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Abstract. Molecular oxygen is a paramagnetic gas with the
triplet Oy X 38'g ) ground state which exhibits just duggish
chemical reactivity in the absence of radica sources. In
contrast, the excited metastable singlet oxygen Oy @'D,,) is

highly reactive; it can oxygenate organic molecules in a
wide range of specific reactions which differ from those of
the usua triplet oxygen of the air. This makes the singlet
oxygen an attractive reagent for new synthesis and even for
medical treatments in photodynamic therapy. As an

important  intermediate Ox(@'D,) has attracted great

atention of chemists during half-century studies of its
reactivity and spectroscopy, but unusual properties of
singlet oxygen makes it difficult to unrave al mysterious
features. The semiempirical theory of spin-orbit coupling in
dioxygen and in callison complexes of O, with
diamagnetic molecules proposed in 1982 year has
explained and predicted many photochemical and spectral
properties of dioxygen produced by the dye sensitization in
solvents. Recent experiments with direct laser excitation of
O in solvents provide a complete support of the old theory.
The present review scrutinizes the whole sory of
devel opment and experimental verification of thistheory.

Keywords: singlet oxygen, spin-orbit coupling, charge-
transfer configurations, perturbation theory, electronic-to-
vibration energy transfer.

1. Introduction

At the beginning of XX century Oscar Raab in
Munich had discovered that the dye-colored cells perished
upon lighting. This phenomenon was called
“photodynamic action” in order to be distinguished from
the photo-sensitization in photography [1, 2]. It was
shown soon that the presence of oxygen is necessary for

observation of photodynamic action with erythrocyte cells
and the active dyes possess intense fluorescence; for all
that, the light wavelengths for the photodynamic action
excitation coincided with the dye absorption spectrum [1].
The molecular oxygen involvement through the dye
photo-sensitization became evident. The primary stage of
photodynamic action was proposed to be similar to photo-
oxidation observed in biological solvents [1]. The
hypotheses of primary photo-dehydrogenation, “molo-
xide’” and “active oxygen’ became popular and were
discussed during long time [1-3]. G. Schenck [1] divided
al such photoreactions in two types. Type | embraces
those reactions which primary stage includes photo-
dehydrogenation of the oxidation substrate; type Il —
reactions of oxygen transfer with the primary stage of
complex formation (“moloxide”) between O, and excited
dye. Latter on C. Foote [3] modified this classification:
type | includes all reactions where the primary stage isthe
free-radical formation from excited photo-sensitizer; type
Il refers to those processes which include interaction of
excited photo-sensitizer with oxygen as a primary act.
This Foote' s classification is commonly accepted now and
an interest to the type Il reactionsis growing [1-6].

Oxidation of alcohols photo-sensitized by ketones
is the best example of the type | photoreactions[1, 2]. The
primary stages of such processes can be presented by the
following scheme [1]. First we have excitation of photo-
sensitizer M into the excited state M*:

M %@ M * @

Next we have an electron transfer and free radicals

formation including perhydroxyl:

M*+RH® M "+ RH"® MH+R

‘M +0,® M +°Q, (2
‘MH +0,® M +HO,

R +0,® RO,
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where' M~ and 'MH are free radicals produced under
photo-reduction of sensitizer M; RH is the substrate

molecule (alcohal); R,RO, and 'RH" are free radicals

produced under substrate oxidation. Thus, reactions of
type | produce superoxide anion and perhydroxyl radicals

(HO, ) which can effectively oxidize bio-substrates [1]
and can generate hydrogen peroxide upon dismutation:
HO, + HO, ® H,0,+0,. The singlet excited oxygen
can be produced in this process as well [3]. Reactions of
superoxide anion with the hydrogen peroxide provides
even more strong oxidizer - hydroxyl radical; this Haber-
Weiss cycle can be catalyzed by iron ions [5]:

'0; +H,0, %¥4'¥® O, +OH™ +HO €)

The R radicas produced by the primary substrate
dehydrogenation are able themselves to oxidize other
organic substrates. By the oxygen addition they can

produce RO, radicals which are highly reactive and

provide dark oxidation of alcohals, ethers, organic acids,
hydrocarbons and lipids [1-3]. In such chain reactions the
organic peroxides are produced and their decomposition

in the Haber-Weiss cycle provides new HO and RO
radicals which leads to the branched chain processes and
to acceleration of organic substrate oxidation. It is known
that disproportionation of the peroxide radicas can be
accompanied by formation of the intermediate cyclic
peroxide of low stability [6] which easily dissociates to
carbonyl molecules. Such process can lead to excited
carbonyls and oxygen molecule and accompanied by
hemiluminescence [6].

Before consideration of the type Il photo-processes
which include interaction of excited photo-sensitizer with
oxygen as a primary step we need to pay attention to such
guantum property of electron like “spin”. This is a key
word in chemistry since any reaction and any chemical
bond can not be understandable without spin account in
terms of quantum mechanics [5]. But chemical science
was devel oping during many centuries before the quantum
era has begun in 1927. (Though chemistry has pure
guantum background, its long development as empirical
and phenomenological science was quite successful
without spin account, because of beautiful chemical
intuition which operates notions “vaence’, “affinity”,
“oxidation” and other useful concepts being commonly
accepted without exact definition). Spin of the ground
state of the molecule even nowadays remains as a non-
necessary definition especially in organic chemistry. The
reason is simple; amost all organic species possess an
even number of electrons which are paired on the
occupied orbitals according to the Pauli principle [4].
Such molecules have zero spin and the singlet ground
state. They do not possess magnetic moment and hence
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are diamagnetic species[5]. The most important exclusion
from such generalization is represented by oxygen [3]. In
spite of even number of electrons (n=16) the O,
mol ecule possesses two non-paired e ectrons with parallel
spins [7]; thus, it has a total spin quantum number S=1
(triplet state) and a magnetic moment equal to J2eh/me.
Hence O, is a paramagnetic species[7].

Paramagnetism of molecular oxygen gas has been
discovered by Faraday with magnetic weigh balance in
1848. This result was explained only in 1928 [7]. The O,

molecule possesses the ground triplet state X3S'g as

molecular orbital (MO) theory established [7]. This
represents the normal oxygen from the air. The MO
theory aso predicted the existence of two low-lying

singlet excited states @D, and b'S; [7] which were

observed in sun light absorption of the Earth atmosphere
at 1270 and 760 nm, respectively [8]. The second singlet

excited state Oy(b'S;) with an energy of 1.63eV
occurred to be well known spectral feature of air. It is
responsible for the X3S'g —b'S; absorption transition

which determines the most intense red Fraunhofer line at
762 nm [9]. The X—b transition is triply forbidden (by
spin, inversion and orbital angular momentum symmetry).
It is exhibited as magnetic dipole transition being
forbidden by spin sdection rule. In spite of its low
probability the X—b transition is well seen in the sun light
absorption because of the long path way in the Earth

atmosphere. The X3S'g —>alDg transition is also triply

forbidden in electric-dipole approach (by spin, inversion
symmetry and by orbital angular momentum change
S- D) but in this case the prohibitions are much more
severe [10, 11]. It isless intense than the X—b trangition
and has been observed with sensitive spectrometer in the
near IR region [8] just after the Mulliken's prediction.
Another important impact of the Mulliken’s paper [7] was
connected with the type Il photo-processes origin
discovery [12].

At this point we need to return to type Il photo-
reactions. Hydroperoxide formations or oxygen cyclo-
addition to alkenes and to aromatic hydrocarbons were
observed in photosensitized reactions in the presence of
sensitizers (porphyrins, chlorofiles and other dyes) [1-3].
Kinetics of such processes had led to idea of the
intermediate “moloxide” formation between O, and
photo-sensitizer [1]. This idea was considered as an
extrapolation of the Bach theory of bio-oxidation with
intermediate peroxides [5]. On the basis of the Mulliken's
prediction [7] H. Kautsky has put forward a hypothesis
that type Il photodynamic actions can be explained by

highly reactive Oy ang) species generated in energy
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transfer process from excited M* photo-sensitizer
molecule to the “normal” triplet gaseous oxygen [12]. H.
Kautsky has proved his hypothesis by a perfect
experiment and detected substrate photo-oxidation when
the photo-sensitizer and substrate molecules were
adsorbed on opposite grains of silicagel [12]. Thus, it was
shown that the mysterious “moloxide” intermediate in
photodynamic reactions occurred to be an excited O, from
the air. By this experiment Kautsky convinced himself in
importance of singlet oxygen for photosensitized
oxygenation but did not convince other colleagues. His
ideas were forgotten for along time [ 1], but occurred to be

renovated in 1964 when the singlet ang oxygen was
definitely fixed by dimole emission detection [1, 3]. The
Oy a' D, ) was generated in gaseous microwave discharge

and in highly exothermic process in liquid
(NaOCl + H,0,); the products of the subsequent reactions
with hydrocarbons (substrates of the type Il photo-
oxygenation) occurred to be the same as in the photo-
processes [3] with similar kinetics [13]. Thus, the idea of
Kautsky was completely supported [3, 12-16]. The final
prove of the photo-sensitized generation of singlet oxygen
in type Il photo-reactions was the observation of

O ang ) emission at 1270 nm (a—X) in pigments and

dye containing solvents of deuterated water by
Krasnovsky, junior [16].

Luminescence of singlet ang oxygen in solvents

is difficult to observe because of fast quenching of the
excited O, molecules by solvent vibrations [2, 13-20].
The stationary concentration of singlet O, in solvents is
very low as well as intensity of the a—X emission; thus, a
highly sensitive cooled photomultiplier (FEU-83) [13-18]
or Ge-photodiode are necessary for its detection [25-32].
The low radiative rate constant (k) for 1270 nm a—X
emission at low pressure in gases [21] and its essential
enhancement in solvents [15, 18] have been explainedin a
number of old papers [10, 22, 23]. Nowadays the total
theoretical backgrounds of this theory are supported by
numerous experimental studies [26-32] including recent
experiments [33-38] on direct oxygen excitation. Thus, it
can be interesting to present a short review of such
backgrounds accounting a great importance of singlet
oxygen photochemistry in solvents for modern medical
diagnostics and therapy [39, 40] as well as for some
braches of chemical technology [5, 32].

2. The Old Theory of Singlet Oxygen
Spectra in the Low-Pressure Gas Phase

A simple scheme of three low-energy states in the
oxygen molecule and all possible electronic transitions
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between them are presented in Fig. 1. The corresponding
emission and absorption bands intensity analysis touches
upon the most fundamental principles of physical
chemistry: the role of spin and spin-orbit coupling in light
interaction with molecules in reactive media, charge-
transfer and exchange interactions, solvent theory, etc.
Thus, such analysis is worse to be scrutinized step by step
starting with the rarefied oxygen gas.

The a-X and b-X transitionsin free O, molecule are
strongly forbidden in electric-dipole approximation and
become allowed as magnetic radiation when spin-orbit
coupling (SOC) is taken into account [4, 10]. In free O,
the corresponding magnetic radiation is determined in Fig.
1 by transitions 1 and 3, respectively. In this approach
both transitions can borrow intensity from magnetic

dipole transitions X°S; - n°P induced by the orbital
angular momentum L, [11]. Additional contribution to

the a-X band intensity comes from the a'D,-n'P,

magnetic transitions, but the total radiative rate constant is
still rather low (k" = 2.6 x 10" s%) [41-44], which
corresponds to a very small observed extinction
coefficient e,,,, » 10 °M ‘cm*[4, 34, 35]. Thisisactually
the transition 1 in Fig. 1. The similar contributions to
magnetic dipole transition 3 (Fig. 1) induced by the orbital
angular momentum L, are even lower and practically
negligible [11]. Thus, the orbital magnetization can not
explain the b-X trandgtion (3) probahility in free O,
molecule, which is actually 340 times higher than that for
the a-X transition (k" = 8.9407 s¥) [4]. Explanation of
this puzzle was published first in 1978 [10].

E, cm
blZg* 13195
5
1910(nm
1
a'Ag 7918
Hg <
SO 1270| |nm 760| | nm
]2 3|4
(Mszl)______i 3.96
GY 0
(M=0)

Fig. 1. The energy levels and transitions scheme
for oxygen molecule
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Index Mg in Fig. 1 is a projection of the spin
momentum on molecular axis z. It isimportant to take into
account the zero-field splitting (ZFS) in the ground triplet
state which is exaggerated in a special scale denoted by
dashed lines (D = 3.96 cmi* [9]). This small splitting can
be seen in EPR spectra and in high-resolution optical
spectroscopy in dilute gases where ro-vibronic lines
progressions are well-resolved. For O, optics in solvents
only wide bands are observed and rotational fine structure
is smeared by lines broadening. Thus, no way to
distinguish the resolved transitions 1 and 2 in solvents
below the broad band with maximum at about 1270 nm.
Nevertheless, in theory one has to consider separately all
transitions in O, and their response to intermolecular
perturbation in solvents. The selection rules for transitions
1 and 2 and the origin of their intensity in gas and solvents
are completely different (the same is true for the 3 and 4
transitions and for the whole band 760 nm) [10]. In order
to see this one has to start with account of SOC in free O,
molecule by perturbation theory. Let us denote the ground

state wave function with M=0 as |XSS'QVO> and the
perturbed wave functions as |X°8, ) (or as a waved

symbol |¥) in general). Then one can write the following
perturbation theory expressions[4, 10, 11]:

[0'8;) =|b'S;) + 6 | XS, ()
|x3@;'gvo> :|x<"s-gvo>- Cx *|bls;> (5)
X3S |H. . |pb's
where cDX:< fé!_?él g>:0.0134 (6)

is a small admixture coefficient, determined by the SOC
integral (178 cm™) [4] divided by the energy gap
(13195 cm*, Fig. 1). Its square is negligible and does not

essentially violate the normalization eguation (¥ |¥) =1.

But the small value in Eq. (6) is extremely important for
al photochemistry of singlet oxygen in solvents [4, 23]
and for O, spectroscopy in atmosphere [10]. Let us note
that the SOC integra in Eq. (6) and cyx are real values for
the complex MO [4].

Now we need to stress that the magnetic transition

3 occurs between the perturbed state |b*S; ) , Eq. (1), and
the sub-state |X 3%) with Mg=+1. The transition
momentsis equal to [10]:
(0'8;|b(L, +25))| X*,,) =2b (b'&;|S, | XS, ,) =
- 2be, (X°5,,|8 XS, = o
= 2bg, , =0.0268b
where b = eh/2mcis the Bohr magneton; the sub-state
|X°8,,) wave function is practically pure in contrast to
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Eg. (5) [4]. Thus, the magnetic transition 3 borrows
intensity from the microwave transition 6 (Fig. 1.) of tlhe
EPR origin [10]. In magnetic dipole operator b (L +2S)
only spin projection (perpendicular to z axis) produces
non-zero result. The calculated magnetic trandtion
moment (0.0268b) exactly corresponds to the observed
intensity of the emission band 760 nmin free O, molecule
(k> =8.9-107 s [19]. One can note that this intensity is
not enhanced much in many solvents [35, 38] which is
very interesting in the context of complete approval of the
whole theory [23]. The transition 3 is a wonderful
example of molecular visble band which intensity is
determined by spin current contribution [4]. Both singlet
oxygen emission bands 760 and 1270 nm in free O, are
magnetic by nature but they have different origins being
determined by spin and orbital angular momentum,
respectively. The band 760 nm has no effective sources of
intensity enhancement by solvent, but the band 1270 nm
can be easily enhanced upon collisions [4].

Trangition 4 intensity in free O, is determined by
the permanent quadrupole moments difference for the

b'S; and X°S, .., stateswhen they are mixed by SOC

g,Ms=
perturbation and Egs. (4)-(6) are taken into account [41,
42]; this difference is very small and equals to
0.38 Debye-A [32,42]. The calculated transition 4 moment

Q, =-G,x(Q,- Q,) is equal to 0.005 Debye-A [42]; this
corresponds to the radiative rate constant for the bls; —
— X3S emission equals to 4.7:10°s™ [42]. Thus,

9,Ms=0
the quadrupole transition 4 contribution to intensity of
760 nm band in free O, is negligible; it is 10° times
weaker than transition 3. The late determines intensity of
this band in absorption and emission spectra for the single
O, molecule.

The singlet-singlet transition 5 (the Noxon band)
has also a pure quadrupole nature [20] in low-pressure
oxygen gas and is rather week (k% = 1.7-10°s%) [4, 21].
The calculated quadrupole transition moment is relatively
high and equal Q,, =0.54eA” = 2.6 Debye:A, which

corresponds to a small absorption oscillator strength
fap = 1.6:10° [41, 44]. Since the transition 5 is not spin-
forbidden, it becomes very sensitive to the O, symmetry
reduction by collisions [23]. Calculations of configuration
interaction (Cl) in MINDO/3 approach [22] provides 10
times enhancement of the Noxon band in collision
complexes with ethylene since the transition 5 becomes
electric-dipole alowed in any solvent [23]. Similar
enhancement has been obtained in ab initio calculations
[41]. Intensity of quadrupole transition 2 in the rarefied
oxygen gas is negligible [20]; in solvents it depends on
transition 5 enhancement [23]. Thus, both transitions 2
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and 4 in free O, molecule (Fig. 1) are of pure quadrupole
nature; both are extremely weak and both are determined
by SOC mixing, Egs. (4)-(6). The main difference in a
strong response of the 1270nm band to solvent
perturbation and the solvent independence of the 760 nm
band intensity can be explained by a difference in the
transitions 2 and 4 behavior in respect to symmetry
reduction. Now we can consider this behavior in more
details and return to the main purpose of this review — the
solvent impact on the singlet oxygen properties.

3. The OIld Theory of Singlet Oxygen
Emission, Generation and Quenching
in Solvents [22]

As it is mentioned in discussion of type Il
photoreactions, the most popular method of the singlet

O ang) generation in organic solvents s

photosensitization (Fig. 2). First we need to excite the
dye-sensitizer M by elucidation with visible light to the
singlet excited state S, (dashed arrow, Fig. 2) and then the
energy of the excited dye M*, Eq. (1), will be transferred
to the oxygen molecule (ker) through the intermediate
triplet state T, involvement [3]. The excited state

O b'S; ) with an energy of 157 kJ/mol (760 nm) can be

populated in the first sep of energy transfer from photo-
sensitizer; then the Oy( bls; ) state relaxes very fast to the

Oz(ang) state (k) completing the energy transfer

photosensitization process [2, 19]. One can stress that the
excited dye M* can be in the triplet or in singlet excited
state. This notion is important for al photochemical
reaction. For photo-reaction of type | the triplet dyes are
more efficient in terms of total kinetic balance, though the
singlet states can also provide some contribution in the
yield of oxidation products [1-3]. For type Il photo-
processes only triplet states are the most reactivein energy
transfer. Intersystem crossing in dye (kisc) should be faster
than phosphorescent rate (k,) [1, 2].

The importance of singlet oxygen photo-reactions
in organic and biological solvents requires to understand

the solvent impact on the O,(@'D,,) lifetime [30-40]. In
free O, molecule this is just a radiative lifetime
(t,=1/k**), which is unusually long (about one hour
[19]). In solvents the total rate constant for the Oy( ang)
deactivation (k) embraces all bimolecular processes of
singlet oxygen removal [37]:

ko =k [S]+k, [S]+k[M]+k,[M] )
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Fig. 2. The processes which are active in singlet oxygen
generation by dye containing solvents
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where [§ is a solvent concentration; [M] denotes a
concentration of the dissolved molecules (solute) which
can be the substrates of oxygenation reaction. The
subscript nr refers to quenching by solvent, the indexes cr
and q denote the chemical reaction channels and the
solute-dependent quenching, respectively.

Both radiative and non-radiative decay of the

singlet oxygen O ang) state can be enhanced by

collisions with solvent molecules. But the non-radiative
guenching proceeds with much higher rate than the light
emission; thus, the non-radiative processes, which include
physical and chemical quenching, determine entirely the

observed Oy ang) lifetime in solvents [24-32]. Since

1964, when Foote had shown [3] that the primary
intermediate in the type Il photodynamic reactions is the

singlet Oy ang) species, a huge number of works have

been devoted to the rate constants measurements in Eq.
(8 [13-19, 24-40]. But the nature of eectronic
mechanisms besides these processes is still not proper
understood [32, 37, 40]. Here we shal concentrate
attention on solvent effects, because the k,,, rate constant is
the most important and mysterious in Eq. (8). In solvents
ki =k, which is much sower than k,; thus the late
constant determines the observed lifetime of the

Ofa'D,) state t,=1/k [S] in the absence of other

solutes with chemical quenchers[14, 32].

Nevertheless, we need to understand first the
radiative bimolecular rate constant k; for the a—X
emission at 1270 nm enhanced by O, coallison with
solvent molecule (S), since it is important for k. origin
definition as well. The reatively strong mixing between
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b's; and X°S,(M¢=0) states induced by SOC, Egs.

(49)-(6), is a key point here. This SOC leads to
enhancement of transition 2 (Fig. 1): now it can borrow
intensity from transition 5 which becomes electric-dipole
alowed in solvent [22, 23]. The eectric dipole trangtion
moment for a—X emission (R, x) induced by solvent can
bewritteninaform[23]:

Rax :<a1Dg |err| X3§'g,0> =- cb,x<a1Dg |err| b18;> (9)

where the expansion (5) is taken into account; ef is an
electric dipole moment operator.

For free O, molecule Eqg. (9) is equal to zero and
e should be substituted by quadrupole moment

(Q:errz) operator. In fact, the transition 2 is of pure

guadrupole nature in free O, and borrows intensity from
the Noxon band. (Transition moments for a—b and b—a
Noxon band are the same by definition). For free oxygen
molecule we can substitute in Eq. (9) the ef operator by
operator Q and obtain a similar expresson: Qax= —Chx Qap-
In this way we have calculated the radiative rate constant
of quadrupole transition 2 to be practically negligible
(Qux = —0.072 Debye:A, k, = 2.310°s?) [20, 44]. This
transition is so weak that its intensity was measured just
recently with the modern high-sensitive CW-cavity ring-
down spectroscopy [21]; it is determined by the radiative
rate constant k> = 1.02:10% s, which is in a reasonable
agreement with our old prediction [20, 44]. The rotational
structure analysis [21] completely supports the pure
guadrupole nature of thistransition 2 in free O,. In spite of
the practically negligible intensity of the sub-band 2, the
unravel of quadrupole nature of this transition in the low-
pressure oxygen gas is quite significant for analysis of
solvent impact on singlet oxygen emission [20]. In
solvents just thistrangtion 2 isstrongly enhanced

a)
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by collisions O,+ S and determines solely the radiative
lifetime of the a'D, state being close to 5s in

perhal ogenated solvents (thousand times enhancement in
comparison with free O, molecule) [1, 4]. This finding of
the enhancement origin is connected in theoretical terms
with the mechanism of non-radiative process [20]; the
guenching rate of the singlet oxygen was determined
successfully in some solvents by account of Q,x and Ry x
transition moments [20, 22].

Let us consider the whole scenario which operates
with the O, transition rates k;—k4 when oxygen is perturbed
by random collison with S molecule. The old theory [23]
predicts that these photo-physical rate congtants of free
oxygen are dramatically changed mostly in that part which
is connected with the emission at 1.27 um. Such strong
sdectivity of the a-X and b-X transitions probahility is
determined entirely by the different response of quadrupole
trangtions 2 and 4 in respect to perturbation by solvent [4].
Both tranditions become dectric-dipole alowed upon
symmetry reduction in collision complex, but magnetic
trangtions 1 and 3 are not so sensitive [23, 45]. So far
experimentalists have not pay much attention to spin-
sdlectivity of trangtions to different spin-sublevels Mg = 0,
+1 [24-36] since they are not resolved in the observed
gpectra. At the same time the theory of spin-orbit coupling
and Egs. (4)-(6) have predicted from the beginning [23] a
srong enhancement of the sub-band 2. The transition 2
borrows intensity from the Noxon band 5, Eq. (9), which
becomes dectric-dipole alowed in solvent and enhanced
few orders of magnitude [23]. This was explained by a
small deformation of the molecular oxygen wave func-

tions — p,, and p,, molecular orbitals (MOs) [4, 19],

which remain quasi-degenerate and localized mainly on O,
moiety in collision complex [23].

b)

Fig. 3. Oxygen open-shell orbitals for collision complex between O, and benzene; the p, , (a) and p,,, (b) molecular orbitals

perturbed by collision; the z-axis coincides with O-O bond, xz plane is close to the symmetry plane, but does not coincide
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In Fig. 3a collision complex between benzene and
O, molecules is shown. Geometry is optimized without
symmetry restriction starting from a random geometry of

callision at the UB3LYP/6-31G** level [45]. The p,

MO (Fig. 3b) exhibits some partial charge transfer and
delocalization to the solvent molecule, whilethe p, , MO

(Fig. 3a) remains a pure oxygen orbital. The a-b band
intensity now is determined by electric dipole transition
moment (Rs) which is equal to the difference of the

permanent dipole moments (ux — uy) produced by the p

and p,, molecular orbitals in the collison complex. In

spite of a small amount of charge transfer (Fig. 3b), the
P,x MO produces large i value (0.06 Debye) because of

long intermolecular distance (3.54A), while x, = 0
remains unchanged as in free oxygen (thus, Rs =.u). The
calculated oscillator strength for the solvent enhanced
Noxon band (f,, = 9.8:10°) is about four orders of
magnitude higher than that for the free O, molecule [23].

3.1. The Role of Solvent Polarity and
Polarizability in the 760 and 1270 nm
Bands Enhancement

It was shown by many calculations [4] that
collison-induced a-b transition dipole moment Rs
corrdlates with the solvent refractive index and
polarizability [45]. According to Eq. (9) R« =-¢ xR
and the a-X transition 2 borrows intensity from the
enhanced Noxon band (5), which finally corresponds to a
great increase of the calculated oscillator strength up to
fax = 15810° and to the radiative rate constant
ko = 04M™s™. Thus, this is just the transition 2 which
provides strong enhancement of the singlet oxygen

Oz(ang) emission in solvents while the magnetic

transition 1 is only dightly changed and remains
negligible [45]. All calculations [22, 23] show that the a-X
transition 2 probability also should rise in parallel with
transition 5 and with the polarizability of solvent S
molecule. Hurst et al. [25] were the first experimentalists
who have noticed that k®* in a number of aromatic
solvents grows up with increases of solvent polarizability.
This trend is supported by numerous experiments for
various solvents [32, 36,40, 46, 47] however, the reason
of the phenomenonis not simple [41].

The dipole moment of 7y MO (uy) depends on the
empty orbitals of the collider and on their response to
intermolecular interaction [4, 41]. By this reason it
corrates directly with solvent polarizability, since the
late is determined by the empty orbitals properties[4, 41].
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But this is not true for the transition 4 enhancement,
which aso becomes eectric-dipole allowed upon
collisions [4, 45]. In free O, as mentioned above, the
transition 4 has a quadrupole nature. Its probability is
determined by the permanent quadrupole moments

difference between b'S; and X°S,,., states [when

they are mixed by SOC perturbation, Egs. (4)-(6)] and
shown to be negligible [4]. In collision complex with
solvent these two states acquire electric dipole moments
(up and uyx, respectively) and their difference determines
the trangition 4 enhancement by equation: Ry = Cpx(ux —
— mp). It is obvious that the induced dipoles depend on
solvent polarity. For non-polar solvents our calculations
[41] predict very small electric dipole transition moment
R, ~ 10°Debye. This can not produce any enhancement
of the 760 nm band, since the magnetic transition 3, Eq.
(7), provides much higher intensity. Just the transition 3

determines the short radiative lifetime (12 s) of the bls;

state in free oxygen molecule [10].

The “dipole — induced-dipole interaction”
provides in polar solvents more efficient eectrostatic
perturbation and transition moment R, can be increased up
to 10°-10°Debye. Its contribution to radiative

probability of the b'S] — X°S; transition at 760 nm s

dtill low but approaches more tightly to the magnetic
intensity limit. In experiment with direct oxygen
excitation Krasnovsky have found recently atiny effect of
solvent polarity on the extinction coefficient of the
760 nm band [35]; the X—b absorption band seams to be
dlightly more intense in polar solvents in agreement with
our estimations. All recent experiments [35-38] on direct
oxygen excitation are crucial to verify the old theory
predictions [23]. Comparison of the absorption intensity
of the two bands at 1270 and 760 nm in solvents clearly
demonstrates that the former band enhancement (1.27 um)
is much more efficient [35, 38]. It does not depend on
polarity of solvent, but depends on solvent polarizability
as follows from Cl calculations in polar and non-polar
solvents[4, 23].

Thus, the role of solvent polarity and polarizability
is different for the 760 and 1270 nm bands enhancement:
the solvent polarizability does correlate with the electric-
dipole transition moment for the 1.27 um band, but does
not — for the red band. In contrast, the late depends
dightly only on solvent polarity. One should remind that
emission and absorption probability is proportional to the
square of transition moment [32]. Thus, Eqg. (9) relates the
enhancement of the 1.27 and 1.92 um band intensity in
solvents. The squares of electric-dipole trangtion

moments ratio for these bands is proportional to ¢ [4,
46] and the measured ratio of radiative rate constants for
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these two bands in various solvents is almost constant in
agreement with this prediction [32]. The O, symmetry
violation and €electronic structure distortion inside O,
moiety upon collision do not perturb much the SOC
mechanism, Egs. (4)—6).

4. The Singlet Oxygen Quenching
in Solvents

As follows from many experimental studies, the
non-radiative deactivation rate constant k., in Eqg. (8) is
the main factor which determines the singlet ang
oxygen lifetime in solvent; the physical quenching is
much faster than light emisson k, >>k [13-19]. This
should testify the different physical mechanism of both

bimolecular processes.
Merkel and Kearns [24] proposed in 1972 that the

Ofa'D,) excited state electronic energy (89 ki/mol =

=7918 cm™) can be quenched and degraded into solvent
heating by energy transfer to vibrational degree of
freedom in surrounding media. In the inert gases

atmosphere the Oy( ang) is dowly quenched but its
decay is much faster in molecular liquids, especially —in
organic solvents. The late possess C—H bonds with high
frequency of vibrations and provide the quenching rate as
large as ky, = 6700 M™:s™ (in n-heptane) [13]. Whereasin
argon the Oy ang) guenching rate is thousand times

dower (ky = 5M™s?) [32]. In such solvent like
chloroform with only one C—H band in S molecule the ki,
value is intermediate (380 M™*.s%) [13]. From those data
Krasnovsky proposed [14] that each C—H stretching mode
provides contribution to oxygen quenching accepting
some part of oxygen energy. For alcohols he presented the
k., valuein the additive form: k, =k, n, +ks, , where
Ny is a number of hydrogen atoms in solvent molecule
[14]. For alkanes theratio (k, /n, ) iscloseto k, value
for chloroform with ny = 1 (being amost constant). John
Hurst et al. [25] came to similar additivity ideas
independently in the same 1982 year. In a series of
fluorbenzene solvents of the type CgHnFsn they have

found [26] that the Oy ang ) lifetime (t ;) determined by
general equation 1/t ; = k,[M] (and k, >>k)
decreases linearly with the molar concentration of

hydrogen atoms. In general case Eq. (10), which depends
on the structure of solvent molecule, was proposed [32]:

ke =@ Nyky (10)
XY

where Nyy isanumber of X-Y bondsin molecule S,

Boris Minaev

To justify Eq. (10) various ideas were considered
in terms of vibration mechanics during last three decades
[16-18, 25-38]. Unfortunately, the spin-prohibition of
non-radiative ang — X3S'g deactivation was not taken
into account in most of these works. The classical
mechani stic parameters were put into attention such as the
Franck-Condon factors (F>*) and (F>*"), the resonance

condition (R,,) and collision frequency (2) [29]. The
structural dependence of kyxy constant was adjusted to
these parameters in the form of k., =C,§ FF™'R,.,

where C, — maximum likelihood fitting coefficient [32].
It presumed to take care on implicit account of spin-
prohibition. The hard-sphere collisions theory [29] was
included into C, parameter in the form of

Z=d’N,(8pk,T/m"*, where al symbols have their
ordinary meaning [29]. In Schmidt’ s approach [29, 32] the
C, parameter at room temperature was considered to be a
constant value independent of the solvent
C, =55 10°M"'s*. The temperature dependence was
included into off-resonance factor R, [32, 37] and can
explain the slow increase of kyy with T for few solvents of
saturated hydrocarbons measured under photo-sensitized
O a'D, ) generation experiments[14, 32].

The recent direct O, excitation measurements (free
of dye-sensitizer influence) provide much more accurate
detection of t, and k, values [35 including a

temperature range of 278-363 K [36-38]. For a series of
solvents  (methylated and halogenated  benzenes,
acetonitrile, alcohols and their deuterated derivatives) the
measured temperature dependences k, (T) are found to
be rather peculiar [37]; they can not be explained in terms
of the Schmidt’s approach [32]. Peter Ogilby et al. [37]
have proposed recently a new model of singlet oxygen
guenching which implies a tunneling through the
activation barrier.

They consider the potential energy curves (PECs)

for both states, O(a'D, ) and Oy X °S; ), as functions of

O-O bond distance which include the solvent vibration
XY mode in some implicit way. It isdifficult to understand
how account of this solvent mode will change so much the
PECs of the upper and lower sates and connect them into
one PEC dong the mysterious reaction coordinate as
presented in Fig. 7 of Ref. [37].

The old theory of solvent effects in photo-

generation, emission and quenching of Oy( ang ) Species,

presented thirty years ago [22, 23, 43], can be used to
explain the results of recent experiments [35-38].
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Unfortunately, the theory of singlet oxygen quenching by
amines in gas phase [43] has not been taken into account

so far in a great literature on t, measurements and

interpretations [29-40]. In the recent papers of P. Ogilby et
al. [37, 38] a deep understanding of the old theory [11, 23]
is achieved and the theory is supported in many details by
fine and elaborated laser experiments. Interpretation of
external heavy atom (EHA) effect on X—b trangtion
intensity in terms of different response to solvent of the
Ms= 1 and Mg = 0 transitions (2, 4 and 1, 3, respectively)
explains a very weak enhancement of the X—b trsnition
by all solvents except those which contain halogens and
expose the EHA effect [38]. But the explanation of
temperature dependences of non-radiative rate constant
for a—X transition [37] is not very consistent since the
authors apparently ignore the results of Ref. [43]. First of

al, the activation barrier for the Oy( ang) guenching
process, detected by Ogryzlo and Tang [48] in gaseous
mixtures with amines, was explained first in Ref. [43].

Then, the old theory [43] considers the role of charge-
transfer (CT) states in SOC-induced mixing between

O a'D,) and O,( X°S,) states. The main point here is

the fact that the Oy( ang ) state is doubly degenerate and

only one its component is active in the SOC mixing [43].
In Fig. 4 two possible CT states are shown which
demonstrate charge transfer from the solvent molecule M

towards the open shell pg2 of oxygen. The xz plane in a
random collision (Fig. 3) is close to the symmetry plane of
the complex and CT datesin Fig. 4 differ in respect to this
spatial symmetry element.

,
9x Mgy n Tgx

+ ¥,

Fig. 4. The charge-transfer states which are active
in spin-orbit coupling enhancement

Mgy n

H# +

We chosein Fig. 4 the CT states with different spin
symmetry in order to stress that they will be admixed to

the triplet Oy X°S,) and singlet OxaD,) states,
respectively. The 'CT, state will be always mixed by Cl
with only one component of the singlet ang oxygen; the

other component will interact by intermolecular Cl with
the 1CTy state (not shown in Fig. 4 but is similar to its
triplet counterpart) [43]. Just the 'CT, and °CT, states
shown in Fig. 4 can strongly interact by SOC:
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H$C|3CTy>:%<pg,x pg,y>:'i_2Vo

where V, =153 cm™* is the SOC constant for oxygen atom
[43]. First of all, in order to produce non-radiative energy

transfer from singlet oxygen Oy( ang) to solvent
vibrations both the triplet OZ(XSS'Q) and singlet

O a'D,) states should be mixed by SOC perturbation.

This obstacle was not considered properly in the
numerous mechanistic theories of singlet oxygen
guenching by solvent [24-30]. Definitely, the solvent must
help to overcome the spin prohibition because the triplet

O X°S;) and singlet Oy @'D,,) states in free O, do not

interact by SOC [4]. Such interaction is assisted by
solvent through the charge-transfer ClI perturbation: the
CT states are admixed to the initial and final states of the
guenching process in such a way that SOC mixing
between them is allowed by efficient spin-orbit coupling
inside O, molecule, EQ. (11). We have from Refs. [42, 43]
the general mechanism of SOC occurrence in the colli-

sion complex: [(*D§..§)+! 'CT,(C;..M )] %%
%99 (°S,..§) + MCT,(0;..M")];  this  SOC
integral is denoted by , where 'D, is the special

component of the singlet oxygen state considered above,
which possesses the same spatial symmetry as the 'CT,
state. The SOC effect on the singlet oxygen gquenching
depends on | m product, thus it is second-order effect in

respect to CT admixtures. Though both values 2 and i are
rather small (about 0.2) the effect is still appreciable
because of large SOC, Eq. (11). The square of the final
SOC integral (w?) determines the quenching rate constant

k- and the observed lifetime of Oy( ang ) state in mixed

gasesand in solvents as well.

The theory of SOC enhancement by CT admixtures
[43] was presented for explanation of the singlet oxygen
guenching in gas phase by a number of amines with
different ionization potentials (IP) [48]. The lifetime of

O ang ) decreases with IP of amine and the authors [48]

assumed that the charge transfer state NR;'...O, is
involved into the quenching process in some unknown
way (their arguments were shown to be inconsistent [43]).
One has to stress that the overcome of spin prohibition in

O ang) guenching by direct SOC and charge-transfer

involvement into the O, open shell (Fig. 4) is determined
by large SOC inside the O, molecule.

The involvement of CT mechanism into the singlet
O, quenching was assumed before [1, 37, 48, 49] but
without proper adjustment. Ogilby et al. [37] have cited

(T, B?

(11)
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the review [3], where the CT mechanism of SOC
enhancement [43] was shortly mentioned, without any
comments side by side with other references which do not

account the degenerate character of ang state and the

SOC mechanism, Eq. (11).
Though the radiative and non-radiative

Ofa'D,) — 0y X*S,) transitions in free O, molecule
are heavily spin-prohibited the oxygen molecule itself
provides a strong potential to enhance SOC inside its pg2
open-shell in response to weak Van-der-Vaals interaction.
In order to analyze the O ang) energy transfer to

solvent vibrations we need to consider first the mechanism
of cooperative transitions appearance in singlet oxygen
emission [55, 56]. A very weak band shifted from
1.27 um to the Iong-wave region by the frequency of C—
Cl vibration (760cm™) in the RsC-Cl solvents was
observed by Chou and Khan [56] and was interpreted as a
simultaneous transition in both O, and solvent molecules:

the ang — X%S, emisson with simultaneous
excitation of the C-Cl vibration.

/ o

Q//CI

Fig. 5. Themodel of collision
complex between oxygen and
chloroform molecules which
explains the cooperative
transition a—>X with
R simultaneoudy excited
C—Cl vibration

Calculations [45, 51-54] show that the CT states
are strongly attractive until the equilibrium intermolecular
distance R(CT) = 2.9 A. This distance is not such long in
comparison with equilibrium separation R(X) .= 3.5A in
the low-lying singlet and triplet states M...O,. The low-
lying states intermolecular potentials have very shallow
minima around Re(X) distance [51], but they can exist
during the collison complex lifetime since the
intermolecular vibrational quanta are indde the
dissociation energy gap [53]. The collison complex
model (Fig. 5) demonstrates that the C-Cl vibration (Q
mode) at the fixed R(X) equilibrium separation leads to
modulation of the intermolecular distance (r) between Cl
atom and the O, molecular center. Even a small reduction
of r upon vibration (Fig. 5) can provide a strong rise of the
Cl coefficients | and m [55]. Thus, the SOC integra

between Ox(@'D,) and Oy X °S;) states (w) should be a

strong function of the C—Cl vibrational mode [3]. This
explains the role of solvent vibration in non-radiative

Ofa'D,) — O X’S,) quenching as well as in the

cooperative transition [55]. The rate of quenching is
determined by the square of the SOC w integral:
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w(r) = W(Qo)+( )QO(Q Q)

where Q = R-r isthe C—CI vibrational mode and the Qg is
the equilibrium coordinate of this mode.
The radiative probability for the simultaneous

OA'D,,v=0) — O X*S;,v=1) trangtion in oxygen
and in solvent shifted from 1.27 um to the long-wave by
the C—Cl vibration frequency is determined according to
Eq. (?) by transition moment
-G, (T(aler |b)/1Q),(0|Q1), where 0 and 1 are
vibrational wave functions for C—Cl mode Q. The
derivative is large since the Oxa@'D,) — Ou(b'S;)

transition moment strongly depends on the intermolecular
distance Rand on the Q mode (Fig. 5). It was estimated by
calculations [55] to be equal (fIR,/1Q), =0.037 Debye/A.
According to this estimation [55] the simultaneous

cooperative trandtion at 1.39 um shows intensity about
100 times lower than that for the 0-0 band 1.27 um of the

ang — X‘*S‘g trangition in quantitative agreement with
experimental measurement [56]. This striking success of
the old theory [55] provides a confidence in a similar
approach, Eqg. (12), being applied to analyzes of non-
radiative quenching of the singlet oxygen by solvent
vibrations. The smilar SOC integral, Eq. (12), between

O ang) and OZ(XSS'Q) dates with the initial (v = 0)

and the final state (v = m) of the C—Cl mode in solvent is
determined be the similar equation

((v=0lw(r)[(v=m)) =(Tw/TQ)q (0|Q- Q;)|m).  The
corresponding O® m transition moment in the solvent
molecule can be calculated from the overtone infrared
intensity of the C—Cl vibration.

The authors of Ref. [48] have written that the
occurrence of activation barrier during the singlet oxygen
guenching by amines “is realized at that intermolecular
distance in the collison complex at which the energy of
the repulsive ground state becomes rather close to the
energy of the strongly bound charge-transfer states, this
causes their maximum mixing” as a result of Cl. Our
consideration provides great support to this idea and its
generalization to all solvents. The high-frequency C-H,
N-H and O-H stretching vibrations in organic solvents
are known to be very active in the singlet oxygen
guenching [24-32]; these vibrational quanta possess
enough energy to accept electronic excitation through
lower overtones [32]. In the region of activation barrier at
R < R, where the bound CT states are the most close to

the S...O4(a D ) potential, the X—H vibration experience

a drong hlndranoe (a repulsive part of these vibration
potentials are quite steep) and require additional energy
(activation barrier). This dipulates a rather strong

(12)
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dependence of SOC integral w on the hindered normal
mode Q displacement. The w(Q) function increases with

prolongation of the Q displacement (Fig. 5). The SOC
integra w(Q) reaches a maximum at the largest

amplitude of X—H vibration. The calculated w(r) are

strong functions of intermolecular distance r for various
models of tight collisions[4, 43, 55].

From our previous calculations it follows that the
oxygen and solvent vibrations both can participate in the
electronic energy transfer to solvent vibrations upon the

aD, — X°S, nonradiative quenching [41, 53, 54,
which isin agreement with experiments [25-30] and their
phenomenological trestments  [32]. The OxaD,)
electronic energy can be shared by both O, and solvent
vibrations in promoting O ang) guenching and then

transfer vibrational energy to all degrees of freedom in
solvent. Both O-O and X-Y modes are active in

overcoming the spin-prohibition for the ang — X‘*S‘g

nonradiative transtion [53]. They both can promote an
effective mixing of initial and final states with charge-
transfer configurations (Fig. 4). Thus, these vibrations can
induce the SOC integral, Egs. (11)-(12) and promote the
first step of electronic energy transfer into vibrational
energy as it was considered in mechanistic scheme of
Rainer Schmidt [29, 32]. For example, C—H stretching
vibrations of hydrocarbon solvent S being excited in the
first step of electronic energy degradation processes can
eadly transfer their excitation into various C—H and C-C
bending modes since all these modes are coupled in the
force field of whole molecule. In order to understand the
theoretical concept behind Eq. (10) one can not think that

the singlet Oz(ang) species being in collison with S

molecule of the solvent is in the force field of al CH
bonds of the Smolecule. The number of C—H bondsin Eq.
(20) is important since all CH vibrations are involved in
dissipative energy degradation. All C—H stretching modes
are mixed through CCH angles deformation and
vibrations of C-C skeleton. The larger number of C—H
bonds the higher density of vibrational states at resonance
and the faster energy dissipation process. The late can
involve low-frequency molecular vibrations in THz
region, O, rotation and solvent phonons. We can consider
the oxygen and solvent X—H stretching vibrations as a
driving force of the a — X quenching process which
triggers various diss pative mechanisms.

5. Conclusions

The realm of chemical phenomena in which the
snglet a'D, oxygen participates is now great and
wonderful [39, 40, 57] with most applications in medicine
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[58-62]. Thus, it is important to know all physicochemical
factors determining the Oy ang) lifetime in various
environments, especialy in biological solvents [40, 59].
Extensive experimental studies during last five decades [1-3]
provide huge information and its systematization attempts
occur oftenin various reviews[1, 19, 27, 32, 40, 61-64]. But
some key electronic mechanisms of O( ang ) decay are dlill

poor understood [4, 5]. The old theory of singlet oxygen
gpectra in gas phase [10, 43] and in solvents [23] has
explained a number of SOC-dependent phenomena and
predicted new effects which have been recently observed
[35-38]. The present review concentrates attention on
forgotten parts [43, 55] of the old theory and shows their
utility in explanation of recent findings.

The recent experiments on direct time-resolved
detection of Oy( ang ) posphorescence in solvents [33-38]

unlike the dye-sensitized singlet oxygen emission studies
[47, 32] alow more accurate lifetime (t ;) measurement
[35, 37] and provide additional support to the old theory
[23,43]. They provide a new and stronger dependence of
the t, value on temperature. It is determined by non-
radiative quenching and energy transfer to solvent
vibration (mostly to C-H, N-H and O-H modes of organic
solvent molecules). Quantitative analysis of vibrational
parameters of these bonds presented before [32] did not
consider the spin-forbidden character of such process in
explicit form. The present review provides analysis of
spin-orbit coupling between the initial singlet and final
triplet states and explains the driving force of non-
radiative Oy a'D ) decay.

This analysis demonstrates the importance of
charge-transfer configurations and of degeneracy of the
ang state; it also shows an origin of activation barrier for

the singlet O, quenching by collisions. The solvent
deuterium isotope effect k" /kP and its temperature
dependence were explained recently with account of
tunneling through the activation barrier [37]. The analysis

presented here demonstrates additional argumentsin favor
of such idea. Connections between cooperative

O ang)-soIvent phosphorescence and the quenching

mechanism are stressed which explain the role of solvent
vibrations in the spin prohibition overcoming for the

singlet-triplet @'D, — X°*S; transition.
In spite of many Oz(ang) applications in fine

organic syntheses [19, 40] the snglet oxygen was
considered to be inconvenient for the large scale chemical
industry [5, 66]: together with high chemical reactivity of

Oy ang ) molecule, its reactions are nat sdective enough
for industrial applications. Recent developments of TiO,
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and yttrium oxide photo-catalytic systems [62] demonstrate
some perspectives in this respect and could be used for
effective photo-degradation of organic substances and
similar large-scale chemical cleaning technologies.
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OOTOXIMIA I CHEKTPOCKOIIISI CUHIJIETHOI'O
KHNCHIO B PO3UYNHAX. HEJABHI JJOCAT'HEHHS],
AKI TNIATBEPAKYIOTHb CTAPY TEOPIIO

Anomauia. MonexyIApHULL KUCEHb € NAPAMASHIMHUM 2A30M
3 mpunaemnunt Oy( XS, ) ocnosnum cmarnom, wo euasise ciabKy
XIMIYHY pearkyiiiny 30amHicme y 8i0CYmMHOCHI 0dcepell paouKaie.
36yo0ocenuit memacmabinbhuil cunenemuuil xKucens O ang ), Ha

Nnpomusazy, GUCOKOPEaryiHuil, 6iH Modce OKUCHIOBAMU OpP2aAHIYHI
MONEeKYIU 34 PAXYHOK Yinoeo psdy cneyuiunux peaxyitl, siKi 6i0-
PisHAIOMbCA 6i0 pearyill 36UHaiiHO20 MPUNIENHO20 KUCHIO NO-
gimpsi. Tomy cumenemuuti KUCEHb CMA8 NpUBadIUSUM peazeHmom
O/Isl HOBUX CUHME3I6 | HABIMb OJisl MEOUUHO20 3ACTOCYBANHsL Y (o-

mo Ounamiunii mepanii. fx eadxcaueuti inmepmediam, O ang )

npueepmae  3HAYHy y6azy XIMIKI6 NpOmMASOM — NIECMONIMMA
dociodicens 11020 peakyitinoi 30amHocmi i CneKmpocKonii, npome
He36UYHI GIACMUBOCINT CUHZIIEMHO20 KUCHIO SUKIUKAIONb MpPYo-
HOWl y pO3YMIHHI 11020 maemuuyux ocobnueocmeil. Hanigemni-
PUUHA MeopIst CRIH-0POIMAILHOL 83A€MOOIT 8 KUCHI | 6 KOMILEKCAX
simxnenna Op 3 OlaMAZHIMHUMU MOLEKYIAMU, 3anPONOHOBAHA Y
1982 poyi, nosicnuia ma nepedbauyuna 6azamo Gomoximiunux i
CHEKMPANLHUX BTIACIUBOCEL KUCHIO, AKULL 00EPHCYIOmb CeHCUDI-
aizayicto bapsnuxkamu 6 posuunax. Hedaemi excnepumenmu 3 nps-
mum  aazepuum  36yooicennsim Op 8 po3YUHAX NOGHICHIO NiO-
meepodicyroms cmapy meopiio. Lleii o2ns0 demanvho posensoae 6cio
icmopiio po3eumKy i eKCnepUMeHmaibHOl nepesipKu OaHoi meopii.

Knrouoei cnoea. cunenemmnuii Kucemv, Cnin-opOimanbHa
63a€M00isi, KOHI2ypayii 3 nepenecenHsm 3apsoy, meopis 30ypeHb,
nepeHeceHts eNeKmpoHHOL eHep2ii Ha KOTUBAHMHS.



