Downloaded viaNANJNG UNIV on May 6, 2024 at 07:41:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

l‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Accurate Full-Dimensional Global Diabatic Potential Energy Matrix
for the Two Lowest-Lying Electronic States of the H + O, & HO + O
Reaction

Junyan Wang,# Feng An,” Junjie Chen, Xixi Hu,® Hua Guo,* and Daiqian Xie*

I: I Read Online

Article Recommendations |

Cite This: J. Chem. Theory Comput. 2023, 19, 2929-2938

ACCESS |

ABSTRACT: A new and more accurate diabatic potential energy matrix (DPEM) is N
developed for the two lowest-lying electronic states of HO,, covering both the strong / y I ~
interaction region and reaction asymptotes. The ab initio calculations were performed at e

the Davidson corrected multireference configuration interaction level with the A
augmented correlation-consistent polarized valence quintuple-zeta basis set (MRCI
+Q/AVSZ). The accuracy of the electronic structure calculations is validated by
excellent agreement with the experimental HO, equilibrium geometry, fundamental
vibrational frequencies, and H + O, & OH + O reaction energy. Through the
combination of an electronic angular momentum-method and a configuration
interaction vector-based method, the mixing angle between the first two ZA” states of

HO, was successfully determined. Elements of the 2X2 DPEM were fit to neural
networks with a proper account of the complete nuclear permutation inversion
symmetry of HO,. The DPEM correctly predicted the properties of conical intersection seams at linear and T-shape geometries, thus
providing a reliable platform for studying both the spectroscopy of HO, and the nonadiabatic dynamics for the H + O, & OH + O
reaction.
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1. INTRODUCTION

As a key transient species, the hydroperoxyl radical (HO,)
plays an important role in combustion, where the rate-limiting
chain-branching H + O, — HO, — OH + O reaction is
considered as “the most important elementary step” in
hydrocarbon combustion.! As a result, the HO, intermediate

Although the adiabatic approach has been quite successful in
describing the nuclear dynamics of this system, it is long
known that this is an approximation because of the presence of
low-lying excited states that intersect with the ground
electronic state.”*® The two lowest-lying A” electronic states
are coupled by a common t%r_})e of electronic degeneracy called
conical intersections (Cls),”*® which break down the single-

is a spectroscopically based target for flame diagnostics. This
reaction and its reverse are also involved in a variety of
atmospheric processes,” such as nighttime ozone destruction
via the reverse reaction. The barrierless OH + O reaction is
believed to be relevant in astrochemistry as well.> Given its
importance in gas phase chemistry, the spectrum and kinetics/
dynamics of this species have been the subject of extensive
studies in the past.*”'?

In the adiabatic approximation, the nuclear dynamics of a
molecular system relies on the corresponding Born—
Oppenheimer potential energy surface (PES), which is the
dependence of electronic (and nuclear repulsion) energy on
molecular geometry. There have been several versions of the
global reactive PES based on ab initio calculations for the
ground electronic state HO,(X*A"),"*7*° as well as an excited
state HO,(A%A").”" The ground state PES developed more
than 15 years ago by Xu, Xie, Zhang, Lin, and Guo
(XXZLG)" has been extensively used to understand the
HO, spectrum and the H + O, <> O + OH reaction dynamics
and kinetics.”*
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state Born—Oppenheimer approximation. For these two states
of HO,, there are three Cls located at the C,,, (two equivalent
ones due to the permutation symmetry of the two O nuclei in
the molecule) and C,, geometries near the H+O, asymptote,'”
as illustrated in Figure 1. In fact, these Cls are one-dimensional
seams that are required by symmetry. Very recently, it was
shown that the T-shape CI plays an important role in the H
+0, scattering and the O + OH — H + O, reaction at
ultracold conditions even when the energy is substantially
below the lowest crossing point of the CIs.”~*' This is
because the presence of a CI introduces a vector potential in
the adiabatic Hamiltonian due to the so-called geometric phase
(GP),** which changes the sign of the electronic wave
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Figure 1. Adiabatic (upper panel) and diagonal diabatic (lower panel)
PESs for the two lowest-lying electronic states of HO, as a function of
the H—O, Jacobi coordinates (R, 7) at roo = 2.4S bohr. The T-shape
and linear ClIs are clearly seen in the upper panel.

function as the system encircles the CI seam.**™** The vector
potential results in numerical instability in the adiabatic
treatment of the dynamics because the derivative coupling
(and the diagonal Born—Oppenheimer correction) are singular
at the CI seam.*”°

To study the impact of CIs on nuclear dynamics, it is more
convenient to work within a diabatic representation, in which
the singularity in the adiabatic kinetic energy operator is
removed and the potential energy operator can be accurately
represented by an analytical diabatic potential energy matrix
(DPEM).*”! The construction of a globally accurate DPEM is
challenging, but once available it allows robust and accurate
characterization of the dynamics.”> The recent studies on the
nonadiabatic dynamics in the title reaction have used a DIM
(diatom-in-molecule) form for the DPEM, with parameters
determined by ab initio calculations.'” While the DIM DPEM
correctly predicts the three ClIs, the inflexible DIM form makes
it hard to be quantitatively accurate in the entire relevant
configuration space. In addition, the level of theory used to
generate the ab initio points can now be significantly improved
with increased computational power.

In this work, we report a high accuracy global reactive
DPEM for the hydroperoxyl radical, covering the entire
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reaction path for the title reaction. The ab initio calculations
were carried out using a multireference method with a large
basis set. Taking advantage of diabatization schemes based on
both properties and configuration interaction vectors (CIVs),
the diabatic potentials and their coupling were determined for
the two lowest-lying A” electronic states of HO, in the entire
relevant configuration space. The new DPEM is represented
with high fidelity by a neural network (NN) method, which
gives excellent agreement with the measured equilibrium
geometry, fundamental frequencies, and reaction energy on the
ground electronic state PES of HO,(X?A”). It is thus expected
to provide an accurate platform for both adiabatic and
nonadiabatic studies of the corresponding nuclear dynamics.
This work is organized as follows. The details of ab initio
calculations, diabatization, and fitting are presented in Sec. 2.
The results of DPEM and its properties are discussed in Sec. 3.
Conclusions are given in Sec. 4.

2. THEORY

2.1. Ab Initio Calculations. For the HO, molecular
system, 9 active orbitals (7a’ + 2a” in C, symmetry,
corresponding to 4a; + 1b, + 3b, + la, in C,, symmetry)
and 13 electrons were included in the active space. Ab initio
calculations of the two electronic states of HO, (two lowest-
lying >A” electronic states in C, symmetry) were performed by
using the internally contracted multireference configuration
interaction””** augmented with the Davidson correction with a
rotated reference,” denoted as icMRCI+Q,,,. The augmented
correlation-consistent polarized valence quintuple-zeta
(AVSZ) basis set’® was used for oxygen and hydrogen.
Extensive convergence tests have been performed and the
results are shown in Table S1 in the Supporting Information
(SI). In order to smoothly represent the character for those
states, a six-state averaged (three A’ and three A”) completed
active space self-consistent field (SA-CASSCF) wave func-
tions”** were calculated and used in the MRCI calculations.
All ab initio calculations were carried out in C; symmetry using
the MOLPRO 2015.1 package.””

2.2. Diabatization. While the ab initio calculations are
performed in the Born—Oppenheimer adiabatic representa-
tion, it is advantageous to work in a diabatic representation for
a number of reasons."”***> Most importantly, diabatization
removes singular operators such as the derivative coupling,
making the dynamical calculations numerically stable. It also
allows an analytical representation of the diabatic PESs and
their couplings, which are smooth functions of nuclear
coordinates. The two representations are related by the
(nuclear coordinate dependent) adiabatic-to-diabatic (AtD)
unitary transformation, but its determination is not straightfor-
ward. In addition, diabatization for polyatomic systems is not
unique because the derivative coupling cannot be removed
completely unless all electronic states are included in the
consideration.*"!

There exist several different strategies for diabatization.>"
Even though the derivative coupling based methods are the
most reliable,”” the computational cost for calculating the
derivative coupling is rather high. In this work, we use a mixed
diabatization strategy that takes advantage of the fact that
electronic properties follow smoothly with the diabatic bases
and can thus serve as a reporter of the electronic degeneracy
(e.g, CIs) and that configuration interaction coefficients make
abrupt changes at the CI seam due to change of electronic
character. In particular, various properties can be used to treat
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different types of Cls. For the linear CI, it is convenient to use
the diabatization strategy of Dobbyn and Knowles,”* improved
by van Harrevelt and van Hemert for AB, systems,”* which
employs the electronic orbital angular momentum in
determining the mixing angle between the two electronic
states. This approach has been successfully demonstrated in
constructing a DPEM for the H,O system, where two B—X Cls
exist in linear geometries.”>”*> While T-shape Cls, the CIV
method®® is more suitable for determining the mixing angle,
which has been successfully adapted to construct a DPEM for
several systems, such as H,S,°° NO,,*” and SO,.°® Since the
HO, system contains both linear and T-shape Cls, we used
both strategies to obtain the AtD mixing angle and connected
them to get the final result.

The two lowest-lying *A” states, as illustrated in Figure 1,
are correlated with the H(ZS)+OZ(X3Zg_)/OZ(a1Ag) and
O(’P)+OH(XII) asymptotes, respectively. The CIs in the
HO, system are symmetry allowed.”” While the 1?A” and 2?A”
states have the same symmetry in C; symmetry and their
potentials thus cannot cross, they become IT and *X~ states at
collinear geometries, respectively, corresponding to the
electronic angular momentum of A = 1 and 0, respectively.
In linearity, the two states thus belong to different symmetries
so they can cross in C,, symmetry. For the II state, the
degeneracy is lifted when the molecule bends, leading to a A"
and a *A’ states. The *A” component forms the linear CI with
another *A” state. In the C,, symmetry, however, the two
lowest-lying electronic states belong to the *A, and ’B,
symmetry species, respectively, which can also cross by the
same principle and are thus responsible for another CI.

We restrict our effort in this work to the two lowest A” states
coupled by the CIs. The two diabatic states (h//,-(d))) can be
obtained from the two adiabatic states (h//f“))) by a unitary
AtD transformation:

|Wl(d)> h//l(a))
Iy ) ) (1a)

with the AtD matrix defined by a mixing angle a, which
depends on nuclear coordinates

U= cosa sina
—sina cos a (1b)

Here, the adiabatic states in eq la are identical to the 1?A” and
2%A" states.

For the angular momentum-based method used near the
collinear geometry, the mixing angle @' is extracted from
electronic orbital angular momentum matrix elements as
follows:*>%*

= arcsinlLI

= arcsin\/|<12A'|I:Z|12A">|2 + |<12A'|I:y|12A">|2

Lz
a

)

where I, and I:y are the z and y components of the electronic
angular momentum operator L. Here, the molecule was fixed
in the yz plane and the z axis was kept bisecting the OHO
angle in all geometries. The 1?A” state serves as a reference as it
is not involved in the CIs. The above equation is in a
symmetrized form with respect to the exchange of the two O
nuclei, proposed by van Harrevelt and van Herpert.64 Because
the components of angular momentum L, and L, are not well-
defined when molecule is far from linear geometry, such
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method cannot be used to describe the T-shape CI, as
discussed in the SI.

For the CI at the C,, geometry, we use the CIV method® to
calculate the mixing angle near the C,, geometry, which is
implemented in MOLPRO.> This diabatization in H+O,
Jacobi coordinates (R, rop, 7) requires two steps: first, the
active orbitals of a CASSCF calculation are rotated to
maximize the overlap with the orbitals at a C,, reference
geometry, of which the R and ryo remain the same and the
Jacobi angle y is set to 90 deg. Second, nonadiabatic coupling
matrix elements and mixing angle @'V can be computed by
finite differences for MRCI wave functions using the DDR
program in MOLPRO.

We modify the mixing angle with damping functions to get a
dynamically convenient description in the asymptotic regions.
Details of the implementation are given in the SI. To obtain
the smoothly varying mixing angle, we connect the mixing
angle obtained using different methods by a switch function as
follows:

CIv

final Lz
a™ = amodZ(l _f> + Fnod:

3)

in which f = ﬁ, where 4 = 0.3 deg™, and y, = 67 deg.
e

The ap’y, and aShy, are modified mixing angle from angular
momentum and CIV based method. o™ is the final mixing
angle used on each point. This function will not change the
mixing angle near the two type Cls, only make a smooth
connection in the region away from the intersections.

The DPEM can finally be expressed as a unitary trans-
formation of the adiabatic potential energy matrix, which is
diagonal with the adiabatic energies E; and E,, as follows:

vi=uvu 4)
in which the AtD matrix is defined with the modified mixing
angle and  denotes the transpose.

To examine properties the ClIs, we follow a closed loop
around the CI seam in its vicinity. By moving the H atom, a
small and enclosed circle can be defined to probe the derivative
coupling 7;,(¢lp) around a CI, defined by a small radius (p)
and a polar angle (¢). Within the two-state model, the
derivative coupling 7,,(@lp) is defined as follows: """

7(elp) = <wl“(<0|p)‘% wz“(¢lp)>

(5)

The mixing angle a;,(¢lp) can then be obtained from the
derivative coupling:®’

ap(plp) = fo ' 7,(¢lp)dg’ ©)

Along the closed loop around CIs, this integral in eq 6
should yield 7 as follows:*

2
an(p) = fo ,(@'lp)de’ = n )

which is the origin of the geometric phase.
From the DPEM, the derivative coupling can be readily
obtained from the elements V;;, V,,, and V,,:"*

https://doi.org/10.1021/acs.jctc.3c00291
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oV, oV A
|- v - (% - %))
T(elp) = % = >

e (25 ) oo - vy

(8)
2.3. Fitting and Permutation Symmetry. To provide an
analytical representation of the DPEM, the diabatic permuta-
tion invariant polynomial-neural network (PIP-NN) method””
was used. The idea of PIP-NN is to used PIPs’* as the input
layer of a NN, which enforces the permutation symmetry of
the system.”*”> This approach has been successfully applied to
many systems,”°~*' thanks to the ultraflexibility of the NN and
the ability to enforce permutation symmetry.*>** In the system
discussed here, the two diagonal and one off-diagonal elements
are represented by three NNs.
The complete nuclear permutation and inversion (CNPI)
group® for HO, is isomorphic to the C,, point group, for
which the character table is given in Table 1. To illustrate the

Table 1. Character Table of the CNPI Group of HO, and
the Isomorphic C,, Point Group

CNPI E (12) (12)* E*
Co E G O o,
A, 1 1 1 1
A, 1 1 -1 -1
B, 1 -1 1 -1
B, 1 -1 -1 1

CNPI symmetry, we choose a point at the C,, symmetry,
where the two diabatic states belong to the A, and B,
irreducible representations. Since the diabatic states by
definition maintain the CNPI symmetries in other geometries
throughout the configuration space, these two symmetry
species can thus be used to discuss the CNPI symmetry of
the system. While the diagonal elements of the DPEM (Vy,
and V,,) belong to the totally symmetric irreducible
representation (A, X A, = B; X B; = A)), the off-diagonal
element V;, belongs to the B, (A, X B, = B,) irreducible
representation that is antisymmetric with respect to the
exchange of the two oxygen nuclei.

The following three PIPs were used as the input layer of the
three NNis:

p13 + p23
G = T; G, = Pi3Ps50 G = P, ()

where the O, O, and H atoms are labeled as 1, 2, and 3,
respectively. The PIPs are symmetrized monomials of Morse-
like variables:”

_ru/“

B =e (10)

where r;; represents the internuclear distance between the ith
and jth atoms and a is the parameter to describe the decay rate
of the monomial with the internuclear distance (a = 2 bohr is
used in this work). To satisfy the permutation antisymmetry
for the off-diagonal element V), and keep it exactly equal to
zero in both linear or C,, geometries, the Vy,/sin(2y) is fitted
using the PIP-NN method, where ¥ is the Jacobi angle.

NNs with two hidden layers of 20 and 20 neurons were
trained with the Levenberg—Marquardt algorithm, where the
root-mean-square errors (RMSEs) were used to evaluate the
fitting performance:

N N
2
RMSE = \/z Wi(Eﬁtting - E, initio) /Z w;
i=1

i=1

(11)

ab initio a0 Egying are the input energies and the fitted
ones, respectively, and N is the number of ab initio points. In
order to fit the important regions more accurately, we increase
the weights w; for the geometries around the equilibrium
geometry, Cls, and the asymptote regions. The ab initio points
are randomly divided into training (90%), validation (5%), and
testing sets (5%), respectively. The training set was used in the
NN training, while the validating set was used in the early
stopping scheme®” to avoid overfitting. The testing set was
used to assess the fitting quality. The DPEM is available upon
request from the corresponding author (D.X.).

where E

3. RESULTS AND DISCUSSION

About 17 000 points were calculated and used to fit the 2X2
DPEM, using the PIP-NN method described above. These
points extend to 25 bohr in both asymptotes. The RMSEs with
equal weight factor for points below 3.0 eV (relative to the
O(’P)+OH(XII) asymptote) of the two diagonal elements of
the DPEM are 11.9 and 8.8 meV, while that for the off-
diagonal term is 9.9 meV. In Table 2, the equilibrium geometry
of HO,(X?A"), fundamental vibrational frequencies, and
dissociation energies on the PES are compared with previous
theoretical and available experimental results. The calculated
equilibrium (geometry is in excellent agreement with the
experiment.®® The calculated dissociation energies D.(H—00)
and D,(O—OH) are found to be 2.367 and 2.930 eV, which

Table 2. Comparison of Theoretical and Experimental Results for the Equilibrium Geometry (roy/bohr, roo/bohr, Ogoy/deg),
Dissociation Energies (in eV) and Vibrational Energy Levels (in cm™") of the Ground State of the HO, Radical as well as the

Diatoms
HO, ("OH: Toos 9001—1) De(H—OO) De(O—OH)

This work (1.837, 2.507, 104.1) 2.367 2.930
XXZLG* (1.836, 2.521, 104.1) 2324 2.864
DMBE IV¥ (1.835, 2.514, 104.3) 2.379 2.961
DIM® (1.84, 2.52, 100.6) 2246 2.828
Expt. (1.834, 2.514, 104.3)7 2.369° 2.969¢

2.334 2,934

Vibrational frequencies

9Ref 18. PRef 16. “Ref 17. “Ref 86. “Ref 87./Ref 88. Ref 10. "Ref 5. 'Ref 90.

HO, (vy, vy, v3) OH/0,

(0,0, 1) (0,1, 0) (1,0,0) 0,C°%)  0,('A)  OH(ID)

1108.4 1384.9 3429.2 1549 1477 3570

1090.7 1389.0 3430.0 / / /

1065.5 1296.4 3333.7 / / /

/ / / / / /

1097.62 1391.82 3436.2" 1556° 1484 3570
2932 https://doi.org/10.1021/acs.jctc.3c00291
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Figure 2. Comparison between ab initio (symbols) and DPEM (solid lines) adiabatic energies along the H—O, Jacobi coordinate R, with angle y =

0, 30, 60, and 90 deg, and roo = 2.28 bohr.

are in good agreement with those computed from experimental
measurements by D, = Dy — ZPEy_o0/0-on + ZPEuoo-" >
At the same time, the ZPE-corrected endothermicity obtained
from current PES is 0.696 eV, which is in better agreement
with the recent experiment (0.718 V)" than the previous
XXZLG PES (0.659 eV).'® In the same table, the calculated
fundamental frequencies of HO,(X?A”) are compared with
available experimental band origins.”'® The vibrational levels
are labeled by three vibrational quantum numbers v;, v,, and v;,
which represent the OH stretching, HOO bending, and O—O
stretching modes, respectively. The calculated fundamental
frequencies for these modes (v, is 3429.2 cm™, v, is 1384.9
cm™, and vy is 1108.4 cm™') are in quite good agreement with
the experimental band origins (3436.2 cm™, 1391.8 cm™}, and
1097.6 cm™"). The OH and O, vibrational frequencies are also
compared with the experimental values and the agreement is
equally good.

In Figure 1, the PESs for the two adiabatic states from the
new DPEM are displayed as a function of H—O, Jacobi
coordinates R and ¥, with rgg fixed at 2.45 bohr. The two
linear CIs and the T-shape one are clearly seen, whose cone
shaped cusps are impossible to represent analytically. The
corresponding diabatic PESs are shown in the same figure, and
they are smooth functions of the nuclear coordinates and are
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thus much easier to obtain a high fidelity fit. To illustrate the
high fidelity of the fitting, discrete ab initio energies are
compared in Figure 2 with the adiabatic potentials obtained by
diagonalizing the DPEM along the R coordinate at several
different angles. It is clear that the fitting is highly faithful,
particularly in the vicinity of the CI.

To examine the property of CI seams more closely, we
calculated the derivative coupling and AtD mixing angle along
a closed loop encircling each CI, and the results are shown in
Figures 3 and 4. The coordinates for defining the loop in the
vicinity of the CI are given in the figure. The polar angle ¢
along the circle is extended to [0, 2] to satisfy the
requirement that the line integral of the derivative coupling 7
along a closed loop around a CI yields a value of z.*> Figure
3(a) shows diabatic potential energy curves (V;; and V,,) and
adiabatic ones (E, and E, for the ground 1°A” state and excited
2%A” state) as a function of ¢ encircling the T-shape CI for the
first two 2A” state of HO,. The circle around the T-shape CI is
shown as the inset (Rg; = 2.7 bohr, roo = 2.28 bohr, p = 0.2
bohr) in Figure 3(b). Figure 3(b) shows V, as a function of ¢
encircling the T-shape CI, and Figure 3(c) shows the
corresponding derivative coupling 7), and AtD mixing angle
ay, as a function of ¢ encircling the CI It can be readily seen
that the derivative coupling 7, is symmetric with respect to ¢

https://doi.org/10.1021/acs.jctc.3c00291
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Figure 3. Adiabatic and diabatic potentials (upper panel), the diabatic
coupling (middle panel), and the derivative coupling and the AtD
mixing angle (lower panel) along a small circle around the T-shape
CI. The radius and angle of the circle are defined in the inset with R¢;
= 2.7 bohr, rog = 2.28 bohr, p = 0.2 bohr.

Figure 4. Adiabatic and diabatic potentials (upper panel), the diabatic
coupling (middle panel), and the derivative coupling and the AtD
mixing angle (lower panel) along a small circle around the linear CI.
The radius and angle of the circle are defined in the inset with R¢ =
3.5 bohr, roo = 2.28 bohr, p = 0.2 bohr.

= 7 but the mixing angle a,, is antisymmetric, thanks to the
antisymmetric character of V),. As expected, the integral in eq
7 along the closed loop around the CI yields exactly the value
7, reproducing the GP associated with the CI. The same
geometric quantization is observed as well around the linear
ClIs (R¢ = 3.5 bohr, oo = 2.28 bohr, p = 0.2 bohr), which is
shown in Figure 4.

The sign change of the V), at the C,, and C,,, geometries is
shown in a global perspective in Figure S, where the O, is fixed
at rgo = 2.28 bohr. It is particularly worth noting the
antisymmetry at the linear geometry, which is difficult to
implement and often ignored.

In Figure 6, we compare the adiabatic potential curves of the
current and the DIM'” DPEMs in the Jacobi coordinate in the
T-shape and linear configurations. The location and energy of
the CIs for this work are consistent with the DIM values. In
Table 3, the geometry and energy of the minimum energy
crossing (MEX) of the two Cls are compared and there are
significant quantitative differences. In addition, we note that
the potential energy curves from the two DPEMs are not
identical for either the ground or excited state. The difference
on the 2?A” state is quite large, due apparently to the different
number of diabatic states included in these models.

In Figure 7, the adiabatic PES for the ground electronic state
of HO, is plotted in the H-O and O—O bond distances at
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Figure 5. Contour plot of the off-diagonal element of the DPEM as a
function of the H coordinates (X, Y) around O,, which is fixed at rqo
= 2.28 bohr and placed at the origin along the X-axis in the X-Y
plane.

several O—O—H bond angles 8. The HO, well is clearly seen
in the figure. It is also apparent that the approaching of the H
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Figure 6. Comparison of the adiabatic potential energy curves along
the R coordinate (with roq fixed at 2.28 bohr) from the current and
DIM DPEMs in the T-shape and linear configurations.

Table 3. Comparison of Minimum Energy Crossing (MEX)
Geometries (bohr and deg) and Energies (eV) Relative to
the O(’P)+OH(X?IT) Asymptote between the Current and
DIM DPEMs

T-shape MEX linear MEX
(R, 700, 7) Energy (R, 700, 7) Energy
this work (2.82, 2.46, 90) 1.13 (3.67, 241, 0) 1.48
DIM“ (2.80, 2.43, 90) 1.32 (3.58, 2.38, 0) 1.75
“Ref 17.

to O, at a bent geometry is barrierless, but there is a barrier in
the collinear approach due apparently to the linear CL

In the collinear geometry, there is a submerged exit channel
barrier in the minimum energy path leading to the OH+O
asymptote. As discussed extensively in the literature,'®™'®*
the long-range minimum is formed in a collinear geometry due
to the strong dipole—quadrupole interaction, as shown in
Figure 8, where the ground state PES is plotted in the (rog and
0) coordinates with the O—H bond length optimized. Shown
in the same figure, the submerged barrier at a nonlinear
geometry separates this long-range well with the deep HO,
well. On the current PES, the long-range minimum and the
barrier are 645.3 and 482.0 cm™' lower than the O+OH
asymptote, respectively.

Finally, the H+O, channel is plotted in Figure 9 within the
O—-0 bond length optimized. Unlike the O+OH channel, the
interaction between H and O, is relatively weak. Due to the
three ClIs in the H+O, channel, local barriers exist around 0,
7/2, and 7. The minimum energy pathway is also performed in
the same plot; there is no barrier in the H+O, entrance process
leading to the global HO, well.
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Figure 7. Contour plots of the ground state adiabatic PES in the O—
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corresponds to the collinear H-O—O geometry. The contours are
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Figure 8. Contour plot of the ground state adiabatic PES in the O—O
distance and interbond angle 8 with the O—H distance optimized.
The PES in the OH+O asymptote is dominated by a collinear well
due to electrostatic interaction between OH and O, and a submerged
barrier between this collinear minimum and the HO, chemical well, as
shown by the minimum energy path in blue. The contours are given
in eV relative to the O(*P)+OH(XII) asymptote.

4. CONCLUSIONS

In this work, we report a new and more accurate DPEM for the
two lowest-lying electronic states of HO,, which are coupled
by two equivalent linear CIs and one T-shape CI. The DPEM
was constructed using the PIP-NN method, which has high
fitting fidelity and preserves the correct permutation symmetry
for the two identical O nuclei, from a large number of points at
the MRCI+Q/AVSZ level of theory. The diabatization was
carried out with a mixed method using both the electronic
angular momentum and CIVs, which correctly follows the
diabatic states. The new DPEM not only reproduces the
structural, energetic, and spectroscopic properties of the
ground state HO,(X?A”), but it also correctly describes the
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Figure 9. Contour plot of the adiabatic PES for the ground state in
the H—0O, Jacobi coordinates with the roo optimized. The energies
are given in eV relative to the O(*°P)+OH(X’II) asymptote.

three CIs between the two electronic states, including the GPs.
It is expected to provide a reliable platform for investigating
the spectroscopy of HO, and nonadiabatic dynamics for the H
+ O, & OH + O reaction. We note in passing that the
investigation of an ultracold reaction will require a more
accurate representation of the long-range PES, which will be
added in a future publication.
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