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ABSTRACT
After the Big Bang, chemical reactions of hydrogen with LiH and its 120 Adizbatic Rl
isotopic variants played an important role in the late stage of recombina- & _.._. Adiabatic R2

—— Non-adiabatic R1
—— Non-adiabatic R2

tion. Moreover, these reactions have attracted the attention of experts in i
the field of molecular dynamics because of its simple structure. Electroni-
cally non-adiabatic effects play a key role in many chemical reactions,
while the related studies in LiH, reactive system and its isotopic variants
are not enough, so the microscopic mechanism of this system has not been
fully explored. In this work, the microscopic mechanism of H + LiD reaction
are performed by comparing both the adiabatic and non-adiabatic results
to study the non-adiabatic effects. The reactivity of R1 (H + LiD — Li + HD)
channel is inhibited, while that of R2 (H + LiD — D + LiH) channel is
enhanced when the non-adiabatic couplings are considered. For R1 chan- 0.1 0.2 03 0.4 0.5
nel, a direct stripping process dominates this channel and the main reaction Collision energy (eV)
mechanism is not influenced by the non-adiabatic effects. For R2 channel, at relatively low collision energy, the dominance
changes from a rebound process to the complex-forming mechanism when the non-adiabatic effects are considered,
whereas the rebound collision approach still dominates the reaction at relatively high collision energy in both calculations.
The presented results provide a basis for further detailed study on this importantly astrophysical reaction system.
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usually binding between ions. As the temperature
decreases, chemical reactions gradually occur, such as
LiH + He, LiH + H and their isotopic reactions.

The chemical reactions including Li and H elements
have been studied for decades due to their importance in
astronomy. The reaction results can be revealed by
quantum dynamics [3-6], and there are many researches
on the quantum dynamics of LiH, reaction system. In
1984, Lepp et al. [7] calculated the formation of
molecules in the postrecombination epoch through gas-
phase reactions, including LiH. They proposed that the

1 Introduction

After the Big Bang, there is no survived atom because
any atom would be ionized under this strong background
radiation [1]. With the universe cooling, electrons can
attach to protons, marking the recombine era beginning
[2]. In the early stage of recombine era, there were only
some simply atomic nuclei such as H, D, 3He, *He and
“Li. Due to the characteristics of each element, recombi-

nation did not occur simultaneously among these

elements. The first element to recombine is helium, and
the next element is hydrogen, then lithium element
starts to react. In this stage, the reactions are simple,

=C>= Higher

% Education
Press

dipole rotational transitions of LiH and HD must be
taken seriously at high density and low temperature. In
1998, Clarke et al. [8] studied the depletion and formation
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reactions of LiH molecule related with the universe
changing for the first time. They constructed a reaction
surface of the two-dimensional collinear process and
studied the characteristics of two reactions based on this
surface. In 2002, Padmanaban with his coworker [9]
reported the reaction probabilities in both collinear and
the three-dimensional arrangements of H + LiH system.
The research results showed that the reactions prefer to
follow a resonance formation path at low energies and a
direct path at high energies. In 2012, Roy et al. [10]
carried out a study of quantum dynamics of H + LiH
reaction and its isotopic variants using the time-dependent
quantum wave packet (TDWP) method. They also
investigated the influence of vibrational excitation of
LiH on the reactivity of reaction channels, and found
that the vibrational excitation of reagent molecule
decreases and increases the reactivity of LiH-depletion
and H-exchange channel, respectively. In 2019, Huran
et al. [11] studied the stereodynamics of H + LiH (v = 0,
j =0 —1) by analysis the k—j and k'—j’ vector correla-
tions. The results were interesting. The final state of the
products shows strong directional preferences in the cold
region and are less affected by the collinear approaching
or departing geometries. With the continuous improvement
of computing power, many new interesting phenomena
have been gradually discovered in the in-depth study of
LiH, reactive system [12-21] and some accurate PESs are
constructed [17, 22], indicating the necessity of studying
this chemical reaction.

The masses of electrons are much lighter than the
masses of nuclei, thus the motion of electron moves so
fast that can respond instantaneously to nuclear motion.
Based on this, the Born-Oppenheimer (BO) approximation
[23] was established, which proposed that the motion of
electrons is separated from the nucleus in a molecular
system. According to this approximation, the concept of
adiabatic potential energy surface (PES) is proposed,
greatly promoting the study of reaction dynamics.
However, the limitations of BO approximation are
recognized when a reaction process involves more than
one adiabatic state [24, 25]. In some specific regions, the
PES of the ground state is close to the excited states
and the non-adiabatic couplings cannot be ignored [26].
There are two typical non-adiabatic effects [27, 28]. The
PESs of two or more electronic states intersect each
other in some regions, known as the conical intersection
(CI) [29-32]. In recent years, the geometric phase (GP)
effect [33-39], which is associated with the CI, has been
proved to play an important role in the multi-state reaction
dynamics. Xie et al. [40] studied the quantum interference
in H + HD reaction. The interesting oscillation is
observed, due to the strong quantum interference
between direct abstraction and roaming insertion pathways
around the CI. They mentioned the GP effect at the
energy far below the CI can be probed by this oscillating
pattern sensitively. Another kind of non-adiabatic effects

is caused by the spin—orbit coupling (SOC) [41]. SOC
affects the non-adiabatic reaction process by promoting
the transition between states with different electron
spins, and has been proved necessary in some chemical
reactions [42-45]. These non-adiabatic effects have an
obvious influence on the results of the reaction dynamics
in many researches [46-49], which are sufficient to illustrate
the necessity of taking the non-adiabatic effects into
account in studying of some chemical reactions dynam-
ics. However, the researches of non-adiabatic effects for
LiH, system and its isotopic variants are not enough.

In this work, we focus on the impacts of the non-adiabatic
effects on H 4 LiD reaction by comparing results
between the adiabatic and non-adiabatic calculations. In
2016, our group developed a set of global diabatic PESs
[50] (HYLC PESs) which include the ground state 12A’
and the first excited state 22A’. The ab initio points were
calculated with the multi-reference configuration interac-
tion method, and the diabatic energies were obtained
based on the dipole moment operators. The non-adiabatic
calculations are performed on the diabatic HYLC PESs
directly. The adiabatic dynamical results are calculated
on the ground-state adiabatic PES which is obtained by
diagonalizing the diabatic potential energy matrix. The
TDWP method is used to calculate the dynamical infor-
mation of H 4+ LiD reaction for both product channels in
the collision energy range of 0.1-0.5 eV. The clearly
physic pattern can be given by stereodynamical analysis
to help understand the reaction progress, such as the
kinetics of OH + HCI reaction [51], the foundation of
origin of Anti—Arrhenius kinetics in OH + HBr reaction
[52], the orientation dependent of OH + HBr reaction
[53], and the non-adiabatic quenching of OH + H;
system [54]. In our work, some stereodynamics are given
to plaint a direct picture of reaction progress. This study
can provide a basis for the subsequent study of the non-
adiabatic dynamics of LiD depletion reactions. A brief
description of the dynamical methodology is provided in
Section 2. In Section 3, the relevant data are presented
and the calculated results are discussed. The conclusions
of this study are given in Section 4.

2 Theory

The TDWP method is proposed to investigate the adiabatic
and non-adiabatic dynamics of H + LiD reaction. In this
work, the improved L-shaped grid method developed by
Buren et al. [55] is used, which is accurate enough in
calculating the dynamics of atom—diatom
systems. This L-shaped grid method is an improvement
of the conventional TDWP method. In the L-shaped
grid method, the total scattering wave function is
divided into two parts: the interaction region and the
asymptotic region. According to the characteristics of
the evolution of wave function, each region can be optimized
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to describe the reaction dynamics efficiently and accu-
rately.

Both the adiabatic and diabatic representations are
defined in the reactant Jacobi coordinate (R, 7, 6). For
the adiabatic representation, the total Hamiltonian can
be written as

H=T+V, (1)

where 7 is the kinetic energy operator and V is the
reference potential energy operator. In the diabatic
representation, the reaction contains two adiabatic
states, and the total Hamiltonian can be written as

10 Vii Vi
= T(O 1)+<V21 V22>‘ 2)
The initial wave packet is set up with a Gaussian type
function. The split-operator method is used in the prop-
agation of wave packet [56]. The corresponding dynamical
information can be extracted from the state-to-state S-
matrix, written as

S

Uf]flf(—Uo]()lo (E)

1 / k’
= Oé(E) 27Th2 hlf(kfRfoo)<X’UfJf|\Il (Ea Rf00)>a

(3)

where pp, is the reduced mass at the product Jacobi
coordinate, k; is the wave vector in the product channel,
hi, is the outgoing Ricatti-Hankel function, R, is the
product scattering coordinate in the product asymptote,
a(E) is the amplitude of the initial wave function,
UT(E;Rfs) Mmeans time-independent scattering wave
function. The state-to-state integral cross sections (ICSs)
are calculated by

Ousjy Fvojo (E)

5SS DI ()

voJo loly J
(4)

and the state-to-state differential cross sections (DCSs)
are computed by

davfjf<—vojo (ﬁa E)
dQ

J 2
Z ‘2 kgo]on: 2J+1)d (79 vijr K <—voJoK| ’
(5)

is the momentum in

" 2o+ D2

2]0+1

where ¢ is the scattering angle, k&
the entrance channel, d7,

VoJo
«(¥) 1s the reduced rotation
matrix.

In this work, all the Coriolis coupling effects are
considered. To obtain fully converged results for H +

LiD reaction, the initial wave packet is located at 15 ao
in the L-shaped grid calculations. The maximum R coor-
dinate used is 30 ao and 299 grids, and the maximum r
coordinate used is 20 ag and 150 grids, which are precise
enough for this study. The range of the total angular
momentum quantum number is taken as 0 < J < 50.
The optimal parameters used in the L-shaped grid calcu-
lations are listed in Table 1.

3 Results and discussion

Based on HYLC PESs, both the adiabatic and non-adia-
batic dynamical information of H + LiD reaction are
calculated by the L-shaped grid method. In this reactive
system, two product channels can be generated,

H(®S) + LiD(X'T*) — Li(®S) + HD(X'E]), (R1)

H(®S) + LiD(X!ZF) — D(®S) + LiH(X'ZT).  (R2)

The non-adiabatic effects are studied by comparing
different results between the adiabatic and non-adiabatic
calculations for both R1 and R2 channels. The charac-
teristics of PESs are given to clarify the possible reaction
mechanisms. For R1 channel, there is no barrier or well,
which means that the direct reaction process dominates
this channel. For R2 channel, there exist potential wells
on the both Vj; and V,, surfaces where complexes can be
formed. In Fig. 1, the total ICSs of R1 and R2 channels
are compared to understand the non-adiabatic effects of
the title reaction in an intuitive way. The dash and solid
lines represent the adiabatic and non-adiabatic results,
respectively. The difference between the non-adiabatic
and adiabatic results in R1 channel is more obvious than
that in R2 channel. With the increase of collision energy,
the discrepancies decrease in both channels. The reason

Table 1 Main parameters used in TDWP calculations for
the H + LiD reaction. (Atomic units are used if not otherwise
stated.)

Parameters Values
R R € (0.1, 30.0]

Np = 299 (149 for interaction region)
r r€[0.1, 20.0]

N, = 150 (10 for asymptotic region)
0 Ny =
R, = 20.0, R, = 30.0, Cr = 0.08
rq = 14.0, 1, = 20.0, C. = 0.08
Ry =15.0,6 = 0.5 eV, By = 0.3 eV
40000(non-adiabatic), 30000(adiabatic)

At =5
Rfoo = 9.0 for Li + HD,
Ry = 13.0 for D + LiH

200 (40 for asymptotic region)
Damping function for R
Damping function for r
Initial wave packet
Total propagation time
Time step

Projection plane
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Fig. 1 Total ICS of different product channels for H +
LiD reaction. Rl represents the depletion channel (H +
LiD — Li(2s) + HD), and R2 represents the exchange channel
(H + LiD — LiH + D).

of this phenomenon is that there are more paths without
passing through the avoided crossing point to the product
channel as the collision energy increases. The discrepancy
becomes unobvious in R2 channel whereas it remains
significant in R1 channel, indicating the important position
of the non-adiabatic effects in R1 channel. The total ICS
of R1 channel becomes smaller, while the total ICS of
R2 channel becomes larger when the non-adiabatic
coupling effects are taken into accounts, meaning that
the different influences of the non-adiabatic effects for
different product channels. To study this reaction in
detail, we discuss different reaction channels respectively
in the following.

R1 channel: H(®S)+LiD(X'2*)—~Li(*S)+HD(X'%)
The vibrational state-resolved ICSs for R1 channel in
the selected energy range are presented in Fig. 2 by the
adiabatic (dash) and non-adiabatic (solid) calculations.
The ICSs decrease with the increase of collision energy
in both calculations. This variation is consistent with
the exothermic reaction without barrier. The activity of
the product is inhibited by the non-adiabatic effects at
low vibrational states and slightly enhanced at high
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Fig. 2 The vibrationally state-resolved ICSs of the H +
LiD — Li(2s) + HD reaction. Dash and solid lines are the
adiabatic and non-adiabatic results, respectively.

Fig. 3 Product ro-vibrational state distribution of H +
LiD — Li(2s) + HD (v/,5') reaction at 0.12 eV collision
energy.

vibrational states (v = 4 and 5). The low vibrational-
excited products have more prominent advantages than
high vibrational-excited states products in the non-adia-
batic calculations. However, the characteristics of ICSs
are similar for products at different vibrational states in
the adiabatic calculations. The largest populated vibra-
tional state of products shifts from v/ = 1 in the adiabatic
calculations to v = 2 in the non-adiabatic calculations.
These changes mean that the non-adiabatic effects can
promote the vibrational excitation of the product HD.
The difference between the adiabatic and non-adiabatic
results is obvious for the low vibrational state and gets
smaller with the increase of the vibrational quantum
number. For the vibrational quantum number larger
than 3, there are some minor discrepancies caused by
the non-adiabatic effects. For v/ = 5, the curves almost
coincide when the collision energy is higher than 0.3 eV.

Both the non-adiabatic and adiabatic ro-vibrational
state product distributions of R1 channel at the collision
energy of 0.12 and 0.48 eV are presented in Fig. 3 and
Fig. 4, respectively. It can be seen from Fig. 3 that the
available vibrational and rotational quantum numbers
are barely affected by the non-adiabatic effects. At all

1.0 1.2

mm Non-adiabatic  0.48 eV V=0 V=2
0.8 1 mm Adiabatic
064 038
041 0.4
& 0.2
—
S 0 0
@ 0 5 10 15 20 25 0 5 10 15 20 25
g
w
O V=3
B 0 15 20 25
I
Fig. 4 Product ro-vibrational state distribution of H +

LiD — Li(2s) + HD (v/,j') reaction at 0.48 eV collision
energy.
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the selected vibrational states, the products around the
highest accessible rotational states are less influenced by
the non-adiabatic effects than the products at low rota-
tional states. For / = 0, the reaction probability of the
products is obviously suppressed by the non-adiabatic
effects when the rotational quantum number is lower
than 19. The inhibition of non-adiabatic effects gradually
weakens, and this suppression is mainly reflected in the
products at the intermediate accessible rotational states
with the increase of the vibrational quantum number.
Such similarity to the ro-vibrational state product distri-
butions illustrates the unimportant effects of dominant
reaction mechanism by the non-adiabatic couplings. In
Fig. 4, the products prefer to distribute at the high rota-
tional-excited states which is same with Fig. 3, meaning
that the dominated reaction mechanism not changes.
The product distribution at high vibrational states in
both calculations are basically same, however the non-
adiabatic effects play a key role in the product distribution
at low vibrational states. With the increase of the vibra-
tional quantum number, the influence of the non-adiabatic
effects is gradually concentrated from most of the rotational
states to the intermediate reachable rotational excited
states. These features are consistent with the character-
istics at 0.12 eV collision energy, revealing the influence
of non-adiabatic effects is similar in the selected collision
energy range.

The DCSs as a function of collision energy and scattering
angle are plotted in Fig. 5. The products show mainly
forward scattered bias in the selected collision energy
range in both the adiabatic and non-adiabatic calcula-
tions. This characteristic is consistent with the stripping
mechanism that product usually be excited to high rovi-
brational states and shows forward scattering [18, 57,
58]. Whereas, the product shows less polarized in the
non-adiabatic calculations than in the adiabatic calcula-
tions. Backward scattering can be found when the collision
energy is lower than 0.25 eV in the non-adiabatic calcu-
lations. These features are in line with the indirect
mechanism which relates to the complex forming. Only
one reaction mechanism dominates in this channel. The
stereodynamical progress can be described as following:
the stripping mechanism relates with the attractive PES.
The center of mass of LiD molecule is close to Li atom,
thus the receiving angle of D atom is much larger than
that of Li atom, resulting in that H atom prefers to take
the D atom away. A part of reaction exothermicity is
translated into the translational energy of the HD
molecule to keep it without changing the direction of
motion in this channel. The vibrational excitation of
products is related with the conservation of translational
energy [20]. The low vibrational excited products are
formed when the translational energy is less conserved.
The reactivity of low vibrational excited product
decreases especially at low collision energies, meaning
the progress which is related with less conserved transla-
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Fig. 5 Non-adiabatic and adiabatic DCSs of H + LiD —
Li(2s) + HD reaction.

tional energy is affected by the non-adiabatic effects
during H atom approaching LiD. The advantage of
forward scattering diminishing may relate with this
reason.

R2 channel: H(®S) + LiD(X'®*) — D(?S) +
LiH(X!'¥*)

For R2 channel, the vibrational state-resolved ICSs
are presented in Fig. 6 by the adiabatic (dash) and non-
adiabatic (solid) calculations. The highest vibrational
state of products is at / = 2. It is obviously less than
the accessible vibrational state of R1 channel due to the
large exothermic nature of it. The non-adiabatic
couplings increase the reaction probability of this chan-
nel. There is an evident difference between the adiabatic
and non-adiabatic results at the ground vibrational state
especially when the collision energy is lower than
0.25 eV. The discrepancy decreases with the increase of
collision energy. However, the ICS shows the opposite
changes for the higher vibrational states (/ = 1 and 2).
Oscillate structures are clearer in the non-adiabatic
results especially at the ground vibrational state. This
phenomenon means that the reaction progress becomes
complex when the non-adiabatic effects are considered.
To invest more details on the influence of the non-adiabatic
effects, the product ro-vibrational state distribution of
R2 channel is shown in Fig. 7. The non-adiabatic and

Yuwen Bai, et al., Front. Phys. 18(3), 31303 (2023)
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Fig. 6 The vibrational state-resolved ICSs of the exchange
channel in the collision energy range from 0.1 to 0.5 eV. The
solid and dash lines are non-adiabatic and adiabatic results,
respectively.

adiabatic results of the product are represented by the
solid and dash line of the same color, separately. The
accessible number of ro-vibrational quantum numbers
not changes, indicating that the rotational energy of
products is barely influenced by the non-adiabatic
effects. At the low collision energy, low vibrational-state
products are evidently affected by the non-adiabatic
effects. This influence gradually disappears as the
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Fig. 7 Product ro-vibrational state distribution of the H +
LiD — D + LiH reaction at three collision energies of 0.12,
0.30 and 0.48 eV. Solid and dash lines are the non-adiabatic
and adiabatic results, respectively.

increase of the rotational quantum number. In the adiabatic
calculations, the distribution of the products is much
flatter than that in the non-adiabatic calculations. The
distribution consists with the characteristic of the
rebound mechanism that the products population
changes gently. While in the rebound mechanism, the
product prefers relatively cold rotational distribution.
This feature means the complex-forming also exists at
this collision energy. In the non-adiabatic cases, the
peak of the rotational states is close to the highest accessible
rotational state, which means that the complex-forming
mechanism has the dominated role at 0.12 eV collision
energy. This difference indicates that the reaction mech-
anism is influenced by the non-adiabatic effects at this
collision energy. The discrepancy of product distribution
decreases between the adiabatic and non-adiabatic
calculations with the increase of collision energy. The
features of the complex-forming mechanism gradually
diminish. At 0.48 eV collision energy, the distribution is
flat in both calculations. This can be explained as the
less effect of reaction mechanism by the non-adiabatic
coupling. The reason for the different mechanisms at low
collision energy is the formation of complex in the
potential well when the non-adiabatic effects are consid-
ered.

Based on these findings, the product angular distribu-
tions at three collision energies are also investigated.
The DCSs as a function of scattering angle are painted
in Figs. 8(a) and (b) corresponding to the non-adiabatic
and adiabatic calculations, separately. At 0.12 eV collision
energy, the product shows the forward-backward
symmetric scattering in the non-adiabatic results. This
phenomenon is in line with the characteristics of the
complex-forming mechanism that the products are
distributed near the polar angle and are symmetric. In
the adiabatic calculations, both forward and backward
exist. This phenomenon consists with our analysis in the
product ro-vibrational distribution that both reaction
mechanisms play roles in this channel. However, the
backward scattering is stronger than the forward scat-
tering, meaning the dominant role of rebound mecha-
nism. At the higher energy (0.30 eV), the forward scattering

(a) (b)
6 9
0.12eV 8
=35 030 eV
Rz — 048eV
T4 |67
g3 - f
|2 0) A |
8 1 I+ L ,Mf"/ 24 % il
e NS~ X7 \ N 7 Vg
0 e

30 60 90 120 150 180
Scattering angle (degree)

: : . : . 0

0 30 60 90 120 150 180 O
Scattering angle (degree)

Fig. 8 Total DCSs of H + LiD — D 4 LiH reaction at

three selected collision energies. (a) and (b) are the non-
adiabatic and adiabatic results.
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still exists in the non-adiabatic calculations, while the
strict symmetry is not observed in the non-adiabatic
calculations. At 0.48 eV collision energy, it has a similarly
product angular distribution that backward scattering is
predominant in both the non-adiabatic and adiabatic
calculations. This product scattering means that the
same reaction mechanism dominates both channels when
the collision energy is 0.48 eV. The changes in product
distribution may be caused by the shallow well in this
channel, the complex-forming mechanism does not play
an important role with the increase of collision energy.
The DCS of the R2 channel is less polarized at low collision
energy when the non-adiabatic effects are considered,
due to the formation of the complex. As analyzed before,
at 0.12 eV, the forward scattered products in non-adiabatic
calculations are more obvious than in adiabatic calculations
because of the different dominant mechanisms. The exis-
tence of the non-adiabatic couplings can cause a change
in the reaction dominant mechanism. In the adiabatic
calculations, the product distribution remains a backward
scattered bias at all collision energies, which is related to
the collinear collision rebound mechanism in the reaction
paths. In the aspect of stereodynamics, on the way of H
atom approaching LiD molecule, the process of movement
is changed after considering the non-adiabatic effects,
which affects the lifetime of complex in the shallow
potential well of the reaction path. This change affects
the distribution of the products and shows the different
reaction mechanism at low collision energy. The reason
of forward and backward symmetric product distribution
is that the complex is formed in the potential well, and
after a short time, it basically shows isotropy. With
collision energy increasing, the effects of potential well
become less obvious. At the time, H atom collides with
LiD molecules without complex-forming mostly. LiD
bond breaks and LiH molecule moves in the opposite
direction. After collision, vibrational excitation of LiD
reactant is produced, and the vibrational energy is
transferred to LiH molecule. Compared with stripping
mechanism, rebound mechanism corresponding to the
small impact parameter collision, and product molecular
rotational excitation is relatively cold.

4 Conclusion

In this work, both the adiabatic and non-adiabatic
dynamical information of H + LiD reaction are calculated
to study the non-adiabatic effects in this reaction. The
reactivity of R1 reaction channel is inhibited while that
of R2 channel is facilitated when the non-adiabatic
couplings are considered. The non-adiabatic effects play
an important role in promoting vibrational excitation for
R1 channel. The rotational excitation of products at the
ground vibrational state is suppressed by the non-adiabatic
effects. For R1 channel, the stripping mechanism dominates

the HD product channel in the selected collision energy
range, and the main reaction mechanism is not significantly
affected by the non-adiabatic effects. The complex
formation shows as the less polarized product angular
distribution in the non-adiabatic calculations. For R2
channel, compared with products at the vibrational-
excited state, the non-adiabatic couplings obviously
increase the formation of products at the vibrational
ground-state, when the collision energy is lower than
0.24 eV. At relatively low collision energy, the complex
forming mechanism dominates the reaction process when
the non-adiabatic effects are considered, while the
rebound mechanism becomes dominant with the increase
of collision energy. In the adiabatic calculations, the
rebound mechanism dominates R2 channel for all the
selected collision energies. Above all, the presence of
excited states has obvious effects on this reaction, especially
in R1 channel. When considering the non-adiabatic
effects, the results of the system should be closer to the
actual situation, which provides a more comprehensive
understanding of the depletion reaction of LiH/LiD
molecules, and it is also hoped to provide a reference for
the study of this system in astronomy.
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