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Stereodynamics in reaction O('D) + CH, —OH + CH;*
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A theoretical study of the stereodynamics for reaction O( 1D) +CH4 —OH + CHj3 has been carried out using the qua-
siclassical trajectory method (QCT) on a potential energy surface structured by Gonzalez et al. The integral cross sections
(ICSs), differential cross sections (DCSs) and product rotational angular momentum polarization have been calculated.
With the collision energy increasing, the ICS decreases. There is no threshold energy, because no barrier is found on the
minimum energy path. The DCS results show that the backward and forward scatterings exist at the same time. With the
collision energy increasing, the dominant rotation of the product changes from the right-handed direction to the left-handed
direction in planes parallel to the scattering plane. In the isotopic effect study, the decrease of the mass factor weakens the
polarization degree of the rotational angular momentum vectors of the products.
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1. Introduction

In the atmosphere, methane is the most abundant hydro-
carbon and one of the most important atmospheric species.
Following the ultraviolet (UV) photo dissociation of ozone,
the first electronically excited state of atomic oxygen forms;
this process is an important initiator of the free radical
chemistry.[!! The reaction of O(!D)+CH4 —OH + CHj3 is an
important source of OH in the dry stratosphere.

The dynamic study of the atom plus diatom reaction has
had great development in both theoretical and experimental
research, where the breadth and depth have reached a high
extent. The dynamic study of the polyatomic reaction is at
the primary stage due to its complexity. However, the poly-
atomic reaction has attracted more and more attention with
the development of the experimental technique and computer
technology. Within the last decade, some studies have been
carried out on the polyatomic reaction of O('D)+CHy and
its isotopic reaction.!'41 On the experimental side, the uni-
versal crossed molecular beam apparatus is used to investi-
gated the reaction O('D) + CH,.>*! Miller ef al. used the
ultrafast, time-resolved and state-resolved experiments to in-
vestigate the mechanism of the title reaction.® The crossed
molecular beam technique with sliced velocity map imagine
was used by Shuai et al. to investigate the isotopic reaction of
O('D)+CD4 —OD +CDj3 and remarkably different features
were found in the forward and backward scatterings.!®! On the
theoretical side, Gonzalez and Hernando presented two ground
state potential energy surfaces of the title reaction using the
second and the fourth order Moller—Plesset methods with a
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large basis set, where the potential energy surfaces (PESs)
were used to study the reaction dynamics.!”®! Chang e al.
calculated the rate constants of CH3OH dissociation and the
statistical branching ratios for various product channels by the
Rice-Ramsperger—Kassel-Marcus (RRKM) theory and the vi-
brational RRKM theory based on their ab initio potential en-
ergy surface.l'%!!] Yu er al. calculated the stationary point
geometries and frequencies on the lowest singlet potential en-
ergy surface for the CH3OH system using the complete-active-

space self-consistent-field method. 2]

Most of the previous works on the title reaction focused
on the scalar properties, such as the rate constant and the prod-
uct population distribution. However, to understand the overall
mechanism of the reaction, the study of scalar is not enough;
only by mastering the scalar and vector properties together can
we get the whole picture of the scattering dynamics. In the
early years, some important works about the vector properties
of a gas-phase reaction were done by Fano and Macek, Her-
schbach et al.1>>=281; after this, the study of vector properties
on the gas-phase reaction gets a great development in both ex-
periment and theory.?°! In this work, we pay more attention to
the vector properties of the title reaction. This paper is orga-
nized as follows. The theoretical method is briefly reviewed in
Section 2. The results and discussion are presented in Section

3. Finally, Section 4 provides a conclusion.
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2. Theory
2.1. Triatomic model potential energy surface

In this paper, the triatomic model is applied to reduce
the amount of computation. In the model, the CH3 group is
treated as a pseudo atom, so the reaction can be disposed as a
reaction of an atom with a diatomic molecule. This approx-
imation is often used in the reactions of X +CHy,!7-9-30-30]
including the O('D)+ CHy reaction,”°! which indicates the
validity of this approximation. The potential energy surface is
crucial for the reaction dynamics and there are many methods
to obtain it, such as the double many-body expansion (DMBE)
theory.[?738 Gonzalez et al. put forward two triatomic PESs
of the O('D) + CHy reaction!”8] based on ab initio data. There
is a barrier about 4.1 kcal/mol on the first PES, while the sec-
ond one is barrierless. The second PES reproduces the exper-
imental result of the rate constant accurately in contrast to the
first PES.B8! So, the second PES is chosen in this work. Fig-
ure 1 shows the energy along the reaction path and the contour
plots of the PES at the collinear configuration, which is the
easiest way to react. There is no barrier in the reaction path,
which suggests that the reaction does not present a threshold

energy.
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Fig. 1. (color online) (a) The energy along the reaction path for the
collinear configuration. (b) Contour plots of the potential energy sur-
face for the collinear configuration.

2.2. Product rotational polarization

The center of mass (CM) frame is used. The z axis is
parallel to the reactant relative velocity k and the y axis is
perpendicular to the xz plane containing reactant and prod-
uct relative velocity vectors, k and k’. The angle between
k and K’ is scattering angle 6, while 6; and ¢, are the polar
and azimuthal angles of the final rotational angular momen-
tum 5’.1>261 The fully correlated CM angular distribution is
written as the sum>"]

k] 1 do

P((Dn wr) = Z Hgﬁckq (6,7 ¢r)7
kq

where [k] = 2k+1, ég—g[ is the generalized polarization de-
pendent differential cross sections (PDDCSs) and Cy, (6, ¢r)
are the modified spherical harmonics. The differential cross
section is given by

1 dogo 1 k

P _p =—Y lki]h, (k1,0) P 6).

> oy = P(@)= gz L (0,017, (cos0)
The bipolar moment hl(;‘ (k1,0) is evaluated using the expecta-
tion values of the Legendre moments of the differential cross
section

H! (k1,0) = (P, (cos 6)).

The distribution P (6;) can be written as!*#?!

1
P(6;) = 52(2k+ l)a(()k)Pk (cos 6;),
where
v
al) = / P(6;) P (cos 8;)sin 6,d6; = (P (cos 6,)).
0

(k)

The coefficients a,’ are called the orientation (k is odd) or

alignment (k is even) parameters. The k = 2 indicates the prod-

uct rotational alignment!*3!

ag = (P (cos6,)) = (P, (/- k)) = %<30052 6. —1).

Here, the average rotational alignment of the product is
calculated only, as it has been measured in most experiments.
The P(6;) is expanded up to k = 18, which shows a satis-
factory convergence. The dihedral angle distribution function
P (¢,) describing the k—k'—7’ correlation can be expanded in a
Fourier series as

P(¢r)—217r<1+ Y ancosng+ Y a,,sinn¢>r>,

even,n>2 odd,n>1

where a, = 2(cosn@;) and b, = 2(sinn¢;). When P (¢;) is ex-
panded up to n = 24, it shows a satisfactory convergence.

2.3. Quasi-classical trajectory calculations

In this paper, we use the method of quasi-classical tra-
jectory (QCT), which is often applied to study the prod-
uct rotational polarization.[44‘47] In the QCT calculations,
Hamilton’s classical equations are integrated numerically for

motion. We choose the energy range from 2 kcal/mol to
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20 kcal/mol, because the energy of most previous works is
below 20.0 kcal/mol. The vibrational and rotational levels of
the reactants are set as v =0 and j = 0, respectively. Here,
100000 trajectories are sampled and the trajectories are initial-
ized at an A-BC internuclear separation of 15 A. To insure the
numerical stability, the integration step size in the trajectories
is setat 0.1 fs.

3. Results and discussion

In Fig. 2, the integral cross section for the title reaction is
shown in the energy range from 2.0 kcal/mol to 20.0 kcal/mol.
As the figure shows, there is no threshold energy as we pre-
dicted based on the feature of the PES; the value of the integral
cross section (ICS) decreases with collision energy increasing.
The total differential cross section, which defines the angular
distribution of the product, contains much detailed information
of the reactive scattering event. At different collision energies,
2.0 kcal/mol, 4.0 kcal/mol and 20.0 kcal/mol, the differential
cross sections (DCSs) of the title reaction are shown in Fig. 3.
The backward and the forward scatterings exist at the same
time; the trend of both scatterings is more outstanding with
collision energy increasing. As the figure shows, the forward
scattering is more obvious than the backward scattering.
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Fig. 2. Integral cross section of reaction O('D)+CH; —OH +CHj3 in
the energy range from 2.0 kcal/mol to 20.0 kcal/mol.
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Fig. 3. (color online) A comparison of the total reactive DCSs at differ-
ent E..

The distributions of P(6;) and P(¢;) are plotted respec-
tively in Figs. 4 and 5 to obtain a better graphical represen-
tation of the polarization of the product OH. In Fig. 4, it is
clearly illustrated that the P (6;) distribution is maximum for
6; close to 90° and symmetric with respect to 6; = 90° due to
the planar symmetry of the system. The result implies that in
the product scattering frame, the 3’ is distributed with a cylin-
drical symmetry and the direction of 3’ is perpendicular pref-
erentially to the k direction. With collision energy increasing,
the peak of the P (6;) distribution becomes stronger; it means
that the degree of the rotational alignment of the product OH
increases with the collision energy increasing. The relation-
ship between the dihedral angle distribution of the k—k'—5’
and the collision energy is complicated. At different collision
energies, the feature is obvious, as shown in Fig. 5. There
are two peaks at ¢, = 90° and 270° in these P (¢;) distribu-
tions. When collision energy E. = 2.0 kcal/mol, the peak at
@ = 90° is stronger than that at ¢, = 270°. With the collision
energy increasing, the peak at ¢, = 90° becomes weaker and
the peak at ¢, = 270° becomes stronger. At E, = 8.0 kcal/mol,
the two peaks are roughly similar; at £, = 20.0 kcal/mol, the
advantage at ¢, = 270° is very obvious. So a conclusion can
be obtained that the dominant angle in the P(¢) distribution
changes from ¢, = 270° to ¢, = 90° with the increase of the
collision energy.
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Fig. 4. (color online) The P (6;) reflecting the k—3' correlation as a
function of 6; at different E..
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Fig. 5. (color online) Dihedral angle distributions P(¢;) describing the
relation of vectors k—k'—j’ as a function of ¢, at different E..
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InFig. 6, the P (6, ¢;) distributions averaged over all scat-
tering angles at three collision energies are plotted to get more
information about the angular momentum polarization. When
E. = 2.0 kcal/mol, the peak at (90, 90) is stronger than that
at (90, 270), which implies a preference for the right-handed
OH rotation in planes parallel to the scattering plane. For E; =
8.0 kcal/mol, the two peaks are similar, which means that the
angular momentum vectors of the products are aligned along
the y axis and not oriented. For E, = 20.0 kcal/mol, the peak
at (90, 270) is stronger than that at (90, 90), which implies a
preference for the left-handed OH rotation in planes parallel
to the scattering plane. So, with collision energy increasing,
the dominant rotation of the product changes from the right-
handed direction to the left-handed direction in planes parallel
to the scattering plane.
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Fig. 6. Polar plots of P (6, ¢;) distributions averaged over all scattering
angles at three collision energies of (a) 2.0 kcal/mol, (b) 8.0 kcal/mol
and (c) 20.0 kcal/mol.

At the same collision energy, the mass combination is an
important factor for reactive stereodynamics. The effect of
the isotopic substitution can be embodied in two ways: mass
factor and substituted position. The mass factor can be de-
fined as cos? B = mamc/((ma + mp)(mp +mc) for the reac-
tion A + BC — AB + C; the rotational polarization may be

(48] The collision energy of

very sensitive to the mass factor.
8.0 kcal/mol is chosen to study the isotope effect in detail,
where the B-positioned hydrogen atom is substituted by deu-
terium and trittum. The mass factors and integral cross sec-

tions are listed in Table 1.

Table 1. Mass factors of O(!D)+XCH; — XO+CH; (X = H, D, T)
and the corresponding integral cross sections at 8.0 kcal/mol.

Reaction O +HCH3 O +DCHj3 O+ TCHj
cos?f 0.88 0.78 0.70
ICS/A? 12.5 8.85 7.69

The ICS is positively correlated with the mass factor,
which implies the heavy B-positioned atom will reduce the re-
activity. In Figs. 7 and 8, the P (6;) and P(¢;) distributions are
respectively shown to explore the isotope effect in the stere-
odynamics of the title reaction. In the P(6;) distribution, the
peak of O+HCH3 is stronger than the other two apparently,
which indicates that the P (6;) distribution is sensitive to the
mass factor from 0.88 to 0.78; the tendency of angular mo-
mentum vector 5’ paralleling to the relative velocity k is more
obvious than that in the other two reactions. The P (6;) dis-
tributions of O+ DCH3 and O + TCH3 are similar, which im-
plies that the P (6;) distribution is not sensitive to the change
of mass factor from 0.78 to 0.70. In the distribution of P(¢),
with the mass factor decreasing, the peaks at ¢, = 90° and
¢ = 270° become weaker. For the reaction of O+ D/TCH3,
the peak at ¢, = 270° is prominent, which indicates that more
products tend to rotate in the negative direction of the y axis
in planes parallel to the scattering plane. In summary, the de-
crease of the mass factor, i.e., heavy of the B-positioned atom,
weakens the polarization degree of the rotational angular mo-
mentum vectors of the products.

1.6
—— O('D)+HCH;
— — O('D)+DCH;
1.2}~ OCDI+TOH: ||
R
2 £ 3
— - r
r 08 A
74 R
0.4f L -
R 5‘\'__'._ .
0 . . . . .
0 60 120 180
0./(°)

Fig. 7. (color online) A comparison of P(6;) distributions of the
three reactions, O(lD)+XCH3 — XO0+CH; X =H,D, 1), at E. =
8.0 kcal/mol.
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Fig. 8. (color online) A comparison of P(¢) distributions of the

three reactions, O('D)+XCH; — XO+CH; (X =H, D, T), at E. =
8.0 kcal/mol.
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4. Conclusion

In this work, we carried out a quasiclassical trajectory
dynamic study on the reaction O('D)+CH4 —OH + CHj us-
ing the potential energy surface obtained by Gonzalez et al.
The integral cross sections, total differential cross sections
and product rotational angular momentum polarization have
been calculated to explore the stereodynamics of the reaction.
The ICS has a negative correlation with the collision energy.
In the reaction, the backward and forward scatterings exist at
the same time, which gets more obvious with the increase of
the collision energy. With the collision energy increasing, the
dominant place in the P (6;, ¢;) distribution changes from (90,
90) to (90, 270) gradually; at E. = 8.0 kcal/mol, the peak
heights at both places have a similar value. In the study on
the isotopic effect, we come to the conclusion that a heavy
B-positioned atom weakens the polarization degree of the ro-
tational angular momentum vectors of the product.
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