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The accurate adiabatic and diabatic potential energy surfaces, which are for the two lowest states of He + H,, are presented in this
study. The Molpro 2012 software package is used, and the large basis sets (aug-cc-pV5Z) are selected. The high-level MCSCEF/
MRCI method is employed to calculate the adiabatic potential energy points of the title reaction system. The triatomic reaction
system is described by Jacobi coordinates, and the adiabatic potential energy surfaces are fitted accurately using the B-spline
method. The equilibrium structures and electronic energies for the H, are provided, and the corresponding different levels of
vibrational energies of the ground state are deduced. To better express the diabatic process of the whole reaction, avoid
crossing points being calculated and conical intersection also being optimized. Meanwhile, the diabatic potential energy
surfaces of the reaction process are constructed. This study will be helpful for the analysis of histopathology and for the study

in biological and medical mechanisms.

1. Introduction

Helium and hydrogen atoms were the most abundant sub-
stances in the universe [1]. The heating led to the rotation
and vibration of the H, molecule in the universe when
helium collided with H, in the molecular cloud. In the inter-
stellar medium, the formation of stars was quite closely
linked to their interactions, which suggested that the interac-
tions between helium and hydrogen atoms were of particular
interesting. Therefore, the reaction between He and H, was
necessary to know the star formation in physics and chemis-
try, which was essential to understand the properties of
many astrophysical objects. In addition, many researchers
had constructed diabatic potential energy surfaces [2-16],
so the construction of the global potential energy surfaces
was an essential prerequisite for the title reaction. Which
was an essential prerequisite for the study of molecular reac-
tion kinetics.

Many years ago, the He + H, reaction system was stud-
ied by experimental [17-21] and theoretical [1, 22-35]
researchers. In 1963, Roberts [36] obtained the interaction
energy of the HeH, system at a relatively large center of
charge separation. Subsequently, the interaction potential
between He and H, was studied by Krauss and Mies [23],
who got conclusion that the forces are comparable for colli-
sions along the centerline and along the molecular parallels.
Henry and co-works [37] constructed and calculated each
atom in the HeH, system separately using Gaussian basis
functions. The calculated 416 configurations were used to
predict the van der Waals interaction between the lowest
state of the helium atom and the hydrogen molecule. At
the same time, Gengenbach and Hahn [20] constructed the
earliest empirical potential energy surface for He-H,. Wil-
son’s work [26] proposed a universal expression for the
HeH, potential energy surfaces with a straightforward func-
tion. Soon after that, Dove and Raynor [38] improved and
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F1GURE 1: (a) Reactant Jacobi coordinate. (b) Product Jacobi coordinate.
TasLE 1: Calculation range of reactant part.
Calculation range of reactant part
R (He-HH, 0.4,0.6,08,1.0,1.1,1.2,1.3,14,1.5,1.6,1.7,1.8,1.9,2.0,2.1,2.2,2.3,2.4,2.6,2.8,3.0,3.2,3.4, 3.6, 3.8, 4.0,4.2,4.4, 4.6, 4.8,
A) 5.0, 5.2, 5.4, 5.6, 5.8, 6.0
r (HH A) 0.4,0.6,0.7,0.72, 0.74, 0.75, 0.76, 0.8, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 3.0,
? 3.2,34,3.6, 3.8, 4.0
0 (degree) 0, 10, 20, 30, 40, 50, 60, 70, 80, 90

R (He-HH, A): bond length from helium to the center of mass between two hydrogens, the unit is A. r (HH, A): bond length between two hydrogen atoms, the

unit is A. 6 (degree): the angle between R and r, the unit is degree.

TaBLE 2: Calculation range of products part.

Calculation range of products part

R' (H-HeH, 0.4,0.6,08,1.0,1.1,12,1.3,14,15,16,1.7,1.8,1.9,2.0,2.1,2.2,2.3,2.4,2.6,2.8,3.0,3.2, 3.4, 3.6, 3.8, 4.0, 4.2, 4.4, 4.6, 4.8,
A) 5.0, 5.2, 5.4, 5.6, 5.8, 6.0

r' (HeH, A)
o' (degree)

0.4,0.6,0.7,08,1.0,1.1,1.2,1.3,1.4,1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 3.0, 3.2, 3.4, 3.6, 3.8, 4.0
0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180

R' (H-HeH, A): bond length from the hydrogen atom to the center of mass between helium and hydrogen, the unit is A. r’ (HeH, A): bond length between
helium and hydrogen atoms, the unit is A. 8" (degree): the angle between R’ and r', the unit is degree.

optimized these potential energy surfaces. Meanwhile, they
studied the collisional dissociation of He to H,. The ground
and excited state potential energy surfaces were constructed
for the HeH, system by Stavros [36], who used the ab initio
MRD CI calculation method. Up to 2003, Arnold and Peter
[1] employed the ab initio method and calculated 20203
energy points in the interaction region of HeH,, which had
an improvement and enhancement compared with previous
scholars. Cavity-enhanced spectra of He-H, were discussed
by Stowinski et al. [39], and the results also showed that ab
initio calculations could provide reference data for atmo-
spheric spectroscopy studies. In the laboratory, the collision
of hydrogen molecular and helium atoms would create ultra-
cold molecules. Hence, the interaction between He and H,
was also an essential factor in determining the properties
of hydrogen clusters within helium.

In order to getting the precisely potential energy sur-
faces, the large range is used to scan. the large basis sets
(aug-cc-pV5Z) were selected, and the three energy states of
the He + H, system were calculated, using high-level
MCSCE/MRCI. Secondly, the energy points were fitted using
the B-spline method. Finally, as electrons would transfer
near the interaction area, the conical intersection was opti-

mized, and the avoided crossing points were studied. Mean-
while, the adiabatic and diabatic potential energy surfaces
were constructed for this reaction system.

The study was organized as follows: in the next section, a
brief overview of the theoretical calculation method; the adi-
abatic and diabatic potential energy surfaces of He + H,
were presented in the third chapter. And the simple sum-
mary and the conclusion would be shown in the fourth
chapter.

2. Computational Methods

2.1. Ab Initio Calculations. The MOLPRO 2012 [40] package
was used to perform all ab initio single-point energies at the
high-level method (MCSCF/MRCI) with large basis sets
(aug-cc-pV5Z) [41]. The three lowest state adiabatic poten-
tial energies were calculated in the He + H, reaction system.
There were 4 electrons in the orbital, including 15 active
orbitals and 229 external orbitals (141A'+88A"). The Jacobi
(r, R, 0) coordinates were selected for this triatomic system,
which was widely used in our former studies [42-49]. The
configuration coordinates (Figure 1) were illustrated to
describe the reaction of the triatomic molecules.
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FIGURE 2: The one-dimensional potential energy surfaces for H, molecule as a function of distances ry; ;; (in A) and its different vibrational

state energies E(v, j=0) (in cm™).

TABLE 3: Spectroscopic constants for H,.

H, (X'z}) R, (A) Dy (em™) D, (cm™)
This work 0.742 357263706 37940.0582
Lee’s work [49] 0.743 35687 37868
Yuan’s work [50] 0.7414 38313.2
He’s work [51] 0.7418 38186.2
Expt. 0.742 [52]  36118.06 [53] 38288 [52]

R, (A): the equilibrium bond length of the H,, the unit is A. D, (cm™): the
experimental dissociation energy of the H,, the unit is cm™". D, (cm™"): the
equilibrium dissociation energy of the H,, the unit is cm™.

The angle was determined from 0° to 90° with the grids
at 10" for the reactants and field, and 12960 adiabatic poten-
tial energy points were calculated independently for each
electronic state energy. For the products region, 21888
points were scanned at an angle of 0° to 180°. For each elec-
tronic state energy in the reactants and products, 34848 adi-
abatic potential energy points were measured, which
guaranteed that the adiabatic potential energy surfaces were
reliable. Tables 1 and 2 indicate the scan ranges of reactants
and products, respectively. The B-spline method was used to
fit the potential energy surface for this process. This method
may be useful for the analysis of histopathology and for the
study in biological and medical mechanisms.

2.2. Mixing Angle () Calculation. The wave functions of the
three lowest states were v, ¥4, and y4respectively, and the

adiabatic wave functions for the two lowest states were
expressed as:

pd cosa sina [¢] W
yd —sina cosa/ \ ¢ ’

where o was denoted as the mixing angles, and the energy of
the diabatic potential energy (H%) was obtained by fitting the
adiabatic potential energy (E?):

HY, = cos*aE® + sin*aEs,
d _ :.2 ra 2 _1a

H5, =sin“aE] + cos”akE5,

HY =H? =si E}—E°
1, = H5, =sin a cos a(Ej - EY),

Hd

d
12 _H21'

HY, and HY, were the coupling energy between the two
states. The P, was the Z component of the dipole moment
operator. The following equation was obtained:

')

o).
(7)

(P4|P,|9¢) and (¥4|P,|¢d) were both highly symmetric

(#5[P, W) =sin a(¥5|P, (6)

d> +cos a(¥4|P,

(P2(P, %) = — sin a(¥|D, d> +cos a(¥4|P,
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F1GURE 3: The lowest state potential energy surface (in eV) for the reaction of He + H, at 6=0.0°" in Jacobi coordinate.
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Thus, the mixing angles were obtained as:

a =arctan ( > . (10)

The main idea of the method for the mixing angle calcu-
lating can be used for histopathology after optimizing.

‘I’§|PZ“P‘1‘
‘P’§|PZ“PZ

3. Results and Discussion

The lowest ground state and the first excited state potential
energy surfaces were constructed in this reaction system
with angles (including 0°, 30°, 50, 60°, and 90°), sequentially.
To more clearly and specifically display the potential energy
surfaces, the lowest state energy of the He + H, was shifted
at 0.00 eV, and the results were analyzed as follows.

3.1. One-Dimensional Diatomic Adiabatic Potential Surface.
Figure 2 shows the equilibrium bond length (R,) of the H,
molecule was 0.742 A, and the dissociation energy (D,) was
37940.0582 cm™". From the image, it was clearly found that
a total of 13 vibrational states in the one-dimensional poten-
tial energy surface, and the zero point energy of the diatomic
molecule was E(0,0)=2213.6876 cm ™, and the highest vibra-
tional energy was E(13,0) =37553.7832cm™.

The spectroscopic constants for H, are presented in
Table 3. The data were found to be in good agreement with
the theoretical and experimental researchers, such as Lee,
Yuan, and He, which indicated that the calculations were
more specific in this study.

3.2. Two-Dimensional Adiabatic Potential Energy Surfaces.
The lowest potential energy for the He + H, reaction system
at 0=0.0" is seen in Figure 3. All the potential energy surface
curves were very smooth. The self-variable for x, y, and z
were represented by r (in A), R (in A), and E (in eV). The
contour intervals of the potential energy surface were
0.40 eV. When r>2.0A and R>3.0 A, the distance between
contours was relatively sparse, which implies that the energy
was comparable. When 1.0 A >r>0.5 A andR >2.5 A was the
entrance area in the reaction. The entrance part of the reac-
tion had no reaction barrier, the potential energy surface had
no minimum geometries, and there was no stable configura-
tion. To more intuitively reflect the lowest ground state and
the first excited state potential energy surfaces, we plotted
the first excited state potential energy surfaces.

Figure 4 depicts the first excited state potential energy
surface at §=0.0". When the He atom collision with H, along
a straight line, the geometry crossing a transition state TS,
(Panel B) would form the M, (Panel A). The M, configura-
tion was r=1.15A and R=1.44A, and the energy was
11.870eV. The energy of the TS, (Panel B) was about
12.037 eV, when the distance was R=1.85 A, r=1.06. It indi-
cated that when He attacked with H,, it possibly generated a
stable configuration (M;). Similarly, the complex (M, ) over-
came the TS, (Panel C) which would form the M,, the com-
plex (M,) with r=2.66 A and R=2.21 A, and the energy value
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FiGuRre 4: The first excited state potential energy surface (in eV) for the reaction of He + H, at 6 = 0.0" in Jacobi coordinate.

was 11.610eV. To sum up, the energy of M, was 11.610eV,
which was slightly lower than the M.

The character of Figure 5 exhibited the lowest state for
potential energy surfaces when the angle was 30.0°. From
the figure, the energy between adjacent contours was
0.40 eV in the contours plot, and the potential energy values
became smaller as the value of r and R decreased. WhenR
>2.5A and 0.5A <7 <1.0 A, which was the entrance part of
the reactants. There were no obvious minimum at the lowest
potential energy surface and no stable configuration in this
region. In order to express this process more clearly and dis-
tinctly, we also plotted the first excited state potential energy
surface. As shown in Figure 6, when r was in the range of
1.0A to 1.5A and R>3.0 A, which was the entrance region
for the reactants. As R gradually became smaller and r
became larger, the potential energy surface appeared at a
saddle point (TS;) at r=1.25 A and R=1.73 A, and the energy
was 11.776 eV. Crossing the saddle point, a minimum (M)
would form gradually. The configuration of M; was r equal
to 2.65A and R equal to 0.88 A, and the minimum energy
was 10.147 eV.

When the angle was 50.0°, Figure 7 depicts the image of
the potential energy surfaces of the ground state. In the region
of 0.5A<r<1.0A and R>4.0A, which was the reaction
entrance of the lowest state potential energy surface, and there
was no obvious minimum and stable configuration. To better
illustrate this process, we also showed the potential energy sur-
faces of excited state for the He + H, reaction system, which
was described in Figure 8. It is clear that for 1.0 A <r<1.5A
and R>2.5 A, the energy hardly changes with R, which indi-
cated the entrance part of the reactant. As the helium atom
gradually approached the center of mass of the two hydrogen
atoms, the minimum (M,) was formed, where at # =1.90 Aand
R=0.84 A, and the energy was 9.616 eV, which was the global
minimum of the first excited state.

The lowest state potential energy surface and contour plot
at 0=60.0" are shown in Figure 9. There was no minimum in
the lowest state potential energy surface. In the range of
0.5A<r<1.0A and R>4.0A, the potential energy hardly
changes with increasing R, so the region was the entrance
region of the reactant. Similarly, we plotted the first excited
state potential energy surface and contours plot in Figure 10.
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F1GURE 5: The lowest state potential energy surface (in eV) for the reaction of He + H, at 6=30.0" in Jacobi coordinate.
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FIGURE 6: The first excited state potential energy surface (in eV) for the reaction of He + H, at 8=30.0" in Jacobi coordinate.
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FIGURE 9: The lowest state potential energy surface (in eV) for He + H, at 8 = 60.0° in Jacobi coordinate.
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FIGURE 14: The conical intersection structure for He + H,.

There was a complex (M) formed, which had an energy value
of 10.006eV when r=1.77 A and R=0.83 A. It was different
from the energy value of 6=50". It can be seen that M, was
not the global minimum of the whole reaction system.

Figure 11 presents the lowest state potential energy sur-
face of the He + H, reaction system when 6=90.0". It was
seen that for r>2.0 A and R>2.5 A, there was no minimum.
At the 0.5A <r<1.0A and at R>4.5 A, which was entrance
region for the reaction. Figure 12 represents the first excited
state potential energy. When the helium atom attacks the
hydrogen atom along the angle of 90.0°, the entrance region
was R>15A, 1.0 A <r<1.5 A. As the helium atoms close H,,
they passed a transition state TS,, at R=0.65 A and r=1.97 A.
Crossing this transition state, the minimum (M) was
formed, and it was at r=2.10A, R=0.46 A. The minimum
energy was 10.837eV.

3.3. Two-Dimensional Diabatic Potential Energy Surfaces

3.3.1. Avoid Crossing Point. As seen in Figure 13, it described
the difference energy between the lowest state and the first
excited state. At r=1.80 A and R=0.77 A, the energy interval
between the two lowest states was the smallest, and the
energy difference was 0.186 eV. It indicated that the diabatic
reaction happens easily in this area.

3.3.2. Conical Intersection Structure. The configuration of the
conical intersection point was optimized and obtained with
MOLPRO 2012 software, and the distance between two
hydrogen atoms was 1.804 A. The distance from the helium
atom to the center of mass between the two hydrogen mol-
ecules was 0.862 A, as shown in Figure 14.

The mixing angle formula was used to calculate the dia-
batic potential energies of the He + H, reaction system. The
kinetic characteristics of the entire reaction system were
modified by the interaction zone. The adiabatic and diabatic
potential energy surfaces with fixed 6=50.0° are shown in
Figure 15. These panels (a), (b), (c), and (d) correspond to
the potential energy curves, when the distance between two
hydrogen atoms was equal to 1.1 A, 1.2 A, 1.3A, and 1.4 4,
respectively. When mix angle is equal to 0.0°, E; =H,, and
E,=H,,, and when the mixing angle is equal to 90.0°, adia-
batic energy and diabatic energy were E;=H;; and E,=
H,,. The cross point appeared when the mixing angle was



BioMed Research International 11

25

E(eV)

E(eV)

0.2 0.4 0.6 0.8 1.0 02 04 ~ ?6 0. 1.0
o r(HH) = L1A r(HH) = 1.24
T T T 0 T T T T T
3 4 5 6 1 2 3 4 5 6
R (A) R(A)
(a) b)
25
20

E(eV)

E(eV)

0.4 0.6 08 10 12

H(HH) = 144

-—-E —Hy

—E, —H
’ 2 () e

FIGURE 15: Adiabatic and diabatic potential energy surface at (a) ryy y=1.1 A, (b) 1= 1.2 A, (¢) ryy.y=1.3 A, (d) r,y.y;=1.4 A at 0= 50.0°

0 T T T T T T T T
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
---E, —Hy,
—E, — H,

FIGURE 16: Cut-out plot of the diabatic potential energy surface (in eV) as a function of distance r (in A)
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system.

equal to 45.0°. It was seen that the R of the crossing point
increased with r.

While r was equal to 2.20 and the angle at 50.0°,
Figure 16 is the enlarged view of the conical intersection
area. The path of the transition from energy H,; to energy
H,, in this range was clearly visible.

3.3.3. Two-Dimensional Diabatic Potential Energy Surfaces.
In order to better understand the reaction process, the dia-
batic potential energy surfaces are expressed by
Figures 17-20 for angles set as 0.0°,30.0°, 60.0°, 90.0°, respec-
tively. The H,; and H,, represented the diabatic potential
energy surfaces for the He + H, reaction system at angles
(including 0.0°, 30.0%, 60.0°, and 90.0%), respectively.

The diabatic potential energy surfaces in the He + H,
system were displayed at 0.0°, 30.0°, 60.0°, and 90.0°, where
the blue part represented the H,, and the green part repre-
sented the H,,. As the distance between two hydrogens (r)
atoms increased, the cross point appeared, and the H,; of
the reaction was transformed into H,,. All the points on
these crossing regions were almost located on the same
straight line, which also meant that the diabatic potential

energy surfaces constructed by the mixing angle formula
were accurate and reliable.

The most likely reaction path for the He + H, reaction
system was predicted, which is illustrated in Figure 21.
Firstly, the first excited helium atom attacked the ground
state H, molecule, which formed the intermediate with bond
lengths of 1.53 A, 1.90 A, and 0.76 A, respectively, and the
energy was 9.62eV. Secondly, the intermediate crossed the
conical intersection, and the conical intersection bond
lengths of 1.65A, 1.80 A, and 0.62 A. The configuration of
conical intersection was very similar to the intermediate
configuration in the first excited state for the reaction.
Finally, the product is gradually produced. For this reaction,
it was seen that the product of HeH (X'X})+ H was the

most probable reaction path to reach the product.

4. Conclusion

In this paper, the potential energy points of the He + H,
reaction system were calculated using the MOLPRO 2012
software package, which selected the aug-cc-pV5Z basis sets,
and applied the ab initio calculation method at the MCSCF
and MRCI levels. The study calculated the region of 0°-90°
for the reactants and 0°-180° for the products. A total of
three lowest electronic states with 34848 potential energy
points were calculated, and these energy points were fitted
precisely using the B-Spline method.

First of all, based on the accurate potential energies, the
diatomic potential energy curves of the H, molecule were
constructed. We found a total of 13 vibrational states and
studied the equilibrium bond distance of H, was 0.742 A.
The potential energy surface features were analyzed, which
deduced that the global minimum energy of the first excited
state was 9.616 eV. Meanwhile, the energy difference of two
lowest states was 0.186eV in interaction area, which was
consistent with the conical intersection. Finally, the diabatic
potential energy surfaces were constructed in the present
work.

It was worth performing the full dynamical study with
this global potential energy surface. We would continue this
work in the following study [54].



14

Data Availability

The authors can supply the study data.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Jing Cao and Nan Gao contributed equally to this work.

Acknowledgments

This work is supported by the National Key Research and
Development Program of China (2019YFC1804800). This
work was completed under cooperation between the Insti-
tute of Theoretical Chemistry and High Performance Com-
puting Center of Jilin University, China.

References

(1]

(2]

(9]

(10]

A. I Boothroyd, P. G. Martin, and M. R. Peterson, “Accurate
analytic He-H, potential energy surface from a greatly
expanded set of ab initio energies,” The Journal of Chemical
Physics, vol. 119, no. 6, pp. 3187-3207, 2003.

U. Manthe, G. Capecchi, and H. J. Werner, “The effect of spin-
orbit coupling on the thermal rate constant of the H,, Cl - H
+ HCl reaction,” Physical Chemistry Chemical Physics, vol. 6,
no. 21, pp. 5026-5030, 2004.

B.Jiang and D. Q. Xie, “New ab initio potential energy surfaces
for CI(2P3/2,2P1/2)+H2 reaction,” Chinese Journal of Chemi-
cal Physics, vol. 22, no. 6, pp. 601-604, 2009.

S.L. Mielke, D. G. Truhlar, and D. W. Schwenke, “Quantum pho-
tochemistry. The competition between electronically nonadia-
batic reaction and electronic-to-vibrational, rotational,
translational energy transfer in Br collisions with H,” The Journal
of Physical Chemistry, vol. 99, no. 44, pp. 16210-16216, 1995.
A.J. Dobbyn and P. J. Knowles, “A comparative study of methods
for describing non-adiabatic coupling: diabatic representation of
the 1Sigma +/1Pi HOH and HHO conical intersections,” Molec-
ular Physics, vol. 91, no. 6, pp. 1107-1124, 1997.

F. ]. Aoiz, L. Badares, and V. J. Herrero, “Dynamics of inser-
tion reactions of H2 molecules with excited atoms,” The Jour-
nal of Physical Chemistry A, vol. 110, no. 46, pp. 12546-12565,
2006.

G.]. Halasz, A. Vibok, R. Baer, and M. Baer, “D matrix analysis
of the Renner-Teller effect: an accurate three-state diabatiza-
tion for NH2,” The Journal of Chemical Physics, vol. 125,
no. 9, article 094102, 2006.

G. J. Halész, A. Vibok, R. Baer, and M. Baer, “Renner-Teller
nonadiabatic coupling terms: an ab-initio study of the HNH
molecule,” The Journal of Chemical Physics, vol. 124, no. 8,
article 081106, 2006.

G. L. Li, H. J. Werner, F. Lique, and M. H. Alexander, “New ab
initio potential energy surfaces for the F+H, reaction,” The
Journal of Chemical Physics, vol. 127, no. 17, p. 174302, 2007.
P. Defazio, B. Bussery-Honvault, P. Honvault, and
C. Petrongolo, “Nonadiabatic quantum dynamics of
C(1D)+H2—CH+H: coupled-channel calculations including
Renner-Teller and Coriolis terms,” Journal of Chemical Phys-
ics, vol. 135, no. 11, p. 114308, 2011.

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

BioMed Research International

G. Hirsch, R. J. Buenker, and C. Petrongolo, “Ab initio study of
NO2,” Molecular Physics, vol. 70, no. 5, pp. 835-848, 1990.
C. Petrongolo, G. Hirsch, and R. J. Buenker, “Diabatic repre-
sentation of the A2A1[Btilde]2B2 conical intersection in
NH2,” Molecular Physics, vol. 70, no. 5, pp. 825-834, 1990.
G. Hirsch, R. J. Buenker, and C. Petrongolo, “Ab initio study of
NO2,” Molecular Physics, vol. 73, no. 5, pp. 1085-1099, 1991.
D. Simah, B. Hartke, and H. J. Werner, “Photodissociation
dynamics of H,S on new coupled ab initio potential energy
surfaces,” The Journal of Chemical Physics, vol. 111, no. 10,
pp. 4523-4534, 1999.

M. S. Gordon, V. A. Glezakou, and D. R. Yarkony, “Systematic
location of intersecting seams of conical intersection in tri-
atomic molecules: the 12A'-22A’ conical intersections in
BH2,” The Journal of Chemical Physics, vol. 108, no. 14,
pp. 5657-5659, 1998.

F. Rebentrost and W. A. Lester, “Nonadiabatic effects in the
collision of F(*P) with H2(12g+). III. Scattering theory and
coupled-channel computations,” The Journal of Chemical
Physics, vol. 67, no. 7, pp. 3367-3375, 1977.

R. Gengenbach and C. Hahn, “Measurements of absolute integral
total cross sections of He- H, and the interaction potential,”
Chemical Physics Letters, vol. 15, no. 4, pp. 604-608, 1972.

R. Gengenbach, J. Strunck, and J. P. Toennies, “He-H2 poten-
tial parameters from molecular beam scattering experiments,”
The Journal of Chemical Physics, vol. 54, no. 4, pp. 1830-1832,
1971.

P. Barletta, J. Tennyson, and P. F. Barker, “Creating ultracold
molecules by collisions with ultracold rare-gas atoms in an
optical trap,” Physical Review A, vol. 78, no. 5, article 052707,
2008.

S. Grebenev, B. Sartakov, J. P. Toennies, and A. F. Vilesov,
“Evidence for superfluidity in para-hydrogen clusters inside
helium-4 droplets at 0.15 kelvin,” Science, vol. 289, no. 5484,
pp. 1532-1535, 2000.

F. Mezzacapo and M. Boninsegni, “Local superfluidity of para-
hydrogen clusters,” Physical Review Letters, vol. 100, no. 14,
p. 145301, 2008.

M. Karplus and H. J. Kolker, “Van der waals forces in atoms
and molecules,” The Journal of Chemical Physics, vol. 41,
no. 12, pp. 3955-3961, 1964.

M. Krauss and F. H. Mies, “Interaction potential between He
and H2,” The Journal of Chemical Physics, vol. 42, no. 8,
pp. 2703-2708, 1965.

M. D. Gordon and D. Secrest, “Helium-atom-hydrogen-mole-
cule potential surface employing the LCAO-MO-SCF and CI
methods,” The Journal of Chemical Physics, vol. 52, no. 1,
pp. 120-131, 1970.

B. Tsapline and W. Kutzelnigg, “Interaction potential for He/
H, including the region of the van der waals minimum,”
Chemical Physics Letters, vol. 23, no. 2, pp. 173-177, 1973.

C. W. Wilson, R. Kapral, and G. Burns, “Potential energy sur-
face for the hydrogen molecule-helium system,” Chemical
Physics Letters, vol. 24, no. 4, pp. 488-491, 1974.

P.J. M. Geurts, P. E. S. Wormer, and A. V. D. Avoird, “Inter-
action potential for He-H, in the region of the van der Waals
minimum,” Chemical Physice Letters, vol. 35, no. 4, pp. 444-
449, 1975.

A. W. Raczkowski and W. A. Lester, “Extension of a He-H,
potential energy surface,” Chemical Physics Letters, vol. 47,
no. 1, pp. 45-49, 1977.



BioMed Research International

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

[45]

K. T. Tang and J. P. Toennies, “A simple theoretical model for
the van der waals potential at intermediate distances. II. Aniso-
tropic potentials of H, H, and Ne-H2,” The Journal of Chem-
ical Physics, vol. 68, no. 12, pp. 5501-5517, 1978.

W. Meyer, P. C. Hariharan, and W. Kutzelnigg, “Ab initio
potential surface for H,-He,” The Journal of Chemical Physics,
vol. 73, p. 1880, 1980.

A. Russek and R. Garcia, “Analytic fit of the He-H2 energy sur-
face in the repulsive region,” Physical Review A, vol. 26, no. 4,
pp. 1924-1930, 1982.

U. E. Senff and P. G. Burton, “An ab-initio study of the isotro-
pic and anisotropic potential energy surfaces of the helium-
molecular hydrogen interaction,” The Journal of Physical
Chemistry, vol. 89, no. 5, pp. 797-806, 1985.

F. M. Tao, “An accurate ab initio potential energy surface of
the He-H2 interaction,” The Journal of Chemical Physics,
vol. 100, no. 7, pp. 4947-4954, 1994.

P. Muchnick and A. Russek, “The H.H, energy surface,” The
Journal of Chemical Physics, vol. 100, no. 6, pp. 4336-4346, 1994.
C. S. Roberts, “Inelastic scattering from a diatomic molecule: rota-
tional excitation upon collision between He and H2 and H2 and
H2,” Physical Review, vol. 131, no. 1, pp. 209-217, 1963.

S. C. Farantos, J. N. Murrell, and S. Carter, “Analytical ab initio
potential-energy surfaces for the ground and the first singlet
excited states of HeH,,” Chemical Physics Letters, vol. 108,
no. 4, pp. 367-372, 1984.

H. E. Schaefer, D. Wallach, and C. F. Bender, “Interaction
potential between ground state helium atom and the B1XZu+
state of the hydrogen molecule,” The Journal of Chemical Phys-
ics, vol. 56, no. 3, pp. 1219-1223, 1972.

J. E. Dove and S. Raynor, “A quasiclassical trajectory study of
the collisional dissociation of H, by He,” Chemical Physics,
vol. 28, no. 1-2, pp- 113-124, 1978.

M. Stowinski, F. Thibault, Y. Tan et al., “H,-He collisions: ab
initio theory meets cavity-enhanced spectra,” Physical Review
A, vol. 101, no. 5, article 052705, 2020.

H. J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, and
M. Schiitz, “Molpro: a general-purpose quantum chemistry
program package,” Wiley Interdisciplinary Reviews: Computa-
tional Molecular Science, vol. 2, no. 2, pp. 242-253, 2012.

B. P. Prascher, D. E. Woon, K. A. Peterson, T. H. Dunning Jr.,
and A. K. Wilson, “Gaussian basis sets for use in correlated
molecular calculations. VII. Valence, core-valence, and scalar
relativistic basis sets for Li, Be, Na, and Mg,” Theoretical
Chemistry Accounts, vol. 128, no. 1, pp. 69-82, 2011.

D. Q. Wang, L. W. Fu, Z. X. Qu, Y. K. Chen, and X. R. Huang,
“Accurate potential surfaces for the ground state of H+C, reac-
tion,” The European Physical Journal D, vol. 71, no. 10, pp. 1-
7,2017.

L. W. Fu, D. Q. Wang, and X. R. Huang, “Accurate potential
energy surfaces for the first two lowest electronic states of the
Li (2p) + H2 reaction,” RSC Advances, vol. 8, no. 28,
pp. 15595-15602, 2018.

D. Q. Wang, D. G. Wang, L. W. Fu, and X. Huang, “Accurate
potential surfaces for the first three lowest states of reaction
OCP) + C,(a3ITu) -> CO(X1X) + C('D),> Chemical Physics,
vol. 517, pp. 228-236, 2019.

D. Q. Wang, D. G. Wang, L. W. Fu et al., “An accurate ground
state potential surface for the scattering reaction F—+ F2(v,j) —
F2(V’,j') + F-” RSC Advances, vol. 9, no. 4, pp. 1929-1932,
2019.

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

15

D. Q. Wang, G. Shi, L. W. Fu, R. Yin, and Y. Ji, “Accurate
potential energy surfaces for the three lowest electronic states
of N°D) + H2(X1)g+) scattering reaction,” ACS Omega,
vol. 4, no. 7, pp. 12167-12174, 2019.

R. L. Yin, N. Gao, J. Cao, Y. Li, D. Wang, and X. Huang,
“Global accurate diabatic potential surfaces for the reaction
H + Li2,” RSC Advances, vol. 10, no. 64, pp. 39226-39240,
2020.

R. L. Yin, N. Gao, R. M. Zhang, D. Wang, and X. Huang,
“Accurate potential energy surfaces for the excited state of
CF, molecule,” Chemical Physics, vol. 538, p. 110906, 2020.

H.S.Lee, Y. S. Lee, and G. H. Jeung, “Potential energy surfaces
for LiH2 and photochemical reactions Lix+ H2< LiH + H,”
The Journal of Physical Chemistry A, vol. 103, no. 50,
pp. 11080-11088, 1999.

J. C. Yuan, D. He, and M. D. Chen, “A new potential energy
surface for the ground electronic state of the LiH2 system,
and dynamics studies on the H(2S) + LiH(X1X+) — Li(2S) +
H2(X1Xg+) reaction,” Physical Chemistry Chemical Physics,
vol. 17, no. 17, pp. 11732-11739, 2015.

D. He, J. C. Yuan, H. X. Li, and M. Chen, “Global diabatic
potential energy surfaces and quantum dynamical studies for
the Li(2p) + H,(X'Z",) -> LiH(X'Z") + H reaction,” Scientific
Reports, vol. 6, no. 1, pp. 1-10, 2016.

W. C. Stwalley and W. T. Zemke, “Spectroscopy and structure
of the Lithium Hydride diatomic molecules and ions,” Journal
of Physical and Chemical Reference Data, vol. 22, no. 1, pp. 87—
112, 1993.

E. E. Eyler and N. Melikechi, “Near-threshold continuum
structure and the dissociation energies of H2, HD, and D2,”
Physical Review A, vol. 48, no. 1, pp. R18-R21, 1993.

M. M. Rahaman, L. Chen, Y. D. Yao et al., “Identification of
COVID-19 samples from chest X-Ray images using deep
learning: a comparison of transfer learning approaches,” Jour-
nal of X-Ray Science and Technology, vol. 28, no. 5, pp. 821-
839, 2020.



	Accurate Adiabatic and Diabatic Potential Energy Surfaces for the Reaction of He + H2
	1. Introduction
	2. Computational Methods
	2.1. Ab Initio Calculations
	2.2. Mixing Angle (α) Calculation

	3. Results and Discussion
	3.1. One-Dimensional Diatomic Adiabatic Potential Surface
	3.2. Two-Dimensional Adiabatic Potential Energy Surfaces
	3.3. Two-Dimensional Diabatic Potential Energy Surfaces
	3.3.1. Avoid Crossing Point
	3.3.2. Conical Intersection Structure
	3.3.3. Two-Dimensional Diabatic Potential Energy Surfaces


	4. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

