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Abstract: The hydrogen abstraction reaction OH + Hy,S—H,O + SH plays an important role in acid
rain formation, air pollution and climate change. In this work, the product energy disposals of the
reaction and its isotopic variants OD + H,S and OD + D,S are calculated on a new ab-initio-based
ground electronic state potential energy surface (PES) using the quasi-classical trajectory method.
The PES is developed by fitting a total of 72,113 points calculated at the level of UCCSD(T)-F12a/aug-
cc-pVTZ and using the fundamental invariant-neural network method, resulting in a total RMSE
of 4.14 meV. The product H,O formed in the OH + H;S reaction at 298 K is found to be largely
populated in the first overtone states of its symmetric and asymmetric stretching modes, while the
vibrational distributions of the products HOD and D,0 in the isotopically substituted reactions are
visibly different. The computed product vibrational state distributions agree reasonably well with
experimental results and are rationalized by the sudden vector projection model.

Keywords: hydrogen abstraction; energy disposal; OH + H;S reaction; isotopic substitution; potential
energy surface

1. Introduction

Hydrogen sulfide (H;S), as a well-known toxic gas and environmental pollutant,
causes acid rain formation, some human and animal diseases and climate change [1,2]. The
loss of HjS in the atmosphere is mainly by reacting with hydroxyl radical (-OH), i.e., a
typical representative of hydrogen abstraction reactions [2-9]. Accurate determination of
the rate constant is important for constructing atmospheric chemical models. The OH +
H,S—H,0O + SH reaction is also thought to be the first stage in the oxidation of H,S, which
possibly evolves into sulfuric acid or sulfate aerosol [10]. Therefore, much attention has
been paid to studying the kinetics and dynamics of the OH + H,S—H,O + SH reaction
both experimentally [11-22] and theoretically [23-29].

The rate constant of the reaction was measured to be (3.1-5.7) x 1072 cm® molecule™! s~
at 298 K and found to have a non-Arrhenius temperature dependence at relatively low and high
temperatures [11,12,14-16,30,31]. Butkovskaya and Setser [19-21] studied the vibrational excitation
of the product molecules from the reactions of OH and OD radicals with HS at 298 K in a fast-flow
reactor by modeling infrared emission spectra at 0.5 Torr of Ar, in which the dynamics associated
with the energy disposal were analyzed.

Theoretically, Benjamin and Truhlar attributed the unusual temperature dependence
to a dynamical bottleneck by direct dynamics at the level of M06-2X/MG3S and then
investigated the kinetic isotope effects of the OH + D,S and OD + D,S reactions [25]. The
interaction between OH radical and H;S has been investigated by different first-principle
methods [25,27,32,33]. A complex H,S- - - OH was predicted to be formed by the two center
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and triple electron S-O bond (2c-3e) [32,33]. In 2017, Tang et al. studied the minimum
energy path using the ‘gold standard” CCSD(T) method with Dunning’s aug-cc-pV(X+d)Z
(X=D, T, Q,5) [27]. The barrier height was calculated to be 0.11 kcal mol ! at the level of
CCSD(T)/aug-cc-pV(5+d)Z with the geometries optimized at the level of aug-cc-pV(Q+d)Z.
In 2018, some of the authors [28] constructed a global, full-dimensional potential energy
surface (PES) for the OH + HpS—H;O + SH reaction and studied the kinetics and dynamics
of the reaction using the quasi-classical trajectory (QCT) method. Quantum dynamics
calculations on the PES showed that fundamental excitations of either the symmetric or the
asymmetric stretching modes of H,S have similar and remarkable efficacy on promoting the
reactivity, while exciting the bending mode slightly enhances the reaction at low collision
energies, and the enhancement effect increases with the collision energy [29]. Although
the PES is accurate and smooth, it is not suitable for simulating experimental conditions at
298 K due to the relatively short asymptotic region. The furthest distance between reactants
(or products) from the sampled data points in the work was only 8 A.

In this work, we construct a new full-dimensional and globally accurate ground
electronic state PES. The PES can accurately describe the interaction between the reactants
OH and H,S (or products) as far as 25 A, which is sufficiently enough for simulating
Butkovskaya and Setser’s experiment by QCT theory. The PES is fitted by the fundamental
invariant-neural network (FI-NN) method [34] based on 72,113 ab initio points at the
level of UCCSD(T)-F12a/aug-cc-pVTZ. The vibrational state distributions of products
(H,O/HOD/D,0) in the OH + H;S reaction and its isotopic variants are calculated by
the normal mode analysis (NMA) method [35-38] on the new PES and compared with
available experimental results.

2. Potential Energy Surface

The PES is constructed as follows. The stationary points along the minimum energy
path are first optimized at the level of UCCSD(T)-F12a/aug-cc-pVTZ [39,40] by the software
Molpro 2012 [41]. Secondly, in order to obtain enough initial points, a batch of grid points
are generated along the minimum energy path, with the condition that the grid points
meet the energy range of —1.5-2.0 eV and the reactant (product) separation is less than
25 A. Then, atom-centered density matrix propagation (ADMP) molecule dynamics are
performed from each grid point at the level of M06-2X/6-31 + G(d) by the software Gaussian
09 [42]. The initial data points from the ADMP trajectories must be selected by the Euclidean

2
distance, which is defined in terms of the bond lengths, AD = \/ Y (7, — 7,) (71-
/
and 7l~ represent the nuclear distances of the reserved configuration in the data set and the
new configuration, 7 represents the number of bonds). The permutationally equivalent
points are also included in such a screening. Different from our previous work, the value
of Euclidean distance is well designed in this work. The sampled configuration space is

4> o
divided into three parts: the first part (0 < Rpoyg < 3), where AD > 0.25 A; the second
— —
part (3 < Roy < 7), where a linear function defined as AD > (Rpy — 3.0) x 0.04 + 0.25

is employed; and the third part (7 < EOH < 25), where AD > 0.41 A, EOH is the longest
bond in OH bond. Clearly, the new scheme to choose the value of Euclidean distance
adjusts the density of the sample data points according to the varying of potential energy,
which can save the computational cost of ab initio calculations. Thirdly, the FI-NN method
is applied to fit the initial data set to generate a raw PES. Due to the lack of data points in
some regions, artificial wells exist in the raw PES. Therefore, quasi-classical trajectories are
then launched at a different temperature to get more trajectory points. To fill out artificial
wells in the raw PES, a batch of PESs are fitted and are used to assess the error for each point

that is defined as error = \/ & YN, (Ei -4 YN, Ei). N is the number of fitted PESs and

here N =10, and E; is the predicted potential energy by the ith PES. Thus, the sampled data
points from quasi-classical trajectories are screened by both the error and the Euclidean
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distance. The procedure is repeated several times. Finally, a total of 72,113 points are
selected with an energy interval of 3.5 eV.

In the FI-NN fitting, the Morse-like variables P;; = e(=7i/%) are used to construct the
polynomials with « as an adjustable constant, and 7;; is the internuclear distance between
ith and jth atoms [43,44]. In this work, « is taken as 2.0 A. Twenty fundamental invariants
with a maximum degree of 3 for the A3BC system exist. The structure of the neural network
is 20 (input)-50 (hidden 1) -80 (hidden 2) -1 (output), giving a total of 5 211 parameters.
The Levenberg-Marquardt algorithm [45] is used to update weights and biases. The root

2
mean square error (RMSE), defined as RMSE = \/ Ndlt Zfi”{“‘ (E it — Eap l-m-tio) , is used

to evaluate the quality of each PES. The data points are divided into two groups, with
95% of the points as the training set and 5% as the validating set. The PESs with the
RMSE of two data sets having similar small values are chosen to avoid overfitting. The
so-called ensemble approach is used to diminish random errors. The final PES is selected
to be the average of the three best PESs with training/validating/maximum RMSEs of
4.68/8.12/219.44, 4.66/9.42/193.21 and 4.75/9.41/220.61 meV. The overall RMSE of the
PESis 4.14 meV.

3. Quasi-Classical Trajectory Method

QCT calculations, implemented in the software VENUS 96 [46], are carried out on
the new PES. The integral cross-section of the reaction at a specific collision energy E. is
computed by
2 Nr
max m

where N, and Ny are the numbers of reactive and total trajectories, respectively. The maxi-
mum impact parameter b, is tested by small batches of trajectories with trial values at each
specified initial state. The relative statistical error is given by A = \/ (Ntot — Ny)/ Niot Ny
For diatomic product molecules, the vibrational quantum numbers are determined by
the Einstein—Brllouin—Keller semi-classical quantization of the action integral. However,
for product molecules involving more than two atoms, their vibrational quantum num-
bers become difficult to determine. At present, there are three methods: the fast Fourier
transform [47,48], the adiabatic switching method [49] and the NMA method [50]. The
first two methods have some disadvantages in determining vibrational state distributions
of polyatomic molecules. For example, the fast Fourier transform integrals are well per-
formed only if the trajectories are quasiperiodic, and the adiabatic switching method is
sensitive to the choice of coordinate system and zero-order Hamiltonian. In this work,
the NMA method [50,51] is employed to calculate classical action numbers. Traditionally,

or(Ec) = mb

the geometry, including the Cartesian coordinates 71- and momenta ?i (i=1,---,N)in
the center of mass (COM) frame, is extracted from the last step of a trajectory. Due to the
harmonic approximation, the deviation from the equilibrium geometry sometimes results
in unphysical potential energies, giving invalid classical action numbers. To overcome this
problem, the method proposed by our group is implemented in this work, in which the
coordinates and velocities are taken from a specific step of each trajectory within the last
vibrational period of the product molecule [52-54]. The step is determined by asking the
corresponding geometry to have the minimum potential energy in the vibrational period.
This scheme guarantees the chosen geometry to resemble the equilibrium geometry. Two
binning methods, namely histogram binning (HB) and Gaussian binning (GB) [38,55], are
employed to confer a “quantum spirit” on the non-integer classical harmonic action number.

In the QCT calculations, the initial conditions in the dynamics calculations are chosen
to be similar to the experiment [19-21]. The initial distance of two reactants (OH and H,S
or OD and H,S or OD and D,S) is 24.5 A. The trajectory is stopped when the separation of
the two reactants or products is larger than 25.0 A. The time step of propagation is set as
0.035 fs. The convergence of total energy is better than 1073 kcal mol~!. The collision
energy and the initial ro-vibrational state of HyS (or D,S) are sampled from a Boltzmann
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distribution at 298 K. The initial states of OH (or OD) are sampled by the traditional semi-
classical approach. For each of the three reactions, about 150,000 are launched and the
relative statistical errors are all below 5%.

4. Results and Discussion
4.1. Properties of the Potential Energy Surface

Table 1 compares the parameters of the new PES with the previous one [28]. Firstly,
due to the employment of the new scheme to choose the value of Euclidean distance, the
number of sampled data points is decreased from 82,680 to 72,113. Secondly, the sampled
data points in this work cover a larger region, in which the separation of reactants (or
products) is up to 25 A, in sharp contrast to 8 A for the previous PES. Thirdly, the parameter
in Morse-like variables, «, is taken as 2.0. A relatively large value of a should be used when
the long-range interaction is strong. Finally, the overall RMSE of the new PES is 4.14 meV,
0.58 meV lower than that of the previous PES.

Table 1. Comparison between previous and new potential energy surfaces.

Previous [28] This Work
The size of data set 82,680 72,113
The structure of NN 20-50-80-1 20-50-80-1
Length channel (A) 8.0 25.0
Morse-like a (A) 1.2 2.0
Total RMSE 4.72 414

The minimum energy path of the OH + H,S—H,0O + SH reaction is illustrated in
Figure 1. The ab initio energies are calculated at the level of UCCSD(T)-F12a/aug-cc-
pVTZ [40,41]. All energies are given in kcal mol~! and with respect to the reactant asymp-
tote. Clearly, four minima exist in the entrance and exit valleys, in which RC-A and PC-A
are formed by hydrogen bond, while RC-B and PC-B are hemibonded complexes with two
center and triple electron S-O bond (2c-3e). The interaction of hydrogen bond between H;S
(H,0) and OH (SH) is slightly stronger than the corresponding hemibond, consistent with
Tang et al.’s results [27].

To assess the quality of the fitted PES, the optimized geometries by ab initio calcula-
tions, the geometries on the fitted PES and available experimental values are listed in Table 2.
On one hand, the geometries of the stationary points at the level of UCCSD(T)-F12a/aug-cc-
pVTZ are in accord with the geometries at the level of CCSD(T)/aug-cc-pV(Q+d)Z, where
the biggest difference of bond length is 0.255 A and the biggest difference of angle is 12.7°.
On the other hand, the predicted geometries by the PES are also consistent with ab initio
results. The deviations from the UCCSD(T)-F12a/aug-cc-pVTZ results are less than 0.171 A
for the bond length and 12.0° for the angle. Table 3 shows the energies and frequencies of
the stationary points. To solve the problem of non-convergence, the basis function extrapo-
lation and energy shift are adopted in the calculation of single-point energy, which causes a
small difference from Ping et al.’s results [28]. The energy difference between the predicted
PES and the corresponding ab initio one of UCCSD(T)-F12a/aug-cc-pVTZ is less than
0.1866 kcal mol !, and the energy difference between UCCSD(T)-F12a/aug-cc-pVTZ and
CCSD(T)/aug-cc-pV(Q+d)Z is less than 0.2425 kcal mol~! [27]. The barrier height on the
PES is to be —0.1381 kcal mol~1, which agrees well with the UCCSD(T)-F12a/aug-cc-pVIZ
value of —0.1201 kcal mol ™!, while it is slightly lower than the CCSD(T)/aug-cc-pV(Q+d)Z
value of 0.0600 kcal mol~!. The frequency difference is less than 53 cm ! compared with
the UCCSD(T)-F12a/aug-cc-pVTZ results and the imaginary frequency of the transition
state is the same.

Figure 2 shows the 2D contours of the PES as a function of the breaking HS and the
forming OH with the other coordinates fixed at the geometry of the transition state. The
energy gap of the fitted PES is from —1.5 eV to 2.0 eV. Clearly, the fitted PES is globally
smooth. The insert zooms in the contours near the transition state. The pre- and post-
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reaction wells are nicely reproduced by the PES. The fitting errors of the sampled points are
plotted in Figure 3. The errors for most of the sampled points are distributed in the range
of —20 to 20 meV, with several scattered points as large as 200 meV. Overall, the new PES is
globally accurate and satisfies the requirement of dynamics calculations.

OH+H,S 'J’:‘ s :z

0.0000 RE e 01201
0.0000  -33697  -33525 01381 : ds
0.0000 33163 32605 0.6303 °

~1.8508  —1.4674

J 44444 - dj ry -9

‘PC-B PC-A .
E‘gg ....... s e 555 -29.6818
p—— ; 324037 0 cous
—32.0099 -32.6097
-27.2475
== PES —28.5840 -29.2393

= PES+ZPE
s

Figure 1. Schematic diagram of the reaction path for the OH +H,S—H,O +SH reaction. The ab initio
energies of stationary points at the level of UCCSD(T)-F12a/aug-cc-pVTZ (black) are shown below
the corresponding geometries, together with the values of the fitted PES (red) and the zero-point
corrected energies (blue). All energies are given in kcal mol ! and relative to the reactant asymptote.

25 = T T T T T T T T T
- 2.000
20 - 1.125
| - 0250 -
15 ~0.625
Q .
- i
- -1.500
7]
S (V= .
5 i
T T T T T T T T T 1
5 10 15 20 25

Ry (B)

Figure 2. 2D Contours of the PES as a function of the breaking OH and the forming SH with the other
coordinates fixed at the geometry of the transition state. The energy gap is from —1.5 to 2.0 eV. The
insert zooms in the contours near the transition state with an energy gap from —1.5to0 0.5 eV.
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Figure 3. Distributions of fitting errors of the sampled data points.

Table 2. Bond length (in angstrom) and angle (in degree) of stationary points of the reaction OH +
HS—H,0O + SH. The atom labels are given in Figure 1.

Species Method Rq2 Ry3 Rog Rys Az A1z Angs D3124 D1245
ab initio @ 0.970
ab initio 0.970
OH PES © 0.971
Expt 4 0.970
ab initio 2 1.339 92.4
S ab initio 1.338 9.4
2 PES © 1.339 926
Expt 4 1.336 92.1
ab initio @ 1.340 1.340 3.824 0.975 925 65.3 23.1 942 6.6
RC-A ab initio 1.340 1.340 3.819 0.975 925 65.5 232 942 6.8
PES ¢ 1.340 1.340 3.850 0.976 924 64.2 23.1 95.8 —36
ab initio @ 1.339 1.339 2.628 0.969 925 76.6 105.8 72.7 51.2
RC-B ab initio P 1.338 1.338 2.631 0.969 926 76.1 106.0 732 51.2
PES © 1.338 1.338 2.632 0.969 926 74.8 107.4 74.6 51.4
ab initio @ 1.401 1.340 1.488 0.970 92.1 136.5 102.4 70.8 39.4
TS ab initio P 1.402 1.339 1.483 0.970 922 137.5 102.4 70.8 38.6
PES © 1.398 1.341 1.501 0.971 92.4 134.9 103.3 729 43.7
ab initio @ 4.187 1.347 0.959 0.959 10.7 421 105.0 0.0 180.0
PC-A ab initio P 4185 1.346 0.959 0.959 10.5 42.0 104.9 0.0 180.0
PES ¢ 4176 1.347 0.959 0.959 10.6 421 105.1 0.0 180.0
ab initio 3.163 1.341 0.960 0.959 72.1 73.7 104.7 —61.5 —1133
PC-B ab initio 3.418 1.340 0.960 0.960 72.8 61.0 104.6 —493 —107.6
PES ¢ 3.334 1.341 0.960 0.960 76.8 61.7 104.7 —49.7 —105.9
ab initio @ 1.343
ab initio 1.342
Sl PES ¢ 1.343
Expt 4 1.341
ab initio @ 0.959 104.4
ab initio P 0.958 104.4
0 PES¢© 0.959 104.4
Expt 4 0.958 104.5

@ UCCSD(T)-F12a/aug-cc-pVTZ by Molpro2012, this work; b CCSD(T)/ aug-cc-pV(Q+d)Z by CFOUR, see
Ref. [27]; ¢ FI-NN PES, this work; 4 See http:/ /cccbdb.nist.gov (accessed on 1 December 2022).
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Table 3. Harmonic frequencies (cm ') and energies (kcal mol~1) of stationary points for the reaction
OH + HS5—H,0 + SH.

Species Method E 1 2 3 4 5 6 7 8 9
ab initio @ 0.0000 3738 2736 2720 1212
ab initio P 0.0000 3739 2738 2722 1212
OH + H,S PES ¢ 0.0000 3745 2741 2720 1215
Expt 4 3738 2626 2615 1183
abinitio®  —3.3697 3653 2732 2715 1210 456 340 165 128 117
RC-A abinitio?  —3.3100 3654 2734 2719 1210 440 330 139 136 111
PES © —3.3163 3641 2726 2711 1210 403 367 148 134 112
abinitio®  —3.3525 3756 2738 2723 1207 480 259 256 9% 72
RC-B abinitio®?  —3.1100 - - - - - - - - -
PES © —3.2605 3753 2747 2735 1202 503 282 256 126 78
abinitio®  —0.1201 3743 2723 1811 1112 719 329 261 186 —858
TS ab initio P 0.0600 3744 2725 1786 1112 721 326 258 181 —871
PES © —0.1381 3753 2717 1830 1138 725 331 268 200 —858
abinitio®  —32.4037 3942 3833 2670 1645 350 192 110 56 —58
PC-A abinitio?  —32.4700 3939 3830 2675 1648 347 195 109 74 30
PES © —32.5903 3952 3843 2679 1656 301 195 108 50 —53
abinitio®  —31.9499 3929 3818 2712 1644 234 164 132 99 64
PC-B abinitio?  —31.7100 - - - - - - - - -
PES © —32.0099 3952 3824 2712 1650 240 166 156 77 63
abinitio®  —29.6818 3942 3832 2696 1646
abinitio?  —29.5100 3941 3831 2700 1650
SH+H0 PES © —29.6845 3943 3830 2694 1647
Expt 4 3756 3657 2696 1595

a UCCSD(T)-F12a/aug-cc-pVTZ by Molpro2012, this work; ® CCSD(T)/aug-cc-pV(Q+d)Z by CFOUR, see
Ref. [27]; ¢ FI-NN PES, this work; 4 See http:/ /cccbdb.nist.gov (accessed on 1 December 2022).

4.2. Product Energy Disposal

Figure 4 shows the calculated product vibrational state distributions. The reactant
ro-vibrational states are sampled at 298 K. The three quantum numbers in the parentheses,
(v1, 12, v3), denote excitations in the symmetric stretching, bending and asymmetric stretch-
ing modes of the products H,O and D;O. As to the product HOD, v refers to excitation in
the O-D stretching mode and v3 in the O-H stretching mode. Two binning methods (HB
and GB) are applied in the calculations. Since the two methods give similar distributions,
the following discussions are based on the GB results. For the product molecule H,O in the
OH + HjS reaction, as shown in Figure 4a, it is mainly populated in the states (200), (002),
(012), (210) and (021). The significant excitation of the stretching modes of H,O results from
the visible change of the OH bond among the minimum energy path. The bond length
of OH from the transition state to the product H,O is shortened from 1.501 A to 0.959 A.
Compared with the stretching modes, the bending mode of H,O is less excited and mainly
populated in the ground and fundamental states.

To study the effect of isotopic substitution on the dynamics, the vibrational state
distributions of the products HOD in the reaction OD + H,S and D,O in the reaction OD
+ DyS are presented in Figure 4b,c, respectively. In sharp contrast to H,O, the product
HOD is dominantly formed in the state (002), i.e., the first overtone of the OH stretching
mode, followed by visible excitation in the state (012). The OD bond in the product HOD is
nearly unexcited. According to the analysis of the reaction coordinate at the transition state,
the stretching motion of the O-H bond is to a great extent along the reaction coordinate.
Therefore, the initial available energy favors to flow into the O-H stretching mode of HOD.
However, due to the large frequency difference between the OH and OD stretching modes,
the intramolecular vibrational redistribution (IVR) is infeasible in the reaction process. In
other words, the OD bond is more like a spectator bond in the OD + HjS reaction. When
both reactants OH and H,S are isotopically substituted, as shown in Figure 4c, the product
D,0 is mainly populated in the state (300), followed by (102), (400) and (200). Interestingly,
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it appears that the IVR in D,O is not as strong as in H,O. The reaction OD + D,S prefers
to produce D,0 in the vibrational excited states of the symmetric stretching mode and
the excitation energy in the symmetric stretching mode cannot efficiently flow into the
asymmetric stretching mode. In addition, compared with the products H,O and HOD, D,O
is formed in higher excited states due to its higher density of states. Actually, the products
H,0, HOD and D, 0 are all largely populated in the vibrational states whose energies are

around 35 kcal mol !, close to the total available energy.

25 T T T
H,O
@5 . 1B
20 (200)(002) B GB |
S 15- i
5 (300)
= 104 012) 1
2, (210)
2 (021)
ol 101) |
0 . 1 ] u ‘[ d
20 30 40 50
E (keal/mol)
60 T T T
(b) HOD (002) W B
45 N GB
e
5 304 ]
=
=2 012 1
5 O 003)
154 R
(001) (102) \ |
0 . h 4 . I | 1
20 30 40 50
E , (kcal/mol)
25— ’ -
D I
(©)D,0 N B
. (300) /NGB |
Q\E 15 i
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= 104 (162) .
3 (200) (20 ‘
= 310
N 012y A1V ]
30 40 50

Figure 4. Vibrational state distributions of the products (a) H,O, (b) HOD and (c) D,O in the reactions
OH + H,S, OD + H;,S and OD + D,S, respectively, with the reactants sampled at 298 K.

E ., (kcal/mol)
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The vibrational state distributions of the products SH in the reactions OH + H,S and
OD + HjS and SD in the reaction OD + D,S are illustrated in Figure 5a—c. Obviously, these
products are almost exclusively formed in their ground vibrational states, indicating the

nature of a spectator in the reaction OH + H;S and its isotopic variants.

100 . . .
(8) ORAE& o
20 - NGB |
3T 604 R
£ :
= 404 4
[=%
_‘C
20 - .
0 )
0 1 2
Vs
100 : .
®)ODH,S [T
20 4 B GB | |
£ 604 -
2
= 404 -
(=
=]
(=
20 i
0 -
0 1 2
4
Vsu
100 - '
| [G)()I)+I)ES [ IR
0 B GB
2 604 i}
[ =
2 |
= 40 |
(=9
[=]
[-#
20 - i
0- .
0 1 2
Vsp

Figure 5. Vibrational state distributions of the products (a) SH, (b) SH and (c) SD in the reactions

OH + H,S, OD + H;S and OD + D,S, respectively, with the reactants sampled at 298 K.
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Table 4 compares the calculated vibrational state distribution of the product H,O
in the OH + HjS reaction with the experimental result from Seter’s group [19,21]. In
the experiment, the symmetric (v1) and asymmetric (v3) stretching modes are difficult to
distinguish. Thus, v1 3 in the table represents the sum of v; and v3. Theoretical calculations
show that the product is largely populated in the states v; 3 = 2 for v; = 0 and in the states
v13 = 1 for vy = 2. They are consistent with experimental observations, although visible
quantitative difference exists. The theoretical proportion of the states v; 3 = 2 for v; = 0
is higher than the corresponding experimental values, while the theoretical proportion of
the states v1 3 = 1 for v, = 2 is slightly lower. For v, = 1, the experimental distributions
are somewhat scattered, and one experiment gave the highest proportion for the states
v13 = 2 [19], consistent with theoretical results; the other experiment reported the highest
proportion for the states v1 3 = 1 [21]. The reactions in the experiment were carried out
under the pressure of 0.5 Torr. However, this condition is not considered in theoretical
calculations. Therefore, the quantitative difference between experimental and theoretical
results is possibly caused by the pressure.

Table 4. Vibrational state distribution of the product H,O for the reaction OH + H,S—H,O + SH.

02
H,O0
0 1 2
v13? Expt1 P Expt2 ¢ Theo Expt1 P Expt2 ¢ Theo Expt1 P Expt2 ¢ Theo
0 2.6 2.70 0.000 4.5 2.55 0.087 3.6 2.29 0.009
1 10.3 17.96 4.801 17.7 14.66 6.285 14.3 13.10 9.328
2 244 22.77 42.233 20.6 6.54 20.033 0.8 4.90 2.281
3 45 1.72 6.632 0.024
2 913 = vy + v3; ? Ref. [19]; © Ref. [21].

The vibrational state distribution of the product HOD in the OD + H,S reaction is
listed in Table 5. The quantum numbers v;,v; and v3 represent excitations in the OD
stretching, bending and OH stretching modes. Since the frequency of OD stretching mode
(2831 cm™) is very close the to the double frequency of the bending mode (2888 cm™1), it
is hard for the experiment to distinguish them as well. Hence, v; ; in the table is defined
as the maximum value of v; and v,. For v; 5 = 0, theoretical calculations predict that the
product HOD is largely distributed in the state v3 = 2, in accord with the experimental
results. On the other hand, both experiment and theory show that the product HOD has
larger distributions in v3 = 2 and 1 for v1, = 1 and 2, respectively. In addition, visible
difference between experimental and theoretical values also exists.

Table 5. Vibrational state distribution of the product HOD for the reaction OD + HyS—HOD + SH.
v12 2
HOD
0 1 2
3 Expt1 P Expt2 ¢ Theo Expt1 P Expt2 © Theo Expt1 P Expt2 © Theo
0 6.3 3.73 0.000 11 3.05 0.087 6.3 5.09 0.009
1 9.1 11.75 3.589 42 5.08 6.285 10.7 8.72 9.328
2 242 27.59 49.767 9.3 8.12 20.033 9.2 5.40 2.281
3 3.0 1.33 3.042 0.024

2 115 is equal to the maximum value of v; and vy; b Ref. [19]; € Ref. [21].

Table 6 lists the vibrational state distribution of the product D,O in the OD + D,S
reaction. Unfortunately, there are no experimental results for comparison. Like Table 4, v1 3
in the table represents the sum of v; and v3. The product D,0 is largely populated in states
v13 = 3for v, = 0 and 1. For v; = 2, D,0O is largely distributed in the states v; 3 = 2.



Symmetry 2023, 15, 256

11 of 15

Table 6. Vibrational state distribution of the product D,O for the reaction OD + D,S—D,0 + SD.

02
D,O
0 1 2
v1,3? Theo Theo Theo
0 0.0 0.0 0.0
1 0.578 0.071 1.565
2 9.226 9.489 8.022
3 52.079 13.620 1.708

a 01,3 =0 + U3.

The product energy disposals of the three reactions are shown in Figure 6. fy, fr and
ft denote the fractions of available energy released as the product vibrational energy, the
rotational energy and the translation energy, respectively. The product zero-point energy
is subtracted from the corresponding vibrational energy. It can be seen that 68.04% of
available energy is released as the vibrational energy of H,O in the OH + H,S reaction,
followed by the rotational energy of H,O and the relative translational energy. The small
proportion of vibrational and rotational energy of SH indicates that it is hard for the energy
to flow into the product SH, no matter the vibrational mode and the rotational mode. When
the reactants are isotopically substituted, the product energy disposal is nearly unchanged.
Most of available energy flows into the vibrational and rotational modes of HOD in the
OD + HjS reaction or DO in the OD + D,S reaction. It appears that, compared with the
former two reactions, a little more energy (12.92%) is transferred as the translational energy
in the OD + D;S reaction. The fraction of f(H,O) (fv(HOD)) is estimated to be 56% in
the experiment [20,21], lower than the calculated value of 69.96% (69.94%). As mentioned,
the difference is possibly caused by the pressure of 0.5 Torr in experiment, which is not
considered in the simulation.

Although this reaction is likely to be barrierless, the submerged barrier could ex-
ert some control on the reactivity, especially for the reactive trajectories by the direct
mechanism. The sudden vector projection (SVP) model [56-59] has been widely used to
predict reactant mode selectivity and product energy disposal in many gas phase and gas
surface reactions by calculating the coupling between the interested reactant or product

— —
normal mode vector (Q;) and the reaction coordinate vector (Qrc) at the transition state:

P = ai : a rc € [0,1]. The calculated SVP values of different product modes for the three
reactions are listed in Table 7. For the OH + HjS reaction, the symmetric and asymmetric
stretching modes of H,O have the largest projection on the reaction coordinate, followed by
the product translational mode and the bending mode of H,O. The vibrational mode of the
product SH has a negligible coupling with the reaction coordinate. This is consistent with
QCT calculations, in which the formed H,O is largely populated in the excited states of
the two stretching modes of H,O, while its bending mode is less excited. Most of available
energy flows into the vibrational modes of H,O, followed by the translational mode, and
a very small percentage of the energy is released as the vibrational and rotational energy
of SH. For the OD + H,S reaction, the stretching mode of OH in HOD has the largest
projection value, followed by the translational mode and the bending mode of HOD. The
stretching mode of OD in HOD has a weak coupling with the reaction coordinate and the
vibrational mode of SH has a negligible value. According to QCT calculations, the HOD
is dominantly formed in the first overtone state of the OH moiety, well predicted by the
SVP model. The product energy disposal of HOD can be explained by the SVP model as
well. Furthermore, the SVP values of the product D,O are close to those of H,O, indicating
similar energy disposal of D,O to that of HyO. This is also confirmed by QCT calculations.
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Figure 6. Product energy disposals of the reactions OH + H;,S, OD + H;,S and OD + D;S with the

reactants sampled at 298 K.
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Table 7. Sudden vector projection (SVP) values of different product vibrational and translational

modes. The numbers v1, v, and v3 denote the symmetric, bending and the asymmetric stretching
modes of the product H,O (or D,0).

SVP
Species OH + H,S—H,0 + SH Species OD + H,S—HOD + SH Species OD + D,S—D,0 + SD
1 0.672 VoD 0.068 121 0.680
p 0.106 Vpend 0.135 %) 0.102
V3 0.657 VoH 0.936 V3 0.660
VsH 0.002 Vsy 0.002 Vsp 0.003
trans 0.205 trans 0.201 trans 0.212

References

5. Conclusions

In this work, a full-dimensional, globally accurate PES of the OH + H,S—SH + H,O
reaction is constructed using the FI-NN method by fitting a total of 72,113 ab initio points
calculated at the level of UCCSD(T)-F12a/aug-cc-pVTZ. The fitted PES has a RMSE of
4.14 meV. The geometries and frequencies of the stationary points on the PES agree well
with ab initio calculations.

The vibrational state distributions and product energy disposals of the OH + H;S
reaction and its isotopic variants OD + H,S and OD + DS are calculated on the new PES
using the QCT method and compared with recent experimental results. Theoretical calcula-
tions show that the product H,O in the OH + HjS reaction is largely distributed in the first
overtone states of its symmetric and asymmetric stretching modes. By contrast, the product
HOD is dominantly formed in the first overtone state of the OH stretching mode and the
OD moiety is almost unexcited. Compared with the products H,O and HOD, the product
D,0 in the OD + D;S reaction is formed in higher excited states due to its higher density
of states. For all of the three reactions, the products SH and DH are actually unexcited.
Most of these conclusions are in reasonable agreement with experimental observations.
The quantitative difference between experimental and theoretical distributions is possibly
caused by the pressure in the experiment. In addition, most of available energy is released
as the vibrational energy of H,O (or HOD in OD + H;S or D,O in OD + D,S), followed the
translational energy. Only a very small proportion of the energy flows into the vibrational
and rotational energy of SH (or SD). The dynamical behavior can be well rationalized
by the SVP model. Although the classical barrier height of the reaction is negative, it is
thought to affect the reactivity to a certain extent, possible due to the positive barrier height
in the vibrationally adiabatic ground-state potential energy curve. The role of this kind of
transition state deserves attention and further investigation.
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