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Theoretical study of stereodynamics for the
D' +DS(v =0,5 =0) — D'D + S abstraction reaction*
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Quasiclassical trajectory (QCT) calculations have been performed for the abstraction reaction, D’ + DS(v = 0, j =
0) — D'D+S on a new LZHH potential energy surface (PES) of the adiabatic >A” electronic state [Lii et al. 2012 J. Chem.
Phys. 136 094308]. The collision energy effect on the integral cross section and product polarization are studied over a
wide collision energy range from 0.1 to 2.0 eV. The cross sections calculated by the QCT procedure are in good accordance
with previous quantum wave packet results. The three angular distribution functions, P(6;), P(¢;), and P(6, @), together
with the four commonly used polarization-dependent differential cross sections ((27/0)(dogg/d ), (2n/0)(dorg/d @),
(2n/0)(dorny/dax), (2n/0)(dor;—/day)) are obtained to gain insight into the chemical stereodynamics of the title
reaction. Influences of the collision energy on the product polarization are exhibited and discussed.
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1. Introduction

Recently, the reactions involving sulfur atoms and sulfur-
containing species have attracted great attention for their im-
portant role in combustion and atmospheric chemistry. The
dynamics of both S(*P) and S('D) reaction with hydrogen
molecules and its isotope variants have been investigated, and
the electronic excitation effect on the reaction dynamics of
atomic sulfur and the possible role of intersystem crossing be-
tween triplet and singlet potential energy surfaces have also
been explored directly.!'~®! For instance, Shiina et al”! and
Tsuchiya et al!'% successively measured the thermal rate con-
stant of the S(*P) + H, and S(*P) + D, reaction using a laser
photolysis-shock tube-atomic resonance absorption spectrom-
etry method and found a notable Arrhenius temperature de-
pendence of the two reaction rate constants.

From the theoretical point of view, a sufficiently accu-
rate potential energy surface is critical for elaborate dynam-
ical calculations. The first global HyS(*A”) PES was pre-
sented by Martin with the collinear transition state located at
Run = 2.6ag and Rys = 2.6ap.'!! Then, many efforts have
been made on the PES construction of the H,S system since
the first ab initio investigation. Maiti et al!*) produced the PES
for the H,S (*A”) state while evaluating the importance of in-
tersystem crossing in the S(°*P,! D) + H, reaction. Based on
their own PES for the two lowest triplet states and the PES for
the lowest singlet state developed by Ho er al.'?! they have
found that the location of the singlet/triplet crossing occurring
on the reagent side of the triplet barrier dominates the ther-
mal rate constant behavior at low temperatures. They also re-
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vealed that trajectories which undergo a triplet-to-singlet tran-
sition have higher product rotational excitation than those that
remain on the triplet surfaces. In a following work, Klos et
al!? fitted the analytical PES for HyS(*A”). The statistical
model of atom—diatom insertion reactions in combination with
coupled-states capture theory was adopted to calculate inte-
gral cross sections for formation for specific rotational/fine-
structure states of the product.

Compared with S(*P,! D) + H, reaction, the reverse ab-
straction reaction H' +SH — H'H + S and its isotope variants
have been less extensively investigated. Until recently, Lii et
al. have constructed a new ab initio LZHH PES for the lowest
triplet state of HyS(*A”) using the high-level multi-reference
(MRCI+Q) method with a basis set of aug-cc-pVSZ.!'3! The
influences of collision energy and reagent vibrational exci-
tation on the reactivity for H' + SH and its isotope variant
D’ + SD have also been carried out using an exact quantum dy-
namical study and quasi-classical trajectory calculations based

on their own PES.[13:14

' A good agreement between center-of-
mass (CM) and quasiclassical trajectory (QCT) was found.
The previous work reported by Lii ef al. mainly focused
on scalar properties, e.g., integral cross section, reaction prob-
ability, and so on. As we know, the vector properties, such
as velocity and angular momentum, possess not only mag-
nitude that can be directly related to translational and rota-
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tional energies, but also well-defined direction
fitting from the development of polarized laser techniques, in-
formation about the reagent/product alignment and orientation

could be obtained.?>2* However, there have been no studies
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of the vector correlations (so-called stereodynamics) for the
D’ +DS — D'D + S abstraction reaction.

In this paper, we performed the QCT calculations on the
D’ +DS — D’'D + S abstraction reaction using the recently de-
veloped *A” PES so as to study the effect of collision energy
on the integral cross sections as well as stereodynamics char-
acteristics. The calculated results have been compared with

the available quantum mechanical (QM) results.

2. Computational details

The QCT methodology employed here is similar to
that described in Refs. [25]-[27], and the method has been
successfully adopted to explore a great deal of collision
reactions.”®%91 The CM frame chosen in the calculations is
plotted in Fig. 1. The reagent relative velocity vector k is par-
allel to the z axis, whereas the y axis is perpendicular to the x—
z scattering plane (which contains the initial and final relative
velocity vectors, k and k). The 6; and 6; refer to the scatter-
ing angle between the vector k and k', the polar angle between
the vector k and 3’ (the product rotational angular momentum
vector), respectively. The azimuthal angle between 5’ and k—
o, = 6, ¢ refers to the
coordinates of the unit vector k' along the direction of k' in

k' scattering plane is defined as ¢.

the CM frame. The full three-dimensional angular distribu-
tion associated with k, k’, and 3’ is represented with a set of
generalized polarization-dependent differential cross sections
(PDDCS) in the CM frame. The fully correlated CM angular
distribution is written as!3!]

k] 1 dO'kq

P(ax, o) =
%1:4 dox

kq(el‘)(Pl‘)*a (1)

where [k] = 2k+ 1, and (1/0)(doy,/dwy) is a generalized
PDDCS. Four PDDCSs are taken into account, including kg =
(00), (20), (22+), and (21—). The four PDDCSs are denoted
as PDDCSOO, PDDCSQ(), PDDCS22+, and PDDCSM, for con-
venience. The Cy,(6;,¢;) are modified spherical harmonics.

64

Fig. 1. Center-of-mass coordinate system describing the k, k', and j’
correlation.

The k—j' angular distribution P(6;) is expressed by a se-
ries of Legendre polynomials as/*!!

%Z (2k+ Dal Pe(cos 6), )

k

P(er) =

where
T
ald) = / P(6:)P(cos 6,)sin 6,d6; = (P (cos8,)). (3)
0

The coefficients aék)

are called orientation (k is odd) or align-
ment (k is even) parameters. The k = 2 indicates the product

rotational alignment

a3 = (Py(cos 6;)) =

1
<P2(j/-k:)> =3 <30052 6. — 1>. 4)

The dihedral angle distribution function P(¢;) describing k-

k'—j’ correlation can be expanded in Fourier series as'*!]

P(¢) = 5 (+ Y ancosnge+ Y bysinng:), (5)

even,n>2 odd,n>1

where

a, =2{cosnd.), b, =2(sinng). 6)

In this calculation, P(¢;) is expanded to n = 24 for the conver-
gence.

The joint probability density function of angles 6; and ¢;,
which determine the direction of j’, can be written as

P(9r7¢r) = 72 2k+ kckq 9]‘7¢l‘)

= XY [dhs cosggr —d-isingdr] Ciy(6:.0), ()
k g>0
where

a’;i =2(Cyy/(6:,0) cosqfr ),
z= 21 <Ck\q\ (Qr,()) sinq(])r> ,

(k is even), 8)
(k is odd), ©)

and Cy, (6, ¢r) are modified spherical harmonics. In our com-
putation, P(6;, ¢;) is expanded to k = 7 to guarantee the con-
vergent results.

The QCT calculations have been carried out on the >A”
PES.I'3] The transition state for the title reaction is collinear
and the reaction on 3A” state proceeds without a well. As
obtained from analytical PES, the transition state located at
Run = 2.54ap and Rys = 2.62ap with a higher barrier of
0.09 eV (the zero-point energy difference is not considered)
compared with the pre-determined value of 0.078 eV fitted
by Maiti et al. Meanwhile, Maiti et al. utilized the 3D-
spline interpolation method to construct the PES of the inter-
action areas based on the quadratic configuration interaction
(QCISD(T))-level ab initio points with AVTZ basis set, and
the asymptotic areas were constructed by a London—Eyring—
Polanyi—Sato (LEPS) function. The globally smooth PES was
generated by switching from the spline-fitted ab initio points
in the interaction region to the LEPS function near the asymp-
totes. The new global three-dimension adiabatic potential en-
ergy surface for the 3A” state calculated and fitted by Lii et al.
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is based on more than 6000 ab initio points computed using
the MRCI approach and a large basis set AV5Z. Hence, it is
clear that the latter is more accurate.

We run 10° trajectories with an initial D’-DS separation
distance of 10 A in the collision energy range of 0.1-2.0 eV,
and the DS reactant molecule is set in its ground rovibra-
tional states (v =0 and j = 0). The time integration step
size of 0.1 fs is chosen to ensure the conservation of the to-
tal energy and total angular momentum. The impact parame-
ter bax is computed by calculating the whole 10° trajectories
at a fixed value of the impact parameter b and systematically
increasing the value of b until the reactive trajectories do not
augment any more. The reaction cross section is defined as
o = nbfnax (N;:/N) (N;, the number of reactive trajectories; N,
the total number of trajectories).

3. Results and discussion
3.1. Integral cross sections

Comparison between the QM results of integral cross sec-
tion by Lii ef al. and our QCT results for the D’ + DS(v =
0,7 =0) - D'D+S in the collision energy range of 0.1-
2.0 eV is shown in Fig. 2. Both the current QCT calculation
and previous QM study have employed the same LZHH PES.
It can be obviously seen from this figure that the QCT results
are in good agreement with the previous QM results in the
whole range. As the collision is enhanced, the reaction cross
sections rapidly reach the maximum value at £, = 1.2 eV, and
then decrease slightly with the further increase of collision en-
ergy. Moreover, the integral cross section exhibits an energy
threshold at E. = 0.1 eV due to the small barrier (0.09 eV) of
the lowest triplet A” PES. Figure 2 also indicates that there
appear to be no obvious quantum effects in the integral cross
section. In some reactions, such as H+HN*2 and D+H,,[*3!
zero-point energy (ZPE) leakage, and tunneling have impor-
tant effects. However, they have negligible influence on the
title reaction.
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Fig. 2. (color online) Comparison between the QCT results of the in-
tegral cross section in this work and the previous QM results of the
integral cross section for the D’ +DS(v =0, j =0) — D'D +S reaction.

3.2. P(6;) distribution

The P(6;) distributions at collision energies of 0.4, 0.8,
1.2, 1.6, and 2.0 eV are presented in Fig. 3. The distribu-
tion reflects the k—j’ correlation of the products. In all sit-
uations, the P(6;) peaks at 6, = 90° are symmetric, which
manifests that the rotational angular momentum vector j’ is
strongly aligned along the direction perpendicular to the vector
k. The acquired strong rotational polarization of the product
D’D molecule can be ascribed to a low barrier on the ground
state A" PES for the title abstraction reaction. Similar phe-
nomenon can be observed in other analogical hydrogen atom
abstraction reactions.[**! In addition, it is obvious in Fig. 3
that the product alignment is the weakest at 0.4 eV, and in-
creases a little as the collision energy increases to 0.8 eV,
and then remains almost invariable as the collision energy fur-
ther increases. The product rotational alignment parameter
(P>(cos 6;)) which can also reflect the degree of the product
rotational polarization is listed in Table 1. As can be seen, the
trend is well consistent with that of the P(6;) distributions (the
more negative the expected value of (P,(cos 6;)), the stronger
the rotational alignment). This relationship between the prod-
uct rotational alignments and collision energies is in accord

with the previous prediction by Han et al!>!

Table 1. Distributions of impact parameter bpyax, number of reactive
trajectories (N;), and average value of the second Legendre moment
(P>(cos 6;)) at various collision energies.

Collision energy/eV bmax/ A N; (P2(cos 6r))
04 2.62 5016 -0.37805
0.8 2.665 6704 -0.38729
1.2 2.67 7070 -0.40197
1.6 2.6518 6617 -0.41042
2.0 2.67 5941 -0.42567

~0.5 - - -
0 0
0:/(°)

Fig. 3. (color online) Distribution of P(6;) describing the k—j’ correla-
tion at different collision energies.

120 180

3.3. P(¢) distribution

The dihedral angle distributions of P(¢;), describing the
k-k'—j' correlation, are exhibited in Fig. 4. Because ¢; is
the dihedral angle between the planes containing k—k’ and k—
j’, the P(¢;) can provide stereo-dynamical information on the
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alignment and orientation properties of the product. It is ob-
vious that the P(¢;) distributions are asymmetric with respect
to the k—k' scattering plane (i.e., ¢, = 180°). The only peak
in the P(¢;) distribution at about ¢, = 270° signifies that the
product is not only aligned, but also strongly oriented along
the —y axis that is perpendicular to the scattering plane. In
other words, the product molecules prefer a left-handed ro-
tation in planes parallel to the scattering plane. The strong
peaks around ¢, = 270° indicate the repulsive character of
the PES.*1 As shown in Fig. 4, the orientation of product
molecules show a reduction trend at high energies, since the
¢ = 270° peak becomes weaker and broader with increasing
collision energy. This denotes that the product molecule ro-
tation changes from the in-plane mechanism to out-of-plane
mechanism. According to the previous studies of a reactive
system of light-light—heavy (LLH) mass combination,*! the
product orbital angular momentum L’ is mostly derived from
the reactant orbital momentum L, and 3’ is almost indepen-
dent of L. A great deal of collision energy transfers into the
translational energy of the product, and the contribution to the
product rotation angular momentum is small. Moreover, the
D’D product can rapidly and effortlessly move away from the
heavy S atom in the same direction as the reagent D’ atom
when the collision energy is high enough, which will be dis-
cussed in detail below. Therefore, the orientation of product
molecular rotational angular momentum exhibits a contraction
with increasing collision energy.

0 90 180 270 360
¢:/(%)

Fig. 4. (color online) Distribution of P(¢;) reflecting the k—k'—j’ cor-
relation at different collision energies.

3.4. Joint P(6;, ¢;) distribution

In order to further verify the above tendencies connected
with the collision energy effect on the P(6;) and P(¢;) distri-
butions, the joint distributions P(6, ¢) at E. = 0.4, 0.8,2.0eV
are plotted in Fig. 5, which have a sensitive dependence on the
collision energy. It is also clear that P(6;,¢;) has a peak at
(90°, 270°), which is in good accordance with the distribu-
tions of P(6;) and P(¢;). The product molecules tend to be
perpendicular to the scattering plane and rotate out of planes
with increasing collision energies.

P(6,, )

1.2

0.8

0.4

P(b:, ¢r)

—-0.4
36

Fig. 5. (color online) The joint probability density distribution P(6;, ¢;)
as a function of both 6; and ¢, at three collision energies. (a) E. =
0.4 eV, (b) E.=0.8¢eV,and (c) E. =2.0eV.

3.5. PDDCSs

The calculated PDDCSs ((27/0)(dog/dw), (27/0)
(doy/dax), (2n/o)(dorns/da), 2n/0)(dor—/day)) as
functions of both collision energy and scattering angle 6; are
plotted in Fig. 6. As well known, the PDDCSy is simply
the (k, k') differential cross section (DCS). It can be seen
from Fig. 6(a) that the D'D molecule shows broad backward-
sideway dispersion at low collision energy of 0.4 eV. Then,
the angular distributions evolve toward the forward direction
as the collision energy increases. At high collision energy of
2.0 eV, the present DCS is dominant in forward scattering di-
rections with a peak at 6; = 54°. Similar results have also been
observed in F+HCI*®! and H'+HBr reactions.[**!

To further explore the reasons for different DCS features
at different collision energies, the internuclear distances of
D’S, DS, and D’D as functions of propagation time at E. = 0.4,
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1.2, and 2.0 eV are presented in Fig. 7. The trajectories plot-
ted here are chosen randomly. As shown in Fig. 7, the D’
atom moves straight toward the DS molecule, generating a
D'D product that recoils immediately. Apparently, the re-
quired time for the generation of product D'D is about 0.14 ps
at E. = 0.4 eV, and then decreases to less than 0.1 ps at
E. = 2.0 eV. This indicates that the trajectories keep close to
the minimum energy reaction path and obey a direct reaction
mechanism, which is ascribed to the single low barrier along
the reaction process. At low collision energies, the D'D prod-
uct with small momentum can be bounced back easily by the

1.2

PDDCSg

PDDCS5

—0.8 1 L L
0:/(%)

120 180

heavy S atom. As the collision energy grows, the D'D product
gains more internal energy and can move with little or no in-
terference from the heavy S atom along the original direction
of the reagent D" atom. This explains the backward/sideways
angular distributions at E; = 0.4, 0.8, 1.2 eV and the forward
distributions at E. = 1.6, 2.0 eV.

The PDDCS» related to the expected value (P>(cos 6;))
are drawn in Fig. 6(b). The opposite trend to that of PDDCS
in Fig. 6(a) implies that the product rotational alignment is
perpendicular to k. This is in accordance with the product
alignment of the P(6;) distribution, depicted in Fig. 3.
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0.
010k

—0.20F -

PDDCS1

—0.30f

—0.40f

—0.50

120 180

—0.10
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—0.20

0:/(%)

120 180

Fig. 6. (color online) Differential cross sections of PDDCSs as functions of the scattering angle. (a) PDDCSgy, (b) PDDCS», (c)

PDDCS2;+, and (d) PDDCS;;_.
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7 | —pDD

16— T T

14 .

Fig. 7. (color online) Internuclear distances of D’D, DS, and D’S as functions of propagation time at (a) E. = 0.4 eV, (b) E. = 1.2 eV

and (c) E; =2.0eV.
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The angular distribution PDDCSs with g # 0 are drawn
in Figs. 6(c) and 6(d). All PDDCSs with ¢ # 0 are equal
to zero at the extremities of forward and backward scatter-
ing. The negative value of PDDCS,,, which is related to
<sin2 6;cos 2¢r>, implies the product alignment is along the y
axis, while the positive value implies the product alignment is
along the x axis. In Fig. 6(c), it can be seen that the PDDCSy;+
is negative for all scattering angles when the collision energy
is 0.4 eV, which indicates the remarkable preference of prod-
uct alignment along the y axis. With the increase in the col-
lision energy, the PDDCSy; distributions show more trans-
parent anisotropy. It is obvious that at the collision energy of
0.8 eV, the PDDCS»,; . values are negative at the scattering an-
gles below about 100° and positive at other scattering angles.
A similar situation can be found for the collision energy of
1.2 eV that the PDDCS»;,4 values are slightly positive at the
scattering angles above about 86° and negative at other scat-
tering angles. This indicates that the alignments of the D'D
product are along both the x axis and the y axis, but domi-
nantly along the y axis. For E. = 1.6 and 2.0 eV, a similar
behavior can be observed. The values of PDDCSy; are posi-
tive for the scattering angle ranges of 76° —147° and 70°-143°,
and negative at other scattering angles, which indicates the re-
markable preference of product alignment along the x axis and
the y axis at these scattering angles, respectively. The value of
PDDCS;;  correlates to (—sin26;cos ¢;), and its behavior is
analogous to that of the PDDCS;,. The PDDCS;_ is posi-
tive or negative, corresponding to the product rotational angu-
lar momentum j’ along the directions of vector £—z or x + z.
As shown in Fig. 6(d), the PDDCS;;_ values oscillate mod-
erately at different scattering angles with increasing collision
energies. It is demonstrated that the anisotropic feature of the
D'D products is less obvious at high collision energies. We can
note that the values of the PDDCS,;_ distributions are nega-
tive in most region, and the positive values of the PDDCS,;_
are about zero, which indicates that j' prefers to align along the
x + z directions. Meanwhile, the shrinking trend of the nega-
tive peak shows that the product polarization becomes weaker
as the collision energy increases.

4. Conclusions

In summary, the QCT calculations have been carried out
to investigate the collision energy influence on the dynamics
of the abstraction reaction D’ +DS(v=0,j=0) — D'D+S
on ground 3A” PES. It has been found that the present inte-
gral cross sections are well consistent with the available results
of QM calculations. The calculated results indicate the repul-
sive character of the new fitted LZHH PES. The direct reaction
mechanism plays a dominant role in the total reaction process
in the considered range of the collision energy. The results of
the P(6;) and P(¢;) distributions reveal that the product rota-
tional angular momentum vectors j are not only aligned, but
also oriented. The product rotational alignments are changed
a little, while the orientation effects become weaker with in-
creasing collision energy. The calculated four PDDCSs show

the preference of scattering forward of the product, and the
weaker tendency of the polarization with the increase in the
collision energy.
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