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The CH; + OH bimolecular reaction and the dissociation of methanol are studied theoretically at conditions
relevant to combustion chemistry. Kinetics for the ££H OH barrierless association reaction and for the H

+ CH,OH and H+ CH3O product channels are determined in the high-pressure limit using variable reaction
coordinate transition state theory and multireference electronic structure calculations to evaluate the fragment
interaction energies. The GH- OH — 3CH, + H,0O abstraction reaction and the H HCOH and H +

H,CO product channels feature localized dynamical bottlenecks and are treated using variational transition
state theory and QCISD(T) energies extrapolated to the complete basis set limtCHhHhe H,O product

channel has two dynamical regimes, featuring both an inner saddle point and an outer barrierless region, and
it is shown that a microcanonical two-state model is necessary to properly describe the association rate for
this reaction over a broad temperature range. Experimental channel energies for the methanol system are
reevaluated using the Active Thermochemical Tables (ATcT) approach. Pressure dependent, phenomenological
rate coefficients for the CHH OH bimolecular reaction and for methanol decomposition are determined via
master equation simulations. The predicted results agree well with experimental results, including those from
a companion high-temperature shock tube determination for the decomposition of methanol.

. Introduction CH, + OH— °CH, + H,0 (1h)

For decades methanol has been identified as a promising
alternative fuel and it has desirable properties as a gasoline IS also possible.
additive? In hydrocarbon flames, the formation of methanolcan ~ Reaction 1 is a prototypical R- OH reaction, where R
act as a sink for methyl and hydroxyl radicals, and the denotes a hydrocarbon radical, and it has been studied exten-
subsequent oxidation or thermal dissociation of methanol Sively both experimentally and theoretically. Much of the
produces a variety of reactive radicals and molecules. Knowl- €xperimental work has been performed near room temperature
edge of the rates and product distributions associated with theand atmospheric pressure, and considerable uncertainties remain.
formation and decomposition of methanol is therefore important There is some consensu$in the experimentally measured rate

for the development of combustion models of flame speed and coefficient for reaction 1 at room temperature and atmospheric
heat release. pressure ((79) x 1071 cm® molecule’! s71), as well as

We first consider the bimolecular reaction evidenc& 7 that 1 atm is close to the high-pressure limit at 298
K. However, room-temperature values f&f larger by ap-
CH;+ OH— CH,OH* (+M) — CH,0OH (1a) proximately a factor of 2 have also been repoétiGrotheer
and co-workers—13 observed no temperature dependence in
—CH, + H,0 (1b) KT up to 700 K, and Fagerstmo et al'* measured a slight
increase inky from 298 to 373 K. In contrast, de Avillez

— CisHCOH+ H, (1c) Pereira et af.found thatk] decreased with increasing temper-
— transHCOH + H, (1d) ature by a factor of 2 over the temperature range-2P8) K.

At higher temperatures, experimental determinatiorig afe
—H,CO+ H, (1le) limited to three shock tube studies. Bott and Cdfeeported
— CH,OH+H (1f) a value at 1200 K and 1 atm that is one-third of the best fit

expression obtained by Krasnoperov and MicHamh the basis
—CH,O+H (19) of their studies at 8061200 and 18062400 K and at similar
pressures. More recently and reported in a companion paper,
Srinivasan et al. measur&gover the temperature range 1100
1350 K and obtained values somewhat lower than the earlier
value of Bott and Cohen.

In addition to uncertainties in the overall rate coefficient for
reaction 1, there is also some ambiguity in the measured product
* Part of the special issue “James A. Miller Festschrift”. branching fractions. Grotheer and co-worRéfsnferred from
* Corresponding authors. E-mail: sik@anl.gov (S.J.K.). experiments at low pressures that channel 1b contributed no
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where CHOH* indicates an energized complex, and collisional
stabilization (1a) competes with decomposition to the bimo-
lecular products 1blg. At elevated temperatures, direct

abstraction on the triplet surface,
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more than 5% and 10% to the total rate at 300 and 410 K, chemistry problems, it is difficult to immediately recognize
respectively, and that stabilization (1a) was the dominant productwhich are the more direct experiments. Fortunately, a detailed
channel at pressures as low as-072Torr. These results are in  analysis of the available experimental measurements for reac-
qualitative disagreement with those of Deters et aind tions 1 and 2 has recently been mé&dad these recommended
Fockenberg et al® who both observed mainly~90%) CH values will be emphasized throughout this Article.

+ H;0 (1b) at room temperature and low pressures. At 700 K, High-pressure rate coefficients may be obtained unambigu-
Grotheer et al>13estimated channel 1b to contribute as much ously from theory, but the accuracy of the computed rates is
as 38% to the total rate and observed significant formation of jimited by the accuracy of the potential energy surface and/or
Hz + products (1e-1e). This resultis in good agreement with  y, the treatment of the transition state. For example, two recent

Fockenberg et al® who reported that channels 1b and la : -
' theoretical predictions df; at room temperature (1.5 101
accounted for 46t 14% and 20+ 7% of the total rate at 610 and 2.2 x 10-10 cr® molecule® s in refs 29 and 30,

K, respectively, with the r_e_st attributed to channels-1e. respectively) differ by more than an order of magnitude, and
The thermal decomposition of methanol, neither prediction falls within the range of experimental results.
Furthermore, the two theoretical treatments show qualitatively
CH;OH (+M) — CH; + OH (2a) different temperature dependences, with both poshiaad
—1CH. + H.O (2b) negativég temperature dependenges predicted. Anwea_rlier theo-
2 2 retical study by Jordan et &t.predicted a value fok; with a
— Cis—HCOH + H, (2c) magnitude similar to that of ref 29 but with a positive
temperature dependence.

—trans~HCOH+H, (2d) Additional uncertainties may arise when modeling pressure

— H,CO+ H, (2e) dependence. Finite pressure rate coefficients and product
branching fractions may be obtained using simple phenomeno-

—CH,OH+H (2f) logical models or by solving the appropriate master equation.

— CHO+H 29) Reactions 1 and 2 feature a single deep well, which simplifies

somewhat the calculation of pressure dependent rate coefficients.
) ) ) ) ~However, due to the presence of several competing bimolecular
has also been studied extensively, including the recent experi-products, the widely used Troe mod@i$* for pressure
mental study of Srinivasan et &l.which was carried out in gependence may not be appropri&tSeveral master equation
collaboration with the present theoretical study. At high tem- gjmulations for reactions 1 and 2 have appeared previ-

i i i ,19-22 . . .
several experimental determinatigh’ of k; have been  heqretical study of reaction 2. They computed the potential
made in which channels other than 2a were not always explicitly energy surface for methanol using a high-level electronic

considered. The experimental results are typically in good i cture theory method (G2M) and included channelsZp
agreement with one another and have generally been taken tqq hejr master equation simulations. Their predicted low-
represent the low-pressure limit for this reaction. Falloff for ressure limit rate coefficient for reaction 2 agrees well with
reaction 2 has. also been measured. The results of TS”bO.' €the experimental results discussed above. At 1 atm, however,
al.” who (_:onS|dered pressures up to 10 aim, agree well with Xia et al?® predict significant pressure dependence and 2b to
those of Hidaka et &* at 3 atm and are somewhat higher than be the dominant product channel§5%), with channels 2a and

those reported by Spindler and Wagftdor pressures up to 6 2c contributing~30% and~13%, respectively. These results

2}3?'()']:”\;?“%2”5 ;t;?% I?I'(\)Nvgme?i?ior:::tglSSI?LTE%SQI%\?VQ? appear to be in disagreement with the experimental consensus
) p that channel 2a dominates under these conditions.

temperatures (9001200 K) and at low pressures (20060 . i . i . .
In this Article, reactions 1 and 2 are studied theoretically using

Torr) have also appeared, and these results indicate that reaction ° ' y
2 is in the falloff regime under these conditions. high-level electronic structure methods coupled with variational

Several group§:17:2-22.2425have measured or estimated the transition state theory and master equation simulations. The goal

importance of the CKOH + H product channel for reaction 2 of this work is to provide a consistent picture of the kinetics
and found that it contributed-10—30% to the total rate. In  and to resolve some of the current uncertainties and ambiguities.

contrast, Dombrowsky et &.suggestedCH, + H,O as the The present theorgtical treatment. differs in several important
second most important product (up to 20%), with the formation SPects from previous work, as discussed next.
of CH,OH + H comprising less than 5% of the total rate. The energetics of small stable molecules, such as those
Experimental determinations of the rates of reactions 1 and Participating in reactions 1 and 2, may be readily computed
2 are generally complicated by competing reactions (e.g., the Using a variety of well-validated electronic structure methods
self-reactions of OH and Gfletc.) and by uncertainties in the ~ With estimated & uncertainties of-1 kcal/mol or less, but these
secondary chemistry, especially at high temperatures. Theuncertainties may still be kinetically important. Furthermore,
extraction of rates from experimental observables often requiresuncertainties for nonequilibrium geometries, such as saddle
a detailed model of the reaction mechanism, which in turn points and geometries along reaction paths, are likely to be
requires rate coefficients at the conditions of interest for each larger, perhaps by a factor of 2. The present work includes an
elementary process in the mechanism. For some elementaryanalysis of available experimental thermochemical data relevant
processes, these rate coefficients are unknown or are only poorlyto the methanol system using the Active Thermochemical Tables
known. Sensitivity analyses are often used to quantify the effect (ATcT) approact¥’—4° This analysis provides energies for the
of these ambiguities on the measured rates, but uncertaintiesreactant and product channels of reactions 1 and 2 with small
may remain, making it a challenge to understand the source of (typically, <0.1 kcal/mol) experimental uncertainties. The
experimental discrepancies in the literature. Because differentavailability of accurate experimental data for the relative channel
experiments suffer to different extents from these secondary energies and the study of the effect of these revised values on
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the overall kinetics of reactions 1 and 2 is one motivation for In other analyses, the two transition state regions were consid-
the present study. ered separatekp, or either the innéror the outet® transition

Next, we consider the treatment of the transition state. state region was neglected.
Reactions with forward and reverse barriers and “tight” transition ~ Pressure dependent kinetics for reactions 1 and 2 are modeled
states are often accurately modeled using variational transitionvia master equation simulations. The energy transfer function
state theor$§t (TST) and the rigid rotor and harmonic oscillator is determined by fitting to available experimental falloff data
approximations. Corrections for tunneling and anharmonicity for reaction 1, and the resulting magnitude and temperature
can be included when these effects are expected to be importantdependence of the energy transfer function agrees well with
In reactions 1 and 2, the sHproduct channels and the direct previous master equation simulations for similar systems.
abstraction reaction (1h) feature finite barriers and localized The paper is organized as follows. In section Il, experimental
transition state regions. The GH- OH channel and the two H  thermochemical data are analyzed within the ATcT framework,
channels, however, are barrierless. An accurate description ofand high-level ab initio calculations are performed to obtain a
barrierless reactions, which are ubiquitous in the chemistry of composite experimental/theoretical potential energy surface. In
radicals and therefore combustion chemistry, typically requires section Ill, details of the VRC-TST method, the two-state
knowledge of a more global region of the potential energy kinetics model for channel 1b, and the master equation simula-
surface. The treatment of barrierless reactions is therefore oftentions are discussed. High-pressure limit rate coefficients for each
more approximate than the treatment of reactions with barriers. of the bimolecular channels are presented in section IV, where
In fact, difficulties in treating the barrierless transition states in they are compared with experimental and previous theoretical
reactions 1 and 2 have led a number of the modeling studies toresults. Also reported in section IV are pressure dependent rate
use simple modet&3%or empirical estimaté@$184%for the rate coefficients and product branching fractions for £#H OH
coefficients for these channels. Due to the importance of thesebimolecular reaction and for methanol dissociation, and detailed
channels in the overall kinetics, uncertainties in the treatment comparisons with experimental and previous theoretical results
of the barrierless transition states could be a significant sourceare made. Conclusions are given in section V.
of error in previous theoretical treatments.

Recently, a direct ab initio implementation of the variable |I. Potential Energy Surface
reaction coordinate TST (VRC-TST) metHéd® has been used Il.A. Active Thermochemical Tables.Channel energies for
to study barrierless radicafradical association reactions involv-  po methanol system were determined using the Active Ther-
ing hydrogen and hydrocarbon fragmet¥&This scheme treats 1,5 -hemical Tables (ATCT) approach. ATcT are a new paradigm
the interaction potential between the reacting fragments as fully of how to obtain accurate, reliable, and internally consistent
dimensional and without neglecting anharmonicities or cou- tharmochemical values by using all available knowle#gé®
plings, and the difficulties associated with developing analytic 4, s overcoming the limitations that are deeply engrained in
representations of multidimensional potential energy surfaces e traditional approach to thermochemistry. As opposed to the
are avoided. Inrefs 46 and 47, it was shown that rate coefficients 4 gitional sequential approach, ATcT derives its results from
for hydrocarbon association reactions could be efficiently 5 Thermochemical Network (TN), which explicitly contains the
computed with estimated errors of less thaB0% using the 4y 4ijaple experimental and theoretical thermochemical interde-
VRC-TST approach and evaluating the potential energy surfacé endencies between various chemical species (aka thermo-
directly using multireference electronic structure methods and cpemically relevant determinations). The pertinent details of the
moderately sized reference spaces and t_)aS|s sets. The use AreT approach are given elsewhéfeso we emphasize here
the \_/RC-TST me_thod to treat the barrierless channels in {hat the knowledge content of the TN is maximized by applying
reactions 1 and 2 is a key aspect of the present work. We note, jterative statistical analysis of all available thermochemical
that Jordan et & computed the rate coefficient for GH- jyierdependencies, which is in turn made possible by the
OH using a treatment for the barrierless transition state that is gyistence of redundancies in the TN, such as competing
similar to the one applied in the present work. The accuracy of easurements and computations, alternate TN paths, etc. The
their result, however, is limited by their use of an empirical ATcT results for the channel energies for reactions 1 and 2 are
potential energy function to describe the interaction energy and g\, mmarized in Table 1 and are based on version 1.062 of the
by their use _of a more restrictive set of dividing surfaces than cgre (Argonne) Thermochemical Network [C(A)TR]*which
the set considered in the present work. is growing on a daily basis and currently encompassgg0

The formation of!CH, + H>O is an important product  chemical species containing H, O, C, N, and halogens, inter-
channel for both reactions 1 and 2 and features a shallow vanlinked by ~8000 thermochemically relevant determinations. A
der Waals well and a saddle point with an energy below that of detailed discussion of the portion of C(A)TN that is relevant to
the isolated products. These features give rise to two dynamicalthe sequential dissociation energies of methanol will be given
regimes: one corresponding to a long-range barrierless region,separately in a forthcoming papr.
which may be expected to control the overall rate at low  One particularly important quantity is the enthalpy of reaction
temperatures, and the other corresponding to an inner, localizedib. This reaction is nearly thermoneutral, and theoretical
transition state, which may be expected to control the rate at predictiong®5 for this value vary from endothermic to exo-
high temperatures. A similar situation exists for the @KC;H, thermic by a few kcal/mol. Due to uncertainties in the heat of
reaction, and it has recently been shdéivthat an accurate  formation of'CH,, the experimental value has historically been
treatment of the overall rate coefficient in that case requires a relatively poorly known. In fact, several analy%€8 of falloff
coupled treatment of the microcanonical fluxes for the inner data from reaction 1, making use of an experimental determi-
and outer transition states. In the present work, we report capturenatiorf? of the rate of reaction—1b, have suggested more
rates for the'CH; + HO reaction k”,;) using such a unified  importance for channel 1b than was observed experimentally.
statistical modet? In some previous analysgs®? of reactions Product branching fractions were also found to be sensitive to
1 and 2,kZ,, was set equal to the room-temperature experi- the enthalpy of reaction 1b, and to fit observed experimental
mental value and was assumed to be independent of temperaturedata, several authors have suggested an increase in the heat of
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TABLE 1: Channel Energies and Stationary Point Energies &0 K (kcal/mol)

stationary point ATcT presertt ref 2% ref 519
CHs; + OH 0.0 0.0 0.0 0.0
CH;OH —90.25+ 0.05 —90.4 —91.9 —87.6
CH3OH® —89.8 —87.0
1CH, + H,0 0.58+ 0.07 0.03 —-1.6 0.5
H, + H,CO —69.92+ 0.06 —70.0 —73.8 —68.2
H; + cisHCOH —13.13+ 0.32 —13.8 —-17.1 —-12.3
H, + transHCOH —17.77+£0.29 —18.0 —21.4 —16.4
H + CH,OH 4.30+ 0.09 4.6 4.3 7.5
H + CH30 13.75+ 0.10 13.7 13.0 15.6
SCH, + H0O —8.424+0.06 —8.7 —-11.2
CHyH,0 (vdW) -85 -9.2 —4.8
[LCH, + H,O < CH;OHJ* (SP1) -7.3 -7.8 -4.6
[Hz + H,CO < CH:OHJ* (SP2) -0.3 -1.3 1.7
[H2 -+ cisHCOH < CH3;OHJ* (SP3) —2.2 -3.8 -0.6
[Hz + transHCOH < CH3;OH]* (SP4) —4.8 —6.4 —2.2
[CH3 + OH < 3CH, -+ H,0[* (SP5) 5.6 6.7 15.8

@ Obtained from Active Thermochemical Tables ver. 1.35 and the Core (Argonne) Thermochemical Network v. 1.062. Uncertainties are given
as 95% confidence limits (nearly equal to two standard deviati®i@LISD(T)/CBS//B3LYP/6-31++G**. ¢ G2M(cc2)//B3LYP/6-311G(d,p).
4 MRCI+Q/CBS//CAS(10,10)/cc-pVDZ, where the CBS limit was extrapolated from the aug-cc-pVDZ and aug-cc-pVTZ basiblsegtanol in

an eclipsed configuration.

formation ofICH, by 2.6 (ref 5), 0.4+ 0.5 (ref 6), and 2 (ref

9) kcal/mol relative to the value suggested in the 1987 Sandia

databasé&® Recently®* the enthalpy of formation ofCH, was
revised upward by-1 kcal/mol, with the assigned experimental
uncertainty reduced to 0.2 kcal/mol. In addition, the enthalpy

of formation of one of the reactant species, OH, was recently

revised downward by~0.5 kcal/mol0-55.56 The most recent
IUPAC evaluatioR’ adopts almost identical values for both

species. The present ATcT analysis results in further refined

values of 102.53t 0.06 kcal/mol (cf. to 102.5- 0.4 kcal/mol
from the IUPAC recommendatié?) for the enthalpy of forma-
tion for 1CH, at 298 K and 8.96+ 0.02 for the enthalpy of
formation of OH at 298 K (cf. to IUPAC% 8.914- 0.07 kcal/
mol). Compared to previous literature values, this further
increases the energy of channel 1b relative ta; GHOH and

makes reaction 1b unambiguously endothermic with an enthalpy

of 0.58+ 0.07 kcal/mol at 0 K.
I1.B. Theory. The energies of nonequilibrium species are not
directly available from experiment and must be obtained from

theory. Stationary point geometries, minimum energy paths, and
vibrational frequencies were calculated using the B3LYP density

functionaf® and the 6-313+4G** basis set® Barrier heights,

fragment energies, and energies along minimum energy paths

were computed by extrapolating QCISD§T energies to the
complete basis set (CBS) limit using the fornfiila

B

(n.+1)* ©

Eccpvsz = Ecas

whereny = 3 andng = 4 for the cc-pVTZ and cc-pVQZ basis
sets?? respectively.

The Q diagnosti€3 was used to estimate the importance of
multireference effects and thereby the reliability of the QCISD-
(T) calculations, where values larger than 0-0204 are
generally interpreted to indicate significant nondynamical cor-
relation. For both the cc-pVTZ and cc-pVQZ basis sets, the Q
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Figure 1. Zero-point inclusive stationary point energies computed at
the QCISD(T)/CBS//B3LYP/6-31t+G** level of theory.

This treatment includes angular momentum coupling of the
rotational and electronic degrees of freedom.

The resulting zero-point inclusive QCISD(T)/CBS stationary
point energies are shown schematically in Figure 1 and are
summarized in Table 1, along with two recent sets of theoretical
valueg®5!and the ATcT results discussed above. The present
theoretical results agree well with the ATcT results, with an
rms error of only 0.34 kcal/mol (corresponding td®.7 kcal/
mol when expressed as a 95% confidence limit, as is customary

diagnostic was less than 0.02 for all the species listed in Tablein experimental thermochemistry). The G2M(cc2)//B3LYP/6-

1 except for SP5, which had & @iagnostic of 0.029, which is
still reasonable.

311G(d,p) metho# has an rms error of 2.6 kcal/mol, and the
MRCI+Q/CBS//CAS(10,10)/cc-pVDZ methéH has an rms

The calculated energy of the OH fragment was lowered by error of 1.8 kcal/mol for this system.

0.109 kcal/mol relative to the other fragments to account for
the spin-orbit splitting of the?IT ground state intéI1z, and
2I1,, states, as described by the Hilan Vleck* expression
for the rotational terms iRII (see, e.g., eq V,28 of ref 65).

A fairly significant discrepancy exists among the calculated
values and the experimental value for #@H, + H,O channel
energy. Due to the importance of this quantity in modeling the
kinetics of reactions 1 and 2, we will briefly discuss the
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calculated value. As shown in Table 1, previous theoretical the?Ilz, and?I1y,, states of OH. At short fragment separations,
studies have predicted the @it OH — 1CH, + H,O reaction however, the Chl + OH system may be characterized by a
to be both exothermi?? endothermi®! and in the present single uncoupled singlet electronic state. The change in the
calculation, nearly thermoneutral. We find the enthalpy for magnitude of the spinorbit splitting along the reaction path
reaction 1b at O KAH,lb, to be very sensitive to the size of the for CHz + OH may have a kinetically measurable effect on the
basis set or to the details of the basis set extrapolation. Forrate coefficient for the reaction, and spiarbit splitting was
example, using B3LYP/6-3H+G** geometries and frequen-  included for the CH + OH reaction as follows. Uncoupled
cies and the QCISD(T) method, the cc-pVDZ, cc-pVTZ, cc- energies for the two lowest-energy singlet states and the two
pVQZ, cc-pV5Z, and cc-pV6Z basis sets predict 7.3, 3.0, 1.3, lowest-energy triplet states were computed using state-averaged
0.58, and 0.38 kcal/mol fohH'™®, respectively. Optimizing the ~ CASPT2 calculations and the cc-pVDZ, aug-cc-pVDZ, or aug-
parameter® and Ecgs in eq 3 to best fit the series of results CCc-pVTZ basis sets. Spirorbit perturbations to the uncoupled
obtained for the five basis sets results in an extrapolated valueenergies were treated using state averaged CASSCFA6-331
for AH® of 0.30 kcal/mol, which is in reasonable agreement Wave functions and the Breifauli operatoP? and spin-orbit
with the ATCT result. However, with the cc-pVDZ basis set coupled energies were obtained by diagonalizing the resulting
excluded from the series during the extrapolation, a much better€n€rgy matrix. We also consider calculations where-spitit
fit to eq 3 is obtained and the prediction falls to 0.03 kcal/mol. coupling was neglected in which the CASPT2 method was used
Using the CCSD(T) method, an extrapolation using all five basis With state averaged orbitals for the two lowest-energy singlet
sets predicts 0.14 kcal/mol fokHX®, whereas excluding the ~ States. A level shiff of 0.2 hartree was used in the CASPT2
cc-pVDZ basis set gives-0.11 kcal/mol. Similar trends and ~ calculations for the Chi+ OH reaction.
values were obtained for the series of augmented Dunning basis The Gaussian program packdge/as used to perform the
sets up to aug-cc-pV5Z for both the QCISD(T) and CCSD(T) o_IenS|ty functional theory calculations and geometry optimiza-
methods. In ref 51, a multireference method (specifically, tions, and the Molpro program packdgeas used to perform
CASSCF with the cc-pVDZ basis set and an active space of the QCISD(T), CASPT2, and spirorbit calculations.
ten electrons in ten orbitals) was used to optimize geometries,
and an extrapolation was made to the complete basis set limitlll. Kinetics
using the multireference configuration ir_1teraction method_and LA, Transition State Theory. The direct VRC-TST
t/g?uaeu?(;cg -Ifggljlrznglr)]da%gt-ﬁg-glgéi?na;rﬁasﬁtss.l;rlth(:rrepirr?dglgtgg method for computing rate coefficients for barrierless reactions
agreemént which the authors tentatively attributed to the use 23 recently |mplemgnted n the computer cpde VaRétaid
of multireférence geometries. We find that using B3LYP/6- has been descrlbgq n de@an elsewﬁré? Briefly, the'VRC-
311++G** geometries and e>;trapolating QCISD(T) energies st metho_d_ ef_flmently mcIudes_ Important qogplmgs a_nd
from the aug-cc-pVDZ and aug-cc-pVTZ basis sets predicts an anharmonlcn_les in the nuclear motions by classifying them into
two categories, as suggested by Wardlaw and Maftus.

Eintﬁglr%a%f tLe:?’r?grr:e Zf)r(r)l.glze tEC:)I(/trr];OL’)I;vtri]cl)(r:\Z :jsisi'ggggagggveConserved nuclear modes correspond to vibrational motions of
Tr?is analysis demonstra{)es the copnsiderable uncertainty inthe separated fragments and are assumed to evolve adiabatically
extrapolating from just the aug-ce-pVDZ and aug-cc-pVTZ basis along_ the reaction path. Transitional nqclear modes correspond
2 . b . to rigid fragment rotations and translations at large separations
sets. Obtaining a more accurate theoretical valueﬁﬂdf IS and participate in bond formation, relative rotations, and overall
beyond the scope of the present work. rotation at intermediate distances. Transitional modes are often
A composite potential energy surface describing reactions 1 highly anharmonic, and an important feature of the VRC-TST
and 2 was obtained from the present theoretical and ATCT method is that these modes are treated as fully anharmonic and
results as follows. Relative channel energies were taken directlycoumed to one another. The conserved modes are assumed to
from the ATCT results. Energies for the saddle points, the van pe separable from the transitional ones, and the fragments are

der Waals well, and along the minimum energy paths were fixed at their asymptotic equilibrium geometries; i.e., fragment
defined relative to their associated bimolecular fragmentss(CH  relaxation at finite fragment separations is neglected.

+ OH, in the case of SP5) and were taken from the QCISD-  The effect on the overall rate coefficient of neglecting

(T)/CBS results reported in Table 1. fragment relaxation is expected to be small for most barrierless
VRC-TST calculations were carried out by evaluating the reactions. For example, it was recently shéfor the CH; +

potential energy directly. The QCISD(T) method with the aug- CH; association reaction that the kinetic effect of the energy
cc-pVDZ basis séf was used for the outer, barrierless region reduction in the evaluated potential energy along the minimum
of the 1CH; + H;O channel. The CASPT2 methddvith the energy path due to relaxation was largely offset by an increase
cc-pVDZ, aug-cc-pVDZ, and aug-cc-pVTZ basis sets was used in the resulting vibrational frequencies. For Jafireller dis-

for the radicat-radical association kinetics. In the CASPT2 torted species such as @Bl however, an additional consider-
calculations, the active orbitals and electrons were chosen toation arises. The C¥ radical distorts away fror@s, symmetry

be the minimum required for qualitatively correct dissociation, to two C,, species of Aand A’ symmetry. At large fragment
i.e., three orbitals and four electrons for the &SHOH and H separations, the G + H interaction potentials for Aand

+ CH;30 reactions, and two orbitals and two electrons for the A’ geometries are similar in magnitude but Correspond to
H + CH.OH reaction. For the H- CHzO reaction, optimized  different preferred approaches of the H atom tozOHThe
orbitals were obtained for the average energy of the two lowest- preferred approach of the H atom to the geometry is in the

energy states. plane of symmetry of CkD, whereas the preferred approach
Spin—orbit interactions split the foufI1 states of OH into to the A’ species is roughly perpendicular to the plane of

two doubly degenerate staté§]z, and?I1y,. For the CH + symmetry. One might choose to compute rates for addition of

OH reaction at large fragment separations, smirbit interac- the H atom to the Aand A’ species separately and then average

tions split the degenerate set of two singlet and two triplet statesthem to obtain an overall rate for GB + H. However, at
into two pairs of singlet and triplet states that correlate with fragment separations 0f2.5 A, which is within the range of
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transition state dividing surfaces considered in the present work, TABLE 2: Pivot Point Specifications for the VRC-TST
the interaction energy becomes comparable to the energy gag=alculations (bohr)?

between the Aand A’ electronic states~3—4 kcal/mol), and system type of dividing surface  interfragment distances
the two pathways for_additi_on becom_e mixed_. We c_hose to treat "o, Ton CoMP 8(1)11, 13(2)19

the CHO + H reaction with CHO fixed at its optimal G, MFed=05 5(0.5)8

geometry, at which both pathways for addition are available. CH,+H,O  CoM 6(0.5)9, 10(1)13, 15(2)19
We note that the interaction potential for H atom with ®©g H + CHOH S”cil\g 0510520 445?0'55))% 10(1)13, 15(2)19
geometry of CHO agrees well with the JahiTeller distorted H+ CH.O com e 4(0.5)9’ 10(1)13, 15(2)19

interaction potentials, and we do not expect this approximation VRCYd= 0.5 1.0 4(0.5)7, 8(1)10
to be a significant source of efror. a1 bohr=0.5292 A.X(V)2Z dt’enotes a grid of diétances froxto Z

In the CHO -+ H reaction, the reactant H atom ”.‘ay directly in steps ofY. P Pivot points located at EtJhe centers of mass of both
abstract an H atom to formzH- CH,0. As we are interested  agments < Multifacted dividing surfaces with pairs of pivot points
in characterizing the transition state for &bH — H + CH;z0, displaced from the C atom by the distande® Variable reaction
we eliminated the direct abstraction channel from the overall coordinate dividing surfaces with a pivot point displaced from the O
rate by placing an infinite potentf&l’475> along a plane  atom by the distancd.

g? ;Egngfhlgafrr;%mgrﬁo bond and passing through the C atom We therefore performed our variational optimizations atlde

resolved level. The classical flux for the transitional modes
Ni(E,J) was evaluated for a given dividing surface by sampling
over the transitional modes subject to the constraints of the
edividing surface at fixedE and J. N; was then variationally
minimized for eachE,J pair to obtaian(E,J). The total flux
N¥(E,J) was obtained by convoluting the flux for the conserved

The location of the optimal canonical transition state for
barrierless reactions can vary significantly as a function of
temperature. At low temperatures, one expects the rate to b
controlled by centrifugal barriers located at relatively large
fragment separations. When this is the case, transition state

d|V|d|ng_surfaces deflneq in terms of fixed center of mass (CoM) modes obtained by directly counting states with the contribution
separations are appropriate. At moderate and high temperaturesfrom the transitional modes

the centrifugal barriers move toward shorter fragment separa- The harmonic oscillator approximation for the conserved

tions where chemical bonding begins to take place. For these . . .
. . . modes is often surprisingly accurate, presumably because it
temperatures, the variable reaction coordinate (VRC) approach AR .
is generally more accurdfe (i.e., features less dynamical neglects both the anharmonicity within each mode (which would
recgr]ossin )ythan using CoM d'ivi'élin surfaces VRé dividin tend to increase the partition function) and the couplings between
9 using . 9 A 9 modes (which would tend to decrease the partition function).
surfaces are obtained by defining a pivot point location for each - X
. However, the umbrella motion of GHs especially poorly
fragment around which the fragments are allowed to rotate d ibed by a h . 78land heref btained
rigidly and then specifying a fixed distance between pivot points escribed by a harmonic potent lan we therefore obtaine
The pivot points need not be located at an atomic center or a'uenergy levels for this mode numerically from the one-
P P o . dimensional anharmonic potential for the umbrella motion
the center of mass of the fragment. For radigaldical reactions, . .
reported in ref 76. For the remaining conserved modes, the

pivot points are typically displaced from the atom participating h - ol L d with f .
in bond formation along the singly occupied orbital 1armonic oscillator approximation was used with frequencies
’ fixed at their asymptotic values.

When multiple sites are available for bonding, multifaceted  pijgh-pressure limit thermal rate coefficients are related to
(MF) dividing surfaces, described in detail elsewhéreye the total flux at the transition state according to
required. Briefly, multifaceted dividing surfaces are obtained

by specifying the locations of two or more pivot points for one 0.0
or both fragments and then specifying a minimum separation K*(T) =« Zde N'(EJ)e T (4)
for each pair of pivot points located on different fragments. The hQ,(T) Q(T) Q(T)

overall dividing surface is obtained by considering geometries

that do not violate any of the minimum separation criteria and WhereN* includes the rotational degeneracyl (2 1), « is the

that have at least one pivot point separation equal to its minimum transmission coefficienge is the ratio of the electronic partition

allowed value. The resulting dividing surface is continuous and functions of the transition state species and the reactant

may therefore be variationally optimized. fragmentsg is the ratio of the rotational symmetry numbers of
In the present work, a combination of CoM, VRC, and MF the reactant fragments and the_ transitiop'state sp_e@{eand

dividing surfaces were used. CoM dividing surfaces were Qr are the vibrational qnd rotatlongl partition fpnctlons fgr the

included for all of the VRC-TST calculations. For the @b reactant fragmentsQ); is the relative translational partition

H reaction, VRC dividing surfaces were included with the pivot fUnction per unit volumel is Boltzmann's constant, anbis
point for CHO displaced from the center of mass past the O temperature. As discussed above, the VRC-TST method neglects

atom along the €0 axis. MF dividing surfaces were included e coupling of the conserved modes to the transitional ones,
for the CH; + OH reaction, with pivot points displaced along @Nd it can be showi that under this and other related
the 3-fold axis of CH, and for the CHOH =+ H reaction, with assumptions the contribution to the thermal rate from the
pivot points located off the carbon atom and perpendicular to cOnserved vibrational modes cancels out and

the plane defined by the two principal axes with the smallest 9.0

moments of inertia (i.e., out of the “plane” of the nearly planar K™(T) = c de Nf(E J)e—EkBT (5)
CH,OH). For each choice of pivot point orientations, several hQ(T) Qt(T)Z '

pivot point displacements and fragment separation were con-

sidered, as summarized in Table 2. One may choose to incorporate dynamical recrossing into eqs

Even for a fixed temperature, the optimal transition state 4 and 5 by setting < 1. This factor has recently been estimated
dividing surface for a barrierless reaction may vary significantly for hydrocarbon radicatradical association reactions involving
as a function of total energy and total angular momentud hydrogen as a reacting partffeand for reactions involving two
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hydrocarbon fragment<$where it was found to be 0.9 and 0.85, is expected to have a negligible effect on the overall rate
respectively. We do not pursue a detailed study of recrossing coefficients for reactions 1 and 2, and Cartesian coordinates

in the present work, and we set= 0.9 for the H+ CH,OH were used. Projected frequencies using curvilinear coordinates
and H+ CH3O barrierless reactions amd= 0.85 for the CH were calculated with the POLYRATE program pack&gend
+ OH and!CH, + H,0 barrierlesss reactions. the algorithm described in ref 81.

In the VRC-TST calculations, the electronic partition function ~ AS shown in Figure 1 and as discussed in the Introduction,
for OH was treated as uncoupled to rotation, and as discussedhe ‘CHz + H>0 channel has a saddle point barrier (SP1) and
in section I1.B., an orientation dependent sparbit splitting a van der Waals (vdW) minimum 7.3 and 8.5 kcal/mol lower
was computed and included when evaluatidor the CH; + than those of the separated fragments, respectively. At low
OH reaction. The neglect of rovibronic coupling (i.e., the angular temperatures, one expects the overall rate to be controlled by
momentum coupling of the electronic and rotational degrees of @n Outer transition state region corresponding to centrifugal
freedom) in OH can have a significant effect on the total barriers at large fragment separations. At high temperatures, one
partition function of OH, especially at low temperatures. We €XPects an inner transition state associated with the saddle point
chose to treat the electronic partition function for OH classically SP1 to be the dynamical bottleneck. At intermediate tempera-
and as uncoupled to rotation when computing rate coefficients tures, both transition state regions may (_:ontrlbute to the ov_e_raII
from egs 4 and 5. This choice may be justified in the high- rate, and_the error resul_tmg_from neglecting one of the transition
pressure limit for association reactions involving OH if the Staté regions can¢be significant.
contribution of the rovibronic coupling to the reactive flux at ~ We computed\;, using a unified statistical modé;33.84
the transition state is similar to its asymptotic contribution. To 1 1 1 1

test this, we computed the spiorbit coupling for the CH + = + — (6)
X .. .. + + + N
OH reaction along the minimum energy path for association. Nig(E)  Niner Nowter ' max
The spir-orbit lowering of the ground state along the minimum
energy path deviated from its asymptotic value (69 &nby whereN;, ., is the variationally optimized flux at SP1 com-

less than~10% for C-O separations greater than 3 A. This puted using the harmonic oscillator and rigid rotor approxima-
range includes the locations of the preferred canonical transitiontions with an asymmetric Eckart tunneling correctidf,,, is
states for temperatures below 1000 K. At higher temperatures, the flux for the barrierless association computed using ab initio
the error caused by neglecting rovibronic coupling in the reactant VRC-TST at the QCISD(T)/aug-cc-pVDZ level, amdhay is
OH fragment is expected to be small (the coupled and uncoupledthe (approximate) maximum flux between the inner and outer
electronic-rotational partition functions for OH differ by less transition state regions. To obtaMay We considered the set
than 5% at 1000 K and their agreement increases with of outer (VRC-TST) dividing surfaces as well as several along
temperature). Therefore, it is likely that the effects of rovibronic the minimum energy path connecting SP1 with vdW for the
coupling on the partition function, when significant, are similar inner transition state. We approximatiigi.x as the maximum
for the reactants and for the transition state species, and becausef Nyqw and Noyeer for center of mass separations equal to 3.2
we neglected rovibronic coupling when computing we A. We found that simply neglecting Nijax (i-€., assumingNmax
computed the electronic partition function for the reactant OH is large) did not significantly alter the overall rate coefficient,
as 2+ 2 exp(-137 cmtY/kgT) and as uncoupled to rotation. and we therefore do not pursue a more detailed evaluation of
The error introduced by neglecting rovibronic coupling in the Npax
pressure dependent association rates is less clear, although we The E,J-resolved variational TST calculations were carried
expect this effect to be small for the reasons given above.  out using Variflexg>

When rate coefficients are computed for dissociation, the [ll.B. Master Equation Simulations. Pressure dependent rate
integrated flux at the transition state is divided by the partition coefficients were obtained via master equation simulations, as
function for the dissociating complex. Therefore, for the rate described elsewhef&8’ For methanol dissociation, the two-
describing methanol dissociation to €Ht OH, we would not ~ dimensional E,J) master equation was solved by writing the
observe the cancellation of the effects of rovibronic coupling collisional energy transfer function #s
in OH as discussed above for the bimolecular reaction at low
temperature. In the present, work, however, we focus on high P(E,J;E\J) = P(E.E) ¢(E,) (7)

temperatures when considering dissociation, and we thereforeWhere rimed and unorimed auantities denote the state of the
neglected rovibronic coupling in the rate calculations for P P d

dissociation as well. system before and after the collision, respectively. The factor-

. . : _ . ization in eq 7 assumes that collisional energy transfer is
Reactions with saddle points were treated using variational independent off and thatd and J are not correiated. The

TST and the rigid rotor and harmonic oscillator approximations  f,nction¢(E,J) is the fractional contribution to the total density
with several corrections. The potential energy for the saddle , ctates at energg from angular momenturd and was
point and along the minimum energy path was evaluated using specified as in theE,J model” of ref 87.P(E,E') was modeled

the QCISD(T)/CBS method and B3LYP/6-3t3+G** geom- by a single exponential down function and an average downward
etries, as discussed above. Tunneling was included using theenergy transfer given by

asymmetric Eckart formul& Torsional motions were identified
and treated as hindered rotors. Projected vibrational frequencies
were evaluated along the minimum energy path at the B3LYP/
6-311++G** level of theory using both Cartesian and curvi-
linear coordinate$? 8! Differences in the computed rate with a = 133 cnttandy = 0.8. This form forlAE4is quite
coefficients using these two sets of frequencies are discussedeasonable, and similar forms have previously been used to
in section IV for the CH + OH — 3CH, + H,0 reaction. For model reactions on thes8, potential energy surfaé&as well

the remaining transition state regions with saddle points, the as reactions of OH with acetyleffeand ethylené® We also
choice of coordinate systems for obtaining projected frequenciesconsidered the one-dimension&) (master equation for dis-

AE = a(3og K)y ®)
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TABLE 3: High-Pressure Limit Rate Coefficients Fit to A(T/300 K)" exp(—E/T) for T = 300-2500 K

reaction A (cm® molecule s71) n E (K)
CH; + OH? 9.305x 1071 —0.01761 —16.74
CHs + OH— 3CH, + H,QP 1.638x 10713 2.568 2012
ICH, + H,0¢ 2.053x 1072 0.8750 718.7
2.558x 10710 —2.182 163.6
H, + H.CO 2.285x 107 0.0 35080
H; + transHCOH 1.270x 10714 2.621 4477
Hz + cisHCOH 3.153x 1074 2.270 4125
H + CH3O0 1.594x 10710 0.2397 —26.11
H + CH,OH 2.887x 10710 0.04166 0.0

aVRC-TST with CASPT2/aug-cc-pVTZ2 Direct abstraction on the triplet surfaceRate coefficients for this reaction were fit to the sum of two
modified Arrhenius expressions, and both sets of parameters are given.

12

sociation, where the rotational distribution is assumed to remain
thermally distributed throughout the reaction, and we found that
the one-dimensional and two-dimensional treatments agree well
for methanol dissociation. The two-dimensional treatment is not
readily applicable to bimolecular reactions, and the one-
dimensional master equation was used exclusively when model-
ing pressure dependence in reaction 1.

For the bimolecular reaction calculations, the “initial-rate”
and “long-time” method¥ for obtaining phenomenological rates
from the master equation gave similar results for the total rate
for most conditions. When the results differed, they typically
did so by less than 2%. For dissociation, the “initial rate” method
was used exclusively. An energy step size of 50 tmas used
with an energy rang& = —32 000 to+40 000 cnt?!, except . \ \ , \
for dissociation at low temperatures wheéfe= —12 500 to 0 500 1000 1500 2000 2500
+30 000 cnt. The total angular momentum grid consisted of
a St?p size of & anq arange of = 0-300. Collision cross Figure 2. Dynamically corrected VRC-TST rate coefficients for the
sections were obtained usffigiie = 2.57 A, oar = 3.41 A, CI9|3+ OH re);ction coxwputed using the CASPT2 method and including
okr = 3.60 A, ocron = 3.63 A, e = 7.1 el en = 85 spin—orbit splitting for the cc-pVDZ (filled squares), aug-cc-pVDZ
cmL, exr = 120 e}, andecpon = 335 cnml. Geometries, (filled circles), and aug-cc-pVTZ (filled triangles) basis sets and for
vibrational frequencies, and rotational constants are providedthe CASPT2/aug-cc-pVTZ surface with spiorbit splitting neglected
as Supporting Information. (open triangles).

Master equation simulations were performed using Varfffex.

—
—

[
o
T

0

10* k1%, cm® molecule™ st

(o]

Temperature, K

coefficients computed for all three basis sets are similar in
IV. Results and Discussion magnitude for temperatures less thabt000 K. The temperature

IV.A. Capture Rates for the Bimolecular Channels.In this dependence of the rate coefficient predicted with the cc-pvVDZ

section, capture rate coefficients are presented for the -€H basis set, however, is qualitatively mcorrect..
OH reaction and for the reverse reactions associated with the We note that the CASPT2/cc-pVDZ potential energy surface

bimolecular product channels of reactions 1 and 2, and the WaS foggd to be qualitatively correct for hydrocarbon frag-
results are compared with previous theoretical and experimentalMents:®*’where it was shown that one-dimensional correction
results. The best present theoretical prediction for the capturePOtentials could be used to correct the CASPT2/cc-pVDZ

rate coefficient for each reaction was fit to a modified Arrhenius €Nergies to obtain quantitatively accurate rate coefficients. The
expression correction potential strategy is not suitable for £H OH due

to the deficiencies of the CASPT2/cc-pVDZ potential energy
surface discussed above and results in rate coefficients which
are approximately 15% too high.

and the results are summarized in Table 3. At room temperature, the rate coefficients computed using

CHs + OH. Rate coefficients for the CH+ OH association the two augmented basis _sets differ by only 6%, and their
reaction in the high-pressure limit were calculated using VRC- @greement improves at higher temperatures. These results
TST, as discussed in section IIl. Fragment interaction energiesSudgest that the VRC-TST calculations are well converged with
were evaluated directly at the CASPT2 level of theory for three f€SPect to the basis set at the aug-cc-pVTZ level, and larger
basis sets, cc-pVDZ, aug-cc-pVDZ, and aug-cc-pVTZ, and the Pasis sets were not considered.
resulting rate coefficients are shown in Figure 2. Also shown in Figure 2 is the rate coefficient computed for

For this reaction, the CASPT2/cc-pVDZ potential energy the CASPT2/aug-cc-pVTZ interaction potential with sparbit
surface contains unphysical wells at hydrogen-bonding con- coupling neglected. The effect of including spiarbit coupling
figurations resulting from basis set superposition effects. The When evaluating the flux for the transitional modes at the
addition of diffuse basis functions (as in the augmented Dunning transition state is small and reduces the rate coefficient by only
basis sets) was found to remove these spurious wells. The cc2—7%.
pVDZ interaction energy along the minimum energy path for  Figure 3 shows the dynamically corrected VRC-TST rate
association is less attractive than for the augmented basis sets;oefficient, including spirrorbit coupling, for the aug-cc-pVTZ
but due to the artificial wells in the cc-pVDZ surface, the rate basis set along with several experimental determinatigiis®

K(T) = A(T/300 K)' exp(—E/T) 9)
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_ _ o P ' high-pressure limit rate coefficient for the @H OH reaction: this
Figure 3. High-pressure limit rate coefficient for the GH- OH  work (thin line), Xia et aP® (dotted line), Jordan et &t.(dashed line),
reaction. The present theoretical result is shown as a thick solid line. and Ing et af° (thick solid line). Symbols indicate experimental results,
Also shown are several experimental results: Sworski ét(glled as in Figure 3.
triangle), Anastasi et dl(filled diamond), Hughes et al(filled square),
De Avillez Pereira (_etaQ.(open triangles), Deters et’alopen diamond), model for the fragment interaction energy was used in ref 31,
Oser et aP. (filled circles), and Fagerstmo et al*® (x). and the reported results are therefore not expected to be
guantitative.
near room temperature a}n.d up to 700 K. At room temperature,  The computed rate coefficient of Xia et®ldiffers from the
the computed rate coefficient (9.82 10~ cm® molecule™ present calculated value by almost a factor of 2 at 298 K.

s 1) is significantly lower than the results of Grotheer and co- Furthermore, the prediction of Xia et al. decreases by a factor
workers and Fagerstim et all® Grotheer and co-workers — of 2 from 200 to 700 K, whereas the rate coefficient reported
extrapolated from low pressures (less than 10 Torr) and underhere is nearly constant with respect to temperature. Xia et al.
conditions where channel 1b was suppressed, and they thereforeised the G2M method to parametrize a model for the interaction
assigned considerable uncertainty to their reported value. Asenergy of CH + OH, and generally, one might expect similar
pointed out elsewherethe experimental conditions in ref 10  accuracies for the G2M method and the method used in the
are such that the simulations used to obtain the high-pressurepresent work (CASPT2). However, radieadical association
limiting rate coefficient may be relatively insensitive to the fitted reactions are poorly described by single-reference methods,
value ofky. The present result agrees well with the results of especially at extended fragment separations, where multirefer-
Sworski et af and Anastasi et dland is only~20—35% higher ~ ence methods, such as CASPT2, are needed. There are also
than three other room-temperature determinatfoA@mcluding important differences in the two treatments of the barrierless
the recommended value of Baulch efdlased on ref 6. transition state. First, the present treatment does not neglect the
couplings and anharmonicities present in the 3CH OH

; interfragment potential energy surface. Second, Xia et al.
VRC-TST result shows very little temperature dependence OVET considered transition state dividing surfaces with fragment

the entire temperature range considered {32800 K).. Grotheer separations varying from 2.1 to 3.5 A, whereas our set of
and co-workerSand Fagerstim et al' reported little or N0 iviging surfaces extends to fragment separations of 10 A. We
temperature dependence up to 373 and 700 K, respectively. Dégng that if we consider a set of CoM dividing surfaces with
Avillez Pereira et al®,in contrast, reported high-pressure limit fragment separations less than 3.7 A, we predict a rate
rate coefficients that decreased by a factor of 2 as the coefficient that varies with temperature and that is greater than
temperature increased from 298 to 700 K, and this determinationine result of our more accurate calculation by 100% at room
was recommended in a recent literature revidwtheir study, temperature and by 15% at 1000 K. As discussed above,
the high-pressure limiting rate coefficients were obtained by dividing surfaces located at large fragment separations are
extrapolating from experimental results at B0 Torr, and the  important for accurately computing rate coefficients for low
authors reported that significant pressure dependence was notemperatures.

observed over this pressure range. We will discuss the pressure 1CH, + H,0. This channel features two distinct dynamical
dependence of the GH- OH reaction in detail in section IV.B.  regimes and was modeled using eq 6, as discussed above. The
We note here that the present calculations predict significantly resulting capture rate coefficient for thA€H, + H,O reaction
more falloff below 1 atm at elevated temperatures than was js denotedk”,,. For comparison, we also present rate coef-
reported in ref 6, such that our finite pressure rates agree wellficients for each of the transition state regions treated separately
with the finite pressure measurements made in that study but(k® = andk’,.), as well as the canonically coupled overall rate

Next we consider the temperature dependenc&;ofThe

our high-pressure limits differ significantly. coefficient given by

A comparison of several previous theoretical predictions for R
KT is shown in Figure 4. At 298 K, these predictions vary by kc,m(.l_) _ Kinnetouter (10)
more than an order of magnitude from 16 10711 cm?® —1b K2 A K

molecule’* st (ref 30) to 1.7-2.2 x 10710 (refs 29 and 31).

Ing et al* performed a QRRK calculation using a composite The rate coefficients are shown in Figure 5.

ab initio method (CBS-APNO) for the reverse ratel@) and The flux for the inner transition state was variationally
then used microscopic reversibility to obtddy An empirical optimized for eaclE,J pair over a set of 10 dividing surfaces
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10° separation of the overall rate coefficient into thermally averaged

contributions from an outer barrierless transition state region
and an inner saddle point is not appropriate. The computed value
of ki therefore depends sensitively on the details of this

arbitrary separation, whereas the overall rate coeffici€ny

does not.

Rate coefficients for the depletion &€H; in the presence
of water have been measured at room temperzétand at
temperatures up to 475 %22 A direct comparison of the
computed rate coefficients presented here to experimental ones
is complicated by several factors. The experimentally determined
rate coefficients include contributions from collision induced
intersystem crossingCH, — 3CH, in addition to the reaction
of methylene with water, and the former process is estiriatéd
to contribute anywhere from-860% to the total depletion rate.
Temperature, K Rapid nonreactiv_e guenching 8EH, has peen observed for a

variety of atomic and molecular colliders and has been

Figure 5. High-pressure limit rate coefficient for the€H, + H,O . i .
reaction for the inner transition state only (squares), the outer transition Propose&“ to occur via collision-induced perturbations of

state only (circles), the canonically coupled result of eq 10 (dashed 9atéway” rovibrational states of methylene. For reactive
line), and the microcanonically coupled result of eq 6 (solid line). Also molecular colliders, such as water, an additional decay pathway
shown are two sets of experimental results obtained atD01Torr: is possible in which the reactive singlet surface crosses a
refs 91 and 93 (triangles) and refs 52 and 92 (diamonds), as well asnonreactive triplet surface, and the system proceeds nonreac-
t_he predicted microcanonically coupled rate coefficient at 1 Torr (dotted tively via a curve crossing to forrPCH,. A determination of
line). the relative importance of the two decay mechanisms is beyond
along the B3LYP/6-314++G** minimum energy path extend-  the scope of the present work, and for comparison to the
ing ~0.9 am@'2 bohr from the transition state. The geometry predicted rate coefficients shown in Figure 5, we simply reduce
at the inner saddle point (SP1) contains a torsional motion with the experimental values by 25% (as suggested elsetfhéve

a frequency of 452 cnt. The van der Waals (vdW) well, which ~ approximately remove contributions in the measured values
has a geometry similar to that for SP1, has a torsional frequencyarising from nonreactive quenching. The error bars shown in
of 76 cnT! and torsional barrier height of5 kcal/mol. We Figure 5 include an additional 25% uncertainty due to the
assume that the larger frequency for the torsion at SP1 indicatesunknown rate for intersystem crossing.

a torsional barrier significantly larger than 5 kcal/mol, and we  We note that in the master equation simulations discussed in
treat the torsion at SP1 as a harmonic oscillator. Variational sections IV.B and IV.C the fluxes calculated in this section are

1070

k-1b, cm® molecule™ st

1011 b
0 500 1000 1500 2000 2500

effects were found to reduce bokj,., and k”;, by ~8% at used to characterize the processsOH* — 1CH, + H;0, in
2000 K and by less than 1% at room temperature. The which, to a first approximation, the system proceeds via SP1
asymmetric Eckart tunneling correction increase(,, by to form a transient species associated with the van der Waals

~30% at room temperature and less than 2% at temperaturescomplex. This complex may then decay via the outer transition
above 1000 K but had a negligible effect kify, for the entire  state to form'CH, + H,O. Intersystem crossing provides an
temperature range considered. additional decay pathway for the van der Waals complex, one
Next we consider the outer, barrierless transition state. For Which leads to the formation 6CH, + H,O. The theoretical
this reaction, the set of dividing surfaces was defined in terms treatment discussed above corresponds to the limit where the
of fixed CoM separations, as shown in Table 2. For systems rate for intersystem crossing is small and may be neglected.
with an isolated barrierless transition state, if a suitable range We may estimate a reasonable upper limit on the effect of
of center of mass distances is used, a minimum in the classicalincluding intersystem crossing in the master equation simulations
flux is observed for eack,J pair when the flux is plotted as a by assuming that the rate for intersystem crossing is much faster
function of fragment separation, and this minimum corresponds than the rate for decay through the outer transition state region.
to the variationally optimized flux. In the present calculation, Xia et al2° determined the minimum energy geometry along
however, the presence of the inner saddle point near thethe seam of singlettriplet crossings (MSX) at the G2M level
barrierless region places a restriction on the range of center ofof theory to occur at a €0 separation of 2.5 A, which is
mass distances included in the “outer” transition state region intermediate of the van der Waals complex and the dividing
such that a minimum in the flux cannot always be observed. surfaces used to describe the outer transition state region
At SP1 the G-O separation is 1.9 A, and, at 2.3 A, the energy discussed above. The MSX was calculdfed have an energy
along the minimum energy path for the procé€st, + H.O 4.3 kcal/mol higher than the energy of the van der Waals
— vdW equals the energy of SP1. It is therefore reasonable to complex, 2.9 kcal/mol higher than the energy of the inner saddle
restrict the set of dividing surfaces to those with CoM distances point (SP1), and 2.7 kcal/mol lower than the energy of the
larger than~2.3 A. The optimal distance at which to cut off 1CH, + H,O products. In the limit of fast intersystem crossing,
the VRC-TST calculation, however, is not entirely clear. The systems reaching MSX decay immediately@H, + H,O and
results presented in Figure 5 were obtained using dividing flux through the outer transition state region associated with
surfaces with CoM fragment separations greater than or equalmolecular configurations to the product side of MSX (i.e., with
to 3.2 A. We tested the effect of extending the range of CoM C—O separations greater thar2.5 A) no longer determines
dividing surfaces to 2.6 A, and this change redukggl, by the rate for loss of CEOH*. We model this limit using eq 6,
23% and 68% at 300 and 2000 K, respectively. However, the with N, replaced by the variationally optimized flux com-
effect onk”,, was negligible at room temperature and was puted using the VRC-TST method for two dividing surfaces
only 3% at 2000 K. We conclude that, for this reaction, the with fixed center of mass separations of 2.1 and 2.4 A, and
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with 1/Nmax neglected. The effect of this modification on the CH3zO and H+ CH,OH and both processes are significantly
results of the master equation simulations for reactions 1 and 2endothermic. Rate coefficients were obtained for the BH;0

is discussed briefly in sections I1V.B and IV.C. and H+ CH,OH association reactions using the VRC-TST
The experimental measurements were carried out at low method, as discussed in section llI.
pressures (0:210 Torr), whereas”,;, shown in Figure 5 The calculated rate coefficient for  CHzO ((1.7—2.7) x

represents the high-pressure limit. Master equation simulations10-1° cm?® molecule* s~1 for 300—2500 K) is 4-6 times greater
were performed to assess the pressure dependence’@Hhe than the experimental results of Dobe ef%ht 300-500 K
+ H;0 reaction. At 300, 1000, and 2000 K, the predicted rate and -3 Torr. The magnitude of this discrepancy is significantly
coefficient at 1 Torr is 33%, 16%, and 7% lower than the larger than typical errors reported for rate coefficients predicted
respective high-pressure limits, as shown in Figure 5. Stabiliza- using the VRC-TST method for radicatadical reactions
tion is the most important decay pathway at room temperature involving H atom as a reacting partrféryhich suggests the
and pressures abovelO Torr, whereas, at elevated tempera- need for reinvestigating this reaction experimentally. In a
tures, CH + OH is the most important product channel up to previou$ master equation simulation of reaction 1, the reverse
at least 18 Torr, the highest pressure considered here. rate for reaction 1g was assumed to be independent of
At room temperature, the adjusted experimental values of (1.6 temperature, and the value used (%3011 cm® molecule’?
+ 0.4) x 10719 (refs 52 and 92) and (1.4 0.4) x 10 cm? s71) is 15-20 times lower than the present predicted value.
molecule* s™* (refs 91 and 92) are in fair agreement with the  Rate coefficients for the association reactionHHCH,OH
computed value of 9.8& 10~ cm® molecule® s™* at 1 Torr were obtained using the CASPT2 method and aug-cc-pVDZ
and 1.5x 1071%cm® molecule™® s™* for the high-pressure limit.  pasis set and separately using the correction potential (CP)
The experimentally observed temperature dependence is not agcheme presented in ref 46. The CP is designed to correct
strong as in the computed rate coefficients, and uncertaintiesCASpTg/CC_pVDZ energies to approximate Davidson-corrected
in the temperature dependence of the rate of collision induced mytireference CI with singles and doubles (CAB+2) ener-
intersystem crossing could explain this difference. A positive gies obtained with the aug-cc-pVTZ basis set. The rate coef-
temperature dependence for intersystem crossing ia f0H  ficients computed using the CASPT2/aug-cc-pVDZ and the CP

some molecular colliders has been repofted. methods 3 x 10~ cm® molecule? s2) agree well with each

It is interesting to note that neith&f, ., nor k3, is a good other. Due to the success of the CP scheme for radiealical
approximation td,, for temperatures less thanl000 K. At association reactions, we use the values based on the CP scheme
low temperature&”,, is expected to tend towark],... How- in the master equations calculations in sections IV.B and IV.C.

ever, at 100 K, the lowest temperature considered, the two ratesin the master equation simulations presented in ref 6, the reverse
are only slowly convergent. Coupling the two transition state rate for channels 1g was assumed to be independent of
regions canonically, i.e., according to eq 10, overestimates thetemperature, and the value used (%.6.0°1° cm® molecule!
rate by almost a factor of 5 at room temperature when compareds™?) is approximately half the present predicted value.
with the microcanonically coupled rate computed using eq 6.  CHz; + OH — 3CH, + H,0. The abstraction of a hydrogen
In previous theoretical treatments of the kinetic§©H, + atom from CH by OH may proceed on the triplet surface
H.O, the two transition state regions were considered sepa-without forming a CHOH* intermediate. This process has been
rately?® or either the innéror the outef’ transition state region  predicted® to compete with the stabilization/dissociation path-
was neglected. In some previous analy%&%f reactions 1 and ~ way at high temperatures. In two previous theoretical studies
2, k2, was set equal to the room-temperature experimental of this reaction, Wilson and Balint-Kuffi and Xia et aP®
value and was assumed to be independent of temperature. Thipresented forward barrier heights for the direct abstraction (1h)
assumption overestimates our predicted rate coefficient by moreat several levels of theory, and their best estimates of the zero-
than a factor of 10 at temperatures above 1500 K. point inclusive forward barrier height were 6.0 kcal/mol
Due to the importance of this channel, we tested the sensitivity (QCISD(T)/cc-pVQZ//MP2/cc-pVDZ) and 6.7 kcal/mol (G2M-
of the computed rate coefficient on the saddle point energy. (cc2)//B3LYP/6-311G(d,p)), respectively. The lower value
The energy of SP1 was lowered by 1 kcal/mol relative to the agrees well with our predicted value of 5.6 kcal/mol computed
energy of'CH, + H,0, and this adjustment increases the rate at the QCISD(T)/CBS//B3LYP/6-31+G** level of theory.
coefficient by 25-50% over the temperature range shown. In the present study, rate coefficients for this reaction were
Hz + cis-HCOH, trans-HCOH, and KCO. As shown in found to be sensitive to the treatment of the variational transition
Figure 1, the H product channels have significant forward state. We consider canonical rate coefficients for three sets of
barrier heights relative to GJ®H and are exothermic relative  dividing surfaces labeled SP5 (the B3LYP/6-3HG** opti-
to CHs + OH. At low temperatures, where Boltzmann factors mized transition state), SP&he location of the maximum zero-
for energized species of GBH are small and tunneling is the  point inclusive QCISD(T)/CBS energy along the B3LYP/6-
dominant decay mechanism, one may expect these channels t@11++G** minimum energy path), and VTST (a set of 15
become important for reactions 1 and 2. Rate coefficients were dividing surfaces along the B3LYP/6-31#G** minimum
computed as discussed in section lll. The transition state wasenergy path). The barrier at SPS 1.4 kcal/mol higher and
treated variationally for theisHCOH andtransHCOH chan- displaced along the minimum energy path-b§.4 bohr ami{2
nels, and an Eckart tunneling correction was included for all relative to the B3LYP/6-31++G** barrier. This results in a
three H channels. zero-point inclusive barrier of 7.1 kcal/mol at SRBhich agrees
The predicted rate coefficient for the H- cisHCOH reaction well with the prediction of Xia et &? The canonical rate
is 2 and 1.5 times faster than the rate coefficient for thetH coefficient for SP5is lowered by~85% at room temperature
transHCOH reaction at 1000 and 2000 K, respectively. The and~8% at 2000 K relative to the canonical rate coefficient
rate coefficient for the B+ H,CO reaction is several orders of ~ for SP5. Optimizing the dividing surface as a function of
magnitude smaller for the same temperature range. temperature (as in the VTST calculation) further reduces the
H + CH3O and CHOH. As shown in Figure 1, the energized canonical rate coefficients by 1% at room temperature and by
CH3OH* complex can dissociate barrierlessly to form-H 12% at 2000 K relative to the SPEesult. Similar trends were
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and Xia et aP® (squares).

3000

observed wherk,J-resolved rate coefficients were compared
for the above sets of dividing surfaces.

The lowest harmonic frequency at the QCISD(T)/CBS
transition state is 100 cm and corresponds to the torsional
motion of the OH and Ckifragments around the nearly linear
C—H;—0 atoms, where Hs the hydrogen atom being trans-
ferred and the €0 distance is 2.5 A. Because of the looseness
of the transition state, it was difficult to calculate the barrier to
rotation without artificially constraining the geometry. For planar
geometries, a B3LYP/6-31#1+G** second-order saddle point
was found 0.3 kcal/mol above SPand due to the symmetry
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Figure 7. Falloff curve for the CH + OH bimolecular reaction at
298 K in He (thick solid line). The high-pressure limit is shown as a
horizontal line. Several experimental results are shown using the same
symbols as in Figure 3. The effects of lowering SP1 by 1 kcal/mol
(dotted line), lowering all three fHchannel barrier heights by 1 kcal/
mol (dashed line), and using the theoretical value for the energy of
channel 1b (thin line) are also shown.

100 1000

significant, this process is not expected to contribute significantly
to reaction 1, and a multidimensional tunneling correction was
not pursued here.

Figure 6 shows our best estimate of the rate coefficient for
3CH, + OH, along with the previous theoretical predictions of
Wilson and Balint-Kurti® and Xia et af® Our rate coefficient
is in excellent agreement with that of ref 96, differing by less
than 15% for 10062500 K, and is approximately a factor of

at the saddle point this represents an upper bound on the2 smaller than that of ref 29 over the same temperature range.
torsional barrier. If the planar second-order saddle point is  The rate for direct abstraction on the triplet surface has not
allowed to relax to nonplanar geometries, a second-order saddleneen measured experimentally, making a theoretical determi-
point could not be found. Treating this degree of freedom as a nation necessary for interpreting related experimental results.
free rotor has a significant effect on the rate coefficient, reducing As discussed in the next section, channel 1h becomes the
it by 9% at room temperature and 60% at 2000 K. Treating the dominant pathway for reaction 1 for temperatures abe¥@50
torsion as a hindered rotor represented by a single sine functionk

with a period of 180 results in rate coefficients similar to those IV.B. CH 3 + OH Bimolecular Reaction. Pressure dependent
obtained using the free rotor approximation for torsional barrier rate coefficients were computed using the master equation
heights up to 0.7 kcal/mol, which is likely much larger than approach discussed in section IlI. Figure 7 presents falloff curves
the true torsional barrier. In the results reported below, a for reaction 1 in He at 298 K along with several experimental
hindered rotor with a barrier height of 0.3 kcal/mol was used. results®>~7-1°Good agreement is obtained using the exponential

We note that two other low-frequency:400 cnT?) degrees

down model for the energy transfer function (eq 8), although

of freedom are strongly coupled to one another and to the our high-pressure limit is significantly lower than that of ref
torsional mode, suggesting that these degrees of freedom mayl0, as discussed above.

not be well represented by the HO approximation. We do not

Only one of the sets of experimental resttkown in Figure

pursue a more rigorous calculation of these modes in the present includes pressures less than 10 Torr and shows a discernible

work.
Treating the umbrella motion in the GHfragment as

falloff behavior at room temperature, and our calculated low-
pressure limit (4.2< 10711 cm® molecule® s1) agrees well

anharmonic, as discussed in section I, has a significant effectwith their estimated range for this value ((456.0) x 1011

on the computed rate coefficient, increasing it by-3%% for
1000-2500 K relative to treating the GHumbrella motion as
a harmonic oscillator. Rate coefficients computed using curvi-

cm® molecule! s™1). The experimental data indicate no
significant pressure dependence abevi Torr, whereas our
calculation predicts falloff behavior up te1000 Torr, although

linear coordinates to obtain the projected frequencies along thethe predicted falloff is small and is similar in magnitude to the

reaction path are~20% lower than those computed using
Cartesian coordinates.

Wilson and Balint-Kuri® found that the inclusion of
multidimensional (specifically, small curvatdfe tunneling

experimental uncertainties.

Next, we consider the sensitivity of the predicted falloff
behavior to changes in the saddle point energies and in the
thermochemistry of channel 1b. Lowering the saddle point

increased their rate coefficient by 160% at room temperature barriers by 1 kcal/mol for channels 4é&e or for channel 1b

and had a negligible effect at 2000 K. We find that including

increased the low-pressure limit to 4710711 or 5.0 x 10711

an asymmetric Eckhart tunneling correction increases our cm?® molecule! s™1, respectively. Using the theoretical value

computed rate coefficient by250% at room temperature and
by only 2% at 2000 K. At low temperatures, where the

for the 1b channel energy (0.03 kcal/mol relative tosGHOH)
had a more significant effect, resulting in a low-pressure limit

differences between the two treatments of tunneling are mostof 5.2 x 10711 cm?® molecule! s™1. The effects of these changes
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Figure 8. Falloff curves for the Chl+ OH bimolecular reaction at 0.1 1 10 100 1000 10000

473 (dashed line) and 700 K (solid line) in He. The high-pressure limits

are shown as horizontal lines. The effect of adjusting the energy transfer

parameters by-20% is indicated by thin lines. The experimental results Figure 9. Branching fractions for the Cf+ OH reaction for the

of De Avillez Pereira et dl.are shown as triangles, where open and products: CHOH (filled triangles),!CH, + H,O (filled circles), and

filled symbols indicate 473 and 700 K, respectively. H, + products (filled squares) at 298 (dotted lines) and 610 K (solid
lines) in He. Also shown are the 298 K experiment@H, + H,O

n th m r fficien re shown in Figure 7 and Product branching fractions of Deters ef &) and Fockenberg et &}.
on the computed rate coefficients are sho gure 7 and (open diamond) and the 610 K product branching fractions of ref 18

are of the same order as typical errors for statistical rate theories.; ; :
Falloff curves for reaction 1 at 473 and 700 K are presented Lor:)dﬁgg fc,p';i,oséﬂ‘;?;‘),c”c'e)’ CHOH (open triangle), and ++
in Figure 8, where they are shown to agree well with the
experimental data of De Avillez Pereira et’alhese experi-  prediction forPyp, at room temperature, which agrees less well
mental falloff data were previousiyised to obtain extrapolated ity experiment.
estimates fokky, and the resulting values showed significant  Using the theoretical prediction for enthalpy of reaction 1b
negative temperature dependence. The recommended values Qficreases;, to ~0.8 for both sets of experimental conditions,
ref 8 were largely based on those from ref 6. The present ywhich results in poor agreement at 610 K at 8 Torr, and
theoretical predictions fit the falloff data We”, but our h|gh‘ decreaseg)Hz somewhat. None of these adjustments results in
pressure limit is only very weakly dependent on temperature; qualitatively better agreement between theory and the available
i.e., we predict significantly more falloff at 473 and 700 K than  experimental results, and we therefore restrict our attention to
was assumed in ref 6. This discrepancy highlights the uncertain-the unadjusted results in the remainder of this section.
ties that can occur when extrapolating from experimental data The experiments of Grotheer and co-worRénslicated that
obtained over a limited pressure range, as well as the usefulnessgtapilization (1a) was nearly the exclusive decay mechanism at
of accurate theoretical models in interpreting these data. low pressures (0:27 Torr) and 298 and 410 K, whereas the
The sensitivity of the computed rate coefficients to variations present theoretical results predict that channel 1a becomes the
in [AEqLis also shown in Figure 8. The parametarandy in dominant product only at much higher pressure&@0 Torr)
eq 8 were adjusted by¥20%, resulting in changes of less than a5 well as significant contributions from the product channels
15% in the predicted rate coefficient. at low pressures. In experimehitst 700 K and 0.4 Torr, the
Figure 9 presents product branching fractions, defined by  formation of H, was observed, although the reported value for
P, (0.5) is much higher than the value predicted here (0.1).
P = kilk, (11) Grotheer et al! measured falloff for reaction 1 under conditions
where channel 1b was suppressed at 300 and 480 K ard0.2
wherei labels the channels, along with two sets of experimental Torr. If we consider only the stabilization channel 1a and repeat
measurements!® our master equation simulations, we find that we cannot achieve
The predicted value dPip at 298 K and 13 Torr (~0.6) is good agreement with the experimental results of ref 11 unless
somewhat lower than the range of the experimental determina-very large values fofAE4J(600—900 cnT?) are used.
tions”18(0.8—1.0). At 610 K and 8 Torr, however, the present Next, we consider the CHt- OH bimolecular reaction in Ar
calculation forP1;, (0.7) overestimates the importance of channel and Kr at elevated temperatures. The present predicted rate
1b relative to the measurement of Fockenberg é¢ €0.3— coefficients are plotted in Figure 10 at 200 and 760 Torr for
0.6). Reasonable adjustments to the energy of SPLKcal/ the bath gas Ar. Calculated total rate coefficients and product
mol) change the predicted value Bf, by ~0.1, but the effect branching fractions for the bath gas Kr differed by less than
is in the same direction for both temperatures and does not1% from those obtained for Ar. Also shown in Figure 10 are
therefore improve the overall agreement of the predicted andthe experimental results of Bott and Coke(i760 Torr Ar),
experimental results. Krasnoperov and Michakl(100—1100 Torr Kr), and Srinivasan
The theoretical prediction fdPy, = Pic + P1g + Pieat 610 et all” (200-750 Torr Kr). A detailed comparison of the present
K and 8 Torr is 0.1, which is lower than the experimental ré$ult  theoretical results and the most recent experimental study is
of 0.3-0.4. Adjusting all three K saddle point energies given in the companion papéf.Overall, the predicted rate
downward by 1 kcal/mol increases the theoretical prediction of coefficients agree well with the experimental results. The
this value to 0.2 and reduc®s;, at the same conditions to 0.6, negative temperature dependence observigahtemperatures
which is in better agreement with the experiment results. up to~1300 K can be attributed largely to increased falloff for
However, this adjustment also results in a lower theoretical the stabilization reaction la. The positive temperature depen-

Pressure, Torr
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symbols) including abstraction on the triplet surface (channel 1h). The Figure 12. Falloff curves for CHOH decomposition in Ar (solid lines)

high-pressure limiting rate coefficient (excluding channel 1h) is shown
as a thin line. The experimental results of Bott and Céhéopen
circle), Krasnoperov and Michdél(triangles), and Srinivasan et dl.
(filled circles) are also shown.
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Figure 11. Branching fractions for the CH+ OH reaction for the
products: CHOH (triangles);}CH, + H,O (open circles with dotted
lines), 3CH, + H,O (open circles with dashed lines), and their total
(filled circles); H+ CH,OH (diamonds); H+ cisHCOH (open squares
with dotted lines), H+ transHCOH (open squares with dashed lines),
and their total (filled squares) at 1 atm.

dence above-1500 K is due in part to the increasing importance
of the direct abstraction on the triplet surface (1h).

Product branching ratios for reaction 1 at 1 atm Ar are shown
in Figure 11. The formation of C¥DH dominates untit~1100
K, and the HO channels dominate at higher temperatures. Both
the addition/elimination pathway for the formation‘&H, -+
H.O (1b) and the direct abstraction on the triplet surface (1h)

at 1600 and 2000 K. Also shown are the experimental determinations
of Bowman et af® (+), Tsuboi et aP® (x, 1600 K only), Spindler et
al? (filled triangles), Cribb et ai* (open diamond, 2000 K only),
Hidaka et ak* (open circle, 1600 K only), Cribb et & (filled diamond,
2000 K only), and Koike et & (open squares) and the recommended
values of Held and Dryé% (dotted line) and Baulch et &l(dashed
line). The previous theoretical results of Xia ef&hre shown as filled
circles.

although one would expect,;80 to form quickly from HCOH
as a secondary process.

Master equation simulations were carried out to estimate an
upper limit on the effect of incorporating intersystem crossing
in channel 1b, as discussed in section IV.A. These results suggest
that intersystem crossing has a negligible effect on the kinetics
of reaction 1 at elevated temperatures. At room temperature,
the incorporation of intersystem crossing may incregeby
as much as~0.15 at pressures up to 10 Torr, resulting in
somewhat better agreement with the experimental determina-
tions”8discussed above, with boBy, andP1, correspondingly
reduced.

Analytic expressions for the pressure dependent rate coef-
ficients for reaction 1 are given in the appendix.

IV.C. Methanol Decomposition. Pressure dependent rate
coefficients were computed for the thermal dissociation of
methanol using master equation simulations, as discussed in
section Ill. Figure 12 presents predicted falloff for ¢»H
decomposition in Ar, along with several previous theoretfcal
and experiment&!2+26 results. Also shown are two recent sets
of recommended valué$® The predicted rate coefficients are
within 15% of the experimental results of Spindler e#%&nd
are~20% lower than the results of Koike et'dland Cribb et
al2122The experimental results of Tsuboi et?aland Hidaka
et al?4 are significantly higher (by factors of-%) than those
obtained in the present work. The theoretical results of Xia et
al.2® are 2-4 times lower than the present predicted values for
ko at 1 atm. In the high-pressure limit, the present predicted

are important product channels at high temperatures, with theresults agree well with the recommendations of Held and Btyer

direct abstraction becoming the dominant channet®150 K.
The H + CH,OH channel is also important at elevated
temperaturesX1000 K), whereas H- CH30 is less than 1%

of the total product formed over the entire temperature range.

Less than 10% of the total product formed ig #f HCOH,
with transsHCOH forming twice as often asssHCOH. H,CO
is not a significant product of reaction 1 at these conditions,

and are somewhat higher than those of Baulch &t al.

Figure 13 presents several experimentally meastirgdy-20.22
or extrapolatetf-2>low-pressure limit rate coefficients for GH
OH — CH3; + OH, along with the present predicted values at
200 and 760 Torr. There is little pressure dependence in the
present values fdt, for pressures less tharb atm, as suggested
experimentally. The predicted values are lower than those
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Figure 14. Branching fraction for the formation of GH- OH from

the decomposition of methanol in Ar at 200 (dashed line) and 760 Torr
(solid line). Also shown are the experimental determinations of
Srinivasan et al? (circles) and the previous theoretical results of Xia
et al?® at 760 Torr (*).

reported by Cribb et #¢ and Tsuboi et &% and are in excellent

Jasper et al.

relative insensitivity ofP,; on the overall measured rate for
decomposition, but the agreement with the present theoretical
results is excellent. Both theory and experiment predict a slight
temperature dependence in the branching fraction, with the
relative formation of CH + OH increasing with temperature.

The remainder of the total rate for reaction 2 is typically
attributed to the formation of C#H + H, although Dom-
browsky et ak® suggestedCH, + H,O as the second most
important product. The present theoretical results support the
view of Dombrowsky et al. and predié€H, + H,O to be the
second most important product (30%), except at very low
temperatures <500 K) where the formation of H+ HCOH
becomes important. At temperatures relevant to combustion, the
present theoretical predictions show only minor contributions
from H, + HCOH (<3%), H + CH,OH (<1%), H, + H,CO
(<1%), and H+ CH30 (<1%). Previously, at 15062500 K
and 1 atm, Xia et &? predicted product branching fractions
for reaction 2 of 33%, 52%, and 14% for GH OH, ‘CH, +
H,0, and H + HCOH, respectively.

Master equation simulations for reaction 2 were carried out
to estimate an upper limit on the effect of incorporating
intersystem crossing in channel 2b, as discussed in section IV.A.
These results suggest that intersystem crossing may IBwer
by no more than 0.05 at 1663000 K, with the effect most
significant at lower temperatures and pressures.

Analytic expressions for the pressure dependent rate coef-
ficients for reaction 2 are given in the appendix.

V. Conclusions

A theoretical study of the kinetics of the GH+ OH
bimolecular reaction and the decomposition of methanol has
been performed for a wide range of temperatures and pressures,
including those relevant to combustion. Rate coefficients were
determined using a combination of ab initio calculations,
variational transition state theory, and master equation simula-
tions, and detailed comparisons were made with available
experimental and previous theoretical results.

A composite potential energy surface for €hH was
constructed using channel energies obtained from the Active
Thermochemical Tables (ATcT) along with the results of high-
level electronic structure calculations. The channel energy of
1CH, + H,0 is nearly thermoneutral with G-+ OH, and
several recent high-level electronic structure calculations have
predicted both endothermic and exothermic reaction enthalpies
for CH; + OH — 1CH, + H;O. The theoretical predictions
vary by ~2 kcal/mol, and these differences can have an
important effect of the overall kinetics of reactions 1 and 2.
The use of ATcT channel energies with small uncertainties
(typically, less than 0.1 kcal/mol) obviates the need for higher
level calculations to resolve this theoretical ambiguity.

agreement with the remaining experimental studies, including  The transition state for théCH, + H,O channel was treated
the recent set of direct measurements made by Michael and co-using a microcanonical two transition state model. Good

workers!®17 Also shown in Figure 13 are the results of the
previous theoretical study of Xia et #.at 1 atm, which are
30—80% lower than the present theoretical predictions.

CHs + OH has long been recognized experimentally as the
dominant product of reaction 2, with branching fractions for
this channel variously measured or estimated as889%62° 70—
80%24 >75%20 76%21-22and 94%:'6 In the companion paper,
Srinivasan et al? measured the product branching for reaction
2 directly, and their experimental results range from-90%
with an average of 73%, as shown in Figure 14. Also shown
are the present predicted values Ry, at 200 and 760 Torr.

agreement was obtained between the predicted values and the
experimental measurements for the capture rate at300 K.
The importance of coupling the microcanonical fluxes associated
with the inner and outer transition states was demonstrated.
Coupling the two transition states canonically was shown to
overestimate the rate coefficient at room temperature by more
than a factor of 5. Neglecting the outer transition state was also
shown to be a poor approximation for temperatures as high as
1500 K.

The barrierless transition states for €H OH, CH:O + H,
and CHOH + H were treated using variable reaction coordinate

There is significant scatter in the experimental data due to the transition state theory (VRC-TST) and multireference ab initio
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methods to directly evaluate the interaction potential. The VRC- The increased importance of the direct abstraction on the triplet
TST prediction for the capture rate coefficient for € OH surface at temperatures above 1200 K was shown to result in
was found to be in excellent agreement with the majority of V-shaped constant pressure rate coefficients, as observed
experimental room-temperature determinations, differing from experimentally. The major products of reaction 1 were predicted
them by only~4—30%. This level of accuracy is similar to  to be sensitive to temperature and pressure, and several products
that obtained recently for hydrocarbon radiceddical reactions  were found to be significant, including GABH, CH, + H0,

using ab initio VRC-TST, further validating the method. H + CH,OH, and B + HCOH.

The capture rate coefficient for GH- OH was predicted to Low-pressure rate coefficients for methanol decomposition
be nearly independent of temperature, and the apparent dis.were presented and were shown to be in good agreement with
crepancy between the present prediction and an experimentathe majority of experimental results, including the direct
study demonstrating significant temperature dependence up tomeasurements of Srinivasan and Michael reported in a com-
700 K was suggested to be a result of falloff in the experimental panion papet’ Rate coefficients for reaction 2 were found to
results. be fairly insensitive to pressure up te5 atm, and predicted

Predicted rate coefficients for GH- OH at 200-1000 Torr falloff for reaction 2 was in good agreement with several
were found to be in good agreement with recent shock tube experimental and recommended results. The major product of
determinations, including those from a companion study by reaction 2 under combustion conditions was confirmed to be
Michael and co-worker¥, differing by less than a factor of 2. CHz + OH (~80%). The second most important product at

TABLE 4: Modified Troe Parameters for the CH 3 + OH Reaction (T = 300-3000 K; P = 1—10P Torr)

product A2 n E (K) Aa n' E' (K)
CH;OHP 6.487x 10722 —9.880 7544 1.684& 10726 —6.250 1433
1CH, + H,O 4.642x 1071 —-1.172 132.0 2.856 107 2.127 547.8
H, + transHCOH 1.018x 104 —1.875 23.44 5.336 10713 0.524 767.6
H, + cisHCOH 1.298x 10712 --1.501 89.82 1.15& 10713 1.000 617.1
H, + H,CO 2.070x 10 --1.234 —19.57 2.453x 10°® —4.484 9188
H + CH,OH 3.202x 107%? 0.996 1606
H + CH;30 6.495x 10713 1.014 6013

product A'c n' E" (K)
CH;OHP 9.305x 1071 —0.018 —16.74
ICH, + H,0 1.117x 10 4.096 —625.0
H, + transHCOH 7.903x 10* 6.225 —1573
H, + cisHCOH 3.162x 10¢ 6.406 —1250
H, + H,CO 2.617x 10° 6.721 —1521
H + CH,OH 1.500x 107 5.009 949.4
H + CHsO 1.995 18.59 —13.66

product a b ¢ d

CH3;OHP 0.1855 155.8 1675 4531

1CH, + H,0 0.4863 321.4 30000 2804

H, + transHCOH 0.5312 235.3 16882 2812

Hz + cisHCOH 0.4375 117.2 16876 2813

H, + H,CO 0.5000 22122 174.9 3047

H + CH,OH 0.8622 9321 361.8 3125

H + CH;O 0.2500 26220 937.5 3984

aA andA' are given in crfi molecule? s for CH;OH and cnd molecule! s™* otherwise.” Fit for T = 300-2000 K. A" is given in cn3
molecule? s7* for CH;OH and s? otherwise.

TABLE 5: Modified Troe Parameters for CH 30H Decomposition (T = 1000-3000 K; P = 100-10° Torr)

product A (cm?® moleculel s™1) n E (K) A’ (cm® molecule? s71) n E'(K)
CH; + OH 1.161x 1P —9.750 53086 4.531 —6.999 47656
1CH, + H,0 8.030x 10* —10.20 52454 6.245 —6.577 48007
H> + transHCOH 4.954x 10¢ —11.26 47912 7.016 1¢° —12.67 54196
H, + cisHCOH 8.729x 10° —4.375 39670 3.46% 17 —9.980 50567
H + CH,OH 1.007x 10 —7.527 53117 2.285 —7.095 55202
product A’ (s™h n' E" (K)
CHs; + OH 6.251x 106 —0.6148 46573
1CH, + H,0 9.443x 10'° —1.017 46156
H + transHCOH 1.933x 10%? 1.650 42643
H, + cisHCOH 2.405x 10% 1.612 44273
H + CH,OH 2.383x 10t 5.038 42510
product a b c d
CHs; + OH 0.7656 1910 59.51 9374
1CH, + H,0 0.9922 943.0 47310 47110
H, + transHCOH 0.8423 235.0 1953 18165
H, + cisHCOH 0.7812 251.8 12500 31248
H + CHOH 0.6843 37049 41493 3980
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elevated temperatures was shown to be, GHH,0 (~20%), Maximum fitting errors were less than 20%, and average fitting
as suggested by Dombrowsky et#land not CHOH + H, as errors were 3-5%. Note thatk” and kl-0 are used as fitting
has been suggested elsewhere. parameters, and due to the finite range of pressures considered

The present theoretical predictions for reactions 1 and 2 during the fit, these expressions do not necessarily represent
provide a consistent picture of the kinetics for these reactions the high- and low-pressure limits, respectively. Fitting param-
over a wide range of temperatures and pressures. When availableters are summarized in Table 4.
and unambiguous, experimental results are generally in good Rate coefficients for CkDH decomposition in Ar at 100
agreement with the present theoretical ones, and when the1(® Torr and 1008-3000 K for the products C¥H OH, 1CH,
experimental results are contradictory, the present results may+ H,0, H, + HCOH, and H+ CH,OH were fit to eq 12 with
be used for clarification. Furthermore, the present theoretical typical fitting errors of 3-10%. Fitting parameters are sum-
results allow for the characterization of reactions 1 and 2 at marized in Table 5.
temperatures and pressures where direct measurements are An evaluation of the uncertainties associated with the
difficult or not possible. The present study makes use of a variety theoretical rate coefficients reported in TablesS&equires the
of theoretical methods and techniques, which have beenconsideration of several sources of error, and the quantification
developed and refined for several decades, and the present studgf the contribution of each of these sources of error to the overall
confirms the usefulness of these methods in generating quantita-uncertainty for each rate coefficient requires extensive systematic
tive rates for multichannel reactions. These methods may bestudies beyond the scope of the present work. In fact, one goal
applied to less well characterized systems with confidence. of the present study is to compare the results of our best
theoretical models with experimental results for reactions 1 and
2, which have been fairly well characterized experimentally.
On the basis of the present evaluations and on previous work,
we estimate @ uncertainty factors of 1:52 for the theoretical
predictions in Tables 4 and 5. The uncertainty in the barrierless
‘capture rate coefficients computed using VRC-TST is much
smaller and is likely only~20—30%. We estimate uncertainties
for the remaining rate coefficients given in Table 3 to be-30
40% for temperatures above 1000 K, with the uncertainty
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