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K, that is, interstellar, atmospheric and combustion conditions. Using the com-

models, in this wide temperature range we found that the overall rate constants
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temperature dependence, reproducing the experimental evidence when the HPL

peratures was due to the strong contribution of the tunneling factor. The title
reaction evolves by two paths, H,O + CH,O0H (R1) and H,0 + CH;0 (R2), and
the branching ratio analysis showed that the R2 path was dominant at T < 200
K while the R1 path dominated at T > 300 K, with a turnover temperature
of ~260 K, in agreement with previous theoretical estimations. Three kinetics
isotope effects (KIEs), *CH;O0H, CH;'®0H, and CD;0H, were theoretically stud-
ied, reproducing the experimental evidence. The kinetics analysis in the present
paper together with the dynamics study previously reported showed the capacity
of the PES-2022 to understand this important chemical process.
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1 | INTRODUCTION (cold temperatures) conditions. In the atmosphere there

are over 70 alcohols from anthropogenic or biogenic
The study of reactions of the hydroxyl radical with emissions' and their reactions with hydroxyl radicals rep-
alcohols is very interesting in combustion (high temper- resent the major loss process for alcohols during daytime.”
atures), atmospheric (low temperatures) and interstellar ~ In the present study, we focus attention on the gas-phase
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hydrogen abstraction reaction with the first species of the
series, methanol, which evolves by two paths: OH attacks
the CH; group (R1 path) or the OH group (R2 path) of
methanol through a common reactant complex (RC), both
paths producing water molecules,

o/SP1 = PC1 > H,0 + CH,0H (R1)

OH + CH30H — RC{

SP2 - PC2 — H,0 + CH;0 (R2)
where SP and PC mean the respective saddle point
and product complex for each path. In this two-step
model the first step, from reactants to the reactant
complex, is the association or complexation process.
In a previous study’ we developed a full-dimensional
potential energy surface (PES), PES-2022, simultaneously
describing both paths. This surface is a valence bond
and mechanic molecular functional fitted to high-level
ab initio calculations at the coupled-cluster singles,
doubles and perturbative triples-F12 explicitly correlated
level. While in that paper® we focused on the dynam-
ics description of the system (reaction cross section,
product scattering distribution, product roto-vibrational
distribution, etc.) in the present paper we are inter-
ested in the kinetics analysis: rate constants, branching
ratios and kinetic isotope effects, and their temperature
dependence.

The title reaction has been widely studied, both
experimentally (an exhaustive review can be found in
the NIST* and the GRI-mech’ kinetics databases) and
theoretically,’'® where the rate constants and their tem-
perature dependence show contradictory results. Figure 1A
shows the experimentally found temperature dependence
of the overall rate constants in the wide temperature
range 10-2000 K, where only five studies reported values
at T < 100 K,"79?2 in the low-temperature interstellar
environment, and most of the experimental works have
focused on the range 200-2000 K.*> A clear smoking
pipe-shape in the Arrhenius plot, or in brief, V-shaped
dependence, was observed with a minimum of about 200
K, which suggests a change of mechanism with temper-
ature. Today, there is some consensus that the R2 path
becomes dominant at low temperatures, T < 200 K, where
the quantum mechanical tunneling effect represents the
main contribution, while at T > 300 K the R1 path is the
main channel, although this consensus has varied over
time. In the low-temperature interstellar regime, Shannon
et al.'’ in 2013 reported surprisingly large rate constants
using a pulsed Laval-nozzle apparatus with flash photol-
ysis, two orders of magnitude larger than at 200 K, due
mainly to the role of tunneling, where the CH;0 branch-
ing ratio is 99% at 70 K. Subsequent studies in the regime
of cold and ultra-cold temperatures'’-*°~?> have confirmed
these conclusions.
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FIGURE 1 Panel (A) Overall experimental rate constants of

the OH + CH3OH reaction at temperatures from 10 to 2000 K."-2
The black dashed line is used only as a guide to the eye. Panel (B)
Overall rate constants from representative theoretical results from
literature.”'>""7 Panel (C) overall rate constants from present work,
using different kinetics tools on PES-2022 surface.

With respect to the independent rate constants on the
two paths, the experimental information is scarce, where
both paths presented dispersion of values, larger in the case
of the R2 path. For the R1 path, in 1981 Vandooren and
Van Tiggelen?’ analyzed the kinetics at high temperatures,
1000-2000 K, proposing the expression

k(T)=7.97 x 107! [cm?/molecules| e~18.79lkJ/molel/RT

The GRI-mech database’ and Li and Williams?* in 1996,
in a wider temperature range 300-2500 K, proposed the
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expression,
k (T) =2.39 X 10—18[Cm3/moleculeS]T2-00e0.200[kJ/moleJ/RT

and recently, Liu et al.>> in 2019 reported the following
expression in the high temperature regime 900-1300 K,

k(T) = 2.55% 107! [cm3 /molecules| e~1%-02[K)/molel/RT

where in the common 1000 K temperature, for instance,
the rate constant presented discrepancies, 8.32.107'2,
3.65.10712 and 2.59.10"? cm?® molecule~!s™!, respectively,
that is, a factor greater than two. For the R2 path,
the experimental information is also scarce and presents
larger discrepancies.”**~?’ In 1984, Warnatz?’ reported an
exhaustive review of the previous literature for the R2 path
in the temperature range 300-2000 K,

k(T) = 1.66 X 107! [cm? /molecules] e~7-10[kI/molel/RT

with k(1000 K) = 7.07.107"2 cm?® molecule's™!; while
the GRI-mech database® and Li and Williams?* in 1996,
in a wider temperature range 300-2500 K, proposed the
expression,

k (T) = 1.045 x 1077 [cm? /molecules| T2e~0-358[k/mole]/RT

and more recently Liu et al.”> in the high temperature
range 900-1300 K, reported the expression

k(T)= 4.3 x 107! [cm?/molecules| e=28-79[kI/mole]/RT

with a value at 1000 K 0f1.35.102 cm? molecule~!s™!, that
is, five times lower. In addition, the two first experimen-
tal measures presented different temperature dependence,
that is, different slopes of the Arrhenius representations.
With respect to the R2/Rrgra;, branching ratio, exper-
imental values at room temperature between 10%-25%
were reported,’®?° although its temperature dependence
presented contradictory results.’*

Theoretically, the title reaction has received much
attention, where both the R1 and R2 paths have been
independently analyzed®®'® using different electronic
structure calculations, ab initio and density functional
theory, DFT. The most recent and accurate calculations
used the coupled-cluster with single, double and triple
(perturbative) excitations, CCSD(T), a level based on
optimized geometries at lower levels. These theoretical
results showed that both the R1 and R2 paths present
large exothermicity, in reasonable agreement with the
experimental measures from the corresponding standard
enthalpies of formation,**3! AHR°(298K) = —22.74 + 0.08
and —13.62 + 0.08 kcal mol~!, respectively. These studies
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showed a common reactant complex in the reactant chan-
nel, stabilized with respect to the reactants, and product
complexes in the exit channel, also stabilized with respect
to the respective products, H,O + CH,OH for the R1 path
and H,0 + CH;O for the R2 path. The barrier heights, a
sensitive parameter in the kinetics analysis, presented val-
ues in the range 0.8-1.5 for the R1 path and 3.6-4.0 kcal
mol~ for the R2 path. The corresponding imaginary vibra-
tional frequencies characterizing the saddle points and
directly related with the tunneling effect also presented
a wide range of values from the literature®*~'> showing
that it is a property difficult to describe: 437 i-1420 i cm™!
for the R1 path and 1737 i-2958 i cm™' for the R2 path.
However, Nguyen et al.!® concluded that “In this case, at
least, CCSD(T) does not appear to be enough”. For the
title reaction, two analytical PESs>!* have been reported
using different strategies. Roncero et al."” reported the first
global PES for this reaction, which is based on ~200 000
ab initio points obtained at the CCSD(T)-F12 explicitly cor-
related method using a basis set of quality double-zeta,
and developed as a many-body (MB) expression. This sur-
face gives barriers of 2.1 and 6.7 kcal mol™!, respectively,
that is, overestimating the literature information, espe-
cially for the R2 path, while the corresponding imaginary
vibrational frequencies were, respectively, 1576 i and 2263 i
cm™!, where the value for the R1 path seems overestimated.
Recently, our group developed a new surface, PES-2022,
which is an analytical full-dimensional surface developed
as a combination of valence bond and molecular mechanic
functional (VB/MM), fitted to high level ab initio calcula-
tions at the CCSD(T)-FI12 explicitly correlated level using
a basis set of quality triple-zeta. The corresponding bar-
rier heights and imaginary frequencies are, respectively,
1.42 kcal mol™' and 858 i cm™! for the R1 path, and
3.66 kcal mol~! and 2176 i cm ™! for the R2 path, reproduc-
ing the high-level ab initio data used in the fitting and the
most accurate values from literature, which lends confi-
dence to the new PES-2022 surface. In our previous paper’
based on PES-2022 we performed an exhaustive dynamics
study using quasi-classical trajectory (QCT) calculations.
When comparison with experiment was possible,*” this
PES reasonably simulated the experimental evidence.

In the theoretical analysis, different kinetics tools have
been used in the literature: conventional transition state
theory,® variational transition state theory,” competitive
canonical unified statistical model,”> QCT calculations, '
ring polymer molecular dynamics (RPMD),"* combined
two-dimensional master-equation/semi-classical transi-
tion state theory/variational Rice-Ramsperger-Kassel-
Marcus approach,'® etc. In general, the temperature depen-
dence of the preferred mechanism of reaction, R1 or R2
path, and of the rate constants were very sensitive to the
tool used. The first studies focused on medium and high
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temperatures, T > 200 K with different results. So, while
Jodkowski et al.” overestimated the experimental rate con-
stants, Galano et al.® underestimated them. Xu and Lin®
in 2007 found a good agreement with experiment, and
similar results were reported by Gao et al.'> The theo-
retical branching ratios showed contradictory results in
this temperature regime. Galano et al.® in the temperature
range 290-500 K and Xu and Lin’ in a wider temperature
range, 200-3000 K, reported that R1 > R2 in all the tem-
perature regimes. However, Gao et al.'? reported that R1
dominates at high temperatures (T > 150 K or T > 300 K,
depending on the model used, LPL or HPL) while R2 is
the preferred mechanism at lower temperatures. These lat-
ter results agree with Shannon et al.'” who used a master
equation predicting a turnover temperature of ~250 K and
with the recent results from Nguyen et al.'®: R2 dominates
at low temperatures (T < 50 K) while R1 dominates at high
temperatures (T > 200 K).

In the present theoretical work, we present an exhaus-
tive kinetics analysis based on PES-2022. Three different
kinetics tools were used: variational transition-state
with multidimensional tunneling corrections, VIST/MT,
RPMD, RPMD, and QCT calculations, QCT. The present
paper is organized as follows. The PES® is briefly
described in Section 2, together with the kinetics com-
putational details using VIST/MT, RPMD, and QCT
approaches. In Section 3, we present the kinetics results
obtained in the present work, comparing them with
the experimental evidence and previous theoretical
results. Finally, the main conclusions are summarized in
Section 4.

2 | THEORETICAL TOOLS

To describe this polyatomic reactive system, in a previ-
ous work® we developed a full-dimensional PES, PES-
2022. Basically, this surface is a valence-bond/molecular
mechanics (VB/MM) analytical function fitted to a
reduced number of high-level ab initio calculations at
the CCSD(T)-F12/aug-cc-pVTZ level. It simultaneously
describes both the attack of the OH radical on the CH;
of methanol (R1 path) and on the OH of methanol (R2
path) and presents an average root mean square error of
0.7 kcal mol~!. This surface was subjected to a series of
stringent tests in order to analyze its quality and versa-
tility to describe, in a smooth and continuous way, the
topology of this reactive system from reactants to prod-
ucts. In the previous work® this surface was used in
an exhaustive dynamics analysis, comparing the dynam-
ics results with the experimental evidence. In general,
when comparison was possible, PES-2022 reasonably sim-
ulated the experiments in dynamics properties as varied

ESPINOSA-GARCIA AND GARCIA-CHAMORRO

as product energy partitioning, products roto-vibrational
distributions or products scattering distributions, which
represented a stringent test of its quality.

In the analysis of the overall experimental rate con-
stants (Figure 1A) a V-shaped temperature dependence
was clearly observed, where at T < 200K the R2 path was
dominant and at T > 300 K the dominant path was R1, as
well as a pressure dependence. The pressure dependence is
difficult to analyze theoretically and is beyond the scope of
the present work. Gao et al.'” in the transition-state theory
frame proposed two limiting cases: low- and high-pressure
limits, LPL and HPL, respectively. In the first case, the
reaction was considered as a direct bimolecular hydrogen
abstraction reaction, where the participation of the reac-
tant complex was ignored; while in the second case, the
reactant complex was fully stabilized, playing an important
role, and so the overall reaction was considered as a two-
step process: (i) a bimolecular association reaction from
the reactants to the reactant complex, k,, followed by (ii)
an unimolecular hydrogen abstraction reaction from the
reactant complex to products passing through the respec-
tive transition state, kyy; and ky; , for the R1 and R2 paths,
respectively. For both the LPL and HPL models, following
the suggestion of Gao et al.,'” in the present paper the rate
constants were calculated using the competitive canonical
unified theory, CCUS,

k
ke = o —— ki ¢y
a+kp 1 +kp o

Different approaches can be used to calculate the associ-
ation coefficient, k,: (i) the hard-sphere collision model,"”
which is based on van der Waals diameters of reactants; (ii)
Georgievskii and Klippenstein’s model,* which is based
on dipole-dipole reactants interactions, or (iii) Gorin’s
model,**3° which is based on topology considerations,
that is, fitting of the model to the PES-2022 information.
In the present paper we used the Gorin model, which is a
simple approach based on an attractive PES,

Ce
VMep = ~Z6 ©))
where R is the distance between the two approaching reac-
tants and Cg is a parameter to fit the model to the PES-2022
surface, which in this case has a value of 56.34.10~7° J m>.

In this model, the rate constant is given by

KCorin (T) =k, = (%) <2KBT>5F<§> ¢ ®

where u is the reduced mass and I'(2/3) is the incomplete
I function. In the range 50-2000 K the rate constants are
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very fast, in the order of 107'° cm® molecule~!s~!. Note that
this data is of a similar order to that obtained with the other
two approaches.'>?’

Next, we calculated the hydrogen abstraction rate con-
stants for the R1 and R2 paths, ky;; and ky,, using the
canonical variational transition state theory (CVT) with
the small tunneling approach (SCT), CVT/SCT,*

Ky (T) = o /T (D KT (T) “4)

where o; is the symmetry number accounting for the
degeneracy of the reaction path, k*VI(T) the canonical
variational rate constant and ¥°°T(T) the tunneling correc-
tion. In TST-based methods the treatment of anharmonic-
ity of frequencies and mode-mode coupling is challenging
in polyatomic systems and here we consider the har-
monic oscillator and rigid rotor models. Depending on
whether the model is LPL or HPL, the largest difference
for the rate constant calculation is the way to obtain the
tunneling contribution. In the LPL model the reactant
complex is unreachable (the reactants cannot be stabilized
by collisions) and therefore a direct bimolecular reaction
occurs. In this case, we consider the sum of the ground-
state energies of the reactants as the lowest energy at
which tunneling correction is considered. However, in the
HPL model, the reactant complex is stabilized and now
the lowest energy for the tunneling contribution corre-
sponds to the ground-state energy of the reactant complex.
Finally, note that in this kinetics analysis a multi-surface
factor, defined as the ratio between the electronic par-
tition functions of the transition state and reactants, is
considered,

3 QZ 3 2 )
I= Q_fl "~ 2+ 2exp(—¢/kgT)

where the number 2 in the numerator corresponds to
the transition state, in which the spin-orbit coupling
is assumed to be fully quenched, and the denomina-
tor corresponds to the electronic partition function of
the OH reactant, where ¢ = 140 cm™! for the OH
radical.*”

As an additional test of the capacity of the analytical
PES-2022 surface to describe the kinetics of the title reac-
tion, two other kinetics tools were used: RPMD*%#* and
QCT calculations, which presented some difficulties in the
present study. In the case of RPMD, firstly, because it is
a kinetics approach for bimolecular reactions and there-
fore can only be applied in the LPL approach. In fact,
del Mazo et al.'* performed a study of the title reaction
using the RPMD approach, reporting that the lifetimes
of the complex in the entrance channel are long, and
comparable to the time scale of the tunneling process.
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Due to the quantum effects, zero-point energy (ZPE) and
tunneling, this complex can be formed at zero pressure
(zero pressure limit, ZPL), concluding that RPMD calcu-
lations (which capture these quantum effects) on the ZPL
model are equivalent to variational transition state the-
ory, VTST, assuming the HPL model. Therefore, in the
present work and for a direct comparison with the previ-
ously analyzed CCUS-HPL method, we used the RPMD
method on the LPL model, in the temperature range 100—
2000 K, calculating the rate constants independently for
each reaction path, R1 and R2. The second difficulty arose
because the computational effort increases when temper-
ature decreases, that is, a larger number of beads are
necessary for convergence. For instance, del Mazo et al.l4
used 96, 128, 192, 384, and 768 beads at temperatures of
500, 300, 200, 100, and 50 K, respectively. The computa-
tional effort at T < 100 K is beyond our computational
capacity. Therefore, in the temperature range analyzed in
the present work we used 4, 8, 32, 64, 128, and 128 beads
at temperatures of 2000, 1000, 500, 300, 200, and 100 K,
respectively. Obviously, this smaller number of beads will
determine the convergence and this point will be analyzed
later. In the case of QCT, the difficulties appear due to its
classical nature and therefore its application at low temper-
atures is questionable due to the tunneling contribution,
a determinant factor in the title reaction. In the present
study, QCT calculations were performed for comparison
with the other kinetics approaches, independently for each
reaction path, R1 and R2. At each temperature, 2000, 1000,
500, 300, 200, and 100 K, we used 10, 10°, 2 X 10%, 10°, 10°,
and 10° trajectories, respectively, with the following max-
imum impact parameter, 4.0, 4.2, 5.1, 6.1, 6.6, and 7.2 A,
respectively. The C-OH (R1 path) or the O-OH (R2 path)
separation was fixed at 15.0 A, with a propagation step of 0.1
fs. The QCT approach presents two important limitations:
the zero-point energy (ZPE) violation problem, and the
non-consideration of tunneling contribution. With respect
to the first problem, when all trajectories were considered
the rate constants were overestimated, and to minimize
this problem, in the present work a passive method was
used, where only the reactive trajectories with product
vibrational energies (H,O and CH,OH/CH;0) above their
respective ZPEs were considered (DZPE, double zero-point
energy, approach). With respect to the second problem, the
tunneling correction was included in the QCT rate con-
stants as obtained with the SCT-LPL model. Obviously,
these two approaches are very crude and the QCT rate con-
stants are reported in this case only for a direct comparison
of methods. Finally, note that in both RPMD and QCT cor-
rected results the multi-surface factor, Equation (5), was
included. In consequence, here these two approaches are
used in order to test the CCUS rate constants and the PES-
2022 when compared with experiments. In the kinetics
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analysis the following codes were used: POLYRATE2016,*
RPMDrate*® and VENUS96.%

3 | KINETICS RESULTS

3.1 | Rate constants

In the literature, theoretical and experimental rate con-
stants are frequently presented together in the same Figure
for comparison. This is a good option when the kinetics
tendencies are similar (and the available information is
scarce), but when the behaviors diverge (and the available
information is abundant) this presentation may mask the
comparison. Therefore, in the present paper we chose to
dissect the presentation of the results for a more adequate
comparison. Figure 1 shows the overall rate constants for
the title reaction, that is, the sum of the R1 and R2 paths.
In panel (A) the experimental overall rate constants are
plotted in the temperature range 10-2000 K."”~?° Note that
the experimental measures do not correspond to a single
study, but are the result of several experimental groups
and conditions, that is, no group has studied the overall
temperature range. From the combination of experimental
studies, a clear V-shaped dependence with temperature is
observed with a minimum of about 200 K. Today, there is
an experimental consensus that (i) at temperatures above
the turnover temperature R1 is the dominant path, while at
temperatures lower, the R2 path dominates due to a great
contribution of the tunneling effect and (ii) these stud-
ies suggest a pressure dependence of the rate constants,
although Ocafia et al.'” reported that no dependence was
observed below 100 K. Panel (B) presents some represen-
tative theoretical results from the literature,”'2V7 in the
temperature range 50-1000 K. In order to analyze pres-
sure dependence, two limiting situations were considered:
low- and high-pressure limits, LPL and HPL, respectively.
In the first case, the reaction can be considered as a direct
hydrogen abstraction reaction, while in the second case,
the reaction evolves through a complex in the entrance
channel, which is stabilized with a population of energy
states in accordance with a Boltzmann distribution. In
panel (B) firstly, one observes a dispersion of theoreti-
cal results, for instance, with differences of three orders
at 100 K and a factor of only two at 1000 K. Secondly,
while the LPL model'? underestimated the rate constants,
especially at low temperatures, using the HPL model, Gao
et al.,'> Ocafa et al.,'”” and Nguyen et al.'® reasonably
simulated the experimental behavior, with the best agree-
ment obtained by Ocafa et al.!” Using their own MB-PES
surface, Roncero et al."® reported rate constants in poor
agreement with experiment, with a negligible tempera-
ture dependence in the range 50-400 K. Panel (C) shows

ESPINOSA-GARCIA AND GARCIA-CHAMORRO

the theoretical results from the present work, using dif-
ferent kinetics tools. The CCUS-HPL model simulates the
V-shaped dependence with temperature experimentally
observed, while the CCUS-LPL model underestimates this
tendency at low temperatures. This behavior, for both HPL
and LPL models, agrees with the results obtained by Gao
et al.'? using different PESs.

In order to complete the kinetics analysis of the title
reaction we also analyzed the behavior of the RPMD and
QCT tools. In the temperature range, 100-2000 K, the
RPMD and QCT results also showed the experimental V-
shaped temperature dependence. As noted in the previous
section, the RPMD and QCT calculations assumed the
LPL model, and the minimum temperature was obtained
~300 K, larger than with the CCUS-HPL model. As pre-
viously noted, lower temperatures (T < 100 K) cannot be
reported by computational limitations and the differences
with respect to the CCUS model and/or experiments are
due to convergence problems in the RPMD approach or the
estimation of tunneling corrections in the QCT approach.
This comparison between different kinetics tools permits
us to conclude that CCUS/SCT results assuming the HPL
model are equivalent to RPMD and QCT results on the LPL
model, in accordance with the conclusions of del Mazo
etal*

In sum, the PES-2022 surface showed its ability
to represent this reactive system, and the differences
with experiment are due to limitations of the kinetics
tools used and/or computational limitations from our
group.

Obviously, the overall rate constants previously ana-
lyzed are the sum of the rate constants for each path,
R1 + R2. Let us now analyze these components in an inde-
pendent way (Figure 2). We begin by analyzing the R1 path,
left column of Figure 2, which is the dominant path at high
temperatures. In panel (A) the experimental rate constants
are plotted in different temperature ranges.”>*~>> While Li
and Williams®* presented results in the temperature range
300-2000 K, Vandooren and Van Tiggelen®® and Liu etal.?
reported only results at high temperatures, 1000-2000 K.
In the common 1000 K temperature, the experimental val-
ues show differences of a factor two. In panel (B) the
theoretical rate constants obtained in the present work
using different kinetics tools on the PES-2022 surface are
presented in a wider temperature range, 200-2000 K,
together with other representative theoretical results’>'?
for comparison. In general, all theoretical results show
a similar tendency with temperature, although obviously
the absolute values present discrepancies, with differences
of a factor of about seven at 200 K and of about five at
2000 K. The present kinetics results, using different kinet-
ics tools, CCUS-HPL, CCUS-LPL, RPMD-LPL and QCT-
LPL, on the PES-2022 surface, present an intermediate
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Arrhenius plots of the OH + CH;OH thermal rate constants. Left column, R1 path, and right column, R2 path. In each

column, Panel (A) Experimental rate constants from Refs.>20-2324:2527; panel (B) Theoretical rate constants from the present work computed
using PES-2022 and CCUS, RPMD and QCT methods together with other representative theoretical results from Refs.”*12; Panel (C)
Experimental and theoretical thermal rate constants from the present work for a direct comparison.

behavior, although the QCT-LPL results show a pro-
nounced curvature. Finally, in panel (C) we plot the
theoretical results obtained in the present work together
with the experimental evidence for a direct comparison. In
general, our results simulated reasonably well the experi-
mental evidence for the R1 path, in the common tempera-
ture range. As previously noted, at high temperatures the
differences between the HPL and LPL models were neg-
ligible. In consequence, in this temperature regime the
three models used in the present work, CCUS, RPMD
and QCT, gave a similar picture of the process, with the
largest difference found when the QCT method (includ-
ing ZPE constraints) was used, which underestimates the
experiments and presents the largest curvature.

With respect to the R2 path the situation is more confus-
ing and interesting (right column of Figure 2). Panel (A)

shows the experimental thermal rate constants,>!7-20-24.25.27

where the variation with temperature and the absolute
values differs from one result to another, with a clear V-
shaped temperature dependence in the 100-2000 K range
and a turnover temperature of about 200 K. At 1000 K, for
instance, these values differ by a factor of six while at 120
K the differences are smaller,'”2 a factor of about three.
In addition, Li and Williams’s** values presented a more
pronounced slope than the values reported by Warnatz,?’
although no group studied the overall temperature range.
Theoretical rate constants obtained in the present paper
using different kinetics tools on the PES-2022 surface are
shown in panel (B) together with some representative
theoretical results.”*'> From the literature, only the
results from Gao et al.'? using the HPL model simulated
the V-shaped dependence experimentally reported, while
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FIGURE 3 Tunneling transmission coefficients calculated
using the SCT approach (HPL model) for both the R1 and the R2
paths.

the other theoretical results’® did not show this depen-
dence, which was due to the small temperature range
analyzed, T > 200 K in those studies. Clearly, the LPL
model? did not reproduce the experimental behavior.
The CCUS-HPL, RPMD-LPL and QCT-LPL approaches
in the present work simulated the V-shaped temperature
dependence, although the turnover was found at different
temperatures. The CCUS results using the LPL model
(direct hydrogen abstraction reaction) does not show
this dependence, being closer to the Gao’s results using
the LPL model."? Finally, the comparison of the present
results with experiments is plotted in panel (C). All
theoretical results reasonably simulate the experimental
behavior in the 100-2000 K temperature range, except
the CCUS-LPL model. The CCUS-HPL approach shows
the best agreement with experiment, where the high
values at T < 200 K are a consequence of the tunneling
effect.

Given its importance in the title reaction, let us now
analyze the tunneling contribution temperature depen-
dence, independently for each path, Figure 3, assuming the
CCUS/SCT-HPL model, which in general better simulated
the experimental evidence. In this representation differ-
ent behaviors of the tunneling contribution are clearly
observed in both the R1 and R2 paths. The tunneling fac-
tor is larger for the R2 path, which is the cause of the
V-shaped temperature dependence previously analyzed
and the reason for its pre-eminence at low temperatures.
At 1000 K, for instance, the R2/R1 tunneling transmis-
sion coefficient ratio is 1.23/1.04. This ratio is 6.88/1.53
at 298 K, and 1.57.10°/69.90 at 100 K. Obviously, this
ratio increases at lower temperatures, where at 50 K it
is 8.11.10°/1.34.10°, that is, a difference of six orders of
magnitude.

Finally, let us analyze in more detail the three kinetics
approaches studied in this section. At the highest tem-
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peratures, T > 1000 K, where the tunneling is absent,
the overall rate constants obtained with the CCUS (HPL
or LPL) approach were larger than with the RPMD or
QCT approaches (which present good agreement between
them) by a factor of about two. Given that the RPMD
rate theory is exact®’ in the classical high-temperature
regime, this result suggests that the CCUS method over-
estimates the rate constants, and we suggest that this
behavior is related to approximations used in this theory:
anharmonicity treatment of the lowest vibrational modes,
which strongly affect the location of the dividing surface
in the TST-based methods; mode-mode coupling or con-
sidering the reaction coordinate motion as separable. To
the best of our knowledge, in polyatomic systems such as
the title reaction, a general method to successfully deal
with anharmonicity along the reaction path has not been
proposed,*®*° but a similar behavior was found in other
hydrogen abstraction reaction,”*”" O(*P) + CH, and OH
+ CH,. The QCT results, which are also immune to these
difficulties, gave rate constants similar to those of RPMD.
For instance, at 1000 K, the RPMD and QCT rate constants
reproduced the most recent experimental measures,” both
for the R1 and the R2 paths, which represents an indirect
test of quality of the PES-2022 surface. Since the RPMD
calculations at high temperatures are being used as test
of quality, we also performed RPMD calculations at 2000
K using a larger number of beads, 16 rather than 4, in
order to analyze their convergence. The results with 16
or 4 beads are practically the same, with differences <2%,
similar in both paths. Therefore, we conclude that the
RPMD calculations are converged at high temperatures.
Next, the low-temperature regime is analyzed, where the
quantum mechanical tunneling effect is very important.
In this case, the CCUS/SCT rate constants are similar
to the QCT results, due to the fact that the tunneling
correction is artificially included in the QCT method,
while the RPMD rate constants overestimate these values.
This behavior of the RPMD approach has been previously
observed for asymmetric reactions,’’>* where the RPMD
approach overestimates the exact rate constant by a factor
of 2-3 in the deep tunneling regime. Furthermore, RPMD
convergence problems at low temperatures cannot be dis-
carded, because of the limited number of beads used (for
instance, 128 beads at 100 K, due to our computational
limitations).

3.2 | Branching ratio temperature
dependence

As has been pointed out throughout the text, the experi-
mental rate constants presented great dispersion, notable
discrepancies, and the overall temperature range has not
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been studied by one group under the same conditions,
which makes their use as reference for comparison dif-
ficult. In this section, the branching ratio was analyzed,
which represents further evidence of these discrepancies.
Although all the experimental measures>*2>28:2%-34-57 ¢oin-
cided in that at room temperature the R2/TOTAL branch-
ing ratio was small, 10%-25%, discrepancies appeared with
its temperature dependence. In general, the experimen-
tal measures were clear evidence that the CH;0 yield (R2
path) increases with temperature, except in one of the
last experimental studies,”” which reported the opposite
behavior. For instance, at 1000 K, Li and Williams in 1996%*
reported an R2 branching ratio of 0.57, a crossover tem-
perature of 800 K, and that R2 was dominant at T > 800
K; while Olm et al.”’ in 2017 reported a value of 0.30, a
crossover temperature of ~1300 K, and that R2 was the
dominant path at T > 1300 K. These results contrast with
the last experimental measure in 2018%°, where the branch-
ing ratio was 0.34 and R2 was the minority path at T > 900
K. As for the theoretical studies, the situation is not clearer,
although the most recent studies point in the same direc-
tion. While Galano et al.® (290-500 K) and Xu and Liu’
(200-3000 K) reported that R1 > R2 in these temperature
regimes, practically constant with temperature, where the
R2 contribution is less than 10%, Shannon et al.' using
a master equation reported an R2 branching ratio of 0.36
at 298 K, where the R1 path dominates at T > 250 K,
and Gao et al."” reported that R1 dominates at high tem-
peratures while R2 is the preferred mechanism at lower
temperatures. Gao et al. reported an R2 branching ratio of
0.34 at 298 K and a crossover temperature of about 200 K
(depending on whether the HPL or the LPL model used), in
accordance with Shannon et al.’s conclusions. In sum, no
theoretical result supports the experimental conclusions
about the increase of the R2 path at high tempera-
tures, except the conclusions derived from the Liu et al.’s
work.”

In order to shed more light on these discrepancies,
Figure 4 shows the branching ratio temperature depen-
dence obtained in the present work using the CCUS/SCT
approach on the two HPL and LPL models. The LPL model
does not show temperature dependence, in accordance
with the theoretical results of Galano et al.® and Xu and
Lin.” However, the HPL model agrees with the recent
theoretical results of Shannon et al.”” and Gao et al.'?
The turnover temperature obtained in the present work is
~260 K, in concordance with the Shannon et al.’s value,
~250 K'° and Gao et al.’s results ~200 K.!” We hope that
the present results, together with recent theoretical stud-
ies, stimulate more experimental studies on this issue,
which is of great importance in the modeling of different
environments (combustion, atmospheric and interstellar
chemistry).
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FIGURE 4 Branching fractions of the OH + CH;OH reactions
calculated in the CCUS model on the PES-2022 surface. The solid
lines are for the high-pressure limit, and the dashed lines are for the
low-pressure limit.

3.3 | Kinetics isotope effects

Other important kinetics magnitudes are the kinetics iso-
tope effects (KIEs), which are defined as the ratio of the
light-species rate constants (OH + CH3;0H) to the heavy-
species one (OH + *CH;0H; OH + CH;'®OH and OH +
CD;OH). Given that the KIEs are calculated as a ratio, they
are less sensitive to the accuracy of the PES and more sen-
sitive to the kinetics tools used. In the present study, the
CCUS/SCT-HPL model is used and the branching ratios
for each isotope are taken into account, that is, the KIEs
are given by

KIE kf - ké 6

R ©
where the superscripts L and H mean, respectively, light
and heavy species, and the subscripts correspond to the
R1 and R2 paths. A point of caution is necessary in this
analysis (Equation 6). The branching ratios for the OH +
CH;OH reaction were analyzed in the previous subsec-
tion. Now we compare this behavior with the tendencies
for the other isotopes, Figure 5. Note that the branch-
ing ratios for the '*C and 80 isotopes practically mimic
the OH + CH3;0H tendency, and therefore they are not
represented. However, the branching ratio for the deuter-
ated isotope, OH + CD;OH reaction, is very different.
For this deuterated reaction the R2 path is dominant at
higher temperatures than for the nondeuterated isotope.
In fact, while the turnover temperature for the nondeuter-
ated isotope is ~260 K, for the deuterated isotope it is
~440 K.
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TABLE 1 Temperature dependence of the kinetics isotope
effects for the OH + CH;OH reaction.” CCUS/SCT-HPL values on
the PES2022 surfaces, considering both the R1 and the R2 paths,
Equation (6)

T(K) BC 180 CD,0H
50 1.000 1.000 1.000
70 1.001 1.000 1.000
100 1.293 1.025 1.292
200 1.427 1.036 1.345
298 1.073 1.013 2114
400 1.023 1.310 2.945
500 1.233 1.248 2.864
700 1.027 1.029 2.050
1000 1.021 1.010 1.688
2000 1.011 0.992 1.333

2At 298 K, the experimental values are, respectively: 1.031 + 0.020,
1.017 + 0.012, and 2.566 + 0.042 from Ref.!” and 2.28 for the CD;OH isotope
from Ref.”.

Scarce experimental evidence has been reported.'*?

Feilberg et al.'” reported 13C, 0, and D fractionation
effects in the title reaction at room temperature, with KIE
values of: 1.031 + 0.020, 1.017 + 0.012, and 2.566 + 0.042,
respectively, and Liu et al.”’ reported CH;OH/CD;OH
KIEs at different temperatures. At 298 K, they reported a
value of 2.28, in good agreement with the previous result.
The calculated KIEs at 298 K in the present work are,
respectively: 1.073,1.013, and 2.114, reproducing reasonably
well the experimental evidence. In addition, to complete
the kinetics study Table 1 shows the variation of the three
KIEs with temperature in the range 50-2000 K. At low tem-
peratures, T < 100K, the KIEs are practically the unity for
the three KIEs studied and this result agrees with the theo-
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retical values of Gao et al.'> As noted by these authors, this

result is a consequence of the fact that the rate constants
for both isotopes become equal to the association rate con-
stants, k,, which are practically the same in both isotopes,
Equation (3), with small differences in the reduced mass.

4 | CONCLUSIONS

In this work we investigated the kinetics of the gas-
phase reaction OH + CH;0H —» H,0 + CH,0OH/CH;0
in the temperature range 50-2000 K, using the competi-
tive canonical unified statistical (CCUS) approach and the
small curvature tunneling (SCT) correction to treat the bar-
rier crossing. Pressure dependence is taken into account
using two models, low- and high-pressure limits, LPL and
HPL, respectively. All kinetics calculations were based on
an analytical full-dimensional PES, PES-2022, previously
developed in our group.

At high temperatures, T > 300 K, we found that the tun-
neling contribution is small or negligible and both the LPL
and the HPL models present similar rate constants, the
two models reasonably reproducing the experimental evi-
dence. At lower temperatures, T < 200 K, the situation is
different. We found a strong tunneling contribution, espe-
cially important for the R2 path, and while the LPL model
underestimates the experimental rate constants the HPL
model reasonably agrees with experimental data. In the
present work, using the CCUS/SCT-HPL model we found
a V-shaped temperature dependence of the overall rate
constants, reproducing the experimental evidence.

We also calculated the branching ratio. While the LPL
model does not present practically temperature depen-
dence, where the R1 path is dominant ~80%, the HPL
model presents a turnover temperature at about 260 K,
where at lower temperatures the R2 path is dominant
and at higher temperatures the R1 path dominates. This
last result with the HPL model agrees with recent results
from theoretical literature and they suggest a revision of
the previously reported branching ratios and indeed, of
the R1 and R2 rate constants dependence temperature. In
view of these results, it seems that the R1 rate constants
show greater convergence from several studies and we sug-
gest that more attention should be paid to the R2 rate
constants.

The KIEs are another sensitive test of the theoretical
tools used, the PES and the kinetics approaches. Three
KIEs, C, 80 and CD;0H, were reported in the temper-
ature range 50-2000 K using the CCUS/SCT-HPL model.
At 298 K, the theoretical values simulated the experimen-
tal evidence. At T < 100 K, these values are practically
the unity, due to the fact that the rate constants for
both isotopes practically coincide with the association rate
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constant, which is very fast, of the order of 1071 c¢m?

molecule™ s7L.

In sum, these results show the capacity of the PES-2022
surface and the kinetics theoretical tools used to describe
this polyatomic system, which is a difficult case due to
the presence of a stabilized intermediate complex in the
entrance channel, the presence of two different reaction
paths, and the effect of the pressure. In addition, the results
are highly reliant on the applied kinetic models. Finally,
note that in the theory/experiment comparison many fac-
tors must be taken into account: theoretically, the kinetics
approaches with their corresponding limitations, together
with the accuracy and limitations of the PES, and exper-
imentally, the quality and accuracy of the measurements.
In the study of the title reaction this comparison has been
complicated because of the dispersion of theoretical and
experimental measures.
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