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State-to-state cross sections for the ST + Ha(v,j) — SHT (v/,5’) + H endothermic reaction are
obtained with quantum wave packet(WP) and quasi-classical (QCT) methods for different initial ro-
vibrational Hz(v, j) over a wide range of translation energies. Final state distribution as a function
of the initial quantum number is obtained and discussed. Additionally, the effect of the internal
excitation of Hs on the reactivity is carefully studied. It appears that energy transfer among modes
is very inefficient, that vibrational energy is the most favorable for reaction and rotational excitation
significantly enhance reactivity when vibrational energy is sufficient to reach the product. Special
attention is also paid on an unusual discrepancy between classical and quantum dynamics for low
rotational levels while agreement improves with rotational excitation of Ho, An interesting resonant
behaviour found in WP calculations is also discussed and is associated to the existence of roaming
classical trajectories that enhance the reactivity of the title reaction. Finally, a comparison with
the experimental results of Stowe et al.[1] for ST+ HD and ST+D, reactions, finding a reasonably

good agreement with those results.

I. INTRODUCTION regions[4], diffuse clouds[5, 6], and dense PDRs[7], indi-
cates that there must by other routes to form this hy-

Sulfur is one of the most abundant elements in space, dride cation. This low rotational N=1 — 0 transition of

after H, He, O, C and N. Its relative abundance with ~ SHT(*37) was recently measured in the laboratory by
respect to H is 107°. However, the relative abundance Halfen and Ziurys[8].
of all the sulfur containing molecules detected so far in One possible pathway is the

space is several order of magnitudes lower. Sulfur has St Hy s SHY + H (1)

not being detected in ices in space, and it is therefore

concluded that it must be present in highly refractive reaction. This reaction is endothermic for Ha(v = 0) by

grains, not yet determined(2, 3]. ~ 0.86 eV[1, 9], but it may be the source of SH* when

considering vibrationally excited states of Ho(v > 2), as
The first step in the sulfur chemistry is the formation & Y 2(v=2)

d by Agundez et al.[10].
of its hydride, in neutral or cationic form. SH™ can be proposed by Agundez et al.[10]

Very recently, a potential energy surface (PES) for the
formed in collisions of atomic S with Hy, but Hj ion Y yap &7 ( )

round quartet electronic state of this system has been
is only abundant in cold molecular clouds. The recent & d Y

. . . . calculated, and reaction rate constants were obtained us-
detection of SHY in hot regions, such as star formation
ing a quasi-classical trajectory (QCT) method[11]. The
rates obtained increase substantially with increasing the

*Electronic address: alexandre.zanchet@csic.es initial vibrational state of Ho, and were used to model
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SH™ fractional abundance as a function of the visual ex-
tinction, A,. For A, < 3, there is a notorious increase of
the abundance of SH™ because at these high UV fluxes
there is a relatively high abundance of vibrational excited
H,. At A, > 4, however, the reaction of S with H;r is the
dominant route for the formation of SH™. The reaction
of Eq. (1) is therefore expected to play an important role
in the illuminated regions of photodissociation regions
(PDR).

The aim of this work is to understand the effect of
initial internal energy of Hy, and to compare QCT with
quantum calculations to check their validity. In addi-
tion, we study the state-to-state dynamics, to provide
state-to-state cross sections to be used to determine the
emission from excited rotational states, as recently done
for CH'[12] and OH*[13].

The paper is organized as follows. Section II briefly de-
scribes the details of the QCT methods and of the quan-
tum wave packet (WP) used in this work. Section III
describes the results obtained and discuss the differences
between quantum and classical results. Finally, section

IV is devoted to extract some conclusions.

II. METHODOLOGY
A. Quasi-classical calculations

The QCT total reaction cross section is calculated as

N,
= B 2
Ntot ( )

where N, is the maximum number of trajectories with

0uj(E) = 7b2 0 Pr(E)

max= T

with P, (E)

initial impact parameter lower than b,,4,, the maximum
impact parameter for which reaction takes place, and N,
is the number of trajectories leading to SHY products.
The QCT calculations have been performed using the
code miQCT described previously[14]. The Hamilton
equations are integrated using a step adaptive Adams-
Bashforth-Moulton Predictor-corrector method[15], us-
ing the two Jacobi vectors r and R in cartesian coor-

dinates and their generalized momenta, where r is the

vector connecting the two hydrogens and R is the vector
connecting the center of mass of Hy and ST. To calcu-
late the total integral cross section of Eq. (2), a Monte
Carlo sampling of initial conditions is done following the
method of Karplus and co-workers[16]. 5 x 10° trajec-
tories are run for each energy and initial rovibrational
state. To select the initial conditions, the exact diatomic
states of the reactants are obtained by solving the mono-
dimensional Schrédinger equation to get the E,; eigen-
values and consider high rovibrational excitations. The
classical turning points are then obtained for each indi-
vidual initial vibrational state.

The reaction probability, PJ(E), is calculated for se-
lected total angular momentum, J, and each initial rota-
tional state, j, of Hy. Batches of 10° trajectories are run
for each energy and J value for a particular (v, j) initial
state. In this case the initial conditions are set with the

following method:

1. First J, = j, is set choosing a random number in

the interval [—min(j, J), min(j, J)]. Jy is set as a
random number in the interval [—(J—|J.|), J—|J.]].
The absolute value of J, is then fixed and its sign

is determined randomly.

2. The velocity vector is set along the z axis is set as

R =(0,0, vg), with v = V2uE.

3. r = |r| is set as one of the classical turning points of
the initial state, selected randomly. Its polar angles
0., ¢, are set by random numbers in the [0, 7] and

[0, 27] intervals, respectively.

4. The velocity vector r is set as

—
<.
-
8
|

= v, (cos ¢, cos B, cos x — sin ¢, sin x)

(7)y = vy (sin ¢, cos b, cos x + cos ¢, sin x)

(1) = wv,sinb, cosy,

with Upr = j/(luBCT)v SiIlX = jz/(jsjngr)7 j =

pper X ¥ and ppc = mpme/(mp +me)



5. The end-over-end angular momentum then be-

comes, 1= J - j, and the impact parameter is
b= [1]/(pr).

6. Finally the R vector is set as:

(R), = bsina
(R)y = bcosa

(R)Z \/ R% - b2 + 57

with o = arctan(—1l,/l;) and £ a random number

in the interval {0, Tvg}. The period T is the rovi-
brational period, which have to be determined pre-
cisely for a good sampling of the phase space. As
the distribution of r is not isotropic in this case,
the period is determined in two steps. We first
estimate the vibrational and rotational periods as
T, = 4n/(Eyt+1; — Ey—1;) and T; = w/(jB,), re-
spectively, where B, = <<I>U|2FLZ%|<I>U> is the ro-
tational constant of the initial vibrational level v.
Then, the Hamilton equations of motion of the di-
atomic molecule are integrated until ¢4, = T, +7T5,
and the rovibrational period T is set as the time ¢
when the lowest |r(¢) — r(t = 0)| distance is found.
We should remark here that which such procedure,
the obtained period T may differ significantly from
the initial guess, specially for high (v,j) states.

B. Quantum calculations

The quantum Ha(v,5) + ST — HST(v/, j)+ H state-
to-state cross sections are calculated as

1
2j + 1

O”Uj,'u’j' (E) = Z O.'UjQ,U/j/Q/(E)? (3)

Q.9

where © and Q' are the projections of the total angu-
lar momentum vector, J, on the body-fixed z-axis of re-
actants and products Jacobi coordinates. The helicity

dependent cross-section are defined as[17, 18]

2

™ €
OvjQu'j' Y = kT Z(2J + 1) ‘S’L{jﬂ,v'j’ﬂl (4)

vy Je

with k2; = 2uE/h? and p = msmp, /(ms + mp2). J is
the absolute value of the total angular momentum and
e==1 is the parity under inversion of coordinates. The
reaction probability for each total angular momentum,
J, and initial state, v, j, is defined as

2 . 2
Pij(E) = 2+ 1 Z Z |Sbjjsz,v/j'w(E)| . (5)

QO v'jle

TABLE I: Parameters used in the wave packet calculations

(all distances are given in A).

Rumin = 0.001; Riax = 34.0
Number of grid points in R: 720

Tmin = 0.1; rmax = 34.0
Grid points in 1 : 420

Scattering coordinate:

Diatomic coordinate:

No. of angular functions : 320

Initial wave packet position: Ry = 20.0

Initial kinetic energy/eV : FE.=0.8
Analysis distance: Ro=10.0
Chebyshev iterations: 70000

The S5 .

" ¢y Mmatrix elements are calculated with a

J
quantum WP method for each value of J e and initial
state quantum numbers v, j, 2. The MAD-WAVE3 pro-
gram [19-21] has been used, using reactant Jacobi coordi-
nates, and transforming to product Jacobi coordinates at
each iteration as explained in Ref. [19]. The parameters
used in the WP calculations are listed in Table I.

For J = 0 we also performed time-independent (TI)

calculations with hyperspherical coordinates using the

ABC code[22], with the parameters listed in Table II.

The helicity dependent cross section in Eq. (4) requires
the summation over all the partial wave expansion up to
J = 70 in this case, to get convergence up to 2 eV of
translation energy. For this purpose we performed WP
calculations for all J in the interval €2, 30 for all the initial
states (v, 7,) considered here. To save computational

time, for J > 30, complete WP calculations were per-



TABLE II: Parameters used in the time-independent ABC
calculations for total angular momentum quantum numbers

J = 0 (distances are given in angstroms).

Hypershperical maximal radius rmax 45.0
Number of grid points in r 400
Number of basis functions: 491

Maximum projection quantum number kmax: 0
Maximum rotational quantum number jmax: 40

Energy for basis cut/eV emax : 4.0

formed only for some J values, those multiple of 5. For

2 .
matrix elements were cal-

intermediate .J, ’S;)];Q 0§

culated using the J-shifting interpolation method[12, 18].

III. RESULTS AND DISCUSSION
A. Potential energy surface

The PES of Ref. [11] has been used in all the calcula-
tions, and some minimum energy paths for several HHS
angles are shown in Fig. 1. The reaction is endother-
mic by = 0.95 eV from Hy(v = 0), with no barrier for a
collinear configuration. As the HHS angle varies, a bar-
rier for the reaction appears giving rise to a rather narrow
cone of acceptance for the reaction to occur. For vibra-
tionally excited Hy, r is elongated and the internal energy
increases, so that for v=2 the total energy is high enough
to access SHT products. This was already investigated
previously for this system using a QCT method[11], find-
ing a considerable enhancement of the reactivity when

increasing initial vibration.

B. Effect of the initial states of reagents

The total (ICS)

St+Hs(v,j) — SHY + H reaction and different initial

integral cross section for the

v,j states of Hy are shown in Fig. 2, obtained with

2.5 T T T

Energy (eV)
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FIG. 1: Minimum energy path of the ST+Hs PES of Ref. [11]

as a function of rg, —rgy+ difference for fixed ZHHS angle.

QCT and WP calculations. The ICS increases consid-
erably with v, as it was reported prevously with QCT
calculations[11]. Here, the effect of the initial rotational
excitation is also reported and compared with quantum
WP results. It is found that the reaction ICS increases
also when increasing the rotation excitation, specially
from j=0 to 1. This effect is found in QCT and WP

results, but for =0 the QCT ones understimate consid-

erably the ICS, for both v =2 and v =3

The increase of the ICS with the initial vibrational ex-
citation, v, is well understood. The vibrational excitation
brings energy in the mode associated to the reaction co-
ordinate that have to be broken in order to form the SH*
product. Additionally, the energy for v > 2 is sufficient
for the reaction to become exothermic. The effect of ro-

tation is more surprising, specially because a significant
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FIG. 2: Integral cross section for the ST+Ha(v,5) — SHT
+ H reaction as a function of the collision energy, for dif-
ferent initial states of Ho, v = 1,57 = 0,1 (bottom panel),
v =27 =0,1,2 (middle panel) and v = 3,5 = 0,1,2 (top
panel), and indicated in the figure. Open circles correspond
to QCT calculations and lines to quantum WP results. In
the case v = 3, quantum calculations were only performed for

j=0.

difference is observed between QCT and WP calculations

for 7=0, in the cases of v = 2 and 3.

To understand the effect of the rotation, calculations
for zero total angular momentum, J = 0, have been per-
formed for several initial rotational states j and v = 2,
shown in Fig. 3. In order to assess the convergence of
quantum results, TI calculations were performed giving
results in very good agreement with the WP ones. The
QCT results for =0 and j=1 are considerably lower than
the quantum ones. However, for higher j’s the agreement
improve.

The effect of the total angular momentum, J, on quan-
tum and classical results can be seen in the opacity func-
tions shown in Fig. 4 for several initial states of Hy. For
v = 2,7 =0, the QCT probabilities are always lower than
the WP results. For v = 2,5 = 1 the QCT results are
only lower for J < 30 while for v = 2,5 = 2, QCT and

WP results are in good agreement. Thus, high end-over-
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FIG. 3: Reaction probabilities for ST + Ha(v = 2,5) as a
function of collision energy for zero total angular momentum,
J = 0, and different initial rotational states, as indicated in

each panel.

end angular momentum, ¢, seems to increase the QCT
reactivity, providing results in better aggreement with
the WP ones. For v = 3,5 = 0, the reactivity for j = 0 is
already relatively high, so that QCT and WP agree for
J > 30.

These results indicates that in a QCT treatment, the
system needs more rotational excitation to react, and

that it is more effective when the Hy rotation is excited.

In order to go deeper inside the dynamics, the stereo-
dynamics is analyzed and in Fig. 5 the helicity dependent
cross section is shown for v = 2,5 = 1 and 2. Q is the
projection of j on the z-axis, parallel to R, and Q@ = 0
for j > 0 corresponds to an angular distribution with a

maximum at collinear configurations, while Q = +j is a
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FIG. 4: Reaction probability as a function of total angular
momentum, J, for a collision energy of 1 eV and different
initial states of H2, as indicated in each panel. Open circles
are QCT resuls, while closed circles are the quantum WP

ones.

T-shaped configuration. Assuming that the orientation
of j do not change significantly in the entrance channel,
0q—0 > 0q—; indicates that the reaction is favoured for
collinear approaches as discussed previously[18, 23, 24].
For j = 1, this is the case for low energies, £ < 0.8
eV . For higher energies, the angular cone of acceptance
increases, and the dependence of the reactivity on the
relative orientation decreases. For 7 = 2 this is also the

case, but the dependence is less marked.

Additionally, QCT calculations were performed fixing
the initial orientation to collinear or T-shaped config-
urations for several energies and v = 2,57 = 0. It is

found that the cross section is considerably larger for

v=2,j=2 A
v=2,j=1 A
0.8 1.6 2.0

Collision energy (eV)

FIG. 5: Quantum WP total helicity dependent cross section
(obtained from Eq. (3) by summing over all final states of

products) for v =2,5 =1 and 2.

the trajectories starting at collinear configurations as
compared to those starting at T-shaped configurations.
Moreover, when setting the impact parameter to zero,
b=0=J = 0, the trajectories starting at T-shaped
configurations showed a very small reaction probability,

nearly negligible.

All these results lead us to make a simple model for
the reaction dynamics in this system. The PES in the
entrance channel is rather isotropic so that for j = 0 and
J = 0 the orientation between the two reagents do not
vary significantly in the entrance channel. Since a higher
barrier is present at bent geometries, see Fig. 1, the reac-
tivity is strongly enhanced for those trajectories starting
at collinear configurations. As the angular momenta in-
crease, the system rotate during the approach of the two
reactants, leading them the opportunity of finding the

channel towards products.

This explains not only the important enhancement of
the reactivity with increasing initial rotation but also
the differences appearing between QCT and WP calcu-
lations. In the QCT method, each trajectory samples its



own path without exploring other regions of the configu-
ration space. However, the wave packet is non local, and
is delocalized in the angular coordinates, thus exploring
collinear as well as T-hsaped configurations at once. This
makes that for j = 0,J = 0 the wave packet leads to a

higher reactivity than the classical trajectories.
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FIG. 6: Total reaction cross section for several rovibrational

states as a function of total energy.

Since rovibrational excitation has a significant effect, it
is interesting to quantify this effect when vibrational and
rotational quantum numbers v and j increase. In order to
analyse this effect, QCT calculations were performed for
several initial rovibrational states of Ho(v=0,1,2; j=1,5),
shown in Fig. 6. As it can be seen, both vibrational and
rotational excitations provide a considerable enhance-
ment of the reactivity for a given total energy, while col-
lision energy is found to be much less efficient. It is also
interesting to see that the enhancement of reactivity due
to rotation increases when the vibrational excitation is
bigger. For v = 0, the augmentation of the cross section
is rather moderate when the j varies from 1 to 5, and
the cross section starts to increase at energies far beyond
the opening of the SHT channel. For v = 1 however,
the augmentation observed between 7 = 1 and j = 5 is
considerable and for v = 2, the effect seems to grow even

stronger.

It is interesting to point out that for this system, the

distribution of the energy in the different modes can
change significantly the reactivity. This indicates that
energy is not effectively transferred from a mode to an-
other. In order to quantify the influence of vibrational
and rotational energy contribution on reactivity, and
have a better insight on energy transfers, collisions of
St with H, in several rovibrational states with approx-
imately the same internal energy have been performed.
The benchmark was set to Ha(v = 3,5 = 1), for which
reaction exothermicity is 0.5 eV. To obtain the approx-
imately the same internal energy for the comparison,
the appropriate rotational levels have been choosen for
lower vibrational numbers, which are (v = 2,5 = 8),
(v =1,7 =12) and (v = 0,5 = 15). The results for

collisions energies up to 2 eV are shown in Fig. 7.
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FIG. 7: Total reaction cross section for several rovibrational
states of similar internal energy as a function of collison en-

ergy.

As it can be seen, even with Hy having similar internal
energy, the cross sections as a function of collision energy
exhibits very different behaviour. The first observation
is that vibrational energy is the more favorable to reac-
tivity. As mentioned before, it is the mode that has to be
activated to obtain reaction. The second observation is
that there is a clear trend difference between vibrational
states that are endothermic when j = 0 (v = 0,1), for

which cross section decrease to nearly zero at low colli-



sion energy while the exothermic ones (v = 2,3) exhibit
an important increase in the cross section at low colli-
sion energy behaving like typical barrierless exothermic
reactions. Similar behaviour is also seen in Fig. 6. This
difference is striking, as in all the cases, the reaction is
exothermic and does not present any barriers. This con-
firms that the energy transfer between rotation and vi-
bration is not effective, specially at low collision energies.
As a consequence the reaction probability decreases sig-
nificantly when collision energy become small for v=0
and 1, while there is always a probability to react when
v>1. This leads to high cross sections for v>1 since at
low collision energy the trajectories are deviated toward
the well in the entrance channel leading to an increase
of the impact parameter with decreasing energy. On the
contrary, for v=0 and 1, cross section drops because the

probability to react tends to zero.

The inefficiency of energy transfer in this system can
be understood considering that the potential does not
present a deep well allowing the formation of a stable
complex. This implies that the important rotational ef-
fect on reactivity is not associated to the increase of en-
ergy, but rather to a major exploration of the PES, en-
hancing the probability to find the path towards prod-
ucts. This can also explain why the rotational excitation
is more favorable to reactivity for higher vibrational lev-
els. By providing a better exploration of the PES, the
effect of rotation is thus magnified when the cone of ac-
ceptance is bigger, providing an interesting synergic effect

of the rovibrational excitation for this reaction.

This result has important implications in astrochem-
istry. First of all, a significant difference of reactivity is
expected between ortho and para hydrogen. Additionally,
as the density of molecules is low in the ISM, molecules
like Hy do not thermalise efficiently, and in particular in
highly irradiated regions like PDR where rovibrational
exctiation can be achieved by photon absorption. In this
case, in order to modelize correctly the formation of SHT,

it is necessary to consider state-to-state rate constants

because of the important effects of rovibrational excita-

tion.

C. Resonances and roaming trajectories

The WP reaction probabilities, in Fig. 3, show reso-
nant structures for collisional energies below 1 eV for all
the j’s studied. Since the PES only presents a very shal-
low well in the entrance channel, the apparition of this
resonant behaviour is surprising, and needs to be analy-
sized. The QCT reaction probabilities does not show
such behaviour. However, when the collision time is an-
alyzed, many long lived trajectories occurs at these rel-
atively low collision energies. Typical examples of such
long lived trajectories are depicted in Fig. 8. These tra-
jectories clearly show that after a first impact, the Ho
rotation gets excited (we remind that vibrational excita-
tion is very inefficient in our system), and the remaining
translation energy becomes to small to yield to disso-
ciation. Thus, after reaching the outer classical turning
point, the system flies back to collide again, and this pro-
cess is repeated until the system gets enough translation
energy to dissociate, either in the entrance or the product
channels. These kind of trajectories can be classified as
roaming trajectories[25-27]. Recently, such trajectories
were found in triatomic systems, in the dynamics of the
MgH+H reaction[28, 29].

In order to establish the link between these roaming
trajectories and the quantum resonances we need to de-
termine how important are these trajectories and what is
their effect on reaction probabilities. The roaming prob-
abilities, shown in top panel of Fig. 9 in the case of Ho
(v=2,j=1) for J=0 and 10, clearly increases at low colli-
sion energy. This roaming probability is defined as the
ratio between the number of roaming trajectories and
the total number of trajectories, roaming trajectories be-
ing defined in a first approximation as those having a
residence lifetime superior twice the average value at the

same total energy. In the bottom panel of Fig. 9, reaction
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FIG. 8: Evolution of the internuclear distances as function or

propagation time for two typical roaming trajectories.

probabilities of direct and roaming trajectories are ploted
(J=0). As expected, it appears clearly that roaming tra-
jectories are more reactive than direct ones as the rota-
tion of Hy is excited at the first impact, favouring reactiv-
ity. Since the probability to obtain roaming as function
of energy match the range where quantum resonances
appear and considering the enhancement of reactivity of
these trajectories, we can conclude that the quantum res-
onances can be associated to a quantum manifestation of

roaming trajectories.

According to Mauguiére et al., roaming occure only in
well defined roaming regions of the phase space clearly
separated from non roaming regions, in which both re-
active and inelastic trajectories are trapped for an ar-

bitrarily long time[30]. In a quantum approach, all re-
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FIG. 9: Probability to obtain roaming trajectories as a func-
tion of collision energy for Hy (v = 2,5 = 1) when impact
parameter is set to J=0 and 10 (top panel), and reaction
probability of both direct and roaming trajectories in the case

J=0.

gions of the phase space are sampled at once, including
regions associated with roaming trajectories, giving rise
to a resolved resonant structure. However, in the global
QCT probabilities, these resonances cannot be observed
because the Monte Carlo procedure provide an average
value over all the phase space. This is not always the case.
If the roaming regions are dense enough in the phase
space, resonances may appear classicaly as reported in
ref. [31], where classical resonances mimicking the quan-
tum ones have been observed for J=0 at collision energy

near the threshold.



D. State-to-state results

The quantum vibrationally resolved state-to-state
cross sections obtained for several initial states are shown
in Fig. 10. For initial v = 2 and E < 0.8 eV, the final
vibrational distributions of SHT (v') states is reduced to
only v" = 0, with a minor contribution from more excited
states. As for exothermic reactions, the cross section de-
creases with increasing the collision energy, and the cross
section at low energy increases with v, as discussed be-
low. At higher energies, £ > 1.6 eV, the cross section for
v’ = 0 is still the highest but comparable to those of v'=

1, 2 and 3, and all of them rather small, ~ 2 A2.

For initial v = 3,5 = 0, the final vibrational distribu-
tion of SHT products correspond to a nearly equal pro-
portion of v’ = 0 and 1. These two final states present the
highest cross sections for £ < 0.4 eV, while for £ > 0.8
eV all final vibrational states present nearly the same
cross sections. As the potential does not present any
barriers in the exit channel, once the system reaches this
region, it can be considered that it will not come back.
An analogy with the case of late barrier reactions can
thus be established and the Polanyi rules can be applied
[32, 33]. Vibrational excitation of reactants will favorise
the reactivity leading to higher cross sections and the

collision energy will be preferentially deposited as vibra-

tional energy of the products.

The state-to-state cross section to each individual rota-
tional state, j', of SH* products are shown in Figs. 11 and
12 for collisions starting in v =2, =0and v = 3,5 =0,
respectively. For collisions starting in v=2, j=0, the
highest rotationally resolved cross sections are found at
low collision energy for relatively low 5’ values, the max-
imum being obtain for j/ = 3. When increasing collision
energy and j' the cross section decreases smoothly. Sim-
ilar behaviour are found for 7 =1, 2 and 3.

The rotationally resolved cross section for v=3, j=0
are rather different to those of v=2. For v = 3 there is

more available energy making possible to form SH™ prod-
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FIG. 10: Final vibrational cross section for the Ha(v, j) + St
— SH' + (v')+H collisions obtained with the WP method for
v=2, j=0,1,2 and v=3,j=0, as indicated in the corresponding

panel.

ucts in vibrational levels v'=0 and 1. The highest cross
sections are also found at low energy, but the rotational
levels with the highest cross sections are found to be j'=
15 and 7 for v'=0 and 1, respectively. These values are
considerably higher than the one obtain for v =2, j = 0,

where the maximum was found for j'=3.

The quantum WP computational cost increases with 7,
since (25 + 1) calculations have to be performed (one per
initial © value). Thus, this kind of calculations becomes
prohibitive for high j. For this purpose QCT calculations
could be well adapted. Since the QCT cross sections ob-

tained for j = 0 and 1 are in general too low as compared
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middle and bottom panels respectively.

with the WP ones, it is worth trying to analyze how good
QCT calculations are for determining state-to-state cross
sections for v = 2, 7 = 2 a moderate j for which the total
reaction cross section works fairly well. In Fig. 13 the
WP and QCT results are compared at three collision en-
ergies. In the three cases and for all the final vibrational
states, v’, considered the agreement is rather good. In the
present case the discretization of the quantum numbers
has been done with the most common histogram binning.
These results can be taken as an indication that to con-
sider higher rotational excitations of the reactants, the

QCT method would yield reasonably good results.



E. Comparison with experimental results

In order to get a better idea of the quality of the poten-
tial, and to check the consequence of an adiabatic treat-
ment discarding spin-orbit couplings, QCT calculations
were performed for ST+HD and St+4Ds to reproduce the
experimental results published by Stowe et al.[1]. It is
interesting to point out that in the case of Do, a spin or-
bit contribution to the cross section have been estimated
experimentally showing an important effect of the inter-
system crossing between the *A” state and the 2A”, both
leading to SHT (3%7)+H(2S) as can be seen in Fig. 4 of
Ref. [1]. In the case of HD, no spin-orbit contributions
were reported. As the experiment was done at 300K, the
initial conditions were chosen for a thermalized rovibra-
tional population, and calculation were done for collisions
energies up to 15 eV. In order to compare our results, the
experimental results were extracted graphically, and the
spin-orbit contribution have been substracted to the ex-
perimental value. The experimental and calculated cross
section for HD and D9 as a function of collision energy

are shown in Fig. 14.

The global behaviour of calculated results and exper-
imental results is very similar. In the case of Do, the
calculated cross section lies between the absolute experi-
mental cross section and the corrected one. Considering
that the spin orbit contribution is an estimation, we can
consider the agreement as satisfactory, at least for ener-

gies lower than the experimental maximum.

In the case of HD, both calculations and experiment
show that the production of SD* is dominant. Addition-
ally, the agreement obtained is very good for the cross
section associated to the formation of SD*. However
the calculated QCT cross section for the SHT channel
is largely underestimated compared to the experimental
one. As no spin-orbit effect have been reported in the ex-
perimental work and the spin-orbit contribution is clear

for Da, it is legitimate to think that the formation of SH™

in the case of HD is dominated by the spin-orbit contribu-
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tion while the formation of SD¥ is dominated by the adi-
abatic reaction on the quartet state, as suggested by the
good agreement between theory and experiment. If the
interpretation is correct, this effect would be quite inter-
esting, but calculations including the different spin-orbit
states and their couplings will be necessary. Considering
the experimental result with Dy, taking in account spin-
orbit contribution seems also important in order to study
the reactivity to confirm and understand this hypothesis.

As this contribution is stronger at lower collision energy,



estimating this effect for very low collision energy and
high vibrational level may be very interesting as an in-
crease in the cross section at low energy will have an
important effect on the calculated rate constants.
Another interesting point to note is that a maximum
in the cross sections is observed experimentally for both
HD and Dy at 6 €V and 8 eV respectively. This maxi-
mum is associated to the total dissociation (ST+H+H)
which becomes dominant at high collisions energy lead-
ing to a collapse of the probability to form SHT [34]. This
maximum is also observed in the calculations, were the
maximum in cross section found for HD is found at lower
energy than the maximum obtained with Ds. However,
the calculated maxima are found at higher energies that
the one found in the experiment. The discrepancy prob-
ably comes from the lack of precision of repulsive part of
the potential at very high energy as it was not optimized
to describe accurately this region in this work. The dif-
ference in the position of the maxima can be explained
by the difference in the isotropy of the repulsive poten-
tial. Indeed, in Ref. [14], it was shown that a bigger
anisotropy of the repulsive potential was favouring the
total dissociation mechanism. By changing the position
of the center of mass, the anisotropy of the potential in-
creases in the case of HD, making the total dissociation
mechanism more favorable than in the case of Dy. As a
consequence, the hydride formation cross sections drop
faster for HD, and the maximum appears at lower colli-

sion energy.

IV. CONCLUSIONS

In this work, a detailed study of the effect of rovibra-
tional excitation on the reaction between ST+Hj is done
by performing WP and QCT dynamical calculations on
the quartet state ab initio PES developed by Zanchet et
al[11]. Tt is found that for j = 0, QCT method is unable
to reproduce WP results, but a good agreement is found

between the two methods for higher rotational levels. To
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get a better insight on the reaction, stereodynamics study
is also performed. As a result of our calculations, it is
found that vibrational energy is the more favorable to
the formation of the SHT product. Rotational excitation
is also found to have an important effect on reactivity
by providing a better exploration of the PES during the
reaction and increasing the probability to find a path to-
ward the products. Additionally, a synergy is observed
between the vibrational and the rotational excitation,
leading to a major effect of the rotation when the vi-
brational energy is higher. In this context, the reactivity
strongly depends on the rovibrational state of Hy. This
effect of rotation have an additional indirect consequence
leading to the presence of resonances in the WP calcula-
tions. They are explain by a roaming mechanism which
implies a rotational excitation of Ho after a first impact,
trapping the system for a while before a second impact
with H, rotationally excited. Roaming mechanism thus
present an enhanced reaction probability compared to
the direct one. This reaction being important from an
astrochemical point of view, as it is one of the route to
form SHT, it is necessary to provide state-to-state data to
consider this reaction properly. In this scope, we present
in this work the first state-to-state and state-to-all ac-
curate WP reaction cross sections for ST+Hs(v, j) for
(v=2,7=0,1,2) and (v = 3,5 = 0). Finally, a com-
parison with the experimental data published by Stowe
et al. [1] exhibits satifactory agreement for the contri-
bution of the quartet state considered in this work, but
demonstrate the necessity to take in account spin-orbit

couplings to get a better description of this reaction.
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