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Electronic mechanisms of molecular oxygen activation
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Abstract. Theoretical views on the mechanisms of overcoming
spin prohibitions in photoprocesses and in enzymatic activa-
tion of the O, molecule are considered. The electronic struc-
tures of various quantum states of this molecule and collision
complexes of oxygen with other molecules are given. The
patterns of biochemical activation of O, through T—S tran-
sitions in enzymatic complexes are proposed. It is noted that
the enhancement mechanisms for specific exchange interac-
tions in enzymatic complexes have common features with
mechanisms of physical photoactivation of oxygen. The bib-
liography includes 164 references.

I. Introduction

Specific physicochemical properties of the diatomic oxygen
molecule are due to incompleteness of the outer mg-electron
shell.!' 2 Oxygen is paramagnetic* and can both quench and
sensitise luminescence of organic compounds,'-? acts as a
catalyst of some chemical transformations © and as an oxidant
in many processes, in particular, breath, combustion and
putrefaction, which occur at different rates and by different
mechanisms.>~7 Molecular oxygen is basic to life on Earth.°
Indeed, it protects living organisms from hard solar radiation,
absorbs the most part of UV radiation in upper atmosphere,
generates the ozone layer that absorbs softer UV radiation in
the stratosphere and, finally, provides the acrobic life with the
energy of breath. However, since Lavoisier, who discovered the
ability of the oxygen molecule to maintain breath and combus-
tion, there is no clear understanding of the mechanisms of
enzymatic activation of O, their relation to the electronic
structure and spin of the molecule, to the fine structure of spin
multiplet states of oxygen and to other physical (optical and
magnetic) properties of this molecule.? 2!

The present review is concerned with many aspects of
photophysical and biochemical activation of O, associated
with overcoming spin prohibitions. Photochemistry of singlet
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oxygen is only briefly outlined, because it was considered in
recent reviews.!7 2!

Almost all reactions of oxygen molecule with chemically
stable diamagnetic compounds are exothermic and require
specific activation.®~% Combustion requires initial high-tem-
perature activation of O in the form of ignition (generation of
primary radicals),® breath requires biochemical enzymatic
activation;® in the case of autooxidation the activation is
inefficient and slow.® Exothermicity of the oxidation reactions
of organic substances is usually explained by high electro-
negativity of oxygen and by additional stabilisation of C—O
and O—H bonds due to their higher polarity ® compared to
C—C and C—H bonds. It is believed > ¢ that, owing to high
strength of the O — O bond in the O, molecule, the activation
energies for reactions involving oxygen are too high for them to
proceed at sufficiently high rates under normal conditions.
However, the chemical inertness of the oxygen molecule is not
due only to high bond energy, but also to spin restric-
tions.3 312

Clearly, acrobic life has appeared and exists due to specific
kinetic prohibitions to reactions of paramagnetic oxygen with
diamagnetic organic substances.® 12 The main source of slow-
ing down of the O reactions is the spin prohibition, namely,
the reactants have two unpaired spins (from O, molecule;
electrons in substrate are paired), while in diamagnetic oxida-
tion products all spins are always paired. The overcoming of
this prohibition by introducing (generating) radicals to react
with oxygen (burn) is inadmissible to living matter. Enzymes of
a living cell find another way to overcome the spin prohibition
to reactions of oxygen ‘insertion’ into diamagnetic organic
substances. Therefore, establishment of the mechanisms of
enzymatic bio-activation of oxygen requires investigations of
spin effects.?- 12

Nearly three decades ago the author of this review first
explained intensity borrowing mechanism of magnetic dipole
transitions 2224 responsible for the known atmospheric
absorption bands of oxygen.!' Calculations of the structure
of collision complexes of O, with diamagnetic substances 2528
and their chemical reactions with account of spin-—orbit
coupling 233 underlie the theory that made it possible to
find the ways of overcoming spin prohibitions in the case of
weak intermolecular interactions and in the course of chemical
reactions.!?-29-34-38 Recently, this theory has found numerous
supports.-3:35-37.39 43
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This review conciders the electronic mechanisms of over-
coming spin prohibitions to the reactions of O, and oxygen
complexes with other molecules including solvent molecules
and active sites of enzymes. Processes leading to acceleration of
radiative and non-radiative triplet —singlet (T —S) transitions
in Oz molecule induced by collisions in the gas phase and in
solution including sensitisation of singlet oxygen are generally
termed ‘photophysical activation’. We will also consider mech-
anisms of singlet oxygen luminescence and quenching,
although these processes are in essence deactivation. The
possibility of removal of spin prohibition in photophysical
processes is treated as the first step towards understanding of
biochemical enzymatic reactions of oxygen.*24-37 In the
review we also analyse the physical (mainly spectral) and
chemical properties of O, molecule and the properties of
other active forms of oxygen in relation to photoshemistry of
atmosphere, combustion, catalysis and bio-oxidation.

I1. Mechanisms of triplet — singlet transitions
in the oxygen molecule

1. Energy characteristics of pure spin states of the oxygen
molecule

Let us consider the ground- and excited-state electronic struc-
ture of O molecule and factors determining the probability of
T — S-transitions in free the oxygen molecule.

Back in 1848, Faraday weighed various gases with a
magnetic balance and established that, unlike many other
elements, molecular oxygen is paramagnetic.® An explanation
for this amazing fact was reported much later.* Mulliken
explained paramagnetism of molecular oxygen by considering
the ground-state configuration in which the highest occupied
molecular orbital (MO) is a doubly degenerate m, orbital
occupied by two electrons.* In this case the inclusion of a
‘molecular’ analogue of Hund’s rule leads to parallel electron
spin orientations in the lowest-energy state. Thus, atmospheric
oxygen contains O, molecules in the triplet ground state
corresponding to the following electronic configuration 422

¥ = (169)*(161)*(26¢)(20u)°(30,)*(1m)*(17e). M

There are four possible quantum states of the molecule with
particular values of the spin (S) and orbital (L.) angular
momenta* depending on arrangement of two outer electrons
in two degenerate 1m,-MOs. Using complex wave functions of
MO in the form 13

= Y0, (1a)
where 0 is the angle between the z axis and the radius vector r, ¢
is the angle of rotation of the radius vector r about the
molecular axis z, these states can be represented by the
following qualitative models:
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Here the quantum cells [ ][ ] denote degenerate ng-orbitals. The

respective complex determinant wave functions for the open
shells of the states (2) have the form 10

'y == (||~ n— ). (22)
IA _ |TC+TC+ ,
Ay =n 7],

g+ _ L (
v,
Here | | is the conventional notation of the determinant wave
functions,!® n* denotes the o-spin MO (spin-up MO) and 7+
denotes the B-spin Ttgi-MO (spin-down MO). The functions
(2a) are eigenfunctions of the operator of the orbital angular
momentum projection (L;) with the quantum number A = 0
(for the states Zgi) and 2 (for the states 'Ag)*19=1in 1 = h/2n
units (4 is the Planck constant). With allowance for exchange
interaction between two m-electrons, the triplet state 3, has
the lowest energy, thus being the ground state; the next is the
doubly degenerate singlet state 'A, , while the singlet state 12;
has the highest energy.*°

The total spin quantum number (S) in the expression for
the eigenfunctions of the operator S?2

Int |+ \n—fry).

S2P = S(S+ )i2Y (3)

is equal to zero for singlets and to unity, for triplets.!®
Functions (2a) obey relation (3), their multiplicity (left super-
script) is 25 + 1. Qualitative description of energy character-
istics of O, can be obtained ?> using simple semiempirical
quantum chemical methods, e.g., INDO.!> The inclusion of
configuration interaction (CI) with the basis set (2) leads to the
same splitting between the three states [3Z;), ['Ag), 'Sy ),
equal to the atomic exchange integral:'3 (p.py|pxpy) = 0.8 eV.
The energies of the singlet states |'Ag) and |'Z] ) calculated
relative to the triplet ground-state energy are 0.8 and 1.6 eV,
respectively,?? which agrees with experimental data (0.98 and
1.63 eV, respectively).® The agreement is improved by inclu-
sion of configuration interaction and the ... (Im,)?*(17)* con-
figuration, however the pattern of the wave functions remains
essentially the same.'?> The following is quite important.
Computational quantum chemistry methods usually employ
real wave functions for the atomic basis set p., p, and p..!°> The
singlet states are described by the following combinations of
the wave functions:!0-22

g = "0y == () = [m ). @
'8 =19 == (frm | + ), @
) = 0y = \/%(m ol + ). 5)
Pzg) =0 = % (|nxﬁy| — |, &, >

where 1, denotes the spin-up (a-spin) 11,,-MO and 7, denotes
the spin-down (B-spin) 1mg,-MO. The real n,-MO functions in
the INDO approximation have a simple form 22

M, = \/LZ (p,’? —p,?), (6)

M, = % (pf\ fpf),

where p? denotes the real 2p-AO of the atom A, oriented along
the x axis and the symbols ‘A’ and ‘B’ denote the two oxygen
atoms. Electrons of the closed shell in Eqns (4) and (5) are
omitted because they do not affect the matrix elements of the
one-electron operators [dipole moment, angular momentum,
spin—orbit coupling (SOC)]. For the triplet ground state |3%, ),
the form of the determinant functions (2) and (5) remains
unchanged, whereas the functions for the singlet states (2) in
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the real basis set (6) have another form. This feature should be
taken into account ! in calculations of (i) collision complexes
of oxygen molecule with other molecules and (ii) chemical
reactions involving this molecule.

The complex functions (1a) and (2) are only convenient in
the case of isolated O, molecule. By expanding determinants in
relationships (5), one can separate the orbital and spin con-
tributions; then the singlet and triplet X-states have the form

'Zy) ='®; =

- [ m@ + 1@ 0] 5 [0)8) 28], 60

PEy) =20 =

1 1
=7 [m()m,(2) = m(2)my (1)] i [«(1)B(2) + 22)B(1)]. (5b)

The ‘+’ and ‘—’ signs at the term ‘X’ denote mirror symmetry
relative to any plane containing the molecular axis, e.g., the yz
plane. Reflection in this plane causes the m,-MO to change its
sign while the sign of the m,-MO remains unchanged. Because
of this, both components in the orbital part of the wave
function (5b) change their signs; i.e., this function is antisym-
metrical with respect to reflection in plane, while the wave
function (5a) is symmetrical. The same conclusions can be
drawn by considering the xz plane. As to the complex functions
(la) and (2a), these conclusions are valid for any plane
containing the molecular axis,'S because reflection in plane
causes replacement of ¢ by — ¢ and, hence, replacement of ©*
by n~ in relation (1a).

Thus, for planar collision complexes of O» the real wave
functions (5) characterise the key symmetry properties of the
low-lying electronic states of this molecule. Selection rules for
functions (1) and (2) are also valid for functions (4)—(6).
Collision complexes have no inversion point. This formally
breaks quantisation of the projection of the orbital angular
momentum and in polyatomic molecules the quantum number
of the operator L, is no longer a ‘good quantum number’.!3
However, calculations 2731 revealed only minor changes in the
structure of the wave functions (4) and (5) and in the energies of
corresponding states of collision complexes. Therefore, the
collision complexes can be treated using the same notations of
terms (4) and (5) as those of free O, molecule.

Specific behaviour of O, molecule in animated nature is
mainly due to the presence of low-energy excited singlet states
and the intrinsic magnetic moment (spin) in the ground state
(paramagnetism of O,).!>27 Figure 1 presents the potential
curves for certain states of the O, molecule, obtained from
multiconfiguration self-consistent field (MC SCF) calculations
with subsequent inclusion of configuration interaction.30-40
High-energy excited states !X and 3A,, 3T responsible for
UV emission of oxygen (Herzberg bands) are of great interest
for atmosphere photochemistry and gas discharge spectro-
scopy.?>3°~42 When discussing the photochemistry of singlet
oxygen ('A,), these states are usually left out of consideration,
although from the standpoint of spin catalysis theory32—34
they should also be taken into account. The triplet state B3X
gives an allowed electric dipole transition B°Z, « X3%;
(Ref. 9) responsible for the Schumann-—Runge absorption
band. Due to this intense absorption in upper atmosphere,
hard solar UV radiation (135—190 nm) does not arrive to the
Earth’s surface. Since minima on the potential curves for the
B- and X-states are strongly shifted relative to one another

—0.2 | | | |

O(CP) + OCP)

Figure 1.

1.8 2.0 2.2 2.4 2.6

ro—o/A

Potential curves for certain quantum states of O, molecule obtained from ab initio calculations.30-3!

Literal notations of terms used here and in Fig. 2 are common to molecular spectroscopy. Main multiplet states: singlet (a, b, ¢) and triplet (4, B).
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(see Fig. 1), the vertical transition B3Z, /X 3%, leads to disso-
ciation of O, molecule. In addition, pre-dissociation of bound
vibrational states of the upper term is also possible due to
crossing with the potential curves of the IT,-states.’

Various glow phenomena in the night sky including auroral
ones are due to decomposition of oxygen molecule to atoms
and subsequent recombination of oxygen atoms with the
formation of excited O> molecules.® In this review, we will
leave these interesting phenomena out of consideration. Men-
tion may only be made that theory of forbidden transitions
from the ', A’ 3A, and 43Z] excited states provides a great
body of valuable information on the SOC mechanisms'? that
are important for understanding of the enzymatic activation of
oxygen. In addition to the Herzberg bands, red atmospheric
bands of oxygen [transition »'Z — X 3%,— (762 nm)] and IR
radiation (transition a'A; — X3%, at 1270 nm) were
detected.® Long optical path in the atmosphere also allows
these bands to be clearly defined in absorption (the red band
represents a combination of certain Fraunhofer lines) in spite
of the forbiddenness and low probability of these transitions.

Until recently, the singlet state of oxygen was of interest
only for researchers working in atmosphere optics.!%-!! In
1976, Krasnovsky '# first detected luminescence of singlet oxy-
gen (a'A,) in solution. At present, singlet oxygen is used in
technics,!>17-18 chemistry !7-2! and medicine.!-1%43 Singlet
oxygen molecule Ox(a'A,) is known as oxidant in chemical
and biological processes, because the spin prohibition is
removed and the species is more reactive than the triplet
atmospheric oxygen molecule Ox(X3Z,).!"7-19-2! Taking
into account four quantum states (2) of oxygen molecule is
required for not only understanding of oxygen photochemis-
try, but also development of theory of the dark chemical
reactions,!'? 2% 32 in particular, for studies of enzymatic oxida-
tion proceeses.3’

2. Intensities of singlet —triplet transitions in optical spectra
of the oxygen molecule

To understand the mechanism of removal of spin prohibitions
in chemical reactions involving oxygen, one should consider a
theory of intensity of singlet —triplet transitions in isolated O»
molecule and the effect of solvent on these transitions.??~ ¢
Radiative transitions between all states (2) are strictly forbid-
den in the electric dipole approximation,'!-43 because all of
them have the same parity (gerade symmetry relative to
inversion point), whereas the selection rules require a change
in parity upon transitions. For electric dipole transitions the
projection of the orbital angular momentum on the molecular
axis (A) should vary by AA = £1,0. The 'A—'X " transition is
also forbidden due to the selection rule for the projection of the
orbital angular momentum (AA = 2). In free O, molecule, this
transition is detected as a weak quadrupole transition because
in the quadrupole approximation the prohibition for AA = 2is
removed.!? 2% Singlet — triplet transitions between terms (2) are
additionally forbidden by the spin selection rule, AS = 1.
Transition between states (5) is also forbidden by the
X~ —X7 rule, i.e., we deal with the triple prohibition.

All the prohibitions mentioned above are strict.** The more
long-wavelength singlet—triplet transition 'A;—3%, is addi-
tionally forbidden by the selection rule for the orbital angular
momentum (AA = 2) and thus characterised by triple prohib-
ition [with respect to spin, parity (gerade — gerade) and orbital
angular momentum, that is, AA = 2] in the electric dipole
approximation. A diagram of different quantum states (4), (5)
and transitions between them for the collision complex of O»
molecule and a dye is shown in Fig. 2. Both singlet—triplet
transitions, «— X and »— X, should be very weak due to the
triple prohibition on emission in the dipole approximation.

The potential curves (see Fig. 1) for all the three states (X, a
and b) are only slightly shifted relative to one another, the

7 (X S)

5 —— CIZLT So
I(X3%, Tp) 6 Y 3(x3%, T)
b'=f S
3 ] g
1,2 a'Ag So
0 ——X%%; S X3Z, So
Figure 2. Scheme of quantum states in a collision complex of O, with a

dye.

equilibrium internuclear distances (r) being respectively equal
to 1.207, 1.216 and 1.227 A (see Ref. 9). Therefore, only the
0—0 bands corresponding to electronic vibrational transitions
between these states are intense in optical spectra.®>4%4¢ The
rate constant (k) for spontaneous emission @ — X obtained by
interpolation to zero oxygen pressure (no collisions; intermo-
lecularly unperturbed O, molecule) was found to be record-low
(ko - x=2.6x10"*s—1).17 The b— X transition is much
more intense (kp_, x = 8.9x10~2 s~ !). The radiative life-
times !7 of the a and b states are 4600 and 12 s, respectively.
The a - X and b — X transition intensities were first calcu-
lated in Ref. 22. In spite of semiempirical character of the wave
functions used in the INDO method, the results of calcula-
tions 22 correctly describe the mechanisms of overcoming spin
prohibitions, as was confirmed later by the results of ab initio
calculations.#?-30-57 To understand the spin mechanisms of
photo- and bio-activation of oxygen, we will consider the key
points of the semiempirical theory.??

Symmetry analysis of the wave functions revealed the
possibility of mixing of the singlet and triplet states (5) due to
the SOC operator.*® For simplicity, we will write this operator
in the effective one-electron form 223

Ho= (aD> 5= B = @)
A i i
= Z (Bi,xSix + Bi y8i y + Bi 2S; ),
f

where {a is the SOC constant for the atom A ({o = 153 cm ™ h,
I;  and 5; are respectively the operators of the orbital angular
momentum and spin angular momentum of the ith electron.!?
The one-electron SOC operator (7) with inclusion of the
constants {s determined from atomic spectra gives quite
reliable results suitable for explanation of numerous SOC
effects in molecules.'? !3-4° The spin—orbit coupling between
the singlet and triplet (b'Zy — XX, ) states [see relations (5)]
is given by 22

(2 [Hol'zg) = (ol HE['®3) = ®)
= (n,|B.|n,) = —i{o = —153icm~".

Equation (5) was written for the triplet state with the zero
projection of the total spin on the molecular axis (z axis).?? In
the text below this spin sublevel with the quantum number
Ms = 0 will be designated by |3Z£ o) (for the frame of reference
associated with the O> molecule) and #. (if the z axis of the
frame of reference in the collision complexes of O, with organic
reactant molecules matches the line of the O—O bond). The
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other two spin sublevels of the triplet state with the quantum
numbers Ms = +1 in the oxygen molecule are degenerate; we
will denote them |32§; 1)- The separation between them and the
Ms = 0 level equals the zero-field splitting (ZFS) energy,® 22
which for the oxygen molecule is rather high (3.97 cm—1; ¢f. a
conventional value of 0.1 cm—! for the triplet-excited states of
aromatic molecules !3). The ZFS is due to the dipole—dipole
magnetic interaction between two unpaired spins.*® In the case
of Oz molecule the SOC also contributes largely to the ZFS at
the second-order level of perturbation theory.*® Recently,
correct ab initio calculations of the ZFS energy for oxygen
molecule have been reported.*® Among previous calculations
presented in Refs 47-49, a number of errors are found,
whereas semiempirical estimates ??°° appeared to be more
reliable.!3-4¢ Seemingly, the results of ab initio calculations 4’
are in good agreement with the observed ZFS; however, this is
a random coincidence. Indeed, the SOC contribution to ZFS is
overestimated (doubled) owing to incorrect value of a factor.
Correct calculation of magnetic perturbations in the ZFS is
important for understanding of the mechanism of removal of
spin prohibition for the singlet — triplet transitions in oxygen.

The matrix element of the operator of the SOC between the
¥~ —X7 triplet and singlet states differs from zero only for the
states (5) characterised by the quantum number Ms = 0. At
the first-order level of perturbation theory, the wave functions
of these states are mixed due to SOC 22

W) = |p'Zg) + el X Zg0). )
0= X Zg0) —c*|b'z]), (10)
where the mixing coefficient
3y 1
<X Zg,()‘H:O‘b Z+> (11)

T E0'E) - E(Xz )

is small (£ is the energy of the corresponding state). With
allowance for the semiempirical estimate of the SOC using
Eqn (8) and energy difference ? in the denominator of Eqn (11)
(13195 cm 1), one gets?? ¢ = —0.01161. The small value of
the coefficient ¢ provides an excellent substantiation of the
applicability of perturbation theory and the wave functions (9)
and (10) are characterised by rather high accuracy and correct
normalisation. According to ab initio calculations,*>>° the
SOC matrix element [numerator in Eqn (11)] equals
— 1781 cm~!, the absolute value of coefficient ¢ being some-
what increased: |c| = 0.0135. This coefficient plays a key role
in the theory of singlet —triplet transitions of oxygen molecule
in the gas phase at low and high pressures and in O3 solutions in
organic compounds and biopolymers.??~3!

Let us con51der a magnetic dipole transition from the state
(9) to the state | Zo1) thh the quantum number Ms = =+1.
Unlike the spin sublevel |* X, ), the I X, ) state is almost
‘pure’, i.e., it contains minor contrlbuuons of singlet states.
(Actually, it has a small contribution of the ', state, but this is
of no concern for the simplified treatment??> of the h—X
transition.) The magnetic dipole moment operator

M = pp(L +25),

where pgp is the Bohr magneton, contains the orbital (L) and
spin (S) contributions. According to calculations,?? 4250 the
orbital contribution to the moment of the b'Sf — X35,
transition is negligible. The major contribution to the h— X
transition intensity comes from the spin component 22 with the
magnetic moment polarisation vector directed perpendicular
to the molecular axis. Taking into account expression (9), one
has 22

My _x1 = ps (V|28 [¥y,1) = (12)

= ppV2e(X T[S, £iS,[X°Z, ) = —2upe.

Thus, the 5'Zy — X 3%, | transition in the visible region (red
atmospheric band of oxygen at 760 nm) in fact ‘borrows’ its
intensity from the microwave transition between the spin
sublevels 3%, (—3%Z;; (magnetic dipole EPR transition
induced by the spin operator). The calculated transition
moment Mp,_x 1 = —0.027 ug is almost equal to the value
obtained from intensity measurements.” This is a unique
example in molecular spectroscopy; here the intensity of an
optical electronic transition is determined by the EPR spin
current intensity. This provides an explanation for a higher
probability of the »— X transition compared to that of the
a— X transition. In the latter case there is only a small orbital
contribution to the magnetic dipole moment of the transition,
due to the SOC-induced mixing of the @, X and *'TI, states.??
Owing to large energy differences between these states

E(T1,)— Ex = 78000 cm~
ECTl,)— E, = 48000 cm—

mixing of the singlets and triplets is negligible and the spin
prohibition to the a — X transition remains strict.

One should also consider the probability of the b—a
transition, which plays an important role in analysis of the
solvent effect on the oxygen spectra. The h—a transition of a
free O> molecule is responsible for the appearance of a weak
Noxon band, which is a quadrupole 2%3° with the maximum
possible quadrupole moment.2® However, the rate constant for
spontaneous emission b — @ obtained by interpolation to zero
pressure is very small (ks ., = 1.7x10—3 s—1).2 Theoretical
studies 2>~ 28 revealed that this transition should be dramati-
cally enhanced upon collision of O, molecule with any dia-
magnetic molecule. Later on, this conclusion was confirmed
experimentally for the gas,3® solid>%?> and liquid
phases.1-17.43.56

With allowance for the SOC in the framework of perturba-
tion theory one can explain the intensities of many UV bands
of oxygen molecule.30:31,59.65.67.91-96 T addition to calcula-
tions of well-known Herzberg bands,? 30-49.65.67 4 reliable
explanation was obtained for the intensities of some new
bands originated from recently detected new electronic tran-
sitions from the metastable state (9), namely, b'Ly — B3E, and
b'Eg —c'Z, (Refs 31, 91-95). The b‘Z*—B3Z transition
proceeds by the mechamsm of 1nten51ty stealmg from the
Schumann—Runge band (X—B) due to the SOC (9); the
coefficient ¢ [see Eqn (11)] gives a correct order of magni-
tude 3!-92 for the electric dipole moment of this transition. The
blzg — !X, transition is also electric dipole in nature; removal
of the X~ —X*-type prohibition for the singlet—singlet tran-
sition is due to electronic-rotational coupling %>

<~;1 g>:

er;| b
7

n'I|BL, |b'E]
3 Z E(blz+fl~ o ) < y Ze; n'Tl >
Zéﬁgu‘BL+|ck?r1> ) <klnu ,‘b12;>.

Here er; is the dipole moment of the ith electron and B is the
rotational constant.
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Detection®* and theoretical identification® of the
blZ;r — !X, transition bands opens new prospects for atmos-
phere photochemistry studies. However, no 43% —c'Zy elec-
tronic transition in the IR region (2400 cm—!) was detected so
far, although the corresponding intensity stealing mechanism
was developed two decades ago.'? The magnetic dipole
moment of this transition (M4_.= 0.12pug) is about five
times larger than that of the »— X transition [see Eqn (12)].
The intensity stealing and the spin-prohibition removal mech-
anisms are very similar to those described by relations
(9)—(12); however, this only concerns the 43Xy and c¢'Z;
states. The SOC matrix element between these states is equal to
the integral (8) while the energy difference in the denominator
is very small (2400 cm —); this is the reason for high extent of
intensity stealing from the transitions between spin sublevels of
the 43X state (see Refs 12 and 91). The aforesaid is valid for a
free O, molecule in a highly rarefied gas (upper atmosphere),
when collisions can be ignored. Under normal pressure at
Earth’s surface, collisions with other molecules (O2, N>, water
vapour) significantly affect the intensities of certain absorption
bands of oxygen.?> 43,5156

I11. Influence of collisions of oxygen molecule
on intensities of forbidden transitions

1. The Noxon transition

Let us consider simple models for collision complexes of O»
with diamagnetic molecules.!>28-39.51.58.89.97-109 Changes in
the orbitals of the open mg-shell of oxygen molecule upon its
collision with the nitrogen molecule are shown in Fig. 3. For
simplicity, we assume that the collision complex has a planar
geometry and lies in the xz plane. All subsequent conclusions
are also valid for arbitrary geometry of the complex. The
moment of the Noxon transition a'Ag—b'Sy of the collision
complex radically changes its nature, following the changes in
the nature of orbitals of the open mg-shell. In addition to the
pure quadrupole component <1Ag|Q|lZg>, which is the same
for both terms (4) and (4a), the electric dipole component
<1Ag|D|lZg+> appears, which can differ for the two quasi-
degenerate components of the singlet state a. The matrix
elements of the dipole moment operator

Figure 3. Molecular orbitals, me , (a) and mg « (b), of Oy in collision
complex of oxygen and nitrogen molecules.

The z axis matches the N> molecular axis; the y axis is normal to the xz
plane of the complex. White and dark background corresponds to the
positive and negative signs of the wave functions.

D:ezrl’:Zdl’

for the singlet—singlet (a'Ay—b'E]) transition [see Eqns (4)
and (5)] are equal to the dipole moment difference between two
ne-MOs (see Ref. 28)

('0,|D|'®3) = (n,|d|n,) — (m,|d|m,). (13)
For the second component of the a'A, state [see Eqn. (4a)] the
dipole moment of the a — b transition is

('@0,|D|'3) = (m,|d|m,) + (m,|d|m,). (14)

For the planar collision complex Oz + N> (see Fig. 3), the
dipole moment difference between two oxygen m,-MOs differs
from zero. Spin-restricted Hartree — Fock 87 calculations of the
triplet ground state of the complex O, + N> (see Fig. 2)
revealed significant deformation of the m, -orbital of the O»
molecule due to mixing with orbitals of the nitrogen molecule
(see Fig. 3 b), whereas the ny .-MO remains almost unchanged
(see Fig. 3a).'>?7 The overlap of the m,-orbitals of the two
molecules (o-type overlap, see Fig. 3b) is much larger than
that of the m, orbitals (n-type overlap).

The structures of the states (4) and (5) determined with
allowance for configuration interaction remain almost
unchanged.!?> The dipole moment of the m, ,-orbital differs
from zero, because it includes quite large contributions of
nitrogen atoms; despite small coefficients in the LCAO expan-
sions for these atoms, the dipole moment (m.|d|ny) of the
T, -orbital is of great importance because of the long inter-
molecular distance (R = 2.8 A). The moment of the transition
(13) reaches a value of 0.1 D, the transition intensity being four
orders of magnitude higher than the intensity of the pure
quadrupole transition a'A;— '] of free O, molecule.!? This
example (see Fig. 3) provides the simplest illustration of the
Noxon band (transition a'A;—b'E]) enhancement mecha-
nism in the collision complex due to the appearance of the
electric dipole moment of the transition. At arbitrary collision
geometry, both terms on the right side of Eqns (13) and (14)
differ from zero, but the total intensity of the Noxon band
mainly depends on R. The off-diagonal matrix elements of the
one-electron operator of the dipole moment between the
ng-orbitals of the open shell of oxygen [see Eqn (14)] depend
on the extent of deviation of the collision complex geometry
from planar one (see Fig. 3). This is also characteristic of most
molecules having more complex structures compared to N».
For instance, an oxygen—butadiene collision complex cannot
have planes among symmetry elements (only the most prob-
able non-planar t-complex is considered here); in this case the
integrals (13) and (14) are commensurable.8”

The extent of the Noxon band enhancement depends on the
polarisability (op) of the partner in collision.!- 17-87-98 This was
revealed by the first MINDO/3 calculations with inclusion of
configuration interaction for singly and doubly excited config-
urations.?® Qualitative correlation between the Noxon band
enhancement and an increase in the ionisation potential of the
partner in collision (molecular polarisability increases as the
ionisation potential decreases) was pointed out.!3 The dipole
moment (n,|d|ny) of the oxygen Ty, y-orbital in the complex
with nitrogen (see Fig. 3) depends on the contribution of the
vacant nitrogen mg-MO, which is in turn determined by the
polarisability of this molecule.8”-°8 Enhancement of the Noxon
band with an increase in the collision-partner polarisabil-
ity 28.87,98-101 yyag even better demonstrated in analysis of the
results of CI calculations '2°7-98 in the oxygen complexes with
helium and hydrogen.
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2. Effect of collisions on intensities of singlet — triplet
transitions of oxygen in the visible and near IR optical spectra
Singlet molecular oxygen in the a!A, state is produced by
photosensitisation of dye solutions.!-?® This species plays a key
role in some photochemical and photobiological proc-
esses.>> 3¢ Such diseases as skin cancer and cataract as well as
ageing are associated with reactions involving Ox(a'A,).!7 2!
Recently, this form of oxygen has been used in organic syn-
thesis, in bleaching, in medicine for treatment of malignant
tissues (photodynamic therapy),!- 1819 as an air pressure gauge
in aerodynamics,!”- 195 as fixing agent in high-spatial and high-
temporal resolution microscopes 3% 8283 and as a microscopic
luminescing detector.!>17

Wide use of singlet oxygen is due to unique properties of the
singlet —triplet transition a'Ag — X3X, . As mentioned above,
this transition of free O, molecule (at zero pressure) is
characterised by very low emission (rate constant for sponta-
neous emission is 2.6 x 10~% s—1).2 In compressed gas and in
solution the transition probability increases by 3—4 orders of
magnitude; luminescence is detected using sensitive photo-
multipliers.!417-33.56 Such a luminescence was first detected
in solutions of biological pigments (photosensitisers of '0,)
using an improved phosphoroscope under steady-state excita-
tion.!'# %0 Later on, the characteristic narrow band at 1270 nm
corresponding to the a'A; — X3Z, transition of oxygen mol-
ecule in solution was observed in numerous studies using
pulsed excitations of photosensitisers.!-17-38.61-64.73-77 Good
temporal resolution obtained with a germanium detector was
reported.®! =375 The quantum yield (Q,) of luminescence
(a — X transition) and the lifetime of singlet oxygen (za) in
some solutions of saturated hydrocarbons and their halo
derivatives were measured.®® Measurements of Q, in the near
IR region are complicated by the lack of appropriate refer-
ences, because the quantum yield of singlet oxygen (Qa) should
be measured for each solution with a given sensitiser. The
radiative rate constant for the a' Ay — X 3Z, transition 6

Oa

TA0n°

(15)

ko—x =

determined for a series of saturated solvents falls in the range
~0.1-0.2 s~ 1. The conclusion about independence of k,_ x
on the solvent is only valid for this series of solutions.?

The author of this review developed !>27-2% a simple
scheme of stealing the emission intensity of the ¢ - X tran-
sition of collision complexes of O, with diamagnetic molecules
starting from calculations of a model complex O> + H, . Using
a program of configurational interaction calculations '>°7 for
single and double excitations debugged for the modified 12
MINDO/3 method,!® qualitatively correct description of the
spectrum of the complex was obtained and the collision-
induced electric dipole moments of transitions were calcu-
lated.?”-28 It was established that the h—a transition of the
collision complex acquires a relatively large dipole moment [see
Eqn (13)]. As mentioned above, this is characteristic of all
collisions of the O, molecule with diamagnetic molecules; this
also follows from Eqns (13) and (14). In the case of a planar
symmetric complex similar to that shown in Fig. 3, rela-
tion (13) predicts that the intensity of the b—a transition of
the Oz molecule in the collision complex should dramatically
increase due to deformation of the m, -orbital electron cloud.
Even small contributions of the collision-partner (H>, N,
C,Hy4, C¢Hp) orbitals induce a large dipole moment of the b —a
transition. With allowance for the abnormally strong spin—
orbit coupling of the b'Z] and XX, states [see Eqn (8)] and
for the contribution of the \b12g> state to the wave function
Wy, o of the ground-state term [see Eqn (10)] one gets that the
a'Ag — X 3%, transition ‘steals’ the intensity ' from the a—b
transition

(a'Ag|D|¥y. o) = —c(a'Ay|D|B'E]). (16)

Since the spin —orbit coupling (8) in the oxygen molecule is
still the strongest and the coefficient ¢ only depends on the
properties of the O» molecule, the |¢| value in the collision
complex remains almost unchanged.?’-%% The electric dipole
moment of the a'A,—b'ET; transition of the collision
complex Oy + Hoat R =2.4 A is?8

(a'Ag|D|p'E) = 0.0113 ¢ A.

The moment of the O, + Hjs-collision induced transition
a'Ag = X 3%, ¢ determined using relation (16) is

(a'Ag|D[¥y o) =1.5x 104 e A,

which corresponds to an absorption oscillator strength f of
2x10~? and a radiative rate constant of k,_x = 0.08 s~ 1.
This coincides in order of magnitude with the results obtained
by Krasnovsky 3 (k,_ x ~ 0.1 s~ ). The electron shell of the
H> molecule provides a simple example of the closed electron
shell of the molecule of a saturated compound; therefore, the
model for the O, + H> complex chosen here is quite reli-
able.!?2® This was confirmed in calculations of O, complexes
with other molecules.43 53,54, 71,84 -88.109

As mentioned above, the Noxon band enhancement
depends on the polarisability of the collision partner, which
leads to the same dependence for the luminescence band
a'Ag — X 3%, . The dependence of the radiative rate constant
k,— x on solvent properties has been a subject of discussion
initiated by the contradictory results of measurements
using different luminescent standards for calibra-
tion.1-17.35.36.60 64,73 -77.101 -106 Qgilby et al. '7-77-194 showed
that the relative rate constant k,_ x changes by an order of
magnitude on going from trifluoroethanol to carbon disulfide.
These discussions outcompeted a problem of paramount
importance, namely, why the intensity of the spin-forbidden
transition a'Ag — X3%, increases by 3—4 orders of magnitude
upon collisions in solutions, gases and solid matrices compared
to the intensities of the transitions of free oxygen molecule.?’
The mechanism of stealing the intensity of this transition
from the a'Ag—b IZg transition of collision complexes was
proposed more than two decades ago;'>2% however, until
recently 1-17-43.56 it attracted no attention of specialists in
singlet oxygen photophysics. From relation (16) it follows 1228
that the ratio of the rate constants for oxygen-—solvent
collision induced transitions,

3 2 3 2
ku—X _ wa—XDa—Xngb _ 30‘)(1—/\"6' _
- 2 2 3 -
kbfu wb—atha 8a 40‘)/7—(4

amn

~ 3(7882cm')*[0.0134i |

2L~ 0.00045
4(5239cm™")

(w is the transition frequency) should be constant for any
solvent, because collisions do not affect mixing of the states
(10) and (11) due to SOC. Here, we accounted for equality

<alAg D|b12§> =D4_p=Dp_4

and used the statistical weights (gx = 3, g» = 2, g» = 1). The
matrix element of SOC (11) in oxygen molecule reaches the
maximum possible value; its magnitude is large per se and does
not need an increase through symmetry reduction upon
collision. The latter is necessary for the singlet —singlet tran-
sition a'Ag—b'E;, which is symmetry-forbidden for isolated
0O, molecule in the dipole approximation; this prohibition is
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effectively removed in collision complexes. Thus, the spin
prohibition to the ¢ — X transition is removed due to the SOC
in the O, molecule itself. This provides an explanation for an
increase in the ¢ — X transition probability by three and more
orders of magnitude in almost any solvent (in proportion to an
increase in the b — a transition probability).!?

Pioneering studies !> 28 in this field were devoted to explan-
ation of the results obtained by Krasnovsky,®> who investi-
gated the luminescence of singlet oxygen in solutions. These
studies attracted the attention of researchers who studied the
spectra of Oy in crystals of noble gases>!-52 and in buffer gas
mixtures.3® Considerable enhancement of the b > aand a —» X
transitions was found for oxygen present in Ne, Ar, Kr and Xe
matrices. The intensity increased with an increase in the atomic
number of the noble gas.>!->> Gas-phase experiments gave the
following values of the ratio (17): 0.00032 (Ne), 0.00037 (Ar),
0.00042 (Kr) and 0.00083 (Xe).?* (The last value for Xe can be
easily explained by additional enhancement of the singlet—
triplet transition « — X due to the effect of the external heavy
atom.?>%8) Similar values of the ratio (17) confirmed predic-
tions of theoretical studies 1>27-28-98 while a slight increase in
this ratio with the noble gas atomic number was explained by
the strengthening of the SOC and by the effect of the external
heavy atom.?* 25

The ratio of the statistical weights of all states (17) was
taken to be unity,®® because the collision model chosen
assumed only one sublevel of the ¢ and X states is active in
transitions. Indeed, only the sublevel (10) of the XX, state
with the quantum number Ms = 0 is involved in the formation
of the intensity of collision-induced transition ¢ — X through
‘mixing’ with the blzg state and stealing of the dipole moment
of the Noxon transition [see Eqn (16)]. Both components of the
degenerate state a'A, can participate in the Noxon band
enhancement [see Eqns (13) and (14)]; however, the total
intensity corresponds to involvement of only one component
(at least for most calculated models for complexes).!?-27-87.88
Therefore, for the » — a transition the statistical weights of the
states participating in the transition are equal to unity. Irre-
spective of the type of the system (gas or solution) and Ox(a'Ay)
generation procedure (gas discharge or sensitisation) both
components of the A state are populated before light emission.
Therefore, the statistical weight ratio of the lower-to-upper
term for the a — X collision-induced transition is 1:2. Thus,
the actual ratio of these quantities in relation (17) is 1/2 rather
than 3/4 and theory predicts 8 that

3 2
ka—Xi wa—XDa—X _

= = (17a)
kb—a waaDifaga 20

which corresponds to the results of measurements in gases,>”
solutions - 17-64.106 and cryogenic matrices.>!

Analysis of the electronic emission spectrum of NCI
molecule in Ar matrix®® gave a clear substantiation of the
theoretical model (9) —(14), (16). This molecule is a valence-
isoelectronic analogue of oxygen molecule; it has a triplet
ground state X 3X~ and the same set of excited singlet states,
a'Aand b'E ", as the O, molecule.® Nitrogen chloride molecule
only possesses no inversion symmetry; therefore, electric dipole
transitions b —» X and a — X with inclusion of the SOC are
allowed.!?4? In particular, the « — X, 1 transition is allowed for
the sublevels with Ms = +£1, while transition to the Ms =0
sublevel is forbidden, as well as the corresponding magnetic
dipole transitions of free oxygen molecule.!? The scheme of the
b — a and a — X transition enhancement for the complex with
Ar atom in an inert matrix is the same as that proposed for the
O, collision complexes considered above [see Eqns (9) — (14)].
Only transition to the sublevel with Mg = 0 is enhanced, as

follows from relation (16). The NCI molecule is convenient in
that the zero-field splitting for sublevels of the X 3X~ state is
clearly seen 8 in the @ — X emission spectrum. In addition to
the allowed transition a — X,1 the spectrum of NCI in Ar
matrix (1091.2 nm) exhibits a weak band of the a— X.,0
transition (1090.7 nm), which is strictly forbidden for free
molecule.®® The change in the intensity of this band obeys
relation (16) with the coefficient ¢ = 0.026 for the NCI mole-
cule (obtained by the author of this review from configura-
tional interaction calculations with inclusion of SOC and with
allowance for the measured probability of the » — « transition
in the Ar matrix).8

The intensities of the a — X,0 transitions of isovalent
molecules NBr and NI in solid argon are also in agreement
with the model (16). Analysis of the relative intensities in the
fine structure of the a'A — X3Zg bands of the isoelectronic
molecules NCI, NBr and NI in solid argon ® confirmed the
validity of the intensity borrowing theory for this band [see
Eqns (8)—(13)], considered taking oxygen as an example.
These data, which were obtained long before the results of
direct intensity measurements for the b —» @ and a — X tran-
sitions of oxygen in solutions,!”-%* provided strong arguments
in favour of correctness of the model (8)—(13), (17a). However,
for a decade did these data remain uncalled by researchers who
studied photophysics of the singlet state of oxygen in organic
and biological systems.*3-61-64

In the late 1990s Schmidt ez al.!>** and Ogilby 7 carried out
direct experimental evaluation of theoretical predictions made
using relation (17) for certain solutions. For liquid CCly at
room temperature the ratio of the rate constants
ka—x=1.1s"1 and kp_, = 3400 s~ is 0.000325, which is
similar to the value 0.00317 obtained in the argon matrix
(ka—x=10.013s"! and k;,_, =41 s~ at 5K).1,31,064.106 I
spite of large differences between the rate constants, the ratio
(17a) also remains constant for some other solutions.!”-%* This
ratio was measured 82 for the absorption of singlet and triplet
oxygen molecules in deuterated water, where Ox(a'A,) has a
relatively long lifetime. In all cases including homogeneous
mixtures of solvents the « — X and b — a transition probabilities
changed in parallel, as predicted by theory.! 27

Knowledge of the enhancement mechanism of the radiat-
ing capacity of singlet oxygen is crucially important for
progress in photobiology and medicine. Detection of
Os(a'Ag) in various biological media is difficult owing to
weak intensity and low temporal resolution of the a - X
phosphorescence signals [this is determined by the radiative
rate constant that strongly depends on the structure of (i)
biopolymers in the oxygen environment and (ii) entire solu-
tion]. Singlet oxygen plays an important role in photobiolog-
ical processes and photodynamic therapy;'-!7- 18 therefore, one
can expect that in vivo detection of Ox(a'Ag) will become a tool
of medical practice in the near future. The widely used
procedure for Ox(a'Ag) detection with cryogenic germanium
diodes is still far from meeting these requirements. The use of
modern photomultipliers for the near IR region (sensitivity of
these devices at 1270 nm is ten times higher than that of
germanium diodes) allowed the lifetime of Oa(a'Ay) to be
measured (o = 40 ns, Qo = 0.005) in vivo in rat liver studies.!
Biological media are highly inhomogeneous and the observed
lifetime of singlet oxygen is the average result of various
quenching processes. Note that the 1A values are many orders
of magnitude smaller than the radiative lifetimes 7, determined
from the rate constants k,_ y = 1/t},. However, understanding
of the mechanisms of intermolecular interactions responsible
for the tj, values is at least equally important for progress in
theory and strategy of Os(a'A,) detection compared to the
understanding of quenching mechanisms.

As mentioned above, the rate constant k,_ y increases in
proportion to the increase in the rate constant k,_, upon
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collision of O, with the solvent molecule M.¥ The latter
constant depends on the difference between the induced dipole
moments of two degenerate MOs, i,  and 1y, [see Eqn (13)]
and, hence, on the polarisability of the solvent molecule os.
Such an asymmetry of charge transfer to these orbitals of
oxygen molecule appears in the case of a ‘planar’ collision,
where the O, and M molecules lie in the same plane or where
the atomic orbitals of the nearest atoms in the O, and M
molecules overlap to the greatest extent and share the nodal
plane. Deviation from this ‘planar’ structure causes mutual
cancellation of both terms in relationship (13), but this is
accompanied by an increase in the summands in expression
(14). All summands in Eqns (13) and (14) depend on the
overlap of the O, and M molecular orbitals and on the orbital
mixing. Intermolecular interaction responsible for an increase
in the rate constant k,_ x is essentially dispersion interac-
tion,!? 88 and depends on R—°. The polarisability of the solvent
molecule can be expressed through molar refraction:%*

4n
R = ?NAas s

where Na is the Avogadro constant.

If the interaction responsible for acceleration of thea — X
transition is bimolecular in character, the second-order rate
constant

(18)

should be related to the molar refraction ([S] is the molar
concentration of solvent). Actually, linear correlations
between logk{,_y and logR,,, were observed for a large number
of solutions.®* The radiative rate constants for a — X phos-
phorescence corresponding to neat liquids are listed in Table 1.
The k,_ x vary over a wide range from 0.209 s—! for water to
3.14 s~ ! for CS,.

The first-order rate constants k,_y were calculated assum-
ing 1227 that the whole solvent is represented by the nearest
collision-partner and the lifetime of such a complex in the
solvation shell is sufficiently long to determine the rate
constant.

The effect of solvent was also included in other mod-
els.12.27.54,71,85,86,99 For instance, a loosely bound collision
complex O, + M was placed in a solvent cavity; the solvent was
treated as dielectric continuum (semi-continuum model).”!
Short-range interactions in the O> + M pair are fundamentally
important for the description of quantum exchange and
dispersion interactions responsible for the enhancement of
quantum transitions and shifts of energy levels. The semi-
continuum model allows for small additional corrections to
transition energies, which leads to better agreement between
experimental data and results of bathochromic shift calcula-
tions ¥ for the @ — X transition band in solutions; however, the
effect of continuum on the emission intensity is negligible.>* 7!
The 00 transition band in the gas phase (7882 cm~!, see
Ref. 9) is slightly shifted in trifluoroacetic acid (7873 cm—1),
the shift being more pronounced in other solvents (e.g., CHzl»:
7824 cm—1).! A bathochromic shift of the @ — X transition
band within 100 cm —! was predicted in the first calculations of
O, + M complexes with M = H,, CoHy, CcHg, CioHg !> 103
Ab initio calculations 7! gave a 45 cm—! shift (see Table 3 in
Ref. 71) for the 0—0 band of the a'A; — X 3%, transition of
oxygen in benzene, which is in ageement with experimental

T Notations: M is the solvent molecule involved in the collision complexes
and S are other solvent molecules.
1 Shift towards long-wavelength region.
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Table 1. Radiative rate constants for singlet—triplet transition
a'Ag — X3Z, of oxygen molecule in different solvents.!7.64.76.74.104
Solvent ko—x/s™! kS _y/litre mol—! s—!
Water 0.209 0.0038
Methanol 0.390 0.0159
Acetonitrile 0.45 0.0234
Acetone 0.543 0.040
Ethanol 0.55 0.032
Cyclohexane 0.66 0.071
Chloroform 0.962 0.077
Tetrachloromethane 1.17,20.8,0.25¢ 0.113
Toluene 1.44 0.153
Benzene 1.502 0.133
Chlorobenzene 1.68 0.171
Tetrachloroethylene 1.89 0.193
Iodobenzene 2.61 0.291
Diphenyl sulfide 2.66 0.442
1,3-Dibromobenzene 2.72 0.328
1-Methylnaphthalene 2.96 0.420
1-Bromobenzene 3.11 0.432
Carbon disulfide 3.14 0.189

Note. k,_y and k{_y are the mono- and bimolecular rate constants,
respectively. For free O, molecule (in vacuo),"® k,—x = 0.00023 s—1. For

a homogeneous mixture of solvents k,_y = Zkg—)(, :[i], where [i] is the
i

molar concentration of the ith component of the system and k{_y ; is the
corresponding second-order rate constant.

@ Measured using three different sensitisers with their fluorescence as
luminescence standards.%*

> With Li—Nd phosphate glass as luminescence standard. !

¢ With fluorescence of tetraphenylporphine as luminescence standard.®3

data.!->* The calculated dependence of the bathochromic shift
of the @ — X transition band in the collision complex O, + Ar
on the interparticle distance was reported;®® the shift is very
small (Av = 2.1 cm—!) near the potential curve minimum
(R=3.6 A) and rapidly increases as R decreases. At R = 3.25
and 3 A, where the repulsive potential considerably increases,
one gets Av = 13.2 and 39 cm !, respectively. The continuum
model of self-consistent reactive field of the solvent gives
poorer results.”! This model ignores the overlap and orbital
mixing between the collision partners, which precludes correct
calculations of not only enhancement of the radiating capacity
of the ¢ — X transition, but also the solvatochromic shift.

Knowledge of the enhancement mechanism of singlet oxy-
gen radiating capacity is also basic to understanding of the
nature of solvatochromic shift of the ¢a—X band. In all
solutions studied the maximum of the 0—0 phosphorescence
band of O; (7882.4 cm—1!) is shifted by 20—50 cm—! towards
the long-wavelength region, the shift increasing with the
solvent polarisability.

Taking into account the fact that the major contribution to
the shift of energy levels comes from dispersion interaction,
Schmidt ! 33 proposed a theory of solvatochromic shift of the
a— X band. The theory assumes that the shift of the maximum
of the 0—0-band (Av) depends on the polarisability difference
between the a'Ag and X 3Z, states (i.e., on aa and ax)

3o (ocAIAIS oglsl )

Av=—
M VT /NI A Ay

where Is, I, and [ are the ionisation potentials of the O, and
solvent molecules, d. = (ds + d;)/2 is the distance between
spherical molecules, ds is determined from the molar volume of
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the solvent and ds is determined from the van der Waals
volume of the O, molecule. The solvent polarisability

L _ 3Ry
s 74TENA

was determined through the refraction
Ry =VuPy,
where Vi, is the molar volume of the solvent,

2
P, = ’1271 >

n-+2

(n is the refractive index). To explain the bathochromic shift of
the a — X band, Schmidt assumed 33 that oa > ax, asis the case
for the excited-state and ground-state polarisabilities. How-
ever, the characteristics of the open-shell oxygen molecule [see
Eqns (1) —(3)] and the paramagnetic ground state are basically
different from those of conventional diamagnetic molecules
with closed shells in the ground state. This also concerns the
polarisability tensor. For instance, the diagonal elements of
this tensor for the x axis are defined as follows:

Z (0lex|n)(n|ex|0)

El_EO ’

n K

(18a)

Oy =

where ex is the projection of the dipole moment on the x axis;
|n) and E, are respectively the wave function and energy of the
nth excited state; the case |n) = 0 (not included in the sum)
corresponds to the ground state for which the tensor is
calculated.'? Expressions for other components of the tensor
are similar. The excited-state polarisability of a conventional
organic molecule should be higher than that of the singlet
ground-state, because the energies of transitions between
excited states are always lower than the energy of excitation
from the closed shell at a sufficiently large number of intense
transitions in both cases.

Schmidt’s assumption 3% oy > ax was rejected based on the
results of ab initio calculations of O, molecule (see Refs 40, 53
and 93), which also cast some doubt>3 on his theory of red
solvatochromic shift of the a— X band. At all values of the
internuclear distance in the O, molecule, the polarisability in
the a'Ag state is lower than in the X 3%, state,”® which contra-
dicts the Schmidt hypothesis. Thus, even averaging over vibra-
tional states does not change the conclusion, namely, oa < o5 .
This result can be explained as follows. The polarisability o of
the triplet ground state is mainly determined by the electric
dipole moment of the Schumann—Runge transition (Dg,
divided by the transition energy), whereas that of the singlet
state a'A is determined by the electric dipole moment of the
a‘Ag— A, transition, which is much smaller than Dsg (Schu-
mann— Runge transition energy is also lower, especially at
r > 1.23 A).30.66 Here the case in point are the components of
the tensor o.., since these transitions are polarised along the
molecular axis. It is these transitions that make the major
contributions to the average polarisability

— 2ax,\' + aZZ
O(Cp = f .

The perpendicular component is determined by the dipole
moments of transitions to the '3II, states, which are nearly
equal for the triplet and singlet transitions. The o, and o.-
values we have obtained are respectively 8.16 and 15.48 ag for
the X3X, state and 8.15 and 14.12 a3, respectively, for the
singlet state a'A,. Here o, =10.6a; for X33, and
tep = 10.14 a3 for a'A,, an—ox = —0.46 aj .

The relation ap < oz is valid for free O, molecule in
vacuum,>? but will it hold for oxygen in solution? To clarify
the issue, we carried out polarisability calculations for collision
complexes of O, with diamagnetic molecules.”® As an example
we will consider a collision complex O, + He, where the He
atom serves a model for a simplest closed-shell species.?® In this
case the average polarisabilities of the triplet and singlet states
somewhat increase to o, = 11.72 a3 for X3%,, oep = 12.69 ag
for a'A,, i.e., aa > ox . The reason consists in the appearance
of additional contribution to polarisability due to the induced
a— b-transition [see Eqns (13) and (14)] and the contributions
of charge transfer transitions for the a'A, state. The charge
transfer transitions are more intense for the a'A, state rather
than X3Z, ground state.!?277% The singlet and triplet charge
transfer states are almost degenerate;?’ therefore, the energies
of the charge transfer transitions from the singlet state a'A, are
nearly 1 eV lower than those of similar transitions from the
triplet ground state X 3Z, . The mixing coefficients of the triplet
and singlet ground-state wave function (2) with the wave
functions of the charge transfer states due to configurational
interaction are noticeably larger for the a'A, state than for the
X%, state,'>?7 which predetermines higher intensities of
dipole transitions and their greater contribution to polar-
isability.”® The calculated polarisability difference

apn—ox = 0.97 ag

is in qualitative agreement with the predicted value.?> Using the
results of such calculations, one can explain the red solvato-
chromic shift of the a— X transition band in the framework of
the Schmidt theory.

Thermal motion of molecules in solutions is reduced to
random jumpwise translational motions from one metastable
position to another. O>-Type gas molecules are known to exist
in solutions in cavities, with rather long lifetimes that are much
longer than the jump time. An important contribution to
stimulation of the radiative transition a'A; —» X3Z, of oxygen
molecule comes from asymmetrical intermolecular vibrations
in those cavities that are included in modelling as the effect of
nearest neighbours only. The inclusion of a few solvent
molecules in the nearest solvation shell leads to non-additive
enhancement of the a — X transition.”® Model ternary com-
plexes O, + C,Hy + H, were calculated!'?0 at different colli-
sion geometries and co-operative effects of a complex solvation
shell on the intensities of the » — @ and @ — X transition bands
were studied in detail. It was shown that both an increase and a
decrease in the probability of the radiative transition a — X are
possible depending on the mutual position of the collision
partners. By and large, calculations %190 revealed the possi-
bility of co-operative effect of a few solvent molecules on the
moment of the a — X transition, which explains a large
enhancement of singlet oxygen emission in solution compared
to that observed in the gas phase.

Fink ez al 3® studied the intensity of the Noxon band in the
microwave discharge spectra of O, mixtures with noble and
other gases at a reduced pressure. Using a FT IR spectrometer,
they obtained a high resolution for the b — « transition band at
1.91 pm and found that raising the pressure causes the appear-
ance of a continuum against the background of discrete lines of
rotational branches of the 5'Z] — a'A, quadrupole transition.
The discrete spectrum was assigned* to unperturbed O2(b'Zy)
molecule, while the continuum was attributed to collision-
induced emission. Metastable molecules Oz(bIZlg) generated in
discharge also give rise to an emission band b'Zf — X 3%, the
intensity of which depends only slightly on collisions.?* This
follows from the old semiempirical theory!>25 and is con-
firmed by ab initio calculations,®” namely, with allowance for
the SOC [see Eqns (9) and (10)] the electric dipole moment of
the » — X transition is proportional to the dipole moment
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Table 2. Radiative rate constants for singlet—singlet transition
b‘Eg+ —a'Ay of O, molecule induced by collisions with various buffer
gas molecules.?®

Buffer gas kj_o/ litre mol —! s—! R,/ ml mol—!
He <0.6 —
Ne ~0.6 1.00
N> 7.8 4.34
(o)) 9.0 4.00
Ar 10.2 4.13
Kr 21.6 6.22
Xe 46.8 10.10
SF¢ 26.4 11.34
SO» 31.8 9.71
PCl; 252.0 25.0

Note. Bimolecular constants kj,_y were determined from the integral
intensity ratio of discrete lines and broad bands corresponding to
collision-induced transitions. The rate constant for the b‘Egaa’Ag
transition of free O, molecule was taken to be ky_, = 0.0014 s~!
(Ref. 39).

difference between the b'I; and X3%; states. For some
calculated collision complexes this difference is negligible and
no b — X transition enhancement is observed.

Once measured the intensity ratios of the » > X and b — a
transition bands as functions of pressure of various gases, the
second-order rate constants for collision-induced singlet—
singlet transition b — a (Table 2) were determined.’® For
neon, one has kj_, = 0.9 x 10~2! cm? s—1, whereas for PCl;
this rate constant increases by a factor of 467
(kj_q = 42x 10720 cm? s—1).39 In Table 2 the rate constants
taken from Ref. 39 are given per mole in order to compare with
the results of measurements in solutions.! The rate constants
for quenching of excited Og(blZg) molecules are 2—3 orders of
magnitude higher than the radiative rate constants in the gas
phase.!>3% In the condensed phase quenching is even more
efficient; therefore, luminescence measurements for the » — a
transition in solutions are difficult.!-17-3%.64 Chou and Frei>®
first discovered this emission in CCls solution using triplet
benzophenone as sensitiser of the 02(b122) state. This result
could not be reproduced for long.!°¢ Taking into account the
low rate constant for the Noxon band in free O, molecule
(kp_q = 1.4 x 1073 s~ 1), the observation of a narrow band at
1.92 pm indicated 38 a giant enhancement of the b — a tran-
sition in solution. According to Schmidt ez al.,'-1%¢ the quan-
tum yield of luminescence for the b — a transition in CCly
solution is 0.00045. Using the observed lifetime of Oz(b'Zg)
molecules, he determined the radiative rate constant for the
Noxon band in CCly solution (k,_, = 3.45x 103 s—1); this is
six orders of magnitude higher than the rate constant for free
O, molecule. The calculated moment of the b — a transition in
the collision complex Oz + CCly depends strongly on the
intermolecular distance, being almost independent of collision
angles.!? The average value of R is governed by the molecular
velocity in the vicinity of the nearest solvation shell. Assuming
that R.y = 2.87 A at room temperature, one can obtain the
observed enhancement of the b — a transition. Tetrachloro-
methane is not a ‘champion’ with respect to enhancement of
the a > X and b — a transitions in solutions, as follows from
calculations 12-24-28.85-88,98-100 551d from the data listed in
Table 1.

3. Inclusion of vibrations and vibronic interactions

Enhancement of forbidden transitions in oxygen molecule
trapped in a low-temperature inert gas matrix is much less
pronounced.’® 123 Taking into account the symmetry of the
nearest environment of an impurity O»-centre in the crystal

lattice, one can conclude that the » — a transition remains
forbidden ignoring lattice vibrations.!'!3123 Transitions
become allowed only when assisted by electron—phonon
interactions.!?3 In argon matrix at 5K, the b — a transition is
characterised by a radiative lifetime of 24.5 ms, or a rate
constant k,_, = 41 s~ (Refs 51 and 52), which is nearly two
orders of magnitude lower than in CCly solution. In this matrix
the electric dipole moment of the » — a transition is induced by
each neighbouring argon atom, in the direction from O
towards Ar, so the resultant moment of the transition is zero.
Thus, enhancement of the b — a transition can be due to
asymmetrical lattice vibrations. With allowance for nuclear
displacements

q = R—RO

from the equilibrium position Ry (change in the intermolecular
distance) in the adiabatic approximation, the dipole moment of
a vibronic transition « — X can be written in the form '3

0Dy,
(d' Agro| D[¥x 01,) = —c’<a—1) (x0lq 17,)5 (19)
q /R,

where y, and yx, are the vibrational functions with quantum
numbers 0 and v, respectively; for the coefficient ¢, see
Eqn (11). By analogy, for the b — a transition one gets

oD, ,
bzl o) = (2

) (old ).
Ry

The equilibrium positions and vibrational functions for the
states b, a and X are thought to be the same, which is quite
realistic.>>°® For many models the calculated moment of the
D,_, transition depends strongly on ¢ near the equilibrium
complex Oy + M.12.98.99,113 The radiative rate constants for
the @ > X and b — a transitions determined with allowance for
asymmetrical vibrations in the octahedral model of impurity
centre O, - Arg are similar to the observed ones.!%51.98

The 0—0-bands of the a > X, b > @ and b — X transitions
are the most intense because the potential curves for these
states are characterised by nearly equal equilibrium distances
(see Fig. 1). The Franck — Condon (FC) factors for these bands
approach unity, whereas for vibronic overtones they are
negligible. For O3 in the gas phase, even the 0—1 bands have
low intensities. In addition to the FC factors, here the depend-
ence of the transition moment on the interatomic distance r
should also be taken into account. The magnetic moment of the
transition [see expression (12)] rapidly increases with the
distance r, because the energy difference in the denominator
of Eqn (11) decreases to zero in the limit » — oo. The Einstein
coefficients for spontaneous emission of this transition deter-
mined by integration over r for the magnetic moment of the
b — X transition of O, molecule are equal to 0.0047, 0.0064 and
0.0003 s—! for the 0—1, 1-0 and 2—0 bands, respectively.*”
These values are similar to measured ones® and their ratios
differ from the FC factor ratios.

Deviations from the FC effects were also obtained for the
a — X transition.!? 8¢ In addition to the 0—0-band of the a — X
transition (1.27 um), Chou and Khan ''* found a new, very
weak emission band near 1.4 pm in spectra of chlorine-
containing organic solvents (CoH4Clo, C3HsCls, etc.). The
band is red-shifted relative to the 0—0-band, the shift being
equal to the C—Cl vibrational frequency. Similar weak bands
were also detected for other halogen-containing solutions.!!#
They correspond to the a — X transition of O, and simulta-
neous vibrational excitation of the solvent molecule.

Understanding of the nature of these co-operative vibronic
transitions is of fundamental importance for theory of singlet
state (a'A) of oxygen in solutions. Having included these
transitions, one can obtain direct substantiation of relations



1000

B F Minaev

(11) and (16) and the bimolecular model for oxygen complex
with solvent as the primary source of stimulation of emission of
the forbidden transition a'Ag — X 3Z, (Ref. 113).

A model for the complex of O, with CH3Cl used in
calculations '3 of the transition moment D, _, and its deriva-
tive [see Eqn (19)]is shown in Fig. 4. The dipole moment of co-
operative vibronic transition ¢ — X with simultaneous vibra-
tional excitation of the C — Cl bond in CH3Cl molecule can be
calculated using expression (19) and the standard integral

h

<Zo\4|Xv:1> = m

s

where u is the reduced mass and o is the vibration frequency.

o)

a

©000

Figure 4. Structure of a collision complex O, + CH;3Cl.
C—Clvibration modulates the intermolecular distance in the equilibrium
complex.

Vibrations of the C—Cl bond in the equilibrium complex
modulate the intermolecular distance, which in turn strongly
affects the moment of the a — X electronic transition, induced
by intermolecular interactions. The dipole moment of co-
operative vibronic transition [see Eqn (19)] was estimated to
be equal to 1.42 x 10—5 ¢ A.113 This leads to a radiative rate
constant of 0.0056 s—!, which is nearly 100 times lower than
typical rate constants for the «— X transition of the O, molecule
in related solvents (see Table 1). This estimate is in good
agreement with the results reported by Chou and Khan:'4
the new emission band is about 100 times less intense than the
0—0-band of the a — X transition.

Absorption of thermal IR radiation by homonuclear
molecules O, and N is strictly forbidden by selection rules.
However, weak absorption of IR radiation by air at 6.4 um is
known. Theory of intensity of vibrational transitions is inti-
mately connected with the theory of enhancement of absorp-
tion bands of oxygen in electronic spectra. Geometry
optimisation of O, + Ar complexes allowed the shifts of the
IR bands in different excited states of the O, molecule and the
corresponding band intensities to be calculated. Of particular
importance is the theoretical prediction, °® according to which
intermolecular interaction affects the O»(°Ilz) metastable state
and its IR absorption spectrum. This state is formed upon
recombination of O(°P) atoms in atmosphere and corresponds
to a loosely bound complex or a biradical pair O(P)---O(’P)
with a long internuclear distance (2.2 A). The bond energy
(0.12 eV) and vibrational frequency (113 cm—1!) of this species
are unexpectedly low for diatomic molecule.?® Recently,%* this
associate was detected by the quintet — quintet transition to the
ion-pair state. According to calculations of the complex
O, + Ar, it is the °Il, state that is characterised by the greatest
enhancement of IR absorption.?® Loosely bound molecules O3
can ‘stick’ to inert gases or aerosol particles, which should
manifest itself in the IR spectra. Recombination of O(P)
atoms also leads to formation of more stable states 'Z, 3A,,
3% of O% molecules; this is accompanied by release of energy
and subsequent decomposition of the complex of oxygen with
aerosol. Only metastable quintets can readily relax, being at the

same time bound to the third particle (acrosol). Check-up of
these predictions seems to be important for remote control in
atmospheric photochemistry.

4. Optical effects stimulated by collisions of oxygen and
organic dye molecules

Among numerous optical effects,’>?> we will consider the
enhancement of absorption intensity upon So — T, transition
of dye, quenching of dye luminescence and a number of co-
operative transitions.?’-69-71,73-88,98-122 Qrganic dye mole-
cules typically contain an extended m-conjugation chain and
readily excitable m-electrons and have low triplet-state energies
and high polarisabilities.>7 Therefore, the effects of intermo-
lecular interaction manifest themselves most pronouncedly
when they influence the optical properties of both oxygen and
dye molecules. A collision between excited dye molecule and
02(3%,) produces a short-lived collision complex with a nearly
zero equilibrium constant.”- 13 Mixing of excited states of the
complex and electronic-vibrational relaxation can lead to
quenching of fluorescence of the S; — Sy transition of the dye
molecule 27-13

S| +30; — T, +30,, (20)
S1+30, —> Ty + 105 (a'Agor b'E,), Q1)
S1 430, —» So+ 105 (alAg or BIE,). 22)

Here Sp and S; are the ground and excited singlet state of the
dye molecule, respectively.

Measurements of the yield of T; triplet states of pyrene and
anthracene molecules and its perfluoro analogues showed ?
that quenching of fluorescence proceeds by reaction (20); no
energy-transfer products [see Eqn (21)] were detected. It has
long been known 2 that the rate of fluorescence quenching by
oxygen varies insignificantly on going from organic molecules
[in this case the S;—T) splitting is such that reaction (21) is
exothermic] to molecules for which reaction (21) is highly
endothermic. Reaction (22) is spin forbidden. Immediate
quenching

S] +302 —_— So+302

is independent of specific features of intermolecular interaction
associated with paramagnetism of the oxygen, because there is
no need of spin changes in individual molecules; this process
should not differ from the quenching by conventional diamag-
netic molecules and is therefore of low efficiency. At present, it
is commonly accepted that quenching of dye fluorescence by
oxygen is mainly due to stimulation of intersystem crossing
(ISC) with the transition from the S; to the T, state.l»213
Theoretical explanation for the high efficiency of ISC (20) is
based on quantum chemical calculations of collision com-
plexes.?7-70,71,103,109 Now we will give some examples includ-
ing the results of recent calculations.!0”

First, we will consider a collision complex with ethylene as a
simplified model. This unsaturated hydrocarbon is not a dye,
but has the S;- and T-states of the nn*-type; calculations of the
collision complex of ethylene with oxygen simulate the char-
acteristic features of the intermolecular interaction of O, with
the m-system. In this model the O, molecule is above the
ethylene plane at the distance R between the centres of the
molecules; the oxygen and carbon atoms form an equilateral
trapezoid O — O — C—C similar to that formed by the oxygen
and nitrogen atoms in the collision complex O, + N> (see
Fig. 3). The complex was calculated !°7 using the spin-
restricted Hartree — Fock method for open-shell systems with
inclusion of configuration interaction in the 6-311G** basis
set. The active space of configuration interaction included the
most important orbitals of oxygen (from 3c,-MO to vacant
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30,-MO). Six ethylene orbitals were also included in the CI
calculations.!®” The use of extended AO and CI basis sets made
it possible to reach!97 a better accuracy compared to that
reported earlier,'?” although the models of the complexes were
identical.

Comparison of the results obtained by this method (Fig. 5)
with the results of calculations of the moments of singlet—
singlet transitions '%° showed that extension of the CI basis set
leads to enhancement of certain collision-induced transitions.
This first of all concerns the 1 —4 transition (see Fig. 2), i.e., the
co-operative singlet — triplet transition of ethylene with simul-
taneous excitation of the oxygen a'A, state. This transition
could be observed in emission as dye phosphorescence whose
band is shifted towards the red spectral region by the energy of
the a'Ag—X3Z, transition.!” Simultaneously, collisions
between oxygen and dye molecules cause quenching of dye
phosphorescence; therefore, observation of this co-operative
emission is difficult. In principle, it cannot be ruled out that
appropriate choice of the dye and the solution concentration
will allow one to detect this co-operative emission.

102D /D

3 3.2 3.4 3.6 3.8 4.0

R/A

Figure 5. Dipole moments of singlet —singlet transitions (D) induced by
collisions between oxygen and ethylene molecules plotted vs. intermolec-
ular distance (R).

Calculations of configuration interaction with the 6-311G** basis set and
molecular orbitals using the spin-restricted Hartree — Fock method. Tran-
sition (see Fig. 2):3—1 (1), 1-4(2), 1 -5(3),3-2 (4) and 45 (5).

The dipole moment of the 1—4 transition rapidly decreases
as R increases (see Fig. 5) and becomes the smallest among all
dipole moments of the collision induced transitions at
R=42A.1t is interesting to compare it with the dipole
moment of the 15 transition (a'A;— ¢'X] transition of oxy-
gen molecule, the frequency of which is similar to the frequency
of the Chamberlain band a'Ay—4'3A,).%* The a'A;—c'Zy
transition with intensity strongly enhanced compared to those
of the transitions of free oxygen molecule has been revealed in
argon matrix;'%® this was explained by strong effect of inter-
molecular interaction on the electric dipole moment of this
transition.”8-107.10% Figure 5 shows that the dipole moment of
the 1-5 transition is large even at long intermolecular dis-
tances, being the largest among all calculated dipole moments
at R = 4.2 A. Enhancement of transitions for oxygen in inert

gas matrix is determined by asymmetrical lattice vibrations
relative to Os; it depends on the difference between the
distances to nearest neighbours rather than R. Therefore,
enhancement of the a'Ag—c¢'E; transition intensity at long
intermolecular distances is of particular importance for
explanation of the matrix effect on this transition.!%?

Comparison of two transitions, 1 —5 and 1—4, shows that
the latter becomes more intense at R < 3.2 A (see Fig. 5). It was
reported '%° that the dipole moments of the transitions
increased not so rapidly, as shown in Fig. 5, as the molecules
approached each other. This can be explained by lesser
‘flexibility’ of the 6-31G basis set (see Ref. 97) and poorer
inclusion of electron correlation in the configuration interac-
tion method compared to more recent calculations that pro-
vide (see Fig. 5) better agreement with experimental data on
the radiative lifetimes of emission ¢'X; — a'A,; they also
predict a higher probability of the co-operative transition
1—4. This gives grounds to hope that at a sufficiently high
concentration of Ox(a'A,) in solution this transition can also be
detected in absorption.

For the transition b'E} —a'A, the component (4) is more
active (transition 3—2) than the other quasi-degenerate com-
ponent (4a) of the a' A, state (transition 3—1). This agrees with
the results of the simplified analysis of relations (13) and (14)
and with Fig. 3. The b'Z; —a'A, (3—-2) transition is relatively
intense at long R (3.8—4.2 A), while at smaller R values the
other, shorter-wavelength transitions are enhanced to a much
greater extent (see Fig. 5). This is due to an increase in the
contributions of charge transfer states to higher-energy
terms. !9

Curve 5 in Fig. 5 shows a rapid increase in the probability
of the 4—5 transition as the molecules approach each other.
This is a co-operative transition from the triplet state to the
ground singlet state of ethylene with simultaneous excitation of
the oxygen ', state. At R=3 A, the dipole moment of this
transition is 0.2 D, being commeasurable with the dipole
moments of the allowed optical transitions.!?> For many dyes
the wavelength of this co-operative transition falls in the visible
region; observation of this transition in electric discharge may
appear to be useful in studies of the concentration of the ¢!X
states of the oxygen molecule and in the design of new chemical
lasers.

The So—T; transition of ethylene becomes an allowed
triplet —triplet transition of the collision complex with oxygen
(transition 0—6 in Fig. 2).-1227.70.110 Formally, the dipole
moment of the transition between the pure configurations,
X3Zg X SO—X32g x Ty, equals to zero; however as configura-
tional interaction causes the triplet states to mix and thus the
contributions of charge transfer states and triplet states of the
type X3Z, xS, appear, the 0—6 transition is collision
induced.”® 19 The So—T; transitions of ethylene were
observed upon adding oxygen at high pressure!!! and in
many dye solutions.? The theoretical intensity '%° of the 0—-6
transition matches experimental data;!!! this gives grounds to
believe that calculations '%° are suitable for comparative pre-
dictions of the probabilities of some other triplet—triplet
transitions including co-operative excitations. New intense
transitions induced by oxygen—dye collisions were pre-
dicted.12~ 27,109

Of particular interest is the singlet—triplet transition 6—7
between two excited states, S; and T}, of the dye. As the dye
molecule contacts the triplet oxygen (X 3Z, ), this transition not
only becomes a dipole-allowed triplet—triplet transition, but
also acquires the maximum intensity, which is due to com-
paratively  large  contribution of charge transfer
states.!12.70.86,99.109 Indeed, the S; state of the dye has a
relatively high energy (1.5—2 eV higher than that of the T,
state) and stronger mixes with the charge transfer states. In the
complex of O, with ethylene the dipole moment of the
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X3Z, x 81— X3, x T, transition is 0.38 D at an intermolec-
ular distance R of 3.6 A which is similar to equilibrium one.”®
Commensurable, although smaller, values were obtained for
the O, complexes with naphthalene and conventional dyes.!'3
This ‘colossal’ enhancement of the S; — T radiative transition,
which is forbidden for free dye molecule, provides an explan-
ation for the high rate of quenching of dye fluorescence.?’
Analysis of calculations ®?-19° also made it possible to
explain the known enhancement of the Herzberg(Ill) band
(X3%; —A'3A,) at high pressure of oxygen or buffer gas and in
inert gas matrices.”-23-103 High intensity of the Herzberg(I11)
band and the ¢'E; —a'A, transition, as well as co-operative
transitions involving the Herzberg state 14 is due to much more
efficient mixing of ©,-MOs with the solvent orbitals rather than
ng-orbitals.!? All features of the interaction between oxygen
open shells and solvent molecules are clearly related to
enhancement of radiative transitions. Taking account of this
fact makes understandable numerous optical effects due to
collisions between oxygen and organic dye molecules.!? 86

5. Relation between enhancement of radiative transitions and
quenching of dye fluorescence

The mechanism of enhancement of collision-induced radiative
singlet — triplet transitions of oxygen is intimately related to the
acceleration mechanism of non-radiative deactivation of
Os(a'A,) (Refs 26, 27, 81) and other quenching processes in
the contact complex O, + M. 13- 112-137 Within the frame-
work of the model for dispersion forces the collision induced
electric dipole moment of transition of the oxygen molecule
can interact with the moments of transitions in solvent. Recall
that the dipole—dipole interaction between all virtual transi-
tions in two closely spaced molecules determines the attractive
forces acting between them; this interaction is responsible for
the dipole —dipole non-radiative energy transfer and (partially)
for quenching of singlet oxygen.!-2-27.71, 115

An explanation for various types of generation of singlet
oxygen due to dipole-dipole energy transfer and Cl-calculated
transition moments in collision complexes is available.?” Colli-
sion-induced dipole moments of S—T-transitions (forbidden
in isolated molecules) are mainly due to exchange interaction;
therefore, this type of energy transfer can be treated as
exchange-resonant one.!'” However, in this case?’ its rate
should be calculated using the expression for the dipole—di-
pole interaction between the moments of induced transitions.
For instance, quenching of dye fluorescence can be explained
by enhancement of non-radiative collision-induced S;—T-
transition with Oz(X3):g). Namely, a relatively large dipole
moment of the S; — T;-transition (Ds ) induced by collisions
between dye and oxygen molecules strongly interacts, by the
dipole-dipole mechanism, with the moments of T o—Ti,y
resonant transitions between vibrational sublevels of high-
frequency C—H (O —H) vibrations and their overtones of the
dye molecule.?27 This also makes understandable the contri-
bution of charge transfer states to the quenching mechanism,
because the Ds_t strongly depends on them.?’” Quenching of
T states through energy transfer to singlet oxygen depends on
the intensity enhancement of the 0—6 and 1-3 (2—3) tran-
sitions and the a— X transition; all of them become dipole-
allowed transitions upon collision.?” The applicability of the
dipole —dipole mechanism is substantiated by the fact that the
distance between the ‘emitting’ oscillator (induced dipole
moment of the S; —T;-transition) and ‘absorbing’ oscillators
(overtones) is noticeably longer than the oscillator size,
namely,? both ‘dipoles’ are at most 0.1 A long.

The dipole moments of the S;—T;-transitions in the O»
complexes with ethylene 27 and naphthalene,!?3 obtained from
MINDO calculations with inclusion of configurational inter-
action are equal to 0.02 and 0.01 D, respectively, at an

intermolecular distance of 3.2 A. The Ds 1 value rapidly
increases as the molecules approach each other;?”-87 however,
this is hard to reach in the gas phase under normal pressure.
The vector of the dipole Ds_T connects the centres of the
molecules, being distant from the C—H oscillators. The size
and orientations of these oscillators are comparable with
analogous parameters of H atom displacements.? 3¢ Theory
of non-radiative transitions in the case of non-adiabatic
perturbation was considered in Ref. 2. Calculations of the
rate of quenching of dye fluorescence by oxygen due to
enhancement of non-radiative S; —T)-transition give the rate
constants of the order of 10!3 litre mol—! s—!, which is much
higher than the duffusion constants.?’

6. Sensitisation of O(a'A;) molecule

Singlet oxygen is most often generated using photosensitisa-
tion, i.e., energy transfer from excited state of sensitiser to
02(325; ) state. Possible sensitisers include many dyes absorbing
visible light, in particular, widely abundant natural com-
pounds, such as chlorophyll, haem, protoporphyrin and other
porphin derivatives. Therefore, singlet oxygen plays an impor-
tant role in many photobiological processes.

Excited singlet state of a dye sensitiser (S;) formed upon
absorption of a light quantum is efficiently quenched through
oxygen-induced ISC [see Eqn (20)] or due to fast monomolec-
ular transition to the Ty state. Upon collision with O»(3Z, ), the
long-lived state T; generates the quintet, triplet and singlet
states of the collision complex. Decomposion of the singlet
state into products is spin allowed

T, +30; —> 35T +30;) —> 23)

—> So + '0; (a'Ag or b'Zy).

Quenching of phosphorescence of tripaflavin adsorbed on
silica gel [reaction (23)], was proposed by Kautsky in 1931.%7
Experiments were carried out in a sealed vessel at low concen-
tration of the oxygen added. Quenching was explained by the
formation of active oxygen in the singlet state. According to
Kautsky’s hypothesis, 'O, reaches the oppositely lying surface
of a silica gel bead containing adsorbed dye and transforms it
to the coloured form. This hypothesis was soon forgotten and
quenching of the T} states of organic molecules was explained
by formation of unstable peroxide intermediates (moleox-
ides).” Only three decades ago Kautsky’s ideas were completely
substantiated.!->7 Oxygen efficiently quenches the T states of
all organic molecules studied in vapours, liquid solutions,
adsorbates and polymers (where diffusion of O is possible).!-2
The rate constant for quenching of triplets with oxygen (k?z) is
about an order of magnitude lower than the rate constant for
diffusion (kq).

Since the quintet, triplet and singlet states of the collision
complex are equiprobable, nine collisions on the average
produce five quintets, three triplets and one singlet; only in
the last-mentioned case reaction (23) is spin-allowed and only
in this case singlet oxygen can be generated. Then one has
k?z < (1/9)kq, which is in agreement with many (not all)
experimental data.!-2 Complete quenching

Ti +30; —> Sp + 30,

can start from the triplet state of the complex;?’ it also
contributes to k?z. Quantum yield measurements confirmed
the importance of this quenching channel.!3! Rate constant
measurements for quenching of T, states of carotenoids gave
kgz ~ 10° litre mol~—! s—!. In this case the formation of
Os(a'A,) is impossible, because its energy exceeds that of the
T,-state,> 13! which also points to important role of this
channel of complete quenching.
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IV. Quenching of the O»(a'Ag) molecule

The main mechanism of quenching of singlet oxygen in the gas
and liquid phases involves transfer of electronic excitation
energy of the O»(a'A,) to the vibrational degree of freedom of
the collision partner.?12-26.78,116-122 1p jts pure form this
mechanism occurs for quenchers with molecules having high
oxidation potentials or high energies of triplet-excited states:
here the mechanism of charge transfer''® or quenching by
transfer of electronic energy to triplet state is impossible.! The
electronic excitation energy of the Oa(a'A,) is transformed to
vibrational, rotational or kinetic energy of quencher. Noble
gases are the poorest quenchers of singlet oxygen ! (for argon,
the second-order rate constant for quenching is ké = 5 litre
mol—! s~ 1) because in the gas phase their atoms have no
vibrational degrees of freedom and cannot efficiently trans-
form the electronic ex01tat10n energy of Ox(a'A,) to heat.
However such gases as H, (kQ = 2800 litre mol—! s— 1), NH;
(k8 = 2600 litre mol—! s~ 1), C6H5 vapour (kQ = 3200 litre
mol—! s—1) and water vapour (k = 4900 litre mol—! s—1)
are the most efficient scavengers.!: s All hydrides have high-
frequency X —H bond vibrations (e.g., Wsym = 2916 cm~! for
CHs molecule, ®asym = 3939 cm—! for H>O molecule,
we = 4401 cm ! for H, molecule);?° here two or three vibra-
tional quanta are sufficient to absorb the energy of singlet
oxygen (7918 cm—1'). Molecules containing no C—H or O—H
bonds (e.g., CS,, CCly) are much poorer quenchers of singlet
oxygen.!- 78

Initially, lifetime measurements of singlet oxygen in sol-
utions were carried out by indirect chemical methods.”8 120122
By conducting steady-state photo-oxidation of benzofuran in
solution with variable concentration of B-carotene, which
physwdlly quenches O»(a'A,),'?? one can determine the prod-
uct rAkQ Assuming that the rate constant kA for B-carotene is
diffusion controlled,'?° Young et al.'?? determmed A = 5.5 s
in methanol.'2? Later on,””-78- 121 direct lifetime measurements
of singlet oxygen in solutions were carried out using pulsed
lasers (a greater value was obtained in methanol,
A = 9.5 ps).1-196 Merkel and Kearns’® were the first who
noticed significant changes in 74 for different solutions and
applied the theory of transfer of the energy of oxygen a'A,
electronic excitation to solvent vibrations. Later on, these
results were repeatedly refined.!-73~77.101-106,116-118 Accord-
ing to recent data,!> 192 the time t4 varies from 3.1 ps (H20) to
128 ms (CCly) and 309 ms (CioF1sg), i.e., within five orders of
magnitude.

A number of quantitative theories of Ox(a'Ag) quenching
through transfer of electronic excitation energy to solvent
vibrations were put forward.!-26-78- 116. 118 (This energy transfer
is called e — v-deactivation.!-7¢) Merkel and Kearns 78 used the
theory of dipole—dipole energy transfer and related ta to the
optical density (OD) of IR absorption of the solvent at the 0—0
and 0—1 vibronic band wavelengths of the a'A, — X 3%,
transition (1270 and 1592 nm, respectively)

1
= 0.5(0Dj270) + 0.05(0OD592) +

TA

24

+ higher-order corrections.

Rodgers ''7 measured 74 for a number of solvents and deter-
mined the second-order rate constants for quenching of
Ox(a'A,) by the solvent molecules A (1/t4 = kg [A]); then
he measured the 7 values in binary mixtures of solvents A and
B and showed the validity of the following equation:

1
oo k. alA] + k& 5[B]. (25)

The study ''7 not only appeared to be useful for practical
purposes, but also confirmed that quenching of singlet oxygen
in the liquid phase is also bimolecular in character. An
important contribution of Hurst and Schuster !¢ consists in
thorough choice of solvents. A linear correlation between 1/t
and concentration of hydrogen per mole found for a series of
aromatic compounds C¢H,,Fe_, (n = 1—5) made it possible to
introduce the second-order rate constants for quenching k(A;H
per C— H bond (irrespective of the number of fluorine atoms in
the molecule). It follows that the quenching ability of the
solvent is governed by a certain specific feature of C — H-bonds
and that donor—acceptor interactions in these solutions are of
no concern (since the fluorobenzenes studied possess the
properties of donors). However, this does not mean that the
interactions in question are insignificant for quenching of
Os(a'Ay) in other media (e.g., porphyrin solutions).

The dependences of 1/ta on the concentration of C—H
bonds and on the OD-containing terms in expression (24) were
compared.!'® It was found that the dependence on [CH]
accounts more correctly for the solvent effect on the quenching
rate and that the results of calculations using relation (24) are
in poor agreement with experimental values of 1/ta. Both
parameters are interrelated (the higher [CH] the higher OD);
however, the optical density of IR absorption explicitly
depends on the dipole moment of the transition, so the
results !¢ cast some doubt on the dipole—dipole mechanism
of energy transfer. Apparently, the exchange mechanism as
well as the dipole—quadrupole one?° also contribute to the
quenching through e — v-deactivation.

Hurst and Schuster ''® proposed an e A)ression for the
second-order rate constant for quenching (kxy) involving the
X —Y bond in the solvent molecule

k)A(Y =Cy ZFmF,ann .

mn

(26)

Here C, is the matrix element of electronic interaction, which
includes the type-(11) term and is independent of the solvent;
F, and F! are the Franck —Condon factors for the (0—m1)
vibronic band of the ¢ — X transition and for the (0—n)
vibrational transition of the X —Y bond, respectively; and the
factor R, characterises the resonance detuning between these
two transitions. Table 3 lists a number of rate constants for
quenching of singlet oxygen k&%y reported by Hurst and
Schuster;!1° the data exhibit a large scatter.

Table 3. Second-order rate constants k,AW for quenching of Ox(a'A,)
involving stretching vibrations of X —Y bonds in the solvent molecule.!'!°

X—Y bond Wave number /cm~! k& Nlitremol — s~
O—H 3500 2000
O-D 2550 150
C—H 3050 420
C-D 2240 17

Schmidt and Brauer ''® studied solvents possessing poor
quenching ability, the isotopomer '30,, and improved the
Hurst and Schuster theory. For a large number of solvents
the measured rate constants for quenching of singlet oxygen
are reasonably well described by the relation - 116118

kg = Z Nxyky » (26a)
XY

where Nxy is the number of X —Y bonds in peripheric regions
of the solvent molecule that are accessible to the interaction
with molecular oxygen.
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Quenching of singlet oxygen can be due to not only the
dipole-dipole interaction, but also dipole—quadrupole inter-
actions.?2¢ The first estimation of the quadrupole moment of
the a— X transition showed 2° that it is stolen from the quadru-
pole moment of the spin-allowed b'Zg+ —a'A, transition. The
stealing mechanism is identical to that described by rela-
tion (16) and is due to SOC-induced mixing of the X- and
b-states (9) and (10). In addition, the dipole moment operator
(D) in relation (16) should be replaced by the quadrupole
moment operator (Q). The quadrupole moment of the a— X
transition is

Qu_x=—c0a_p=0.0038 ¢ A2,

It contributes negligibly to the radiating capacity'? but largely
to quenching of the O»(a'A,) state through the dipole —quadru-
pole interaction.2®

Collision-induced dipole moment of the « — X transition of
oxygen also interacts with the moments of weak overtone IR
transitions of solvent and quenches the phosphorescence of
0,.27 In both cases the rate constant for quenching should
depend on the overlap of the emission spectra of singlet oxygen
and IR absorption overtones of the solvent. Both predictions
are in semiquantitative agreement with the results of indirect
measurements 14 .%2%7% However, direct (more accurate)
measurements of Oa(a'Ay) lifetime ''¢~118 did not confirm
this correlation, probably, due to additional (undiscussed)
contributions to the quenching mechanism.

As mentioned above, a unique spectral phenomenon,
namely, observation of co-operative vibronic emission of
singlet oxygen in solutions of halogenated hydrocarbons was
explained.?®- 113 The a— X wavelength experienced a bath-
ochromic shift by the energy of the vibrational quantum of
the solvent.''* The dipole moment of the a— X-transition of
oxygen in solution is induced by the collision of O, with the
solvent molecule (M) and strongly depends on the intermolec-
ular distance (R). Vibrations of the C — Cl bond in the molecule
M upon collision of O, with the solvent molecule (see Fig. 4)
strongly affect the R magnitude and give rise to the derivative
of the dipole moment of the a — X transition with respect to R.
It is this derivative that determines the probability of co-
operative vibronic emission of singlet oxygen accompanied by
the bathochromic shift on the C—Cl vibrational fre-
quency.?®- 113 The ¢ — X transition of oxygen is accompanied
by simultaneous excitation of C— Cl vibrations in the solvent
molecule. Calculations of the derivative in Eqn (19) give a
correct estimate of the intensity of this synchronised transition
in the two molecules.?®- 113 The transition is two orders of
magnitude less intense than the a — X transition,?® which agrees
with experimental data.!'#

The theory '3 is important for not only understanding of
weak co-operative emission,!!* but also explanation of devia-
tions in the rate of O»(a'Ay) quenching from the values
calculated using the simple theory of inductive-resonant energy
transfer to solvent vibrations.!-2.26-60.78 The rate of quenching
of singlet oxygen is not always related to the overlap integral
between the a — X emission spectrum and IR absorption
spectrum of solvent overtones.! %078 The frequency of the co-
operative vibronic transition differs from the eigenfrequencies
of oxygen appearing in Eqn (24), and the moment of this
transition efficiently interacts with molecular vibrations of the
solvent. In essence, the driving force of energy transfer is
reduced to the coupling of the molecular vibrations of the
solvent and the motion of electrons in the O> molecule with
allowance for SOC [see Eqn (11)]. Electronic-vibrational
interaction in the contact complex O, + M directly relates the
electronic wave function of the Ox(a'A,) state to the intermo-
lecular and internal vibrations in the molecule M. The inter-
molecular distance ¢ in expression (19) determines not only the
electronic-vibrational contribution to the dipole moment of

the co-operative transition, but also the mixing with the
molecular vibrations of the solvent. The intensity of the co-
operative transition is very low; however, owing to direct
character of energy exchange with the solvent vibrations it
can contribute largely to quenching of singlet oxygen. Note
that the results obtained using the simple theory of inductive-
resonant energy transfer to solvent vibrations show the largest
deviation from the experimental data for halogen-containing
solvents.2¢

Yet another important mechanism of quenching of
Os(a'Ag) is the inclusion of configuration interaction and
SOC in the mixing with charge transfer states.!!> Unlike the
universal mechanism of e —v-deactivation, the charge transfer
mechanism manifests itself only for molecules with low oxida-
tion potential (<1.9 V vs. s.c.e.).! Itis important to distinguish
between this mechanism and actual charge transfer that occurs
as the kinetic stage of quenching.!-''> We believe that this
confusion 1% 121 often occurs in discussing the mechanism of
quenching of Oz(a‘Ag) The dependence of the rate constant for
quenching (kQ = 1/7,) on the ionisation potential (IP) of the
quencher was found long ago.''°~ 122 Aliphatic amines do not
react with Ox(a'A,), but efficiently inhibit the oxidation of
other compounds possessing high reactivity towards singlet
oxygen.> ' Taking into account the increase in log k¢ with a
decrease in the amine IP, one can assume '!° that the charge
transfer configurations (CTC) are mixed with the a'Ag and 32;
states and somehow enhance the SOC between them. Explan-
ation for this mechanism (also important for understanding of
biochemical activation of oxygen) was reported.!!>

Now we will write the wave functions of the a'A; and X
states in a collision complex with amine molecule in the
form 12,115

My, = }5032;0> = —(|aan,r,| — |aan,x, 27N

f

'y, = }SO o) = \/_ (|laan, wt,| — ‘aan T, ‘) (28)

Here a denotes the highest occupied molecular orbital
(HOMO) of the aliphatic amine in the singlet ground state
So, i.e., the lone pair orbital of the nitrogen atom. Electrons of
inner shells are left out of consideration. Note that the wave
function (27) differs from that reported in Ref. 115 in permu-
tation of two MOs and, hence, the sign of the determinant.
Charge transfer from amine to the degenerate orbitals, nt, . and
Tg,y, Of the oxygen molecule gives four CTC, namely, two
degenerate singlet and two triplet states in the radical pair
{D""0; "} produced upon charge transfer (D denotes the
electron donor).!!> We will consider only those configurations
that are important for the explanation of the quenching
mechanism,

3\P0tr = ’D+ Oy > \/_ ’n}an nl‘ ‘aﬁ.\‘n,\fﬁx

)s (29

1

1
Y, =|D"0;) = ﬁdar’txnxﬁy{ + |nam, . |). (30)

Analysis of intermolecular interaction using the CI method
revealed an effective mixing of the triplet configurations (27)
and (29) in the collision complex. The singlet states (28) and
(30) possess different symmetry with respect to reflection in the
O —0O—N plane, also being effectively mixed with each other
due to CI. Mixing of the second singlet component (4a) with
the CTC (30) is impossible. The inclusion of intermolecular
interaction in the framework of the CI method gives the
3‘1’0 + 83‘{—’% and "W, + 51‘{’0[" states which strongly interact
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with each other due to SOC.!!3 The matrix element of the SOC
operator between these states includes the integral

20 5%
85*<3‘I‘ct.. Hy|'W, ) = % (m,|B.|n) = %go , a1)

where ¢ and J are the admixture coefficients to the a'A, and
X3Z, states, respectively.

Relations (27), (29) and (31) include the wave functions of
the triplet states with the zero projection of the total spin on the
z axis. Comparison with expression (8) shows that the SOC
between the CTC (29) and (30) is reduced to the same integral
between the degenerate orbitals, g . and =, ,, of the oxygen
molecule, as that appearing in the matrix element of the SOC
between the states (5). Thus, the presence of CTC admixtures
always gives rise to the SOC between the a'Ag and X3Zg states,
which accelerates the non-radiative transition and quenching
of singlet oxygen.!!> The admixture coefficients ¢ and J to the
states become significant only for the quencher molecules
having low oxidation potentials (< 1.9 V vs. s.c.e.). Otherwise,
the CTC energy is too high while the CTC admixture coef-
ficients in Eqn (31) are negligible. According to calcula-
tions,!2-27.34.70,99,103 for molecules with ionisation potentials
higher than 10.5 eV the ¢ and J values are at most 0.01, the
integrals (31) being negligible.

Charge transfer configurations (29) and (30) differ in spin
and population of the m, . and 7, , orbitals. The matrix
element of the SOC operator between them can be treated as
an electron ‘jjump’ from the 7y, ,-MO to the ng -orbital with a
spin flip. This ‘jump’ is identical to rotation of the orbital, i.e.,
the appearance of an orbital angular momentum or ring
current, which induces the magnetic moment interacting with
the spin. Since the case in point is the quantum singlet — triplet
transition, visual interpretation of this effect is, strictly speak-
ing, inadmissible.!> However, the simplified ideas of an elec-
tron ‘jump’ and orbital rotation are useful in revealing the
essence of the mechanism of quenching of singlet oxygen by
amines due to admixtures of charge transfer states.

Strengthening of the SOC (to some extent) between the
a'Ag and 3Z, states of the O» molecule due to CTC contribu-
tions always occurs in collision complexes. It is determined by
the weight factors of the admixtures ¢ and J, which are large
only for donor lone electron pairs with low ionisation potential
provided a local character of donor—acceptor interaction.!!3
At present, exact determination of the contributions of differ-
ent mechanisms to the rate constant for quenching ké is
impossible owing to the difficulties in the inclusion of vibra-
tional modes of the solvent molecules in the nearest environ-
ment of the Ox(a'Ay) molecule. The concept of admixtures of
the charge transfer states [see Eqns (29) —(31)] is fundamentally
important for analysis of the mechanisms of biochemical
activation of oxygen by oxidases.

V. Biochemical activation of the molecular oxygen

Nearly 100 years ago Academician A N Bach first studied
breath from the standpoint of oxygen activation.!37—13° Based
on the concepts of classical chemistry, he assumed the necessity
of cleaving a bond in divalent oxygen and release of a chemical
valence for addition of other compounds. According to Bach,
the corresponding activation energy should be supplied from
readily oxidisable unsaturated compounds; O, adds to them to
give peroxides that degrade under the action of enzymes, and
oxygen is transferred to other substrates that are incapable of
immediately adding to atmospheric oxygen.!37 Clearly, at that
time it was impossible to allow for specific quantum features of
microparticles constituting the molecule, in particular, the
spin. The energy of spin-related magnetic interactions is low,
however it should be taken into account when studing not only

line splitting in atomic optical spectra and in EPR spectra of
radicals,!3-38.46-49.84. 138, 139 {1t also the mechanisms of cer-
tain chemical reactions.!?37-140-149 [ gpite of rapid progress
in biochemistry and detailed knowledge of molecular mecha-
nisms of the action of many enzymes, the nature of bio-
activation of oxygen is still unclear.> ¢ 150.151 Below we will
show that it is the magnetic and exchange spin effects that are
often responsible for activation of molecular oxygen by oxi-
dase co-enzymes. The nature of these effects has much in
common with the mechanisms considered above when we
analysed the photophysical properties of oxygen.

1. Role of spin in chemical reactions involving oxygen

Two unpaired electrons in antibonding n,-MOs are respons-
ible for specific character of the interaction of molecular
oxygen with radicals (combustion) and chemically stable
diamagnetic compounds (slow oxidation). Two antibonding
Te-vacancies make it possible to transform O, to O, and 03
anions, the formation of the latter being strongly dependent on
the presence of electron donors (enzymes) and magnetic
perturbations that affect the spin prohibitions.

In 1937, Pauling established that the magnetic moments of
hemoproteins decrease as the pH values of solutions increase.
The effect was explained by the iron ion spin flip owing to small
changes in the coordination of ligands.® The total spin of the
Fe3 " ion is determined by the number of unpaired electrons in
the 3d-shell of the metal. The low-spin state (S = 3/2) becomes
more stable than the state with S = 5/2 as the pH value
increases; the transition between these states is induced by the
spin —orbit coupling in the 3d-shell of the metal. In weak ligand
field the unfilled 3d-shell has degenerate orbitals and the states
with different spins have similar energies. Recall that the spin
quantum number of one electron (S = 1/2) determines the
absolute value of the momentum vector

V52 = /S5t Vi = \/;h

The summation of electron spins obeys the quantum addition
rules,!’ so the total spin of the molecule is zero at ‘antiparallel
spins (all spins are paired); such state is called a singlet state.
Most chemically stable organic compounds and corresponding
oxidation products are diamagnetic, i.e., they have no intrinsic
magnetic moment (all spins are paired due to saturation of
valences; the total spin of the molecule S = 0). Spins can
undergo ‘depairing” when exposed to light; here an electron
goes to a vacant MO; according to the Pauli principle, both
spins can be parallel (total spin .S = 1). This excited state is
called a triplet state because of three possible orientations of
the total spin vector Mg = + 17, 0.

Singlet —triplet transitions are spin-forbidden;!> this is a
strict prohibition, because it can be removed only in the
presence of magnetic interactions that are much weaker than
electric ones.!? The latter determine the energies of chemical
bonds and excited states and the pathways of chemical reac-
tions. The spin affects the energy through exchange interac-
tion.!3 A weak SOC slightly mixes the singlet and triplet states
of molecules, which gives a nonzero rate of S—T transitions
that are observed in the form of phosphorescence and are well
known in photochemistry.>7-13 Non-radiative S—T transi-
tions also play an important role in the dark reactions, in
particular, in catalysis.'? 32 Weak SOC acts as a ‘key’ needed to
open a ‘heavy door’, that is, the system chooses a pathway of
chemical reaction with low activation barrier in the triplet state
instead of overcoming a high activation barrier in the singlet
state. Recall that the exchange integral appears with different
signs in the energies of the S and T states, namely, two radicals
form a chemical bond in the S state and repel in the T-state.!®
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Unlike most chemically stable organic compounds the O»
molecule has the triplet ground state. According to Hund’s
rule, two unpaired electrons in two degenerate my , and mg,
orbitals (configurations né) have a lower repulsive energy in the
triplet state [see Eqn (5b)] compared to the singlet state [see Eqn
(5a)]. Because of this oxygen is paramagnetic (it has intrinsic
magnetic moment due to spins of two unpaired electrons) and
its addition to organic compounds is spin forbidden: starting
reactants have the total spin S = 1, whereas the oxidation
products are diamagnetic (S = 0).° Because of spin prohibi-
tion, combustion of organic fuels requires activation in the
form of high-temperature ignition stage, i.e., generation of
primary radicals.~® Reaction of R’ radical (one unpaired
electron, S = 1/2, doublet state) with O, molecule is spin-
allowed, because the starting reactants (O, + R") and product
(RO») have doublet states, which provides the chain character
of radical reactions

(It + [ =07 L],
0, + R RO

(32)

Here the quantum cell denotes the MO (see above).

Radical RO; can decompose into radicals RO" and "O’,
thus making chain branching possible. In radical chain oxida-
tion (combustion) processes the energy is released uncontrol-
lably in the form of heat and light.® Clearly, this mechanism of
oxidation with molecular oxygen cannot take place in living
cells. However, cells meet their energy needs in the course of
metabolic processes using the energy of oxidation of organic
compounds under the action of oxygen.> Since cells cannot
resist large temperature gradients, they should transform the
energy released through oxidation to some kind of chemical
energy prior to dissipation in the form of heat. This occurs by
combining oxidation with the synthesis of adenosine triphos-
phate (ATP).> 139 In turn, the cell uses the ATP energy to carry
out all endogenic processes, such as chemical syntheses of
DNA and proteins, ion transport and mechanical work.!3° All
versatile energy-supplying metabolic processes and reactions
occur under subtle enzymatic regulation.” Is it spin-dependent?
Despite the fact that to date many reactions of enzymes and
metabolic pathways have been studied in detail, 43~ 147 the role
of spin in biological oxidation of molecular oxygen is still
unclear, 148158

2. Cytochrome oxidase

The simplest type of oxygen activation by enzymes containing
metal cations involves the formation of intermediate peroxide
jons O3~. Reduction of O, by direct insertion of an electron
pair into the filled mg-orbitals requires spin changes, because
the ng configuration can only be a singlet. Intermediates
containing O3~ are formed in, e.g., cytochromes.>13 The
Fe3™ —O— —O~ —Cu?" structure, where the peroxide group
is formed from the triplet oxygen and stabilised at its position
until introduction of the second electron pair, is quite possible
intermediate.'4?> Apparently, electron transfer and formation
of O3~ involves a triplet—singlet quantum transition called
spin inversion.!'4> 148 Cytochrome oxidase catalyses four-elec-
tron reduction of oxygen molecule to water. No intermediates
were detected in the reaction

O, +4e+4H" =2H,0.

However, experimental measurements > !> proved the forma-
tion of O3 . The reaction centre of cytochrome oxidase
includes one haem iron atom and one copper atom. The oxygen
molecule binds to the haem Fe?* cation and to Cu™* ion that
donate one electron each to form an O3~ anion. This provides a
way to overcome the major obstacle to oxygen activation, that
is, spin inversion (T—S transition).!45 Since the O3~ dianion
has a filled electron shell, the ground state of this species is

totally symmetrical and characterised by the term |12g)A
Transfer of two electrons causes the ground-state term,
|X3Z;), of the O» molecule to smoothly transform to the
term |'X]) of the dianion. The spin—orbit coupling between
the states [’ ) and |'Z]) is symmetry-allowed [see Eqn (8)];
therefore, the reduction

0x(X7%y) —> 03 (%))

is also symmetry allowed with inclusion of the SOC. Since the
SOC integral [see Eqns (8) and (11)] reaches its maximum value
owing to symmetry of the oxygen MOs, one can expect that
reduction of the oxygen molecule to the dianion should be
accelerated due to effective removal of spin prohibition. These
qualitative considerations should be complemented by analysis
of the structure of the 3d-shells of the metal ions.'*8

Transition of the active site of cytochrome oxidase to the
singlet state removes spin prohibition to subsequent fast
chemical reactions up to formation of stable diamagnetic
products.’ According to calculations, the spin—orbit coupling
that induces the T—S transition involves not only oxygen
ng-MOs, but also electronic changes in the 3d-shell of the iron
ion,133.148

The SOC mechanism can be represented as follows. !4 148
Activation upon electron transfer to O first involves excitation
of Fe2" ion (3d — 4s) to form the '-*D terms. Combination of
two triplet states (iron and oxygen) gives the singlet, triplet and
quintet states similarly to the case for collision of triplet oxygen
and ethylene molecules (states 4 and 6, see Fig. 2). A singlet
combination of two triplet states in the initial structure of
cytochrome-c oxidase is shown in Scheme 1. The T—S tran-
sition in this quasi-degenerate pair is formed in the electron
shell of the iron ion. The SOC is relatively weak and spin
inversion is a relatively slow process. This is the reason for
much lower (compared to the expected ) reactivity of O;
towards certain ligands present in cytochromes. The singlet
state formed upon T — S transition is shown on the left side of
Scheme 1. Transition from this state to the peroxide form O3~
owing to transfer of two electrons from the metal ions is now
spin allowed. This and subsequent processes occur in the
singlet states.

Scheme 1
0 Y 1 S R | PO B | A O
3d 45 mg.mg, 3d 3d4s  mg.mg, 3d
Fe(ID).......0n.......... Cu(l)  FedlD........ 03 . Cu(1l)

This mechanism of spin inversion occurs in hemerythrin
and hemocyanin.'** Cytochromes containing different protein
residues coordinated to the iron ion can include Fe(11) ions in
different spin states. Particular cytochromes have iron ions in
the triplet ground spin state.'#* In this case reduction of the
oxygen molecule to the dianion should occur in accordance
with Scheme 1 (see above) with a very high probability without
involving SOC.

3. Flavoproteins

Usually,> 139 148-153 it js assumed that one can overcome the
spin prohibition to oxidation of organic substrates with
atmospheric oxygen by successive addition of single electrons
in the reduction of O»

O,+e — 05", (33)
O, +H" —» HO5, (34)
HOZ + I‘IJr +e —> HzOz. (35)

Further reactions of diamagnetic hydrogen peroxide are
spin allowed. Itis assumed 3 that removal of spin prohibition in
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reactions (33) —(35) proceeds as in the case of radical-chain
oxidation where the spin prohibition can be removed upon
formation of primary radicals. The author of this review found
no clear discussion of the issie in biochemical literature (see,
e.g.,Refs 5,6, 152 and 153). A fundamental difference between
the enzymatic reactions (33) —(35) involving radicals and the
radical reactions of the type (32) in chain oxidation processes
should be emphasised. In the latter case radicals go to the bulk
of gas plasma flame (or in the solution bulk) and do not longer
retain the ‘spin memory’ about precursors. All participants of
biochemical oxidation reactions (33) and (35), i.e., oxygen and
electron transfer agents, are confined within the same active
site of enzyme. If an electron is transferred to the oxygen
molecule from diamagnetic enzyme, reaction (33) produces a
radical ion pair [see Eqn (29)], all spins remain correlated, the
‘spin memory’ is retained and the spin prohibition to subse-
quent reactions (34) and (35) of a radical ion pair (triplet
precursor) thus generated remains valid.

Many researchers believe that the oxygen molecule is very
stable and can hardly add one more electron to give a radical
anion O; °; as a consequence, they emphasise that stage (33) is
the limiting one.> 13 Further addition of electrons is facilitated
and subsequent reduction occurs readily.> 3% The bottleneck
of this commonly accepted scheme is that the difficulty of
electron addition to O, contradicts experimental data, namely,
the process is exothermic and occurs with energy release
(42 kJ mol—!, see Refs 9 and 55). Enzyme molecules are
designed in such a fashion that electron transfer in the
respiratory chain be easy.’ Indeed, reduced flavoproteins
have very low ionisation potentials and are readily oxidis-
able.!3 If an O, molecule is delivered to the active site of an
oxidase and interacts with flavoprotein, there are no physical
prerequisites to assume that electron transfer to the oxygen
molecule should proceed with difficulty.!4® The obstacle con-
sists in the need of spin flip in the electron transfer stage (33)
and formation of a triplet radical ion pair rather than addition
of an electron to O».

To clarify the situation, we will consider glucose oxidase as
an example.?37-148 Reaction (33) in glucose oxidase involves
flavine adenine dinucleotide (FAD). Such compounds (flavo-
proteins) are typical of many co-enzymes; they were discovered
in 1932 (‘yellow enzyme’ capable of catalysing the oxidation of
nicotinamide nucleotides was isolated from yeasts).> Flavo-
proteins transfer electrons, as constituents of hydrogen atoms,
from organic substrate to the riboflavin component of the
enzyme using nicotinamide adenine dinucleotide (NAD *) and
its reduced form (NADH).> 139 The structures of these mole-
cules were undoubtedly ‘selected’ by Nature to impart corre-
sponding redox potentials to the co-enzymes.!* NAD * exists
in individual form and diffusionally moves from one enzyme to
another, whereas FAD is tightly bound to protein. Flavopro-
teides tend to attach H atoms from one substrate and then
transfer them to the other (O»), being added to the same
enzyme.> A covalent or hydrogen bond connects FAD to the
residue of the polypeptide protein chain; therefore, FAD
remains bound to a particular amino acid after proteolysis.

The action of glucose oxidase involves two stages,
namely,> >3 glucose oxidation to gluconolactone with reduc-
tion of FAD to FADH, and the reverse cycle, FADH; —»
FAD, with reduction of O, to H>O>. From the standpoint of
oxygen activation it is of interest to consider the second stage.

The active site of glucose oxidase from Aspergillus Niger
has a histidine residue (His516) near the flavin ring of FAD; the
distance between the protonated nitrogen atom N¢ of histidine
and the N(1) atom of FADH, is about 4 A (see Ref. 152).
Scheme 2 presents a model for the active site of glucose
oxidase. The first phase of the catalytic cycle involves reduction
of FAD to FADH,. The initial model A illustrates the O,
insertion into the active site between the histidine residue of the

protein chain and the N(1) atom; model B illustrates transfer of
an electron from FADH, and formation of a radical pair; and
C is the second to the last phase of the catalytic cycle
accompanied by the formation of hydrogen peroxide. The
last-mentioned stage involves abstraction of a proton from
the N(5) atom and its transfer to histidine across the system of
H-bonds in the protein and aqueous environments.

Scheme 2
2 2
HN/YR HN/YR
\LNH \LNH
0, 0y°
R! H R! H
Me N §1w40 Me N I\II 40
| — ol —
5 NH 5 NH
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A H (0] B (0]
2
N/YR
3LNH
H
\070
SH
R!
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. |
5 NH
Me N ‘
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When entering the active site, the O» molecule occupies the
cavity between these atoms and then transfer of an electron
from FADH, to the oxygen molecule occurs.'#8

FADH, + O, —»> FADH]" + 05" (36)

This results in the formation of a triplet radical pair
{FADH;J "---O3 '} in the active site of glucose oxidase, because
the precursor of O is in the triplet state, whereas that of
FADHo: is in the singlet state. According to density functional
calculations (B3LYP/6-31G*),? electron transfer is almost
thermally neutral (thermal effect of reaction is 0.6 kJ mol—1).

In glucose oxidase, the O, molecule is transformed to
superoxide ion O5 " upon addition of an electron, thus being
activated.>!#® This slow stage is followed by fast proton
transfer from the protonated histidine residue and simulta-
neous transfer of hydrogen atom from semi-oxidised radical
FADHJ ", which results in the formation of hydrogen per-
oxide.148.150

4. Electron transfer in glucose oxidase and the spin flip

Now we will return to the key issue, namely, why the electron
transfer stage (36) is slow (k < 10—3s—1). According to
calculations, electron transfer to the active site of glucose
oxidase should occur spontaneously and rapidly
(k=10-% s~ 1), just as O, will enter the active site. The O,
molecule is characterised by a positive electron affinity
(0.45 eV), i.e., the addition of an electron is energetically
favourable.®- 4455154 Reduced FAD readily donates an elec-
tron; indeed, FADH, has a relatively low ionisation potential.?
The reason is clear. The lowest occupied MO (LUMO) of the
FAD molecule is the n*-orbital of the isoalloxazine ring. In
spite of the non-planar structure of this nucleus in FADH,, its
highest occupied molecular orbital is similar to the LUMO of
the FAD molecule. Both orbitals are mainly localised on the
central ring of the flavin nucleus.!>° This confirms a simple MO
pattern obtained in the Hiickel calculations, namely, the FAD
LUMO is identical to the FADH, HOMO. Namely, the
addition of two hydrogen atoms to the N(1) and N(5) atoms
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is similar to attachment of two m-electrons to the ring n-system.
From this a considerable decrease in the ionisation potential on
going from FAD to FADH, becomes clear. The electron
affinity of the O2 molecule is much lower than the ionisation
potential of FADH; ; however, when O» contacts protonated
histidine, electron transfer becomes energetically favourable.
Electrostatic attraction between the histidine cation and newly
formed superoxide O " is the primary driving force of electron
transfer and reduction of corresponding activation energy. It
also facilitates strengthening of the SOC.

Thus, the active site of glucose oxidase is ‘tuned for oxygen
activation through electron transfer followed by spin flip
according to Scheme 3.

Scheme 3
(1 001101 2 (1) 10011 225 ()T 1)
FADH,---O5 FADH; "---03" FADHJ"---03"
Triplet Triplet Singlet

TE is transfer of an electron.!'4>

Simultaneous occurrence of reactions (34) and (35) result-
ing in diamagnetic products requires flip of one spin in the
radical pair stage, i.e., a triplet—singlet quantum transition.
Such a transition is induced by the spin—orbit coupling, i.e.,
magnetic interactions due to the orbital and spin motions of
electrons (see Scheme 3).3

Spin flip is actually due to relatively strong SOC character-
istic of radical pairs including superoxide ions.? In Scheme 3
the quantum cells denote the HOMOs of both molecules, that
is, FADH> and O». As in the case of quenching of singlet
oxygen by amines, where the role of CTC was shown [see Eqns
(29), (30)], Scheme 3 presents different orbital structures of the
triplet and singlet CTC. The starting triplet radical pair
corresponds to a CTC described by Eqn (29), that is, transfer
of an electron to the m, ,-MO of O> molecule, whereas the
singlet radical pair corresponds to a CTC described by
Eqn (30), namely, transfer of an electron to another degenerate
orbital of oxygen, mg . The SOC arises between these CTC
and is maximum possible for a system comprised of light
(oxygen, nitrogen and carbon) atoms.

Actually, the formation of superoxide is not difficult.
Indeed, a triplet radical pair is easily formed just after transfer
of H atoms and reduction of FAD to FADH, . The problem is
to carry out a triplet—singlet transition in the radical pair
{FADH; "---O5 '} generated in reaction (36), because only the
singlet pair can produce peroxide: reactions (34) and (35)
involving protonated histidine and radical FADHJ " proceed
concertedly.?- 148 Reaction (34) has no effect on electron spins
and in reaction (35) the spins remain correlated as in the initial
state. Therefore, the initial steps of chemical reactions (34) and
(35) should involve a spin flip (T —S transition from the triplet
radical pair created upon electron transfer). In accordance with
Scheme 3 the SOC integral includes the same components as
the integrals (8) and (31)3-37-148

i

<3\Pct,.‘HsZo|l\{lclx> = <T[,v|B: nx> - B

(o =76.5icm . 37)
0

The absolute value of this integral equals half the splitting
between the ground-state terms Q = 1/2 and Q = 3/2 of the
superoxide ion X2I1, (¢f. experimental value of 160 cm—!
(Ref. 9), which is in good agreement with our estimate '3%). The
rate constant for the triplet —singlet transition can be estimated
using the Fermi golden rule '3

21
kr_s = _p <3chl,. Hszo|l\Pct,\>|2FC>

7 (38)

where FC is the Franck — Condon factor and p is the density of
final states.

The SOC integral (37) is relatively large; usually,'> '3 the
matrix elements of the SOC operator for the molecules
comprised of the first or second row elements are of the order
of 1-10 cm—!. These SOC integrals provide the rate constants
for triplet—singlet transitions that are 10°—10* times lower
than the rate constants for spin-allowed transitions.!? The SOC
integral (37) provides the rate constant kt_gs that can be
compared with the rates of other chemical reactions that are,
in principle, possible during existence of the triplet radical pair
{FADH; "---O; "} (back electron transfer, decomposition to
new radicals). Despite the fact that the T — S transition in the
{FADH; "---O; "} pair is relatively slow, it is much more
efficient than typical T — S transitions in organic molecules
and undoubtedly occurs in the active site of glucose oxidase.
Subsequent reactions (34) and (35) in the singlet state of the
entire flavoprotein system have low activation energies > and
proceed rapidly. Transfer of a proton from the N atom of the
histidine fragment [see reaction (34)] is accompanied by proton
transfer from the N(1) atom of FADH, to give hydrogen
peroxide [see reaction (35)] with an the activation energy of
only 29 kJ mol—! (see Ref. 3).

Since the SOC integral (37) is only determined by the
specific character of O, anion and does not depend on the
co-enzyme cation (K), effective T—S transitions in radical
pairs {K""..-O5 "} should occur in the activation of oxygen by
flavoproteins and other oxidases following reactions
(33)—(35). This mechanism of the T —S-transition in the

radical pair is similar to spin relaxation in the superoxide
ion.145.148

5. Other examples of biochemical activation of oxygen
An important mechanism of enzymatic spin catalysis is char-
acteristic of oxidases containing paramagnetic metal
ions.37- 145,149,156 =158 T et yg consider the exchange mechanism
of acceleration of T — S transitions in radical pairs
(K*...05 '} taking copper amine oxidase as an example. This
enzyme contains a bound quinonoid cofactor (topaquinone)
near the Cu(IT) ion coordinated to the ligands.!#® Consider the
limiting stage of the operation of this enzyme, which can also
be represented by the common processes (33) —(35). A radical
pair {K*"-.-O5 "} in the T-state is formed in the reaction of the
type (36). The T — S transition is activated by exchange
interactions with the copper ion following the scheme
K (1) + 05N+ Cu(l) —= K (1) + 05 (1) +Cu(h). (39)

Exchange interaction with copper ion for the superoxide
ion is much stronger than for the co-enzyme (K*) radical
cation; therefore, the T — S transition of the radical pair is
rather fast.3” Measurements of kinetic isotope effects showed
that replacement of the '°O isotope by 80 significantly slows
down the limiting stage of oxygen reduction to peroxide for all
enzymes studied.!>? In this case the Franck —Condon factor
decreases; therefore, the proposed scheme of enzymatic spin-
catalysis >37- 148150 provides a complete explanation for all
results obtained in the kinetic studies on molecular oxygen
activation by the enzymes mentioned above.3-152

We will complete our comparative analysis of oxygen
activation mechanisms taking cytochrome oxidase as an exam-
ple; this compound catalyses four-electron reduction of O3 to
water in the final reactions of aerobic metabolism.> This is a
very important process in the chain of continuous redox
reactions involving proton transfer across membranes and
creation of chemiosmotic gradient for ATP synthesis.!3% 157

Cleavage of the O—O bond in cytochrome oxidase is a
related to transfer of electrons and protons across mytochon-
drial membranes and to the formation of Fe(1Iv)=0 groups in
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a complex manner.!>® Note that the O—O bond dissociation,
which continuously occurs in upper atmosphere, produces two
highly reactive biradicals O(°P) + O(®P) having four unpaired
electron spins. (The process is spin allowed and can occur in the
dark.) These species possess extremely high reactivity, but at
low gas concentration the reactivity ‘dissipates’ into recombi-
nation, atmospheric emission and particularly, ozone syn-
thesis. The O—O bond dissociation in cytochrome oxidase
also causes ‘depairing’ of four spins and could produce two
biradicals. Would these biradicals escape from the active site of
enzyme to the bulk of proteins, they would ‘burn out’ myto-
chondria and cytoplasm. It is of great importance to cleave the
O —0 bond in cytochrome oxidase using the concerted mech-
anism consistent with other reactions, and thus chemically
bind oxygen atoms and simultaneously ‘quench’ the spin. As
shown above, in such enzymes chemical reactions are governed
by the SOC and weak exchange interactions involving spins of
paramagnetic iron and copper ions.> Spin catalysis favours fast
and efficient (with small energy expenditure) dissociation of
the O —O bond in the oxygen molecule.

Quantum chemistry is a unique tool for understanding of
vitally important processes.'*6~1¢0 Similarly to quantum
mechanics, which provides explanation for very subtle effects
of spin interaction in solids,'! ~ 164 quantum chemistry makes
it possible to study electron-spin dependent properties of living
matter.

VI. Conclusion

Removal of spin prohibition on singlet—triplet transitions in
oxygen molecule interacting with buffer gas, solvent or co-
enzyme molecules in complex biopolymers is in some cases
determined by certain common mechanisms. Physical substan-
tiation of the mechanisms of bio-activation of oxygen is
impossible if simpler mechanisms of O, photo-activation in
solutions of organic dyes or upon collisions with other mole-
cules in the gas phase remain unclear. In this review the term
‘photo-activation” means acceleration of radiative and non-
radiative triplet—singlet transitions in oxygen molecule
induced by collisions with the solvent molecule, including
sensitisation of singlet oxygen.

Analysis of the mechanisms of Ox(a'A,) quenching is
closely related to these problems, being very important for
understanding of the mechanism of bio-activation of oxygen.
We considered the electronic structures and energies of various
low-lying states of the O» molecule and the collision complexes
of oxygen with simple (H», N>, CH3Cl, C;H4) and more
complex molecules (benzene, naphthalene, dyes). The inclu-
sion of specific spin—orbit coupling in the open mg-shell of
oxygen makes it possible to explain the intensities of the T—S
transitions of the O, molecule and collision complexes. Selec-
tive enhancement of the intensity of the a'A; — X 3%, radiative
transition upon collisions and its quenching in various solvents
(M) was explained. The contribution of M* —O5 charge
transfer causes the SOC between the T —S states of oxygen to
strengthen, which enhances the quenching of Ox(a'A,). Enzy-
matic activation of oxygen by, e.g., glucose oxidase proceeds
by a similar mechanism of T — S-transitions.

The mechanisms of activation and quenching of singlet
oxygen involve energy transfer, which depends on exchange
interactions, SOC, charge transfer, intra- and intermolecular
vibrations. Based on analysis of the physical mechanisms of
photo-activation, three types of oxygen activation by oxidase
enzymes were proposed. They involve intermediate formation
of the superoxide ion, O3, and peroxide ion, O3~. Elucidation
of O, activation mechanisms due to T —S transitions in oxy-
gen-binding enzymatic complexes opens new fields of inves-
tigations in biotechnology, namely, research on magnetic
biopolymers and the effect of magnetic and microwave fields

on the rate of spin inversion in these complexes,'? 4% on the
yield of O; and OOH radicals and on other important
biochemical processes.!®0
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