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Physical Chemistry Chemical Physics

Abstract

Thermal rate coefficients and kinetic isotope effects have been calculated for an
important atmospheric reaction H/D + O3 — OH/OD + Oz based on an accurate
permutation invariant polynomial-neural network potential energy surface, using ring
polymer molecular dynamics (RPMD), quasi-classical trajectory (QCT) and variational
transition-state theory (VTST) with multidimensional tunneling. The RPMD approach
yielded results that are in generally better agreement with experimental rate coefficients
than the VTST and QCT ones, especially at low temperatures, attributable to its
capacity to capture quantum effects such as tunneling and zero-point energy. The
theoretical results support one group of existing experiments over the other. In addition,
rate coefficients for the D + O3 — OD + O are also reported using the same methods,
which will allow a stringent assessment of future experimental measurements, thus

helping to reduce the uncertainty in the recommended rate coefficients of this reaction.
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1 Introduction

Hydrogen atom is one of two atomic species critical to the photochemistry and
energy balance in the Earth’s mesopause region between approximately 80 and 100 km
in altitude. As the mainly loss mechanism, atomic hydrogen participates in the highly
exothermic reaction  H(*S) + O,(X'A,) > OH(X’IT) + 0,(X°%;) to produce
vibrationally excited hydroxyl radicals up to v = 9, which is known to be responsible
for Meinel overtone bands of the hydroxyl radical in the airglow.! Because of the lack
of transitions in the visible and infrared regions, the H atom concentration in the
mesopause is difficult to measure directly. However, it can be derived from the large
data set of mesospheric Meinel emission observations from the SABER instrument?
and ozone concentrations determined from its infrared emissions.? Indeed, the H atom
concentration is proportional to the rate coefficients for the H + Os reaction.®
Consequently, accurate and reliable rate coefficients for the title reaction, particularly
at the temperature of mesopause, are highly desirable.

In the past several decades, many experiments have been performed to measure
the rate coefficient of the title reaction. However, kinetic measurements involving
radicals are often plagued with large uncertainties. Phillips and Schiff carried out in
1962 an experiment to measure the rate coefficients using discharge flow mass
spectrometry.* Because the experiment involved high H and O3 concentrations and used
short reaction times which causes incomplete mixing and non-isothermal conditions,
their value at 298 K is now considered unreliable.® Later, Clyne and Monkhouse

performed discharge flow resonance fluorescence measurements from 298 to 638 K.°
3
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A similar experiment by Keyser® extended the range of measurement down to 196 K,
but their values differed significantly from those of Clyne and Monkhouse,® but agreed
with VUV flash photolysis resonance lamp measurement down to 219 K by Lee et al.’
In 1982, Greenblatt and Wiesenfeld® reported their value at 298 K, 1.5x10°** cm?s,
which is very close to the value of Clyne and Monkhouse, (1.76+0.21)x10t cm®/s. The
latest experiment was performed by Liu et al. employing time-resolved laser
photolysis-laser-induced fluorescence.® It should be noted that their results for the first
time covered the range of 150-180 K, relevant to those in the mesopause region. To
summarize, the room temperature results can be divided into two groups. Clyne and
Monkhouse, and Greenblatt and Wiesenfeld, are referred to as Group I. The other three
sets of values, which are about twice as large as the values in Group I, are referred to
as Group 1. The latter have been used as the basis for the recommended rate coefficients
of the title reaction.® ™ The measurement of Liu et al. is the only data covering lower
temperatures which is important to atmospheric chemistry. From the experimental
perspective, much uncertainty still remains, due presumably to experimental
complications such as secondary reactions. Hence, it is highly desirable to provide an
independent assessment of the experimental data from accurate theoretical approaches.

Theoretically, many ab initio calculations have been reported, and much progress
has been made towards a better understanding of the kinetics and dynamics of the H +
O3 reaction, which leads exoergically to both the OH + Oz and HO, + O channels. In
this work, we will focus on the former, as the latter product channel is known to be

negligible for the title reaction in the temperature range studied by this work.'? 3

4
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However, we note in passing there have been many studies focused on kinetics and
dynamics of the related O + HO, — OH + O reaction**?° and properties of the HO3
radical.?** In a pioneering study in 1997, Varandas and Yu employed the double many-
body expansion (DMBE) method to construct the first global PES for the ground state
HOs (DMBE | PES) at the unrestricted configuration interaction with single and double
electron excitations (UCISD) level of theory with the 6-311G++(d, p) basis set.?* This
DMBE | PES predicted a shallow van der Waals (vdW) minimum and a submerged
barrier in the H + Oz entrance channel, a significant energy barrier for the dissociation
of HO3 to OH + O, and a metastable HOs well with an out-of-plane structure. The
dissociation barrier and the out-of-plane HOz structure are now known to be
inconsistent with experimental observations® 3¢ and more accurate ab initio
calculations.3® 34 3738 Based on this PES, quasi-classical trajectory (QCT),*® reduced-
dimensional quantum dynamics with three coordinates (3D-QD),** %! and variational
transition-state theory (VTST)! were used to calculate the thermal rate coefficient. The
QCT results showed good agreement with the experimental rate coefficients of Lee et
al. and Keyser et al. at high temperatures.*>* Meanwhile, due to the reduced-
dimensional nature, 3D-QD** 4! gave much smaller rate coefficients than all the
experimental values, thus not reliable. Besides, the results from both microcanonical
unified statistical theory and microcanonical VTSTY are significantly larger than all
experimental values, presumably due to the absence of an entrance channel barrier. Four
years later, an improved DMBE Il PES was constructed by adding 5038

QCISD(T)/CBS points to the HO3 complex region and the OH + Oz asymptotic region
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to improve the description of the two stable HO3 isomers.?? Because PES in the H + O3
channel was barely changed, the DMBE Il PES is not expected to change the rate
coefficient of the title reaction. Overall, the theoretically calculated rate coefficients in
the literature may not be reliable due to the uncertainties of the PES, particularly in the
entrance channel.

To improve our understanding of the kinetics and dynamics of the title reaction,
we have recently constructed an accurate global PES for the ground electronic state of
HOs. The PES was based on 21452 points calculated using an explicitly correlated
version of the multi-reference configuration interaction method with the Davidson
correction (MRCI-F12+Q) with a double zeta basis set designed for the F12 approach
(VDZ-F12).%° As discussed in our previous publication,? the use of the MRCI method
is vital in dealing with the multi-reference nature of the system. These ab initio points
were represented by the high-fidelity permutation invariant polynomial-neural network
(PIP-NN) approach with a root mean square fitting error of 0.20 kcal/mol. As shown in
Fig. 1, a key feature that differs from the DMBE PESs is the presence of a small barrier
in the entrance channel, which is expected to reduce the rate coefficients reported in
previous theoretical studies.!” Although full-dimensional quantum treatments of the
reaction dynamics would be ideal to extract the rate coefficients, such calculations
involving three heavy oxygen atoms are still very difficult, if not impossible.*® On the
other hand, transition-state theory (TST) offers a much more efficient theoretical
approach for calculating rate coefficients, but the proper inclusion of the

multidimensional tunneling is essential. To this end, many semi-classical models have

6
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been proposed,*” * but the reliability of these approximations is still uncertain,
especially in the deep tunneling regime. In the past decade, a new approximate quantum
rate theory based on ring polymer molecular dynamics (RPMD)**-%% has been developed
and successfully applied to a wide variety of reactions.>**° This method is based on an
isomorphism between statistic properties of a quantum system and a classical ring
polymer,®! and has a clear relationship with the quantum mechanical version of TST. It
is able to capture quantum effects such as ZPE and tunneling within the same
framework. Indeed, comparisons with quantum mechanically obtained rate coefficients
of benchmark systems have been quite impressive.®? Since classical trajectories are
used, furthermore, the scaling of RPMD calculation is quite favorable with respect to
the number of atoms.

In this work, we report a theoretical study of the kinetics of the title reaction and
its deuterated counterpart using three different approaches: RPMD, QCT, and VTST
with multidimensional tunneling, using the recently published PIP-NN PES.?° Through
these calculations, we hope to assess the accuracy of the PES and the importance of
quantum effects, particularly at low temperatures. Comparisons with the existing
experimental results may also shed light on the reliability and self-consistency of these
data. The paper is organized as follows. Section Il outlines the details of RPMD, QCT,
and VTST calculations. The results and discussion are present in Section Ill. Finally,

conclusions are given in Section V.

2 Methods
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2.1 Ring polymer molecular dynamics calculations

The RPMD method exploits the isomorphism between the statistical properties of
a quantum system and those of a fictitious classical ring polymer made up of
harmonically connected beads.>® % °3 There are several desirable features in the RPMD
approach to the reaction rate.**>! For instance, the RPMD theory recovers the classical
TST at high temperatures. In the limit of no recrossing, the RPMD rate is equivalent to
the quantum TST, which serves as an upper bound.®* % The dynamical recrossing,
which is strongly influenced by tunneling, is approximately included in the RPMD rate
theory as a transmission coefficient. Furthermore, the RPMD result do not depend on
the choice of the dividing surface, which can be quite difficult to define for high-
dimensional systems. In addition, there is a clear connection to semiclassical instanton
theory, which makes RPMD reasonably reliable in the deep tunneling regime.®* The
RPMD method has been validated by comparing with exact quantum rate calculations
for prototypical systems.®? As classical trajectories are used to compute the relevant
properties, it is also numerically efficient and scales well with the size of the system.

It is convenient to express the RPMD rate coefficient at temperature T in the
following form via the Bennett-Chandler factorization:>2 %8

Kepwio (T) = G (T ) Kgrsr (T367) &t > o037 . (1)

where ¢ is the reaction coordinate. The @, (T) is the electronic degeneracy, namely
the ratio of the electronic partition functions. For the H + Oz reaction, the electronic
degeneracy is two for the doublet atomic hydrogen, one for the singlet ozone molecule

in its ground electronic state, and two for the transition state because it is on a doublet

8
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state of HO3. Therefore, the electronic degeneracy for the H + O3 reaction is equal to
one.

The second term K, orer (T;gi) denotes the static contribution to the rate
coefficient, which comes from the centroid-density quantum TST,* 1% and is evaluated

from the free-energy difference (W (£*)—W (0)) between the reactant channel and the

top of the centroid potential of mean force (PMF),%2 %3 %8 £+

12
o m,+m -AW(&F)w(0)
s (17) a8 | 70 ?

where 47R? ((mA +mB)/27zﬂmAmB)j/2 is the surface area of a sphere of radius R,
times the thermally averaged speed of the reactants (A and B) entering this sphere and
B=(k,T)" with k, asthe Boltzmann constant.

Finally, K‘(t —> +00; 51) is the dynamical correction, which can be expressed as a
ratio of ring polymer flux-side correlation function (c(f;‘)) at the dividing surface in two

different time limits:%2 53

el (t > +o0; &)
' (t—>0%¢)

K(t —)+oo;§i) =

3)
The interplay between the static Kqper (T;&7) and dynamic x(t —+o0;&*) terms
ensures that the RPMD rate coefficient is independent of the choice of the dividing
surface.SZ' 53, 61, 98
The minimal number of beads needed to converge the RPMD calculations can be
estimated by the following formula:%
nmin = ﬂhwmax ! (4)

where ,__ is the largest frequency of the system, which is 729.13 cm™ for the H +

9
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Os reaction and 536.04 cm™ for the D + O3 reaction.?’ There is another important
parameter, namely crossover temperature: T, =hayg/27Kks , which is used to
characterize the importance of quantum tunneling. The temperature range below T_ is
often referred as to the deep tunneling regime. In addition, the RPMD rate regresses
back into the classical limit when only one bead is used.>? This quantity offers a clear
measure on the influence of the quantum effects, namely ZPE and tunneling.

All RPMD rate calculations in this work were performed using RPMDrate®
developed by Suleimanov. In the calculation of the PMF using the umbrella integral
method, 1% 19 three different window sizes have been used to handle different regions
along the reaction coordinate. In the relatively flat asymptotic region (& [—0.03, 0.66] ),
windows with an equal size (A& =0.03) were used with the force constant of the
biasing potential of k =0.068(T/K) eV . In the region before the barrier
( §e[0.67,0.90] ), the force constant of the biasing potential increases to
2.721(T/K) eV, with the window size decreasing to 0.01 accordingly. To ensure
accurate sampling near the barrier ( §e[0.67,0.90] ), larger k values
(8.163~13.605(T/K) eV') were used with the width of windows reduced to 0.005. In
each umbrella sampling window, the system was first equilibrated for 20 ps, then the
sampling was performed for 6 ns in the NVT (constant volume and temperature)
ensemble. The final PMF was obtained by splicing the segments together. All
simulations were under the Andersen thermostat.’®* To calculate the transmission
coefficient, the initial positions of the trajectories for computing the flux-side

correlation functions were saved from the configurations of a parent trajectory with the

10
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centroid of ring polymer restricted at the top of the PMF curve via the SHAKE
algorithm.1® For each initial configuration, sampled once every 2 ps, 100 separate NVE
child trajectories were propagated without constraint for 100 fs to make sure the
transmission coefficient reaches its plateau value. The time step is 0.1 fs for all the
RPMD calculations. The calculation parameters are summarized in the Table 1.
2.2 QCT calculations

In this work, the QCT methodology for both the H + Oz and D + Oz reactions is
similar to the ones in our recent work.?° All the calculations were carried out using the
VENUS program package.®® %" To calculate the thermal reaction rate at selected
temperatures, batches of 120000 trajectories starting from the H + Oz channel were run
on the PIP-NN PES. The maximal impact parameter bmax Was determined to be 3.0 A
for both the H + Oz and D + Os reactions over the entire temperature range of 150-640
K after the test of a small set of trajectories. The sampling of the initial relative
translational energy and ro-vibrational energies of reactants were performed from the
Boltzmann distribution at each temperature. The time step in the integral of motion was
selected to be 0.1 fs to converge the energy of most trajectories within 0.01 kcal/mol.

Accordingly, the rate coefficient can be calculated by the Monte Carlo expression

Y2
k(T)= gem[f‘gj LA (5)

in which N, and N, are the numbers of reactive and total trajectories. , is the

tot

reduced mass of the reactants. As discussed above, the electronic degeneracy factor (g, )

is chosen to be 1 for the H + Oz reaction. The statistical error is given by
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0, =[(Nge =N, )/(NoN) T

We note that the QCT results reported in Ref. 20 used a hard correction scheme
for ZPE violation, in which both the reactive and non-reactive trajectories were
subjected to such a correction. In such a way, many trajectories in the non-reactive
channel were eliminated. By comparing those QCT results with corresponding RPMD
ones, it becomes clear that this hard ZPE correction scheme led to inflated rate
coefficients for the reaction. In order to make a meaningful comparison with the
classical limit of the RPMD calculations, we did not impose any restrictions on the ZPE
violating trajectories in this work.?° This is reasonable as the rate is largely determined
by the entrance channel barrier and the ZPE violating trajectories have a very small
chance to exit from the reactant channel because of the large exothermicity of the
reaction.

2.3 Variational transition-state theory calculations

All VTST rate calculations have been obtained using the Polyrate program. % The

rate coefficient in canonical VTST*" 1% can be calculated by the following expression:

kcvmom(l-) — gt (T ) . kCVT (T) _ (6)
The first term «*" (T ) is the tunneling transmission coefficient calculated using the
microcanonical optimized multidimensional tunneling (#OMT) method.'? In this
method, the small-curvature (SCT) and large-curvature (LCT) tunneling probabilities
were both calculated, then the larger one is chosen to be the better estimation. The
canonical variational TST (CVT) rate k®"(T) was calculated by the following

formula:

12
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—AG®™ (T
kCVT(T)de(T)O_Syka_TKOminexp{e—(’s)jl! @)
h s k,T

where o, is the symmetry factor or number of equivalent paths, K° is the
reciprocal of the standard state concentration, 1molecule-cm® . To estimate
AG®™ (T,s), the vibrational partition functions were calculated as quantum harmonic
oscillators, "1 while the rotational partition functions were calculated classically. The
dividing surface was varied at each temperature to ensure the maximum of the free-
energy of activation. Because of two equivalent approaches of H towards ozone, the

symmetry number for the reaction is 2.
3 Results and discussion

3.1 Properties of the minimum energy path

In this work, we utilized the PIP-NN PES of the ground state HO3 to carry out
the kinetics calculations for the H + Oz and D + Os reactions. The construction of this
PES has been described in detail in our previous work,® so we only outline the
landscape of the reaction channel here. As shown in Fig. 1, PIP-NN PESs have a vdW
well in the entrance channel, which is similar to that found in the DMBE | PES.
Different from the DMBE | PES,?! in which the entrance channel saddle point lies 0.48
kcal/mol below reactant asymptote, the PIP-NN PES has a small barrier that lies 0.86
kcal/mol above the reactant asymptote.?® In Fig. 2a, the aforementioned features are all
visible in the entrance and exit channels of the PES contour plot for the H + O3 — OH
+ O reaction, in which the barrier and vdW well are marked by a square and a circle,

respectively. In Fig. 2b, the minimum energy path (MEP) and vibrationally adiabatic
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ground-state potential energy (V,°) calculated using Polyrate are shown as for the H +
O3 — OH + O reaction as a function of the mass-dependent intrinsic reaction
coordinate (IRC) s. The MEP shows an asymmetrical profile because the reaction is

highly exothermic.

3.2 RPMD rate coefficients

Figure 3 collects the converged RPMD PMF curves for both the H/D + Os
reactions at different temperatures in the left panels and corresponding transmission
coefficients in the right panels. At all temperatures, the PMFs for both reactions have a
peak near ¢ =1, due apparently to the small potential barrier in the entrance channel.
There is a strong temperature dependence in the PMF barrier height, underscoring the
increasing importance of tunneling at low temperatures, which lowers the effective
barrier. The signature of tunneling also emerges as an isotope effect in the PMF.
Although the free-energy barrier at high temperature is about the same for the two
isotopologues, the free-energy barrier of the D + O3 reaction at low temperature is
significantly higher than that of the H + Os reaction. Since the reaction coordinate is
based on the ring polymer centroid, the internal modes of the ring polymer begin to
contribute to the optimum reaction coordinate for an asymmetric reaction as soon as
the temperature passes below crossover temperature.> ®* As a result, the reaction
coordinate of the PMF barrier (£*) is somewhat shifted away from 1 at 150 K.

Quantum effects also manifest in the transmission coefficients. From 298 K to 640

K, there is no significant difference in the RPMD transmission coefficients between the

14
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reactions. Their values close to unity indicate that recrossing has only a minor impact
on the rate coefficients. However, the transmission coefficient begins to decrease
dramatically from 220 K and 150 K for the H + Oz and D + O3 reactions, respectively,
signaling strong recrossing. The small transmission coefficients are suggestive of
increasing impact of tunneling, which is more drastic for the lighter isotope. We note in
passing that all RPMD trajectories eventually reach the HO + O product channel and
there was no trajectory found in the HO2 + O channel, confirming the experimental
finding that the latter channel is negligible.*> 13

To further illustrate the importance of quantum effects, we show in Fig. 4 the
calculated PMFs along the reaction coordinate and the time-dependent transmission
coefficients for 1-bead and the converged number of beads at 150 K and 640 K for both
H + Oz and D + Os reactions. At a given temperature, their classical free-energy barriers
have almost the same position and height, as the two reactions are identical in the
classical limit. When quantum effects are included in the converged RPMD, the
corresponding free-energy barriers are systematically lower than the classical ones,
although the differences are small at 640 K. At the lower temperature (150 K), the
difference is large for the H + O3 reaction because tunneling is more facile than the D
+ Oz reaction. It is interesting to note that the crossover temperature is 166.96 K for the
H + O3 reaction and 122.75 K for the deuterated reaction, below which tunneling plays
an important role. This is consistent with the results.

As discussed above, recrossing in this system is significant, particularly at low

temperatures. This is presumably due to two factors. The first is the relatively loose
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transition state of the reaction, while the second is tunneling. Indeed, large differences
are seen in the RPMD transmission coefficients with different numbers of beads,
particularly at low temperature where tunneling dominates. As expected, the recrossing
behavior is similar at 640 K for both reactions, but the divergence is quite large at 150
K. Indeed, the transmission coefficient of the H + Os reaction at 150 K is only 0.082,
almost one-sixth of that for the deuterated reaction at 150 K. To further estimate the
tunneling effect, the classical limit transmission coefficient at 150 K is calculated,
which located at the same reaction coordinate, ¢ =0.941, as the converged one. To
some degree, the difference can reflect the importance of tunneling. Comparing with
the quantum case, the classical value (0.011) is quite small, which indicates the leading
role of tunneling at low temperature. This behavior is quite different from the Cl + O3
reaction, where transmission coefficients are almost the same for 1-bead and the

converged number of beads at 200 K and 400 K>’ because tunneling is not important.

3.3 Comparison with experiments and other theories

The calculated RPMD rate coefficients are summarized in Tables 2 and 3 for the
H + Oz and D + Os reactions, respectively. The rate coefficients of CVT/uOMT and
QCT are also listed in two tables for comparison. As shown in Fig. 5, the RPMD
thermal rate coefficients for H + Oz reaction gradually decrease with decreasing
temperature, which is apparently a consequence of the potential barrier. This is
consistent with the general experimental trend. It is clear that the RPMD rate

coefficients deviate significantly from the Arrhenius relation at low temperatures, due

16
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to tunneling. Many previous studies have shown that RPMD generally overestimates
the rate coefficients of a reaction with an asymmetric barrier in the deep tunneling
regime.% But 150 K is very close to the crossover temperature 167 K in our case, so
the systematic error is probably quite small. It is worth mentioning that the differences
between the current QCT values and those reported in our previous work?® stem from
the “hard” ZPE correction scheme for the non-reactive trajectories in the latter, which
led to the overestimation the number of invalid trajectories for non-reactive case.

Over the temperature range from 298 to 640 K, the RPMD rate coefficient is in
good agreement with the Group | of experimental values of Clyne and Monkhouse® and
Greenblatt and Wiesenfeld,® but only about half of the other experimental values
(Group 11). At 150 K, the RPMD result lies in the range of the experimental value of
Liu et al.® It is interesting that the rate coefficient reported by these authors from 220 K
to 300 K fall within the Group Il of experimental data, which are much larger than the
theory. The sources of the experimental uncertainties are unknown, but most likely due
to secondary regeneration of H atoms. For this reason, these authors corrected the rate
constants by running the kinetic model based on the NASA-JPL! rate coefficients
under the same experimental conditions.® This casts some doubt on the validity of their
data and suggests the need for further investigations on the origin of the inconsistency
in the experimental rate data.

As shown in Fig. 5, the NASA-JPL recommended rate coefficient for the title
reaction is given in the Arrhenius form for the high temperature range, which clearly

indicates an activated process. If these data were indeed accurate, one would expect
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higher rates than those reported by Liu et al. at lower temperatures, due to tunneling
over the barrier, as shown in theory. However, this is obviously not the case, as shown
in Fig. 5, in which the low-temperature experimental data are on the NASA line. This
observation suggests that the Group Il experimental data may be overestimated in the
high temperature range. On the other hand, the high-temperature experimental values
of Clyne and Monkhouse® and Greenblatt and Wiesenfeld® and the low temperature data
of Liu et al.® deviate from the Arrhenius line, in excellent agreement with our
theoretical predictions, suggesting the Group | experimental measurements at high
temperature are more consistent with the low-temperature data.

An independent validation of the aforementioned conclusion is to examine the
kinetics of the deuterated isotopolog of the title reaction. The RPMD, CVT/uOMT,
QCT rate coefficients for the deuterated reaction are presented in Fig. 6. The behaviors
of these results are similar to those discussed above, although the differences become
smaller, due to smaller quantum effects. Unfortunately, there has so far been no
experimental study on this reaction.

It is also clear from Fig. 5 that the QCT are much smaller than the RPMD rate
coefficient at low temperatures due to its complete neglect of tunneling, but their
agreement improves at high temperatures, as expected. The CVT/uOMT results also
smaller than the RPMD rate coefficient, although the underestimation at low
temperatures is much less, due apparently to the approximate inclusion of tunneling.
Similar behaviors can be seen in Fig. 6 for the deuterated counterpart.

Comparing with previous theoretical results, the RPMD rate coefficients on the new

18

Page 18 of 36



Page 19 of 36

Physical Chemistry Chemical Physics

PES are in much better agreement with the experimental values than the xVT values of
Fernandez-Ramos and Varandas'’, the 3D-QD values of Szichman et al.*® % and the
QCT results of Yu and Varandas.*® based on the DMBE | PES. The major errors of these
previous theoretical results are likely due to the inaccuracies in the PES, particularly in

the reactant channel.
3.4 Kinetic isotope effects

Kinetic isotope effects (KIES) provide useful information on the mechanisms for
many chemical processes, which can be obtained using both experimental and
theoretical means.’* The KIE can sometimes help to resolve inconsistencies in the
experimental data, as shown in our recent kinetic study on the OH + HCI reaction.”
This is because it mitigates the systematic errors in the rate coefficients.

The primary KIE for the title reaction is shown in Fig. 7 for the H and D
isotopomers. It is interesting that the QCT KIEs based on DMBE | PES almost the same
as the QCT KIEs and the classical limit KIEs based on the PIP-NN PES. In contrast to
the QCT KIE, the KIE from the RPMD and CVT/uOMT calculations gradually increase
with the decreasing temperature, due apparently to the quantum effects dominant at low
temperatures. The differences between RPMD and CVT/uOMT stem presumably from
harmonic approximation for the vibrational partition function in the CVT calculations
and the approximate characterization of tunneling in the xOMT approximation. The
rate coefficients of the deuterated reaction and KIE can be used in the future comparison

with experimental data to further assess the accuracy of the PES.
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4 Conclusions

The kinetics of the H + O3 reaction and its deuterated counterpart have been
investigated theoretically in this work on a recently developed accurate PIP-NN PES.
Several theoretical methods, namely RPMD, QCT and VTST, were used to compute
the thermal rate coefficients. The agreement between the RPMD results and
experimental values for the H + Os reaction is significantly improved compared with
previous theoretical calculations, thanks to a higher quality PES and the inclusion of
quantum effects. The non-Arrhenius behavior at low temperatures is observed in the
RPMD rate coefficients due to tunneling. These quantum effects also manifest a
primary KIE, which plays a more important role in the H + O3 reaction while less
tunneling occurs in the D + O3 reaction. The accurate RPMD rate coefficients are used
to assess the available experimental data, which are quite scattered and contain large
uncertainties. One group of experimental rate coefficients are identified to be more
accurate given their good agreement with theory. New experiments, particularly for the
D + Os reaction at low temperatures, are highly desirable to provide a more reliable
comparison between theory and experiment and a more rigorous assessment of the
accuracy of the PES. A more accurate kinetic characterization of the title reaction will

also help to better understand chemical processes in the atmosphere.
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Table 1 Input parameters for the RPMD calculations on the H + O3 - OH + O; reaction.

Parameter Values

Note

Command line parameters

T 150, 220, 298, 360, 480, 640

n(H) 8 (480K, 640K); 16 (298K, 360K);
32 (220K); 64 (150K)
n(D) 4 (640K); 8 (480K);

16 (220K, 298K, 360K); 32 (150K)

Temperature (K)
Number of beads

Dividing surface parameters

R 20 Dividing surface s; parameter (ao)
Nbonds 1 Number of forming and breaking bonds
Nechannel 2 Number of equivalent product channels
Thermostat

thermostat ~ Andersen Thermostat option

Biased sampling parameters

Nwindows 72
& -0.03
dé 0.03 (all for -0.03<¢<0.66)

0.01 (all for 0.66<<¢<0.90)
0.005 (all for 0.90<<¢<1.02)

& 1.02
dt 0.0001
ki 0.680 ( all for -0.03<¢<0.66)

2.721 ( all for 0.66<£<0.90)

13.605 (150K, 220K for 0.90<¢<1.02)
10.884 (298K, 360K for 0.90<<¢<1.02)

8.163 (480K,640K for 0.90<<¢<1.02)

Number of windows
Center of the first window

Window spacing step

Center of the last window
Time step (ps)
Umbrella force constant ((T/K) eV)

Biased sampling parameters

Nitrajectory 60 Number of trajectories

tequilibration 20 Equilibration period (ps)
tsampling 100 Sampling period in each trajectory (ps)
Ni 6x107  Total number of sampling points

Potential of mean force calculation

& -0.03 Start of umbrella integration
& 1.02 End of umbrella integration
Nbins 5000 Number of bins

Recrossing factor calculation

25



dt
tequilibration
Ntotalchild
tchildsampling
Nchila

tehild

0.0001
20
100000
2

100

0.1
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Time step (ps)

Equilibration period (ps) in the constrained (parent) trajectory

Total number of unconstrained (child) trajectories

Sampling increment along the parent trajectory (ps)

Number of child trajectories per one initially constrained configuration
Length of child trajectories (ps)
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Table 2 Results from RPMD, CVT/uOMT and QCT calculations of the rate coefficients for the H +
03 —O0H + O3 reaction.

T/K 150 220 298 360 480 640
N 64 32 16 16 8 8

£ 0.941 0.982 0.995 0.999 1.002 1.006
AG(&) 0058834  0.118821  0.156545  0.179316  0.223339  0.277297
Korst 6.66x10M  1.46x10M1  2.,00x10%  3.02x10M  5.10x10%  8.54x10°M
K 0.082470  0.640717  0.804929  0.804949  0.78428  0.780583
Keeno 549x102  9.37x10%2  1.61x10M  243x101  4.00x10M  6.67x10M
Kisenn 9.36x103  2.89x10%2  8.31x10%2  149x10!  3.09x10%  556x10-L

Kevriomr 2.63x102  6.06x10%2  1.19x10%  1.78x10!  3.19x10%  559x10L

Kocr 1.12x1012  4.33x10%2  1.02x10%  1.68x10%  3.27x10%  5.97x10U
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Table 3 Results from RPMD, CVT/uOMT and QCT calculations of the rate coefficients for the D + O3
— OD + O3 reaction.

T/K 150 220 298 360 480 640
N 32 16 16 16 8 4

£t 0.977 0.996 1.001 1.002 1.005 1.008
AG(EY) 0089973 0130661  0.162357  0.184004  0.221621  0.276701
Korsr 461x10%2  441x1012  1.14x10%  1.86x101%  3.80x107M  6.48x10°L
K 0445073  0.782174  0.797001  0.791958  0.773816  0.768201
Keono 549x102  9.37x10%2  161x10  147x10M  2.94x10%  4.98x10M
Kipeao 6.84x103  2.11x10%2  6.32x10%2  1.09x10%  2.29x10%  4.02x101
Kevrjomr ~ 113x107%2  345x10%2  7.67x10%2  120x10%  2.28x10%  4.03x101
Kocr 773103 3.31x10%2  7.79x10%  127x10%  2.41x10%  4.35x101
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Fig. 1 Energetics of the H + O3 - OH + O, and H + O3 > HO> + O reactions on the HO3(X?A") PES.
The energies are relative to the minimum of the OH + O, asymptote potential in kcal/mol. The

values indicated by blue are energies of stationary points obtained from the PES and their
corrections with ZPE are shown in red italic.
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Fig. 2 (a) Contour plots of the PES for the H + O3 - OH + O, reaction as a function of the distances

between two bonded O atoms ( Roloz ) and between the H and a terminal ( RHO1 ). The other four

coordinates are optimized. Energies are in kcal/mol with respect to the trans-HOs; complex; (b) the
MEP and vibrationally adiabatic ground-state energy as a function of the mass-dependent IRC s.
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Fig. 3 Converged RPMD PMF curves and transmission coefficients for the H + O3 reaction (a, b) and
D + O3 reaction (c, d) at 150, 220, 298, 360, 480, and 640 K.
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Fig. 4 RPMD PMF curves and transmission coefficients with one bead and the converged number
of beads at 150 K and 640 K for the H + Os reaction (a, b) and D + Os reaction (c, d).
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Fig. 5 Arrhenius plot for the H + O3 — OH + O, reaction rate coefficients obtained with the RPMD
and CVT/uOMT methods on the PIP-NN PES. For comparison, previous experimental results are
also included.
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Fig. 6 Arrhenius plot for the D + O3 — OD + O; reaction obtained with the RPMD, CVT/uOMT and
QCT methods on the PIP-NN PES.
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Fig. 7 Comparison of the calculated KIEs for the H/D + O3— OH/OD + O; reaction with different
methods.
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