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The reaction between hydrogen peroxide (H,O,) and hydroxyl radical (OH) plays an important role in the
upper troposphere and lower stratosphere (UTLS). However, direct experimental studies are lacking for
this UTLS regime for a temperature range of 190-250 K. In this work, mechanism and kinetics for the
title reaction were studied using high-level theoretical methods to provide highly accurate rate

coefficients for the UTLS regime. The reaction was found to proceed via a van der Waals (vdW) complex
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Accepted 24th October 2023 at low temperatures, but to undergo a direct H-abstraction via a well-skipping mechanism at higher

temperature to yield products HO, + H,O. The ab initio rate coefficients are pressure-independent
under terrestrial atmospheric conditions (T = 180-350 K and P = 1 atm) and agree well to within 20%
rsc.li/esatmospheres with most experimental data available for T = 165-500 K.

DOI: 10.1039/d3ea00143a

Environmental significance

HO, (OH/HO,) radicals participate in catalytic cycles involving ozone in the upper troposphere and lower stratosphere (UTLS) regime. Hydrogen peroxide (H,O,)
is an important HO, reservoir in the atmosphere. Therefore, the reaction of OH and H,0, plays an important role in the UTLS. Because the vapor pressure of
H,0, is extremely low at temperatures below 250 K, direct experimental studies are lacking for this UTLS regime for a temperature range of 190-250 K. To
provide highly accurate rate coefficients that are useful for kinetics modeling, we have studied mechanism and kinetics for the title reaction using high-level
theoretical calculations.

Introduction H,0, + OH — HO, + H,0 (3)

Hydrogen peroxide (H,O,) is an important OH/HO, (HO,)
reservoir in the atmosphere.* It is principally produced from
a self-reaction of HO, radicals via eqn (1).>* The atmospheric
fate of H,0, is sensitively dependent on altitude.* On the Earth's
surface where the humidity is often high, H,0, is mostly taken
up into aerosols (or condensed phases) or rained out. In the
upper stratosphere where ultraviolet sunlight is highly intense,
H,O0, is generally photolyzed to yield two hydroxyl radicals via
eqn (2). The oxidation of H,0, by OH radicals (eqn (3)) is
believed to be a major sink of H,0, in the upper troposphere
and lower stratosphere (UTLS) regime.’

HO2 + OH — 02 + H2O (4)

A combination of eqn (1) and (3) gives eqn (4), which
represents a chain-termination step of two highly reactive
radicals (OH and HO,). It is well established that HO, radicals
participate in catalytic cycles involving ozone in the UTLS,® the
title reaction is therefore believed to play an important role.
Because of these considerations, the mechanism and kinetics
for the title reaction needs to be determined to provide reliable
data for atmospheric modeling.

The reaction has been studied experimentally*™ and found
1) to have a small positive activation energy of about 0.32 kcal-

mol " over the T = 300-500 K range. However, the proposed

H,0, M OH + OH (2) reaction mechanism is somewhat complicated.” It is presumed

to go through a pre-reaction (van der Waals) complex at low

temperatures and to become a direct H-abstraction at higher
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250 K relevant to the UTLS regime where the title reaction plays
its most important role.

The title reaction was studied theoretically'®™® using various
levels of theory including CASPT2//CASSCF,** CCSD(T)/6-31G*//
MP2,"” DFT-MPW1K/6-31G**** and CCSD(T)/CBS(aD,aT,aQ)//
MP2/aug-cc-pVDZ" (here A//B means A single-point energy
calculations at B geometries). The effect of a single water
molecule on the mechanism and kinetics was investigated and
found to be negligible.” The reaction rate coefficients were
computed for T = 250-500 K by assuming a thermal equilib-
rium between the pre-reaction complex (PRC) and the initial
reactants. Such an assumption is only fulfilled at the high-
pressure limit, which cannot be attained under atmospheric
conditions on Earth, thus is inappropriate for the PRC having
a binding energy less than 4 kcal mol '. The title reaction
proceeding via a vibrationally excited intermediate (i.e. pre-
reaction complex) is obvious to be pressure-dependent, thus
a master equation analysis must be done to obtain rate
constants as a function of both temperature and pressure. To
the best of our knowledge, there are no theoretical results re-
ported for T'= 190-250 K, which is the relevant range of T for the
UTLS regime.

In this work, we use a higher accuracy composite method* to
characterize the title reaction mechanism. We then compute
reaction rate coefficients for a wide range of temperature (50-
1500 K) using E,J-resolved two-dimensional master equation
(2DME) techniques*™* in combination with semiclassical
transition state theory (SCTST),>*>® which is used to obtain
microcanonical rate constants, k(E,J). Theoretical results will be
compared with experimental ones where they are available to
validate methodologies used in this work. Finally, we provide
accurate results for k(7) with T = 190-250 K - where direct
experimental data is absent - which are expected to be useful for
atmospheric modeling in the UTLS region.

16-19

Theoretical methodologies
High accuracy coupled cluster calculations

In this paper, energies of all stationary points were computed
using a composite method, namely the amHEAT-345(Q)
protocol,* which bases on all-electron (ae) CCSD(T)/cc-pVQZ
geometries. Relative energies (to the initial reactants) include
anharmonic zero-point vibration energy (ZPE) corrections.
Anharmonic ZPEs of all stationary points are obtained using
second-order vibration perturbation theory (VPT2), in which
harmonic vibrational frequencies and anharmonic constants
are computed with ae-CCSD(T)/aug-cc-pCVTZ and ae-CCSD(T)/
aug-cc-pCVDZ levels of theory, respectively. As detailed else-
where,” the amHEAT protocol includes sequences of single-
point energy calculations using coupled cluster methods. The
CCSD(T) method is used to recover a large portion of electron
correlation while a smaller portion of electron correlation is
recovered using full single, double, and triple excitation
(CCSDT) and non-iterative (perturbative) quadruple excitation
(CCSDT(Q)) methods. Furthermore, smaller corrections
including core-valence correlation effects, scalar relativity, spin—
orbit couplings, and the diagonal Born-Oppenheimer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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correction (DBOC) are also added. The total energy calculated
with the amHEAT protocol® can be expressed as:

EymuaeaT = Escr(®) + 0E()_scr + 8E7_ (1) + 3E(p)_7 + OEzpE
+ 8Ecore T 0Eso + 0ERe + 3EpBoC (5)

As seen in Fig. 1, the amHEAT reaction enthalpies and the
benchmark ATcT®*® are generally in excellent agreement (better
than 0.1 kcal mol™'). However, a conservative accuracy of ca.
0.4 kcal mol™' can be expected for the calculated barrier
heights. Table S1 in the ESIT shows a comparison of the
amHEAT energies in this work with other results that were
calculated using lower levels of theory reported in the literature.
To the best of our knowledge, the amHEAT method is the
highest level of theory that has yet been applied to the title
reaction. The CFOUR program®' was used for all CCSD(T) and
CCSDT calculations (and also CCSDT(Q) for closed-shell
systems) while the CCSDT(Q) calculations for open-shell
species were done with MRCC,** which is interfaced to CFOUR.

E,J-Resolved two-dimensional master equation calculations

The association of OH and H,O, forms a vibrationally excited
adduct (PRCY), after that it carries out an H-abstraction to yield
the products (see Fig. 1). Therefore, the reaction rate is pressure-
dependent. We solve a master equation to obtain rate coeffi-
cients as a function of both pressure and temperature using
energies, rovibrational parameters, and anharmonic constants
calculated with the amHEAT protocol as described above.
Solutions of a master equation were well described and
provided in detail in our previous studies.”** So, they need not
to be repeated again here. Collisional parameters, a ceiling
internal energy, a maximum total angular momentum, and
others used in the E,J-resolved 2DME model are given in Table
S2.f To solve a master equation, microcanonical rate coeffi-
cients k(E,J) must be provided as input data. For the tight TS1,

1329
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wp = 17581
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Fig.1 Most important part of the lowest-lying doublet state potential
energy surface for the OH + H,O, reaction is constructed using
amHEAT-345(Q) method (see text, values in red and black are with and
without the HIR treatment, respectively). Benchmark ATcT values® (in
blue) are also included for comparison.
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Miller's SCTST theory*>? as implemented in the Multiwell
program® is used to compute k(E,J). For a loosely variational
TS0, microvariational TST theory**” is used to find a kinetic
bottleneck. As explained in detail below, hindered internal
rotations in H,0, and TS1 are separated from the remaining
vibrations, and they are independently treated as one-
dimensional hindered internal rotations. As seen below, the
calculated rate coefficients in this work are expected to have an
estimated uncertainty of about 20%.

Results and discussion
Reaction mechanism

The most important part of the lowest-lying doublet state PES
for the title reaction calculated with the amHEAT-345(Q)
method is displayed in Fig. 1. As seen, the association of OH
and H,0, is a barrierless process leading to formation of
a vibrationally excited pre-reaction complex (PRCT). PRC is

View Article Online
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formed by two (weak) hydrogen bonds and has a binding energy
of 3.60 kcal mol™"; therefore, PRC is highly unlikely to be
thermally stabilized by collisions unless at an extremely high
pressure and very low temperature. There are two possible
reaction pathways from PRC: it can either re-dissociate back to
the initial reactants (OH + H,0,) via a loose, variational TS0 (not
shown) or undergo an H-abstraction via a tight (well-defined)
TS1 leading to formation of pre-product complex (PPC). TS1
lies slightly above the initial reactants, thus the title reaction
has an overall positive barrier height of 0.75 kcal mol ", in good
agreement with a (proposed) experimental activation energy of
0.32 keal mol*.* As a result, the former pathway is enthalpically
and entropically favored while the latter pathway is controlled
by quantum tunneling effects, which play an important role at
low temperature. So, kinetic analysis is necessary to resolve this
competition. PPCT when formed has a highly internal energy of
(ca. 39-40 kcal mol "), so it instantaneously decomposes to
yield HO, and H,O0.
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Fig. 2 Fall-off curves calculated at T = 75-350 Kand P = 1-10* torr for the OH + H,O; reaction.
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Fig.3 Thermalrate coefficients calculated at T=200-500 K and the low-pressure limit for the OH + H,O, reaction. The red solid line shows K1
model including the HIR treatment. The black dotted line displays K2 model without the HIR treatment. Experimental data (in symbols) are

included for comparison.
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Reaction rate coefficient calculations

The SCTST results heavily depend on VPT?2 calculations, which
are used to obtain anharmonic constants, Xy, for small ampli-
tude vibrations. It is well established that the VPT2 approach
may not be satisfactory for hindered internal rotations (HIRs),
which are large amplitude motions, especially at high temper-
atures (or high energies). As usual, these HIRs are assumed to
be separable from the remaining vibrations and treated indi-
vidually as (uncoupled) one-dimensional (1D) HIR. To see the
effects of the HIR treatment on k(7,p), in this work both
chemical kinetic models (namely, K1 model including the HIR
treatment and K2 model without any HIR treatment) were used
to compute reaction rate coefficients.

Fall-off curves computed as a function of pressure (P = 1-10*
torr) and a fixed temperature (T = 75-350 K) are exhibited in
Fig. 2. Inspection of Fig. 2 shows that the calculated k(T)
decreases with increasing temperature, as expected for this
temperature range where the reaction rate has a negative 7-
dependence. The reaction rate depends only slightly on pres-
sure; and the effects of pressure (due to quantum tunneling
effects) are only important at very low temperature and very
high pressure. Such characteristics can also be seen for other
(similar) reactions.>****° Under terrestrial atmospheric
conditions (T = 180-350 K and P = 0-1 atm), the reaction rate is
practically pressure-independent. This remains true at higher
temperatures in combustion environment (with P < 10 atm).

Fig. 3 shows the reaction rate coefficients calculated for 7=
200-500 K relevant to the terrestrial atmospheric conditions.
Experimental data (given in symbols) are also included for
comparison. As seen, the calculated k(7) with the K1 model
agree well (better than 20%) with almost all experimental
results. Particularly, the theoretical K1 results are in line with
the experimental values reported by Lamb et al.® However, there
is a difference of the shape between theory and experiment in
this temperature range. Experimental results (excluding the
results of Lamb et al.®) show a positive T-dependence (because
of a positive activation energy), whereas the theoretical K1
model yields a concave-shaped curve. At low T, it decreases with
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increasing temperature and reaches a minimum at about 340 K,
and only then is positively 7-dependent. Unlike the K1 model,
the K2 yields a negative T-dependence for k(7). Although the K2
model yields good results up to 350 K, it diverges at higher
temperatures. Because of the different ZPE corrections, there
are small differences between the K1 and K2 models at the lower
temperatures. Overall all (combined) experimental results also
show a similar concave-shaped curve to that predicted by
theory. More importantly, the K1 results with the hindered rotor
treatment are more accurate than the K2 model over the T =
200-500 K range.

Although this work mainly focuses on computing k(T,p) at
atmospheric UTLS conditions, it is of importance to compare
theory with experiment at high combustion temperatures.
There are only three experimental studies**™** reported for T >
900 K, as shown in Fig. 4. Two studies agree well with one
another for 7= 1000-1300 K, but they disagree by a factor of 2-3
at higher temperature. A reason for the difference is unknown.
As compared to experiment,”*™ the calculation is in good
agreement (within 20-30%) with a recent study of Hong et al.,*®
but it underestimates the results of Hippler et al.** at T> 1300 K
and overestimates below 1000 K. Further experimental studies
appear to be warranted.

Fig. 5 reveals the calculated k(7) for a wide range of T = 50-
1500 K. As seen, rate coefficients have a concave shape. Starting
at T = 50 K, it decreases with increasing temperature, then it
passes through a minimum at about 340 K; and finally, it rises
with T at higher 7. This characteristic can be explained as
follows: the reaction mechanism depends sensitively on
temperature. At low-T the reaction proceeds via a van der Waals
complex (PRC), thus it is negatively T-dependent; whereas at
high-T' the formation of PRC is unimportant, therefore the
reaction undergoes a direct H-abstraction process (i.e. “well-
skipping”** PRC) to yield products. As a result, it displays
a positive dependence of temperature.

Fig. 5 also shows that the K2 model (which does not include
any HIR treatment) works rather well at low-T. This implies that
VPT2 approach may be sufficient and anharmonic constants
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Fig. 4 Thermal rate coefficients calculated at T = 900-1500 K and the low-pressure limit for the OH + H,O, reaction. Experimental data (in

symbols) are included for comparison.
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Fig. 5 Thermal rate coefficients calculated for an extensive temperature range of 50-1500 K and the low-pressure limit for the OH + H,O,
reaction. The red solid line shows K1 model including the HIR treatment. The black dotted line displays K2 model without the HIR treatment.

Experimental data (in symbols) are included for comparison.

(x;) associated with these HIRs play an important role at low-T.
The difference between the K1- and K2 model at low-T is mainly
due to changes of ZPE. However, the K2 model fails at high-T7,
indicating that the HIR treatment is very essential in this range.

Conclusions

The mechanism and kinetics of the OH + H,O, reaction were re-
investigated using the amHEAT composite method and an E,]J-
resolved two-dimensional master equation approach. At low
temperatures, the reaction proceeds via an energized pre-
reaction complex, followed by an H-abstraction step to yield
products HO, + H,O. At higher temperatures, however the
reaction skips the PRC well and directly withdraws a hydrogen
atom (through a well-skipping mechanism) to yield products.
This finding verifies the mechanism earlier proposed from an
experimental study.” The amHEAT reaction enthalpy agrees well
(within 0.1 kcal mol™") with the benchmark ATcT value. The
calculated barrier height has a positive value of 0.7 £+ 0.4 kcal-
mol ', which is in close agreement with a (recommended)
experimental activation energy. The reaction rate coefficients
were found to be pressure-independent under terrestrial
atmospheric conditions (T = 180-350 K and P < 1 atm) and in
excellent agreement (better than 20%) with experimental results
for T = 165-500 K. However, at high combustion temperatures
the agreement is rather good, within 30%. For T' = 180-250 K
relevant to the UTLS regime where direct rate measurements are
not available, we provide a mathematic expression of k(7) = 8.5
x 107" x exp(206 K/T) in cm® s™* (with an estimated uncer-
tainty of 20%), which is expected to be useful for atmospheric
modeling.

Data availability

The data that support the findings of this study are available
within the article and its ESL. Detailed theoretical data that

1682 | Environ. Sci.. Atmos., 2023, 3, 1678-1684

support the findings of this study are available from the corre-
sponding author upon reasonable request.
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