
 

 

 

Mechanism analysis of reaction S
+
(
2
D)+H2(X

1
Σg

+
) → SH

+
(X

3
Σ

-
)+H(

2
S) based on the quantum 

state-to-state dynamics 

Jin-Yu Zhang(张金玉), Ting Xu(许婷), Zhi-Wei Ge(葛志伟), Juan Zhao(赵娟), Shou-Bao Gao(高守宝), Qing-Tian Meng(孟

庆田) 

Citation:Chin. Phys. B . 2020, 29(6): 063101 . doi: 10.1088/1674-1056/ab889c 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Dynamics of the Au+H2 reaction by time-dependent wave packet and quasi-classical trajectory 

methods 

Yong Zhang(张勇), Chengguo Jiang(姜成果) 

Chin. Phys. B . 2019, 28(12): 123101 . doi: 10.1088/1674-1056/ab52f2 

Reaction mechanism of D+ND→N+D2 and its state-to-state quantum dynamics 

Ting Xu(许婷), Juan Zhao(赵娟), Xian-Long Wang(王宪龙), Qing-Tian Meng(孟庆田) 

Chin. Phys. B . 2019, 28(2): 023102 . doi: 10.1088/1674-1056/28/2/023102 

State-to-state dynamics of F(
2
P)+HO(

2
Π) →O(

3
P)+HF(

1
∑

+
) reaction on 1

3
A" potential energy 

surface 

Juan Zhao(赵娟), Hui Wu(吴慧), Hai-Bo Sun(孙海波), Li-Fei Wang(王立飞) 

Chin. Phys. B . 2018, 27(2): 023102 . doi: 10.1088/1674-1056/27/2/023102 

State-to-state quantum dynamics of N(
2
D)+HD (v=0, j=0) reaction 

Yong Zhang(张勇) 

Chin. Phys. B . 2016, 25(12): 123104 . doi: 10.1088/1674-1056/25/12/123104 

State-to-state quantum dynamics of the N(
4
S)+H2 (X

1
Σ

+
)→NH(X

3
∑

-
)+H(

2
S) reaction and its reaction 

mechanism analysis 

Zhang Jing, Gao Shou-Bao, Wu Hui, Meng Qing-Tian 

Chin. Phys. B . 2015, 24(8): 083104 . doi: 10.1088/1674-1056/24/8/083104 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/abstract/abstract75750.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract75750.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract75068.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract75068.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73506.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71474.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71474.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68732.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64847.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64847.shtml


Chin. Phys. B Vol. 29, No. 6 (2020) 063101

Mechanism analysis of reaction
S+(2D)+H2(X1Σ+

g )→ SH+(X3Σ−)+H(2S) based on
the quantum state-to-state dynamics∗

Jin-Yu Zhang(张金玉)1, Ting Xu(许婷)1,†, Zhi-Wei Ge(葛志伟)1,
Juan Zhao(赵娟)2, Shou-Bao Gao(高守宝)1,3, and Qing-Tian Meng(孟庆田)1,‡

1School of Physics and Electronics, Shandong Normal University, Jinan 250358, China
2School of Science, Shandong Jiaotong University, Jinan 250357, China

3Shandong Provincial Key Laboratory of Biophysics, Institute of Biophysics, Dezhou University, Dezhou 253023, China

(Received 22 March 2020; revised manuscript received 5 April 2020; accepted manuscript online 12 April 2020)

We present a state-to-state dynamical calculation on the reaction S+ +H2→ SH++H based on an accurate X2A′′

potential surface. Some reaction properties, such as reaction probability, integral cross sections, product distribution, etc.,
are found to be those with characteristics of an indirect reaction. The oscillating structures appearing in reaction probability
versus collision energy are considered to be the consequence of the deep potential well in the reaction. The comparison
of the present total integral cross sections with the previous quasi-classical trajectory results shows that the quantum effect
is more important at low collision energies. In addition, the quantum number inversion in the rotational distribution of
the product is regarded as the result of the heavy–light–light mass combination, which is not effective for the vibrational
excitation. For the collision energies considered, the product differential cross sections of the title reaction are mainly
concentrated in the forward and backward regions, which suggests that there is a long-life intermediate complex in the
reaction process.

Keywords: state-to-state reaction dynamics, time-dependent wave packet, S++H2, differential and integral
cross sections

PACS: 31.15.xv, 34.50.–s, 82.20.Bc DOI: 10.1088/1674-1056/ab889c

1. Introduction

Sulfur-containing molecules have attracted great attention
because of their importance in chemical engineering and the
early atmosphere of the earth.[1–3] Specially, H2S+, as the sim-
plest sulfur containing molecular ion, not only is an indispens-
able reaction intermediate in the combustion process, but also
has a relevant role in the formation of molecules. Because of
the possible roles in interstellar-cloud chemistry,[4–6] a lot of
researches about H2S+ have been done over the past years.

Up to now, there have been many works to study the
dynamics of the H2S+ system. Experimentally, Horani et
al.[7] observed the original electronic spectra of H2S+ in the
range of 400 nm–600 nm for the first time by the low energy
electron excitation technique. Dixon et al.[8] confirmed the
above observed spectra coming from the emission of H2S+

radical ion and presented the selection rules for the photo-
electron spectra. Later, Duxbury et al.[9] carried out the fur-
ther rotational analysis of the electronic emission spectra of
H2S+, gave the topological natures of 2B1 and 2A1 states,
and explained the complicated ro-vibronic structure of the ex-
cited states with both Renner effect and spin–orbit interac-

tion. Delwiche et al.[10] analyzed the high-resolution photo-
electron spectroscopy of H2S and obtained the ionization en-
ergies and frequencies for 2B1,

2A1, and 2B2 states of H2S+.
Using the mass-analyzed threshold ionization photofragment
excitation technique, Han et al.[11] studied the rotationally re-
solved spectroscopy of the Ã2A1← X̃2B1 transition of H2S+,
and found that the further photoexcitation can lead to the
H2S+→H2+S+ dissociation. In 2014, Duxbury et al.[6] con-
nected different methods to give a detailed description of the
relation among different types of spectroscopy.

Theoretically, using the ab initio molecular orbital
method, Sakai et al.[12] studied the potential curves of H2S+

system and described the electronic structure and geome-
try of H2S+. The related potential energy surface (PES)
investigation of H2S+ system began from Bruna et al.,[13]

who carried out the electronic structure calculation of states
2B1, 2A1, and 2B2 employing the large-scale configuration–
interaction method. Utilizing the coupled electron-pair elec-
tronic wave functions, Lahmar et al.[14] calculated the spec-
troscopic parameters, the vibrational band origins and the
rotation-resolved infrared absorption spectra of X2B1 and
A2A1 states for H2S+. Ab initio calculations have been
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implemented by Takeshita and Shida[15] to investigate the
molecular configurations and the vibrational energy levels of
the X2B1, A2A1, and B2B2 states. In 2003, Hirst[16] con-
structed the PESs of H2S+ system for states X2B1, A2A1,
B2B2, 14A2, and 14B1 by carrying out the multiple refer-
ence configuration–interaction (MRCI) with the cc-pVQZ ba-
sis set, and analyzed the conical intersection between A2A1

and B2B2 states. In 2005, Li and Huang[17] investigated the
doublet electronic states of the H2S+ ion with the Cs and
C2v symmetries, employing the complete active space self-
consistent field (CASSCF), multi-configuration second-order
perturbation theory (CASPT2) method, and the atomic nat-
ural orbital (ANO) basis. Then using the CASSCF and the
CASPT2 methods, Chang and Huang[18] explored the pho-
todissociation through the A2A1 state, and found that the
12A′′ and 12A′ states associate with the S+(2D) + H2 limit
in the Cs symmetry. Zanchet et al.[19] studied the dynam-
ics of the S+(4S) + H2(X1Σ+

g ) reaction on the quartet state
X4A′′ of H2S+ using the quasi-classical trajectories (QCT)
method. Subsequently, Song et al.[20] gave a new PES for
the X4A′′ state of H2S+ and analyzed the dynamics behavior
of the S+(4S)+H2(X1Σ+

g )→ SH+(X3Σ−)+H(2S) reaction
with QCT method.
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Fig. 1. Minimum energy path for the S+(2D) + H2(X1Σ+
g ) →

SH+(X3Σ−) + H(2S) reaction as a function RH2 − RSH+ with perpendic-
ular configuration ∠[SHH]+ = 90◦ (solid line) and collinear configuration
∠[SHH]+ = 180◦ (dashed line).

Recently, Zhang et al.[21] constructed a novel global PES
(hereafter referred to as Zhang PES) for state X2A′′ of H2S+

system at first time by the MRCI method containing the David-
son correction. In this work, a switching function has been
introduced to remove S+(2D) from the dissociation channel
of H2S+. Then this PES was employed to study the dynam-
ics of S+(2D)+H2(X1Σ+

g )→ SH+(X3Σ−)+H(2S) reaction.
For the Zhang PES, all ab initio energy points were gained
utilizing the correlation consistent aug-cc-pVQdZ and aug-cc-
pV5dZ orbital basis sets. The minimum energy path (MEP)[22]

of title reaction, defined by the potential energy of H2S+ as a
function of the reaction coordinate RH2 −RSH+ , is displayed
in Fig. 1. Obviously, in the approaching of S+ to H2 perpen-
dicularly, there is a deep well of about 2.653 eV relative to the

S++H2 reactant. Besides, the exoergic energy along this MEP
is 0.909 eV.

In the present work, we carried out the time-dependent
wave packet (TDWP) calculation at the state-to-state level
to study the reaction dynamics of S+(2D) + H2(X1Σ+

g ) →
SH+(X3Σ−) +H(2S) based on Zhang PES[21] in a collision
energy range 0.1 eV–1.0 eV and explore its reaction mecha-
nisms. This paper is arranged as follows. In Section 2 we give
a briefly outline about the theoretical method of our dynamics
calculation. The results and the related discussions are pre-
sented in Section 3. And finally, a brief summary is given in
Section 4.

2. Method
Since the state-to-state dynamics can present the process

of reaction at the microscopic level, it is often used to study
the internal mechanism of the related reactions. However, for
most state-to-state calculations, the consumption of comput-
ing time is a great challenge. In order to resolve this prob-
lem, Zhang and Han[23–25] developed a graphics processing
units (GPU) version of quantum wave packet program with
high parallelism. Besides, this version of TDWP program was
later successfully used to investigate the reactions of triatomic
systems.[26–34] In this paper, we used this GPU version based
on the product coordinate to study the state-to-state chemical
dynamics of the reaction S++H2→ SH++H.

For the title reaction, the Hamiltonian with the total an-
gular momentum J in the body-fixed (BF) representation can
be expressed by

Ĥ =− }2

2µR

∂ 2

∂R2 −
}2

2µr

∂ 2

∂ r2 +
(Ĵ− ĵ)2

2µRR2 +
ĵ2

2µrr2 +Vpes (1)

with R being the distance between H atom and the mass cen-
ter of diatomic molecule SH+, r the internuclear distance of
diatomic molecule SH+, µR and µr the reduced masses ex-
pressed, respectively, by µR = mH(mS+ +mH)/(mS+ + 2mH)

and µr = mS+mH/(mS+ +mH). Ĵ and ĵ are, respectively, the
total angular momentum operator and the rotational angular
momentum operator of SH+ molecule, Vpes is the potential en-
ergy of the SH+

2 system.
Taking the space-fixed (SF) reactant Jacobi coordinates,

the initial wave packet can be expressed as

|χαi〉 =
∣∣∣Ψ JMε

αν0 j0l0

〉
= |G(Rα)〉

∣∣φν0 j0(rα)
〉
|JM j0l0ε〉 , (2)

where i is the label used for denoting the initial electronic
state, α and hereinafter β denotes, respectively, the reactant
and product channels. |G(Rα)〉 and

∣∣φν0 j0(rα)
〉

are, respec-
tively, the Gaussian wave packet and the rovibrational eigen-
function for H2, |JM j0l0ε〉 the SF rotational basis, and ε the
parity given by ε = (−1) j0+l0 . For convenience to calculate,
the wave packet in SF Jacobi coordinates can be converted into
one in BF Jacobi coordinates. Using the split-operator scheme,
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the propagation of the wave packet in BF product Jacobi coor-
dinates can be realized by[32]

Ψ
JMε(𝑅,𝑟, t +∆) = e−iĤ0∆/2 e−iV̂rot∆/2 e−iV ∆ e−iV̂rot∆/2

× e−iĤ0∆/2
Ψ

JMε(𝑅,𝑟, t), (3)

where

Ĥ0 =−
}2

2µR

∂ 2

∂R2 −
}2

2µr

∂ 2

∂ r2 +Vr(r), (4)

Vrot =
L̂2

2µRR2 +
ĵ2

2µrr2 , (5)

with L = J− j, V =Vpes−Vr(r), Vr(r) being the reference po-
tential of diatomic molecule SH+.

After the propagation, the radial component of product
state wave function is provided by∣∣χβ f

〉
= δ (Rβ −R∞)

∣∣φν ′ j′(rβ )
〉∣∣JM j′l′

〉
, (6)

in which f labels the final state, R∞ the fixed radial coordinate
of the asymptotic region, and (ν ′ j′) the final ro-vibrational

quantum numbers. Then the scattering matrix element ex-
pressed in BF Jacobi coordinates has the form of

Sfi = [2πaαi(E)a∗β f(E)]
−1

×
∫ +∞

−∞

dt e(i/})Et 〈
χβ f
∣∣e−(i/})Ĥt |χαi〉 (7)

with the coefficients

aαi(E) =
〈
φi|χ+

i

〉
=
〈

i
√

µRkαi/2πRα h(2)lα (kαiRα)|G(Rα)
〉
, (8)

aβ f(E) =
〈
φf|χ+

f

〉
=
〈√

µRkβ f/2πRβ h(1)lβ
(kβ fRβ )|δ (Rβ −R∞)

〉
, (9)

in which h(1) and h(2) are, respectively, the first and second
kind spherical Hankel functions.

Consequently, the differential cross sections (DCSs) and
integral cross sections (ICSs) are expressed as

dσν ′ j′,ν0 j0(θ ,E)
dΩ

= (2 j0 +1)−1
∑K′∑K0

∣∣∣(2ikν0 j0)
−1

∑J (2J+1)dJ
K′K0

(θ)SJ
ν ′ j′K′,ν0 j0K0

∣∣∣2 , (10)

σν ′ j′,ν0 j0 = (2 j0 +1)−1k−2
ν0 j0 ∑K′∑K0 ∑J (2J+1)

∣∣∣SJ
ν ′ j′K′,ν0 j0K0

∣∣∣2, (11)

with θ being the scattering angle, kν0 j0 the initial translational
wave vector for the reactant, K′ and K0, respectively, the ini-
tial and final helicity quantum numbers. dJ

K′K0
(θ) denotes the

reduced rotation matrix.

3. Results and discussion
3.1. Numerical aspects

Here we applied the TDWP method to investigate the
reaction dynamics of S+(2D)+H2(X1Σ+

g )→ SH+(X3Σ−)+

H(2S). For the collision energy up to 1.0 eV, the angular mo-
mentum J is up to 95, which can give the converged ICSs.
In addition, we carried out a series of tests to ensure the pa-
rameters are suitable for obtaining the convergent results. The
test results are shown in Table 1. The effect of the Coriolis
coupling[35] is considered strictly in our calculation. So, for a
given J, the reaction probability should include all possible K
terms. In fact, since for some large J values, the large K term
contributes little to the reaction probability, it is not necessary
to calculate all K terms. The convergence test for total angular
momentum J = 60 is listed in Fig. 2. It can be seen from this
figure that the curves, although there are some oscillations in
them, do not have a great change in the overall trend. Besides,
for a given J, the convergent results can be obtained if we take
K = min(19,J+1).

Table 1. Parameters used in wave-packet propagation (except for the
number of arguments, others are in atomic unit).

Parameter Value

Range of product scatter coordinate R 0.02–20.0
Grid point number in R 180
Translational basis function number in the interaction region 150
Range of product scatter coordinate r 0.5–18.0
Grid point number in r 180
Vibrational basis function number in the interaction region 100
Angular grid point number 160
Initial wave-packet center (R0) 14.0
Wave-packet width (δ ) 0.225
Integration time interval (∆ ) 10
Absorption length in R/r 4.0/4.0
Absorption intensity in R/r 0.005/0.005
Flux analysis position in R/r 15.0/13.0
Propagation time 50000
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Fig. 2. The reaction probability convergence tests of K for J = 60.
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3.2. Reaction probabilities and ICSs

The reaction probabilities changing with collision ener-
gies at some selected J partial waves are displayed in Fig. 3.
Obviously, because of the existence of the potential well, all
the curves are with the oscillating features. In addition, since
the reaction S++H2→ SH++H is a barrierless and exother-
mic one, the probability curves with small J values are of no
threshold energy. With the increase of J, the reaction thresh-
old begins to appear and tends to the higher energy, which is
the result of the centrifugal potential barrier increasing with J
value. One interesting phenomenon in this figure is that when
J is mall enough to avoid the appearance of the threshold en-
ergy, the related maximal reaction probability is enhanced with
the increase of J value. However, when J is large enough to
lead to the occurrence of the threshold value, the related max-
imal reaction probability is decreased with increasing J value.
This is also the consequence of the centrifugal potential bar-
rier for an exothermic reaction, i.e., after the threshold energy
is deducted, the increasing of the residual rotation energy can
prohibit the reaction process. Certainly, due to the same rea-
son, the reaction probability decreases gradually with the in-
crease of the collision energy.
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Fig. 3. Total reaction probabilities changing with collision energy for reac-
tion S++H2→ SH++H at some selected J’s.

Figure 4 shows the opacity functions of reaction S+ +

H2 → SH++H at selected collision energies. Obviously, be-
cause of the existence of a deep potential well in this reaction,
the indirect mechanism is dominated, and all the opacity func-
tion curves are with abundant oscillations. For the collision
energy 0.2 eV, the reaction involves only a small quantity of
partial waves, which is because the weaker rotational excita-
tion is arisen by the smaller collision energy. With the colli-
sion energy increasing, more partial waves participate in the
reaction. For a specific collision energy, the curve rises slowly
with the increase of the J, reaches the maximum value at a
certain J, and is reduced rapidly to zero with the increase of J
value. The larger maximum value of the opacity function cor-
responds to the larger collision energy. All the curves in Fig. 4

show the similar properties. Therefore, we can speculate that
the reaction has a similar reaction mechanism under different
collision energies considered.
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Fig. 4. (2J+1) weighted opacity functions of reaction S++H2→ SH++H
at five collision energies.

Figure 5 displays the total ICSs of reaction S++H2(ν =

0, j = 0)→ SH++H together with the results obtained from
QCT method[21] for comparison. On the overall point of view,
the curve of the ICS calculated by us agrees well with the QCT
result, but at low collision energies, the present work has a
slight deviation from the QCT result. This phenomenon can
be explained by that in the present state-to-state quantum dy-
namics, the zero-point-energy (ZPE) is considered naturally,
whereas in the previous QCT calculation, the ZPE is not taken
into account, which leads to the larger ICS of the QCT than
of quantum calculation in the low energy range for such an
exothermic reaction. In other words, in the low energy range,
the quantum effect can be more apparent than in the high en-
ergy range. Also found in this figure is that the ICS decreases
with increasing the collision energy, which is the common fea-
ture for an exothermic reaction. The decrease of the ICS with
increasing collision energy may be caused by more repulsive
areas on the PES opened at higher collision energy.[36] In this
case, the increase of the collision energy will make it difficult
for reactants to evolve into products following the MEP.
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Fig. 5. Comparison of the present total ICSs with the previous QCT
results.[21]
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3.3. Product state distributions

The vibrational state-resolved ICSs of the reaction S++

H2(ν = 0, j = 0) → SH+(ν ′) + H are shown in Fig. 6. It
is evident that the favorite formation state of the SH+ prod-
uct is the lower vibrational states, and the vibrational state-
resolved ICSs do not present the quantum number inversion
phenomenon. Besides, the formed SH+ product states are ones
with ν ′ 6 3 at low collision energy, and in contrast, the reac-
tions with ν ′ > 3 have reaction thresholds. This phenomenon
can be explained by that for this exothermic reaction, the lower
product vibrational states can be obtained through the internal
energy conversion of intermediate complex, no need to ap-
ply the additional collision energy; but to obtain the higher
product vibrational states, such as ones with ν ′ > 3, only
through providing a certain amount of collision energy, can the
higher product vibrational states be obtained. Obviously, if the
formed SH+ product vibrational states are of above ν ′ = 3, the
reaction becomes endothermic.
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Fig. 6. Product vibrational state-resolved ICS changing with the collision
energy for reaction S++H2(ν = 0, j = 0)→ SH+(ν ′)+H.

Figure 7 displays the product rovibrational state distribu-
tions of the S+ +H2 reaction at five selected collision ener-
gies. As we can see from this figure, the rotational resolved
ICSs exhibit also the obvious oscillating features. In addi-
tion, for this reaction system of heavy-light-light mass com-
bination, the reactant orbital angular momentum can be easily
transferred into the product rotation angular momentum,[37]

we can deduce that the rotational excitation of the product is
favorite for the reaction. Hence, we can find in this figure that
the rotational quantum number of the SH+ product under each
vibrational state has a relatively wide range, and the quantum
number inversion phenomenon occurs in the distribution of the
product rotational states, just as shown in the bell-shaped dis-
tributions of the rotational states at five collision energies con-
sidered. In our previous work about the quantum state-to-state
dynamics of O++H2 → OH++H,[31] we find that the maxi-
mum of ICS- j′ distribution appears at about j′ = 10 with the j′

range of 0–25 for different collision energies, whereas for the
present quantum state-to-state S++H2→ SH++H, the max-
ima of ICS- j′ distribution appear all at around j′ = 20 with

the j′ range from 0–34 to 0–44 for different collision ener-
gies (v′ is fixed at 0). Similar phenomenon can be observed
in reaction Cl+H2 → ClH+H.[38] Although because of the
energy conversion of the collision system, the number of the
vibrational states of product SH+ molecule increases with the
increase of the collision energy, no vibrational inversion phe-
nomenon occurs. Besides, it is noticed that this phenomenon
becomes more pronounced as the collision energy increases
from Ec = 0.2 eV to 1.0 eV, which can be rationalized by that
with the increasing of the collision energy, more rotational
channels of products are opened. But due to the reaction is
exothermic with a potential well, the reaction becomes inhib-
ited with the increase of collision energy, so the ICS decreases
monotonously.

IC
S
/
A

2

0 10 20 30 40
0

0.3

0.6

0.9

1.2

0 10 20 30 40
0

0.2

0.4

0.6

0 10 20 30 40
0

0.1

0.2

0.3

0.4

0 10 20 30 40 50
0

0.1

0.2

0.3

0 10 20 30 40 50
0

0.1

0.2

(a) Ec=0.2 eV

(c) Ec=0.6 eV

(b) Ec=0.4 eV

(d) Ec=0.8 eV

j′

ν′=0
ν′=1
ν′=2

ν′=3
ν′=4
ν′=5
ν′=6
ν′=7

(e) Ec=1.0 eV

Fig. 7. Product rotational state distribution of S+ +H2(ν = 0, j = 0)→
SH+(ν ′, j′)+H reaction at different collision energies.

3.4. DCSs

The total DCSs for reaction S++H2→ SH++H at five
selected collision energies are shown in Fig. 8. It is evident
that the peak of the DCS is primarily in the forward and back-
ward directions, and the DCSs have almost the forward and
backward symmetric scattering distribution. The results show
that there is a long-life complex formed in the reaction, which
makes the reaction follow the statistical behavior, and the in-
direct reaction mechanism dominate in it. This complex com-
pletely loses the memory of the original direction of colliding
particles, and the products are scattered randomly, not concen-

063101-5



Chin. Phys. B Vol. 29, No. 6 (2020) 063101

trated in one direction, but distributed symmetrically in the for-
ward and backward directions. With the increasing of collision
energy, the scattering intensity of most scattering angles has a
tendency to decrease, being consistent with the ICS shown in
Fig. 6.

To further describe the reaction in detail, we plotted the
product state-resolved DCSs of reaction S++H2(ν = 0, j =
0)→ SH+(ν ′= 0,1,2, j′)+H as the function of ro-vibrational
quantum number and scattering angle at two collision energies
in Fig. 9. Obviously, the rotational distribution of the product
is relatively wide, just as shown in Fig. 7. For the given to-
tal energy and translational energy, the vibrational energy and
rotational energy of the product are negatively correlated. Be-
sides, the product is mainly forward and backward scattering,

which is consistent with that as shown in Fig. 8.
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Fig. 8. Total DCSs of the title reaction as a function of scattering angles at
five collision energies.
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Fig. 9. Product state-resolved DCSs of S++H2(ν = 0, j = 0)→ SH+(ν ′, j′)+H reaction at two selected collision energies.

4. Conclusion and perspectives

In this work, we have investigated the state-to-state re-
action dynamics of S+(2D) + H2(X1Σ+

g ) → SH+(X3Σ−) +

H(2S) on an accurate X2A′′ PES based on the GPU version
of TDWP code. The reaction probabilities, total and state-
resolved ICSs and DCSs were studied and the total ICSs are
in good agreement with the QCT result. Due to the existence
of the potential well, there are a large number of oscillating
structures in the reaction probability, ICS and DCS. The nature

of the oscillation can be attributed to the indirect mechanism.
Besides, increasing the collision energy can lead to the de-
crease of reaction probability and ICS, which is the common
feature of exothermic reactions. In contrast to no quantum
number inversion in the vibrational distribution, the rotational
resolved ICSs have an obvious inversion phenomenon. The
product DCSs, total or state-resolved, are all mainly with the
characteristics of the forward and backward scattering. The
results also show that the existence of the long-life complex
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makes the reaction follow the statistical behavior.
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