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Theoretical study of stereodynamics for the
O(°P) + H, — OH + H reaction*
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This paper employs the quasi-classical trajectory calculations to study the influence of collision energy on the title

reaction on the potential energy surface of the ground 3A’ triplet state developed by Rogers et al. (J. Phys. Chem.
A 2000 104 2308). It calculates the product angular distribution of P(6:), P(¢r) and P(6r, ¢r) which reflects vector
correlation. The distribution P(60;) shows that product rotational angular momentum vectors j' of the products are

strongly aligned along the relative velocity direction k. The distribution of P(¢.) implies a preference for left-handed

product rotation in planes parallel to the scattering plane. Four different polarisation-dependent cross-sections are also

presented in the centre-of-mass frame. Results indicate that OH is sensitively affected by collision energies of Ha.
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1. Introduction

The dynamics of the reaction O(®P)+H, are
known to be a major participant in combustion™ and

are also important in upper atmosphere reactions!®!

451 As a typical atom-

and interstellar chemistry.!
molecule reaction, it is the prototype system for test-
ing the quality of new theories and experiments. Its
fundamental importance has led to reports on nu-
merous experimental studies!®~13] and potential en-
ergy surface (PES) and dynamic calculations!'4—2!]
over the last three decades. Specifically, Garton et
all”l obtained the relative excitation function from
a crossed molecular beams apparatus, and the re-
sults were in good agreement with the quantum wave
packet calculation. Robie et al!®9 measured the ra-
tio of intramolecular kinetic isotope effect using the
laser-induced fluorescence (LIF) method and found
very strong negative temperature dependence. Han
et al.' studied the title reaction by LIF detection of
the OH product and observed the non-statistical rota-
tional state population of X2II. Rogers et al.'4 the-
oretically constructed a PES based on extensive high
Maiti and Schatz[®!

employed the quasi-classical trajectory (QCT) sur-

quality ab initio calculations.

face hopping method to investigate the nonadiabatic
dynamics of O(®P)+H,. Chu et al.l'™'8] presented
the quantum study of spin-orbit-induced intersystem
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crossing effects in the O(3P)+Hs reaction and demon-
strated that the spin-orbit coupling among the triplet
states of different symmetries greatly contributes to
intersystem crossing. Balakrishnan,['?! Sultanov and
Balakrishnan,?°! and Braunstein et al.?!! recently re-
ported their adiabatic dynamics calculations on the
O(®P) + Hy — OH + H reaction, finding consistent
results between these calculated total reaction cross-
sections and experiments. Owing to experimental and
theoretical breakthroughs, there is a renewed interest
in the title reaction. Recently, a more robust varia-
tion of the method has been improved,?? called the
moving boundary truncation (MBT) method, it can
significantly reduce the number of grid points needed
to perform accurate wave packet propagation while
maintaining stability. Significant improvements have
been made which allow the MBT method to be applied
to any PES and used with any propagation method.

Previous studies have basically dealt with scalar
properties. To reveal the dynamics of the title reac-
tion fully, studying not only the scalar properties but
also the vector properties is important. The vector
correlation between the reagent and product can pro-
vide valuable information about the stereodynamics
of the chemical reaction. In 2009, Wei et al.[?3 pre-
sented the result that vector properties are sensitively
affected by vibrational excitation.

To shed more light on the stereodynamics of the
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dynamics of O(3P)+H3(0,0) reaction, we use the QCT
method to study the product rotational polarisation
for the title dynamics on the singlet lowest 3 A’ PESs
and the influence of collision energies on the vector
correlations of the product.

2. Theory

2.1. The QCT calculations

The calculation method of the QCT has been de-
scribed in Refs. [24]-[26].
equations are numerically integrated for motion in

The classical Hamilton’s

three dimensions. In our calculation, rotational levels
of the reactant molecules are taken as v = 0 and j = 0,
respectively. Batches of 50000 trajectories are run for
collision energies chosen as 15, 30, and 45 kcal/mol.
The integration step size is 0.1 fs. Accuracy of the
numerical integration is verified by checking the con-
servation of the total energy and total angular mo-
mentum for each trajectory.

2.2. Rotational alignment parameter

The degree of polarisation of angular momentum
7' of the product molecule can be visualised through
the centre of mass (CM) orientation and alignment
parameters in Fig. 1.

k/

T

Fig. 1. The CM coordinate system used to describe k,
k', and j’ distributions of the reaction O(3P)-+Hz2(0,0).

The distribution function of the angular momen-
tum 3’ of the product molecule can be expanded in a
set of Legendre polynomials, which describes the cor-

relation between j’ and the relative velocity vector
k. [27,28]

F(0) = api(cosb), (1)
l

where | = 2 indicates the product rotational align-
ment,
-/ 1 2

(Py(j'.2)) = 5[3608 6 —1]. (2)

2.3. Polarisation-dependent different cr-
oss-sections (PDDCSs)

The full angular distribution of the triple vector
correlations k, k', and j’ of the product molecule can
be represented by a set of PDDCSs in the CM coordi-
nate. In this chosen coordinate, the z-axis is parallel
to the reagent relative velocity k, and the y-axis is per-
pendicular to the zz plane containing k and k’. To
describe the vector correlation of the reaction of the
atom-diatomic molecule fully, the correlated centre-of-
mass function is written as29:3%

0o k
1
P(cosb,cos by, p,) = o g E (2k+1)
v

k=0qg=—k
27 dogg
dw

Ckq (era (br)*a (3)

where (1/0)(dogq/dws) describes the generalised
PDDCSs.
in the Refs. [31]-[33]. In our investigation, we only
compute for (27/0)(dogo/dow,), (2m/0)(dosg/doy,),
(27 /0)(dog+ /doy,) and (2m/0)(dog;- /doy,). The
four PDDCSs are expanded up to k = 7.

The usual distribution function P(6;) describing

The functional form can be referred to

the two vector k—j’ correlation is expanded in a series
of Legendre polynomials [34]-[36]. In this research,
the distribution P(6,) is expanded up to k = 18 for
good convergence.

P(6:) =1/2  [Klagpk(cos ;). (4)
k

The dihedral anglular distributions of the k — k' — j',
k — k' — 1 (1 is the reagent orbital angular momen-
tum) and k — k' — 1’ (I’ is the product orbital angular
momentum) in the three-vector correlation are char-
acterised by the angles ¢, I, and l’, respectively. The
distribution of the dihedral angle ¢, can be expanded

. . 5—
as a Fourier serles:[?"’ 37]

P(¢) = 1/27r(1+ > ancos(ng)

Neven >2

+ > b sin(nqﬁr)). (5)

Nodd>1

In this work, P(¢.) is expanded up to n = 24.
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Thus, the spatial distribution of product rota-

tional angular momentum can be launched asl>®!

1
47
kq

= 37 Sk cos(as)

k q>0
— CLS:F iSin(q(ﬁr)}qu (Gra O)a (6)

P(0r7¢r) = [k]agckq(erv(br)*

where a,, and b,, are given by a,, = 2{(cos(n¢,)) and
by, = 2(sin(n¢;)).

In our calculation, P(6,,¢,) is calculated with
k = 7 to obtain good convergence.

2.4. The PES

In the computation, the HoO(3A’) generalized
London-Eyring-Polariyi-Sato (GDLP) PES of Rogers
et al.™ is used. The GDLP PES of the title reac-
tion in the 3A’ state is the best fit to the ab ini-
tio data calculated by Rogers at collinear abstrac-
tion geometry. The GDLP PES is also characterised
by an abstraction saddle-point position at Rpy =
2.3096ag and Rog = 1.7050ag. The reaction barrier is
13.22 kcal/mol (1 cal=4.1868 J) above the O(*P)+H,
asymptote limit. We choose three energies beyond the
energy of the barrier to study the influence of collision

energy on the title reaction on the PES.

3. Results and discussions

The calculated results of distribution P(6,) for
the three collision energies (Er = 15, 30 and
45 kcal/mol) of the O(3P)+H3(0,0) reaction are de-
picted in Fig. 2. The distributions P(f,) represent-
ing the k — j’correlation lead to the conclusion that
product rotational alignment is very strong. For the
three collision energies, Fig. 2 clearly illustrates that
the peak of P(6,) is at 6§, = 90° and is symmetric
with respect to 90° because of the planar symmetry
of the system. This implies that the product rota-
tional angular momentum vector is strongly aligned
along the direction perpendicular to the relative ve-
locity direction. The peak of P(6,) is not sensitive to
the collision energy. However, as seen in Fig. 2, the
product rotational alignment effect is strongest at the

collision energy of 30 kcal/mol.

— =15 kcal/mol

B 30 kcal/mol
i + + 45 keal/mol

P(ar)

0 30 60 90 120 150 180
/(%)

Fig. 2. Distribution P(6;) reflecting the k—j’ correlation
at three collision energies.

To understand the correlation of k — k' — 7/, we
calculate the dihedral angle distribution P(¢,), the
results are shown in Fig. 3. The P(¢,) tends to be
antisymmetric with respect to the scattering plane,
directly reflecting the strong polarisation of the an-
gular momentum induced by the PES. For the three
collision energies, the P(¢;) distribution has only one
peak of every curve appearing at 270°. This demon-
strates that the rotational angular momentum vector
of the product OH is oriented along the negative di-
rection of y-axis of the CM frame.

3.0
- - - 15 kcal /mol .
L — — 30 kecal/mol .
— 45 kcal/mol N
20F
= w
s 5 n
. i
1o} e
0 =
0 60 120 180 240 300 360

o /(%)

Fig. 3. Distribution P(¢r)describing the dihedral angle
distribution of j’ with respect to the k — k' plane at three
collision energies.

The distribution P(¢,) is antisymmetric and is
Anti-

symmetry most likely results from the repulse en-

strongly affected by the collision energies.

ergy between H-H atoms, leading to the violation
of the symmetry when the reaction occurs. Ac-
cording to previous studies,?9=%1 the distribution
of the product rotational angular momentum vec-
tor is j/ = Lsin®f + jcos? 3 + Jima/mp, where
L is the reagent orbital angular momentum, J; =
(uscR)Y?(rap - rcB), mupc is the reduced mass of
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the BC molecule, and R is the repulsive energy. In
the reaction O(®P) + Hy — OH + H, the term
Lsin? 8 4+ jcos?f is symmetric, whereas the term
Jima /mp shows a preferential direction for the effect
of repulsive energy, leading to the left-handed prod-
uct rotation in planes parallel to the scattering plane.
The distribution P(¢,) strongly affected by the colli-
sions can be attributed to two reasons. One reason
is that the O atom has relatively strong absorbabil-
ity to charges. At higher collision energies, the O
atom rapidly and easily grips the H atom away from
the HO molecule. The other reason is that the over-
whelming amount of collision energy transfers into the
translational energy of the product, and the contribu-
tion to the product rotational angular momentum is
little. Therefore, the trend of product molecular ro-
tational angular momentum becomes weakly aligned
and oriented along the y-axis for the increasing colli-
sion energy(4?]

To obtain more information about product
molecule axis polarisation, the P(f;,¢.) distribution
averaged over all the scattering angles is plotted in
Fig. 4. In Fig. 4, the distributions P(6,,¢,) with
peaks at (90°,270°) are in accordance with the dis-
tributions P(6,) and P(¢,) of the OH products for
the three collision energies, although there are shape
differences. The graph of the distribution P(6,, ¢;)
indicates that the OH products are preferentially po-
larised perpendicular to the scattering plane, and the
reaction is dominated by in-plane mechanisms.*% The
higher the collision energy is, the stronger the prod-
uct rotational alignment is. The distribution P(6,, ¢;)
indicates that the products are strongly polarised per-
pendicular to the scattering plane, and the products
of reaction are mainly rotating in planes parallel to
the scattering plane.[#3—45]

Generalised PDDCSs are used to explain the
k — k' — j' correlation and the scattering di-
rection of the products. The four PDDCSs
of products (27/0)(dogo/dow,), (27/0)(dogg/doy,),
(2n/o)(dogg+ /doy,) and (27/0)(doy-/do,,) are
drawn in Fig. 5. The PDDCS (27 /0)(dogo/doy, ) only
describes the k — k' correlation or the scattering di-
rection of the product and is not associated with the
orientation and alignment of the product rotational
angular momentum vector j'. In Fig. 5(a) the product
is mainly scattered backward for the collision energies
of 15 kcal/mol. With the increase in collision energy,
the product becomes strongly scattered forward and
weaker backward at the collision energies of 30 and

45 keal/mol, respectively. This affirms that the scat-
tering direction of the product OH is related to the
The PDDCS (2n/0)(dogg/doy,)
is the expected value of the second Legendre mo-
The behaviour

of (2r/0)(dogg/do,,) shows a trend opposite to that

collision energies.
ment (p2(j’ - z)) shown in Fig. 5(b).
of (2m/0)(dogg/do, ), which means that j' is strongly

aligned perpendicular to k at 6, = 0° and 6, = 180°
for the three collision energies.
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Fig. 4. Polar plots of the P(6:,¢:) distribution for
three collision energies averaged over all the scattering an-
gles (a) Ex = 15 kcal/mol, (b) Ex = 30 kcal/mol, (c)
E1 = 45 kcal/mol.

To obtain more information from the PDD-
CSs and to reveal the effect of different collision
energies, distributions of (27/c)(dogy+ /doy,) and
(2w /0)(door- /doy,) are plotted in Figs. 5(c) and
5(d). Considering that PDDCSs with ¢ # 0, we
find that all PDDCSs are equal to zero at the ex-
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tremities of forward and backward scattering. The
value of (27/0)(dogg+ /doy,) at the scattering angles
away from the extremities of the forward and back-
ward directions provides information on the ¢, dihe-
dral angle distribution and is non-zero at the scat-

tering angles away from ¢, = 0° and 180°. This
indicates that (27/0)(dosoe+/doy,) is not isotropic
for sideways and forward scattering products. The

value of (27/0)(dogs+ /doy,) is negative for all scat-
tering angles, suggesting the remarkable preference
of product alignment along the y-axis. The reac-
tion presents a consistent polarisation trend with lit-

tle discordance. As seen in Figs. 5(c) and 5(d), the

1.2F =15 kcal/mol
— = =30 kcal/mol (a)
3 =mm 45 kcal/mol
'-U —
S 08f -7 T
S o
E *n IO......
© 04
~
&
a8
0
0 30 60 90 120 150 180
6:/(°)
_ (c)
3 0
<
~
+
N —0.3
S}
2
& —06
N — 15 kcal/mol
e = =30 kcal/mol
—0.9T mam 45 kcal/mol
0 30 60 90 120 150 180
6:/(°)
Fig. 5. The four PDDCSs of the title reaction. Solid,

collision energies 15, 30, and 45 kcal/mol, respectively.

4. Conclusions

In this paper, we studied the vector correla-
tions between the product and reagent for the reac-
tion O(®P)+H3(0,0) on GDLP PES by employing a
QCT method at the collision energies of 15, 30, and
45 kcal/mol. The distribution P(¢,) of angles among
k — k' — j', distribution P(6,) of the dihedral angle
between k and j’, and the four generalised PDDCSs
was calculated. Results show that the rotational po-
larisation of the product presents different character-

istics for different collision energies. The distribution

collision energy has considerable influence on angu-
lar distribution. The strongest polarisation of the
product of the three collision energies is at about
143°, 95°, and 67°, respectively. With the de-
crease in collision energy, (27/c)(dogs+/doy,) dis-
plays more apparent anisotropy. In Fig. 5(d), when
the scattering angle is lower than 60°, the value of
(27/0)(dogy- /doy,) is closer to zero for the three
collision energies. The PDDCS (27/0)(dog;- /doy,)
shows obvious isotropic characteristics when ¢, < 7/3.
The product shows stronger polarisation at the colli-

sion energy of 45 kcal/mol.

0 (b)
3
< o
s —0.2 *enns
s}
N
S _g.4}—15 keal/mol
& = =30 kcal/mol
a =un 45 kcal/mol
_0‘6 [ L L L L L
0 30 60 90 120 150 180
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3
g n
L —0.05 K
g 4
Z .
o —-0.10F — 15 kcal/mol .
~ = =30 kcal/mol &
Nk mmm 45 kcal/mol
—0.15F
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6x/(°)

dashed, and short lines correspond to the reaction of

\
of P(6,) suggests that the product rotational angu-

lar momentum vectors j' of the products for the ti-
tle reactions are strongly aligned perpendicular to the
relative velocity direction k. The product rotational
alignment effect is strongest at the collision energy of
30 kcal/mol. The distribution P(¢,) shows that the
product rotational angular momentum vector j’ is ori-
ented along the negative direction of y-axis of the CM
frame and implies a preference for left-handed prod-
uct rotation in planes parallel to the scattering plane
when the reaction occurs. The four PDDCSs charac-
terising the product OH predict that j’ is polarised
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perpendicular to k and is sensitively affected by the

collision energy. With the increase in the collision en-

ergy, the product gradually scatters from backward to

forward.
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