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The ground state dioxygen has a triplet spin state OZ(X32g). The singlet excited Oz(a‘Ag) dioxygen possesses an excess energy of 22 kcal/mole and is highly reactive
with respect to organic matter since all organic molecules have also singlet ground states with all spins paired; their reactions with 02(a1Ag) are not forbidden by spin
selection. The chromophoric pollutants in sea waters under sun irradiation can generate OQ(aWAg) and other reactive oxygen species which could oxidase many wastes.
This review describes mechanisms of Oz(a‘Ag) interaction with organic pollutants in seawater with black carbon dispersion and with corals.

Introduction

Dioxygen is everywhere — in the air, water, green plants,
fishes, and inside us. This small diatomic O, molecule saves all
alive creatures from the dangerous solar ultraviolet radiation
(by the UV absorption at 175 - 200 nm in the Schumann-Rung
0, band [1,2]), creates an ozone stratospheric layer that protects
us from the soft UV light (240 nm), and provides respiration
energy for all aerobic cells [2]. The other important role of
the O, molecule is its ability to generate the Reactive Oxygen
Species (ROS), the singlet dioxygen, superoxide ion, hydroxide
and peroxides, which control aerobic metabolism and cell
proliferation [3-5]. Organic stuff as components of alive
matter (proteins, lipids), black carbon, polyphenols, sugars,
etc. consists of polymers and molecules, which possess an
even number of electrons. All of them being paired with anti-
parallel spins provide zero total magnetic moments; that is why
most organic species represent diamagnetic substances (they
are slightly repelled by an external magnetic field while the
paramagnetic O, is attracted according to Faraday’s discovery)
[2,3]. Both paramagnetic and diamagnetic substances do
not support their magnetization when the magnetic field

is switched off. Both types of species, paramagnetic O, and
organic molecules, are chemically stable at ambient conditions
(in the absence of fire) but start furiously reacting in the
presence of radicals induced by spark or match [2-5].

Because of its relatively high solubility molecular oxygen
(dioxygen, 0,) is an important component of any aquatic
environment including all marine waters. In the sun-light
elucidated aquatic media excited dioxygen could be an indicator
of water pollution by organic wastes which include chromophore
groups. Such organic dyes usually show high biological activity
being toxic and supporting bacterial environment; at the
same time, they are photo-active sensitizers of the singlet
dioxygen O,(a'A,). Sea waters beneath the sun generate O, by
photosynthesis from algae and bacteria to a great extent; this
complicated process is spin-forbidden. Weak spin-depending
perturbations help the chloroplasts to overcome the spin
restriction. A Dioxygen molecule contains 16 electrons; two
of them possess non-paired spins. Thus, the ground state
dioxygen has a triplet spin state 0,(X’z ). The singlet excited
state O,(a’A,) dioxygen (with all spins paired) possesses an
excess energy of 22 kcal/mole and is highly reactive with
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respect to organic matter since all organic molecules have
singlet ground states; their reactions with singlet O,(a’A) are
not forbidden by spin selection. The chromophoric organic
pollutants in sea waters under sun irradiation can generate
0,(a'A,) reactive species which could oxidase many organic
wastes.

Before the study of organic pollutants in seawater, let us
consider some fundamental aspects of quantum physics and
remind ourselves that an electron is a tiny magnet whose
magnetic moment (determined by a spin quantum number
S=1/2) has a pure quantum origin without analogy in the visible
macroscopic world. The electron spin arrow in contrast to the
classical magnet has only two possible orientations (M =+%2).
For any molecule, the electronic wave functions are always

eigen-functions [2] of the total spin operator § = zSi .
S’ =S(S+D)V¥ )

For an even number of electrons, the S quantum number
may be equal to zero (singlet ground state for the majority
of stable molecules); the lowest excited state usually is a
metastable state in this case with S = 1 (triplet state). The
unusual paramagnetic character of dioxygen was explained in
terms of quantum mechanics in 1928 by R.S. Mulliken on the
basis of molecular orbital (MO) arguments [6]. For the two non-
paired electron spins occupying the degenerate 7 -MO it was
shown by Mulliken that the triplet X>% - state of the O, molecule
is the lowest ground term while two singlet states, O,(a'A,)
and O,(b'z,’), are the low-lying excited terms [6]. They have
been detected soon in the night sky emission with an energy of
22 and 36 kcal/mole above the ground term, respectively [2].
The 0,(a’A)) is the first excited term of dioxygen being doubly
degenerate. Because of strong spin prohibition for its return to
the triplet ground state a’A_ > X’% - it is a metastable state. The
singlet dioxygen O,(a'A,) has a relatively long lifetime and is
rather reactive with respect to diamagnetic organic molecules
since both reactants are in the singlet states and their chemical
interaction is spin-allowed to produce singlet state products
(usually complete oxidation of all organic matter leads to
diamagnetic products H,0, N,, and CO, with zero spins) [3].
We have to mention here that the singlet 0,(a’A,) dioxygen
is not powerful enough to oxidase all organics, however; it is
too substrate-dependent in order to mineralize all dissolved
organic material (Scheme 1).

But from a very general perspective, this simple O, molecule
essentially differs from the great majority of other chemical
species by its magnetic, chemical and optical properties because
of the inverted position of the triplet and singlet states. Almost
all stable organic molecules have the singlet ground state
and triplet — the first excited state; these two circumstances
provide a great puzzle for the whole aerobic life phenomena on
the Earth planet [3]. Photosynthesis creates triplet dioxygen
from carbon dioxide and water by the chlorophyll catalysis in
green plants beneath the Sun [1]. Aerobic cell oxidases glucose
by triplet dioxygen back to H,0, and CO, molecules with zero

TR | N |

- . 3¢ - _ -
2 M=0 Ty M=t1 Ty M=-1
1y + 1 1
3z, A, A

Scheme 1: Electronic configurations of the lowest states of dioxygen; m* and 1 are

degenerate complex MO with angular momentum projections th on the molecular
axis.

spins provide energy for life deposited in the singlet state
Adenosine Triphosphate (ATP) diamagnetic storage, Egs. (1):

6H,0+60 , +hy e _,c 4 O, +60,

(2)
C,H, O, + 60, —™™= 5 6H,0+60 , +energy < (ATP)

Both processes are in the background of aerobic life, Egs.
(2), are spin prohibited [2,7]. We used to take free O, and
our respiration for granted and do not care much about the
spin of dioxygen [3]; although, we have to care to understand
the deep backgrounds of life, diseases, and brain machinery.
Unfortunately, not many scientists care too much, and modern
biochemistry skips the analysis of such great problems [5].
On the other hand, all organic Molecules (M) as diamagnetic
species cannot react with the triplet 0,(X’z) dioxygen since
such reaction processes are completely spin-forbidden; from
general chemistry, we know that the final products (P) of such
possible complete oxidation (P = H,0, N, CO,) are also singlet-
state diamagnetic molecules like M [1,5]:

M (1) + 0,(X%) (1) 2 P (1) (1Y) (3)

The Triplet-Singlet (T-S) transition has to occur in the
reaction of Eq. (3); that is one spin-flip is necessary to complete
obviously such a reaction. Such flip of the spin magnetic
moment of one electron (T-S transition) in Eq. (3) could be
induced solely by magnetic interaction: by the external field
or by Intrinsic Magnetic Perturbations (IMP) [3]. It is well-
known that IMP is very weak; they are commonly negligible
in organic chemistry [2] and the external field is not necessary
for oxidation by air. The typical way how reaction (3) usually
proceeds in the 21% - dioxygen atmosphere — is combustion in
the open air. It proceeds through the branched radical-chain
reaction mechanism, Eq. (4), and is initiated by Radicals (R),
the reactive molecular fragments with one non-paired electron
created by the flame of a match [5]

M (™) + 0,2 )(11) + R(V) =P (V) (1¥) + R (1) (4)

The newborn radical R'(¥) could react again with O,
(t1) without any spin-prohibition in a new collision (where
the radical R'(?) spin memory is lost) and the intermediate
diamagnetic P' product could continue the chain reaction with
the R' radical in such a way that the whole chain leads to final
products P (H,0, N, CO,) of oxidation of all organic fuels. But
who brings the match in reactions of Egs. (2) to overcome
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spin-prohibition in alive cells? Of course, they proceed by
another mechanism that differs from the radical-chain
reaction path; otherwise, the radicals would burn the aerobic
cell [2]. Organic free radicals can be hazardous for living cell
species at such high concentrations which are even lower than
those typical for combustion flame; they can damage not only
lipids but the whole mitochondria [3-5]. Meanwhile, at lower
concentrations, the singlet dioxygen O,(a’A,) and superoxide
anion-radical (0,--), like other ROS can play an important role
as regulatory mediators in the cell signaling processes [4]. The
ROS-mediated response is able to reestablish the whole “redox
homeostasis” and also protect aerobic cells against oxidative
stress [1-5]. The role of singlet dioxygen O,(a’A,) in the ROS-
mediated reactions is so important for aerobic life that it was
really strange until nowadays to neglect the O,(a'A,) reactions
in the environment pollution as well as in the ecology problems
of the whole biosphere [3,8].

The advent of singlet dioxygen to the photochemistry of
organic solvents

In 1902 Oscar Raab discovered that the dye-colored cells
had perished upon lighting and called this phenomenon
“photodynamic action” (PDA) (in order to distinguish PDA
from photo-sensitization in photography) [9]. Soon it was
shown that the presence of dioxygen is necessary for PDA
observation and the light wavelength for the PDA excitation
coincides with the dye absorption spectrum [9].

The primary stage of PDA was long proposed to be similar
to the well-known photooxidation observed in organic solvents
[9]. The first hypotheses of primary “moloxide”, and “active
oxygen” became popular before the time of the second world
war (SWW); G. Schenck divided such photoreactions into two
types: type I includes those reactions which the primary stage
presents photo-dehydrogenation of the substrate of oxidation;
type II includes reactions of dioxygen transfer with the primary
stage of complex (“moloxide”) formation between O, and the
excited dye [9].

The ability of dioxygen to quench the phosphorescence (T,
>S,) [10] and fluorescence (S, S,) [11] of numerous dyes by
the energy-transfer process through an “activated” singlet
state of dioxygen was proposed to explain by H. Kautsky [11]
and A. Terenin [10] during the SWW time. The formation of an
“activated” excited state of dioxygen Oz(alAg) (V) innumerous
photosensitized reactions was recollected and confirmed thirty
years later by C. Foot and S. Wexler [12]. Instead of “moloxide”
and other hypothetic “activated” dioxygen the photosensitized
reactant O, (a'A g) was firmly established [12].

Thus, we know that the singlet Oz(alAg) dioxygen is
naturally produced by the photochemical sensibilization
mechanism through elucidation of organic dyes, pigments (or
other ) with subsequent energy transfer to the triplet ground
state 02(X32g) molecule [12]. The organic dye first absorbs
light by the S S transition which colors the solvent and then
typically undergoes intersystem crossing (ISC), the S,>T, non-
radiative transition to the lowest excited T, state [8-12]. The
late is metastable state since the following relaxation, radiative

and non-radiative T S  transition to the dye ground state, is
forbidden by spin selection and by the large AE(T,-S,) energy
gap [2]. In liquid media, the T, lifetime is more than ps which
is enough to undergo the dye-O, collisions during which the
energy transfer process occurs [10]

T, (¥¥) + 0,(X32) (1) = S, (1¥) + 0,(a'A) (1Y) (5)

Eq. (5) was first proposed by A. Terenin as additional
support to the triplet origin of phosphorescence [10]. The
total spin quantum number (S) in the left and right parts of
Eq. (5) is the same (S = 0) and the reaction is spin-allowed;
thus, the energy transfer from the T, state of excited dye to
dioxygen occurs with the singlet 0,(a’A,) generation [10,13].
Thus, the most efficient PDA effect includes light absorption by
a dye molecule (S «S ) with subsequent ISC (S,>T,) providing
a long-lived triplet excited dye that collides with abundant O,
(X32g) dioxygen in an aqueous solvent with dye-colored cells;
such collisions lead to energy transfer expressed by eq. (5)
and generation of the singlet Oz(alAg) state. The late has no
spin restriction for oxidative reaction with the singlet ground
states of organic components of the cell and such sensitized
photo-oxidation destroys the cell organelles leading to cell
death in living creatures which was first observed by Oscar
Raab. As a spin-active reactant O,(a*A g) is a good oxidizer of
many unsaturated organic molecules [12,13]. Because of its
long lifetime (3 ps in water), high selectivity with respect to
electron-rich DOM, and wide pH tolerance, the singlet O,(a'A g)
dioxygen attracts great attention in water purifying from
various organic pollutants [13-23].

Singlet dioxygen as a photochemically sensitized reac-
tive intermediate and ubiquitous oxidant in sunlit aqua-
tic environments

Many dyes are present in the sea waters; besides exogenous
pollutants, there are Green Fluorescent Proteins (GFP),
chlorophylls and numerous pigments of chemiluminescent
plankton. A few remarkable examples of auto-fluorescent
plants present such senescent leaves like Spathiphyllum wallisii
which accumulates chlorophyll catabolites that emit blue
fluorescence, the Ginkgo biloba accumulates hydroxy kynurenic
acid in a high concentration (this alkaloid being derived
from the catabolism of tryptophan provides very strong blue
fluorescence) [14]). The triplet dioxygen O, (X32g) can quench
such fluorescence, Eq. (5), and transform to excited singlet
0,(a'a,) state of dioxygen which is a good photo-oxidant of
organic matter [9-16].

Thus, the singlet O,(a'A g) dioxygen is a photochemical
reactive oxygen species produced in sunlit waters by the energy
transfer from the triplet excited T, states of natural aqueous
sensitizers — fluorophores or phosphorus. It can be produced
also in dark water as a result of the metabolism of numerous
aqueous creatures [24]. There has been an increasing interest
during recent years in the measurements of apparent O,(a’A)
quantum yields (®,) of aquatic (and atmospheric) organic
pollutants which can absorb sunlight [15]. This photochemical
parameter is important for environmental pollution estimation
and modeling of organic contaminants distribution in the
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world’s oceans. In general, studies of the ®, quantum yields
are necessary to advance the fundamental understanding
of photophysics and photochemistry of dissolved organic
matter [13-19]. The @, value represents the number of
moles of O,(a’A,) produced per moles of photons absorbed
by a sensitizer [13]. The authors of Ref. [13,15] have critically
evaluated the experimental and theoretical methods used to
determine and explain ®, parameters of organic solvents. The
bulk water chemistry, molecular and spectroscopic parameters
of organic chromophores, wavelength, chemical treatments,
season location of natural organic matter and water pollutants
were discussed in a special recent review on O,(a'A g) yield in
environmental waters [15].

The often employed mechanism for the O,(a*A g) detection
with the usage of organic fluorophores is based on the
photochemically sensitized formation of endoperoxide
products (chemical trap method) [12-23,25]. If an Anthracene
Molecule (AM) is linked to such a fluorophore like a fluorescein
derivative we can expect AM oxidation in the sunlit solvent
containing natural O, concentration.

The photochemical mechanism of this oxidation is the
following (Scheme 2). The organic fluorophore is excited by
sunlight as a result of the S «S_ absorption and before it gets
the possibility to emit fluorescence (S,~S, ), the energy transfers
to the linked AM or to the dissolved triplet OZ(XBZE) dioxygen
occurs with the stepwise singlet O,(a'A g) generation. Then, the
excited singlet oxygen molecule reacts with AM, producing the
characteristic 1,4-cycloaddition in the central AM ring [15].
Such cycloaddition strongly disrupts the planar structure of
the former AM and hinders the photochemical kinetics of the
whole fluorophore. With the greatly reduced photochemistry,
the late fluorophore is able to emit light after excitation; thus,
it provides a fluorescence signal in the presence of Oz(alAg) [14].
A few examples of such OZ(aIAg) sensors used in sea plants,
including the Singlet Oxygen Sensor Green, and the dansyl-
based probes are discussed in ref [14,15].

The most efficient way of the O,(a'A g) generation is realized
in those dyes which show fast Intersystem Crossing (ISC), that
isnon-radiative S »T, transition (Scheme 2). In liquid media the
T, lifetime is long enough to undergo the dye-0, collisions; the
tight dye-0, contact is necessary for proper orbital overlapping
making the efficient energy transfer by exchange mechanism,
Eq. (5). At the first step, energy transfer proceeds from the T,
triplet dye to the second singlet state of dioxygen O,(b'z* ); the
late relax very fast to the lowest Oz(alAg) state [25,26].

Sy
Energy
1.62 eV transfer Absorption
L}
0.98 eV %

Phosphorescence

So

Dioxygen Chromophore molecule

Scheme 2: Competing processes in the sensitization kinetics of the Oz(a1Ag)

generation.

The singlet O,(a'A,) generation by aquatic sunlit
fluorophores leads to the chemical transformation of organic
pollutants, to deactivation of pathogens, and aerosols, the
sunlight-induced oxidation of natural organic matter, and
to the formation and the photochemical aging of corals. To
quantify the role of 0,(a'A,) in these processes, we have to
assess the ability of natural fluorophores and chromophores
to sensitize singlet dioxygen formation. The apparent singlet
oxygen quantum yield @, is a useful photochemical parameter
for this purpose [13,14]. It accounts for variations in the
absorption spectra and concentration of the chromophore-
sensitizer, as well as variations in the light intensity. These
features make quantum yield @, a useful universal parameter
in environmental chemistry since it can predict variations in
the Oz(alAg) generation and its steady-state concentrations
in water as a function of sunlight intensity; that is a function
of water depth, the presence of other light absorbers in water
constituents, Dissolved Organic Matter (DOM) concentrations,
fluctuations of seasonal light intensity, etc. [14]. ®, is necessary
as input parameters in the predictive models of micro-
pollutants’ lifetimes and their steady-state concentrations [19-
21]. Besides that, the ®, quantum yields can be used also to study
the sensing properties of natural DOM- chromophores. The @,
value can be measured for all DOM-sensitizers depending on
their origin, that is to compare the microbially or terrestrially
derived origin of the dissolved organic molecules [22] and to
assess the effect of environmental features (photo-oxidation)
on the photo-reactivity of DOM [22,23]. The photoactivity of
DOM is critical for the whole photochemistry of natural waters.
At last, the @, values measurements offer the prospect of
deeply understanding the fundamental photo-physical and
photo-chemical properties of dissolved organic matter [13,14].
Therefore, @, is really a useful parameter in these respects.

In order to estimate ®, one has to measure a number of
spectra-chemical factors [8-13]. The first crucial parameter
is the number of photons absorbed by the chromophore-
sensitizer. According to the Buger-Beer-Lambert law, the light
absorption measurement provides the molecular absorbance
of the experimental solution, solvent concentration, and the
optical way length. Direct measurements [25] of the dioxygen
absorption coefficients (¢) in aerated water and solutions have
been performed by the laser photochemistry methods; they
showed that laser excitation of O, dissolved under normal
conditions has caused the oxygenation of the singlet dioxygen
chemical traps such as rubrene, uric acid, and tetracene [25].

02(X3Zg) + hv = Oz(alAg) + Chemical trap - Trap
oxygenation. (6)

The kinetic studies of the trap oxygenation rates permit to
obtain the ¢ coefficients of dissolved dioxygen in the absorption
bands at 1272 and 765 nm which correspond to Oz(alAg) and
0,(b'¥+,) excitations, respectively [25]. The dioxygen photo-
activation can be observed also by detecting infrared (IR)
phosphorescence of the singlet 0,(a’A,) dioxygen at 1270 nm
which occurs under irradiation of the aerated solutions by the
dark red light at 765 nm [25].

02(X3Zg) + hv(765 nm) - Oz(alAg) -> OZ(X3Zg) + hv(1272 nm)
(7)
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The dioxygen absorption coefficient at the laser wavelength
765 nm extracted from the phosphorescence measurement
coincides with the ¢ coefficient measured by the chemical trap
method [25]. The O,(a'A g) lifetime in the solvents containing
C-H or O-H groups is known to decrease by thousands of times
(in comparison with CCl, and CF, solvents) since vibrations of
the light groups accept the singlet dioxygen excitation energy
[13]. The rate of energy transfer to O-H vibrations is much faster
than the IR phosphorescence of the singlet O,(a’A ) dioxygen at
1270 nm which is completely quenched in water [26]. Thus,
the quantum yield @, in aqueous media is usually measured by
the chemical trap methods (not by IR phosphorescence study)
[12-23,25-28].

The general role of reactive oxygen and nitrogen spe-
cies in water pollution

The O,(a*A g) as a photochemically produced reactive
intermediate is an important oxidant of organic pollutants
ubiquitous in sunlit aquatic environments being at the same
time a transductor of chemical signals in the intercellular
transduction pathways between sea creatures. Even small
fluctuations of dioxygen amount can strongly influence the
cells signaling functions through Oz(alAg) and other ROSs
activity [5,24] and affect the whole cellular metabolism,
their proliferation, and differentiation in sea waters. Most
of these ROS are paramagnetic species since they possess
internal magnetic moments [24]. The Oz(alAg) and other
ROS properties crucially depend on their paramagnetism and
molecular electronic structure of such chemically active and
non-saturated species. Modern quantum chemistry provides
useful knowledge on the spin-dependent interactions between
o,(a'A g), other ROS and organic water components [13-16,26].
This review describes the most essential spin-dependent
features of the dioxygen excited states and ROS involvement in
some sea-water ecology problems. Though Oz(alAg) possesses
zero spin (singlet spin state) it is still a paramagnetic species
because its magnetic moment is determined by the orbital
angular momentum L, = 2h [18]. Many other ROS (0,~, OH, HO,,
RO,,) as well as NO, NO, have an odd number of electrons and S
= 1/2 being radicals with the doublet ground state. The singlet
state molecules, O,,H,0,, and peroxynitrite (ONO,"), also belong
to ROS because of their chemical reactivity, though they have a
much longer lifetime [4,14]. The ozone and peroxynitrite anion
possess the low-lying triplet excited state which is important
for their generation and chemical activity [18,27,29].

Accounting for the facts that the triplet excited states (T,) of
the dissolved chromophoric organic molecules (DCOM) are the
direct precursors of the singlet O, (a’A g) dioxygen, eq. (5), good
correlations between the formation yields of these two species
are expected. Indeed, the apparent singlet 0,(a'A,) dioxygen
quantum yields @, strongly correlates with the triplet quantum
yield coefficient @, [15]. The triplet quantum yield @_ coefficient
is usually determined as the ratio of the measured rate constant
of Trimethyl Phenol (TMP) reaction with DCOM and the rate
of light absorption; this ratio is directly proportional to @,
triplet quantum yield. This correlation is consistent not only
with the fact that the triplet-excited DCOM* is the precursor of

0,(a'A,), but also implies that a very similar dissolved organic
pollutants pool is responsible for both the oxidation of TMP
and the formation of singlet 0,(a'A,) dioxygen.

Some positive correlation was also observed between @,
and the measured quantum yield of organic fluorescence (®,)
for a number of dissolved organic pollutants treated with the
ozone [14,15]. This relationship was valid for the increasing
ozone levels only for essentially low quantum yields; the result
was interpreted in such a way that there exist two distinct pools
of pollutants responsible for fluorescence and singlet 0,(a'A,)
generation [15].

The ubiquitous DOM in aquatic systems is represented by
dissolved Black Carbon (BC) and humic acids (HA) [19,22]. BC
is a residue formed by the incomplete combustion of fossil
fuels and biomass; its water-soluble fraction, known as the
dissolved BC (DBC), is an important part of the whole DOM pool
[22]. It was shown that ®, values measured with DBC fractions
(derived from various biomass stocks) are in the region 3.46%
- 6.13% being much higher than those of HA substances (1.26%
- 3.57%) [22]. These results support some other findings [21]
that DBC is one of the most photoactive components of the
whole DOM pool with respect to Oz(alAg) generation.

Dioxygen in the ground state 0,(Xz",) is a chemically stable
biradical with the internal magnetic moment (paramagnetic
species) because of two non-paired electrons in the O, valence
shell possessing parallel spins [2,24]. The most biochemically
important ROS are the excited singlet O,(a’A,) dioxygen,
superoxide ion-radical O,"(X’Il,), and hydroxyl radical
OH'(X?I1); they are short-lived paramagnetic species (for all of
them the ground state term is given in parentheses [18]). The
late two species are paramagnetic because of the odd number
of electrons and one non-paired electron spin occupying
degenerate 7-shell, the singlet excited 0,(a'A,) dioxygen —
because of the orbital magnetism [24].

The first excited state of dioxygen, Oz(alAg), possesses also
antiparallel spins as all organic pollutants [2]. We need to stress
that this state is doubly degenerate: there are two states with
different wave functions but with the same energy (22 kcal/mole
above the 0,(X°%,) ground state) [1]. The degenerate character
of the singlet excited O,(a'A,) dioxygen is often neglected
in many photochemical studies including environmental
problems [12-15] and photodynamic therapy (PDT) [26,28].
This neglect essentially hinders the proper understanding
of the sunlit water pollution problems and the 0,(a’A)) role,
the origin of the fundamental electronic mechanisms behind
the 0,(a*A g) sensibilization and quenching [2,28]. Degeneracy
of the singlet dioxygen Oz(alAg) state determines the orbital
angular momentum L, paramagnetism, and magnetic moment
providing a particular influence on dioxygen reactivity [17].
In the numerous ROS studies [1,4,14,15,20-23] an important
paramagnetic property of the superoxide O, (X’I,), and
hydroxyl OH'(X’[I) radicals is underestimated; this is the
unusually high Spin-Orbit Coupling (SOC) which split their
degenerate ’[I doublet states [3,5,8,24]. Its chemical sequence
for environmental and life science will be considered in the

next chapter.
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We want to note that the excited O,(a’A,) dioxygen is not
only important as an oxidant of DOM in the sunlit ocean but
also as a signaling and active species in numerous biochemical
reaction chains in the world ocean metabolism. The electron
spin importance for the whole of biology was first discovered
by L. Poling during his hemoglobin studies [1,2]. The Fe(II)
ion in heme has spin quantum number S = 2; thus, heme is a
paramagnetic species and its coupling with O, is a complicated
reaction that depends on the dioxygen spin state, on spin-
orbit coupling and the exchange interaction between Fe(II) in
hemoglobin and the molecules of the air [5,7]. Modern ecology
has to describe the most essential spin-dependent features of
the dioxygen 02(X3Zg) and Oz(alAg) states, as well as those of
superoxide O, and all ROS with their involvements in photo-
interactions with organic pollutants and biochemical chains
including photosynthesis and respiration of aqueous plants,
fishes, corals, plankton, and other alive creatures with their
mutual signaling and energy exchange.

Most biochemically induced intracellular ROS are derived
from the superoxide radical O,-- which is generated by
single-electron reduction of 02(X32g) and Oz(a‘Ag) dioxygen.
The superoxide ion radical is transferred to H,0, peroxide by
superoxide dismutase (SOD) in the cell [24]. Singlet dioxygen
0,(a'A g) generation in dark water is typically produced through
the superoxide O,-- ion oxidation [9]. In the final stage of
the cycle, the Fenton reaction with aqueous Fe(II) ions leads
to the hydroxyl radical OH-, the most dangerous ROS reagent
[30]. Thus, the superoxide ion and its internal magnetic
properties play a fundamental role in ROS production, in their
oxidative reactivity, and in their numerous signaling functions.
Unfortunately, the important spin-orbit coupling mechanism
[2,31] which promotes superoxide O,-- anion to overcome
spin prohibition of dioxygen reactivity with respect to organic
matter is not accounted for so far either in the biochemistry of
enzymes [32] nor in the environment sciences [15,22].

Spin-orbit coupling importance for reactive oxygen spe-
cies

Aquatic organisms use dissolved O, for respiration to
produce ATP molecules through the Crebs cycle of oxidative
phosphorylation in mitochondria [1]. Defects of electron-
transport chains in mitochondria lead to possible predictable
dysfunctions in most tissues and in signaling systems [5]. One
should note that the presence of paramagnetic metal ions of
Fe(II) and Mg (II) in cytochrome c oxidase and in chlorophyll,
respectively, explains how reactions of Eq. (2) can overcome
the spin prohibition [2,5,24]. Paramagnetic metal ions provide
their non-paired spins in these enzymes in order to activate
triplet dioxygen for oxidation, Eq. (2); in a way quite similar
to a combustion reaction, Eq. (3). The driving force for such
activation is intermolecular exchange interaction between
various non-paired spins in different parts of the enzyme
[2]. (The great difference from Eq. (3) is that radicals in
combustion lost their spin memory in different collisions; but,
RP in enzymes are fixed together [5]). Failure in the electron-
transport chain can lead to the failure of cytochrome c oxidase
enzyme and in the final O, transformation to water. Such

defects are accompanied by ROS production including O,(a’A )
(3].

Numerous enzymes without metals are able to activate
dioxygen in the cell [33]. For example, oxidative flavin- and
pterin-dependent enzymes are ubiquitous in alive matter
[32]. Their m-aromatic systems can undergo fast electron
transfer so demonstrating a reach redox activity [3,24,30-
35]. Various redox stages of flavins and pterin provide the so-
called “proton-coupled electron transfer” processes which
are important in numerous biochemical functions, such as
oxidation, biosynthesis, detoxification, and biodegradation
[24,30,32]. During bio-reactions catalyzed by flavin-dependent
enzymes various forms of transient radical pair (RP) can be
generated (including, for example, FADH-...0, - radical pair
[31]). In this case, the reduced flavin (F1**9) is typically oxidized
to semiquinone (Fl*¢") radical upon interaction with O, followed
by flavoperoxide FIOOH subsequent formation [31]. V. Massey
postulated a single-electron transfer from the reduced flavin
(FId) to dioxygen O,(X35 g) with subsequent intermediate triplet
RP formation between superoxide O, ion and semiquinone
radical FIse in such a form [34]):

FId(41) +0 ()(1) = [Flso 21 0] __S9C 4 [Flsv 24 O

‘]5F100- —*" 5 FIOOH (8)

In such enzyme active center the spin-inversion occurs
at the triplet ~* RP phase, which has to undergo the Triplet-
Singlet (T-S) transition in order to produce the diamagnetic
FIOOH product, Eq. (8). As an example, glucose oxidase (GO)
can be considered [31]. V. Massey not commented on the
magnetic origin of the forces which are responsible for the T-S
spin-transition in Eq. (8) [24,31]. However, we can suspect that
V. Massey had kept in mind the ideas of Radical Pair Theory
(RPT) [36] which was very popular twenty years ago being
applied for Magnetic Field Effects (MFE) observed in radical
chemical reactions [5]. The RPT considers the probability
of T-S transition [24,36] which is induced by Hyperfine
Interaction (HFI) between electron and nuclear spins in radical
reaction. This mechanism of T-S transition is possible only in
the spatially separated radicals inside a non-bound RP in the
solvent cage [18,36]. The T and S states of such non-bound
RP possess the same energy (they are degenerate); that is
why even a very weak HFI according to RPT can produce the
T-S spin transition [24]. The RP theory could be applied to O,
interaction with a free flavin in the aqua solvent; however, it
could not apply to a real oxidative enzyme where FADH and O,
are kept tightly bound in the active center (like in GO) [3,24].
The origin of the driving force for the T-S spin transition in
Eq. (8) is a fundamental problem of O, activation in living
matter by numerous enzymes which are free of metal cofactor
[33]. Unraveling this mechanism of O, activation could be very
important not only for enzymology but also for many practical
biomedical and ecology applications[13-23,25-28] , including
also Oz(alAg) generation in dark water and DOM oxidation.

The extremely weak nuclear hyperfine perturbations cannot
induce a fast and competitive triplet-singlet spin flip in radical
pair of the type shown by Eq. (8) [37,38]. The T-S transition
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rate constant has to compete with the rate of the triplet RP
dissociation in Eq. (8). Such RP dissociation will lead to the
escape of the active superoxide-ion from the enzyme active
center and its release into the water environment or cytoplasm.
That is why the understanding of the driving force origin for
the T-S transition in Eq. (8) is such important for the oxidation
of DOM pollutants by various forms of active oxygen (all being
released through superoxide ion; both O,(a'A g) and 0,(X3% g) can
be released by electron detachment from superoxide O, ion).

An explanation of the T-S transition in Eq. (8) has been
proposed 20 years ago [31] but it is still not known by a wide
scientific community of biochemists and ecologists [32]. It is
based on account of two possible electronic configurations in
the degenerate open shell (7'rg)3 of the O, superoxide ion: ()
(¥1)and (¥ 1) (V) in Eq. (9); therefore, the T-S transition in the
radical pair, Eq. (8), can be presented as

S[FIa(1)... 0,7 (M)(¥ )] 80C 5 1[Flse(4)... 0,7 (¥1)(V)]
(9)

Here the brackets near the O, ion denote two degenerate
molecular orbitals 7, and 7, of dioxygen [31]. The arrow in Eq.
(9) denotes electronic Spin-Orbit Coupling (SOC) as a driving
force of the spin torque [5]. The left upper symbols in Eq. (9)
denote the triplet and singlet states, as usual; these states differ
by the electronic configurations inside the superoxide O, ion
whereas the spin of flavin semiquinone radical is the same in
the left and right parts of Eq. (9); thus, flavin cofactor does
not participate in magnetic activation and does not enhance
the SOC matrix element. The T-S transition in Eq. (9) includes
the orbital rotation 7, - 7, with its simultaneous spin flip in
superoxide O, This orbital rotation creates a magnetic torque
which is responsible for the spin T-S transition [31]. The strong
SOC in Eq. (9) is equal to %2 A, where A__ is the ground state
0, (X?II) SOC constant [2,39]. According to approximation [2],
the A_(X?II, 0,™) constant coincides with the SOC splitting (¢,)
in the oxygen atom ground state O(3P) being close to a value of
160 cm™ [2]. Such analysis coincides well with experimental
data on the fine structure of the O, ion spectrum [39]. This
SOC energy is a thousand times larger than the nuclear-
electron HFI in the radical pair theory [36-38].

Superoxide O, ion-radical can escape from oxidative
enzymes and destroy mitochondria if the T-S spin-flip in Eq.
(9) is not fast enough to compete with the dissociation of the
radical pair described by Eq. (8). The rate of the spin-flip (k, )
can deviate from the normal working regime determined mostly
by the square of the A (X’[I, O,”) constant since k,_; depends
also on the hindered rotation of the O, radical in the cage of
enzyme active center and on the low-frequency vibration in the
nearest protein scaffold environment [5,28]. The late factors
could be unsteady and alter in the flexible protein scaffold;
thus, the k,  rate constant also can fail in competition with
the RP dissociation rate [5]. All these enzymatic processes are
relevant to Oz(alAg) generation in seawaters in the presence of
numerous algae, bacteria, and other biological sources.

The singlet excited dioxygen O,(a’A,) and superoxide O,
(le'[g) radicals are the most important ROS [3,5,8]. Excessive

generation of ROS and oxidative stress play a crucial role in
the pathogenesis of many diseases and signaling chains work
[5,24,36]. Not surprising would be their activity in such a rich
environment as the ocean waters.

Advanced Oxidation Processes (AOP) are designed to remove
organic materials in water (including wastewater) by DOM
oxidation through their reactions with hydroxyl radical [22,40];
AOP employs such highly reactive ROS as "OH radical in order to
diminish the amount of a wide range of organic pollutants in
water with diffusion-controlled kinetics [40]. Since hydroxyl
radical has a short lifetime (z<ps), it is generated during
ozone- and other UV-induced processes in situ by activating
a stable H,0, precursor of hydroxyl. The peroxide reacts with
dissolved Fe(II) ion by the Fenton reaction and provides ‘OH
radical in situ [22,30]. Similar processes can occur with the help
of superoxide O, ion naturally generated by sea plants and
animals. We have to remind that the singlet excited dioxygen
Oz(a‘Ag) can be produced by the single-electron detachment
(oxidation) from the superoxide O, (Xll'[g) radical; for example
by the scheme: O, (¢1)(¥) — e(¥) = Oz(a‘Ag) (¥1).

There are many other effective catalytic photo-techniques
of water pollutants photo-degradation [17,29,38,41,42]. In
the laboratory the singlet dioxygen O,(a*A g) is often detected
in organic solvents through its extremely weak near-IR
luminescence (1.27 pm) in the singlet-triplet transition
o, (a:A g)—>02(X32g) [13] which is triply prohibited by two orbital
selection rules and also by the spin-selection [2]. Quantum-
chemical calculations of the T and S state wave functions of
the dioxygen electronic open shell O,(7,)> and their spectral
analysis provide fundamental knowledge about the role of
intrinsic magnetic interaction (SOC) which makes it possible
to overcome orbital and spin prohibitions in such fundamental
phenomena like oxidation and light emission by dioxygen
[2,28]. The first explanation of Eq. (9) was obtained during
the spectral problem study [43] connected with the singlet
dioxygen O,(a*A g) quenching. The journey from O,(a*A g) spectra
to enzymology and ecology takes a long time [3,43].

The insight into the ocean ecology from the singlet dioxygen
perspective could be completed by comparison of the ROS role
in their photo-chemical interaction with alive and non-alive
organic matter. Aerobic respiration, Superoxide Dismutase
(SOD), and photosynthesis occur on the Earth about 2.5 billion
years ago [3,42]. The geological history of aerobic evolution
recorded by various fingerprints on mountain rocks shows
that ROS occur since the very old times of the photosynthetic
era. These records indicate the “strategic” role and primordial
importance of the spin prohibition for the 0,(X°%,) reactions
with organic matter and with sunlight [8,24]. The triplet nature
of the dioxygen 02(X32g) molecule and its spin restrictions
explain clearly why our world had not burnt down during the
Great Oxygenation Catastrophe (GOC) billions of years ago [44]
when the green-blue algae started to fulfill our atmosphere
by dioxygen. The primordial anaerobic bacteria had perished
during GOC; they had been substituted by eukaryotes which
started a more efficient type of evolution [24,44]. The role of
mitochondria extends far beyond oxidative phosphorylation in
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the cell; it concerns their involvement in ion homeostasis and
apoptosis through the signaling function of 0,(a'A,) and other
ROS. They occurred on the Earth almost simultaneously with
photosynthesis and dioxygen [4,5]. The high level of ferrous
ions Fe(II) in the primordial ocean provided O, reduction and
superoxide O, generation. The O, late radical could dismutate
to form hydrogen peroxide; then, H,0, interacted with soluble
Fe(II) ions by the Fenton reaction [30] and produced the highly
reactive OH' radical [4]. All these active molecules, together
with singlet 0,(a'A,) dioxygen, produced by DOM and natural
dyes beneath the Sun, constitute the highly aggressive ROS.
Thus, the ROS occurred naturally at the GOC beginning, and
later they plaid an important role in aerobic life evolution. It
was shown [4] that SOD is the oldest enzyme on the planet;
it was developed by evolution for ROS scavenging to avoid
oxidative stress.

Superoxide dismutase has been found in all known
kingdoms of life [4]; as geological records show they evolved
in the GOC time earlier than the differentiation that happened
between archaea and eukaryotes [1,4]. The GOC was the first
ecological disaster that strongly shacked the whole planet;
thus, GOC left many geology records that clearly show the
history of the SOD enzymes in the early Earth’s time. The role
of spin factors and paramagnetic properties in the ROS and
SOD chemical activity including the SOC effects are described
in several recent reviews [2,3,5,7-9,13,16-18,24,26,28,35].

The singlet dioxygen and other reactive oxygen species
are involved in multiple endogenous and environmental
challenges. We know nowadays that the electron transfer and
SOC effects can influence the stepwise quantum transitions
between different forms of dioxygen, ROS radicals, and
birdcalls: OZ(X3Zg) - Oz(alAg) > 02"(X21'[g) ~ OH'(X7L,,,) > DOM
oxidation. New insights into the role of spin-dependent effects
and paramagnetic properties of dioxygen and ROS could
help to enhance the natural photo-chemical process of DOM
degradation and open new strategies for water purification. The
role and mechanisms of vibronic relaxation which accompanies
spin transitions in the radical pairs of enzymes, Eq. (9), and
in the quenching process of singlet 0,(a’A ) dioxygen [28,41]
deserve more attention in this respect.

Conclusion

Organic chromophore molecules dissolved in surface
waters are involved in multiple photochemical processes
which are crucial to the degradation of organic contaminants,
dissolved black carbon and humic acids, and to the whole global
carbon recycling processes. Under solar irradiation, these
chromophores are excited into the triplet T, state that further
reacts with dissolved OZ(X32g) molecules to generate a series of
reactive paramagnetic intermediates, such as 0,(a'A,) dioxygen,
hydroxyl, and superoxide radicals, etc. Environmental impacts
of these ROS have received considerable attention with respect
to effluent organic matter which is composed of a combination
of natural organic background, soluble microbial fractions,
and trace amounts of organic pollutants. Comparison with
0, activation in the live matter is very promising for ecology
since it prompts common effective mechanisms for both

problems. Aerobic respiration and photosynthesis being the
totally spin-forbidden processes are activated by paramagnetic
metal ions with exchange perturbations which are also useful
in ROS generation. Other numerous oxygenation processes are
catalyzed by enzymes without the assistance of metal ions.
They act by electron transfer step from the organic substrate
or cofactor to dioxygen with superoxide ion O, generation.
The T-S spin-flip occurs at the Radical Pair (RP) steps being
induced by spin-orbit coupling inside the superoxide anion.
Similar RP steps may operate in the soluble DOM pollutants.
This SOC mechanism is widely spread in redox O, biochemistry.
Magnetic torque in the superoxide ion is one of the main
driving forces for ROS production and O, activation in oxidative
processes. The SOC effect and electron transfer can influence
quantum transitions between different forms of dioxygen,
ROS radicals, and birdcalls: OZ(X32g) - Oz(alAg) > 02"(X2Hg)
»> OH'(XII,,). New insights into the role of spin-dependent
effects and paramagnetic properties of dioxygen and ROS could
help to classify various water cleaning techniques.
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