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Abstract

The continued development of novel smart materials is directly related to improving global welfare.
Examples of the most profound global issues include a lack of environmental sustainability, increasing
unregulated biospheric pollution, and development of antibiotic pathogen resistance. New photoactive
materials can play an important role in solving these issues. Those photoactive materials can act
as a source of singlet oxygen that is of high interest for application in photodynamic therapy, pathogens
inactivation, fine chemicals’ synthesis or wastewater treatment. In the photodynamic therapy, singlet
oxygen act as a cytotoxic agent, in fine chemicals — as a green and efficient oxidating agent,

while in the case of microbes — it shows high activity against various bacteria, viruses and fungi.

One of the possible ways to produce singlet oxygen is the photosensitization process,
in which phthalocyanines, being the subject of this work, can be applied. Phthalocyanines are extensive
n-conjugated molecules with four isoindole units linked by nitrogen atoms. The introduction of various
substituents or change of a central metal atom allows for modification and optimization
of the phthalocyanines’ properties. Based on the phthalocyanine core, it is possible to develop a great
variety of materials for different applications, not only for singlet oxygen photogeneration, but also
for organic electronics - photovoltaic devices or sensors. For all of these applications, phthalocyanine-

based layers are promising subject of research with a number of papers being published every year.

The presented work aims to investigate the phthalocyanine-based photoactive layers as a source
of singlet oxygen. The series of phthalocyanine derivatives with various central metal atom and functional
groups were synthesized. The photoactive layers were formed using electrochemical deposition
or spin-coating techniques, and the resulting films were broadly characterized by spectroscopic (infrared,
Raman, X-ray photoelectron spectroscopies) and microscopic (atomic force microscopy, scanning electron
microscopy) techniques. Within the work, the influence of phthalocyanine structure - central metal atom
and type of substituents, on optical and photosensitizing properties was assessed for phthalocyanines
being in a solution phase or deposited in a form of layer. Finally, the photoactive layers containing
phthalocyanines were applied as a source of singlet oxygen in the synthesis of fine chemicals
and as antimicrobial coatings. It was shown that the selected phthalocyanines deposited on solid support
can be effectively used in the oxidation of a-terpinene to obtain ascaridole. Moreover, electrodeposited
zinc phthalocyanine coating inhibits the Staphylococcus aureus biofilm growth when activated with visible

light.
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1. Introduction

The three fundamental scientific disciplines such as chemistry, biology, and physics are of high
importance for the technological progress around the globe. Oxygen is a remarkable molecule
for the realm of all above-mentioned fundamental sciences. The first reports on one of its forms - singlet
oxygen, 10,, were in the works of Kautsky in 1931 and 1933. 2 In 1968, Foote described the role of singlet
oxygen in chemical and photosensitized processes.®> Since then, the research has focused
on understanding the properties and finding the possible application of this high-energy form
of molecular oxygen.

The most commonly applied way of singlet oxygen production is the photosensitization.
Many groups of photosensitizers have been investigated throughout the years. They differ in both - optical
properties and efficiency of singlet oxygen generation, and thus - in application area. In the last years,
the photoactive layers have been widely investigated as 'O, source. Selected phthalocyanine derivatives
efficiently produce singlet oxygen under light irradiation. Thus, the development of phthalocyanine-based
light-activated layers may address challenges in production of sustainable, stable and effective materials
for various applications, such as pathogen inactivation and photocatalysis.

The goal of this work is the development of efficient photoactive phthalocyanine-based layers
with a high quantum yield of singlet oxygen generation. They were designed with a perspective to be used
in photocatalysis or in pathogens inactivation on solid surface. The thesis consists in the multiple tasks,
i.e. synthesis of phthalocyanine derivatives with different central atoms and peripheral substituents,
optimization of the parameters of phthalocyanines’ deposition process and broad characterization
of their properties. The final tests were directed to the investigation of the applications of the produced
layers.

Till now, phthalocyanine-based layers have been produced via drop-casting, spin-coating
or physical vapour deposition techniques. In this aspect, the presented work further investigates
the spin-coating technique and tests the possibility of using the electrochemical deposition to produce
photoactive layers. Moreover, the work introduces new phthalocyanine derivatives to form layers.
The influence of the central metal atom and the type of substituents on phthalocyanine’s optical,
photosensitizing properties and immobilization process is investigated. Itis shown that the proposed
immobilization strategies yield stable photoactive layer that can be promising for application in fine

chemical synthesis or as an antimicrobial coating.



2. Theoretical part

2.1. Singlet oxygen

Molecular oxygen exists in a ground triplet state, unlike the most of organic molecules, for which
the ground state is a singlet one. The electronic configuration of the molecular oxygen is (015)? (0*1s)? (02s)?
(0%25)% (02p)? (0%2p)? (T12p)* (11*2p)%, and it can exist in three electronic states: 02(X3Zg)(triplet ground state),
0,(*Ag) (singlet excited state), and 0,('%;*) (higher-energy singlet state).*® Due to an even number of
electrons on the antibonding t* orbital, oxygen molecule has unique magnetic and chemical properties.

The molecular oxygen in a triplet ground state is a biradical with two electrons on the separate nt*
orbitals (Figure 1). The rearrangement of the electrons within these orbitals results in two possible singlet
states: 0,(*Ag) and 0,('%"). Actually, even though both of them are singlet states, in literature singlet
oxygen, 10,, refers to 0,('Ag). This is because the higher energy form, 0,(*%;*), rapidly decays, producing
0,(*Ag). The energy of 0y(*Ag) and Oy(*2s") states are 92 kimol™ and 155 kimol™ higher than triplet ground
state, respectively.®’” The transition from the ground state to the singlet state is spin-forbidden.
Nonetheless, singlet oxygen can be produced by a direct excitation or by applying an energy transfer
process. The characteristic bands arising from the transitions between various oxygen states (Figure 1)
can be observed at the following wavelengths:

0,(*Ag) > 0,(33;) at 1268 nm,
0,(1%5%) > 0,(33) at 762 nm
and 0,('%") > 0,(*Ag) at 1910 nm 8

The history of singlet oxygen started in the 20" century. The first reports preceding singlet oxygen
can be found in the works of Kautsky from 1931 and 1933. He demonstrated the diffusibility of singlet
oxygen (which was named activated state of oxygen) by mixing silica particles treated with acridinium dye
and leukomalachite.? In 1938, Kautsky discovered that oxygen could quench the fluorescence of different
dyes through an energy transfer process, creating an activated state of oxygen.® Then, in 1963, Khan and
Kasha published a paper explaining that the chemiluminescence seen in the hypochlorite-peroxide
reaction was due to the release of singlet oxygen.'® In 1968, Foote described the role of singlet oxygen in
chemical and photosensitized oxygenation, showing mechanisms of singlet oxygen reaction with olefins
and dienes.? Since then, the research has focused on understanding the physical, chemical and biological

properties of this high-energy form of molecular oxygen.
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Figure 1. A) Molecular orbitals of triplet and singlet oxygen, B) Scheme of electronic transitions between the main

and lower energy levels of the oxygen molecule.

The triplet oxygen is paramagnetic, unlike diamagnetic singlet oxygen form.> Their reactivity also

varies considerably. Generally, triplet ground state oxygen is regarded as less reactive due to the presence

of parallel electrons in the outermost orbital. Singlet oxygen, on the other hand, possesses higher oxidizing

potential and significantly higher electrophilic properties than ground state oxygen. Its characteristic

chemical reactions include [4+2] cycloaddition to cis-dienes or aromatic hydrocarbons, as well as [2+2]

cycloaddition to olefins.!* The high reactivity of singlet oxygen results in its short lifetime, which is

the shortest in water (about 2 us) and the longest in deuterated or halogenated solvents (1 ms).

The lifetime of 10, is influenced by the quenching efficiency that results from inductive resonance energy

transfer to the vibrational sublevels of solvent molecules, particularly the hydrogen atoms.'*!3 Table 1

shows the lifetime of singlet oxygen in different solvents.

Table 1. Lifetime of singlet oxygen in different solvents

Solvent Singlet Oxygen Lifetime (us)

Water (H20) 4

Deuterium oxide (D20) 55
Ethanol (CHsCH20H) 10
Deuterated ethanol (CD3CD20D) 60
Acetonitrile (CH3CN) 30
Deuterated acetonitrile (CD3CN) 50
Dichloromethane (CH:Cl) 80
Deuterated dichloromethane (CD2Cl,) 100
Dimethylformamide (HCON(CHs)2) 15
Deuterated dimethylformamide (DCON(CDs)2) 20

2.1.1. Singlet oxygen production methods

Singlet oxygen can be generated in various photochemical, chemical, and physical processes.

Photochemical

methods include photolysis, and photosensitization. Chemical

methods

involve

the decomposition of specific oxygen-containing compounds (endoperoxide, hydrogen peroxide, and

11



ozone).'* 7 Singlet oxygen can also be produced using electrical discharge or laser irradiation.'®?

The photosensitization is the most common and developed method to produce singlet oxygen
in a sustainable way. Since compared to other above-mentioned methods, the equipment requirements
are more achievable and the control over process is better. This method operates under mild conditions
and generates singlet oxygen with high yields.

The key element in the photosensitization process is a photosensitizer. Rephrasing the IUPAC
definition of photosensitization: photosensitizer is a molecule, which induces the photochemical or
photophysical alteration of another molecule as a result of the initial absorption of radiation.®® In the
photosensitization process, upon absorption of light, the photosensitizer goes from a singlet ground state
to an excited singlet state, followed by rapid relaxation through internal conversion (IC) to the first excited
singlet state. The first excited singlet state of photosensitizer can be deactivated via photon emission
(fluorescence) or get converted into a triplet state (T1) through the intersystem crossing (ISC). ISC, a major
deactivation pathway, leads to the formation of the photosensitizer's triplet state, T1, which has a longer
lifetime (ms) compared to the (S;) singlet state (ns). Photosensitizer in a triplet state can emit light in
phosphorescence process or it can produce various reactive oxygen species (ROS) via one of two possible
mechanisms (Scheme 1).>'* The electron transfer pathway includes redox reactions that lead to the
formation of radicals, even when oxygen molecule is not involved in the process. This mechanism involves
hydrogen-atom abstraction or electron transfer between the excited sensitizer and a substrate, yielding
radical species. These radicals can react with oxygen to form other ROS, like superoxide radical anion.
In the energy transfer pathway mechanism, singlet oxygen is generated when the photosensitizer
in the excited triplet state transfers energy directly to ground-state triplet oxygen via a collision. As a rule,
both electron transfer and direct energy transfer mechanisms occur simultaneously in the real chemical
and biological systems, and their relative contribution strongly depends on the oxygen concentration,
the concentration and nature of the reagents, the nature of the photosensitizers, and many other

factors.?!
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Scheme 1. Jablonski diagram showing possible transitions in organic photosensitizer.

Photosensitizers can be classified into several categories. First of all, one can distinguish organic
and inorganic sources of singlet oxygen. Organic photosensitizers have molecular structures that are
characterized by conjugated system of double bonds. They are known for their high extinction coefficients
and tunable photophysical properties leading to high yields of singlet oxygen generation.?>?* Inorganic
photosensitizers,??’ such as metal oxide semiconductors (titanium dioxide, zinc oxide),?®?4%° have
advantages like high photostability and unique electronic properties. The generation of singlet oxygen by
the semiconductor nanoparticles differs from photosensitization. In the case of nanoparticles, the
generation occurs due to the creation of electron-hole pairs via the excitation of electrons from the

valence band to the conduction band.*

Within organic photosensitizers several groups can be identified:

¢ Phenothizaine derivatives are one of the most well-known group of photosensitizers. They have low
toxicity and high solubility in water due to the presence of positive charges. The absorption spectra
of phenothiazine derivatives are observed in the range of 600-750 nm. Methylene blue (MB) and
toluidine blue (TB) quantum vyields of singlet oxygen generation equal to 57% and 40%, respectively
(Table 2).332

e Xanthenes are n-conjugated organic compounds with a distinctive three-ring structure consisting
of two benzene rings connected by a pyran ring. Xanthenes typically absorb light in the visible
spectrum of light (450-550 nm). They have high (60-80%) quantum yield of singlet oxygen generation
making them good photosensitizers. Rose bengal, fluorescein, eosins, and rhodamines are well-known
xanthenes-based photosensitizers.333*

e Anthraquinones are organic molecules known for their ability to efficiently generate singlet oxygen

under light. They absorb light within 250-500 nm range. Their chemical structure can be modified
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in order to improve the solubility by introducing hydrophilic groups, such as hydroxyl or carboxyl
groups. They are characterized by low toxicity. Hypericin, emodin are the examples of such molecules,
they are mostly used as antifungal or antibacterial agents. 3>

Chlorins are tetrapyrrole-based compounds, which are characterized by high singlet oxygen quantum
yield (50-60%, Table 2)).3” They are generally soluble in organic solvents (DCM, chloroform, hexane,
DMSO) and have low toxicity. As tetrapyrrole-based compounds, chlorins are similar in structure and
stay closely related to porphyrins and phthalocyanines. Chlorins are excellent photosensitizers due to
suitable photophysical properties such as strong absorbance in the UV-Vis region and extended triplet
lifetime. In order to improve the solubility of chlorins in water, the researchers introduce hydroxyl or
amino groups into the chlorin structure.

Metal complexes (ruthenium (Ru), iridium (Ir), and palladium (Pd)) are very efficient photosensitizers
(quantum yield of singlet oxygen generation 60-90%).3® Their chemical structures are composed of
a central metal ion with coordinated organic ligands, forming octahedral or square planar geometries.
Such complexes exhibit absorption in UV-Vis regions with high extinction coefficients and possess long-
lived excited states with high quantum yields of singlet oxygen and other ROS generation, high
photostability.3*4° Usually such complexes have specific ligand architectures (for example, bidentate
or tridentate), which can be altered in order to optimize phophysical properties.

Porphyrin is a conjugated macrocycle made of 4 pyrrole rings with 18 m-electrons. Porphyrin
derivatives naturally exist in a human body. Porphyrins are cofactors for proteins such a hemoglobin
(oxygen transport) or cytochromes (electron transfer), which play exceptional role in homeostasis.
Porphyrins exhibit strong absorbance in the UV-Vis region, typically ranging from 400 to 700 nm, with
prominent Soret and Q-band peaks. They are characterized by an excellent photostability and
biocompatibility with mammalian cells. Metalloporphyrins are a subclass of porphyrins that contain
a metal ion at their center, which enhances their ability to generate singlet oxygen. Metalloporphyrins
are more effective at generating singlet oxygen than metal-free porphyrins. That is why they are very
commonly used in photodynamic therapy (PDT). The yield of singlet oxygen generation for
the metalloporphyrins depends on the type of central metal atom and functional groups attached to
the ring. For example, chloro(5,10,15,20-tetraphenylporphyrinato)indium(lll) (InTPP) quantum yield
isequal to 72% and for 5,10,15,20-tetraphenylporphyrin (TPP) it is equal to 52% (Table 2).
Unfortunately, the use of porphyrins is limited due to photobleaching.*!

Phthalocyanine is a macrocyclic aromatic compound similar to porphyrin, but with four isoindole
instead of pyrrole units connected by nitrogen bridges. As observed for porphyrin, the ring system
contains an extensive delocalization of 18 m-electron. They are characterized by a wide absorption

spectrum ranging from 650 to 750 nm, which makes them particularly well-suited for biological
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applications like PDT.*? The phthalocyanines are described with more details in the subsequent
chapters of this thesis.

e BODIPY (boron-dipyrromethene) derivatives are one of the newer groups of photosensitizers. BODIPY
derivatives strongly absorb in the visible or even NIR region and possess high photostability. The
BODIPY derivatives such as di-styryl BODIPY derivatives have been reported as an efficient source of
singlet oxygen.®® It was noted that BODIPY derivatives are highly resistant to photobleaching. Thieno-
pyrrole fused BODIPY derivatives exhibit potent PDT activity, as seen in cell culture experiments with
Hela cells.***

e Perylene diimides (PDIs) are well known for their strong electron-accepting properties, high thermal
stability, and vivid photophysical characteristics. PDI and its derivatives are n-type organic
semiconductors with high fluorescence quantum yield and lately reported - ability to generate singlet
oxygen. PDI derivatives have shown remarkable photocatalytic activity in organic pollutant
degradation.*64748

¢ Fullerenes are spherical carbon molecules composed of carbon atoms arranged in a hollow closed cage
structures, having the form of pentagons and hexagons. Such molecules have extended rt-conjugation.
Fullerenes produce ROS under irradiation. Chemical modification of fullerenes is aimed at increasing
their solubility and photostability. The functional groups that can be attached to Cg are anionic
carboxylic or sulfonic acids and cationic quaternary ammonium groups.*® Various fullerenes (Cso, Cro,
Cs2) functionalized with polycationic chains and light-harvesting antennas have been tested in vitro
and in animal models for localized infections.*®

Table 2. Comparison of different photosensitizer quantum yield of singlet oxygen generation.

Photosensitizer

Quantum yield

of singlet oxygen generation

Reference

Menthyl anthranilate

12% (ethanol)

50

Zn(ll) complex TEG12PZ

86% (acetone)

51

meso-tetra(4-carboxyphenyl)porphyrin (TCPP4)

26% (methanol)

52

[5,10,15-triphenyl-20-(4-methoxycarbonylphenyl)-
porphyrin]

90% (toluene)

53

Photofrin I
sulfonatophenyl)porphine)

(sodium meso-tetra(4-

20% (water)

54

ZnPc (zinc phthalocyanine)

56% (N,N-dimethylformamide)

55

Methylene blue

57% (dichloromethane)

56

Toluidine blue

40% (dichloromethane)

57

Rose bengal

76% (acetonitrile)

58

Phenalenone

95% (chloroform)

59

Palladium porphyrin

94% (deuterated benzene)

60

Fluorinated tetraphenylchlorin FCMet

58% (ethanol)

37
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Fluorinated tetraphenylchlorin F2CMet 54% (ethanol) 37

aza-BODIPY derivative 80% (dimethylsulfoxide) 61
5,5-difluoro-2,8-diiodo-1,9-bis(2-iodo-3,5-
dimethoxyphenyl)-3,7-bis(4-iodophenyl)-5H-414,514-
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine

aza-BODIPY derivative 65% (dimethylsulfoxide) 61

1,9-bis(3,5-dimethoxyphenyl)-5,5-difluoro-3,7-diphenyl-
5H-414,514-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine

PDI-Ph 52% (toluene/methanol) 62
PDI-Pyr 93% (toluene/methanol) 62
PDI-In 33% (toluene/methanol) 62
Hexa(sulfobutyl)fullerene 36% (water) 49

2.1.2. Chemistry of singlet oxygen
Singlet oxygen is a unique molecule with an electrophilic nature, that makes it highly reactive with

electron-rich substrates. Singlet oxygen undergoes the following reactions:

> [4 + 2] Cycloaddition

1()2
7 e—
e [4+2]

o-0

Scheme 2. The [4 + 2] cycloaddition of penta-1,3-diene with singlet oxygen.

The [4 + 2] cycloaddition is a reaction of singlet oxygen addition to conjugated dienes (C=C-C=C)
resulting in the formation of cyclic endoperoxides. This process occurs via a mechanism in which two pi
electrons from the diene system interact with two nt* electrons from the oxygen molecule. The resulting
cycloadduct contains a four-membered endoperoxide ring.6®%* The [4 + 2] cycloaddition reaction usually
goes through a diene in the cis conformation to maximize the overlap of the m orbitals. This specific
alignment facilitates the reaction’s stereospecificity and leads to predictable stereoisomeric products. Via
this mechanism, the ascaridole is obtained that used for treating ascariasis infections (Scheme 2). 36

> [2 + 2] Cycloaddition

10, -

SO=LF 5
[2+2]

Scheme 3. [2 + 2] cycloaddition of adamantylideneadamantane with singlet oxygen.

The [2 + 2] cycloaddition reaction involves the addition of singlet oxygen to carbon-carbon double
bonds (C=C), resulting in the formation of four-membered cyclic compounds -dioxetanes (0-O-C-C)

(Scheme 3). Upon thermal decomposition, dioxetanes yield triplet excited states of carbonyl compounds,
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which can undergo further reactions or emit light. In the [2 + 2] cycloaddition, the electron-rich molecule,
without accessible allylic hydrogen, can engage with singlet oxygen through a charge-transfer interaction,
sometimes forming an exciplex. This charge-transfer pathway can vary with the solvent polarity, adding
flexibility in the reaction control.

These reaction pathways demonstrate how singlet oxygen can be harnessed to facilitate a variety
of chemical transformations, from simple oxidations to complex cycloadditions.®

> Schenck Ene-Reaction

10 HOO
= — "5

Ene-reaction

Scheme 4. Reaction involving the utilization of singlet oxygen in an a Schenck ene-reaction.

The Schenck ene-reaction represents addition of singlet oxygen to unsaturated bonds (C=C) of an
alkene reactant having a transferable allylic hydrogen, resulting in the formation of allylic hydroperoxides
or other oxygen-containing compounds. This reaction involves either stepwise or concerted addition
of singlet oxygen, which acts as an electrophile, to a double bond, resulting in the formation
of a hydroperoxide product. The cleavage of a single bond during the stepwise mechanism can produce
intermediates such as perepoxides, zwitterions, and diradicals. The latter is a more accessible and stable
intermediate to proceed with the ene reaction (Scheme 4).1! In the concerted mechanism, the singlet
oxygen selectively abstracts an allylic hydrogen via six-membered ring transition state.
The stereoselectivity is sensitive to the substrate's conformational stability.®® Ene reactions are
particularly valuable in synthesis of oxygenated products with potential biological activity.®® The key step
in the industrial production of the antimalarial drug artemisinin is the ene reaction in the green approach
using air and light.®*

» Insertion into a-C-H Bond
Singlet oxygen can undergo insertion into alpha-carbon atoms of cyclic ethers, leading to the

formation of hydroperoxides (Scheme 5).%¢
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Scheme 5. Different pathways for functionalization of a-C-H bonds of (S)-2-methyltetrahydrofuran with the use of

singlet oxygen.

Moving beyond theoretical considerations, we now explore how these singlet oxygen-mediated
reactions are applied in the synthesis of complex natural products and pharmaceuticals. The proposed
mechanism is depicted as a simultaneous insertion of singlet oxygen into the CH bond (Scheme 5a).
However, an alternative theory could suggest the involvement of a zwitterionic peroxide intermediate.
Following an a-C-H proton abstraction, this intermediate could undergo a rearrangement involving a
hydroperoxide anion (Scheme 5b). Notably, a similar mechanism, which features a zwitterionic
persulphoxide intermediate,®” has been reported in the recent reevaluation of the photooxidation of
thioketones, similar to reaction of singlet oxygen with thioethers.®®

» Cascade Reactions with Dienes

OH
X 10, & 10, 9 _x
X - '
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Scheme 6. 1,2-dimethyl-1,3-dienes reactions with singlet oxygen leading to y-hydroperoxide endoperoxides.

A fascinating cascade reaction triggered by singlet oxygen has been observed in 1,2-dimethyl-1,3-
dienes, resulting in the formation of y-hydroperoxide endoperoxides (Scheme 6). This discovery paves the
way for exploring the photooxidation of carotenoids further. The reactivity of these dienes is enhanced
by methylation at the reactive double bond, while the selectivity of the reaction is influenced by
the position of the methyl groups.

The reactions discussed above highlight the potential of singlet oxygen in modern synthetic

chemistry, with ongoing research likely to expand its applications even further.

2.1.3. Detection of singlet oxygen
Singlet oxygen, due its high reactivity, has to be detected in situ. Generally, it can be detected via

two approaches: directly or indirectly. The development of the methods for singlet oxygen detection dates
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back to the middle of 20*" century. Initial methods involved indirect approaches, monitoring the signals
related to the interaction of singlet oxygen with traps. Direct method was developed in the 1970s.%

The direct detection method is based on monitoring of signal of luminescence from singlet oxygen
at 1270 nm. ®¥7° This technique has many advantages comparing to indirect detection, such as possibility
of obtaining information about singlet oxygen lifetime in an investigated system. The main disadvantages
of such approach is low intensity of signal from singlet oxygen phosphorescence.”* One of the first
attempts were successfully implemented using NIR-photodetector cooled to -60°C. Later, using different
NIR cameras and more sensitive detectors with pulse laser at short duration could obtain signals directly
from investigated solutions, in vitro, and in vivo.”>’3 Similar setups can be used for imaging of singlet
oxygen in biological objects. Singlet oxygen luminescence dosimetry is developed to observe signal from
singlet oxygen with the help of superconducting nanowire single-photon detectors (at low temperature).”
Recently, a new system was developed based on photomultiplier tube for singlet oxygen detection.®®
It demonstrated ability to detect singlet oxygen in a 15 nM to 10 uM concentration.

Figure 2 illustrates the luminescence time profile of various ionic liquids monitored at 1270 nm after
532 nm laser irradiation. It shows the effect of the ionic liquid type on the singlet oxygen lifetime via

the correlation of quenching rate constant.

—— Py, TFSI
— PP, TFSI
= [Bmim]TFSI
1 " [Bmim]PF,

Intensity (a.u.)

Time (us)
Figure 2. Luminescence time profile of the ILs system monitored at 1274 nm, indicating direct detection of singlet

oxygen by luminescence signal after 532 nm laser irradiation. Reused with permission from the publisher 7.

Figure 3 illustrates three-dimensional visualization of singlet oxygen induced luminescence, which
is used for singlet oxygen detection. The luminescence was measured across wavelengths from 1170 to
1370 nm, while the peak at 1270 is the evidence of singlet oxygen presence in the investigated probe. The

peak at 1270 nm shows singlet oxygen luminescence with photon energy of 0.98 eV.”®
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Figure 3. (a) Time independent luminescence signal of singlet oxygen at different wavelengths from 1170 nm to
1370 nm generated by 50 IM Riboflavin in H:0. (b) The measured logarithmic signal of the singlet oxygen
luminescence at 1274 nm. (c) Wavelength scan by summing up the luminescence signals at each wavelength.

Reused with permission from the publisher 7®.

Indirect methods allow to detect singlet oxygen by analyzing secondary signals related to singlet
oxygen presence in the system. The general idea behind those methods is to observe changes in e.g.
emission, absorbance or electron paramagnetic resonance (EPR) signal of so-called trap. The change in
the signal occurs due to trap’s reaction with '0,. 7’779 Different commercially available traps can be used
for theindirect detection of singlet oxygen. The most common traps are: 2,2,6,6-
tetramethylpiperidine (TEMP), 1,3-diphenylisobenzofuran (DPBF), singlet oxygen sensor green (SOSG),
9,10-dimethylanthracene (Table 3). Scheme 7 represents the basic mechanism of singlet oxygen reactions

with the most common chemical traps used with UV-Vis spectroscopy.
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Scheme 7. The reaction of singlet oxygen with the most common chemical traps: a) DPBF, b) TPCPD.
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Table 3. The most common traps for singlet oxygen detection.

Name

Structure

Comments

EPR spectroscopy

(TEMP)

2,2,6,6-tetramethylpiperidine

The product of the reaction of 0, with TEMP, i.e. TEMPO
exhibits an electron paramagnetic resonance spectrum
characterized by three distinct, equally intense line.

Limitations: high cost, complicated operation

Fluorescence spectroscopy

acid
(Singlet Oxygen Sensor
Green, SOSG)

4-(7-chloro-6-hydroxy-2-(10-
methylanthracen-9-yl)-3-oxo-
3H-xanthen-9-yl)isophthalic

CO,H

Product of SOSG reaction with singlet oxygen emits
green fluorescence (excitation/emission maximum

at ca. 504/525 nm).

This sensor is commonly used for monitoring of singlet
oxygen in biological systems.
Limitations: under certain conditions acts

as photosensitizer itself.

UV-Vis spectroscopy

(DPBF)

1,3-diphenylisobenzofuran

DPBF has the absorption maximum at ca. 410 nm. When
oxidized with singlet oxygen, it forms a peroxide with no
absorption bands in the Vis region.
Limitations: also reacts with 0:*7, low photostability
under illumination < 500 nm.

(DMA)

9,10-dimethylanthracene

DMA has an absorption maximum at ca. 380 nm. Upon
reaction with singlet oxygen, 9,10-dimethylanthracene
produces a range of endoperoxide derivatives, which can
be detected by observing shifts absorbance band
position

Limitations: also reacts with 02°7, low photostability

Tetracene

The tetracene absorption maximum is at ca. 474 nm.
The reaction of tetracene with singlet oxygen leads to
the formation of tetracene endoperoxides, which can be
identified via UV-Vis spectroscopy.

Limitations: also reacts with 0:°7, low photostability
within 400-500 nm range.

5,6,11,12-
tetraphenyltetracene
(Rubrene)

The absorption maximum of rubrene is approximately
570 nm. When exposed to singlet oxygen, Rubrene
undergoes oxidation to yield various reactive oxygen
species and degradation  products, resulting
in observable alterations in its fluorescence emission and
new absorption peaks that correspond to the oxidized

forms of the molecule.

Limitations: also reacts with 0:°7, low photostability
within 500-600 nm

2,5-diphenylfuran

The 2,5-diphenylfuran absorption maximum is at ca. 370
nm. The interaction of 2,5-diphenylfuran with singlet

oxygen generates reactive intermediates and potential
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polymeric products, leading to distinct spectral changes,
including the appearance of new absorption bands in the
UV-Vis spectrum at 420 nm.

Limitations: also reacts with 027, low photostability

This trap has maximum of absorption at ca. 510 nm.

o

2,3,4,5- O O Upon reaction with singlet oxygen, TPCPD can form

tetraphenylcyclopenta-2,4- ' various oxidation products, and the resulting drop
dien-1-one (TPCPD) O O in absorbance of TPCPD is tracked by UV-Vis

Limitations: limited choice of solvents

This trap has maxima of absorption at 207 nm.

The reaction of a-terpinene with singlet oxygen results in

1-methyl-4-propan-2- . .

. the formation of hydroperoxides and other oxygenated

ylcyclohexa-1,3-diene (a- . . .

terpinene) products. The resulting drop of a-terpinene is detected
i

P through UV-Vis spectroscopy.

Limitations: non-selectivity to singlet oxygen

2.1.4. Application of singlet oxygen

Singlet oxygen is applicable in the various fields of medicine, chemistry and environmental sciences.
The most widely investigated application of this active molecule is still photodynamic therapy (PDT),
including the photodynamic inhibition of cancer tumors growth (i.e. lung 881, bladder®?, esophageal®,
breast®*®, and brain?® cancer), treatment of bacterial, fungal or viral infections®® %8, skin diseases &°
and sterilization of blood or surfaces.?>°%** Moreover, recent works show the potential of singlet oxygen
also in the treatment of Alzheimer’s disease.’* Next to the medical applications, thanks to its oxidizing
properties, singlet oxygen is considered as an attractive green reagent in the wastewater treatment® and
in the selective oxidation of aromatic alcohols®®, endoperoxides, dioxetanes, hydroperoxides,
sulfoxides and phosphines?-*® that are of special interest in the production of fine chemicals.
2.1.4.1. Medicine
Photodynamic therapy

Photodynamic therapy is a promising method for dealing with cancer, which involves singlet oxygen
and other reactive oxygen species as agents responsible for destroying cancer cells.”® The history of PDT
started with the development of the so-called first-generation photosensitizers, e.g. hematoporphyrin
derivatives. The clinical trials of these compounds were conducted in the 1970s and 1980s, showing

the potential of such treatment to destroy tumors.®
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Figure 4. Clinical course of PDT using intravenous photosensitizer.*®! Reused with permission from the publisher.

In the first step of PDT therapy, the photosensitizer is administered, typically orally, topically,

or intravenously. After a certain period of time, which allow for maximum tumor/normal tissue
differentiation, the tumor is irradiated with light of a specific wavelength (Figure 4). The light source can
vary from a projector lamp to lasers or fiber optics. Finally, the excited photosensitizer generates singlet
oxygen and other ROS, ideally leading to tumor destruction without affecting healthy tissue.%?
The efficiency of PDT relies on the ability to irradiate the photosensitizer only within the tumor region,
minimizing the damage to healthy cells. Usually the light which is able to penetrate through the skin and
tissues needs to have wavelength above 600 nm,° which limits the choice of appropriate photosensitizer.
The main criteria for photosensitizer used in PDT are quite clear: (1) they should absorb in the wavelength,
which can penetrate epidermis, dermis, and bone tissue, (2) photosensitizer should be safe and not toxic.
The others criteria can vary, for example, the limited stability is good, if we need rapid removal of
the photosensitizer from the organism after the successful therapy. For example, 5-aminolevulinic acid
(5-ALA) is metabolized into porphyrin photosensitizer already in the organism in order to accumulate
specifically in the tumors.%4

The classification of photosensitizers used in PDT has been formulated based on their stage
of development in historical approach:

1) First-generation PSs: the representative molecule is a hematoporphyrin derivative (HpD) and its close
analogues

2) Second-generation PSs: modified HpDs, porphyrins, phthalocyanines, 5-ALA, benzoporphyrin
derivatives;

3) Third-generation PSs: molecules targeting a specific receptor, such as LDL, antibodies, or certain

markers like hormones or receptors; conjugates of photosensitizers with drug delivery systems.

Table 4 presents the short summary of photosensitizers, which are used in the PDT.
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Table 4. Photosensitizers for PDT.

Photosensitizer

Type of Tumor

Reference

Cetuximab conjugated PS

Head and neck cancers

105

Chlorin e6 conjugated with
antibodies

Head and neck cancers,
colorectal cancer

106

107

Porfimer sodium (Photofrin) Esophageal cancer, non-small

cell lung cancer

108

Methylene blue conjugates Breast cancer, ovarian cancer

It has to be taken into account that near the localization of the cancer cell the concentration of

)103:109,110 1t js believed that cancer cells tend to have hypoxia

oxygen is low or even equal to zero (hypoxia
due to alternate ways of producing energy for maintaining homeostasis. Thus, the photosensitizers need
to function in an alternative manner in this case. For example, photosensitizer can be also used as a cargo
transport to deliver other anticancer agents. Silicon phthalocyanine derivatives are suitable for both
classical PDT and photoimmunotherapy. It has been shown that substituted silicon phthalocyanine can
undergo axial exchange under hypoxic conditions to be used for selective drug delivery to hypoxia by
generating singlet oxygen and other ROS under aerobic conditions.!%

Another problem is development of resistance of some cancer types and cancer stem cells to PDT
through antioxidant detoxifying enzymes, activation of heat shock proteins, and several complex
biological systems.!'! Combining PDT with other treatments or targeting specific pathways involved in
resistance development can deal with this problem.

Photodynamic Antimicrobial Chemotherapy

Photodynamic Antimicrobial Chemotherapy (PACT) was first introduced in 1960s. PACT employs
photosensitizers to induce phototoxic effects in order to deal with various pathogens. For a long time,
PACT was treated as a subgroup of PDT, due to their similar mechanism of action. The technique offers

a promising approach for dealing with drug-resistant pathogens having low-cost systemic treatments. 12
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Figure 5. Mechanisms of bacteria and virus inactivation, initiated by singlet oxygen.

The scheme representing the mechanism of action of photoactive species against microbes is

presented in the Figure 5.137'° |t has to be noted that singlet oxygen generation is the primary
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mechanism of cell damage during PACT. This makes it very effective at causing cellular damage through
oxidative stress. Due to its high reactivity, singlet oxygen is an excellent oxidizer for various cell
components, including mitochondria, the Golgi apparatus, the endoplasmic reticulum, and lysosomes.
Singlet oxygen also affects the efficiency of the immune system, inflammatory reactions. Structural
changes observed by transmission electron microscopy, confocal microscopy, and light sheet microscopy
revealed changes in cell morphology, membrane structures, and cytoplasmic contents, highlighting the
detrimental effects of singlet oxygen on cell integrity. 17

Not all bacteria are equally vulnerable to singlet oxygen. That’s why the effectiveness of PACT varies
depending on the type of bacteria. Gram-positive bacteria tend to be less resistant to PACT than Gram-
negative. This is partly due to the thicker peptidoglycan layer in Gram-positive bacteria which does not
protect as effectively against the ROS produced by photosensitizers and certain mechanisms of resistance,
described below as outer membrane in Gram-negative. The Table 5 shows examples related to the
different vulnerability of the most common bacteria strains.!1819

Table 5. Bacteria with vulnerability to singlet oxygen.

Type of Bacteria Gram Type Photosensitizer Vulnerability Reference
E. coli Gram-negative Methylene blue Moderate 120
Staphylococcus Gram-positive Rose Bengal High 121
aureus
Pseudomonas Gram-negative Toluidine blue Low 122
aeruginosa
Bacillus subtilis Gram-positive Hypericin High 123
Klebsiella Gram-negative Curcumin Moderate 124
pneumoniae

In E. coli one of the main mechanisms of resistance development is Al-2 regulation factor, whose
function is modulation of IsrR transcription level, which leads to lower expression level of IsrR during the
oxidation stress, therefore increasing the survival rate of the E. coli.'®® In addition, resistance to
vancomycin strains shows increased biosynthesis of cell membrane peptides and peptidoglycan, lowing
the effectiveness of membrane penetration of overall performance of the antibiotics.’?® OxyR gene is
responsible for response on oxidative stress in E. coli with the resistance to hydrogen peroxide. It is shown
that OxyRr protein function as redox-sensor, oxidizes under the high concentration of hydrogen peroxide
and after oxidation it is able to interact with DNA, initiating the expression of the specific catalases.'?”:128
Another factor of protection from oxidative stress in E. coli is a 2Fe-2S containing cluster named SoxRS,
which react with reactive oxygen species and initiate transcription of AraC protein, superoxide dismutase,
and repair mechanisms of bacteria.}?12%130 sRNA OxyS regulates the expression of the RpoS, a key
regulator of general stress responses in Escherichia coli, to protect the bacteria from oxidative stress. A
study was conducted to identify genes whose expression was increased after irradiation of E. coli with

blue light: OxyR, ahpCF, katG, encoding NADP peroxidase and catalase, Dps, suf, DsFbFP M49] 127,129,130
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The viruses are not protected from singlet oxygen and other ROS, but they can manipulate the expression
level of glutathione in the host cells.

ROS disrupts various cellular processes breaking cell wall integrity, affects the growth level and
viability.*! In viruses, ROS induced oxidative damage to proteins and viral replication systems decreasing
amount of analogous to bacteria the growth co-factors.!**132 Generated ROS oxidizes the capsule, cell
wall, and membrane, and then initiates cell death. Singlet oxygen, by positive feedback, catalyzes
reactions that release singlet oxygen inside cells.’>® ROS oxidizes nucleotides what leads to mutations and
inhibition of virus replication through nucleic acid strand cleavage.!** Singlet oxygen interacts with amino
acids (tryptophan, methionine, and lysine), decomposing proteins vital for viral activity. Therefore, the
oxidative damage by ROS can induce -hydroxyguanosine formation, which also degrades viral genome and
prevents effective replication of viruses. However, some viruses can mimic host cell strictures in order to
deceive the immune system. The drug delivery systems for photosensitizers such as antibody-drug
conjugation can be used in such case.’®

Singlet oxygen usually reacts through [4+2] or [2+2] cycloaddition to cis-dienes, aromatic systems,
and other conjugated molecules, forming organic hydroperoxides or endoperoxides.!! It also reacts with
rich sulfur- or nitrogen-containing alkenes by which 1,2-dioxetanes are formed.> Hydroperoxydienones
are generated by the reaction of singlet oxygen with phenol compounds, whereas sulfoxides are formed
by the reaction with sulfides. The components of bacteria and viruses contain such compounds.?
The aromatic and sulfur containing amino acids have much higher probability to react with singlet oxygen
than other compartments. The resulted products of reaction accumulate in area and enhance
the inactivation. Though, among nucleic acids only guanine bases can react with singlet oxygen, leading
to formation of frame shift mutations, lesions, and RNA-protein cross-links in RNA viruses.%

Light-activated antimicrobial layers have been proposed as promising solution in the fight against
bacteria, due to layers’ ability to disinfect the surface with singlet oxygen and other ROS, which they
produce under light irradiation.?>3® Metal oxides such as TiO, and ZnO are extensively investigated
in antimicrobial coatings. Photocatalytically active titanium dioxide functionalized with silver
nanoparticles and subsequently immobilized in a polyacrylate-based nanohybrid thin film caused a 5-log
reduction in colony-forming units within 2 hours. It was effective against relevant pathogen strains,
including methicillin-resistant Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa.**’
Sono-Tek's ultrasonic medical coating systems are already used to apply TiO, for wound care treatments.
These systems enable precise, uniform coatings on medical textiles with antimicrobial properties and
supporting wound healing as the company claims.38

Next to inorganic coatings, also organic PS can serve as antimicrobial layers. A coating produced by
attachment of zinc porphyrin to the surface of a melt-blown non-woven textile filter material exhibited

remarkable performance against Influenza A virus, achieving an impressive 99% effectiveness.>®
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In a recent paper, two-type porphyrins coating was created on optically transparent indium tin oxide (ITO)
electrodes using 5,10,15,20-tetra(4-N,N-diphenylaminophenyl)porphyrin (H,P-film) and its complex with
Pd(ll) (PdP-film). The resulting layers exhibited an approximate 3-log reduction in E. coli and a 2.5-log
reduction in C. albicans cellular survival after 30 minutes of irradiation with visible light.2*° In another
work, micrometer-sized porous honeycomb-patterned thin films were created using hybrid complexes
formed through electrostatic interaction between Mn(lll) meso-tetra(4-sulfonatophenyl) porphine
chloride (acid form, {MnTPPS}) and dimethyldioctadecylammonium bromide (DODMABTr). The bacterial
reduction rate in the suspension incubated with honeycomb films under light was 83%, while the
reduction rate in the dark for honeycomb films was only 5% Finally, zinc
tetra(4-N-methylpyridyl)porphine (ZnTMPyP*) tetrachloride was employed in the fabrication of
light-activated layers through two distinct coating methodologies: spray-coating and dip-coating.
Produced coatings were found very effective in reduction of S. Aureus, E. Coli, and SARS-CoV-2 virus in 5
log10 efficiency for bacteria and 2 log10 for virus.'*®

Such coatings are supposed to become a promising weapon to deal with bacteria resistance
development and the ubiquitous danger of harmful viruses spreading. Light-activated layers provide a
unique approach to these problems, decreasing the risks related to antibiotic resistance development and
opening more space for combined therapy in the future.
Sterilization of donor blood and stimulation of biological processes in the body

The Swiss and German Red Cross have used methylene blue for decontaminating fresh frozen
plasma.*231 However, it was found that cellular enzymes are capable of methylene blue partly
decomposition leading to inactivation of this photosensitizer. Currently, silicon phthalocyanine is
investigated as a promising photosensitizer for blood sterilization, since silicon phthalocyanie is more
stable.'*®
Singlet oxygen as potential tool for pathologies related to cellular metabolism and cell function
disorders treatment

It was found that singlet oxygen, generated in neurons and astrocytes increased mitochondrial
membrane potential, activated nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide hydrogen (FADH)- dependent respiration, while initiating the production of adenosine
triphosphate (ATP) in brain.'* Such outcome shows the positive effect of singlet oxygen on the
mitochondrial bioenergetics, making a clear reference to the use of singlet oxygen as a respiratory
initiating agent, opening a new prospective for a creation of sophisticated devices for treatment of a
different diseases, characterized by ATP deficiency. In the research by Nishinaka et al. singlet oxygen was
shown to be essential for (neutrophil extracellular trap) NET formation, which can be crucial and also
applicable for the development of devices for the treatment of diseases caused by biofilm formation in

implants.1#
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In a recent research authors hypothesized about novel therapy against non-type 2 and refractory
asthma, where the singlet oxygen generated by neutrophil myeloperoxidase induced increased nerve
growth factor production, which lead to aryl hydrocarbon receptor and 10- and
12- (Z,E) - hydroxyoctadecadienoic acids (HODEs) production.1#®

It was confirmed that low levels of ROS can act as signal molecules, for example in Hela cells
exposed to 5-ALA the mitochondrial DNA (mtDNA) replication was triggered and stimulated by a singlet
oxygen, indicating the semi-autonomous feature of mitochondria and opening a space for usage of
ROS-generating layers for efficient respiratory stimulation in cells.”* Singlet oxygen is responsible for
phospholipid scrambling in human erythrocytes.' Singlet oxygen induces phosphorylation of Akt (also
known as protein kinase B), which promotes a survival response that helps counteract cell death following
injury caused by singlet oxygen.'®® In the latest research by Lao, singlet oxygen increased the efficacy of
the antibodies expression, especially against four different strains of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).14

While numerous treatment modalities have been established for addressing obesity, light-activated
layers have primarily been employed in the context of using endoscopic procedures and gastric banding
systems. Consequently, the potential to enhance these devices performance by surface modifications
offers the prospect of combined effect: mechanical appetite restriction, photodynamic therapy, and drug
release actions.®®! Controlling drug release through the monitoring of ghrelin levels could significantly
improve the efficacy of weight loss strategies. Currently, several food and drug administration
(FDA) -approved treatments for long-term obesity management exist.!>> Notably, these agents can be
employed as cargo for silicon phthalocyanine-caged compounds. Kun Na and colleagues have explored
the deposition of methylene blue onto existing devices. Their investigation into the in vivo impact on pigs
revealed decreased ghrelin levels, suggesting a promising approach to treating obesity. However, the
effectiveness waned after the initial two weeks of treatment, prompting the need for further research
and the identification of additional obesity biomarkers.’® This approach aims at using the
photosensitizers of second and third generation in order to improve the effect. In another study, Kun Na
extended the exploration to a different photosensitizer, chlorin, which was incorporated into intragastric
satiety-inducing device (ISD) devices with light-activated layers. This novel setup exhibited superior singlet
oxygen generation compared to methylene blue. The results indicated significant efficacy in regulating
ghrelin and leptin hormones, thereby suppressing weight gain through ISD-only therapy as a control.?>3
Ben Zhong Tang's collaborative research, employing hydrophobic photosensitizers, TTMN and MeTTMN
(donor-acceptor structure with diphenylamine), in anti-obesity treatments, demonstrated that in
vivo-generated reactive oxygen species trigger a chain lipid peroxidation eliminating white adipose tissue,

which plays a central role in the context of sarcopenic obesity.'>*
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2.1.4.2. Wastewater treatment

Singlet oxygen can be used for the wastewater treatment, e.g. for oxidation of toxic phenolic
compounds and oil refineries. The removal of phenolic compounds is one of the most important tasks of
the wastewater treatment. The efficiency of phenol oxidation with generated in situ singlet oxygen
depends on pH and has high removal rates in alkaline conditions compared to neutral or acidic
environments.'* Eosin, rose bengal, methylene blue, zinc porphyrin were effectively used for this purpose
both in organic solvents and aqueous solutions.3*°%157 Furthermore, the oxidation of sulfide salts to
sulfite was accomplished using zinc tetracarboxylic phthalocyanine.®
The use of photosensitizers in solar disinfection systems shows promising results for clean water

159 Moreover, the efficiency of water purification via membrane separation

supply in developing regions
can be increased with the advanced oxidation processes with the use of singlet oxygen. This approach
uses filtration with the degradation of pollutants at the same time. Singlet oxygen selectively generated
by Janus electrocatalytic flow-through membrane can catalyze the degradation of pollutants and
pathogens on the surface of membrane.'® Recently, carbon nanotubes with iron oxide were coated onto
a ceramic membrane, demonstrating the degradation of phenol and atrazine under light irradiation.¢?
Another example is the composite catalytic membrane created by incorporating an iron-doped nitrogen-
carbon matrix into graphene oxide, which was used in a degradation of norfloxacin.!6?

2.1.4.3. Fine chemicals synthesis

Fine chemical is a chemical substance, which has high added value and is usually produced in low
volumes, mainly by batch processes in multipurpose plants. As described above, singlet oxygen undergoes
cycloadditions, ene reactions and oxidation processes. Oxidation reaction with singlet oxygen occur
usually targeting electron-rich substrates. Fine chemical synthesis is one of primarily application of singlet
oxygen, where strong oxidation agent is in need, forming products with high yields and high selectivity.
Moreover, application of singlet oxygen as oxidizing agent makes the process more environmentally
friendly. Singlet oxygen can be generated from a photosensitizer being in the same phase as the reactants
(homogeneous) or in a different phase (heterogeneous).

Singlet oxygen capability has proven valuable in organic synthesis, particularly the Schenck-ene
reaction.®® One of the examples of such reaction is oxidation of citronellol (Scheme 8). The oxidation of
citronellol with singlet oxygen (triphenylphosphine tetraphenylporphyrin and methylene blue were used
as photosensitizers, conversion yield is around 70-80%) is crucial in the fragrance and flavor industry, as

it can be used to produce oxidized compounds with distinct scents and tastes, 637165
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Scheme 8. Oxidation of R)-(+)-8-citronellol to hydroperoxide products via singlet oxygen.

In another example, 5,10,15,20-tetraphenyl-21H,23H-porphine (PTT) was employed to generate
singlet oxygen in the synthesis of Spiroiminodihydantoin.'®® Spiroiminodihydantoin has applications in
medicinal chemistry, particularly mechanisms of its generation and DNA lesion can be used in the
development of pharmaceuticals with potential anticancer and antiviral properties.'®’

Singlet oxygen is used for conversion of a-terpinene to ascaridole via [4+2] cycloaddition.
Photosensitizer rose bengal was applied in the microreactor and yield of the reaction is 67%.%® Rose
bengal was used also in the photooxygenation of 1,5-dihydroxynaphthalene (DHN) to juglone in a slug
flow system. The reaction proceeds through in situ formation of singlet oxygen that pursues a [4+2]
cycloaddition with DHN resulting in 91% vyield after 1 hour.*®®

Additionally, singlet oxygen has been employed in organic reactions, such as the total synthesis of
natural dysidiolide final step, involving an intramolecular Diels-Alder reaction ([4+2] cycloaddition), using
rose bengal, with a yield of 88%. Through the ([4+2] cycloaddition approach, numerous reactions have
been reported, such as oxidation of alkyl-substituted furans produces endoperoxide intermediates for
chemical elaboration, such as the biomimetic total synthesis of litseaverticillols, using methylene blue as
photosensitizer.1? A tandem sequence transforming sesquirosefuran to litseaverticillols (Scheme 9) starts
with the [4+2] cycloaddition of singlet oxygen to the furan moiety, enabling efficient production of final

products with the yield of 50%."
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Scheme 9. Synthesis of litseaverticillols with singlet oxygen.
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Scheme 10. Photooxygenation of cannabinoids with the use of singlet oxygen.

Oxidation of cannabinoids, with rose bengal as photosensitizer, offers a pathway to obtain a range
of bioactive products, which can undergo reactions via either the endoperoxide or the ene routes
(Scheme 10) with moderate yield around 25-50%. The molecules synthesized by photooxygenation of
cannabinoids showed antimicrobial activity against C. neoformans, S. aureus, and MRSA, without any

effect on the Candida species.*”
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Scheme 11. Cascade reaction sequences initiated by a reaction between singlet oxygen and 2-hexylfuran to form

glochidine.

Another instance of consecutive reactions initiated by singlet oxygen is documented in the
synthesis of natural alkaloid glochidine (Scheme 11). In this process, singlet oxygen (generated by
methylene blue or rose bengal photosensitizer) oxidizes furan through a [4+2] cycloaddition resulting in
the formation of hydroperoxide intermediate. Glocidine is obtained in 62% yield after cascade reaction
sequences as shown in Scheme 11.173

Among heterocycles, furans have a special ability to react with singlet oxygen to form a variety of
building blocks. This reaction occurs via an electrophilic addition mechanism in which singlet oxygen is
added via the double bond of the furan ring as a key step in the synthesis of various natural products and

in drug discovery.®®
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Scheme 12. Photooxidative cascade towards pectenotoxins ABC portions.

Following the biomimetic approach to natural products, where singlet oxygen can be a reagent
produced in situ by photosynthetic organisms, singlet oxygen can also be involved in multiple steps or
trigger domino reactions of a particular synthetic route. A notable application of this approach is the
synthesis of complex spiro portions of pectenotoxins family of natural products from singlet oxygen-
sensitive bis-furan precursors (Scheme 12). This strategy exemplifies the elegance of harnessing natural
processes to achieve complex chemical transformations from simple molecules. The proposed reaction
mechanism involves singlet oxygen initiating a double cascade reaction sequence from a difuran precursor
to form the ectenotoxin ABC ring fragment in a single step. This mechanism features two parallel singlet
174

oxygen-facilitated cascade sequences.

Insecticides and herbicides

The use of singlet oxygen has also been reported for controlling pests and managing the unchecked
growth of pathogenic plants. Such herbicides and insecticides are well-studied and share the same
mechanism as in photodynamic inactivation of pathogens.’>176 177178 Singlet oxygen generated by
photosensitizer initiate necrosis, apoptosis of cells due to high membrane permeability. The low
photostability of some photosensitizer (xanthene dyes) is advantageous as it mitigates environmental
persistence issues associated with conventional insecticides. Moreover, photoactivatable polycyclic
aromatic dyes such as rose bengal and erythrosine can be used as insecticides.}” More recently,
porphyrin-based photosensitizers have gained attention for their insecticidal potential.®® In one
approach, insects are exposed to large quantities of ALA, leading to the accumulation of protoporphyrin
IX and subsequent photosensitivity.8! Alternatively, porphyrins can be directly administered as bait to

insects.
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2.2. Phthalocyanines

2.2.1. General information

Phthalocyanines are extensive m-conjugated molecules with four isoindole units linked by nitrogen
atoms. Phthalocyanine (Pc) was firstly reported in 1907 and its name can be translated from Greek as
naphtha and blue: «va¢pBa» and «kuavo». The basic structure of an unsubstituted metal-free
phthalocyanine is square planar with D,y symmetry. But if the metal is incorporated into the
phthalocyanine core, the symmetry increases from Dz, to Dan.'®? Some of the large metals (Pb, Sn, Sb, Hg)
distort the shape of the ring, which also changes symmetry from Dah to D4..*®® The distortion happens,
because the bulky size of these metals causes the rotation of isoindoles. It should be noted that when
peripheral substituent at a- or B-positions are present, isomers with lower symmetry can be formed, for
example via cyclotetramerization. The cyclotetramerisation of 3- or 4-alkoxy-substituted phthalonitriles
leads to a mixture of four regioisomers, of which the most symmetrical isomer of Can symmetry forms
statistically in 12.5% vyield, whilst the least symmetric C; isomer forms in 50% yield (Scheme 13),

if electronic and steric effects are negligible.'8
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Scheme 13. Structures of 3- (top) and 4-tetrasubstituted metal phthalocyanines (bottom).

As an extended Tm-conjugated system phthalocyanine has high thermal, chemical and

photochemical stability. Those properties provide an amazing variety of applications for phthalocyanines,

185 186 187

such as nonlinear optics,’® solar cells,'®® photocatalysts,'®” photodynamic therapy,?>®® photodynamic

18 imaging of tumors.®°

inactivation,
Metalophthalocyanines are usually dark green or dark blue colour. The nature of the central atom
defines the properties of the whole molecule.'®! Central atoms with valency more than two (Si, Al, Ga, Va,

Pd) bind axial groups perpendicular to the macrocycle.’®192 A number of applications are related to
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release or binding of such groups, mainly targeting drug delivery field of science. The discovery of

phthalocyanines coordination chemistry is still an ongoing process in chemistry (Figure 6).

Energy storage,
batteries, solar cells

Organic

. Photosensitizer
semiconductors

Phthalocyanine

Figure 6. Phthalocyanine application areas.

Phthalocyanines are the synthetic analogs of naturally occurring porphyrins, containing four
isoindole units linked by four aza-nitrogen bridges (Scheme 14). Both free or metal-coordinated
phthalocyanines can be functionalized to increase the solubility, boost performance as photosensitizer,
decrease the aggregation in solutions.’®® The chemistry of phthalocyanines has dozens of different
strategies to obtain new compounds. Insertion of substituents is possible in peripheral (B) and non-
peripheral (a) positions for both free and metal phthalocyanines and axial positions for some of the metal
phthalocyanines. Unsubstituted phthalocyanines are insoluble in the most of the solvents,®* tend to
aggregate, and thus their practical use is limited. Peripheral, non-peripheral, and axial substituents, like
quaternary ammonium (water-soluble), alkoxyl and alkyl (organic solvent-soluble), sulfonyl

(water-soluble), and carboxyl groups (water-soluble), are commonly used to enhance solubility.103103193
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Scheme 14. Chemical structure of phthalocyanine with axial, peripheral, and non-peripheral positions assigned.

Another key advantage of phthalocyanines is that they are usually characterized by the following
features: high quantum yields of singlet oxygen generation,'*® fluorescence, phosphorescence, possibility

for redox reactions, or ability to bound cargo as a ligand to metallophthalocyanines. 19219197

2.2.2. Design and synthesis of phthalocyanines

Metal-free phthalocyanine and its metal complexes are usually synthesized through a
cyclocondensation reaction involving different starting materials such as phthalic acid, phthalic anhydride,
phthalimide, phthalamide, 2-cyanobenzamide, phthalonitrile, and diiminoisoindoline.’® The most
versatile and employed precursors for Pc synthesis, conducted on a laboratory scale, are phthalonitrile
and its derivatives.

Phthalonitriles are designed according to the type of functionalization desired and the tolerance of
the functional groups. Phthalonitrile must contain functional groups that can be modified after
tetramerization, such as halogens or other groups capable of further functionalization.

The most common way to obtain phthalonitriles is through the nucleophilic aromatic substitution
reaction of phthalic anhydride or phthalic acid derivatives with ammonia or primary amines. Another
common method involves the reaction of ortho-dihalobenzenes with copper(l) cyanide via a
Sandmeyer-type reaction to introduce the nitrile groups. The cyclotetramerization reaction is carried out
at temperatures between 130 and 250 °C in the presence of high boiling solvents such as alkyl alcohols,
N,N-dimethylformamide (DMF), N,N-dimethylaminoethanol (DMAE), o-chloronaphthalene or quinoline,
in an alkaline environment. To assist the macrocycle formation, a non-nucleophilic base such as
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), a strong organic base (pKb = 2.5), or an in-situ generated

lithium alcoholate (ROLi) are often used.
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Scheme 15. Synthetic routes for phthalocyanines; the dotted arrows indicate the connections between precursors.

Incorporation of Metals into Phthalocyanine Core:

Incorporating a metal into the phthalocyanine core can be achieved by basically two synthetic
procedures. The first method involves cyclotetramerisation of a phthalonitrile in the presence of
appropriate templating metal ions in a high boiling solvent. For example, adding anhydrous zinc acetate
during the synthesis will yield zinc phthalocyanine (ZnPc). For aluminum phthalocyanine (AlPc), anhydrous
aluminum chloride is used.'®® The choice of metal salt determines the metal center of the phthalocyanine
complex.>® It is also possible to incorporate atom to metal-free phthalocyanine by its reaction with salt
and catalyst.2%°
Phthalocyanine synthesis mechanism

Investigation of phthalocyanine formation mechanism is challenging both due to the high reaction
temperatures and the variety of starting compounds used alongside reaction conditions. When studying
the reaction mechanism for the formation of phthalocyanines from dinitriles and 1,3-diiminoisoindolines,
intermediates were isolated, the structure of which suggests a sequence of stages in the formation of

the macrocycle? (Scheme 16).
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Scheme 16. Mechanism of phthalocyanine macrocycle formation.

The mechanism involves the nucleophilic attack of an alkoxide anion, that was formed by
the deprotonation of the alcohol using DBU, on the electron deficient carbon of one of the cyano groups,
leading to the formation of a 1-alkoxy-3-iminoisoindolenine (Scheme 16, I). Intermediates | or Il could
could coordinate weakly with metal ions such as Zn, Cu, (Scheme 16, VIII). A sequential nucleophilic attack
by the anionic nitrogen of the iminoisoindolenine intermediate on the cyano group of another
phthalonitrile leads to the formation of a phthalocyanine molecule around the templating metal center
(Scheme 16, X). 2%

The reaction mechanism in the absence of a solvent has not been studied in detail, but it is assumed
that in this case the base molecule, in addition to activating the cyano group, can act as an electron
donor.2? There is not much data on the reaction mechanism in the case of obtaining phthalocyanines
from phthalonitriles in the presence of a metal or its salt. It is believed that the reaction may proceed by

a mechanism similar to that described above for the reaction in alcohol in the presence of an alkoxide
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anion. When metal dust is used as a source of metal, the metal itself serves as the reducing agent, and
the role of the nucleophilic particle appears to be the radical anion formed during the reduction of
the phthalonitrile molecule with the metal.2%*
Post-Synthesis Modifications

It is possible to conduct post-tetracyclization modifications of the structure: formation of
metalloorganic frameworks, methylation reaction or removal of the protection group in order to obtain
the desired phthalocyanine.?%
2.2.3. Optical properties of phthalocyanines
Absorption

Phthalocyanines typically exhibit an absorption peak around 350 nm (B band) and a main
absorption peak between 650—750 nm (Q band) with a high extinction coefficient (Figure 7). The lower
energy band, known as the Q band, is associated with the transition from the ground state (So) to the first
excited singlet state (S),2962%7 298 while Soret (B) band is associated with the transition to S, state.®?
Metal-free phthalocyanines have the Q-band split into two within 650-700 nm range. The introduction of

metal affects the spectra. It narrows the Q band, and as a result usually only one band is observed.?*
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Figure 7. Typical absorbance spectra of metallophthaloocyanine with electronic energy levels distribution?°,

Reused with permission from the publisher.

The shift of the Q-band depends on various factors such as metal atom size, coordination valency,
oxidation state. For instance, Pcs with closed-shell metal ions usually show absorption maxima around
670 nm, while open-shell are blue-shifted (close to 650 nm) due to interaction with the phthalocyanine
core.’ Peripheral and non-peripheral substituents also impact the Q-band position of phthalocyanines.
Electron-donating non-peripheral substituents cause redshift of the Q-band, while electron-withdrawing
groups usually have low impact unless they are involved in the m-conjugation system of the macrocycle,
leading to the redshift.2!1213 The effect of axial ligands on absorption is usually minor, with the exception

when they affect the aggregation.® The absorbance spectra of regioisomers are generally same.
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Since in solution phthalocyanines tend to form aggregates, their UV-Vis spectra may vary.
Depending on the nature of aggregates in comparison with the typical spectra of phthalocyanine, H- and
J-aggregates are distinguished.?!* The water-soluble phthalocyanines tend to aggregate with a specific
pattern. Such aggregates are named J-aggregates and are quite rare in a nonagueous environments.
These aggregates exhibit a slipped cofacial conformation between macrocycles, generated by two
different suggested mechanisms. In the first, the macrocycle is displaced along the x-axis to another
macrocycle, resulting in a parallel alignment of y-polarized dipoles and a head-to-tail arrangement of x-
polarized dipoles, and finally such x-polarized excited state is stabilized (red-shifted), while the y-polarized
excited state is destabilized (blue-shifted), leading to the observation of two bands (Figure 8).2%°
The formation of J-aggregates of phthalocyanines is accompanied by the appearance of an additional
narrow absorption band, bathochromically shifted relative to the long-wave absorption band
of the monomer (Q band), and the preservation of luminescent properties.?’> For phthalocyanine
complexes, only a few examples of the formation of J-aggregates in solutions are known.?'® J-aggregates

lose the Can related to monomers, leading to non-degenerate excited states.?'’
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Figure 8. J-aggregates of 1:(4)-tetrakis(4-benzyloxyphenoxyphthalocyaninato) are represented in DCM and

Chloroform?'8. Reused with permission from the publisher.

On the contrary, the formation of H- (or face-to-face) aggregates is very typical for this class of dyes.
The formation of such aggregates is accompanied by a hypsochromic shift of the Q absorption band, its
broadening and a significant decrease in absorption intensity. In this scenario, phthalocyanine macrocycle
slips along both the x- and y-axes, polarizing both x- and y-polarized dipoles to align in a face-to-face
manner.?X This results in the stabilization of both x- and y-polarized excited states, leading to the blueshift
of only the Q-band.?!® In most cases, H-type aggregation is an undesirable phenomenon, because for many
applications of phthalocyanines (PDT, dye-sensitized solar cells, catalysis), it is fundamentally important
that the dye is in the solution in a molecular state. In general, the degree of aggregation depends on
the structure of the molecule, its concentration, the nature of the solvent and the temperature
of the solution. The introduction of bulky substituents into the phthalocyanine ligand or axial substituents

associated with a metal atom helps to reduce aggregation in organic solvents.??® In aqueous media,
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reduction of aggregation is achieved by introducing anionic or cationic substituents, as well as neutral

hydrophilic substituents capable of forming hydrogen bonds and enhanced fluorescence.??

Emission
Most of the phthalocyanines emit strongly in the near-infrared region. The emission depends on

the oxidation state of the central atom. It is proved that phthalocyanines with a closed-shell atom in
the center usually are fluorescent, while the fluorescence of phthalocyanines with open-shell atoms is not

so obvious and depends on the electronic configuration of the central atom (Figure 9).
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Figure 9. Emission spectra of zinc phthalocyanine derivatives(red: A-tetra-4-benzyloxyphenoxy ZnPc, pink: B-tetra-4-
benzyloxyphenoxy ZnPc and blue: octa-4-benzyloxyphenoxy ZnPc) in DCM and Chloroform?®. Reused with

permission from the publisher.

Fluorescence of phthalocyanines depends on the electronic structure of the central ion
(or the absence of it in the case of metal-free phthalocyanine) presenting emission in the range of 670-750
nm (Table 6). For example, zinc phthalocyanine and metal-free phthalocyanine demonstrate high
quantum yields of fluorescence. H,Pc has a fluorescence quantum yield of 60%, (NO3)sH,Pc has 78.7%,
(OBu)gH,Pc has 57.9%, and (OBu)sH,Pc has 49%. %> On the other hand, phthalocyanines with unfilled
shells (CuPc) and/or having paramagnetic properties usually exhibit very weak fluorescence

and no phosphorescence at all.??3

Table 6. The common phthalocyanines with their emission wavelength in DMF?242%>
Phthalocyanine Emission band (nm)

FePc 696

H2Pc 686

MnPc 751

CuPc 675

ZnPc 693

SiPc (THS)2 671
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The influence of peripheral substituents (B positions) on the fluorescence quantum yield is
moderate, also there is no correlation between electronic properties of the substituent and fluorescence
quantum yield.???> More interestingly that OR- and SR- at non-peripheral (a positions) of the macrocyclic
ring typically causes a significant redshift of the Q-band, decreasing the fluorescence quantum yield. So,
substituents shifting the absorbance spectra to red zone tend to decrease the fluorescence.
That nonradiative decay rates decrease as the energy gap between excited and ground states increases.
The position of substituents (a or B) appears to be more crucial than their electronic nature because
the Q-band is associated with a primarily pure HOMO-LUMO transition. The magnitude of the Stokes shift
is generally small due to the rigidity of the macrocyclic ring. However, larger shifts have been reported for
derivatives with eight substituents at the a position.?8

Several phthalocyanines are known to have phosphorescence properties, usually it occurs at long
wavelengths, around 1100 nm.3® Metal-free phthalocyanines do not exhibit phosphorescence, because of
the tautomerization in the first triplet excited state, while metallophthalocyanines with closed-shell

transition metal exhibit phosphorescence, but it is weak and detectable only at low temperatures

(Figure 10).
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Figure 10. Example of the phosphorescence spectra (PdPcFes in THF at 77 K and in CHCIs at 298K, and signal of the

phosphorescence from singlet oxygen at room temperature).??® Reused with permission from the publisher.

Complexes of open-shell metal ions containing heavy atoms exhibit strong phosphorescence, due
to enhanced spin-orbit coupling, which facilitates efficient intersystem crossing from S; to Ti.
Temperature can significantly affect the intensity of the process, with different temperatures leading to
variations in phosphorescence. 2’ Moreover, some complexes, particularly those of Ru, Pd, and Ir, display
strong phosphorescence even at room temperature.??’

Formation of triplet state is crucial not only for observing phosphorescence, but also for singlet
oxygen production. Some of the metallophthalocyanines (for example, ZnPc or AlPc) have high efficiency

of intersystem crossing, which leads to triplet formation with the lifetimes from microseconds to
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milliseconds.??® For example, ZnPc has a triplet state lifetime of approximately 200 ps.??° The stability
of the triplet state is influenced by the metal ion: closed-shell tend to enhance stability of triplet state,
while open-shell shorten due to stronger interaction with the phthalocyanine core.%%! Metal-free
phthalocyanines have shorter triplet state lifetimes due to reduced efficiency of ISC.2%%3 External
conditions such as solvent polarity, oxygen concentration, and pH also play a role in the stability
of the triplet state, these factors can either enhance or diminish the triplet state lifetimes
of the photosensitizer.
2.2.4. Phthalocyanine as a photosensitizer for singlet oxygen generation

Having unique structural and photophysical properties, phthalocyanines became excellent
candidates for efficient singlet oxygen generation. Their t-conjugated systems enable strong absorption
of light particularly in the red and near-infrared regions, which is crucial for applications in photodynamic
therapy. The ability of phthalocyanines to generate singlet oxygen is further enhanced, when they are
hybridized with nanomaterials, such as gold nanoparticles, quantum dots, or graphene oxide, which
increases their surface area and improves electron transfer efficiency.188234235

Metal-free phthalocyanines (H,Pc) typically show lower yields of singlet oxygen compared to
metallophthalocyanines, as a result of reduced intersystem crossing efficiency. First of all, the central
atom affects the photophysical properties, so, in general, phthalocyanines with high atomic number metal
atoms have higher yields of singlet oxygen generation due to heavy atom effect and strong spin-orbit
coupling.’® In contrast, CuPc and its derivatives exhibit very low quantum yields of singlet oxygen, often
around 2%.%® However, studies have shown that proper substitution, such as introducing bulky or
electron-donating groups, can significantly enhance its photosensitizing performance. For instance, a
study on CuPc substituted with carboxyl groups demonstrated a significant increase in singlet oxygen
generation yield, up to 16%.%*” Phthalocyanines of paramagnetic metals (for example, MnPc or FePc)
almost don’t generate singlet oxygen because of their complex multiplicity in the excited states, which
reduces the efficiency of intramolecular energy transfer.?%®

Modification of chemical structure, such as introducing electron-donating or electron-withdrawing
substituents, can improve their photochemical stability, reduce aggregation tendency, and enhance their
functionality in singlet oxygen generation. Another approach involves using low-symmetry
phthalocyanine derivatives, such as with substitution at non-peripheral positions, which alter the
electronic structure and enhance ISC.*®¥* By breaking the D4y, symmetry typical of phthalocyanines,
researchers have managed to create compounds with higher quantum yields of singlet oxygen production.
For instance, introducing fused benzo rings,?* extending the m-system, or modifying the symmetry of
n-conjugated systems splits the degenerate electronic states, thereby increasing ISC rates and singlet

oxygen production.%?
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Table 7 shows photophysical parameters of the phthalocyanines with different central atoms. The
decrease in the quantum vyield of fluorescence is attributed to the enhancement of intersystem crossing
processes.?® The presented data clearly demonstrate that properties of phthalocyanines can be tailored
to efficiently generate singlet oxygen. Overall, the combination of strong light absorption, efficient energy
transfer, and the ability to maintain photophysical properties through hybridization makes

phthalocyanines highly effective singlet oxygen generators.!*?
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Table 7. Photophysical parameters of phthalocyanines

Phthalocyanine Phosphorescence | Intersystem | Singlet state Triplet state Quantum yield of singlet | Quantum yield Fluorescence lifetime The non-radiative Ref
lifetime (ms) crossing energy (eV) energy (eV) oxygen generation of fluorescence (ns) rate constant (10° s™')
efficiency
Si(OH),PC(a-t- 267 0.30 N/A N/A 26% 0.66 5.29 0.13 241
butyl-phenoxy),
Ge(OH),PC(a-t- 129 0.34 N/A N/A 30% 0.52 4.23 0.12 241
butyl-phenoxy)a
Sn(OH),PC(a-t- 125 0.43 N/A N/A 36% 0.45 3.14 0.14 241
butyl-phenoxy),
Pb(OH),PC(a-t- 121 0.75 N/A N/A 64% 0.18 3.21 0.055 241
butyl-phenoxy)a
Pd(Il) complex 15.9 N/A 2.03 1.25 72% 0.05 N/A N/A 38
(Pd-Pc)
Pt(Il) complex (Pt- 3.03 N/A 2.03 1.50 92% Dual emission N/A N/A 38
Pc)
Tetraiodophthalo N/A N/A N/A N/A 87% 0.07 0.92 760 242
cyaninato zinc
Triiodophthalocya N/A N/A N/A N/A 77% 0.069 1.43 480 242
ninato zinc with
one 4,5-bis{2,6-
bis[(1H-1,2,4-
triazol-1-yl and
three 4-
iodophthalonitrile
groups
SiPc 115 0.52 N/A N/A 48% 0.42 5.57 0.75 243




SiTBC 142 0.70 N/A N/A 61% 0.24 5.84 0.41 243
POTBC 173 0.45 N/A N/A 43% 0.36 3.20 1.10 243
MgPc 214 0.18 1.84 0.99 48% 0.60 7.49 0.53 244
MgPc(B- 275 0.26 1.81 0.99 52% 0.31 5.85 0.53 244

imidazole),

ZnPc 56% 0.18 1.22 1.48 245,246

H,Pc 0.55 6.5 247
H,PcFea 1.73 0.25% 0.076 1.92 226
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2.2.5. Electrochemical properties of phthalocyanines

Phthalocyanines exhibit complex electrochemical behavior, often involving multiple redox
processes that are influenced by substituents, the central metal ion, and axial ligands.

Metal-free phthalocyanine undergoes two quasi-reversible oxidation processes and up to four
guasi-reversible reduction processes. The presence of central metal atom strongly influences the
electrochemical response and phthalocyanines with central atom can undergo oxidation or reduction of
this atom. For example, zinc(ll)tetranepentoxyphthalocyanine and silicon phthalocyanine exhibit two
oxidation and two reduction couples in their cyclic voltammograms.?®’ Phthalocyanines with central ions
in a higher oxidation state require higher oxidation potentials for the oxidation due to the increased
electron withdrawal of the positively charged ion, which stabilizes the phthalocyanine m-system and
makes electron removal more difficult.?®® The reduction of these species occurs at more negative
potentials because the electron-deficient metal centers are less receptive to electron donation. This
suggests that the size and charge of the metal ion significantly impact the electrochemical properties of
the phthalocyanine. The common redox potentials range from -0.4 V to -0.9 V for unsubstituted copper
phthalocyanine from-0.5 V to -1.5 V for unsubstituted silicon phthalocyanine, from -0.6 V to -1.1 V for
unsubstituted zinc phthalocyanine, and from -0.6 V to -1.2 V for unsubstituted metal-free
phthalocyanine.z3%2432% Figure 11 presents cyclic voltammetry (CV) curve recorded for CoPc derivative.2*°
It was shown that in non-coordinating solvents the oxidation initiates at the phthalocyanine core, while
in coordinating solvents oxidation occurred first at the metal center due to axial ligand stabilization of the
Co3*. In non-coordinating solvents, the first oxidation occurs on the phthalocyanine core: 21

[Co"Pc*]* is normally observed in coordinating solvents such:
Co"Pc* = [Co"Pc?]* + e
[Co"Pc*]" = [Co"PcM]* + e
Substituents in the phthalocyanine ring influence the electrochemical properties, for example
electron-donating groups causes negative shift in redox potentials, while withdrawing groups cause
a positive shift. The extent of these shifts depends on the substituent type, position, and the size
of the m-conjugated system, affecting the HOMO-LUMO gap and the electrochemical behavior

of the compound.?3
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Figure 11. Typical cyclic voltammogram of Co tetrakis-4-(pyrrol-1-yl)phenoxy phthalocyanine a derivative in DMF

containing TBABFa. 2*° Reused with permission from the publisher.

Electropolymerization is an electrochemical process in which monomeric species undergo
polymerization upon the application of an electric potential, leading to the formation of a conductive or
semiconductive polymer film on an electrode surface. Though, phthalocyanines without substituents
don’t undergo electropolymerization, in the case of some phthalocyanines with functional groups,
electropolymerization can be observed as it is shown in Figure 12. The irreversible oxidation of monomer
leads to occurrence of new peaks that arise from formation of e.g. dimeric structures. In the consecutive
scans, the clear increase in the current of the newly-formed redox couples is usually observed, as shown

in Figure 12, indicating the formation of (semi)conductive layer on the electrode surface?1024¢

T T T T T
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E/mV (vs. Ag/AgCl)

Figure 12. Cyclic voltammogram of the electropolymerization of Co tetrakis-4-(pyrrol-1-yl)phenoxy phthalocyanine

in DCM containing TBABF4 (15 scans). 2° Reused with permission from the publisher.

2.3. Photoactive layers as singlet oxygen source

Photoactive layers are not only interesting for the application as singlet oxygen source, it has to be
remembered that they are the main component of organic light-emitting diode (OLED) and organic
photovoltaics (OPVs). In the case of such application, the components of photoactive layers need to

ensure an efficient charge transport and suitable alignment of energy levels for efficient exciton
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generation, dissociation, and charge injection, which are essential for optimal device performance.
Photoactive layers used in OLED must have high radiative efficiency, leading to exciton formation. While
for OPV applications, the photoactive layer needs to have well-aligned HOMO and LUMO energy levels
for efficient exciton dissociation at the donor-acceptor interface and subsequent charge transport.
Optimization of the morphology is crucial for both OLED and OPV devices.
Several methods have been reported to produce organic layers:

® spin-coating, %!

e drop-casting, 2

e co-solvent evaporation,?°0-253
e electrospinning, %

e dip-coating,>®

e grafting,

e spraying,®’
e spin-casting,?*®
e electrochemical polymerization,*3
e chemical vapor deposition 2>°
e  cross-linking?®°
e adsorption?¢!
o swell-encapsulation?®?

Overall, the methods are classified based on the mechanism of immobilization, the ease and
availability of the equipment, and the parameters that can be controlled during the immobilization.?3
Spin-coating, drop-casting, dip-coating, spraying, co-solvent evaporation, and swell-encapsulation are less
costly, but the control over morphology is not precise and depends on factors such as substrate
properties, solvent evaporation rates, and deposition conditions.%”-%7:26% Chemical vapor deposition
grants excellent uniformity, but requires expensive equipment and high-temperature conditions.
Electrochemical polymerization and electrospinning require affordable setups and offer precise control
over morphology.?®® Surface chemical functionalization techniques (grafting or crosslinking) may require
additional chemical modifications of the immobilized compounds to obtain the desired layer.266-268

From perspective of this thesis, the main interest in photoactive layers lies in their ability to
generate singlet oxygen. This process is considered as unfavorable for organic photovoltaics and organic
light-emitting diodes, though in many cases compounds used in OLEDs and OPVs can produce singlet
oxygen or other ROS, indicating that those area of research are strongly interconnected. For example,
N-tolyl-carbazole, TCz-TCz (a 3,3'-linked dimer), and CzPh-CH,-PhCz (a methylene-bridged
N-phenyl-carbazole) are reported for the use in OLED devices. The photoactive layers made from these

compounds generate singlet oxygen.?® Another molecule commonly used in OLED devices -
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octaethylporphyrin was immobilized along with poly(9,9-dioctylfluorene-alt-benzothiadiazole, and
produced coating show efficient generation of singlet oxygen. #’° Diketopyrrolopyrrole (DPP) derivative,
commonly used in OPV devices, shows ability to generate singlet oxygen in the form of photoactive
layers.?’? Finally, phthalocyanines-based layers reported for the active use in the OPV are also very
efficient for singlet oxygen generation. 22272

The mechanism of singlet oxygen generation by immobilized photosensitizers is the same as in
the solution. Nevertheless, it has to be noted that in the case of photoactive layers, the singlet oxygen
production is a heterogeneous process, so additional factors such as the morphology, surface area of
the layer, the distribution of the photosensitizers within the layer, diffusion of oxygen etc. need to be
considered.?”® The selection of material, appropriate fabrication process and enhancement performance
strategies should be achieved through the design and sustainable production of photoactive layers.
The strategy for the immobilization should maintain the desired morphology, facilitate efficient light
absorption, and not significantly reduce in the efficiency of the singlet oxygen generation.?’* Effective
photoactive layer should be based on the photosensitizer with high molar absorption coefficients and high
guantum vyields for singlet oxygen generation. Photostability and ease of immobilization are as well
important issues. Substrates for photoactive layers must support the layer's functionality while minimizing
undesirable interactions. This includes having high chemical and physical stability, and being resistant to
environmental conditions relevant to the application.?”>27®

Photoactive layers able to produce singlet oxygen can be applied in the fine chemicals synthesis,
wastewater treatment or as antimicrobial layers. In many cases the immobilization of phthalocyanine
results in its higher photostability and high reusability.?’”” The anchoring of the photosensitizer onto solid
support enhance photostability, combines advantages of homogeneous catalysis with practical economic
benefits, therefore represents a general and sustainable principle.?’® For instance, immobilized by sol-gel
method SGO-PHEN (Silica SGO-1H-phenalen-1-one), SGO-AQ (Silica SGO- antraquinone-2), SGO-DBTP (Silica
SGO- 9,14-dicyanobenzol[b]triphenylene-3), and SGO-DCA (Silica SG0-3, 9,10-dicyanoanthracene) were
tested after 6 years and still efficiently generated singlet oxygen.?’° Zn(Il)-protoporphyrin IX (Zn(Il)- PP-IX)
electropolymerized with the bis-aniline-bridged Au nanoparticles revealed high stability and did not alter
photoelectrochemical performance after two months.?° The photoactive layer produced from
halogenated BODIPY photosensitizer via spin-coating show good photostability after 1 month of light
irradiation in water.?®

Nevertheless, the stability of produced layers still depends on the photosensitizer structure and
efficiency of the singlet oxygen generation: for covalently bonded rose bengal the singlet oxygen
production started to decrease after 3 cycles of the use, while for hematoporphyrin immobilized with the
same method, there was no significant decrease after 10 cycles. However, the overall production of singlet

oxygen was lower for immobilized hematoporphyrin than for immobilized rose bengal.??
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Immobilized hexanuclear molybdenum clusters within polystyrene were reported for successful
singlet oxygen-mediated oxygenation reactions, which are essential for producing valuable chemicals like
furoic acid and juglone.?® Immobilized meso-tetraphenylporphyrin (TPP) on polyurethane nanofiber
material was applied for the photochemically catalyzed degradation of butyl- and benzylparaben in
aqueous solutions, utilizing a xenon lamp as a simulated sunlight source.?8

Table 8 presents an overview of various photosensitizers, theirimmobilization methods, and applications.

Table 8. Immobilized photosensitizers and their applications

Photosensitizer

Immobilization

Method

Application

Reference

5,10,15,20-Tetrakis(1-methylpyridinium-4-

Cross-linking

Singlet oxygen

260

and boron(lll) subphthalocyanines

functionalization of
surface followed by

click reaction

(photooxidation of 2,5-

diphenylfuran)

yl)porphyrin (TMPyP), 5,10,15,20-Tetrakis(4- generation
sulfonatophenyl)porphyrin (TPPS)
Zinc phthalocyanines, the tetraphenylporphyrins Azide Catalysis 285

Bis(2-phenylpyridine)(2,2’-bipyridine)iridium(lll)

chromophores (Ps)

Adsorption

Catalysis
(photochemical
production of

hydrogen)

261

Ir(1ll) heteroleptic complexes

Cross-linking

Catalysis
(photochemical

production of

286

urethane-acrylate
and styrene-
butadiene

copolymers

hydrogen)

Crystal violet Adsorption Catalysis 287
(photooxidation of 1,5-
dihydroxynaphthalene)

Methylene blue Dispersed in Pathogen inactivation 288

Rhodamine B and toluidine blue O

Cellulose acetate

modified with PSs

Pathogen inactivation

289

Crystal violet

Swell-encapsulation

Pathogen inactivation

262
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Polyacrylonitrile-graphene quantum dot

conjugate

Electrospinning

Pathogen inactivation

254

Phthalocyanine

Cross-linking

Wastewater treatment

284

Cso aminofullerene

Immobilized on
silica gel using

organic linker

Wastewater treatment

290

Tris(bipyridine)ruthenium(ll) (Ru(bpy)s?*)

Self—assembly

Photocurrent
generation, electron
transfer, light

conversion studies

291

evaporation

generation (PDT

applications)

p-OXA-X (2-[(Ethenylphenyl)ethenyl]-4-(E)-2-[4- Spin-coating Photovoltaics (solar 251
((E)-2-4-[5-(4-methylphenyl)-1,3,4-oxadiazol-2- cells)
yllphenylethenyl)phenyl]
ethenylphenyl)ethenyl]phenylethenyl)phenyl]-5-
(4-methylphenyl)-1,3, 4-oxadiazole)
Zinc phthalocyanine Co-solvent Singlet oxygen z

tetramethyl-8-(2,6-dichlorophenyl)-

4,4'difluoroboradiazaindacene)

generation
(Photodynamic Control
of Staphylococcus

aureus)

(BuaN)2[{Mosls}(OTs)s] Dip-coating ROS generation (self- 255
sterilizing coatings)
Azure A (AA) and 5-(4-aminophenyl) -10,15,20- Grafting Singlet oxygen ot
(triphenyl)porphyrin (APTPP) generation
(antimicrobial coating)
BODIPY derivative (2,6-diiodo-1,3,5,7- Spraying Singlet oxygen 257

Porphyrin-fullerene Cso dyad (TCP-Ceo)

Electrochemical

polymerization

Singlet oxygen
generation (Pathogen

inactivation)

113

2.4. Photoactive layers based on phthalocyanines

Phthalocyanine-based photoactive layers are suitable for various advanced technological
applications. Phthalocyanine layers are widely used in organic light-emitting diodes and organic

photovoltaics. Their stability and ability to facilitate efficient energy transfer make them valuable
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components in improving the performance of these organic electronic devices.?®? Phthalocyanine-based
layers are used in OPVs due to high extinction coefficients of absorption and improved charge separation,
leading to high power conversion efficiencies.?®® In OLEDs, phthalocyanines are used as efficient
emitters.?*

Taking into account the ability to produce ROS, immobilized phthalocyanines give attractive
approach in the fine chemicals’ synthesis and wastewater treatment. For example,
Si(OH),-tetrasulfophthalocyanine immobilized on an anion-exchanging resin was used to catalyze the
oxidation of cyclopentadiene to 4,5-epoxy-2-pentenal and citronellol to hydroperoxides.?’8

A number of works have shown that immobilized phthalocyanines can be used as antimicrobial
coatings. For example, zinc(ll) phthalocyanine tetrasulfonic acid (ZnPcS) immobilized on the chitosan via
sulfonamide linker shows a high level of antimicrobial activity with >2 logio of E. Coli inhibition, which was
the basis for photoactive membranes.®®> A similar layer with immobilized pyridine substituted
phthalocyanine, after one hour of irradiation, with light sources typical for indoor spaces, inactivated over
99.998% of drug-resistant, S. aureus, and E. faecalis. Higher dye load (160 mg m?) allows inactivation
99.996% of C. albicans within an hour.?*> Another example is the phenoxy-substituted zinc phthalocyanine
PPcZn, which was casted into a cellulose acetate. The produced coating showed efficient inactivation of
Bacteriophage QB8 under the visible light with a reduction of 1.3 logio. The film exhibited superior water
resistance, photostability, mechanical strength, and sustained singlet oxygen production over 6 months
under continuous exposure to room light.?®® In one of the newer studies reports, tetracarboxyl zinc
phthalocyanine was double-grafted on a fibrous material followed by chitosan coating on the modified
fiber resulting in a photoactive material capable of significant biofilm inhibition with 3 logio against E. Coli
and S. Aureus. The grafted fiber retained 99.75% of its antibacterial efficacy after ten washes.?*”

Sol-gel matrix with silicon phthalocyanine exhibited significant biofilm inactivation (>5 logio killing)
of Porphyromonas gingivalis, attributed to the generation of singlet oxygen. The bacterial cultures were
cultivated on hydroxyapatite disks, underscoring the potential of the developed device for the treatment
of periodontitis.?®® In another work, silicon phthalocyanine derivative (AGA405) was cross-linked with PVA
and drop-casted. The produced PVA-AGA405 coating showed antibacterial activity, sufficiently inhibiting
the growth of E. coli.**®

Adsorption method was used to produce tetratert-butyl-substituted silicon phthalocyanine
dihydroxide photosensitizer onto the surface of the Laponite nanodiscs by overnight stirring. This process
allowed for the loading of the photosensitizer onto the nanodiscs, resulting in the formation of three
different nanomaterials with varying loading ratios (LS1, LS10, and LS100, LS = loading scale).3®

Electropolymerized ZnPc-PEDOT and CuPc-PEDOT coating showed antimicrobial activity towards

S. Aureus and E. Coli,.>®* Grafted pyridine zinc phthalocyanine demonstrated 3 logio reduction in CFU
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against E. coli and A. baylyi ADP1 just after one hour of 16 illumination with the white light of low
intensity.302

Table 9 represents the examples of immobilized phthalocyanines for pathogens inactivation.
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Table 9. Examples of immobilized phthalocyanines for pathogens inactivation

Name of the Immobilization Pathogen Effectiveness of Stability Irradiation parameters Reference
photosensitizer method inactivation
Zinc(Il) phthalocyanine Attachment by E. coli >2 logs 9 months validated Irradiation with white light 303

tetrasulfonic acid, ZnPcS

chemical bonding

stability

Pyridine substituted

Cellulose material

C. albicans,

C. albican —99,996%

not reported

White light (485-750 nm, 18 mW/cm?) for 1

304

phthalocyanine zinc was infused with dye S. aureus S. aureus —99,998% hour;
complex E. faecalis E. faecalis — 99,998%
Phenoxy-substituted Incorporating into Bacteriophage 1.3 logioreduction 6 months validated White light (485-750 nm, 18 mW/cm?) for 1 296
phthalocyanine zinc (PPcZn) cellulose acetate (0]¢] stability hour;
Tetracarboxyl zinc double-grafted: E. coli, S. aureus 99.99% with illumination, not reported Visible light 305
phthalocyanine solvent evaporation, 99,96% without illumination
dip-coating
Silicon phthalocyanine 3D-printing P. gingivalis > 5log;o reduction and absolute good photostability Visible light 306

killing of 99.99%

Silicon phthalocyanine

derivative (AGA405)

Drop-casting

E. coli

AGA405: Significant
photoinactivation of E. coli strains;
up to 50% reduction in biofilm
mass. Pcl: Low photoinactivation

efficiency for E. coli

AGAA405: Stable;
effective in reducing
biofilm mass and
metabolic activity.
Pcl: Less effective

and stable

AGA405: Near-infrared light (18 J/cm?); 30
min incubation with 10 uM AGA405. Pc1:
Near-infrared light (18 J/cm?); 30 min
incubation with 10 uM Pc1

299

Tetratert-butyl-substituted
silicon phthalocyanine

dihydroxide

Adsorption

E. coli, E.
Cloacae, S.

aureus

LS1: No effect on CFUs. LS10: 99.9%
inactivation of S. aureus 6850, E.
coli unaffected. LS100: 80%

inactivation of S. aureus 6850

Stable; effective
selective
photoinactivation of
Gram-positive

bacteria

Weak polychromatic light (10 mW/cm?)
with 610 nm cut-off filter; up to 4 hours

irradiation (144 J/cm?)
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Pyridine zinc

phthalocyanine

Grafting

E. coli,
Acinetobacter

baylyi ADP1

Up to 3.4 log CFU reduction for A.
baylyi and 2.7 log CFU reduction for

E. coli

Stable; no leaching in
water unless pH < 2;
effective at 0.008

mg/cm? loading

White light (485-750 nm, 18 mW/cm?) for 1
hour; bioluminescence assay used for rapid

screening

302

Poly(3,4-

ethylenedioxythiophene)
zinc phthalocyanine (ZnPc-

PEDOT) with potassium

iodide (KI)

Electrochemical

polymerization

S. aureus, E. coli

ZnPc-PEDOT: ~4 log reduction
(99.98% killing efficiency) for S.
aureus; 99.98% killing for E. coli
with KI. CuPc-PEDOT: ~1 log
reduction in CFU for S. aureus; 95%

killing for E. coli

ZnPc-PEDOT: Stable;
higher inactivation
observed with KI.
CuPc-PEDOT: Less

effective; inferior 13-

generation compared

to ZnPc-PEDOT

ZnPc-PEDOT: Visible light (108 J/cm? for S.
aureus and 162 J/cm? for E. coli); 30 min (S.
aureus) and 90 min (E. coli) irradiation.
CuPc-PEDOT: Visible light (108 J/cm? for S.
aureus and 162 J/cm? for E. coli); 60 min (S.

aureus) and 90 min (E. coli) irradiation

301
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3. Aim and scope of the work

The main aim of the presented work was the investigation of novel phthalocyanine-based layers
for application as singlet oxygen source. Phthalocyanine derivatives with different central metal atom
and various substituents were selected to examine the influence of the Pcs’ chemical structure on optical
and photosensitizing properties, the deposition process and the characteristics of the formed layers.

Two main strategies for photoactive layers’ formation were chosen — electrochemical deposition
and spin-coating. In the first case, metallophthalocyanines with primary amino groups were designed.
Zn and Al were selected as a central metal atom, because they are known for their high quantum yield
of singlet oxygen generation. Since the recent works show that photosensitizing properties of CuPc can
be tuned by introduction of a proper substituent, copper (tetraamino)phthalocyanine was also
investigated in this group. In the second case, i.e. spin-coating, various derivatives of ZnPc were explored,
in order to investigate the effect of substituents on the deposition process. This includes quaternary
ammonium, tert-butyl, 2-butyloctyloxy, pentoxy, and pentylthio groups. Additionally, in order to boost
the photoactive properties of the layers, the hybrids of the selected spin-coated film — ZnPcTMA, with
CdSe/ZnS quantum dots or carbon nanodots, were investigated.

Most of the designed metal phthalocyanines were synthesized using phthalonitrile
cyclotetramerization. The optical and photosensitizing properties of abovementioned MePcs were firstly
investigated in a solution phase, and compared to metal-free and silicon-containing phthalocyanines.
The deposited layers were characterized by UV-Vis spectroscopy, attenuated total reflectance infrared
spectroscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. The atomic force microscopy
and scanning electron microscopy were used to investigate the morphology of the layers. Lastly,
the optical and photosensitizing properties, along with the application of selected layers

as an antimicrobial coating or as 0, source in fine chemical synthesis were explored.



4. Experimental part

4.1. Materials

Table 10. Chemicals used in this work

Name of the chemical Producer Purity
Anhydrous copper(ll) chloride Acros Organics 98%
Anhydrous zinc chloride Acros Organics 98%
Anhydrous aluminum chloride Acros Organics 98.5%
p-Toluenesulfonyl chloride Acros Organics 99%
4-Aminophthalonitrile Fluorochem 95%
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) Sigma Aldrich 98%
Tetrabutylammonium tetrafluoroborate Sigma Aldrich 99%
N,N-dimethylformamide (DMF) Romil Extrapure
Dichloromethane (DCM) Sigma Aldrich 99%
Anhydrous pyridine Acros Organics 99.5%
Anhydrous 1-hexanol Sigma Aldrich 98%
Glacial acetic acid Acros Organics 99%
Acetic anhydride Acros Organics 99%
Hydrochloric acid Acros Organics 37%
Sulfuric acid Acros Organics 98%
Sodium hydroxide Acros Organics 97%
Anhydrous magnesium sulfate Chempur 98%
Silica-gel (230-400 mesh, 60 A) Supelco -
Ethyl acetate Acros Organics 98%
Ethanol Acros Organics 98%
Methanol Acros Organics 98%
Acetone Acros Organics 98%
Methyl iodide Acros Organics 99%
1-Bromopentane Sigma Aldrich 98%
4,5-Dichlorophthalonitrile AmBeed 95%
N,N-Dimethylacetamide Alpha Aesar 99%
1-Pentanethiol Sigma Aldrich For synthesis
Tetrabutylammonium bromide (TBAB) Sigma Aldrich 98%
Butanone Acros Organics 99%
Bromine Sigma Aldrich 99.99%
Polymethylhydrosiloxane (PMHS) Sigma Aldrich -
Zinc cyanide Acros Organics 98%
Tris(dibenzylideneacetone)dipalladium(0) Sigma Aldrich 97%
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acid functionalized)

1,1'-Bis(diphenylphosphino)ferrocene Sigma Aldrich 97%
Zinc acetate Acros Organics 97%
Pyridine hydrochloride Acros Organics 98%
Trichlorosilane Sigma Aldrich 99%
Dimethylformamide (DMF) Sigma Aldrich 99.8%
Tetrabutylammonium tetrafluoroborate Sigma Aldrich 99%
(TBABF4)
Methylene blue Acros Organics 98%
a-Terpinene TCl 90%
1,3-Diphenylisobenzofuran Acros Organics 97%
Zinc(ll) phthalocyanine (ZnPc) Porphychem >95%
Zinc(ll) 2,9,16,23-(tetra-tert- Porphychem 95%
butyl)phthalocyanine (ZnPctBu)
Basic aluminium oxide Acros Organics Brockmann |
(for chromatography)
TLC Silica gel 60 F254 plates Merck KGaA -
Carbon nanodots (CND), Green fluorescent Ossila 98.5%
carbon nanodots
CdSe/ZnS core-shell type quantum dots (oleic Sigma Aldrich N/A

4.2. Methodology

4.2.1. Synthesis

The compounds investigated in this work are presented in Scheme 17. Most of the examined
compounds were synthesized within this work. Zinc 1,8,15,22-Tetra-(2-butyloctyloxy)-phthalocyaninate

(ZnPcOBuOc) was donated from prof. lvan H. Bechtold, Federal University of Santa Catarina — UFSC, Brazil

and the detailed synthesis is reported elsewhere.

In the first part of the work, phthalocyanine derivatives were synthesized. Their structures were
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confirmed by UV-Vis spectroscopy, mass spectrometry, IR and *H NMR spectroscopy.
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Scheme 17. Chemical structures of phthalocyanines investigated in this work

The chemical structures of the intermediate and final products were characterized using following
techniques:

i) Nuclear magnetic resonance (NMR)
'H NMR spectra were measured in deuterated solvents with tetramethylsilane (TMS) as an internal

reference. NMR spectra were recorded on a Varian 300 MHz or on Varian 600 MHz spectrometer, as
specified in each experimental procedure. The NMR data was processed in MestReNova software. The
coupling constant is given as “/” for couplings between H atoms 3 bonds away from one another and
“4” for couplings between H atoms 4 bonds away from one another. The following abbreviations are
used for multiplicity assignments: "s" for singlet, "d" for doublet, “dd” for doublet of doublets, "t" for
triplet, “q” for quartet, “quint” for quintet, “sex” for sextet, "m" for multiplet (denotes complex pattern),
and "br" for broad signal.

i) High-resolution mass spectrometry (HRMS)

Analyses were performed on Waters Xevo G2 Q-TOF mass spectrometer (Waters Corporation)
equipped with an electrospray ionization (ESI) source operated in the positive-ionization mode. Full-scan
MS data were collected from 100 to 5000 Da in positive ion mode with a scan time of 0.1 s. To guarantee
accurate mass measurements, data were collected in centroid mode and mass was corrected during

acquisition using leucine enkephalin solution as an external reference (Lock-Spray TM), which generated
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reference ion at m/z 556.2771 Da ([M+H]*) in positive ESI mode. The mass and molecular ion adduct
compositions were estimated using the MassLynx software (Waters) connected to the instrument.

iii)  Liquid chromatography high resolution electrospray ionization mass spectrometry (LC-HRESI-
MS)
The Synapt G2 HR-ESI-QTOF-MS (Waters, Milford, USA) injection of 1 puL sample (c = ca. 100 ug mL™

in the indicated solvent); Acquity® BEH C18 HPLC column (1.7 um particle size, 2 x 50 mm, Waters). The
system operated at 30 °C with a linear gradient of water (H,0 + 1% HCO,H) and acetonitrile (CHsCN + 0.1%
HCO,H), and ESl in positive ionization mode.

iv)  Attenuated total reflectance infrared (ATR-IR)
The infrared spectra of investigated phthalocyanines were recorded in the attenuated total

reflectance (ATR) mode within 3500 — 700 cm™ range with Perkin Elmer Spectrum Two IR spectrometer.
For the electrochemically deposited on platinum plates layers the infrared spectra was obtained at the
same parameters and equipment.
4.2.1.1. Synthesis of metal (tetraamino)phthalocyanines

The investigated phthalocyanine derivatives: CuPcNH,;, ZnPcNH;, and AIPcNH, were prepared
following the synthetic route shown in Scheme 18.
Amino phthalocyanines could not be synthesized by direct self-condensation of the amino-containing
substrate due to interference of amino groups in phthalonitrile cyclotetramerization. To overcome this
problem, the amino group in commercial 4-aminophthalonitrile was first protected by acyl or tosyl groups

prior to cyclotetramerization to Pc, which was then hydrolyzed to amino Pc.

)(LOJL _ Mcl, b8y \% @
A, jou S

dry Py CN dry 1-hexanol \
0-25°C, 24 h 160 °C, 36 h - NH
71% PN-NHAc HoN 2
+ Isomers N
/ N
CN
ZnPcNHAc M= Zn, 63% Hel NN i
] CuPcNHAc: M = Cu, 65% /M
H,N

N
cN 110 °C,1.5h JNT Ny
TsHN NHTs = N%\
H N H,N + Isomers NH,
A|C|3

s
“ \©\ @: ZnPcNH,: M = Zn, 87%

CuPcNH,: M = Cu, 72%
dry DCM, dry Py CN 190 °C,48 h \
0-25°C, 24 h =
60% PN-NHTs
+ Isomers NHTs

AIPcNH,: M = AICI, 86%
TsHN

AIPcNHTs: M = AICI, 50%

Scheme 18. Synthesis of the investigated (tetraamino)phthalocyanines CuPcNH2, ZnPcNH2 and AIPcCNH..

Cyclotetramerization of PN-NHAc with no inherent symmetry in the presence of MCl; results in a
mixture of regioisomers of the ZnPcNHAc and CuPcNHAc phthalocyanines. These results are in line with

literature reports.3%3% The AIPcNHTs was prepared using a solvent-free procedure with aluminum

60



chloride at the phthalonitrile (PN-NHTs) melting point.3°® The deprotection of an Ac- or Ts-protected
amines by hydrolysis in acidic conditions resulted in the desired tetraaminophthalocyanines.
N-(3,4-dicyanophenyl)acetamide (PN-NHAc) was synthesized according to the previously published

procedure 310

o o
CN )J\o)l\ o /@ECN
—_—
)LN CN

H,N CN dry Py
0-25°C, 24 h H
71% PN-NHAc

Scheme 19. Synthesis of N-(3,4-dicyanophenyl)acetamide (PN-NHACc).

To a degassed solution of 4-aminophthalonitrile (683 mg, 143.1 g mol?, 4.77 mmol, 1 equiv) and
dry pyridine (5 mL) at 0 °C, acetic anhydride (683 mg, 102.1 g mol?, 6.69 mmol, 738 pL, 1.4 equiv) was
added dropwise. The resulting mixture was stirred under argon at room temperature for 24 hours. The
reaction was stopped after the disappearance of the 4-aminophthalonitrile spot on the TLC plate. After
that, the reaction mixture was poured into a mixture of water/ice and the pH was adjusted around 4, with
concentrated aqueous hydrochloric acid. The organic phase was separated and the aqueous layer was
extracted with ethyl acetate. The combined organic phases were dried over anhydrous magnesium
sulfate, filtered and the solvent was evaporated under reduced pressure. The crude product was purified
by column chromatography on silica gel in DCM-EA. Yield: 630 mg (185.2 g mol™?, 3.40 mmol, 71%) of
yellow-white powder.

IR-ATR (v, cm™): 3305, 3274 (vN-H), 3180, 3119, 3102, 3050 (vC-Har), 2232 (VvC=N), 1709, 1679 (vC=0),
1581, 1526, 1493, 1405, 1369, 1321, 1261, 1236, 1202, 1095, 1009, 881, 851, 835, 722, 628, 590, 523.

'H NMR (300 MHz, CDCl3) 6 (ppm): 10.01 (br, 1H), 8.19 (d, *J = 2.1 Hz, 1H), 8.03 (dd, 3/ = 8.7 Hz, *J = 2.1 Hz,
1H), 7.69 (d, 3J = 8.7 Hz, 1H), 2.10 (s, 3H).

(PN-NHTs):

CN \©\ /@:

H,N CN dry DCM dry Py
0-25°C,24 h
60% PN-NHTs

Scheme 20. Synthesis of N-(3,4-dicyanophenyl)-4-methylbenzenesulfonamide (PN-NHTSs).

A solution of p-toluenesulfonyl chloride (2.20 g, 190.6 g mol?, 11.5 mmol, 1.6 equiv) in dry pyridine
(20 mL) was added dropwise, under argon, to a degassed solution of 4-aminophthalonitrile (1.00 g, 143.1
g mol™, 6.99 mmol, 1 equiv) in dry pyridine (50 mL) at 0 °C. The resulting mixture was stirred at room
temperature for 24 hours. The reaction progress was followed by TLC until the disappearance of
4-aminophthalonitrile. After that, the reaction mixture was poured into a mixture of water/ice and the

pH was adjusted around 4, with concentrated aqueous hydrochloric acid. The organic phase was
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separated and the aqueous layer was extracted with ethyl acetate. The combined organic phases were
dried over anhydrous magnesium sulfate, filtered and the solvent was evaporated under reduced
pressure. The crude product was purified by column chromatography on silica gel in DCM-EA. Yield: 1.25
g(297.3 g mol?, 4.19 mmol, 60%) of a white powder.

IR-ATR (v, cm™): 3378 (VN-H), 3255, 3204, 2230 (vC=N), 1598, 1492, 1476, 1394, 1340, 1316, 1253, 1164,
1088, 964, 842, 661.

'H NMR (300 MHz, CDCls) & (ppm): 8.36 (br, 1H), 7.79 (d, 3/ = 8.4 Hz, 2H), 7.66 (d, 3/ = 8.6 Hz, 1H), 7.55 (d,
4) = 2.3 Hz, 1H), 7.46 (dd, 3 = 8.6 Hz, J = 2.3 Hz, 1H), 7.33 (d, ¥/= 8.4 Hz, 2H), 2.42 (s, 3H).

The synthesis of CuPcNHAc and ZnPcNHAc was performed following literature with modified
55,311

procedure.

Copper (tetraacetamide)phthalocyanine (CuPcNHACc):

)(i /C[CN CuCl,, DBU @/ ;<
N CN dry 1-hexanol \
H 160 °C, 36 h -
PN-NHAc 65%

+ Isomers
CuPcNHAc

Scheme 21. Synthesis of copper (tetraacetamide)phthalocyanine (CuPcNHACc).

Anhydrous copper (1) chloride (452 mg, 134.4 g mol?, 3.36 mmol) was added to a degassed solution of N-
(3,4-dicyanophenyl)acetamide (622 mg, 185.2 g mol?, 3.36 mmol) and 1,8-diazabicyclo(5.4.0)undec-7-ene
(874 mg, 152.2 g mol?, 5.74 mmol, 859 pL) in anhydrous 1-hexanol (5 mL). The reaction was stirred, under
argon, at 160 °C for 36 hours; the color of the solution changes rapidly from brown to green. After cooling
to room temperature, the obtained precipitate was filtered and washed with plenty of methanol and
boiling acetone until removing the impurities were. Yield: 439 mg (804.3 g mol™, 0.546 mmol, 65%) of
dark green powder.

IR-ATR (v, cm™): 3262, 3206 (VN-H), 3071 (vC-Har), 2932 (VC-Haiipn.), 1670 (vC=0), 1599, 1550, 1486, 1399,
1369, 1334, 1294, 1256, 1133, 1093, 1057, 1011, 825, 745.

Zinc (tetraacetamide)phthalocyanine (ZnPcNHAc):

0 /©:CN ZnCly, DBU \%\/ ;/<
)LN CN dry 1-hexanol \l
H 160 °C, 36 h -

PN-NHAc 63%

N o

Ny *lsomers NJ\
>/ ZnPcNHAC H
Scheme 22. Synthesis of zinc (tetraacetamide)phthalocyanine (ZnPcNHACc).
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The ZnPcNHAc was obtained from anhydrous zinc chloride (3.36 mmol) and N-(3,4-dicyanophenyl)
acetamide (3.36 mmol) following the procedure described for CuPcNHAc.

Yield: 430 mg (806.1 g mol?, 0.533 mmol, 63%) of dark green powder.

IR-ATR (v, cm™): 3333, 3217 (VN-H), 3055 (vC-Har), 1674 (vC=0), 1600, 1543, 1482, 1327, 1295, 1256, 1083,
1046, 824, 743.

Aluminium (tetratosylamido)phthalocyanine (AIPcNHTs):

TsHN NHTs
N
ci o=
CN .
AICI, P N
Ty X VY M
PN CN  190°C,48 h I NN N
H 50% _ =
PN-NHTs N™
+ Isomers
NHTs
TSHN  AlPcNHTs

Scheme 23. Solvent-free synthesis of aluminium (tetratosylamido)phthalocyanine (AIPcNHTSs).

The intermediate AIPcNHTs was synthesized following a modified solvent-free procedure 312313
Under argon, N-(3,4-dicyanophenyl)-4-methylbenzenesulfonamide (381 mg, 297.3 g mol?, 1.28 mmol,
4 equiv) and anhydrous aluminum chloride (43 mg, 133.3 g mol?, 0.320 mmol, 1 equiv) were mixed well
and stirred at 190 °C for 48 hours. After that, methanol was added at room temperature and the
precipitate was filtered and washed with methanol and hot acetone in order to obtain a dark green-blue
powder. Yield: 200 mg (1251.8 g mol™?, 0.160 mmol, 50%).

IR-ATR (v, cm™): 3254 (vN-H), 3024 (vC-Har), 2942, 2873, 2828 (VN-Haiipn.), 1597, 1495, 1476, 1445, 1397,
1337 (vS0,), 1317, 1227, 1158 (vSO>), 1159, 1088, 963, 879, 850, 840, 811, 754.
Copper (tetraamino)phthalocyanine (CuPcNHz):

;: /%\ 110;(220/15h i /\%\

CuPcNHAc CuPcNH,

Scheme 24. Synthesis of copper (tetraamino)phthalocyanine (CuPcNH>).

A mixture of the amide CuPcNHAc (215 mg, 804.3 g mol?, 0.267 mmol), distilled water (800 L) and
concentrated aqueous hydrochloric acid (8 mL) was heated at 110 °C for 1.5 hours. After cooling to room
temperature, the reaction mixture was poured into a mixture of water/ice, and the resulting dark

precipitate was filtered off and washed with 10% aqueous sodium hydroxide, then plenty of water,
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ethanol, and boiling methanol respectively. Yield: 125 mg (636.1 g mol™?, 0.197 mmol, 72%) of a black-
green powder.

IR-ATR (v, cm™): 3325, 3203 (vN-H), 1604, 1492, 1464, 1417, 1399, 1342, 1301, 1250, 1133, 1091, 1050,
861, 816, 744.

HRMS (ESI) m/z calcd for C3;H20N12Cu: 635.1230 [M*]; found: 635.1234.

Zinc (tetraamino)phthalocyanine (ZnPcNH,):

; <
N HN H,N NH,

N
NN 110 °C, 1.5 h
= 87%

}»NH + Isomers N H,N + Isomers NH,
ZnPcNHAc H ZnPcNH,

Scheme 25. Synthesis of zinc (tetraamino)phthalocyanine (ZnPcNH:).

Following the same procedure described for CuPcNH; using 0.274 mmol of the amide ZnPcNHAc.
Yield: 148 mg (638.0 g mol?, 0.232 mmol, 87%) of a black-green powder.
IR-ATR (v, cm™): 3304, 3203 (VN-H), 1603, 1484, 1458, 1420, 1395, 1342, 1317, 1255, 1131, 1095, 1019,
860, 814, 735.
HRMS (ESI) m/z calcd for Cs,H20N12Zn: 636.1225 [M*]; found: 636.1229.

Aluminium (tetraamino)phthalocyanine (AIPcNH;):

; <
\WN N % H,N NH,
o) N
AN
c cl )

N
/ X
I q

N Al
JNT N 110°C,1.5h I N Nl
= _ 86% / -
N o N=
0 + Isomers N/U\ + Isomers
>/NH H H,N NH,
AIPcNHAc AIPcNH,

Scheme 26. Synthesis of aluminium (tetraamino)phthalocyanine (AIPCNH2).

Following the same procedure described for CuPcNH; using 0.160 mmol of the amide AIPcNHTs.
Yield: 87.4 mg (635.0 g mol?, 0.138 mmol, 86%) of a black-green powder.
IR-ATR (v, cm™): 3338, 3214 (vN-H), 3042 (vC-Ha/), 1625, 1557, 1478, 1460, 1419, 1373, 1302, 1263, 1214,
1127, 1057, 930, 857, 810, 783, 728.
HRMS (ESI) m/z calcd for Cs;H20AICIN12: 599.1749 [M - CI]*; found: 599.1745.
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4.2.1.2. Synthesis of zinc tetra(trimethylammonio)phthalocyanine tetraiodide

N(Me)s

Anhydrous
CN )k k CN ZlncAcetate / "k / N Mel NaOH / "k

/CECN dry Pyridine

CN 180 C 48 h / N \" 110 C 4h / N \' DMF, 25 / N \\L«
25°C,24h 70°C, 6 days
90% PN-NHAc 37%
N(Me)3

+ isomers +isomers (Me);N + isomers
+

ZnPcNHAc ZnPcNH, ZnPcTMA

Scheme 27. Synthesis of zinc tetra(trimethylammonio)phthalocyanine tetraiodide (ZnPcTMA).

The zinc tetra(trimethylammonio)phthalocyanine tetraiodide (ZnPcTMA) was synthesized in four
steps as depicted in Scheme 27. The acylation step, described previously (Scheme 18), was slightly
modified by using a large excess of acetic anhydride in order to improve the yield and consequently
facilitate the amide purification.

Using a very efficient and greener solid-state modified synthetic approach®®3* for the
cyclotetramerization of PN-NHAc in the presence of templating zinc acetate (step 2) without needing a
basic catalyst DBU or catalytic amounts of solvent. It is important to point out that the greener synthesis
of ZnPcNHAc yielded, after purification by column chromatography, almost the same result as the one

310 where the conventional synthesis in solution was used (Scheme

obtained in the previous publication,
18). Nevertheless, the solid-state method involved easier work-up, isolation, and purification, besides
being cheaper.

The deprotection of an Ac-protected amine by hydrolysis in acidic conditions (step 3) was
performed as previously described with slightly modified conditions, resulting in the target ZnPcNH, in
good yield (80%) after purification by column chromatography3!° In the last step, the exhaustive
methylation of aniline ZnPcNH, was performed according to literature procedures with some
modifications in order to favor the product formation and its isolation. The yield of the water-soluble
product was significantly improved, from 12%3% to 37%.

The molecular structures of intermediates and the final compound were confirmed by nuclear
magnetic resonance (*H NMR) and high-resolution mass spectrometry (HRMS), and their spectra are
shown in the Appendix. As mentioned for synthesis in solution (Scheme 18), the cyclotetramerization of
PN-NHACc resulted in a mixture of regioisomers of the ZnPcNHAc.

N-(3,4-dicyanophenyl)acetamide (PN-NHAc):

PN-NHAc was resynthesized as described above with slightly modified conditions.

O O
oo s OO
_——
H,N CN dry Pyridine CN
25°C,24 h
90% PN-NHAc

Scheme 28. Synthesis of N-(3,4-dicyanophenyl)acetamide (PN-NHAc), using large excess of acetic anhydride.
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Under argon, 4-aminophthalonitrile (2.5 g, 17.6 mmol) was solubilized in a 1:1 mixture of dry
pyridine and acetic anhydride (10 mL), and the light-yellow colored solution was left to stir for 24 hours
at room temperature. Subsequently, the solvent was removed by rotary evaporation and the crude
product was purified through flash column chromatography on silica gel using dichloromethane as eluent.
Yield: 2.9 g (185.2 g mol?, 15.8 mmol, 90%) of white powder.

IR-ATR (v, cm™): 3304, 3274 (VN-H), 3179, 3119, 3101, 3049 (vC-Ha), 2232 (vC=N), 1709, 1679 (vC=0),
1581, 1525, 1492, 1405, 1369, 1320, 1261, 1236, 1201, 1095, 1009 ,919, 880, 851, 835, 722, 627, 590,
523.

IH NMR (600 MHz, (CD3)2S0)) & (ppm) = 10.69 (br, 1H), 8.23 (d, *J = 2.2 Hz, 1H), 8.03 (d, 3/ = 8.4 Hz, 1H),
7.91 (dd, 3/ = 8.4 Hz, / = 2.2 Hz, 1H), 2.11 (s, 3H).

Synthesis of zinc (tetraacetamide)phthalocyanine (ZnPcNHACc) by solid state method:

Anhydrous
/@:(:N Zinc Acetate
CN 180°C,48h

60%

PN-NHAc

+ isomers
ZnPcNHAc
Scheme 29. Solid state synthesis of zinc (tetraacetamide)phthalocyanine (ZnPcNHACc).

Under argon, N-(3,4-dicyanophenyl)acetamide (1.2 g, 185.2 g mol™?, 6.48 mmol) and anhydrous zinc
acetate (400 mg, 183.5 gmol™?, 2.20 mmol) were loaded into a glass seal tube, then the mixture was stirred
at 180 °C for 48 hours. After cooling the mixture to 80 °C, ethanol was added (10 mL) and the suspension
was stirred for 2 hours in the sealed tube. The greenish precipitate was filtered, washed with hot
methanol, and then purified by flash column chromatography on silica gel using a 1:1 mixture of acetone-
DMF and then pure DMF as eluent. Yield: 784 mg (0.972 mmol, 60%) of dark green solid.

IR-ATR (v, cm™): 3257, 3198 (VN-H), 3137, 3068 (vC-Ha/), 1662 (vC=0), 1597, 1540, 1484, 1392, 1368, 1336,
1292, 1254, 1172, 1130, 1090, 1050,1011, 885, 826, 743, 654.

'H NMR (600 MHz, (CD3),SO)) 6 = 10.74-10.69 (m, 4H), 9.61-9.51 (m, 4H), 9.13-9.03 (m, 4H), 8.34-8.25 (m,
4H), 2.38-2.28 (m, 12H).

HRMS (ESI-TOF): m/z calc. for C4oH29N1204Zn [M + H]*: 805.1726; found: 805.1714.

Zinc (tetraamino)phthalocyanine (ZnPcNH,):

ZnPcNH: has been resynthesized as described above, but with slightly different conditions.
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ZnPcNHAc ZnPcNH,

Scheme 30. Synthesis of zinc (tetraamino)phthalocyanine (ZnPcNH:), under slightly modified conditions.

The phthalocyanine ZnPcNHAc (750 mg, 0.929 mmol) was reacted with concentrated aqueous
hydrochloric acid (30 mL) at 110 °C for 4 hours. The reaction was stopped when the ZnPcNHAc spot on
the TLC plate disappeared. The reaction mixture was then poured into a mixture of water and ice and 20%
aqueous sodium hydroxide solution was added until the mixture was neutralized. The resulting dark
precipitate was isolated by filtration and washed with boiling methanol. After drying, the crude product
was purified by flash column chromatography on silica gel using acetone and then a 1:1 mixture of
acetone-DMF as eluent. Yield: 474 mg (0.743 mmol, 80%) of dark-green powder.

IR-ATR (v, cm™): 3279, 3181 (VN-H), 1603, 1492, 1463, 1434, 1401, 1345, 1320, 1289, 1252, 1124, 1097,
1008, 858, 821, 745, 712, 697.

IH NMR (600 MHz, (CD3),S0)) & = 9.01-8.90 (m, 4H), 8.47-8.37 (m, 4H), 7.48-7.42 (m, 4H), 6.55-6.39 (m,
8H).

HRMS (ESI-TOF): m/z calc. for C3;H2:N12Zn [M + H]*: 637.1304; found: 637.1353

Tetra(trimethylammonio)phthalocyanatozinc tetraiodide (ZnPcTMA):

NH, N(Me);

H,N (Me)sN-

Mel, NaOH

- . 41
DMF, 25-
70°C, 6 days
37%
.

) NH, . N(Me);

H2N + isomers (Me)3N + isomers

ZnPcNH, T ZnPcTMA

Scheme 31. Synthesis of tetra(trimethylammonio)phthalocyanatozinc tetraiodide (ZnPcTMA).

A mixture of ZnPcNH; (250 mg, 638.0 g mol?, 0.392 mmol), iodomethane (2.93 mL, 141.9 g mol?,
47.1 mmol), and sodium hydroxide (158 mg, 40.0 g mol, 3.95 mmol) in dry dimethylformamide (10 mL)
was stirred at room temperature inside a sealed tube for 48 hours. After this time, the temperature was
raised to 70 °C and the mixture was kept for a further 48 hours. Diethyl ether (20 mL) was then added to
the mixture and the resulting precipitate was filtered and washed with ethanol (to remove the excess of

CHsl). The solid was solubilized in water and the blue-green solution was filtered. The solvent was
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removed under reduced pressure to get the crude product, which was washed exhaustively with methanol
(to remove the inorganic impurities). Yield: 190 mg (0.144 mmol, 37%) of deep-green solid.

IR-ATR (v, cm™): 3397, 3008 (vC-Har), 2953 (VC-Haipn), 1653, 1606, 1484, 1395, 1333, 1227, 1153, 1085,
1046, 939, 915, 848, 825, 762, 745, 685, 661.

'H NMR (600 MHz, (CD3),SO)) & (ppm) = 10.11-9.86 (m, 4H), 9.74-9.50 (m, 4H), 9.06-8.79 (m, 4H), 4.16
(m, 36H). HRMS (ESI-TOF): m/z calc. for CagH3sN12Zn [M — CsH12l4]*: 748.2477; found: 748.2462.

4.2.2.3. Synthesis of B-substituted phthalocyanines

Treatment of catechol in butanone with potassium carbonate, TBAB and n-pentylbromide at 90 °C
for two days gave 1,2-bis(pentyloxy)benzene (1) in 93% yield. Bromination of 1 with bromine in DCM
produced the desired 1,2-dibromo-4,5-bis(pentyloxy)benzene (2) in 78% vyield. Conversion of 2 to the
dinitrile with zinc dicyanide in N,N-dimethylacetamide (DMA) gave 4,5-bis(pentyloxy)phthalonitrile in 67%
yield.

The zinc phthalocyanine B-substituted (ZnPcOPe) was obtained following the greener solid-state
protocol as applied to the cyclotetramerization of PN-NHAc above described, yielding the crude product
in 62%, which was used in the next step without further purification. The demetallation reaction of
ZnPcOPe was performed in the presence of anhydrous pyridine and pyridine hydrochloride at 120 °C
overnight. Under these relatively mild reaction conditions, Zn (ll) was removed to yield the metal-free,
H,PcOPe, in 83%. This product exhibits *H NMR and UV-Vis spectra characteristic of metal-free
phthalocyanines.3®® The absorption spectrum of ZnPcOPe has an unsplit Q-band, while the metal-free
product (H,PcOPe) is characterized by a loss of symmetry due to the presence of two central hydrogens,
resulting in a significant splitting of the Q-band (Figure 15). The *H NMR spectrum of ZnPcOPe (Figure
A10) shows broad signals, which are often observed due to the presence of paramagnetic metal ion
impurities or due to aggregation of Pcs, which is common at the concentrations used for NMR
spectroscopy.3!® To remove possible inorganic impurities, a few milligrams of the product were purified
by silica gel column chromatography (using CHCls as eluent), but the NMR spectrum showed the same
pattern as before. The successful cyclotetramerization of the nitrile groups was confirmed by the absence
of the -C=N vibrations at 2228 cm™ in the IR spectrum of ZnPcOPe (Figure A20).

In sharp contrast to ZnPcOPe, the metal-free Pc (H,PcOPe) showed a clear *H NMR spectrum with
the expected five resonances of the pentyl groups, an aromatic resonance at 8.48 ppm, and the upfield

N-H resonance at - 2.50 ppm (Figure A12).
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ZnPcOPe H,PcOPe SlOHPcOPe

Scheme 32. Synthesis of the investigated ZnPcOPe, H2PcOPe, SiOHPcOPe.

Silicon insertion into the free-base octapentoxy phthalocyanine involved first using trichlorosilane
in a mixture of dichloromethane and DBU to yield the dichloride silicon phthalocyanine in situ. We found
the dichloride species to be unstable, possibly due to the greater lability of the chloride ligands, so instead
try to isolate it, we used an aqueous acid solution to perform the displacement of the chloride ligands and
produce the target dihydroxy silicon phthalocyanine.

The insertion of the silicon atom into the H.PcOPe core was difficult to monitor by thin layer
chromatography (TLC) due to the strong tailing of the dichloride Pc intermediate (SiCl,PcOPe) as well as
due to its rapid hydrolysis to dihydroxy derivative. On the other hand, the reaction progress was easily
monitored by UV-Vis spectroscopy. The significant decrease of the lower energy band in the split Q-band
of H,PcOPe and the simultaneous formation of a new non-split Q-band indicated the silicon insertion into
Pc core. The obtention of SIOHPcOPe product was confirmed by the characteristic axial SiO-H stretching
frequency at 3463 cm™ in the IR spectrum (Figure A22). The success of the reaction was further confirmed
by MS analysis (Figure A31). In this analysis the fragment [M - OH] * was observed, which lost an axial OH
group. These results are consistent with reports in the literature.31>317
Synthesis of 1,2-bis(pentyloxy)benzene (1).

CsH,4Br
@0"' TBAB, K,CO; @005%
N
o pnre oo,
93%

Scheme 33. Synthesis of 1,2-bis(pentyloxy)benzene (1).

A total of 10 g (0.091 mol, 110.1 g mol?, 1 equiv) of catechol was subjected to thorough stirring in
the presence of 49.8 g (0.360 mol, 138.2 g mol?, 4 equiv ) of K,COs and subsequently supplemented with

1.45 g (4.5 mmol, 322.4 g mol?, 5 mol%) of tetrabutylammonium bromide (TBAB). The reaction flask,
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containing the resulting mixture, was degassed, followed by the addition of dry butanone under argon.
Subsequently, 1-bromopentane (32.7 g, 26.8 mL, 1.22 g mL?, 0.216 mol, 151.0 g mol?, 2.4 equiv) was
introduced to the suspension, and the resultant mixture was subjected to stirring under an argon
atmosphere at 90 °C for 24 hours. The reaction was followed by TLC and stopped after the consumption
of the catechol. The inorganic part was removed by extraction (DCM/Water), and organic phase was dried
with magnesium sulphate, and solvent was evaporated. The crude product was concentrated to yield the
yellowish liquid (21.1 g, 250.4 g mol™?, 84.3 mmol, 93%).
IH NMR (300 MHz, (CD3),CO) & (ppm): 7.00-7.74 (m, 4H), 4.13-3.78 (m, 4H), 1.89-1.66 (m, 4H), 1.59-1.25
(m, 8H), 1.11-0.77 (m, 6H).
Synthesis of 1,2-dibromo-4,5-bis(pentyloxy)benzene (2).
QOCSHﬂ Br, BrI;[OC5H11
1oc_r,H11 o o'éf’:"'z B i OC3Hqq
78%

Scheme 34. Synthesis of 1,2-dibromo-4,5-bis(pentyloxy)benzene (2).

A solution of 15 g (0.06 mol, 250.4 g mol?, 1 equiv) of 1,2-bis(pentyloxy)benzene (1) in 100 mL of
dichloromethane (DCM) was cooled down to 0 °C.

Bromine (Bry) (23.4g,7.5mL, 3.12 g mL?, 159.8 g mol™?, 0.146 mol, 2.4 equiv) was added dropwise
to the solution and kept with continuous stirring in cryostat at 0 °C for 18 hours. The progress of the
bromination reaction was monitored by TLC until consumption of the 1,2-bis(pentyloxy)benzene. The
evolved hydrogen bromide vapors were collected through a gas washing bottle with concentrated sodium
hydroxide solution. Subsequently, the reaction mixture underwent washes with saturated sodium sulfite,
saturated sodium bicarbonate, and water. The resulting extract was dried using magnesium sulfate
(MgS04) and subjected to evaporation until dryness to yield a brown-yellowish liquid (19 g, 408.2 g mol?,
0.047 mol, 78%).

IH NMR (600 MHz, (CD3)2CO) & (ppm): 7.22 (s, 2H), 4.02 (t, 3J = 6.4 Hz, 4H), 1.81-1.76 (m, 4H), 1.50-1.45 (m, 4H),
1.43-1.37 (m, 8H), 0.93 (t, 3/ = 7.3 Hz, 6H).
Synthesis of 4,5-bis(pentyloxy)phthalonitrile (3).
Zn(CN),)
Pd,(dba),
BrDiOCE,Hﬁ dppf, PMHS NC]@O%H“
Br , OCsHy 1;'0’{2"2':‘h NC , OCsHn
67%

Scheme 35. Synthesis of 4,5-bis(pentyloxy)phthalonitrile (3).

1,2-dibromo-4,5-bis(pentyloxy)benzene (2) (10 g, 408.2 g mol?, 24.5 mmol, 1 equiv) and 145 mg of

polymethylhydroxisiloxane in 60 mL N,N-dimethylacetamide (anhydrous DMA) were mixed under argon
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atmosphere. Subsequently, the reaction mixture was heated to 120 °C. Upon heating, Zn(CN); (11.5 g,
117.4 g mol?, 0.098 mol, 4 equiv), 1,1'-bis(diphenylphosphino)ferrocene (dppf) (543 mg, 0.98 mmol, 4
mol%) and tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba)s) (449 mg, 0.49 mmol, 2 mol%) were
introduced and the reaction mixture was kept stirring for 24 hours at 120 °C. The progress of the cyanation
reaction was monitored by TLC until consumption of the 1,2-dibromo-4,5-bis(pentyloxy)benzene. The
solvent was evaporated and crude product was purified via column chromatography on silica gel (Hexane-
DCM: 0->80%) to obtain white crystals (5.47 g, 332.5 g mol?, 16.45 mmol, 67%).

IR-ATR (v, cm™): 3203, 3125, 3064 (VC-Ha,), 2957, 2932, 2871, 2858, 2857 (vC-Haipn), 2228 (VC=N), 1767,
1716, 1590, 1567, 1525, 1506, 1464, 1394, 1361, 1338, 1288, 1231, 1219, 1094, 1077, 1050, 1022, 974,
889, 856, 747, 732, 648.

1H NMR (600 MHz, (CD3)2CO) & (ppm): 7.54 (s, 2H), 4.22 (t, 3/ = 6.4 Hz, 4H), 1.88-1.82 (m, 4H), 1.53-1.47 (m, 4H),
1.45-1.38 (m, 8H), 0.93 (t, 3/ = 7.5 Hz, 6H).

Synthesis of zinc 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (ZnPcOPe).

C5H11 (0] OC5H11
CsH.,0 OC;sHy4

NCJCEOC5H11 Zn(oAc)z
NG 0CsH, 1806(;;/48 h
3 0

C5H110 0C5H11

C:H,,0 OC:H
s ZnPcOPe s

Scheme 36. Synthesis of zinc 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (ZnPcOPe).

Under argon 4,5-bis(pentyloxy)phthalonitrile (3) (1.5 g, 300.4 g mol?, 4.99 mmol) and Zn(OAc), (400
mg, 183.5 g mol?, 2.18 mmol, 1.7 equiv) were loaded into a glass seal tube (preheated and dried in oven
prior to use) and mixed at 180 °C for 48 hours. After slowly cooling to 105 °C the ethanol (25 mL) was
added and the suspension was stirred overnight in the closed tube. The greenish precipitated crude
product was lately multiple times washed with boiling ethanol and acetone until the liquid was not
brownish-green, but transparent to yield dark-green powder, which was used in the next step without
further purifications (983 mg, 1267.0 g mol™, 0.78 mmol, 62%).

IR-ATR (v, cm™): 3077 (VC-Har), 2955, 2929, 2860 , 2857 (vC-Haipn), 1604, 1494, 1455, 1411, 1381, 1350,
1273, 1199, 1095, 1055, 1044, 922, 877, 854, 828, 741, 567.

UV-Vis (DMF) Amax, NM: 679, 612, 355.

'H NMR (600 MHz, CDCl3) & (ppm): 8.70-7.10 (br, 8H), 5.05-4.13 (m, 16H), 2.53-2.04 (m, 16H), 2.00-1.68
(m, 16H), 1.66-1.40 (m, 16H), 1.25-0.93 (m, 24H).
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Synthesis of 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H,PcOPe).

CsH410 OC3Hy4 CsH440

CsH1 O OCsHy CsHy40 OCsHy4
CsHsN HCl
N dry Pyridine
/ 120 °C,17 h
83%
CsH11 O OCsHy4 CsH440 OCsHy4

CsH H CsH H
MO pcope CoHir 10 H,PcOPe CsHu

Scheme 37. Synthesis of 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H2PcOPe).

The phthalocyanine ZnPcOPe (900 mg, 1267.0 g mol™, 0.71 mmol) and pyridinium chloride (23 g,
115.6 g mol?, 0.20 mol) were solubilized in 46 mL of anhydrous pyridine under an argon atmosphere and
kept stirring at 110 °C for 17 hours. The demetalation reaction was monitored by TLC and stopped after
the spot on the TLC plate belonging to ZnPcOPe disappeared. Subsequently, the reaction mixture was
cooled to room temperature, and 50 mL of water was added to induce precipitation of the product. The
resultant precipitate was separated by filtration, washed with water and hot methanol. The resultant
product was chromatographically purified using a silica gel column with a DCM-EtOAc (0>30%) eluent
system. Following solvent evaporation, the obtained product was subjected to vacuum drying, resulting
in the production of a violet-colored powder (708 mg, 1203.6 g mol™?, 0.59 mmol, 83%).

IR-ATR (v, cm™): 3288 (VN-H), 3079 (vC-Ha/), 2956, 2928, 2860 , 2857 (VC-Haipn.), 1603, 1449, 1380, 1330,
1269, 1198, 1097, 1055, 1014, 920, 853, 804, 744, 706, 545.

UV-Vis (CH,Cl,) Amax, nm: 703, 664, 430, 350, 296.

'H NMR (600 MHz, CDCls) & (ppm): 8.48 (s, 8H), 4.57 (t, 3/ = 6.6 Hz, 16H), 2.21 (quint, 3/ = 7.2 Hz, 16H), 1.79 (quint,
3)=7.2 Hz, 16H), 1.65 (sext, 3/ = 7.2 Hz, 16H), 1.12 (t, 3/ = 7.2 Hz, 24H), -2.50 (br, 2H).

Synthesis of dihydroxy silicon 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine.

5

CsH.1 0 10
CsH410 OCsHy4 CsH4,O H OCsHy4
HSiCl,

DBU
“dry DCM N
25°C,18 h -
52%
CsH4.10 OCsHy4 CsHy4O H OCsHy4
H OC;sH CgH OC;sH
CsHy10 H,PcOPe sH11 10 SioHPcOPe sH14

Scheme 38. Synthesis of dihydroxy silicon 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H2PcOPe).

Under argon phthalocyanine H.PcOPe (600 mg, 0.50 mmol) was solubilized in 105 mL of dry DCM,
after dry 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) (3.77 g, 3.7 mL, 1.018 g mL%, 152.2 g mol?, 24.75

mmol) was added to the solution and it was left stirring for 15 minutes at room temperature. Finally, the
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(2.63 mL, 0.026 mol) of trichlorosilane (HSiCls) was carefully added by syringe in the center of the solution,
the flask was covered with aluminium foil and the reaction mixture was left at room temperature for 18
hours. The insertion of silicon into the metal-free Pc was monitored by TLC and the reaction was quenched
after consumption of the starting material. Water (100 mL) and hydrochloric acid solution (37%) were
added to the mixture, to fully hydrolyze the SiCl,PcOPe, and the mixture was left to stir overnight at room
temperature. The extraction was performed with DCM, water, and brine (6 X 150 mL) due to forming
emulsion, the organic phase was collected and dried over magnesium sulphate with the following
evaporation of the solvent. The crude product was purified via column chromatography on basic alumina
(CHCls, EtOAc 0>20%) to yield dark green powder (327 mg, 1263.7 g mol?, 0.26 mmol, 52%).
ATR-IR Vima, cm'’: 3463 (vO-H), 2958, 2933, 2859, 2857 (vC-Haipn), 1606, 1518, 1499, 1480, 1461, 1423,
1387, 1361, 1277, 1203, 1112, 1080, 1056, 1007, 987, 920, 885, 823 (vSi-0), 753, 739, 624, 565, 506.
UV-Vis (CH3Cl>) Amax, nm: 690, 358, 341.
HR-ESI-QTOF-MS: m/z calc. for C7;Hg7NsOsSi [M - OH] * 1245.7143 found 1245.7167.
Synthesis of sulfur-containing phthalocyanine

The reaction of 4,5-dichlorophthalonitrile with 1-pentanethiol in N,N-dimethylacetamide at 80 °C
with the use of potassium carbonate as a base resulted in the formation of 4,5-
bis(pentylthio)phthalonitrile in 60% yield. The following cyclotetramerization of the phthalonitrile with
zinc acetate under argon at 180 °C for 48 hours resulted in formation of zinc 2,3,9,10,16,17,23,24-
octakis(pentylthio)phthalocyanine (ZnPcSPe) in 70% vyield. Demetallation of ZnPcSPe using pyridinium
chloride in anhydrous pyridine at 110 °C afforded metal-free 2,3,9,10,16,17,23,24-
octakis(pentylthio)phthalocyanine (H.PcSPe) in 72% yield after purification via column chromatography.
The H.PcSPe silylation reaction was carried out as described above for H,PcOPe, but unfortunately the

target product could not be identified by either 'H NMR or HRMS.

RS SR RS SR
RS SR RS SR
N\ N
CsH44SH | 7 =
K,CO, NC SR Zn(OAc), ; N /N N CsHsN - HCI N HN
_— B —— N Z N _—
DMA NC SR 180°C, 48 h N/ n\/ dry Pyridine
80 °C,24 h 4 70% 120 °C,17 h
60% “ 72%
SR
RS ZnPcSPe SR H,PcSPe

Scheme 39. Synthesis of investigated ZnPcSOPe, H2PcSPe.

The formation of ZnPcSPe and H,PcSPe was monitored by TLC and UV-Vis analysis. The absorption
spectra follow the same behavior in the Q-band region as observed for alkoxy-substituted Pcs (ZnPcOPe
and H,PcOPe) and in literature reports.3*® The 'H NMR spectrum of ZnPcSPe shows broad signals in the
aromatic and aliphatic regions (Figure A11). A few milligrams of the product were also purified by silica

gel column chromatography (using CHCls as the eluent) to remove possible paramagnetic metal ion
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contaminants, but no improvement in the NMR signals resolution was observed. This is similar to what
was observed for ZnPcOPe. The most important evidence for the cyclotetramerization of the nitrile groups
is the absence of the -C=N vibrations at about 2228 cm™ in the IR spectrum of ZnPcSPe (Figure A23). Zn(ll)
removal was confirmed by the presence of the NH groups of the metal-free phthalocyanine (H.PcSPe) in
the inner core, which gave a weak and characteristic absorption peak at 3289 cm™in the IR spectrum
(Figure A24). Furthermore, the H,PcSPe was unambiguously confirmed by *H NMR analysis, which shows
well-resolved aromatic and aliphatic resonance signals (Figure A13). The characteristic signal of the
central NH-hydrogens appears at negative ppm (-3.63 ppm), as observed for H,Pc(SC¢H13)s and the analog
H,PcOPe 318

Synthesis of 4,5-bis(pentylthio)phthalonitrile (4):

CsH11SH
Cl CN K2C03 NC SC5H11
10 - L
DMA
N SCsH
Cli CN 80 °C, 24 h Cc . CsHyq
60%

Scheme 40. Synthesis of 4,5-bis(pentylthio)phthalonitrile (4).

4,5-dichlorophthalonitrile (2.0 g, 197.0 g mol%,10.15 mmol), K,COs (4.2 g, 138.2 g mol?, 30.39
mmol, 3 egev) were stirring in degassed anhydrous N,N-dimethylacetamide (20 mL) under argon.
Subsequently, 1-pentanethiol (3.0 g, 3.6 mL, 0.841 g mL?, 104.2 g mol?, 28.79 mmol, 2.8 equiv) was
carefully introduced into the mixture with syringe, and then the reaction mixture was stirred overnight at
80 °C. The reaction progress was monitored by TLC. After the end of the reaction, DCM (20 mL) was added
and the mixture was extracted with DCM (3 X 100 mL) water (50 mL) and brine. The organic layer was
dried over MgS04, and the solvent was removed via evaporation.

The resulting brown solid was crystalized from methanol and filtered off to yield fluffy beige crystals. (2.08
g, 332.5 g mol?, 6.26 mmol, 60%).

H NMR (400 MHz, CDCl3) & (ppm): 7.41 (s, 2H), 3.01 (t, 3/ = 7.2 Hz, 4H), 1.76 (quint, 3/ = 7.6 Hz, 4H), 1.52-
1.43 (m, 4H), 1.42-1.33 (m, 4H), 0.93 (t, 3/ = 7.6 Hz, 6H).

Synthesis of zinc 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (ZnPcSPe):

5H11 SC5H11

CsHy4S SCgHyq
Nc:@:SC sH1q Zn(OAc)2
180°C 48 h
NC SCH
4 st 70% / N
C5H11 SC5H11

CzH4S ZnPcSPe SCysHy4

Scheme 41. Synthesis of zinc 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (ZnPcSPe).
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Under argon 4,5-bis(pentylthio)phthalonitrile (4) (1.5 g, 332.5 g mol, 4.51 mmol) and Zn(OAc);
(400 mg, 183.5 g mol?, 2.18 mmol, 1.9 equiv) were loaded into a glass seal tube (preheated and dried in
oven prior to use) and mixed at 180 °C for 48 hours. After slowly cooling to 105 °C the ethanol (25 mL)
was added and the suspension was stirred overnight in the closed tube. The greenish precipitated crude
product was lately multiple times washed with boiling ethanol and acetone until the liquid was not
brownish-green, but transparent to yield dark-green powder (1.1 g, 1395.5 g mol?, 0.788 mmol, 70%).
IR-ATR (v, cm™): 2955, 2925, 2857 (vC-Haipn.), 1723, 1591, 1548, 1483, 1455, 1405, 1370, 1333, 1454, 1404,
1369, 1333, 1108, 1067, 944, 898, 872, 842, 780, 742, 700, 678 (vC-S—C), 613, 544.
UV-Vis (DMF) Amax, nm: 726, 657, 334, 250.
IH NMR (600 MHz, CDCls) & (ppm): 8.70-7.55 (br, 8H), 3.92-2.54 (m, 16H), 2.26-1.30 (m, 32H), 1.23-0.65
(m, 24H).
Synthesis of 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (H,PcSPe):

CsHyyS SCsHy CsHyyS SCsHyq

CsHy4S SCsHyy CsHy4S SCsHyq
CsHsN - HCI
dry Pyridine
120 °C, 17 h
72%
CsHyyS SCsHyy CsHyyS SCsHyq

C;H4S ZnPcSPe SCsHqq CsH4 ¢S H,PcSPe SCsHy4

Scheme 42. Synthesis of 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (H2PcSPe).

Phthalocyanine ZnPcSPe (1.0 g, 1395.5 g mol™, 0.72 mmol) and pyridinium chloride (23 g, 115.6 g
mol?, 0.20 mol) were solubilized in 46 mL of anhydrous pyridine under a argon atmosphere and kept
stirring at 110 °C for 17 hours. The reaction was quenched after the TLC plate indicate complete
demetalation of ZnPcSPe. Subsequently, the reaction mixture was cooled, and 50 mL of water was added
to induce precipitation of the product. The resultant precipitate was separated by filtration, washed with
water and hot methanol. The resultant product was chromatographically purified using a silica gel column
with a DCM-EtOAc (0->30%) eluent system. Following solvent evaporation, the obtained product was
subjected to vacuum drying, resulting in the production of a dark green solid. (691 mg, 1332.1 g mol?,
0.52 mmol, 72%).

UV-Vis (CH,Cl5) Amax, nm: 690, 358, 341.

IR-ATR (v, cm™): 3289 (VN-H), 2926, 2860 (vC-Haiipn.), 1723, 1568, 1503, 1464, 1420, 1404, 1368, 1324,
1208,1179, 1127, 1111, 1072, 1027, 1011, 935, 868, 839, 823, 760, 747, 724, 692, 681 (vC-S—C), 658, 540.
'H NMR (600 MHz, CDCl3) & (ppm): 8.28 (s, 8H), 3.36 (t, 3J = 6.7 MHz, 16H), 2.06 (quint, 3/ = 7.2 MHz, 16H),
1.75 (quint, 3/ = 7.2 MHz, 16H), 1.58 (sex, 3J = 7.2 MHz, 16H), 1.08 (t, 3/ = 7.2 MHz, 24H), -3.63 (br, 2H).
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4.2.2. Characterization of optical and photosensitizing properties of phthalocyanines

UV-Vis spectra of investigated phthalocyanines were obtained in DMF or DCM using Hewlett
Packard 8452 UV-Vis spectrometer in 10 mm x 4 mm quartz cuvette (Hellma Analytics) at the wavelength
range from 190 to 820 nm. The extinction coefficient was determined by analyzing a series of solutions
with varied concentration (in DMF or DCM). The absorbance values obtained across a range
of concentrations were used to calculate the extinction coefficient in accordance with Beer-Lambert law.

Fluorescence measurements of 0.01 mM solution of phthalocyanines in DMF were carried out using
Camlin  Modular Fluorescence Spectrometer fluoroSENS Pro-11 or Hitachi fluorescence
spectrophotometer (Model F-7000), and the samples were excited at 390 nm.

The investigation of the photosensitizing properties of phthalocyanines was conducted with an
indirect method applying chemical traps and UV-Vis spectroscopy.’”” DPBF in DMF or in DCM, o-terpinene
in toluene, and TPCPD in DCM. The changes in the concentration of chemical traps were monitored
with UV-Vis spectroscopy (Hewlett Packard 8452) at 414 nm for DPBF, at 266 nm for a-terpinene,
at 506 nm for TPCPD. The initial concentration of DPBF and TPCPD was set at 0.05 mM, and for
a-terpinene - 0.15 mM. An Oxxius diode laser with a wavelength of 638 nm (LBX-638-150-ELL-PP) or
a xenon lamp (Thorlabs Xenon Short Arc Light Source) served as the light source. A 10 mm x 4 mm quartz
cuvette (Hellma Analytics) was used. The quantum yield of the singlet oxygen photogeneration was

determined using the DPBF-method:

where the indexes i and ref indicate investigated photosensitizer and reference photosensitizer,
respectively, @ is the quantum yield of 'O, photogeneration; m is the rate constant of DPBF oxidation
(determined based on the changes in its absorbance at 414 nm) and a is the absorption correction factor
(a=1—105M), where Abs()) is the absorbance at wavelength of illumination, here: 638 nm).
Unsubstituted ZnPc was employed as a reference compound for calculations (in DMF @;=0.56) **
4.2.3. Deposition of phthalocyanine-based photoactive layers

i)  Electrochemical deposition of metal (tetraamino)phthalocyanines
The formation of films containing phthalocyanines with primary amine groups, MePcNH; (Me = Zn,

Cu or Al), was done via electrodeposition process. For this purpose, the 0.5 mM solution of the MePcNH,
in 0.1 M BusNBF4/DMF was homogenized using ultrasonic mixing and purged with argon for 15 minutes.
After this, the electrodeposition was done via cyclic voltammetry using the CHI 660C electrochemical
workstation (CH Instruments Inc.) within the potential range (-1.8; 1.2) V at the scan rate of 0.05 V/s,
and 10 scan cycles (unless stated otherwise). The electrochemical set contained three electrodes:
an ITO/borosilicate glass substrate (10 cm x 1 cm, Prazisions Glas & Optik GmbH, PGO) or Pt plate

(1 cm x 1 cm) acting as a working electrode, Ag wire as a pseudoreference electrode, and a glassy carbon
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(GC) rod applied as a counter electrode. Before use, the electrodes were thoroughly rinsed with DMF and
secured in a Teflon holder.

ii) Spin-coating of ZnPc and ZnPc-quantum dots systems
1 mM solution of zinc phthalocyanine derivative in DMF was prepared. The layers were deposited

via spin-coating using a Laurell spin-coater, WS-650 M2-23. The layers were obtained on borosilicate glass
slides 1 x 1cm? (Prézisions Glas & Optik GmbH, PGO). Before the deposition the glass slides were cleaned
with sodium dodecyl sulfate aqueous solution (150 mg mL™), sonicated in pure water and isopropanol
for 30 minutes. The glass slides were pre-heated to 50°C on a heat plate. The layer was produced
by dropping 25 pL of phthalocyanine solution on the pre-heated glass, and spin-coated for 1 min
at 700 rpm. After spin-coating the remains of the solvent were evaporated by heating the layers for
additional 2-3 minutes.

Next, the ZnPcTMA layers with CdSe/ZnS quantum dots or carbon nanodots (CNDs) were prepared.
The phthalocyanine-quantum dots solution was prepared via mixing the stock solution (250 mg/mL for
CND and 5 mg/mL for CdSe/ZnS) of quantum dot with 1 mM solution of phthalocyanine in DMF.
The mixture was stirred until the homogenous solution was obtained. The resulting concentration
of the solution was 10 M. The deposition was conducted as for dots-free layers.

4.2.4. Characterization of chemical structure, morphology and properties of phthalocyanine-
based photoactive layers
i) Chemical structure

The chemical structure of the electrodeposited layers was investigated using infrared, Raman and
X-ray photoelectron spectroscopies. The infrared spectra of layers electrochemically deposited on
platinum plates were recorded in the attenuated total reflectance (ATR) mode within 3500 — 500 cm'?
range with Perkin EImer Spectrum Two IR spectrometer. The Raman spectra of the phthalocyanines’ layers
were collected by Renishaw inVia Raman Microscope (Renishaw, Inc., New Mills, UK). In the case
of the electrodeposited films, a 633 nm diode excitation laser and 1200-lines/mm grating were used,
while for the spin-coated layers - 532 nm laser and 2400 lines/mm grating. The recorded spectra were
subjected to smoothing and baseline subtraction applying Renishaw software.

The chemical structure of the deposited layers was investigated also with X-ray photoelectron
spectroscopy (XPS). For the electrodeposited layers, PREVAC EA15 hemispherical electron energy
analyzer, the 2D multi-channel plate detector and AlKa X-ray source (PREVAC dual-anode XR-40B source,
1486.60 eV) were used. The system base pressure was equal to 9.0 x 10° Pa. The pass energy was set
at 200 eV for survey spectra (scanning step 0.9 eV) and 100 eV (scanning step 0.05 eV) for high-resolution
spectra. In the case of spin-coated films, XPS analysis was done using an AXIS Supra+ instrument (Kratos
Analytical) equipped with a monochromatic AlKa X-ray source (hv = 1486.6 eV, operating at 10 mA, 15 kV).

The system base pressure was equal p, = 3.0 x 1077 Pa. The pass energy was set to 160 eV (scanning step
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0.9 eV) or 20 eV (scanning step 0.05 eV) for survey spectra and for high-resolution spectra, respectively.
For the charging effect compensation, the Kratos charge neutralizer system was used. The binding energy
scale was calibrated with respect to C-C component of C1s spectra (284.8 eV). The measurement was by
done by dr hab. inz. Agata Blacha-Grzechnik. The acquired spectra were fitted using CASA XPS® software.
ii) Morphology

The morphology of the MePc-layers was investigated using atomic force microscopy (AFM) and
scanning electron microscopy (SEM). In the first case, the Nanosurf CoreAFM microscope working
in a contact mode with the standard contact mode AFM HQ: CSC17/Al BS (MikroMasch) probe (resonance
frequency 13 kHz, force constant 0.18 Nm™) was used. The layers’ surface roughness (R.), surface area
and thickness of the layers (i.e. the height of substrate (ITO)-(MePcNH>) iayer edge) were determined using
Gwyddion SPM software. AFM images were collected by dr inz. Sandra Pluczyk-Matek
and dr inz. Aleksandra Nyga.

SEM analysis was done on Phenom ProX with an accelerating voltage equal to 10 or 15 kV
and a magnification between 15000 x and 20000x. The layers were sputtered-coated with thin gold film
(10 nm, Q150R Quorum Technologies) before the imaging. SEM images were acquired by dr hab. inz.
Agata Blacha-Grzechnik. The resulting images were analyzed with Phenom software.

iii)  UV-Vis spectroscopy and spectroelectrochemistry

UV-Vis spectra of deposited films were collected with Hewlett Packard 8453 UV-Vis spectrometer.
Moreover, the spectroelectrochemical investigation of the layers in 0.1 M BusNBF,/DCM were conducted
in a 2 mm quartz cell with ITO as working electrode, platinum spiral as an auxiliary electrode, and the
silver wire as pseudo reference electrode, using Ocean Optics spectrometer and Autolab PGSTAT302N
electrochemical workstation in (-1.2; 0) V potential range. The potential step was equal to 0.2 V
iv)  Photochemical properties

The photochemical properties of the formed layers were evaluated using the same indirect
methods of chemical traps as described in characterization of optical and photochemical properties of
metallophthalocyanines (4.2.2.). In this case, layers were the source of singlet oxygen and they were
located parallel to the beam of the spectrometer. The quantum yield of singlet oxygen photogeneration
was determined using the DPBF with methylene blue as a reference photosensitizer (in DCM, quantum
yield of singlet oxygen generation is 57%).

V) Microbiological analysis

The antibacterial properties of the selected coatings, glass and ITO were evaluated against S. aureus
ATCC12000 according to procedure described in a literature. 319321 The corresponding coatings were
immersed in a bacterial solution for 24 hours prior to visible-light activation in order to maximize bacterial
adhesion on surfaces. Then, half of the samples were kept in the dark while half of them were illuminated

during 1 hour on each side under solar emission lamp. The number of Colony Forming Units (CFUs)
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on the samples’ surface was counted after 48 hours of incubation at 37°C. Four experiments have been
done for each sample. Microbiological analysis was done in collaboration with Institut de Chimie et des
Matériaux Paris-Est and Laboratoire Eau, Environnement, Systémes Urbains from Université Paris-Est

Créteil
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5. Results and discussion

The following chapter is divided into three main sections. In the first part, the optical
and photosensitizing properties of the synthesized phthalocyanines are discussed. The second part
presents the results on the formation and characterization of phthalocyanine-based photoactive layers,
with a division into layers’ formation technique. Finally, the third part is devoted to investigation

of the possible application of the selected layers in fine chemical synthesis or as antimicrobial coatings.
5.1. Investigation of phthalocyanines’ properties in a solution phase

5.1.1. Optical properties

The synthesized derivatives of phthalocyanine were divided in to three groups, in order to
investigate the effect of central metal atom and substituents on optical and photosensitizing properties.
The first group of the compounds consists in (tetraamine)phthalocyanines with various central metal
atoms (Zn, Cu, Al). In the second group, zinc phthalocyanine derivatives with various substituents (2-
butyloctyloxy, tert-butyl, trimethylammonium) were investigated. And in final part, a series
of the molecules with pentoxy or pentathiol groups were tested with the different central atom (zinc,
silicon, and hydrogen). UV-Vis absorption and fluorescence spectra were collected at room temperature
(Figure 13-16). The solution of majority investigated in this work phthalocyanines was green or dark green,

with the exception of ZnPcOBuOc, ZnPctBu for which the colour was blue and ZnPcTMA with green-blue

solution.
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Figure 13. Normalized UV-Vis spectra of metal (tetraamino) phthalocyanines in DMF and normalized emission

spectra of metal (tetraamino)phthalocyanines in DMF (excitation wavelength: 420 nm).
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Figure 14. Normalized UV-Vis spectra of zinc phthalocyanine derivatives with various substituents in DMF and
normalized emission spectra of zinc phthalocyanine derivatives with various substituents in DMF (excitation

wavelength: 390 nm).

= SiOHPcOPe (abs)

1.0 1 —H,PcOPe (abs)
ZnPcOPe (abs)
L 1.0

° ® @ ® ¢ ¢ S{OHPCOPe (em) .‘;:;
o - z
c ® e e ey PcOPe (em) e )
0 po
° [ ® 9% %7ZnPcOPe (em) P E
17 -« —t
o s N
T 0.5 e o
® o ®
N ° 05 3
S 2 3
: ¢
5 5
r4

0.0

T 0.0
400 600 800

Wavelength, nm

Figure 15. Normalized UV-Vis spectra of octakis(pentoxy)- zinc, silicon, and metal-free phthalocyanines in DCM
and normalized emission spectra of octakis(Pentoxy)- zinc, silicon, and metal-free phthalocyanines in DCM

(excitation wavelength: 390 nm).
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Figure 16. Normalized UV-Vis spectra of octakis(pentylithio)- zinc and metal-free phthalocyanines in DCM and

normalized emission spectra of octakis(pentylthio)- zinc, silicon, and metal-free phthalocyanines in DCM (excitation

wavelength: 390 nm).

Table 11. Summary of optical and photosensitizing properties of Pcs investigated in this work

Compound Absorption Maxima (nm) (Extinction Fluorescence Peak | Quantum Yield of Singlet
Coefficient, M~'cm™) (nm) Oxygen Generation (%)
AIPcNH; 726 (91098), 435 (80075), 358 (38018) 777 36
ZnPcNH: 726 (99125), 435(88070), 349 (33113) 774 42
CuPcNH: 721 (95499), 426 (70090), 340 (25118) None 21
ZnPcOBuUOC 699 (83752), 373 (61659) 710 35
ZnPctBu 687 (84052), 370 (44435) 700 38
ZnPcTMA 672 (89125), 336 (78059), 300 (28840) 688 43
ZnPcOPe 683 (89119), 426 (10221), 356 (32508) 705 62
H2PcOPe 701 (80173), 665 (69151), 427(63828), 710 21
350 (57754)
SiOHPcOPe 694 (97661), 447(35320), 357 (46009) 741 46
ZnPcSPe 727 (89904), 439 (67029), 330 (49643) 736 55
H2PcSPe 732 (81558), 698 (70507), 457 (71122), 741 15
330 (54022)

The UV-Vis spectra of all investigated phthalocyanines have characteristic high intensity absorption
bands - Q-band and Soret band.??*3%2 The UV-Vis spectra of the first group of compounds,
i.e. (tetraamino)phthalocyanines, are given in Figure 13. For AIPcNH; a Q-band peak is located at 726 nm,

with additional absorption bands at 435 nm (related to m—mt* transitions and charge transfer transition
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(CT) from the amino group to phthalocyanine ring)3?®* and 358 nm in the Soret region.3?*3% For ZnPcNH,
has peaks with maximum at 726 nm, 435 nm, and 349 nm related to Q-band and Soret bands. 322323326
The UV-Vis spectra of CuPcNH; reveals absorption peaks at wavelengths of 721 nm, 426 nm, and 340 nm.
To summarize, the effect of central atom on absorbance of (tetraamino)phthalocyanines is validated: the
peaks of Q-band varies from 726 nm in case of ZnPcNH; and AIPcNH; to 721 nm for CuPcNH;, this small
shift and peaks’ location are in consistency with literature data, confirming that central atom influences
the optical properties of phthalocyanine 199272323327

The absorbance spectra of ZnPctBu is similar to other phthalocyanines, investigated in this work
(Figure 14). In the Q-region we observe main peak at 687 nm.3?® The Soret band is broad and found at
370 nm. The absorbance spectra of ZnPcTMA is different from already described ZnPcNH; indicated in a
strong blue shift, related to methylation of amine group, thus changing the character of the substitent.3?®
In the Soret region also two bands were observed at 336 and 300 nm. For the absorbance spectra of
ZnPcOBuOcthe absorbance maxima were observed at wavelengths of 699 nm and 373 nm.3%” Taking into
account, the location of the non-substituted ZnPc Q-band peak (at 670 nm in DMF),3* the inductive effect
of substituents contributes to the absorbance peak position of phthalocyanine derivatives. The electron-
donating effect of amino group induces a significant red shift (from 670 nm to 726 nm). The strong
electron-withdrawing effect and difference in the geometry is observed for the trimethylammonium
substituent (ZnPcTMA), for which Q-band is located at 672 nm.! The presence of tert-butyl and
2-butyloctyloxy substituents cause small red shift of Q-band comparing to unsubstituted ZnPc,
the difference in shifts depends on the inductive effect of the substituents. 332

The absorbance spectrum of ZnPcOPe (Figure 15) is similar to the zinc phthalocyanines already
described above, with a strong band in the Q-region at 683 nm. In the Soret region also one band were
observed at 356 nm, which corresponds to electronic transitions involving central atom.33* The H,PcOPe
absorbance spectrum has perfectly related to literature and the presence of two hydrogen atoms in the
center of phthalocyanine core splits the Q-band into two components observed at 665 nm and 701 nm,
which is presented in all metal-free phthalocyanines.?*? The peak at Soret region is also quite high intensity
at 350 nm. And peak at 427 nm is also observed (related to charge transfer from pentoxy group to
phthalocyanine core). The absorbance spectrum of SiOHPcOPe revealed strong signal from Q-band at 694
nm and signal from the band in Soret region at 357 nm. In comparison to ZnPcOPe the position of the Q-
band is the same, having characteristically peak form for all silicon phthalocyanines.?3* The absorbance
spectrum of ZnPcSPe has redshift in comparison with ZnPcOPe and maxima absorbance is at 727 nm. This
change is attributed to the different behavior of the group at peripheral position. In the Soret region one
peak is observed at 330 nm, the peak at 439 nm is characteristic for SPe-containing phthalocyanines and

also related. charge transfer transition from the pentathio group to phthalocyanine ring 38 The

characteristic split of Q-band for metal-free phthalocyanines is also observed in the case of H.PcSPe.
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Similar to H,PcOPe the redshift observed for Zn phthalocyanines is also presented here (732 and 698 nm,
respectively). The Soret band is located at 330 nm. The peak attributed to charge transfer from pentathio
group to phthalocyanine core at 457 nm was also presented.

An emission peak was observed for AIPcNH, at 777 nm (Figure 13), attributed to radiative
transitions from excited singlet state to the ground state within the AIPcNH, molecule.?** ZnPcNH,
showed low fluorescence at 774 nm (Figure 13).33° No detectable emission was recorded for the CuPcNH,,
which consistent with findings reported in the literature.??*> Copper phthalocyanines are commonly
categorized as "non-fluorescent" due to the paramagnetic properties of Cu?*, which significantly promotes
the efficiency of intersystem crossing. The emission spectra of ZnPctBu has one narrow peak at 700 nm
upon excitation of 390 nm laser (Figure 14).3%2 ZnPcTMA phthalocyanine displayed peak of fluorescence
at 688 nm (Figure 14), similar to other phthalocyanines investigated in this work and in accordance with
the literature.3® Solution of ZnPcOBuOc exhibited a fluorescence emission at 710 nm upon excitation at
490 nm (Figure 14),3°

ZnPcOPe has fluorescence peak at 705 nm (Figure 15), which is consistent with literature.3®
It indicates that the insertion of electron-donating groups in peripheral position of phthalocyanine
enhances the fluorescence. Comparing to similar reported structures of 1,4,8,11,15,18,22,25-octapentoxy
phthalocyanine (a-substituted Pcs), the H.PcOPe peak of fluorescence at 741 nm (Figure 15), in contrast
to the lack of fluorescence described for its analog.?*? The fluorescence spectra of SiOHPcOPe showed also
peak at 741 nm (Figure 15). The fluorescence intensity for ZnPcSPe was at 736 nm (Figure 16).
The H2PcSPe also exhibited peak of fluorescence at 741 nm (Figure 16), similar to observed for related
phthalocyanine derivatives in literature. 33°
5.1.2. Photosensitizng properties

i) Metal (tetraamino)phthalocyanines

The singlet oxygen generation in solution was determined via indirect method using a DPBF
as a trap under 638 nm light irradiation. A set of UV-Vis spectra recorded for DPBF in the presence of
ZnPcNH; at the specified time intervals under illumination with 638 nm laser is shown in Figure 17A.
The decrease of DPBF absorbance at 414 nm with time indicates a generation of singlet oxygen
by the photosensitizer. Figure 17B presents the comparison of drops in DPBF’s absorbance in time for
MePcNHj; series. Plotting the change in the absorbance of DPBF at 414 nm (given as a logarithmic function)
during illumination is consistent with the anticipated pseudo-first-order kinetics of the reaction.
The calculated quantum yield of 10, photogeneration for AIPcNH; is equal to 36%. The yield of singlet
oxygen generation for ZnPcNH; was higher than of AIPcNH, - 42%. The higher efficiency of Zn
phthalocyanine is connected with the ability of zinc atom to enhance the intersystem crossing a bit more
effectively than Al. 333336 The singlet oxygen yield of CuPcNH; generation is approximately 21%. This value

is lower than that observed for ZnPcNH; and AIPcNH,. This result shows directly how the changes of
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central atom affect the efficiency of singlet oxygen generation, because in the literature the unsubstituted

copper phthalocyanine is reported to be not efficient in singlet oxygen generation.?®
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Figure 17. a) Set of UV-Vis spectra of DPBF in DMF recorded during illumination of ZnPcNH:(0.02 mM) with 638 nm
laser, b) Change in the absorbance of DPBF at 414 nm (given as a logarithmic function) during illumination of

different investigated (tetraamino)phthalocyanines in solution (0.02 mM in DMF) with 638 nm laser.
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Figure 18. a) UV-Vis spectra of DPBF in DMF recorded during illumination of ZnPcOBuOc (0.1 mM) with 638 nm
laser, b) Change in the absorbance of DPBF at 414 nm (given as a logarithmic function) during illumination of

different zinc phthalocyanines in solution (0.01 mM in DMF) with 638 nm laser.

Corresponding indirect detection of singlet oxygen was applied in this set of compounds. Figure 18a
presents a set of UV-Vis spectra of solution containing DPBF and ZnPcOBuOc recorded at the specified
time intervals during illumination with 638 nm laser. The investigated ZnPctBu and ZnPcOBuOc show
slightly lower yield comparing to others investigated ZnPc derivatives, i.e. ZnPcOBuOc - 35%, ZnPctBu -

38%. Those zinc phthalocyanines had quantum yield of singlet oxygen generation smaller then
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unsubstituted ZnPc. Introduction of the tert-butyl and 2-Butyloctyloxy decreased the yield of singlet
oxygen generation by ca. 5%, which is probably related to reduction of triplet state lifetime.? At the same
time, the yield of singlet oxygen generation for ZnPcTMA solution is 43%, that is similar to the closest
analogue ZnPcNH..

iiii) Octakis(pentoxy- and pentylthio)- zinc, silicon, and metal-free phthalocyanines
photosensitizing properties

A) B ) = ZnPcOPe
25+ _ ® ZnPcSPe
0001 = A SIOHPcOPe
0 sec -0.05 ; v H2PCSPe
204 ——15 sec N n H,PcOPe
—— 30 sec -0.10 H o v
—— 45 sec E ® &
§ 1.5 90 sec 3 -0.15
=] [ ]
= 75 sec < 020 :
3 101 5
o ¥ -0.25 v
< < .
=
0.5 - f\ = -0.30
/ \
/ -0.35
— A °
001 -0.40 -
T T T T 1 T T T T T T T
300 400 500 600 700 800 0 10 20 30 40 50 60
Wavelength, nm Time, s

Figure 19. a) Set of UV-Vis spectra of DPBF in DCM recorded during illumination of ZnPcSPe (0.1 mM) with 638 nm
laser, b) Decrease in the absorbance of DPBF in DCM recorded during illumination of octakis(pentoxy- and

pentylthio)- zinc, silicon, and metal-free phthalocyanines in solution with 638 nm laser

ZnPcOPe ability to generate singlet oxygen was tested with DPBF in DCM (Figure 19). The calculated
quantum vyield is 62%. 1,4,8,11,15,18,22,25-octakis(decyl)phthalocyaninato zinc has quantum yield of
singlet oxygen generation equal to 47%, what means that substitution in B-position and prolongation of
alkoxy chains increases the efficiency of singlet oxygen generation. 37 For ZnPcSPe the quantum yield of
singlet oxygen photogeneration is equal to 55%. The metal-free analogues, H,PcOPe, H.PcSPe, showed
significantly lower yields, 21% and 15%, respectively. For SiOHPcOPe the quantum yield is equal to 46%.
The efficiency of singlet oxygen generation increases in a row H,, Si, Zn. The metal-free H,PcOPe and
H,PcSPe have lower photosensitizing properties due to the absence of central atom, weakening
intersystem crossing. A silicon as central atom is a good choice, SiIOHPcOPe has higher photosensitizing
properties than metal-free analogues, but lower than ZnPcOPe and ZnPcSPe. And, as expected, the zinc
phthalocyanines have the highest efficiency among the investigated phthalocyanines because of
the optimal balance between ISC enhancement and maintaining strong m-m* transitions within

the conjugated macrocycle.
5.2. Phthalocyanine-based photoactive layers
5.2.1. Electrodeposited layers
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5.2.1.1. Electrochemical deposition of (tetraamino)phthalocyanines
ZnPcNH;, AIPcNH; and CuPcNH; have been electrochemically deposited on ITO or Pt surface from

a solution of the respective monomer applying cyclic voltammetry. CV curves recorded for ZnPcNH,,

AIPcNH; and CuPcNH; with ITO as a working electrode are shown on Figure 20A, B and C, respectively.
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Figure 20. a) Cyclic voltammogram curves recorded for the ITO working electrode in a 0.1 mM ZnPcNH; electrolyte
solution (0.1 M TBABF4/DMF), b) cyclic voltammogram curves recorded for the ITO working electrode in a 0.1 mM
AIPcNH; electrolyte solution (0.1 M TBABF4/DMF, c) cyclic voltammogram curves recorded for the ITO working
electrode in a 0.1 mM CuPcNH; electrolyte solution (0.1 M TBABF4/DMF), d) First cycle of cyclic voltammogram for

CuPcNH:, highlighting redox processes.
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Table 12. Electrochemical characterization of (tetraamino)phthalocyanines

Compound Redox Process Potential (V vs. Ag)
ZnPcNH, [ZnPc?7)/[ZnPc]* (A/A') -0.1
[ZnPc?7]/[ZnPc®7]™ (B/B') -0.8
[ZnPc37]7/[ZnPc*71* (C/C') -1.4
Irreversible oxidation of 1.0

amino groups (D)

AIPcNH, [AIPcZ"]/[AIPC]* (A/A)) 0.1
[AIPc*"]/[AIPC37]" (B/B') -0.9
[AIPc3-]/[AIPc* ]2 (C/C') -1.7

Irreversible oxidation of 1.0

amino groups (D)

CuPcNH; [CuPc?7]/[CuPc™]* (A/A") -0.4
[CuPc?7]/[CuPc37]~ (B/B'") -1

[CuPc37]7/[CuPc* )% (C/C") -1.4

Irreversible oxidation of 1.0

amino groups (D)

Several redox processes observed for MePcNH, have been labeled as shown in Figure 20D. For
ZnPcNH,, three reversible redox couples are observed: the first redox couple, involving the transition
between [ZnPc*]/[ZnPc'"]*, occurs at -0.1 V (A/A'); the second redox couple, corresponding to
the [ZnPc?7]/[ZnPc®7]” process, appears at -0.8 V (B/B'); and the third couple, associated with
the [ZnPc®7]7/[ZnPc* )% process, is observed at -1.4 V (C/C'). Additionally, an irreversible oxidation of
the outer primary amino groups at 1.0 V (D) initiates electrodeposition through an aniline-like
electropolymerization mechanism, leading to the formation of an electroactive layer on the ITO surface.?”
AIPcNH; displays similar behavior, with the first redox couple [AIPc?7]/[AIPc'"]* occurring at 0.1 V (A/A"),
the second redox couple [AIPc?7]/[AIPc®*"]” at -0.9 V (B/B'), and the third couple [AIPc3"]7/[AIPc*]?~
at -1.7 V (C/C'). The irreversible oxidation of the amino groups in AIPcNH, takes place at 1.0 V (D). For
CuPcNH,, the first redox couple [CuPc*]/[CuPc']* is observed at -0.4 V (A/A'), the second couple
[CuPc*])/[CuPc37]™ at -1.0 V (B/B'), and the third redox couple [CuPc37]7/[CuPc*]* at -1.4 V (C/C").
The irreversible oxidation of the outer amino groups for CuPcNH, occurs at ca. 1.0 V (D).2* The summary
of the potential of the observed redox couples is given in Table 12.

The irreversible oxidation peak for all of the investigated phthalocyanines was observed at ca. 1.0 V.
This peak attributed to the oxidation of the outer primary amino group, leads to a formation of radical
cations. This oxidation process initiates the electrodeposition of an electroactive layer on the surface of
the working electrode, in this case - ITO. In the consecutive scan cycles, a noticeable increase in the current

is observed in the broad potential range, which indicated the deposition of the electroactive layer
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of the phthalocyanine (Figures 20). It is believed that the oxidation of the primary amine groups, similar
to electropolymerization of aniline, is the mechanism of the electrodeposition. The process leads to
the formation of the oligomeric chains on the ITO surface. The electrodeposition occurs through
formation of bond between the peripheral amino group of MePcNH; to form diphenylamine-containing
bridges (Scheme 43), which can undergo intramolecular cyclisation to form dihydrophenazine or

phenazine linkages between the Pcs units. 338 3%
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Scheme 43. Possible mechanism for the oxidative coupling of MePcNH: for the MePcNH: layers formation.

MePcNH:is a mixture of isomers.

5.2.1.2. Characterization of optical properties, chemical structure and morphology

The UV-Vis spectra of the electrodeposited layers are presented in Figure 21. For all
of the investigated layers spectra shows two broad bands around 350 nm and 720 nm, corresponding to
the B (Soret) band and Q band, respectively.?>>3%0 In phthalocyanine films, the Q-band is notably broader
compared to the respective monomer and shows a red shift, indicating enhanced charge delocalization
and extended conjugation. Additionally, the band associated with charge transfer between the outer
amino groups and Pc ring (observed at around 450 nm for MePcNH; in solution), is absent in the UV-Vis
spectra of the layers. This indicates the amino groups' involvement in the electrodeposition process.?*’

The UV-Vis spectroelectrochemical analysis of a CuPcNH; layer (Figure 22) shows the influence of
the optical properties of phthalocyanines by the redox state of the Pc. Upon gradual one-electron
reduction of the Pc ring, the intensity of the band around 720 nm decreases and blue-shifts. At potentials
below -1.0 V, a new band around 550 nm emerges and intensifies. Similar behavior is reported for other
phthalocyanines.?* The spectroelectrochemical study provided key insights, with the CuPcNH, layer
showing a notable reduction in the 720 nm band intensity, with the appearance of new band at 550 nm,

as the potential was reduced from 0 V to -1.2 V. The UV-Vis spectroelectrochemistry experiments done
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with ZnPcNH; layer showed similar behavior: the peak at 720 nm diminishes with the decrease in
potential, this is accompanied by the appearance of new band at 550 nm (Figure 23). These observations
indicate that the redox state of the deposited layer may influence the photosensitizing properties and

that the proper selection of illumination source for singlet oxygen is crucial.
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Figure 21. UV-Vis spectra of electrodeposited layers of (tetraamino)phthalocyanines on the ITO (in DCM).
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Figure 22. UV-Vis spectra of CuPcNH: layer recorded during electrochemical reduction (0.1 M TBABF4 in DCM).
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Figure 23. UV-Cis spectra of ZnPcNH: layer recorded during electrochemical reduction (0.1 M TBABF4 in DCM).

The chemical structure of the AIPcNH;, CuPcNH;, and ZnPcNH, in the form of the electrodeposited
layers was investigated using ATR-IR, Raman, and X-ray photoelectron spectroscopies. ATR-IR spectra
of the electrodeposited phthalocyanines is presented in the Figure 24. The layers for IR investigation were
deposited on platinum plates. Related to phthalocyanine core bands are observed in the range from
1700 cm™ to 500 cm™, while above 2500 cm™ mainly modes of C-H appear. 3*? The bands at 740 cm?,
880 cm™ and 1050 cm™ are present for all phthalocyanines in the form of monomers and layers. They are
related to C-H in-plane and/or out-of-plane bending. Other signals are related to C-C and C-N vibrations
in isoindole at ca. 1380 cm™ and at ca. 1480 cm™ and carbon-carbon bond stretching in benzene at
ca. 1610 cm™. 3#23%3 The characteristic vibrations of the primary amino groups in all MePcNH; are observed
within 3300-3400 cm™ region, 3% but their intensity significantly decreases after electrodeposition.
In layers weak band above 3000 cm™ appears. Importantly, no intense band at ca. 1000 cm™ specific for
the metal-free Pc ring, 3* is recorded for the formed layers, indicating that the electrodeposition process
is not associated with the central metal loss. The obtained results are in good agreement with previously

reported for Pcs containing Zn, Al or Cu 342734
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Figure 24. ATR-IR spectra recorded for metal (tetraamino)phthalocyanines and corresponding layers deposited
on Pt plates.

Raman spectroscopy further investigates the chemical structure of electrochemically deposited
(tetraamino)phthalocyanines layers. Figure 25 shows the Raman spectra of ZnPcNH,;, AIPcNH;
and CuPcNH; layers. These spectra of phthalocyanine-based films can be divided into two main regions.
From 600 to 900 cm™ are located the most intense band at approximately 755 cm™, which is attributed to
vibrations of C4—Ng—Cq, M—Ng, and C,—Cs—Cs.3**** The second region is from 1350 to 1550 cm™, so-called
fingerprint regions of phthtalocyanines.3%3%* The most intense band in this region is located around
1520 cm™. This band is highly sensitive to changes in the central metal atom and includes C4 — Ng — Cq
displacement in the Pc macrocycle.3*° As already reported, the position of this band is strongly influenced
by the size of central metal atom.34%34434> The band was observed at 1516 cm™ for ZnPcNH, layer,
at 1531 cm™® for CuPcNH; layer and at 1536 cm™ for AIPcNH; layer, which is in agreement with
the previously reported data.3*®3*” Other two bands in this region are also sensitive to the type of central
metal atom, but lesser extend that the above-mentioned one. The band involving out-of-phase benzene
ring deformation vibrations shifts from 1448 cm™ for CuPcNH; layer to 1430 cm™ for ZnPcNH; layer,344346

which emphasizes the presence of different metals in electrodeposited layers.
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Figure 25. The Raman spectra of CuPcNH, AIPcNH2 and ZnPcNH: layers deposited on ITO.

Table 13. Raman of the electrodeposited layers

Wavenumber (cm™) Nature of the signal
755 Vibrations of Ca—No—Ca, M—Ng, and Cy—Cs—Cs
967-985 Out-of-plane C—H bending vibrations in the Pc macrocycle
1128-1142 C—N stretching vibrations within the macrocycle
1196-1199 Combination of C—H bending and C—N stretching vibrations
1318-1366 Vibrations related to Ca—Nuo—Ca and conjugation within the
macrocycle
1431-1445 C=C and C=N stretching vibrations in the phthalocyanine ring
1516 Ca—Ns—Cq displacement in the Pc macrocycle (ZnPcNHz2 layer)
1531 Ca—Ns—Cq displacement in the Pc macrocycle (CuPcNH:z layer)
1536 Ca—Ns—Cq displacement in the Pc macrocycle (AIPcNH: layer)
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Figure 26. a) XPS survey spectrum of AIPcNH: layer and high resolution XPS spectra of b) Al 2p region of AIPcNH:
layer, c) Cu 2p3/2 region of CuPcNH: layer, d) Zn 2p3/2 region of ZnPcNH: layer, e) N 1s region of AIPcNH: layer (all

deposited on ITO).3'* Reused with permission from the publisher.

In the last step, XPS spectra of electrodeposited layers were collected. Figure 26a shows survey XPS
spectrum of electrodeposited AIPcNH; layer. It confirms the presence of carbon (C 1s at ca. 285 eV),
oxygen (O 1s at ca. 530 eV with its Auger-effect Ok counterpart at ca. 980 eV), nitrogen (N 1s at ca. 400
eV) and aluminum (Al 2p at ca. 74 eV). Similar survey spectra were recorded for ZnPcNH; and CuPcNH;
layers, but instead of Al-characteristic signals, Zn 2p at ca. 1020 eV and Cu 2p at ca. 935 eV signals of
metals were observed.

The high-resolution spectra of characteristic regions, i.e. Al 2p for AIPcNH, layer (Figure 26b), and
Cu 2ps/; for CuPcNH: layer (Figure 26¢) and Zn 2ps., for ZnPcNH; layer (Figure 26d), were fitted with
appropriate component representing metal-nitrogen bond within Pc ring. 34 Two resulting components
showing spin-orbit splitting for Al 2p are displayed, attributed to a small (0.44 eV) separation between
the 3/2 and 1/2 states. Only the 3/2 component is depicted for the Cu 2p and Zn 2p regions. 3*° In the case
of Cu 2p the classical Cu?* satellite is also well visible ca 9 eV towards higher binding energies with respect
to main Cu 2ps/, component. 3°

Finally, the N 1s region, represented in Figure 26e for AIPcNH; layer indicated the decomposition
into three components: N—C / N-metal at 398.8 eV (here denoted only as N-C) with characteristic satellite
at 402.2 eV 3 and N-H of outer amino groups at 400.5 eV. The ratio between the area of N—C and N-H
components allows us to estimate the degree of conversion of primary amine
in (tetraamino)phthalocyanines during the electrodeposition process. Depending on the type of central

atom, the N—C/N-H ratio is approximately 2.0, 2.5, and 3.2 for Zn-, Al-, and Cu-films, respectively. This
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indicates that CuPcNH, undergoes oligomerization more efficiently than ZnPcNH; or AIPcNH;, which
mainly form dimeric structures.

SEM and AFM techniques were used to examine the morphology of the layers, as shown in Figure 27.
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Figure 27. AFM images of a-c) ZnPcNH: layer , d-f) AIPcNH: layer and g-i) CuPcNH: layer electrodeposited on ITO.
SEM images: a), d), g); AFM images: b)-c), e)-f), h)-i). The surface mean roughness (Ra) and surface area of the
electrodeposited layers equal to 63 nm and 1009 um? for ZnPcNH: layer, 510 nm and 1716 um? for AIPcNH: layer

and 159 nm and 1245 um? for CuPcNH: layer. 31* Reused with permission from the publisher.

Electrodeposited layers were in the next step characterized by AFM. It was observed that
the morphology varies significantly depending on the central metal atom. The Zn- and Cu-containing
layers display cylindrical-like grains, typical for divalent metal phthalocyanine layers on unheated
substrates.3>! The ZnPcNH; layer consists of non-uniformly distributed crystallites ranging from 0.6 to 1.3
pum (Figure 27a-c), while the CuPcNH; layer shows a cauliflower-like morphology with grains between 0.5
and 0.8 um (Figure 27d-f). The AIPcNH: layer (Figure 27g-i) features larger, more rectangular structures.
Surface analysis revealed that the Zn-containing layers have the lowest surface roughness (Ra) and surface
area, while the Al-containing layers have the highest. All layers exhibit a well-developed surface, essential

for heterogeneous processes.>>
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5.2.1.3. Photosensitizing properties of electrodeposited layers

The ability of the electrodeposited layers to produce singlet oxygen was investigated similarly to
Pcs in solution, i.e. using indirect detection method and DPBF as chemical trap. Figure 28a displays a series
of UV-Vis spectra of DPBF recorded during the continuous illumination of the AIPcNH; layer with a 638 nm
diode laser. The decrease of absorbance at 414 nm indicates formation of '0,. No new absorbance band
above 600 nm forms during the experiment, suggesting the stability of the AIPcNH: layer under
the experimental conditions. Similar sets of UV-Vis spectra were recorded for two other electrodeposited
layers: ZnPcNH; and CuPcNH.. Though, in the latter case the drop was insignificant. No decrease in DPBF

absorbance was observed when DPBF solution was illuminated without presence of the photoactive layer.
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Figure 28. a) Set of UV-Vis spectra of DPBF in DCM recorded during illumination of AIPcNH: layer with 638 nm laser,
b) Change in the absorbance of DPBF(in DCM) at 414 nm (given as a logarithmic function) during illumination of

different investigate (tetraamino)phthalocyanines layers with 638 nm laser.

The graph, shown in Figure 28B, compares the decrease in DPBF absorbance over time during
the illumination of electrodeposited layers of (tetraamino)phthalocyanine with different central metal
atoms. It can be clearly seen that the highest drop was observed for ZnPcNH,. The estimated quantum
yield is 5%, 4% and <1%, for Zn-, Al- and Cu-layers, respectively. The significant decrease in the quantum
efficiency of singlet oxygen photogeneration after deposition of photosensitizer has been commonly
reported in the literature. Several factors may play a role — those related to photophysical properties of
PS (like effect of aggregation) and those related to heterogenous process (like oxygen transport).
Here, additionally, the changes in the chemical structure of MePcs during electrodeposition may be
important. As seen for CuPcNH,, which, as indicated earlier, exhibited the highest yield of outer —NH;

group conversion during the deposition process. The efficiency of 10, production is lower than 1%, which

96



suggests that the loss of -NH; during electrodeposition process has significant effect on CuPc’s
effectiveness as photosensitizer.

Table 14. Quantum yields of singlet oxygen photogeneration by electrodeposited MePcNH: layers.

MePcNH: (layer) Quantum yield, @
ZnPcNH2 5%
AIPcNH2 4%
CuPcNH:2 <1%

The proper optimization of the amount of deposited PS and thickness of the layer is critical for
efficient singlet oxygen generation. During the electrodeposition process, amount of deposited species
changes with the number of cycles. The quantum efficiency of singlet oxygen production for ZnPcNH,
and AIPcNH; layers formed with 10, 20 or 30 scans cycles is given in Table 15. It can be seen that for zinc-
containing layer, the efficiency is almost the same for 10-30 scan cycles. On the other hand, for Al-layer
the small increase in the efficiency in the observed with the increase in a number of scan cycles.
The difference between Zn- and Al- layers is probably related to different morphology and porosity of

the layers, and the way of layer growth, i.e. covering of the surface of electrode.

Table 15. Influence of number of electrodeposition scan cycles on singlet oxygen generation quantum yield

Type of the layer Quantum yield of singlet
oxygen generation
ZnPcNH: layer 10 cycles of electrodeposition 5%
ZnPcNHz: layer 20 cycles of electrodeposition 5%
ZnPcNHz layer 30 cycles of electrodeposition 5%
AIPcNH: layer 10 cycles of electrodeposition 3%
AIPcNH: layer 20 cycles of electrodeposition 3%
AIPcNH: layer 30 cycles of electrodeposition 4%

5.2.2. Spin-coated layers
5.2.2.1. Formation of the layers and characterization of their optical properties, chemical structure

and morphology
Spin-coating is a technique commonly applied for the formation of photoactive layers.>>® Here,
various derivatives of zinc phthalocyanine were spin-coated on a glass substrate. The general scheme of
the spin-coating procedure is given in Figure 29. Optimization of parameters including rotation, pre-
heating temperature, and spin-coated solution concentration was necessary due to the boiling point of
DMF. Subsequently, the produced layers underwent thermal annealing to remove solvent traces.
The spin-coated layers were uniformly distributed around the glass and the color varied from dark green

to dark blue.
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Figure 29. General scheme of spin-coating procedure.

The UV-Vis spectra of the spin-coated layers show presence of two bands at approximately 350 nm

and 720 nm, which are characteristic features of phthalocyanine systems (Figure 30).

ZnPcTMA layer
ZnPctBut layer
ZnPcOBuOc layer
ZnPcNH, layer

Normalized absorbance

L | 1 | | 1
300 400 500 600 700 800
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Figure 30. UV-Vis spectra of spin-coated zinc phthalocyanines.

The broadening of the peak absorbance band was observed in the spectra of all spin-coated
phthalocyanines. This phenomenon is attributed to aggregation and packing of the phthalocyanines in
the solid state. Spin-coated layers retained similar to respective non-deposited ZnPcs patterns of
absorbance peak with minor differences related to the broadening of the Q-band and B-band.

The ZnPcTMA layer was stable in DCM and MeOH. But, unfortunately, layers comprised of ZnPctBu and
ZnPcOBuOc were soluble both in DCM and MeOH, so we couldn’t proceed further investigation with these

layers. Based on these observations, spin-coated ZnPcTMA layer was selected for further studies with QDs
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and CNDs. Hybrid layers based on ZnPcTMA with CdSe/ZnS or carbon nanodots were formed in order to
boost the photoactivity of resulting layers. Once again, the spin-coating was used for layers’ formation.
Figure 31 shows comparison of UV-Vis spectra acquired for ZnPcTMA layers with or without nanodots,

and UV-Vis of the corresponding components in solution.
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Figure 31. UV-Vis spectra of spin-coated ZnPcTMA layer, ZnPcTMA with CNDs layer deposited on glass
and UV-Vis spectra of CNDs and ZnPcTMA in solution.

The absorbance spectra of CNDs are broad with a peak around 300 nm. CdSe/ZnS has similar to
CNDs outline with a peak at 291 nm. The spin-coated hybrid layers retain the optical properties of the
phthalocyanine in the visible region —the broad Q band at ca. 680 nm is observed. In the case of UV region,
the strong broad band is observed at 291 nm and 355 nm for ZnPcTMA+CNDs and ZnPcTMA+CdSe/ZnS,
respectively. This band is due to Soret band of ZnPc and absorbance of CNDs or CdSe/ZnS. 3%

The chemical structure of hybrid layers based on ZnPcTMA was investigated with Raman and XPS
spectroscopies. Raman spectra of ZnPcTMA layer with or without dots are shown in Figure 32. CdSe/ZnS
quantum dots have characteristic peaks from 150 to 700 cm™™. The first one attributed to the scattering of
CdSe longitudinal optic photons at 201.9 cm™. The peaks form CdSe/ZnS are not clearly seen in the Raman
spectra, so the confirmation of their presence is done by the means of XPS. The peaks at 1518, 1693, and
1613 cm™ are related to C=N stretching and isoindole stretching in phthalocyanine molecule (Figure 32)
(Table 16).340 204344346 £or |ayers containing CND, the confirmation of the CND presence was done by
observing the increase of relative intensities of signals at ca. 1400 and 1500 cm™, comparing to ZnPcTMA-

only layer, which suggest contribution of G and D modes of CNDs. 3
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Figure 32. The Raman spectra of ZnPcTMA-based layers spin-coated on glass.

Table 16. Assignment of signals observed in the Raman spectra of the spin-coated layers: ZnPcTMA, ZnPcTMA +

CdSe/ZnS and ZnPcTMA + CNDs

Wavenumber (cm™)

ZnPcTMA

ZnPcTMA + CdSe/ZnS

ZnPcTMA + CNDs

in Pc macrocycle

in Pc macrocycle

755 Vibrations of Ca—No—Ca, - Vibrations of Co—Na—Ca, - Vibrations of Co—Na—Ca,
M-Nq, and C,—Cs—Cs M-Ng, and C,—Cs—Cs M-Ng, and C,—Cs—Cs
1398-1500 D and G bands of CND
1516-1536 - Ca—Ns—Cq displacement - Ca—Ns—Cq displacement - Ca—Ns—Cq displacement

in Pc macrocycle

1518, 1613, 1693

C=N stretching and
isoindole stretching in
phthalocyanine

C=N stretching and
isoindole stretching in
phthalocyanine

C=N stretching and
isoindole stretching in
phthalocyanine

the Pc macrocycle

the Pc macrocycle

1510 Out-of-phase benzene ring | Out-of-phase benzene ring | Out-of-phase benzene ring
deformation deformation deformation
1516 Ca—Ns—Cq displacement in Ca—Ns—Cq displacement in Ca—Ns—Cq displacement in

the Pc macrocycle

The Figure 33a-c show survey XPS spectra of spin-coated ZnPcTMA, ZnPcTMA+CdSe/ZnS,
and ZnPcTMA+CNDs layers. The following signals are observed for ZnPcTMA: carbon - C 1s at ca. 285 eV,
oxygen - O 1s at ca. 530 eV, nitrogen - N 1s at ca. 400 eV, zinc - (Zn 2p at ca. 1020 eV), iodine — (I 3d at ca.
618 eV). For the ZnPcTMA+CdSe/ZnS layer, the survey spectra were similar to ZnPcTMA, but additional
peaks related to CdSe/ZnS were observed: cadmium - Cd 3d at ca. 410 eV, sulfur - S 2p at ca. 162 eV.

The survey spectra of ZnPcTMA+CNDs layer shows similar signals as for ZnPcTMA-only layer.
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Figure 33. a-c) Survey spectra of spin-coated layers of ZnPcTMA with or without nanodots. High resolution XPS

spectra of d-f) Zn 2p region, g-i) N 1s region, j) C 1s region of ZnPcTMA, k) S 2p region of ZnPcTMA +CdSe/ZnsS,

1) C 1s region of ZnPcTMA + CNDs

101



The analysis of the high-resolution spectra of Zn 2p region (Figure 33 d-f) is similar for all three
investigated layers. The signals from Zn 2ps/; (1021.6 eV) and Zn 2p1/2 (1044.3 eV) are present in all layers.
The position of Zn 2ps/, is consistent with literature for all ZnPc layers.3>®

The N 1s region for ZnPcTMA (Figure 33g) was decomposed into: N-C/N-Zn at 398.1 eV, N(Me); at
400.3 eV, and reported in literature N*(Me); at 402.6 eV.3* For ZnPcTMA+CNDs the intensity of satellite
was higher due to electronic interactions introduced by the carbon nanodots and m-mt stacking.
The presence of -NMe, component is due to the partial decomposition of the ZnPcTMA during
the deposition. It was found that the decomposition is related to the pre-heating temperature and was
more profound for higher temperatures, i.e. above 50°C. Finally, the ZnPcTMA+CdSe/ZnS layer has
additional peaks from Cd 3d (at ca. 405-412 eV).**® For ZnPcTMA+CdSe/ZnS, the additional high-
resolution spectra for sulfur was acquired. The characteristic spin-orbit coupling peaks are observed at

162.6 eV (S 2ps/2) and 164.0 eV(S 2p1/2) and are in agreement with literature for ZnS. 37

107 nm
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ZnPcTMA + CdSe/ZnS

0.41pm

oo  ZNPCTMA + CNDs

Figure 34. AFM images of a,b) ZnPcTM, c,d) ZnPcTMA+CdSe/ZnS and e,f) ZnPcTMA+CNDs layers

spin-coated on glass.

AFM technique was used to examine the morphology of the layers, the results are shown
in Figure 34. The ZnPcTMA layer has a smooth surface with non-uniform crystallites in the form of
trapezoidal-cone.3*® These peaks have a maximum height of approximately 107 nm. The size of grains on

the surface varies between 50-100 nm. Nevertheless, the layer has low RMS roughness (9 nm), and the
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surface area is estimated at 25 um?. The addition of CdSe/ZnS to phthalocyanine-based layer modifies the
surface morphology. The resulting layer have wavy and highly textured surface with cylindrical-like grains,
similar to already reported phthalocyanines.® It is also confirmed by the increased values of RMS
roughness equal to 53 nm and the height maximum equal to 336 nm. The total surface is 25 um? similar
to ZnPcTMA. The increased surface should enhance the number of heterogeneous centers for singlet
oxygen generation, which may result in a higher quantum yield for the conjugate layer, compared to
ZnPcTMA only.3®® ZnPcTMA+CNDs shows intermediate surface texturing between the smoother
morphology of pure ZnPcTMA and the more textured structure observed in ZnPcTMA+CdSe/ZnS layers.
The roughness is much higher in comparison ZnPcTMA and ZnPcTMA+CdSe/ZnS. This layer consists of
round-shaped grains with triangular shape. The maximum height is 407 nm, and RMS toughness is equal
to 49.8 nm. The total surface area increases up to 26 pm?>.
5.2.2.2. Photosensitizing properties

Singlet oxygen photogeneration by spin-coated layers, i.e. ZnPcTMA, ZnPcTMA+CNDs and
ZnPcTMA+CdSe/ZnS was investigated using an indirect method with TPCPD as a chemical trap.
The experimental procedure involved immersing the layers into a TPCPD solution and monitoring changes
in absorbance at 504 nm during xenon light illumination. Xenon lamp was selected as a broadband
illumination source in order to activate both components of the hybrid — ZnPcTMA and CNDs or CdSe/ZnS.
Figure 35 presents the sets of UV-Vis spectra of TPCPD in DCM recorded during illumination
of ZnPcTMA+CdSe/ZnS and ZnPcTMA+CNDs. In both cases, the drop in the absorbance at 504 nm band
is observed in time, indicating the reaction of TPCPD with singlet oxygen produced by the layers.
Importantly, no decrease in TPCPD absorbance was observed without presence of the photoactive layer.

The comparison of the drop in TPCPD absorbance at 504 nm in time for different ZnPcTMA
photoactive layers is given in Figure 36. In the case of both hybrid layers, with CNDs or CdSe/ZnS, the
decrease in the absorbance is significantly higher, which indicates more efficient production of singlet
oxygen. The enhancement of the phthalocyanine performance as singlet oxygen source via creating
a conjugate with inorganic quantum dots or carbon nanodots has been already reported in the
solution.?®13%2 Quantum dots themselves are known for the generation of singlet oxygen. However, the
yield is generally low (5%). 3% Lately, carbon nanodots have been reported as an efficient source of ROS.3%
Another possible mechanism behind observed effect is the enhancement of the photoactivity due to

365 This in most of the cases was attributed

energy transfer between dots and phthalocyanine
to the Férster resonance energy transfer (FRET),3%%3% facilitated by the m-stacking interaction between

the quantum dots and the phthalocyanine core.

103



1.0 -

— 0 min
g —— 15 min
g — 30 min
2 0.5- —— 45 min
)
(7]
e
<
0.0 T T L] A 1
400 500 600 700
1.0 - Wavelength, nm
—— 0 min
3 —— 15 min
S —— 30 min
'g 0.5 —— 45 min
721
o
<
0.0 . T T A 1
400 500 600 700

Wavelength, nm

Figure 35. Set of UV-Vis spectra of TPCPD in DCM recorded during illumination of ZnPcTMA + CdSe/ZnS layer with

xenon lamp and ZnPcTMA + CND layer with xenon lamp.
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Figure 36. Change in the absorbance of TPCPD (in DCM) at 504 nm during illumination of different investigated

ZnPcTMA with or without nanodots layers with xenon lamp.
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5.3. Investigating the possible application of phthalocyanine-based photoactive
layers

5.3.1 Antimicrobial coatings

Since zinc phthalocyanine is reported as an efficient antimicrobial agent, due to singlet oxygen
generation, the electrodeposited ZnPcNH; layer was chosen for antimicrobial tests. Antimicrobial tests
were performed in collaboration with Institut de Chimie et des Matériaux Paris-Est and Laboratoire Eau,
Environnement, Systemes Urbains from Université Paris-Est Créteil. The efficiency of ZnPcNH; layer
in the inhibition of S. Aureus adhesion was tested in the dark conditions and under visible-light
illumination. Figure 37a shows the comparison of colony forming of S. Aureus on unmodified glass,
ITO/glass and ZnPcNH; layer deposited on ITO/glass. The colony forming units of S. Aureus decreased on
the ZnPcNH; layer irradiated under visible light with the efficiency up to 99.8%. The change in bacteria
adhesion is visualized on Figure 37b. This effect is not observed for unmodified glass and ITO/glass
and thus, can be assigned to the bactericidal action of singlet oxygen and another ROS. On the other hand,
the adhesion of S. Aureus on ZnPcNH; layer under dark is significantly higher than for the unmodified glass
and ITO/glass surfaces. This is probably related to the change of morphology, hydrophobicity etc.
of the surface 3¢’ This effect is, of course, disadvantageous for practical application and thus, need to be

taken into account when designing photoactive antimicrobial coatings.
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Figure 37. a) Evolution of colony forming units (for S. aureus) at the surface of non-irradiated and irradiated
coatings ZnPcNH: layer on ITO/glass, ITO/glass and glass samples. p < 0.001, n=4. b) optical images of S. aureus on

ZnPcNH: layer on ITO/glass without and with irradiation.3'° Reused with permission from the publisher.

Comparing to other works on ZnPc-based antimicrobial coatings, it has to emphasize that
electrodeposited ZnPcNH: layer shows high stability, while some other ZnPc-based coatings were slightly
decomposing after several cycles of photosensitization.?”” The effectiveness of pathogen inactivation is
in good correlation with literature. Most of ZnPc-based coatings exhibit similar efficiency in pathogen

inactivation, ranging from 98% to 99.998%.952%297
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5.3.2. Fine chemical synthesis

Singlet oxygen is widely applied in fine chemicals synthesis as an effective and green oxidizing
agent.3%3% |norganic and organic sources of 10, are investigated either in homogenous or heterogenous
processes. Here, the electrodeposited MePcNH; were tested in the process of a-terpinene oxidation to
form ascaridole. The ascaridole has been reported as an effective suppressor of several tumor cell lines
proliferation (CCRF-CEM, HL60, MDA-MB-231), though, the number of research works related to its
anticancer properties can be higher in future.3”® The set of UV-Vis spectra of absorbance of a-terpinene
solution during illumination of AIPcNH; layer is given in Figure 38a. The clear decrease of characteristic
band of a-terpinene at 266 nm is observed that indicates its oxidation.*’**’2 Similarly to the earlier
photochemical experiment, no leakage of photosensitizer into the solution was observed, which indicates
the stability of the layers. The comparison of drop in the absorbance at 266 nm for various MePcNHj; layers
is given in Figure 38b and in Table 17. Unlike DPBF tests, described in the subchapter 5.2.1.3, the highest
effectiveness is observed for Al-containing layer and CuPcNH: shows also effectiveness in oxidation
process. Here, however, it has to be emphasized that a-terpinene is not specific to singlet oxygen, and
other ROS may also undergo this reaction giving e.g. p-cymene. This suggests that in the case of CuPcNH,

layer other ROS are produced via electron-transfer mechanism under light illumination.
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Figure 38. a) set of UV-Vis spectra of a-terpinene in ACN being in contact with AIPcNH: layer illuminated by xenon
lamp recorded in the selected intervals of time, b) drop in the absorbance of a-terpinene at 266 nm during

illumination with the xenon lamp.3'* Reused with permission from the publisher.

Table 17. Efficiency of a-terpinene oxidation for investigated layers.

MePcNH> drop in a-terpinene absorbance rate of a-terpinene
at 266 nm after 60 min oxidation
ZnPcNH: layer -0.217 32.78 umol/hour
AIPcNH: layer -0.254 38.37 umol/hour
CuPcNH: layer -0.167 25.23 umol/hour
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6. Summary and conclusions

As a result of this thesis, a series of phthalocyanine-based photoactive layers were designed,
formed and widely characterized. The literature analysis was a leverage for the selection
of phthalocyanines derivatives, considering their photosensitizing properties, deposition possibilities,
toxicity, green methods of synthesis etc. Based on the obtained results, the following conclusions
can be drawn:

1) The synthetic approach used in this work resulted in a selection of useful method to synthesize
phthalocyanines with different central atoms and Pc’s ring substituents. The main reaction applied
in the synthesis was a tetracyclization of the corresponding phthalonitrile to the phthalocyanine
in a solvent-free solid-state system. Based on the Zn-phthalocyanine template, it was possible to produce
metal-free and Si-containing phthalocyanines, whereas direct synthesis from phthalonitrile was
unsuccessful due to effects from the electron-donating group (pentoxy and pentylthio), decreasing
the effectiveness of tetracyclization.

2) It was shown that the optical and photosensitizing properties of phthalocyanine can be tuned by
changing central metal atom and Pc’s ring substituents. The absorbance spectra don’t significantly depend
on the type of central metal atom. On the other hand, the absence of central metal atom clearly affects
the shape of absorbance spectra leading to significant splitting of the Q-band. The optical properties to
higher extend depend on the nature and position of substituents: electron-donating groups in accordance
to literature caused the redshift of the Q-band, comparing to unsubstituted phthalocyanine . The highest
yields of singlet oxygen photogeneration were observed for zinc phthalocyanines, especially with pentoxy,
pentathio or amino substituents.

3) It was shown that phthalocyanine derivatives can be deposited on solid supports using
electrochemical deposition or spin-coating techniques. In most of the cases, the deposited Pcs have
shown the activity towards !0, production. Though, the quantum yield of photosensitization was
significantly lower than for Pcs in a solution phase.

4) Electrodeposition revealed a great potential for phthalocyanine immobilization
on the (semi)conductive substrates. In this case, a proper design of Pc’s structure, i.e. presence
of the primary amino groups, was crucial for the process. It was shown, that the type of central metal
atom strongly influences the chemical structure, morphology and the photosensitizing properties of
the resulting layer. The most promising results were obtained for Zn- and Al- (tetraamino)phthalocyanine
layers. In the case of CuPcNH,, the significant drop in the photosensitizing efficiency is probably related
to the changes in the chemical structure occurring during electrodeposition process.

5) Spin-coating was proven to be easily-accessible method for the formation of phthalocyanine-

based coatings. Though, the stability of resulting layers was strongly influenced by the ZnPc’s substituents.

107



It was shown that the photoactivity of ZnPc layers can be increased by formation of hybrid layers with
inorganic quantum dots or carbon nanodots.

6) The indirect method of singlet oxygen detection, using DPBF of TPCPD traps, has been confirmed
as an effective technique for the investigation of singlet oxygen (or ROS) production by the photoactive
layers deposited on solid substrates.

7) In the preliminary experiments on application of phthalocyanine-based photoactive layers, it was
demonstrated that such photoactive systems based on phthalocyanines can be considered for application

as a heterogenous source of 0, in fine chemicals synthesis or as antimicrobial coatings.

Taking into account the obtained results, the following future perspectives can be formulated.
First of all, the detailed mechanism behind the significant increase in the photoactivity observed for hybrid
layers has to be broadly investigated. This is crucial for the further development of such systems.
Second of all, a long-term (photo)stability of the obtained Pc-based photoactive layers need to be
explored. Considering the possible application of such systems, there is still room for the improvement.
For the antimicrobial coatings, the bacteria adhesion in dark conditions needs to be inhibited,
e.g. by changing hydrophobic properties of the layer. In the case of fine chemicals synthesis,
the production of other ROS species has to be limited, to increase the selectivity of the oxidation reaction.
To sum up, the development of a photoactive, singlet oxygen-generating layers based on phthalocyanines
was successfully achieved. However, there is still a room for improvement in terms of their stability or

effectiveness in target use.
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Figure Al. 'H NMR spectrum of N-(3,4-dicyanophenyl)acetamide (PN-NHAc) recorded in (CD3):SO and listed as
residual internal DMSO-ds (2.50 ppm).
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Figure A2.H NMR spectrum of N-(3,4-dicyanophenyl)-4-methylbenzenesulfonamide (PN-NHTs) recorded in CDCl3

and listed as residual internal CHCI3 (7.26 ppm).
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Figure A3. 'H NMR spectrum of zinc (tetraacetamide)phthalocyanine (ZnPcNHAc) recorded in (CD3).SO and listed as
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Figure AS5. 'H NMR spectrum of zinc tetra(trimethylammonio)phthalocyanine tetraiodide (ZnPc-TMA) recorded in
(CD3)2SO and listed as residual internal DMSO-ds (2.50 ppm).
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Figure A6. 'H NMR spectrum of 1,2-bis(pentyloxy)benzene (1) recorded in (CD3).CO and listed as residual internal

acetone-ds (2.05 ppm).
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Figure A7.1H NMR spectrum of 1,2-dibromo-4,5-bis(pentyloxy)benzene (2) recorded in (CD3).CO and listed as
residual internal acetone-ds (2.05 ppm).
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Figure A8.1H NMR spectrum of 4,5-bis(pentyloxy)phthalonitrile (3) recorded in (CD3).CO and listed as residual

internal acetone-ds (2.05 ppm).
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Figure A9. 'H NMR spectrum of 1,2-bis(pentylthio)benzene (PN-SPe) recorded in CDCl3 and listed as residual
internal CHClIz (7.26 ppm).
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Figure A10. H NMR spectrum of zinc 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (ZnPcOPe) recorded in

CDCl3 and listed as residual internal CHCl3 (7.26 ppm).
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Figure A11. ’H NMR spectrum of zinc 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (ZnPcSPe) recorded in
CDCl3 and listed as residual internal CHCI3 (7.26 ppm).
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Figure A12.H NMR spectrum of 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H.PcOPe) recorded in CDCl3
and listed as residual internal CHCl3 (7.26 ppm).
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Figure A13. ’H NMR spectrum of 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (H.PcSPe) recorded in
CDCl3 and listed as residual internal CHCI3 (7.26 ppm).
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Figure A14. ATR-IR spectrum of N-(3,4-dicyanophenyl)acetamide (PN-NHAc).
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Figure A15. ATR-IR spectrum of copper (tetraacetamide)phthalocyanine (CuPcNHAc).

90

80

70

Transmittance (%)

60

50

—— ZnPcNHAc

T : T : T : T : T : T
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure A16. ATR-IR spectrum of zinc (tetraacetamide)phthalocyanine (ZnPcNHAc).
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Figure A17. ATR-IR spectrum of aluminium (tetratosylamido)phthalocyanine (AIPcNHTs).
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Figure A18. ATR-IR spectrum of tetra(trimethylammonio)phthalocyanatozinc tetraiodide (ZnPcTMA).
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Figure A19. ATR-IR spectrum of 4,5-bis(pentyloxy)phthalonitrile (3).
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Figure A20. ATR-IR spectrum of zinc 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (ZnPcOPe).
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Figure A21. ATR-IR spectrum of the 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H2PcOPe).
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Figure A22. ATR-IR spectrum of dihydroxy silicon 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine (H2PcOPe).
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Figure A23. ATR-IR spectrum of zinc 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (ZnPcSPe).
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Figure A24. ATR-IR spectrum of 2,3,9,10,16,17,23,24-octakis(pentylthio)phthalocyanine (H2PcSPe).
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Figure A25. HRMS (ESI-TOF) spectrum of copper (tetraamino)phthalocyanine (CuPcNH:z): m/z calcd for Cs2Hz20N12Cu:
635.1230 [M*]; found: 635.1234.

Tolerance =100.0 mDa / DBE: min = 10.0, max = 50.0 M
Element prediction: Of
Number of isotope peaks used for i-FIT =2 =
Honoisotopic Hass, Odd and Even Electron lons
13 formula(e) evaluated with 3 results within limits (upto 3 closest results for each mass) L
Elements Used >
Mass [Rae [Calc.Mass [ mDa [PPM [ DBE [ Formule [i-FT [-FTNorm [FitConf% [ C [ H [ N [Zn|
6%120 10000 636125 04 20 32 H20 NI2 Zn %71 1007 3 2 0 1 1
6361308 79 124 30 38 HI2 N2 266 0500 6065 BB L2 B
6362160 935 470 220 C31 H32 N2 Zn 2607 3572 281 1 2 B o1
PHCZN-NH2 237 (0.527) Cm (230:243)
1 TOF S ES+
63584003
00, 636.1220
6371250
638.1269
6401162
%1 539.1215
6234104
622.1155
635.1213
6241107 6411233
a25 1155 8420674 6428508
B 6475682
26,1088 6440638
6314055 5448400 64,5541
627.1101 6334520 647.3507
7 6494300 6511130
626171 §20.0055 531 o003 6324731 6458241
£21.4279 7 e 6504313 (551.1550
‘ 6344742 ‘ ‘ “ 18
o ol el Al g -
6210 6220 6230 6240 6250 6260 627.0 6280 6290 6300 6310 6320 6330 6340 6350 6350 637.0 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 G64BO  649.0 6500 6510

Figure A26. HRMS (ESI-TOF) spectrum of zinc (tetraamino)phthalocyanine (ZnPcNH2): m/z calcd for Cs2H20N12Zn:
636.1225 [M*]; found: 636.1229.
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Figure A27. HRMS (ESI-TOF) spectrum of aluminium (tetraamino)phthalocyanine (AIPcNHz): m/z calcd for
C32H20AICIN12: 599.1749 [M - ClJ*; found: 599.1745.
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Figure A28. HRMS (ESI-TOF) of zinc (tetraacetamide)phthalocyanine (ZnPcNHAc) from solid state synthesis: m/z
calc. for CaoH29N1204Zn [M + H]*: 805.1726; found: 805.1714.
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Figure A29. HRMS (ESI-TOF) spectrum of zinc (tetraamino)phthalocyanine (ZnPcNH:) from solid state synthesis: m/z
calc. for Cs2H21N12Zn [M + H]*: 637.1304; found: 637.1353.
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Figure A30. HRMS (ESI-TOF) spectrum of zinc tetra(trimethylammonio)phthalocyanine tetraiodide (ZnPcTMA): m/z
calc. for CaoH3sN12Zn [M - CaH12la J*: 748. 2477; found: 748. 2462.
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Figure A31. LC-QTOF-MS spectrum of dihydroxy silicon 2,3,9,10,16,17,23,24-octakis(pentoxy)phthalocyanine

(SiOHPcOPe): m/z calc. for C72H9o7NsOaSi [M - OH]* 1245.7143; found 1245.7167.
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