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Abstract—A theoretical analysis of ignition and combustion processes in a hydrogen—oxygen mixture behind
a shock wave is presented (1000 K < 7' <2500 K; 2.0 atm = P > 0.3 atm). The experiments performed using

stoichiometric mixtures with the detection of OH (>Z*) and rich mixtures with the detection of OH (*IT) were
interpreted in terms of a general kinetic approach. In this case, the apparent rate constant of the chain branching
reaction H + O, — O + OH was the only adjustable parameter. It was found that this rate constant increased
with decreasing hydrogen content and exceeded equilibrium values. In this context, the mechanism of chain
branching, which occurs through the formation of the vibrationally excited radical HO,(v), and the role of sec-
ondary vibrationally nonequilibrium O, and O,('A) molecules and the reaction H + O,('A) — O + OH are
discussed. New mechanisms of the formation and quenching of electronically excited OH(*Z") radicals, O('D)
atoms, and O,('A) molecules are considered. The results of a nonempirical (ab initio) analysis of molecular sys-
tems and the corresponding estimations of reaction rate constants were widely used.

DOI: 10.1134/S0023158407030044

INTRODUCTION

A hydrogen—oxygen reacting mixture, which is
most important from the practical standpoint, remains
over decades a central model system containing all of
the key details of the kinetics of gas-phase ignition,
combustion, and detonation processes (see [1-23] and
references therein). The H, + O, system has been stud-
ied by the shock tube method (e.g., see review [10]).
The experimental results obtained by this method are
particularly convenient for comparing with kinetic cal-
culations. Thus, the effect of walls is negligibly small
under appropriately chosen conditions; the self-heating
of a mixture can be ignored at low concentrations of a
reacting additive (for more detail, see [22]); and a sin-
gle reaction can be practically considered at a minimum
of parameters and assumptions with a specially chosen
composition of the mixture (e.g., see [20]).

Nevertheless, as a rule, the rate constants of the most
important reactions determined by different authors
even in the purest experiments differed by a factor of 2—
3 or higher. A reason for this is that overall reactions
were taken into account along with elementary reac-
tions in these calculations. In this context, nonempirical
sources of kinetic information become of particular
importance. However, the most important reason for
the above differences is the neglect of the effect of
vibrational nonequilibrium and electronic excitation,
which naturally appear in the course of combustion and
differently manifest themselves at various stages of an
experiment depending on the composition of the mix-
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ture. This problem is considered below as applied to the
most important chain branching reaction H + O, —
O+ OH.

The following concentrations of the most important
components are characteristic of experiments in shock
tubes and compositions with an insignificant concentra-
tion of a reacting additive, less than 5% (2H, + O,) [22,
23], mol/cm?: H,, O,, and H,0 ~ 10”7; H, O, and OH
(OH(I)) ~ 108-10"; HO, and O¥(O,('A)) ~ 10°-10719;
HOOH, ~ 107'!; O*(O('D)) ~ 10712, OH*(OH(*Z*)) ~ 10~
15-107"7. Although the concentrations of OH* radicals
are low, their emission

OH* — OH, hv =47000 K (A = 306 nm)

has long been used in research practice to determine the
induction time of ignition. Belles and Lauver [4] con-
sidered the main features of the overall kinetics of for-
mation of the OH* radical; the question of the detailed
mechanism of OH* formation is still an open question
(see Section 4). In this case, the role of electronically
excited O* and OF species, which have lower excita-

tion energies,
O — O%,
*
02 02 g

hv = 22800 K;
hv = 11400 K

is unclear.
The importance of answers to these questions is

directly related to the search for effective means of
affecting ignition and combustion processes.
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Fig. 1. Schematic diagram of shock tube experiments. Mea-
sured values: #* is the time between a shock front and the
point in time at which the emission OH* — OH reached
a maximum; 5 is the time between a front and the point in

time at which the light absorption OH —— OH* reached a
half of its maximum value.

EXPERIMENTAL

Previously [22], the electronically excited OH* rad-
ical was detected behind an incident shock wave using
emission spectroscopy. The stoichiometric mixtures of
2H, + O, diluted with argon were studied; the time #*
(Fig. 1) between a shock front and the point in time at
which emission at A = 306 nm reached a maximum (in
the calculations, it was identified with the point in time
at which a maximum concentration of OH* was
reached) was measured.

In this work, we also employed experimental results
obtained by Ryu et al. [16] using another technique
under different conditions: a reflected shock wave, the
detection of the OH radical in the ground electronic
state by absorption spectroscopy, rich mixtures of H, +
O, + Ar, and the time between a front and the point in
time at which light absorption by the OH radical
reached a half of its maximum value (5, see Fig. 1; in
the calculations, the point in time at which a half-max-
imum concentration of OH radicals was reached).

The published experimental results [16, 22] were
chosen because they are best suited for a direct compar-
ison with the results of isothermal kinetic calculations
(a small impurity of a reacting mixture in an inert gas
and, consequently, a minimized heat effect of exother-
mic reactions on gas dynamics; for more detail, see
[22]).

THEORETICAL

The nonempirical (ab initio) analysis of a number of
molecular systems was performed in order to distin-
guish the elementary steps of reactions and indepen-
dently evaluate the equilibrium rate constants. Quan-
tum-chemical calculation programs from the GAUSS-
IAN [24] and GAMESS [25] software packages were
used in combination with a previously proposed proce-
dure [26] for predicting the energy of a molecular sys-
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tem at the stationary points of a potential energy surface
by a special treatment of a series of calculations. The
following statistical methods were used for evaluating
rate constants: conventional transition state theory
(CTST) and variational transition state theory (VTST).
The degradation of highly excited complexes {H---O,} =
HO,(v) and {HO,--H}=HOOH(v) ~—— H,00(v) was
analyzed in terms of the Landau statistical theory (LST)
(e.g., see [27]). The required parameters of theory were
taken from ab initio calculations and compared with the
results of trajectory calculations (dynamic reaction
coordinate (DRC) option from the GAMESS package
[25]) on the same potential energy surfaces of the sys-
tems. The ab initio calculations are considered in detail
in the text.

The general formulation of the problem of the cal-
culation of a chemically and vibrationally nonequilib-
rium flow of a multicomponent gas mixture was consid-
ered previously [28, 29]. In this work, vibrational non-
equilibrium was systematically taken into account only
for starting (primary) molecules of H, and O,. We
intend to consider nonequilibrium effects in more detail
later on. Here, the problem is simplified to an isother-
mal problem: we believe that the mixture of H, + O, is
strongly diluted with an inert gas so that the heat effects
of reactions can be ignored. Under these conditions, it
is sufficient to integrate two Landau-Teller equations.
As a result, we obtain analytic functions for the vibra-
tional temperatures of H, and O,:

E(1) = E{~[E;~ Ey(0)lexp(~t/Ty).
T (1) = 8,/In{[1 + E()]/Ex(1) },
where E;, and T, are the vibrational energy and temper-

ature of the kth mode (in our case, H, or O,) and Ez and
E(0) are the equilibrium and initial values of E(f). The
effect of vibrational nonequilibrium on the rates of
chemical reactions was calculated in terms of a model
[28, 29] using the equations

KT, Ty) = %,.(T, TYkXT),

2
1 ZBri (D
x(T,T,) = exp|E, T——’ 5
> BT,
EX - HT/2
Er={' (& +4)T/ )
0, E, <O0.

Here, k(,) (7) is the equilibrium rate constant of the rth

reaction; Ef is the activation energy of the rth reaction;
E. is the fraction of the activation energy of the rth reac-
tion that accounts for the vibrational degrees of free-
dom of reactant molecules (obtained by subtracting
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rotational and translational energies from the activation
energy); &, is the number of the rotational degrees of
freedom of the molecules; and f,; are the expansion
coefficients of the rth reaction coordinate in normal
vibrations (modes).

At comparatively high temperatures (7' > 1400 K),
the effect of the vibrational relaxation of the parent
molecules of H, and O, manifested itself in the inhibi-
tion of the initiation reaction with the participation of
these molecules. The effect of vibrational nonequilib-
rium increases with temperature and activation energy
because the Landau-Teller temperature dependence of
vibrational relaxation time is weaker than the Arrhenius

dependence of k(,). Thus, at a high temperature, vibra-
tional equilibrium with respect to oxygen has no time to
be established before the end of the induction period
and the multiplier x(7, T}) in Eq. (1) is much lower
than 1 over a small time interval of the initial step of ini-
tiation (see Fig. 2). The integrated effect resulted in an
increase in the induction period.

RESULTS AND DISCUSSION

To describe the above experiments, we used a
kinetic scheme that involved reactions with the partici-
pation of H2, 02, Hzo, HO; . H, OH, O, Hzoz, 03, O; .
O*, and OH*. The table summarizes the main reactions
responsible for the mechanism of chemical transforma-
tions in general, as well as the mechanism of formation
and quenching of OH* radicals. The accepted values of

equilibrium rate constants k? (T) were chosen based on

published data [30, 31] (with consideration for the tem-
perature range), results [16, 20, 32—-34], and our estima-
tions based on an ab initio analysis, as well as by fitting
calculated values to experimental data. The molecular
constants and thermodynamic characteristics were con-
sistent with reference data [35, 36].

1. Mechanism of Initiation

In the kinetic calculations performed in this work, in
addition to reactions (1) and (2) and reverse reactions
(28") and (29") from the table, the following bimolecular
initiation processes were taken into account in the full
kinetic scheme:

(13) H2 + 02 -~ H20 + O,
kY <2 x 10'2(T/298) 8exp(~34000/T) (CTST),
(i4) H, + O, —= 20H,
kS, < 3% 102(T/298) %exp(—34400/T) (CTST),
(i5) O, + M~ 20 + M,

ki =3 x 10"exp(-58410/T) [31].

The trimolecular reactions
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Fig. 2. Calculated profiles of vibrational temperatures (/, I')
THz and (2, 2" T02 related to equilibrium values; (3, 3') Hy

concentration related to the initial value; and (4, 4', 5) the
values of ¥ and %, for initiation reactions (1) and (2) (see

the table); (/-5) calculation at 7= 1100 and P = 1.96 atm;
(1'—4") calculation at T=2300 and P = 0.5 atm (in this case,

Ky < 1072). Starting H,/O,/Ar mixture: 1.8 : 0.9 : 97.3.

(i6) H, + 20, — H + {HO,-0,},
HOOH + 0,/0% , 2HO,

with the overall rate constant
ks =~ 0.7 x 103(T/298) k| exp(AEA/T), AEA =~3000K, (3)

were also taken into account. In this case, the first pro-
cess of (i6) can occur on the potential energy surfaces
of the H,O, system at all of the allowed multiplicities of
1, 3, and 5.

Initiation depends on bimolecular reaction (1) over
wide temperature and pressure ranges. In the regions of
high temperatures (7'> 2200 K) and low pressures (P <
0.6 atm), reaction (2) becomes significant; reaction (i5)
has an effect only with the use of lean mixtures [20].
Michael et al. [20] estimated the apparent rate constant
of reaction (1) k; = 7.7 x 10"(T/298)**3exp(-26926/T)
at T = 1662-2097 K; this estimated value is 0.7-0.8 of

the theoretically estimated value of k? given in the

table. Recall that, at the step of initiation (7}, < T for the
initial molecules of O, and H,), the value of (T, T,) is

lower than the equilibrium value k? (T) (see Theoretical
and Fig. 2). Based on the average value of published
data [31], k; = 3.9 x 10'%(7/298)!*Mexp(-28230/T) is
noticeably smaller. We explain the above by the fact
that, in the interpretation of experiments, other authors
took into account the overall processes H, + O, —
H,0O + O, 20H in addition to reaction (1) (see the esti-
mations of corresponding apparent rate constants in
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Reactions and their equilibrium rate constants k(,) = A,(T/298.15)" exp(—Ef /T) (cm® mol™" s7!) in a mixture of H, + O, + Ar
at 1000 K< 7<2500K, 2.0 atm = P > 0.3 atm used in calculations in the interpretation of experimental data [16, 22, 23]

r Reactions M A, n Ef Notes
Initiation
1 H, + O =—H + HO, - 2.2 % 10"2 2.056 27059 a
2| H,+M~——2H+M H, 9.0x 10" - 48350 [31]
Ar 2.0x 10 - 48350
Chain branching, chain propagation, and other reactions

3 HO+H,~—H,0+H - 1.1x 10" 1.779 1558 a

4| H+0,~—HO+O - 1.2x 10 0.250 8200 b

5 H,+O~—H+HO - 1.1x 10" 0.861 4648 a

6 HO, + H, =— HOOH + H - 2.6 x 1012 - 10750 [31]

7! H+0,+M~—HO,+M H,, O, 2.0x 10! -0.800 — [31]

Ar 7.0 x 101 —-0.800 -
8 0,+0+M-—0;+M H,, O, 9.1x 10" -1.300 - [31]
Ar 49x 10" -1.000 -

9 HO, + H<— HO + OH - 3.8x 1013 0.486 103 [31]
10 O+HO,~—OH+O0, - 1.5x 1013 0.330 —-128 [31]
11 HO+HO~—H,0+0 - 2.1 x 10 2.700 -1251 [16]
12 H+OH+M~—H,0+M H, 1.3 x 10" -1.212 -295 [31]

0, 3.1x10' -1.212 -295
Ar 9.4 x 10! -2.000 -
13 H,O0,+M-—HO +OH +M - 3.2x 10" - 23820 [31]
14 OH + HO, =— H,0 + O, - 3.1x 10" - 73 [31]
15 2HO, =— H,0, + O, - 1.3x 10"2 - -67 [31]
Electronic excitation and quenching of OH*, O*, and O;
16 HO, + H, =—— OH* + H,0 - <6.0 x 101 —-0.300 21700 ¢
17 O*+H+M~——=O0OH*+M - 5.0x 101 —-1.000 - ¢
18] O+H+M-~——OH*+M H,, 0,, Ar 1.0 x 10'° -1.000 12000 ¢
OH 2.0x 101 —-1.000 -
19 OH*+M-——OH+M H,O 22 %10 - 276 [32, 33]°
0, 6.0 x 102 - -
H, 1.0 x 102 - -~
Ar 1.3x 10! 0.500 -
20 OH*+0,~—05+H - 4.0x 1013 0.500 - [32, 33]°
21 OH* + H,0 —H,0, + H - 7.5 %102 - 276 [32, 33]°
22 OH* + H, — H,0 + H - 8.8 x 10" 0.500 - [32, 33]°
23 OH* + O, =—HO,+ 0 - 2.0x 101 0.500 - [32, 33]°
24| OH*=-— OH+hv - 1.4 x10° - - [34]
25| HO,+H-—H,0 + O* - 23x 108 0.458 678 [317¢
26| O*+H,~— OH+H - 8.7 x 1013 - —14 [31]
27 O*+M—0+M H, 1.0 x 101 - - [31]
0,, Ar 2.0x 101 - -
28 H+ HO, ~— H, + O% - 6.5 x 101 1.671 3162 a
29 o +M——0,+M H,, O, =2.0 x 10° - - [31]
Ar <1.0x 10° - -
2 CTST estimation.
Average effective value in fitting calculated values to experimental data (see the text and Fig. 8).
€ The result of fitting calculated values to experimental data (see the text).
d1.ST and DRC estimations (see the text).
KINETICS AND CATALYSIS  Vol. 48 No. 3 2007
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[8, 20]). Recall that, of the processes H, + O, — H +
HO,, H,0 + O, and 20H, only the first is an elementary
reaction, which is consistent with the rule of conserva-
tion of molecular symmetry in thermal single-step reac-
tions (see [20, 37]). Bimolecular reactions (i3) and (i4)
are every bit as possible as the formation of the interme-
diate complex {H---HO,}, that is, by an indirect mecha-
nism, and they have high activation energies [26, 37].
Note that previous calculations [38, 39] with the use of
LEPS and the many-body expansion (MBE) potentials
many times overestimated the rate constants of pro-
cesses (i3) and (i4) because of the presence of nonphys-
ical gaps in the above potential energy surfaces.

In the absence of external sources of O3 , the contri-

bution of reactions (29') and (28') to initiation is negli-
gibly small because of the low rate of electronic relax-

ation (29) on heating the mixture, k(2)9v ~ 10% x
exp(—11400/7).

The above rate constant of trimolecular reactions (i6)
is based on the ab initio evaluation of the statistical
characteristics of transition states in reaction (i6) and a
decrease of the threshold by the bonding energy of the
{HO,~-O,} complex AEA. Previously [23], we esti-
mated ki = 2 X 10"7exp(—13000/7) based on available
experimental data on the rate constant of the reverse
reaction 2HO, — H, + 20, (see [31]); now, this value
seems overestimated (AE* = 14000 K in item (3)
above). It is likely that the above experimental data
were obtained with the participation of vibrationally
excited radicals HO,(v) (see the discussion of the rate

of the reaction H + HO,(v) — H, + OF in Section 3).

In accordance with the above estimations, the ratio
between the rates of bimolecular and trimolecular initi-
ation is

Wie /W1 = 0.7 x 103(T/298)exp(3000/T) Co,
= 3 x 102exp(3000/T) P,

(here, Cq_ is expressed in mol/cm? and Py, in atm).

Thus, at 1000 K, bimolecular initiation is predominant
up to the partial pressure of oxygen P, = 1.5 atm.

Note that the mechanism of initiation in the hydro-
gen—oxygen system at low temperatures and high pres-
sures remains unclear and calls for special investiga-
tions, both experimental and theoretical.

2. Chain Branching and Propagation

The reaction H + O, — HO + O (see reaction (4)
in the table) does not practically occur by a direct
mechanism (on a quadruplet surface) because of a high
activation barrier (~20000 K, which is much higher
than the values recommended by various authors for the
activation energy of this reaction, see Fig. 3). This reac-
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Fig. 3. Doublet and quadruplet (curves with markers) terms
of the HO, system along the reaction paths from the states
H+ Oy, H+ OF , and H + O} * to the states O + OH. The

MCQDPT?2 [25] energy profile along the CASSCEF reaction
coordinates R, (the superscripts correspond to multiplici-

ties). Full valence active space (13,9); 6-31** basis.

tion, which is the most important chain branching reac-
tion (see calculations of the rate constants by a classical
trajectory method in [40] and quantum calculations in
[41] and references therein), mainly occurs by an indi-
rect mechanism through the formation of the doublet
intermediate complex {H--O,}, the vibrationally
excited radical HO,(v). The lifetime of this intermedi-
ate complex (5 X 107! s according to an experimental
study [42]) is comparable with the time between colli-
sions. Consequently, the effect of particular experimen-
tal conditions through the vibrational relaxation pro-
cess HO,(v) + M — HO,(v — 1) + M (see the results
of calculations in Section 4) and chemical reactions
with the participation of HO,(v) (see Section 3) should
be considerable. We intend to perform a detailed kinetic
calculation later on (taking into account various vibra-
tional relaxation channels of the HO, radical) in terms
of the mechanism

H+ 0, —— HO,(v)
and HOL(v) + (M)~ HO, + (M), O+ OH + (M),

where (M) denotes the occurrence of the reaction both
in the presence and in the absence of the third body M.

For comparison, reaction (5) (see the table) occurs
on a triplet potential energy surface by a direct mecha-
nism with a low activation energy. Reaction (26) (see
the table) on a singlet surface occurs by an indirect
mechanism via the formation of the intermediate com-
plex {H,--O*}, the vibrationally excited molecule of
water (Fig. 4), and it is insignificant.
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H,O system along the reaction paths from the states H, + O
and H, + O* to the states H + OH. The MCQDPT?2 [25]
energy profile along the CASSCF reaction coordinates R,
(the superscripts correspond to multiplicities). Full valence
active space (8,6); 6-31** basis.

Fig. 5. Projection of the ground singlet term in the neigh-
borhood of the potential well HOOH ~——= H,00. R(O-0)

is the distance between oxygen atoms; AX(H) is the shift of
the H atom along the axis O-O. The other internal coordi-
nates are fixed. § = 7T is the line of intersection with the
lower of three triplet terms of H,O + O. The probability of

spin-nonadiabatic predissociation into the channel H,O + O
is negligibly small.

3. Reactions with the Participation
of Electronically Excited Species

The increased apparent rate constants of reaction (4)
(see the table) suggest the contribution of the reaction

SKREBKOV, KARKACH

H + OF — O + OH (see Section 4). This is directly

related to the participation of HO,(v) radicals in the
regeneration of oxygen. Indeed, in accordance with
experimental data [43], the rate constants of the pro-
cesses H+ HO, — H, + OF and H + HO, — H, +
O, are in aratio of 1 : 40 even at room temperature; this
points clearly to the occurrence of considerable
superequilibrium vibrational excitation of the HO, rad-
ical. According to our ab initio estimations, the differ-
ence between the activation energies of these reactions
is 3500-5000 K, and the above ratio between the equi-
librium rate constants of these processes is reached
only at 7= 1000-1500 K. The occurrence of secondary

O molecules in an amount of 1% of O, will duplicate
the rate of branching at 7 = 1000 K because the exper-
imental rate constant of the reaction H + OF — HO +

O [44] at T = 1000 K is higher than kg by two orders of
magnitude.

The detailed mechanism of the formation of the
electronically excited radical OH* is currently
unknown. Process (16) (the table) is primarily respon-
sible for the quantitative interpretation of our experi-
ments [22] with the detection of OH*. The occurrence
of the superequilibrium vibrational excitation of the
radical HO,=HO,(v) can increase the equilibrium rate
constant of reaction (16) by several orders of magni-
tude. The bimolecular recombination H + O, —
HO,(v), which occurs as a near-equilibrium process,
serves as a source of the vibrationally excited radical
HO,(v). This approach to the formation of the OH*
radical is a detailed elaboration of the overall process
H + O, + H, — H,0 + OH*, which was proposed by
Belles and Lauver [4] as early as 1964.

The O* atoms noticeably contribute to the forma-
tion of OH* by reaction (17). Because of this, attention
was focused on the reaction HO, + H — H,0 + O,
which has long since been assumed nonelementary (see
[45] and references therein). The ab initio analysis of
processes on the lower singlet sheet of the potential
energy surface of the H,0, system allowed us to ascribe
the published rate constant of the reaction HO, + H —
H,O0 + O to reaction (25), HO, + H — H,0 + O*, fol-
lowed by the quenching of O* atoms. Figure 5 shows a
two-dimensional projection of the ground singlet term
in the neighborhood of the intermediate complex, the
joint potential well HOOH(v) <— H,00(v). The trip-
let surface (not shown) passes over the plane of the fig-
ure at the lower right of Fig. 5 (H,O + O channel). A
classical trajectory method based on ab initio poten-
tials, DRC from the GAMESS package, was used to
evaluate the relative probability of degradation into
H,O + O* and 2HO channels. The (6,6)CASSCF/6—
31** potential was minimally acceptable (the H,O +
O* outlet channel should lie lower than the HO, + H
inlet); the calculations were partially doubled using the
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Fig. 6. Time between a shock front and the point in time at
which luminescence reached a maximum (#¥) as a function
of temperature (7) behind an incident shock wave: (/-3)
experimental points obtained in stoichiometric (H,/O, = 2;

@ = 1) mixtures containing 1.4, 2.5, and 2.8% of a mixture
of 2H, + O, in Ar, respectively. The partial pressures of
hydrogen were (8-37) x 10~ atm. Calculations at 4, 5)
kH+ O, —>= HO + O) = k" and (4, 5") k(H + Oy —
HO + O) = k_ (see Fig. 8).

(10,8)CASSCF/6-31%* potential. At times to 10—
15 vibrations along the O-H bond, about 30% returns
to the HO, + H channel were observed. The degradation
of the complex at longer times is adequately described
in terms of the Landau statistical theory. According to
these estimations, the probability of the degradation
HO, + H — H,0 + O* is ~10% of the probability of
degradation into the main channel HO, + H — 2HO.
The Landau—Zener probability of transition to the trip-
let channel H,O + O (spin-nonadiabatic predissocia-
tion) is negligibly small.

The ab initio heat of formation of HO,, A Hes (HO,) =

2.8 kcal/mol [26], which differs from the published
value of 0.5 kcal/mol [36] and is within the limits of
experimental error of more recent experimental results,
3.8 £1.2[46] and 3.3 £ 0.8 kcal/mol [47], was used in
the calculations.

4. Comparison between Calculated
and Experimental Data and Conclusions

The experimental results [16, 22] were treated with
the use of the kinetic scheme given in the table (Figs. 6,
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Fig. 7. Dependence of f5, (see Fig. 1) on temperature (7)
behind a reflected shock wave (see the text): (/—3) experimen-
tal points [16] obtained in rich (H,/O, > 2; ® > 1) mixtures.
Partial pressures of hydrogen, atm: (/) (40-100) x 1073,
(2) 16 x 1073, and (3) 80 x 107. Calculations at (/'-3")
kH+ O, — HO + 0) = k" and (/"-3") k(H + O, —
HO + O) = k_ (see Fig. 8).

7). Two series of calculations differed only in the appar-
ent rate constants of process (4) H+ O, — O + OH k_
(lower value) and k* (higher value) (Fig. 8, k*/k_= 2.5-3).
Note that many calculations performed with varying
the rate constants of other reactions, either individually
or in various combinations, within admissible limits did
not furnish the desired result: a quantitative interpreta-
tion of the experimental data [16, 22] within the frame-
work of a single kinetic scheme. The calculation with
k, = k* demonstrated very good agreement for experi-
ments with the detection of electronically excited OH*
(Fig. 6, low concentrations of H,) and considerable
inconsistency for experiments with the detection of OH
radicals in the ground state (Fig. 7, high concentrations
of H,). The opposite situation was observed at k, = k_.

Note that (see Fig. 8) the values of k, = k& required
for describing the experiments [22] are higher than the

theoretically possible equilibrium values of kg =
(KK,

ues of kQ,TST (the estimate of the equilibrium rate con-

o Which, in turn, cannot be higher than the val-
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logk(H + O, — HO + O) [cm? mol~! s71]
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VTST
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Fig. 8. Rate constant of the branching reaction H + O, —

HO + O according to various estimations: (/, 2) averaged
data (experimental only) [31] with consideration for the

scatter of data (kexp) = 9.1 x 10"3t%!exp(-8158/T) and
(ki YKeq = 6.0 x 1014170%exp(-8529/T); K, was taken

exp
from [36]; T=1T7/298.15. (3, 4) Our estimates: k* = 1.2 X
10'410%exp(—8000/T) and k. = 13 x 104 x
exp(—8400/T), obtained by the kinetic treatment of experi-

mental data (see the text). (5) kupgp = 5.4 x 1014770-260

exp(-9184/T), found with the wuse of the
(13,9)MCQDPT2/6-311+(3df,3p) potential curve and
(13,9)CASSCF/6-311** frequencies (scale factors of
1.0538 and 1.024, respectively). The estimated accuracy is

0
kyrst s 10%.

stant by the transition state method is an upper estimate;
for example, see [48]).

In conclusion, let us formulate the main results of
this work and the main problems to be solved.

(1) The quantitative agreement/disagreement
between calculation data and experimental results [16,
22] suggests the dependence of the apparent rate con-
stant of the process H + O, — O + OH on the concen-
tration of the third body M = H,. This is indicative of
the inadequacy of equilibrium (Arrhenius) kinetics and
the necessity of considering the most important overall
chain-branching reaction H + O, ~— HOx(v) ~——
O + OH with consideration for intramolecular energy
redistribution in the HO,(v) radical and its vibrational
relaxation in collisions. The development of a chain
process is inhibited with the H, content supposedly
because of the high efficiency of H, in the VV' deactiva-
tion of the high-frequency vibrational mode of HO,(v).

(2) The HO4(v) radical is the most important inter-
mediate in the chain branching process and in the for-
mation of the electronically excited species O,('A) and
OH(?Z"). This puts in the forefront the problem of a cor-

SKREBKOV, KARKACH

rect kinetic calculation of the superequilibrium vibra-
tional excitation of HO, and its relaxation and indicates
the direction of further studies, both experimental and
theoretical. Thus, the availability of experimentally
evaluated amounts of O,('A) molecules in a mixture
and the degrees of vibrational excitations of O, and
O,('A) molecules could provide the necessary control
points for calculations performed with consideration
for nonequilibrium.

(3) The new mechanisms of formation and quench-
ing of electronically excited OH(’Z*) radicals, O('D)
atoms, and O,('A) molecules in the course of combus-
tion are proposed; they are of importance for interpret-
ing experiments performed using emission spectros-

copy.
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