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We report calculations of the reaction rates off)(+ CH, — OH + CHz and OgP) + CD, — OD + CD3

over the temperature range 368500 K. The calculations are based on variational transition state theory in

curvilinear coordinates with transmission coefficients calculated by the microcanonical optimized multi-
dimensional tunneling approximation. A dual-level algorithm is used for the dynamical calculations. The
higher level is UMP2/cc-pVTZ, and two lower levels are employed: PM3-SRP and an analytical potential
energy surface. Using the canonical unified statistical model with microcanonical optimized multidimensional

tunneling contributions, we obtain good agreement with experimental rate constants.

1. Introduction

Our ability to calculate reliable ab initio reaction rates by
variational transition state theory has increased considerably in

the past few years. This progress is due to the development of

robust and economical methods for the quantitative treatment
of reactions involving polyatomic systems with more than four
atoms! Included in the new methodological developments are
schemes for carrying out dual-level direct dynarhfcand
methods to follow the reaction path with harmonic vibrational
frequencies in curvilinear internal coordingteand using
redundant internal coordinatesA critical issue for both the
practicality and reliability of dynamics calculations is the method

+ OEP) — CH; + OH and its CD isotopomeric analogue.
The O@P) + CH, reaction is a primary process in methane
combustion and occurs by abstraction of a hydrogen by the
oxygen4

There is a large amount of experimental work on this
reactiont*~2! The most recent measurements, evaluated in ref
16, agree very well over the temperature range from 400 to
2500 K. Below 400 K the agreement is worse, due to
uncertainties in the reaction stoichioméfrgnd possibly large
tunneling effect® that make it dangerous to assume linear
Arrhenius behavior. The recommenégexpression for the rate
constant for the temperature range 3@300 K is®

used for calculating potential energy surfaces (PESs). The cost

of generating the necessary PES information is greatly reduced k= 1.15x 10

when one employs reaction-path dynamics methaather than
full global dynamics. Such calculations can be based directly
on ab initio or semiempirical electronic structure methods, in
which case the potential energy surface is implfigigr on
explicit analytical potential energy surfaces. A promising
method for improving the effective level of the potential energy
surface is dual-level direct dynamit&23 This approach
involves the simultaneous use of two levels of calculations. A
“lower level” is used at a large number of geometries to generate
a whole PES, and a “higher level” is used at a few selected
points, normally just the stationary points: reactants, products,
and the saddle point. The “lower-level” (LL) PES may
correspond to a post-Hartre&ock method such as small-basis
Mgller—Plesset second-order perturbation théafiyiP2) or
density functional theor§, semiempirical molecular orbital
methods such as MND® AM1,10 or PM3}!* NDDO-SRP?
(neglect of diatomic differential overlap molecular orbital theory
with specific reaction parameters), or an analytical potential
energy functior3

In this article we apply dual-level dynamics and some of the
new methods mentioned above to the study the reaction CH
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157136 exp(—42701T) cm® molecule * S_(ll)

whereT is in Kelvin. However, the expression 1 gives low-
temperature rate constants lower than most of the experimental
results!® Although Cohehl’2proposes that experimental results
tend to overestimate the low-temperature rate constants as a
result of the above-mentioned uncertainties in the reaction
stoichiometry, we think it is reasonable to also consider an
alternative expression of the experimental results giveritby

k=2.69x 10 ' T?*exp(~3570M) cm® molecule* 57(12)

as it better represents the curvature in Arrhenius plots of the
experimental data. Equation 2 leads to higher values of the
rate constant than eq 1 at low temperatures (up to 60% higher
at 300 K), in better agreement with the experimental values.
Despite the large amount of experimental work carried out
on this reaction, there are just a few theoretical results. The
reason could be that this reaction is particularly challenging
because the approach of¥J along a G-H bond has 3-fold
symmetry and leads to a Jahmeller conical intersection rather
than a saddle point. The conical intersection corresponds to a
SE state, and breaking i@, symmetry splits this intéA’ and
SA"" surfaces.
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Walch and Dunningf carried out calculations of the classical interpolated corrections (VTST-IC) calculations with inclusion
barrier height and transition-state structure for the reactiopn CH of multidimensional tunneling effects.
+ O(P) by employing a contracted basis set of the type [3s2p1d/
2s1p] and using the polarization configuration interaction (Pol- 2. Methods
Cl) wave function method. Their calculated barrier heightis 5 1 - Higher-Level Electronic Structure Calculations. The
14.4 keal/mol, and by comparison to similar calculations using f;rst step in the dual-level calculation is the determination of
the basis set [4s3p2d1f/3s2p1d] for the reactiontHOCP)  properties for the stationary points on the reaction path at the
they estimated a basis set error of 2.4 kcal/mol; with this highest practical level. We calculated geometries, energies, and
correction their best estimate of the classical barrier height is \;iprational frequencies for the reactants, products, and saddle
12.0 kcal/mol, and similarly they estimated 10.3 and 10.1 kcal/ point. The first level chosen was second-order Matefesset
mol for the vibrationally adiabatic ground-state barrier height perturbation theory, MP22¢ The MP2 wave function was
for the 3A" and3A" states, respectively. The geometry of the pased on both the unrestricted Hartr@@ck (UHF) wave
transition state was located only approximately in their work function?’ to be denoted as UMP2, and a restricted open-shell
because neither analytical nor numerical methods for the Hgrtree-Fock (ROHF) wave functioR® to be denoted as
calculation of gradients or Hessians were available to searchRoMP2. Three basis sets were employed: 6-31G@,p}:
for the saddle point. In addition, the frequencies of the saddle pVDZ,3 and cc-pVTZ
point were estimated by treating the £group as if it were a In some calculations, the contamination of the UMP2 wave
point mass. function by undesired multiplet states was removed by using a
In a more recent article Gonzalez et?&lcalculated the  projector operato¥: The energies thus obtained will be denoted
energies, structures, and harmonic frequencies for the reagentsas PMP2. For comparison, some calculations were also
products, and saddle point using second-order MgRéesset performed using the coupled-cluster method involving single
perturbation theory (MP2j and fourth-order MgllerPlesset and double excitations and with perturbational treatment of the
perturbation theory with projection (annihilation) of the spin triple substitutions, CCSD(T? based on the ROHF wave
contamination (PMP4). At the PMP4(SDTQ)/6-311G**//MP2/ function [ROCCSD(T)]. Finally, we applied the scaling all
6-31G(d,p) level the classical barrier height was calculated to correlation energy method (SA8Yo extrapolate the calculated
be 19.1 kcal/mol. We have to keep in mind that the Arrhenius energies of the reactants, products, and saddle point. This
expression does not provide a particularly good fit to the approach consists of scaling all the correlation energy, calculated
experimental data for this reaction and that, even when it doesas the difference between the Hartréock (HF) and the post-
provide a good fit, Arrhenius activation energies provide only Hartree-Fock (i.e., correlated) energies, by using a fadtor
rough estimates of barrier heights; nevertheless, 19.1 kcal/molcalculated as
is so much higher than the experimental values extracted from
Arrhenius plots, for example, 8.7 kcal/mdbr 11.7 kcal/moP! D.(correlated)— D (HF)
that it is unlikely to be correct. Gonzalez e€ahlso calculated 7D (exp)— D (HF) 3)
rate constants by conventional transition-state theory (TST) with € €

V¥g']/?/:/s' t’r?'d'mlenf'?ngl n"tnethod Ior ttunnel!ng contributions twhere “exp” denotes experimental. The SAC methods have
( ); the calculated rate constants are in poor agreemen been successfully used to compensate the deficiencies in the

with experiment due to the Incorrect barrier height. V\(he’n the hasis sets and in the treatment of electron correlation for several
rate constants are recalculated using Walch and Dunning’s POI'reaction§4 and they are used here in our dual-level direct

Cl classical barrier of 12.0 kcal/mol, excellent agreement with dynamics calculations

the experimental rate constants is found. Gonzalez & al. gy ootimized geometries, harmonic vibrational frequencies,

pr(_)posed that the reason for the ov*irestimation of the barrier g zero-point vibrational energies (ZPVE) were calculated for
height at the PMPA4(SDTQ)/6-311G**//MP2/6-31G(d,p) level ¢ reactants, products, and saddle point. Electron correlation

could be the inadequacy of a single-configuration reference wave,as included for both core and valence electrons. Six Cartesian
function for the post-HartreeFock calculations. d functions were used in all d sets, and 10 Cartesian f functions
In this article we first calculate the energies, geometries, and were used in the f sets. The ab initio electronic structure
frequencies of the reactants and products with several post-calculations were carried out using the GAUSSIAN 94 é&de
Hartree-Fock methods and with several basis sets to estimate and the ACES Il codf on IBM RS6000 model 550 and Silicon
the classical BorrOppenheimer barrier height and the classical Graphics Power Challenge R8000 workstations.
energy of the reaction. This set of electronic and structural 2.2. Lower-Level Electronic Calculations. All three
results provides the higher-level calculations. In a second steppopular neglect-of-diatomic-differential-overlap (NDDO) meth-
we used and compared two different kinds of lower levels for ods, namely, MNDO, AM1, and PM3, were examined. An
the harmonic valley around the whole reaction pathd also initial identification of the structure of the saddle point of the
for the wider reaction swath:?>2% In particular, we built an reaction CH + OEP) at the AM1 and PM3 levels of
analytical potential energy surface (APS) and we determined asemiempirical molecular orbital theory was performed using the
set of specific reaction parameters for the PM3 Hamiltonian, Berny algorithni” as implemented in GAUSSIAN 9&. Further
yielding what is called a PM3-SRP surface. One objective in refinement of the saddle point geometries as well as optimization
using two different types of lower-level calculations here is to of minima was carried out using version 5.07mn of the MOPAC
analyze the sensitivity of our predictions to the choice of the code3® We developed a set of specific reaction parameters for
lower level, especially regarding the swath regions of the PES, the PM3 Hamiltonian that yield more accurate geometries and
which are important for calculating the large-curvature tunneling a more accurate endoergicity for this reaction than the original
contributions and were not taken into account in the fitting of parameters. This level will be called PM3-SRP, and its specific
the SRP and APS parameters. To calculate the rate constantsieaction parameters, given in Table S-1 (tables numbered with
we apply several variants of the dual-level dynamics method an S prefix are in the Supporting Information), were adjusted
to perform variational transition state theory calculations with by trial and error to give a physically balanced treatment of a




Hydrogen Abstraction from Cjdor CD, by OCP) J. Phys. Chem. A, Vol. 102, No. 25, 199801

series of selected geometric and energetic properties. Thecorrectio’ and the original formulatioA. We also checked the
structural and reactive properties used in the adjustment areeffect of using a direct IVTST-6 interpolation for the modes
classical barrier height, zero-point-inclusive saddle point barrier corresponding to the two lowest frequencies (almost degenerate
height (AVS'*), imaginary frequency of the saddle point, and C—H—O bendings). The reaction path was calculated from
Arrhenius activation energy calculated by a two-point fit at 300 —3.00ao on the reactants side to 4.@9 on the product side.
and 2500 K. (The objective value for the last named quantity =~ The rate constants are calculated using canonical variational
was 10.7 kcal/mol, as calculated from eq 1.) (CVT) and the canonical unified statistical model (CU%)?

2.3. Calibration of the Lower-Level Analytical Potential which is a generalization of the earlier microcanonical unified
Energy Surface. As a second lower level we created an Statistical modet> The CVT method involves calculating the

analytic function representing the potential energy for this Standard-state-generalized transition-state (GT) free energy of

reaction. We employed the same methodology as in previousactivation profile defined by

work,3® based on modifying the analytical PES proposed for a

similar reaction. In particular we changed some parameters of GT.0 Viver(S) QGT(T,S)

: : S AG” (T =R —

the PES for the CHH+ H — CHsz + H, reaction®® which is kT ¢R(-|-)K0

based on the analytic functions developed by Joseph 4@t al.

and modified by Jordan and Gilbé#. The CH, + H — CHjz where R is the gas constank is the Boltzmann constant,

+ H, reaction is a reasonable choice since, like the title reaction, Q®7(T,s) is the partition function for a generalized transition

it is a hydrogen abstraction reaction from methane to yield the state at a distancealong the minimum-energy path (MEP) from

CHjs radical, with a slow change in geometry of the {jtoup the saddle point, defined as positive in the product side and

from pyramidal to planar during the reaction. Therefore, only negative in the reactant side, avigep(s) is its potential energy;

minor changes were needed in order to fit the surface to selectedk? s the reciprocal of the standard-state concentrationgg(i

data for the CH + O(P) — CHsz + OH reaction. is the reactant partition function per unit volume. In calculating
The first step in the refitting of the APS was to change the electronic partition functions, we included the sporbit

parameters related to the geometries, energies, and vibrationapplitting of O¢P), which is 158.26 cm and 226.98 cmt for

properties of the reactants and products, so that the endoergicity P1 and®Po relative to*P,. We also included the two electronic

geometries, and vibrational frequencies agree reasonably welistates for the OH product in the calculations of its electronic

with the available experimental valus.The following step ~ Partition functions, with a 140 cm splitting. As a consequence

was to refit some parameters in order to reproduce the Of the electronic degeneracy (Jatfeller effect?), the potential

characteristics of ab initio calculated saddle point: classical energy surface for the GHt- O(P) reaction splits into two

barrier height, geometry, and vibrational frequencies. Finally, surfaces of respective symmetries'3#nd 3A’". Since our

the fit was required to reproduce reasonably well the experi- calculations are based on only the lowest surface, but the two

mental rate constants between 300 and 2500 K. The parameter§urfaces make almost equal contributions to the rate, the

modified from the analytical PES for the GH H — CHs + electronic partition coefficients of the triplet ground-electronic-

H. reaction are listed in Table S-1. It should be noted that this State generalized transition states are multiplied by 2, yielding

fit was directed at obtaining a model analytical PES to serve in an overall value of 6.

this work as a lower-level surface for the dual-level dynamics ~ The variational transition state is optimized by finding the

calculation, rather than as a stand-alone accurate reproductiorvalues = §(T) at which AG®™?is a maximum, and the CVT

(4)

of the available experimental and theoretical information. rate constant is defined by
2.4. Dynamics. The reduced mass used to scale all the ot KT
coordinate¥* was setto 1 amu. This has no effect on calculated KT =0—

) K° min exp[~AGE™(T,9)/kT]  (5)
observables, but it does affect the magnitude of the reaction S

coordinates when step sizes are specified and in plots used for

interpretative purposes. . . . X
P purp . . . by counting the number of equivalent reaction paths. Since the
Dual-level dynamics calculations were performed using the O atom can abstract four different H atoms, the value &r

two types of Iovx{er-level se_miempirical PESs, i_n particular, using the forward reaction was taken as 4, while for the reverse
the new analytical potential surface and using the new semi- reaction it is 2, since the OH radical can approach the C atom

empirical PES calculated at the PM3-SRP level. with the same probability on both faces of the planas@kbup.

. The first step is to compu.te.the minimum-energy path in Tunneling corrections are included as a mutiplicative factor,
isoinertial coordinate$*™4¢ This is also called the IRC, and a  pe ground-state transmission coefficift(T),

variety of algorithms are availabfé-5! In the present calcula-

tions, the lower-level reaction path was computed using the KEVTUNTY = (T) KEVT(T) (6)
Page-Mclver methotf with a gradient step size of 0.0Q%

and with the Hessian being recalculated every 4 steps. The We consider four levels of tunneling corrections, zero-
reaction path was started by using a cubic expansion aroundcurvature tunneling (ZCT¥*® centrifugal-dominant small-
the saddle point? The abbreviation IC (interpolated correc- curvature tunneling (SCT, large-curvature tunneling
tions) is a generic term for the dual-level algorithms of refs 2 (LCT),26:5357.58and microcanonical optimized multidimensional
and 3; within this generic scheme, we employed two algorithms, tunneling ¢OMT).26 For the LCT calculation, the LCG3
interpolated-corrections-arithmetiqICA) and interpolated-  versiort”-%8 of this approach was used, allowing the system to
corrections-logarithmic(ICL) to interpolate corrections to the  reach all energetically accessible excited vibrational product
frequencies obtained from the two lower-level methods in order bound modes into which tunneling proceeds. Rotations are
to study the sensitivity to the interpolation method. Note that treated by the classical rigid rotor approximation, and vibrations
the choice between ICA and ICL has no effect on the Born are treated as quantum mechanical separable harmonic oscil-
Oppenheimer potential energy along the minimum-energy path. lators, with the generalized normal moefagefined in redundant
For the corrections to the energy we used both the Eckart-basecturvilinear coordinate$>5%although, as indicated below, some

wherego is the reaction path symmetry factor, which is obtained
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TABLE 1: Theoretical Equilibrium Bond Energies, De
(kcal/mol), and F Parameters for the Species Chland OH

CH;—CHz+H OH—O+H
method De F De F
UMP2/cc-pvDZ 108.8 0.87 94.3 0.71
PMP2/cc-pVDZ 107.6 0.83 94.5 0.71
UMP2/cc-pVTZ 112.3 0.98 103.9 0.93
PMP2/cc-pVTZ 111.0 0.94 104.0 0.94
ROMP2/cc-PVTZ 112.0 0.97 104.0 0.93
ROCCSD(T)/cc-pVTZ 113.0 1.01 103.7 0.93
expt 112.7 106.%

2 Ref 33a.° Refs 43, 63.

testing was done using rectilinéaf5380coordinates. The

Corchado et al.

SRP, APS (analytical potential surface), MP2, and ROCCSD(T)
methods are listed in Tables 2 and 3, respectively. In both tables
we also list experimental valuBsor comparison. Convergence

of the calculations in reproducing the experimental geometries
and frequencies is very slow in the case of the;@hblecule.

The theoretical difficulty of describing methane quantitatively
was discussed recently by Colt and Scus&iaho achieved
very good accuracy in the theoretical calculations when using
the RCCSD(T) method and basis sets of polarized quadiple-
quality. At the semiempirical level of calculation there is an
impressive improvement in the values of the geometries and of
the frequencies when using specific reaction parameters. Inthe
case of the values obtained with the APS method, the agreement
is not surprising, since the empirical parameters of the analytical

chosen curvilinear coordinates were all the possible bonds surface were adjusted to reproduce as close as possible the

lengths and bond angles, including the-B—0 bend, which
was treated as a degenerate bend.

experimental reactants and products frequencies. All the
harmonic vibrational frequencies calculated by the methods,

For comparison, single-level dynamics were carried out using PM3-SRP and APS, that we will use as lower levels in dual-

APS.

All dynamical calculations involving the PM3-SRP lower-
level PES were carried out using the MORATE code, version
7.85861which is an interface between the MOPAC 5.07fn
and the POLYRATE 7.852codes. Both single-level and dual-
level dynamical calculations involving the APS were performed
using POLYRATE 7.8762 The calculations were carried out
on IBM RS6000 model 550 and Silicon Graphics Power
Challenge R8000 workstations and on a CRAY C90 super-
computer.

3. Results and Discussion

3.1. Structural and Energetic Properties. The bond
dissociation energies of the reactants and products, &id
OH, were obtained at UMP2, PMP2, ROMP2, and ROCCSD(T)
levels, and using either the cc-pVDZ or cc-pVTZ basis set or
both. The theoretical and experimeftal363 dissociation
energies and the values of scaling factersomputed from eq

level dynamics calculations agree with experiment within 5%,
and the ZPVEs calculated by these methods agree with
experiment within 4%.

Next we consider the saddle point, for which we performed
a more detailed analysis than was done in previous studies.

When the OfP) atom approaches the Ghlong a G-H axis
with 3-fold symmetry, we obtain a symmetry # for the six-
body system. In this case, according to the Jaheller
theorent® the potential energy will not have a stationary point
on the axis of symmetry, but rather there will be three equivalent
stationary points with the oxygen off the-® axis because
the non-totally symmetrical normal coordinate corresponding
to this displacement causes a splitting of the electronic state.
This bending splits théE state into two electronic states of
symmetrie$A’ and3A"”. The geometrical structure of the saddle
point, CHO, is shown in Figure 1.

Before examining the energies along the bending coordinate,
we first searched for the saddle points at the UMP2/6-31G(d,p)

3 are shown in Table 1. The scaling factors are generally largerlevel. (Transition-state structures corresponding tc*&ieand

for the C-H bond than for the ©H bond. The UMP2 and
PMP2 levels of calculation with the cc-pvVDZ basis are
particularly unbalanced. Notice that the PMP2/cc-pVTZ method
has the best correlation balance wittvalues of 0.94 for both
O—H and G-H bonds. Also, UMP2 is better balanced than
ROCCSD(T). Overall, thesk factors are not surprising since
a value of roughly 0.8 has been stated to be tygtal.

SA" states were characterized previously by Gonzalez &) al.
In the present work we found that tRA’ and3A" transitions
states were almost identical in energy but differ slightly in the
O—H-C bending angle; the saddle point geometries are given
in Table 4. We also found two stationary points at the UMP2
level using the cc-pVDZ and cc-pVTZ basis sets. At the UMP2/
cc-pVTZ level, the’A” transition state has only one imaginary

The reasonable performance achieved using the UMP2 frequency; however, for thé’ case two imaginary frequencies

approach for the present problem may result from error

are present, with values of 2130i and 64i¢m A UMP2/cc-

cancellation. A particularly important issue in the present case PVDZ calculation also yields two imaginary frequencies for the
is that the reactants and products of the reaction suffer spinstationary point located on tH&’ surface. Similar results were

contamination by higher multiplet states with values of the
operator (F being 2.047, 0.76, and 0.77 for the oxygen,
hydroxyl, and methyl radicals, respectively, calculated at UMP2

level, as compared to exact values of 2.0, 0.75, and 0.75,
respectively. The unbalanced results obtained at the ROC-

CSD(T)/cc-pVTZ level with the scaling factét equal to 1.01
and 0.93 for the €H and O-H bonds, respectively, may be

found by Krey&%in a UMP2/6-311G(d,p) study of the reaction

of CHF; and O@P), where a stationary point was found on the
SA" surface with two imaginary frequencies with values 2645i
and 87i cnt?,

To get a clearer view of the bending curves of #8¢' and
A’ surfaces, we have carried out electronic calculations at the
UMP2/6-31G(d,p) level varying the angle between O, H, and

explained by the fact that the ROHF reference functions do not C in relation to a structure with a linear-3—0 angle at fixed

suffer from spin contamination, but at the correlated level there

is no guarantee that the wave function is a spin eigenfunction.

internuclear distanced(H—C) andd(H—O0) (see Figures 1 and
2). The calculations of the PES fro#80° to —30° were carried

This is true even when using the complete spin-adapted out in Cs symmetry (where the electronic states h&&& and

treatmen®29 Thus, the best balance is obtained by using the
PMP2/cc-pVTZ level; this will be the level that we will use for
performing our SAC calculations.

The optimized geometries and the harmonic vibrational
frequencies of OH, Ckj and CH, using the AM1, PM3, PM3-

SA" symmetry). The calculated PES (Figure 2) is very flat, and
in the region oft10° to —10° the difference in energy between

the3A" and3A’ electronic PES is less than 0.1 kcal/mol. One

consequence of this flat potential is that for a fully quantitative

treatment anharmonicity of the corresponding large-amplitude
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TABLE 2: Optimized Bond Lengths (in A)

UMP2/ UMP2/ ROMP2/ ROCCSD(T)
AM1 PM3 PM3-SRP APS cc-pvDz cc-pVTZ cc-pvTZ cc-pvVTZ expt
OH 0.949 0.937 0.987 0.971 0.974 0.966 0.966 0.970 0.971
CHs 1.086 1.072 1.075 1.094 1.089 1.069 1.069 1.073 1.079
CH, 1.112 1.087 1.091 1.070 1.098 1.080 1.080 1.082 1.091

aRef 43.

TABLE 3: Harmonic Normal-Mode Vibrational Frequencies (in cm ~1) and Zero-Point Vibrational Energies, ZPVE (in kcal/
mol), for the Species CH, CHz, and OH and for the A" Saddle Point

UMP2/ UMP2/ ROMP2/ ROCCSD(T)/
mode AM1 PM3 PM3- SRP APS  cc-pvDzZ cc-pVTZ cc-pVTZ cc-pVTZ expt
OH o 3616 3988 3682 3735 3794 3822 3817 3745 3735
ZPVE 5.2 5.9 5.3 53 54 55 5.5 5.4 53
CHs; a 3252 3183 3133 3022 3185 3211 3207 3156 3002
& 780 637 583 580 388 528 571 179 580
e 3249 3272 3223 3188 3390 3372 3368 3308 3184
e 1348 1263 1257 1257 1430 1442 1440 1411 1383
ZPVE 19.1 18.8 18.1 18.2 18.9 191 191 18.3 18.2
CH, a 3216 3312 3256 2718 3090 3117 3117 3085 2916
e 1412 1452 1444 1549 1571 1595 1595 1579 1534
t 3189 3208 3153 3042 3241 3231 3231 3180 3018
ty 1380 1363 1362 1329 1342 1352 1352 1346 1306
ZPVE 279 28.5 28.1 27.1 28.6 28.7 28.7 28.3 27.1
OHCHs 2 3190 3245 3176 3012 3302 3295 3287
V2 3131 3221 3171 3012 3286 3267 3270
V3 3131 3221 3171 2881 3134 3160 3158
Va 1400 1358 1338 1434 1448 1468 1472
Vs 1374 1358 1338 1434 1422 1419 1425
Ve 1374 1260 1191 1245 1217 1239 1245
V7 1230 1152 1004 1157 1099 1174 1175
Vg 1221 1139 989 1157 1049 1168 1227
Vo 905 665 471 597 606 628 668
V10 138 315 338 325 324 425 425
Y11 128 312 333 325 320 218 190
V12 1486i 2304i 2532i 1507i 2145i 2130i 2582i
ZPVE 24.6 24.7 23.6 25.9 24.6 24.9 25.1
aRef 43.

The saddle point geometries obtained at various levels are
given in Table 5. The finding of conflicting predictions of the
relative order of the lengths of the breaking-8B bond, R;,
and the forming G-H bond,Ry, is troublesome. At the UMP2
level using the 6-31G(d,p), cc-pVDZ, and cc-pVTZ basis sets,
and at the Pol-Cl level with a polarized doulddsasis set, the
bond lengthR; is greater tharR;, but the ROMP2/cc-pVTZ
calculation gave the opposite order. The calculations at PM3-
SRP, UMP2/cc-pVTZ, and ROMP2/cc-pVTZ levels indicate that
Figure 1. Geometrical parameters of the ¢H O(®P) saddle point. the transition state has an early barrier with 15%, 14%, and

11% stretching of the HC bond (as compared to the+C
vibration should probably be treated by a specialized method bond in isolated methane) and 20%, 20%, and 22% stretching
such as the rigid or semirigid bender approéchlthough we of the O—H bond (as compared to the+D length in isolated
will not extend the present calculations to that level, nor will OH). The greater elongation of the forming bond than the

we include Borr-Oppenheimer breakdowit-68terms. elongation of the breaking -€H indicates an early transition
The bending is very flat around the origin; thus the average State. The APS calculations predict 16% stretching of théiC
position of the oxygen atom will be very close to tﬁev bond and 12% stretchlng of the-Mi bond; so there is a

symmetry axis. The similarity between both curves and between dqualitative prediction of a nearly symmetrical barrier.

the geometries and frequencies of the two saddle points allows Table 6 summarizes the energetics at various levels. The
us to assume that the dynamics for b&#t and3A" surfaces SAC calculations are carried out using the scaling faEter

will be very similar. Thus, as mentioned above, we calculate 0.94 (see Table 2) to scale the energies obtained at the PMP2/
the rate constant for the whole reaction as twice the rate constantcc-pVTZ level. The classical forward barrier at this level is
for one of the surfaces. In particular, we calculate saddle point 14.0 kcal/mol, and including harmonic zero-point vibrational
properties (Tables 3 and 5) and rate constants for3gie energy (ZPVE) reduces the forward barrier to 10.2 kcal/mol,
surface, and we multiply them by 2 in order to obtain the rate which is within the range of experimental values of the
constants for the CH+ O(P) reaction. Note that the total activation energy (8-#11.7 kcal/mol}* and in excellent agree-
reactive flux through the generalized transition state dividing ment with the Pol-Cl and APS results. There is also excellent
surface is not expected to be very sensitive to the extent of agreement between our scaled calculations (PMP2-SAC/cc-
nonadiabatic dynamical transitions between the two surfaces.pVTZ//UMP2/cc-pVTZ) and the experimental measurements of
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TABLE 4: Comparison between Selected Properties ofA’ and A" Stationary Points at Different Levels of Calculatior?

Ry R, R3 Ry A A As imaginary
method state O—H C—H C—H C—H O—-H-C H—-C—H H—-C—-H frequencies enerdy
UMP2/6-31G** 3A 1.179 1.289 1.082 1.081 181.05 103.9 2197i 19.12
3A" 1.179 1.289 1.081 1.081 177.95 104.9 2188i 19.12
UMP2/cc-pvVDZ 3K 1.175 1.301 1.095 1.094 180.85 103.8 104.5 222i, 2146i 21.92
3A" 1.175 1.301 1.094 1.095 178.35 104.7 104.0 2145i 21.92
UMP2/cc-pVTZ 3A 1.201 1.250 1.077 1.076 180.66 103.9 104.5 64i, 2130i 17.84
3A" 1.201 1.250 1.076 1.076 179.18 104.6 104.1 2130i 17.84

aBond lengths are given in angstroms, angles in degrees, and frequencies.ifi Relative to reactants, kcal/mdiRef 23. Energies calculated
at the PUMP4SDTQ/6-311G**//UMP2/6-31G** level. Note that 6-31G** and 6-31G(d,p) denote the same basis set.

3.0 ; . ; . , . - geometry optimization at a higher level; this is a critical part of
;A /I calculations (as compared to // calculations, which involve
st / 1 only energy corrections computed at the lower-level geometries).
E We will start by examining the sensitivity to details of
E 2.0 ¢ ] performing a dual-level calculation. First, we check the two
P : / available approximations for correcting the energy along the
E L5} 1 reaction pathYvep(s). In the original formulatiofthe correc-
1, tion AV to the lower-levelVyep(s) was done by fitting the
g 1O0r 1 corrections at reactants, products, and saddle point to an Eckart
= function. In the improved meth8dthe correction is ap-
0.5 ] proximated by the difference between two Eckart functions: one
fitted to the lower-leveMyep(s), and the other one fitted to the
0.0

] higher-level energies for reactants, products, and saddle point
40

and the imaginary frequency at the saddle point. The higher-
level imaginary frequency was not used in the original formal-
ism, but it is included in the improved method, and that
Sapparentl9 allows us to get a better approximation of the shape

180 - A,

Figure 2. Energy profile for the!A’ and®A"" potential energy curves
as function of the deviation from linearity of the-&1—0O angle. For
these calculations the other internal coordinates were fixed at the value

R = 1.173,R, = 1.294,R; = 1.087,R, = 1.087.A, = 104.64 A; = of the higher-leveVyep(s), at least in the vicinity of the saddle
104.89 for théA’ surface andR; = 1.173,R, = 1.294,R; = 1.087,R, point.
=1.087,A; = 104.83 A = 104.15 for th¢A” surface. The calculated In Figure 3 we show the results of the two correction

energy of bo_th structures with a linear-€1—0O angle is 16.2 kcal/mol algorithms for the PM3-SRP surface. In Figure 4 we show the
measured with respect to %) + CH,. results for the APS surface. When using the PM3-SRP surface
AHg, which could be expected from the method used for as the lower level, the two correction algorithms give very
calculating theF factor. similar results. However, when the lower level is the APS
In the case of the NDDO calculations with standard param- surface, the two results differ greatly. In fact, the “improved”
eters there is an increasing improvement from the MNDO to method seems to behave very badly in this case, leading to a
the AM1 to the PM3 Hamiltonian when we compare the values significant well on each side of the barrier. The result can be
of the forward classical barrier height and of the energies of understood by considering the imaginary frequency of the saddle
the reactions (see Tables 5, 6, and S-2). All three methodspoint (Table 3) and the classical barrier height (Table 6). Both
predict too large of a forward classical barrier and a wrong sign the original and improved IC methods correct the energy of
for the energy of the reaction. When the PM3 parameters werethe saddle point, but only the improved method uses the higher-
adjusted (Table S-1), we successfully found better estimates oflevel saddle point imaginary frequency to try to improve the
the classical barrier and a correct prediction of the sign of the barrier shape.
endoergicity of the reaction. The analytical potential energy  The higher-level imaginary frequency is 2130i chand the
surface (APS) was adjusted using the experimental frequenciesbarrier height is 14.0 kcal/mol. The PM3-SRP barrier height
of the reactants and products, geometrical structures of the saddidas to be lowered by 5 kcal and made broader, since the
point calculated at UMP2/6-31G(d,p), and the experimental data imaginary frequency has to be reduced by about 20%, which is
on the rate constants; as a result, the energies predicted usingeasonable since lower barriers are usually broader and have
APS are in good agreement with experimental values. lower imaginary frequencies. Thus, both the original method
3.2. Dual-Level Dynamics. Once we have determined the and the improved method succeed in making the barrier wider
higher-level properties of the reactants, products, and saddleand reducing its height, giving very similar shapes. However,
point, we carry out a dynamical calculation at the lower level when we use the APS as the lower level, the barrier height has
but corrected by interpolated correctiéfisased on higher-  to be slightly increased, by 0.4 kcal/mol. The small change in
order optimizations in order to obtain higher-level accuracy. the barrier height leads the original method to predict a higher-
According to the standard notat®rfor dual-level dynamics, level Vvep(s) almost parallel to the lower-levélyep(s); the
these dual-level calculations are labeled as PMP2-SAC/cc-shape remains practically unchanged. Nevertheless, when we
pVTZ//UMP2/cc-pVTZ//IPM3-SRP and PMP2-SAC/cc-pVTZ use the improved method, we also have to take into account
IIUMP2/cc-pVTZ/IIAPS, when using as the lower level the that the imaginary frequency is about 30% larger at the higher
semiempirical PM3-SRP surface and the analytical potential level of calculation. The improved method tries to make the
surface, respectively. However, in the rest of this paper we barrier thinner than the lower-level one, while its height remains
will use the simpler notations PM3-SRP-IC and APS-IC, almost unchanged. As a result, the barrier drops rapidly near
respectively, since there is no possibility of confusion. Note the saddle point, leading to wells on both sides of the reaction
that the interpolated corrections involve energies computed via path. The rapid drop is probably correct in the first few tenths
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TABLE 5: Geometrical Structures of the A" Saddle Point with Cs Symmetry?

Ry Re Rs Ry A A As

method O—H C—H C—H C—H O-H-C H-C—H H-C—H
MNDO 1.295 1.233 1.098 1.098 180.00 106.3 106.3
AM1 1.357 1.194 1.107 1.107 179.96 106.4 106.4
PM3 1.297 1.205 1.082 1.082 179.90 106.0 105.9
PM3-SRP 1.232 1.277 1.084 1.084 179.88 104.7 104.7
APS 1.104 1.319 1.095 1.095 180.00 107.6 107.6
Pol-CP 1.20 1.36
UMP2/6-31G(d,P) 1.179 1.289 1.081 1.081 177.95 104.9
UMP2/cc-pVDZ 1.175 1.301 1.094 1.095 178.35 104.7 104.0
UMP2/cc-pVTZ 1.201 1.250 1.076 1.076 179.18 104.6 104.1
ROMP2/cc-pVTZ 1.242 1.211 1.077 1.076 179.88 104.7 105.5

aBond lengths are given in angstroms and angles in degté&ef. 22.¢ Ref 23.

TABLE 6: Energetic Properties (in kcal/mol) of the

Reaction CH, + O — CH3 + OH
forward reaction reverse reaction
AV AV AV AHY AV AVSF

method a b c d a b _
MNDO 27.4 20.7 —22.8 —26.1 50.2 46.8 g
AM1 114 8.1 —-20.2 —23.8 31.6 31.9 Gl
PM3 108 7.0 —15.7 —195 26.5 7.0 =
PM3-SRP 19.0 14.6 6.5 1.8 125 12.8 o)
APS 13.6 10.2 4.9 1.4 8.9 8.8 E
Pol-ClI 12.0 10.2 8.5 N
PMP4/6-31G** 19.1 15.3 11.3 6.9 7.8 8.4
UMP2/cc-pVDZ 219 179 145 103 74 7.6
PMP2/cc-pVDZ 189 149 131 89 58 6.0 ko ) Lower-level
ROMP2/cc-pVTZ 17.1 135 8.0 3.9 9.1 9.6 S~~~ — —— [Improved IC
UMP2/cc-pVTZ 17.8 14.0 8.4 4.3 9.4 9.8 5 . ) ) . T O“gi"f' Ic
PMP2/cc-pVT2 15.1 11.3 70 29 80 8.4 ) 1 0 1 2
PMP2-SAC/cc-pVTZ 14.0 10.2 6.5 24 75 7.8 s (ag)
expt 6.2 2.6

2 Born—OppenheimerA" barrier height® Enthalpy of activation
at 0 K evaluated at the 3Asaddle point AV; + AZPVE).¢Born—
Oppenheimer reaction energyEnthalpy of reactionta0 K (AV +
AZPVE). ¢ PUMP4SDTQ/6-311G**//UMP2/6-31G**, from ref 23.
f Single-point calculation at the UMP2/cc-pVDZ geomefgingle-
point calculation at the UMP2/cc-pVTZ geometfyrefs 33a, 43, 63.

20 .

15+

10 -

Vuep®) (kcal/mol)

T T T

Lower-level
— — — Improved IC

Original IC
! L I

1 2

Figure 4. Born—Oppenheimer potential energy along the minimum-
energy path for the APS and APS-IC surfaces, using two different
schemes for the dual-level calculations.

dual-level calculations based on the APS and the improved
method for the dual-level calculations based on the PM3-SRP
surface.

As mentioned above, we use both the RCAnd ICL®
algorithms for correcting the frequencies, and we use redundant
curvilinear coordinates for vibrational analysis. To demonstrate
the importance of using a curvilinear treatment of the vibrations,
we performed some calculations using rectilinear coordinates
as well. We found that the use of rectilinear coordinates
sometimes leads to imaginary frequencies along the reaction
path. These imaginary frequencies are not due to ridges or
bifurcations on the surface, but rather to the unphysicality of
rectilinear coordinate$5%70 When the vibrations are treated
by using rectilinear coordinates, the frequencies of the two
lowest modes become imaginary near the saddle point. This
problem disappears when the vibrations are treated in curvilinear
coordinates. In dual-level calculations employing rectilinear
coordinates the effect of these imaginary frequencies can be
reduced by directly interpolating the lowest-frequency modes
by using the IVTST-0 approximatiéhinstead of the ICA and
ICL algorithms employed in the dual-level calculation of the

Figure 3. Born—Oppenheimer potential energy along the minimum- remaining frequencies. Note that the IVTST-0 method is
energy path for the PM3-SRP and PM3-SRP-IC surfaces, using two jndependent of whether curvilinear or rectilinear coordinates
different schemes for the dual-level calculations. are used because it uses data only at stationary points where
) ) ] the two coordinate systems give identical results. The change
of a bohr, but it appears to be unphysical at larger distancesfrom rectilinear to curvilinear coordinates in principle affects
from the saddle point. all the frequencies, but, as usual, the modes most dependent on
On the basis of these observations, we propose to use thethe choice of coordinates are those with the lowest frequencies,
original method in those cases for which a very small correction especially the transitional modes that evolve into free rotations
in the energy is required and the improved method elsewhere.or translations at reactants and/or products. The magnitudes
In the rest of the paper we will use the original method for the of the frequencies of these modes can have a large effect on
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. . . Figure 6. Frequencies of the lowest-frequency mode as given by the
Ell\%lgl’-eSg.P Ferrc};Sre]Cilr?srg(f:ttinr?elgrvgﬁgffl?r?/ﬁ;(:eya:ngggrgi gt'\égn t?y EE: APS surface in rectilinear and curvilinear coordinates, by the IVTST-0
IVTST-0 approach, and by the two dual-level curvilinear calcuylati}gns approach, and by the two dual-le_vel curvilinear calcula_tiong Imaginary

. ' . -~ - .frequencies are plotted as negative numbers. The abcissa is the reaction
Imaginary frequencies are plotted as negative numbers. The abcissa IS ordinate
the reaction coordinate. '

calculated rate constants. In fact, we found that if we treat the  |f we compare the results from ICA and ICL methods based

two lowest modes by using the IVTST-0 approach, the differ- On curvilinear coordinates, we can see that the ICL method
ences between the results obtained with rectilinear and curvi- Shows an irregular behavior, with the frequencies increasing as
linear coordinates are about a factor of 1.5 in the final rate We move out of the saddle point, then dropping again in order

constants at 300 K, while the differences in a complete dual- t0 reach their asymptotic values of zero at reactants and products.

level calculation with either curvilinear or rectilinear coordinates The ICA scheme, however, leads to a behavior more similar to
are larger than a factor of 5 at the same temperature. the one observed in the lower-level surface, which seems more

A second check on the options for dual-level calculations is reasonable than the ICL behavior. The ICL method is designed
to compare the use of IVTST-0 interpolation for the lowest t0 avoid the possible appearance of negative (not imaginary)
modes versus the use of dual-level curvilinear ICA and ICL frequencies along the reaction path that could show up when
methods. Figures 5 and 6 show the change along the reactiortsing the ICA scheme. However, it seems that the exponential
path of the lowest frequency using the IVTST-0 method and dependence of the corrective function in this case leads to
ICA and ICL methods with curvilinear coordinates. For irregular changes of the corrected frequencies. Since the
comparison, we also show some results obtained with the lower-curvilinear ICA method does not have the problem of negative
level surface, with both rectilinear and curvilinear coordinates. frequencies for the reaction studied here, the curvilinear ICA
It has to be noted that for the APS lower-level the two lowest Method will be selected for the rate constant calculations based
frequency modes are degenerate (the reaction pathChas On the PM3-SRP lower-level surface.
symmetry). This degeneracy disappears after introducing the In Figure 6 we can see that the use of the APS lower level
higher-level corrections, since two different higher-level fre- Seems to give more consistent results. The IVTST-0, curvilinear
quencies are used to correct the lower-level double-degeneratdCL, and curvilinear ICA curves are more similar to each other,
frequencies. The PM3-SRP surface does not suffer this although once again the curvilinear ICA results seem to yield

degeneracy, but the two lowest frequencies have very similar @ shap_e closer to the Iower-levg! calculations and a more regular
values. behavior. Therefore, the curvilinear ICA scheme will also be

In Figure 5 we can see that the IVTST-0 scheme is not very used for the dual-level calculations based on the APS lower-

appropriate for the PM3-SRP surface. An IVTST-0 interpola- level surface.

tion will always set the maximum of the frequency at the saddle ~ A third method denoted as interpolated-corrections-based-
point for a transitional mode, and the resulting frequency will on-ratio§? (ICR) has also been tested, yielding results similar
be a symmetric function of the reaction coordinate since the to the original ICA formulation, giving more confidence to our
value at both reactants and products is the same, namely zerochoice of the ICA method for the study of the present reaction.
However the lower-level calculations show that the frequency  3.3. Rate Constants.Dual-level-calculated thermal forward

is not a symmetric function of the reaction coordinate, and the rate constants for the GH+- O(P) reaction at temperatures
maximum is located away from the saddle point. Thus, although ranging from 300 to 2500 K are listed in Tables 7 and 8 and
the IVTST-0 method introduces significant improvement when compared to the experimental measuremé&nts® For com-
undesired imaginary frequencies appear as a consequence gbarison, single-level APS rate constants are given in Table S-3.
the use of rectilinear coordinates, it is not a good approximation  First we note the importance of the C¥8*correction. For

to a full calculation in which the lowest frequencies are treated the PM3-SRP-based calculation this correction is more important
by means of curvilinear coordinates and they do not take at lower temperatures. The reason is thBCT-? has two
imaginary values. maxima that become more similar to one another as the
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TABLE 7: PM3-SRP—IC Rate Constants (in cn? molecule’® s71) for CH 4 + O(3P)

T(K) TST CVT cus CUS/SCT CUSOMT expe expP
300 9.96(19F 8.02(-19) 4.52(-19) 2.15(-18) 1.05¢-17) 9.01(18) 5.54(18)
400 8.71¢-17) 7.40(-17) 4.31(-17) 9.92(-17) 1.82(-16) 3.45(-16) 3.04(-16)
500 1.42¢-15) 1.18¢-15) 7.33(-16) 1.22¢-17) 1.60(-15) 3.44{-15) 3.65(15)
600 9.88(-15) 7.65(-15) 5.20(-15) 7.35(-15) 8.50(-15) 1.72¢-14) 2.01(-14)

1000 6.93¢13) 3.93(-13) 3.46(-13) 3.89(-13) 4.026-13) 6.01¢-13) 7.69(-13)

1500 8.31¢-12) 3.47(-12) 3.47(-12) 3.65(-12) 3.70(-12) 5.02(-12) 6.01(-12)

2000 3.44{-11) 1.17¢-11) 1.12¢-11) 1.16(-11) 1.16(-11) 1.76(-11) 1.92¢-11)

2500 8.88(11) 2.60(-11) 2.50(-11) 2.54(-11) 2.56(-11) 4.21¢11) 4.17¢11)

2Values from Cohen (ref 17%.Values from Klemm and Baulch and their co-workers (refs 16 and “1®p6(-19) stands for 9.96< 10-%°.

TABLE 8: APS—IC Rate Constants (in cn? molecule™® s1) for CH 4 + O(3P)

T (K) TST CVT CUSs CUS/SCT CUSOMT expt expt
300 9.96¢19) 2.20(19) 2.20¢19) 5.79¢19) 1.02¢17) 9.01¢18) 5.54¢18)
400 8.71¢17) 2.78¢17) 2.62(17) 4.58¢17) 3.38¢-16) 3.45¢16) 3.04¢16)
500 1.42¢15) 5.55¢16) 5.11¢16) 7.33¢-16) 3.21¢15) 3.44¢15) 3.65¢15)
600 9.88(-15) 4.37¢15) 3.96(15) 5.07¢15) 1.58(-14) 1.72¢14) 2.01¢14)

1000 6.93(¢-13) 3.72¢13) 3.15¢13) 3.42¢13) 5.61¢13) 6.01¢13) 7.69¢13)

1500 8.31¢12) 4.70¢12) 3.68(12) 3.79¢12) 4.82(-12) 5.02¢12) 6.01¢12)

2000 3.44¢11) 1.96¢11) 1.44¢11) 1.46¢11) 1.68¢11) 1.76¢11) 1.92¢11)

2500 8.88(11) 5.06(11) 3.51¢11) 3.54(11) 3.87¢11) 4.21(11) 4.17¢11)

aValues from Cohen (ref 17¥.Values from Klemm and Baulch and their co-workers (refs 16 and 1®06(—19) stands for 9.96< 107,
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Figure 7. Generalized standard-state free energy of activation calcu- s (30)

lated at the PM3-SRP-IC level at 300 and 2500 K. The abcissa is the Figure 8. Generalized standard-state free energy of activation calcu-

reaction coordinate. lated at the APS-IC level at 300 and 2500 K. The abcissa is the reaction
coordinate.

temperature decreases; this is illustrated in Figure 7. The CUS

corrections are more important for a situation in which two method because it leads to smooth curvek eérsusT under
maxima of similar height are separated by a deep minimum, general circunstances.)

which occurs for theA\GCT0 curve at lower temperatures, where For the APS lower level at 300 K, the ZCT tunneling factor
two maxima ats ~ 0 ands ~ —0.5 g are present. At high is 1.8; the inclusion of the effects of reaction-path curvature by
temperatures, the maximumate 0 disappears, giving rise to  means of the SCT factor increases it only by about 50%, while
a single maximum for theAG®T0 profile. The APS-based the use of the LCT approach gives a factor of 46.4. This big
calculations (Tables 8 and S-3 and Figure 8) show an oppositedifference between LCT and SCT tunneling leadsu@MT
behavior, with an almost negligible CUS factor at low temper- coefficients almost equal to the LCT ones. These values imply
atures that increases as the temperature increases. The reasdhat tunneling occurs mainly in the extended part of the reaction
is an opposite behavior of the free energy of activation profile. swath, that is, in the nonadiabatically accessible region on the
At low temperatures one of the maxima dominates, but as we concave side of the reaction path. This can occur when the
increase the temperature, a second maximum~at—0.5 ag shortening of the path by cutting through the swath is significant
becomes more important. Thus, at 2500 K two approximately enough to overcome the fact that the barrier is higher there.
equally high maxima in thenGCT0 curve lead to a large CUS In Table 9 are listed the values of the activation energies in
correction. (Our previous experience indicates that the unified five different temperature ranges, in each case calculated by a
statistical model may overestimate the correction to CVT. two-point fit at the extremes of the range. The calculated
Nevertheless, the CUS method may be preferred to the CVT activation energies at the CF@OMT dynamical level are close
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TABLE 9: Theoretical® and Experimental Activation L L L BN
Energies (kcal/mol) 10 - .
300~ 400- 500- 900- 1500~ - .
method 400K 500K 900K 1500K 2500 K - 1
PM3-SRP-IC®  6.80 8.63 10.81 13.02 14.41 I
APS-IC® 8.35 8.94 10.10 12.51 15.53 i )
APS 8.40 9.11 10.37 12.76 15.59 - E
expt 8.67 9.13 10.12 12.35 15.85
expe 9.56 9.87 10.53 12.05 14.42 3 1
2 Calculated using the CUBDMT rate constant$ PMP2-SAC/cc- &
pVTZ/IUMP2/cc-pVTZ/IIPM3-SRP levek PMP2-SAC/cc-pVTZ// =t 1
UMP2/cc-pVTZ/IIAPS leveld Values from Cohen (ref 17}.Values =

from Klemm and Baulch and their co-workers (refs 16 and 19).

to the experimental values, especially for the two calculations 1
using the APS. The dual-level calculation based on the PM3-

SRP surface seems to overestimate the tunneling contribution, SN Ref. 19

leading to low activation energies at the lowest temperatures; — == Ref. 17 1
this may result fromVyep(s) being too low on the product side, 2 CUSMOMT-APS-IC
as seen in Figure 5. An important benefit of calculations such PP) AP E I I W
as those presented here is that they give us insight into which 0.4 1.0 2.0 3.0
energetic questions deserve further study. In the present case 1000/T

we see that Converg_m@"‘EP(S) on the prpduct side Wlth.r'espect Figure 9. Ratios of rate constants to high-level TST rate constants.

to electron-correlation level and basis set (a nontrivial task) potted curve represents CUSIMT-APS-IC results, solid curve

would be very worthwhile. represents experiment from ref 19, and dashed curve represents results
Figure 9 shows the ratios of three sets of rate constants tofrom ref 17.

the high-level conventional TST ones. The first set of results ., - 10: PM3-SRP—IC Rate Constants (in cr

is our best theoretical result, CUSIMT at the PMP2-SAC/ moleculeX s79) for CD4 + OFP)

cc-pVTZ/IUMP2/cc-pVTZIIIAPS level. The other two sets of

results are the experimental results from refs 17 and 19. we T (K ST CvT CUS  CUS/SCT CusoMT

see that our best theoretical calculation tracks extremely well 300 9.74(-20p 7.94(-20) 7.24(-20) 2.42(-19) 2.55(-19)

with the results of ref 17, being about a factor of 10 bigger 400 1.52¢17) 1.29¢17) 1.17¢17) 2.17¢17) 2.19¢17)

500 3.54(¢16) 3.02¢16) 3.00¢16) 4.35(-16) 4.38(16)
than TST at 300 K and a factor of 2:2.3 lower at 2500 K. 600 3.13(-15) 2.66(-15) 2.64(15) 3.40(-15) 3.41{15)

Finally, to make a quantitative estimation of the role of the 1000 3.47¢13) 2.18¢13) 2.14(13) 1.8813) 1.89¢13)
tunneling in the curvature of the Arrhenius plots, we fitted our 1500 5.03¢12) 2.32(-12) 2.30(12) 2.07(12) 2.07¢12)
APS-IC results to a three-term expression of the tyi@ 2000 2.25(-11) 8.62(-12) 8.54(-12) 7.84(-12) 7.85(-12)
exp—B/T). The resulting equation, 2500 6.02(-11) 2.03¢-11) 2.03¢-11) 1.86(-11) 1.86(-11)

a9,74(-20) stands for 9.74 10720,

_ —19 2.46 - 3 11
k=6.96x 10 ~T""exp(-3410M) cm" molecule " s 7) TABLE 11: APS—IC Rate Constants (in cn? molecule™®

s™1) for CD4 + O(°P)

shows a more pronounced curvature of the plot (bigger value T(K)  TST cvT CUS  CUS/SCT CUsoMT
of m) than the experimental measurements, although in reason- 300 9.74¢20y 7.02(-20) 6.81(20) 1.38(-19) 3.50(19)
ably good agreement with Cohen’s expresiériThis behavior ;188 égigg %gg(ﬂg %-ég((jg égg((:%g i-gg(ﬂg
IS mor_e”p“.motﬁncgd 'lnl thel SI'Dnl\%e'SIeF;’slléP@ |(: |2_t5_33) and 600 3.13(15) 2.63(15) 2.61(-15) 3.09¢-15) 3.72¢15)
especially in the dual-leve -SRP-IC calculatioms € 1000 3.47¢13) 2.92¢-13) 2.82(-13) 2.97(-13) 3.15(-13)

2.85). 1500 5.03¢12) 4.14(12) 3.76(-12) 3.84(12) 3.94(12)
3.4. Kinetic Isotope Effects. Values of the theoretical 2000 2.25¢11) 1.81¢11) 1.54(11) 1.56(11) 1.58(11)

kinetic isotope effect, defined as the ratio between the rate 2500 6.02¢11) 4.77¢11) 3.84¢11) 3.87¢11) 3.90¢11)
constants for the CH+ O (Tables 7, 8, and S-3) and GB- a9.74(-20) stands for 9.74 10°20,

O (Tables 10, 11, and S-4) reactions, are listed in Tables 12,

13, and S-5. Unfortunately, as far as we know, no experimen- TABLE 12: PM3-SRP—IC Calculations of the H/D KIE for

tally determined isotope data are available for comparison. CD4 + OCP)

It is interesting to note that for the GDBF O reaction, with T (K) TST CVT CUS CUS/SCT  CUROMT
much lower tunneling contributions than the £H O reaction, 300 10.2 10.1 6.2 8.9 41.3
the SCT tunneling factor agrees better with f@MT one. In 400 5.7 5.7 3.7 4.6 8.3
the case of the dual-level calculation with the APS as the lower 500 4.0 3.9 2.5 2.8 3.6
level, where LCT tunneling is more important, the SCT and 600 3.2 2.9 2.0 2.2 2.5

. i~ . . 1000 2.0 1.80 1.61 2.07 2.1
uOMT transmission coefficients differ by a factor of 2.5, while 7554 165 150 151 177 179
in the calculation based on the PM3-SRP surface, the SCT 2000 1.53 1.35 1.31 1.47 1.48
contribution to thexOMT tunneling dominates for most of the 2500 1.47 128 1.23 1.37 1.37

energies. Another conclusion that can be drawn from the

information in Tables 10, 11, and S-4 is that the CUS correction  The calculated kinetic isotope effects (KIEs) for three methods
is not as important for the deuterated isotopomer as for the are given in Tables 12, 13, and S-5; they show similar

perprotio isotopomer. magnitudes and trends, but their values do not agree very well.
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TABLE 13: APS—IC Calculations of the H/D KIE for the Pesquisa do Estado dédsRaulo (FAPESP) for a postdoctoral
Reaction CD, + O(°P) fellowship. This work was supported by the U.S. Department
T (K) TST CVT CUS CUS/ISCT CU®OMT of Energy, Office of Basic Energy Sciences.
300 10.2 3.2 3.2 4.2 29.1 . . . .
400 5.7 23 292 26 12.0 Supporting Information Available: Tables containing
500 4.0 1.90 1.78 1.98 6.6 PM3-SRP and APS parameters, vibrational frequencies, and zero
600 3.2 1.66 151 1.64 4.2 point energies for théA" saddle point, and single-level rate
1000 2.0 127 112 1.15 1.78 constants and kinetic isotope effects based on the APS (5 pages).
3888 igg i:ég 8:32 8:32 igé Ordering information is given on any current masthead page.
2500 1.47 1.06 0.91 0.91 0.99
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