component would then
correspond to triplet-triplet annihilation occurring (Table 3.2). The lifetime of TPP in DMF
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was reported to be slightly longer than that of THOPP in THF (Table 3.2).22 This correlates
well with the singlet oxygen quantum yield of THOPP (Figure 3.7): the shorter triplet lifetime
of THOPP produces a lower singlet oxygen yield.
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Figure 3.8. (A): Nanosecond transient absorption spectrum of THOPP in THF (in air). Jex = 518 nm,
incremental time delay = 40 ns. (B): Decay kinetics trace at 517 nm. Decay curve is fitted mono-

exponentially and the obtained triplet lifetime is 330 ns. On the top, weighted residuals are presented.

Table 3.2 reports a bi-exponential fit of the triplet decay data, however, a more
appropriate model is second order decay kinetics. The observed triplet lifetime (T1) is
influenced by the triplet state being quenched by oxygen in solution, as well as by triplet-triplet
annihilation (krt), and by the intrinsic triplet decay (ko). Within the triplet-triplet annihilation
process, the diffusion rate of the molecules in the triplet excited state, as well as their
concentration at time zero (Co; influenced by laser-power), plays an important role due to

bimolecular collisional quenching.?> 28

The complex decay of triplet states and their interaction with oxygen also implies that
singlet oxygen emission is due to a process with second order decay kinetics. This means that
it can be fitted via a bi-exponential decay, as the concentration of the triplet at time 0 (Co in
equations below) and the concentration of oxygen in solution, are of importance. The triplet
decay can be fitted by a mono-exponential function if the interaction with oxygen is fast.
Furthermore, it is clear that total removal of oxygen is not straightforward, indicated also by
the fact that the singlet oxygen emission quantum yield remained virtually the same upon

prolonged bubbling with argon. These effects have also been noted by others.%’

By using second order decay kinetics at room temperature in THF, we obtain an
intrinsic triplet lifetime of z°t = 566 us, and a triplet-triplet annihilation rate constant of krt =
9.1 x 10° M1s, This is close to the diffusion rate in THF, which is 1.3 x 10° at 293 K. For
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pristine Ceo in toluene?’ at room temperature, °r > 280 ps, with a krr > 4.8 x 10° M*s? was
reported. The intrinsic triplet state lifetime % of TPP is reported to be 1500 ps at 293 K.?®
This implies that the values reported here are within the range of expectation.

The (partly spectrally integrated) data vs time (t) was fitted with a home-made Igor

procedure describing the following function:

COkO
koe®ot) +kpr Co (e ot) — 1)

AA(t) =

Perhaps superfluous to note, this is mathematically equivalent to

Coe_(kot)
AA(t) =
(®) 1+ Co(kpr/ko)(1 — ekot))
as well as
Cok
AA(t) = 00

ekoD) (Cokpr + ko) —Cokrr

as used by others.?8 2°

The concentration of the triplet excited state at time zero (Co) was estimated by using
the absorbance of the sample, the starting concentration, the excited volume (and depth) as well
as the number of photons per pulse and was estimated to be 3.26 x 10 M. Based on the molar
absorption coefficient of the triplet state of TPP at 790 nm of 6000 M-tcm™, a concentration
of triplet excited state at time zero (Co) of 8.3 x 10°® M was estimated. It has to be noted that
the exact outcome of the fitting procedure is rather sensitive to the Co value, but within
reasonable limits of the Co value (between 10% and an absolute maximum of 100% of the
ground state concentration, 3.26 x 10°° M). The variation of the outcome (of krr) is then a factor

of ten.

Interestingly, and quite surprisingly, it has been reported that THF can react with singlet
oxygen to form THF-singlet oxygen adducts.?® Therefore, it is possible that the THF solvent
slightly affects the triplet lifetime obtained. However, the reaction conditions reported in the
paper by Sagadevan et al. show that these adducts are unlikely to form in our TA
measurements. In particular, this paper reported reaction conditions of 2 hours irradiation with

a blue LED light source (460 nm, 40 mW/cm?). Our experiments were only 40 minutes in
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length with a pulsed laser (517 nm, 9 mW), which is too short for THF-singlet oxygen adduct

formation.

The singlet excited state of THOPP decays mono-exponentially in THF (Figure 3.9).
This Sy lifetime is 9.33 ns and is almost 6 times longer than the Zn(ll) derivative of this
compound (1.51 ns in THF).!® However, the freebase of THOPP has a slightly shorter S;
lifetime than TPP in DMF (10.6 ns).?2 The reduced S; lifetime is due to the increased rate of
ISC associated with the Zn(ll) in the macrocycle. Thus, the competitive relationship between
fluorescence to the ground state and intersystem crossing to the triplet state, from the singlet

excited state, is evident here.
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Figure 3.9. Time-correlated single photon counting (TC-SPC) spectrum of THOPP in THF. Excitation
wavelength = 560 nm. Emission wavelength = 650 nm. The absorbance was 0.05 at the excitation
wavelength. Laser power is 0.44 mW and at this power, THOPP decayed mono-exponentially, the S;

lifetime is 9.33 ns. On the top, weighted residuals are presented.

3.2.2.2. Solid film properties
THOPP in THF (10 mg mL™) was spin coated to make a thin film on quartz glass. The UV-

Vis spectrum was recorded (Figure 3.10) and the data is summarized in Table 3.3.
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Film UV-Vis spectra

Some differences were observed between the UV-Vis spectra of THOPP in solution and in the
film. The major difference observed in the thin film spectrum (Figure 3.10) is a large 19 nm
shift of the Soret band in the thin film to the near-IR regions (Table 3.3). Other small deviations
are seen in the positions of the Q-bands with the largest difference observed in the Qi band
(hypsochromic shift of 5 nm). In terms of band characteristics, the Q-bands of THOPP in the
film are approximately the same width as in solution (approximately 40 nm for Q).
Furthermore, there is a higher Qi to Soret band ratio in the film compared to solution (Qi /
Soret = 0.12 vs 0.02).

Compared to the Zn(I11) THOPP in a thin film,* there are four Q-bands in the free base
porphyrin film due to the absence of a metal in the core (2 Q-bands), which is known to occur
because of symmetry.®® The Soret band in the Zn(lI1) species is slightly blue-shifted (438 nm)
compared to the free-base counterparts (440 nm), with the Q-bands of the Zn(I1) species appear
at 560 nm and 602 nm.*°
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Figure 3.10. UV-Vis spectrum of THOPP thin film spin coated onto quartz glass.

Table 3.3. UV-Vis absorption data of THOPP in a thin film obtained via spin coating.

PS Soretband  Sh 2 (A/nm) Q-bands (A/nm) Qy / Soret
(A/nm) b

Qiv® Qm ¢ Qu é Qf
THOPP 440 400 519 551 591 651 0.12

2 Sh = shoulder that appears beside Soret band; ° ratio of the intensities of the Q,(0,0) and Soret band
of the porphyrin in the film; ¢ Qv = Qy(1,0) peak; ¢ Qu = Qy(0,0) peak; ¢ Qu = Q«(1,0) peak; " Q| =
Qx(0,0) peak.
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The excitation wavelength used for the emission spectrum of the THOPP thin film is 440 nm
and the porphyrin emission is visible in the 600—-800 nm region approximately (as seen in figure
3.11). Interestingly, there is a sharp emission peak that arises at 741 nm which does not appear
in solution. This peak most likely appears due to the presence of J-aggregates in the film.3% 32
33 The presence of aromatic groups at the meso positions in porphyrins has been reported to
cause the formation of J-aggregates.®* *® The peak, at 741 nm, can be removed by making thin
films via vapour-phase deposition (see Figure 3.15). It is generally more intense than the Em2
peak. There is almost no Stokes shift in the film compared to the solution and this differs in the
Zn(l1) species,?” where there is the presence of a meaningful Stokes shift. Ina THOPP solution,
there is a presence of a monomeric form in the emission spectrum. Whereas this “aggregation”
peak in the emission spectrum of the THOPP film, suggests that the porphyrin forms J-
aggregates in the film.

Table 3.4 Photophysical properties of THOPP thin films obtained by spin coating (SC) and vapour-
phase deposition (VP).

PS Eml1? Em22% Em3® SS(cm?) S lifetime (ns) ¢
¢ Full power © Half power ©
71 (Amp) 12 (Amp) 71 (Amp) 712 (Amp)
f f f f

THOPP SC 651 719 741 0 0.745 0.239 0.749 0.368
(0.51) (0.49) (0.42) (0.58)
_h _h _h _h

THOPPVP 648 714 -0 0
& According to the emission spectra, Eml = first emission peak [lem Qx(0,0)] and Em2 = second

emission peak [Jem Qx(0,1)], Excitation wavelength = 440 nm and emission was measured in nm; ® Em3
= peak that appears at 741 nm that is due to the formation of a J-aggregate in the film; © SS = The
Stokes shift was calculated from the corresponding UV-Vis and emission spectra;  The film of THOPP
undergoes a bi-exponential decay at both full and half power, due to singlet-singlet annihilation, see
Figure 3.12; ® The laser power was changed from full power to half power and it was measured as 0.44
mW and 0.22 mW, respectively; FAmp. = amplitude associated with values for bi-exponential fitting. ¢
No J-aggregate in THOPP film achieved by vapour-phase deposition (VP); "No data available.

Emission spectra of films

Figure 3.11 shows the emission spectrum of THOPP on a quartz film that was obtained via
spin coating. The emission is similar to that observed in solution, however there is a large peak

at 741 nm that is due to the formation of J-aggregates in the thin film (see below).
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Figure 3.11. Emission spectrum of spin coated THOPP thin film on quartz glass. Excitation
wavelength= 440 nm.

Porphyrin aggregation: J-band emission

The sharp features of the new emission band (at 741 nm) in the films are reminiscent of J-band
emission.®* In fact, a very similar emission band has been attributed to such phenomenon before

for TPPS type molecules,®® ¢ as well as other porphyrins®” %8 2% and ZnTPP.%°

Fluorescence lifetime determination using time-correlated single photon counting (TC-
SPC)

Figure 3.12 shows the fits of the S1 decay kinetics of THOPP in THF, and in a thin film at full
laser power and half laser power (0.44 mW and 0.22 mW, respectively). The S; decay spectra
in solution is shown above (Figure 3.9) and that of the film at both full and half power are in
the SI (Figures S3.10 and S3.11).
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Figure 3.12. Time-correlated single photon counting (TC-SPC) fitted spectrum of THOPP in THF
solution (blue) and a thin film, at a full laser power (red) and half laser power (green). Excitation
wavelength = 560 nm. Emission wavelength = 650 nm. The absorbance was 0.05 at the excitation
wavelength for all species. Full power includes the laser power being at 0.44 mW while at half power,

the laser power is 0.22 mW.

THOPP in solution has a much longer S: lifetime than in the film, as clearly shown
above as it decays slower than that of the film (Figure 3.12). Within the film, the laser power
does not appear to have much effect on the lifetime (Table 3.4). Intuitively, the 2 is longer in
the half-power (approx. 0.1 ns longer) as the weaker laser power causes depopulation of the S;
state at a slower rate. In the thin film, the singlet decays via bi-exponential decay kinetics in
both laser power conditions applied (100% and 50%). The lifetime of THOPP at full laser
power (0.44 mW) in the film is 0.745 ns. Reducing the laser power to half power (0.22 mW)
yields a Sy lifetime of 0.749 ns. The second lifetime obtained from the bi-exponential fitting is
likely due to singlet-singlet annihilation. To our knowledge, this is the first reported

fluorescence lifetime of this porphyrin in a solid thin film.

Porphyrin film: Singlet oxygen detection

In order to measure the singlet oxygen production of THOPP in a solid film, a solvent or
medium is needed to detect the singlet oxygen generated. The main reason for this is that the
emission intensity of singlet oxygen depends on its steady state concentration present in a
particular solvent.*! In the above spectra and discussion (Figures 3.10-3.12), the UV-Vis and

emission spectra are conducted in air. Attempts were conducted to measure singlet oxygen
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emission in air using these films (obtained via spin coating), however there was no signal
detected. Moreover, even though the singlet oxygen lifetime is sufficiently long in organic
solvents,*? it was found that the porphyrin thin films obtained by spin coating dissolves in
organic solvents. Thus, an aqueous solvent, a reliable method to detect singlet oxygen, and

films that are stable in aqueous media, were needed.

A water-soluble singlet oxygen probe called AquaSpark, that has an emission

maximum at 515 nm, is an ideal candidate (see mechanism of emission in figure 3.13).%3

SOCL

c o 3 c o —
v 515 nm
HO. OMe e OMe
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Figure 3.13. Mechanism of AquaSpark probe (SOCL) reacting with singlet oxygen to give emission at
515 nm.*®
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This probe has been shown to be selective towards singlet oxygen compared to other
reactive oxygen species.® New films, that are stable in aqueous media, were made using a
modified vapour-phase deposition technique (see experimental section: solid thin films for
protocol) and its photophysical properties were determined. The UV-Vis spectrum of this new

film is shown below (Figure 3.14) and the data is summarized in Table 3.5.
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Figure 3.14. UV-Vis spectrum of THOPP thin film on quartz glass made by vapour-phase deposition.

Table 3.5. UV-Vis absorption data of THOPP in a thin film obtained via vapour-phase deposition.

PS Soret band (A/nm) Q-bands (A/nm) Qy/ Soret @
Qw?® Qi ¢ Qu¢ Qi€
THOPP 440 528 556 601 661 0.15

3 Ratio of the intensity of the Q,(0,0) band compared to the Soret band; ® Qv = Qy(1,0) peak; ¢ Qi =
Q,(0,0) peak; ¢ Qu = Q«(1,0) peak; ® Q| = Qx(0,0) peak.

From the UV-Vis spectrum of the thin film made by vapour-phase deposition, there is
a profile similar to that observed in solution and in the films made by spin coating (see figures
3.3 and 3.10). The spectrum has the characteristics of a porphyrin: a large Soret band and four
small Q-bands. The Q-bands are visible and compared to the spin coated thin film, the Soret
band is less intense compared to the Q-bands and all of the peaks appear to be red-shifted by
at least 5 nm. This newly formed film was excited with 418 nm light and an emission spectrum
was recorded (see figure 3.15). Compared to the films made by spin coating, there is no J-band
observed in these films (peak at 741 nm). Clearly, J-aggregates are formed during the spin

coating process, but not via the vapour-phase deposition technique.
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Figure 3.15. Emission spectrum of a THOPP thin film on quartz glass made by vapour-phase

deposition. Excitation wavelength = 418 nm.

Table 3.6. Emission data of a THOPP thin film obtained via vapour-phase deposition.

PS Emi? Em2 2
THOPP 648 714

& According to the emission spectra, Eml = first emission peak [Aem Qx(0,0)] and Em2 = second
emission peak [Aem Qx(0,1)], Excitation wavelength = 418 nm.

The THOPP thin film was placed in a large cuvette containing the AquaSpark solution
and an emission spectrum was obtained (see figure 3.16).
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Figure 3.16. Singlet oxygen detection via AquaSpark probe after exciting the THOPP PS in a thin

film. The reference is a quartz plate in AquaSpark probe solution. Excitation wavelength = 650 nm.
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This showed that the THOPP photosensitizer (PS), even in a thin film, is capable of
producing singlet oxygen. The only difference between the THOPP thin film and the quartz
plate was the presence of the PS. The excitation wavelength used was 650 nm. This was chosen
as the production of singlet oxygen via near IR light is highly sought after for photo medical
applications. The near IR light can penetrate deep into the human tissue to activate the PS in

the thin film that can be present on an implant and produce 'O, for antimicrobial effects.

3.3. Conclusion

THOPP was synthesized, and its photophysical properties were determined in solution, using
TPP as a reference. While THOPP produces a slightly smaller amount of singlet oxygen
compared to TPP (0.44 and 0.55 in CHCIs, respectively), a novel approach to apply THOPP
as a photosensitizer is to include it in a thin film. Due to its long alkyl tails, the film formation
is improved. The fluorescence emission and lifetimes in the film are a lot shorter than in
solution and the reported fluorescence lifetime of THOPP in a film, as well as its singlet
oxygen emission, are reported herein. The future potential impact of this is that the water-
resistant THOPP thin film can be activated using near IR light. The near IR light can penetrate
deep within human tissue to produce singlet oxygen that can kill cancer or bacteria in the body.
This can be envisaged as a novel way to clean an implant: THOPP can produce the singlet

oxygen that would kill the bacteria that are accumulating at the implant.

3.4. Experimental

The synthesis was carried out in the laboratories of Porphychem, Dijon, France.

3.4.1. Synthesis?®

4-Hexyloxybenzaldehyde (5.00 mL, 4.96 g, 24.04 mmol, 1.00 eq.), 2.6 ml freshly distilled
pyrrole (2.60 mL, 2.51 g, 37.48 mmol, 1.56 eq.) and 1 mL acetic anhydride was dissolved in
100 mL propionic acid. The reaction mixture was stirred under reflux conditions at 130°C for
4 hours. The reaction mixture was cooled slowly to room temperature. The reaction mixture
was then filtered and the filtrate was washed with methanol. The crude product was then
recrystallized using a 1:1 CHCIl3:MeOH mixture and the product was filtered. The product was
washed with methanol and allowed to dry overnight to obtain a crystalline purple solid (1.17
0, 12% yield). *H NMR (500 MHz, CDCls): § -2.73 (s, 2 H, 2 x NH), 1.00 (t, 12 H, 4 x CHs3),
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1.48 (m, 16 H, 8 x CH>), 1.64 (m. 8 H, 4 x CH>), 1.97 (m, 8 H, 4 x CH>), 4.23 (t, 8 H, 4 x CH>),
7.29 (d, 8 H, 8 x Ar-H), 8.11 (d, 8 H, 8 x Ar-H), 8.85 (s, 8 H, 8 x Ar-H) ppm. 3C NMR (600
MHz, CDCls): 613.14, 22.72, 25.94, 29.50, 31.75, 68.35, 112.71, 119.82, 134.48, 135.61,
158.98 ppm. UV-Vis (THF) Amax (l0g €) (¢, mM™ cm™): 421 (438.5), 518 (13.4), 552 (9.3), 597
(1.4), 652 (13.6). HRMS (MALDI): Calcd for Ce2H75NsNaO7S2: m/z 1342.3713 ([M]*). Found:
m/z 1015.518 ([M]").

3.4.2. Photophysical characterization in solution

Materials and techniques

The photophysical characterization was conducted in CHCIz and THF (spectroscopy grade,
supplier = Merck).

Absorption and photoluminescence spectra

Both UV-Vis absorption spectra and fluorescence emission spectra were recorded at 21°C. UV-
Vis absorption spectra were measured in quartz cuvettes (1 cm path-length, Hellma) using a
HP/Agilent 8453 UV-Vis and Shimadzu UV2700 spectrophotometer. Fluorescence emission
spectra were recorded on a SPEX Fluorolog 3 fluorometer. In this fluorometer, double grating
monochromators are used in the excitation and emission channels. A Xenon arc lamp (450 W,
Osram) is the excitation light source, and a Peltier cooled photomultiplier tube (R636-10,
Hamamatsu) is the detector. The fluorescence signal from the fluorophores in solution is
collected in a right-angle geometry, and the fluorescence spectra are corrected for fluctuations
of the excitation source flux and for the wavelength dependence of the detection sensitivity.
The absorbance for photoluminescence spectra was approximately 0.1 for solution.

Fluorescence and Singlet Oxygen Quantum yields

Both quantum yields were determined using the SPEX fluorolog 3 fluorometer relative to a
fluorescent/singlet oxygen standard of a known quantum yield. From here, the integrated
emission spectra of the unknown sample are compared with that of the standard under the same
absorbance conditions (absorbance = 0.1) at the same excitation wavelength. The integrated
emission spectra are corrected for the skewed baselines where appropriate.

For these measurements, dilute solutions with absorbances of approximately 0.1 at one of the
Q-bands in the absorption spectrum were used. Absorption and emission spectra (both
fluorescence and singlet oxygen) were measured using 3.0 ml of the sample and standard
solutions in 1 x 1 cm optical path length quartz cells. The quantum yields were calculated using
the equation 3.1 ** below:
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Qx = Qr[Ar()\.r)/Ax(}\,x)] [I()\.r)/I()&x)] [(nx)Z/(nr)Z] (Dx/Dr) (Eq uation 3. l)

Where Qx =the desired quantum yield (fluorescence or singlet oxygen) of the unknown sample;
Qr = the (fluorescence of singlet oxygen) quantum yield of the known sample according to
literature; Ar«(Ar) = absorbance of the reference at the excitation wavelength; Ax(Ax) =
absorbance of the unknown sample at the excitation wavelength; I(Ar) = relative intensity of
the exciting light of a known reference at wavelength A; I(Ax) = relative intensity of the exciting
light of an unknown sample at wavelength A; nx = refractive index of the solvent that the
unknown sample is dissolved in; n; = refractive index of the solvent that the known sample is
dissolved in; Dx = integrated area under the corrected emission spectrum of the unknown
sample; D, = integrated area under the corrected emission spectrum of the known sample. In
both cases, the integrated area was corrected for the skewed baseline (if present), thereby
lowering the area under the emission curve. The data was analyzed using the Origin program
and excel.*® Note: For singlet oxygen measurements, the unknown and reference sample must
be in the same solvent.

Nanosecond transient absorption spectra

Triplet state lifetimes were determined by means of nanosecond time-resolved absorption
spectroscopy using an EKSPLA NT342B laser system in which the third harmonic of a
Nd:YAG laser system (355 nm) was used to pump an OPO (to give Aex = 517 nm, pulse width
which has an adjustable gate width of minimal 2.9 ns and laser power range of 1-3 mJ per
pulse). This setup is described in full detail in the literature.*® The data was analyzed using lgor
7 Pro (Wavemetrics, Lake Oswego, OR, USA).*” The absorbances of the solutions used were
approximately 0.5. For the oxygen-free solution, the solution was bubbled with argon for 1-2
hours prior to laser excitation via this setup.

Time correlated single photon counting spectra

Time-resolved emission measurements were performed on a picosecond single photon
counting setup. The excitation wavelength (560 nm) is generated by the output of a fully
automatic tunable Ti:sapphire laser (Chameleon Ultra, Coherent). This source produces a sub-
picosecond excitation pulse, (full-width half-maximum, FWHM). The repetition rate is
decreased from the fundamental 80 MHz to a lower value (usually 8 MHz) using a pulse picker
(Pulse Select, APE). After second harmonic generation (SHG), a dichroic mirror is used to
separate the doubled light which is directed to the sample. Fundamental light is guided via a
delay line to a fast photodiode (PD) and used as a reference pulse. The emission is collected at
a ‘magic angle’ (54.7°) and focused onto a multichannel plate photomultiplier tube (MCP-
PMT, R3809U-50, Hamamatsu) through a single-grating monochromator (Newport
Cornerstone 260, f=250mm, grating 300In/mm blaze 422 or grating 300In/m blaze 750nmM20,
Carl Zeiss, 600 lines/mm). Although the excitation source produces sub-picosecond pulses, the
electronics and the detector cause a broadening of the signal and are the limiting factor of the
time resolution. The overall instrument response function (IRF) was 20 ps (FWHM) for the
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solution of the measured compound, which is measured from a dilute scattering solution
(Ludox) at the excitation wavelength.

3.4.3. Solid thin films

Precleaning

Three square quartz glass slides (see provider and description below) were washed with a
brush, soap and water in a beaker. The slides were then placed into a Teflon substrate holder
using forceps. The glass slides in the substrate holder were submerged in deionized water
before sonication for 15 minutes. The water was then replaced by acetone and the beaker was
further sonicated for 15 minutes. The acetone was replaced by isopropanol and further
sonicated for 15 minutes. The glass slides were allowed to dry. Compressed air was used to
accelerate the drying process. The glass slides were then placed back into the substrate holder
and were placed inside a UV-0zone photoreactor for 30 minutes.

Provider and description of thin films
Provider: Prazisions Glas & Optik GmbH;

Description: 2.5 x 2.5 cm? quartz glass substrates with a thickness of 1.1 mm - CNC precision-
cut, no bevel.

Spin coating procedure for thin film formation

Three quartz glass slides were cleaned with the precleaning technique as described above.
Almost immediately after being removed from the UV-ozone photoreactor, the slides were then
mounted on the spin coating machine, (Delta 10, Ble Laboratory Equipment GmbH). The
vacuum was switched on to approximately 0.6 bar. The spin speed, spinning time and
acceleration settings were set. 10 mg/ml THOPP samples were prepared, sonicated and filtered
into a sample vial. They would then be drawn into a syringe (0.3 ml) per slide. They would
then be spun to form films.

Vapour-phase deposition procedure for thin film formation

Three glass slides were cleaned with the precleaning technique as described above. Almost
immediately after being removed from the UV-ozone photoreactor, 10 mg of the THOPP
porphyrin was then placed at the bottom of a 100 ml two-neck round bottom flask. A slide was
then carefully placed to be over the porphyrin solid. The flask was carefully attached to a
Schlenk line and the pressure of the system inside the flask was reduced to 10 mbar. The solid
was then heated slowly from 250°C to 400°C using a heat gun or until the solid had been
vaporized and formed a layer on the slide. The slide was then allowed to cool to room
temperature to create a water stable thin film.
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Absorption and photoluminescence spectra of thin films

Both UV-Vis absorption spectra and fluorescence emission spectra were recorded at 21°C and
on a thin film support. The instruments were then used as described in section 3.4.2.

Time correlated single photon counting of a thin film

The time-resolved emission measurements were performed as described above in section 3.4.2.
The differences were that the film was placed on a thin film support and the overall instrument
response function (IRF) was 8 ps (FWHM) for the thin film.

AquaSpark™ 515 Singlet Oxygen Probe

This singlet oxygen probe was supplied by Carbosynth and a 50 ml 2 uM AquaSpark PBS
solution was made. For measuring singlet oxygen, the excitation wavelength used was 650 nm
and emission was observed from 450 nm to 550 nm, using the same settings as the fluorescence
emission spectra. The film was placed into a large cuvette (20 ml capacity) and the THOPP
film was excited in the presence of the AquaSpark probe. A quartz slide was used as a
reference.
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3.5. Supplementary Information

3.5.1. Synthesis and characterization
The porphyrin, 5,10,15,20-tetra-(4-hexyloxyphenyl)porphyrin (THOPP), was synthesized
according to the protocol described in 3.4.1.%°

(0]

acetic anhydride
)
N propionic acid, A
/\/\/\o H

12%

Figure S3.1. Reaction scheme of 5,10,15,20-tetra-(4-hexyloxyphenyl)porphyrin (THOPP)."

Synthesis of THOPP and characterization

The synthesis of this A4 meso-substituted porphyrin was in a slightly lower yield, compared to
literature.’® This can be explained by the large increase in scale of the reaction and THOPP
was fully characterized using *H and 3C NMR, Mass spectroscopy, UV-Vis Spectroscopy and
HPLC (Figures S3.2-S3.6). The *H NMR spectrum (Figure S3.1) is pure according to
literature.™® The only difference is at the peak 1.64 ppm, there are 12 protons instead of 8 and
this is likely due to the water in the humid atmosphere. There is another small peak at around
2.2 ppm. The 13C spectrum (Figure S3.3) is out of phase and cannot be fully corrected however
it is not that significant. There are two carbons missing from the spectrum: the alpha- and beta-
carbon in the pyrrole moieties of the porphyrin macrocycle. This has also been reported in the
literuature.™ The B carbons have been reported for this compound, however though the peak is

very broad and has a low intensity.
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The MALDI TOF mass spectrum of THOPP (Figure S3.4) shows two peaks at: 1015
+H™) an matrix). In figure S3.5, the M+H" peak is the most intense and it has
(M+H") and 226 (HABA ix). In fi S3.5, the M+H" peak is th [ dith

been previously reported that mass peaks of M+6 occur in porphyrins.*®

The HPLC analysis shows that there are no impurities in the product. There were no
other peaks present apart from that shown in Figure S3.6. The product was dissolved in CHCIs
and injected into the HPLC normal phase column (stationary phase = SiO2 and mobile phase =
CHCls) to determine purity. The elution time of the product was 2.94 minutes. There were no

products or impurities that eluted off during HPLC indicating the product is 99.9% pure.
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Figure S3.2. Fully integrated *H NMR spectrum of THOPP, dissolved in deuterated chloroform
(CDCls), with the structure and the labels for the protons in the structure.
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Figure S3.3. *C NMR spectrum of THOPP, dissolved in deuterated chloroform (CDCls), with the

structure and the labels for the carbons in the structure.
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Figure S3.4. Mass spectrum of THOPP using MALDI-TOF dissolved in dichloromethane (CHCl,).
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Figure S3.5. Mass spectrum zoom, using MALDI-TOF displaying the isotope pattern of THOPP,
dissolved in dichloromethane (CHCl.).
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Figure S3.6. HPLC analysis of THOPP using normal stationary phase silica column, dissolved in
CHCls.
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3.5.2. Photophysical characterization
3.5.2.1. Solution
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Figure S3.7. UV-Vis spectrum of THOPP at room temperature, dissolved in THF. The concentration

of THOPP in the THF solution was 2.2 uM. The y axis is a molar absorption coefficient scale.
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Figure S3.8. Emission spectrum of THOPP at room temperature in THF, after excitation at 518 nm.

The absorbance of the solution at 518 nm was 0.1.
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Figure S3.9. (Left): Nanosecond transient absorption spectrum of THOPP in THF (in oxygen-free
solution). Excitation wavelength = 517 nm, incremental time delay = 6 us. (Right): Decay kinetics trace
at 517 nm. The decay curve was decayed bi-exponentially and the obtained triplet lifetime was 297 +

30 us. On the top, weighted residuals are presented.

3.5.2.2. Thin film
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Figure S3.10. Time-correlated single photon counting spectrum of THOPP in a thin film (at full laser
power). Excitation wavelength = 560 nm. Emission wavelength = 650 nm. The absorbance was 0.05 at
the excitation wavelength (560 nm). Laser power is 0.44 mW and THOPP decays bi-exponentially in
this film at this laser power. The S; lifetime in these conditions is 0.745 ns. On the top, weighted

residuals are presented.
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Figure S3.11. Time-correlated single photon counting spectrum of THOPP in a thin film (at half laser
power). Excitation wavelength = 560 nm. Emission wavelength = 650 nm. The absorbance was 0.05 at
the excitation wavelength (560 nm). Laser power is 0.22 mW and THOPP decays bi-exponentially in
this film at this laser power. The S; lifetime in these conditions is 0.749 ns. On the top, weighted

residuals are presented.
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Chapter 4

Lignin conjugates of porphyrins and cyanine dyes for biomedical

applications

Abstract

This chapter describes the synthesis and photophysical studies conducted on lignin-containing
compounds. Lignin is a polymer that is produced annually in millions of tons as a side product
in the paper industry. It has been recently shown that lignin can be functionalized to produce
singlet oxygen for photomedical applications. Herein, lignin was covalently attached to cyanine
dyes (lignin-cyanine conjugate) to investigate the photophysical effect of lignin attachment on
the cyanine dye upon near IR light excitation (700-800 nm). In parallel, lignin was attached to
porphyrins, macrocycles that absorb in the UV, visible and near IR region (300-700 nm), to
investigate whether there is enhanced photophysical activity for application in photodynamic
therapy. The lignin polymer, of one of the lignin-porphyrin compounds, was acetylated.

The synthesis and photophysical studies are split into two sections: lignin-cyanine and
lignin-porphyrin conjugates. In the latter section, the discussion is further divided into two
subsections (TCPP and m-CPTPP). It is shown that lignin attachment does not substantially
modify the photophysical properties of the cyanine and porphyrin chromophores.
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4.1. Introduction

Lignin is a naturally occurring organic polymer that has attracted huge interest in the
last decade for its potential use to make high value-added chemicals.! Every year, 98%
of the 55-70 million tons of lignin that is produced is directly combusted for energy
production.? Once extracted from nature using the 4 different processes: Sulfite, Kraft,
Organosolv and Soda (see chapter 1, table 1.2),3 there are functional groups that are
available for functionalization. These include aliphatic and aromatic hydroxy moieties,
via the three main mono-lignols: p-coumaryl, coniferyl and sinapyl alcohols (see figure
4.1)*

OH OH OH
AN A X
MeO MeO OMe
OH OH OH
p-coumary! alcohol coniferyl alcohol sinapy! alcohol

Figure 4.1. Chemical structures of mono-lignols highlighting the aromatic and aliphatic

hydroxyl groups that are available for functionalization.?

Since 2018, it has been known that upon acetylation of the OH groups in the
mono-lignols of lignin, there is an enhanced production of singlet oxygen.® Acetylated
lignin has been made into acetylated lignin nanoparticles that, when containing
porphyrins, exhibit antibacterial activity.® 7 Acetylated lignin is thus a potential bio-
photosensitizer and even without acetylation, lignin exhibits low cytotoxicity, is
biodegradable and possesses antioxidant, antimicrobial, anti-inflammatory and UV-
blocking properties.® Furthermore, lignin extracts appear to have promising natural
anti-cancer and anti-oxidant agents.® Interestingly, preliminary studies indicate a
potential application of lignin-type structures (similar to those in Figure 4.1) for treating
thrombosis and obesity.’® Due to its array of impressive properties and the large
quantity of lignin available each year, there is a huge potential for the creation of new
highly valuable compounds for photo-medicine, as well as many other applications.!!
Once lignin has been extracted, it can be used without any chemical modification, by
incorporation into a matrix as a delivery system. Chemical functional groups can also

be attached to it, to give new or improved properties.'® 3 Overall, researchers
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worldwide have thus far found various applications in medicine and environmental
sciences for lignin. 14 1516

Porphyrin macrocycles are the most commonly studied photosensitizers in
relation to photodynamic therapy.'” They can absorb light in the wavelength region of
350700 nm, depending on peripheral substitution.'® While their use as first generation
photosensitizers saw great initial success in early clinical trials in the 1980s,° problems
began to arise. Improvements needed to be made that included enhanced tumor
selectivity, absorption at longer wavelengths for greater tissue penetration, reduced
aggregation in aqueous media, etc.> & 7 820.21.22 Therefore, in order to further improve
these macrocycles as photosensitizers, chemical modifications and delivery systems
with improved photodynamic efficacy are highly sought after.

Near IR cyanine dyes are highly desirable for fluorescence imaging as well as
the eradication of cancer tissues.?® These dyes can absorb light from 750-900 nm and
target cancer cells which makes them ideal candidates for photosensitizers.
Unfortunately, these compounds exhibit rather low singlet oxygen quantum yields
(<0.08) and have thus not been considered as novel PSs.3! However, they have been
considered as ‘potential PDT tools’ and have been investigated for their potential in
photodynamic therapy.?* Halogenation, metal atom incorporation, synthesis of
emulsions and conjugations have been the main source of enhanced photodynamic
therapy in these cyanine dyes. While the use of the heavy-atom effect to increase the
singlet oxygen quantum yield of these cyanine dyes has been successful,?® there are
drawbacks of the heavy-atom effects in photosensitizers.?® The presence of a heavy
atom can dramatically increase the cost of producing these photosensitizers, reduce
solubility and introduce unwanted side effects.?’

Therefore, we pursue a heavy-atom free approach that involves the kraft lignin-
cyanine and -porphyrin conjugates. Herein, the synthesis and photophysical studies of

these conjugate systems for their application in photomedicine are reported.
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4.2. Synthesis

4.2.1. Lignin-cyanine

Extending the conjugation of commercially available IR-783 cyanine dye, by
adding a 4-mercapto-benzoic acid group (Figure 4.2), was achieved in a quantitative
yield (>99%) via mild reaction conditions under argon for approximately 24 hours. This
high-yielding Sn2 reaction involved the 4-mercaptobenzoic acid as the nucleophile, the
chlorine atom of the cyanine as the leaving group on the electrophile, and resulted in
the IR-783-SPA product. Kraft lignin (KL-2 in Marchand et al.)® was then covalently
attached to the available carboxylic acid functionality via a modified Mitsunobu
reaction, to create a lignin-cyanine dye conjugate, called IR-783-SPA-lignin.?® 2° The
synthetic characterization is in the supplementary section of this chapter (Figures
S4.18-54.20).

The determination of the weight percentage of the cyanine in this lignin-cyanine
conjugate (IR-783-SPA) was determined using the procedure described in section 4.5.1
of this chapter. It was estimated that 12% of the mass weight of the IR-783-SPA-lignin
is made up of the IR-783-SPA. The rest of this conjugate is made up of the lignin
polymer. Since IR-783-SPA-lignin is formed in a quantitative yield, we can assume
that 12% of the mass weight is made up of the IR-783-SPA cyanine. Thus, 88% of the
mass weight is made up of the lignin. Therefore, using the calculations described in
section 4.5.1, there are estimated to be 20 repeating units of lignin monomer in the IR-
783-SPA conjugate.
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4-mercaptobenzoic acid

Dry DMF, 30 h, 25 °C

IR-783 .
>99% yield

Dry DMF, 18 h, 65 °C
Kraft lignin,

PPhs,
Di-isopropyl azodicarboxylate

r\llIR~dye lignin

&

OH

_0 A
=S” S
0" 0Na 67 D

>99% mass yield

Figure 4.2. Reaction scheme of the modification of IR-783 to form IR-783-SPA, followed by
its attachment to kraft lignin to form IR-783-SPA-lignin.?®

4.2.2. Lignin-porphyrin

4.2.2.1. Tetra-carboxyphenylporphyrin (TCPP)

The second group of reactions involve the esterification of the commercially available
5,10,15,20-tetra-(4-carboxyphenyl)porphyrin (TCPP) with kraft lignin via a modified
Mitsunobu reaction. This was conducted using identical conditions as the lignin-
cyanine conjugate (Figure 4.3).2° This product was obtained in an excellent yield and
the lignin moiety of this product was further acetylated with the aim of improving the

photophysical properties of the system.® It has been shown in the literature that
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acetylation of lignin increases the singlet oxygen production compared to that of non-

acetylated kraft lignin.

Kraft lignin,
PPh,
Di-isopropyl azodicarboxylate

Dry DMF

R = COO-lignin

>99 % mass yield

o 0
)J\o J\
pyridine, RT, Ar, 48 h

R, = COO-Ac-lignin

56 % mass yield
Figure 4.3. Reaction scheme of 5,10,15,20-(4-kraft lignin-carboxyphenyl)-porphyrin conjugate

(TCPP-lignin) and the subsequent acetylation of the lignin moiety (TCPP-Ac-lignin).> #
*Note: Both structures TCPP-lignin and TCPP-Ac-lignin are tetra-substituted structures that

have been abbreviated for clarity.

Observing the IR spectrum of TCPP (Figure 4.4), the presence of the carboxyl
groups on the para-phenyl groups of the porphyrin are visible. The peaks at 3000 cm™
correspond to C=0 stretch of carboxylic acid and peak at approx. 3700 cm represents
the hydroxyl O-H stretch, respectively. Following on from here, the IR spectrum of
TCPP-lignin is as expected. The attachment of the porphyrin to lignin has led to the
disappearance of the peak O-H peak at 3700 cm™ and led to the appearance of a large
band at 3300 cm™. This new peak likely represents the mono-lignol hydroxyphenyl
groups (Figure 4.1). Moving on to the IR spectrum of TCPP-Ac-lignin, these lignin O-
H groups have been largely reduced due to the presence of acetyl groups (peaks at 1760

cm* and C=0 peaks at approx. 2900 cm™).
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Figure 4.4. IR spectra of TCPP (blue) TCPP-lignin (orange), and TCPP-Ac-lignin (grey).

Therefore, these IR spectra indicate the formation of TCPP-lignin and TCPP-
Ac-lignin. The rest of the spectra is provided in the supplementary section (Figures
S4.22-S4.25).

4.2.2.2. Mono-carboxyphenyl-triphenylporphyrin (m-CPTPP)

To see the effect an AzB porphyrin system would have on the photophysics, another
porphyrin  was applied, 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin  (m-
CPTPP). As well as having fewer sites of attachment (1 carboxyl group in m-CPTPP
versus four in TCPP), the system resembles a dyad system (1-part porphyrin: 1-part
lignin) as opposed to a pentad system (as seen in TCPP-lignin). The commercially
available 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin was covalently attached to
kraft lignin via the reaction conditions described in figures 4.5. This lignin-porphyrin
system was obtained via the same modified Mitsunobu reaction conditions.?® The
grafting percentage of the porphyrin in this lignin-porphyrin conjugate (m-CPTPP)
was determined using the procedure in section 4.5.1 of this chapter. It was estimated
that 26% of the mass of this m-CPTPP-lignin conjugate consists of the m-CPTPP
porphyrin. From here, the degree of polymerization was then estimated to be

approximately five repeating lignin units.

117



Chapter 4

Kraft lignin,
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Di-isopropyl azodicarboxylate 0 Porph
- O et
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Dry DMF, 16 h, 65°C O%OH
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g
o ignin

>99% mass yield O

Figure 4.5. Reaction scheme of 5-(4-kraft lignin-phenyl)-10,15,20-triphenylporphyrin

conjugate (m-CPTPP-lignin).*®

Attempts to acetylate the lignin-cyanine conjugate (IR-783-SPA-lignin) and
the monocarboxyphenyl-lignin conjugate (m-CPTPP-lignin) were conducted.
However, after characterization, it was shown that the desired acetylated products did
not form. The rest of the synthetic details for the m-CPTPP-lignin compound are
shown in Figures S4.26-S4.28.

The synthetic details and spectra are shown below (section 4.5.1 and section
4.5.3). The photophysical properties of these compounds were then determined for their
application as novel photosensitizers in photodynamic therapy (see section 4.3).

As a reference for the photophysical studies, kraft lignin and acetylated kraft
lignin was also studied as a comparison, using Zn(ll) phthalocyanine as a reference
(Figure 4.6). These were previously synthesized by previous lab members according to
literature.® The Zn(l1) phthalocyanine reference was chosen as it was used before, as
seen in Marchand et al.®
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Figure 4.6. Chemical structures of (A): Kraft lignin (KL); (B): Acetylated kraft lignin (Ac-KL)
and (C): Zn(ll) phthalocyanine.

4.3. Photophysical studies

As mentioned in the abstract, the first section (section 4.3.1) will be devoted to the

photophysical characterization of the lignin-cyanine conjugates.

4.3.1. Lignin-cyanine conjugates

The UV-vis spectra of the lignin-cyanine conjugate (IR-783-SPA-lignin) and it’s
starting materials (IR-783 and IR-783-SPA), in methanol (MeOH), are provided in the
supplementary information (Figure S4.1) and the data are summarized in Table 4.1.
Replacing the mercaptobenzoic acid group for the chlorine atom on the IR-783 dye
extended the n-system, and the absorption maximum was shifted from 783 nm to 799
nm (16 nm). Lignin attachment to this dye did not further red shift the absorption band,
it had the opposite effect. It shifted the peak by 3 nm (from 799 nm to 796 nm), which
could be due to the hindered rotation of the mercaptobenzoic acid moiety, by the lignin

polymer.*
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Table 4.1. UV-visible absorption maxima data of IR-783, IR-783-SPA and IR-783-SPA-lignin
in methanol (MeOH).

PS A/nm
Shoulder 2 main band
IR-783 700 783
IR-783-SPA 727 799
IR-783-SPA-lignin 732 796

# These peaks were determined as the shoulders of the main cyanine peak and have a margin

of error of + 5 nm.

In Table 4.2, the photophysical properties (fluorescence maxima, stokes shift,
fluorescence quantum yield, fluorescence (singlet) lifetime and singlet oxygen quantum
yield) are summarized (see experimental part in chapter 3 for protocols). The
fluorescence and singlet oxygen quantum yields of indocyanine green (ICG) in MeOH
were used as references (see Table 4.2 for values, figure 4.7 for chemical structures

and figures 4.8 and 4.9 for photoluminescence spectra).3!

Table 4.2. Photophysical properties of IR-783, IR-783-SPA and IR-783-SPA-lignin in MeOH.

PS Xem Xem SS(cm?t) @b s (ns) © @,
Qx(0,0) Qx(0,1) :
(nm) (nm)
IR-783 802 889 303 0.10 + 0.56 +0.02 0.004 + 0.001
0.01
IR-783- 882 900 350 0.06 + 047 +0.1 0.006 + 0.001
SPA 0.01
IR-783- 823 899 412 0.07+ 052+ 047+ 0.006+0.001
SPA- 0.01 0.3¢ 0.2
lignin

2 The Stokes shift (SS) was calculated from the corresponding UV-Vis and emission spectra;
Fluorescence quantum yield. Excitation wavelength = 727 nm and reference = Indocyanine
green (ICG; & = 0.08);* ¢ Singlet state lifetime in air solution (equilibrated). IR-783 and IR-
783-SPA are fitted via a mono-exponential decay, whilst IR-783-SPA-lignin is fitted via a bi-
exponential decay. Excitation wavelength is 720 nm and emission wavelength is 800 nm; ¢
Singlet oxygen quantum yield. Excitation wavelength = 727 nm and reference = ICG (P4 =
0.008).313L¢ This is the proposed singlet lifetime for IR-783-SPA.
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Figure 4.7. Chemical structures of (A): Indocyanine green (ICG); (B): IR-783; (C): IR-783-
SPA; (D): IR-783-SPA-lignin.

When comparing the & of IR-783-SPA and IR-783-SPA-lignin against that of
ICG in MeOH, the fluorescence is almost 50% less when replacing the chlorine atom
on IR-783 with the mercaptobenzoic acid moiety (Figures 4.7 and 4.8 and table 4.2).
From here, the fluorescence is slightly enhanced upon attachment of the lignin to the
cyanine dye via an ester bond. In terms of the singlet oxygen produced (®,4), IR-783-
SPA produces almost twice as much O than IR-783 (Figure 4.9). This singlet oxygen
producing capacity is retained in IR-783-SPA when lignin is attached to this cyanine

(Table 4.2; see chapter 3 for quantum yield determination method).

121



25000

20000

15000

10000

Fluorescence intensity (A.U.)

5000

Chapter 4

e— |R-783

e |R-783-SPA
IR-783-SPA-lignin
ICG

Wavelength (nm)

930

Figure 4.8. Fluorescence spectra of IR-783 (blue), IR-783-SPA (orange), IR-783-SPA-lignin
(grey) and the reference ICG (yellow; @¢= 0.08) in MeOH.*! Excitation wavelength = 727 nm.
Concentrations of each solution measured are: 1.9 uM (IR-783), 2.8 uM (IR-783-SPA), 2.3
MM (IR-783-SPA; assuming ¢ of IR-783-SPA-lignin = that of IR-783-SPA) and 1.4 uM (ICG).
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Figure 4.9. Singlet oxygen emission spectra of IR-783 (blue), IR-783-SPA (orange), IR-783-

SPA-lignin (grey) and reference ICG (yellow, @, =0.008) in MeOH.***! Excitation wavelength

= 727 nm. Tailing of the IR-783 fluorescence emission is evident and obscures the singlet

oxygen emission. Concentrations of each solution measured are: 6.4 uM (IR-783), 4.5 uM (IR-
783-SPA), 3.9uM (IR-783-SPA; assuming ¢ of IR-783-SPA-lignin = that of IR-783-SPA) and

3.6 uM (ICG).
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Attempts to determine the triplet lifetimes of IR-783, IR-783-SPA and IR-783-SPA-
lignin in MeOH were conducted using nanosecond transient absorption spectroscopy.
However, the limit of the Ekspla laser was 700 nm and was thus unable to excite the
cyanine dye. According to the literature, it was found that numerous reports have
reported on cyanines being weak 102 generators.®> 32 Thus, it would suggest that once
the light is absorbed by the cyanine, the molecule is promoted to a singlet excited state.
There is most likely a small intersystem crossing quantum vyield (@sc) and thus, a
preference to return to the ground state via radiative (fluorescence) and non-radiative
decays (photo-switches) must exist.3*

The fluorescence lifetimes of IR-783, IR-783-SPA and IR-783-SPA-lignin
were determined in MeOH via time-correlated single photon counting (TC-SPC). They
follow the same trend as the @s: (see table 4.2 and figure S4.2-S4.4) IR-783 > IR-783-
SPA-lignin > IR-783-SPA *®

In summary, modification of the IR-783 dye to form IR-783-SPA, very slightly
reduces the fluorescence of the cyanine dye and does not significantly increase the
singlet oxygen production. Further attachment of lignin does not significantly introduce

any major changes.
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4.3.2. Lignin-porphyrin conjugates

The next set of compounds studied are the lignin-porphyrin conjugates. These compounds are
split up into two subsets: the tetra-carboxyphenylporphyrin-lignin conjugate (TCPP) subset
and the mono-carboxyphenyl-triphenylporphyrin-lignin conjugate (m-CPTPP) subset.

43.2.1. TCPP
The chemical structures for this subset of compounds, and the reference for measuring the
fluorescence quantum yield, 5,10,15,20-tetraphenylporphyrin (TPP), are given in figure 4.10.

R=H; TPP
R = COOH; TCPP

TCPP-lignin

o] Porph_
v~ ) p
(0] (0]
e
0 o
Lignin
0

R4 = COO-lignin

O TCPP-Ac-lignin

0] Porph\
ol W b
(o] O—<
6]
(6] (@]
R
) /\2@
o Lignin
0

Rz

R; = COO-Ac-lignin

Figure 4.10. Chemical structures of (Top): R = H: 5,10,15,20-tetraphenylporphyrin (TPP), R =
COOH: TCPP; (Middle): TCPP-lignin; (Bottom): TCPP-Ac-lignin.
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The UV-vis spectra of the porphyrin-acetylated kraft lignin conjugate (TCPP-Ac-
lignin) and its starting materials (TCPP-lignin and TCPP) are provided in the supplementary
information (Figure S4.5) and the data are summarized in Table 4.3. In Table 4.4, the
photophysical properties (fluorescence maxima, stokes shift, fluorescence and singlet oxygen
quantum yield, and singlet and triplet lifetimes) are summarized.

The UV-Vis spectra of the TCPP subset are consistent and possess the known Soret
band (at approximately 400-420 nm) and four Q-bands (stretching from 500700 nm; table
4.3).18 The lignin moiety is known to absorb strongly from 250-400 nm and can reach as far
as 500 nm, depending on concentration.

The fluorescence quantum yield of TPP in toluene was used as a reference (0.11) to
determine the fluorescence in these TCPP conjugates (Figures 4.10 and 4.11; Table 4.4).3" In
order to determine the singlet oxygen quantum yield in MeOH, Rose Bengal was used as a
reference (structure in Figure 4.12).% The triplet lifetime was calculated using nanosecond
transient absorption (ns-TA) spectroscopy in MeOH, and the singlet lifetimes were calculated

using (TC-SPC) in the same solvent (See figures S4.6-S4.11 for spectra).

Table 4.3. UV-visible absorption maxima data of TCPP, TCPP-lignin and TCPP-Ac-lignin in MeOH.

Lignin Q-bands (A/nm)
) B-band
PS maxima Qu/B
(A/nm) Qv Qui? Qn? Qi
(A/nm)
TCPP - 415 513 547 588 645 0.04
TCPP-lignin 282 415 513 547 589 645 0.03
TCPP-Ac-
o -d 415 513 548 589 645 0.03
lignin

aQw = Qy(1,0) peak; Qu = Qy(0,0), Qu = Q«(1,0) and Qi = Qx(0,0); ° Ratio of the intensities of the Qu
and Soret (B) bands; © no lignin in this compound therefore no lignin peak; ¢ Difficult to determine peak

maximum as there is a broad band.
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Table 4.4. Photophysical properties of TCPP, TCPP-lignin and TCPP-Ac-lignin in MeOH.

PS Eml12 Em2P SS¢ b d 75 © YRENE 2
0.66
0.07 + 119+ 58 + 23+ 09+ 252
TCPP 647 714 48 +
0.01 0.3 1.7 0.7 0.5 +32
0.03
0.53
TCPP- 0.08 + 122 + 58 + 29+ 10+ 234
o 647 714 48 +
lignin 0.01 0.6 1.3 0.6 0.5 +26
0.02
TCPP- 0.56
0.10 + 129 + 6.3+ 24+ 09+ 276
Ac- 647 713 48 +
o 0.01 1.3 0.5 0.5 0.6 +45
lignin 0.03

2 Jem Qx(0,0) (Em1) = 1% emission maximum; ® Aem Qx(0,1) (Em2) = 2" emission maximum. Both given
in nm; ° The Stokes shift (SS) was calculated, in wavenumbers (cm™) from the corresponding UV-Vis
and emission spectra; ¢ Fluorescence quantum yield calculated in MeOH using TPP in toluene as
reference (0.11).*” Excitation wavelength is 548 nm; © Singlet excited state lifetime, given in
nanoseconds, measured using TC-SPC, Excitation wavelength is 418 nm and emission wavelength is

650 nm. These fluorescence decays were fitted tetra exponentially; * Singlet oxygen quantum yield

)'38

calculated in MeOH using Rose Bengal as a reference (0.80).>° Excitation wavelength is 548 nm; ¢

Triplet state lifetime in air (equilibrated), given in nanoseconds. Excitation wavelength is 515 nm.

&s follows a trend where the porphyrin (TCPP) is the least fluorescent molecule in this
subset and lignin attachment to this porphyrin seems to marginally increase this fluorescence,
followed by a further slight increase once the lignin moiety is acetylated. The presence of the
lignin polymer is likely to play a role in slightly increasing this fluorescence. This observation
regarding the trends of the @&s is further backed up by the fluorescence lifetimes: the higher the
&s, the longer the fluorescence lifetime. The fluorescence lifetime decays via tetra-exponential
decay kinetics (see chapter 3 for further information). Thus the longest lifetime obtained, of
the four lifetimes from the tetra-exponential fit, is likely the fluorescence lifetime associated
with the porphyrin (Table 4.4). Except TCPP, other lifetimes that appear in the decay of the
singlet state of TCPP-lignin and TCPP-Ac-lignin are likely present due overlapping lignin
emission from the different types of lignin segments, or even possibly from different lignin
polymer configurations (long polymer chains/short polymer chains/dimers/oligomers).> In
TCPP (Figure 4.10), vibrational relaxation to the Q-bands of the porphyrin, polarity of the
MeOH solvent ‘inducing conformational changes’ and energy transfer are likely reasons for

this tetra-exponential fluorescence decay (Figures S4.6-54.8).3% 4041 In toluene, TPP showed
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a lifetime of 14.7 (+ 0.1) ns in toluene.** Therefore, these lifetimes for the TCPP series are
within the region of expectation.

In terms of the singlet oxygen quantum yields, TCPP has the highest @, (see chapter
3 for procedure used to calculate the yields). In figure 4.12, the singlet oxygen emission spectra
of the TCPP subset are very noisy and less intense compared to the compounds of the m-
CPTPP subset (see chemical structure in figure 4.13). The less intense signal, that possesses a
high signal to noise ratio, of the 1Oz emission in MeOH is likely due to its shorter O; lifetime
in this solvent compared to that in chloroform (10 us vs 0.25 ms, respectively).*® Thus, the
singlet oxygen emission is harder to detect in MeOH.

Lignin attachment to this porphyrin appears to slightly reduce the @&,4. This could be
explained by the strong antioxidant behavior of lignin that could quench the O, produced.*
Furthermore, lignin likely acts as a shield-like physical barrier that envelopes the porphyrin
and is another potential reason for the reduction in singlet oxygen produced. This “shielding
effect” is somewhat hindered upon acetylation of the lignin moiety and could be due to
hydrophobic/apolar interactions of TCPP porphyrin and the acetylated lignin (in TCPP-Ac-
lignin), compared to lignin.

This increase in @, from the TCPP-lignin to the TCPP-Ac-lignin is not significant
enough to conclude that the acetyl groups on lignin increase the singlet oxygen production. In
2018, our group published an article reporting the increase of the @&, of lignin upon
acetylation.> It was noticed that upon acetylation of the lignin by itself, the singlet oxygen
production increased. This was further proven in section 4.3.3 of this chapter as acetylated
lignin has a higher &, than lignin by itself (see table 4.8). Thus, it was expected that the
acetylation of TCPP-lignin would induce a higher singlet oxygen production than observed.

The triplet lifetimes were then measured using nanosecond transient absorption
spectroscopy. There were no significant differences in the lifetimes (Table 4.4). The triplet
decay and transient absorption spectra of the triplet excited states are included in the

supplementary information section (Figures S4.9-S4.11).
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Figure 4.11. Fluorescence spectra of TPP in toluene (blue), TCPP in MeOH (orange), TCPP-lignin
in MeOH (grey) and TCPP-Ac-lignin in MeOH (yellow). Excitation wavelength = 548 nm and

reference for quantum yield calculation is TPP in toluene (@5 = 0.11).*” Concentrations of each solution
measured are: 12 uM (TPP), 28 uM (TCPP), 24 uM (TCPP-lignin, assuming ¢ of TCPP-lignin = that
of TCPP) and 17 uM (TCPP-Ac-lignin; assuming ¢ of TCPP-Ac-lignin = that of TCPP).
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Figure 4.12. (Top): Rose Bengal chemical structure; (Bottom): Singlet oxygen emission spectra of
Rose Bengal (pink), TCPP (blue), TCPP-lignin (brown) and TCPP-Ac-lignin (red) in MeOH.
Excitation wavelength = 548 nm and reference is Rose Bengal in methanol (@4 = 0.80).%%
Concentrations of each solution measured are: 40 uM (TCPP), 25 uM (TCPP-lignin; assuming & of
TCPP-lignin = that of TCPP), 30 uM (TCPP-Ac-lignin, assuming ¢ of TCPP-Ac-lignin = that of
TCPP) and 13.5 uM (Rose Bengal).

4.3.2.2. m-CPTPP
The chemical structures of this subset of the lignin-porphyrin conjugates (m-CPTPP) are

shown in Figure 4.13.

CPTPP m-CPTPP-lignin
m-

0 4 Fe)
OH
—0 (0]
HO
O,Lignin
2N

Figure 4.13. Chemical structures of (A): m-CPTPP and (B): m-CPTPP-lignin.
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The UV-vis spectra of this mono-carboxyphenylporphyrin-lignin conjugate (m-
CPTPP-lignin) and its starting material (m-CPTPP) are provided in the supplementary
information (Figure S4.12) and the data are summarized in Table 4.5. In Table 4.6, the
photophysical properties (fluorescence maxima, stokes shift, singlet and triplet lifetimes,

fluorescence and singlet oxygen quantum yield) are summarized.

Table 4.5. UV-visible absorption data of m-CPTPP- lignin and m-CPTPP in CHCls.

Lignin Q-bands (/nm)
) B-band
PS maxima Qu/B
(A/nm) Qiv? Qm? Qud Q@
(A/nm)
m-CPTPP -b 419 515 551 589 645 0.03
m-CPTPP-
o -¢ 419 514 550 589 645 0.04
lignin

aQw = Qy(1,0) peak; Qi = Qy(0,0), Qu = Q«(1,0) and Q| = Qx(0,0); ° Ratio of the intensities of the Qu
and Soret (B) bands; ® There is no lignin in this compound therefore there is no lignin peak; ¢ Difficult
to determine peak maximum as there is a broad band.

Table 4.6. Photophysical properties of m-CPTPP and m-CPTPP-lignin.
hem Aem

SS (cm™)
PS Qx(0,0) Qx(0,1) ) & © s (ns) ¢ Dyt zr (ns) f
(nm) @ (nm) @
m-CPTPP 648 714 72 0.08+0.01 10.3+04 0.67+0.03 248+32
m-
CPTPP- 648 715 72 0.08+0.01 104.+04 0.60+0.04 239+21
lignin

4 Emission spectra were determined in chloroform;  The Stokes shift (SS) was calculated from the
corresponding UV-Vis and emission spectra; ¢ Fluorescence quantum yield calculated in chloroform
using TPP in toluene as reference (& = 0.11).*” Excitation wavelength is 548 nm; ¢ Singlet excited state
lifetime measured in tetrahydrofuran (THF) using TC-SPC; Excitation wavelength is 418 nm and
emission wavelength is 650 nm. These fluorescence decays were fitted mono-exponentially; © Singlet
oxygen quantum yield calculated in chloroform using TPP as a reference (@4 = 0.55).* Excitation
wavelength is 548 nm; " Triplet lifetime in air (equilibrated) measured in THF using ns-TA

spectroscopy, excitation wavelength is 513 nm.

The UV Vis data shown in Table 4.5 is characteristic of the typical porphyrin
compounds and the lignin-porphyrin compound as seen above (TCPP subset, Table 4.3). As

seen in Table 4.6, the overall fluorescence remains the same, and singlet oxygen production is
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slightly decreased upon lignin attachment to the porphyrin. The singlet and triplet lifetimes of
m-CPTPP and m-CPTPP-lignin were determined (Figures S4.13-S4.16) and appear to not
significantly differ from each other.
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Figure 4.14. Fluorescence emission spectra of m-CPTPP (orange) and m-CPTPP-lignin (grey) in
CHCIj3 versus the reference TPP (blue) in toluene.*” Excitation wavelength = 548 nm. Concentrations
of each solution measured are: 10 uM (TPP), 14 uM (m-CPTPP) and 14 uM (m-CPTPP-lignin;
assuming ¢ of m-CPTPP-lignin = that of m-CPTPP).
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Figure 4.15. Singlet oxygen emission spectra of m-CPTPP (blue) and m-CPTPP-lignin (orange) in
CHCls. The reference used was TPP in CHCl; (@4 = 0.55).* Excitation wavelength = 548 nm.
Concentrations of each solution measured are: 12 pM (TPP), 14 pM (m-CPTPP) and 14 uM (m-
CPTPP-lignin, assuming & of m-CPTPP-lignin = that of m-CPTPP)
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4.3.3. Lignin and acetylated lignin
In order to quantify the impact of combining lignin to known fluorophores and singlet oxygen
generators (cyanines and porphyrins, respectively), the photophysical properties of lignin and
acetylated kraft lignin were determined.

Firstly, the UV-Vis of kraft lignin, acetylated kraft lignin and the reference (Zn(Il)
phthalocyanine) was determined (see Figure 4.16). From the spectra and based on the structure
of these aromatic lignin polymers, they absorb light in the UV region (200400 nm).
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Figure 4.16. UV-Vis spectra of kraft lignin (blue), acetylated kraft lignin (orange) and Zn(ll)
Phthalocyanine (grey) in N,N-dimethylformamide (DMF).

The photoluminescence properties of these lignin compounds were then quantified
(Table 4.8). It follows the same trend as the TCPP section where the acetylated lignin has a
higher fluorescence and a slightly higher overall singlet oxygen production (Figure 4.17 and
4.18, respectively). Thus, it can be concluded that the acetylation of kraft lignin increases the

fluorescence and the singlet oxygen quantum vyield.
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Table 4.8. Photophysical properties of Kraft lignin and acetylated kraft lignin in DMF.

PS Em (nm) 2 b; © D40
Kraft lignin 389 0.04 0.17 +0.05
Acetylated kraft 412 0.09 0.21 +0.05
lignin

@ Emission maximum in emission spectrum; ® The Stokes shift (SS) calculated from the corresponding
UV-Vis and fluorescence spectra. ¢ Fluorescence quantum yield calculated using Zn(ll)
phthalocyanine (Zn(11)Pc; @+ = 0.17 + 0.03) as a reference in DMF.*® Excitation wavelength
= 350 nm; ¢ Singlet oxygen quantum yield was calculated using Zn(ll) phthalocyanine

(Zn(1)Pc; @4 = 0.55) as a reference in DMF. Excitation wavelength = 350 nm.>
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Figure 4.17. Fluorescence spectra of kraft lignin (blue), acetylated kraft lignin (orange) and Zn(I1)

phthalocyanine (grey) in DMF. Reference is Zn(ll) phthalocyanine in DMF (&¢ = 0.17 + 0.03).
Excitation wavelength is 350 nm.*
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Figure 4.18. Singlet oxygen spectra of Kraft lignin (blue), Acetylated kraft lignin (orange) and Zn(I1)
Phthalocyanine (grey) in DMF. Reference is Zn(Il) phthalocyanine in DMF (&4 = 0.55). Excitation

wavelength is 350 nm.®

4.4. Conclusion

Novel lignin systems were synthesized with excellent yields and the porphyrin based systems
exhibited efficient activity as novel 'O, photosensitizers. Lignin was introduced to improve
three types of chromophores: a modified commercially available near-IR cyanine dye (IR-783-
SPA), tetra-4-carboxyphenylporphyrin (TCPP) and mono-carboxyphenyl-triphenylporphyrin
(m-CPTPP), for their application in photodynamic therapy. Furthermore, the acetylation of the
lignin moiety in TCPP-lignin, thus creating TCPP-Ac-lignin, further enhanced the singlet
oxygen generation and the fluorescence. The IR-783 based system shows negligible singlet

oxygen emission.

Future work

In order to further investigate the photochemical mechanisms in these lignin conjugates, it is

of interest to further investigate the excited state dynamics upon light excitation. This can be

done by exciting the lignin moiety at 280 nm, for example, and observing the fluorescence of

the fluorophores (cyanine and porphyrins) in both non-covalent and covalent systems. This can

be conducted using TC-SPC and femtosecond transient absorption spectroscopy.
Furthermore, nano-particle formation is possible from these conjugates to enhance

water solubility and improve their physicochemical properties as novel photosensitizers. The

134



Chapter 4

compounds discussed in this chapter can be now investigated for their application against
cancer, microbial infections in vitro and in the environment. In future work, it would be quite
interesting to compare these compounds with their nanoparticle counterparts and see what
effect lignin, acetylated lignin and their nanoparticles have in biological applications.

4.5. Supplementary information

4.5.1. Experimental procedures

Synthesis of sodium 4-((E)-2-((E)-2-(2-((4-carboxyphenyl)thio)-3-((E)-2-(3,3-dimethyl-1-
(4-sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-3,3-
dimethylindolin-1-yl)butane-1-sulfonate (IR-783-SPA): IR-783 (158 mg, 0.211 mmol, 1.00
eq.) and 4-mercaptobenzoic acid (176 mg, 1.14 mmol, 5.40 eq.) were dissolved in 7 mL dry
DMF in a 100 mL three-neck round bottom flask with a stirrer bar. The mixture was allowed
to stir at ambient temperature (21°C) for 24 hours under argon. The reaction was monitored via
TLC analysis (eluent = 8/2 CH>Cl,/MeOH). The dark green reaction mixture was then purified
via a flash column with an eluent gradient of 95/5 dichloromethane/methanol to 8/2
dichloromethane/methanol. The product was obtained as a dark green powder/crystalline solid
(183 mg, 0.210 mmol, >99% yield). Rt = 0.1 (8/2 dichloromethane/methanol). *H NMR
(DMSO-ds, 500 MHz): & (ppm) = 12.85 (br's, 1 H, 1 x COOH), 8.54 (d, J = 14.0 Hz, 2 H, 2 x
Ar-H), 7.86 (d,J=8.5Hz,2 H,2x Ar-H), 7.52 (d, J=7.8 Hz, 2 H, 2 x Ar-H), 7.44 (d, J = 8.0
Hz, 2 H, 2 x Ar-H), 7.38 (dd, J = 6.3, 8.8 Hz, 4 H, 4 x Ar-H), 7.22 (t, J = 7.5, 7.5 Hz, 2 H, 2 x
vinyl H), 6.40 (d, J = 14.3 Hz, 2 H, 2 x vinyl H), 4.18 (t, J =7.5,6.5 Hz, 4 H, 2 x CH>), 2.81
(t,J=6.3,6.3Hz,4H,2xCH>), 1.95(t, J=6.0, 6.0 Hz, 2 H, 1 x CH>), 1.68-1.82 (m, J = 6.8,
9.0, 6.8, 7.3, 7.5, 14.0, 8.0, 8.3, 6.3 Hz, 8 H, 4 x CH>), 1.39 (s, 12 H, 4 x CH3). *C NMR
(DMSO-ds, 500 MHz): 8 (ppm) = 171.8 (Ccoon), 166.6 (C1), 162.2 (C10), 146.9 (Cu17), 144.5
(Ca), 142.0 (Cs), 141.0 (Cs), 133.2 (C12), 130.3 (C11), 128.4 (C2), 125.2 (Cs3), 124.8 (Cus),
122.3 (Ci3), 111.5 (Cis), 101.9 (Cu14), 50.6 (Co), 48.6 (Cs), 43.6 (C1s), 35.7 (C21), 27.0 (C1),
26.0 (C20), 25.8 (C7), 22.4 (C22), 20.3 (Cz23). UV-Vis (MeOH) Amax (log €) = 798 nm (3.32). IR
(cm™) = 3054, 2964, 2923, 2861.

Synthesis of IR-783-SPA-kraft lignin conjugate (IR-783-SPA-lignin):?° IR-783-SPA (100
mg, 0.11 mmol, 1.00 eq.), kraft lignin (190 mg) and triphenylphosphine (260 mg, 0.99 mmol,
9.00 eq.) were dissolved in 15 mL dry DMF in a 50 mL two-neck round bottom flask. The
mixture was stirred to dissolve all solids and then di-isopropylazodicarboxylate (0.1 mL, 100
mg, 0.51 mmol, 4.64 eq.) was added to the reaction mixture. The reaction mixture was allowed
to stir under argon at 65°C for 18 hours. After cooling the reaction to room temperature, the
contents were transferred to membranes to undergo dialysis for 48 hours before freeze drying
for 72 hours to obtain a dark green powder (310 mg, >99% mass yield). *H NMR (DMSO-ds,
500 MHz): 6 (ppm) = 12.86 (br s, Hiignin-coon), 8.54 (d, J = 14.0 Hz, 2 H, 2 x Ar-H), 7.85-7.88
(d, J=85Hz 2 H, 2xAr-H), 7.60-7.70 (m, J = 7.0, 6.5, 8.9, 8.3, 4.5, 7.3 Hz, 22 H, 22 X
Hiignin), 7.53-7.58 (m, J = 4.3, 4.3, 2.5, 5.0, 3.0, 3.5, 7.5 Hz, 14 H, 14 X Hiignin), 7.52 (d,J = 7.8
Hz, 2 H, 2 x Ar-H), 7.44 (d, J=8.0 Hz, 2 H, 2 x Ar-H), 7.38 (dd, J = 6.3, 8.8 Hz, 4 H, 4 X Ar-
H), 7.20-7.26 (m, J = 4.0, 3.8,4.5, 7.3, 7.3, Hz, 4 H, 4 X Ar-H), 6.40 (d, J = 14.3 Hz, 2 H, 2 X
Huviny1), 4.18 (t, J = 7.5, 6.5 Hz, 4 H, 2 x CHy), 3.50-3.90 (br s, 31 H, 31 X Hiignin), 2.81 (t, J =
6.3,6.3Hz, 4 H, 2x CHy), 1.95(t, J =6.0, 6.0 Hz, 2 H, 1 x CH»), 1.68-1.83 (m, J = 6.8, 9.0,
6.8,7.3,7.5,14.0, 8.0, 8.3, 6.3 Hz, 8 H, 4 x CH,), 1.39 (s, 12 H, 4 x CH3). **C NMR (DMSO-
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ds, 500 MHz): & (ppm) = 171.8 (Ccoor), 166.6 (C1), 146.9 (Cz), 144.5 (Cs), 142.8 (Ca), 142.0
(Cs), 141.0 (Ce), 133.2 (C7), 133.0 (Cui), 132.2 (Cui), 131.9 (Cui), 131.9 (Cvi), 131.7 (Cui),
131.6 (CLi), 131.4 (Cui), 131.3 (CLi), 130.3 (Cui), 128.7 (Cui), 128.6 (C), 128.4 (CLi) 127.7
(C20), 125.2 (C21), 124.9 (C22), 122.2 (C23), 111.5 (C24), 101.9, (C25) 55.5 (CLi), 50.6 (C27),
48.6 (Czs), 43.7 (Cas), 27.0 (Ca0), 26.0 (Ca1), 25.8 (Ca2), 22.4 (Cas). UV-Vis (DMSO) hmax =
265 and 811 nm. IR (cm™) = 3369, 2933.

Synthesis of 5,10,15,20-Tetra-(4-kraft lignin-carboxyphenyl)porphyrin conjugate
(TCPP-lignin):?® 5,10,15,20-tetra-(4-carboxyphenyl)porphyrin (TCPP, 310 mg, 0.39 mmol,
1.00 eq.), kraft lignin (490 mg) and triphenylphosphine (280 mg, 1.06 mmol, 2.72 eq.) were
dissolved in 15 mL dry DMF in a 100 mL three-neck round bottom flask using the stirrer bar.
Once this mixture was dissolved, di-isopropylazodicarboxylate (0.2 mL, 210 mg, 1.02 mmol,
2.62 eq.) was added into the side neck via a syringe. The mixture was stirred under argon at
65°C for 16 hours. After cooling to room temperature, the mixture was transferred to
membranes to undergo dialysis for 48 hours before being freeze dried for 36 hours. The product
was obtained as a brown powder (880 mg, >99% mass yield). *H NMR (DMSO-ds, 500
MHz): 6 (ppm) = 13.26 (s, 4 H, 4 X COOHiignin), 8.86 (S, 8 H, 8 X Hp-pyrrole), 8.34-8.41 (dd, J =
8.0,8.5Hz, 16 H, 4 X Hz, 3,5,6-ary1), 7.60-7.65 (m, J = 7.3, 4.7, 7.3 Hz, 19 H, 19 X Hiignin), 7.53—
7.58 (m, J=5.1,75, 4.5, 3.5 Hz, 13 H, 13 X Hiignin), 6.38—7.25 (br s, 17 H, 17 X Hiignin), 3.53—
3.94 (brs, 22 H, 22 X Hiignin), -2.92 (s, 2 H, 2 x N-H). *C NMR (DMSO-ds, 500 MHz): § (ppm)
=167.3 (C1), 162.2 (Cui), 156.1 (CLi), 145.4 (Ca4), 134.4 (Cs), 133.0 (Cui), 132.2 (Ci), 131.9
(Cui), 131.9 (Cvi) 131.4 (Cui), 131.4 (Cui), 130.4 (Cui), 128.7 (CLi), 128.6 (C13), 127.8 (C14),
119.2 (Cis), 67.6 (CLi), 55.5 (CLi), 35.7 (CLi), 30.7 (CLi), 21.8 (CLi). UV-Vis (DMSO) Amax =
288, 421, 516, 551, 590 and 646 nm. IR (cm™) = 3314, 3056, 2936.

Synthesis of 5,10,15,20-Tetra-(4-acetylated-kraft lignincarboxyphenyl)porphyrin
conjugate (TCPP-Ac-lignin):® TCPP-lignin (55 mg) was dissolved in Ac2O/dry pyridine (10
mL, 1/1 v/v) in a three-neck 100 mL round bottom flask with a stirrer bar under argon. The
solution was stirred at room temperature (21°C) for 48 hours. After 48 hours, the reaction was
transferred into 100 mL HCI 1 M and washed with 50 mL deionized water. The precipitate was
dissolved in chloroform and washed with 3 x 100 mL deionized H20. The organic phase was
dried over MgSOys, filtered into a new pre-weighed round bottom flask and evaporated to obtain
a brown solid (31 mg, 56% mass yield). *H NMR (DMSO-ds, 500 MHz): § (ppm) = 12.96 (s,
4H,4x COOHIignin), 8.87 (S, 8 H, 8x HB-pyrroIe), 8.32-8.44 (dd, J=8.0,85Hz 16 H, 4 x H2,3,
5,6-aryl), 7.59—7.70 (m, J =7.3, 4.7, 7.3 Hz, 16 H, 16 X Hiignin), 7.50-7.58 (m, J = 5.1, 7.5, 4.5,
3.5 Hz, 10 H, 10 X Hiignin), 2.14-2.31 (br s, 15 H, 5 X CH3-acety1), 1.85-2.00 (br s, 15 H, 5 x CHa3-
acetyl), -2.92 (S, 2 H, 2 x N-H). **C NMR (DMSO-ds, 500 MHz): & (ppm) = 167.9 (Ccoor),
145.9 (C1), 135.0 (C2), 133.7 (Cui), 132.7 (Cuvi), 132.5 (Cui), 132.5 (Cwi), 132.0 (C7), 131.0
(Cui), 129.2 (Cq), 128.4 (C10), 119.8 (C11), 29.5 (CLi), 28.7 (CLi). IR (cm™) = 2920 (acetyl C-
H stretch), 2851 (acetyl C-H stretch), 1760 (acetyl C=0 stretch).

Synthesis of 5-(4-kraft lignin-phenyl)-10,15,20-triphenylporphyrin conjugate (m-CPTPP-
lignin):® 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin (110 mg, 0.16 mmol, 1.00 eq.),
kraft lignin (190 mg) and triphenylphosphine (160 mg, 0.60 mmol, 3.75 eq.) were dissolved in
20 mL dry DMF in a 50 mL two-neck round bottom flask, under argon and containing a stir
bar. Once dissolved, di-isopropyl-azodicarboxylate (0.10 mL, 100 mg, 0.51 mmol, 3.40 eq.)
was added dropwise to the reaction via the side neck. The reaction was allowed to stir at 65°C
for 17 hours under argon. Once cooled to room temperature, the mixture was transferred, via a
pipette, to membranes to undergo dialysis for 48 hours and freeze dried for 72 hours to obtain
a brown powder (320 mg, >99% mass Yyield). *H NMR (DMSO-ds, 500 MHz): § (ppm) =
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13.30 (br s, 1 H, 1 X Hiignin-cooH), 8.84 (s, 8 H, 8 X Hp-pyrrole), 8.33-8.40 (dd, J = 8.3, 12, 8.3 Hz,
4 H, 2 xAryle-H + 2 x Arylzs-H), 8.23 (d, J =5.8 Hz, 6 H, 6 X Aryl>6-H), 7.81-7.88 (m, J =
6.0,6.8,7.5,6.3,9.0 Hz, 9 H, 9 x Aryls45-H), 7.53-7.65 (m, J = 7.3, 5.0, 6.8, 3.0, 4.0, 3.0, 8.3,
3.8 Hz, 16 H, 16 X Hiignin), 6.38-7.27 (br s, 5 X Hiignin), 3.48-3.95 (br s, 9 H, 9 X Hiignin), -2.92
(s, 2 H, 2 X Npyrrole-H). *C NMR (DMSO-ds, 500 MHz): § (ppm) = 167.4 (Ccoor), 145.6 (Cu),
141.1 (C2), 134.3 (C3), 134.1 (C4), 133.0 (Cs), 132.2 (Cs), 131.9 (C7), 131.4 (Cs), 130.3 (Cy),
128.6 (C10), 128.0 (C11), 127.8 (C12), 126.9 (Ci3), 120.2 (C14), 120.1 (C1s), 118.6 (C1s), 79.1
(C17), 55.5 (C1s), 21.8 (C19). IR (cm™) = 3675, 3315, 2988, 2972, 2902, 1688. UV-Vis (DMSO)
Amax = 288, 419, 514, 550, 589 and 645 nm.

Component analysis of lignin-containing conjugates

A small amount of sample of the product was weighted, dissolved and diluted. UV-Vis was
used to determine the concentration of chromophore (cyanine or porphyrin) in solution. (Molar
absorption coefficients of lignin-containing conjugates were assumed to be the same as the
pristine chromophores). This concentration was used to calculate the number of moles of
chromophore in the sample and thereby the weight contribution.

The rest of the weight of the sample is therefore attributed to the lignin. Assuming the
same number of moles of lignin-oligomer in the sample (corrected for the mono- or tetra-
functionalization of the chromophore), the average molecule weight of the attached lignin
oligomers was determined. For a typical monomeric unit 317 g/mol was used.

Using the Beer-Lambert law,*’ the concentration in moles per litre (mol/L) was obtained
using equation 4.1.
A= ¢eC.l (Equation 4.1)

Where A = absorbance, € = molar absorption coefficient (M*.cm™), C = concentration
(M) and | = path length (1 cm).

Photophysical characterization

For all UV-Vis spectra, photoluminescence and nanosecond absorption spectroscopy shown,
the instrumentation used is detailed in Chapter 3 (section 3.4.2).
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4.5.2. Supplemental spectra
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Figure S4.1. (A): UV-Vis spectra of IR-783 (orange), IR-783-SPA (grey) and IR-783-SPA-lignin
(blue) in MeOH; (B): Normalized UV-Vis spectra of IR-783 (orange), IR-783-SPA (grey) and IR-783-
SPA-lignin (blue) in MeOH.
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Figure S4.2. Time-correlated single photon counting (TC-SPC) spectrum of IR-783 in MeOH.
Excitation wavelength = 720 nm and emission wavelength = 800 nm. Absorbance = 0.2 at the excitation
wavelength. Laser power = 0.44 mW and the decay curve is fitted mono-exponentially. Singlet lifetime

=0.56 + 0.02 ns. IRF = 40 ps. On the top, weighted residuals are presented.
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Figure S4.3. TC-SPC spectrum of IR-783-SPA in MeOH. Excitation wavelength = 720 nm and
emission wavelength = 800 nm. Absorbance = 0.2 at the excitation wavelength. Laser power = 0.44
mW and the decay curve is fitted mono-exponentially Singlet lifetime = 0.47 + 0.1 ns. IRF =40 ps. On

the top, weighted residuals are presented.
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Figure S4.4. TC-SPC spectrum of IR-783-SPA-lignin in MeOH. Excitation wavelength = 720 nm and
emission wavelength = 800 nm. Absorbance = 0.2 at the excitation wavelength. Laser power = 0.44
mW and the decay curve is fitted bi-exponentially. Singlet lifetime of the cyanine = 0.52 + 0.3 ns
(Amplitude = 2081) and 7 = 0.47 + 0.2 ns (Amplitude = 2001). IRF = 40 ps. On the top, weighted

residuals are presented.
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Figure S4.5. UV-Vis spectra at room temperature of TCPP (blue), TCPP-lignin (orange) and TCPP-
Ac-lignin (grey) in MeOH.
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Figure S4.6. TC-SPC spectrum of TCPP in MeOH. Excitation wavelength = 415 nm and emission
wavelength = 650 nm. Absorbance = 0.2 at the excitation wavelength and laser power is 0.44 mW.
TCPP decays tetra-exponentially. Singlet lifetime (r1) of the porphyrin = 11.9 + 0.3 ns (Amplitude =
312). Other lifetimes obtained are: t» = 5.8 + 1.7 ns (Amplitude = 623), 73 = 2.3 + 0.7 ns (Amplitude
= 1246) and w4 = 0.9 + 0.5 ns (Amplitude = 1447). Weighted residuals are shown on the top of the
graph. IRF =50 ps.
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Figure S4.7. TC-SPC spectrum of TCPP-lignin in MeOH. Excitation wavelength = 420 nm and
emission wavelength = 650 nm. The absorbance was 0.15 at the excitation wavelength and laser power
is 0.44 mW. TCPP-lignin decays tetra-exponentially. Singlet lifetime (z1) of the porphyrin =12.2 + 0.6
ns (Amplitude = 403). Other lifetimes obtained are: 2 = 5.8 + 1.3 ns (Amplitude = 805), 73 =2.9 + 0.6
ns (Amplitude = 1610) and 72 = 1.0 + 0.5 ns (Amplitude = 3220). Weighted residuals are shown on the
top of the graph. IRF = 50 ps.
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Figure S4.8. TC-SPC spectrum of TCPP-Ac-lignin in MeOH. Excitation wavelength = 420 nm.
Emission wavelength = 650 nm. The absorbance was 0.15 at the excitation wavelength and laser power
is 0.44 mW. TCPP-Ac-lignin decays tetra-exponentially.

Singlet lifetime (71) of the porphyrin = 12.9 + 1.3 ns (Amplitude = 54). Other lifetimes obtained are: t2
= 6.3+ 0.5ns (Amplitude = 168), z3= 2.4 + 0.5 ns (Amplitude = 1011) and ©4 = 0.9 + 0.5 ns (Amplitude
= 1342). Weighted residuals are shown on the top of the graph. IRF = 50 ps.
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Figure S4.9. (A): Nanosecond transient absorption spectrum of TCPP in MeOH (in air). Jex = 515 nm,
incremental time delay = 50 ns. (B): Decay kinetics trace at 515 nm. Decay curve is fitted mono-
exponentially and the obtained triplet lifetime (Ty) is 252+ 32 ns. Weighed residuals are shown on the
top of the graph.
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Figure S4.10. (A): Nanosecond transient absorption spectrum of TCPP-lignin in MeOH (in air). lex =
515 nm, incremental time delay = 50 ns. (B): Decay kinetics trace at 515 nm. Decay curve is fitted
mono-exponentially and the obtained triplet lifetime (T4) is 234 + 26 ns. Weighed residuals are shown

on the top of the graph.
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Figure S4.11. (A): Nanosecond transient absorption spectrum of TCPP-Ac-lignin in MeOH (in air).
Aex =515 nm, incremental time delay = 50 ns. (B): Decay kinetics trace at 515 nm. Decay curve is fitted
mono-exponentially and the obtained triplet lifetime (T1) is 276 + 45 ns. Weighed residuals are shown

on the top of the graph.
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Figure S4.12. UV-Vis spectra at room temperature of m-CPTPP (blue) and m-CPTPP-lignin (orange)
in chloroform (CHCls).

Number of photons

0 | | I I |
0 10 20 30 40 50 x1 03
Time (ps)

Figure S4.13. TC-SPC spectrum of m-CPTPP in tetrahydrofuran (THF). Excitation wavelength = 420
nm and emission wavelength = 650 nm. The absorbance was 0.15 at the excitation wavelength and
laser power is 0.44 mW. m-CPTPP decays mono-exponentially and the S; lifetime in these conditions

is 10.3 + 0.4 ns. Weighted residuals are shown on the top of the graph. IRF = 50 ps.
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Figure S4.14. TC-SPC spectrum of m-CPTPP-lignin in THF. Excitation wavelength = 420 nm and
emission wavelength = 650 nm. The absorbance was 0.15 at the excitation wavelength and laser power
is 0.44 mW. m-CPTPP-lignin decays mono-exponentially and the S; lifetime in these conditions is 10.4

=+ 0.4 ns. Weighted residuals are shown on the top of the graph. IRF = 50 ps.
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Figure S4.15. (A): Nanosecond transient absorption spectrum of m-CPTPP in THF (in air). Jex = 513
nm, incremental time delay = 50 ns. (B): Decay kinetics trace at 513 nm. Decay curve is fitted mono-
exponentially and the obtained triplet lifetime (T1) is 248 ns. Weighed residuals are shown on the top
of the graph.
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Figure S4.16. (A): Nanosecond transient absorption spectrum of m-CPTPP-lignin in THF (in air). Jex
= 513 nm, incremental time delay = 50 ns. (B): Decay kinetics trace at 513 nm. Decay curve is fitted
mono-exponentially and the obtained triplet lifetime (T1) is 239 ns. Weighed residuals are shown on the

top of the graph.
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4.5.3. Synthetic characterization

4.5.3.1. Lignin-cyanine synthetic characterization
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Figure S4.17. Fully Integrated *H NMR spectrum at room temperature of IR-783-SPA, in DMSO-ds,

with the structure and labels for the protons in the structure.
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Figure S4.18. *C NMR spectrum at room temperature of sodium IR-783-SPA in DMSO-ds, with the
structure and labels for the carbons in the structure.
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Figure S4.19. Fully Integrated *"H NMR spectrum at room temperature of IR-783-SPA-lignin in
DMSO-ds, with labels in spectrum indicating which protons belong to the IR-783-SPA moiety and
which belong to kraft lignin. Note: Li = protons that belong to lignin. The two big peaks at 3.3 and 2.50
ppm correspond to water and DMSO-dg, respectively.
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Figure S4.20. **C NMR spectrum at room temperature of IR-783-SPA-lignin in DMSO-d6, with labels
in spectrum indicating which carbons belong to the IR-783-SPA moiety and which belong to kraft

lignin. Note: Li = carbons that belong to lignin.
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Figure S4.21. IR spectrum at room temperature of IR-783-SPA-lignin (blue) and IR-783-SPA
(orange).
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4.5.3.2. TCPP-lignin synthetic characterization
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Figure S4.22. Fully Integrated *H NMR spectrum at room temperature of TCPP-lignin, in DMSO-ds,
with the labels for the protons in the structure and those for lignin are indicated with a “Li”.
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Figure S4.23. **C NMR spectrum at room temperature of TCPP-lignin in DMSO-ds, with the structure

and the labels of the carbons on the structure and those for lignin denoted with a “Li” .
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Figure S4.25. *C NMR spectrum at room temperature of TCPP-Ac-lignin, in DMSO-ds, with the labels
for the carbons in the structure. Carbons that belong to lignin are labelled with a “Li”.
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4.5.3.3. m-CPTPP lignin conjugate
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Figure S4.26. **C NMR spectrum at room temperature of m-CPTPP-lignin in DMSO-ds, with the labels

of the protons on the structure. Those that belong to lignin are labelled with a “Li”.
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Figure S4.27. **C NMR spectrum at room temperature of m-CPTPP-lignin in DMSO-ds, with the labels
of the carbons on the structure. Those that belong to lignin are labelled with a “Li”.
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Figure S4.28. IR spectrum of m-CPTPP (blue) and m-CPTPP-lignin (orange).
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Free base porphyrin-cyanine conjugates for photomedicine’

Abstract
Cyanines are well known for their ability to absorb near IR light and to accumulate in cancer
cells. Porphyrins are known photosensitizers that can absorb UV, visible and near IR light and
show photodynamic anticancer effects. The synthesis, characterization and photophysical
properties of a novel free base porphyrin-cyanine conjugate called TPPO-IR-783 (TOI) is
reported. The conjugation of these two units can hold strong potential for near IR fluorescence
image guided photodynamic therapy. This novel compound was characterized by NMR, UV-
Vis, MS and FT-IR techniques. Excited state properties were studied in various solvents of
different polarity. The fluorescence greatly depends on the solvent, however, this is not the
case for singlet oxygen. Singlet oxygen emission is only observed in tetrahydrofuran (THF),
comparing 8 different polar, non-polar and medium polarity solvents. This novel type of
photosensitizer has the ability to produce singlet oxygen and could target cancer cells owing to

its porphyrin and cyanine moieties.

*A manuscript based on this chapter is in preparation.
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5.1. Introduction — Porphyrins and heptamethine cyanine dyes

Porphyrins and heptamethine cyanine dyes are well known fluorophores that have been used
in a plethora of applications and disciplines (structures in Figure 5.1).> 2 3 While these uses
range from anti-cancer agents in medicine to organic solar cells, it is those that are related to

photomedicine that are of importance herein.

Figure 5.1. Chemical structures of (A): an unsubstituted porphyrin and (B) a cyanine dye.

While these cyanine dyes have been reported to have anticancer, antibacterial and
antifungal effects, they do not appear to have a direct reactive oxygen species based
photodynamic effect.* > ® However, cyanine dyes were reported to have harmful effects on
HeLa cells after light exposure.” Delaey et al. describe that while the production of singlet
oxygen is low, there is a “photo dependent biological activity.” It is known that these
compounds do not produce triplet states with efficient yields, nor produce singlet oxygen.
However, they do have desirable effects in photomedicine.® They can be used as molecules that
can target cancer tumors and can allow for intraoperative imaging.® The imaging is possible as
these molecules are fluorophores that can absorb harmless near-IR light at 800 nm.'° Further
understanding of the photophysical properties of porphyrin-cyanine conjugates could have
many benefits for photodynamic and related therapies.®

Porphyrins are tetrapyrrolic macrocycles that can absorb light in the UV, visible and
near IR region (see structure in figure 5.1).1* They are well known for their capability to
produce singlet oxygen in an efficient manner.*? Conjugation of porphyrins and cyanines has
been demonstrated in the literature and the resulting molecules have been investigated for their
application in optimizing light dosimetry for improved photodynamic therapy of cancer.!®
Further studies have been conducted, including a photophysical study of a triad conjugate that
consisted of two zinc porphyrins covalently bound to a cyanine dye (see figure 5.2).1* Upon
excitation of the porphyrin by two-photon absorption, intramolecular energy transfer from the
porphyrin to the cyanine is observed.
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Figure 5.2. Chemical structure of a triad conjugate, containing two zinc porphyrins covalently attached
to a near IR cyanine dye. Once the porphyrin is excited, there is energy transfer to the cyanine followed

by fluorescence of the cyanine reported by Ogawa et al.*

To our knowledge, there have been no studies on the photophysical properties of a
heavy atom-free (metal free) AsB porphyrin-cyanine conjugate. For clarity, “AsB” denotes the
substitution pattern on the meso-substituents on the porphyrin: 3 “A” substituents and 1 “B”
substituent. In TPPOH (Figure 5.3), A = phenyl group and B = 4-hydroxyphenyl group.
Similar porphyrin-cyanine conjugates have been synthesized and have shown self-aggregation
properties that form micelles and have potential applications in drug delivery.'®> However, they
have not shown singlet oxygen production. Herein, we demonstrate the synthesis and
photophysical properties of a novel porphyrin-cyanine conjugate that produces singlet oxygen

in tetrahydrofuran (THF) solvent (see structure in Figure 5.3).
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5.2. Synthetic reaction schemes

The porphyrin-cyanine  conjugate was synthesized by combining a 5-(4-
hydroxyphenyl)porphyrin (TPPOH) and a commercially available cyanine IR-783 (Figure
5.3). The first reaction involves the formation of the AsB TPPOH porphyrin macrocycle via
modified Adler-Longo conditions.’® The 5,10,15,20-tetraphenylporphyrin is the main side-
product in this reaction but it can be removed by repeated column chromatography and the
desired TPPOH product was obtained in a 6% yield (see figures S5.1-S5.5 for spectra and
section 5.5 for synthetic details).

After purification, the porphyrin was dissolved in N, N-dimethylformamide (DMF) and
reacted with the commercially available cyanine dye, IR-783, in an Sn2 type reaction, using
NaH as the base. The strong base deprotonated the phenoxy proton of the TPPOH porphyrin
to form the phenoxy anion. This anion then attacks the cyanine electrophile to form the
porphyrin-cyanine conjugate, TPPO-IR-783 (TOI), in a high 84% yield. The full synthetic
procedure modified from literature is described in section 5.5.1 (spectra are included in the

supplementary information, Figures S5.6, S5.7, and S5.9)./
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0 (0]
A, propionic acid
jealieallal o
HO N 2h, 140 °C

IR-783

84% yield

TOI
Figure 5.3. Reaction scheme of the of 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin (TPPOH),

followed by the substitution reaction with the commercially available cyanine dye IR-783, to form the

porphyrin-cyanine conjugate, TPPO-IR-783 (TOI).

5.3. Photophysical studies of the porphyrin-cyanine conjugate - TPPO-IR-
783

For the photophysical studies, the porphyrin-cyanine conjugate was analyzed in solution at
room temperature via UV-Vis spectroscopy, photoluminescence spectroscopy, nanosecond and

femtosecond transient absorption spectroscopy (ns-TA and fs-TA, respectively).

5.3.1. UV-Vis spectroscopy
The UV-Vis spectrum of TOI in tetrahydrofuran (THF) and methanol (MeOH; see data in table
5.2; Figure 5.4) was compared with its starting materials TPPOH in THF and IR-783 in MeOH

(see structures in Figure 5.3). The data is described in Table 5.1
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Table 5.1. UV-visible absorption data of TOI in THF and MeOH versus starting materials TPPOH in
THF and IR-783 in MeOH. Values in brackets refer to the log of the molar absorption coefficient ().

PS B-band Porphyrin Q-bands (A/nm) ° She¢ MBY Qu/B MB/
(A/nm) 2 e Bf
QwP® Qb Qu® Qib
TOI - 417 514 548 5.94 651 714 780 0.02 0.58
THF 465  (332) (305 (299) (329)  (379) (442
TOI - 414 514 548 590 649 705 772 0.02 0.59
MeOH  (464)  (329) (298) (291) (326) (377)  (4.42)
TPPOH 417 513 549 591 650 - - 0.02 -
g (560)9 (433)9 (4.06)7 (3.82)9 (3.73)¢
IR-783 - - - - - 708 782 - -

4.75)9  (5.35)
g

aB-band is the Soret band of the porphyrin; ® The maxima of the porphyrin Q-bands. Qi = Qy(1,0), Qui
= Qy(0,0), Qu = Qx(1,0), and Q; = Qx(0,0); © IR-783 shoulder (sh) band maximum; ¢ IR-783 main band
(MB) maximum. ® Ratio of the intensities of the Qi and Soret (B) bands; " Intensity ratio of cyanine
main band to that of the Soret band; ¢ Dissolved in THF; " Dissolved in methanol (MeOH).

Normalized absorbance (A.U.)
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Figure 5.4. Normalized UV-Vis spectra at room temperature of the the porphyrin starting material
TPPOH (orange) in THF, IR-783 (grey) in MeOH, porphyrin-cyanine conjugate TOI in THF (blue)
and MeOH (yellow).

Comparing the UV-Vis spectra of the TOI to the starting materials, it is clear that the

spectral shapes are very similar. Table 5.1 shows a difference in molar absorption coefficients.

A potential reason for this difference is the perturbation of the w-system, implying a strong
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interaction between the two units in TOI. It is unlikely that the reason for this reduction is due
to aggregation as there are no signs of aggregation in the UV-Vis (Figure 5.4).%

In articles published Ventura et al.'® and Lee et al.® porphyrins that were attached to
n-extended systems (like Figure 5.5) also showed a reduced molar absorption coefficient in

comparison with the parent porphyrin.8

Figure 5.5. Chemical structure of z-extended porphyrin that was reported by Ventura et al. to have a

lower molar absorption coefficient (¢(438 nm) = 159,000 M*cm™).*8

This agrees with the work of Pandey et al. on related systems in which the distance was
varied between two similar units (e.g. comparing their compounds 3 and 7).2° Additional work
from Pandey and co-workers?! implies that when attached to other chemical structures for use
as a photosensitizer, the Soret band of porphyrin-type molecules decreased. Moreover, articles
published by Lee et al. and Ventura et al., reported similar reductions of molar absorption
coefficients of porphyrins upon conjugation. This could be due to the breaking of the symmetry
of the porphyrin. This would lead to the redistribution of the oscillator strengths that results in
a lowering intensity of the absorption bands of the porphyrin moiety.

In the UV-Vis spectrum of the conjugate in THF, there is no evidence of aggregation
(Figure 5.4).1%:22 The Soret band, four Q-bands of the porphyrin and the cyanine profile (700—
800 nm) are observed. In the porphyrin moiety, the five (Soret and four Q-bands) absorption
maxima remain the same upon direct conjugation to the cyanine dye, or by shift a maximum
of 3 nm. In the cyanine moiety, the shoulder is slightly red-shifted by 6 nm and the main band
is blue-shifted by 2 nm. Altogether, both porphyrin and cyanine moieties are clearly visible in
the spectra.

Dissolving TOI in different solvents led to similar spectra (Figure 5.6 and Table 5.2).

However, the conjugate absorbed more due to its higher £ in CHCI3 than the majority of the
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solvents (Figure S5.8 and Table 5.2). The molar absorption coefficient was a lot less in

phosphate-buffered solution (PBS) likely due to aggregation (Table 5.2 and Figure S5.10).

w——TOI| MeOH
= TOI EtOH
TOI DMF
20000 TOI DMSO
15000 s TO| THF

10000

Molar absorption coefficient (M-*.cm?)

5000

350 450 550 650 750 850
Wavelength (nm)

Figure 5.6. UV-Vis spectra at room temperature of TOI, using the molar absorption coefficient scale,
in five different solvents: MeOH (blue), ethanol (EtOH; orange), DMF (grey), dimethyl sulfoxide
(DMSO; yellow), and THF (green). Note: The Soret band (B) of the porphyrin and main cyanine band

(MB) of the cyanine dye are clearly labelled. Concentrations of each are equal to 17 puM.

When dissolved in the solvents listed in table 5.2, the maximum of the Soret band shifts
within a wavelength range between 414 and 422 nm. The positions of the Q-bands differ by a
maximum of 5 nm in all of the solvents with the cyanine shoulder shifting the most. This is
also due to the difficulty in assigning this shoulder to a wavelength, whereas the main cyanine
band is clearly defined and shifts by 15 nm depending on the solvent. However, the ground
state of the dyad appears to be only slightly polar as there are no large shifts in ground state
properties due to the polarity of the solvent (except PBS in Figure S5.8 where aggregation is

clearly visible).?3
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Table 5.2. UV-visible absorption maxima data of TOI in seven different solvents: MeOH, EtOH, DMF,
DMSO, THF, chloroform (CHCIs) and PBS. Values in brackets refer to the log of the molar absorption

coefficient.
Solvent Sp 2 B- Porphyrin Q-bands (A/nm) ° Shd MB Qu/ MB/
band e Bf BY
 (Wnm) Qive Qm¢ Qn¢ Qi€
b
MeOH + 414 514 548 590 649 705 772 0.02 0.59
(464) (329) (2.98) (291) (3.26)  (377)  (4.42)
EtOH + 415 514 548 590 649 710 774 0.02 0.60
(467) (3.28) (2.95) (2.89) (3.26)  (3.80)  (4.45)
DMF + 417 514 548 593 649 711 780 0.02 0.53
(465 (327) (2.97) (293) (3.31)  (378)  (4.37)
DMSO + 419 514 549 593 649 713 784 0.02 0.52
(4.68) (3.33) (305 (3.01) (3.34)  (381)  (4.39)
THF 0 417 514 548 594 651 714 780 0.02 0.58
(4.65) (3.32) (3.05) (299) (329) (3.79)  (4.42)
CHCIz 0 419 514 552 590 649 715 781 0.02 0.67
(4.72) (3.34) (3.03) (2.94) (3.19)  (3.79)  (4.55)
PBS + 4.22 517 553 595 652 729 787 0.04 048

(4.29) (3.26) (2.93) (2.90) (3.40) (3.91) (3.97)
2 Solvent polarity (SP): “+” = polar and “0” = moderate polarity; ® B-band is the Soret band of the
porphyrin; ¢ The Q-bands of the porphyrin: Qv = Qy(1,0) peak, Qi = Qy(0,0) peak, Qu = Qx(1,0)

f

peak, Qi Qx(0,0) peak; ¢ cyanine shoulder (sh) band maximum; ¢ cyanine main band (MB) maximum.
Ratio of the intensities of the Qi and Soret (B) bands; ¢ Ratio of the intensities of the main cyanine
band (MB) and the Soret (B) bands.

5.3.2. Photoluminescence — Fluorescence emission and singlet oxygen emission
spectroscopy

Photoluminescence spectroscopy studies were conducted to quantify the fluorescence observed
and the singlet oxygen produced. The separate moieties were excited in MeOH and the
fluorescence was monitored. The excitation wavelengths chosen were 548 nm and 727 nm,

respectively (Figure 5.6).
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Figure 5.6. (A): Fluorescence spectrum of TOI (blue) in MeOH vs 5,10,15,20-
tetraphenylporphyrin (TPP; red) in toluene (@ = 0.11). Excitation wavelength = 548 nm.*; (B):
Fluorescence spectrum of TOI (blue) in MeOH vs IR-783 (orange) in MeOH (& = 0.08).*° Excitation
wavelength = 727 nm.

Upon excitation of the porphyrin moiety of the conjugate (at 548 nm), there is
fluorescence emission of the porphyrin and cyanine (fluorescence quantum yield (&f) = 0.05;
see table 5.3 and figure 5.6). This fluorescence is less than that of the starting materials,
TPPOH and IR-783, separately (@ values of 0.10 and 0.08, respectively).®® Furthermore,
excitation of the cyanine moiety (727 nm) yields only the cyanine fluorescence.

It is of interest to excite the conjugate using near IR light as this type of light allows
ideal penetration depth in human tissue.?® 2 The fluorescence of the TOI conjugate was
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monitored and compared upon 548 nm (visible light) and 727 nm (near IR light) excitation to
determine if intramolecular photochemical mechanisms differ (Figure 5.7; see section 5.3.3:
ns- and fs-TA spectroscopy sections below for further discussion).

As already mentioned, excitation of the porphyrin moiety (548 nm) results in
fluorescence of the cyanine and porphyrin. Excitation of the cyanine subunit (at 727 nm) gives
solely the fluorescence of the cyanine. Surprisingly, excitation of the PS at 548 nm results in
the reddest shifted cyanine emission maximum (798 nm, Table 5.3). Excitation at 727 nm
results in a 789 nm emission maximum (Table 5.3 and figure 5.7). The likely reason for this
blue shifted emission of the near-IR light excitation is the inner filter effect.?” The emission of
the TOI conjugate is reabsorbed again by the conjugate in solution due to the proximity of
emission (800 nm) and main absorption band (see table 5.2). The concentrations were largely
different in both: 0.1 mM at 727 nm and 0.4 mM at 548 nm, and is yields different inner filter

effects that likely result in different emission maxima.
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Figure 5.7. (A): Fluorescence emission spectra at room temperature of TOI in MeOH with excitation
at 548 nm (grey) and 727 nm (orange). The emission spectra are absorption-corrected for the
excitation wavelength; (B): Normalized fluorescence emission spectra at room temperature of TOI in

MeOH with excitation at 548 nm (grey), and 727 nm (orange). Concentrations = 0.1 mM at 727 nm
and 0.4 mM at 548 nm excitation.

Since the excitation of the porphyrin moiety yielded fluorescence of both moieties
within the structure (dual fluorescence),?® it was decided to further investigate the excited state
decay pathways at this excitation wavelength (548 nm). Upon dissolving the TOI conjugate in
different solvents that have different polarities, different fluorescence intensities are observed

(Figure 5.8). The fluorescence data is summarized in Table 5.3.
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Figure 5.8. Normalized fluorescence emission spectra at room temperature of TOI in CHCI; (yellow),
DMF (orange), EtOH (blue), MeOH (red), DMSO (green) and THF (brown. Excitation at 548 nm.
Reference is TPP in toluene (@r = 0.11).* Concentrations of TOI = 58 uM (CHCls), 62 uM (DMF),
146 pM (EtOH), 71 pM (MeOH), 126 pM (DMSO) and 22 uM (THF).

From the normalized emission spectra above (Figure 5.8), the fluorescence of TOI in
THF results in mainly very weak porphyrin fluorescence, and a small amount of cyanine
fluorescence. The fluorescence in other solvents was mainly from the cyanine moiety.
Concerning the cyanine maxima in the other solvents in Figure 5.8, there is no red shift of the
emission in the most polar solvents (EtOH and MeOH). However, due to the different
concentrations in each solvent, the inner filter effect could be playing a role in their emission
maxima.?’ This is clearly seen when TOI is dissolved in MeOH, the emission maximum is
blue shifted compared to that of THF.

When dissolved in CHCI3 and DMF, the fluorescence quantum yield of TOI is greatly
increased (0.39 and 0.17, respectively, using TPP in toluene as a reference, ®¢ = 0.11).2*
However, in EtOH and MeOH, the fluorescence is greatly reduced to <0.01 and 0.05,
respectively. Similar low @ are also observed in dimethylsulfoxide (DMSO) and
tetrahydrofuran (THF), which are <0.01.

Therefore, increasing the solvent polarity generally decreases the fluorescence. There
are two exceptions to this rule: TOI in DMF and THF. Therefore, due to this conjugate having
a solvent-dependent fluorescence, it is likely that there is some intramolecular photoinduced

electron transfer from the porphyrin to the cyanine (see section 5.3.3 for further discussion).
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Table 5.3. Fluorescence emission properties of TOIl in MeOH, EtOH, DMF, DMSO, THF and CHCls.

Solvent Porphyrin @ Cyanine ® SS (cm™) ¢ b f
hem QX(0,0)  2em Qx(0,1) hem Aem P C
(nm) (nm) (nm) ¢ (nm) ¢
MeOH 647 715 798 860 0 422 0.051
EtOH 649 719 806 854 0 513 <0.01
DMF 650 715 812 873 24 505 0.17
DMSO 650 -9 816 862 24 500 <0.01
THF 649 719 798 -9 0 289 <0.01
CHCIz 651 719 814 876 0 273 0.39

2 Fluorescence emission maxima that correspond to the porphyrin moieties; ® Fluorescence emission
maxima that correspond to the cyanine moieties; © Cyanine main band fluorescence emission maximum;
¢ Shoulder band fluorescence maximum; © The Stokes shift (SS) was calculated from the corresponding
UV-Vis and emission spectra of the porphyrin (P) and cyanine (C) moiety; * Fluorescence quantum
yield calculated using TPP in toluene as a reference (0.11). Excitation wavelength = 548 nm;** ¢ No
peak visible.

Regarding singlet oxygen emission, all solvents listed in tables 5.2-5.4 were used in
determining whether there was singlet oxygen production in these solvents, however, there was
only singlet oxygen production in THF. TOI was also dissolved in non-polar solvents like
cyclohexane, pentane and toluene, however there was still no singlet oxygen production. Upon
exciting the porphyrin moiety of TOI in THF solvent, singlet oxygen production was observed
(Figure 5.9). There was no singlet oxygen production upon excitation of the cyanine moiety
with near-IR light (700-800 nm) as also checked, in THF, with the AquaSpark singlet oxygen
probe (see Chapter 3 for details).?® It is difficult to find a reference for singlet oxygen
production in THF using excitation at 548 nm. Thus, the conjugate was excited at the Soret
band at 400 nm in THF (Figure 5.9), using phenalenone as a reference, and was found to have
a singlet oxygen quantum yield (®,4) of 0.23 + 0.03 in THF (see Table 5.4).%2
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Table 5.4. Photophysical properties of TOIl in THF, IR-783 in MeOH and TPPOH in CHCIs; and THF.

PS Porphyrin @ Cyanine ® SS(ecm?t) @ d Dy° 2
¢ (ns)
hem hem hem hem pe C
Qx(0,0)  Q«(0.1) (nm) (nm)
(nm) (nm)
TOI 649 719 798 -9 0 289 <0.01 0.23 + 327+7]
h 0.031
TPPOHX 651 718 -1 - 47 - 0.10" 0.72m 312 +8i
IR-783 - - 802 899 - 319 o0.08" <0.01" -0

2 Fluorescence emission maxima that correspond to the porphyrin moieties; ® Fluorescence emission
maxima that correspond to the cyanine moieties; © The Stokes shift (SS) was calculated from the
corresponding UV-Vis and emission spectra, porphyrin (P) and cyanine (C); ¢ Fluorescence quantum
yield; ® Singlet oxygen quantum yield; " z. (ns) = triplet state lifetime in air (equilibrated); ¢ No clear
maximum observed; " This fluorescence quantum yield was calculated using TPP in toluene as a
reference (0.11). Excitation wavelength = 548 nm;?* ' This singlet oxygen quantum yield was calculated
using phenalenone as a reference (0.96 + 0.02).*? Excitation wavelength = 400 nm; ! This triplet excited
state decay was fitted mono-exponentially; ¥ TPPOH was dissolved in CHCI; except for triplet lifetime
determination (dissolved in THF); ' Not applicable; * ™ Singlet oxygen quantum yield of TPPOH was
calculated in CHCI; using TPP in CHCI3 (0.55) as a reference and excitation wavelength = 548 nm;!

" Literature value;?* ° Not measured as the limit of the laser is at 700 nm.

0.9
0.8
0.7
0.6

Intensity (A.U.)

0.5 e Phenalenone
0.4 TOI

0.3
0.2
0.1

1200 1250 1300 1350
Wavelength (nm)

Figure 5.9. Singlet oxygen emission spectrum of TOI (orange) and phenalenone (blue) in THF (0.96+
0.02) in THF. Excitation wavelength used is 400 nm.*
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The production of 'O, in THF is a somewhat surprising result since there is no
production of singlet oxygen in any other solvents tested, especially with solvents wherein the
lifetime of singlet oxygen is longer.3® The singlet oxygen emission in figure 5.9 gives strong
evidence for the presence of a triplet state in THF. It has already been determined that the
fluorescence of this conjugate in THF is low (< 0.01). Thus, since the fluorescence is quenched,
other excited state dynamics were investigated. Upon porphyrin excitation, fluorescence could
occur from the porphyrin to the cyanine since there is solvent dependent fluorescence. It is
therefore hypothesized that there could be triplet formation via charge recombination occurring

(see mechanism in figure 5.10).

S
P-C*
ET
l+. o—
(P-C)
ISC
hv
CPie) &
P-C

Figure 5.10. Simplified Jablonski diagram of the triplet formation by charge recombination process
that could be occurring within the TOI (P-C) conjugate.®* Firstly, there is absorption of the P-C
conjugate via excitation of the porphyrin moiety to the singlet excited state (S1, P-C*). Then, there is
electron transfer (ET) via manipulation of the solvent polarity to go to the charge separated state (CS).

From here, there is an intersystem crossing mechanism to go to the triplet state.

In general, manipulation of the solvent polarity encourages photoinduced charge
transfer.®® Excitation of the porphyrin subunit in the conjugate likely creates a charge transfer
state. When the porphyrin-cyanine is in the singlet excited state (S1), electron transfer can occur
from the porphyrin donor to the cyanine acceptor forming a charge separated (CS) or transfer
(CT) state. From here, this state can undergo intersystem crossing to arrive at the triplet state.
In the review that is discussed in chapter 2,3* the type of intersystem crossing that allows triplet
formation from the CT state is called spin-orbit charge transfer intersystem crossing (SOCT-

ISC). In theory, once an orthogonal dyad is in the CT state, there is a large change in orbital
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angular momentum of this state, that must be compensated by a fast spin flip to conserve the
overall angular momentum of the system.®* 3¢ Thus, intersystem crossing (SOCT-ISC) must
occur due to the orthogonality of a dyad in a CT state. However, transient absorption
experiments need to be conducted in order to investigate what is the most likely photochemical

mechanism that occurs (see section 5.3.3).

5.3.3. Transient Absorption spectroscopy

Nanosecond transient absorption spectroscopy was conducted to determine the triplet lifetime
of TOI in THF and obtain more information about the excited state pathways. Since singlet
oxygen production was observed in THF, the conjugate was excited at 548 nm and 650 nm in
THF for ns-TA spectroscopy (Figure 5.11 and 5.12, respectively). The difference between the
intensity (y-axis) of the TA graphs is due to the differing absorbances of the two sites of
excitation. The limit of the Ekspla laser was 700 nm and thus it was not possible to conduct ns-
TA spectroscopy on the cyanine moiety of the conjugate (see UV vis spectrum of TOI in Figure
5.5).
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Figure 5.11. (A): Ns-TA spectrum of TOI in THF (in air); (B): Decay spectrum of TOI in THF (in air).
Excitation wavelength is 548 nm. Incremental delay = 50 ns. zr = 327 + 7 ns.
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Figure 5.12. (A): Ns-TA spectrum of TOI in THF (in air); (B): Decay spectrum of TOI in THF.

Excitation wavelength is 650 nm. Incremental delay = 50 ns. zr = 321 + 24 ns.
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The TA spectrum recorded shows evidence of the triplet state of the porphyrin subunit
that belongs to the TOI conjugate. The same profile was observed upon excitation of this
conjugate in THF with 650 nm light. This profile is almost identical to that of the transient
absorption spectrum of the TPPOH starting material in THF (Figure S5.11 and Table 5.4).

Femtosecond transient absorption spectroscopy

Femtosecond transient absorption (fs-TA) spectroscopy data of TOI in THF as a solvent (with
515 nm excitation) shows the presence of five components (as analyzed with Glotaran with a
sequential model).3” The first component of the normalized evolution associated difference
spectra (black spectrum in figure 5.13) shows clear features of the singlet excited state of the
porphyrin moiety (with ground state bleaching at 514, 555 and 610 nm and excited state
absorption peaking around 690 nm).
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Figure 5.13. (Top): Femtosecond transient absorption data of TOI in THF as the solvent obtained upon
analysis (EAS = evolution associated difference spectra). Excitation wavelength = 515 nm; (Bottom):
Graph highlighting the time scale and relative concentrations (intensity) of the photochemical species

depicted in top figure, that play a role in the conjugate in THF after excitation at 515 nm.
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This first species (black line) converts with a rate of around 10% s (~100 fs) to the
species which belongs to the red spectrum. This excited state clearly is cyanine based, as the
bleaching at 690 nm is evident. This implies that after selective porphyrin excitation, energy
transfer occurs to the cyanine dye with a rate of about 10*® s, After 2 ps (5 x 10! s1), the
excited state represented by the blue spectrum is formed. This species is also cyanine based (as
evidenced by the ground-state bleach at 690 nm, but relative to the red species, bleaching bands
at 555 and 610 nm develop (biting out of the broader positive excited state absorption of the
cyanine dye) indicating a state in which the porphyrin is also participating. We attribute this to
charge transfer: in the charge transfer state both chromophores display a ground state
bleaching. The next two processes occurring with decay times of 8.5 and 48 ps (green and pink
spectra, respectively) give rise to a negative band at 780 nm, and have features of the blue
spectrum (their precursor state). At earlier times, this negative 780 nm band of the ground state
bleaching of the cyanine is obscured by positive excited state absorption of the porphyrin.
Solvation (8.5 ps), followed by a slight conformation change of the dyad, involving one of the
charged ionic side groups, is an option for last 48 ps process. The last state has decay-time of
at least 2 ns.

The ns-TA presented above in this section (Figures 5.11 and 5.12), shows the presence
of a long-lived triplet state present on the porphyrin units (rather similar to the ns-TA of
TPPOH - see Figure S5.11, as well as that of THOPP in chapter 3). It would appear that the
longer-lived species (pink spectrum) must convert to this porphyrin triplet on a slower, ~10 ns
timescale.

Ns-TA spectroscopy was performed, once again, on the TOI conjugate in THF. The
porphyrin moiety was excited at 514 nm and the incremental delays were 1 ns in order to see a
more complete picture (Top and middle graph in figure 5.14). A second spectrum with longer
incremental delays (20 ns), shows that the triplet forms as shown in the bottom graph in Figure
5.14 (peak at 440 nm in bottom graph).
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Figure 5.14. (Top & middle): Ns-TA spectrum of TOI in THF (in air). Excitation wavelength is 514
nm. Incremental delay = 1 ns, traces follow a rainbow color-scheme (violet to red). Top: traces of the
first 10 ns after excitation; middle: traces of the following times, from 10 ns to 50 ns (Bottom): Ns-TA

spectrum of TOI in THF (in air). Excitation wavelength is 514 nm. Incremental delay = 20 ns. First

The ns-TA shown in figure 5.14, together with the fs-TA data, show a complex
photophysical decay pathway. It is clear that porphyrin excitation leads to excited state
formation on the cyanine, but the final triplet state is localized on the porphyrin. There are no
features present of this porphyrin triplet state within the first 1 ns (see fs-TA). The black and
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red traces in figure 5.14 (bottom) show the relatively slow formation of the triplet of the
porphyrin within ~20 ns. The excited state of the cyanine is formed very fast, has initial
emission, but at around a time of 5 ns, has lost its emission, but is still ground state bleached.
This latter aspect indicates charge transfer or cyanine triplet state formation (figure 5.14, top
and middle). Since intrinsic triplet state formation of the cyanine dye is unconventional, triplet-
triplet energy transfer (from a cyanine triplet to the porphyrin triplet) is unlikely. The SOCT-
ISC mechanism is a good option to clarify the complex behavior, but clearly more research is
needed to obtain strong arguments supporting this hypothesis. The ns-TA equipment has a gate
of 2.9 ns, therefore this data deviates from the fs-TA observations.

It has to be realized that TOI is a tetra-ionic compound. Whereas the sodium sulfonate
tail can easily form solvent separated ions, the positive charge on the cyanine dye can be
delocalized within the conjugated cyanine system. This positive charge is more likely to be
influenced by ion-pairing with its internal counter ion, the sulfonate anion group. Furthermore,
a meticulous inspection shows that formally a charge shift reaction from the cyanine to the
porphyrin is considered, as the photoinduced electron transfer step. Thus potential disrupted
ion paring can couple to the photoinduced charge shift reaction, in which a positive charge
moves, under the influence of light, from the cyanine dye to the porphyrin unit forming a

neutral cyanine radical.
5.4. Conclusion

The synthesis and the photophysical studies of a novel porphyrin-cyanine conjugate, TOI, for
photomedicine is described herein. Following conjugation of the cyanine to the porphyrin, the
systems are strongly perturbed. The excited state dynamics of this conjugate involve: energy
transfer from the porphyrin to the cyanine, possible photoinduced electron transfer from the
porphyrin to the cyanine (formally a charge shift reaction, obtained via manipulation of the
solvent polarity), triplet excited state formation of the porphyrin and singlet oxygen generation
in THF.

Future studies

It has been hypothesized that this conjugate undergoes triplet formation via charge
recombination in THF. However, further experiments need to be conducted to clarify the
photochemical pathways in this conjugate following porphyrin excitation. Direct triplet

formation via porphyrin excitation is still an option, however, determination of the redox
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potential in THF and evaluation of the level of charge transfer state would provide further
clarity. This equation estimates the free energy change between a locally excited state and a
radical ion pair state, and would hopefully clarify whether photoinduced electron transfer
occurs.

Furthermore, in terms of optimal structure design, this molecule has limitations for its
photodynamic therapy. It is poorly water solubility and as a low singlet oxygen production.
Further modifications could be made to this structure or to the structural design of the next
porphyrin-cyanine PS in the future. This could include adding more sulfonate groups to make
it water soluble and introducing a metal into the porphyrin center to increase its singlet oxygen
production. However, as mentioned in the review in Chapter 2, metals or heavy atoms leads to
more rapid triplet decay to the ground state, makes the molecule more expensive to make and
could introduce unwanted toxicity when testing this conjugate for its biological activity.
Moreover, the aim is to investigate whether triplet formation by charge recombination is
possible in a heavy atom-free porphyrin-cyanine conjugate. In terms of further experiments
that are envisaged for the future: femtosecond transient absorption spectroscopy can be
investigated further and computational tools can also be utilized to predict triplet formation via
charge recombination pathways. It is possible to calculate the photoinduced electron transfer
using Marcus theory and triplet forming mechanism using Time Dependent Density Functional
Theory (TD-DFT) calculations using the quantum chemical program Amsterdam Density
Functional (ADF). Overall, these structural modifications and computational tools could aid in

optimizing the structural design of a porphyrin-cyanine PS that can be used in photomedicine.
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5.5. Experimental procedures

5.5.1. Synthetic reaction schemes

Synthesis  of  5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin ~ (TPPOH):  4-
hydroxybenzaldehyde (3.52 g, 28.8 mmol, 1.00 eq.) was dissolved in 200 mL propionic acid.
The mixture was then stirred and benzaldehyde (8.80 mL, 9.15 g, 86.2 mmol, 3.01 eq.) was
added to the flask dropwise via the side neck using a dropping funnel. The mixture was allowed
to stir at 140 °C reflux for 30 minutes. Pyrrole (7.74 g, 8.0 mL, 115 mmol, 4.00 eq.) was added
dropwise to the reaction while stirring. The reaction was allowed to stir at reflux (140 °C) for
another 90 minutes. After cooling to room temperature, the mixture was allowed to cool slowly
to room temperature. 70 mL cold methanol was added to the reaction mixture and the porphyrin
was allowed to recrystallize overnight. This mixture was then filtered using a fritz funnel. The
precipitate was washed with methanol and the purple crystalline crude product was purified
using column chromatography (eluent gradient of 1/1 chloroform/petroleum ether to 100%
chloroform) to obtain a crystalline purple solid (600 mg, 1.73 mmol, 6% yield). Rf = 0.33
(CHCIs); *H NMR (CDCls, 500 MHz): § (ppm) = 8.87 (d, J = 4.5 Hz, 2 H, 2 X Hp-pyrrolic), 8.83
(s,J=23.9 Hz, 6 H, 6 X Hp-pyrratic), 8.21 (d, J = 6.3 Hz, 6 H, 3 X H2,6-pheny1), 8.04 (d, J = 8.5 Hz,
2 H, Hasany), 7.75 (M, 7.5, 9.3, 7.3, 6.5 Hz, 9 H, 3 X Ha.45-pheny), 7.16 (d, J = 8.4 Hz, 2 H, 1 x
Hz6.ary1), 5.13 (br s, 1 H, Ar-OH), -2.74 (s, 2 H, 2 x N-H). ¥C NMR (CDCls, 500 MHz): &
(ppm) = 155.4 (Con), 142.2 (Cs), 135.7 (C4), 134.6 (Cs), 131.1 (Cs), 127.7 (C1), 126.7 (Ce),
120.1 (C2), 113.7 (C7). UV-Vis (THF) Amax (log €) = 418 (5.97), 515 (4.54), 550 (4.20), 592
(3.87) and 649 nm (3.74). IR (cm™) = 3501, 3315, 2921, 2902. HRMS (MALDI) m/z calcd. for
Ca4H30N40 (M-+): 630.74; found 630.30.
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TPPOH (102 mg, 0.16 mmol, 1.00 eq.) was dissolved in 15 mL dry DMF under argon in a 25
mL two-neck round bottom flask with a stirrer bar. 7 mg NaH (60 % oil solution, 0.175 mmol,
1.09 eq.) was then added and the solution was allowed to stir under room temperature (21°C)
for 30 minutes under argon. The reaction mixture turned from a dark violet to a dark green
solution. IR-783 (118 mg, 0.16 mmol, 1.00 eq.) was then added and the reaction was allowed
to stir under ambient temperature in the dark for 18 hours under argon. The solution was then
transferred to a round bottom flask and 70 mL diethyl ether was added to allow to precipitate
the desired product. The suspension was then centrifuged at 7,000 g for 10 minutes. After
removing the supernatant, the solid was washed with 100 mL diethyl ether. A dark crude solid
was obtained after removing the diethyl ether in vacuo and it was purified using solid
deposition column chromatography (dissolving crude product and Florisil® in a 1:1 w/w
mixture in dichloromethane and evaporating the solvent) wusing an eluent:
dichloromethane/ethanol/methanol 7/1/2 (VIVIV). The desired TPPO-1R-783 was obtained as
a dark solid (181 mg, 0.13 mmol, 84% vyield. Ry = 042 (7/1/2
dichloromethane/ethanol/methanol). *H NMR (DMSO-ds, 500 MHz): & (ppm) = 8.82 (dd, J =
5.0, 7.0 Hz, 8 H, 6 x Hg-pyrrotic), 8.67 (d, J = 4.5 Hz, 2 H, 2 X Hp-pyrrolic), 8.25 (d, J = 10.0 Hz, 2
H, 2 x C-Haromatic), 8.20 (dd, J=7.5, 5.0, 7.5 Hz, 6 H, 3 X H2,6-pheny1), 8.17 (d, J = 12.5 Hz, 2 H,
Hzs-ay1), 7.81 (M, J = 6.3, 6.8, 4.5, 10.0, 7.0, 6.3, 3.3 Hz, 9 H, 3 X H3 4,5-pheny1), 7.66 (d, J = 8.0
Hz, 2 H, Ha6-ay1), 7.62 (d, J = 8.0 Hz, 2 H, 2 X C-Haromatic), 7.47 (d, J = 8.8 Hz, 2 H, 2 x C-
Hviny), 7.42 (t,J =7.0, 8.0 Hz, 2 H, 2 X C-Haromatic), 7.26 (t, J=7.5, 7.5 Hz, 2 H, 2 X C-Haromatic),
6.41 (d, J = 15 Hz, 2 H, 2 X C-Hviny), 4.22 (t, J=7.5,8.5 Hz, 2 H, 2 X CH2), 2.89 (t, J =5, 7.5
Hz,, 2 H, 2 x CH2), 2.53 (t, J = 8.0, 15.0 Hz, 2 H, 2 x cyclic CH>), 2.07 (t, J =5.0, 7.0 Hz, 2 H,
2XxCHy), 2.07 (t, J=5.0,7.0Hz, 4 x H, 2 x CH), 1.85 (quin, J =7.5,8.0, 7.0, 8.0, Hz, 4 H, 2
x CHy), 1.78 (quin, J=8.0, 7.0, 8.0, 8.5 Hz, 2 H, 2 x CH>), 1.63 (s, 12 H, 4 x CH3). *C NMR
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(DMSO-ds, 500 MHz): & (ppm) = 171.5 (C17), 162.0 (C12), 159.2 (C1s), 142.1 (C21), 141.0
(Cis), 140.8 (Cz22), 136.0 (Cs), 135.1 (Cus), 134.0 (C23), 128.5 (Cs), 128.0 (C10), 126.9 (C2s),
124.7 (C11), 122.5 (Cz2s), 121.4 (Cis), 120.0 (C2s), 119.9 (C20), 119.1 (Co), 111.3 (C7), 100.6
(Cs), 50.6 (C13), 48.7 (C14), 43.6 (C4), 27.4 (C1), 26.0 (C2), 23.6 (C1s), 22.5 (C3). HRMS (ESI):
Calcd for Cg2H7sN6O7S2: m/z 1321.6473 ([M-Na*]*). Found: m/z 1322.5324 ([M-Na*]").

5.5.2. Photophysical characterization
For all UV-Vis spectra, photoluminescence and nanosecond absorption spectroscopy shown,

the instrumentation used is detailed in Chapter 3 (section 3.4.2).

Femtosecond transient absorption spectroscopy

Fs-TA experiments were performed with a Spectra-Physics Solstice Titanium:Sapphire
regenerative amplifier system. The 515 nm pump pulse was generated using an optical
parametric amplifier (Spectra-Physics OPA 800C). Residual 800 nm light was focussed on a
sapphire plate to produce white probe light which was detected with a charge-coupled device
detector (Ocean Optics). The polarization of the pump beam was at the magic angle (54.7°)
with respect to that of the probe (Berek Polarization Compensator (New Focus)). The excitation
pulse was passed over an optical delay line (Physik Instrumente, M-531DD) that generated an
experimental time window of up to 3.6 ns between the excitation and probe pulses with a
maximal resolution of 0.6 fs/ step. The laser output was typically ~2 pJ pulse™ (130 fs FWHW)
with a repetition rate of 1 kHz. The samples were placed in cells of 2 mm path length (Hellma)
and stirred with a downward projected PTFE shaft using a direct drive spectro-stir (SPECTRO-
CELL).

Data were analyzed using Glotaran software.®’
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5.6. Supplementary information
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Figure S5.1. Fully Integrated *H NMR spectrum at room temperature of 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin (TPPOH), in CDCls, with the structure and labels for the protons in the structure.

Note: peaks at from 1.5 to 0.8 ppm are due to the NMR tube and are unrelated to the sample.
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Figure S5.2. C NMR spectrum at room temperature of 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin (TPPOH), in CDCls, with the structure and labels for the carbons in the structure.
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Figure S5.3. UV-Vis spectrum at room temperature of 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin (TPPOH) in tetrahydrofuran (THF) using a molar absorption scale.
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Figure S5.4. IR spectrum at room temperature of 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin
(TPPOH).
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Figure S5.5. Mass spectrum zoom at room temperature, displaying the isotope pattern of TPPOH,
dissolved in chloroform (CHClIs).
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Figure S5.6. Fully Integrated *H NMR spectrum at room temperature of TOI, in DMSO-ds, with the

structure and labels for the protons in the structure.
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Figure S5.7. 3C NMR spectrum at room temperature of TOI, in DMSO-ds, with the structure and labels
for the carbons in the structure.
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Figure S5.8.UV-Vis spectrum at room temperature of TOI in CHCI; using a molar absorption scale.
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Figure S5.10.UV-Vis spectrum at room temperature of TOI in PBS using a molar absorption scale.
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Figure S5.11. (A): Ns-TA spectrum of TPPOH in THF; (Right): Decay spectrum of TPPOH in THF.

Excitation wavelength is 548 nm. Incremental delay = 50 ns. 7t = 312 + 8 ns.
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Chapter 6

Synthesis of photosensitizers for photomedicine

Abstract

This chapter gives an overview of the synthesis that was conducted during the PhD research,
that is not described in the other chapters. This chapter shows the synthesis of starting materials
for photosensitizers consisting of cyanine dyes and porphyrins for photomedicine. The
synthesis and their impact are discussed with the aid of synthetic reaction schemes. Detailed

experimental procedures and characterization are presented.
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6.1. Introduction

The research described in this Thesis contains a strong synthetic component, as shown in
chapters 3, 4 and 5. These chapters describe the synthesis of 5,10,15,20-tetra-(4-
hexyloxyphenyl)porphyrin, lignin functionalized with porphyrines and with cyanine dyes
a well as a porhyrin-cyanin dyad, respectively. This chapter describes additional synthesis
that was performed.

The introduction is split into two parts: porphyrin-cyanine dye conjugates and
porphyrins for thin films.

6.1.1. Porphyrin-cyanine dye conjugates

Indoles * (See chemical structure in figure 6.1) are common starting materials for near-IR
absorbing fluorophores — heptamethine cyanine dyes (see Figure 6.2 for one of these dyes
— MIH-148).2 3 These dyes can absorb near-IR light and have applications in in vivo
imaging* and DNA sequencing.® MIH-148 is known for its selective accumulation in solid
tumors, compared to healthy cells.® 7 It is non-toxic towards healthy cells, which is one of

the reasons why it has been applied in in vivo human diagnostic optical imaging.® ’
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Porphyrin-Cyanine dye congugate >
(0] 0
HO OH

MIH-148 (known)

Figure 6.1. Retrosynthetic pathway for the formation of cyanine dyes (eg. a known heptamethine
cyanine dye, MIH-148) from indolenium salts and indoles.

These cyanine dyes, like MIH-148, IR-783 and IR-783-SPA, from chapter 4 and
5, are the desired synthetic intermediates (see Figure 6.1 and 6.2) to be combined to
porphyrins. As a starting point, combining an AsB porphyrin (Figure 6.3) with the three
cyanine dyes to form a porphyrin-cyanine dye (P-C) conjugate could create a new class of
PSs for photomedicine.

It is well known that cyanine dyes have low singlet oxygen quantum yields® and
that porphyrins have large singlet oxygen quantum yields.® Thus, coupling the cyanine to
a porphyrin (see chapter 5 as an example) could theoretically increase the overall singlet
oxygen production. Furthermore, they could ideally be photo-activated at low energy
wavelengths within the therapeutic window (650-900 nm, as discussed in chapter 1), and
have the ability to target cancer cells.® ” The proposed photophysical mechanism of singlet

oxygen production in this new class of PSs could be via triplet formation by charge
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recombination.'® Exciting the cyanine dye with near-IR light could form the triplet state on

the porphyrin via this triplet forming mechanism.

Figure 6.2. Chemical structures of (A): IR-783 and (B): IR-783-SPA.

R = OH;
R = NHy;
R = OC;H,OH

Figure 6.3. Chemical structure of target AsB porphyrins to be combined with cyanine dyes.

The target porphyrin-cyanine conjugates are shown below in Scheme 6.1. The
nature of the cyanine dye and the linker between the two units are the factors to modify.
Changes can also be made to the porphyrin to see what effect this would have on the

photophysical properties.

194



Chapter 6

LINKERS:

O LINKER : /4;>\
- /\o/\/O\/

Scheme 6.1. Target compounds of porphyrin-cyanine dye (P-C) conjugates with the linkers on

the right. Note: The linkers consist of ester, ether, amine or amide bonds.
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6.1.2. Porphyrins in thin films

Like described in the THOPP chapter (Chapter 3), free base tetra-
alkyloxyphenylporphyrins can form homogenous thin films. Zn(ll) derivatives of these
porphyrins have also been shown to form ordered films that can even undergo
electroluminescence.'® These porphyrin thin films, like those containing THOPP and even
metalated derivatives, can likely produce singlet oxygen and could potentially have
applications in photodynamic therapy. Moreover, in order to avoid the drawbacks of
inserting heavy atoms that can ‘elevate dark toxicity, introduce poor photostability,’
unnecessarily increase the cost of the PS, and increase the intersystem crossing to the
ground state,'% 1 a heavy atom-free approach was chosen. Therefore, the study of other
free base tetra-alkoxyphenylporphyrins, and free base tetra-alkoxynaphthylporphyrins was
initiated. The alkyl chain on the periphery of these porphyrin macrocycles can aid the
functioning of the porphyrin as a PS in a thin film.*2 ' The long alkyl chains aid in forming
ordered thin films and minimize aggregation of the porphyrin macrocycles. Furthermore,
while the tetra-alkoxyphenylporphyrins are known for their thin film formation, the
naphthyl derivatives are unknown to the best of our knowledge. Thus, free base tetra-p-
alkoxyphenyl- and tetra-p-alkoxynaphthyl-porphyrins are the desired molecules for film
formation and subsequent use as ‘heavy metal-atom free PSs’ in a thin film (see Figure
6.4).

O’R o‘R

R R
‘ e

O\R O\R

A B

R = CpHan+1
R =C,H;,OH

Figure 6.4. Chemical structures of (A): 5,10,15,20-tetra-alkoxyphenylporphyrins (tetra-
alkoxyphenylporphyrins) and  (B):  5,10,15,20-tetra-alkoxynaphthylporphyrins  (tetra-
alkoxynaphthylporphyrins).
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The synthesis of the intermediates for derivatives similar to THOPP (Chapter 3) and
TPPO-IR-783 (Chapter 5) are discussed below.

6.2. Discussion

This synthetic discussion is split into two sections: 1) Porphyrin-cyanine dye conjugates

and 2) tetra-alkoxy-arylporphyrins.

6.2.1. Porphyrin-cyanine dye conjugates
In order to synthesize the MIH-148 cyanine dye, it’s precursor 2,3,3-trimethylindolenium
bromide was synthesized, as shown in figure 6.5.13

O

Br\/\/\)J\OH
/4 B /‘
N N

CH3CN, 22 h, 70 °C

Br

OH

24% vyield

Figure 6.5. Reaction scheme of 1-(5-carboxypentyl)-2,3,3-trimethylindolenium bromide.*®

The 2,3,3-trimethyl indole starting material for the reaction above (Figure 6.5), was
dissolved in acetonitrile (CH3CN) and refluxed in the presence of 6-bromohexanoic acid.
The product was formed in-situ via a substitution reaction (Sn2). Followed by removal of
the solvent and precipitation of the product in diethyl ether, the quaternary salt product was
obtained by filtration in a 24% vyield (see section 6.4 for full experimental details of all
compounds synthesized in this chapter and Figures S6.1-6.4 for synthetic characterization
spectra of this product). This yield is far lower than the 75% yield obtained in the literature

and is likely due to the large increase in scale of the reaction (10-fold increase in quantity
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of starting materials used).’® Attempts to synthesize the MIH-148 dye from this
intermediate proved to be unsuccessful after purification via column chromatography and
using a variety of different synthetic protocols.

The next group of compounds to be discussed is the AzB porphyrins (see Figures
6.6 and 6.7). The synthesis of 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin
(TPPOH) involved a porphyrin condensation reaction using modified Adler-Longo
conditions (see chapter 5 for experimental spectra and synthetic protocol).X* Once pure,
this porphyrin was dissolved in DMF. The subsequent ‘hydroxy-ethyl” spacer (see Figure
6.6) was attached using a Sn2 reaction, using anhydrous potassium carbonate as the base
and under dry conditions. This second step created a better nucleophile in the form of 5-
(4-(2-hydroxyethoxy)phenyl)-10,15,20-triphenylporphyrin  (TPPOEtOH; see Figures
S6.5-6.8 for synthetic characterization).

0 (0]
A, propionic acid
g S
HO N 2h, 140 °C

6% yield

Dry DMF, K2CO3,
72 h, 2-bromoethanol

90 °C

75% yield

Figure 6.6. Reaction scheme of 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin (TPPOH) and
5-(4-(2-hydroxyethoxy)phenyl))-10,15,20-triphenylporphyrin (TPPOEtOH).
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The synthesis of TPPNO2 was conducted in a microwave-assisted iodine-catalyzed
reaction reported by Zerrouki and co-workers (see Figure 6.7).*> Even though the yield
obtained for the TPPNO:2 is much lower (7% yield) than that obtained in the literature
(22% vyield), it was the highest yield obtained for these AsB porphyrin reactions (see
Figures 6.9-6.12 for experimental spectra). This reduction to the aniline containing
porphyrin (TPPNHz, Figure 6.7) was conducted using stannous chloride in acidic
conditions.'® The obtained yield was 61% and the full characterization spectra for TPPNH;
are in section 6.5 (Figures S6.13-S6.17).Y7

1) I, CHClp

2) p-chloranil
@* ‘ 3@ iy ——=
M.O.

7% yield

HCI, CHCI3, SnClp, CH3COOH
60°C, 96 h

61% vyield

Figure 6.7. Reaction scheme of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin (TPPNO,) and
subsequent reduction to 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (TPPNH,).> 161

Reactions were then conducted to combine the porphyrins TPPOH, TPPOEtOH,
and TPPNHz2 to cyanine dyes: MIH-148, IR-783 and IR-783-SPA (see Figure 6.2 for their
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chemical structures). However, only TPPOH could be covalently attached to IR-783
(Chapter 5). The rest of the porphyrins could not be combined with these cyanine dyes
even though different reaction conditions were used including Sn2 reactions (TPPNH:2 or
TPPOEtOH to combine with IR-783), amide condensation reactions (TPPNH: to
combine with IR-783-SPA) and esterification reactions (IR-783-SPA to combine with
TPPOEtOH or TPPOH).

Future work include the synthesis of conjugates consisting of IR-783 and
TPPOEtOH or TPPNHz2 using reaction conditions like in chapter 5.1 For the products
containing the amide and ester linkers, these reaction conditions can be optimized. Once
pure, they can be studied for their photophysical properties, as was done in chapter 5 for
TPPO-IR-783. As previously mentioned, the ideal situation would be to excite a
porphyrin-cyanine conjugate with near-IR light to have a large amount of singlet oxygen

generation via the TCR mechanism from Chapter 2.1

6.2.2. Tetra-alkoxy-arylporphyrins

In order to synthesize tetra-alkoxy-meso-arylporphyrins, aldehydes must be firstly altered,
then the porphyrin can be synthesized using appropriate porphyrin condensation reactions.
Alternatively, the porphyrin containing tetra-meso-4-hydroxyaryl groups can be first

formed and then alkylated using Sn2 conditions (see Figure 6.8).
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O

o

HO porphyrin

condensation
R-Br
Base,
Aprotic solvent

(0}

o
R 0

porphyrin
condensation

Base,
Aprotic Solvent| R-Br

Figure 6.8. Chemical reaction scheme of two methods to make tetra-alkoxyarylporphyrins. The
first method includes modifying the aldehyde precursor, followed by porphyrin formation. The
second consists of first forming the porphyrin, then chemical modification of the porphyrin

periphery.

The 5,10,15,20-tetra-4-propanxoyphenylporphyrin (TPrOPP), was synthesized
via an Sn2 reaction in a 29% vyield (see figure 6.9 for reaction scheme and see figure S6.18

for proton NMR spectrum).1®
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Dry DMF,
70°C, 22 h

29 % yield

Figure 6.9. Reaction scheme of 5,10,15,20-tetra-4-propanoxyphenylporphyrin.*

In the reaction mixture, the 4 protons on the periphery of the meso-aryl groups,
were all deprotonated using anhydrous potassium carbonate (K2COs) in the aprotic
solvent, dry DMF. Once this ‘tetra anionic intermediate’ was formed, the 3-bromopropane
electrophile was added to the reaction and allowed to reflux at 70°C overnight. The bromine
acted as the leaving group, allowing the desired product to form in a rather low yield (29%).
This low vyield is likely due to the rather short activation time (1 hour). In the future, an
overnight activation would be sufficient, followed by refluxing for longer than 24 hours
(after adding 3-bromopropane) to give a higher yielding product.

The starting materials for other tetra-alkoxyarylporphyrins were synthesized (see
Figures 6.10 and 6.11 for general reaction schemes and see Figures S6.19-S6.23 for
NMR spectra).!® These reactions were similar Sn2 reactions in aprotic solvents to that of

figure 6.9.

0O 0O

K,CO3
HO CHEN HO

R = C3H7 (75%)
R = CgH13 (>99%)

Figure 6.10. Reaction scheme of 4-propanoxybenzaldehyde and 4-hexanoxybenzaldehyde.*
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O K>CO;3 O
o f VL e 0 o
Q H solvent R ' H

R = C;H50H (85%)
solvent = Dry DMF
R = CgH13 (87%)
sovent = CH;CN

Figure 6.11. Reaction scheme of 4-(2-hydroxyethoxy)naphthaldehyde and 4-
hexanoxynaphthaldehyde.™

The following porphyrin condensation reactions that led to their porphyrin
formation were unsuccessful. In the future, other porphyrin forming conditions, like the
Lindsey porphyrin condensation method could be employed to achieve the synthesis of
these porphyrins.?® There are no reports of meso-tetra-naphthoxy-porphyrins in the
literature according to our knowledge. The presence of naphthyl groups on the periphery
could improve the photophysical properties in solution and in thin films for their

applications in PDT.

6.3. Conclusions

This chapter contains the synthesis of starting materials for novel photosensitizers. The
first starting material for the cyanine dye MIH-148 was synthesized in a low yield.
However, the precursor was pure and synthetic methods for synthesizing MIH-148 need
to be optimized. Then, this dye amongst others (IR-783 and IR-783-SPA), can be
combined with porphyrins to be studied for their application in photodynamic therapy. The
ideal goal would be to have irradiation of the cyanine dye, in a porphyrin-cyanine
conjugate, using near IR light (700-800 nm) to produce singlet oxygen, with a high
guantum vyield. Other future synthesis would include the synthesis of tetra-alkoxy
naphthylporphyrins with varying chain length to observe whether these structural changes

improve their photophysical properties in solution and in thin films.
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6.4. Synthetic experimental procedures

@Ei
3

Br

OH

Synthesis  of  1-(5-carboxypentyl)-2,3,3-trimethylindolenium  bromide:®®*  6-
bromohexanoic acid (3.16 g, 16.20 mmol, 1.00 eq.) and 2,3,3-trimethyl-3H-indole (3.2 mL,
3.17 g, 19.91 mmol, 1.23 eq.) were dissolved in 35 mL acetonitrile in a 100 mL three-neck
round bottom flask with a stirrer bar. This clear dark orange mixture was stirred under
reflux conditions at 70°C for 22 hours. The solvent was removed to afford a dark red
residue that was dissolved in 100 mL dichloromethane, layered with 300 mL diethyl ether
and the product was allowed to precipitate in the fridge overnight. The purple/pink solid
product was obtained via filtration using a fritz funnel. The product was washed several
times using diethyl ether and dried until pure via TLC (9/1 dichloromethane/methanol) to
obtain a brick red solid (1.40 g, 24% yield). Rs = 0.1 (8/2 dichloromethane/methanol); *H
NMR (DMSO-ds, 500 MHz): 6 (ppm) = 7.98 (t, J = 4.0, 5.0 Hz, 1 H, Haromatic), 7.85 (t, J =
4.5, 4.0 Hz, 1 H, Haromatic), 7.63 (t, J = 4.5, 4.5 Hz, 2 H, 2 X Haromatic), 4.46 (t, J = 7.5, 8.5
Hz, 2 H, CH>), 2.85 (s, 3 H, CHg), 2.23 (t, J = 7.3, 7.3 Hz, 2 H, CH>), 1.85 (quintet, J =
9.0,6.8,8.3,8.0Hz,2 H, CH»), 1.58 (q,J=7.5, 7.0, 7.5, 4.0 Hz, 2 H, CH»), 1.55 (s, 6 H,
2 x CHg3), 1.43 (q, J = 8.3, 7.3, 8.5, 7.0 Hz, 2 H, CH>). 13C NMR (DMSO-ds, 500 MHz): &
(ppm) = 196.4 (Ccoow), 174.2 (C1), 141.8 (C2), 140.9 (Cs), 129.3 (C4), 128.9 (Cs), 123.4
(Cs), 115.4 (C7), 54.1 (Cs), 47.3 (Co), 33.3 (C10), 26.8 (C11), 25.3 (C12), 23.9 (C13), 21.9
(C14), 13.9 (C15). UV-Vis (CHCI3) Amax (log €) = 283 nm (3.76). IR (cm™) = 3676, 3306,
2981, 2953, 2704, 2112, 1743.

Synthesis of 5-(4-(2-hydroxyethoxy)phenyl)-10,15,20-triphenylporphyrin
(TPPOEtOH): 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin (160 mg, 0.253 mmol,
1.00 eq.) and K>CO3 (940 mg, 6.77 mmol, 26.76 eq.) were dissolved in 20 mL dry DMF
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in a 100 mL three-neck round bottle flask with a stirrer bar. The solution was stirred under
argon at 50°C for 3 hours. 2-bromoethanol (1.40 g, 0.80 mL, 11.29 mmol, 44.62 eq.) was
then added and the reaction was allowed to stir at reflux (90°C) for 72 hours. The reaction
mixture was then allowed to cool to room temperature. 250 mL of deionized water and 200
mL of dichloromethane were added, the mixture was decanted, the organic layer was
washed with deionized water (60 and 90 mL). The organic layer was dried over MgSOa.
After filtration and evaporation, the residue was purified via column chromatography
(stationary phase: silica gel, eluent: toluene with a gradient of acetone ranging from 0% to
6%) to give a purple crystalline solid (119.8 mg, 75% vyield). Ry = 0.5 (85/15
toluene/acetone). *H NMR (CDCls, 500 MHz): & (ppm) = 8.86 (d, J = 5.0 Hz, 2 H, 2 x H.
pyrrolic), 8.83 (d, J = 2.5 Hz, 6 H, 6 X Hp-pyrrolic), 8.21 (d, J = 6.0 Hz, 6 H, 3 X H2,6-pheny1), 8.11
(d, J=9.0 HZ, 2 H, H3,5-ary|), 7.78-7.71 (m, J= 75, 89, 83, 6.8 HZ, 9 H, 3 X H3,4,5-pheny|),
7.27-7.23(d, J=14.5Hz, 2 H, H26-ary1), 4.32 (t, J = 4.0, 5.0 Hz, 2 H, O-CH2CH20H), 4.11
(t, J = 3.4, 6.4 Hz, 2 H, O-CH2CH20H) -2.76 (s, 2 H, 2 x N-H). 1*C NMR (CDCls, 500
MHz): 6 (ppm) = 158.4 (Cor), 142.2 (Cs), 135.6 (Ca), 134.5 (Cs), 131.1 (Cs), 127.7 (Cy),
126.7 (Ce), 120.1 (C2), 112.8 (C7), 69.4 (Cs), 61.6 (Co). UV-Vis (THF) Amax (log &) =418
(5.66), 515 (4.29), 550 (4.02), 592 (3.81) and 649 nm (3.71). IR (cm') = 3575, 3319, 2920,
2854. HRMS (MALDI) [C46H34N40O2]: m/z calcd. 674.78; found 675.31.

Synthesis of  5-(4-nitrophenyl)-10,15,20-triphenylporphyrin  (TPPNO2):¥®  4-
nitrobenzaldehyde (370 mg, 2.45 mmol, 1.00 eqg.) and benzaldehyde (760 mg, 790 ml, 7.44
mmol, 3.00 eq.) were dissolved in dichloromethane (100 mL) in a 250 mL two-neck round
bottom flask with a stirrer bar under argon. lodine (260 mg, 1.02 mmol, 0.42 eq.) and
pyrrole (0.70 mL, 680 mg, 10.14 mmol, 4.14 eq.) were added via the side neck while
stirring before putting into the microwave. The reaction was activated 4 times, for 2
minutes each (100 W, 30°C). After each activation, the reaction mixture was analyzed
using TLC (7/3 chloroform/petroleum ether) to check the consumption of starting
materials. P-chloranil (1.83 g, 7.18 mmol, 3.00 eq.) was then added to the reaction using a
1 minute activation followed by 10 minutes reaction time. The product was purified using
column chromatography via an eluent gradient of 2/8 chloroform/petroleum ether to 5/5
chloroform/petroleum ether to obtain a pure purple product (112 mg, 7% yield). Rt =0.65
(7/3 chloroform/petroleum ether). *H NMR (CDCls, 500 MHz): § (ppm) = 8.89 (d, J = 4.5
HZ, 2 H, 2 X H[}-pyrrolic), 8.86 (d, J=5.0 HZ, 4 H, 4 x HB-pyrroIic), 8.73 (d, J=5.0 HZ, 2 H, 2
X HB-pyrroIic), 8.62 (d, J=8.8 HZ, 2 H, H2,6-aryl), 8.39 (d, J=9.0 HZ, 2 H, H3,5-ary|), 8.21 (d, J
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= 7.0 Hz, 6 H, 3 X H26-pheny1), 7.75 (M, J = 7.5, 6.3, 4.5, 7.5, 6.5 Hz, 9 H, 3 X H345-ary1), -
2.78 (5, 2 H, 2 x N-H). 3C NMR (CDCls, 500 MHz): & (ppm) = 168.7 (Cno2), 149.2 (C11),
147.7 (Cs), 141.9 (C2), 140.0 (C3), 135.1 (Cs), 134.5 (Co), 131.5 (Cs), 127.9 (C10), 126.8
(Ca), 121.8 (C7), 121.1 (C12), 120.7 (C13), 116.6 (C1). UV-vis (THF) Amax (log €) = 418
(5.78), 515 (4.47), 549 (4.11), 591 (3.92) and 647 nm (3.75). IR (cm}) = 3665, 3316, 2989,
2902.

Synthesis of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (TPPNH2):1% 1" In a 250
mL two-neck round bottom flask, 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin (70 mg,
0.11 mmol, 1.00 eq.) and SnCl, (210 mg, 1.11 mmol, 10.00 eq.) were dissolved in
chloroform (40 mL). HCI (40 mL, 37% v/v) and acetic acid (40 mL) were then added and
the reaction mixture was allowed to stir at reflux (60°C) for 96 hours. The pH of the reaction
was brought to 8 by adding 600 mL of 2 M NaOH. The product was extracted using 3 X
100 mL chloroform and the organic phase was washed with 2 x 100 mL deionized water.
The organic phase was dried over MgSO4 and the crude product was purified via column
chromatography using an eluent gradient of 2/8 chloroform/petroleum ether to 100%
chloroform to obtain a pure purple solid (40.6 mg, 61% vyield). Rf = 0.3 (7/3
chloroform/petroleum ether). *H NMR (CDCls, 500 MHz): & (ppm) = 8.93 (d, J = 5.0 Hz,
2 H, 2 X Hﬁ-pyrrolic), 8.83 (bl‘ S, 6 H, 6 X HB-pyrrOliC), 8.21 (d, J=8.0 HZ, 6 H, 3 X H2,6-phenyl),
7.97 (d, J=8.0Hz, 2 H, H2, 6ay1), 7.70-7.77 (m, J = 7.0, 8.5, 6.0 Hz, 9 H, 3 X H3.4,5-pheny1),
6.99 (d, J =8.8 Hz, 2 H, H3s.ary1), 3.92 (s, 2 H, p-NH>), -2.73 (s, 2 H, 2 x N-H). 3C NMR
(CDCls, 500 MHz): & (ppm) = 146.0 (CnH2), 142.3 (C1), 135.7 (C2), 134.5 (Cs), 132.3 (Ca),
131.0 (Cs), 127.6 (Cs), 126.6 (Cr), 120.9 (Cs), 120.0 (Co), 119.7 (Cui0), 113.4 (Ca1). UV-
vis (THF) Amax (log €) = 419 (5.56), 517 (4.31), 555 (4.11), 595 (3.80) and 652 nm (3.80).
IR (cm™) = 3671, 3316, 2972, 2924. HRMS (MALDI) m/z calcd. for C44H31Ns (M+):
629.75; found 630.09.
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Synthesis of 5,10,15,20-tetra-4-propanoxyphenylporphyrin:*®  5,10,15,20-tetra-4-
hydroxyphenylporphyrin (27.50 mg, 0.04 mmol, 1.00 eqg.) and K2CO3 (0.20 g, 1.45 mmol,
33.57 eq.) were dissolved in 5 mL dry DMF in a 50 ml two-neck round bottom flask with
a stirrer bar under argon. The reaction mixture was stirred at reflux for 1 hour at 60°C.
Bromopropane (0.30 mL, 0.41 g, 3.29 mmol, 81.27 eq.) was added to the reaction mixture
and it was allowed to stir under reflux and argon at 70°C for 21 hours. The reaction mixture
was allowed to cool to room temperature and the solvent was removed via reduced
pressure. The organic phase was extracted using 2 x 50 ml ethyl acetate and dried over
MgSOa. After filtration and removal of the solvent in vacuo, a purple crystalline solid
product was obtained (10 mg, 29% yield). *H NMR (CDCls, 500 MHz): § (ppm) = 8.86
(s, 8 H, 8 X Hp-pyrrolic), 8.10 (d, J = 8.8 Hz, 8 H, 4 X H26-ary1), 7.26 (d, J = 13.3 Hz, 8 H, 4 x
Has-ay1), 4.21 (t, J = 6.5, 6.5 Hz, 8 H, 4 x O-CH2CH>CH3), 2.01 (m, J =7.5, 6.3, 8.0, 6.3,
7.5Hz,8H, 4 x O-CH,CH2CHz), 1.20 (t, J = 7.8, 7.8 Hz, 12 H, 4 x O-CH>CH>CH3), -2.74
(s, 2 H, 2 x N-H).

\/\O

Synthesis of 4-propanoxybenzaldehyde:* 4-hydroxybenzaldehyde (2.57 g, 21 mmol,
1.00 eq.) and K2COs3 (3.08g, 22.00 mmol, 1.05 eq.) were dissolved in 20 mL CHsCN in a
100 mL three-neck round bottom flask with a stirrer bar under argon. The reaction mixture
was stirred under reflux conditions at 60°C for 1 hour. Bromopropane (1.5 mL, 2.03 g,
22.00 mmol, 1.05 eq.) was added to the reaction mixture and it was refluxed at 80°C for 24
hours. The reaction mixture was allowed to cool to room temperature and the solvent was
removed until dry. The organic phase was extracted with 2 x 50 ml ethyl acetate then dried
over MgSOa. A dark brown oil was obtained after removal of the solvent in vacuo (2.55 g,
75% yield). *H NMR (CDCls, 500 MHz): § (ppm) = 9.87 (s, 1 H, CHO), 7.83 (d, J = 9.5
Hz, 2 H, Hogay), 6.99 (d, J = 9.0 Hz, 2 H, H3say), 4.01 (t, J = 7.0, 6.8 Hz, 2 H, O-
CH2CH.CHg3),1.84(m,J=7.0,7.5,7.5,7.3,7.3Hz,2H, O-CH2CH2CHg), 1.05 (t, J = 7.5,
7.5 Hz, 3 H, O-CH2CH,CH3).
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Synthesis of 4-hexanoxybenzaldehyde:'® 4-hydroxybenzaldehyde (1.25 g, 10.24 mmol,
1.32 eg.) and K>CO3 (1.07g, 7.74 mmol, 1.00 eq.) were dissolved in 20 mL acetonitrile in
a 50 ml two-neck round bottom flask with a stirrer bar under argon. The reaction mixture
was stirred at 60°C reflux for 1 hour. 6-bromohexane (1.40 mL, 1.94 g, 10.01 mmol, 1.29
eq.) was added to the reaction mixture and it was allowed to stir under reflux (70°C) for 24
hours. The reaction was allowed to cool to room temperature and the solvent was removed
under reduced pressure. The organic phase was extracted with 2 x 50 ml ethyl acetate and
dried over MgSOas. Following filtration and removal of the solvent in vacuo, a light-yellow
oil was obtained (2.29 g, >99% vyield). *H NMR (CDCls, 500 MHz): § (ppm) = 9.88 (s, 1
H, CHO), 7.82 (d, J = 8.5 Hz, 2 H, Hz6-ar1), 6.99 (d, J = 8.5 Hz, 2 H, H35.ary1), 4.04 (t, J =
7.5, 7.5 Hz, 2 H, O-CH2CsH11), 1.81 (q, J = 7.0, 7.5, 7.5, 7.0 Hz, 2 H, O-CH2CH2C4Ho),
1.47(q,J=7.3,7.8,7.8, 7.3 Hz, 2 H, O-C2HsCH2C3H7) 1.35 (dq, J = 4.0, 4.0, 7.5, 3.5, 3.5
Hz, 4 H, O-C3H7;C2H4CH3), 0.91 (t, J = 7.0, 7.0 Hz, 3 H, O-C5H10CH3).

HO
H O
o~{ )
N

Synthesis of 4-(2-hydroxyethanoxy)naphthaldehyde:*® 4-hydroxynaphthaldehyde (0.20
g, 1.16 mmol, 1.00 eq.) and K>COz (1.60 g, 11.58 mmol, 10.00 eq.) were dissolved in 20
mL dry DMF in a 50 ml two-neck round bottom flask with stirrer bar under argon. This
reaction mixture was stirred at 60°C reflux for 1 hour. 2-bromoethanol (0.82 mL, 1.44 g,
11.57 mmol, 10.00 eq.) was added to the reaction mixture and it was allowed to stir under
reflux at 70°C for 21 hours under argon. The solvent was removed using reduced pressure
and the organic phase was extracted by 2 x 50 ml ethyl acetate and dried over MgSQOa. An
orange crystalline solid was obtained after filtration and drying under vacuum (0.23 g, 92%
yield). *H NMR (CDCls, 500 MHz): § (ppm) = 10.21 (s, 1 H, 1 x CHO), 9.30 (d, J = 8.5
Hz, 1 H, Ho-ary1), 8.35 (d, J = 8.3 Hz, 1 H, He-ary), 7.91 (d, J = 8.0 Hz, 1 H, Ha-ary1), 7.71 (t,
J=8.0,8.0Hz, 1 H, Hgay1), 7.58 (t, J= 7.8, 7.8 Hz, 1 H, H7-ary1), 6.94 (d, J = 8.0 Hz, 1 H,
Hz.ary1), 4.51 (s, 1 H, OH), 4.38 (t, J = 4.5, 4.5 Hz, 2 H, Ar-OCH>-), 4.17 (t, J = 3.8, 3.8 Hz,

2 H, HOCHz-).
_\_\_\ H
o~ )
N

Synthesis of 4-hexanoxynaphthaldehyde:*® 4-hydroxynaphthaldehyde (0.17 g, 1.00
mmol, 1.00 eq.) and K>COz3 (1.38 g, 33.43 mmol, 33.43 eq.) were dissolved in 40 mL
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acetonitrile in a 100 ml three-neck round bottom flask with stirrer bar under argon. This
reaction mixture was stirred at 60°C reflux for 1 hour. 6-bromohexane (1.50 mL, 1.77 g,
10.72 mmol, 10.72 eq.) was added to the reaction mixture and it was allowed to stir under
reflux at 70°C for 21 hours under argon. The solvent was removed in vacuo and the product
was extracted by 2 x 50 ml ethyl acetate and dried over MgSQa4. A dark orange crystalline
solid was obtained after evaporation of solvent (0.22 g, 87% yield). *H NMR (CDCls, 500
MHz): § (ppm) = *H NMR (CDCls, 500 MHz): & (ppm) = 10.10 (s, 1 H, 1 x CHO), 9.30
(d, J=3.8 HZ, 1 H, Hg-aryl), 8.35 (d, J=9.0 HZ, 1 H, H6-ary|), 7.89 (d, J=8.0 HZ, 1 H, Ho.
ay), 7.69 (t, J = 8.0, 8.0 Hz, 1 H, Hg-ary1), 7.56 (t, J = 7.8, 7.8 Hz, 1 H, H7.ay1), 6.89 (d, J =
8.0 Hz, 1 H, Hz-am), 4.23 (t, J = 7.0, 7.0 Hz, 2 H, Ar-OCH>-), 1.96 (q, J=6.0, 7.3, 7.3, 6.0
Hz, 2 H, Ar-OCH2CH2C4Ho), 1.58 (q, J = 6.5, 7.0, 7.0, 6.5 Hz, 2 H, Ar-OC2H4CH2C3H?7),
1.39(m,J=8.3,6.3,4.0,4.4,35,85,5.0, 8.5, 3.0 Hz, 4 H, Ar-OC3HsCH2CH2CHj3), 0.93
(t, J =8.5, 3.0 Hz, 3 H, Ar-OCsH10CHs3). *°C NMR (CDCls, 500 MHz): § (ppm) = 192.2
(CCHO), 160.4 (C4-aryl), 139.7 (Cz-aryl), 132.0 (Clo-aryl), 129.5 (C8-aryl), 125.7 (C7-aryl), 124.9
(CS-aryI), 124.8 (Cl-aryl), 122.5 (Cg-aryl), 120.0 (CG-aryI), 103.5 (C3-aryl), 68.8 (Cll), 31.6
(C12), 29.0 (C13), 25.9 (Ca4), 22.6 (C1s), 14.0 (C12).
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6.5. Experimental Spectra
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Figure S6.1. Fully Integrated *H NMR spectrum at room temperature of 1-(5-carboxypentyl)-2,3,3-
trimethylindolenium bromide explained, in DMSO-ds, with the structure and labels for the protons in

the structure.
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Figure S6.2.*C NMR spectrum at room temperature of 1-(5-carboxypentyl)-2,3,3-trimethylindolenium
bromide explained, in DMSO-ds, with the structure and labels for the carbons in the structure.
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Figure S6.3. UV-Vis spectrum at room temperature of 1-(5-carboxypentyl)-2,3,3-trimethylindolenium
bromide in methanol, using a molar absorption coefficient scale.

211



Chapter 6

100
95
90
85
80
75

70

Transmittance (%T)

65

60

55

50
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm)

Figure S6.4. IR spectrum at room temperature of 1-(5-carboxypentyl)-2,3,3-trimethylindolenium
bromide.
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Figure S6.5. Fully Integrated H NMR spectrum of 5-(4-hydroxyethoxyphenyl)-10,15,20-
triphenylporphyrin (TPPOEtOH), in CDClIs, with the structure and labels for the protons in the

structure.
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Figure S6.6. 3C NMR spectrum at room temperature of 5-(4-hydroxyethoxyphenyl)-10,15,20-
triphenylporphyrin explained (TPPOEtOH), in CDCls, with the structure and labels for the carbons in

the structure.
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Figure S6.7. UV-Vis spectrum at room temperature of 5-(4-(2-hydroxyethoxy)phenyl)-10,15,20-
triphenylporphyrin (TPPOEtOH) in tetrahydrofuran (THF), using a molar absorption coefficient scale.
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temperature of 5-(4-hydroxyethoxyphenyl)-10,15,20-
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Figure S6.9. Fully Integrated *H NMR spectrum of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin
explained (TPPNO,), in CDCls, with the structure and labels for the protons in the structure.
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Figure S6.11. UV-Vis spectrum at room temperature of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin

(TPPNOy) in THF, using a molar absorption coefficient scale.
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Figure S6.12. IR spectrum at room temperature of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin

(TPPNO,).
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Figure S6.13. Fully Integrated '"H NMR spectrum of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin
explained (TPPNH,), in CDCls, with the structure and labels for the protons in the structure.
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Figure S6.14. C NMR spectrum at room temperature of 5-(4-aminophenyl)-10,15,20-
triphenylporphyrin explained (TPPNHy,), in CDCls, with the structure and the labels for the carbons in
the structure.
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Figure S6.15. UV-Vis spectrum at room temperature of 5-(4-aminophenyl)-10,15,20-
triphenylporphyrin (TPPNH>) in THF, using a molar absorption coefficient scale.
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Figure S6.16. IR spectrum at room temperature of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin
(TPPNHy).
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Figure S6.18. Fully Integrated ‘H NMR spectrum at room temperature of 5,10,15,20-tetra-(4-
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explained, in CDClIs, with the structure and labels for the protons in the structure.
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Figure S6.20. Fully Integrated *H NMR spectrum at room temperature of 4-hexanoxybenzaldehyde
explained, in CDCls, with the structure and labels for the protons in the structure.

DG48
DG48 dans (DA3 - Spectre RMN H
Service de RMN - BISCEm - Universite de Limoges

E+05
E+05
E+05

h

HO

i d
NP
54 co
H

100=
0:
101«
097~
059
200
202~

T T T T T T T T T T T T T T

T
05 100 95 90 85 80 75 70 65 60 S5 SO 45 40 35 30 25 20 15 10 05 00
1 (ppm)

Figure S6.21. Fully Integrated 'H NMR spectrum at room temperature of 4-(2-hydroxy)ethoxy-
naphthaldehyde explained, in CDCls, with the structure and labels for the protons in the structure.
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Figure S6.22. Fully Integrated *H NMR spectrum at room temperature of 4-hexanoxy-naphthaldehyde

explained, in CDCls;, with the structure and labels for the protons in the structure.
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Chapter 7

Phenalenone-Triazolium Salt Derivatives for Antimicrobial

Photodynamic Therapy’

Abstract

The increasing number of hospital-acquired infections demand the development of innovative
antimicrobial treatments. Antimicrobial photodynamic therapy (APDT) is a versatile technique
which relies on the production of reactive oxygen species (ROS) generated by light-irradiated
photosensitizers (PS) in the presence of oxygen (O2). 1H-Phenalen-1-one (phenalenone) is a very
efficient photosensitizer known for its high singlet oxygen quantum vyield and its antimicrobial
potential in APDT when covalently bound to quaternary ammonium groups. Triazolium salts are
stable aromatic quaternary ammonium salts that recently appeared as interesting moieties endowed
with antimicrobial activity. As expected, most of the compounds within this chapter retained the
initial singlet oxygen quantum yield, close to unity. The Minimum Inhibitory Concentrations (MIC)
of 14 new phenalenone-triazolium salt derivatives and 2 known phenalenone-triazolium salt
derivatives were determined against 6 bacterial strains (Gram-negatives and Gram-positives
species). Most of these PSs showed significant photoinactivation activities, the strongest effects
being observed against Gram-positive strains with as low as submicromolar MIC values. Herein,
this chapter will be mainly focused on the photophysical studies conducted, namely: on the UV-vis
absorption spectra and the photoluminescence (PL) spectra conducted (fluorescence and singlet

oxygen emission).

*The content of this chapter is adapted from: Jérémy Godard, Déaire Gibbons, Stéphanie Leroy-Lhez,
René M. Williams, Nicolas Villandier, Tan-Sothéa Ouk, Fredérique Bregier and Vincent Sol,
Development of Phenalenone-Triazolium Salt Derivatives for aPDT: Synthesis and Antibacterial
Screening, Antibiotics, 2021, 10, 626-638, doi: 10.3390/antibiotics10060626.
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7.1. Introduction

The rapid global spread of multidrug-resistant bacteria is a growing health concern. Hospital-
acquired infections occur worldwide, with 7-10% of the total hospitalized patients acquiring these
infections with a particular incidence of surgical-site infections.! Staphylococcus spp., Escherichia
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterobacter spp., Enterococcus spp., and
Acinetobacter spp. are the most commonly isolated bacteria, that cause lung, urinary tract, and
bloodstream infections.? ® Furthermore, even previously “benign” strains, such as Bacillus cereus,
have reportedly become more dangerous.* In order to counter the propagation of these pathogenic
bacteria, alternative treatments have been developed which allow to bypass the use of antibiotics:
immunotherapy,® phage therapy,® and antimicrobial photodynamic therapy (APDT).”:8

APDT involves the use of photosensitizers (PSs), which, upon excitation with light of a
certain wavelength and in the presence of dioxygen (°02), give rise to organic free radicals and
reactive oxygen species (ROS) or to singlet oxygen, according to type I or type Il PDT mechanisms,
respectively. These two mechanisms lead to the photodynamic inactivation (PDI) of bacteria and,
for the most potent photosensitizers, bacterial cell death.® In addition, no bacterial resistance against
these ROS has been observed, constituting a huge advantage compared to the use of antibiotics. PSs
display strong photo bactericidal activities when covalently bound to specific permeabilizing
agents, positively charged or bacteria-targeting moieties, e.g., pyridylporphyrin bound to
polymyxins®® ! or phenalenone-bound pyridinium, also known as SAPYR (Figure 7.1). The latter
is of particular interest, due to its easy synthesis, high singlet oxygen quantum yield, stability toward
Hoffman elimination as compared with non-aromatic quaternary ammonium salts, and its strong
phototoxic activity against a wide range of bacterial species.'? 13 14 However, this compound
presents a major drawback as it is difficult to add substituents which could further increase its

photodynamic activity.

©

CT A
SO

Figure 7.1. Structure of (a) SAPYR and (b) 1,3,4-trisubstituted-1,2,3-triazolium salt.

226



Chapter 7

Recently, triazolium salts (Figure 7.1), another class of aromatic quaternary ammonium
salts, were evaluated as very promising antimicrobial agents, effective against Gram-positive and
Gram-negative bacteria, as well as several yeast species.'® Triazolium salts are easy to synthesize
and, in addition, it is possible to graft three different functional groups in a regioselective manner.
Moreover, to the best of our knowledge, these cationic triazolium rings have never been coupled
with a photosensitizer for antimicrobial applications. In order to design new photosensitizers for
photo-antimicrobial applications,® 17 the photophysical studies of phenalenone derivatives bearing
1,3,4-trisubstituted-1,2,3-triazolium  salts were performed. The synthetic details and
characterization is present in the original article.'® The photophysical properties of these new
photosensitizers were evaluated and compared to their photoinactivation properties against six

bacterial strains.

7.2. Photophysical Results and Discussion

The chemical structures of all phenalenone (PN) derivatives are given in Scheme 7.1.18 These
compounds were subject to a photophysical investigation for their application in APDT. This
included conducting UV-Vis spectroscopy and calculating their molar absorption coefficients (at
370 nm). Furthermore, the photoluminescence spectra (fluorescence emission and singlet oxygen
emission) in water were measured and from these, their fluorescence quantum yields (@) and singlet

oxygen quantum yields (®4) were calculated in water.
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Scheme 7.1. Chemical structures of all of the PN derivatives synthesized with PNS and SAPYR references

(top left).
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These PN derivatives were dissolved in water (HPLC grade) and their UV-vis spectra were
recorded (Figure 7.2). Their molar absorption coefficients (¢) at 370 nm were calculated and the

results are shown in Table 7.1.
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Figure 7.2. UV-Vis spectra of PN derivatives in water with the molar absorption coefficient scale. (A): PN
derivatives 4a-5b versus PNS and SAPYR in water; (B): PN derivatives 6a—7b versus PNS and SAPYR in
water; (C): PN derivatives 8a—9b versus PNS and SAPYR in water; (D): PN derivatives 10a-10b versus
PNS and SAPYR in water.

While there are no obvious trends in the ¢ values, sodium (1-oxo-1H-Phenalen-2-
yl)sulfonate (PNS) has the highest molar absorption coefficient. This value is over twice as large
as 4b, which has the second highest ¢ in this series. A possible reason for this is the fact that PNS
is the structure with a heteroatom on the PN system. Furthermore, there is a CH» spacer between
every aromatic moiety (PN, triazole, sugar, amide, etc) in the other PN derivatives. Another possible
reason is the fact that the sulfonate has a high charge density which could also play a role in its
higher € compared to the rest of the PN structures. The likely aggregation that is seen to affect the
singlet oxygen quantum yields (®,4) could also play a role in decreasing the molar absorption
coefficients of the other PN derivatives, with respect to PNS. The PN derivative, 4b, is closely
followed by structures 2-((4-pyridinyl)methyl)-1H-phenalen-1-one chloride (SAPYR) and 6a. The
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lowest values are observed in 8a and 8b, which suggests that the covalent attachment of two PN
moieties reduces its ability to absorb light, possibly due to aggregation. However, there are
examples where the molar absorption coefficient was increased upon adding more PN moieties.
This latter effect is seen in the structures: 4a to 4b, 7a to 7b, 8a to 8b and 10 to 10b.

Table 7.1. Molar absorption coefficient (&) at 370 nm, fluorescence quantum yield (@x), and singlet oxygen

guantum yield (®,) of the tested PN-derivatives in water.

PS g0 (ML.cm™?) P2 ®,4°
PNS 7201 <0.01 0.97
SAPYR 2843 0.02 0.83
4a 2573 0.02 0.80
4b 2940 0.01 >0.98
5 1825 0.02 0.87
5a 1769 0.02 0.97
5b 1986 <0.01 0.31
6a 2708 <0.01 0.70
6b 1655 <0.01 N/A ¢
7a 1050 <0.01 >0.99
7b 1690 <0.01 N/A ¢
8a 964 <0.01 >0.99
8b 987 <0.01 N/A ¢
9a 2156 0.02 0.93
9%b 1026 0.01 0.23
10 1796 0.02 0.91
10a 1837 0.02 0.87
10b 2083 0.02 N/A ©

& @¢ = fluorescence quantum yield was calculated in water using 5,10,15,20-tetraphenylporphyrin (TPP) in
toluene as a reference (@r = 0.11);* ® &, = singlet oxygen quantum yield was calculated using PNS in
water as a reference (@4 = 0.97).2° The molar absorption coefficient (¢) was measured at 370 nm and the
excitation wavelength used for both fluorescence emission and singlet oxygen emission was 370 nm; © N/A

= not available due to lack of clear signal.

Using 5,10,15,20-tetraphenylporphyrin (TPP) in toluene as a reference (®s = 0.11),%° the
fluorescence quantum yields of the PN derivatives were calculated using water as a solvent, using
the equation 7.1. (see section 7.4 for experimental details). The graphs are shown below (Figure

7.3) and even though SAPYR has the highest fluorescence, it is still only a low 2% fluorescence.
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Figure 7.3. Fluorescence spectra of the PN derivatives in water. (A): 4a-5b vs PNS and SAPYR; (B): 6a—
7bvs PNS and SAPYR; (C): 8a—9b vs PNS and SAPYR and (D): 10-10b vs PNS and SAPYR. The excitation

wavelength was 370 nm and the reference was TPP in toluene (@ = 0.11).*

Using the sulfonated PN derivative (PNS, structure in Scheme 7.1) as a reference, the singlet
oxygen quantum vyields of the PN derivatives were calculated (see section 7.4 for experimental
details). The structures 7a and 8a possess the highest @, values. Also, notably high singlet oxygen
production is associated with all samples except 5b, 6b, 7b, 8b, 9b and 10b. While it appears that
the structures with one PN unit in the structure signifies a high @, there are exceptions in the form
of 4b and 8a, whereby the presence of 2 PN moieties yields a large ®4. The reason for the low
singlet oxygen emission observed in the majority of the structures with more than one PN moiety,

is likely due to the aggregation occurring in solution.

For the high @4 values in 4b and 8a, similar structures within the PN derivatives (Scheme
7.1) were compared. Comparing 8a to 7a, the only difference is that 7a contains a benzyl moiety,
whereas 8a contains a PN group. The iodide counterion is also present in 7a and likely plays a role
in the very high @, due to the heavy atom effect.?* Thus, the presence of the iodide counterion and
the lack of self-aggregation in this structure could be the reason for the high @, observed in 8a. In
the case of 4b, it has a much larger singlet oxygen generation compared to 5b. These structures are

the same except for the fact that the sugar moiety is acetylated on the periphery. This extra electron
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density can prevent self-aggregation in the molecule and increase the overall ®4.
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Figure 7.4. Singlet oxygen emission spectra in water. (A): 4a-5a vs PNS and SAPYR; (B): 6a and 7a vs
PNS and SAPYR; (C): 8a and 9b vs PNS and SAPYR and (D): 10 and 10a vs PNS and SAPYR. The excitation
wavelength was 370 nm and the reference was PNS in water (0.97)."

Overall, the short lifetime of singlet oxygen in water made it difficult to obtain clear
emission bands at 1270 nm. Very similar compounds were shown to have very strong singlet
oxygen emission signal in chloroform.?® The lifetime of singlet oxygen in this halogenated solvent
is much longer and gives very clear emission. Thus, further measurements in solvents with longer
singlet oxygen lifetimes (like chloroform) are required to obtain more @&, data of these PN

derivatives.

7.3. In vitro bacterial studies

This work was carried out in collaboration with researchers from the Université of Limoges. They
conducted the synthesis, the determination of the log P and the in vitro bacterial studies. Full details
of the synthesis and biological experiments can be found in the original article.'® The bacterial

studies were included in this chapter to correlate them with the obtained photophysical properties.
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Before determining the efficacy of these PN derivatives as PSs against bacteria in vitro, the
octanol/water partition coefficient (log P) was estimated using MarvinSketch Software v. 21.2
(Table 7.2).18

Table 7.2. Partition coefficients (log P) of the PN derivatives, including SAPYR, calculated at pH =
7.3.

PS Log P
da -2.0
4b +0.4
5 -0.7
5a -3.7
5b * -1.3
6a +0.7
6b +3.1
7a +0.7
b +3.2
8a +1.4
8b +3.8
9a -04
9b +2.0
10 +0.6
10a -1.8
10b +0.7
SAPYR -0.5 (Literature =-1.3) 13

* Compound obtained with a purity of 70%, mixed with 30% of compound 5.

Following the determination of their log P, the minimum inhibitory concentration (MIC) of
the 16 PN derivatives and SAPYR was determined against Gram-positive (Staphylococcus aureus,
Staphylococcus epidermidis, Bacillus cereus) and Gram-negative (Escherichia coli, Pseudomonas
aeruginosa) bacteria (Table 7.3). All compounds were tested at different concentrations ranging
from 0.39 to 200 uM in triplicate in 96-well plates. For the most active compounds, concentrations
down to 0.05 uM were tested. Subsequently, the 96-well plates were irradiated with LED visible
light (4.83 mW.cm) for a total fluence of 25 J.cm™. Controls consisting of 96-well plates were
prepared in the same conditions but kept in the dark.
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Table 7.3. Minimum Inhibitory Concentration determination of 16 PN derivatives, including SAPYR,
against 6 bacterial strains (E.c. 1: Escherichia coli CIP54.8T, E.c. 2: Escherichia coli CIP53.126, P.a.:
Pseudomonas aeruginosa CIP76.110, S.a.: Staphylococcus aureus CIP76.25, S.e.: Staphylococcus
epidermidis CIP109.562 and B.c.: Bacillus cereus CH,) under dark (D) and light (L) conditions.

Minimum Inhibitory Concentration (uM)

PS E.c 1 Ec2 P.a. S, Seee B.c.
D L D E D L D L D L D L

4a =200 100 =200 100 =200 200 =200 100 =200 200 =200 200

4b =200 =200 =200 100 200 200 100 12,5 100 12,5 100 50
5 =200 =200 =200 =200 =200 =200 =200 100 =200 =200 =200 =200
Sa =200 =200 =200 =200 =200 =200 =200 =200 =200 200 =200 =200

Sb * =200 =200 =200 =200 =200 200 =200 200 =200 200 =200 200

6a =200 50 =200 25 =200 200 50 6.25 200 12.5 =200 100
6b ND ND ND ND ND  ND 25 3.12 6.25 0.78 25 6.25
7a =200 200 =200 100 =200 =200 50 6.25 25 6.25 100 50

7b =200 =200 =200 =200 =200 =200 6.25 0.78 6.25 0.78 125 3.12

8a =200 100 =200 50 =200 100 25 0.78 12.5 1.56 25 12:5

8b =200 200 =200 100 =200 200 50 0.39 125 0.78 50 6.25
9a =200 100 =200 50 =200 =200 =200 25 =200 12.5 =200 200

Sb =200 =200 =200 =200 25 25 625 156 125 156 6.25 6.25
10 =200 100 =200 50 =200 12.5 =200 50 =200 100 =200 =200

10a =200 =200 =200 =200 =200 200 =200 200 =200 100 =200 =200
10b =200 =200 =200 =200 =200 =200 100 50 =200 12.5 =200 =200
SAPYR =200 200 =200 =200 =200 50 =200 50 200 25 =200 50

* Compound obtained with a purity of 70%, mixed with 30% of compound 5. ND: No data, compounds not

soluble at the concentrations.

Due to its low solubility in water, no result could be obtained with 6b at concentrations
higher than 50 uM. However, the bacterial strains that were tested with 6b showed very impressive
MIC values despite the very low singlet oxygen emission in water. This further suggests that there
is toxicity induced by the presence of 6b that is not related to a photodynamic action. All the tested
compounds displayed an increased toxicity in the presence of light, and some of them were also
active in the dark.

Hydrophilic compounds (containing glucose or amine moieties) showed low effects against
all the tested bacterial strains, as compared with more hydrophobic derivatives. This was rather

surprising as these compounds have a high singlet oxygen production. No significant difference
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was observed between neutral 5 and its triazolium salt derivatives, 5a and 5b, suggesting that
hydrophobicity is a critical factor for a better efficacy of these salts. This was confirmed by the
increase in cytotoxicity brought by acetylation of the hydroxyl groups of 5 (4a and 4b), or by the
addition of hydrophobic substituents, such as adamantane (6a and 6b) or benzyl (7a and 7b).

“Phenalenomethylated” compounds bearing an additional hydrophobic moiety (6b, 7b, 8b,
and 9b) proved to be the most active derivatives against Gram-positive strains under light as well
as dark conditions. This result is likely explained by the higher hydrophobicity of the phenalenone
moiety compared with the methyl group. Furthermore, these 4 compounds have a value @&, of 0.23
or 0. This is further evidence that compounds bearing the highest singlet oxygen production do not
necessarily have the highest bactericidal capacity.

The best results were obtained at sub micromolar concentrations with 6b, 7b, or 8b. Low
MIC values were also obtained in dark conditions, in particular with 6b, 7b, and 9b. The activity
against Gram-negative is completely different as these strains are much less sensitive to APDT than
Gram-positive strains, mainly due to the presence of an outer layer of lipopolysaccharides lowering
the degree of permeability to hydrophobic compounds.?? No significant activity was detected in the
dark against Gram-negative strains, except for 9b against P. aeruginosa, with an MIC value of 25
UM, Under light irradiation, compounds with a methylated triazole moiety seem to be more active
than “phenalenomethylated” derivatives, which could be explained by the larger size of the latter
as well as by their higher hydrophobicity. Compounds 6a and 10 presented the strongest activity
against E. coli, and half of the compounds had equal to better activity than SAPYR. Surprisingly,
10 also exhibited an important photodynamic effect against P. aeruginosa, while its triazolium
derivatives 10a and 10b showed very low or no activity.

In terms of correlating the photophysical characteristics and the antibacterial efficiency of
these new PN derivatives against 6 bacterial strains (containing both Gram-positive and Gram-
negative strains), it appears that a high singlet oxygen production does not ensure a high
antibacterial efficiency. There are other factors to consider when constructing the ideal PN
photosensitizer for APDT. One must consider including water-soluble and hydrophobic moieties
within their design. Moreover, it is beneficial, but not necessary, to include an extra
“phenalenomethyl” substituent to further increase the APDT efficiency even though the singlet
oxygen production is largely decreased.

In summary, compared with SAPYR, these 14 new phenalenone derivatives bearing the
triazolium group have shown medium to good water solubility. The hydrophobic triazolium salt
derivatives tested in these specific conditions seem to exhibit a better inhibitory activity against all
the tested bacterial strains except P. aeruginosa. Furthermore, there photophysical parameters were
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determined; how strongly light is absorbed, and the fluorescence and singlet oxygen quantum
yields. The next step will be to evaluate whether these new phenalenone derivatives are able to
show photo bactericidal activity when exposed to low fluence rates of light. More precisely, plans
are being put in place to check these compounds for their activity against bacterial biofilms, which
represent the real clinical challenge for APDT. In terms of photophysical experiments, the singlet
oxygen production in organic solvents that involve longer singlet oxygen lifetimes should be

considered to obtain a more data on the singlet oxygen quantum yields.

7.4. Experimental section

General methods. 2-(bromomethyl)-1H-phenalen-1-one (1), 2-(azidomethyl)-1H-phenalen-1-one
(2), 2-((prop-2-yn-1-yloxy)methyl)-1H-phenalen-1-one (3), (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-
6- ((1-((1-oxo0-1H-phenalen-2-yl)methyl)-1H-1,2,3-triazol-4-yl)methoxy)tetrahydro-2H-pyran-
3,4,5- triyl triacetate (4), 2-((4-((((2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H- pyran-2-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-1H-
phenalen-1-one  (5),  (3r,5r,7r)-N-((1-((1-ox0-1H-phenalen-2-yl)methyl)-1H-1,2,3-triazol-4-
ylmethyl)adamantane-1-carboxamide (6), tert-butyl ((1-((1-oxo-1H-phenalen-2-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl)carbamate (9), and (1-oxo-1H-phenalen-2-yl)methanaminium chloride
(10) were synthesized as described earlier.?® SAPYR was synthesized following the protocol
described by Spéth et al.*® All other reagents and solvents were purchased from Alfa Aesar, TCI,
Carlo Erba, Fisher Chemical, VWR, or Sigma Aldrich and were used as received. Column
chromatography was conducted with a silica gel 60 (0.015-0.040 mm) which was purchased from
Merck.

Photophysical characterization: The photophysical characterization was conducted in as
water as a solvent (HPLC grade, supplier = Merck). Both UV-Vis absorption spectra and
fluorescence emission spectra were recorded at room temperature (21°C). UV-Vis absorption and
photoluminescence spectra were measured in quartz cuvettes (1 cm path-length, Hellma). The UV-
Vis absorption spectra were recorded on a Shimadzu UV2700 spectrophotometer and fluorescence
emission spectra were recorded on a SPEX Fluorolog 3 fluorometer. In this fluorometer, double
grating monochromators are used in the excitation and emission channels. A Xenon arc lamp (450
W, Osram) is the excitation light source, and a Peltier cooled photomultiplier tube (R636-10,
Hamamatsu) is the detector for the fluorescence. For the singlet oxygen emission at 1275 nm, a
highly sensitive liquid nitrogen-cooled InGaAs detector (Electro-Optical Systems DSS series

cryogenic receiver, 2 mm InGaAs photodiode) was coupled to a Spex Fluorolog 3
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spectrofluorometer. The fluorescence signal from the fluorophores in solution is collected in a right-
angle geometry, and the fluorescence spectra are corrected for fluctuations of the excitation source
flux and for the wavelength dependence of the detection sensitivity. The absorbance for
photoluminescence spectra was 0.1 and the excitation wavelength used was 370 nm.

Both fluorescence and singlet oxygen quantum yields were determined using the SPEX
fluorolog 3 fluorometer relative to a standard of known quantum yield. The quantum yields were

calculated using the equation 7.1 below:*°

), = & Ar(Ar) I[(Ar) nxz g
b = o] R[]I o

where @y = the desired quantum yield (fluorescence or singlet oxygen) of an unknown sample; @
= the quantum yield of an reference sample according to literature; Ar(Ar) = absorbance of a
reference sample at the 370 nm; Ax(Ax) = absorbance of an unknown sample at 370 nm; I(Ar) =
relative intensity of the exciting light of a known reference sample at wavelength A; I(Ax) = relative
intensity of the exciting light of an unknown sample at wavelength A; nx = refractive index of the
solvent in which an unknown sample is dissolved; nr = refractive index of the solvent in which a
reference sample is dissolved; Dx = integrated area under the corrected emission spectrum of an
unknown sample; Dy = integrated area under the corrected emission spectrum of a known reference
sample. These integrations were measured in the Origin program and the skewed baselined was
corrected to integrate the total area under the curve.?* Refractive indices of the solvent, nx and nr,
must be equal for the singlet oxygen determination (ie. in the same solvent). The data were analyzed
using the Origin program and Microsoft excel.?*

Microbiological Assays

Bacterial strains and conditions of culture. Two Gram-positive (Staphylococcus aureus
CIP76.25 and Staphylococcus epidermidis CIP109.562) and three Gram-negative (Pseudomonas
aeruginosa CIP76110; Escherichia coli CIP53.126 and Escherichia coli CIP54.8T) bacterial strains
were obtained from the Collection Institut Pasteur (CIP, Institut Pasteur Paris, France). Bacillus
cereus CH was obtained from Anyang Yuanshou Biopharmaceutical (China). These strains were

cultured in liquid Tryptic Soy Broth (pancreatic casein extract 17 g.L™, soy flour papaic digest 3
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g.L%, dextrose 2.5g.L %, NaCl 5 g.L %, and K;HPO4 2.5 g.L ) and incubated overnight at 37°C under

aerobic conditions.

Minimum Inhibitory Concentration (MIC) assays. Inoculum were prepared following a
standard microdilution assay procedure using tryptic soy broth (TSB) and performed in triplicate.
All the compounds were dissolved in a water/ethanol 99:1 mixture to obtain stock solutions at a
concentration of 1 mM and kept at 4°C. Then, fresh solutions of each compound at 400 pM in TSB
were prepared. A total of 200 pL of these solutions were added in 96-well plates, and a 1:1 serial
dilution was performed from 400 uM to 1.56 puM. A total of 100 pL of a bacterial suspension at 2
x 10% CFU mL™ was added to each well, which resulted in a range of concentrations from 200 to
0.78 uM. Subsequently, the 96-well plates were irradiated with white LED visible light (wavelength
approximately 390-700 nm, 4.83 mW.cm?) for a total fluence of 25 J.cm™. Controls consisting of
96-well plates were prepared in the same conditions but kept in the dark. After irradiation, the 96-
well plates were incubated overnight at 37°C under aerobic conditions. The lowest concentration of
each compound that prevented bacterial growth was considered the minimum inhibitory
concentration (MIC) of each compound. All compounds displaying activity at the minimum 0.78
UM concentration of the original assay were tested again with 25 yuM as the initial concentration
instead of 200 uM and using the same procedure previously described. A total of three independent

experiments were performed with each strain.

Supplementary Materials: The supplementary information from the original article is available
online at https://www.mdpi.com/article/10 .3390/antibiotics10060626/s1.
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Summary

Triplet state access in multi-component heavy atom free photo-sensitizers in
photomedicine

Photodynamic therapy (PDT) has been a known clinical treatment for cancer for at least
30 years. More recently, PDT has been shown to be efficient against killing microbial
cells (Antimicrobial Photodynamic Therapy or APDT). The scientific community has
since aimed to improve the therapeutic efficacy of PDT. This thesis describes a
comprehensive study into recent advances made towards improving the drug candidates
(photosensitizers) for this therapy. More specifically, novel photosensitizers (PSs) have
been synthesized, modified and studied with time-resolved and steady-state
spectroscopy techniques, to determine their potential.

This thesis commences with an introduction to photodynamic therapy. It
describes how the therapy functions, in principle, and discusses its advantages and
limitations. Furthermore, the photochemistry and mechanisms to reach the triplet state
are introduced. The triplet state plays an essential role in PDT. Finally, the structural
design for an ideal PS is discussed in detail to provide the readers with all the properties
that are needed for the optimal design. This “synthetic toolbox” was conducted to equip
the future PDT community with the tools needed to create the next generation of PSs
for PDT.

Chapter 2 describes the mechanism of an exotic triplet forming mechanism
called triplet formation by charge recombination. It involves the combination of a donor
and acceptor molecule to form a dyad. Upon excitation of the dyad, there is
photoinduced electron transfer from the donor to the acceptor to form the singlet charge
transfer state (*CT). From here, spin—orbit charge transfer intersystem crossing (SOCT-
ISC) can occur to form the triplet state. Proton hyperfine interactions occur to form the
triplet charge transfer state (3CT), followed by charge recombination to the triplet state.
The SOCT-ISC pathway has been found in fullerene-containing thin-film blends as
well as in BODIPY-based dyads in solution. This mechanism as well as the more
conventional one (described in the introduction) were investigated in the following
chapters.

The third chapter describes the potential of a meso tetra-
(hexyloxyphenyl)porphyrin for photomedicine (PDT and APDT). The details of the
synthesis are described, followed by the photophysical studies of the porphyrin in
solution and in a thin-film (solid state). The photophysical studies exhibited that the
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triplet state of this porphyrin can be accessed in solution and in a thin film. The singlet
oxygen generation was detected by a sensitive singlet oxygen probe in water.

In the fourth chapter, the natural polymer kraft lignin is attached to porphyrin
and cyanine fluorophores to afford four novel lignin conjugates. The synthesis of these
lignin conjugates is described followed by the investigation of their potential in
photomedicine. It was shown that these new systems have efficient activity as novel
PSs. These lignin systems were able to produce singlet oxygen, despite the lignin carrier
encapsulating the system.

Chapter 5 contains the synthesis and photochemistry of a novel porphyrin-near-
IR cyanine dye conjugate. Dissolving this conjugate in THF and exciting the molecule
using near-IR and visible light, allowed for singlet oxygen to be produced. The
production of singlet oxygen was only observed in THF and thus indicates that triplet
formation via charge recombination occurs. Exciting the cyanine moiety gives the
fluorescence signature of the cyanine dye. However, upon irradiation of the porphyrin
subunit, fluorescence of both the cyanine and porphyrin moieties were observed and
triplet formation was confirmed using nanosecond transient absorption spectroscopy.
The triplet lifetime was even longer than that of the porphyrin starting material in the
same THF solvent. Thus, it indicates that this conjugate undergoes triplet formation via
charge recombination when the porphyrin moiety is promoted to the singlet excited
state using near-IR light.

The penultimate chapter (chapter 6) includes the synthetic methods used to
create porphyrin and cyanine dyes. These can be combined to synthesize more
porphyrin-near-IR cyanine dye conjugates that may have improved properties.

The last chapter encompasses the photophysical characterization of 16 novel
phenalenone PSs. The photophysical properties were compared to their efficacy against
gram-positive and gram-negative bacteria. These derivatives of the natural PS,
phenalenone, were dissolved in water and their capacity to absorb light, their
fluorescence and singlet oxygen generation was measured. The derivatives bearing the
triazolium group exhibited medium to good water solubility.

Overall, this thesis has provided novel molecules that are activated via near-IR
light which is in the ideal therapeutic region. It is clear that the novel PSs synthesized
and studied, exemplify a new generation of PSs, especially the porphyrin-near-IR

cyanine dye conjugates.
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Samenvatting

Toegang tot de triplet toestand in zware-atoom-vrije multi-component
fotosensibilisatoren in de geneeskundige lichttherapie

Fotodynamische therapie (PDT) is al minstens 30 jaar een bekende klinische
behandeling voor kanker. Meer recentelijk is aangetoond dat PDT effectief is voor de
vernietiging van microbiéle cellen (antimicrobiéle fotodynamische therapie of APDT).
Sindsdien zoekt de wetenschappelijke gemeenschap naar nieuwe manieren om de
therapeutische werkzaamheid van PDT te verbeteren. Dit proefschrift beschrijft een
diepgaande studie van recente ontwikkelingen naar het verbeteren van kandidaat-
geneesmiddelen (fotosensibilisatoren) voor deze therapie. In het bijzonder zijn nieuwe
fotosensibilisatoren (= photosensitizers, PS) gesynthetiseerd, gemodificeerd en
bestudeerd met tijds-opgeloste en steady-state spectroscopietechnieken om hun
potentieel te bepalen.

Dit proefschrift begint met een inleiding in de fotodynamische therapie. Het
beschrijft hoe de therapie in principe werkt en bespreekt de voordelen en beperkingen.
Daarnaast worden de fotochemie en de mechanismen voor het bereiken van de
triplettoestand geintroduceerd. De triplettoestand speelt een essentiéle rol bij PDT. Ten
slotte wordt het structurele ontwerp van een ideale PS in detail besproken om de lezers
inzicht in de eigenschappen te bieden die nodig zijn voor het optimale ontwerp. Deze
"synthetische toolkit" is gemaakt om de toekomstige PDT-gemeenschap uit te rusten
met de tools die nodig zijn om de volgende generatie PS voor PDT te creéren.

Hoofdstuk 2 beschrijft een exotisch mechanisme voor tripletvorming, genaamd
tripletvorming door ladingsrecombinatie. Het omvat het combineren van een donor- en
acceptormolecuul om een dyade te vormen. Bij excitatie van de dyade is er een foto-
geinduceerde elektronenoverdracht van de donor naar de acceptor om de singlet-
ladingsoverdrachtstoestand (*CT) te vormen. Van daaruit kan spin-baan koppeling
gekoppeld met ladings-overdacht (SOCT-ISC) plaatsvinden waarmee de triplettoestand
wordt gevormd. Hyperfijne proton interacties kunnen optreden waarmee de triplet-
ladingsoverdrachtstoestand (3CT) gevormd kan worden (uit de 'CT), gevolgd door
ladingsrecombinatie naar de triplet-toestand. De SOCT-ISC-route werd gevonden in
dunne-filmmengsels die fullerenen bevatten en in op BODIPY gebaseerde dyades, in
oplossing. Dit mechanisme en het meer conventionele mechanisme (beschreven in de
inleiding) worden in de volgende hoofdstukken bestudeerd.

Het derde hoofdstuk beschrijft het potentieel van een meso tetra-

(hexyloxyfenyl)porfyrine voor geneeskundige lichttherapie (PDT en APDT). De details
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van de synthese worden beschreven, gevolgd door foto-fysische studies van deze
porfyrine in oplossing en in dunne film (vaste toestand). Fotofysische studies hebben
aangetoond dat de triplettoestand van dit porfyrine toegankelijk is in oplossing en in
dunne film. De vorming van singlet-zuurstof werd gedetecteerd door een gevoelige
moleculaire singlet-zuurstofsonde in water.

In het vierde hoofdstuk wordt het natuurlijke polymeer, lignine, gehecht aan
porfyrine en cyanine om vier nieuwe lignine-systemen te geven. De synthese van deze
lignine-systemen wordt beschreven, gevolgd door de studie van hun potentieel in de
fotodynamische therapie. Van deze nieuwe systemen is aangetoond dat ze een
effectieve activiteit hebben als nieuwe PS's. Deze lignine-systemen waren in staat om
singletzuurstof te produceren, terwijl de ligninedrager het systeem omkapselde.

Hoofdstuk 5 bevat de synthese en fotochemie van een nieuw porfyrine-cyanine
kleurstof systeem. Door dit molecuul op te lossen in THF en het molecuul te exciteren
met nabij-infrarood en zichtbaar licht, werd singlet-zuurstof geproduceerd. Singlet-
zuurstofproductie werd alleen waargenomen in THF en geeft hiermee aan dat
tripletvorming door ladingsrecombinatie plaatsvindt. Excitatie van het cyanine deel
geeft de fluorescentie-signatuur van de cyanine kleurstof. Na bestraling van de
porfyrine sub-eenheid werd echter fluorescentie van de cyanine- en porfyrine delen
waargenomen  en  tripletvorming  werd  bevestigd door tijdsopgeloste
absorptiespectroscopie op de tijdschaal van nanoseconden. De duur van de triplet-
toestand was zelfs langer dan die van het porfyrine-uitgangsmateriaal in hetzelfde
oplosmiddel, THF. Daarom geeft dit aan dat dit systeem tripletvorming ondergaat via
ladingsrecombinatie wanneer de porfyrinegroep wordt bevorderd tot de geéxciteerde
singlettoestand met behulp van nabij-infraroodlicht.

Het voorlaatste hoofdstuk (hoofdstuk 6) bevat de synthetische methoden die
worden gebruikt om porfyrine- en cyanine kleurstoffen te maken. Deze kunnen worden
gecombineerd om meerdere NIR-cyanine kleurstof - porfyrine verbindingen te
synthetiseren, die mogelijk verbeterde eigenschappen hebben.

Het laatste hoofdstuk omvat de fotofysische karakterisering van 16 nieuwe
phenalenone PS. De fotofysische eigenschappen werden vergeleken met hun
effectiviteit tegen grampositieve en gramnegatieve bacterién. Deze natuurlijke PS-
derivaten, phenalenonen, werden opgelost in water en hun vermogen om licht te

absorberen, de fluorescentie en singlet-zuurstofvorming werd gemeten. Derivaten die
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de triazolium-groep dragen vertoonden een gemiddelde tot goede oplosbaarheid in
water.

Dit proefschrift heeft nieuwe moleculen opgeleverd die worden geactiveerd met
nabij-infrarood licht, hetgeen in het ideale therapeutische gebied valt. Het is duidelijk
dat de nieuwe fotosensibilisatoren die zijn gesynthetiseerd en bestudeerd, een nieuwe
generatie verbindingen illustreert, in het bijzonder de porfyrine-nabije IR-cyanine-

systemen.
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Resumé

Formations des états triplet de photosensibilisateurs sans atomes lourds pour des
applications en photomédecine
La thérapie photodynamique (PDT) est un traitement clinique du cancer connu depuis
30 ans. La communauté scientifique a depuis cherché des nouvelles voies pour
améliorer son efficacité thérapeutique. Cette these décrit une étude approfondie des
avancées récentes réalisées dans I'amélioration des candidats-médicaments
(photosensibilisateurs) pour cette thérapie. Le chapitre 2 décrit un mécanisme nouveau,
appelé formation de triplet par recombinaison de charges. Ce mécanisme a le potentiel
d'ouvrir la voie a une nouvelle génération de photosensibilisateurs. De plus, une tétra
(hexyloxy) phénylporphyrine a été synthétisée et formulée sous la forme d’un film
mince capable de générer de [1'oxygéne singulet sous irradiation. Des
photosensibilisateurs (PS) contenant de la lignine kraft ont été synthétisés, modifiés et
étudiés avec des techniques de spectroscopie résolue en temps et en régime permanent,
afin de déterminer leur potentiel en photomédecine. De méme, une nouvelle dyade
associant cyanine et porphyrine a été synthétisée et étudiée. Les observations faites
tendent a prouver la formation de triplet par recombinaison de charges. De plus, les
méthodes synthétiques utilisées pour créer de nouveaux colorants de porphyrine et de
cyanine sont discutées ainsi que la caractérisation photophysique de 16 nouveaux PS
dérivés de la phénalénone. Ces propriétés photophysiques ont été comparées a leur
efficacité contre des bactéries a Gram positif et Gram négatif. Dans I'ensemble, cette
these a fourni de nouveaux photosensibilisateurs et il est clair que certains d'entre eux,
en particulier la nouvelle dyade associant cyanine et porphyrine, pourraient ouvrir la

voie a une nouvelle génération de PS.
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Accesso a stati di tripletto in fotosintetizzatori senza atomi pesanti ed

applicazioni in fotomedicina

La terapia fotodinamica conosciuta anche come PDT (acronimo inglese di
photodynamic therapy) e un trattamento clinico utilizzato per curare il cancro, o piu’ in
generale affezioni e di disturbi cutanei da almeno 30 anni. Piu recentemente, 1’utilizzo
di tale terapia e stato esteso alla lotta contro i microorganismi. Si parla dunque in questo
caso di terapia fotodinamica antimicrobica o APDT (acronimo inglese di antimicrobial
photodynamic therapy).

La PDT e I’APDT si avvalgono di sostanze particolari, chiamate

fotosensibilizzatori (PS) che, per espletare la propria funzione, devono essere attivate
da una fonte luminosa. Cio’ fa si che si instauri una reazione fotodinamica, il cui
risultato finale e’ la formazione di specie reattive dell’ossigeno, ROS (acronimo inglese
Reactive oxygen species), in grado di distruggere cellule maligne.
Questa tesi inizia con un'introduzione riguardante il funzionamento generico della
terapia fotodinamica, ed i suoi vantaggi e limitazione. 1 meccanismi fotochimici ed
processi che permettono il raggiungimento dello stato di tripletto, elemento essenziale
nella PDT sono introdotti. Nella parte finale del capitolo vengono descritte
dettagliatamente le caratteristiche che dovrebbe aver un PS ideale, cosi da fornire al
lettore gli elementi essenziali, necessari alla creazione di futuri PS.

Nel secondo capitolo & descritto un raro meccanismo di formazione di tripletto
chiamato formazione di tripletto tramite ricombinazione di carica. Questo meccanismo
prevede la combinazione di una molecola donatrice ed una accettatrice che inducono la
formazione di una diade. Quando questa diade viene eccitata, vi & un trasferimento di
elettroni dal donatore all'accettore che porta alla formazione di uno stato di
trasferimento di carica di singoletto (*CT).

Da qui, la formazione di uno stato di tripletto puo’ avvenire tramite il
trasferimento di carica inter-sistema via spin-orbita (SOCT-ISC). Le interazioni
protoniche iperfini concorrono alla formazione di uno stato di trasferimento di carica
di tripletto (3CT), seguito poi da processi di ricombinazione di carica verso lo stato di
tripletto. 11 SOCT-ISC e’ osservabile in miscele di film sottili contenenti fullereni e in
soluzioni contenenti diadi basate su BODIPY. Questo meccanismo e quello piu

convenzionale (descritto nell'introduzione) sono stati studiati nei capitoli successivi.
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Il terzo capitolo descrive il potenziale di una meso tetra- (esilossifenil) porfirina
per la fotomedicina (PDT e APDT). Dopo aver descritto i dettagli del processo di
sintesi, i risultati delle investigazioni fotofisiche della porfirina, sia in soluzione, che
come film sottile (stato solido) sono presentati.

Tali studi dimostrano che lo stato di tripletto di questa porfirina € ottenibile in
entrambe le configurazioni. La generazione di ossigeno singoletto e stata rilevata in
acqua, utilizzando una sonda sensibile alla presenza di ossigeno singoletto.

Il quarto capitolo é dedicato alla lignina polimerica naturale, ottenuta tramite
processo Kraft, che, in seguito alla funzionalizzazione con i fluorofori della porfirina e
della cianina, da luogo a quattro nuovi coniugati della lignina. In questo capitolo sia la
sintesi di questi coniugati della lignina che lo studio del loro potenziale in fotomedicina
sono presentati. Risultati molto incoraggianti sono riportati alla fine di questo capitolo.

Nel quinto capitolo viene descritta la sintesi e la fotochimica di un nuovo

coniugato porfirina-cianina eccitatabile nella regione del vicino infrarosso (porphyrin-
near-IR cyanine dye conjugate). Sciogliendo questo coniugato in THF ed eccitando la
molecola contemporaneamente con luce nel vicino infrarosso e nello spettro visibile &
possibile produrre ossigeno singoletto. La produzione di ossigeno singoletto é stata
osservata solamente in THF, il che indica la formazione di stato di tripletto avviene
unicamente tramite ricombinazione di carica. L'eccitazione della parte cianininica del
coniugato porta all’emissione di fluorescenza soltanto da parte di quest’ultima. Al
contrario, quando ¢’ la porfirina ad essere eccitata, entrambe le componenti del
coniugato fluorescono(cianina e porfirina) e la formazione di stati di tripletto e
confermata tramite misure spettroscopia di assorbimento risolta in tempo alla scale del
nanosecondo.
Sorprendentemente, la durata dello stato di tripletto risulta essere piu lunga persino di
quella osservata nel composto porfirinico di partenza disciolto nel medesimo solvente
(THF). Pertanto, in tale coniugato, la formazione di stati di tripletto avviene tramite
ricombinazione di carica nel momento in cui la componente porfirinica viene promossa
allo stato di singoletto tramite luce nel vicino infrarosso,

Il penultimo capitolo (Capitolo 6) include i metodi sintetici utilizzati per creare
coloranti porfirinici e cianinati. Questi ultimi possono essere combinati per formare
nuovi coloranti coniugati cianina-porfirina (capace di assorbire nel vicino infrarosso),

che potrebbero avere proprieta migliori.
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Il capitolo finale descrive la caratterizzazione fotofisica di 16 nuovi PS a base
di fenalenone. Le loro proprieta fotofisiche sono state confrontate con la loro efficacia
contro i batteri gram-positivi e gram-negativi. Questi derivati del PS naturale,
fenalenone, sono stati disciolti in acqua e successivamente la loro capacita di assorbire
la luce, la loro fluorescenza e la loro capacita di generare ossigeno singoletto sono state
misurate. | derivati contenti triazolo hanno mostrato una solubilita in acqua da media a
buona.

Nel complesso, grazie a questo lavoro di tesi sono state sintetizzati e
caratterizzati dei nuovi PS eccitabili nel vicino infrarosso, che risulta essere la regione

dello spettro della luce piu interessante da un punto di vista terapeutico.
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