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Abstract. Theoretical study on the dynamics of reactions H' + HS(v = 0, j = 0)—>H, + Sand H' + HS(v =
0, j = 0)—H + H’'S is performed with quasi-classical trajectory (QCT) method on a new ab initio potential
energy surface for the lowest triplet state of H,S (*A”) constructed in 2012 by Lv et al. The QCT-calculated
reaction integral cross-sections are in good agreement with previous quantum wave packet results over the
collision energy range of 0-50 kcal/mol. Both the abstraction and exchange reactions are governed by direct
reaction dynamics and the trajectories follow the minimum energy path. The rotational angular momentum
vector j’ of products in the two reaction channels are not only aligned perpendicular to scattering plane but
also oriented along the negative direction of the axis perpendicular to the scattering plane. With the increase in
collision energy, the variation trends of product polarization in the two reaction channels are different and that
may be attributed to the obviously different characteristic of the two channels on the potential energy surface.
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1. Introduction

In recent decades, the chemical reaction S + H, and
its variants have attracted abundant attention, in both
experimental and theoretical aspects, for its important
role in combustion and atmospheric chemistry. ™" Lee
and Liu applied a crossed molecular beam appara-
tus method to map out the differential cross-section
(DCS) of the reactions.'>7 The DCSs peaked in
both the forward and backward directions with some
preference towards the forward direction, implying a
long-lived H,S reaction intermediate. This is also sup-
ported by experimental total integral cross-sections
(ICS) that decay monotonically with the increase
in collision energy.'® Recently, with the advent of
experimental techniques that allow the cooling of
translational degrees of freedom, Berteloite et al.'®
performed kinetics and crossed-beam experiments to
measure absolute rate coefficients down to 5.8 K and
relative integral cross-sections to collision energies as
low as 0.68 meV. Theoretically, earlier studies include
a statistical model study' of the reactions S(‘D) + H,,
HD, D, based on the Rice-Ramsperger—Kassel-Marcus

*For correspondence

Reaction stereodynamics; quasi-classical trajectory; cross-section; polarization.

(RRKM) theory. Zyubin et al.® carried out extensive
multireference configuration interaction (MRCI) ab ini-
tio calculations with multiconfiguration self-consistent
field (MCSCF) reference wavefunctions for all the
potential energy surfaces (PESs) that correlate with the
reagents. Subsequently, an improved version of the 1'A’
PES (RKHS PES) based on the same ab initio points
was produced by Ho et al.* with the reproducing ker-
nel Hilbert space (RKHS) interpolation method. This
PES has been extensively used in quasi-classical tra-
jectory (QCT),*”’ time-independent quantum mecha-
nical (TI-QM),%® wave packet (WP)'>??! rigorous
statistical quantum mechanical (SQM)®*!!2? and sta-
tistical quasi-classical trajectory (SQCT)!® dynami-
cal calculations. Song and Varandas® calculated a
new ab initio PES (DMBE/CBS PES) by fitting accu-
rate multireference configuration interaction energies
with large basis sets and extrapolation to the com-
plete basis set limit.?* More recently, Lara et al. cal-
culated reaction probability as a function of total
angular momentum and reaction cross-section for the
collision of open shell S (D) atoms with para-hydrogen
over the kinetic energy range of 0.09-10 meV based on
both RKHS PES and DMBE/CBS PES.!" The results
revealed very different dynamical behaviours on the
two PESs at low collision energies.
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Most of the studies mentioned here have focused on
the insertion reaction S + H,, while the reverse reac-
tion H' + HS attracts our interest. The reaction H +
HS is a prototype for hydrogen-atom abstraction and
exchange reactions and can provide important informa-
tion in dynamic studies. There are several PESs for the
reverse reaction H' + HS'*!%?> from previous studies.
In 2012, Lv et al. constructed a new ab initio PES for
the lowest triplet state of H,S (*A”).?% On this new PES,
the total reaction probabilities were calculated by the
time-dependent wave packet (TDWP) and QCT meth-
ods and the integral cross-sections were obtained by
TDWP method over the collision energy (E.,) range
of 0.0-2.0eV for the reactant HS initially at the ground
and the first vibrationally excited states. As far as we
know, there is seldom investigation on the reaction
H' + HS, especially on its stereodynamics. To shed
more light on this reverse reaction, in this study we will
adopt a QCT calculation on the new PES constructed
by Lv et al.?®

2. Theory
2.1 Rotational polarization of the product

Figure 1 is the centre of mass (CM) frame, which is
employed in the present calculation. The full three-
dimensional angular distribution related k—k'—j’ can

k/ \\\\

Figure 1. Centre-of-mass frame used to describe the k, k',
J' correlations. The z-axis of CM frame is parallel to the
reagent initial relative velocity vector k, while the zx-plane
(the scattering plane) contains k and k' (the product final rela-
tive velocity vector) and the y-axis is the axis perpendicular
to the scattering plane.
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be represented by a set of generalized polarization-
dependent differential cross-sections (PDDCSs) of the
CM frame. The z-axis of CM frame is parallel to the
reagent initial relative velocity vector k, while the zx-
plane (the scattering plane) contains k and k' (the prod-
uct final relative velocity vector) and the y-axis is the
axis perpendicular to the scattering plane. The angle 6,
is the so-called scattering angle between the reagent rel-
ative velocity and the product relative velocity. 6, and
¢, are the polar and azimuthal angles of the final rota-
tional angular momentum j'. The fully correlated CM
angular distribution is written as the sum?’

2k +1 1 do
P(w. o)=Y —=LCiy (O, 9", (1)

A7 o dw,
kq

where —k < g <k, (1/0)(doy,/dw,) are the general-
ized PDDCSs,? and Cy, (6,, ¢,) are modified spherical
harmonics® and 4% yields

1 dUkO

=0 (kisodd), 2)
o dw,

ldO’qur _ ldO’kq T ldO'k,q -0
o dw, o dw; o dw;

(k even, g odd or, k odd, g even) 3)
1 dO'kq, . 1 dO'kq 1 dO’k,q -0
o do, o dw, o do,

(k even, g even or, k odd, g odd) . 4)

The PDDCS is written in the following form:

1 dakqi

(k1]
- Z Skq:tck1 —q(6,,0), 4)

o dw,

k . .
where S/, is evaluated using the expected value
expression

Sty = (Clig(Br, 0)Ciy (6,, O)[(=1)?€'*” £ 7471}, (6)

with the angular brackets representing an average over-
all angles. The differential cross-section is given by
1 dUOO

[k, 1hg' (ky, 0) Py, (cos 6,). (7)
o do,

1
= P(w) = 47_[

The bipolar moments hf)‘ (ky, 0) are evaluated using the
expectation values of the Legender moments of the

usual differential cross-section:
hy' (k1. 0) = (Py, (cos 6,). ®)

During the calculations, the truncated number in this
expansion is k; = 7. The distribution function P(6,),
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the most common vector correlation, describing the
k—j' correlation, is expanded in a series of Legendre
polynomials*

P6,) = Z 2k + Dal P (cos,), )

where

al = / P(8,) P(cos 6,) sin6,d6, = (P,(cos#h,)),
0
(10)
with the expansion coefficients a." referred to as an ori-
entation (k is odd) or alignment (k is even) parameters,
and k = 2 indicates the product rotational alignment:
2 o’ 1 2
ag=(P>(cos 0,)) =(P(j -k)>:§(3 cos’6, — 1). (11)
In this study, we only calculate the average rotational
alignment of the product, because it has been mea-
sured in most experiments. In the calculations, P(6,)
is expanded up to k = 18, which shows good conver-
gence. The dihedral angle distribution function P(¢,),

describing the k— k'’ correlation, can be expanded in
the Fourier series as

1
P@) = (1 - Zza cos(ng,)
+ Z b, sin(ngb,)), (12)
odd,n>1
where
a, = 2{cos(ng,)) , (13)
b, =2 (sin(ng,)) . (14)

In this calculation, P(¢,) is expanded up to n = 24,
which is sufficient for good convergence.

2.2 Potential energy surface

In the present calculations, we use a new triplet adia-
batic PES constructed by Lv et al.?® The reaction
H (3S) + HS (*IT) correlates to the singlet states of
H,S (*A’, 'A”) and the triplet states of H,S (3A/, 3A").
On the lowest adiabatic state H,S (3A”), the reaction
can proceed through an abstraction H + HS—H, +
S and an exchange pathway H + HS—H + H'S. The
new PES was computed using complete active space
self-consistent field (CASSCF)3'? and internally con-
tracted MRCI wave function®*=* with an aug-cc-pV5Z
basis set of Dunning.*® The multireference Davison
correction®” (+Q) was included to compensate for the
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effect of higher order correlation. Analytical represen-
tation of the PES was fitted with 6600 ab initio ener-
gies below 3.8 eV relative to the dissociation limit of
H-H-S. Analytical PES was generated by the many-
body expansion in the Aguado—Paniagua function.®
Finally, the globally smooth PES was constructed using
the procedure described by Aguado et al.** Compared
to the ab initio data, the three-body term rms error
was 0.43 kcal/mol and the maximum energy deviation
was 3.25kcal/mol. On the PES, there is no potential
well and the minimum energy path of the abstraction
and exchange reactive processes occur at the collinear
configuration of the three nuclei. Moreover, the bar-
rier height increases when the S-H-H and H-S-H
bond angles decrease from 180° to 60°. The transi-
tion state for the abstraction reaction is found to be
linear with rqy = 2.54aq and ryg = 2.62a, (Bohr
radius, 1ay, = 5.29177 x 107""m) and the barrier
height is 2.07 kcal/mol with respect to the reactant H +
HS asymptote, while the exchange reaction barrier is
7.15kcal/mol and the transition state lies at linear
geometry with rys = rys = 2.87 a.

2.3  QCT calculations

We employed the standard QCT method (see the
details in Refs 4-7 and the references therein) to study
the stereodynamics of the title reactions. The classi-
cal Hamilton’s equations are numerically integrated in
three dimensions. For reaction A + BC, Hamilton equa-
tion can be presented by nine coordinate variables (g,
92, 43) (44, g5, q6), (97, qs, qo) and nine conjugated
momentum variables (p1, pa, p3), (P4 Ps, Pe)s (P17,
Ps> P9)-

oH . .

ap =0 i=1,2,...,9 (15)
g—Z=—Pi (16)

I, I, 1 &,

M;Pi‘i'%;l?i‘i‘%;%

+U(q1, 92, ---99)- (17)

When there is no external field, Hamilton equation can
be decomposed into two parts, centre of mass move-
ment H., and relative movement H,;. The motion of
the centre of mass stays the same, and the expression of
relative motion H,, can be expressed as:

o

rel —

ZP2+U(”1,”2,’”3)
(18)

2B ZMA BC
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where P; is conjugated momentum relative to general-
ized coordinates Q;, U represents the potential energy
function

mpm
g = ——C (19)
mpg + mc
ma(mp + mc)
fape = ———b L (20)

my+mp—+mc

The detailed information of the Hamilton equation can
be found in ref. 40. The accuracy of the calculation is
verified by checking the conservation of total energy
and total angular momentum for every trajectory. The
vibrational and rotational levels of HS were taken as

= 0 and j = 0, respectively. Due to J =1L+ ],
where J and L are the total angular momentum and
total orbital angular momentum of A + BC system,
respectively, in the case of rotational angular momen-
tum of BC j = 0, we have J = L, which means
the scattering plane coincides with the initial molecular
plane. In this calculation, batches of 100000 trajectories
were run for each reaction and integration step size is
chosen as 0.1 fs. The trajectories were started at an ini-
tial distance of 10 A between the H atom and the centre
of the mass of the HS molecule.

3. Results and discussion

In figure 2, we compare the integral cross-sections
obtained by summing the state-to-state reaction cross-
sections, that is, the vibrationally-summed cross-
sections, with the results of TDWP in ref. 26 for H +
HS (v = 0, j = 0) reactions. It is clear from figure 2.
that the QCT and TDWP results for both abstraction
and exchange reaction channels are in good agreement,
indicating that the quantum effects are not significant
in the two reactions and the QCT method is reliable
in the title reactions. The integral cross-sections depen-
dent of collision energy for the two reaction channels
are remarkably different. For the abstraction reaction
H + HS(v = 0, j = 0)—H, + S, the cross-section
displays a rapid rise firstly and reaches a plateau, and
then declines gradually with the increase in collision
energy. For the exchange reaction H + HS(v = 0,
Jj = 0)—H + H'S, the cross-section increases steadily
to a large value with the increase in collision energy.
In addition, the threshold of the abstraction reaction
is lower than the exchange reaction. This is due to
the different barrier heights on the PES for the two
reaction channels. From the new PES of Lv et al.,*
the barrier height of abstraction reaction is 0.09eV,
while it is 0.31 eV for the exchange reaction. The well-
known handicap of QCT method is its inability to
properly treat the quantum zero-point energy,*'=*’ and
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Figure 2. A comparison between the QCT-computed reac-
tion integral cross-section in this study and TDWP result cal-
culated by Lv et al.?® for (a) the abstraction reaction H' +
HS(v =0, j = 0)—H; + S, and (b) the exchange reaction
H +HS(v =0, j = 0)—>H + H'S.

some methods have been suggested to ‘quantize’ the
continuous vibrational-rotational energy distributions
obtained from QCT calculations.**° Recently, Czaké
et al. implemented some previously suggested meth-
ods to avoid zero-point energy leakage and applied it
to water dimmer.>!*? The good agreement between our
QCT calculated cross-sections with the TDWP results
even near the reaction threshold as shown in figure 2
suggests that the quantum effect is not obvious in the
title reactions and the zero-point energy leakage is not
a major concern in the present study.

Energy dependence of the integral cross-section for
the hydrogen abstraction reaction H + HS(v = O,
Jj = 0)—H,; + S that first rises and then falls as the col-
lision energy increases far over the reaction barrier is
essentially similar to the observations in reactions H +
HCI1,>* H + HBr* and H + CD,.* Zhang and Yang
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presented that in these hydrogen abstraction reac-
tions, all the reactive events occur through a tug-of-
war between the incoming H atom and non-reacting
group.”> From this tug-of-war mechanism, for the
abstraction reaction H + HS(v = 0, j = 0)—»H, +
S, the incoming H' atom, with collision energy well
above the energy barrier, is always reflected in a col-
lision by the repulsive wall at the ‘interaction’ end
of the reaction valley, because the mass of the non-
reacting HS group is considerably larger than that of
the incoming H' atom. Only when the H atom hap-
pens to depart from the HS group quickly enough,
at the time the incoming H' atom is reflected, does
the reflection lead to a reaction. At even higher colli-
sion energy, the incoming H' atom moves too fast after
the reflection for the H atom in HS group to catch
up. As a result, the reaction probability declines with
increase of collision energy. Excess collision energy
can only increase the chance for the incoming H' atom
to lose in the tug-of-war mechanism. This tug-of-war
mechanism is not involved in the exchange reaction
H + HS(v = 0, j = 0)—H + H’'S. As a direct reac-
tion with a barrier, higher and higher collision energies
above the barrier would mean that more and more of
the collisions can surmount the energy barrier to reac-
tion. That is the reason for the integral cross-section of
the exchange reaction H + HS(v = 0, j = 0)—H +
H’S showing a monotonic increase with the increase in
collision energy.

The calculated distributions of (27 /o) (dogy/dw;)
are shown in figure 3, which is just the DCS distri-
bution, only describes the k—k’' correction and is not
associated with orientation and alignment of final rota-
tional angular momentum j'. The DCSs reported in this
study are also vibrationally-summed. From figure 3
(a) and (b), the scattering directions of products are
greatly different in the two reaction channels. For the
abstraction reaction, the DCS shows backward distribu-
tion at the low collision energy of 10kcal/mol. With
the increase in collision energy, angular distributions
show a substantial decrease of backward distribution
together with a shift to sideways when collision energy
increase from 10 to 30 kcal/mol, and the backward scat-
tering eventually vanishes with the further increase in
collision energy to 50kcal/mol. In contrast, the prod-
ucts are mainly backward scattered in the exchange
reaction channel and the degree of backward scatter-
ing declines with the increase in collision energy. To
study why these DCSs differ at different collision ener-
gies, the variations of internuclear distances are pre-
sented as a function of propagation time in figures 4
and 5. From the figures, the attacking H" atom collides
with the HS molecule and forms a H, or H'S product
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Figure 3. Differential cross-section for (a) the abstraction
reaction H + HS(v = 0, j = 0)—>H, + S, and (b) the
exchange reaction H + HS(v = 0, j = 0)—»H + H'S,
respectively, plotted as a function of scattering angle.

molecule that immediately recoils. This is consistent
with the direct reactive mechanism. These trajectories
obey direct reaction and stay near the minimum energy
reaction path. It is interesting to find that in the two
reaction channels, the scattering direction of product
molecules presents different variation tendencies with
the increase in collision energy. This phenomenon can
be attributed to the different mass combinations and
will be discussed in detail here. According to a previ-
ous theory,” the abstraction reaction channel belongs
to a light-light-heavy (LLH) mass combination. The
attacking H' atom abstracts an H atom from the reagent
molecule HS and produces the H, molecule. At low col-
lision energies, the light H, product with small momen-
tum can recoil easily from the heavy S atom. With the
increase in collision energy, the light H, product with
higher internal energy can move with little or no inter-
ference from the heavy S atom and will move in the
same direction as the reagent H' atom. The exchange
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Figure 4. Internuclear distance of H'H, HS, H’'S as a function of propagation time
in abstraction reaction H' + HS—H, + S.

reaction channel belongs to a light-heavy-light (LHL) (10, 30, 50) kcal/mol were chosen for the title reac-
mass combination. As the product H atom is light, it  tions. From figure 6, the peaks of P(6,) are at 6, angles
hardly causes any effect on the motion of the heavy close to 90° and are symmetric with respect to 90°,
product molecule H'S and the product H'S will move  which demonstrates that the product rotational angular
in the same direction of the S atom from the reagent momentum j’ is distributed with cylindrical symmetry
molecule. with respect to the axis perpendicular to the scattering

Figure 6 shows the P(f,) distribution which plane (the y-axis) and the direction of j' has a prefer-
describes the k—j" correlation. Three collision energies ential alignment perpendicular to reagent initial relative
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Figure 6. Angular distributions of P(6,), reflecting the k—
J' correlation, for (a) the abstraction reaction H + HS(v =
0, j = 0)0—H;, + S, and (b) the exchange reaction H +
HS(v =0, j =0—H+ H'S.

velocity vector k direction. The polarization of prod-
uct in abstraction reaction channel H + HS(v = 0,

= 0)—H, + S is shown in figure 6 (a). With the
increase in collision energy, the peak of P(6,) slightly
becomes higher and narrower, which means the degree
of alignment of the rotational angular momentum of
the product molecules ( J') with respect to k becomes
stronger with the increasing collision energy. However,
the peak of P(6,) nearly keeps constant as the collision
energy rises from 30 to 50 kcal/mol. The result reflects
that the alignment of product is not very sensitive to
collision energy in the abstraction reaction. Figure 6 (b)
shows the P(6,) distribution in the exchange reaction
channel H + HS(v = 0, j = 0)—H + H'S. From
the figure, the peak becomes much higher and narrower
with the increase in collision energy, indicating that
the collision energy effectively enhances the rotational
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alignment of the product. According to the refs [28, 56,
571, the distribution of P(6,) is related to two factors:
the characteristic properties of the potential energy sur-
face and the mass factor. The abstraction and exchange
reactions are on two different pathways of the PES and
the topographies of the two pathways are diverse, so it
is no surprise that the alignment of j* shows differences
in the two reactions.

The dihedral angular distributions of P(¢,) for the
two reactions shown in figure 6, describe k—k'—j’ corre-
lations. By comparing figure 7 (a) and (b), some simi-
lar characteristics can be found. The peaks of P(¢,)
appear at ¢, = 90° and 270°, which indicates that the
J' of two kinds of product molecule are both preferen-
tially aligned along the y-axis of CM frame. Moreover,
the peaks at ¢, = 270° are much stronger than that
at ¢, = 90°, indicating j' is not only aligned, but also

0.8
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[ == =30 kcal/mol
= = =50 kcal/mol

0.6

120 180 240 300

0 60 360
(a) ¢,(degree)
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Figure 7. Angular distributions of P(¢,), reflecting the k—
k'’ correlation, for (a) the abstraction reaction H' + HS(v =
0, j = 0)0—H;, + S, and (b) the exchange reaction H' +
HS(v =0, j =0)—>H + H'S.
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oriented along the negative direction of the y-axis,
namely most of the products are scattered with clock-
wise rotation on the PES. It is noteworthy that the
distributions of P(¢,) are asymmetric, directly reflect-
ing the strong polarization of j'. The ‘impulsive—
collision model’ 3 of atom and molecule reaction
A + BC—AB + C developed by Han ef al. can
well account for this asymmetry. The product rota-
tional angular momentum j' can be expressed as j =
L sin’ B+ jcos?>B+ Jymy/map, where L and j are the
orbital and rotational angular momentum of the reactant
molecule BC, respectively. J; = +/tpcR(Fap X FcB),
with rag = r, — rg and rcg = rc — rp, being vectors
from B pointing to A and C, respectively. The wgc is the
reduced mass of the BC molecule and R is the repul-
sive energy between B and C atoms. During the chemi-
cal bond forming and breaking for the title reaction,
the term L sin® B + j cos® in the equation is symmetric
with respect to the k—k’ scattering plane, whereas the
term Jmg/msp has a preferred direction because of the
effect of the repulsive energy R, which causes the ori-
entation of the products. However, with the increase in
collision energy, the variation trends of the orientation
of product rotational angular momentum j' for these two
reactions are quite different. For the abstraction reaction
H + HS(v =0, j = 0)—H, + S, as shown in figure 7
(a), the peak at ¢, = 270° becomes lower and broader
with the increase in collision energy, which means that
the orientation of j/ becomes weaker with the increase
in collision energy. For the exchange reaction H +
HS(v =0, j = 0)—H + H'S as depicted in figure 7 (b),
with the increase in collision energy from 10 kcal/mol
to 50kcal/mol, the peak at ¢, = 270° becomes much
higher and narrower while the peak at ¢, = 90° nearly
remains unchanged, which demonstrates that the orien-
tation of j' is enhanced with the increase in collision
energy. We will use the term in-plane to refer to the
preference of product molecule rotating in planes paral-
lel to the scattering plane, and the term ‘out-of-plane’ to
refer to the preference of product molecule rotating in
the planes perpendicular to the scattering plane. From
figure 7 (a), the P(¢,) distribution becomes broader
with the increase in collision energy, which indicates
that the product molecule rotation has a preference of
changing from the ‘in-plane’ reaction mechanism to the
‘out-of-plane’ mechanism in abstraction reaction chan-
nel. However, for the exchange channel, the rotation
of product molecules tends to change from the ‘out-
of-plane’ reaction mechanism to the ‘in-plane’ mecha-
nism. We are eagerly looking forward to the experi-
mental studies of the stereodynamics for this reverse
reaction, and a comparison can be conducted between
theory and experiment.

Jinghan Zou et al.

4. Conclusions

In this study, we employ the QCT method to study
the vector correlations between the product and reagent
for reaction H + HS(v = 0, j = 0) on a newly
computed *A” PES. There are two reaction channels
for H 4 HS on the lowest adiabatic state H,S (A”),
and a dynamics study of the title reactions can provide
useful information on hydrogen-atom abstraction and
exchange reactions. The reaction integral/differential
cross-sections and product’s angular momentum polar-
ization were calculated for collision energies ranging
from O to 50kcal/mol. The QCT calculated reaction
integral cross-sections for these two reaction channels
are in good agreement with earlier TDWP results. Both
the abstraction and exchange reactions are mainly gov-
erned by direct reaction mechanism within the studied
energy range. The calculated differential cross-section
reveals that the collision energy has remarkably dis-
tinguishable influence on the angular distributions of
products in the two reaction channels and the differ-
ences can be closely related to the different mass com-
bination. The product rotational angular momentum j’
is not only aligned perpendicular to the scattering plane
but also oriented along the negative direction of the
y-axis. For the abstraction reaction, with the increase
in collision energy, the alignment of j' of the product
H, becomes stronger, whereas the orientation along the
negative direction of the y-axis becomes weaker. For
the exchange reaction, the degrees of alignment and ori-
entation of j* of the product H'S, both increase with the
increase in collision energy.
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