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Study of the H+HS reaction on a newly built
potential energy surface using the quasi-classical
trajectory method*
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The quasi-classical trajectory (QCT) method is used to study the H+HS reaction on a newly built potential energy
surface (PES) of the triplet state of HaS (2A”) in a collision energy range of 0-60 kcal/mol. Both scalar properties,
such as the reaction probability and the integral cross section (ICS), and the vector properties, such as the angular
distribution between the relative velocity vector of the reactant and that of the product, etc., are investigated using
the QCT method. It is found that the ICSs obtained by the QCT method and the quantum mechanical (QM) method
accord well with each other. In addition, the distribution for the product vibrational states is cold, while that for the

product rotational states is hot for both reaction channels in the whole energy range studied here.

Keywords: quasi-classical trajectory, integral cross section, scalar properties, vector properties

PACS: 34.50.—s, 34.50.Lf, 31.15.xv, 31.15.ap

1. Introduction

Nowadays, more and more groups are using the
rigorous quantum mechanical (QM) method to study
the reaction dynamics for the elementary reactions
in gas phase, and so far the systems have been ex-
tended from three atoms to four atoms.!~5 However,
it is not so easy because the computational cost will
be squared as the number of atoms increases from 3
to 4. And even for the three-atom system, it is ex-
tremely time-consuming to acquire the information
about the integral cross sections (ICSs) or the rate
constants, as the reaction probabilities for all total an-
gular momenta Js that are converged to a certain en-

ergy are needed.[6—10]

Fortunately, the quasi-classical
trajectory (QCT) method could serve as a substitu-
tion to obtain these quantities. With the help of the
QCT method, less computational cost is needed, but
relatively good results for statistical quantities, such
as the ICSs, the rate constants and so on, could be
obtained.["*~13] Hence despite the existence of the rig-
orous QM method, the QCT method is still robust to
be used for studying the isotope effect,!*¥ the influ-

ence of reagent ro-vibrational excitation,[!%16 and the
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effect of collision energy!!” on stereodynamics.

The H+H'S—HH'+S/HS+H’ reaction is one of
the simplest reactions that involve sulfur atoms and
provides the prototype for studying the hydrogen-
atom abstraction and exchange reactions. The re-
actants H(?S)+HS(?II) correlate to both the singlet
state of HaS (A’ and 'A”) and the triplet state of
HyS (PA’ and 3A”). The 3A” state is the lowest adi-
abatic triplet state of HsS, and the H+HS reaction
can proceed through competitive H-abstraction and
H-exchange pathways in this state. The first poten-
tial energy surface (PES) for HaS (3A”) was created
by Maiti et al.'®! for the purpose of studying the im-
portance of intersystem crossing in the S(*D, 3P)+H,
reaction. Then, Klos et al.['”) built an analytical PES
for HoS (3A”) according to the multi-reference config-
uration interaction (MRCI) method with AVQZ basis
set. Recently, Lii et al.l?”l constructed a new high-
quality PES for this triplet state in light of MRCI
method with AV5Z basis set.
the results of ICSs from QM calculations. In view of

They also presented

few reaction dynamical studies are conducted on the
triplet 3A” state for the H4+HS reaction, we investi-
gate this reaction in the triplet 3A” state using the
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QCT method for verifying the QCT method and ac-
quiring other information about the reaction dynam-
ics.

The PES used in the calculation is the newly built
PES by Lii et al.[?°l There are no wells for both reac-
tion channels and the minimum energy paths (MEPs)
of the abstraction and exchange processes occurring at
the collinear configurations. So the barrier heights in-
crease when S-H-H and H-S—H bond angles decrease
from 180°. The barrier heights for linear S-H-H and
H-S-H are 2.07 kcal/mol and 7.15 kcal/mol, respec-
tively. Figure 1 shows the schematic diagram along
the MEPs for both reaction channels. The values in
parentheses are the values of corresponding zero-point
energy (ZPE) and all energies are given in units of

kcal/mol with respect to the reactant H+HS asymp-
tote.
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Fig. 1. Schematic diagram of the barriers and transition
states along the minimum energy path for both reaction
channels on the 3A’ electronic state. Values in parenthe-
ses are the corresponding zero-point energies. All energies
are valued with respect to the reactant H+-HS asymptote
and are given in units of kcal/mol.

The rest of the present paper is organized as fol-
lows. In Section 2, the computational details, espe-
cially the key parameters used in the calculation, are

described. The results and discussion about the scalar
properties and the vector properties are presented in
Section 3. The conclusions are drawn from the present
study in Section 4.

2. Computational details

The method used here is the QCT method. This
method has been widely described in Refs. [21]-[27],
hence no more descriptions will be given here, apart
from a brief description of some key parameters that
are relevant to the calculation. First, the radius of col-
lision (p), which is used to determine the bond break-
ing or forming of the diatoms, is 10 angstroms; then
the time step size used to do the iterations is 1 fs.
One of the most important parameters for the QCT
calculations is the maximum impact parameter (byax ),
which can be used to obtain the ICS according to

(1)

where N, is the number of trajectories that go into a
certain reaction channel and N; is the total number
of trajectories. It should be mentioned that there is
the correspondence among by« and each pair of col-
lision energy (in units of kcal/mol in this paper) and
reaction channel. And b, could be picked out fol-
lowing the rules that no more reactions would happen
in one reaction channel at a certain collision energy.
All byaxs for different collision energies in both reac-
tion channels are listed in Tables 1 and 2. Last but
not the least, batches of 10000 trajectories were run
for each calculation. In this study, all initial states
of reactants were kept in their ground ro-vibrational
states, and effects of ro-vibrational excitations on the
reaction dynamics will be studied in the future.

Table 1. Values of bmax (A) for different collision energies (kcal/mol) in the H+HS—Hz+S reaction channel.

E 2 3 6 9 12 15 18 21

24 27 30 33 36 39 42 45

bmax 085 1.63 262 270 267 274 273

2.72

270 275 274 272 273 267 274 273

Table 2. Values of bmax for different collision energies in the H+H’S—HS+H’ reaction channel (Units are the same as

those in Table 1).

E 6 9 12 15 18 21 24

27 30 33 36 39 42 45

bmax 0.37  0.96 1.17 127 137 1.39

1.43

1.48 1.48 1.48 1.50 1.50 1.52 1.54
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3. Results and discussion

Figure 2 shows the reaction probabilities and ICSs
versus collision energy (in units of kcal/mol) for the
Hs+S and HS+H product channels, respectively. It
can be seen from Fig. 2(a) that the two curves present
different features. The black-solid-circle line repre-
sents the reaction probability for the exchange chan-
nel. There is a threshold for this channel, which is
around 6 kcal/mol according to the figure, and the
reaction probability increases almost monotonically
with collision energy increasing. While for the other
channel, which is represented with red-solid-square
line, in this abstraction channel the reaction can oc-
cur with almost no collision energy (the threshold lies
around 2 kcal/mol). However at the beginning the
probability is so small that it can be neglected, then
it varies slightly around 0.06 once the collision energy
exceeds 9 kcal/mol. In addition, the reaction proba-
bility for the exchange channel is larger than that for
the abstraction channel when the collision energy is
over 9 kcal/mol.
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Fig. 2. (color online) Reaction probabilities and ICSs ver-
sus collision energy for both product channels. The curves
with black solid circles and red solid squares are obtained
from the QCT calculations, while those gray solid and blue
solid lines are obtained from rigorous quantum mechanical
calculations in Ref. [20].

Figure 2(b) shows the ICSs for both product ar-
rangement channels, and also show the results from
the rigorous QM calculations in Ref. [20]. The two re-
sults for the HS+H product channel fit to each other
very well, not only for the threshold energy but also
for the magnitude. Though they differ a little from the
abstraction reaction channel mainly in the high energy
region and in extremely low energy regions, the con-
clusion that quantum effects have little influence on
the reaction probability[2! still works for the QCT re-
sults, which is result from the feature of the PES. As

no wells exist along the MEPs, the reactions are domi-
nated by the barriers of the transition states. The dif-
ference in threshold between the QM and QCT meth-
ods is due to a well-known handicap of classical me-
chanics as zero-point energy (ZPE) leakage.[?8! When
collision energy goes beyond 30 kcal/mol, the ICSs
for the exchange channel begin to exceed the ICSs for
the abstraction channel. The turning points for the
ICSs and reaction probabilities are not the same, as
the behaviours of ICSs are determined by two factors,
the reaction probability and the max impact param-
eter, according to Eq. (1). The abstraction channel
dominates at low collision energy, while the exchange
channel becomes dominant immediately after the en-
ergy has exceeded the barrier of the exchange reaction.
It could be explained as the point that the exchange
reaction has a larger acceptance cone than the ab-
straction reaction for the two competitive channels.

From the comparisons between results obtained
by the QCT method and the expensive QM method,
it could be easily seen that the QCT method works
as well as the QM method when treating statistical
quantities, such as ICSs, on this PES. So it gives us
confidence to show other statistical results obtained
by the QCT method in the following.
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Fig. 3. (color online) Product vibrational quantum state
distributions for the abstraction and exchange channels at
12, 24, 36, and 45 kcal/mol.

Figure 3 shows the product vibrational quan-
tum state distributions for both product arrangement
channels at four separated collision energies, 12, 24,
36, and 45 kcal/mol. The two panels exhibit the
same behaviours, that is, the distributions of vibra-
tional quantum states are not inverted and more vi-
brational channels of products are open as the collision
But there are differences between
the two panels. The probability for the HS+H chan-
nel is larger than that for the Hy+S channel, and more

energy increases.
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vibrational quantum states are accessible for the ex-
change channel under the same condition of collision
energy. It is consistent with the fact the HS+H prod-
uct channel is dominated in reaction probability when
energy is above 9 kcal/mol, which can be seen from
Fig. 2(a).

Figure 4 shows the product rotational quantum
state distributions for the two reaction channels at
five different collision energies, 9, 18, 27, 36, and
45 kcal/mol. In contrast to the distributions of vi-
brational states, the distributions for the rotational
states are hot and as the energy increases the most
pronounced states shift toward the higher rotational
quantum states. Similar to the case of vibrational
state distribution, the exchange channel is more pre-
ferred and more rotational quantum states are open
at the same collision energy. But there is an obvi-
ous distinction between the two figures, that is, the
amplitudes of peaks go smaller for the Hy+S prod-
uct channel, while they become larger for the HS+H
product channel when the collision energy varies from
9 kcal/mol to 45 kecal/mol. It could be explained as
follows: when energy grows the rotational excited HS
products are more easily to produce, but the reactions
that produce rotational excited Hy are restricted.

So far, parts of scalar properties about the re-
Thanks to

the stereodynamics QCT method, some of the vector

action dynamics have been presented.

properties, such as the k (the relative velocity vector
of the reactant)—k’ (the relative velocity vector of the
product) angular distributions P(6y), the k-3’ (the ro-
tational angular momentum of the product) angular
distributions P(6,), k—k'—j’ correlations P (¢, ), and so
on could also be brought to light. The usual space-
fixed right-handed coordinate system is employed in
the QCT calculation, which has its origin placed at the
centre of the mass of the reagent diatomic molecule,
the attacking atom placed in the Y Z plane initially,
the relative velocity vector k pointing along the pos-
itive direction of the Z axis, and the X Z plane con-
taining both k and k' vectors. The 6, and ¢, are the
azimuthal angle of the rotational angular momentum
4" and the dihedral angle between the k—k’ and k—j’
planes, respectively. Details about these correlations
and expressions of these distributions have been re-

[29—35]

peated many times in the literature, so readers

are referred to these references for more details.
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Fig. 4. (color online) The product rotational quantum
state distributions for the Ho+S product channel and
for the HS+H product channel at 9, 18, 27, 36, and
45 kcal/mol.

Figure 5 shows the curves for k—k’ correlation
P(6;) for both product arrangement channels. The
P(6:) is known as the differential cross section (DCS),
where 6; is the scattering angle between the initial
and final relative velocity vectors. The 0°~180° an-
gular range of 6 is divided into 20 bins and the value
of cross section per solid angle (do/d{2) is specified
at the central point of the interval,
do _ b2 N.(6,) x L

P(at) = dn max Nt

(2)

2msin b,

where N,(6;) is the number of trajectories going into
the 6, interval for a certain specified product chan-
nel. For the exchange channel, the distributions are
obviously backward for the energy range considered
here, but there is a trend that the distribution shifts
slightly to a forward scattering angle; while for the
abstraction channel, the distribution is predominately
backward for the lowest collision energy (12 kcal/mol),
but as energy increases the distribution becomes sym-
metrical (24 kcal/mol) and at higher energy values
the forward scattering clearly dominates (36 kcal/mol
and 45 kcal/mol). It is not difficult to understand the
asymmetrical feature of P(6;) distribution, as there
are no wells but only barriers along the reaction paths
for both channels. So no long-lived complexes will
be generated and the scattering will be anisotropic.
The differences in P(6;) distribution between the two
channels result from the distinct mass ratios of prod-
uct fragments and from the different features of the
PES. The influence of collision energy on the k—k’
correlation could be explained on the basis of impul-
sive effect, that is, the effect that more repulsive parts
of the PES are energetically accessible as energy in-
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creases cannot counterbalance it.[36]
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pressed in terms of cross section per solid angle for both

(color online) k—k’ angular distributions ex-

reaction channels at four collision energies, 12, 24, 36, and
45 kcal/mol.

Figure 6 shows the curves of k—j' angular corre-
lation P(6,) for both product arrangement channels,
which can be used to extract the alignment informa-
tion about the rotational angular momentum vector j’
for the product relative to the k direction. The k-3’
angular correlations are symmetrical around 90° for
all collision energies and for both reaction channels,
which reveals that the directions of the rotational an-
gular momentum 5’ for the products are mainly per-
pendicular to the directions of the relative velocity k
for the reactants. However, it is not enough to deter-
mine the direction of 5’ only with the P(6,) distribu-
tion, so we need to combine with the k—k’—j’ correla-
tion P(¢,), which is represented in Fig. 7. It is clear
that the direction of 7' orientates along the negative
Y axis. The influences of collision energy on k—j’ and
k—k’—j’ correlations can be explained by the chemical

reactivities of the two competitive channels.

90l (8) H+HS->HH+S A

1.0

6:/(°)

Fig. 6. (color online) Curves of k—j’ angular distribution
P(6;) for both reaction channels at three collision energies,
9, 18, and 36 kcal/mol.
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Fig. 7. (color online) Curves of k—k’—j’ angular distri-
bution P(¢,) for both reaction channels at three collision
energies, 9, 18, and 36 kcal/mol.

4. Conclusion

We studied the reaction dynamics for the H+HS
(v=0,j =0) 2Hy+S/HS+H reaction employing the
newly built HoS (3A”) PES. Both the scalar prop-
erties and the vector properties were investigated by
using the QCT method. The comparisons between the
results obtained from the QCT method and the QM
method show obviously that the QCT method holds
true for treating statistical quantities for the title reac-
tion. The k—k’ correlations are basically asymmetric,
which indicates there exist no long-lived complexes,
and the direction of rotational angular momentum 5’
for the product is mainly perpendicular to the direc-
tion of the relative velocity k for the reactant.
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