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ABSTRACT: Nonadiabatic dynamic study of the H + LiD(v = 0, j = 0) — Li(2s) +
HD reaction is carried out using the time-dependent wave packet method in a
collision energy range of 1—80 cm™!. The total integral cross section exhibits a ‘0\)
partial wave resonance near 2 cm™', corresponding to the opening of the ] = S partial
wave. The nonadiabatic coupling effects inhibit the reactivity, especially for the low-
vibrational states. The rotational excitation of products is affected by nonadiabatic
coupling effects. The maximum accessible rotational state of the products is higher
when nonadiabatic effects are included than when they are omitted. At low collision
energies, the product angular distributions are influenced by the resonances.
Nonadiabatic results reveal a more pronounced backward scattering of the products
than adiabatic results. As collision energy increases, the stripping mechanism
gradually becomes dominant, and both adiabatic and nonadiabatic results exhibit
significant forward-scattering characteristics.

1. INTRODUCTION at collision energies above 3.5 ev.! Additionally, GP effects in
these reactions also have been studied extensively when the
collision energy is much lower than CL In their study of the H
+ HD reaction at collision energies ranging from 1.94 to 2.21
eV, Xie et al. observed notable oscillation patterns resulting

Molecular dynamics emerged and flourished with the advance-
ment of computers and experimental instruments, enabling a
detailed understanding of chemical reactions. In the theoretical
study, the Born—Oppenheimer (BO) approximation, which

ignores the coupling between electrons and nuclei, is based on from quantum interferencelzbetween direct abstraction and
the assumption that nuclear motion is much slower than roaming insertion pathways. ~ In 2005, the study showed that
electronic motion. In most systems, the BO approximation there are no GP effects for the H + H, reaction when collision
facilitates the calculation of dynamics, while in some systems, energy is lower than 1.8 eV."> However, two distinct
the nonadiabatic effects caused by the coupling between phenomena have been observed: shifts in the DCS peak for
electrons and nuclei play an important role in the reaction the H + D, reaction at 1.42 eV'* and forward-scattering
process. Therefore, the study of nonadiabatic coupling is very oscillations in the H + HD reaction at a collision energy of 1.35
meaningful in these systems.' ™ eV."> Additionally, GP effects have been found in rotationally

Nonadiabatic coupling is often associated with avoided resolved DCSs for the H + H, and its isotopologues reactions
crossings or conical intersections (Cls) between two potential at the ultracold collision energy range.16_19 These findings
energy surfaces (PESs). However, the impact of nonadiabatic underscore the necessity to study nonadiabatic coupling effects
coupling is not limited to the vicinity of crossings. In a across different collision energies. In recent years, there has
reaction, nonadiabatic effects at different collision energies may been a significant amount of research on nonadiabatic studies
exhibit similar or different behaviors. Geometric phase (GP) involving chemical reactions that include alkali metals, such as

effects are a type of nonadiabatic effect related to CIs. H + H, Na + NaLi,® Rb + KRb,>' K + H,*>* Na + H,/HD,>2* H
and its isotopologue reactions are used as examples. Geometric
phase effects manifest in the reaction once the collision energy
surpasses the CI threshold. Yuan et al. performed both high-
resolution crossed molecular beam experiments and theoretical
studies of the H + HD reaction at a collision energy slightly
above the CL'" They observed fast angular oscillations in the
differential cross sections (DCSs) of the H, product and found
that theoretical calculations matched experimental results only
when GP effects were included. In 2008, Bouakline et al.
showed that the reaction probability exhibits a strong GP effect

+ Li,”” and Li + H,”°™° reactions. Many valuable phenomena
have been discovered.
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In LiH, systems, reactions involving H + LiH and its
isotopologues are exothermic, making them suitable for
studying nonadiabatic effects at low temperatures. These
reactions have attracted the interest of researchers.’* ™" Li et
al. applied the time-dependent wave packet (TDWP) method
to study the nonadiabatic dynamic of the H + LiH reaction in
the collision energy range of 0.001—0.1 eV.* It was discovered
that the nonadiabatic effects exhibit a significant impact,
particularly at low J values. This finding emphasizes the
importance of considering the nonadiabatic effects when
analyzing the H + LiH reaction under investigation. In their
follow-up study,” they studied how nonadiabatic effects
influence the reaction rate constant. Their findings demon-
strated that omitting nonadiabatic effects substantially over-
estimates the rate constant, with these effects being most
pronounced in low-vibrational states. In our previous study of
the H + LiD(v = 0, j = 0) reaction at collision energies
between 0.1 and 0.5 eV, we focused on analyzing both the
ground state product channels and the hydrogen exchange
reaction pathways due to the higher zero-point energy of the
excited state compared to that of the ground state. Several
interesting phenomena have been found.”' After considering
the nonadiabatic effects, reaction reactivity decreases and more
products are excited to high vibrational excited states.
Additionally, our results showed that the differences between
the adiabatic and nonadiabatic values are substantial at low
collision energies. Based on the above analysis, nonadiabatic
couplings may have an effect at different collision energies.
This work aims to study the influence of nonadiabatic effects
on this reaction near low temperatures. Additionally,
considering the results from our previous studies that show
nonadiabatic effects have a substantially greater impact on the
formation of ground state Li products compared to exchange
processes, as well as the zero-point energy of the exchange
channel, we decided to investigate the ground state product
channels.

In this work, we report a detailed investigation of the
nonadiabatic dynamics of the H + LiD(v = 0, j = 0) — Li(2s)
+ HD reaction based on the accurate PESs, which is developed
by He et al.** over a collision energy range of 1—80 cm ™. To
study nonadiabatic processes, the (quasi) static picture
provided by the time-independent Schrodinger equation
within the BO approximation is no longer applicable, instead,
full-time-dependent electronic and nuclear quantum problems
need to be solved.”” The nonadiabatic effects are generally
studied in the diabatic representation, where the accuracy of
dynamic results mainly depends on the accuracy of the diabatic
potential energy matrix, indicating that an accurate dynamic
method is required to calculate the nonadiabatic effects. We
used the improved TDWP method to calculate the dynamics.
The remainder of this paper is organized as follows: Section 2
provides a brief introduction to the calculation method.
Section 3 presents our results and related discussions. Section
4 presents the conclusions of this study.

2. THEORETICAL METHODS

The traditional wave packet methods face significant challenges
in cold and ultracold collisions due to the large number of
channels and the need for a vast number of grids to
accommodate the long de Broglie wavelengths, leading to
steep numerical calculations. The new improved L-shaped §rid
method used in this work was developed by Buren et al.”* In
the L-shaped grid method, the total scattering wave function is
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divided into two parts: the interaction region and the
asymptotic region. Each region can be optimized to efficiently
and accurately describe the reaction dynamics based on the
characteristics of wave function evolution. The improved
method reduces the computational load by using fewer
rotational basis sets in the asymptotic region, where only
elastic and inelastic scattered waves occur. This TDWP
method overcomes the issue of high computational demands
in traditional methods, making it suitable for calculations at
low collision energies, which have been proven to be
sufficiently accurate. Here, we provide a brief overview of
this method as follows.

The total Hamiltonian in the reactant Jacobi coordinate (R,
r, ) can be written as

(1)

where V is the reference potential energy operator, which can
be obtained from the PES. The title reaction is associated with
1?A’ and 2*A’ states of the LiH, molecule in C, symmetry. The
diabatic wave functions can be derived from the adiabatic wave
functions through the application of a unitary transformation.
In this work, diabablizations based on molecular properties
methods.*>*® The transition dipole moments are used to
obtain the diabatic potential energy matrix. T is the kinetic
energy operator. In atom—diatom reactions, the T is given as

A=T+7V

92 R 22 Y
=——_7+m+]2+g—g—
24t OR 2ur 24 R (2)

where pp and y, are reduced masses of R and r coordinates,
respectively. ] is the total angular momentum operator, and j is
the rotational angular momentum operator of the BC
molecule.

The initial wave packet is the product of Gaussian wave
packet G(R) and initial rovibrational state wave function
¢y, (r); the initial wave packet can be written as

Pli(t = 0) = G(R)4,, (DM, loP) 3)
the G(R) is defined as
) 1/4 (R - R )2 .
G(R) = (E] exp —To — i J2uEgR @

where R; and 0 define the position and width of the initial
wave packet, respectively. E is the mean collision energy in the
center of mass frame, and [[Mj,l,P> is the eigenfunction of the
total angular momentum of the system in the space-fixed
coordinates.

To facilitate the propagation of the wave packet, the wave
packet is transformed from space-fixed coordinates to body-
fixed reactant Jacobian coordinates. The wave packet is written
as

PIPR, p 1) = 3

n,v,j,K

BB (Ou, (RO ("
(5)

where u,(R), ¢,(r), and }-II?P are the translational, vibrational,
and rotational basis, respectively. The wave packet propagation
is performed in the body-fixed representation using the
second-order split-operator method."” The propagation
process can be written as

https://doi.org/10.1021/acsomega.4c09864
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Pt + A) = e—i\?At/2e—ii"/At/2e—i(fR+ﬁ,)Ate—if]At/ze—i\”/At/2

¥(t) (6)

After the propagation, the S-matrix that contains the dynamics
information can be written as

ke
Zirflz,u R

a(E) hy (kR o) 1,

Vfl lf‘_"ulol( ) = Vel

1P (E; Reoo)) )

where i is the reduced mass at the product Jacobi coordinate,

ke is the wave vector in the product channel, 4 is the outgoing

Ricatti-Hankel function, and R, is the product scattering
coordinate in the product asymptote. The a(E) is the
amplitude of the initial wave function, and W*(E; Ry,)
means Fourier transform.

The state-to-state integral cross sections (ICSs) are obtained
by

Oy cof(E) = ———— D" (2 + VIS) 0 (B
v'j «—vj 2 V'j'K' UK
(2 + 1)k1,0] K]
(8)
the state-to-state DCSs are obtained by
dau’;’(—voj (8) E) _ 1
dQ (2j, + 1)
2
D Z 2] + Vdl(z - s)szwK

2
x| 2 ik i

)

where 9 is the scattering angle, k, ; is the momentum in the

Dojo

entrance channel, and df(9) is the reduced rotation matrix.

3. RESULTS AND DISCUSSION

In this work, a series of quantum adiabatic and nonadiabatic
calculations are performed for the H + LiD(v = 0, j = 0) —
Li(2s) + HD reaction at collision energies ranging from 1 to 80
cm™. The dynamically calculated parameters and accuracy of
the PESs are very important at such low collision energies. The
initial wave packet is located at 60 4, in the TDWP calculation.
The maximum R coordinate used is 300 a, with 3999 grids,
and the maximum r coordinate used is 15 a, with 130 grids,
which is sufficiently precise for this study to ensure
convergence. Other data used are listed in Table 1. The
HYLC PESs are very accurate nonadiabatic PESs of the LiH,
system to date, ensuring the reliability of the results.

3.1. ICSs. The initial total ICSs of the H + LiD(v = 0, j = 0)
reaction is plotted in Figure 1 as a function of collision energy.
The total ICS decreases sharply at first and then changes gently
as the collision energy increases, which is consistent with the
characteristics of exothermic reactions. The black and red lines
represent the results of the nonadiabatic and adiabatic
calculations, respectively. Figure 1 illustrates that the total
ICS diminishes when considering the nonadiabatic effects.
Therefore, the nonadiabatic effects cannot be ignored directly.
There are oscillations on both curves, meaning that resonances
exist at low collision energies (1—30 cm™'). The resonance
positions are identical in both adiabatic and nonadiabatic
calculations, indicating that resonance formation is independ-
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Table 1. Main Parameters Used in TDWP Calculations for
the H + LiD — Li(2s) + HD Reaction”

values
R € [0.01, 300.0]
Ng = 3999 (199 for interaction region)
r r € (0.4, 15.0]
N, = 130 (6 for asymptotic region)

parameters

0
damping function for R

Ny = 200 (10 for asymptotic region)
R, = 100.0, R, = 300.0, Cy = 0.01

7, =110, r, = 150, C, = 0.08

R, = 60.0, § = 4.0, E, = 0.005 eV
2,000,000 (J < 6), 1,000,000 (J > 7)
A, =50

Rey, = 9.0

“Atomic units are used if not otherwise stated.

damping function for r
initial wave packet
total propagation time
time step

projection plane

800

——Li(2s) + HD (non-adiabatic)
700 - - = = Li(2s) + HD (adiabatic)
600 |
500

ICS (bohr?)

400

300

200
150

1 20 40 60

Collision Energy (cm™)

80

Figure 1. Total ICS for the H + LiD(v = 0, j = 0) — Li(2s) + HD
reaction as a function of collision energy in the adiabatic (red line)
and nonadiabatic (black line) representation.

ent of nonadiabatic effects. To identify the resonance-related
partial wave, the total ICS and cross sections for total angular
momentum ] = 0—5 are plotted in Figure 2. There are many
oscillatory structures in the ICS curve. The most obvious
resonance near 2 cm” ' is contributed by the ] = § partial wave.

To verify the existence of resonance, we plotted the total
scattering wave function for the reaction H + LiD — Li(2s) +
HD at a total angular momentum quantum number of S and a
collision energy of 2.4 cm™!, as a function of Ryy_y;p and ry;p, as
shown in Figure 3. The enhancement of the wave function can
be clearly seen in the figure, indicating the presence of a
resonance in the reaction. This kind of resonance is caused by
the opening of the single partial wave and always occurs at low
collision energies. The partial wave resonance has been
discussed in the research of S(!D) + H,* and H + LiH**
reactions. While the resonance position and its associated
partial waves remain unaffected by nonadiabatic effects, the
resonance intensity is reduced, suggesting that nonadiabatic
effects influence the resonance lifetime. In Figure 4, both
adiabatic and nonadiabatic cross sections of total angular
momentum ] = 0 are shown. The rotational energy levels of the
LiD(v = 0) molecule are represented by dashed lines, where j
is the rotational quantum number of the LiD. The ICS curves
exhibit three resonance peaks. Two of these resonance peaks
correspond to the rotational energy levels of LiD (v = 0),
indicating that the resonances in the H + LiD reaction are
related to the quasi-bound states of H-LiD(j). Owing to the

https://doi.org/10.1021/acsomega.4c09864
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Figure 2. Cross sections for different total angular momentum and

total integral cross section for the H + LiD(v = 0, j = 0) — Li(2s) +
HD reaction.
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Figure 3. Total scattering wave function of H + LiD — Li(2s) + HD
reaction at 2.4 cm™" collision energy as a function of Ry ;p and ry;p
for J = 5.

effect of partial wave averaging, these resonances cannot be
found in the total ICS.

In Figure S, the nonadiabatic and adiabatic results for
identical vibrational product states are represented by dashed
and solid lines, respectively. The nonadiabatic ICS is lower
than the adiabatic ICS for most different vibrational states, as
expected. The differences between the two results are evident
for low-vibrational states and gradually diminish as the
vibrational quantum number increases. The difference can be
ignored when »' = 2. These observations demonstrate that
nonadiabatic effects significantly influence the formation of
low-vibrational products. Figure S shows that the curve
oscillations for low-vibrational states are less pronounced in
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non-adiabatic
adiabatic

40

ICS (bohr?)

1 20 40

Collision Energy (cm™)

60 80

Figure 4. ] = 0 cross section of the H + LiD(v = 0, j = 0) — Li(2s) +
HD reaction. Dashed lines represent the rotational-state energies of
the LiD molecule.

the nonadiabatic calculations due to the shorter resonance
lifetime. However, the oscillating structure is the same for
different vibrational states of products in the adiabatic results,
which means that these resonances occur at the entrance
channel. Following our earlier study of the vibrational
excitation promotion of the nonadiabatic effects at collision
energies between 0.1 and 0.5 eV, we extend this investigation
to lower collision energies (1—80 cm™'), presenting the
vibrational state distributions in Figure 6. In the adiabatic
calculations, the most populated vibrational states of HD
products are at v’ = 2 states, while it shifts from 2’ =2 to 3 in
the nonadiabatic calculations when collision energy is higher
than 50 cm™'. When nonadiabatic effects are included, the
production of low-vibrational states decreases significantly,
resulting in a much higher abundance of highly excited
vibrational products compared to low-vibrational products in
nonadiabatic calculations.

In our previous work, we found that the nonadiabatic effects
have no evident impact on the rotational excitation of the
products in the collision energy range of 0.1-0.5 eV.*! To
study the influence of the nonadiabatic effect on the product
rotational excitation in the range of 1—80 cm™' collision
energy, two collision energies (1 and 80 cm™') are chosen to
study the rotational product distribution at different vibrational
states. Figure 7 shows the product distributions at four
different vibrational states when the collision energy is equal to
1 ecm ™. In the adiabatic calculation, products at the vibrational
ground state and the first vibrational excited state are likely to
stay at a low rotational state, while products are inclined to be
excited to higher rotational states in the nonadiabatic
calculation. For the 1" = 0 state product, the highest accessible
rotational excited state is j' = 17 in the adiabatic calculation,
while the highest accessible rotational excited state is j' = 19 in
the nonadiabatic calculation. This change is different from the
influence of the nonadiabatic effects on dynamics at 0.1-0.5
eV collision energy range. For higher vibrational states (v’ =2
and 3), rovibrational product distributions are similar in both
two calculations. These results indicate that the nonadiabatic
effects have a non-negligible influence on the rotational
excitation of low-vibrational products. Accessible rotational
excited states gradually decrease as the vibrational quantum
number increases because the internal energy shifts from
rotational energy to vibrational energy. Figure 8 illustrates the
rovibrational product distributions at an 80 cm™' collision
energy. The differences in rovibrational state distribution

https://doi.org/10.1021/acsomega.4c09864
ACS Omega 2025, 10, 5934—-5942
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Figure 5. Vibrationally resolved ICSs of the H + LiD(v = 0, j = 0) — Li(2s) + HD reaction.
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Figure 6. Adiabatic and nonadiabatic product vibrational state
distribution of the H + LiD(v = 0, j = 0) — Li(2s) + HD reactions
in the range of 1—80 cm™" collision energy.

between nonadiabatic and adiabatic results are also obvious
when the vibrational quantum number is small. This further
verifies the conclusion that the nonadiabatic effects have a
great influence on the low-vibrational products. For low-
vibrational states, the maximum attainable rotational excited
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state of the product becomes larger at 80 cm™" collision energy
considering the nonadiabatic effects. For some vibrational
states (' = 0, 1, and 2) in the nonadiabatic results, the
products exhibit a significant reduction in the population of
intermediate rotational quantum states, while the population of
highly excited rotational quantum states increases. All these
analyses show that the nonadiabatic effects have a significant
effect on the rotational excitation of the products in the
collision energy range of 1—80 cm™.

In Figure 9, dashed and solid lines represent the adiabatic
and nonadiabatic energy distribution of the product for the H
+ LiD — Li(2s) + HD reaction, respectively. V, T, and R
represent the vibrational, translational, and rotational energy
separately. Both vibrational and rotational energy increase after
considering the nonadiabatic effects. Thus, the products can be
excited to higher vibrational and rotational states than the
results without including the nonadiabatic effects. Only the
translational energy decreases when nonadiabatic effects are
considered, which may influence the dynamics of the H + LiD
reaction.

3.2. DCSs. DCS is a physical quantity used to describe the
product’s angular distribution. Its features can also reveal the
reaction mechanisms in the studied reaction. The total DCS
from both adiabatic and nonadiabatic calculations as a function
of collision energy and scattering angle is plotted in Figure 10.
Backward scattering primarily occurs at collision energies
below 4 cm™! for both adiabatic and nonadiabatic results,
attributed to the presence of resonances. When a complex is
formed in the reaction, the product angular distribution is
characterized by both forward and backward scattering. The
resonance contributed by J = S partial wave is more
pronounced than other resonances; thus, the resonance
lifetime is longer than other resonances. This explains why

https://doi.org/10.1021/acsomega.4c09864
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Figure 8. Product rovibrational state distribution of the H + LiD(v = 0, j = 0) — Li(2s) + HD (¢, j') reactions when collision energy is equal to 80
-1

the product angular distribution exhibits characteristics of both
forward and backward scattering in the 1 to 4 cm™" collision
energy range. Both adiabatic and nonadiabatic DCS results
exhibit pronounced forward scattering when the collision
energy is greater than 40 cm™', which is consistent with the
stripping reaction mechanism.>® This reaction mechanism is
also dominant for this reaction in the collision energy range of
0.1-0.5 eV. The characteristics of the product’s angular
distribution are different in the collision energy range from 4 to
40 cm™! when the nonadiabatic effects are considered. Figure
10 shows that the product distribution tends to be forward
scattered in the adiabatic calculations, while there is no
significant population inclination in the nonadiabatic calcu-
lations.

Figures 11 and 12 show the DCSs as a function of product
translational energy and scattering angle at collision energies of
1 and 80 cm™, respectively. The product translational energy
increases with the radial coordinate. The vibrational states are
selected from O to S, and the rotational states are selected from
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0 to 1S. The DCS of each rovibrational state is shown as a
concentric circle in Figures 11 and 12.

In Figure 11, products have no clear scattering preference in
both the adiabatic and the nonadiabatic calculation. In the
adiabatic results, the product angular distribution of the
reaction is most prominent among the three states. The
products at (' =3, = 8) and (¢' = 3, ' = 9) show obvious
forward scattering, while backward scattering at the (v = 4, j/
= 4) state is dominant. Product distributions are primarily at
the (' =3, = 10) and (¢' = S, j' = 0) states in nonadiabatic
results. The former exhibits backward scattering, while the
latter demonstrates significant forward—backward symmetric
scattering. The product distribution at 1 cm™" collision energy
is greatly influenced by the nonadiabatic effect. In Figure 12,
the products exhibit forward scattering at a collision energy of
80 cm™, particularly in the nonadiabatic calculations, which is
consistent with the stripping mechanism. In the adiabatic
results, product angular distributions are prominent at the ('
= 3, j/ = 8) state, while this state is not prominent in the
nonadiabatic results. The different rovibrational product
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angular distributions indicate that the nonadiabatic effects
need to be considered, especially when studying state-to-state
reaction dynamics.

4. CONCLUSIONS

The TDWP method and accurate PESs are used to study the
nonadiabatic effects in the H + LiD reaction over a collision
energy range of 1—80 cm™!. The adiabatic ICS values are
found to be larger than the nonadiabatic ICS values,
particularly for low-vibrational products, indicating the
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Figure 12. DCSs of the H + LiD(v = 0,j = 0) — Li(2s) + HD (/,j')
reaction as a function of the product scattering angle and translational
energy in polar coordinates at collision energies of 80 cm™ in both
representations.

significance of the nonadiabatic effects in this reaction. The
resonance near the 2 cm™" collision energy is contributed by
the partial waves of J = S. Rotational excitation of product is
influenced by the nonadiabatic effects in the collision energy
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range of 1—80 cm™'. The DCSs suggest that the reaction
mechanism is notably affected by nonadiabatic effects. Our
analysis reveals the presence of multiple reaction mechanisms
in this reaction, including stripping and resonance-mediated
reaction mechanisms, with the stripping mechanism gradually
dominating as collision energy increases. Analysis of the
rovibrational state-resolved product angular distribution
indicates that nonadiabatic effects play a crucial role in the
title reaction. Neglecting the nonadiabatic effects, particularly
when studying state-to-state reaction dynamics, may lead to
erroneous conclusions. We hope that these data can provide a
reference for future experiments.
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