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A global potential energy surface (PES) of the ground state of SiH+
2 system is built by using neural network method

based on 18223 ab initio points. The topographic properties of PES are presented and compared with previous theoretical
and experimental studies. The results indicate that the spectroscopic parameters obtained from the new PES are in good
agreement with the experimental data. In order to further verify the validity of the new PES, a test dynamics calculation of
the Si++ H2 (v0 = 2, j0 = 0)→ H + SiH+ reaction has been carried out by using the time-dependent wave packet method.
The integral cross sections and rate constants are computed for the title reaction. The reasonable dynamical behavior
indicates that the newly constructed PES is suitable for relevant dynamics investigations.

Keywords: potential energy surface, integral cross section, rate constant, time-dependent wave packet
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1. Introduction
The Si++ H2 reaction as one of ion–molecule reactions

was received relatively less attention when compared with
other reactions, such as O++ H2 and C++ H2.[1–4] How-
ever, the studies of the Si++ H2 reaction and its reverse re-
action are of great practical significance, because the SiH+

ion is postulated as an intermediate specie in the manufactur-
ing process of amorphous silicon films in chemical vapor de-
position process.[5–7] Furthermore, the Si++ H2 reaction and
its reverse reaction are of considerable interest in astrophysics
and spectroscopy. For example, the SiH radical and SiH+

ion have been observed in the Sun’s photosphere.[8,9] There-
fore, the spectroscopic and dynamics information of SiH2 and
SiH+

2 systems are very important for the modeling of star at-
mospheres.

Since Curtis and co-workers[10] reported the Ã2B1(Π)←
X̃2A1 transition electronic spectrum of SiH+

2 ion by using laser
photofragment spectroscopy in 1985, numbers of theoretical
studies have been carried out. The X̃2A1 and Ã2B1 potential
energy surfaces (PESs) of SiH+

2 ion in collinear geometries
have been reported by Hirst et al.[11] in 1986. Later, González
et al.[12] also presented a new PES in C∞v and C2v symmetry
and the Si++ H2→ SiH++ H reaction was studied. The PESs
of four lowest electronic states of the SiH+

2 system was con-
structed by Mort and co-workers[13,14] in 1994. The conical
intersection between ground state and excited state has been
found and the influence of conical intersection on the pho-
todissociation dynamics has been discussed. In the same year,
the three-dimensional potential energy functions of X̃2A1 and

Ã2B1 states of the SiH+
2 system were reported by Bauer et

al.[15] and rovibronic spectrum of the SiH+
2 ion was calculated

and compared with experimental values. In 2019, a new global

PES for the ground state of the SiH+
2 system was constructed

by Gao et al.[16] with the many-body expansion method. In

addition, the H + SiH+ → Si++ H2 reaction has been stud-

ied by using Chebyshev quantum wave packet method based

on the new PES. The reaction probabilities, integral cross sec-

tions (ICSs) and the rate constants were reported in their work.

Later, Zhao et al.[17] recalculated the H + SiH+→ Si++ H2

reaction based on Gao’s PES.[16] In their work, the Chebyshev

quantum wave packet method is used and the full Coriolis cou-

pling effect is considered. The reaction probabilities, ICSs and

rate constants were reported and the results indicated that the

Coriolis coupling has large effect on the final dynamical re-

sults.

As discussed above, much less effort has been made in

the construction of global PES and related dynamics calcu-

lation. The aim of present work is to construct a new global

PES for the ground state of the SiH+
2 system. In order to verify

the validity of the new PES, a test dynamics calculation of the

Si++ H2 (v0 = 2, j0 = 0)→H + SiH+ reaction will be carried

out based on the new PES. In this paper, the methods used in

the ab initio calculation, fitting processes and dynamics calcu-

lation are shown in Section 2. The topographical features of

the PES are presented in Section 3 as well as the dynamical

results. The conclusions are displayed in Section 4.
†Corresponding author. E-mail: victor0536@163.com
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2. Potential energy surface
2.1. Ab initio calculations

The ab initio calculations are carried out with MOLPRO
software package[18] and the Cs symmetry is used for all con-
figurations. In the ab initio calculation, the aug-cc-pVQZ basis
set[19,20] for H atom and cc-pwCVQZ[21] basis set for Si atom
and an internally contracted multi-reference configuration in-
teraction (MRCI)[22] method is used. In detail, we first per-
form the state-averaged complete active space self-consistent
field (SA-CASSCF)[23,24] calculations over three electronic
states (two 2A′ and one 2A′′) with equal weight. In addition,
15 valence electrons of the SiH+

2 system were involved 13 ac-
tive orbitals (11a′+2a′′). In detail, the 1s, 2s, and 2p orbitals
of Si+ are closed which related to the 4a′ and 1a′′. The active
orbitals 7a′ and 1a′′ were mainly contributed by 1s orbital of
H and 3s, 3p orbitals of Si+, while the 2s orbital of H and 4s
orbital of Si+ occupied a relatively small weight. Then, the
MRCI calculations were performed with the reference orbitals
which provided by the SA-CASSCF calculation. Finally, a
total of 21530 ab initio points was calculated. In fitting pro-
cess, the ab initio points about 10 eV larger than the minimum
potential energy were abandoned and 18223 ab initio points
were used to construct the PES. The Jacobi coordinates (RQ,
RHH, α) were used to sample the ab initio points. RQ is the
distance between Si+ ion and the midpoint of H2 molecule.
RHH is the bond length of H2 molecule and α is the angle be-
tween RQ and RHH. In detail, 1.0 Bohr ≤ RQ≤ 25.0 Bohr,
0.6 Bohr≤ RHH ≤ 25.0 Bohr, and 1◦ ≤ α ≤ 89◦.

2.2. PES fitting

The permutation invariant polynomial neural network
(PIP-NN)[25,26] method is adopted in this work, which is
widely used in the PES construction such as BrH2,[27]

KH2,[28] and LiH2
[29] system. To avoid the discontinuities of

the derivatives around the boundary, PIP method is used to
transform the three bond lengths of the SiH+

2 system. In de-
tail, G1 = (PSiH+

a
+PSiH+

b
)/2, G2 = PSiH+

a
·PSiH+

b
, G3 = PHH,

where PSiH+
a
= exp(−0.2·RSiH+

a
), PSiH+

b
= exp(−0.2·RSiH+

b
),

and PHH = exp(−0.2·RHH), respectively. In the fitting process,
G1, G2, and G3 are used as the input term and two hidden lay-
ers are used, each of which involves 15 neurons. The neural
network expansion can be written as

VSiH+
2

=
15

∑
k=1

w3
k · f 2

( 15

∑
j=1

w2
j · f 1 ·

(Ntot

∑
i=1

w1
i ·Gi +b1

j

)
+b2

k

)
+b3

1, (1)

where Ntot is the number of energy points, w1
i , w2

j and w3
k are

the connection weights, b3
1, b2

k and b1
j are biases, f 1 and f 2 are

training functions.
Over-fitting has always been a problem of neural network.

To deal with this problem, the input data are randomly divided
into three parts, namely, training part (90%), testing part (5%)
and validation part (5%). The root means square error (RMSE)
is used to test the accuracy of PES and it can be presented as

RMSE =

√
1
N

N

∑
i=1

(
youtput

i − yab
i

)2
, (2)

where N is the total number of energy points, youtput
i is the fit-

ting value and yab
i is the value of ab initio calculation. In this

work, the fitting error is only 1.83 meV.

2.3. Topographical features of the potential energy surface

To test the accuracy of PES, the spectroscopic param-
eters of SiH+(X1Σ+) ion and H2(X1Σ+

g ) molecule obtained
from the PES are compared with available theoretical[16] and
experimental[30,31] values and the results are shown in Table 1.

Table 1. The spectroscopic constants of the SiH+ (X1Σ+) and H2 (X1Σ+
g ) molecules.

Re (Bohr) ωe (cm−1) ωexe (cm−1) αe (Bohr) βe (Bohr) De (eV)
SiH+ (X1Σ+)

This work 2.8440 2142.58 36.61 0.2181 7.6485 3.389
Theo.[16] 2.8482 3.4174
Exp.[30] 2.8423 2157.17 34.24 0.2096 7.6603 3.304
Exp.[31] 2157.15 34.23 0.2015 7.6576 3.374
H2 (X1Σ+

g )

This work 1.401 4399.18 129.79 3.2136 60.85 4.726
Theo.[16] 1.401 4.745
Exp.[30] 1.401 4401.21 121.33 3.062 60.85 4.746

As shown in Table 1, the spectroscopic constants obtained

from the PES are in good agreement with experimental data.

For the SiH+ (X1Σ+) ion, the bond length, harmonic vibra-

tional frequency, and dissociation energy obtained from the

PES deviate from the experimental values by 0.0017 Bohr,

14.57 cm−1, and 0.015 eV, respectively. It is very clear that

present values closer to the experimental data than the results

reported by Gao et al.[16] For the H2 molecule, the bond length

is same with experimental data, the harmonic vibrational fre-

quency lower than the experimental data by about 2 cm−1, and

113101-2



Chin. Phys. B 31, 113101 (2022)

the dissociation energy is lower than the experimental data by
0.02 eV. As a whole, present PES can give a good description
for the two-body term.

The major topographical features of the newly con-
structed PES are shown in Figs. 2(a) and 2(b), which corre-
spond to the global minimum and vertically approaching ge-
ometries, respectively. It is very clear that present PES shows a
smooth and correct behavior over the configuration space stud-
ied. Figure 2(a) shows the contour plot for the bending angle
fixed at 119.73◦. Clearly, only a deep potential well is ob-
served and no potential barrier is found. In addition, Fig. 2(a)
shows a symmetrical behavior which can be attributed to the
exchange symmetry of H atom. Figure 2(b) exhibits the con-
tour plot for the Si+ ion approach the H2 molecule in the C2v

symmetry. Two potential wells are found which correspond
to a local minimum and global minimum geometries, respec-
tively. In addition, a potential barrier is also found.

To make a comparison with available theoretical and ex-
perimental results, the spectroscopic parameters of theses sta-
tionary points are presented in Table 2 as well as the values
obtained from previous theoretical and experimental studies.
As shown in Table 2, the global minimum is located at RHH =

4.8400 Bohr, RSiH+
a
= 2.8008 Bohr, RSiH+

b
= 2.8008 Bohr,

and θ[HSiH]+ = 119.73◦, which is in good agreement with ex-
perimental data RHH = 4.8529 Bohr, RSiH+

a
= 2.8161 Bohr,

RSiH+
b
= 2.8161 Bohr, and θ[HSiH]+ = 119◦. The recently re-

ported PES by Gao et al.[16] obtained similar results with ours,
both of which are in good agreement with experimental data.
For the harmonic vibrational frequency, the ωsym and ωasym

are in good agreement with each other, except for the ωbend.
For the local minimum, present values are in good agreement
with the values reported by Gao et al.[16] for both geometric
structures and harmonic vibrational frequencies. However, in

the transition state, great discrepancies can be found between
present values and the results obtained from Gao et al.[16]
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Fig. 1. Equipotential contour plot (a) for the structure of global min-
imum value in which the angle ∠[HSiH]+ = 119.73◦, contours are
equally spaced by 0.4 eV, starting at −5.1 eV and (b) for the Si+ ion
approach to H2 molecule in C2v symmetry, contours are equally spaced
by 0.4 eV, starting at −5.1 eV.

Table 2. The spectroscopic parameters of stationary points.

RHH (Bohr) RSiH+
a

(Bohr) RSiH+
b

(Bohr) θ (◦) ωsym (cm−1) ωbend (cm−1) ωasym (cm−1)

Global minimum
This work 4.8400 2.8008 2.8008 119.73 2170.96 718.676 2256.92
Theo.[16] 4.820 2.806 2.806 118.38 2244.11 1247.92 2265.65
Theo.[32] 4.7979 2.802 2.802 119.70 2268 966
Theo.[12] 4.8776 2.8161 2.8161 120
Theo.[15] 4.8455 2.8008 2.8008 119.77 2189.7 912.6 2267.1
Exp.[10] 4.8529 2.8161 2.8161 119

Local minimum
This work 1.480 3.842 3.842 22.21 3838.43 509.20 909.01
Theo.[16] 1.481 3.821 3.821 22.35 3742.25 300.60 894.77

Transition state
This work 3.232 3.007 3.007 65.01 1579.36 142.1i 1205.17
Theo.[16] 2.999 3.041 3.041 59.08 1353.76 1511.80i 1124.90

In order to find the reason why present PES and Gao’s

PES are so different in the transition state, Fig. 2 shows the

potential energy curves of Si+ ions close to the midpoint of

H2 under C2v symmetry when the bond length of H2 is fixed

at 2.999 Bohr and 3.232 Bohr. To compare conveniently, the

ab initio values and the results obtained from Gao’s PES are

113101-3
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also displayed in Fig. 2. Clearly, there is a conical intersection
between the ground state (12A′) and excited state (22A′) and
present PES gives a correct description of the conical inter-
section. However, the potential energy curves obtained from
Gao’s PES obviously cannot correctly describe the conical in-
tersection. We suppose this may be attributed to the drawback
of many-body expansion method.
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Fig. 2. The potential energy curves for the Si+ ion approach to the mid-
point of H2 molecule at C2v symmetry along with the ab initio results
and the values obtained from Gao’s PES[16] ((a) for RHH = 2.999 Bohr,
(b) for RHH = 3.232 Bohr).

Figure 3(a) shows the change of potential energy for the
Si+ ion moves around the H2 molecule as the bond length
of H2 fixed at 1.401 Bohr. As seen in the figure, there is
a potential well with depth of about 0.4 eV at the position
RQ = 4 Bohr, and θ = 90◦. Figure 3(b) exhibits the H atom
moving around SiH+ ion as RSiH+ = 2.844 Bohr. Obviously,
there is a shallow potential well and a deep potential well on
the side of H atom and Si+ ion, respectively. The deep well is
located at RQ = 3.8 Bohr, θ = 40◦ with the depth about 2.7 eV
and the shallow well is located at RQ = 1.2 Bohr, θ = 135◦

with the depth about 0.9 eV.
Figure 4 displays the minimum energy paths of the PES

at several selected angles. As seen in the figure, the energy
of Si++ H2 asymptote is set to be zero. It is very clear that
the Si++ H2→ SiH++ H reaction is highly endothermic and
the endoergic energy is about 1.30 eV when zero-point energy

is not considered. As seen in the figure, there is a shallow
potential well and a deep potential well on both sides of the
barrier at 30◦. The potential well on the right side gradually
disappears with the increases of angle. The barrier decreases
at first, then disappears, and then gradually increases with the
increasing of angle. In the present work, the spin–orbit cou-
pling effect is not considered since it has a little influence on
the endothermic energy of the Si+ + H2 reaction.
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Fig. 3. (a) Color plot for the Si+ ion moves around the H2 molecule
when the bond length of H2 is fixed at 1.401 Bohr. (b) Color plot for H
atom moves around SiH+ ion when the SiH+ bond length fixed at the
equilibrium geometry.
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3. Dynamics
Based on the newly constructed PES, the dynamics cal-

culations of the Si++ H2 → SiH++ H reaction was carried
out by using time-dependent wave packet method, which is
widely used in the reaction scattering calculation, such as K
+ H2,[28] and Li + H2.[29] As discussed above, the Si++
H2 → SiH++ H reaction is highly endothermic with the en-
ergy about 1.3 eV. We suppose the reaction probability of ini-
tial state (v0 = 0, j0 = 0) will be very small, which is similar
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with K + H2 reaction.[28] Therefore, we chose (v0 = 2, j0 = 0)
as the initial state. In the dynamical calculations, the conver-
gence test should be carried out at first. In the present work,
the convergence test is performed on the reaction probability
of J = 0. Finally, the optimal parameters are obtained and
shown in Table 1. As shown in Fig. 4, there is a deep well
on the reaction path, therefore it is very time consuming. For
reducing the computational cost, the reaction probabilities for
particular J (e.g., 0, 10, 20, . . . , 60) were computed and the
others were obtained by using the J-shifting method.[33]

Table 3. Numerical parameters used in the TDWP calculations (atomic units
unless otherwise stated).

Scattering coordinate Rmin = 0.50, Rmax = 17.0
No. of grids in R Ntot

R = 179, Nint
R = 159

Diatomic coordinate rmin = 0.50, rmax = 20.0
No. of grids in r Ntot

r = 255, Nasy
r = 79

No. of angular basis N j = 130
Initial wave packet δ = 0.14, E0 = 0.5 eV, R0 = 13.0
Total propagation time Ttot = 70000, ∆t = 10.0
Absorbing potential CR

a = 0.10, CR
b = 0.08, Cr

a = 0.12, Cr
b = 0.30

n = n′ = 2, Ra = 13.3, Rb = 16.8, ra = 16.7,
rb = 19.9

Figure 5 shows the ICSs of the title reaction in the col-
lision energy range from 0 to 1.0 eV. As seen in the figure,
a threshold about 0.19 eV is found which is consistent with
Fig. 4 as the zero-point energy and vibrational energy consid-
ered. In addition, some resonance structures are found on the
ICS curve, and this can be attributed to the deep well on the re-
action path which support numbers of quasi-bound and bound
states. The ICSs increase with the increasing collision energy,
which is similar with other endothermic reactions.
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Fig. 5. The integral cross sections of the Si++ H2 (v0 = 2, j0 = 0)→
SiH++ H reaction as a function of collision energy.

The rate constants of the initial state (v0 = 2, j0 = 0) are
presented in Fig. 6 in the temperature range from 333 K to
1000 K. As shown in the figure, the rate constant increases
with roughly a factor about 20 with the increase of tempera-
ture. We suppose the rate constants of SiH+

2 system will be
helpful for the modeling of star atmospheres.
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Fig. 6. The rate constants of the Si++ H2 (v0 = 2, j0 = 0)→ SiH++ H
reaction in the temperature range up to 1000 K.

4. Conclusions
Based on 18223 ab initio points, the global PES of the

SiH+
2 system was constructed by using PIP-NN method. The

properties of the new PES are discussed and compared in de-
tail with previous theoretical and experimental data. The spec-
troscopic constants obtained from the new PES are in good
agreement with experimental and previous theoretical results.
In addition, present PES is in general better than previous
ones, and especially the new PES gives a correct description
in the region around the conical intersection. To verify the va-
lidity of the new PES, the dynamics calculations of the Si++
H2 (v0 = 2, j0 = 0) → SiH++ H reaction is studied by us-
ing the TDWP method. The dynamics properties such as ICSs
and rate constants are reported in this work. In conclusion, the
new PES of the SiH+

2 system shows reasonable and accurate
behavior over the configuration space studied.
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