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Abstract

Previously, master equation (ME) simulations using semiclassical transition state theory (SCTST) and
high accuracy extrapolated ab initio thermochemistry (HEAT) predicted rate constants in excellent
agreement with published experimental data over a wide range of pressure and temperatures =
250 K, but the agreement was not as good at lower temperatures. Possible reasons for this reduced
performance are investigated by (a) critically evaluating the published experimental data and by
investigating (b) three distinct ME treatments of angular momentum, including one that is exact at
the zero- and infinite-pressure limits, (c) a hindered-rotor model for HOCO that implicitly includes
the cis- and trans- conformers, (d) possible empirical adjustments of the thermochemistry, (e)
possible empirical adjustments to an imaginary frequency controlling tunneling, (f) including or
neglecting the pre-reaction complex PRC1 and (g) its possible bimolecular reactions. Improvements
include better approximations to factors in SCTST and using the Hill and van Vleck treatment of
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angular momentum coupling. Evaluation of literature data does not reveal any specific
shortcomings, but the stated uncertainties may be underestimated. All ME treatments give excellent
fits to experimental data at T > 250 K, but the discrepancy at T < 250 K persists. Note that each ME
model requires individual empirical energy transfer parameters. Thermochemical adjustments were
unable to match the experimental H/D kinetic isotope effects. Adjusting an imaginary frequency can
achieve good fits, but the adjustments are unacceptably large. Whether PRC1 and its possible
imolecular reactions are included had little effect. We conclude that none of the adjustments is an
improvement over the unadjusted theory. Note that only one set of experimental data exists in the
regime of the discrepancy with theory, and data for DO + CO are scanty.
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vii. Main text

Introduction

The title reaction system (Fig. 1) is of great importance in at least three different arenas. In
the atmosphere it is the final step in the oxidation of organic compounds. It also helps to regulate
the average concentration of OH (hydroxyl) free radicals, which are key chain carriers in atmospheric
mechanisms. In combustion, it is the final step in the oxidation of fuels; it is also the principal step
that releases chemical energy as heat. In theoretical studies of chemical kinetics and dynamics, the
title reaction system is regarded as an important experimental benchmark, because: it is a multi-well
reaction system prototype; it consists of a small number of first and second row atoms and is thus
amenable to high level quantum chemistry calculations; and its reactions have been characterized
over very wide ranges of both temperature and pressure by many research groups and experimental
techniques (see recent critical evaluations ** of the reaction kinetics data). However, few high-
pressure measurements have been reported at temperatures below 200 K and no measurements at
all have been reported at temperatures lower than ~75 K, although we are aware of experiments
using CRESU (a French acronym for Cinétique de Réaction en Ecoulement Supersonique Uniforme, or
Reaction Kinetics in Uniform Supersonic Flow) that are currently underway at extremely low
temperatures (lan Sims, private communication, 2020).

Theoretical work on this reaction system is so extensive that it cannot be reviewed
compactly; instead, to provide access to the literature, we will cite only a few papers. The theoretical
work on the HOCO system includes the calculation of optimized stationary points on the potential
energy surface (PES) at many levels of theory, >” full-dimensional PESs constructed using various
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both with and without quantum

methods,® classical trajectory calculations,”™ and quantum dynamics calculations.
constants, both canonical (i.e. thermal) and microcanonical,*®

tunneling,"” have been calculated using Transition State Theory (TST), Semi-classical TST (SCTST),***°

{

and Ring Polymer molecular dynamics.” The present paper utilizes SCTST, which was developed by

21,22

. H. Miller and his colleagues who also showed how its key input parameters can be computed

P

by second order vibrational perturbation theory and quantum chemistry software. In previous
papers, 22> we demonstrated a practical implementation of SCTST and showed that it performs
exceptionally well when using input parameters computed using HEAT Theory®®*® and CFOUR

quantum chemistry software.?

To the best of our knowledge, every ab initio study of the title reaction that properly
includes pressure effects, including our own,'®** predicts high pressure limit rate constants, k..(T),
that are significantly smaller than measured values at T < 250 K. The principal motivation for the
present work is to investigate the reasons for this persistent "high-P, low-T" discrepancy.

We begin by critically inspecting the published experimental data. (In future work, we will
address the CRESU experiments that are currently underway at very low temperatures.) Evaluation
of the published experimental data is followed by investigation of several aspects of the theoretical
calculations that might be responsible for the high-P, low-T discrepancy, at least in part. These
include three distinct treatments of angular momentum in "1D" master equations, possible errors in
the reaction thermochemistry, adjustments to the imaginary frequency, possible bimolecular
reactions that might have affected the experimental rate constant measurements, and the influence
of the pre-reaction complex that exists in the OH + CO entrance channel (PRC1). The results provide
important insights that extend well beyond the present study and have also motivated several
improvements in our computer codes, which are used by many researchers.

The present paper is the latest in a series of studies of this reaction system, or its individual
components, performed by one or more of the present authors and coworkers.'®*>*%** paper I'®
reported that a fully ab initio calculation using SCTST, HEAT theory, and rovibrational constants
computed using CFOUR produced excellent agreement with experimental rate constants near both
the zero and high pressure limits over the temperature range from ~300 K to >1000 K." Paper II*®
used results from Paper | to perform master equation calculations over the pressure range between
the zero- and high-pressure limits and over the temperature range from 98 K to 2000 K. Paper I11*°
reported both frequency-comb experiments and explanatory theory for deuterated OD radicals
reacting with CO. Subsequent papers involving one of the present authors were concerned with the

spectroscopy of HOCO.*

The rate constant for this reaction is a function of temperature and [M], the concentration
of the bath gas M. At a given temperature, the rate constant is finite at [M] = 0, increases with
increasing [M] and then approaches a constant value as [M] approaches the high pressure limit. This
behavior is shown in Fig. 2, where the experimental data (points) and theoretical models (lines) are
discussed in the Present Work.

Author Manuscri
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Paper Il found that master equation calculations performed using the ab initio SCTST
microcanonical rate constants (i.e. k(E)s) agreed well with experimental pressure-dependent data
over a very wide range of pressures and temperatures from ~250 K to ~820 K, based on only a single

{

empirical parameter that describes energy transferred in collisions with the bath gas. However,
Paper Il noted that while the agreement between theory and experiment near the zero-pressure
(P=0) limit is very good to excellent over the entire temperature range and the agreement near the

P

igh-pressure limit is very good at temperatures above ~250 K, the theory under-predicts the high-
pressure limit at lower temperatures, approaching a factor of x4 discrepancy between theory and
experiment at ~100 K. The reason for this discrepancy was not apparent, but several possibilities can
be identified and have been investigated in the present work. These include errors in computed
thermochemistry, trapping of reactants to form a pre-reactive complex that then reacts by tunneling
to form products,®?* defects in the partition function for OH radical computed at low
temperatures,® possible shortcomings in the master equation treatment, and interference by
reactions that have not been considered previously.

A second motivation for the present work originated from recent infrared frequency comb

303837 These are the only

experiments on the deuterated isotopologue of the title reaction, OD + CO.
experiments in which the reactants, the final products, and the cis- and trans-DOCO intermediates
have all been monitored simultaneously both during and after the reaction. In that work, the
experimental equilibrium constant, K, for the cis-DOCO to trans-DOCO isomerization was reported
to be K, = 5 + 2, while the theoretical prediction from HEAT Theory is K, = 14.%° The authors
suggested that this discrepancy might be due to errors in the infrared absorption coefficients for the
two isomers, which were calculated from theory, since they could not be measured. They also
suggested that the discrepancy might be due to a ~2 kJ mol™ error in the reaction enthalpy
differences. This magnitude of error is surprising, because it about twice as large as the uncertainty
associated with HEAT Theory, based on comparisons with ATcT experimental benchmarks for
trans/cis-HOCO as well as other small species. HEAT is a high-accuracy composite quantum-chemical

method,**2%3#

which comprises a number of contributions intended to establish the electronic
energy (including nuclear repulsion) of the ground zero-point level of atoms and molecules. These
contributions include the SCF and CCSD(T) correlation energies, extrapolated to estimate the basis
set limit, further corrections for the remaining deficiency of electron correlation treatment at the
CCSD(T) level, anharmonic zero-point vibrational corrections estimated with second-order
vibrational perturbation theory (VPT2) and further small adjustments for relativisitic effects, spin-
orbit splitting (relative to the spin-orbit averaged state computed by standard methods), and the
adiabatic (diagonal Born-Oppenheimer, or DBOC) correction. For standard molecules comprising the
atoms H-Ne, heats of formation inferred from HEAT energies are typically within 1 kJ mol™ of the
exact answer; a roughly similar level of accuracy can be anticipated for transition states without
pathological (“multireference”) electronic structure. The latter is upheld for the stationary points
(both minima and transition states) involved in the HOCO system; we believe that the relative
energies predicted by HEAT for all of these features on the potential energy surface are certainly

accurate to better than 2 k) mol™ (160 cm™), which represents an uncertainty range that can be
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regarded as well in excess of 26. Some calculations have also used the more recent mHEAT
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protocol,®® which is both less expensive and less accurate than the more rigorous protocol, with an
error range that is approximately doubled.

A fully explicit master equation treatment would require use of a two-dimensional (2D)
master equation (ME), which depends on both total energy and angular momentum (i.e. E,J, where J
designates both angular momentum and quantum number, depending on context). The 2DME
ncludes a kernel for collisional energy transfer transitions that depends on both variables. Although

such treatments were first demonstrated decades ago®* 39-46

and exist in improved forms today,
they require input parameters that involve extensive additional calculations.*’ Instead of an explicit
2DME, most practical ME calculations utilize various methods for reducing the 2DME to one
dimension (1D).***° We consider three versions of the simpler 1D master equations, which are the
most widely used theoretical means for predicting pressure-dependent rate constants. We also
present results for a simplified hindered-rotor model that replaces the cis-HOCO and trans-HOCO
intermediates with a single HOCO intermediate containing a 1D hindered internal rotor. Altogether,

we compare the results obtained from six different ME treatments.

In the following sections, we first give an overview of how the title reaction proceeds,
followed by a description of the quantum chemical and SCTST/1DME calculations, including brief
remarks about the six different master equation formulations employed in the present work. These
methodology sections are followed by results, discussion, and conclusions.

Survey of Published Experimental Measurements

Starting with a paper by lan Smith,> the rate constant for OH + CO has been studied
experimentally at many temperatures and pressures of many bath gases by many groups, as
reviewed by the NASA® and IUPAC"*"*? Panels. The studies can be conveniently divided into two
groups: lower pressures (0 to 1.5 bar) and higher pressures (1.5 to ~1000 bar). Studies using
deuterated hydroxyl radical (OD) and vibrationally excited OH(v=1) and OD(v=1) have also been
reported, but only at lower pressures. Rate constants at the zero-pressure and infinite-pressure
limits (k,(T) and k..(T), respectively) can only be obtained by extrapolation from rate measurements
near the corresponding limits. Studies by many research groups have been performed at relatively
low pressures, but only the research group of Jirgen Troe has performed experiments on this
reaction at pressures greater than a few bar.>>** By measuring the rate of loss of vibrationally
excited reactant (i.e. OH(v=1) and OD(v=1)), it is also possible to obtain estimates of k..(T),” as
described below, but the number of such measurements on the present reaction system is quite
limited. Furthermore, this technique is not always free of complications.> Thus k,(T) is probably
better characterized than is k..(T). Brief discussions of experimental data can be found in reports
issued by the NASA and IUPAC data evaluation panels, but the present survey of the data is useful
because comparisons with the experimental measurements are of central importance in the present
work.
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Most of the experiments in the low-pressure regime were performed using flash photolysis
or laser flash photolysis in pulse-probe experiments to generate OH (or OD) free radicals from a
precursor, and laser induced fluorescence (LIF) from OH (or OD) to monitor the time-dependent

{

concentration of the free radical reactant in the presence of a great excess of CO (i.e. under pseudo-
first-order conditions), from which rate constants were obtained. Some studies were performed
using mass spectrometric detection in fast flow tubes at pressures of a few Torr, but the flash

P

photolysis studies are now regarded as more accurate. Most of the relative uncertainties (+20, or
95% confidence limits) reported for such measurements are of the order of 10% to 20%, but
uncertainties as low as £5% have been reported.

In the lower pressure regime, the recent laser flash photolysis + LIF experiments performed
by Liu and Sander®® are certainly the most precise (+~5%) and possibly the most accurate that have
been reported thus far at temperatures from ~220 K to 300 K. Although less precise (+~10%), results
reported by Golden et al.** and McCabe et al.*® are also in excellent agreement. These three sets of
data are in excellent mutual agreement and can be extrapolated to obtain k,(T) over the
temperature range from ~220 K to 300 K with 20 uncertainties of ~10%. Outside that temperature
range, the data from other research groups are less precise and show poorer mutual agreement, but
are still very useful.

Liu and Sander® investigated the effect of added traces of O, and showed that secondary
reactions could regenerate OH radicals and thus produce biexponential decay curves for [OH]. The
faster decay component could be identified with the rate constant for OH + CO and the slower
component became apparent only after several half-lives of the first component. None of the other
low pressure studies reported bimolecular decays and the reported rate constants for OH + CO are
reasonably consistent with each other, even at temperatures far below 200 K. This suggests that O,
contamination did not affect the reported rate constants significantly in any of the low pressure
experiments, even at extremely low temperatures.

Direct measurements of OH + CO rate constants in the high pressure regime have been
>>>* They utilized the saturated LIF technique
(SLIF),>® which is based on measuring stimulated emission from OH(v=1) or OD(v=1) during the probe

performed only by Troe, Hippler, and their coworkers.

pulse of a high power laser. The SLIF signals are somewhat affected by pressure broadening.**
Forster et al. found that when pumping the Q4(2) line (307.995 nm, or 32468 cm™*) of the OH(A
23,v'=0)<-0H(X *N,v"=0) transition in 65 bar of He at 298 K, the pressure-broadened line has a
roughly Gaussian shape with FWHM of ~5 cm™. The only chemical species in the OH + CO reaction
system that might interfere with the SLIF measurements at this wavelength is the pre-reactive
complex PRC1, but its uv absorption spectrum is shifted higher in energy by about 1000 cm™,%

making it unlikely that there is any interference from this source.

54
l.

Fulle et al.” (FHHT) performed high-pressure kinetics measurements from ~80 K to ~820 K.

Because of the extreme temperature range, three different sets of photolytic precursors were

Author Manuscri

needed for generating OH and OD radicals, depending on temperature.®* Above 250 K,
N,O/H,0,CO/He mixtures were used. Photolysis of N,O produced O(lD), which reacted with H,0 to
produce OH radicals. Near 250 K, the H,0 in the mixture was replaced by H,, and at the lowest
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temperatures (<250 K), the H, was replaced by CH, and the N,O was replaced by O; The OH radical
generation in mixtures containing N,O was relatively "clean", since the ancillary free radical products
(H, or CHs) did not react rapidly with precursors and interfere with the measurements. However,

{

when O3 was used, subsequent reaction of the products with O; regenerated OH in a free radical
chain reaction. FHHT modeled the relevant reactions, however, and showed that the rate constants
could be obtained easily by subtracting a background signal caused by OH radical regeneration. The

P

analysis by FHHT also showed that another likely regeneration source of OH is the slow reaction
between HOCO and Os. This conclusion was confirmed in recent experiments by Bui et al. for the
deuterated reaction system.*® Despite these complications at temperatures below 250 K, FHHT
showed that rate constants could be extracted from the observed LIF decay by simply subtracting a
background signal that decays very slowly.

At higher temperatures, when O3 was not used as a photolytic precursor, the background
signal was not present and FHHT obtained total rate constants of the OH (or OD) + CO reaction in
three ways. First, the measured pseudo-first order rate constant in an excess of CO was identified as
k.(T,He). (To simplify notation, "He" denotes "[He]", the concentration of helium.) Second, high
pressure experiments were performed at temperatures (~¥650 K to ~820 K) where thermalized HOCO
dissociated at a measurable rate, thus producing biexponential decays of the OH concentration,
which FHHT analyzed to obtain k;(T,He) and the equilibrium constant K4(T) = ky(T,He)/k4(T,He). By a
theoretical analysis that enabled extrapolation of the measured values of k;(T,He) to infinite
pressure, they obtained values of k..(T). Third, they measured the rate constants for loss of OH(v=1)
and OD(v=2) over the range from 300 K to 780 K, obtaining results in excellent agreement with the
previous measurement by Bruning et al.** at 298 K. Following the pioneering work of lan Smith and
coworkers,”®*® FHHT identified these vibrational deactivation rate constants with k..(T) and found
that they are good mutual agreement with the results obtained from extrapolation of the pressure
dependent data. Thus FHHT used two fundamentally different methods for determining k..(T) at
temperatures >250 K, but only one method at lower temperatures. In addition, FHHT developed a
semi-empirical theoretical model to describe their experiments over the entire ranges of
temperature and pressure investigated experimentally. Although their experiments were
complicated, FHHT estimated that the results have an accuracy of £20%, which should be regarded
as the +1o relative uncertainty (Horst Hippler, private communication, 3 July 2019), independent of
temperature and pressure. We are surprised that the uncertainties are not somewhat larger for the
extremely high pressure measurements at extremely low temperatures.

Recently, Bui et al.>***” used an infrared frequency comb technique to observe reactants,
products, and intermediates in the reaction of OD with CO. The results are qualitatively in accord
with current understanding of the reaction system. However, they have deduced a trans/cis-DOCO
equilibrium ratio that is quantitatively at variance with theoretical calculations.*® Their results for the
production rate of trans-DOCO are about twice as great as that of cis-DOCO.

Author Manuscri
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Theoretical Methods

Quantum Chemistry

Relative energies of stationary points reported in the previous papers are slightly revised in
this work in three aspects: first, DBOCs obtained with HF method are replaced by those calculated
with CCSD method; second, an old value of 69.5 cm™ for the spin-orbit stabilization of OH (and OD) is
replaced by 38.2 cm™ (51.5 cm™ for OD) , which is calculated using the Hamiltonian of Hill and Van

{

P

Vleck® (HVV) for 2IT states; third, relativistic corrections to energy are calculated with the both one-
and two-electron Darwin method instead of one-electron Darwin method. As seen in Table 1, this
revision affects transition states more than minima, but the overall changes are less than 0.22
kcal/mol. As compared to the precise values available from ATcT, the calculated results (which
include anharmonic ZPE-corrections) for the reaction enthalpies of trans- and cis-HOCO agree
extremely well, within 0.15 kcal/mol (see Table 1). This is in fact better from what might
(conservatively) be expected from the present calculations, which are unlikely to be in error for

%628 gince the reaction barrier heights are not
accessible experimentally, a comparison of the barriers is impossible. However, our experience for

systems of this type by more than 0.3 kcal/mole.

other similar reactions shows that the barriers calculated with the HEAT method in this work may
have an uncertainty similar to that expected for the reaction enthalpies mentioned above. The new
relative energies are used in the present work.

The stationary points on the PES (Fig. 1) were discussed and compared to the literature in
Paper 1. One noteworthy point is that lower levels of theory often fail to predict the linear PRCs and
transition states found using the high level of theory in the present work. These failures result in
erroneously predicting first order transition states when the high level of theory finds a second order
saddle point, as discussed in Paper | ( for a recent example, see Masoumpour and Daryanavard®).

Chemical Kinetics and Master Equation Calculations

The master equation and kinetics calculations were performed using modules in the
MultiWell Program Suite.®”®® The enthalpies (at 0 K), harmonic frequencies, anharmonicities, and
rotational constants that were needed for the calculations were obtained using the CFOUR quantum
chemistry code. For most wells (intermediates) and transition states on the PES, densities of states
were computed using the MultiWell modules BDENS, or PARADENSUM for fully-coupled vibrational
models with separable rotations. Densities of states for PRC1, the pre-reactive complex, were
computed using DENSUM, or KTOOLS, based on a separable model for all internal degrees of
freedom. Sums of states for fully-vibrationally coupled transition states (TSs) that have intrinsic
energy barriers were computed using MultiWell modules SCTST, or PARSCTST, which are
implementations of Semi-Classical Transition State theory. At each temperature, the location of the
"loose" TS for the almost barrierless entrance channel producing PRC1 and the corresponding sum of
states were computed using KTOOLS, which is a J-resolved microcanonical implementation of

Author Manuscri

Variational Transition State Theory (VTST). KTOOLS automatically employs Miller's unified statistical
model® when multiple transition states exist along the reaction path. The microcanonical VTST sum

8
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of states, which depends on only the total energy E, was obtained by summing the J-resolved sum of
states over J. Equilibrium constants and canonical TST rate constants were computed using THERMO,
which is a statistical mechanics code for computing thermodynamic quantities. For separable

|

vibrational models, the THERMO calculations were based directly on the molecular constants. For
fully-coupled vibrational models, THERMO employed partition functions that were pre-computed by
BDENS, PARADENSUM, SCTST, or PARSCTST, which are designed for computing sums and densities of
states, rate constants, and partition functions. The method of Hill and Van Vleck® (HVV) for

P

computing energies of spin-orbit states was implemented in THERMO to obtain accurate partition
functions for OH(’M) and other linear species in degenerate electronic states at low temperatures.
The implementation in THERMO produces partition functions for OH(’MN) that agree with those from
the more elaborate treatment reported by Nguyen et al.*® to within 0.1% from 10 K to 1500 K and
within 0.6% from 1500K to 2500 K. Complete literature references for all of these modules and the
underlying theories are to be found in the Multiwell User Manual.®®

As described elsewhere in detail, ®”°®’%’ the results of stochastic simulations can be used to
obtain rate constants in the following ways. For chemical activation reactions, such as OH + CO =
HOCO + other products, the essential concept is that when a single OH radical encounters a CO
molecule, they enter a well (e.g. HOCO) on the PES and at first exist as a nascent transient species,
conserving the total energy (and total angular momentum) of the reactant pair, just as in a trajectory
calculation. The nascent energy distribution of the transient species is the chemical activation
distribution, which can be defined in terms of the reactants, but is more conveniently defined in
terms of the reverse reaction and equilibrium constant (Keq = Kforward/Kreverse). The zero of time is set
to the assumed instant that the nascent excited HOCO* molecule is first formed. Note that these
special simulations for chemical activation reactions do not attempt to replicate experiments in
which thermal reactants are depleted by bimolecular reactions. Instead, they simulate the ensemble
of initial nascent excited molecules as if all were created simultaneously at t = 0. Stochastic trials (10°
or 107 in the present work) are initiated with the HOCO* initial energy selected by Monte Carlo
techniques from the chemical activation energy distribution corresponding to the entrance (capture)
channel.

The stochastic simulations are accurate on all time scales, and rate constants can be derived
from them when there is a separation of time scales. In chemical activation reactions, the initial
energy distribution relaxes very rapidly by collision and reaction during an initial transient period, t;,
to a new distribution that becomes independent of time; the subsequent reactions have well-
defined rate constants. When t; is much smaller than the characteristic time scales of the
subsequent reactions, processes that occur during t; are essentially instantaneous. Based on tests
described in Paper Il and on further tests in the present work, t; in the OH + CO reaction system
persists for less than the time needed for 600 collisions to occur, ts. Because t; is negligible on the
time scale of subsequent reactions, it is convenient to define the bimolecular chemical activation
rate constant for forming the i reaction product as the product k.q,F;, Where k4, is the bimolecular
rate constant for forming the initial excited transient species and F; is the probability that, once

Author Manuscri

formed, the transient species will react to produce the i product during ;. Subsequent slower
reactions can be can be described using conventional rate constants (which can also be extracted
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from the simulations by curve fitting), because the energy distribution has become independent of
time.

The rate constants are obtained as follows. At the end of each stochastic trial (i.e. at t; =
tso0), the outcome of the trial is recorded. After N, stochastic trials have been performed, the
number, N, that terminated in the ™ well or product set defines the fraction F; = N;/N,, which is used

o calculate chemical activation bimolecular rate constants. If the /" product set corresponds to the
reactants of the capture reaction (e.g. OH + CO), then F; corresponds to the regenerated reactants.
When i # j, F; corresponds to the generation of other products, including wells and bimolecular
product sets, and the bimolecular chemical activation rate constant for production of the i product
is

ki = kcapFi (1)

where k., is the bimolecular rate constant for capture, which is the high pressure limit rate constant
for the reverse of the reaction that regenerates the reactants: ke, = k_~ = k;/K; where K; = k;/k_; at
all pressures. For any conditions of pressure and temperature, the rate constants for the bimolecular
recombination and its reverse are given by Egs. 2a and 2b, respectively:

k_j = keap(1—F) (2a)

kj = keap;(1 = F) (2b)

For unimolecular reactions, the stochastic simulations can replicate laboratory experiments
directly. In this case, the simulations are initiated with the energy of the reactant selected from the
thermal (canonical) energy distribution and simulations are typically performed for time periods long
enough so that some of the reactant has been converted to products at t > ;. Following the initial
transient period, the time dependent fraction of initial reactant, F(t), and all other Fi(t) can be
regarded as proportional to the respective time-dependent concentrations. Rate constants are then
obtained by methods familiar from the analysis of experimental data (e.g. least squares fitting to an
exponential decay over the time for t > 7).

The reaction that producesPRC1 is almost barrierless (intrinsic barrier top that is only
~0.0218 kcal mol™ above the energy of free OH + CO), thus requiring variational TST to locate the
position of the TS and compute the rate constant. The variational TS for this entrance channel is
designated TSO. The entrance channel was characterized by using a series of constrained geometry

10
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optimizations along the reaction path, performed using CCSD(T)/ANO1, which is also used to obtain
harmonic frequencies and rotational constants, and single point calculations for energy using
CCSD(T)/ANO2 at the CCSD(T)/ANO1 geometries. PRC1 and all of the structures along the reaction
path are linear and in the ’M electronic state. The spin-orbit (SO) constants for PRC1 and at all points

{

along the reaction path were assumed to be the same as that of OH radical, Aso =—-139.051 cm™.?
This assumption is supported by unpublished calculations (utilizing the spin-orbit CCSD(T) method”)

P

performed by Lan Cheng (private communication, 2020) and is consistent with the notion that the
electronic structure of the OH radical moiety in PRC1 is not affected very much by the CO moiety.
The SO enthalpy corrections for OH and PRC1 at their equilibrium geometries were computed using
the method of Hill and van Vleck (HVV),® resulting in SO corrections of 38.1 cm™ and 69.3 cm™,
respectively, and a binding energy of Do = 1.661 kcal mol™ (i.e. 581 cm™) for PRC1. This value for Dq
is 171 cm ™" higher than the upper limit of Do < 410 cm™ reported by Pond and Lester.” The
difference in Dy energies, which is about twice as large as expected for the HEAT protocol, may be at
least partly due to the present simplified treatment of spin-orbit coupling in linear PRC1 and linear
structures along the reaction path with the HVV method, which neglects the Renner-Teller
interactions with the bending modes.” Tests showed that because of its small rotational constant
relative to free OH, treating the electronic and rotational degrees of freedom in PRC1 as separable
agrees within 0.1% with the HVV treatment from below 20 K to above 2000 K. Because all of the
structures along the reaction path have rotational constants even smaller than those of PRC1, the
separable approximation was used for all of them.

The rotational constants and harmonic frequencies of the structures along the reaction path
forming PRC1 were used as input to KTOOLS to obtain k(E,J) and G(E,J), the microcanonical rate
constant and sum of states, respectively, for variational transition state TSO. By summing G(E,J) over
quantum number J,”® G(E) was obtained which is compatible with the 1D master equation model
that depends only on total energy (the "E" model treatment of angular momentum, described
below). The density of states for the PRC1 well was computed by using a separable model consisting
of the harmonic frequencies. G(E) for the entrance channel was used by the MULTIWELL master
equation code both for generating k(E)s for the entrance channel and for computing the initial
chemical activation distribution in the simulations that included PRC1.

For the model that included PRC1, the molecular properties and enthalpies for all species
other than PRC1 were assumed to be identical to those used in the models that ignored PRC1.
Except for the entrance channel, which was treated using uVTST, all other microcanonical rate
constants were computed using SCTST, as described above. For TS1, the forward barrier height,
which is needed for the SCTST calculations, was adjusted to account for the binding energy of PRC1
and to permit quantum tunneling from within the PRC1 well. For this model, the energy grain size
was set to 2 cm™ because of the shallow well depth of PRC1. Stochastic simulations were initiated
using the chemical activation energy distribution based on transition state TSO for the entrance
channel. As in Paper I, tests confirmed that the initial transient period never exceeded the time
needed for 600 collisions, teggq.

Author Manuscri
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Collisional energy transfer in the context of unimolecular reaction systems is a complicated

77-79

subject, which has been reviewed recently. For present purposes, we adopt the conventional

exponential-down model for the collision step-size distribution:
P(U',U) = exp [— %] foruz U’ (3)

where U and U’ are the energies prior to, and following a collision, respectively, and parameter a is
approximately equal to <AE>4.,n, the average energy transferred in deactivation collisions. The
probability density for activating collisions is obtained from detailed balance and Eq. 3. Although
experimental data on large molecule energy transfer show that « is a function of both energy and
temperature,”’ the energy dependence has a negligible effect when the thresholds for competing
reactions are close in energy, as in the present reaction system. Because of the differences among
the angular momentum treatments, U in Eq. 3 is identified with either total energy, E, or active
energy, &, as appropriate. As a result, a then takes on different meanings and has different
magnitudes, as discussed below.

Master Equation Models

In all of the present calculations, it is assumed that every nonlinear polyatomic molecule and
transition state can be approximately described as a symmetric top that has a 1D rotor (the "K-rotor"
with quantum number K) and a 2D rotor (the "J-rotor" with quantum number J).2%®" Extensive
research supports the conclusion that this approximation is sufficiently accurate for kinetics.*#*%*
Because the K quantum number for a symmetric top is not a "good" quantum number, it is also
usually assumed that the K-rotor is not adiabatic and the energy of the K-rotor mixes freely with the
other active degrees of freedom. Although this is clearly an approximate approach, and the issue

85-92
h,

remains the subject of active researc we adopt this assumption in the present work.

For the reasons stated above, the explicit 2DME methods are beyond the scope of the
present work and we confine ourselves to three 1DME methods. The 1DME depends equivalently on
either total energy E, or active energy &, which is defined as € = E— BJ(J+1), where B is the rotational
constant of the J-rotor. The first two 1DME methods, designated as "E" and "MC", are based on
using either E or € as the independent variable. The third approach, designated as "FJ", utilizes the
simplifying assumption that the distribution over J (for the J-rotor) is "fixed" and does not change
with time.***® This "fixed-J" method is exactly equivalent to an explicit 2D master equation in the
absence of collisions (i.e. at all times when P =0, or during the brief time interval prior to when a
collision changes J). For a given potential energy surface (PES), all three methods are, in principle,
exact for calculating the rate constants at the high-pressure limit, k..(T). The fixed-J] method is also
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exact for calculating the rate constant at the zero-pressure limit, k,(T), where the two other methods
are only approximately correct. All three methods are only approximately correct in the
intermediate pressure range, but we show below that all three give accurate descriptions of
experimental rate constants when the energy transfer parameters are adjusted empirically.

In the E Model, where total energy E is the independent variable, angular momentum
onservation is neglected altogether. Thus, all degrees of freedom, except translation, are assumed
to be active. Collisional energy transfer in this formulation refers to transfer of total rovibrational
energy, E. In their studies, Miller and coworkers’®*® labeled this approach as "E" and we use the
same designation.

In the MC Model, where ¢ is the independent variable, angular momentum conservation is
treated approximately by applying centrifugal corrections to the microcanonical rate constant, k(E).

881 recognized that angular momentum is conserved during the unimolecular reaction of an

Marcus
isolated molecule and assumed that the J-rotor is "adiabatic" while traversing the reaction path,* in
contrast to the "active" degrees of freedom, which freely exchange energy among themselves.”’
However, because the moment of inertia for the J-rotor varies as a function of position along the
reaction path while the J quantum number is conserved, the energy associated with the J-rotor
varies, making more or less energy available for reaction and thus affecting k(E). To account for the
varying rotational constant, Marcus formulated temperature-dependent "centrifugal corrections" to
the reaction critical energies. The Marcus centrifugal treatment as implemented by Weston et al.® is
designated "MC" in the present work. The infinite-pressure limit is not affected by the MC treatment
and thus remains exact. Collisional energy transfer in this context refers only to the active energy, ¢,

which includes the K-rotor but not the J-rotor.

The FJ Model, which was first described by Penner and Forst,”*** has recently been
implemented by Nguyen and Stanton.®®® In this approach, it is assumed that J remains fixed at all
times, regardless of the occurrence of collisions. This assumption allows one to solve a separate
1DME for every value of J. By averaging over the appropriate initial energy and angular momentum
distributions (e.g. thermal, chemical activation, etc.) one obtains average rate constants
("expectation values") from a steady-state treatment, or concentrations as functions of time from a
time-dependent master equation approach. Tests show that the time-dependent and steady-state
approaches produce identical rate constants. In this "fixed-J" formulation, the energy transfer
parameters refer to the active degrees of freedom, as in the MC Model.

We note that there is another approach, first described by Smith and Gilbert***° and
extended slightly by Miller and coworkers,”®*® but not considered in the present work. Their
approach is based on the principal assumption that the quantum number J following a collision is
completely independent of the initial J, but trajectory calculations have demonstrated that J and J’
are highly correlated,***® thus invalidating the principal assumption. Furthermore, because this
approach is based on corrections to the collisional energy transfer terms of the master equation, it
has no utility at the zero-collision limit, which is an important point of reference in the present work.
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The HOCO intermediate(s) can be treated explicitly as cis-HOCO and trans-HOCO (treatment
"ex"), or can be treated as a single species that includes a hindered free internal rotation with local
energy minima corresponding to the cis- and trans- geometries (treatment "hr"). The explicit model
treats the two isomers as independent species, which isomerize by tunneling through or passing
over the barrier associated with transition state TS4 (Figure 1). All of the vibrations (including the
torsion) in each are treated using the usual VPT2 vibrational energy expansion, including all
armonic and X;; anharmonicity terms, the latter of which are quadratic in the (v + %) term

2>24 This model has the distinct advantage that cis- and trans-HOCO can be simulated

expansion.
individually. However, it has the disadvantage that the individual HOCO vibrational densities of
states are sparse at low energies, resulting in problems in treating tunneling through a barrier from
well to well. This problem arises when population residing in an energy grain in one well tunnels
through a barrier to an energy grain in the second well where no energy state resides (an "empty"
grain). In our codes, we pragmatically assume that tunneling into an energy grain is forbidden, unless
that grain contains at least one ro-vibrational energy state. We think this is reasonable
approximation, but it is difficult to test directly, and we considered ways to minimize the occurrence

of empty grains.

The number of empty grains can be reduced by increasing the energy grain size, by
increasing the density of states, and by using the hindered-rotor (hr) treatment. In the present work,
the grain size cannot be increased, because it must be <5 cm™ in order to achieve high accuracy at
temperatures down to ~100 K. However, the density of states is greatly increased when using the E
treatment, since all internal and external rotational states are included. In the HOCO reaction
system, this approach eliminates almost all empty grains. The third approach is to use the hindered-
rotor model, which contains only a single well and thus entirely avoids the empty grain issue.

The "hr" model treats HOCO as a single species containing a separable 1D hindered internal
rotation with energy levels treated accurately by quantum mechanics, while the remaining
vibrational modes are treated using the fully-coupled VPT2 expansion and vibrational constants. This
model neglects both the anharmonic coupling between the internal rotation and the other
vibrations and the coupling between the internal and external rotations. Tests comparing a fully
coupled vibrational model to the "hr" model indicate that anharmonic inter-mode coupling affects
the computed rate constant by ~10% at 100 K. The effects of coupling between the hindered internal
rotation and the external rotations are neglected for these kinetics calculations. A limitation of this
model is that it cannot treat cis- and trans-HOCO individually; only the sum of the two can be
simulated. Effectively it is assumed that the microcanonical cis-trans equilibrium is established more
rapidly than any other process. Inspection of Fig. 3 and other similar tests shows that this
assumption is quite accurate for the OH + CO reaction system, because of the extremely large k(E)s
at energies near and above the isomerization barrier.

By combining the three treatments of angular momentum with the explicit ("ex") and
hindered rotor ("hr") treatments, we consider six ME models, designated MC,ex, MC,hr; E,ex, E,hr;
and FJ,ex, FJ,hr (Fig. 4). All three angular momentum treatments are exactly correct at the infinite-
pressure limit and the FJ treatment is also exactly correct at the zero-pressure limit; all three are

14

This article is protected by copyright. All rights reserved.



Author Manuscri

only approximately correct in the pressure fall-off regime and require empirical energy transfer
parameters.

As shown in Fig. 4, Model MC,ex is the most similar to the model used in our previous
work.*® In our previous work tunneling to empty energy grains was allowed, and we subsequently
discovered that the computer code did not always conserve probability exactly when simulating

ollisional thermalization of the excited HOCO at energies below the energy of TS4, the
isomerization transition state. This problem did not appear to affect the chemical activation
simulations, however, which mostly were confined to energies above TS4, where empty grains are
rare. An important motivation for the present work is to determine whether the empty grain issue
has a perceptible effect on the results.

Results and Discussion

The PES stationary points and connectivity are shown in Fig. 1. First, we consider a model
that ignores the existence of the weakly bound pre-reactive complex PRC1, as was done in Papers |
and Il. To guide the discussion, we consider simplified thermal reaction mechanisms, as follows, but
accurate models will require microcanonical rate constants and appropriate averaging.

OH + CO = HOCO* (a, -a)
HOCO* = H + CO2 (b)
HOCO* + M -> HOCO + M (c)

where the asterisk denotes ro-vibrational excitation. Reaction (—c) is neglected because it much
slower than the other reactions controlling [HOCO*] at low temperature.

By using the pseudo-steady-state approximation for the concentration of HOCO*, the
general rate constant for loss of OH and CO is obtained:

ka(kb"'kc[M])

k =
k_g+kp +k[M]

(4)
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where [M] is the concentration of the bath gas, M. At zero-pressure, when [M] =0, the rate constant
for loss of OH and CO is given by

kakb
T k_gtkp

(5)

Eqg. 5 shows that a finite rate constant, k,, exists at [M] = 0 because rate constant k, is
attenuated by the competition between Reactions —a and b. At [M] = oo, Equation 4 reduces to k.. =
kq. For this mechanism, the capture rate constant, k.qp = K.

Consider the possible role of pre-reactive complex PRC1. A number of researchers have
described how a weakly bound PRC in the entrance channel prior to an emergent energy barrier can
349&100|n thiS

model, the bimolecular reactants first produce the PRC, which then undergoes quantum mechanical

produce dramatic increases in bimolecular rate constants at very low temperatures.

tunneling through the base of an energy barrier to produce products. To determine whether this
mechanism is important in the HOCO reaction system at T = 100 K, calculations were performed
with a model that explicitly includes PRC1 and treats HOCO as a hindered rotor (i.e. Model E,hr,
modified to include PRC1), as follows.

OH + CO = PRC1* (d, -d)
PRC1* + M = PRC1 + M (e,—e)
PRC1* = HOCO* (f,—f)
HOCO* + M - HOCO + M (g)
HOCO* - H + CO, (h)

The reverse of Reaction (g) is neglected here because it is very slow compared to the other reactions
controlling [HOCO*] at low temperature. By using the differential equation for d[OH]/dt and
assuming that pseudo-steady states exist for PRC1, PRC1*, and HOCO*, followed by algebraic
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manipulation, an approximation for the rate constant for loss of OH (and CO) is obtained at the zero-
pressure limit:

_ 3
kZ - kd (k_d‘l'f) (6)
where
_ _kgkn
¢= k_s+kn (7)

Eg. 6 is only qualitatively useful, because the rate constants in the above mechanisms are
microcanonical and must be appropriately averaged over energy distribution functions, while taking
into account collisional activation and deactivation. That task is performed by the master equation.
At the high pressure limit, the energy distributions of all species are canonical (i.e. thermal), being
maintained by collisional activation and deactivation. Thus, at the high pressure limit the above
mechanism reduces to thermal reactions with thermal rate constants equal to the high pressure
limit for each corresponding reaction:

OH + CO = PRC1 (D,-D)
PRC1 = HOCO (F,~F)
HOCO = H + CO, (H)

At low temperatures, Reactions —F and H are slow and can be neglected to a good
approximation, since the HOCO well-depth is >>kzT, but rate constant k_, is expected to be
significant, because the dissociation energy, Do, for PRC1 is only a few kzT, even at 100 K. In other
words, once HOCO is formed, its back-reaction to regenerate PRC1 is negligible and the rate
constant for consumption of OH and CO can be obtained from a pseudo-steady-state analysis by
setting d[PRC1]/dt = 0. This produces an expression for the high-pressure limit rate constant for loss
of OH radical and CO when PRC1 is included in the mechanism:
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— kp
kpe = kp <k_D+kF> (8)

Eq. 8 for kp.. is formally similar to Eq. 6 for k,, but the relevant energy distributions are much
different. The energy distribution relevant for k, is the nascent chemical activation distribution,
which is high in energy, while that for k.. in Eq. 8 is the canonical distribution, which is low in energy.
Although not of dependable quantitative accuracy, Eq. 8 shows that the rate constant for net loss of
OH is controlled by the branching competition between thermal Reactions —D and F. Note the
important distinction between the capture rate constant, k.4, = kp, and the infinite pressure rate
constant for loss of OH radical. This distinction is not important when neglecting PRC1, but it is quite
important over the temperature range where k_p is comparable to k.

In the following, we first report calculations that ignore the existence of PRC1, as in Papers |
and Il, and then we discuss the effects of PRC1.

PRC1 Ignored

Reaction Overview

Now we consider the reaction (ignoring PRC1) in more detail. Reaction is initiated when a
hydroxyl radical interacts with a carbon monoxide molecule. Capture occurs when the reaction
proceeds over transition state TS1 and produces highly excited trans-HOCO. If the latter is not
deactivated by collisions, the reaction can be reversed, or it can continue by fast, reversible
formation of highly excited cis-HOCO via TS4. Since transition state TS2 is higher in energy than TS1,
most of the excited cis-HOCO is produced at energies below that of TS2 barrier, thus requiring
guantum mechanical tunneling to proceed to separated H + CO, products. Reaction also proceeds by
guantum mechanical tunneling through TS3, which is associated with a very high barrier, but this
pathway is of negligible importance, except at T > 2000 K. Throughout the progress of reaction,
collisional energy transfer is occurring in competition with the reactive steps, which explains why a
master equation is needed for accurate simulations.

The sequence of events described in the previous paragraph is seen in quantitative detail
from the master equation simulation displayed in Fig. 3, which was calculated using Model FJ,ex (i.e.
the Fixed-J treatment of angular momentum and explicit treatment of cis- and trans-HOCO). The
simulation was initiated with trans-HOCO distributed in the nascent chemical activation energy
distribution produced by the capture of OH by CO at 298 K. This initial energy distribution is altered
by the cumulative effects of collisions and chemical reaction. During the first ~0.2 ps, trans/cis
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equilibration of highly excited HOCO occurs under essentially collision-free conditions. The
regeneration of HO + CO and dissociation to H + CO, occur much more slowly, gradually terminating
as the excited HOCO reacts away and/or is collisionally thermalized. During the final collisional
thermalization (after ~400 collisions in this example), the total yield of HOCO (the sum of cis- and
trans-HOCO) remains essentially unchanged while the thermal trans/cis equilibrium ratio of ~12.5 is
gradually established.

At 298 K, the back reaction to regenerate OH + CO and the reaction producing H + CO, are
essentially complete before 100 collisions (or ~10® s) have occurred and long after intramolecular
vibrational energy redistribution (IVR) is expected to be complete. At higher temperatures, this
process requires more collisions. At all temperatures investigated in Paper Il we found that the total
yields of HOCO, H + CO, and HO + CO had always reached their asymptotic limits by the time that
600 collisions had occurred, tgy, although a minor correction had to be applied at the highest
temperatures to account for the very rapid unimolecular dissociation of thermalized HOCO.
However, it is clear from Figure 2 that the trans/cis ratio does not reach its equilibrium value until
after nearly 10° collisions have occurred. This illustrates the very wide range of time scales important
in this system.

In the OD + CO experiments reported by Bui et al.*>*” the trans/cis ratio at the end of the
experiments was 5 * 2, which is considerably smaller than predicted based both on ATcT
experimental data and on HEAT calculations (14.2 for DO+CQO). Bui et al. discussed this discrepancy
and speculated that it may be due to errors in the theoretical IR absorption coefficients. Considering
the long timescale for trans/cis equilibration in Fig. 3, it seems quite possible that equilibration was
not yet compete in the DO + CO experiments.

It is thought that collision-free IVR usually requires at least 0.1 ps and, in some cases, more

101,102 101193 including whether

than 1 ns. IVR time scales depend on several molecular considerations,
an excited molecule contains an internal rotor (often producing faster IVR) and whether an energy
threshold for fast IVR is exceeded, which is thought to be at the energy where the density of states is
greater than 10 to 100 cm™.'**'%” Aside, perhaps, for PRC1 and its associated transition states, the
HOCO system seems to satisfy the requirements for relatively fast IVR, and we are not aware that
any dynamics studies have reported significant effects due to slow IVR in this system. A possible
exception is IVR in pre-reactive complexes,'® such as PRC1, where the very low frequency non-
covalent vibrations do not couple strongly to the much higher frequency covalent modes associated
with covalent bonding, thus slowing the rate of IVR. For covalently bound HOCO, we expect that
limitations due to IVR may affect the results at t < 10 ps in the absence of collisions. When collisions
are important, collision-induced IVR may accelerate energy randomization, but we have no way of

estimating its magnitude.

High- and Zero-Pressure Limits
The rate constants k,(T) and k..(T) can be calculated using no adjustable parameters and the
Fixed-) treatment of angular momentum is exact at both limits, thus a comparison between theory
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and experiment for this ab initio model is an important test. Calculated values of the theoretical
ke(T) and k,(T) are summarized in Table S1.

Because the Fixed-J model (Model FJ) is exact in the absence of collisional energy transfer,
we can assess the accuracy of the model based on Marcus' centrifugal corrections (Model MC) and
the one based solely on total energy (Model E) by comparing them to Model FJ at [M] =0, as shown

n Fig. 5. All of the simulations were initiated at t = 0 with trans-HOCO in the chemical activation
energy distribution formed by the reaction of OH with CO. The cis-trans equilibration (t < 0.5 ps),
which is much more rapid than the other reactions, is reproduced with good accuracy by both
approximate methods, but differences emerge during the subsequent dissociation reactions that
produce the two sets of final products (t > 0.5 ps). Model MCis in very good agreement with the
exact results over the entire time span, while Model E is somewhat less accurate, because it predicts
slower decomposition rates. Because the cis-trans equilibration is faster than any other process in
the explicit models, the hindered rotor approximation produces excellent agreement with the
corresponding explicit models, while producing a 200x speed-up of the computer simulations.

In Model MC, the reaction threshold energies are lowered due to the centrifugal corrections,
which depend on the moments of inertia of the reactants and transition states. The moments of
inertia of TS4 for cis-trans isomerization and TS2 for dissociation are almost the same as those of the
two HOCO isomers. Thus, the centrifugal corrections for reactions via those transition states are
minimal and the rates predicted by Model MC are almost the same as those predicted by Models FJ
and E. However, because the moment of inertia of TS1 is about twice as large as that for trans-
HOCO, the critical energy is lowered, thus increasing the reaction rate via TS1, in agreement with the
Model FJ. Model E lacks this correction and thus predicts a rate constant that is too slow. In general,
the models with angular momentum corrections predict faster rate constants than those without
such corrections.

In the covalent OH + CO reaction system, all of the transition states are tight and thus the
centrifugal effects are relatively small. Nonetheless, Model MC is distinctly more accurate than
Model E, but neither is as accurate as Model FJ, which is theoretically exact at the zero-pressure
limit.

As shown in Fig. 5, k..(T) and k,(T) predicted for OH + CO from HEAT-345Q thermochemistry
are in very good agreement with the near-infinite and near-zero pressure experimental data at
temperatures above ~300 K. At temperatures below ~300 K, the ab initio k..(T) falls below the
experimental data and this discrepancy grows systematically as the temperature is lowered. The
experimental k..(T) (with 20 errors of +40%) near 100K is 4 times as large as the predicted values
(see Fig. 6). As the temperature is increased, the discrepancy between theoretical and experimental
values decreases until it is approximately equal to the 2o error at ~200 K and less than the 1o error
at ~300 K (see Fig. 2). At higher temperatures, discrepancies between theory and experiment are not
apparent, possibly in part because the experimental pressures are not high enough to reach near k...

The predicted k,(T) is higher than the experimental rate constants reported by

109

Ravishankara™ at low pressures, but is in very good agreement with subsequent experiments from
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the same group.® The predictions are also in very good agreement with the experiments of Golden
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l. l.

et al.”” and Liu et al.”™ At temperatures lower than 250 K, k,(T) is somewhat lower than the

experiments of Frost et al.,"**** but the agreement is still quite good.

{

Empirical Tests: Energy and Tunneling Adjustments
To determine whether adjustments to the thermochemistry or the tunneling treatment

P

might account for the discrepancies that are apparent at low temperatures, empirical adjustments
were investigated. Two transition states are responsible for determining k,(T) and k..(T). To increase
the theoretical k..(T), the energy of the TS1 barrier can be reduced, or the rate of tunneling can be
increased by increasing the imaginary frequency, but such changes are found to simultaneously
increase the predicted k,(T). To compensate for increases in k,(T), the energy of TS2 can be
increased, or tunneling through the TS2 barrier can be reduced artificially.

In the first empirical model (designated TS1-0.15), the electronic energy of TS1 was adjusted
downward by —0.15 kcal/mol and TS2 was adjusted upward by +0.3 kcal/mol. The results are
summarized in Table S2. With these adjustments, the predicted k..(100 K) matches the lower 2o
error bar of the experimental data of FHHT, while simultaneously matching k,(300 K), as shown in
Fig. 8.

In the second empirical model (designated TS1-0.20), the electronic energy of TS1 was
adjusted downward by —0.20 kcal/mol and TS2 was adjusted upward by +0.4 kcal/mol. The results
are summarized in Table S3. With these adjustments, the predicted k..(100 K) matches the lower 10
error bar of the experimental data of FHHT, while simultaneously matching k,(300 K) (see Fig. 8). We
also determined that for theory to match the experimental k..(100 K), the electronic energy of TS1
would have to be lowered by —0.23 kcal/mol, but we did not pursue this case any further.

For consistency, any adjustments made to the electronic energy in the OH + CO system must
also be applied to the OD + CO isotopologue. Three models for electronic energy (HEAT, TS-0.15, and
TS-0.20) were investigated for the deuterated reaction OD + CO and the results are shown in Fig. 5.
Here, the experimental data are much more limited. The sole experimental value of k..>(T) was
obtained by measuring the deactivation of OD(v=1). Agreement between experiment and HEAT
theory is excellent; the empirical adjustments degrade the agreement slightly. The experimental
data for k°,(T) were obtained by extrapolating pressure-dependent rate constants for OD(v=0) + CO
measured in various bath gases to [M] = 0. Here, without adjustments, the computed k,°(300) is
~30% lower than the centroid of the experimental data around 300 K and the agreement becomes
distinctly worse as the empirical energy adjustments are applied. We conclude from these
calculations that empirical energy adjustments to TS1 (and TS2) do not improve the theoretical
description of the combined OH + CO and OD + CO experimental data. The ~30% discrepancy in
k,>(300) between ab initio theory and the OD + CO experiments possibly suggests that the predicted
TS2 barrier height may be too high by perhaps ~0.1 kcal/mol.

Author Manuscr
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A second empirical test was performed by arbitrarily varying the imaginary frequency
associated with TS1, leaving all other parameters untouched. It was found that this procedure could
produce excellent agreement with k..(T) measured by FHHT, as shown in Fig. 6, but the imaginary

{

frequency had to be increased from 221 cm™ to 600 cm™. This enormous adjustment is simply

unacceptable. Generally speaking, even low level quantum chemistry methods can predict harmonic
112-114

P

frequencies (including the imaginary frequency) that are accurate to within perhaps 10 — 20%
and the present level of theory is usually accurate to within perhaps 20 cm™.**> Thus, an error of
almost x3 in the imaginary frequency is not credible. Furthermore, as the imaginary frequency is
increased, the predicted k,(T) is found to diverge strongly from the experimental values reported by

FHHT, as shown in Fig. 5.

It is possible that some combination of energy and tunneling adjustments can bring the
predicted k..(T) and k,(T) into agreement with the experiments, but it is not at all clear that such a
curve-fitting exercise can simultaneously fit the experimental H/D kinetic isotope effects
satisfactorily. Furthermore, the required energy adjustments are only marginally consistent with the
known error bounds of the HEAT protocol. Thus, we conclude that these empirically adjusted models
are not superior to the ab initio calculations. We also observe that the experimental data for the OD
+ CO system show considerable scatter and the stated experimental errors have probably been
underestimated.

Intermediate Pressures

In the OH + CO reaction system that neglects PRC1, all of the transition states are tight and
thus the centrifugal effects are relatively small. Nonetheless, angular momentum treatments have
an important impact on the energy transfer parameters that are adjusted to fit experimental
reaction rate data. Since collisional energy transfer is in competition with chemical reaction,
underestimated reaction rate constants in this system will result in underestimated collisional
energy transfer rates and vice versa.

Because the angular momentum treatments described in this paper are approximations and
the energy transfer parameter a is not known, a was adjusted empirically to match experimental
total rate constants reported in the literature. Fitting of data can be achieved in several ways. For
simplicity in the present work, we have fitted a single "target" rate constant k. (T,[Hel..) where
[He)w is the helium number density at which the experimental ke (T,[Helwr) = ke(T)/2. Note that a
relatively wide range of a values can provide adequate fits to a data set at any one temperature.
Fitting a specific target value, which may not be truly representative of the entire set, is not be the
best choice for a global fit, but that is not the goal of the present work. The goal of the present work
is to confined to identifying the strengths and weaknesses in theory and experiment. The targets and
resulting fitted values of a(T) for each ab initio ME model are reported in Tables 2 and 3,

Author Manuscri

respectively. At some temperatures, entries are missing in Table 3 because the computed k..(T) is
smaller than the experimental k. (T,He), thus making it impossible to fit the targets.
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The fitted parameters in Table 3 show that the three treatments of angular momentum
require distinctly different values of a to fit the targets, but it should be emphasized that a relatively
wide range of a can provide a tolerable description of the entire experimental data set at each of the
lower temperatures, as illustrated for 298 K in Fig. 9. This is because the high-pressure limit
suggested by the experiments at 298 K is ~20% higher than predicted by theory and there are also
differences at the zero pressure limit, thus affecting the shapes of the curves and the fitted value of
a. At higher temperatures, the fitted values of a are better defined, because the theoretical k(T)
and fall-off curves are in close agreement with the experiments (Fig. 10). At lower temperatures
(Figs. 6 and 10) there exists a marked discrepancy, which is an important motivation for the present
work and is discussed below.

As noted above, the models based on E refer to total energy alone and thus the parameter a
refers to the transfer of total energy. In models based on FJ and MC, however, a refers to transfer of
active energy, €. It is also apparent in Table 3 that a depends on temperature and a(T) often
increases as T is lowered. This inverse temperature dependence is most pronounced for the models
based on treatments FJ and MC. Energy transfer measurements in non-reactive systems predict little
or no temperature dependence and energy transfer parameters derived from master equation
simulations of other reaction systems tend to predict that a(T) is proportional to T¢, where the
exponent is < 1. The inverse dependence on T is uncommon but not unique, and we surmise
here that it is at least partly due to the fact that the experimental high-pressure limit is
significantly higher than the theoretical ko(T) and small differences between theory and
experiment are apparent in k,(T) at temperatures < 300 K. The difference in magnitude of K(T) is
~20% at 300 K and grows to approximately a factor of ~4 at 100 K. In order to compensate for this
discrepancy, the fitted value of a(T) must increase.

The relative performance of the three angular momentum treatments can be assessed by
comparing the models with experiments at ~298 K (Fig. 2). All three models treat cis- and trans-
HOCO explicitly, utilize the "ab initio" HEAT thermochemistry, and use the respective values of a
presented in Table 3(A). The three models are in excellent agreement with the experimental data,
which have 20 uncertainties of ~40% (not shown) at high pressures. Near the zero-pressure limit, all
three models perform well, but Model FJ,ex performs the best. At the highest pressures, the
measured rate constants are larger than the theoretical k..(298), which is the same for all three
models and which is about 20% lower than the empirical fit reported by FHHT (see Fig. 6). It is
interesting to note that the approach to the high pressure limit predicted by the calculations mimics
the subtle curvature that is apparent in the data of FHHT at very high pressure, despite the large
reported 20 experimental uncertainties (Fig. 7). This curvature is also apparent in the experimental
data at lower temperatures, as shown in Fig. 10, which compares experiment and calculations over a
wide range of temperatures.

Calculations were also performed using the empirical energy adjustments described above.
Because these adjusted models do not perform well in describing the H/D kinetic isotope effects,
they are not recommended, but the fitted values of a listed in Tables S4 illustrate the same points
made earlier. The different treatments of angular momentum require different values of a to fit the
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targets. Moreover, the adjustments to the thermochemistry also affect the fitted values and
predicted temperature dependence.

OD + CO Reaction

Calculations were performed using the FJ,ex, E,ex, and MC,ex Models for the deuterated
reaction in the same ways as described for OH + CO. The thermochemistry for OD + CO is based on
using the experimental OH spin-orbit constant (Asp) for OD radical, since the Asg mass-dependence is
negligible. Because of the rotational constant of OD is smaller than that of OH, the HVV treatment
predicts that the spin-orbit stabilization energy in OD is greater (52.5 cm ™ vs. 38.2 cm ™), The OD +
CO thermochemistry is listed in Table 1.

The results obtained using the FJ,ex model at zero and infinite pressure are presented above
in Fig. 7. At intermediate pressures, results obtained using the FJ,ex Model with ab initio HEAT
thermochemistry predict that the rate of production of trans-DOCQO is 2.0 x the rate of production of
cis-DOCO at 298 K and He pressures ranging from 0.1 Torr to >10° Torr, in excellent agreement with
the experiments of Bui et al.>® However, the calculated equilibrium trans/cis ratio at 298 K of 14.2 is
higher than the experimental ratio of 5 + 2 reported by Bui et al.*°
discrepancy may be due to a combination of non-equilibrium effects and errors in calculated IR

As discussed above, this

absorption coefficients.

PRC1 Included

Enhanced rate constants from including PRC1?

Because the capture rate constant is equal to the ab initio k.. for TS1 in the simulations that
ignored the existence of PRC1, and k.. is lower than the measured high pressure limit at low
temperatures, it was not possible to match the experiments without making adjustments (and the
adjustments turned out to be unacceptable). However, when PRC1 is included (see Fig. 11), kcqp
becomes much larger, because it is based on k.. for TS0, a loose transition state, instead of the much
smaller k.. for TS1, a tight transition state (see Table S6). This suggests that the high pressure limit
for the mechanism including PRC1 might be large enough to match or exceed the experimental high
pressure limit. To explore this possibility, we performed simulations using Model E,hr , augmented
by including PRC1. We also investigated the possibility that bimolecular reactions involving PRC1
might play a role in the experiments. Simulations were performed over a range of temperatures
encompassing 98 K, where the discrepancy between theory and experiment is greatest. All
simulations were performed using the capture rate constant, k., obtained by using J-resolved
microcanonical VTST, based on constrained optimizations at OH-CO bond distances ranging from 2.4
A to 10 A. In addition, canonical VTST calculations performed over a wide range of temperatures
showed that the canonical variational transition state is located at ~4.0 A for T=98 K and 2.4 A for
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all temperatures > 200 K. Because the variational TSs at 2.4 A are at the end of the bond distance
range, k., is probably of reduced accuracy for T = 200 K.

Simulations were performed for rate constants k, and k... The former was obtained from
the master equation simulations and the latter from Eq. 8 with thermal rate constants obtained from
the simulations. Both were calculated by using the HEAT thermochemistry without adjustments (Dg =
581 cm™) and by adjusting the PRC1 dissociation energy to match the upper limit Dy = 410 cm™
reported by Pond and Lester.”* Simulations at other assumed values of D, were also performed. As
described above, the HEAT thermochemistry is based on assuming that the spin-orbit constant, Asg,
for PRC1 is the same as that for the OH radical. The results of the simulations are displayed in Figs.
S3, S4, S5, and Table S6.

Results of thermal reaction simulations as functions of He pressure and assumed values of
Oprcy are presented in Fig. S3, which shows that the thermal unimolecular reaction of PRC1 at low
pressures is near the low pressure limit. The rate constant is approximately proportional to both
[He] and to opres and can be expressed as kyi(98) = 10 aprca[He] s At all temperatures, k,(T) was
computed according to Eq. 8, using results from master equation simulations and canonical rate
constants computed from the sums and densities of states by the MULTIWELL master equation code
and the equilibrium constant computed by THERMO. The rate constants computed with and without
PRC1 are essentially identical, as shown in Fig. S4. This figure also shows that the results obtained
using Do from Pond and Lester are essentially identical to those obtained by using Do from HEAT
calculations.

The zero-pressure rate constant for OH + CO at P=0 and 98 K is predicted by HEAT (including
PRC1) to be k,(98) = 8.1 x 10** cm® molecule™ s, which is in very good agreement with the
experimental data and ~11% higher than the rate constant predicted when ignoring PRC1 (7.3x 107
cm® molecule™ s™ for the E,hr model). This difference is probably due to small changes in quantum
mechanical tunneling and to the difference between the initial chemical activation energy
distributions near the top of the TS1 energy barrier. Because the energy distribution controls the
competition between regeneration of OH + CO and isomerization to produce excited HOCO, it
affects the value of k,(T). In both cases, with and without including PRC1, tunneling through the TS1
barrier to produce HOCO also makes a contribution. At the high pressure limit, the results predict
that kp.(98) = 1.26 x 10 cm® molecule™ s™*, which is almost identical to the value obtained when
ignoring PRC1 (k..(98 K) = 1.13 x 10* cm?® molecule™ s7). Thus, we conclude that simply including
PRC1 in the mechanism does not lead to improved agreement with the low temperature data from
FFHT.

Bimolecular reactions involving PRC1?
Another possible explanation for the discrepancy between the experimental and theoretical
values of k..(98) is that PRC1 might undergo rapid bimolecular reaction, thus preventing

Author Manuscri

regeneration of OH + CO and resulting in the larger rate constant reported by FHHT. At 98 K, the gas
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mixtures used by FHHT contained He, CO, CH,, and Os. In principle, PRC1 can react with all of these
species, except for He.

Bimolecular reaction of PRC1 with Osis expected to be negligible, because the partial
pressure of Oz in the mixture at 98 K was < 1 mbar and to be important, the required rate constant
would have to be unphysically large. The partial pressure of CH, was 10 — 20 mbar (i.e. ~10*

olecules cm™ at 15 mbar) and if the reaction PRC1 + CH, has the same rate constant as OH + CH,
(~3x107° cm® s at 98 K 3), then the time constant for the bimolecular reaction will be several orders
of magnitude too slow to be important.

The last remaining candidate for bimolecular reaction with PRC1 at 98 K is the 30 — 90 mbar
partial pressure of carbon monoxide (~3.7 x 10'® cm™ at 50 mbar) present in the gas mixtures. The
potential energy surface for this reaction is depicted schematically in Fig. 11. As shown in the
Supporting Information, PRC1 is produced and destroyed via Reactions (i) and (i), and the latter
competes with Reaction (j):

OH + CO (+ M) = PRC1 (+ M) (i, =)

PRC1 + CO = OCHOCO* - CO + HOCO (j)

The vibrationally excited OCHOCO* intermediate is a weakly-bound hydrogen-bonded
complex, which is expected to dissociate extremely rapidly, just as in the radical complex (i.e.
chaperon) mechanism familiar from collisional energy transfer studies.**** The net result of this
reaction is to catalyze formation of HOCO and prevent regeneration of OH + CO, thus enhancing the
net rate of loss of OH. The potential energy surface and properties of the intermediate are depicted
in Fig. (10) and Table S7, based on calculations using the mHEAT-345(Q) method.

In the pressure fall-off regime, a pseudo-steady-state analysis based on Reactions (i, —i) and
Reaction (j) (see Supporting Information) produces the following expression for ke, the pseudo-first-
order total rate constant for loss of OH:

_ kikjlco]

= k_+kjlco] (10)

kon

At 98 K and [He]iare: rate constants k; and k_; are ~6 x 102 cm? st and ~6 x 108 577,
respectively. Thermal rate constant k; was calculated using SCTST based on the molecular
parameters in Table S5, giving k;(98) = 2.3 x 10 cm?®s™. With these parameters, Eq. (10) predicts
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that koy = 8 x 107°cm?® s, which is ~500 times smaller than the rate constant reported by FHHT. To
approach the magnitude of the experimental rate constant, the energy barrier for Reaction (j) would
need to be almost negligible.
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Summary and Conclusions

The present work was motivated by the observation that master equation simulations using
ab initio HEAT thermochemistry and SCTST rate constants are in very good to excellent agreement
with measurements of k,(T) for HO + CO at both high and moderate-to-low temperatures and with
measurements of k..(T) at T 2 250 K, but not at lower temperatures.’®'® Why is the agreement not
even better? Based on past experience, the most obvious hypothesis to explain this discrepancy is
that the computed thermochemistry is in error. We therefore slightly improved the HEAT
thermochemistry®® by using an improved calculation of the adiabatic (DBOC) correction and, more
significantly, the treatment of Hill and van Vleck® for the coupling of rotational and electronic
angular momenta to reckon the position of the OH (and OD) zero-point level relative to that
obtained with a simplistic treatment of an uncoupled spin-orbit calculation. We also improved the
computed partition function for OH radical by implementing the HVV treatment of spin-orbit
coupling. The end result of these improvements was that their effects cancelled and the computed
rate constants (and the discrepancy) remained almost unaffected. We also adjusted the electronic
energies empirically to bring k,(T) and k..(T) into agreement with the experimental data from 100 K
to 820 K. This exercise was successful, but when the same adjustments were applied to the OD + CO
system, the agreement with experiments became worse. Thus, we conclude that simple adjustments
to the thermochemistry cannot explain the k..(T) discrepancy between theory and experiment at low
temperature.

Quantum mechanical tunneling is important in this reaction system and so we investigated
the sensitivity to the imaginary frequency, wimsg, Which is a major determinant of tunneling. We
found that enhancing the tunneling by increasing the magnitude of wjy,, for transition state TS1
could bring the theoretical rate constants into agreement with the measurements at all
temperatures, but the change in magnitude (by a factor of ~3) is simply not credible. Furthermore,
the increase in tunneling caused the theoretical k,(T) to shift from its former excellent agreement
with measurements into very poor agreement. Thus, this empirical adjustment to tunneling is not
satisfactory.

In another series of calculations using ab initio HEAT thermochemistry, we investigated the
possibility that pre-reactive complex PRC1 is participating meaningfully in the kinetics at ~100 K.
Microcanonical VTST rate constants for forming the complex were used along with microcanonical
SCTST rate constants for all of the other reactions in master equation simulations at low
temperature. Although PRC1 is formed with a large rate constant, it dissociates extremely rapidly
because it is weakly bound, thus regenerating OH radical. This process is much faster than the time
resolution in the FHHT experiments at 100 K and the ab initio calculations indicate that it did not
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affect the measured k..(T). When the ab initio well depth is reduced by ~200 cm™ to match the
upper limit reported by Pond and Lester,”* the influence of PRC1 should be even smaller. Thus, we
conclude that simply including PRC1 in the mechanism does not improve the agreement between
experiment and theory at temperatures down to ~100 K.

Another possibility is that the regeneration of OH radical is suppressed by a fast bimolecular
eaction between PRC1 and another component in the gas mixture. To be important, the pseudo-
first order rate constant for the bimolecular reaction would have to be faster than the unimolecular
reaction for decay of PRC1. At 98 K, the only component in the mixture that might plausibly react
with PRC1 is CO; all of the other components react too slowly or their concentrations are too low.
According to our calculations, the bimolecular reaction would have to be barrierless; even then it
might still be too slow.

It is also possible that deficiencies in the master equation calculations might contribute to
the discrepancy. To address this possibility, we investigated three different treatments of angular
momentum in 1D master equation codes (with SCTST rate constants) that are used as workhorses in
analyzing experimental data and making predictions. In many calculations, the explicit treatment of
cis- and trans-HOCO was replaced with a hindered internal rotor model, which was nearly 3 orders of
magnitude faster computationally. Intermediate pressures were investigated by using these master
equation models and values of the energy transfer parameter o (exponential model) that empirically
fitted "target rate constants at specified temperatures and pressures. All of these treatments were
highly successful in fitting the HO + CO experimental data for T > 250 K and over the entire range of
and pressures. Thus, the k..(T) discrepancy between theory and experiment at low temperature
persisted.

A by-product of these calculations was to show clearly that each treatment of angular
momentum, each version of thermochemistry (ab initio and adjusted), and each temperature
requires a different empirical value of the energy transfer parameter a (exponential model) to fit the
targets, as expected. Because the fitted value of a is sensitive to so many different factors, it seems
unlikely that accurate values of a can be transferred from one chemical activation system (like OH +
CO) to another.

We also inspected the experimental data very closely. Experimental data near the zero-
pressure limit has been reported by several research groups and all of the results for k,(T) are
reasonably consistent over the entire range of temperatures. The high-pressure limit rate constant,
k..(T), has been measured in two ways: extrapolation of direct kinetics measurements in high
pressures of buffer gases, and measurement of the rate constant for deactivating OH(v=1) or
OD(v=1) by reactive collisions with CO and then assuming that the deactivation rate constant can be
identified with k..(T). Two groups have reported results from the second of these methods at T > 298
K and the results are quite consistent. One of the two groups, FHHT, has also reported kinetics
results at extremely high pressures of helium and obtained k..(T) by extrapolation. Over the
temperature range where both approaches have been used, the results agree with each other. But
over the critical temperature range below 250 K, FHHT obtained k..(T) only by extrapolating results
obtained at very high pressures of helium buffer gas. After close inspection, we did not find any
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reasons to discount the results reported by FHHT, but we surmised that the experimental errors at
low temperature may have been underestimated.

Since only the one set of measurements by FHHT has been reported for pressure-dependent
rate constants for OH + CO in the critical regime of very low temperature and very high pressures,
we feel that it will be useful for other groups to replicate the experiments. Data for the OD + CO

ystem are also rather sparse and somewhat scattered. Measurements of the deactivation of
OH(v=1) and OD(v=1) by CO over a wide temperature range, especially below 250 K, will be very
informative. And indeed, we are aware that measurements of OH(v=1) deactivated by CO are
currently underway (lan Sims, private communication, 2020). Greenslade et al. have reported LIF
detection of PRC1 in molecular beams® and it will be useful to detect and measure its kinetics at low
temperatures in bulk buffer gases, if feasible. Its detection in bulk gas would open the possibility of
investigating its possible reactions with CO, O3, etc.

Current theoretical capabilities are deficient to some degree. As electronic structure
methods continue to improve, the level of accuracy (which is already much higher than it was just a
handful of years ago) will continue to improve, although further improvements will necessarily
increase computational cost significantly. Together with advances in computer architectures, very
accurate calculations -- especially for larger chemical systems such as reactions like Reaction (j) will
emerge as a possibility. Our current master equation methods utilize versions of transition state
theory, which implicitly neglects the finite rate of intramolecular vibrational relaxation and other
non-statistical effects. Possibly such effects come into play in the OH + CO system at the low
temperatures where pre-reactive complexes are important and where theory and experiment
currently disagree. But the close examination of the theoretical methods in the present work gives
us not only more confidence in our "ab initio" results for k.(T) and k,(T), but also gives us better
understanding of the strengths and limitations of master equation simulation methods that have
been used in this work. While there is a strong probability that new experiments will simply confirm
most of the results reported by FHHT, it is also possible that our understanding of the reaction
system will be altered. In any event, it will be interesting to see if the magnitude of discrepancies
with theory at very low temperatures persists.
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Table 1: Relative energies (kcal mol™) of stationary points for the OH + CO Reaction system.

Species OH + CO (HEAT-1?) OH + CO (HEAT-3 ?)
OH +CO 0.000 0.000
TS1 0.858 0.775
TS2 1.950 1.731
TS3 9.567 9.405
TS4 -16.640 -16.704
t-HOCO -24.818 -24.883
c-HOCO -23.301 -23.360
PRC -1.389 -1.661
a) HEAT-1: HEAT-345Q method reported by Tajti et al.”®
b) HEAT-3: HEAT-345Q reported by Harding et al.”®
Table 2. OH + CO target rate constants®
T [He] Kear(T,He)
98 6.9E+20  3.40E-13
190 3.9E+20 4.60E-13
250 1.5E+20  3.90E-13
298 2.0E+20 4.11E-13
400 2.6E+20 4.20E-13
500 1.0E+21  6.00E-13
819 3.6E+21 8.60E-13

“Units: [He] / molecules cm™, Ke(T,He) / cm® molecule® s

This article is protected by copyright. All rights reserved.

OD + CO (HEAT-3 ")
0.000
0.506
2.751
9.966
-17.036
-25.457

-23.830
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Table 3. Energy Transfer Parameters® (o) fitted to targets® for five ab initio® ME Models.

T Fl,ex MC,ex E,ex MC,hr E,hr
98 — — — — —
190 — — — — —
250 510 352 167 305 148
298 320 234 138 267 149
400 225 184 129 203 139
500 188 159 125 170 138
819 215 160 154 175 165

2 Units a/cm™; uncertainty = +5%.
®See Table 1.
¢ HEAT-345Q thermochemistry, without any adjustments.

x. Figure legends;
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Figure 1. Potential energy surface of the HOCO reaction system.™
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Figure 2. Comparison of experiments at ~298 K with three explicit models: FJ,ex, MC,ex, and E,ex. All
simulations were performed using the "ab initio" HEAT-345Q thermochemistry. For energy transfer
parameters, see Table 2.
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Figure 3. Relative concentrations vs. time for the HO + CO Chemical Activation Reaction.
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Figure 4. Model comparisons at 298 K and zero-pressure (HEAT thermochemistry). (a) Explicit
Models. (b) Hindered-Rotor Models compared to explicit FJ,ex. The results are color-coded to denote
the chemical species and the lines are solid, broken, and dotted to designate the three Models.
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Figure 5. Limiting rate constants k,(T) and k..(T) for OH + CO. Experimental data for near-zero and
near-infinite pressures are shown as symbols. The solid lines are ab initio predictions using HEAT-345
thermochemistry and the Fixed-J treatment of angular momentum. The thick broken lines are for
two empirical models with adjusted thermochemistry, as described in the text.
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Figure 6. OH + CO Rate Constants near 98 K. Experimental data>***%*!

theoretical rate constants (obtained using Model E,hr with ab initio HEAT thermochemistry and

are shown as points and the

Qoco= 150 cm™) are shown as the solid line.
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Figure 7. Limiting rate constants k,°(T) and k..>(T) for OD + CO. Experimental data for near-zero and
near-infinite pressures are shown as symbols. The solid lines are ab initio predictions using HEAT-345
thermochemistry; broken lines are for two empirical models with adjusted thermochemistry, as
described in the text. All of these theoretical calculations were performed using the Fixed-)
treatment of angular momentum.
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Figure 9. Dependence of theoretical results on a(298). Note that the experimental 2o uncertainties

are +40% at high pressures.
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Figure 11. Potential energy surface showing reactions between CO and PRC1. Relative energies (kcal
mol™, including zero point energy) were calculated as described in the text.

o

~
~
—
W
(S

, TS?2h ———1.73
OH + CO (blue) TS1 0.9
H I

SEC
— > %
W, - P
“ B3 - -
-~ - - )
- . -
—— > % : P
o * .~ . . .
+ * - - -
- 3 A - -
e S - s f :
o . - - el -
~ = . =
: = - =
&~ - - .-
- . =
- -
= -
= -
- -
- -

PRC1 (blue)
CO + PRCI1 (red)

HOCO (blue)

CO+HOCO (red)
-27.53

PRC1—-CO

MLLL
gunst
guunn?
il
gunnt
Tl
Ll

Author Manuscr

48
This article is protected by copyright. All rights reserved.



