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A theoretical study of the stereodynamics on the abstraction
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The quasi-classical trajectory (QCT) method is employed to calculate the stereodynamics of the abstraction reactions
H/D + HS/DS based on an accurate potential energy surface [Lii S J, Zhang P Y, Han K L and He G Z 2012 J. Chem. Phys.
136 094308]. The reaction cross sections of the title reaction are computed, and the vector correlations for different collision
energies and different initial vibrational states are presented. The influences of the collision energy and reagent vibration on
the product polarization are studied, and the product polarizations of the title reactions are found to be distinctly different,

which arises from the different mass factors, collision energies, and reagent vibrational states.

Keywords: quasi-classical trajectory, stereodynamics, reaction cross section, vector correlation

PACS: 82.30.Cf, 82.20.Tr, 82.20.Fd

1. Introduction

Because of its important role in combustion and atmo-
spheric chemistry, the S+ H; reaction and its isotopic vari-
ants have been studied both theoretically!!~"! and experimen-
tally. '] Maiti e al.1*! studied the intersystem crossing ef-
fect in the S+H; reaction by employing a “mixed” repre-
sentation approach in combination with a trajectory surface-
hopping method. They compared the intersystem crossing ef-
fect with that of the O +H, reaction. Klos et al.! reported on
their theoretical study of the S('D) +H,/D, —SH +H/SD +D
reaction, including the nonadiabatic effect.!'?l Berteloite et
al!! performed kinetics and crossed-beam experiments in
conditions approaching the cold energy regime, and Lee and
Liul'% investigated the S('D)+H, reaction and its isotopic
variants through Doppler-selected time-of-flight detection of
the H or D product. They determined the excitation functions
and the differential cross sections at several collision energies,
as well as the isotopic branching in the S('D)+HD reaction.
However, little attention has been paid to the reverse reaction
H+HS. In the present paper, we study the stereodynamics of
the H/D + HS/DS reaction.

As is well known, the potential energy surface (PES) pro-
vides rich information about the interaction of a reactive sys-
tem at a molecular level. Therefore, PES is indispensable for
stereodynamics calculations. For the H + HS reaction, the first
global potential energy surface was reported by Martin[!3! in
1983. Then Maiti e al.™ constructed the PES for the low-
est triplet state of HyS(*A”), and they studied the S +HS re-
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action based on the PES. Later, Klos et al.!% obtained the
analytical PES for HyS(*A”) based on internally contracted
multi-reference configuration interaction (MRCI) with single
and double excitation levels. And recently, an accurate ab ini-
tio potential energy surface (PES) for the lowest triplet state of
H,S was reported by Lii et al.!'*! On the basis of this potential
energy surface, they presented an exact quantum dynamical
study of the title reaction. The accurate potential energy sur-
face makes it possible for us to study the vector properties of
the reaction and its isotopic variants.

To the best of our knowledge, the vector properties of
the abstraction reaction H/D + HS/DS have not been reported.
Stereodynamic studies, which can provide a direct insight into
the underlying chemical process from a point of view based on
vector properties, have been performed in recent years. Vector
properties such as the orientation and alignment of the product
molecules for the A+ BC—AB + C reaction were investigated
in detail, and have been described in previous papers.[!5-17]
Combined with scalar properties, vector properties can help
reveal the details of the reaction with ample space informa-
tion. The major goal of the present work is thus to employ the
newest PES in quasi-classical trajectory (QCT) calculations to
investigate the vector correlations of the title reactions. The

title reactions are as follows:

H+HS — HH+S, (R1)
H+DS —HD+S, (R2)
D+HS — DH+S, (R3)
D+DS —-DD+S. (R4)
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The rest of this paper is organized as follows. The QCT
calculation theory is described in Section 2, while the results
and discussion are given in Section 3. The major discoveries
are then summarized in Section 4.

2. Theory and QCT calculations

As noted above, all the calculations performed in the
present work are based on an accurate potential energy sur-
face. The QCT method employed in this work has been de-

scribed in detail elsewhere.[18-28

I ' We focus on investigating
the dynamics of the title reaction. The accuracy of the numer-
ical integration is guaranteed by checking the conservation of
the total angular momentum and the total energy for each tra-
jectory. For each reaction, a batch of 5 x 10* trajectories is run
and the integral step size is chosen to be 0.1 fs. The maximum
value of the impact parameter b, is computed by calculating
5 x 10* at a constant b, and sequentially increasing the b value
until the reactive trajectories become one trajectory. The to-
tal reaction cross section is computed with ¢ = nb2, N;/Nr,
where N; represents the number of reaction trajectories and Nt
the total trajectories. The values of by for different collision
energies are listed in Table 1.

Table 1. Values of by,,x for the title reactions as a function of collision
energy, 1 A=0.1 nm.

Collision energy/eV b/ A
H+HS H+DS D+HS D+DS
0.1 1.94 1.08 0.98 0.98
0.2 2.60 2.50 2.08 2.48
0.3 2.74 2.62 2.68 2.58
0.4 2.74 2.63 2.68 2.62
0.5 2.80 2.68 2.78 2.68
0.6 2.83 2.63 2.82 2.72
0.7 2.83 2.68 2.78 2.72
0.8 2.83 2.70 2.78 2.68
1.0 2.83 2.68 2.81 2.68
1.2 2.83 2.70 2.78 2.68
1.4 2.83 2.72 2.82 2.72
1.6 2.74 2.68 2.78 2.72
1.8 2.83 2.68 2.78 2.72
2.0 2.74 2.68 2.78 2.72

The center-of-mass (CM) frame is chosen to describe the
vector correlations. k and k' are the reagent relative velocity
and product relative velocity, respectively. k is parallel to the z
axis, and the y axis is perpendicular to the x—z plane containing
the initial and final relative velocity vectors. 6; is the angle be-
tween k and k', which indicates the scattering direction of the
product. j' is the rotational angular momentum of the product,
whose polar and azimuthal angles are 6; and ¢, respectively.

Four generalized polarization-dependent differential
cross sections (PDDCSs) are used to describe the full three-

dimensional angular distribution associated with the k—k'—3’

correlation in the CM frame. The fully correlated CM angular

distribution is written as!!2:16:17.20]
1 (k] 1 doyg
P o)==y —— 7] * 1
((OT., ) 2%47[0_610)[0/{(1( l‘a¢l‘)7 ()

where [k] = 2k + 1,(1/0)(doy,/day) is the generalized
polarization-dependent differential cross section,[!>?! and
Ckg(Or, 9r) the modified spherical harmonics.

The differential cross section is given by

ki ok
=P =) —hy (ki,0)P 6). 2
o dw, — F(@) ;M o (k1,0)P (cos6).  (2)

1 dO'()() o

The P(6;) function used to describe the k—j’ correlation
15.21]

can be expanded in a series of Legendre polynomials! as
1 (m)
P(6) = 3 Y 2m+1)ag" Py (cos6;), 3)

m

where
T
ap = / P(6,,)P(cos 6;)sin0,d6; = (P, (cos6;)). (4)
0

With the expanding coefficient g called the orientation (m
is odd) or alignment (m is even) parameter, and the angular
brackets representing an average over all the reactive trajecto-
ries. The m = 2 value indicates the product rotational align-

ment, and then
. 1
a3 = (Py(cos 6;)) = (P(4" k) = E(Scos2 6.—1). (5

The dihedral angle distribution function P(¢;) describing

the k—k’—3' vector correlation can be expanded into a Fourier

series as[1%:10]
1
P(¢) = o7 (1 + evenZJ'zzzan cos(ngr)
+ Z b, sin(n(pr)) , (6)
odd,n>1
where
an =2 (cos(ngy))
{ by, =2 (sin(ng;)) . 7

3. Results and discussion

As shown in Table 1, the by, value for the R1 reaction is
much larger than those of the other three reactions at a colli-
sion energy of 0.1 eV, and the by,« value for the R3 reaction is
much smaller than those of the other three reactions at 0.2 eV.
Obviously, the mass factor is not enough to explain the in-
teresting phenomenon, and we guess that the structure of the
intermediate product for the reaction between R1 and R3 at the
lower collision energy should be taken into account. Further

study is therefore necessary.
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Lii et al.l'¥ computed the reaction probability of the
H + HS reaction for total angular momentum J = 0, and found
that the quantum effects have little influence on the H + HS re-
action. The values of the reaction cross section ¢ of H+HS
(v=0, j =0) as a function of collision energy were also calcu-
lated in Ref. [14]. We compare our result with the QM calcu-
lations from Ref. [14] as presented in Fig. 1(a). Obviously, the
results of the QCT and QM methods are in good agreement
with each other, which reflects the reliability of our calcula-
tions. The values of the reaction cross section ¢ for the title
reactions are shown in Fig. 1(b). The four reaction cross sec-
tions present similar trends on the whole. With increasing col-
lision energy, the reaction cross sections of the title reactions
drop off slightly after a plateau between 0.6 eV and 1.0 eV. We
attribute this behavior to the role of the translational energy, as
it hinders the abstraction reactivity. It can be seen easily in
Fig. 1(b) that there are distinct discrepancies between the o of
reaction R2 and the other three reactions. The reaction cross
section ¢ of the R2 reaction is smaller than those of reactions
R1, R3, and R4 for a collision energy greater than 0.4 eV. For
reactions R1, R3, and R4, one can find that the differences
among them are obvious in the energy range 0.2 eV-1.2 eV.
Furthermore, we find that in this energy range, the reaction
cross section increases with increasing mass factor. However,
the discrepancies among reactions R1, R3, and R4 almost dis-

appear when the collision energy increases to 1.2 eV or more.
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Fig. 1. (color online) (a) Comparison of the reaction cross section &
between our results and the QM calculations cited from Ref. [14]. (b)
The reaction cross sections of the H+HS, H+ DS, D+ HS, and D + DS
(v =0, j = 0) reactions versus collision energy.

3.1. Influence of collision energy on stereodynamics

The PDDCS (27/0)(dogy/dog,) only describes the
scattering direction or the k—k’ correlation of the product
molecules, and has no relation to the product orientation and
alignment. Figure 2 shows the P(6;) distributions for the
four reactions, R1, R2, R3, and R4, at four different col-
lision energies of 0.4 eV, 0.8 eV, 1.2 eV, and 1.6 eV. It is

clearly proved in Fig. 2 that the peaks of the four reactions
shift forward steadily with increasing collision energy. The
directions of the products for the title reactions change from
backwards and sideways (about 120°) to forwards and side-
ways (about 60°), respectively. In addition, for the title re-
actions, the backward scattering becomes weaker and the for-
ward one becomes stronger when the collision energy changes
from 0.4 eV to 1.6 eV. The effect of the mass factor on the
scattering direction can be obtained easily when analyzing
Figs. 2(a)-2(d) sequentially. The mass factor is calculated by
cos? B =mamc/(ma +mg)(mp +mc), and the mass factors of
reactions R1, R2, R3, and R4 are 0.485, 0.316, 0.646, and
0.470, respectively. Glancing over the four panels in Fig. 2,
we find that the peak of P(6;) shifts forward with the increase
in mass factor, and that the effect of the mass factor is ampli-
fied with increasing collision energy. The P(6;) distributions
of reaction R1 and R4 show similar trends in an energy range
of 0.4 eV-1.6 eV, and this may be attributed to the similar mass
factors of the two reactions. It can be concluded that both the
collision energy and the mass factor have an obvious influence
on the k—k’ correlation.

Figure 3 shows the P(6;) distributions for the four reac-
tions, R1, R2, R3, and R4, at four different collision energies
(Ecot = 0.4, 0.8, 1.2, and 1.6 V). For the P(6;) distribution, it
describes the k—3' correlation of the product, namely the rota-
tional alignment of the HH (HD) product. The P(6;) distribu-
tions, peaking at 90° and P(6;), are symmetrical with respect
to 6; = 90°, which indicates that 5’ is distributed in a cylindri-
cally symmetrical manner in the product scattering frame, and
that the direction of 3’ is preferentially perpendicular to the k
direction. Clearly, the P(6;) peak of reaction R3 is the lowest
one, reflecting that the rotational alignment of the product for
reaction R3 is the weakest. We attribute this phenomenon to
the mass factor, as reaction R3 has the maximum mass fac-
tor (0.646). In Fig. 3(a), the peaks of P(6;) for reactions RI,
R2, and R4 are all higher than that of reaction R3, and the
P(6;) distributions of the three reactions are similar to each
other. When the collision energies are 0.8 eV and 1.2 eV, it
is difficult to distinguish the P(6;) distributions of reactions
R1, R2, and R4, as shown in Figs. 3(c) and 3(d). Furthermore,
from the comparison of the P(6;) distributions of the title re-
actions at four different collision energies, it is easy to see that
the heights of the P(6;) of almost all of them are unchanged.
From Fig. 3, we can conclude that the P(6;) distribution has
a lower peak than those of the other three reactions at vari-
ous collision energies, and that the rotational alignment of the

product is not sensitive to collision energy.
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Fig. 2. (color online) The P(6) distributions for the R1-R4 reactions at collision energies of 0.4 (a), 0.8 (b), 1.2 (¢), and 1.6 eV (d),
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Fig. 3. (color online) The P(6;) distributions for the R1-R4 reactions at collision energies of 0.4 (a), 0.8 (b), 1.2 (c), and 1.6 eV (d).

The curves of the dihedral angle distribution P(¢;) of the
four reactions for the collision energies at 0.4, 0.8, 1.2, and
1.6 eV are shown in Fig. 4 and describe the k—k'—j’ correla-
tions. These P(¢,) distributions of all four collision energies
tend to be asymmetrical with respect to the k—k’ scattering
plane (about 180°), which indicates the polarizations of angu-
lar momentum for the title reactions. The P(¢;) distributions
peak at ¢, = 270°, indicating that the rotational angular mo-
mentum vectors of the products are oriented mainly along the
negative y axis of the CM frame. In Fig. 4(a), the P(¢;) dis-
tributions of the R1, R2, R3, and R4 reactions have similar
trends, which means that the effect of the mass factor on the

rotational orientation of the HH (HD) product is not obvious.
Figures 4(b)-4(d) show the P(¢;) distributions of the four re-
actions for the collision energies at 0.8, 1.2, and 1.6 eV, respec-
tively. In Fig. 4(b), the P(¢;) distributions are similar to those
of Fig. 4(a), except that the peaks are broader and lower. Fig-
ure 4(c) shows that the peaks of P(¢)) continue to step down.
In Fig. 4(d), there are two other small peaks for the P(¢;) dis-
tributions at about ¢, = 240° and ¢, = 300°, which indicates
that the rotational orientation of the product becomes weaker.
In a word, the collision energy has a negative influence on the
orientation of the product rotation, and the effect of the mass
factor on it can be neglected for the title reactions.
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Fig. 4. (color online) The P(¢;) distributions for the R1-R4 reactions at collision energies of 0.4 (a), 0.8 (b), 1.2 (c), and 1.6 eV (d).

3.2. Influence of reagent vibration on stereodynamics

Figures 5(a)-5(d) show the P(6;) distributions in three
initial vibration states for the R1, R2, R3, and R4 reactions at
a collision energy of 28 kcal/mole, respectively. As shown in
Fig. 5(a), the products of the R1 reaction are scattered strongly
sideways for v =0 and v = 1, while the forward scattering ap-
pears to be strongest for v = 2. From Fig. 5(b), it can be seen
clearly that the HD product prefers sideways scattering for all

three initial reagent vibrations. However, the peak of P(6;)

shifts forward slightly with increasing v. Figure 5(c) shows
that the products of reaction R3 are scattered forward and side-
ways at v = 0, and they are scattered forward strongly at v =1
and v = 2. Also, the forward scattering becomes stronger with
the increase in the initial vibrational quantum number. It is
clearly seen in Fig. 5(d) that the P(6;) distributions of the R4
reaction are similar to those of R1. Observing the four pictures
in Fig. 5 carefully, we can find that the effects of the reagent
vibration on the P(6,) distribution of the title are different from
each other, which is attributed to the mass factor.
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Fig. 5. (color online) Distributions of P(6;) at three vibrational states (v =0, 1, 2, j = 0) for the four reactions: (a) H+HS, (b) H+ DS,

(c) D+HS, and (d) D+ DS.

The P(6;) distributions at three initial vibration states for
the title reactions are shown in Fig. 6. In the three initial vi-

brational states, the peaks of P(6;) of the four reactions are at

6; = 90° and symmetrical with respect to 90°, which indicates
that the 3’ is distributed in a cylindrically symmetrical manner

in the product scattering frame and always perpendicular to k.
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Obviously, the peaks of the P(6;) distributions for the reaction
are the lowest, which means the weakest rotational alignment
of the products in the four reactions. This may be the result
of the largest mass factor for the R3 reaction. In Fig. 6(a),
the P(6;) distributions become broader and lower with the in-
crease in v, reflecting that the reagent vibration has a negative
influence on the alignment of the product rotation for the R1
reaction. Figure 6(b) shows that the peak of the P(6;) distri-

bution for the R2 reaction at v = 1 is lower than that at v =0,
but similar to that at v = 2. In contrast to reaction R2, reaction
R3 has a P(6;) distribution peak at v = 0, which is higher than
that at v = 1. The P(6;) distributions for the R4 reaction are
similar to those of R1, which can be seen in Fig. 6(d). We can
then obtain the following conclusion: both the reagent vibra-
tion and mass factor influence the rotational alignment of the
title reactions.
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Fig. 6. (color online) Distributions of P(6;) in three vibrational states (v =0, 1, 2, j = 0) for the four reactions: (a) H+HS, (b) H+ DS,

(¢) D+HS, and (d) D+DS.

P ()

0 60 120

180 240 300 360

0.5

(b)
041

0.3
0.2

0.1

0 1 f 1 1 1
0 60 120 180 240 300 360

o)

0 60 120 180 240 300 360

0 1 1 1 1
0 60 120 180 240 300 360

¢r

Fig. 7. (color online) Distributions of P(¢;) at three vibrational states (v =0, 1, 2, j = 0) for the four reactions: (a) H+HS, (b) H+DS,

(c) D+HS, and (d) D+DS.
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The curves of the dihedral angle distribution P(¢;) of the
four reactions in different vibrational states (v =0, 1, 2) are
shown in Fig. 7, and describe the k—k’—j' correlations. Ob-
viously, the P(¢,) distributions of the title reactions in three
initial vibrational states are similar to those in Fig. 4. This in-
dicates that the product rotation angular momentum vector j'
is not only aligned but also oriented mainly along the negative
y axis. In Fig. 7(a), the P(¢;) distributions of the R1 reaction at
v =0, 1, 2 are similar to each other, indicating that the effect of
reagent vibration on the orientation of the product rotation is
not obvious. As shown in Fig. 7(b), the peak of P(¢) at v =2
becomes slightly lower than at v =0 and v = 1. The P(¢;)
of reaction R4 has a contrary trend to that of R2, as shown in
Fig. 7(d). Figure 7(c) shows that the distribution of P(¢;) at
v =1 is higher than that at v = 0, and is similar to that at v = 2.

In a word, both the reagent vibration and mass factor have
an influence on the orientation of the product rotation, how-
ever, the influence is slight.

4. Conclusion

Stereodynamics calculations of the title reactions are per-
formed using a QCT method based on the newest potential
energy surface for the lowest triplet state of H,S (*A”). The
reaction cross sections of the title reactions are calculated. The
reaction cross section o of reaction R2 is smaller than those
of reactions R1, R3, and R4 for a collision energy greater
than 0.4 eV, and the discrepancies among reactions R1, R3,
and R4 almost disappear when the collision energy becomes
greater than 1.2 eV. The P(6;) and P(¢;) distributions and the
PDDCS (2rn/0)(doyy/dog,) are calculated. It can be con-
cluded that the product rotational angular momentum j’ for
each of the four reactions is not only aligned but also oriented
mainly along the negative y axis. Furthermore, the effects of
the reagent vibration and the collision on the vector correlation
of the title reaction are discussed in detail. The calculations

indicate that the scattering direction of products in the H+HS
system is sensitive to collision energy, reagent vibration and
mass factor. The P(6;) peak of the R3 reaction is the lowest
one.
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