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The time-dependent quantum wave packet (TDWP) and quasi-classical
trajectory (QCT) are the basic research methods of reaction dynamics.
Utilizing these two methods, the total reaction probability (J = 0), integral
cross section (ICS), and rate parameter for the C*(°P) + SH(X?IT)(v =0, 1, 2, 3) —
H(S) + CS*(X°2*) reactions are calculated on an accurate potential energy
surface [Zhang et al. Phys. Chem. Chem. Phys. 2022, 24, 1007]. The results of
QCT are slightly different from those of the TDWP in value, but the trend is
consistent. They are also weakly dependent on the initial vibrational excitation
of SH. The state-to-state reaction probability and ICS at fixed collision energies
(0.1,0.3,0.5,and 0.7 eV) are first calculated using QCT methods. It is hoped that
our work can attract experimentalists to study the dynamics of this interesting
but rarely discussed system.
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1 Introduction

The ion-neutral collisions in the interstellar medium play essential roles in the field of
molecular physics and astrophysics [1, 2]. Also, the interaction between the C* ion and SH
radical is considered to be significant in the production of carbon monosulfide ions. The
precise dynamics information on this reaction requires a full-dimensional analytical
potential energy surface (PES) of high quality.

The research on HCS*(X'2*) could date back to 1978 when Bruna et al. [3] found that
the global minimum HCS" is a linear structure with CS* = 2.814 g, and CH = 2.062 a,, and
one of its isomer, HSC', is located 4.770 eV above HCS*. The equilibrium structure of
HCS" was also calculated by Botschwina and Sebald [4], who reported the intensities of
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FIGURE 1

Energy diagram for the reaction pathway and relative

stationary points of the C*( [2]P) + SH(X?IT) — H( [2]S) + CS*(X*2")
reaction. Energies are given relative to the C*( [2]P) + SH(X?II)
asymptote with the unit of eV.

the stretching vibrations simultaneously. Wong et al. [5] found a
tiny barrier (about 0.104 eV) between HCS* and HSC', and
HSC" is 3.089eV above HCS'. Puzzarini [6] accurately
investigated the structural and energetic characteristics of
HCS" and HSC" using the coupled cluster method with single
and double excitations with a perturbative treatment of the
connected triples [CCSD(T)] method, and the results are in
good agreement with the experimental results. Kaur and
Kumar [7, 8] computed the various energy transfer channels
of the collision between atomic H and CS* molecular ions and 3D
ab initio PESs of the ground state and low-lying excited states of
the HCS® system. Recently, the analytical global three-
dimensional PES of HCS*(X'E") for the C*(*P) + SH(X*II) —
H(’S) + CS*(X?Z") reaction was first constructed by Zhang et al.
[9]. This PES is fitted by a grid of 7,907 ab initio energy points
computed at a multi-reference configuration interaction level
plus the Davidson correction [MRCI(Q)] [10, 11] with aug-cc-
pV(5 + d)Z basis sets [12, 13]. The MRCI method uses the full-
valence complete active space self-consistent field (CASSCF) [14]
wave function as a reference. By using this PES of high accuracy,
with a final root mean square error of 0.0419 eV and a maximum
error of 0.0251 eV, the structures and locations of the global
minimum HCS*, local minimum HSC", and transition states are
obtained. Scrutiny of the HCS'(X'E') PES shows that the
isomeric HSC" is in a potential well, 3.178 eV above the most
stable HCS" structure, but it is separated from HCS" only with a
tiny barrier (0.139 eV). According to the PES, the most likely
minimum energy path for the C'(°P) + SH(XII) — H(*S) +
CS"(X*2") reaction and the energies of relative stationary points
are displayed in Figure 1. The reaction is found to be exothermic
(= 2.555 eV) and barrierless relative to the entrance channel.
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The reaction probability and integral cross section (ICS) were
first calculated by Zhang et al. [9] with a time-dependent quantum
wave packet (TDWP) and quasi-classical trajectory (QCT) methods
[9]. The calculated reaction probabilities for total angular
momentum J = 0, 10, 60, and 120 by the TDWP and QCT are
consistent with each other at high collision energies. Although the
divergencein the ICSs obtained from the two methods is evident, the
evolutional trend is consistent. Substantial dynamic information on
the title reaction should be deduced with a more time-saving QCT
method in the high-energy region in comparison with the time-
consuming TDWP calculations. Finally, the type of the title reaction
isgiven by usingthe QCT method. The complex with alonglife easily
formed in the title reaction is attributed to a distinct potential well in
the path of reaction. Therefore, the indirect reaction is the primary
mechanism for C*(*P) + SH(X*II) — H(®S) + CS*(X*ZY).

In the present work, both the TDWP and QCT methods are
applied to study the C*(*P) + SH(X?II) — H(*S) + CS"(X’T")
reaction on the PES of Zhang et al. [9] at the state-to-state level.
The paper is structured as follows. Section 2 gives a brief survey of
the TDWP and QCT theoretical methods used in this work. The
results and discussion, and conclusions are explained in Section 3
and Section 4, respectively.

2 Theory

2.1 Time-dependent quantum wave
packet

The TDWP [15-20] method is applied to calculate the
accurate dynamic information on the C*(*P) + SH(X’II) —
H(*S) + CS'(X’Z") reaction. The core idea is to get the
numerical solution to the Schrodinger equation through the

split-operator propagation scheme. The Hamiltonian is
expressed in reactant Jacobi coordinates as follows:
h 82 s 2 2
H= —+(I J) + ] +V(R,ry)+h(r), (1)
2u, OR?  2u,R*  2u.r?

where 7, R, and y are the bond length of the reactant molecule, the
distance from the atom to the center-of mass of the diatomic, and
the angle between the R and r vectors, respectively. yy and y, are
the reduced masses between the center-of-mass of the diatomic
and atom and the reduced mass of the reactant molecule,
respectively. J and j are the total angular momentum
operators and the rotational angular momentum operator of
BC, respectively. V(R, r, and y) is the potential energy (total
energy deducted from the diatomic potential energy), and h(r) is
the diatomic reference of Hamiltonian defined as follows:

2

I a— +V(r),

hir) = 2u, or?

(@)

where V(r) is the diatomic reference potential usually used as an
asymptotic diatomic potential.
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TABLE 1 Numerical parameters used in the present quantum
wavepacket calculations (atomic units unless the number of
argument).

Scattering coordinate (R) 2.0-20
range

Number of grid points in R (interaction region) 520 (170)
Diatomic coordinate (r) range 1.8-18.0
Number of grid points in r (interaction region) 270 (124)
Number of angular basis functions 120
Absorption region length in R (r) 3.0 (3.0)
Absorption strength in R (r) 0.03 (0.03)
Center of the initial wave packet R, 16.1
Width of the wave packet 0.12
Time step for propagation 10

Total propagation time 80000

In this calculation, the initial wave packet is usually chosen as
the product of a localized translational wave packet and a specific
rovibrational eigenfunction [18, 21]. After the wave packet is
propagated into the product region, the reaction probability and
ICS can be calculated as follows:

TABLE 2 Values of by (in A) for the C* + SH(v=0-3,j=0) - H + CS*
reaction.

E. bimax,v
0 1 2 3

0.10 3.390 4.126 4.665 5.150
0.12 3.944 4.460 4.899 5.280
0.14 4.277 4.683 5.030 5.360
0.16 4.481 4.819 5.110 5.400
0.18 4.622 4.904 5.166 5.425
0.20 4.723 4.976 5.205 5.433
0.22 4.496 5.020 5.228 5.449
0.24 4.855 5.050 5.242 5.474
0.26 4.900 5.078 5.252 5.490
0.28 4.930 5.090 5.265 5.499
0.30 4.950 5.100 5.269 5.486
0.32 4.968 5.109 5.270 5.472
0.34 4974 5112 5.266 5.454
0.36 4.983 5.105 5.256 5.432
0.38 4.983 5.100 5.241 5.415
0.40 4.982 5.100 5.230 5.374
0.42 4.976 5.090 5.210 5.345
0.44 4.971 5.074 5.187 5.325
0.46 4.957 5.048 5.153 5.264
0.48 4.939 5.015 5.101 5.220
0.50 4.902 4.980 5.064 5172
0.60 4.760 4.805 4.865 4.950
0.70 4.626 4.665 4.719 4.773
0.80 4.520 4.550 4.601 4.642
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h 0

Pl (B) = —Im| (¥ (B)S(r=ro) s I¥(E)) |, (3)
thy r
__ 7

o (E) = T lzkm + )P, (E), (4)

where v and j are the vibrational and rotational quantum
numbers of the reactant, and k is the projection quantum
number of j. W(E) can be derived from the Fourier transform
of the time-dependent wave function ¥(¢). k' = /2, E, with E
being the collision energy. To get convergence results, a lot of test
calculations are carried out for each parameter. Table 1 lists the
parameters used in the quantum calculations of the C*(*P) +
SH(XTI) — H(%S) + CS*(X?T") reaction.

The rate constant determined by the ICS 0,,(E) is as follows:

3 ¥ oo
ki (T) = g, (T)| ———— j Eo,; (E)e /™TdE, (5
i (T) = g.( )<HMR(kBT)3> . 0,j(E)e (5)
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FIGURE 2

Total reaction probabilities at J = 0 as a function of collision
energy calculated using the TDWP (top panel) and QCT (bottom
panel) methods for various initial vibrational states of the SH for the
title reaction.
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FIGURE 3

Final V' state-resolved reaction probabilities at J = 0 for the C* + SH(v =0, = 0) — H + CS*(V/) reaction at selected collision energies (0.1, 0.3, 0.5,
and 0.7 eV) obtained with the QCT method. (A) for 0.1 eV, (B) for 0.3 eV, (C) for 0.5 eV, (D) for 0.7 eV.

where kg is the Boltzmann constant and g.(T) is the electronic
partition function with a form, which is as follows:

1

(2 + 46—91.25/T) (2 + 26—542.36/T)' ©)

9.(T) =

2.2 Quasi-classical trajectory

The QCT method [22-27] has been widely applied to explore
chemical reaction dynamics [28-33]. Here, only the details
pertinent to the present work are summarized. In the QCT
calculation [34-37], the distance from the atom C* to the
center-of-mass of S and H is set to 20 A for the conservation
of total energy and angular momentum. The total
100,000 trajectories are introduced for the C*(*P) + SH(X?II)
— H(*S) + CS*(X’Z") reaction, with the time step being 0.1 fs.
The impact parameter by, , tabulated in Table 2 is simulated at
each pair of E and v in the collision energy ranging from 0.1 eV to
0.8 eV and the initial vibrational quantum number ranges from
0 to 3. In the calculations, by, is obtained by systematically
increasing the value of the impact parameter, b, until no reaction
trajectory is found for each trajectory at a given collision energy
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and initial vibrational quantum number. The ICS can be given as
follows:

%

where P, = NW is the average reaction probability, with N being the

total trajectory number and N, the reactive trajectory number.

3 Results and discussion

3.1 Total and state-to-state reaction
probabilities at J = 0

Figure 2 depicts the evolution of total reaction probability
(J = 0) with collision energy obtained by employing the TDWP
and QCT methods for C* + SH(v = 0-3, j = 0) reactions. The
reaction probabilities selected initially (v = 0-3; j = 0) illustrate
that the title reaction is typically exothermic without threshold
characteristics; in other words, the reaction is barrierless and the
probability decreases with the increase of collision energy. A deep
potential well in the reaction path makes the TDWP reaction
probability in the upper panel a fluctuating decline. It is easily
found that the reaction probability seems to decrease first with
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Final)’ state-resolved reaction probabilities at J = O for the C* + SH(v = 0, = 0) —» H + CS*(v' = 13, 14, 15) reaction at selected collision energies
(0.1, 0.3, 0.5, and 0.7 eV) obtained with the QCT method. (A) for 0.1 eV, (B) for 0.3 eV, (C) for 0.5 eV, (D) for 0.7 eV.

initial v from 0 to 2 and then hardly changes with v at higher
collision energies. With the increase in the vibrational energy
level, the reaction probability becomes more and more gentle
with the collision energy, and when v = 3, the probability is the
most gentle. This is because, at higher vibration energy levels, the
effect of the collision energy is weaker on the reaction probability.
The QCT reaction probability (lower panel) perfectly reproduces
the overall shape of the TDWP in the whole collision energy
range (from v = 0 to 3).

Figure 3 reveals the QCT reaction probability of product
vibrational distributions at ] = 0 for the reaction of C* + SH(v =0,
j=0) > H+ CS*(+') at certain collision energies (0.1, 0.3, 0.5, and
0.7 €eV). It is easily found in a great number of vibrational
excitation products with a distinguished population inversion.
At E. = 0.1 eV, the distribution is bimodal, peaking at v =11 and
v/ = 13 and the highest vibrational excitation product at v' = 19.
The vibrational distributions get hotter and wider as the collision
energy increases. Also, the v state-resolved reaction probability
decreases gradually when the collision energy increases,
consistent with the total probability.

Figure 4 displays the final j' state-resolved reaction
probabilities for the most populated product vibrational
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quantum states, i.e., v/ = 13, 14, and 15, at the four selected
collision energies. Similarly, the higher the collision energy, the
higher the rotational energy level and the more obvious the
the of
probabilities for each ' state resemble each other as

population inversion are. Meanwhile, shapes
explained. On the whole, the QCT product rotational

distribution shows a significant oscillatory behavior,
particularly at the low collision energy for low final
rotational quantum states. It clearly appears that the lower
the vibrational excitation, the higher the rotational excitation of
products with the same collision energy is. For instance, at
0.1eV, the maximum product rotational energy level ;' is
64 when the vibrational energy level of the product v/ = 13,
while for v = 14 and v/ = 15, the maximum of j' is 61 and 55,
respectively, which is consistent with the energy conservation.

QCT vibrational state-resolved reaction probabilities at the
various collision energies for C* + SH(v = 0-3,j=0) — H + CS*
are shown in Figure 5. The distinguishing feature of the
vibrational distributions for the reaction is that because of the
rise of v or collision energy, the distribution curve becomes wider
and the peak value shifts rightward. The distributions are

oscillatory, especially at lower collision energies. Moreover, the
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Final v’ state-resolved reaction probabilities at J = O for the C* + SH(v =0 - 3, = 0) - H + CS*(V) reaction at selected collision energies (0.1, 0.3,
0.5, and 0.7 eV) obtained with the QCT method. (A) for 0.1 eV, (B) for 0.3 eV, (C) for 0.5 eV, (D) for 0.7 eV.
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Final v’ state-resolved integral cross sections for the C* + SH(v = 0 - 3,j = 0) — H + CS*(V/) reaction at selected collision energies (0.1, 0.3, 0.5,
and 0.7 eV) obtained with the QCT method. (A) for 0.1 eV, (B) for 0.3 eV, (C) for 0.5 eV, (D) for 0.7 eV.

shapes of reaction probability curves for each v are similar to each
other. Analogously, the reaction probability gradually decreases
when the collision energy increases, consistent with the total
probability.

3.2 Total and state-to-state integral cross
sections

Figure 6 indicates the TDWP and QCT ICSs as a function
of collision energy for C* + SH(v = 0-3,j=0) - H+ CS*. The
ICSs calculated both with the TDWP and QCT methods climb
over a mountain and gradually reach a plateau with increasing
collision energy. The behavior is the common characteristic of
barrierless exothermic reactions and similar to the same type
reactions such as H + CH [38-40], S* + H, [41], and C + SH
[30, 42]. First, we find that the shapes of ICSs for C* + SH(v =
0-3,j=0) are analogous in four panels obtained by the TDWP
and QCT methods, indicating that the ICSs are insensitive to
the vibrational quantum state of reactant SH. Then, it is
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distinguished that the QCT ICSs are slightly higher than
the TDWP ICSs, particularly at low collision energies. The
reason may be that in the present TDWP calculation, the zero-
point energy (ZPE) is considered naturally, whereas in the
QCT calculation, the ZPE is not taken into account, which
leads to the larger ICS of the QCT than the TDWP calculation
in the low energy range for such an exothermic reaction. In
other words, the quantum effect cannot be ignored, especially
at low collision energies. The error bars are calculated and
added in Figure 6 for the QCT method. We find that the
uncertainties of ICSs for the title reactions are very small in
the entire collision energy ranges, so their accuracy can be
warranted. Since the trend of the ICSs obtained by these two
methods is consistent and as the two cases gradually approach
the vibrational quantum state of SH increases, the QCT
method can be used for further study due to the low time
consumption.

The vibrational state-resolved ICSs computed by the QCT
method at various collision energies (0.1, 0.3, 0.5, and 0.7 eV)
for C* + SH(v = 0-3, j = 0) — H + CS" are shown in Figure 7.
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FIGURE 8

Vibrationally state-specific rate constants as a function of
temperature for the C* + SH(v = 0 - 3, = 0) - H + CS* reaction
calculated with the TDWP (top panel) and QCT (bottom panel)
methods.

The most obvious feature is a population inversion of the
vibrational distribution peak at a low value of /. An increase
in collision energy and the initial vibrational quantum
can make the ICS distributions The
distributions become hotter along with the enlargement of

number wider.
the initial vibrational quantum number. However, the
distributions become colder as collision energy increases, at
variance with the effect of the initial vibrational quantum
number.

3.3 Rate constants

The initial state-selected rate constants shown in Figure 8 are
calculated by the TDWP (in upper panel) and QCT (in lower
panel) methods in a large temperature range from 1200 to
92000 K for C* + SH(v = 0-3, j = 0) — H + CS". The current
rate constants are calculated by numerical integration over the
collision energy in the range of 0.10-0.80 eV. As revealed in
Figure 8, both the TDWP and QCT rate constants rise slightly
with increasing temperature until reaching a plateau. The
increase in the QCT rate constants at a lower temperature is
much faster than those of TDWP. In addition, the QCT rate
constants are a little higher than the TDWP rate constants;
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meanwhile, the distributions are consistent with the TDWP
and QCT ICSs as a function of collision energy. The TDWP
state-selected rate constants are slightly positively correlated with
the initial vibrational quantum number of the reagent molecule
SH. Nevertheless, the QCT rate constants are insensitive to v,
which is analogous to the cross-section results of Figure 6. In
conclusion, the rate constants obtained by the TDWP and QCT
methods are in essential agreement, especially in the high-
temperature region.

In the present work, we provided a new and reliable rate
constant for the C* + SH(v = 0-3, j = 0) — H + CS" reaction.
Although there are no other theoretical and experimental results
for the title reaction on the HCS*(X'Z") PES, the vibrational
distribution information is of deep value for further study of this
system.

4 Conclusion

This study presents the initial state-selected reaction
probabilities, ICSs, and rate constants calculated with both
the QCT and TDWP methods. The QCT reaction probability
perfectly reproduces the overall shape of the TDWP results in the
whole collision energy region for v = 0 to 3. The ICSs obtained by
the QCT are slightly higher than those obtained by the TDWP,
and as the initial vibrational quantum state increases, the ICSs
obtained by these two methods are in more substantial
agreement. The QCT rate constants are slightly higher than
those of the TDWP, and ICSs obtained from the two methods
show a similar relationship. Overall, the aforementioned QCT
results are consistent with those of the TDWP, both showing
practical independence with the initial vibrational excitation.
The QCT method is employed to obtain the state-to-state
reaction probabilities and product state-resolved ICSs at fixed
collision energies (0.1, 0.3, 0.5, and 0.7 eV). The probability
distributions are hotter, wider, and peak at higher v values at
higher collision energy and a larger vibrational quantum
number. An increase in collision energy and the initial
can also make the ICS
The ICS distributions become hotter
along with the enlargement of v, while the collision energy

vibrational quantum number

distributions wider.

has the opposite effect. Considering the time cost, the QCT
method can well describe this reaction. We hope that our work
can attract the attention of experimentalists to this fascinating
but scarcely studied system.
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