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amics studies of the H(2S) +
RbH(X1S+) reaction: based on new diabatic
potential energy surfaces

Yong Zhang, ab Jinghua Xu,b Haigang Yangb and Jiaqiang Xu *a

The global diabatic potential energy surfaces (PESs) that correspond to the ground (12A0) and first excited

states (22A0) of the RbH2 system PES are constructed based on 17 786 ab initio points. The neural

network method is used to fit the PESs and the topographic features of the new diabatic PESs are

discussed in detail. Based on the newly constructed diabatic PESs, the dynamics calculations of the H(2S)

+ RbH(X1S+) / Rb(52S) + H2(X
1Sg

+)/Rb(52P) + H2(X
1Sg

+) reactions are performed using the time-

dependent wave packet method. The dynamics properties of these two channels such as the reaction

probabilities, integral cross sections, and differential cross sections (DCSs) are calculated at state-to-

state level of theory. The nonadiabatic effects are discussed in detail, and the results indicate that the

adiabatic results are overestimated from the dynamics values. The DCSs of these two channels are

forward biased, which indicates that the abstraction mechanism plays a dominant role in the reaction.
1. Introduction

The Born–Oppenheimer (BO) approximation separates the
motions of the electrons and nucleus of an atom and is the
foundation of modern theoretical chemistry. However, the BO
approximation fails at describing electronic state crossings or
degeneracies (nonadiabatic effects), and these phenomena are
ubiquitous inmolecular reaction dynamics. Thus, to further our
understanding of reaction mechanisms, accurate diabatic
potential energy surfaces (PESs) are necessary. Solving for the
mixing angle between different electronic states is a key step
during the construction, and is oen challenging. A rigorous
approach to obtaining the mixing angle is to calculate the
integral of the nonadiabatic coupling matrix elements
(NACMEs) between different electronic states. However, some
drawbacks are found when the NACME approach is applied to
polyatomic systems. First of all, the NACMEs are not equal to
zero at positions far from the conical intersection area.
Secondly, singularities in the NACMEs and abrupt changes
within certain ranges of conguration space result in disconti-
nuities in the derivatives near the conical intersection area.
Thirdly, the integration path through NACME is not unique for
systems containing more than two atoms. As a result, some
approximation methods have been developed to build diabatic
PESs, such as the CI coefficients,1–3 molecular properties,4–6 and
diabatization by Ansatz7 methods.
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Reactions of X + H2 (X ¼ Li, Na, K, Rb, Cs) are highly endo-
thermic, and nonadiabatic coupling occurs along the reaction
path. Thus, X + H2 reactions and their reverse reactions are ideal
models for the study of nonadiabatic processes. In present
work, the H + RbH reaction was chosen. Because Rb is highly
endergonic, it is always excited from ground state to an excited
state in experiments using a laser. For example, using a crossed
beam apparatus, Cuvellier and co-worker8 studied the
electronic-to-vibrational (E–V) energy transfer processes of the
Rb(7S) + H2(j ¼ 1) / Rb(5D) + H2(j ¼ 3) reaction in 1986. The
results indicated that the near-resonant process has a larger
cross section than the non-resonant process at low collision
velocities. In 1997, the E-V energy transfer processes between
Rb(52P1/2,3/2) atom and H2 molecule were investigated by Chen
et al.9 using coherent anti-stokes Raman scattering spectros-
copy. To best of our knowledge, only Fan et al.10 studied the
reaction between Rb(52D, 72S) atom and H2 in 1999. The relative
reactivity of different excited states of Rb with H2 followed
Rb(72S1/2) > Rb(52D3/2) > Rb(52D5/2) and was determined by
comparing the spectral intensities of RbH action spectra and Rb
atomic uorescence excitation spectra. In addition, the results
also indicated that the available energy was mainly transformed
into translational energy (80%).

Theoretical studies of the H + RbH reaction were mainly
carried out by the group of Pascale11,12 in 1987. The non-reaction
collisions processes between Rb(52P) and H2, D2 molecules were
studied using close-coupling quantum mechanical methods
based on a diabatic PES the authors constructed. The ne-
structure transition cross sections of between Rb(52P1/2) and
Rb(52P3/2) were calculated and compared with available exper-
imental data.
RSC Adv., 2022, 12, 19751–19762 | 19751
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As far as we know, no theoretical studies of the Rb + H2

reaction and its reverse reactions until now. The main reason is
that few PESs are available for this system. Thus, the aims of
present paper are to present new global nonadiabatic PESs for
the RbH2 system and to study the nonadiabatic H + RbH (v0 ¼ 0,
j0 ¼ 0) reaction process. This paper is organized as follows: the
theoretical methods used in the ab initio calculations as well as
the PES tting and dynamics calculations are shown in Section
2; the properties of the diabatic PESs and the dynamical results
are presented in Section 3; and the conclusions are presented in
Section 4.
2. Theoretical methods
2.1 Construction of the diabatic PES

2.1.1 Ab initio calculations. The ab initio energy points
used in the PES tting were calculated using the internally
contracted multi-reference conguration interaction (MRCI)
method13,14 with the aug-cc-pVQZ15,16 basis set for the H atoms
and pseudopotential basis set Def2-QZVPP17 for the Rb atom.
The ab initio calculations were rst performed using the Har-
tree–Fock calculation, and then state-averaged complete active
space self-consistent eld (SA-CASSCF)18,19 calculations over
three lowest electronic states (12A0, 22A0 and 12A00) with equal
weight were performed. The active space of the RbH2 system
was composed of 12 active orbitals (10a0 + 2a00). In detail, 3a0 and
1a00 are closed and related to the 4s and 4p orbitals of Rb, and
the 7a0 and 1a00 active orbitals correspond to the 1s, 2s orbitals of
H and the 5s, 5p and 4d orbitals of Rb. Subsequently, the
internally contracted MRCI calculation was performed based on
the reference orbits determined in the SA-CASSCF calculation.
The Davidson correction was applied to the nal energies to
compensate for the termination errors of high-order terms.
Jacobi coordinates (RQ, RHH, q) were used to cover the entire
conguration space, and 17 786 ab initio energy points were
calculated on a non-uniform grid. In detail, RQ is the distance
between Rb atom and the midpoint of H2 molecule, and varied
between 0.4 # RQ/a0 # 25; RHH is the bond length of H2 mole-
cule, and varied between 0.6 # RHH/a0 # 25; q is the angle
between RQ and RHH varied from 1� to 89�. The geometrical
structures used in the ab initio calculations are presented in
Table 1. In addition, all ab initio calculations were performed
using the MOLPRO20 program and using Cs symmetry.

2.1.2 Diabatization scheme. As discussed in the introduc-
tion, because it is very difficult to determine the mixing angle
between the coupled electronic states from the integral of
NACMEs, the molecule property method was used in the
Table 1 The geometrical structures used in the ab initio calculation

RQ (bohr)

RHH (bohr)

q (�)

19752 | RSC Adv., 2022, 12, 19751–19762
present calculations. Aer thorough testing, the molecule
property method accurately reected the transition character-
istics between coupled states in the RbH2 system. The diabati-
zation scheme has been widely used in previous theoretical
studies.4–6 Herein, a brief introduction is given, and more
details can be found in previous literature.21–23 In Cs symmetry,
the 12A0 and 22A0 states in the RbH2 system are correlated. As the
symmetry changes to C2v, the 1

2A0 and 22A0 states change to the
12A1 and 12B2 states, respectively.

As the diabatic coupling is considered between 12A0 and 22A0

states, the diabatic wave function fi was obtained from the
adiabatic wave function ji using a unitary transformation0

@f1

f2

1
A ¼

0
B@ cos g

sin g

�sin g

cos g

1
CA
0
@j1

j2

1
A (1)

where g is the mixing angle. Then the diabatic energies Vii were
obtained from adiabatic energies following

V11 ¼ cos2 gE1 + sin2 gE2 (2)

V22 ¼ cos2 gE2 + sin2 gE1 (3)

V12 ¼ (E2 � E1)cos g � sin g (4)

V12 ¼ V21 (5)

where V11 and V22 are diabatic energies corresponding to the
diabatic states, and V12 and V21 are the coupling potential
energies between 12A0 and 22A0 states. In present calculation,
the dipole operator transition moments are used to obtain the
mixing angle. To obtain the mixing angle, the j3 wave function
for the 12A00 state was taken and was not coupled with the 12A0

and 22A0 states. Thus, according to eqn (1), the matrix elements
hj3jP̂jj1i and hj3jP̂jj2i can be presented as

hj3jP̂jj1i ¼ cos ghj3jP̂jf1i + sin ghj3jP̂jf2i (6)

hj3jP̂jj2i ¼ cos ghj3jP̂jf2i � sin ghj3jP̂jf1i (7)

The matrix elements hj3jP̂jf1i ¼ 0 and hj3jP̂jf2i ¼ 1 at high
symmetry conditions. In the present work, the approximation
that hj3jP̂jf1i ¼ 0 and hj3jP̂jf2i ¼ 1 was used for all geometries,
not just for the high symmetry geometries. Then, the mixing
angle was obtained by the following formula

g ¼ arctan

 �����
D
j3

��P̂��j1

E
D
j3

��P̂��j2

E
�����
!

(8)
0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.3, 3.6, 3.9, 4.2,
4.5, 4.9, 5.3, 5.7, 6.1, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 11.0, 12.0, 13.0,
14.0, 15.0, 16.0, 18.0, 20.0, 22.0, 25.0
0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4,
2.6, 2.8, 3.0, 3.3, 3.6, 3.9, 4.2, 4.5, 4.9, 5.3, 5.7, 6.1, 6.5, 7.0, 7.5, 8.0, 8.5,
9.0, 9.5, 10.0, 11.0, 12.0, 13.0, 14.0, 15.0, 16.0, 18.0, 20.0, 22.0, 25.0
1�, 15�, 30�, 45�, 60�, 75�, 89�

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.1.3 PES tting. Compared with traditional tting
methods, the neural network (NN) method has several numer-
ical advantages and is more accurate. As such, the NN method
has been widely used in the construction of PESs for the F +
H2,24 O+ + H2,25 Br + H2 (ref. 26) reactions among others. In
present work, the permutation invariant polynomial neural
network (PIP-NN)27,28 method was used to t the PES. Herein, we
only make a brief introduction to the method. For the calcula-
tions, three bond lengths in RbH2 were transformed into PRbHa

¼ exp(�0.2 � rRbHa
), PRbHb

¼ exp(�0.2 � rRbHb
) and PHH ¼

exp(�0.2 � rHH). To avoid the discontinuities in the derivatives,
the permutation invariant polynomial method was introduced.

G1 ¼
�
PRbHb

þ PRbHa

�
2

(9)

G2 ¼ PRbHb
� PRbHa

(10)

G3 ¼ PHH (11)

To ensure a random sample, the data for {G1, G2, G3} were
subjected to a normalization treatment

Ki ¼ 2ðGi � Gi;minÞ
ðGi;max � Gi;minÞ � 1 (12)

Ii ¼ ð1þ KiÞ � ðGi;max � Gi;minÞ � 1

2
þ Gi;min (13)

where Gi,min and Gi,max are the minimum and maximum values
of Gi, and Ii is the input data. In this work, two hidden layers
were used and 15 neurons were included in each layer. The
Levenberg–Marquardt method29 was used to train the neural
network and the expansion of neural network can be written as

VRbH2
¼
X15
k¼1

w1;k
3 � f 2

�
 X15

j¼1

wk;j
2 � f 1 �

 XNtot

i¼1

wj;i
1 � Ii þ bj

1

!
þ bk

2

!
þ b1

3 (14)

where Ntot is the number of energy points, wj,i
l are connection

weights of the ith neuron in (l� 1)th layer and the jth neuron in
lth layer, and bj

l are biases of the jth neuron in lth layer, f1 and f2

are training function and it can be presented as

f ðxÞ ¼ ex � e�x

ex þ e�x
(15)

Over-tting is a well-known problem in neural network
calculations. To avoid over-tting, the input data were randomly
sampling into three portions, namely the training part (90
percent), testing part (5 percent) and validation part (5 percent).
2.2 Time-dependent wave packet method

The time-dependent wave packet (TDWP) method is a powerful
theoretical tool for reaction scattering calculations, and it is
© 2022 The Author(s). Published by the Royal Society of Chemistry
widely used to calculate atom-diatom collision scattering30–32 as
well as the reactions involving polyatomic system.33,34 Herein,
we only make a brief introduction to the TDWP method used in
the atom-diatom reaction scattering. In body-xed frame, the
Hamiltonian of the H(2S) + RbH(X1S+) reaction for a given total
angular momentum J can be presented as

Ĥ ¼ � ħ2

2mR

v2

vR2
� ħ2

2mr

v2

vr2
þ
�
Ĵ � ĵ

�2
2mRR

2
þ ĵ

2

2mrr
2
þ

0
B@V11

V21

V12

V22

1
CA
(16)

where R is the distance between the H atom and the center of
mass of RbH molecule, and r is the vibrational coordinate of
RbH. Ĵ and ĵ are angular momentum operators for the RbH2

system and RbH molecule, respectively, and mR and mr are the
reduced masses. The 2 � 2 matrix is the potential energy ob-
tained from the diabatic PES of RbH2 system.

Before the propagation, an initial wave packet needs to be
dened. Here, at t ¼ 0, the initial wave packet can be presented
as

jðR; r; t ¼ 0Þ ¼ uk0ðRÞfv0 j0
ðrÞYj0K0

JMe
�
R̂; r̂

�
(17)

where uk0(R) is a Gaussian function, and fv0j0(r) is the ro-
vibrational eigenfunction of RbH.

In the calculation, the split operator scheme35 was used to
propagate the initial wave packet. Finally, the reactant
coordinates-based method36,37 was used to extract the state-to-
state information. Using the state-to-state S-matrix, the state-
to-state reaction probability was obtained as

Pv0 j0)v0 j0
J ¼ 1

ð2j þ 1Þ
X
K

0
;K

��Sv0 j0K 0)v0 j0K0

J
��2 (18)

the state-to-state integral cross section (ICS) was obtained as

sv
0
j
0
)v0 j0

¼ p

ð2j0 þ 1Þkv0 j02
X
K

0

X
K0

X
J

ð2J þ 1Þ��Sv0 j0K 0)v0 j0K0

J
��2

(19)

and the state-to-state differential cross section (DCS) was ob-
tained as

dsv
0
j
0
)v0 j0

ðw; EÞ
dU

¼ 1

2j0 þ 1

X
K 0

X
K0

����� 1

2ikv0 j0
2

X
J

ð2J þ 1ÞdK 0K0

JðwÞSv0 j0K 0)v0 j0K0

J

�����
2

(20)

where Sv0 j0K 0)v0j0K0
J is the state-to-state S-matrix, dK 0K0

JðwÞ is the
reduced rotation matrix element, and w is the scattering
angle.

The rate constant of the H(2S) + RbH(X1S+) reaction was
obtained by thermally averaging the translational energy of the
corresponding ICS, and the formula is presented as

kv0 j0ðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
8kbT

pm

s
ðkbTÞ�2

ðN
0

Ee�E=kbTsv0 j0ðEÞdE (21)
RSC Adv., 2022, 12, 19751–19762 | 19753
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where kb is Boltzmann's constant.
3. Results and discussion
3.1 The features of the diabatic PES

In present work, the V11, V22, and V12 terms in the diabatic
potential were individually tted using the PIP-NN method. The
root-mean-square-errors (RMSE) for V11, V22, and V12 terms are
4.95, 6.45 and 9.17 meV, respectively. Fig. 1 shows the tting
errors for V11, V22, and V12 as a function of the diabatic energy.
Because the sign of V12 in the PES abruptly changes with dia-
batic energy, the absolute values of V12 were used in tting
process. The energy derivatives using the absolute values were
discontinuity and nonzero values emerged for high symmetry
geometries (C2v, D2h); however, these effects on the nal
quantum dynamics results are negligible. The relatively large
tting error was mainly due to the complex morphology of V12.
Due to the intrude of excited states, the tting error for the PES
of V22 is larger than the PES of V11.

Fig. 2 shows a comparison of the tting values and the ab
initio calculation results as a function of RQ at several selected
angles. The potential energy curves (PECs) in the diabatic
representation crossed smoothly near the conical intersection
area and the PECs in the adiabatic representation overlapped in
the asymptotic region. These results indicated that potential
coupling term V12 was zero in the asymptotic region. In addi-
tion, the position of crossing point becomes small with the
increase of bond angle. The tting values were in good agree-
ment with the ab initio data which indicated that present PESs
were well tted.

The accuracy of long-range interaction potential will affect
the dynamics results for the H + RbH reaction, especially in the
low collision energy region. Therefore, long-range interaction
potential of H close to RbH in collinear structures is shown in
Fig. 3, when the RbH bond length is xed at equilibrium. To test
the accuracy of the tting results for the long-range interaction
Fig. 1 The distributions of fitting errors as a function of diabatic energy
for V11 (a), V22 (b) and V12 (c).

19754 | RSC Adv., 2022, 12, 19751–19762
potential, the ab initio results are also shown in Fig. 3. As shown
in the gure, the tting results are in good agreement with the
ab initio values. However, when zoom in the long-range region,
the differences between tting results and ab initio values are
more obvious. The tting error is about 1 meV for the long-
range region.

The potential energies for an H atommoving around an RbH
molecule on the V22 and V11 PESs are displayed in Fig. 4(a) and
(b), respectively, for a xed RbH bond length of 4.78 bohr. RQ0 is
the distance between the H atom and the center of the RbH
molecule. As seen in the gure, a deep well was observed near
the H atom in both Fig. 4(a) and (b). This well suggests that at
low collision energies, if an H atom approaches the RbH
molecule from the Rb side, it will move around the RbH
molecule to form an H2 molecule. Thus, the sideward and
backward scattering signals may be more obvious at low colli-
sion energies. Meanwhile, at high collision energies, the
incoming H atom will be repelled and the H atom in RbH does
not form chemical bond with the incoming H atom. If the H
atom approach the RbH molecule from H atom side, the
incoming H atom will be trapped in the deep well and an H2

molecule will form.
The potential energies of the coupling term V12 are shown in

Fig. 5(a) and (b) for RQ equal to 4.4 and 5.4 bohr, respectively. As
seen in the gure, the largest value for the V12 is about 0.6 eV in
the collinear structure. In addition, V12 is almost equal to zero
beyond the cross region. It is very clear that the largest values of
V12 are mainly focused in the region 0 # q (�) # 30, 1.8 # RHH

(bohr)# 2.7 when RQ¼ 4.4 bohr and in the region 0# q (�)# 45,
1.8 # RHH (bohr) # 2.5 when RQ ¼ 5.4 bohr. The regular shape
of V12 indicates that the present diabatic PESs are a reasonable
description of cross region. Fig. 6 presents the mixing angles at
several selected angles for RQ ¼ 5.4 bohr and correspond to the
data in Fig. 5(b). The mixing angle is very small in the region
beyond the cross area and increases in the vicinity of the cross
region where it reaches a maximum value of 45�, which corre-
sponds to the cross point. At the conical intersection at 90�, the
mixing angle is equal to zero, because the coupling term V12¼ 0.

The Rb + H2 reaction studied here is very similar to the
previous studied Li + H2 reaction as both are highly exothermic
reactions between an alkali metal and hydrogen. The minimum
energy paths from the RbH2 diabatic PESs calculated here and
that from the LiH2 diabatic PESs reported by He et al.38 are
compared in Fig. 7. As seen in the gure, the energy of the H(2S)
+ RbH(X1S+) channel was set as zero. For convenient compar-
ison, the energy of the H(2S) + LiH(X1S+) channel was also set as
zero. For the RbH2 system, it is very clear that the H(2S) +
RbH(X1S+) reaction is highly exothermic and the energies are
about �1.65 and �3.0 eV for the Rb(52P) + H2(X

1Sg
+) and

Rb(52S) + H2(X
1Sg

+) channels, respectively. As the zero-point
energy considered, the exoergic energies were �1.435 and
�2.775 eV for these two channels, respectively. The H(2S) +
LiH(X1S+) reaction is also an exothermic reaction and the
exoergic energies were about �1.2 and �2.4 eV for the Li(22P) +
H2(X

1Sg
+) and Li(22S) + H2(X

1Sg
+) channels, respectively. This

comparison clearly shows that the exoergic energies of the H(2S)
+ RbH(X1S+) reaction are larger than that of H(2S) + LiH(X1S+)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparisons of the fitting values and the ab initio data at several selected angles ((a), (b), (c) and (d) correspond to 1�, 30�, 60�, and 89�,
respectively) at a fixed H2 molecular bond length of 3.4 bohr.
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reaction. The Rb + H2 and Li + H2 reactions had other similar
features including a well on the V22 PES and a well and a barrier
on the V11 PES. Additional features of these stationary points on
the RbH2 diabatic PESs, including the geometrical structure,
energy, and harmonic vibrational frequency are presented in
Table 2. As seen in the table, these stationary points belong to
C2v symmetry.
Fig. 3 The long-range interaction potential as H atom approach to the
RbH molecule in collinear structures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Dynamics results and discussion

The optimal numerical parameters obtained from numerous
numerical simulations of the reaction probabilities at total
angular momentum J¼ 0 are shown in Table 3 and were used in
all J > 0 nonadiabatic TDWP calculation.

The total reaction probabilities of the H(2S) + RbH(X1S+) /
Rb(52S) + H2(X

1Sg
+)/Rb(52P) + H2(X

1Sg
+) reaction for several

selected total angular momentum of J ¼ 0, 30, 60 and 90 are
displayed in Fig. 8 over a collision energy range from 0.001 to
1.0 eV. As shown in the gure, the reaction probabilities of these
two channels are similar at J ¼ 0 and both decrease with an
increase in the collision energy. This is a typical phenomenon
seen in exothermic reaction without barrier. In fact, it is
unusual that the reaction probabilities for these two reactions
are almost equal at same collision energy. Before propagation,
the initial wave packet is located in the H(2S) + RbH(X1S+)
reactant channel. Aer propagation, the wave packets are
distributed between the Rb(52S) + H2(X

1Sg
+) and Rb(52P) +

H2(X
1Sg

+) channels according to the adiabatic-to-diabatic
transformation matrix which is composed of the mixing
angle. If the wave packet is evenly distributed between the two
channels, the reaction probability of Rb(52P) + H2(X

1Sg
+)

channel will be larger than that of Rb(52S) + H2(X
1Sg

+) channel.
The exoergic energy of Rb(52P) + H2(X

1Sg
+) channel is less than
RSC Adv., 2022, 12, 19751–19762 | 19755
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Fig. 4 Color plot of an H atom moving around an RbH molecule. The bond length of RbH is fixed at the equilibrium distance (4.78 bohr). (a)
Denotes the V22 PES (b) denotes the V11 PES.

Fig. 5 Color plot for the coupling term V12 as a function of internal coordinates when the RQ equal to 4.4 bohr (a) and 5.4 bohr (b), respectively.

Fig. 6 The mixing angles at different selected angles when RQ ¼ 5.4
bohr.

Fig. 7 Comparison of the global minimum energy paths of RbH2

diabatic PESs and that of the LiH2 diabatic PESs obtained from He
et al.38 as a function of the reaction coordinate.
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that of Rb(52S) + H2(X
1Sg

+) channel, so the velocity of H in the
corresponding Rb(52P) + H2(X

1Sg
+) channel is relatively low.

Therefore, the reactivity of the Rb(52P) + H2(X
1Sg

+) channel will
be higher than that of the Rb(52S) + H2(X

1Sg
+) channel. Here the

results are inconsistent with the hypothesis. Therefore, we
suppose that a large proportion of wave packet is distributed in
the Rb(52S) + H2(X

1Sg
+) channel, which is the main channel of

the H(2S) + RbH(X1S+) reaction. Moreover, the difference
between the reaction probabilities of Rb(52S) + H2(X

1Sg
+) and

Rb(52P) + H2(X
1Sg

+) channels increase with increasing J value.
This shows that with the increase of J, the proportion of wave
packet that goes into the Rb(52P) + H2(X

1Sg
+) channel becomes

smaller and the nonadiabatic effect becomes less obvious. This
conclusion is consistent with the conclusion of studies of the H
+ LiH reaction.39
19756 | RSC Adv., 2022, 12, 19751–19762
To further understand the nonadiabatic effects in the reac-
tion, we also performed the adiabatic dynamics calculations
based on the adiabatic PES which obtained by diagonalizing the
diabatic PESs. The results are presented in Fig. 9 for J ¼ 0 and
10. As seen in the gure, the reaction probabilities from the
adiabatic results are larger, similar to the results seen for the H
+ LiH reaction.39 However, the sum of two channels in the
nonadiabatic results is even larger than the adiabatic results,
especially in the high collision energy range. This is very
different from the results for the H + LiH reaction, in which the
sum of two channels in the nonadiabatic values is smaller than
the adiabatic values. We suppose such difference can be
attributed to the different exothermic energies of these two
reactions. However, it is important to note that the conclusions
based on the adiabatic results are unreliable because the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The spectroscopic constants of the stationary pointsa

RRbHa
RRbHb

RHH Angle (�) En (eV) u1 (cm
�1) u2 (cm

�1) u3 (cm
�1)

Global minimum (V22 PES)
5.611 5.611 1.435 14.7 �0.145b 286.47 601.94 4014.17

Local minimum (V11 PES)
5.242 5.242 8.720 112.56 �1.316c 171.40 572.42 810.67

Transition state (V11 PES)
5.761 5.761 4.128 42.0 �0.393c 312.77 421.25 1847.46i

a The unit is bohr for bond length. The angle is [HRbH]. b Relative to the energy of Rb(52P) + H2(X
1Sg

+) asymptote. c Relative to the energy of H +
RbH(A1S+) channel.

Table 3 The optimal numerical parameters used in the nonadiabatic
TDWP calculation (the atomic unit is used unless otherwise stated)a

Grids range and size R ˛ [2.5, 22.0], Ntot
R ¼ 179, Nint

R ¼ 159
r ˛ [2.5, 22.0], Ntot

r ¼ 179, Nasy
r ¼ 79

jmin ¼ 0 � jmax ¼ 259, Nj ¼ 259
Initial wave packet exp[�(R � Rc)

2/2DR
2]cos(k0R), Rc ¼ 16.0

DR ¼ 0:3; k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mRE0

p
; E0 ¼ 0:5 eV

Matching plane Rv ¼ 16.0
K-block K ¼ 9
Total propagation time 45 000
Time step 10
Highest J value 90

a Ntot
R denotes the total grids in R direction, Nint

R denotes the grids in the
interaction region of R direction, Ntot

r denotes the total grids in r
direction, Nasy

r denotes the grids in the interaction region of r direction.
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nonadiabatic effects were not considered for both H + RbH and
H + LiH reactions.

The resonance structures were observed on the reaction
probability curves. Only a shallow well was found on the V22 PES
(seen in Fig. 7). The vibrational state-resolved reaction proba-
bilities at J ¼ 0 of these two channels used to determine the
reaction mechanism are shown in Fig. 10(a) and (b), respec-
tively. Comparing the results in Fig. 10(a) with those in
Fig. 10(b) shows that the Rb(52S) + H2(X

1Sg
+) channel had more

vibrational states than the Rb(52P) + H2(X
1Sg

+) channel due to
the larger exoergic energy of Rb(52S) + H2(X

1Sg
+) channel than

that of the Rb(52P) + H2(X
1Sg

+) channel. As shown in Fig. 7, no
well was observed in the Rb(52S) + H2(X

1Sg
+) channel, but some

resonance structures were observed. We believe a potential well
will be formed on the reaction path when the product is in the
vibrational excited state, and the potential well deepens as the
excited vibrational state energy level increases. Thus, the
number of bound and quasi-bound states will be trapped in the
well, and the resonance structures formed due to the coupling
between the bound states in the well and the continuum states
on the different vibrational states. We believe that these reso-
nance structures can be classied as “Feschbach resonance”. As
shown in Fig. 10(a), the amplitude of the reaction probability
rst increases with an increase in the number of vibrational
states, then reaches a maximum value around v0 ¼ 4, 5, and
nally decreases with a further increase in the number of
© 2022 The Author(s). Published by the Royal Society of Chemistry
vibrational states. In addition, as the number of vibrational
states increases, the resonance structure becomesmore obvious
as we speculated. For the Rb(52P) + H2(X

1Sg
+) channel, a shallow

well was observed on the minimum energy path, however, as
shown in Fig. 10(b), the situation was very similar to Fig. 10(a).
The “Feschbach resonance” mechanism also plays an impor-
tant role in the reaction.

The total ICSs of the two channels of the H(2S) + RbH(X1S+)
reaction are plotted in Fig. 11 as a function of collision energy.
The ICSs of these two channels are very similar and both
decrease with an increase of collision energy. In addition, the
ICSs of the Rb(52S) + H2(X

1Sg
+) channel are larger than that of

Rb(52P) + H2(X
1Sg

+) channel over the collision energies range
studied. This is a predictable result. Due to the inuence of
nonadiabatic effect, the gap between each J partial wave
constituting the ICSs of the Rb(52S) + H2(X

1Sg
+) channel and

each J partial wave constituting the ICSs of the Rb(52P) +
H2(X

1Sg
+) channel gradually increased with an increase in the J

value.
The vibrational state-resolved ICSs of the H(2S) + RbH (X1S+)

reaction are displayed in the le (a) and right (b) panels of
Fig. 12 and correspond to the Rb(52S) + H2(X

1Sg
+) and Rb(52P) +

H2(X
1Sg

+) reactions, respectively. For the Rb(52S) + H2(X
1Sg

+)
channel, the vibrational states below 7 are opened due to the
large exoergic energy (seen in Fig. 7 approx. 2.775 eV) and the
higher vibrational exited states (7, 8 and 9) are gradually opened
as the collision energy further increases. This trend reects that
more energy is available below 7 and transformed into internal
energy. The amplitude of the vibrational state-resolved ICS was
very similar to the vibrational state distribution of the reaction
probabilities (Fig. 10). The amplitude rst increases, reaches
the maximum value around a number of vibrational states of 4,
and then decreases as the number of vibrational states further
increases. The amplitude of the Rb(52P) + H2(X

1Sg
+) channel is

very similar to the Rb(52S) + H2(X
1Sg

+) channel, but the number
of vibrational states is relatively small, which can be attributed
to the relatively small exoergic energy (approx. 1.435 eV).

The rotational state-resolved DCSs of the H(2S) + RbH(X1S+)
reaction at several selected collision energies of 0.1, 0.3, 0.5 and
0.7 eV are presented in Fig. 13 and 14 for the Rb(52S) + H2(X

1Sg
+)

and Rb(52P) + H2(X
1Sg

+) channels, respectively. As seen in the
gure, the shapes of each vibrational state-resolved ICSs are
RSC Adv., 2022, 12, 19751–19762 | 19757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2RA03028D


Fig. 9 The total reaction probabilities based on the adiabatic and diabatic PESs at J ¼ 0 and 10, respectively.

Fig. 8 Total reaction probabilities of the two channels of the H(2S) + RbH(X1S+) reactions at total angular momentums of J ¼ 0, 30, 60 and 90.

Fig. 10 The vibrational state-resolved reaction probabilities for the Rb(52S) + H2(X
1Sg

+) (a) and Rb(52P) + H2(X
1Sg

+) (b) channels at J ¼ 0.

19758 | RSC Adv., 2022, 12, 19751–19762 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Total integral cross sections of the two channels of the H(2S) +
RbH(X1S+) reaction.

Fig. 12 Vibrational state-resolved integral cross sections for the two chan
H2(X

1Sg
+) channel and panel (b) denotes the Rb(52S) + H2(X

1Sg
+) channe

Fig. 13 The rotational state-resolved integral cross sections at severa
H2(X

1Sg
+) reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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similar. The vibrational state-resolved ICSs rst increase with j0,
reach a maximum value, and then decrease as j0 further
increases. In all cases, the rotational quantum number is the
broadest in the ground state and narrows as v0 increases. At
a given collision energy, the total energy is xed. Thus, the
internal energy is transformed from rotational to vibrational
energy as v0 increases. In addition, the rational quantum
number increases with increasing collision energy, although
the increases are not very apparent. In all cases, the amplitude
of each vibrational state-resolved ICS increases with increasing
v0 before reaching a maximum value and then decreases as v0

further increases.
Fig. 15 shows the DCSs of the two channels at collision

energies of 0.1, 0.3, 0.5 and 0.7 eV, respectively. As seen in the
gure, the forward scattering signals are very apparent at all
collision energies while the sideward and backward scattering
signals are not obvious. For most scattering angles, the
nels of the H(2S) + RbH (X1S+) reaction (panel (a) denotes the Rb(52P) +
l).

l selected collision energies for the H(2S) + RbH(X1S+) / Rb(52S) +

RSC Adv., 2022, 12, 19751–19762 | 19759
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Fig. 14 The rotational state-resolved integral cross sections at several selected collision energies for the H(2S) + RbH(X1S+) / Rb(52P) +
H2(X

1Sg
+) reaction.
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scattering intensity decreases as the collision energy increases
which is consistent with trends in the ICSs shown in Fig. 11. In
addition, the decrements in the scattering intensity are aniso-
tropic. At high collision energies, the H2 molecule retain
a higher forward scattering signal than sideward and backward
scattering signals. For example, at a scattering angle of 1 degree,
the DCSs are 25.1, 22.4 and 27.7 Å2 sr�1 for collision energies of
0.3, 0.5 and 0.7 eV, respectively. Whereas, at a scattering angle
Fig. 15 Total differential cross sections of the two channels of the H(2S

19760 | RSC Adv., 2022, 12, 19751–19762
of 90�, the DCSs are 0.77, 0.50 and 0.37 Å2 sr�1 for 0.3, 0.5 and
0.7 eV, respectively. The DCSs are bias toward forward scat-
tering, which indicates that the direct abstraction mechanism
plays a dominant role in the reaction.

The vibrational state-resolved DCSs of the two channels of
the title reaction are shown in Fig. 16(a) and (b), respectively, at
a collision energy of 0.5 eV. Similar with the results in Fig. 10
and 12, more vibrational states were seen in the Rb(52S) +
) + RbH(X1S+) reaction at several selected collision energies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The vibrational state-resolved differential cross sections for the Rb(52S) + H2(X
1Sg

+) (a) and Rb(52P) + H2(X
1Sg

+) (b) channels when the
collision energy equal to 0.5 eV.

Fig. 17 Specific state rate constants of the H(2S) + RbH(X1S+) reaction
over a temperature range from 200 to 1000 K.
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H2(X
1Sg

+) channel than in Rb(52P) + H2(X
1Sg

+) channel, due to
the relatively larger exoergic energy of the Rb(52S) + H2(X

1Sg
+)

channel. In addition, the shapes of the ICS for these vibrational
states are very similar to the shape of the total ICS and are both
biased towards forward scattering. This result also indicates
that the direct abstraction mechanism dominates the reaction.

The specic initial state rate constants of the two channels of
the H(2S) + RbH(X1S+) reaction are displayed in Fig. 17 over
a temperature range from 200 to 1000 K. As seen in the gure,
the rate constants for the initial state (v ¼ 0, j ¼ 0) of the two
channels are not very sensitive to the temperature. The rate
constants are around 1.6 � 10�9 and 9.4 � 10�10 cm3 s�1, for
the Rb(52S) + H2(X

1Sg
+) and Rb(52P) + H2(X

1Sg
+) channels,

respectively.
4. Conclusion

In present work, new global diabatic PESs for the ground and
rst excited states of the RbH2 were constructed by tting
17 786 ab initio points. The SA-CASSCF and MRCI methods with
aug-cc-pVQZ and Def2-QZVPP basis sets were used in the ab
initio calculations. The mixing angle was obtained from the
molecular properties of the dipole transition moment. The PIP-
NN method was used to t the diabatization terms, V11 and V22,
as well as the coupling term V12 individually. These three terms
© 2022 The Author(s). Published by the Royal Society of Chemistry
were well tted and the RMSEs were 4.95, 6.45 and 9.17 meV for
V11, V22 and V12, respectively. The features of the new diabatic
PESs were discussed in detail and dynamics studies of the H(2S)
+ RbH(X1S+) reaction were carried out based on the new dia-
batic PESs. The dynamics properties, including the reaction
probabilities, ICSs, DCSs, rovibrational state distributions of
the product, and rate constants are reported. The forward
scattering signals indicate that the abstraction mechanism
plays an important role in the reaction.
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