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Since the publication of classical works by
Semenov and Hinshelwood, the reaction between
hydrogen and oxygen has been investigated for more
than 70 years. At present, the mechanism of this reac�
tion is considered to be understood best (as compared
to, e.g., the mechanism of hydrocarbon oxidation).
New experimental and diagnostic methods have been
developed to date, extensive experimental data have
been accumulated, and the number of possible reac�
tions included in the mechanism of the reaction has
become as large as several tens. However, all kinetic
calculations performed to interpret experimental data
have been based on the assumption that the external
and internal degrees of freedom of the molecules and
radicals are equilibrated. The relative success in
describing experimental data (from the standpoint of
practical applications) within the equilibrium
approach has been achieved by varying the rate con�
stants of the key processes in wide ranges. The rate
constants reported by different authors (see [1]) for the
most important chain branching reaction H + O2 

O + OH
1
 differ markedly, depending on the experi�

mental conditions. About half of the reported values
exceed the theoretical upper estimate (for details, see
[3, 4]). The theory and experimental data are often
reconciled via violation of the relationship between
the rate constant of the forward and backward reac�

1 In the oxidation of hydrogen and most hydrocarbons in a typical
hydrocarbon flame at atmospheric pressure, about 80% of the
oxygen is spent on this reaction [2].

tions, introduction of nonexistent reactions, and/or
use of implausible rate constants (see, e.g., [5, 6]).

Some experimental facts and quantitative compar�
isons between theoretical and experimental data (for
details, see [3, 4]) indicate that it is necessary not only
to further refine and detail the kinetic scheme, but also
to revise the kinetic conception based on the assump�
tion that the internal (vibrational) degrees of freedom
are equilibrated.

According to our earlier work [3], this is particu�
larly true for reactions involving the vibrationally
excited radical HO2(v), which results from the bimo�
lecular recombination reaction H + O2  HO2(v)
followed by the redistribution of the H⋅⋅⋅O2 bond for�
mation energy among the vibrational degrees of free�
dom (modes) of HO2, which occurs rapidly at high

degrees of vibrational excitation.
2
 These reactions are

primarily the following key reactions of the conven�

2 An analysis of the literature [3, 4] and our calculations suggest
that the key chain branching reaction H + O2  O + OH
takes place mainly via an indirect mechanism (the direct mech�
anism on a quadruplet surface is actually inefficient because of
the high activation barrier and small preexponential factor of the
rate constant of the corresponding reaction). The indirect
mechanism includes the formation of a doublet intermediate
complex, specifically, the vibrationally excited radical HO2(v).
The lifetime of this intermediate is comparable with the inter�
collision time. As a consequence, the effective rate constant of
this reaction depends on experimental conditions through vibra�
tional relaxation processes and reactions involving HO2(v).
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tional chain mechanism of hydrogen oxidation: the
above reaction H + O2  O + OH and the chain ter�
mination reaction H + O2 + M  HO2 + M. Within
the existing (Arrhenius) kinetic conception, these
composite reactions (as well as the ones that are less
important under the conditions examined) are for�
mally treated as elementary reactions with rate con�
stants depending only on the gas temperature (T).

The inadequacy of this equilibrium kinetic concep�
tion, which has become conventional, is illustrated by
the fact that it cannot explain the formation of the
electronically excited radical OH (2Σ+) at the earliest
stages of combustion, even though the OH (2Σ+) 
OH+ Q radiation (Q = 47000 K, λ ≈ 306 nm) has long
been used in experimental practice to determine the
ignition delay time. Of the numerous variants dis�
cussed in the literature, the only quantitatively accept�
able reaction yielding this radical is H + O2 + H2 =
OH(2Σ+) + H2O [7]. We believe that this composite
reaction takes place in two steps via the formation of
the vibrationally excited radical HO2: H + O2 
HO2(v) and HO2(v) + H2  OH(2Σ+) + H2O. The
overequilibrium excitation of the HO2(v) radical
increases the equilibrium rate constant of the reaction
HO2 + H2  OH(2Σ+) + H2O by several orders of
magnitude.

Here, we report the construction and testing of a
theoretical model whose central feature is that it con�
sistently takes into account the vibrational nonequilib�
rium of the HO2(v) radical, which is the most impor�
tant intermediate in chain branching and in the for�
mation of electronically excited species [3]. In this
model, the chain branching reaction H + O2  O +
OH and the chain termination reaction H + O2 +
M  HO2 + M are considered as a single multichan�
nel process that includes the formation of a long�lived
intermediate complex, namely, the vibrationally
excited radical HO2(v); intramolecular energy redis�
tribution among the modes of this radical; relaxation
of the radical; and its monomolecular decomposition.
It is also assumed that this radical can react with other
components of the mixture. While the first three pro�
cesses—energy redistribution among the modes,
relaxation, and monomolecular decomposition—can
be viewed as the detailing of the Lindemann mecha�
nism for the H + O2  HO2(v)  O + OH reaction
that is necessary to explain and predict the depen�
dence of the effective rate constant of this reaction on
experimental conditions [3, 4], an adequate descrip�
tion of reactions between HO2(v) and other compo�
nents of the mixture would mean a radical revision of
the mechanism of chemical reactions in the hydro�
gen–oxygen system. In this context, ab initio analysis
of the processes occurring in the system is of particular
significance as an independent source of kinetic infor�
mation.

KINETIC EQUATIONS

Equations of chemical and vibrational kinetics for
the general case of a reacting multicomponent gas
mixture within the macroscopic description (for the
average energies of vibrational modes (εk) and compo�
nent concentrations (ni)) were reported for the first
time in [8]. Mainly adhering to that work [8] (see also
[9]) and using the same notation, we obtain the fol�
lowing expressions for calculating εk and ni at a given
gas temperature T and pressure P.

For the molar concentrations of the components
per unit mass of the gas mixture (ni),

(1)

Here, ρ is the density of the gas mixture and  is
the rate of the rth reaction in the forward (backward)
direction.

The effect of vibrational relaxation on the kinetics
of chemical reactions shows itself as a dependence of
the rate constants of these reactions on the average
energies of the vibrational modes of the reactants (εk)
in terms of the corresponding effective vibrational
temperatures (Tk):

. (2)

Here,  is the rate constant of the rth reaction in

the forward (backward) direction;  is the equilib�
rium rate constant of the rth reaction;  is the
nonequilibrium factor, where {Tk} is the set of vibra�
tional temperatures involved in the rth reaction of
molecules (reactants), k = 1, 2, …, br, and br is the
total number of the vibrational modes of the reactants;
and  is the effective vibrational
temperature of the kth mode, where θk is the charac�
teristic temperature (quantum of the vibrational tran�
sition 1  0 in kelvins).

(3)

where Er is the part of the activation energy of the rth
reaction that is associated with the vibrational degrees
of freedom (i.e., activation energy minus the equilib�
rium energy of the relative translational motion (2kT)
and the equilibrium rotational energy (ξrkT/2) of the
reactant molecules (product molecules at r = r')); ξr is
the number of rotational degrees of freedom invoiced
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in the rth reaction of the molecules;  is the activation
energy of the rth reaction; and βri are the coefficients of
the expansion of the coordinate of the rth reaction in

normal modes of the reactants,  = 1. In real

calculations, we generally postulate a uniform (on the
average, statistically) distribution of contributions
from the modes of molecules involved in the rth reac�
tion to Er: βr1 = βr2 = ….

For the average numbers of the vibrational quanta
of the modes (εk),

(4)

(5)

Here, /  is
the equilibrium value of εk (mode k belongs to a mol�

ecule of sort j forming in the rth reaction), 

is the mole fraction of the ith component, and  is
the rate constant of the qth channel of vibrational
relaxation in the interaction between sort j and i mol�
ecules.

The second term on the right�hand sides of the
vibrational kinetic equations accounts for the effect of
the chemical reactions on vibrational relaxation.
Here, χrk is the average number of vibrational quanta
received by the kth mode in one molecule j formation
event in the rth reaction (the complete set of χrk values,
where k = 1, 2, …, br, characterizes energy distribution
among the vibrational modes of the products of the rth
reaction):

(6)

where Er' is the part of the activation energy of reaction
k (backward reaction in which the molecule possessing
the r'th mode disappears) that is associated with the
vibrational degrees of freedom (defined by Eq. (3)).
Within this model (see below), it is natural to assume
that the vibrational energy  is uniformly distributed
between the modes of the products of the rth reaction:

.

The set of Eqs. (1) and (4) was solved using an
implicit difference scheme by the Newton method
with automatic control of the time step size, which was
set depending on the convergence of the iterations and
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on the accuracy of approximation. The latter was
determined in terms of the second�order divided dif�
ference for the solution vector (ni and εk). The input
information for the program was the set of chemical
reactions and vibrational relaxation channels.

KINETIC SCHEME

In the description of reaction initiation and devel�
opment in the H2 + O2 + Ar system in the temperature
range of 1000 < T < 1200 K and the pressure range of
0.9 < Р < 2.0 atm, we used a kinetic scheme taking into
account the chemical reactions involving the species
H2, O2, H2O, HO2, H, O, OH ≡ OH(2Π), H2O2, O3,

≡ O2(
1∆), O* ≡ O(1D), and OH* ≡ OH(2Σ+) and

the relaxation channels of the vibrational modes of H2,

O2, , HO2(100), HO2(010), and HO2(001) with
characteristic temperatures (θk) of 6000, 2250, 2170,
5325, 2059, and 1577 K, respectively [10, 11]. The
possible effect of the vibrational nonequilibrium of
H2O2, H2O, and O3 on the reaction initiation and
development was ignored because of the low concen�
trations of these molecules at the process stage exam�
ined and because of the high rates of vibrational relax�
ation. This is less true for the OH radical in the ground
electronic state, which forms at a high rate and partic�
ipates actively in chain propagation via the rapid
bimolecular reactions H2 + O  OH + H and H2 +
OH  H2O + H. However, according to Eq. (3),
these reactions proceed in a practically equilibrium
regime (κ ≈ 1) owing to their comparatively low acti�

vation energies  (Table 1).

Chemical Reactions

The mechanism�determining reactions are pre�
sented in Table 1. As in our earlier work [3], the values

of the equilibrium rate constants  accepted here
are based on NIST reference data [1], results of earlier
studies [12–16], our ab initio estimates, and the results
of fitting calculated values to experimental data. The
basic difference between the kinetic scheme presented
in Table 1 and the scheme used in our previous study
[3] (and from other similar schemes; see, e.g., [17]) is
that the former does not contain the H + O2  O +
OH reaction as an elementary step. According to the
model suggested here (Table 1), the formation of the
vibrationally excited radical HO2(v) is due to the rapid
bimolecular recombination reaction (II). The reactiv�
ity and further evolution of HO2(v) are determined by
energy redistribution among the vibrational modes,
vibrational relaxation, monomolecular decomposi�
tion reactions (II') and (III), and numerous reactions
involving this radical.
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Table 1.  Reactions and their equilibrium rate constants,  = Ar(T/298.15)nexp(− ) (cm3 mol–1 s–1), for the H2 + O2 +

Ar mixture at 1000 < T < 1200 K and 0.9 < P < 2.0 atm

r Reaction M Ar n , K Note

1 H + HO2  H2 + O2 + 26.7a (I) 1.46 × 1012 1.71 –598 [13]b

2 H + O2  HO2 + 25.5 (II) 2.0 × 1013 0.986 – –

3 HO2  O + OH – 33.8 (III) 3.6 × 1013 – 33800 c

4 H2 + OH  H2O + H + 7.5 (IV) 7.7 × 1011 1.64 1590 b

5 H2 + O  H + OH – 0.85 (V) 7.4 × 1012 0.861 4650 b

6 H2 + HO2  HOOH + H – 9.2 (VI) 2.6 × 1012 – 10750 [1]

7 H + HO2  HO + OH + 17.3 (VII) 3.8 × 1013 0.486 103 [1]

8 O + HO2  OH + O2 + 25.7 (VIII) 1.5 × 1013 0.33 128 [1]

9 2OH  H2O + O + 8.5 (IX) 2.1 × 1010 2.7 1251 [12]

10 2HO2  H2O2 + O2 + 17.5 (X) 2.8 × 1012 0.459 158 [1]

11 OH + HO2  H2O + O2 + 34.1 (XI) 5.7 × 1013 –0.322 112 [1]

12 2H + M  H2 + M + 50.1 (XII) M 7.2 × 1015 –1 –200 [1]
13 2O + M  O2 + M + 59.0 (XIII) M 1.7 × 1014 –1 – [1]

14 H + OH + M  H2O + M + 59.5 (XIV) M 9.4 × 1016 –2 – [1]

15 O2 + O + M  O3 + M + 12.8 (XV) M 9.1 × 1013 1.3 – [1]

16 H2O2 + M  2OH + M – 5.6 (XVI) M 6.1 × 1023 –5.506 28950 [1]

17 H+ O + M  OH + M + 50.1 (XVII) M 1.1 × 1015 – – –

18 HO2 + H2  OH* + H2O – 21.9 (XVIII) 1.2 × 1014 –0.738 24000 c

19 O* + H + M  OH* + M + 27.5 (XIX) 7.0 × 1015 –1 – c

20 O + H + M  OH* + M + 4.5 (XX) H2 5.6 × 1011 0.18 4040 c

O2, Ar 5.0 × 1015 –1.0 12000
OH 2.0 × 1015 –1.0 –

21 OH* + M  OH + M + 47.0 (XXI) M 1.3 × 1011 0.5 – [14, 15]c

22 OH* + O2  O3 + H + 8.5 (XXII) 4.0 × 1013 0.5 – [14, 15]c

23 OH* + H2O  H2O2 + H + 12.7 (XXIII) 7.5 × 1012 – 276 [14, 15]c

24 OH* + H2  H2O + H + 54.3 (XXIV) 8.5 × 1013 0.5 – [14, 15]c

25 OH* + O2  HO2 + O + 21.0 (XXV) 2.0 × 1013 0.5 – [14, 15]c

26 OH*  OH + hν, hν = 47.0 (XXVI) 1.4 × 106 – – [16]

27 H + HO2  H2O + O* + 3.3 (XXVII) 4.8 × 1013 – 892 [1]d

28 O* + H2  OH + H + 25.3 (XXVIII) 9.0 × 1013 – –14.1 [1]

29 O* + M  O + M + 23.0 (XXIX) M 2.0 × 1011 – – [1]

30 H + HO2  H2 +  + 15.4 (XXX) 6.5 × 1011 1.67 3160 b

31 O2 + M   + M – 11.3 (XXXI) H2 1.0 × 106 0.03 11380 [1]

O2 6.6 × 105 0.03 11380
Ar 2.0 × 105 0.03 11380

32  + H  OH + O + 3.8 (XXXII) 7.0 × 1013 0.779 7000 b, c

33 O* + H2  OH* + H – 25.4 (XXXIII) 8.0 × 1013 – 25200 –

34 OH + O + H2  OH* + H2O + 12.1 (XXXIV) 1.0 × 1018 – 15000 –

35 2OH + H  OH* + H2O + 13.1 (XXXV) 1.0 × 1018 – 15000 –

Note: a The heats of the reactions are in 103 K.
b CTST estimate.
c Fitting to experimental data.
d LST [3] and DRC [3].
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Intramolecular Redistribution of Vibrational Energy 
among the Modes of HO2

Since the lifetime of the HO2 intermediate is com�
parable with the characteristic intercollision time [3,
18], it is natural to believe that, between collisions, a
significant role is played by intramolecular energy
exchange between modes. It is also pertinent to
assume that this process becomes still more important
as the degree of vibrational excitation increases (as a
consequence of the anharmonicity of molecular vibra�
tions, the appearance of resonances, and the strength�
ening of the vibrational–rotational (VR) interaction)
from weak intermode interaction at low energies (or

the absence of this interaction
3
) to complete “mode

mixing” and uniform energy distribution among the
modes at high energies, when the oscillators (modes)
can be treated as classical oscillators with equal heat
capacities. In the case of the HO2 radical, which
results from the bimolecular recombination reaction
H + O2  HO2, the energy of the H⋅⋅⋅O2 bond
(D ≈ 25500 K) is redistributed almost instanta�
neously (in comparison with the characteristic inter�
collision time) among the modes down to a value of
E0 ≈ D/3 per mode. At these energies (E0 ≈ 8500 K),
the intramolecular intermode energy exchange takes
a time on the order of the vibration period (∼10–13–
10–14 s). In progress of relaxation, as the degree of
vibrational excitation becomes smaller, the rate of
this process decreases.

As for the dependence of the intramolecular vibra�
tional exchange rate on the excitation energy, this
aspect of dynamics was not studied for the HO2 radi�
cal. The calculations (both classical and quantum)
carried out for other triatomic molecules, such as H2O
(see [20, 21] and references therein), as well as the cal�
culations of the dynamics of the dissociation and
recombination of HO2 via the Lindemann mechanism
[22–24], indicate the admissibility of the following
assumptions made here: (1) on the average (statisti�
cally), the energy exchange between modes of HO2 is
directed toward the leveling of the energies of the
vibrational modes, Ek = θkεk; (2) the rate constant of
intramolecular exchange is energy�dependent,
decreasing as the degree of vibrational excitation
decreases.

Formulating the kinetic problem, we will postulate
that the rate constant of intramolecular energy
exchange between modes of HO2 in the absence of
collisions depends on the degree of vibrational excita�
tion:

(q = 1) HO2(3E 0 0)  HO2(E E E),

3 This assumption is known as local mode approximation (see
[19] and references therein).

⎡ ⎤⎛ ⎞ε
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Here, we set δ1 = 14.0, δ2 ≈ E0/θ2 = 1.65, and A0 =
8 × 1013 s–1 (as the result of fitting to experimental
data). The net rate of process (1) in the forward direc�
tion, which is a term in the vibrational kinetic equa�
tions (4), is expressed as

That is, it has the form of Eq. (5), but with ,
where k = 4, 5, and 6 are the numbers of modes of
HO2. Here,  is the
current nonequilibrium value of energy per mode of
HO2 for the uniform energy distribution. The effect of
process (I) on the relaxation of the vibrationally
excited radical HO2, directed toward the leveling of
the vibrational mode energies, leads to an increase in
the number of vibrational quanta in the high�fre�
quency mode (k = 4) through a decrease in the num�
ber of vibrational quanta in the low�frequency modes
(k = 5 and 6) (for details, see [25]). The main result of
intramolecular energy redistribution into uniform dis�
tribution is that the final state is nonequilibrium,
quasi�steady�state, with an overpopulated high�fre�
quency mode and an underpopulated low�frequency
mode relative to the equilibrium state. In other words,
the rapid leveling of the energies of the modes of HO2

(as compared to the other processes) at comparatively
high excitation energies is a kind of “disequilibrium
generator.”

Collisional Intermolecular
Vibrational Energy Exchange

The channels of vibrational–translational (VT)
exchange and the corresponding characteristic times

 are presented in Table 2. The VT relaxation data
for diatomic molecules (processes with q = 2–4 in
Table 2) are based on the results reported in [26–28]
and seem to be the most reliable.

As for the kinetics of the VT relaxation of the vibra�
tional modes of HO2 on different species M (here, H2,
O2, Ar, and H2O), note first of all that this aspect of the
behavior of the HO2 radical has been poorly investi�
gated both experimentally and theoretically. This is
also true for the quantitative kinetic aspect of VV'
exchange in the mixture as a whole. Table 3 present the
most significant VV' relaxation channels and their rate

constants as . We believe that
this representation is adequate to the narrow tempera�

ture range examined. The relaxation times  and

rate constants  (q = 6–14) listed in Tables 2 and 3
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are obtained by fitting calculated t50 and t* data to
experimental data [12, 29, 30] (see below). The initial

values in  and  fitting were estimates obtained
by us using the Schwartz–Slavsky–Herzfeld (SSH)
theory [31] (see also [32]), as well as the Schwartz–
Slavsky–Herzfeld–Moore (SSHM) variant of this
theory, which takes into account VR energy transfer in
the simplest way [33] (see also [34, 35]). The basic for�
mulas used in the SSH and SSHM estimation proce�
dures are presented in the Appendix.

The SSH and SSHM calculations of the character�
istic times of the VT relaxation of the vibrational
modes of HO2 are based on the assumption that these
times are independent; that is, the collision�induced
perturbations are neglected. For the HO2 radical
(which is a nonlinear molecule executing angular
bending vibrations), these perturbations are likely not
small. For maximum simplification of the collision�
induced intermode interaction problem, which is far
from being solved, we will represent the molecule as a
single set of coupled oscillators exchanging energy

τ
(
5
M) ( )q

jik

with translational and/or rotational degrees of free�

dom through the most rapidly relaxing mode.
4
 In the

case considered, this is one of the low�frequency
modes of HO2.

RESULTS AND DISCUSSION

The calculated data presented in this section illus�
trate the efficiency of the above approach and its
potential for elucidating the physical essence of high�
temperature hydrogen oxidation (as a process essen�
tially nonequilibrium with respect to vibrational
degrees of freedom) and for quantitative interpretation
of experimental data.

In our calculations, we used a coordinate system
associated with the gas stream behind the wave front
(the gas mixture is at rest, Р = const, T = const, and t =
0 is the instant when the shock front passes).

4 A discussion of this approach applied to the CO2 and relevant
bibliography can be found in a review by Nikitin and
Osipov [36].

Table 2.  VT relaxation processes and their characteristic times,  (s atm), for the H2 + O2  + H2O + Ar
mixture at 1000 < T < 1200 К

qa Vibrational relaxation channel
Xj(1) + M  Xj(0) + M M Note

2 H2(1) + M  H2(0) + M H2, H2O 1.20 × 10–10 100 1.9 × 10–6 [16–18]b

O2 2.40 × 10–10 101 4.3 × 10–6

Ar 9.20 × 10–10 104 2.2 × 10–5

3 O2(1) + M  O2(0) + M H2, H2O 1.89 × 10–9 49.5 2.3 × 10–7 [16–18]b

O2 1.00 × 10–10 138 6.4 × 10–5

Ar 5.00 × 10–11 173 9.5 × 10–4

4 (1) + M  (0) + M H2, H2O 2.14 × 10–9 48.0 2.2 × 10–7 [16–18]b

O2 1.10 × 10–10 134 4.8 × 10–5

Ar 5.60 × 10–11 169 7.2 × 10–4

5 HO2(001) + M  HO2(000) + M H2 2.53 × 10–9 11.85 8.0 × 10–9 b, c

O2 8.62 × 10–8 11.60 2.7 × 10–7 b, c, d

H2O 6.01 × 10–10 12.37 2.0 × 10–9 b, c, d

Ar 2.53 × 10–7 11.85 8.0 × 10–7 b, d

a For q = 2–5, , . For designations, see Eq. (4).

b Fitting to experimental data.
c SSHM estimate.
d SSH estimate.

−
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Comparison between Calculated and Experimental Data

Direct kinetic investigation of processes under real
conditions of nature or technology (e.g., combustion
and detonation) is complicated by side factors,
namely, diffusion, heat release, heat transfer, and con�
vection, which occur simultaneously with the main
chemical process and, in some cases, can play the
determining role. Because of this, a large number of
parameters are introduced into theoretical models (in
addition to kinetic characteristics). In many cases,
these parameters either are unknown or have a high
degree of uncertainty. This markedly complicates the
quantitative interpretation of experimental data,

introducing uncertainty into model kinetic schemes.
5

In this study, the experimental data to be compared
with kinetic (isothermal) calculations are shock�tube
data for H2 + O2 mixtures heavily diluted with Ar [12,
29, 30]. The results of these experiments can be com�
pared directly with the results of isothermal kinetic
calculations because the authors took special care to
minimize the effect of such a “nonkinetic” factor as
the self�heating of the mixture, when gas dynamic and
thermal phenomena come to the foreground.

5  In this context, it is pertinent to quote the following statement
from an article by Basevich et al. [37]: “The kinetic mechanism
of reactions determines, to a considerable extent, the physico�
chemical characteristics of combustion, including the combus�
tion rate and the product composition. This makes it possible to
use these characteristics in the approbation of various kinetic
schemes. However, it should be taken into account that obtain�
ing a satisfactory description of combustion characteristics is a
necessary, but not sufficient, condition.”

In Table 4, the kinetic data calculated using the
above model within one kinetic scheme (Tables 1–3)
are compared with the corresponding experimental
data [12, 30]. The experiments [12, 30] were carried
out by the shock�wave method (Р and T are the pres�
sure and temperature behind the front of the reflected
[12] or incident [30] wave). On the whole, the calcu�
lated data are in qualitative and quantitative agree�
ment with the experimental data (in the worst case
(entry 4), the discrepancy is 24%). Note that, in the
fitting of the calculated t* and t50 data to experimental
data, the main point was variation and fitting of the

unknown kinetic constants  and  (q = 1, 6, 9,
10, 11, 13, 14), which characterize the vibrational–
translational, intramolecular, and vibrational–vibra�
tional exchange processes involving the vibrational
modes of HO2. In future studies, in which the compo�
sition and condition (temperature and pressure)
ranges will be widened, we are going to refine the

kinetic constants , , and  (Tables 1–3) to take
into account the changes in the roles of the compo�
nents and reactions considered here and the new pro�
cesses included in the kinetic scheme.

Dependence of the Effective Rate Constant of Chain 
Branching on Reaction Conditions and the Vibrationally 

Nonequilibrium Character of the Process

As was noted above, the mechanism postulated
here does not include the elementary reaction H +
O2  O + OH, whose activation energy is 6790 ≤
Eа

≤ 11430 K, according to carious experimental esti�

τ
(
5
M) ( )q

jik

0
rk τ

(
q
M) ( )q

jik

Table 3.  VV' exchange channels and their rate constants,  (s–1), for the H2 + O2 +  + HO2 mixture

at 1000 < T < 1200 К

q Channel of vibrational exchange between oscillators,
A(1) + B(0)  A(0) + B(1) Note

6 H2(1) + HO2(000)  H2(0) + HO2(100) 0.89 6.82 × 105 –0.12 7.0 × 105 a, b

7 H2(1) + O2(0)  H2(0) + O2(1) 0.37 4.52 × 106 63.56 9.7 × 103 a, b, c

8 H2(1) + (0)  H2(0) + (1) 0.36 5.31 × 106 67.85 7.6 × 103 a, b, c

9 HO2(100) + O2(0)  HO2(000) + O2(1) 0.42 2.65 × 107 81.36 1.1 × 104 a, b

10 HO2(100) + (0)  HO2(000) + (1) 0.41 2.79 × 106 60.29 8.3 × 103 a, b

11 O2(1) + HO2(000)  O2(0) + HO2(010) 0.92 8.84 × 104 –9.35 2.2 × 105 a, b

12 O2(1) + (0)  O2(0) + (1) 0.97 1.97 × 105 –11.56 6.0 × 105 a, b

13 (1) + HO2(000)  (0) + HO2(010) 0.95 7.00 × 104 –12.77 2.4 × 105 a, b

14 HO2(010) + HO2(000)  HO2(000) + HO2(001) 0.77 2.30 × 105 0 2.3 × 105 a, b

a Fitting to experimental data.
b SSHM estimate.
c SSH estimate.
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mates [1]. As will be demonstrated below, the rate of
chain branching is determined by the rate of the
monomolecular decomposition of the vibrationally
excited radical HO2 (Table 1, reaction (III)). The rate
constant of the overal reaction H + O2  O + OH
will be derived from the calculations as keff =
R3/[H][O2]. Its dependence on experimental condi�
tions is illustrated by Fig. 1, which shows the time plots

of the keff data calculated for experiments 1 [30] and 3
[12] (Table 4), performed at nearly the same tempera�
ture of T  1050 K.

The clearly defined pressure and time dependences
of the effective rate constant of the key composite
reaction determining the rate of the overall process are
due to the nonequilibrium character of this reaction
and to the changes in the roles of various elementary
reactions and vibrational relaxation channels at vari�
ous stages of the process. The essentially nonequilib�
rium character of hydrogen oxidation with respect to
vibrational degrees of freedom is illustrated by Figs. 2
and 3, which plot the typical time dependences of the
vibrational temperature Tk and nonequilibrium factor

, respectively, for the most important reac�
tions under the conditions examined.

The following three stages of vibrational relaxation
can be distinguished in Fig. 2:

(1) At t < 10 µs, the initial H2 and O2 molecules
undergo vibrational excitation from the initial (near�
room) temperature T0 to the equilibrium gas tempera�
ture T behind the front of the shock wave. Negligible

amounts of HO2 and  (see Figs. 4 and/or 5) with
equilibrium temperatures equal to the gas temperature
(Fig. 3, curves 2, 5, 6, 4) result from the initiation reac�
tion (I') and shock�induced (collision�induced) elec�
tronic excitation (process (XXXI)). The only source of
the overequilibrium vibrational excitation of HO2 is
the activationless bimolecular recombination reac�
tion (II) (which is the main excitation source through�
out the process). The variation of the rate of this reac�
tion is determined by the variation of the quantity of H
atoms. The first quasi�steady state (plateau in Fig. 3)
arises from the competition between “chemical
pumping” (due to the recombination of H atoms

≅

κ ( ,{ })r kT T

2*O

Table 4.  Experimentally measured [12a, 30b] and calculated (within one kinetic schemec) values of  and t*e

Entry T, K P, atm
Experiment Calculation

t*, µs [30] t50, µs [12] t*, µs t50, µs

1 1050 1.900 945–1120 – 1102 –
2 1225 1.500 600 – 603 –
3 1052 2.200 – 618 – 525
4 1074 0.935 – 1005 – 1241
5 1086 0.940 – 985 – 1130
6 1102 1.200 – 836 – 911
7 1115 2.248 – 393 – 404

a Experimental conditions: reflected shock wave, rich mixture (4% H2 + 1% O2 + 95% Ar), measurement of absorption by OH.
b Experimental conditions: incident shock wave, stoichiometric mixture (0.93% H2 + 0.46% O2 + 98.61% Ar), measurement of emission
from OH*.
c See Tables 1–3.
d Time interval between the passage of the shock front and the moment at which light absorption by the OH radical reaches its half�maximum
(in calculations, the moment at which the OH concentration reaches its half�maximum).
e Time interval between the passage of the shock front and the moment of maximum emission at ~306 nm (in calculations, the maximum OH*
concentration moment).

t50
d

104

2

1

1014

106

10310210110010–1

t, µs

107

108

109

1010

1011

1012

1013

keff, cm3 mol–1 s–1

Fig. 1. Time dependences of keff for two calculation vari�
ants: (1) T = 1050 K, P = 1.9 atm, stoichiometric mixture,
measurement of emission from OH* (entry 1 in Table 4);
(2) T = 1052 K, P = 2.2 atm, rich mixture, measurement
of absorption by OH (entry 3 in Table 4).
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resulting from the initiation reaction (I') with O2 mol�
ecules) and the vibrational deactivation of HO2. The
rapid buildup of the vibrational excitation of HO2 is
the chemical pumping resulting from the rapid forma�
tion of H atoms via reactions (III)–(V) and their
recombination with initial O2 molecules.

(2) The time interval 10 ≤ t < 1000 µs corresponds to
the quasi�steady�state stage at which the vibrationally
excited radical HO2(v) forms and accumulates as a
result of the bimolecular recombination reaction (II),
intramolecular energy redistribution until uniform
distribution (HO2(3E 0 0)  HO2(E E E)), and vibra�
tional relaxation. The second prolonged quasi�steady
state arises from the competition of chemical pumping
with vibrational deactivation and with the disappear�
ance of vibrationally excited HO2 in endothermic
reactions.

(3) At t ≥ 1000 µs, the vibrational excitation of
HO2(v) decreases because of relaxation and the disap�
pearance of high�energy molecules via endothermic
reactions, such as reaction (III), which is the main
reaction ensuring chain branching. This is accompa�
nied by the growth of the vibrational excitation of H2

and O2 via vibrational–vibrational exchange and via

the formation of these molecules as secondary species
in exothermic reactions (XI) and (XXX) (Table 1).

The time dependences of the nonequilibrium fac�
tor  for reactions (I'), (II'), (III), (V), (XII'),
and (XVIII) at the vibrational temperatures Tk exam�
ined in Fig. 2 are shown in Fig. 3. Clearly, taking into
account the vibrational nonequilibrium points out
very important effects taking place throughout the
process. The rate constants of reactions depend on the
vibrational temperatures of the reactants, and this
dependence is characterized by a factor as large as sev�
eral orders of magnitude. This is particularly true for
reactions involving the HO2 radical. For example,
within the model considered, the nonequilibrium fac�
tor for reaction (XVIII), which is responsible for the
formation of the electronically excited radical OH*
throughout the induction period, is κ18 ≈ 104, and the
nonequilibrium factor for the key reaction (III), which
mainly determines the chain branching rate, is κ3 ∼

108. This large deviation of κr from unity means that
the reaction between hydrogen and oxygen is an essen�
tially nonequilibrium reaction and that the vibrational
nonequilibrium of the HO2 radical is an intrinsic fea�
ture of hydrogen oxidation.

κ ( ,{ })r kT T

1000

10–1
0

2000

3000

4000

Tk, K

1

2

3

4

5

6

2, 5, 6

100 101 102 103 104

t, µs

Fig. 2. Typical time dependences of the vibrational tem�
perature Tk under the conditions examined. The curves are
numbered in the order of decreasing characteristic tem�
peratures of vibrational modes (θk): (1) H2, (2) HO2(100),

(3) O2, (4) , (5) HO2(010), and (6) HO2(001). This fig�
ure and the figures presented below illustrate calculation
variant 1 in Table 4.

2*O
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Fig. 3. Typical time dependences of the nonequilibrium

factor  under the condi�
tions examined for various reactions (Table 1): (1) reac�
tion (III), (2) reverse reaction (II'), (3) reaction (V),
(4) reaction (XVIII), (5) reverse reaction (XII'), and
(6) reverse reaction (I').
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Kinetics of Chemical Reactions
at Various Stages of the Process

Figures 4 and 5 illustrate the typical behavior of
component concentrations in the reacting H2 + O2 + Ar
mixture behind a shock wave under the conditions
examined.

First of all, note that considerable amounts of sin�

glet dioxygen  appear at the earliest stages of the

reaction (Figs. 4, 5). During the reaction, the  con�
centration reaches a level indicating that singlet diox�
ygen is among the major intermediates along with

HO2, H, O, and OH.
6
 Note that this conclusion was

not influenced qualitatively by variation of the rate
constant of  quenching (reaction (XXXI')) by two
orders of magnitude. This variation was performed
under the condition that the relationship

 is true (K31 is the equilibrium constant of
reaction (XXXI)).

As estimated from the behavior of the initial com�
ponents H2 and O2, the induction period of the reac�
tion in this particular variant of calculation (stoichio�
metric mixture, T = 1050 K, P = 1.9 atm) continues
up to t ≈ 800 µs. Depending strongly on reaction con�

6 In practical kinetic calculations, singlet dioxygen and its reac�
tions are usually ignored unless this component is artificially
introduced into the calculation in order to simulate the effect of
discharge or radiation (see, e.g., [5, 6] and references therein).

2*O

2*O

2*O

=

0 0
31 31' 31k k K/

ditions (composition, temperature, and pressure), the
induction period end time and the onset and end times
of the intensive stage of the reaction in all cases are
equal to the times at which the HO2 concentration is
near its maximum.

A very significant characteristic of a reaction is its
rate, which determines its role (contribution) at a par�
ticular stage of the complex chemical reaction in the
multicomponent reacting mixture. Figure 6 plots the
rates (wr = Rr/ρ, mol–1 s–1) of reactions (I') and
(XXXI), which are the rate�determining reactions at
the active site generation stage, the initial stage of the
chain process. At the intensive reaction stage, the most
rapid reactions are the monomolecular decomposition
of the vibrationally excited radical HO2(v) (reaction
(III)), which is the key chain branching reaction
under the conditions examined, and by reaction (IV),
which is the main reaction responsible for chain prop�
agation. Figure 6 also plots the rates of fast reactions
(I), (VII), and (XXX), which involve the HO2 radical.
The high rates of these reactions are due to the fairly
high reactant concentrations at this stage of the pro�
cess (Figs. 4, 5). Reactions (I) and (XXX) are respon�
sible for the formation of vibrationally excited O2

and  at this stage, and reaction (VII) should be
considered as one of the most significant OH forma�
tion channels, next in importance to reaction (III).
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Fig. 4. Time dependences of the concentrations (ni) of

(1) HO2, (2) , (3) OH, (4) H, (5) H2O, (6) H2, and
(7) H2O2 in the reacting H2 + O2 + Ar mixture behind the
shock wave.
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Note that it is the fast reactions (IV), (I), and (XXX),
which accompany the equally fast reactions (III) and
(VII) and release energy largely as the energy of the
translational and rotational motion of molecules (see
relationships (6) and (3) for Er ′), that are responsible
for the explosive character of the self�heating of the
reaction mixture in hydrogen combustion and detona�
tion.

CONCLUSIONS

A theoretical model has been constructed and
approbated, whose central feature is that it consis�
tently takes into account the vibrational nonequilib�
rium of the HO2 radical as the key intermediate in
chain branching and in the formation of electronically
excited species. Our calculations have illustrated the
potential of this approach from the standpoint of
establishing the physically adequate mechanism of
hydrogen ignition and combustion in order to fit the
theoretical model to experimental data obtained by
different authors for various compositions and condi�
tions using different methods.

According to the calculations within this model,
the H2 + O2 reaction proceeds so that the vibrational
degrees of freedom are not equilibrated. The actual
rate constants may differ from their equilibrium values
by several orders of magnitude. Under the conditions
examined, this reaction is essentially nonequilibrium
and the vibrational nonequilibrium of the HO2 radical
is an intrinsic feature of hydrogen oxidation. The non�
equilibrium character of the process with respect to
vibrational degrees of freedom is responsible for the
observed dependence of the effective rate constant of
the overal reaction H + O2  O + OH on experi�
mental conditions.

Owing to the participation of the HO2 radical in the
oxygen regeneration reaction (H + HO2  H2 +
O2(

1∆)), the O2(
1∆) concentration reaches a fairly high

level making the singlet dioxygen molecule as impor�
tant as the intermediate species HO2, H, O, and OH.

We think that further improvements to the model
taking into account the essentially nonequilibrium
character of high�temperature hydrogen oxidation
should be made by taking into consideration the reac�
tions of HO2(v) with other mixture components
revealed by preliminary ab initio investigation (prima�
rily the initial reactants H2 and O2).

APPENDIX

Since the harmonic oscillator model is used here,
the probability of the vibrational exchange process

(A.1)
in which, upon a collision between a sort i molecule
and a sort j molecule, as a result of the qth process the
vibrational quantum numbers vm in modes m decrease

⎯⎯⎯⎯→ − +v v v v

( )( ; ){ ; } { ; },
q

jiP m n
m n m mq n nql l

by lmq and the vibrational quantum numbers vn in
modes n increase by lnq, is uniquely determined by the
probability of the corresponding transition between

the lowest states, .
7
 Practical use of kinetic

quantities of this type, which characterize a given
vibrational exchange process as taking place between
modes each treated as a single whole, implies replace�
ment of expression (A.1) with

(A.2)

According to SSH theory [31] (see also [32]), the
probability of the qth complex transition of vibra�
tional energy from modes m to modes n per collision
in the interaction between sort j and i molecules is cal�
culated as

(A.3)

Here, ζ is the orientation factor (taken to be 0.1), 

is the matrix element of the 0  lsq transition of the
sort s harmonic oscillator (mode) involved in the qth

7 In the simplest case of one�quantum VT exchange, this correla�
tion is defined by the expression .
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Fig. 6. Time dependences of reaction rates (wr) at the chain
process development and intensive reaction stages behind
the shock wave (Table 1): (1) (I'), (2) (XXXI), (3) (III),
(4) (IV), (5) (VII), (6) (I), (7) (XXXII), and (8) (XXX).
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process, ωs is the vibration frequency of the sort s

oscillator,  is the adiabaticity parameter
(collision�averaged Massey parameter),  is the char�
acteristic interaction time, and Φ(x) is the adiabaticity
factor accounting for the change in translational
energy in VT exchange.

The function

(A.4)

the adiabaticity parameter

, (A.5)
and the matrix elements

(A.6)

(with only one�quantum transitions taken into
account) are derived from relationships well�known in
vibrational relaxation theory (see, e.g., [38–42] and
references therein). Here, M is the reduced mass of the
colliding species, µ is the reduced mass of the oscilla�
tor, α–1 is the characteristic radius of action of the
intermolecular potential, and D and β are parameters
of the intramolecular potential (Morse potential).

When formulas (A.3)–(A.6) were applied to the
HO2 molecule, the latter was treated as a set of the fol�
lowing harmonic oscillators: vibration of the H⋅⋅⋅O
bond (HO2(100)) with a reduced mass of 1.0693 and a
frequency of 3698 cm–1, bending vibration relative to
the equilibrium ∠HOO angle of 104.3° (HO2(010))
with a reduced mass of 1.1311 and a frequency of
1430 cm–1, and vibration of the O⋅⋅⋅O bond
(HO2(001)) with a reduced mass of 13.0737 and a fre�
quency of 1120 cm–1.

For the VT exchange and strongly nonresonant VV'
exchange processes involving the HO2(100) and
HO2(010) oscillators (which are asymmetric because
of the presence of a hydrogen atom), the rotational
velocity can be higher than the translational velocity.
In the simplest variant of VR exchange theory [33], the
dynamic parameters of VT and VV' exchange theory
characterizing translational motion (reduced mass
and velocity) are replaced with the corresponding
parameters characterizing rotational motion (in this
approximation, the role of translational motion is to
bring the molecules closer). In view of this (for details,
see [34, 35]), when calculating the rate constants of
these exchange processes in terms of formulas (A.3)–
(A.6), we used the relationship

instead of formula (A.5) to obtain SSHM estimates in

the calculation of the adiabaticity parameter .
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