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An accurate global full-dimensional machine learning-based potential energy surface (PES) of the simplest
Criegee intermediate (CH,OO) reaction with water monomer was developed based on the high level of
extensive CCSD(T)-F12a/aug-cc-pVTZ calculations. This analytical global PES not only covers the regions
of reactants to hydroxymethyl hydroperoxide (HMHP) intermediates, but also different end product
channels, which facilities both the reliable and efficient kinetics and dynamics calculations. The rate
coefficients calculated by the transition state theory with the interface to the full-dimensional PES agree
well with the experimental results, indicating the accuracy of the current PES. Extensive quasi-classical
trajectory (QCT) calculations were performed both from the bimolecular reaction CH,OO + H,O and
from HMHP intermediate on the new PES. The product branching ratios of hydroxymethoxy radical
(HOCH,O, HMO) + OH radical, formaldehyde (CH,O) + H,O, and formic acid (HCOOH) + H,O were

calculated. The reaction yields dominantly HMO + OH, because of the barrierless pathway from HMHP
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1. Introduction

It is well-known that ozonolysis of alkenes proceeds via Criegee
intermediates (CIs) in the troposphere.* This ozonolysis process
has two steps: (1) ozone and alkenes react via 1,3-cycloaddition
to form a primary ozonide; (2) the primary ozonide rapidly
decomposes to vibrationally excited CIs and a stable carbonyl
compound. The vibrationally hot CIs can further undergo
unimolecular dissociation or be collisionally deactivated to
stabilized CIs,>* which have a long lifetime to undergo bimo-
lecular reactions with other species, such as NO,,**® SO,,*®
organic acids,'®" inorganic acids* and water vapor.**** The
self-reaction of CIs have also been reported,* indicating a cyclic
dimeric intermediate with a terminal O atom of one CH,O00
bonded to the C atom of the other CH,OO is formed with large
exothermicity before further decomposition to formaldehyde
and oxygen. Because of the high concentration of water vapor,
the reaction with water vapor is considered to be dominant in
the atmosphere,'* and considerable efforts have been devoted to
the study of the reaction of CIs with water.''” In 2015, Lin and
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CH,O0O0 + H,O reaction can provide crucially OH yield in Earth's atmosphere.

coworkers observed quadratic dependence of the decay rate of
CH,0O0 on water concentration, implying a predominant reac-
tion with water dimer." In subsequent experimental and theo-
retical studies,**?° the effect of water monomer to the CH,O00
reaction with water vapor was also investigated.

Nonetheless, there is still much controversy over the end
product of the reaction of the simplest CI (CH,00) with single
water molecule both experimentally and theoretically. Various
products, such as hydroxymethyl hydroperoxide (HMHP), for-
mic acid (HCOOH), ketones, H,0,, hydroxymethoxy radical
(HOCH,0, HMO), and OH have been observed experimentally
through yield measurements of the gas-phase ozonolysis of
ethene under humid conditions.”*** These indirect determi-
nations of reaction kinetics of CIs provided derived rate coeffi-
cients with large uncertainties. Therefore, these early
experiments without direct detection of CIs can not be suffi-
ciently reliable to provide a definitive understanding of the
CH,00 + H,0 reaction.

In 2012, Welts et al. first reported direct photoionization
mass spectrometric detection of stabilized CH,00 as a product
of the reaction of CH,I with O,.2° That direct kinetic measure-
ment provided an upper limit of 4 x 10~ '> ecm s~ for the rate
coefficient of the CH,00 + H,O reaction. They found that the
consumption of CH,OO in their experiment should produce
formaldehyde, and also observed slight HMHP signal at the
highest water concentration. Stone et al. obtained kinetics of
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CH,00 reactions with some molecules, including H,O at
varying pressures at a temperature of 295 K, using photolysis of
CH,1,-O,-N, mixtures under pseudo-first-order conditions
combined with monitoring of the formaldehyde reaction
products by laser-induced fluorescence (LIF) spectroscopy.>”
The resulting upper limit on the rate coefficient in that work for
CH,00 + H,01is 9 x 10~ em > s~ ', which is significantly lower
than the previously reported value.>® These outcomes indicate
whether the dominant product of the reaction is formaldehyde
(CH,0) still remains a question. Nakajima and Endo observed
HMHP, dioxirane and formic acid in a reaction system con-
taining CH,0O0 and water vapor through pure rotational spec-
troscopy in 2015.>

Theoretical studies have different opinions on the end
product of the reaction as well. Those theoretical work was
focused on the geometry optimization and single-point energy
calculations at various ab initio levels for the formation of
HMHP from CH,00 + H,O and the unimolecular HMHP
decomposition pathways.**** These pathways include HCOOH
+ H,0, CH,O0 + H,0,, and HMO + OH.?**3> A recent work indi-
cated HMO + OH can be the most feasible channel for the
CH,0O0 + H,O0 reaction, but in the absence of global PES and
dynamics calculations.*” In 2016, Lin et al.*® performed elec-
tronic calculations at the level of QCISD(T)/CBS//B3LYP/6-
311+G(2d,2p) for the stationary points and pathways from
CH,0O0 + H,0 to HMHP, but the further dissociation pathways
associated with end products of this reaction were not consid-
ered. The rate coefficients for the CH,0O0 + H,O reaction were
also calculated by the transition state theory, which agree well
with the experimental results.

To better understand the true reaction mechanism of
CH,00 + H,0 associated with end products of this reaction, we
report here the first dynamical study by developing the first full-
dimensional potential energy surface (PES) of CH,00 + H,0
based on fundamental invariant-neural network (FI-NN) fitting
to a large number of UCCSD(T)/aug-cc-pVIZ data points.***
The full-dimensional PES not only covers the CH,O0 + H,O
reaction involving HMHP intermediates, but also the end
product channels. Section 2 presents the detailed computa-
tional details and properties of the new PES for CH,OO0 + H,O.
Section 3 gives the results and discussion of rate coefficients,
product branching ratios and dynamics information. The
conclusions are summarized in Section 4.

2. Potential energy surface

The early studies show that CH,OO behaves more like a zwit-
terion than a biradical, and the single-reference methodologies
can describe the reaction quite well.***” Thus, the “gold stan-
dard” level of CCSD(T)-F12a/aug-cc-pVTZ was used in ab initio
calculations for most data points in a large configuration space.
The T1 diagnostic values were also computed in this work for
CH,0O0 + H,0 in different regions and those values are small,
indicating the reliability of CCSD(T)-F12a calculations. Due to
the two radical fragments in the OHCH,O + OH channel, the
single-reference method has problems in describing this
channel. We thus employed the approach of mixing as

13398 | RSC Adv, 2023, 13, 13397-13404

Paper

incorporated in Gaussian program,®® which mixes some amount
of the HOMO with the LUMO of the same spin. This is the most
straightforward approach to get the correct initial guess for
Hartree-Fock calculation that requires no prior knowledge of
the system. All ab initio calculations were carried out using the
MOLPRO 2018 (ref. 39) and Gaussian 16 (ref. 38) in the current
work.

In this work, we used the FI-NN method**™* to fit the full-
dimensional PES of CH,O0 + H,O. The FI-NN approach uses
the fundamental invariants as the input layer of the neural
network, which is proposed based on the permutationally
invariant polynomial (PIP)* and PIP-NN*! approaches. The PIP
method proposed by Bowman and co-workers uses primary and
secondary invariants as the fitting basis to generate permuta-
tion invariant polynomials while the coefficients are obtained
by linear least squares fitting.** Another mathematically equiv-
alent PIP method based on the symmetrized monomials was
also developed.” The PIP-NN method uses a set of PIPs instead
of pairwise distances as input vector in the neural network,
including all the polynomials truncated by a given degree.** The
FI-NN approach minimizes the size of polynomial and effi-
ciently reduces the evaluation time of the potential energy, in
particular for larger molecular systems with more identical
atoms.**"*¢ Moreover, FIs are polynomials based on the inter-
nuclear distances, which are invariant for translation, rotation,
and inversion.

The feed-forward network has two hidden layers. The output
of the hidden layer is

a]l. =0 (ijl.,.aﬁ_l + b;) (1)

where af' is the jth value of the /th hidden layer, wf-j and bjl» are the
trainable weights and bias in that layer, and ¢ is the activated

function that forms is 1/4/(1 + x2).

1 N
RMSE = E ; (Eﬁt - Eabinitio)z (2)

We used Levenberg Marquardt algorithm®*” as the optimiza-
tion algorithm and root-mean-square error (RMSE) as the loss
function to update the parameters of the neural network.

Since the configuration space of the investigated system is
large, we split the dataset into the reactant asymptotic region
(ASY) and the rest region (interaction region (INT), hereafter)
with some overlaps (switch zone) between the two parts, to
overcome the huge difficulties of fitting all the data points
together. We used the distance (Rop) between the two oxygen
atoms (one from H,O, the other from CH,00 attached to the
carbon) as the condition:

INT: Roo = 7.0 A
ASY: Roo = 8.0 A

Switch: 7.0 A < Roo < 8.0 A

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Finally, the two parts were connected by a smooth switch
function. The final global PES is a weighted sum of the two
parts:

E = Wint X EInT + Wasy X Easy (3)

where

1

Waey =
ASY T T ¢ exp(—10 x (Roo — 7.5))

Wint =1— Wasy (4)

The Multi State Empirical Valance Bond (MSEVB) method is
an efficient procedure to fit the interaction and asymptote
regions,” which can be considered and employed in future
work. The architectures of the two NN PES are listed in Table 1.
The FIs are calculated by King's algorithm*® using the home-
made code of our group. Since, in the reactant asymptotic
region, there is no need to consider atomic permutative
symmetries between H,O and CH,0O0. The total number of FIs
in the asymptotic region is 143; however, the number is 505 for
the interaction region, which is truncated to fifth-order terms.

The PES was constructed by the FI-NN method based on 111
076 ab initio energy points. We initially obtained 10000

Table 1 Neural network structure and number of parameters (in
parentheses) and fitting errors for the ASY, INT, and global PESs
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configurations by performing ab initio molecular dynamics
(AIMD) simulations at the B3LYP/6-31g level of theory. For these
calculations, we ran about 300 trajectories from the reagents
CH,00 + H,O0 at the collision energy of 15.0 kcal mol ™. Addi-
tionally, roughly 300 trajectories were run initiated from the
transition states leading to different product channels. Our first
PES was fitted based on the initial dataset and more data points
were added iteratively by doing QCT calculations on the
preliminary PES. On every cycle, we collected data points with
significant energy deviations and errors. To avoid adding too
many similar data points, we define the following criterion to
measure the “distance” between two geometries, a and b.

D= (E, — Ey)

r; (i = 1, n) is the ith bond length of the geometry. We can
discard those data points that are similar to the existing data in
the geometry domain. In addition, roughly 20000 CCSD(T)/aug-
cc-pVIZ data points for the HMO + OH exit channel were
computed by the mixing approach incorporated in Gaussian.
These energies were shifted to CCSD(T)-F12a/aug-cc-pVTZ
energies and added to the dataset. Finally, 111076 energy
points were computed and included in the fitting base, leading
to the final RMSE of 15.5 meV.

Fig. 1 shows the schematics of energies and configurations
of stationary points as well as different pathways and product
channels for the CH,00 + H,O reaction. Comparisons between
the CCSD(T)-F12a/aug-cc-pVIZ and PES energies for all

Structure Fitting points RMSE (meV)
stationary points of the different pathways are made, which
ASY 143-10-10-1 (1561) 8024 4.78 shows good agreement between the two results. As depicted in
INT 505-30-30-1 (16141) 106 848 15.82 Fig. 1, the collision between CH,00 and H,O can either proceed
Global 111076 15.52
a TS4 L
> A TS3 846 r{ é
TS1 g o 5 B g6 HOCH,0+OH
10 b N /‘4 -0.03 6.21 : _2?75
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Fig.1 PES schematic of the CH,OO + H,O reaction. All energies are in kcal mol™* and relative to the CH,OO + H,O asymptote at various levels:

FI-NN PES (red fonts), CCSD(T)-F12a/AVTZ (blue fonts).
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via the pre-reaction complex (IM1) and the transition state (TS1)
and sequently form an intermediate (HMHP1), or proceed via
IM2 and TS2, followed by the formation of HMHP2. The two
HMHP intermediates (HMHP1 and HMHP2) can further
dissociate into three end product channels, which is HMO +
OH, HCOOH + H,0 and CH,O + H,O,. There is a transition state
and post-reaction well respectively for the highly exothermic
HCOOH + H,0 channel and the CH,O + H,O, channel, but the
HMO + OH channel is barrierless.

The fitting error distribution as a function of potential
energy is shown in Fig. 2, representing good performance of
fitting results. Fig. 4 depicted four minimum energy paths
corresponding to CH,00 + H,0 — IM1 — TS1 — HMHP1,
CH,00 + H,O —» IM2 — TS2 —» HMHP2, HMHP2 — IM3 —

0.6 — T T T
0.4} .
>
) _
g
= ]
35
é -
=
041 -
_0_6 1 1 1 1
-4 -2 0 2
Potential Energy (eV)

Fig. 2 The fitting errors for all data points in the FI-NN PES, as
a function of their corresponding ab initio energies relative to the
energy of CH,OO + H,0.
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Fig. 3 Comparisons of potential energies as a function of R (distance
between two O atoms from OH and OHCH,0) obtained from the PES
(solid lines) and from direct CCSD(T)-f12a/AVTZ (green circle), and
mixing calculations (blue triangle).
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CH,O0 + H,0,, and CH,00 + H,0 — IM2 — TS2 —» HMHP2 —
HMO + OH determined by the string method* on the PES,
together with those energies calculated directly by the CCSD(T)-
F12a/AVTZ level of theory. The reaction coordinates for the
transition states are all set to zero, and those for the rest
configurations are the Euclidean distances from the corre-
sponding transition state. The minimum energy paths are very
smooth. The PES reproduces the energies of CCSD(T)-F12a/
AVTZ quite well along the minimum energy paths, indicating
the accuracy of full-dimensional PES.

Fig. 3 shows the potential energy curve of the HMO + OH
channel, including CCSD(T)-F12a/AVTZ energies, the CCSD(T)-
AVTZ with Gaussian-mix Hartree-Fock, and fitted potential
energies. One can see the direct CCSD(T)-F12a/AVTZ calcula-
tions have severe problems in the exit channel of HMO + OH,
while the fitted PES accurately and smoothly describe the exit
channel, by combining the CCSD(T)-F12a/AVTZ energies and
CCSD(T)-AVTZ with Gaussian-mix energies.

3. Kinetics and dynamics

The rate coefficients were calculated using canonical variational
transition state theory (CVT) in conjunction with the small
curvature tunneling (SCT) implemented in the POLYRATE-2017
software.®* The full-dimensional PES was used as the interface
to rate constant calculations. The total rate coefficient is the
sum of the two independent pathways, which correspond to
IM1-TS1-HMHP1 and IM2-TS2-HMHP2. The computed rate
coefficients of the CH,00 + H,O reaction are displayed in Fig. 5,
together with those available experimental results for this
reaction and theoretical results from Lin et al.® The current
results agree reasonably well with the experimental results in
a wide temperature region. Our results based on CCSD(T)
electron structure calculations are about 13% lower than the
theoretical results based on QCISD(T), due to slightly higher
barrier heights and lower pre-reaction wells of current theory.
Our pre-reaction well with ZPE corrected (—6.8 kcal mol ) is
roughly 0.3 kcal mol™' lower than that of Lin et al
(—6.53 kecal mol '), and the two transition states with ZPE
corrected (3.72 kcal mol™' and 2.88 kcal mol™ ') are slightly
higher than that of Lin et al (3.68 kcal mol ' and
2.82 kcal mol ™). The Arrhenius form (A exp(E./RT)) of fitted
results in this work is 1.12 x 107" x exp(—2.15/RT) (A is in
em ? s, E, is in keal mol ™).

The standard QCT calculations were carried out on the full-
dimensional PES for the bimolecular reaction CH,OO0 + H,O at
the temperatures of 300 K and 358 K, respectively. The initial
coordinates and momenta of the system were obtained by
sampling a Boltzmann distribution at a given temperature. Due
to the long-range interaction in the entrance channel, the initial
distance between the center of mass of the two reactants was
sufficiently large (v/x2 + b2 ), here b is the impact parameter and
x was set to 23 Bohr. The impact parameter was selected
randomly from the distribution bpax\/7, where r is a random
number uniformly distributed from 0 to 1. The maximum
impact parameter (bn.x) was determined by running a set of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparisons of potential energies along minimum energy paths obtained from the PES (solid line) and calculated from CCSD(T)-f12a/
AVTZ level of theory (red circle). The reaction coordinate is the signed distance along the reaction path from the saddle points.
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Fig. 5 Comparisons of rate coefficients: this work (green line); theory
by Lin et al* (blue line); experiment by Lin et al*® (red triangle);
experiment by Berndt et al.** (black star).

trajectories at a given temperature. The trajectories were prop-
agated using the velocity-Verlet integration algorithm with
a time step of 0.1 fs for a maximum time of 2 ns. The trajectories

© 2023 The Author(s). Published by the Royal Society of Chemistry

are terminated if the distance between any two atoms is greater
than 20 Bohr. The trajectories either result in one of the product
channels or return to the reactants.

A total of 10400 000 trajectories were run from CH,O00 and
H,0 at the temperature of 300 K and 358 K, respectively, up to
the maximum time of 2 ns. Among those trajectories, we only
obtained 138 reactive trajectories, with 134 trajectories leading
to HMO + OH and 4 trajectories leading to HCOOH + H,O at 300
K. At 358 K, the reactive trajectories were 105, with 98 trajec-
tories producing HMO + OH and 7 trajectories producing
HCOOH + H,O0. Although the number of total trajectories has
been already huge, it was found that the product branching
ratio is far from convergence, owing to the extremely small
reaction probability for the bimolecular reaction.

Because the reaction probably at the temperature of atmo-
sphere relevance is extremely small, it is computationally
unaffordable to get the converged branching ratios of end
products from the initial collision between CH,00 and H,O. To
get rid of unnecessary computational time in running nonre-
active trajectories, an alternative approach that launching
trajectories from HMHP was employed. The bimolecular reac-
tion should first proceed through the intermediate HMHP1 or
HMHP2, which further decomposes to different end products,

RSC Adv, 2023, 13, 13397-13404 | 13401
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and thus we initiated trajectories at HMHP to run unimolecular
reaction dynamics. The initial velocities was sampled by
a Boltzmann distribution around the total available energy,
which has the same initial energy distribution as the bimolec-
ular collision.

A total of 180 000 trajectories were run initiated respectively
from HMHP (HMHP1 and HMHP2) with the initial condition
relevance to the bimolecular collision, to obtain well converged
product branching ratio. The von Neumann acceptance-rejec-
tion method®® was used to generate initial conditions of normal-
mode coordinates and momenta, subject to the same total
energy distribution as initialized from CH,00 + H,O. As shown
in Fig. 6, the total energy distribution of the trajectories
initialized from HMHP and CH,00 + H,O at 300 K and 358 K
are consistent with each other, indicating that the total energy
distribution of CH,OO + H,O has been successfully achieved on
HMHP.

Table 2 shows the product branching ratios at the temper-
ature of 300 K and 358 K initiated from HMHP1 and HMHP2,
respectively. One can see that the branching ratios obtained
from HMHP1 and HMHP2 at the specified temperature are
basically the same, indicating the isomerization between the
two isomers is very efficient. This is because the potential
barrier between the two isomers is only 9 kcal mol ™", which is
significantly lower than the available energy that can be used
for isomerization. Nearly all trajectories decompose to end

0.15 ' T '
— 358k CH00+H0

o 358k HMHP
% I PP 300k CHyOO+H0

0.10 Y 300k HMHP

Intensity (arb. unit)
[—]
P
]

0.00

Energy(kcal/mol)

Fig. 6 The initial total energy distributions initiated from CH,OO +
H>O and from HMHP at 300 K and 358 K.
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Fig.7 Center-of-mass translational energy distribution of HMO + OH
obtained from the QCT calculations at 358 K.

product channels or return to reactants after the maximum
propagation time of 2 ns, although at 300 K a faint, negligible
fraction (0.01% or 0.04%) was trapped in the HMHP well. The
HMO + OH product channel is dominant, which accounts for
~94% of the overall reaction yield, because this dissociation
channel is a direct dissociation channel without a barrier.
Although the dissociation barrier of HCOOH + H,0 is about
2.5 keal mol " higher than that of HCOH + H,0,, the HCOOH +
H,0 channel accounts for about 6% of total yield, but a tiny
fraction (<0.1%) results in HCOH + H,0,. This is presumably
due to significantly larger exothermic energy of the HCOOH +
H,O channel.

As the HMO + OH channel has the predominant contribu-
tion to the total reaction yield, the detailed dynamical infor-
mation for this channel was also calculated by the QCT
calculations. The center of mass product translational energy
distribution of HMO + OH at 358 K is displayed in Fig. 7. As
seen, the translational energy distribution peaks at around
1.0 keal mol ~*, with a tail up to the energy of about 15 kal mol .
This behavior of narrow translational energy distribution
supports that this channel leading to HMO + OH is barrierless.
The average translational energy release of HMO + OH is around
3.5 kcal mol ", corresponding to a small fraction (0.09) of the
total available energy (~38 kcal mol ). This implies that most
of the available energy in this channel is deposited into the
internal degrees of freedom.

Table 2 Product branching ratios at the temperatures of 300 K and 358 K initiated from HMHP1 and HMHP2, respectively

HMO + HCOOH + CH,O
Temperature Initial geometry HMHP (%) OH (%) H,O0 (%) + H,0, (%)
300 K HMHP1 0.01 94.0 5.93 0.06
300 K HMHP2 0.04 93.92 5.97 0.07
358 K HMHP1 0.0 93.99 5.92 0.09
358K HMHP2 0.0 94.01 5.90 0.09

13402 | RSC Adv, 2023, 13, 13397-13404
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Fig. 9 The distribution of the rotational state of OH at 358 K.

Further analysis reveals that the product OH is exclusively
populated in the vibrational ground state. The rotational state
distribution of OH presented in Fig. 9 peaks atj = 1, indicates
that the rotation excitation of OH is insignificant too. It was
found that most of the available energy goes into the internal
energy of HMO. As verified in Fig. 8, the internal energy distri-
bution of HMO reaches the maximum of about 45 kcal mol
and peaks at 33 kcal mol ™, which is very close to the average
total available energy (~38 kcal mol %)

4. Conclusions

To summarize, an accurate full-dimensional analytical PES for
the eight-atom CH,0O0 + H,O reaction was developed by the FI-
NN fitting approach at the level of CCSD(T)-F12a/aug-cc-pVTZ

© 2023 The Author(s). Published by the Royal Society of Chemistry
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level of theory. The pathways from CH,00 + H,O to HMHP,
as well as the multiple end product channels were considered in
mapping the PES. With the aid of this full-dimensional analyt-
ical PES, the kinetics and dynamics information was success-
fully archived. The total rate coefficient of CH,00 + H,0 —
HMHP was computed by the CVT/SCT calculations with the
interface of PES, which agree well with the experimental results
and previous theoretical results based on stationary point
calculations. Extensive QCT calculations were performed to get
the converged product branching ratios. The barrierless
hydroxymethoxy radical (HOCH,O, HMO) + OH channel plays
the dominant role, which account for more than 90% of the
total yield. The highly exothermic channel HCOOH + H,O
account for about 6% of overall yield, while a tiny fraction (<1%)
leads to CH,O + H,0,. The detailed dynamical results for HMO
+ OH indicate the majority of total available energy was chan-
neled into the rovibrationally excitation of HMO but not the
translation energy of products, consistent with the feature of
a barrierless reaction. The OH product is exclusively in the
ground state and the rotation of OH is very limited. The full-
dimensional quantum dynamics calculations for this system
are currently formidable, and thus the current QCT calculations
are valuable and important. This is the first full-dimensional
dynamics study based on a full-dimensional PES, which has
provided valuable insight into the end product channels for the
reaction between the simplest CI and water monomer as well as
the kinetics and dynamics information. The OH radical is one
of the main chemical species controlling the oxidizing capacity
of the global Earth atmosphere. Thus, the current study for the
CI reaction with water monomer producing the dominantly OH
radical can have a major impact on the concentrations and
distribution of greenhouse gases and pollutants in the Earth
atmosphere. Our study opens the door for accurate dynamical
characterization for many CI related reactions, which ultimately
provides deep insight into the important CI associated atmo-
spheric chemistry and environmental chemistry.
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