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A typical slow reaction H(°S) +S,(X°X,) — SH(XIT) +S(°P) on
a new surface: Quantum dynamics calculations”

Wei Wei(BE #1)%), Gao Shou-Bao(i5F ), Sun Zhao-Peng(FMJEME)Y), Song Yu-Zhi(5R EE)?,
and Meng Qing-Tian(F X H)») T

a) College of Physics and Electronics, Shandong Normal University, Jinan 250014, China
b) School of Physics, Shandong University, Jinan 250014, China

(Received 6 December 2013; revised manuscript received 10 January 2014; published online 28 May 2014)

Quantum dynamics calculations for the title reaction H(2S) 4 S, (X 3ng) — SH(X?IT) + S(3P) are performed by
using a globally accurate double many-body expansion potential energy surface [J. Phys. Chem. A 115 5274 (2011)].
The Chebyshev real wave packet propagation method is employed to obtain the dynamical information, such as reaction
probability, initial state-specified integral cross section, and thermal rate constant. It is found not only that there is a reaction
threshold near 0.7 eV in both reaction probabilities and integral cross section curves, but also that both the probability and
cross section increase firstly and then decrease as the collision energy increases. The existence of the resonance structure
in both the probability and cross section curves is ascribed to the deep potential well. The calculation of the rate constant
reveals that the reaction occurring on the potential energy surface of the ground-state HS; is slow to take place.
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1. Introduction

As one of the major sulfur-bearing species existing
in the atmosphere of large planets,!!™! hydrogen sulfide
(HS;) plays an important role in combustion and atmospheric
chemistry.[4%] However, because most researchers concen-
trate their attention on the structural and spectroscopic prop-
erties of HS; radical, much less attention has been paid to its
dynamics calculations than its controversial isovalent counter-
parts HSO!"! or HO,. 1391 In 1950, Porter'¥ first detected HS,
radical during the flash photolysis of H,S,. Since it was found
that the oxidation of HS; radical can produce SH radicals
which can form H,S; in the atmosphere,[“] more and more
researchers started to focus on the HS; radical. In the analysis
of electron structures, it is found that the HS, radical has two
states, i.e., the ground-state HS, (X?A”) and the excited state
HS, (A2A/ ). The ground state of HS; radical has been well

characterized by spectroscopy in the microwave region,!!?!

[13]

far-infrared laser magnetic resonance spectroscopy,' > as well

[14

as spectroscopy in the millimeter wave region.!'*! However,

due to the low mass separation, HS; could only be mea-

U3] In this case, the first excited

sured in a mixture with S,.
state, located at 7254 cm~! above the ground state was not
observed.!'% In 2008, Peterson et al.[!”! reported a theoretical
study of the spectroscopic properties of the ground and first
excited electronic states of HS,. Subsequently, Michaela and
Ulrich!"! studied the photodetachment—photoelectron spec-
troscopy of disulfamide for the same state. However, there

has been little experimental or theoretical study on the S+SH
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and H+S, reaction. For the convenience of discussion, we
draw a parallel between HS; and HO; radical, in which O and
S are the elements of the same group. Comparison of their

9181 shows that the relevant

potential energy surfaces (PESs)!
reactions may have similar dynamic properties due to the sim-
ilar characteristics, such as being barrierless with a deep well.
Therefore, there is a great development space in the quantum
scattering dynamical studies of the endoergic reaction between
the hydrogen atom and the sulfur molecule.

Recently, employing the double many-body expansion
(DMBE) theory, Song and Varandas!! constructed an accu-
rate global PES for the ground-state HS»(X2A"), and the ob-
tained information has been proven to agree well with the ex-
perimental and other theoretical values. As described in Fig. 1,
the deep well in HS, PES corresponds to the stable radical
HS, (X2A”), which can support some bound states and reso-
nances. The energies relative to the minimum of the PES for
H+ S, and S + SH are predicted to be 2.6 eV and 3.3 eV, re-
spectively. Obviously, there is an energy difference of about
0.7 eV between reactant and product.

Just as in other chemical systems where the non-adiabatic
effect plays an important role,'%! for reaction H+ S, (X%%;),
the 3P state of the S atom crosses 'D state in the reac-
tant arrangements, and the existence of the spin-orbit cou-
pling makes it a challenge to obtain accurate dynamics in-
formation without dynamic approximation. However, nona-
diabatic calculations are beyond our scope, since the reac-
tion H(*S) + S»(X?%, ) — SH(X?II) + S(°P) studied here is
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based on the single-sheeted PES introduced above. The time-

21221 which is proved to

dependent (TD) quantum method,|
have a higher computational efficiency than time-independent
(TI) quantum method, is used to calculate the related reaction
dynamics. In this method, the wave packet is propagated in
the Chebyshev order domain. Compared with the conventional

23,24

time wave packet approach,?>>#! the present method is accu-

rate and efficient because no approximation of the propagator
is needed when the wave packet propagates in real space.!>!
Moreover, it can also propagate the wave packet exactly for
dealing with complex-forming reaction. >®! Using this method,
Sun et al.?’?8] studied the reaction dynamics of O('D) +
D, — OD+D and C('D) +H,(D,) — CH(D) +H(D) in 2011
and 2013, respectively, while Ma and Guo et al.’! investi-
gated the H(?S) + 0 (a'A,) — O(*P) + OH(X?I1) reaction in
2011. The excellent agreement between the theoretical pre-
diction and experimental results shows that the TD Chebyshev
propagation method is highly effective.

H,(X°I1,)+S
HA4-S,y(X35;) O-ZIEV

—

2.6 3.3 eV

— -—

Fig. 1. Schematic PES for the H+S;(X*Xg) — SH(X?IT) +S re-

action.

In the present TD calculation, the dynamical information
reflecting the reaction features on the adiabatic PES for HS;
(X?A") involves the reaction probabilities, integral cross sec-
tions (ICSs), the rate constants, etc. The paper is organized
as follows. In Section 2, we present the Hamiltonian of the
system and the Chebyshev wave packet propagation method,
with the mathematical expressions for reaction probability and
the initial state-specified ICS. In Section 3, the exact quantum
dynamical results are provided and discussed. Meanwhile,
the feature of the reaction probabilities, ICS and rate constant
curves are analyzed. Finally, we conclude the results in Sec-
tion 4.

2. Theory

The quantum dynamical calculations are carried out in the
reactant Jacobi coordinates (R, r, %), in which the variables in-
dicate the distance between H and S-S center of mass, the
reactant S—S distance, and the angle enclosed by R and 7, re-
spectively. With the reactant coordinates, the Hamiltonian of
the system can be written as (R = 1)

1 02 19> (J-)* J

I:I = —-— _—
2ug OR?  2u, dr2  2uUpR? + 24,12

+V(R,17),
(1)

where U, = mgms/(ms +ms) and ug = my(ms +ms)/(ms +
mg + my) are the reduced masses, f the rotational angular mo-
mentum operators of the diatomic molecule (S;), J the to-
tal angular momentum, V' (R, r,¥) the potential energy of the
ground-state HS, (X?A”). For a total angular momentum J,
the squared orbital angular momentum operator can be ex-
pressed as follows:

=D =P+ =2lf— T j =T s, )

where J, and j, are projections of J and j onto the body-fixed z
axis, respectively, and J, (/) and j, (j_) are the correspond-
ing raising (lowing) operators, which are responsible for the
Coriolis coupling. 2]

In our work, the initial wave packet is propagated by the

modified Chebyshev recursion>!

|1l/n+l> :D(ZHscaled|Wn>*D|‘I’n71>)7 3)

with |y1) = DHcqiea| Wo) and |yp) being the initial wave pack-
ets which can be defined in the space-fixed (SF) frame as
follows: 2]

)2 2 .
P ) = Ne™RoR029% cog (ko R) gy, () ilis Jp), (4)

where N is the normalization constant, k;y, R;9, and ¢ are the
central momentum, the central position, and width, respec-
tively, ¢,,;,(r) is the rovibrational eigenfunction of the S, re-
actant, v;, j;, and [; are the vibrational, rotational, and initial
orbital angular momentum quantum numbers, respectively.

In order to avoid divergence, the actions of the scaled
Hamiltonian onto the Chebyshev wave packet are calculated
using a pseudo-spectral method.?!! The damping function,
which is used to prevent the artificial reflection at the grid
edges, is defined as

o 1> R < Rd7
D(R) - ede(Rfkd)z7 R> de (5)

where Ry is the onset of the damping and dg controls the ex-
tent of the damping. By projecting the Chebyshev wave packet
onto a set of product state specific wave packets, one can ob-
tain the Chebyshev correlation functions®?! Cfl as

Cl = (9yeis| elr, Je| (R = RL.)), ©6)

through which the S-matrix elements, the significant quanti-
ties for giving the related dynamical information, can also be
obtained.

Using the S-matrix elements, the total reaction probability

can be expressed by the final-state-sum as 3!
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where r = r¢ defines the dividing surface which is the position
of the calculated flux, and 0 is the Chebyshev angle.

By assembling the initial state-specified reaction proba-
bilities for various J, the cross section can be given by

O, j; (Ec) =

T

A Ji
R 2J+1)P" 5 (Ec), (8)
: 5 ( ; 19 C/)y
(2ji+ Dk; J,p.Q<min(J, j;) v

where ki = /2urE. with E. being the collision energy.
Through averaging the corresponding ICS over the collision
energy, the initial state-specified rate constant can be derived
by

f 8 12 [ —Ec/ksT
k.aT:—(7> /GE /BT E dE,,
Vljl( ) kg T ﬂ/.LRkBT 0 1]1( c)e cULlc
)
where kp is the Boltzmann constant, 7' the temperature, and
f the electronic degeneracy factor for the total reaction, 34l
which is obtained by the electronic partition function!!"]
Qe = [5+3exp(—569.83/T) +exp(—825.34/T)]
x[1 +exp(—542.36/T)]. (10)

3. Results and discussion
3.1. Numerical parameters

The relevant numerical parameters used in our calcula-
tions with respect to the J = 0 reaction probability are sum-
marized in Table 1. Since sulfur is an atom with large mass,
more basis functions, grid points or propagation steps should
be used than those of H+ O,.!'°! In order to converge ICS up
to the collision energy of 1.6 eV, 46 partial waves are needed
for H+ S, calculations.

Table 1. Numerical parameters used in the wave packet calculation (in
atomic units).

Value
R €(0.1,21.0), (Ng = 120)
r e (0.5,21.0), (N, = 400)
7€ (0,90), (Ny =45)
R4 =11.0,dg =0.05
rq =13.0,d, = 0.01
R() = 10.0, E() =0.8 GV, §=03
Energy cut of 0.5 Hartree
re=13
10000

Parameter

Grid/basis ranges and sizes

Absorption potential

Initial wave packet
Spectral control
Position of the flux calculated

Propagation steps

3.2. Reaction probabilities

The total reaction probabilities of H+ S, for two partial
waves (J = 0, J = 20) in the energy range from 0.7 to 1.6 eV

are compared in Fig. 2. Although there is no barrier along the
minimum energy path in the entrance channel, it can be seen
from the figure that the reaction probabilities for J = 0 are
quite small (Iess than 1.6% in Fig. 2). The phenomenon is very
similar to the result which was obtained from the H—+ O, reac-
tion in Ref. [35], since oxygen and sulfur belong to the oxygen
group elements with similar chemical properties. Some stud-
ies showed that this phenomenon is due to the fact that the
system does not seem to follow the reaction path and produces
very little product.[3>! However, as it can be seen in Fig. 2, due
to the influence of centrifugal potential, the reaction probabil-
ities for J = 0 are much larger than the result obtained for J
(take case of the reaction probabilities for J = 20).

As shown in Fig. 1, the energy of the product is higher
than that of the reactant, i.e., this is an endothermic reaction
with a well, and the energy difference between reactant and
product is 0.7 eV. This energy difference is just the threshold
energy in the curve of reaction probability versus collision en-
ergy for J = 0, as shown in Fig. 2. Because of the centrifugal
potential associated with J, the threshold moves to a higher
energy as the total quantum numbers J increases. In addition,
as shown by the dash-dotted line in Fig. 2, with the increase
in the collision energy, by and large, the reaction probabil-
ity begins to increase and then decreases when the collision
energy is greater than 1.5 eV. The former case is understand-
able since, in general, the increase in collision energy may
help to overcome the threshold energy and enhance the reac-
tion probability, but when the collision energy is large enough,
the opportunities of reactants taking part in reaction decrease
with increasing the energy, which is the reason for the latter
case. Meanwhile, because of the deep potential well, the re-
action probability curves show distinct resonance structures in
all range, and the sharp resonance peaks also indicate the ex-
istence of the long lifetime of the participating resonances.

0.010
—J=0
—eee J =20

0.008

0.006

0.004

Reaction probabilities

0.002

Collision energy/eV

Fig. 2. (color online) Total reaction probabilities for the H +
Sz (X3Zg,v =0, j = 0) reaction for two J values.
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If the reactant molecule S, is in the vibrational excited
state (v = 1, j = 0), the reaction dynamics will display a sig-
nificant change. The comparison of reaction probabilities for
two vibrational quantum numbers (v = 0, 1) (shown in Fig. 3)
shows that the reaction for v = 1 is more reactive and the
threshold of the reaction shifts to lower collision energies with
the increase in the S, vibrational quantum number, which sug-
gests that the raising of vibrational quantum number is propi-
tious to the reaction.

0.020

0.015F

0.010f

Reaction probabilities

Collision energy/eV

Fig. 3. (color online) Total reaction probabilities for the H +
SZ(X3Zg‘,v.,j = 0) reaction with J = 0 for two v values.

3.3. Total integral cross sections

In order to provide more plentiful dynamics informa-
tion, we give the total reaction sections at the collision en-
ergy ranges of 0.7-1.6 eV from J = 0 to J = 46 as depicted
in Fig. 4. Obviously, because of the sum of all partial waves,
the ICS shows an increase-then-decrease trend which is more
obvious than the feature of the probability curves. The reason
for this is the same as the related explanation for the chang-
ing probability with the collision energy. Meanwhile, there
are clear threshold energy near E. = 0.7 eV and residual os-
cillations because of the existence of the well. Despite the
fact that the ICS sums the weighted reaction probabilities over
many partial waves, the small oscillations illustrate that the
partial wave sum cannot wash away all the resonance features
which completely resemble the resonance features of the re-
action probabilities.m] It is obvious from the curves that, the
overall reactivity is not high, with ICS being less than 0.016 A2
in this energy region for v = 0. This feature is quite analogous
to the ICS curves of the H 4 O5 reaction.[!8]

Also illustrated in Fig. 4 is the effect of the reagent vibra-
tional excitation. It can be seen that with the increase in the
vibrational quantum number, the ICS has a marked increase.
Considering that the ICS is the sum of the weighted reaction
probabilities over many partial waves, and the increase in the
vibrational quantum number is in favor of the increase in the
reaction probability, this is a natural result.

0.040

—ov=0

0.035F  ____,_1

0.030

s
e
P

0.025

0.020 o

ICS/A?

-

0.015 fdei iyt

0.010

0.005

008 1.0 1.2 1.4 1.6

Collision energy/eV

Fig. 4. (color online) Total reaction cross section for the H +
Sy (X3 X, ,v,j=0) reaction for two v values.

3.4. Rate constant

As a very important physical parameter in chemical ki-
netics, rate constant can influence directly the rapidity of a
chemical reaction. In Fig. 5 we display the temperature de-
pendence of thermal rate constant. At about 1000 K it begins
to increase until the effective temperature is 4000 K, then it
has a trend of decreasing with the temperature. The major
reasons for the former phenomenon are two folds. First, the
rapid movement of the molecules with the rise of tempera-
ture leads to the increase in the reaction probability. Second,
the increase in the molecular kinetic energy with the rise in
temperature benefits from overcoming the active energy bar-
rier, and gives rise to the increase in thermal rate constant.
However, when the effective temperature is above 4000 K, the
combined result of the energy dependence of the ICS and the
temperature-dependent electronic partition function (10) leads
to negative temperature dependence of the H+ S, thermal rate
constant.l*”! In addition, our calculated maximum rate con-
stant, 1.02 x 10714 ¢cm3-s~! at 4000 K, illustrates that the re-
action is slow at ordinary concentration. This result may arise
from the fact that the reactant is of a higher activation energy.

1.2

1.0+

K/1071* cm?.s71

1 1
3000 4000

T/K

0 1
1000 2000 5000

Fig. 5. Temperature dependence of the rate constant for the reac-
tion.
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4. Conclusion

In this paper, we have investigated the quantum dynam-
ics of the H(®S) + Sz(X3Zg) — SH(X?TI) + S(°P) reaction
on an accurate global PES for the ground-state HS, (X?A").
Some dynamical information, such as reaction probabilities,
ICS, rate constants, etc., has been provided. The results show
that near E. = 0.7 eV, the reaction probabilities have a thresh-
old, and the strong resonance characteristics of the probabili-
ties changing with collision energy are attributed to the exis-
tence of the long-lived resonances supported by the deep well.
Because the partial wave sum does not wash away all the res-
onance features, the obtained energy dependence of ICS also
shows residual oscillations, which is the typical feature for the
well reaction. The calculated rate constant shows not only its
negative temperature dependence when 7 > 4000 K, but also
the low reactivity of the related reaction for higher activation
energy. We expect that these results are probably helpful for
further theoretical calculations and can provide some informa-
tion for the relevant experiments.
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