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The dynamics of elementary rate processes for H+ O, collisions on an ab
initio potential energy surface have been simulated by quasiclassical trajectory
theory (QCT). For H+ O, (v =0, j = 1), we have obtained the reaction proba-
bility P, (E, b) as a function of collision energy E and impact parameter b,
the reaction cross section S, as a function of E, and the average values ¥/,
7', of the product quantum numbers of OH.

For H+0, (v=2,j=1,20, 40, 60, 80,100, v=1,3,4,5,j=1) at E=03¢V,
we have found that b,,,, is about 4.5a, and the impact parameter at which P,
is maximum decreases as j increases. The reaction cross sectidn increases as
j and v become large. For inelastic collisions, when b is small and j is large,
the 95, and j—(’,2 are both small. For reactive collisions, iy almost equals zero,
but the probability of iy being larger than zero increases with increasing j;
and voy even shows population inversion for j = 100. Additional details of
the dynamics are shown in figures of interparticle distance and stereographs.

Key words: Quasiclassical trajectory calculation — H+ O, — State distribution
— Stereograph of collision trajectory

1. Introduction

Many experiments [ 1-3], and theoretical calculations [4-13] have been performed
for the elementary reaction H(’S)+0,(°Y;) - OH(*z)+O(CP). Schott [1] has
measured its rate constant, Benson [4] has calculated the rate constant using
simplified transition state theory (TST), Gauss [6] has given a modified London-
Eyring-Polanyi-Sato-type (LEPS) potential energy surface (PES) and calculated
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the rate constant for it, Redmon [7] has computed some reaction cross sections
for selected states of the molecule O, with Gauss’s PES using quantum scattering
theory, and Miller [9] has calculated the rate constant on the Melius surface {8]
by quasiclassical trajectories (QCT). In 1984, Woffrum’s group measured some
reaction cross sections [3]. Other studies include that of Kleinermanas and
Schinke [11] who have reported the dynamics for the reaction at high collision
energies, and our calculations of the A-factor on an ab initio PES using Eyring’s
TST [13]. We have also done some QCT calculations [12] and found that
translational energy is almost unable to promote the reaction, but vibrational
energy promotes the reaction well. This is similar to the result found by Bottomley
et al. [10] on the Murrell semiempirical PES.

In this paper, the dynamics of H+ O, collisions on Melius-Blint [8] PES have
been simulated by QCT.

2. Potential energy surface and computation procedure

For the reaction system H+O,, there are semiempirical PESs by Gauss [6] and
by Farantos et al. [5], and an ab. initio one by Melius and Blint [8]; the last one
was employed for the QCT calculation presented here. The parameters of the
PES are listed elsewhere [8].

The details of the calculational method have been described elsewhere [14-17].
Initial parameters, which were ramdomly selected for a set of trajectories were
the impact parameter b, the vibrational phase, and the three orientation angles
of the O, reagent molecule, while the parameters which were fixed for each set
of calculations were the initial separation p between atom H and molecule O,
(10a, in all the calculations reported here), the relative translational energy E,
and the vibrational and rotational quantum numbers v and j of the reactant
molecule. The final state properties which were obtained for each trajectory were
the identity of the molecular product, the translational and internal energies, and
the vibrational and rotational quantum number ¢v' and j’ of the product molecule.
The continuous values of the classical vibrational and rotational quantum num-
bers were rounded off to the nearest integers.

The accuracy of the integration procedure used in the trajectory calculations was
tested by back integration of some trajectories to reproduce the initial conditions
and by checking conservation of total momentum and energy for each trajectory.
The step size in the calculation reported here was 4.3 x 10 ' s, and at least 1000
trajectories were calculated for every set of v, j, and E.

3. Results and discussion
3.1. Reaction probability and cross section

The reaction cross section S, (E, v, j) for a given set of initial conditions was
calculated from the equation
b

S(E, v,j)=2m f " P, (E, v,j, b)b db

0
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where b,,,, is the maximum impact parameter at which the reaction occurs, and
P.(E, v, j, b) is the reaction probability as a function of impact parameter b for
a fixed set of initial conditions (E, v, j).

For H+O, (v=0, j=1), the reaction probabilities were computed at different
relative translational energies and impact parameters and are shown in Fig. 1.
From Fig. 1, it can be seen that the reaction probability varies slowly with the
impact parameter b at low collision energies. Reaction can occur out to 4a,.
When the relative translational energy E is increased, the range of b at which
the reaction occurs decreases. The range shortens from both directions: (i) as E
goes up from 0.6 to 4.2 eV, b, decreases from 4.0a, down to 2.0a,, and (ii) at
small b, as E increases from 3.0 eV to 3.9 eV, the minimum b at which reaction
occurs goes up from 0 to 0.25a,. However, in the range of middle b, as E increases
P, increases greatly. In other words, the selectivity of the reaction on b is enhanced
when E increases. The cross section S, as a function of collision energy E is

2.0 o ° 4 o
- o ©° o
NO ~ 4
2 5 °
- 1.0L o (]
[72]
[+
0 P 1 + " M ] P
0.3 1.2 2.1 3.0 3.9

Fig. 2. Cross settions at various relative
translational energies for v =0, j=0 E (eV)
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plotted in Fig. 2, from which it can be seen that at E=2.1¢V, S, (E) has a
maximum equal to about 2aj.

P.(E, v,j, b) for H+O, (v=2,j=1, 20, 40, 60, 80, 100) at E=0.3 eV is depicted
in Fig. 3, and it can be seen that for the six rotation states of O,, the reaction
probability decreases substantially as b increases. For all j states, however, the
maximum impact parameter is 4.5a,, i.e. P,=0 for b>4.5a,. The impact para-
meter at which the reaction probability is maximum is about 1a, for j=1-60,
but P. peaks at the origin for j =80 and 100. In all cases P, at fixed b becomes

0.9
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~ 10 Fig. 4. Reaction cross sections as a function of j at v =2,
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i Fig. 5. Reaction probabilities as a function of v at j=1,
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Fig. 6. Reaction probabilities as a function of impact
6 b (ag) parameter b at v=35, j=1, E=03¢eV
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larger with increasing j for b =3a,. Reaction cross sections S,(j) are plotted as
a function of j in Fig. 4. As shown in Fig. 4, S,(j) increases monotonically as j
increases, meaning that high rotational excitation favors the reaction; this result
is similar to that found by Miller [9] and by Bottomleyet et al. [10]. The reaction
probability for E=0.3¢V, j=1, and b=3a, is displayed as a function of the
vibration state v of O, in Fig. 5. It is apparent that, with the exception of v =0
and 1 the reaction probability P,(v) increases with increasing v. The variation of
P, with b for high vibrational states (Fig. 6) is similar to that for v =2 (Fig. 3).

3.2. Distribution of products

The probability of the product i being in the vibrational state v" and rotational
state j' is defined as

P(v)=Ni(v)/N . (0
P(j)=N()/N (2)

where N is the total trajectory number, and N;(v") and N;(j') are the number of
trajectories leading to product i in the vibrational state v’ and rotational state j'
respectively. As shown in Fig. 7 (a)-(f) for reagent molecule O, with v =2 and
j=1,20,40, 60, 80, 100, when b is large (4a, and 5a,) the collision is essentially
elastic and the vibration state of molecule O, (collision product) does not change
readily; furthermore, the probability for j'<j is almost equal to that for j'>j
(except j =1). The probability of finding O, with vibrational state v’ <2 goes up
as b goes down; for example, when b=1a, and j=20 the probability that the
product O, has vibration quantum number v'=0, 1,2 is almost the same, and
the probability of finding O, with rotational state j' <j becomes very large. When
b decreases the probability of the product O, having vibrational state v'>2
increases; for example, at b =0 and j = 100 the probability for v'=3, 4,5 is very
large.

In brief, the smaller the impact parameter b and the larger the excited rotational
state j of reagent molecule O,, the larger the probability that the O, will have
vibrational quantum number v'# 2 and rotational quantum number j' <j. These
results show that for small b the collisions show considerable vibrational and
rotational inelasticity, and the inelasticity increases as b decreases.

For reactive collisions, when j <.40 and 0 < b <4a, the product OH is mainly in
the ground state. With increasing rotational quantum number j for the reagent
molecule O, the probability of producing OH with v'> 0 increases; for example,
for b=2a, and j=100, some inversion of the populations for the vibrational
states of OH appears. These results are similar to those found previously [11]
for a collision energy equal to 3.9 eV.
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Table 1. The average collision time at various
collision energies

E(eV)  Average collision cpu time(s)®
time (s)*

0.6 24x1071 74

1.5 9.2x 107 2.8

2.4 6.5x107 2.0

3.9 3.9%x107 1.2

# Defined as the time when the reagents are
separated by 10q, or less
® The computer is FACOM M340 (Shandong
University)

3.3. The mechanism of collision

409

Table 2. Percentage of backward scat-
tering (6>>90°) trajectories for the
reactive process

E (eV) OH scattered back-
wards (%)

0.0-2.1 59

2.4 59

2.7-4.2 60

As discussed previously [12], the trajectories of the reaction H+ O, are generally
complicated. After oscillating many times in the potential well, the complex can
dissociate. With increasing collision energy, this occurs more easily, and the

lifetime of the complex decreases (Table 1).

Figure 8 shows two reactive collisions with the same initial position vector and
impact parameter but different collision energies, and it shows how the distance

a

ENEMEIE

5 T 2%

t/187™" s

35

Fig. 8a, b. Two reactive collision trajectories with the same initial position vector and the same impact
parameter b, but different relative translational energies: a E=0.6eV; b E=4.2¢V. * 00;0: 0H;+:

OH
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between each pair of atoms varies with time. A trajectory at collision energy
0.6 ¢V is shown in Fig. 8a, and one at 3.9 ¢V in Fig. 8b; the latter is much simpler
than the former. In order to visualize the collision dynamics more clearly,
stereographs [19] of the collision trajectories have been plotted in Figs. 9-10,
from the mechanism, and especially the movement of the system in space, is
more easily understood. It is difficult to get good statistics for the distribution of
the scattering angles of the product OH because the probabilities of reactive
collisions are small. The distribution of scattering angles of product OH at
E =2.4 eV is shown in Fig. 11, where the total number of trajectories is 8050, and
the number of the reactive trajectories is 569.

From Fig. 11, we can see that there are two maxima in the distributions, one at
the scattering angle 6 = 10°-40° and the other at 6 = 140°-170°, and the probability
of sideways scattering is very small. The ratio of the number of backward scattering
reactive trajectories to the total number of reactive trajectories is very close to
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50% at all collision energies (Table 2). This indicates [18] that the reaction of
H+ O, proceeds through a long-lived complex.
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