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The reaction O + Ol — Oy + H in conditions of combustion of hydrocarbons and polymers was modelled
by using the method of quasiclassical trajectories. The potential encrgy surface was determined by the
multiconfiguration intcraction method and fitted with the analytical form of the extended LEPS function.
Attention was paid to the mean values of the vibrational and rotational quantum numbers of 05 molecules
and their temperature dependence. ‘The temperature dependence of the mean lifetime of the OOIH collision
complex was also examined. The calculated rate constants were analyzed and compared with the expe-
rimental data over the temperature region of the combustion processes.

The reaction O + OH — O, + H occurs mainly on the ground ?A” potential cnergy
surface and proceeds via the vibrationally or rotationally excited collision complex
OOH*,

O ('P) + OH (M) — OOH* (X 24") — 0, (*%;) + H (%S) A)

This reaction is of high importance in the process of combustion of hydrocarbons and
polymers, which it slows down appreciably! because it is the reverse reaction to the
branching reaction H + O, = OH + O. Modecl calculations revealed! that it also slows
down the flame propagation velocity. The reaction also plays a major role at extremely
low temperatures in the interstellar space where its rate constant is substantially higher
than as was expected? and so it can be the principal reaction responsible for the loss of
OH radicals in interstellar clouds. The third ficld where the reaction in question is
significant is in the Earth’s atmosphere where it is involved in the mechanism of the
global distribution of ozone*. The collision complex can be well stabilized under favou-
rable conditions, and the OOH radical formed then affects significantly the chemical
processes in various ficlds of radical chemistry®. For these reasons the reaction (A) has
received interest with respect to its rate constant, which has been studied lhcorclicallys" 10

. - 13
as well as experimentally'! = 13,
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In the processes of combustion of hydrocarbons and in the gas envelope of burning
polymers where reaction (A) proceeds, it is very important to investigate the high-
temperature rate constant and its temperature dependence. The temperature region
concerned is from 500 to 2 000 K (refs'™1%). In addition to the temperature dependence
ol the rate constant, quasiclassical trajectory (QCT) calculations provide other dynamic
characteristics which are relevant with respect to the effect on the overall combustion
mechanism. Molecular oxygen 03(325), which is a reaction product, can occur in an
excited rotational-vibrational state (can be rotationally or vibrationally “hot”). This will
affect its reactivity in all reactions of the reaction mechanism in which it is involved.
For this reason we investigated the mean rotational quantum number j* and the mean
vibrational quantum number v ol the O, molecule and their temperature dependences.
We also examined the mean lifetime £ of the OOH (X “A") collision complex and its
temperature dependence. This quantity correlates with the probability of stabilization of
the OOH radical by collision with a third particle and so alfects the opportunity for the
OOH radical to get involved in the combustion process.

The first part of this paper gives an overview ol the reeent caleulation of the
hypersurface for reaction (A) and describes the base and the MC SCF method used. Tt
also contains a description of the ELEPS hypersurface and its parameters, by means of
which the ab initio points were litted. The results ol caleulation are presented for the
cquilibrium geometry and the minimum energy in the limits of the input (O + OH) and
output (Oy + H) channcls as well as in the cquilibrium region of the OOH collision
complex. In the second part, the above dynamic characteristics (j',;',l') and their
temperature dependences are presented and discussed. The Tast part deals with the rate
constant of reaction (A) and its temperature dependence. The temperature dependence
ol that part of the rate constant associated with the fine splitting of the reactant levels
is discussed. The QCT dependence of the rate constant over the 500 - 2 000 K region
is compared with recent experimental results.

Potential Encrgy Surfuce

The potential energy surface (PES) of the OOH system has been studied by several

- ( . o .
1= P whereas Grafl and coworkers'” used the multipole

authors at the ab initio leve
expansion type ol the Hamiltonian extended with the spin—orbit interaction part. This
work provides ab initio MC SCF calculations based on the exponential operator
method=!, implemented using the COLUMBUS program package > The Gaussian
basic set™ 3 cmployed consisted of the (Ys Sp 1d) /|5y 3p 1d] base for the oxvgen atom
with an exponent of 0.9 for the d-orbital, and of the (3s 1p)/[3s Ip] base for the

hydrogen atom with an exponent of 0.23 for the p-orbital. The active space in the MC
SCF wave function was formed by the orbitals

(a7) (ds) (ay) () - - -
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based on which, nine configurations of the 2A4” symmetry were generated. These confi-
guration functions of state, which represent the complete active space in the given set
of orbitals, were used in all PES calculations without additional sclection. The
convergence criteria for the molecular orbitals and MC SCF cxpansion coelficients
were chosen so that the total energy was calculated with a precision of 107 hartree.
From the complete space of internuclear distances, 165 representative points were
scelected and the MC SFC energies were calculated for them. The equilibrium geometric
paramcters along with the cequilibrium MC SCF cenergies are compared with expe-
rimental data®®27 and with the MC SCF data by Mclius and coworkers'” in Table 1.
Except for the £, value for the O, + H output channel, the data are in a good mutual
agreement.

The representative «b initio PES points were used for litting the parameters of the
analytical representation of the PES in the form suggested by Wagner and coworkers?,
The extended LEPS (ELEPS) analytical function ol potential encrgy V as proposed by
those authors is

R R
V = EQi - (E(LF - U Uy = U Uy = Uy ay)'’?, N

i=1 i=1
where the symbols Q, and «; can be written as
Qi = Di(q; ¢ - bie)
ai=Di[(1 - a)) ¢ = (2 - b)) (2)

;= exp [-Pi (R - Ryl

TABLE 1
Lquilibrium geometric parameters and cquilibrium MC SCE energies of the OOIT (X A7) system

System R, bohr Ry bohr 0-0-1. deg =L i hartree
0+ 01 - 1.80" - 150.2071¢
- 1.85" - 150.2412"
- 1.83° - -
0011 2.65" 1.85¢ 105" 150.2562¢
258" 1.88" 104.2° 150.2998"
2514 1.84¢ 104.0¢ -
Ox+ 11 219" - - 150.1366“
233" - - 150.2181%
2.28¢ - - -
“ This work: ? ref.'7; ¢ ret. 20 @ et
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In the above equations, the /i-th bond is associated with the dissociation cnergy D;,
spectroscopic constant f, equilibrium distance R, and fitting parameters a; and b;. Their
actual values for the OOH system under study are given in Table I1.

The ELEPS surface was represented by a contour line map of the potential energy in
dependence on the Ry, and Ry internuclear distances. The maps arec shown in Fig. 1
for three O-O-H angles, viz. 60°, 99° and 150°. The map for 99° shows the region of
the absolute minimum of the ELEPS surface — the OOH radical region. The overall

TasLe 11
ELEPS surface parameters of the OOI system

System D.. hartree Bee bohr™! K. bohr a b
0-0 0.18441 1.4313 2.2819 2.4553 1.3348
O-H 0.15299 1.2798 1.8324 1.16561 1.9370
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Potential energy surface for the OOH system: R
and Rgy in bohr, encrgy in kJ mol™". 0-0-11 angle
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character of the ELEPS surface is determined by a deep potential encrgy minimum
located in the region of decay of the O-H bond and formation of the O-O bond. The
absence of saddle points on the reaction coordinatc bears out the fact that the
exothermal reaction is fast and at the combustion temperatures, the reaction will only
be hindered by the formation of the long-lived OOH complex and its stabilization to the
OOH radical.

Dynamic Characteristics

The calculations were based on the standard QCT procedure?®* with a constant
integration step of 0.15 . 1071% 5. The beginning of the trajectorics was at a distance of
the O atom from the OH molcecule of 7 . 1071 m. The collision cnergics E of the
reactants correspond to the mean relative velocities of the reactant molecules at 500, 1 000,
1 500 and 2 000 K. Also the vibrational quantum number v = 0 and the rotational
quantum numbers j = 7, 8, 9 for the OH molecule were determined as the mean values
for the temperature region in question based on the Boltzmann distribution function.
The basic QCT data are summarized in Table I The maximum impact parameter b,
decreases with increasing collision energy E and hence, with increasing temperature.
On the other hand, it is not visibly dependent on the quantum number j of the OH
radical within the regions concerned. Its decrease with increasing translational tempe-
rature is consistent with the assumed concept of the OH molecule at higher relative
velocities being unable to capture the H atom at distances at which the reaction still
occurs at lower velocities. The number of reactive trajectories N, (out of the total
number of trajectories N) decreases with increasing rotational quantum number across
the entire region of collision energies (except for T =1 500 K, j = 7). Thus, in this case
there predominates the so-called orientation effect, where increasing rotational encrgy
of the OH radical brings about departure from the optimum reaction pathway and sub-
sequent decrease in the number of reactive collisions. The N, value in dependence on E
(for the various j’s) exhibits a maximum at 1 000 K, except for the case of j = 7.
However, the reactivity of the O + OH system, represented by the rate constant and its
temperature dependence, is alfected by other factors as well; as will be discussed later.

The rotational excitation of the O, molecule as a product of reaction (A) is most
simply characterized by the rotational quantum number j'. To get an idea of how the
rotational temperature of O, molecules varies with macroscopic temperature 7 we
plotted the T(T) dependence (Fig. 2). The points in this plot (as well as in the V'(T) and
'(T) plots) were determined by averaging over all j°s for j = 7, 8, 9 at the collision
temperature corresponding to the given temperature and by additional averaging over
the above j values using the Boltzmann statistical weights for the given temperature.
The results in Fig. 2 point to high rotational temperatures of the O, molecule: 7’ lies
within the region of 34 — 54 while the mean Boltzmann value of the rotational quantum
number is within the region of 15 = 31. The increasing trend 0('}—"(7') is rclated with the
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fact that higher rotational states j acquire a higher weight with increasing 7, and the 7’(1)
dependence is increasing in the majority of reactive collision processes. Morcover, the
increasing trend of the /—’(T) function is also promoted by the cfficient transfer of the
translational energy of the reactants to the rotational energy of the products. In conclu-
sion, the O, molecules emerging from reaction (A) are “hot” within the temperature
region concerned; this fact must be taken into account when modelling the hydrocarbon
and polymer combustion mechanism. Their rotational temperature will increase with
increasing temperature of combustion.

The dependence of the mean vibrational quantum number V'(T) for the O, molecule
(Fig. 3), on the other hand, has a decreasing trend. This means that increase in the
macroscopic temperature of the reactants will be accompanied by a decrease in the
vibrational temperature of the products of reaction (A). This result, which was
astonishing at first glance, pointed to the necessity to analyze the v' values. The nature
of the cffect was found in the decrease in the vibrational numbers with increasing rela-
tive translational cnergy of the reactants. Deeper investigation into this phenomenon
brought us to Figs 1a — 1¢, where the repulsive wall (from which the trajectories recoil)
gradually dceparts to the left at a contour line with a higher number. In this manner,
increasing translational energy gradually reduces the preconditions for an cfficient
transformation of the relative translational encergy of the reactants into the vibrational
energy of the O, molecules. The absolute values of V' lie within the region of 2.2 — 1.7
while the values of 0.1 = 0.8 correspond to the mean Boltzmann value of the vibrational
number of O, molecules for the limits of the temperature range. Hence, as in the case
of the rotational temperature, also the vibrational temperature of the O, molecules
emerging from the reaction is higher than as corresponds to the macroscopic tempe-
rature of combustion, and this will have a bearing on the consccutive reactions of O,.

55 23
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Dependence of the average rotational quantum Dependence of the average vibrational quantum
number j of the O, molecules on temperature T number V' oof the Oy molecules on temperature T
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In contrast to the rotational temperature, however, the vibrational temperature decrea-
ses with increasing T and in the conditions of very high temperatures of combustion of
hydrocarbons and polymers it will approach the macroscopic temperature of the
burning mixture. _

The mecan lifetime £ of the OOH collision complex was determined as the time of
existence of such an OOH configuration where cach internuclear distance is shorter
than 3. 107" m (ref.*!). The T(T) dependence (Fig. 4) shows the mean lifetime of such
an OOH complex which decays to O, + H solely. Thus the ¢ value has an inverscly
proportional cffect on the rate constant of reaction (A). For getting a notion of the
absolute valuc of £ it should be noted that the vibrational period of the OH molecule v=0)
is 8.92 . 10713, so that the OOH complex executes tens of vibrations during its life. The
increasing trend of the 7(7) function is difficult to interpret because the lifetime of the
collision complex usually decreases with increasing collision temperature of reactants.
In this case, the decrease in the b, values with increasing temperature will apparently
play the major role (Table IH); owing to this fact, the formation of a more compact
collision complex with a longer lifetime is made possible at higher temperatures, which
cnables the competitive stabilization rcaction OOH* + M — OOH + M to manifest
itself.

Rate Constant

The reaction cross sections S, (required to calculate the rate constant) and their depend-
cnce on the collision cnergy were determined based on data in Table 1. Figure 5
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>0 : ‘ ' 2500 50 ‘ 150 . 250
500 1500 1k E, kJmol™
FiG. 4 FiG. 5
Dependence of the mean lifetime ¢ of the OOH Dependence of the average reaction cross section
collision complex on temperature T S, on the relative translational encrgy of the O +

Ol system

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



Quasiclassical Trajectory Calculation 241

shows the dependence of Er on the relative energy E of the O + OH system; the mean E,
values were obtained by Boltzmann averaging of the S, values for the rotational states j
= 7, & 9. The result is a decreasing E,(E) dependence, which is commonplace for
exothermal reactions free of any encrgy barricr. The rate constant k(T) was calculated
from Eq. (3) (c.g. ref*):

KT) = p(D) (x ) 2/k )% [ S, (E) exp (-E/k T E dE . A3)
0

Involved in this relation is the probability of collision initialization p(T) just on the
PES studied by us. This parameter has to be considered in cascs of degencration and
fine splitting of several PES’s in the region of the separate reactants. Since in our case
there are involved five degenerate ground states of O('P,), three degenerate excited
states of O(CP)), onc excited state of O(*Py), and furthermore two fine split ground
states for OH(?I,,,) and two fine split excited states for OH(%IT, ), we used p(T) in the
form given and discussed in ref', viz.

2
PI) = 1533 oxp (-228/T) + exp (-326/D)] [2+ 2 oxp (-205/D)] *

“)

The rate constant then can be written as

KT) = p(T) ko (T). ®)

Graff and Wagner'? also discussed the case where all reactants are at the lowest
levels and p(T) = 0.2. In both cases they proceeded from the concept where the reaction
can occur at the lowest PES only and nonadiabatic effects are negligible. In the case of
the thermal fine structure they obtained a k(T) dependence with a maximum at a tempe-
rature lower than 100 K and with a decreasing trend in the region up to 1 000 K. For a

TasrLe 11
Basic QCT data for rcaction (A)

Nr a
I K E. K mol™ braxe 10719
j=17 j=8 j=9
500 5.29 4.8 232 174 166
1 000 10.59 4.5 206 186 183
1 500 15.88 43 169 173 146
2 000 2117 4.2 156 127 113

“ N = 500 in all cases.
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constant p(T) the rate constant slowly decreases monotonically with temperature. Our
data are given in Table IV and compared with the experimental values from refs!$20
within the temperature regions of measurement. It is evident that the rate constant 0.2
ko passcs a maximum at approximately 780 K, to decrease at higher temperatures. The
decreasing p(T) dependence, however, predominates and governs the decreasing trend
of k(T) over the temperature region examined. The experimental data were determined
from the temperature dependence of the rate and equilibrium constants of the reverse
reaction according to ref.'*. The very good agreement of the calculated and expe-
rimental values gives evidence that the concept of the fine splitting of reactant levels
and the temperature dependence of the probability p(T) according to Eq. (4) are correct.
Morcover, it appears that in spite of its simplicity, the ELEPS surface® is able to
correctly describe the crucial parts of the potential surface for the QCT calculation of
the rate constants.

TasLE IV
Temperature dependence of rate constant k in Lq. (3) and its components p and kg in Eq. (5), and expe-
. o o~ 2 . - - -
rimental values from refs' 3 (k and ky in 10 1 em® molecule™ s l)

T.K P ko 0.2 k k (ref.'?) k (ref.2)
500 0.081 6.06 245 - -

1 000 0.068 6.24 212 2.68 2.10

1 500 0.064 5.81 1.85 1.85 1.63

2 000 0.062 5.25 1.62 1.53 1.39

The authors wish to thank their colleague J. Rychly for valuable remarks on the work and discussions

concerning the combustion of hydrocarbons and polymers.
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