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Abstract—In the MoYP/H,0,/H,0 system, the relaxation time (T,) of protons in a water molecule and in a
CH; group decreases 10 to 30 times under conditions of dismutation of H,0, with the formation of 'O,( ‘Ag). It
is experimentally found that the overequilibrium concentration of triplet dioxygen cannot be the reason behind
adecreasein T, in the 'H NMR spectra. Neither can it explain the anomalous line broadening in ESR spectra
under conditions of '0,('A,) formation in the systems V®"//H,0,/AcOH and Mo"/H,0,/H,0. Ab initio cal-

culations showed that it is principle possible that the 304(32; DlAg) molecule existsin asnake-like form and is

formed by the reaction between 302(32@ and '0,('A,), whichisthe product of H,O, decomposition in the sys-
tems V/H,0,/AcOH and MoV)/H,0,/H,0. The interaction of 'O, with the "OOH radical is exothermic
(AQ = 2.30 kcal/mol) and leads to the formation of "OOOOH. It is assumed that the paramagnetic species of
type ‘OOOO0H or *0,(3A,) that is formed in the reaction might be responsible for the spectral effects observed.

INTRODUCTION

Singlet dioxygen 'O,('4,) isknown as an active oxi-
dant in chemical and bi ologlcal systems [1, 2]. It was
found early in the 20th century that eosin, acridone, and
some other dyes possess bactericide propertiesin light
in the presence of oxygen [3, 4]. This phenomenon was
called “photodynamic action” and was used in curing
skin deceases. From the late 1970s and early 1980s, the
photodynamic therapy of cancer (PTC) has been
actively developed [5]. The photosensitized appearance
of !0, inacell leadsto cell degradation and thus forms
the basis for PTC. Singlet dioxygen is capable of bio-
logically oxidizing important molecul es, such as unsat-
urated fatty acids, lipids, cholesterol, mono- and
polysaccharides, amino acids and peptides, carotinoids,
etc.

The reactions of '0,('A,) with various chemical
compounds are characterized by molecular rather than
radical pathways. Thus, reactions with olefins, polyun-
saturated, and aromatic compounds lead to the forma-
tion of dioxetenes and endoperoxides, which are the
products of 'O, cycloaddition to the double bonds of
unsaturated substrates, as well as hydroperoxides [6].
The formation of endoperoxidesin the interaction with
9,10-dimethyl- or 9,10-diphenylanthracene is a probe

reaction for the presence of '0,('A,) [1]. Sulfide photo-
oxidation [6, 7] with the formation of sulfoxides and
sulfones occurs via the intermediate formation of a
bipolar persulfoxide (A) or thiodioxirane (B) depend-
ing on the polarity of the solvent:

O o /O
R;S—0-0 RyS |
o}

A B

Theinteraction of '0,('A,) with thiolsis assumed to
form the basis for skin protect|on from the action of
light [8].

At the same time, some reactions of '0,('A,) are
known to produce free radicals. Thus, stable n|troxyl
radicals have been obtained by tertiary amine photoox-
idation [9].

There are no published data on the chemical interac-
tion of '0O,('A,) with radicals, but it is known that per-
oxy radicals are efficient physical quenchers of '0O,.
Thus, acylperoxy radicals CH;COOO', PhCOOOO",
and p-CH;C4,H,COO0Q" quench 'O, luminescence in
benzene with arate constant of ~10'° mol I-! s!, which
is closeto the diffusion limit [10]. The rate constant for
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quenching by the peroxy radicalsPhOO, tert-Bu0O",

PhCH,00", Ph,CHOO", and Ph,COQO" in benzene is
(2-7) x 10° mol I-! s! [11], which is close to the value
of the rate constant of 'O, quenching by the superoxide
radical ion in dimethyl sulfoxide (1.6 x 10° mol I-! s!
[12]). Stable nitroxyl radicals also quench '0,, but the
rates of this process are lower (10°-10° mol I-' s'! for
aliphatic radials and 10°~107 mol I-! s! for aromatic
radicals [13]).

In the catalytic decomposition of H,0, with the for-
mation of singlet dioxygen in agueous and acetic acid
solutions, an unusual line broadening in the EPR spec-
tra of various free radicals has been observed [14-18].
The rate constants of interaction of these radicals with
10, differ by two or three orders of magnitude, whereas
line broadening was comparable in al cases (7-10 G).
In this paper, we analyze possible reasons for the phe-
nomenon observed in the catalytic systems
H,0,/V™/AcOH and H,0,/MoVI/H,0.

EXPERIMENTAL
Reagents and Materials

A phosphate buffer (pH 10.3) was prepared using a
pH-150M pH meter (Belarus) and distilled water,
H,PO,, and Na;PO, - 12H,0 (analytical purity grade). In
the experiments on the measurements of relaxation
time(T,) inthe preparation of the buffer, D,O was used.
Acetic acid, CH;COONa, and an agueous solution of
hydrogen peroxide (9.67 mol/l) were used without
additional purification (all chemical purity grade). A
concentrated solution of H,O, (15 mol/l) was obtained
by the distillation of commercia H,0, (anaytica
purity grade). Stable nitroxyl radicals 1-H,2,5-dihydro-
4-isopropyl-2,2,5,5-tetramethyl-imidasoline-N-1-oxyl
(1) and 1-H,2,5-dihydro-3-carbamido-2,2,5,5-tetrame-
thyl-pyrroline-N-1-oxyl (2) (all 95% pure according to
GLC ~ analysis), (CH;);CCOONa, Na,MoO,, and
NH,VO; were used without additional purification. The
VO(acac), compound was recrystallized from CHCl;.

Preparation of the Catalyst Solution

For the preparation of a solution of vanadium(V) in
AcOH, 100 mg of finely dispersed NH,VO; was boiled
in 100 ml of AcOH for 4-5 h. Undissolved NH,VO,
was filtered off. The concentration of vanadium(V) in
the resulting solution determined using an ICP-MSHP
4500 spectrophotometer (with an external standard
NH,VO;) was 3.7 x 10~ mol/l. In some kinetic experi-
ments, VO(acac),, whose solubility in AcCOH is much
higher, was used as a catalyst precursor. EPR data
showed that the vanadium(lV) signal from VO(acac),
disappears as soon as the first drops of H,0, are added
to the reaction solution. The replacement of VO(acac),
by NH,VO, affects neither the composition of products
of the reaction nor itsrate.
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H,0, Decomposition

The reaction was carried out at 30°C in a thermo-
stated Pyrex reactor equipped with a reflux condenser
and a magnetic dtirrer. In a typical run, 4.4 ml
(42.5 mmol) of aqueous H,0, (9.67 mol/l) was
added to 1.33 mg (0.005 mmol) VO(acac), in 50 ml
AcOH. 2-Ethylanthracene (2-EA), CH;COONa,
(CH;);COONa and free nitroxyl radicals were dis-
solved in areaction mixture before adding H,0,. Sam-
ples of the reaction mixture were diluted with a 3 ml
2N agueous solution of H,SO,. The rate of H,0,
decomposition was controlled by iodometric titration.

Measurement of O, Concentration Formed
in H,0, Decomposition

The concentration of oxygen in the solutions was
determined by the amperometric method at a constant
cathode potential using a Clarke-like measuring cell.
The current passing through the measuring cell was
proportional to the concentration of oxygen. The pro-
portionality coefficient depended on the construction of
the cell, medium pH, temperature, and stirring intensity
near the electrode. The instrument was calibrated using
a buffer solution saturated with air and oxygen [19]. In
a typical run, a stirred cell for the determination of
dioxygen concentration thermostated at 25°C was
charged with a 1-ml solution of the phosphate buffer
(pH 10.5) and 3 pl (0.05 mmol) of hydrogen peroxide
(17 mol/l) was added. After thermostating, 1 pl
Na,MoO, in aphosphate buffer (102 mol/l) was added.
Intheseruns, theinitial concentration of H,0, was cho-
sen to be 0.05 rather than 0.2 mol/l asin the case of ESR
spectra. This made it possible to increase the accuracy
of the measurement of the maximum on the curve of the
concentration of dissolved dioxygen. A tenfold
decreasein the catalyst concentration (to 10-* mol/l) led
to adecreasein therate of O, formation and an increase
in the probability of itsretaining in the liquid phase.

Foectral Sudies

EPR spectra were recorded on a Radiopan SE/X-
2542 instrument (9450 MHz, 0.5 G modulation ampli-
tude) at 255-293 K. The internal field standard was
1,1-diphenyl-2-picrylhydrazyl (DPPG). Computational
processing and the simulation of spectra were carried
out according to the procedure described in [20]. The
integral intensity of the signal was determined with ref-
erence to the third and fourth components of the signal
of Mn/MgO, which was taken as an internal standard.

In atypica run, 1 ml (9.7 mmal) of the agqueous
solution (9.67 mal/l) of H,0, was added to 9 ml of gla-
cial AcOH containing 102 mol/l VO(acac),. Theresult-
ing solution was placed into a flat EPR spectrometer
cell (1 x 10 mm) equipped with two glass capillaries
with a diameter of 0.2-0.3 mm. The capillaries were
attached to the chambersfilled with O,, Ar, or CO,. The
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Fig. 1. The O, molecule in the (&) trans and (b) twist conformations and (c) radical H 0;1 .

corresponding gas passed through a cell during spec-
trum recording.

The NMR spectra were recorded on a Bruker
EPX-300 instrument. The values of T, were calculated
using a computer program installed on a spectrometer
computer. This program took into account the error of
iteration convergence accurate to the second decimal
digit. In a typical run, 0.037 ml (0.629 mmol) of the
aqueous solution (8.5 mol/l) of H,0, was added to
2.3 ml of the buffer solution (D,O, pH 10.5) containing
102 mol/l Na,MoOy,, 3 x 1072 mol/l (CH;);CCOONa,
and 9 x 10~2 mol/l CH;COONa. The resulting solution
was placed into an ampule of the NMR spectrometer
with an inner diameter of 5 mm.

The measurements of IR chemiluminescence of sin-
glet dioxygen were carried out using a photometric
setup ([21-23] and references therein) modified to reg-
ister chemiluminescence. The sample radiation was
focused on the entrance dit of an MDR-2 monochro-
mator and then registered by an FEU-83 photomulti-
plier cooled to —60°C with liquid nitrogen vapors or
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Fig. 2. Potential energy curve of the O( 32; DlAg) mole-

culeinthetransition from transto cis configuration depend-
ing on the torsion angle 04-03-02-01 calculated in the
UHF/6-311+G(d,p) approximation.

measured by the same photomuiltiplier without amono-
chromator through a boundary light filter that transmits
light in the region of A = 1000 nm. The photomultiplier
signal was amplified with atime constant of ~0.25 sand
passed to a two-coordinate plotter or was registered by
acomputer. The setup made it possible to register spec-
tra and the kinetics of damping luminescence in the
range 400-1300 nm. The solution studied was inside a
thermostated spectrophotometer cell with a thickness
of 1 cm.

Inatypical run, 0.18 ml (3.06 mmol) of the aqueous
solution (17 mol/l) of H,O, was added to 3 ml of glacial
AcOH containing 102 mol/l VO(acac),. The resulting
solutionwasplaced inaglasscell (1 x 3 cm). Thekinet-
ics of chemiluminescence was studied at 22°C. The
GraFit program package was used for mathematical
processing.

Quantum Chemical Calculations

Ab initio calculations of the triplet 30,(°Z, 0A,)
molecule were carried out. Thismoleculeis expected to

form viathe reaction of 304( 32;) with 10,('A,):

0,(°z) +'0,('8)) 0,5, 08y). )
We considered trans (°B,,, Fig. 1a), nonplanar spiral
twist (*A,, Fig. 1b), and cis (°B,) conformations of the

304(32; D1A9) molecule. To determine the ground-state

geometry and the conformational stability of this mol-
ecule, we calculated the potential energy curve (PEC)
of rotation around the central O—O bond (Fig. 2) in the
framework of the unrestricted Hartree-Fock (UHF)
method using the standard valence-split 6-311+G(d,p)
basis set. The curve corresponding to the minimal

energy path for the transition of the3O4(32; DlAg) mol-
ecule from the twist conformation to trans and cis con-

formations was cal culated with the step A(04030201) =
10°. According to our calculations, twist and trans con-

KINETICS AND CATALYSIS Vol. 44 No.1 2003



THE ROLE OF SINGLET AND TRIPLET DIOXYGEN MOLECULES 43

formation of the30,( BZQ ﬁAg) molecule are more ener-
getically favorable.

Reaction (1) is equilibrium. The forward reaction

leads to the formation of the 304(325 D1A9) molecule,
and the reverse reaction leads to the dissociation of

30,2, 04,) into 20,(°Z,) and '0,('A,). To study the

stability of 304(32; DlAg), we calculated PEC corre-
sponding to the dissociation of twist and trans confor-

mations of the30,(°z, [}A,) molecule. Both PECswere

calculated for the R(02-03) distance in *0,(°z, 0A,)

with the fixed step AR=0.2 A with the optimization of
all other structural parameters (in the region of the most
important portions of the energy curves; e.g., near the
equilibrium distance, the step was decreased to
AR(02-03)=0.05 A).

According to the principle of chemica reaction
reversibility, the calculated PEC a so correspondsto the
optimal pathways for reactants approaching each other

in the reaction 30,(°Z) + '0,('8,) — 20,z 0A,).
Such a caculation procedure makes it possible to

choose the minimal-energy pathway orientations of
reactants.

The precision values of the activation barriers, dis-
sociation energy, and the structural parameters for the
dissociation of 304(32; DlAg) were calculated taking
into account the electron correlation energy using the
method of complete active space self-consistent field
(CASSCF). The use of this method is necessary for the
correct description of the symmetry of wave function of
the30,(°Z, A, ) molecule, because systems containing
singlet dioxygen cannot be described correctly in the
framework of the methods that use a one-determinant
wave function. The calculation of the 30,(°Z, A,)
molecule was carried out in the 6-311+G(d,p) basis set
for the active space involving eight electrons and eight
orbitals (henceforth, denoted as (8,8)) with the optimi-
zation of all its geometric parameters. The calculations
of molecules 302(32;) and '0,('A,) were also carried

out using the CASSCF method in the 6-311+G(d,p)
basis set and the active space (4,6) with the optimiza-
tion of interatomic distance. The choice of this active

space for the calculation of the 302(32;) and '0,('4,)

moleculesis explained by thefact that it is necessary to
involve the same orbitals in the active space as for the

30,(°z, On,) molecule. This makes it possible to cal-
culate all molecules participating in the dissociation

reaction with the same accuracy 30,(°z, (1a,) —
302(32;) +10,('A,). The values of the activation barrier

KINETICS AND CATALYSIS Vol. 44 No.1 2003

of the transition from the twist to trans configuration
was refined in the framework of the CASSCF methods
in the active space (8,8) with the geometry obtained by
the UHF method in the 6-311+G(d,p) basis set.

The HO, and OOH" radicals were calculated by

the G2 method, which has approximately the same
accuracy as CASSCF but requires less computation.
Calculations were carried out using Gaussian 94.

RESULTS AND DISCUSSION

The photophysical method for generating singlet
dioxygen '0,('A,) via energy transfer from an excited
photosensitizer moleculeto 20, is used most frequently
[24]. Chemical reactions are also known that result in
the formation of dioxygen in the singlet state as, for
instance, the recombination of peroxy radicals[25], the

oxidation of the HO, ion by the hypochlorite ion in

aqueous akali solutions[26], and the reaction of super-
oxide radical ion with halogenated hydrocarbons [27].
Recently, a new method has been developed for gener-
ating '0,('A,) using the catalytic decomposition of
alkyl hydroperoxides [28] or hydrogen peroxide
[14-18, 29, 30] with the formation of active species
capable of generating 'O, or transferring it to the sub-
Strates:

2H,0, - 10, + 2H,0,

where Cat = Ca(OH),, H,TiO;, NaVO,, Na,MoO,,
Na,WO,, etc.

In this work we used VO(acac), in acetic acid and
Na,MoQ, in water as catalysts.

1. Anomalous Line Broadening in EPR Spectra
of Free Radicals

When hydrogen peroxide decomposesin acetic acid
in the presence of vanadium(V) complexes, severd
active diamagnetic intermediates (various oxygen-con-
taining vanadium complexes) are formed [14-18]. In
addition to these compounds, a paramagnetic species
was found in the system under consideration. Its EPR
spectrum in the argon atmosphere is a well-resolved
octet withg=2.01125 £0.00005 anda=4.8 G (aisthe
hyperfine interaction constant). The spectral parame-
ters of the observed signal coincide with the parameters
of the vanadium(V) complex with the superoxide radi-

ca ion VV)(O,) described above [31-33]. In the

absence of argon purging, the EPR lines of this com-
plex radical are broadened from 2.6 to 6-8 G without
changing their integral intensity. The spectral parame-
tersof EPR linesfor nitroxyl radicals1 and 2 in the cat-
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Fig. 3. Decomposition of H,0, catalyzed by (1) Na,MoO,
and the relaxation times (T;) of (2) water protons, (3) pro-
tons of sodium acetate, and (4) protons of sodium pilavate.
Mo™D] = 1072 moal/l, [Hy0,], = 0.22 mal/l, T = 30°C;
phosphate buffer (pH 10.5).

alytic systems VV/H,0,/AcOH and Mo‘VY/H,0,/D,0
change in an analogous manner.

CH3

HsC C-NH;
—N —

H3C ><CH3 H3C CH3
H3C N CHg H3C N CH3
| |
O O
1 2

For the acetic acid system, radical 1 was chosen,
which is rather stable in an acidic medium, and this
made it possible to monitor the change in the form of
the EPR signal in the course of the reaction.

In the absence of hydrogen peroxide in the EPR
spectrum of a 10* M solution of radical 1 in
VM/ACOH, a characteristic triplet (g = 2.0028 G) is
observed. After introducing 1 M H,0,, the EPR spec-
trum of the reaction mixture in a flow of argon is a
superposition of two signals, an octet corresponding to
V¥)(03), and a triplet corresponding to the nitroxyl
radical 1. Both signals are well resolved (in an argon
atmosphere for radical 1: a = 1.20-1.32 G, a=14.5 +
0.1 G; for VIV(0,): a =0.94-1.15G; a isthelinewidth
anda=4.8G). If the solutionisnot purged with any gas
after ~2 min, both signals are broadened (by more than
7 G) so that a cannot be determined due to the small
amplitude of the signal for 1. For VV(0O5), the param-
eters of the spectrum are o ~ 5.14 G, and a ~ 4.9 G.
When purging is resumed, the initial form of the spec-
trum and the values of parameters of both signals are
restored.

In the MoYI/H,0,/D,0 system, the decomposition
of hydrogen peroxide occurs via the molecular mecha-
nism, and according to EPR data, does not result in the
formation of paramagnetic species even in side reac-
tions. Our experiments showed that nitroxyl radical 2is
not consumed in the H,O, decomposition in the
Mo®D/H,0/D,0 system.

In the absence of hydrogen peroxide, the EPR spec-
trum of a 10* M solution of radica 2 in MoY/D,0O
([Mo™D] = 102 M) contains a triplet (g = 2.0049, a =
15.49 G) with alinewidth of 1.52 G in the case of argon
purging. When the same solution is purged with triplet
0,, line broadening is minor (up to 2.50 G). After add-
ing 1 M H,0, without purging, the EPR signal of
nitroxyl radical 2 immediately broadens (the spectrum
was recorded 2-3 min after reactant mixing) up to a
certain value (~8.3 G). The values of the g factor, a, and
the integral intensity are preserved. Purging the reac-
tion solution with argon narrows the spectrum to the
initial parameters. Such line broadening and narrowing
can be observed many times during the period while
H,0, is present in the system.

The constancy of the g factor, «, and the integral
intensity under different conditions of spectrum record-
ing pointsto the fact that both narrow and broad signals
of the EPR spectrum correspond to the same paramag-
netic species. The value line broadening is independent
of the nature of theradical, catalyst (vanadium or molyb-
denum), and the medium where the reaction occurs
(acidic for vanadium and akali for molybdenum).

Narrowing the spectral lines when purging the reac-
tion solution by any gas (argon, CO,, or 30,) points to
the fact that a volatile product accumulated in H,O,
decomposition is responsible for the unusual EPR line
broadening. It is possible that such a substance is diox-
ygen formed in H,O, decompoasition, becausethisisthe
only known gaseous product formed in the
MoVV/H,0,/H,0 system.

2. Analysis of Possible Reasons for Anomalous
EPR Line Broadening

2.1. Solution oversaturation with triplet dioxy-
gen. Experiments requiring exact measurements of lin-
ewidth in the EPR spectrum were carried out in the
Mo“P/H,0,/H,0 system because the linewidth of the
well-resolved triplet of nitroxyl radical 2 can be mea-
sured rather accurately in the case of aline broadening

of 7-10 G. The complex radical VV(O,) is aways
present in a dStationary concentration in the
VV/H,0,/AcOH system (see above), and its spectrum
loses its fine structure when the spectrum broadens.
This makes accurate measurements impossible.

In the Mo(VI)-catalyzed decomposition of hydro-
gen peroxide, broadening is observed for at least
40 min. During this period, 70-90% of hydrogen per-
oxideis decomposed. The widths of EPR lines decrease

KINETICS AND CATALYSIS Vol. 44 No.1 2003
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Fig. 4. A changeinthe EPR linewidth of radical 2 inH,0,
decomposition in the (I) MoYY/H,0,/H,0 and (Il)
Fe"/H,0,/H,0 systems. T = 20°C. (I): at [Mo‘VP] =
1072 mol/l: (1) [2] =5 x 1073 mol/l, (2) [2] = 102 mol/l,
(3) [2] = 104 mol/l; at [2] = 107 mol/l: (4) [MoVD] =
2x 102 mol/l, (5) [MoV")] = 5 x 1072 mol/I, (6) in the
presence of 1073 mol/l NaN3. [H,0,], = 0.2 mol/l, phos-
phate buffer (pH 10). (11): [Fe™] = 1072 mol/l, [H,0,], =
1mol/l, [2] =5 x 10~* mol/l, KOH solution, pH 10.

inasimilar manner as H,0, isconsumed (Fig. 3, curve /
and Fig. 4, curve ) and approaches a value correspond-
ing to the widths of lines in an agueous solution satu-
rated with dioxygen (°0,) at a partial pressure of 1 atm
(Fig. 4, curvel).

A general property of the catalytic systems for the
decomposition of hydrogen peroxide where the effect
described aboveisobserved istheir capability of gener-
ating dioxygen in the ground triplet (*0,) and excited

(10, 'A,) States [14-18, 29, 30].

In connection with this, two hypotheses as to the
reasonsfor anomal ous broadening have been advanced:

(a) The effect is due to the accumulation of 30, in
the solution. It is the overequilibrium concentration of
30, that has been used to explain 'H NMR line broad-
ening under conditions of H,0, decomposition under
the action of an electron beam [34]. In principle, the
oversaturation of the solution with 30, and the interac-
tion of this paramagnetic species with the radical could
be the reason for the apparent anomalous line broaden-
ing in the EPR spectra under the conditions of our
experiments on the catalytic decomposition of H,0,
[14-18].

(b) The reason for the EPR line broadening is the
presence of singlet oxygen in the solution.

To check these hypotheses, we carried out the fol-
lowing studies. The kinetics of EPR line broadening
was compared with changes in the concentrations of
triplet and singlet dioxygen in the course of the reaction
using the most reliable methods to record them: the
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Fig. 5. Dependence of the concentration of dissolved oxy-
genontime: (1) in buffer solution purging with triplet diox-
ygen, (a) beginning of purging, (b) end of purging; phos-
phate buffer, pH 10.5, T = 25°C; (2) in hydrogen peroxide
decomposition, (c) addition of H,0O, to the cell, (d) addition
of the catalyst solution; [Mo™"] = 107 mol/l, [H,0,], =
0.05 mal/l, phosphate buffer, pH 10.5, T = 25°C.

polarographic detection of 30, [19] and the detection of
'0,('A,) using its proper chemiluminescence in the
range of 1270 nm [21-24].

To determine the solubility of 20O, under the condi-
tions used, oxygen was passed through a solution in a
measuring cell while the concentration of oxygen grew
until reaching the equilibrium value. When oxygen
purging is discontinued, the concentration of dissolved
0, starts to decrease and returnsitsinitial value corre-
sponding to the equilibrium of the solution with air for
~10 min (Fig. 5, curve /).

In the absence of the catalyst, the decompasition of
hydrogen peroxide occurs very slowly and cannot be
detected by the usual chemical methods. However, a
change in the electrode potential pointed to detectable
oxygen evolution, apparently dueto hydrogen peroxide
decomposition on the metallic wall of the measuring
cell. This fact points to the high sensitivity of the
method (Fig. 5, curve 2). After adding the catalyst,
intensive hydrogen peroxide decomposition begins and
the concentration of dissolved oxygen dramatically
increases and reaches the maximal value in 1.5-2 min
(Fig. 5, curve 2). Approximately 3 min after the begin-
ning of decomposition, the concentration of oxygen
dissolved in the reaction mixture decreased to a value
that is close to equilibrium (at an oxygen partial pres-
sure of 1 atm; Fig. 5, curve 2). The maximal apparent
concentration of dissolved oxygen is at most two times
higher than the equilibrium one (at an oxygen partial
pressure of 1 atm). The equilibrium concentration of
dissolved oxygen restored after reaching the maximum
earlier than the recording of the first EPR spectrum

began.!

1The spectrum recording began 3—4 min after reactant mixing.
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Fig. 6. (a) Chemiluminescence spectrum of singlet dioxygen
obtained by the decomposition of hydrogen peroxide in the
acetic acid solution. H,0, = 1 mal/l, [VIV)] = 1072 mal/l,
T = 15°C; (b) dependence of the intensity at the maximum
of chemiluminescence of singlet dioxygen ontimein the
decomposition of hydrogen peroxide in the systems

(1, 2) VY/H,0,/AcOH and (3) Mo YD/H,0,/H,0 (1) in
the absence and (2) in the presence of 2-ethylanthracene.
[H,0,] =0.25 mal/l, [2-EA] = 0.02 mol/l, [VV)] = 1072 malll,
T = 22°C. [H,0,]o = 0.17 mal/l, [MoYP] = 107> mal/l,
phosphate buffer, pH 10.5, T = 27°C.

As can be seen from Fig. 3, in the experiments on
the catalytic decomposition of H,0,, EPR line broaden-
ing was observed immediately after adding hydrogen
peroxide or the catalyst to the solution and continued
for at least 40 min after the beginning of the reaction,
that is, much later than the drop of 30, concentration to
the equilibrium value.

Note that all measurements of dissolved O, evolved
in the decomposition of H,0, were carried out under

conditions of stirri ng.2 We supposed that stirring might
prevent the oversaturation of the solution with oxygen.
However, our experiments showed that thiswas not the
case. In contrast to our expectations, in the absence of
gtirring, the instrument showed an underestimated
(by ~1.5%) concentration of dioxygen both at the max-
imum of the O, accumulation curve and at a portion of
the curve that corresponds to solution saturation with
oxygen and coincides with the EPR spectrum recording
intime. It also follows from this observation that diox-
ygen formed in the reaction cannot be accumulated in
the solution at a concentration that is an order of mag-
nitude higher than the equilibrium concentration.

2In our experiments, the reaction mixture was prepared in a test
tube, vigorously stirred, and then poured into an EPR spectrome-
ter cell.

Under conditions of catalytic H,0, decomposition
by iron ions (1 mol/l H,0,, 10> mol/l FeSO,, KOH
solution, pH 10) when triplet dioxygen is intensively
generated in the solution and singlet dioxygen is not
formed [5], the maxima width of the EPR line of
nitroxyl radical is 2.7-3.0 G, which corresponds to the
paramagnetic broadening of the EPR line in the solu-

tion saturated with triplet dioxygen.3 Moreover, the
vaue of broadening increases with time (Fig. 4, curvell)
and with an increase in the concentration of dissolved
dioxygen, whereas in the H,0, decomposition in the
VM/ACOH and MoYP/H,O systems, the linewidth in
the EPR spectrum was maximal at the very beginning
of arun (Fig. 4, curvel).

All these facts exclude the oversaturation of the solu-
tion with 30, from a list of possible reasons behind the
anomalous line broadening in the EPR spectra of radids.

To elucidate the possible effect of singlet dioxygen
on EPR line broadening, we carried out experiments on
IR chemiluminescence measurements of singlet dioxy-
gen in the decomposition of hydrogen peroxide in the
VM/AcOH and MoVV/H,0 systems. We found chemi-
luminescence with a spectral maximum at 1270 nm
corresponding to the chemiluminescence of singlet
dioxygen (Fig. 6a). Thetimeinterval of chemilumines-
cence decay approximately corresponds to the time
interval of hydrogen peroxide decomposition, but the
kinetics of these processes are different. The curve of
H,0, decomposition is adequately described by the

d[H,0,]

monotonic monoexponential  function ot =

—-k[H,0,],e™. In the acetic acid solution of vana
dium(V), the intensity of 'O, chemiluminescence aso
decreases exponentially (Fig. 6b, curve 3), whereas
chemiluminescence decays nonexponentialy in the
MoYP/H,O system, which is an indication of the com-
plex nature of the process responsible for the apparent
emission. Because the reaction is accompanied by the
active formation of dioxygen bubbling through a layer
of theliquid phase, it is possible that the chemilumines-
cence kinetics becomes more complex compared to the
kinetics of hydrogen peroxide decomposition dueto the
superposition of the process of bubble formation and
the process of singlet dioxygen redistribution between
the gas phase and the solution. Thisidea correl ates with
the fact that the passage of triplet dioxygen through the
reaction system eliminates line broadening in the EPR
spectra of radicals [14-18]. The lifetime of singlet
dioxygen in water is short, ~3 us [23]. In acetic acid,
this value is 23 £ 1 pus[17]. Thus, the removal of 'O,
from the solution in the course of purging is only pos-
sible if the concentration of singlet dioxygen is deter-
mined by the equilibrium between the solution and the

3 The rate of H,0, decomposition in these experiments was the
same as in the experiments with Mo(V").,
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bubble gas phase, where the lifetime of singlet dioxy-
gen is severa orders of magnitude longer than in the
solution [24].

It follows from Fig. 3 that H,O, is almost entirely
consumed for less than 1 h under the conditions of our
experiments. However, it is noticeable that, even after
H,0, exhaustion and the cessation of 'O, generation,
the EPR lines remain 1.5-2 times broader than in the
solution saturated with triplet dioxygen (see curves /
and/linFig.4att=1h).

The linewidth of *H NMR of water protons and pro-
tons of the CH; group in sodium acetate under condi-
tionsof '0,('A,) formationintheMoVV/H,0,/H,0 sys-
tem increases more than 100 times. Thus, before adding
hydrogen peroxide, it is ~0.8 Hz, whereas in the course
of H,0O, decomposition it is ~100 Hz. The relaxation
time of protons T, under these conditions decreases
more than 10 times: from 5.98 + 0.08 t0 0.412 + 0.08 s
for the protons of the CH, group and from 11.3 £ 0.1 to
0.442 +0.09 sfor water protons (Fig. 3, curves 2—4).

After a drastic decrease at the beginning of the run
and passing through a poorly resolved maximum, the
value of T, begins to increase long before the end of
H,0O, decomposition. However, the relaxation time
does not reach the initial relaxation time of protons T,
even ~48 h after exhaustion H,0,.

To elucidate the reason behind *H NMR line broad-
ening, we measured the relaxation times of protons of
water, sodium acetate, and sodium pivalate in a buffer
solution (D,0O, pH 10.5) in the presence and in the
absence of MoV complexes at oxygen pressures Pq,

ranging from 0.2 to 6 atm at 30°C. The presence of a
catalyst appeared to affect the value of T, insignifi-
cantly.

The resulting data are well described by a straight
line in the coordinates 1/T, — Po, (Fig. 7). These data

can be used to estimate the concentration of 30, in the
solution. Thus, the first measurement of the value of T,
3 min after the beginning of H,0, decomposition
showed that the relaxation times of al protons
decreased to ~0.4 s (Fig. 3, curves2—4). It is seen from
Fig. 6 that such avalue of T, is observed at an oxygen
pressure of 12 +2 atm, that is, at the concentration of
dissolved dioxygen (1.35 £0.23) x 1072 M (the equilib-
rium solubility of O, inwater is~3.6 x 1072 g/l at 30°C
and 1 atm [35]). By that time, 0.03 M of hydrogen per-
oxide decomposed. That is, provided that the dioxygen
formed remained entirely in the solution, its concentra-
tion reached 1.5 x 102 M. Thus, assuming that if the
dioxygen formed remains entirely in the solution, its
concentration should be sufficient to reach the apparent
relaxation time. In fact, a considerable portion of diox-
ygen desorbs and the above condition is not fulfilled.
Neverthel ess, we may reasonably assume that the effect
observed in the NMR spectraislargely due to the over-
saturation of the solution with 30,.

KINETICS AND CATALYSIS Vol. 44 No.1 2003

Ty, s
1/04F ——----———————————— -~

1 1
12 14
POz’ atm

Fig. 7. Dioxygen pressure dependence of the reciprocal relax-
ation time (1/T;) of protons of (1) H,0, (2) CH;COONa, and
(3) (CH3);CCOONa. T = 30°C, phosphate buffer, pH 10.5.

All the experimental curves considered above can
be categorized according to their shapes:. the first group
involves H,0, decomposition (Fig. 3, curve 7), 'O,
chemiluminescence decay (Fig. 6b), and a decrease in
the EPR linewidth in the MoVP/H,0 system with time
(Fig. 4, curve ). Comparison of these curves shows
that all three processes are cymbate. The values mono-
tonically decrease from the maximal value at the begin-
ning of arun to the minimal value at the end.

The other category of curvesincludesthe accumula
tion of dissolved triplet dioxygen in the decomposition
of H,0, (Fig. 5, curve /), achange in the width of the
EPR line in the Fe'W/H,0,/H,0 system (Fig. 4, curveIl),
and a decrease in T, of protons (Fig. 3, curves 2—4).
These curves aso correlate with each other. Thus, the
maximum concentration of 30,, the width of the EPR
line for radical 2, and the minimum of the relaxation
time are achieved not immediately but after a certain
period from the beginning of the experiment. Note that
the EPR linewidth of radical 2 in the Fe™/H,0,/H,0
system reaches the stationary values after ~40 min, that
is a the end of the H,O, decomposition reaction,
whereas the value of T, slowly (over a day) approaches
the initial value. These effects are due to the presence
of triplet dioxygen in the system.

Our data point to the fact that the reasons for the
decrease in the proton nucleus rel axation time observed
in the NMR spectrum and the anomal ous line broaden-
ing in the EPR spectrum are different. Thus, the maxi-
mal line broadening in the EPR spectrum is observed
right after the beginning of 'O, evolution, whereas the
poorly resolved maximum of the effect (the minimal
value of T,) registered in the 'H NMR spectra is
observed after acertain period of time (Fig. 3, curves2—4).
The linewidths of the EPR signal drastically decrease
by the end of the run when the values of T, dowly
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increase and do not reach the initial value even after
H,0, exhaustion.

The antibatic nature of curves belonging to different
categories points to the fact that triplet dioxygen is not
the only agent responsible for the broadening of EPR
signals of paramagnetic species and suggests that the
anomalous line broadening is associated with the for-
mation of singlet dioxygen in the solution.

Diamagnetic species 'O, is hardly capable of affect-
ing the shape of EPR spectra. However, singlet dioxy-
gen or its complex may participate in the formation of
arelatively stable paramagnetic species.

2.2. Formation of dimeric O, species The exist-
ence of triplet dioxygen dimersisknown from the liter-

ature.? This species was detected in the gas phase at a
low temperature[37] and in aneon matrix [38] by spec-
tral methods and by molecular beam scattering [39].
The ability of 'O, molecules to form O, dimers
(“dimoles’ [24, 40Q]) is aso known. In connection with
this, the question arises as to whether a reaction
between '0, and 30, is possible with the formation of
biradical species capable of contributing to the EPR
line broadening. Indirect data pointing to the possibility
of reactions between the singlet and triplet dioxygen
have been obtained in the photoionization of argon and
oxygen mixtures [41]. Under these conditions, species

with the compositions O, and O have been identified.
Their formation points to a reaction between 'O, and

the paramagnetic cation O, . Under conditions of mass
spectrometric—chromatographic experiments, the addi-

tion of O, to O, also occurs with the formation of O .
Adding an electron to this cation leads to the formation
of a neutral O, molecule, which is registered in the
mass spectrum after secondary ionization after acertain
period [42].

One of the tasks of this work was to determine
whether the addition of an *0O, molecule rather than the
cation to the 'O, moleculeis possible.

Asearly asin 1924, L ewis conjectured the existence
of dimers (dimoles) of dioxygen O, [43], which have
been studied since then because understanding the
nature of bonding in such dimersformsthe basisfor the
description of various processes. In 1960 Pauling pro-
posed that van der Waals forces play the main role in
the bonding in these molecules [44]. In 1966 L eckenby
and Robbins published the first mass spectrometric evi-
dence for the existence of such dimers in gaseous oxy-
gen at normal temperatures and pressures [45]. Earlier,
they found the dimers of triplet dioxygen in the course

4 The term dimer of triplet dioxygen does not refer to the O4 mole-
cule but rather to a pair of triplet dioxygen molecules (O,), the
distance between which is 2.5-5 A. The existence of such ad2| mer
is largely due to the van der Waals forces, but the contribution
from the chemical spin—spin interaction cannot be neglected
since it constitutes ~15% of the van der Waals interaction [36].

of ultrasonic adiabatic gas outflow from a reservoir
(40 atm) into a high vacuum [46].

It iscommonly believed that the interaction of diox-
ygen molecules 30, in the gas phase leads to three types
of dimers(0,),: callision pair, metastable, and “ bound”
states [47]. The binding in these molecules is hundreds
of times weaker than in usual chemical compounds.
The estimated energy of the 30,-°0, bond is
0.46 kcal/mol [48]. In experimental searches for the
30,30, dimers, weak absorption in the infrared, red
(near 630 and 580 nm), blue, and near UF regions was
detected [49]. In the study of absorption spectra of thin
(<0.5 um) samples of the “red phase” of solid oxygen
at high pressures (up to 63 MPa), a new mighty peak
was observed at ~300 cm™!. According to the authors,
the nature of the spectrum points to the association of
oxygen molecules leading to the formation of O, [50].

The energy of 0,0, formation estimated from the
IR absorption spectrais 0.83 kcal/mol [51].

A more exact quantum chemical characteristic of
the nature of 0,20, interaction gives the binding
energy of the ground (singlet) state of the 0,0, dimer:
17.0 £ 0.8 meV for the most stable geometry: two oxy-
gen molecules paralel to each other at a distance of
3.56 +0.07 A [36]. This typical value of the energy of
weak van der Waals interaction correlates with the dis-
tance found in the dimmer. A further decrease in the
distance between the molecules leads to a rapid
increase in the energy of the system.

The phosphorescence of dimole singlet dioxygen
[0,('Ay)], was discovered as early as in 1927 in the
study of chemiluminescence that appears in the reac-
tion of hydrogen peroxide with NaCIO [52]. More
recently, it has been found that the maximum of the
chemiluminescence spectrum is near 634 nm [53]. The
spectrum also contains bands at 580, 703, 760, 860,
1070, and 1270 nm [26, 54, 55]. Spectral and Kinetic
data led the authors of those studies to the conclusion
that in all cases the dimers [O,('A,)], are responsible
for luminescence in the region of <760 nm. Initialy,
this luminescence was only observed in the gas phase,
but later luminescence of [O,('A,)], was also observed
in liquid oxygen [56] and in the solutions under the
action of direct laser excitation of O, dissolved in fluor-
inated solvents[57] and in air-saturated solutionsin the
photosensitized generation of O,('4,) [22, 58-60].

Thereis preliminary quantum chemical information
on the structure of molecular oxygen dimers consisting

of [0,('A)], and [0,(°%;)],, whereas data on dimole

0, or the 0,('A,)0,(°Z;) molecule are absent. Proba-

bly, the problem of energetics and the structure of such
adducts has never been posed.

According to our quantum chemical calculations,
the values of the activation barriers taking into account
the electron correlation energy are 1.1 kcal/moal for the
twist to transtransition and 4.7 kcal/mol for the twist to
cistransition.
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. lAg) in the equilibrium configuration obtained in the approximations

Trans conformation (*B,y) Twist conformation (3A,)
Parameter

UHF CASSCF(8,8) UHF CASSCF(8,8)
R(01-02), R(03-04) 1.2512 A 1.3100 A 1.2672 A 1.336 A
R(02-03) 1.4198 A 1.5739 A 1.3874 A 1.4910 A
$(030201), $(040302) 107.1° 104.3° 109.7° 107.0°
$(04030201) 180.0° 180.0° 81.7° 84.9°
Energy, a u. —299.192219 —299.305471 —299.193639 —299.306480

The results of PEC calculation for the dissociation

of 304(32; D1A9) areshowninTable 1. Thedifferencein

the geometric parameters obtained by the CASSCF and
UHF methods is at most +10%. Figure 8 shows PECs

corresponding to the dissociation of 304(32; DlAg) in

the trans and twist conformations. These are the curves
showing changes in the potential energy of the system

depending on the R(02-03) distancein a’0,(°z; 0A,)
molecule.

The results showed that the values of R(O1-02) and
R(04-03) in the region of the dissociation of the

30,z 0A,) molecule are close to the experimental

value R(O-0) = 1.2075 A in the isolated dioxygen mol-
ecule (1.170 A in our calculation).

Theresults of calculation of the energies of the mol-
ecules 30,(°%y), '0,('4,), and *0,°z, A,) show
(Table 2) that the value of the full energy of the system
304(3’25 D1A9) with the equilibrium geometry and in the
dissociation limit virtually coincide with the sum of the
full energies of isolated reactants 0,(°X;) and '0,('A,)
(the differenceis as small as+0.003 atomic units). This

led usto the conclusion that the parameters of the active
space were chosen correctly for the molecules

30,z 08,), 20,(°;), and '0,('A,) and that the cal-
culated dissociation energies are rather accurate.

Twist and trans conformations of the 30,(°z;CIA,)

molecule correspond to the shallow local minima on
the corresponding PECs. 1.97 and 0.54 kcal/mol

(Fig. 8). Thus, the endothermic 304(32; D1A9) molecule
may exist in the form of a snake. Shallow potential

wells characterize the *0,,(°Z, [1A,) molecule as unsta-
ble despite the stability of the Hartree—Fock solution.

It follows from the data obtained that, for the forma-
tion of the 304(32; DlAg) moleculein thetwist and trans
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conformations from the 30,( 32;) and 'O,(*Ay) and mol-

ecules, 18.6 and 18.9 kcal/mol should be expended
(Fig. 8). Thus, in the absence of an additional energy
source, the reaction between the triplet and singlet
dioxygen molecules is thermodynamically unfavor-
able.

However, we cannot exclude the reaction
2H,0, +°0,(°%;) — 0,(°z; 04,) + 2H,0. (1)

The metathesis of hydrogen peroxide with the for-
mation of singlet dioxygen provides energy which is
amost equivalent to the energy of the endothermic

reaction of 10,(',) with 30,(°%; ):

2H,0, — 2H,0+ '0,("'A,)
AGygs = —24 keal/mol.
Kinetic studies of hydrogen peroxide metathesis

E,au.
—299.300

—-299.305
-299.310
-299.315
—299.320
—299.325
—299.330
—299.335

-299.340 —-
1.0 1.5

1 1 ]
40 45 5.0
R(02-03), A

| | | |
20 25 3.0 35

Fig. 8. Dissociation curves of the 04(32; DIAQ) molecule

into 102(32;) and 30,( 1Ag yfor (1) transand (2) twist con-

figurations depending on the R(02-03) distance estimated
by the CASSCF method.
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Table 2. Full energies(a. u.) of the 304(325 -1ng) molecule
in the equilibrium configuration and at the dissociation limit

and full energies of the molecules 30,( 32;) and '0,(*A) ob-
tained by the CASSCF method (the basis set 6-311+G(d, p))

3__
30,07z, - 1A
Method i 2g g
trans conformation | twist conformation
CASSCF(8,8) —299.305471 —299.306480
CASSCF(8,8) —299.335610 —299.335610
(dissociation
limit)
3_- 10,1 %0 (32_)*'
0,(2g) | OBy | TZ 9
+205("2y)
CASSCF(8,8) |-149.646623 |-149.685531 |—299.332154

catalyzed by vanadium(V) compounds and anthracene
oxidation under the conditions of this reaction sug-
gested that the anthracene molecule, which plays the
role of a singlet dioxygen trap, reacts with a vana-
dium(V) complex and accepts the '0,('A,) molecule
formed [61-64]. We cannot exclude that the role of the
'0,('A,) molecule acceptor can belong to triplet dioxy-
gen in statu nascendi. In the framework of this

approach, the oversaturation of the *0,(°Z,) solution
should be favorable for an increase in the concentration
of 30,(°z; OA,).

Comparison of the curves of chemiluminescence
decay for 'O, formed in the VV/H,0,/AcOH system
with and without 2-ethylanthracene (Fig. 6b, curves 7, 2)
showed that the initial luminescence intensity and the

T DPPG

1 1 1 1
3280 3320 3360 H,G
Fig. 9. EPR spectra of the superoxide radical ion V(Y)(0,)
in the course of hydrogen peroxide decomposition in the
VV)/H,0,/AcOH system (1) in the presence and (2) in the
absence of 2-ethylanthracene.

rate of its decrease are virtualy the same; that is, the
steady-state concentration of singlet dioxygen does not
decrease with the addition of 2-ethylanthracene and
remains ~10~7 mol/l. This observation confirms that
free singlet dioxygen does not react with 2-ethylan-
thracene and pointsto the fact that the sources of singlet
dioxygen and the active oxidant are different vana-
dium(V) complexes.

In the experiments on the oxidation of 2-ethylan-
thracene, the EPR spectra of superoxide radical anion
VY)(O,) are awell resolved octet with a linewidth of
~1 G (Fig. 9, spectrum 1). The evolution of dioxygen
into the volume in the decomposition of hydrogen per-
oxide in the presence of 2-ethylanthracene in high con-
centrations (~0.05 mol/l) is substantially reduced
(Fig. 10): almost all the dioxygen that could be formed
by H,0O, decomposition is spent on substrate oxidation.
Under these conditions, a singlet dioxygen molecule
formed inside the coordination sphere of the vanadium
complex probably transfers onto the anthracene mole-
cule rather than onto the molecule of triplet dioxygen.
In this case, the steady-state concentration of 30,(°A,)
should decrease. Because in the framework of the given
mechanism spectral line broadening should be assigned
to the presence of 30,(°A,) in the solution, we expect
that, despite the high steady-state concentration of
'0,(',) in the presence of 2-ethylanthracene, narrow

VOZ’ ml

40}

30

20

10

1
0 10 20 30 40 50 60
Time, min

Fig. 10. Amount of oxygen V02 evolved in hydrogen per-

oxide decomposition in the V(Y)/H,0,/AcOH system
(1) without 2-ethylanthracene, (2) when 2-ethylanthracene
isadded at the beginning of H,O, decomposition, and (3) in
the course of H,0, decomposition. [H,O,] = 1 molll,
(VY] = 10*mol/l, [2-EA] = 0.05 mal/l, T = 50°C; t, isthe
time 2-ethylanthracene addition, t, and t; are the times of
90% conversion of 2-ethylanthracene.
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lines should be observed in the EPR spectrum. The
experiment is in excellent agreement with this conclu-
sion based on the proposed mechanism.

It is characteristic that such an efficient quencher of
singlet dioxygen as sodium azide does not affect the
linewidth in the EPR spectra. It is seen from Fig. 4 that
the linewidth of radical 2 isindependent of the presence
or absence of sodium azide in the solution (points 6 on
curve I). This result becomes clear if we assume that
EPR line broadening is largely determined by the con-
centration of 30,(*A,) or any other adduct of singlet

dioxygen with which the N3 ion does not react and on
the concentration of which the N has no effect.

2.3. Theformation of radicalsHO, . Thereactions
of species with unpaired electrons to singlet dioxygen
are possibly astypical for this compound as the forma-
tion of adducts with the compounds containing the sys-
tems of double bonds or an isolated C=C bond. Thus,
according to quantum chemical calculation, the addi-
tion of ahydrogen atom to the '0,('A,) molecule hasno
barrier and is exothermic [64]. Peroxy radicals are effi-
cient physica quenchers of 'O, [10-12]. Stable
nitroxyl radicals are aso the quenchers of '0,, but the
rates are lower [13]. We studied the addition of the
HO, radical to the '0,('A,) by quantum chemical
methods in connection with the problem of interaction
of oxygen-centered free radicals with the 'O,('A,) mol-
ecule.

Itisknown [65] that the HO, radical isstabilized by
molecular orbitals orthogonal to the molecular plane by
analogy with the dioxygen molecule. The radical HO,

containing three oxygen atoms is even more stable due
to the ozone-like delocalization of T=-MO. Longer radi-

cals, including HO, , take aspiral form and thisleadsto

a decrease in the stability of the two oxygen atoms at
the ends of a chain. The energy of stabilization of radi-

cals calculated in [65] are 64.4 kIJmol for HO,,
88.7 kdImol for HO;, and 69.5 kJ/mol for HO,.

In the UHF/6-31G(d,p) approximation with full geom-
etry optimization with the step AR(02-03) = 0.2 A, PEC
was caculated corresponding to the minimum energy

pathway for the dissociation reaction ‘'OOOOH —
10, + "OOH (Fig. 11). To obtain aprecision value of the
heat of the reaction of ‘'OOOOH formation (Fig. 1c)
from !0, and "OOH, we calculated '0,, 30,, "'OOH, and

‘'OO00H by the G2 method. Analysis of the data
obtained shows that the val ue of singlet—triplet splitting
in the O, molecule obtained by this method
(23.9 kcal/moal) agrees well with experimental data[1].

KINETICS AND CATALYSIS Vol. 44 No.1 2003

Ea u.
—299.60
-299.62
-299.64
—299.66
-299.68
-299.70
-299.72
-299.74
-299.76
20078 L1 1+ 004y
12 14 16 1.8 20 22 24 26

R(02-03), A

Fig. 11. Potentid energy curve corresponding to the minimal
energy path of the dissociation reaction "'OOOOH —~

10, + "O0H.

Thereaction '0,+ ‘OOH —» "‘OOOOH isslightly exo-
thermic: AQ = 2.30 kcal/mal.
This result points to new pathways for singlet diox-

ygen transformations with the participation of para-
magnetic species in alkali solutions, where, for

instance, MoOi_ actively catalyzes the decomposition

of H,0O, with the formation of '0,('A,) [29, 30]. At the
same time, this result can explain the pathways of
'0,('A,) quenching catalyzed by the peroxy radical.

The barrier-free addition of the ROO™ radical to the
'0,('A,) molecule and the subsequent fast decomposi-

tion of the adduct with the generation of ROO" and the

formation of the *0,( % ) molecule may form the basis
for fast quenching of '0,('A,).

CONCLUSION

The goa of this work was to determine factors
responsiblefor the experimentally observed anomal ous
broadening of signals from free radicals in the EPR
spectra and changes in the nuclear relaxation times in
the NMR spectra of electron-saturated compounds in
the solutions V®Y/H,0,/AcOH and MoY/H,0,/H,0.

Our results suggest that anomal ous line broadening
in the EPR spectra observed in solutions where singlet
dioxygen is chemically generated is only associated
with the formation of this electronically excited mole-
cule. This effect is at least in part due to the formation
of such hypothetical species as biradical *0,(*A,) and

radical ‘OOOOH in the system. According to quantum
chemical estimates, the stability of these compoundsin
the gas phase is low. However, we think that such com-
pounds can be stabilized due to the interaction with the
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solvent molecules. Furthermore, we expect that the
concentration of the biradical *0O,(*A,;) would increase
with an increase in the concentration of 30O, because of
the oversaturation of the solution in the course of H,0,
decomposition.

Analysis of detailed mechanisms of EPR line broad-
ening was beyond the scope of this work. This would
require taking into account effects appearing in the
course of 'O, quenching, times of spin-lattice relax-

ation of 0,(*A,) and ‘OOOOH, and other line-broaden-
ing factors.

A changein the time of nuclear relaxation under the
conditions of our experiments can be explained by the
oversaturation of the 30, solution if we make the unrea-
sonable assumption that, in contrast to the experimental
data, al of the 0O, formed in the system does not desorb
from the solution. Nevertheless, the effect observed is,
of course, at |east partly dueto theinteraction of solvate
nuclei with the *0, molecules.

Results pointing to the possibility of formation of
the biradical *0,(*A,) are very important in connection
with the discussion of the problems of the chemistry of
singlet dioxygen.
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