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ABSTRACT

Introduction. Singlet oxygen is perfectly suited to interact with biological macromolecules and cellular composition.

Aim. The goal was to present an information about singlet oxygen discovery.

Material and methods. In this article a narrative review regarding singlet oxygen discovery.

Analysis of the literature. The desire to summarize information about generation and basic application of singlet oxygen is

presented.

Conclusion. The history of singlet oxygen is well documented in literature.
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Introduction

Oxygen was independently discovered by Scheele in about
1771 and Priestley in 1774. Carl Wilhelm Scheele’s first
publication, “Chemische Abhandlung von der Luft und
dem Feuer” was delivered to the printing house in 1775,
but was not published until 1777. During this time, Jo-
seph Priestley and Lavoisier published their experimental
data and conclusions regarding oxygen. Thus, Carl, who
made the discovery chronologically earliest, was credited
with the discoverer of oxygen along with Joseph Priest-
ley, the English exponent, and Antoine Lavoisier, the fa-
ther of modern chemistry. Undoubtedly, however, each
of the three chemists made a contribution to the discov-
ery of this element; Scheele was the first to isolate the gas,
Priestley first published “An Account of further Discov-
eries in Air” in the journal Philosophical Transactions
and pointing to the connection between air and blood,
and the French physicist and chemist Lavoisier, describ-
ing it as “purified air itself in without changing  giving it
the name oxygenium and explaining, for the first time, its
meaning without using the then erroneous theory of phlo-
giston, and at the same time putting an end to it.

Aim
The aim of this work is to present the review of oxygen
discovery.

Material and methods
This article is a review done in regards to discuss the
role of singlet oxygen.

Analysis of literature

Amadeo Avogadro in 1811 described oxygen as a di-
atomic molecule. In 1848 Michael Faraday announced
that the oxygen molecule is a paramagnet and is attract-
ed by a magnet, differing from other gases such as heli-
um gases by a specific electronic structure. In his 1867
publication, Fritzsche first described a reaction involv-
ing singlet oxygen. This was a precipitation reaction
from a solution of 2,3-benzanthracene exposed to sun-
light and air, but the true nature of the reaction was not
yet suspected. The Frenchman Louis Cailletet was one
step ahead of the Swiss Raoul Pictet by producing a few
drops of liquid oxygen in 1877. The following year, Sir
Dewar conducted an oxygen liquefaction demonstra-
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tion in front of members of the Royal Institute during
the Friday Discussions. Over the next five years, he im-
proved his method of liquefying oxygen and had a large
amount of this element in the liquid state, thanks to
which its characteristics could be studied comprehen-
sively. He found that liquid oxygen (ozone) is attracted
to magnetic poles. In 1891, at one of the “Friday Discus-
sions”, he presented his discovery, using a magnet of a
large size and a vacuum bottle, known to this day in lab-
oratories as the Dewar vessel. The liquid oxygen flowing
from the bottle hangs in the air between the poles of the
magnet, hanging like a large drop until it turns into gas
and disappears.* It was only in 1925 that this phenom-
enon was explained by Robert Mulliken, thanks to the
newly formulated quantum theory.

Robert S. Mulliken, Nobel laureate in chemistry, in
1928 showed that the paramagnetic property of oxygen
is due to the parallel spins of two outer electrons in an
oxygen molecule. This paramagnetic, unpaired pair of
electrons is triplet oxygen. They determine its chemical
properties, making it difficult to select electrons, which
is related to the low capacity of oxygen to bind with oth-
er compounds. The electron spin reversal produces one
pair of electrons and one free electron in the orbit, al-
lowing oxygen to react by removing the constraining
spin function. The first evidence of the existence of a
metastable and highly reactive oxygen species was giv-
en in 1931 by Kautsky. Gerhard Herzberg, also a Nobel
laureate in chemistry, thanks to infrared spectroscopy in
1934 confirmed the existence and accurately described
the possible states of molecular oxygen, including sin-
glet oxygen as a higher energy state of oxygen. In 1943,
Schenck discovered the one reaction with singlet oxy-
gen. This reaction is one of the most studied process-
es in organic chemistry today.>® The first purposeful
use of singlet oxygen took place in 1954. Schenck and
Ziegler then carried out the oxidation of a-terpinene in
the presence of chlorophyll, as a result of which ascari-
dol was produced.”®

The next discoveries about singlet oxygen came
from photo-oxidation experiments by Christopher
Spencer Foote and Wexler and Elias Corey and Tay-
lor in 1964. Foote, a faculty member at UCLA, made a
groundbreaking discovery of the role of singlet oxygen
as an excited form of oxygen in air in the reactions of
organic molecules caused by light and ultraviolet radi-
ation. Foote’s discovery of developing an independent
chemical pathway for the formation of this form of ox-
ygen was made in 1964, while he was still a lead at the
University of California, Los Angeles. This has led to
a large amount of research into the interaction of sin-
glet oxygen with a wide variety of chemicals, DNA and
nanomaterials.” His research has led to important dis-
coveries about why molecular oxygen is both essential
to life processes and a major factor in biological damage.

Many aspects of singlet oxygen chemistry are derived
from the work of Christopher S. Foote and his col-
leagues. Singlet oxygen is an interesting molecule with
an extraordinary history behind its discovery. Foote and
Wexler conducted experiments in the 1960s, where they
obtained evidence of singlet oxygen generation through
two independent pathways: 1) photochemical reaction
(photooxidation with dye) and 2) chemical reaction
(NaOCl with H,0,). An important factor in the discov-
ery of singlet oxygen as an intermediate in the photooxi-
dation reaction with the dye was Foote’s reassessment of
the 1930s chemical literature, where it has already been
suggested. Experiments using silica gel beads provided
evidence for the presence of a volatile diffusive oxidant
such as singlet oxygen.'® Soon after Foote’s first research
was published in 1964, the idea of singlet oxygen as an
intermediate in photooxidation chemistry gained more
and more recognition and validation in organic, gaseous
and biological processes. Foote’s 43-year research career
hasled him to become a world leader in organic chemis-
try. His earliest work focused on the effect of bond angle
deformation on the property of organic molecules. He
established a quantitative correlation between spectro-
scopic properties and reactivity."

Foote’s main interest was the generation and reac-
tion of reactive oxygen species. Foote has released over
250 research papers, many of which focus on singlet
oxygen. Scientific advances in the chemistry of singlet
oxygen and its reaction with organic compounds have
occurred rapidly over the past 25 years. The great im-
portance of the reaction with singlet oxygen has been
noticed in medicine, biochemistry, organic chemistry,
food chemistry and environmental chemistry.'?

Molecular oxygen comes in two forms: singlet and
triplet. In its ground state, an oxygen molecule has two
electrons with opposite spin, occupying the n-bonding
orbitals perpendicular to each other. Molecular oxygen
exhibits paramagnetic properties due to a spin quan-
tum number of 1. As a result of the supply of a certain
amount of energy, a triplet oxygen molecule is excited
and two electrons with opposite spin pairing. The spin
quantum number is then zero. The oxygen molecule
excited in this way is singlet oxygen and has a higher
energy. The amount of delivered and absorbed energy
determines the form of singlet oxygen, two of which are
distinguished: delta and sigma with different distribu-
tion of electrons in molecular orbits: 1AgO2 - in which
there are two paired electrons in one orbital m * 2p and
1%g + O2 - in which it occurs after one electron in each
of the m * 2p orbitals, and the electrons have opposite
spins. The difference between the ground state and the
excited states is respectively: 22.5 kcal mol-1 and 31.5
kcal mol-1. Singlet oxygen is an excited form of molec-
ular oxygen, but it is not a free radical.”®

Singlet oxygen is produced by a photosensitization
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reaction in which an endogenous photosensitizer, such
as a porphyrin, is excited by light. When a quantum of
ultraviolet radiation (or higher energy radiation) is ab-
sorbed, the excitation energy is transferred to oxygen and
transformed into singlet oxygen, and the photosensitizer
returns to its ground state. In order to obtain singlet oxy-
gen, therefore, one needs an oxygen source (it may be air),
light of the appropriate wavelength (usually sunlight) and
photoactive particles. The efficiency of the process is de-
termined by a parameter called quantum efficiency. Sin-
glet oxygen can also be generated in chemical reactions
without the use of light, e.g. decomposition of calcium
peroxide, molybdenum, tungsten and lanthanum perox-
ides, thermal decomposition of ozonophosphine adducts
(Myrray method), thermal decomposition of aromatic
endoperoxides or decomposition of hydrogen peroxide.
Singlet oxygen is also produced by an oxygen explosion
in phagocytes during an inflammatory reaction, while
hypochlorous acid is formed, which reacts with hydrogen
peroxide and as a result of lipid peroxidation, i.e. the re-
action of two peroxyl radicals."

Singlet oxygen interacts with other molecules by
transferring excitation energy - this is the so-called
quenching singlet oxygen, it then goes into a triplet
state or by entering into a chemical reaction. It can eas-
ily react with other singlet molecules. Chemical reac-
tions involving singlet oxygen are often accompanied
by visible light emission - chemiluminescence (e.g. blue
during the oxidation of luminol). The high reactivity of
singlet oxygen is used in a number of chemical reac-
tions in organic chemistry, especially with unsaturated
compounds. The first step of the reaction with unsatu-
rated compounds is usually the formation of R2C = C
(R) -O-O-H allyl hydroperoxide or the R-O-O-R perox-
ide bridge. These compounds often undergo secondary
reactions - simultaneous rupture of the O-O and C-C
bond with formation of two carbonyl groups. The re-
action products of singlet oxygen with cholesterol and
tryptophan are characteristic. The possibilities of singlet
oxygen are limited by inactivation with water. Heavy
water is less likely to quench the excited state of oxygen,
therefore it is used in experiments to determine the role
of singlet oxygen in the studied reactions. If the reac-
tion presumably caused by singlet oxygen works better
in heavy water than in ordinary water, we have a right to
consider our suspicions to be valid.”>"”

Singlet oxygen is more electrophilic and has bet-
ter oxidizing properties than basic oxygen, therefore it
is considered a universal oxidant. It reacts with: lipids
leading to peroxidation; proteins leading to oxidation of
side chains, inactivation, misfolding, or enhanced deg-
radation in proteasomes; nucleic acids, resulting in base
modification and strand breaks. The most susceptible
to damage by singlet oxygen are histidine, methionine,
tryptophan, tyrosine, cysteine and guanine residues.

The very strong oxidizing properties of singlet oxy-
gen can find application in environmental protection, e.g.
treatment of industrial wastewater containing phenols
derived from clothing from the paper industry. The sin-
glet oxygen method to remove 2-chlorophenol from in-
dustrial wastewater uses oxygen from the air and sunlight
to generate singlet oxygen, and the immobilization of
photoactive Bengal red particles in silica gel enables their
recovery and multiple use. We also find many uses of sin-
glet oxygen in medicine, e.g. for the sterilization of blood
donations by scientists working for the Swiss Red Cross.
In medical applications, photoactive molecules must
meet stringent requirements, such as high antimicrobial
activity and non-toxicity to humans, e.g. methylene blue.
The mechanism of action is based on the interaction of
singlet oxygen with cells of foreign organisms. First, the
photoactive molecule is excited, and then, as a result of
energy transfer, molecular oxygen is formed, oxidizing
bacterial cell walls, nucleic acid fragments and enzymes.
Due to the high degree of adsorption of phenothiazines,
such as methylene blue, they can be successfully used in
local antibacterial therapy in the fight against microor-
ganisms such as, for example, Helicobacter pylori, Esche-
richia coli, Staphylococcus aureus, Enterococcus faecium.
Phenothiazine derivatives are called the “antibiotics of the
future” because they may soon become a modern alterna-
tive to currently used antibacterial agents."***

Singlet oxygen is believed to be the primary reac-
tive form of oxygen responsible for damage to leaf cell
components and the light-induced loss of photosystem
IT activity.

Singlet oxygen, unlike its spin-limited sister form,
quickly reacts with molecules of organic compounds,
but if by chance oxygen existed only in singlet form, it
would never accumulate in the atmosphere, and as a re-
sult, life would never come from the oceans to land .
Singlet oxygen is not ROS produced in the cells of our
body in physiologically significant amounts. However,
there are situations in which the production and reac-
tions of singlet oxygen become important. This is the
case with porphyria, a disease caused by a defect in the
metabolism of porphyrins, which causes them to accu-
mulate in the skin. Some drugs are photosensitive and
singlet oxygen acts as a mediator of their harmful side
effects. St. John’s Wort Hypericum contains hypericin,
which produces singlet oxygen when exposed to light,
so that large amounts of St. John’s wort by cows or sheep
in sunny pastures can lead to photosensitivity reactions.

Conclusion
Oxygen is hailed as the elixir of life, while arousing fear
as a fuel to keep smoking and the poison that causes
our death. Undoubtedly, however, it is very important
in our lives - we cannot live without it for more than a
few minutes.
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