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and Torsional Treatment

Benjamin A. Ellingson,’ Jingzhi Pu* Hai Lin, 8 Yan Zhao," and Donald G. Truhlar* -

Department of Chemistry and Supercomputing Institute p&hsity of Minnesota, 207 Pleasant Street
Southeast, Minneapolis, Minnesota 55455-0431, Department of Chemistry and Chemical BiolagyrdHar
University, Cambridge, Massachusetts 02138, and Department of Chemistryerkity of Colorado at Derer
and Health Sciences Center, Dem, Colorado 80217

Receied: April 12, 2007; In Final Form: July 9, 2007

Rate constants andC/*3C kinetic isotope effects are calculated by direct dynamics for thetO€GH, —

H,O + CHjs reaction. The electronic structure calculations required to generate the implicit potential energy
surface were carried out by the high-level multicoefficient Gaussian-3/version-3 (MCG3) method and compared
to two other multilevel methods, MC3BB and MC3MPW, and three density functional methods, M06-2X,
BB1K, and MPW1K. The rate constants al¥€/*3C kinetic isotope effects are shown to depend strongly on

the coordinate system used to calculate the frequencies as well as on the method used to account for the
torsional anharmonicity of the lowest-frequency vibrational mode of the generalized transition states.

1. Introduction of error. Therefore, an accurate treatment of the torsional mode
is very important for this type of reaction, especially when the

The reaction of OH with Chlis very importantin the Earth's ;e peing calculated is only on the order of parts per thousand
troposphere, accounting for 90%5% of the total sink of Cii? (ppt).

Uncertainty in thet?C/*3C kinetic isotope effect (KIE) for this The KIE is determined in the present work by calculating
reaction can have a significant impact on the isotopic COmpoSi- e ratio of separately calculated rates, oné6rand the other
tions in atmospheric modetsThe *2C/5C KIE has been ¢4 130, The rate constants are calculated using variational
experimentally measured by Cantrell efand Saueressig et yansition state theory with multidimensional tunneling (VTST/
al. yielding results of 1.0054 and 1.0039, respectively, at 296 MT), 1213 specifically by canonical variational transition state

K. Even this seemingly_ small difference in expgrimental theory with small-curvature tunneling (CVT/SC®)3 The
measurements has an important impact on studies of theequation for the CVT rate constant is

tropospheré:? Furthermore, it is important to include the correct
temperature dependence, which is not available from experiment, GT/~— CVT
especially for the atmospherically important rangd of 200— KEVT = 1 Q7 (T.s," (M) exg{ —pV. [SCVT('D]} 1)
300 K. h8  oRm MEP 5

The'?C/A3C KIE has been calculated several tinfe%It was
first pointed out by the authofand then confirmed by Sellevag  where 8 = (ksT)%, ks is Boltzmann’s constantT is the
et al® that the'?C/*3C KIE is very sensitive to the treatment of  temperatureQ®™(T, s°¥") is the quantum mechanical quasi-
the torsional anharmonicity of the lowest-frequency vibrational partition function of the generalized transition stade(T) is
mode. Furthermore, it was shown that certain methods for the quantum mechanical partition function per unit volume for
torsional anharmonicity could bring the calculated results into reactants, and/yer(sC"") is the potential energy difference
agreement with the experimental results for the levels of theory petween the reactants and the generalized transition state at
that were used for the potential energy surface (PES). = VT, where s is the reaction coordinate specifying the

It has been known for over 60 years that the harmonic |ocation of the system on the minimum energy path (MEP) and
approximation may be seriously in error for hindered internal <°VT is the optimal location of the dividing surface along the
rotation?~** also called torsion. The lowest-frequency vibra- MEP. The SCT contribution is included by a multiplicative
tional mode of the OH plus CHransition state corresponds to  factor, xSCT, which depends on the potential energy and on the
this type of motion, which can be conceptually described as frequencies along the MEP. Separate MEPs were calculated for
the OH fragment rotating with respect to the £tagment. the 12C and13C systems by direct dynamics for each level of
This particular type of torsion is the most troublesome for theory, where direct dynamics me&h@! that each required
dynamics calculations because it occurs in the transition stateenergy, gradient, or Hessian is calculated as needed by electronic
but not in the reactants, so there is no possibility of a cancellation styycture theory.
For a given level of electronic structure theory, #3€ and
* Author to whom correspondence should be addressed. E-mail: truhlar@ 13C systems have the same PES. However, the MEP used for

umn.edu. . CVT/SCT is determined as the path of steepest descent in
T University of Minnesota. L . .
*Harvard University. isoinertial coordinates, also known as mass-scaled coorditfates,
§ University of Colorado at Denver and Health Sciences Center. and therefore the MEPs are different for fi€ and'3C systems
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Additionally, the eigenvectors associated with the imaginary
frequency at the saddle point are not the same fofdGeand

2
13C systems because of the difference in mass. This eigenvector
dictates the first step when constructing the MEP, and hence v 3'
the MEPs for the?C and3C systems are different from the .

very first step. Therefore, wholly independent rate constants have
been calculated for th€C and**C systems for each level of  rigire 1. picture of the Cli~H—OH transition state with numbered
electronic structure theory. atoms for the MCG3/3 level of theory.
This paper represents an advance over our preliminary
communicatiofion this subject in two respects. First, we have TABLE 1: Barrier Heights ( V¥) and Energy of Reaction
now carried out the electronic structure calculations at a very (AE) for the OH + CH, —~ H20 + CHs Reaction

because of the difference in mass for the carbon atom. 5'
\

high level, MCG3/3. This is probably the most complicated v AE
reaction ever studied by full direct dynamics with such a high (kcal/mol) (kcal/mol)
level of electronic structure theory. Second, the present paper W12 6.22 —13.44
contains a much more thorough treatment of the torsional MCG3/3 6.35 —13.91
problem and coordinate systems, both of which have a mgga‘;w g-ié :i%-g%
significant effect on this very small kinetic isotope effect. MOB-2X/MG3S 572 1204
; BB1K/MG3S 6.81 —9.96
2. Computational Methods MPWLK/MG3S 258 _1017

2.1. Electronic Structure Methods.The levels of theory used
in the present work are MCG3#/32*MC3BB,2> MC3MPW 2
MPW1K/MG3S2627 BB1K/MG3S28 and M06-2X/MG3S° . . . .

The MCG3/3. MC3BB. and MC3MPW methods are multi- Multilevel methods were interfaced with POLYRATE via

i 40
level methods that combine several calculations to extrapolateMULTILEVELRATE’ version 9.45 The DFT methods were

toward an accurate result. The MCG3/3 extrapolation includes interfaced with POLYRATE via GAUSSRATE, version 9&.

aFrom ref 38.

a QCISD(TF° calculation with the 6-31G(d) basis $eand an The MEP was calculated by the Euler steepest-descents
MP232 calculation with the MG3S basis S8twhich makes it method? with a step size of 0.00265 A in isoinertial coordi-
the highest level of theory used to study #R€/13C KIE for nated243 scaled to a reduced mass of 1 amu, and a Hessian

OH plus CH. The application of such a high-level calculation Was calculated every 10 steps. This small step size was
for direct dynamics on a seven-atom system was a lengthy determined in a previous communicatidsy some preliminary
endeavor that was only feasible by using a supercomputer. ThePFT kinetics calculations designed to determine the numerical
MC3BB and MC3MPW extrapolations are called doubly hybrid Parameters needed to ensure convergence for the KIEs. (Con-
density functional theor§f and they use a combination of Vergence toahlgh precision is very important for the calculation
Hartree-Fock (HF) theory2 MP2, and density functional theory of hegvy-atom kinetic isotope effects because they are so close
(DFT). The calculations employing multilevel methods were (O unity.)
carried out using MULTILEVEL, version 4.38 The rotational symmetry numbers for GHOH, and the
MPW!1K is a one-parameter hybrid density functional, and CHs—H—OH transition states are 12, 1, and 1, respectively.
BB1K is a hybrid meta-density functional; in both of these Therefore, the symmetry number used for the forward reaction
functionab’ the percentage of HF exchange has been paramis 124445The E|eCtr0nica"y eXCitea_Il/z state with an excitation
etrized for the calculation of accurate kinetics data (in particular energy of 140 cm' was included when calculating the reactant
barrier heights and energies of reaction). Calculations by these€lectronic partition functions of OH. All other species are
two methods were carried out using Baussian 0Zomputer ~ assumed to have significant population only in their ground
program3* M06-2X is a hybrid meta-DFT method with a high ~ electronic states.
percentage of HF exchanggit represents a refinement of the Reaction rate constants were calculated at the CVT/SCT
MO05-2X functional® The good success of this recently designed level134¢ A key aspect of the CVT/SCT calculations is a
density functional makes it the recommended density functional generalized normal-mode analysis at each point along the
method for kineticd® For the present study, calculations reaction coordinaté®224748The CVT level has been used rather
employing the M06-2X method were carried out using the than the canonical unified statisti¢&t®theory because only a
Gaussian 0aVIN-GFM computer modulé&® which is a locally single local maximum was found in the free energy of activation
modified, undistributed (due to licensing restrictions) module profile. The present work agrees with previous wotkat large-
of Gaussian 034 curvature tunneling is negligible, so the SCT level has been
The barrier height and energy of reaction for each method used to calculate the tunneling.
have been tabulated and compared to Weizmann-1 (W1) fileory  2.3. Frequency Scaling.The unscaled zero-point energy
in Table 1. W1 is a very accurate and computationally expensive (ZPE) for the CH and HO molecules for the calculated
multilevel-type method developed by Parthiban and Matin, methods is listed in Table 2 along with the experimental ZPE
and a W1 calculation by Boese and Mattiis the highest level as inferred from spectroscopic data by MaPirilhe ratio of
of theory that has been used to determine the barrier heightthe experimental anharmonic ZPE to the calculated harmonic
and energy of reaction for the OH CH, system. A picture of ZPE is tabulated to show that all of the theoretical methods
the saddle point at the MCG3/3 level is given in Figure 1, which systematically overestimate the ZPE. The frequencies are
shows the atom numbering used in this article. Geometries for therefore scaled to adjust for this effect. The ZPE calculated
each species at each level of theory have been included in thewith the scaled frequencies can be found in Table 3 along with
Supporting Information. the frequency scaling factors. A database of such frequency
2.2. Rate Constant Calculation.All rate constant calcula-  scaling factor®28:35s maintained at http://comp.chem.umn.edu/
tions were performed with POLYRATE, version $6The database/freq_scale.htm.
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TABLE 2: Zero-Point Energies (ZPEs) for CH4 and H,O 1
and Ratios of Experimental Anharmonic ZPEs to Calculated Q= hBw (4)
Harmonic ZPEs tor

experiment/calculated . , . . i
ZPE (kcal/mol) ratio ZPE (kcal/mol) whereh is Planck’s constant divided byi2 The free-internal

rotation partition functionQgrg, is given by

CH, H,0O CH, H,0
experimertt 27.71 13.24 (27r|kT)l/2
MCG3/3 27.99 13.43 0.9900 0.9862 QFR = (5)
MC3BB 28.57 13.69 0.9700 0.9672 ho
MC3MPW 28.61 13.70 0.9685 0.9667
M06-2X/MG3S ~ 28.31  13.60 0.9790 0.9736 whereo is the internal-rotational symmetry number, which is
,\Bﬂiwm%’gs S gg-g? ig'gi g-gggi 8-3232 3 at the transition state because there are three equivalent wells
: : ’ : as the OH group rotates 36With respect to the Ckigroup.|
@ From ref 51. is the effective reduced moment of inertia for internal rotation.
) . . . Two methods for calculating the effective reduced moment
-(I-ZAPBELS f%r Eﬁpfgr%eﬂtzaol %T% %?gfudeﬁg;oézgl'mglzggcr%?: of inertia for internal rotation are readily applied for evaluation

of eq 3 along an MEP. The first is the method of Pit2&,

_ ZPE (kcal/mol) which is designated as the curvilinear scheme, or C-scheme.

CH, H.0 scaling factor This scheme requires that the system is partitioned into two
experiment 27.71 13.24 rotating subsystems and that one choose an axis of rotation,
MCG3/3 27.69 13.28 0.9893 which has been chosen here as the carlmygen axis. The
MC3BB 27.64 13.24 0.9675 second is a method proposed by one ofthis method is
MC3MPW 27.66 13.24 0.9669 designated as the rectilinear scheme, or R-scheme. This method
M06-2X/MG3S 27.80 13.35 0.9820 . - . . . .
BB1K/MG3S 2741 1328 0.9590 also requires that the system is partitioned into rotating sections,
MPW1K/MG3S 27.47 13.36 0.9581 but it does not require a user-supplied axis of rotation. The

R-scheme calculates the angular momentum vectors of the
rotating subsystems from the corresponding generalized normal-

A general frequency scaling factor has not been published mode eigenvector, and then it places the axis of rotat_ion through
for the MCG3/3 method. The reactants and products for the the center of mass of the system and parallel to e|the_r of the
system of interest are composed entirely of K and O-H supsystem angular momen?um vectors. (They are antiparallel
single bonds. Therefore, a frequency scaling factor for this level so it does not matter which is _chosen.) These two methods are
has been determined using only the £&hd HO molecules eqUIve_IIent for highly symmetric systems such as ethane, but
rather than the full 13 molecules in the Makficompilation. they differ for systems that are off-balancc_e..The C-scheme Seems
A value of 0.9893 for the MCG3/3 frequency scaling factor to be more accurate for large systethibut it is not clear which
has been determined by minimizing the root-mean-square errormethOd is more accurate for small systems, such as-HO

aThis work.? From ref 25.¢ From ref 29.9 From ref 28.

in ZPE for the CH and HO molecules. CHs. ) . . .
2.4. Hindered Internal Rotation. The internal rotation, or When the torsional ppten'qal IS repre§ented by a simple cosine
torsion, of the—OH group with respect to the-CHs gI’OL’Jp curve, the moment of inertia, the torsional frequency, and the

during the reaction is a nearly free rotation with a very low Parier heightW, are related by
harmonic frequency. This vibrational degree of freedom is 2
particularly problematic for two reasons: (1) The harmonic .. = o|— 6

. . . . . tor 21 ( )
frequency associated with this mode has numerical fluctuations
along the MEP where relatively small changes in this low o . . . . .
frequency cause a large change in the harmonic partition Due to the difficulty in calculating reliable harmonic frequencies
function, and (2) the harmonic oscillator approximation is an for a torsional mode with a very low barrier, this equation has

inadequate model for this type of motion. been used to calculate the torsional frequency from the barrier
The harmonic oscillator (HO) partition functi®hfor each height and the effective reduced moment of inertia. This has
vibrational modem is given by been done with the R-scheme and C-scheme, with the resulting
methods labeled RW and CW?35 respectively. The barrier
o Phoni2 height for internal rotation at the saddle point is determined by
20 = W (2) adjusting the dihedral angle associated with the torsion while
[— e m

keeping the bond formation and breakage distances fixed and
all other degrees of freedom relaxed. Calculations at the
MPW1K/MG3S, MC3BB, and MC3MPW levels indicate that
the barrier is in the 2:53.5 cnT! range, but even with a value
of 5 cm1, the internal-rotation partition function is in the free-

wherewn, is the harmonic vibrational frequency of mode A
method has been proposéih which the partition function for
the torsional mode (labeled by subscript tor) is estimated via

Q internal-rotation limit; therefore we use eq 5 rather than eqgs 3
Qu = {*0 tam‘(ﬂ) () or 2 for all rate constant calculations in this article. In the
o T Q MCG3/3 calculations, we usé&/ = 5 cnmi ! at everys.

Itis not obvious how to partition the system into two groups.
where t';? is given by eq 2 and)' and Qgr are intended to The hydrogen atom that is being transferred could reasonably
model the partition function at intermediate temperatures and be placed with either the OH or the—CH3 group. To examine
in the high-temperature, free-internal-rotator limit, respectively. the impact of the system partitioning on the moment of inertia,
The intermediate-temperature partition functi@h,is evaluated the information used to calculate the torsional partition function
by taking the high-temperature limit of eq 2 has been listed in Tables 4 and 5. Table 4 contains results at
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TABLE 4: Torsional Data Obtained Using MCG3/3 with a TABLE 6: Stretches, Bends, and Torsions for the
Barrier to Internal Rotation of 5 cm ~1 at 225 Ka Nonredundant Internal Coordinates
| o | stretches bends torsions

isot thod .u.
Isotope metho (a.u.) QR Qpr Q Qtor 15 514 51392
12¢ CW CH—H,O 4607.1 1.5139 4.7679 4.7766 1.4625 1-4 4-1-6 1-3-2-7

CW CH,—OH 4564.3 1.5068 4.7456 4.7544 1.4556 1-6 6-1-5

RW CH;—H;0 7830.6  1.9736 6.2207 6.2274 1.9081 1-3 4—1-3

RWCH,—OH 7443.0 19242 6.0645 6.0713 1.8601 3-2 6-1-3
3C  CWCH—HO 4607.1 15139 4.7679 4.7766 1.4625 -7 1-3-2

CW CH,—OH  4564.3 1.5068 4.7456 4.7544 1.4556 3-2-7
RW CH;—H.O 7956.9 1.9895 6.2708 6.2774 1.9234

RWCH,—OH 7689.4 19558 6.1642 6.1710 1.9558 TABLE 7: Additional Stretches. Bends. and Torsions for
12CC CWCH—H,0  1.0000 1.0000 1.0000 1.0000 1.0000 ¢a Reduhda?g'}'note?njtgé%rgisﬁat;ads’a d Torsions fo

CW CH;—OH 1.0000 1.0000 1.0000 1.0000 1:0000
RW CH;—H>0O 0.9841 0.9920 0.9920 0.9920 0.9920 stretches bends torsions
RW CH;—OH 0.9680 0.9838 0.9838 0.9838 0.9511 1-2 5-1-2 5 1-2—7
2wy iS calculated by eq 6 withV = 5 cnr . 1-2-7
4-1-2
TABLE 5: Torsional Data Obtained Using MCG3/3 with a 6-1-2

i i -1 a
Barrier to Internal Rotation of 5 cm ~* at 300 K a In addition to those in Table 6.

[
isotope method (a.u.) x QP g Qoor 2.5. Coordinate SystemsThe vibrational frequencies at a

12 CW CH—H,O 4607.1 1.7481 6.3623 6.3689 1.7037 Stationary point are independent of the coordinate system if a
CW CH,—OH 4564.3 1.7399 6.3326 6.3392 1.6957 complete set of coordinates is used. However, this is not the
RW CH;—H,O  7830.6 2.2790 82981 8.3032 2.2221 cgse for frequencies of a generalized transition state on the MEP.
135G E\O’v g"é:g:'o 133312 i:%ié? g:gggg gzggg; i%ggg Thre_e coordinate systems have been tgsted in this article. The
CW CHi—OH 4564.3 17399 63326 63392 16957 lirstis the set of 8l mass-scaled Cartesian coordinates, where
RW CHs—H,O 7956.9 2.2973 83649 8.3698 2.2399 Nisthe number of atoms (which is 7 for OHCHy). Cartesian
RW CH,~OH 7689.4 2.2583 8.2229 8.2280 2.2583 coordinates are also called rectilinear coordinates, but it is more
YCMC CWCH—H,O  1.0000 1.0000 1.0000 1.0000 1.0000 physical to use internal coordinates such as bond stretches, bond
gw gm:(l-)i?o é:ggg? é:gggg é:gggg é:gggg é:gggg angles_, and torsi_onal angles, which are nonlinear f_u_nctions of
RW CH;—OH 0.9680 0.9839 0.9838 0.9838 0.9593 Cartesian coordinates and hence are called curvilinear. The
second coordinate system is a set & 3 6 nonredundant
curvilinear internal coordinates. The set of stretches, bends, and
thesaddle point based on the RW- and CW-schemes with bothtorsions used for the nonredundant curvilinear internal coordi-
choices of partitioning at 225 K, and Table 5 does the same atnates is listed in Table 6. The third coordinate system considered
300 K. is a set of Bl redundant internal coordinatesThe additional
Certain features are apparent for all of the methods involved coordinates are specified in Table 7. This set includes all of the
in these tabulations. The first is that the system is close to the coordinates in the nonredundant set along with several coordi-
free-rotator limit, and the harmonic oscillator approximation is nates that bypass the transferring hydrogen atom, such as the
inadequate. The second is that the torsional partition function carbor-oxygen distance. Of course, the results would be
is less than the free rotator partition function. The hyperbolic independent of the coordinate system if no approximation were
tangent in eq 3 was chosen to yield a smooth transition betweenmade, but in practice one makes several approximations, the
the harmonic oscillator partition function and the free rotator most important of which is the truncation of the expansion of
partition function, but for this system the functional form passed the potential energy at quadratic terms, except for torsional
the free rotator partition function. Therefore, for the remainder anharmonicity. As a general rule redundant internal coordinates
of the calculations in this article, the partition function for the are more physical than nonredundant ones, and either set of
torsional mode will be represented by the free-rotator partition curvilinear coordinates is more physical than Cartesian coor-
function calculated using eq 5. dinates, which are used by many workers simply because they
The tables also show that the C-scheme does not predict aare convenient. It should be noted that the choice of coordinate
significant difference between tHéC and thel®C cases. This system changes the frequencies because it changes the definition
result is not obvious without doing the calculations because of the generalized transition state dividing surface in coordinate
(contrary to an incorrect statement in ref 7) the C-scheme is spacet’>” (The valuesfVT of the variables determines where
not independent of a mass change in an atom on the rotationalthe generalized transition state intersects the MEP, but the shape
axis; for example, the calculated moments of inertia feOp of the generalized transition state off the MEP is determined
and R0, using the C-scheme and the oxygexygen axis by the coordinate system.)
are 2754.9n.a0? and 2774.8nay?, respectively* The moments The frequencies obtained at the MCG3/3 level for the mass-
of inertia for the?C and!3C systems are not exactly the same, scaled Cartesian coordinate system, the nonredundant internal
but they are equivalent to five significant digits. Accordingly, coordinate system, and redundant internal coordinates are plotted
the free-rotator partition functions are also equivalent to five in Figures 2, 3, and 4, respectively. The mass-scaled Cartesian
significant digits. coordinate system is the worst, which is expected because it is
Finally, it should be noted that the choice of the group in the least natural set of coordinates for defining a generalized
which the transferring hydrogen atom is placed has a significant transition state dividing surfaces. This coordinate system causes
effect on the partition function, and the effect is larger for the multiple imaginary frequencies (plotted as negative numbers)
R-scheme. However, it is not clear which choice is best. The to occur on both sides of the saddle. The most serious deficiency
discussion of the torsional mode will be revisited in the of this calculation is not simply that some frequencies become
discussion of the kinetic isotope effect in section 3. imaginary but rather is how sharply the low frequencies decrease

2 wyor IS calculated by eq 6 withV = 5 cnit
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TABLE 8: Location of the Variational Dividing Surface at
300 K, TST and CVT Rate Constants (in cni molecule™!

s for the Three Coordinate Systems, and the TST to CVT
Ratios Calculated Using MCG3/3

VT TST CVT TST/

3000
2500 | coordinates (t&) (s=0) (s=s"T CVvT
2000 redundant —-0.0620 4.14< 1075 153x 10715 270
1500 nonredundant —0.1258 4.14x 107'®* 6.25x 107¢  6.62
e H 15 15
Cartesian 0.0106 4.14 10 4.03x 10~ 1.03
1000 F a The torsional treatment is RW(GHH.0).
500 A
TABLE 9: Calculated Frequencies in cnt?! of the
0E Generalized Transition State ats = — 0.106 A (—0.2 bohr)
500 ) . . . as Obtained with MCG3/3 RW(CH3—H,0)
15 -1 0.5 0 05 1 mass-scaled Cartesiannonredundant internal redundant internal

s (A)

Figure 2. MCG3/3 frequencies in wave numbers (cthon the MEP
calculated with Cartesian coordinates.

4000

3500
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[

1500
1000 N
500 |

s (A)

Figure 3. MCG3/3 frequencies in wave numbers (cthon the MEP
calculated with nonredundant internal coordinates.
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T\

3000
2500 |
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1500
~—_
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of O —

-500 1 i 1 1
-1.5 -1 -0.5 0 0.5
s (A)
Figure 4. MCG3/3 frequencies in wave numbers (chon the MEP
calculated with redundant internal coordinates.

-

coordinates coordinates coordinates

3681 3681 3681
3135 3135 3135
3131 3131 3131
3022 3021 3021
1929 1930 1930
1475 1495 1481
1460 1469 1465
1322 1358 1333
1223 1280 1263
1215 1226 1222
789 792 791
153 307 254

87 303 221
141i 57 50

cause of the large difference in variational effects for the various
coordinate systems.

The two sets of internal coordinates yield similar results that
are markedly different from the mass-scaled Cartesian results,
and they are also qualitatively and quantitatively different from
each other. The differences are illustrated in Table 9 for the
reactant side of the saddle point but are also apparent on the
product side of the MEP, where one of the frequencies calculated
with the nonredundant internal coordinates takes a sharp dive
arounds = 0.3 A and quickly reaches 300i crth The second
lowest frequency approaches zero much more quickly in
nonredundant internal coordinates than in redundant internal
coordinates, and it becomes imaginary by= 1.0 A in
nonredundant internal coordinates.

The redundant set of internal coordinates is not without
problems. The frequency associated with the torsional mode
fluctuates in an erratic manner and is usually imaginary.
However, the torsional mode is replaced by a free internal rotator
when calculating the partition function, and the frequency
remains smooth and real in the important region where the
bottleneck occurs;-0.3 A <s < 0 A.

One possibility for optimizing frequencies along the MEP is
the RODS algorithn¥® where RODS stands for “reorientation
of the dividing surface.” The RODS algorithm reorients the
dividing surface to maximize the generalized free energy of
activation such that the generalized transition state dividing
surface need no longer be normal to the MEP; this may be

as one leaves the saddle point. This has a dramatic effect onvequired if the calculated MEP is not a good representation of
the location of the dividing surface when calculating a CVT the true MEP. The RODS algorithm was employed for each of
rate constant. Table 8 lists the location of the dividing surface the three sets of coordinate systems, and the results are given

and the magnitude of the variational effekt"/k°VT wherek

in the Supporting Information. The resulting frequencies are

denotes a rate constant and TST denotes conventional transitiorerratic, although the erratic frequencies could probably be
state theory). The internal coordinate systems predict that theimproved by further adjustment of numerical parameters;

dynamical bottleneck occurs in the regiorsef —0.05 A. Table

however, we concluded that RODS need not be used here.

9 shows large differences between the three sets of calculated Both sets of internal coordinates yield smooth zero-point
frequencies as = —0.1 A. The variance in frequencies is the energies along the MEP. The ground-state vibrationally adiabatic
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Figure 7. Forward rate constants calculated with nonredundant internal
coordinates with the RW(CH-H;0) torsional treatment.
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Figure 6. MCG3/3 Vuer(s) and Avf(s) calculated with redundant 34
internal coordinates.
-36 .
potentiaI,Vg(s), is defined as the sum of the potential energy R
along the MEPYvep(9), plus the zero-point energy of the bound -38 AN
vibrational modes; the relative vibrationally adiabatic ground-
state potentiaIAVaG(s), is defined for bimolecular reactions as -40 .
0 1 2 3 4 5

VS(S) minus the zero-point energy for reactattsA single

maximum occurs in the ground-state adiabatic potential curve,
Vf(s), near the transition state, as opposed to the double pea

found by Espinosa-Gamiand Corchad®? this difference

probably arises from the difference in potential energy surfaces.

The Vyvep(s) and Avg(s) potential energy curves for the

MCG3/3 potential energy surface have been plotted for non-
redundant internal coordinates and redundant internal coordi-

nates in Figures 5 and 6, respectively.

3. Results

3.1. Forward Rate Constants for the OH+ CH,4 — H,0O
+ CHj3 Reaction. The forward rate constants for the MCG3/3,
MC3BB, MC3MPW, M06-2X/MG3S, BB1K/MG3S, and
MPW1K/MGS3S levels of theory have been calculated and
compared to the published three-parameter fits of Baulch®ét al.
(valid from 240 to 2500 K) and Demore et ®@l(valid from

et al. evaluation foll > 240 K). This rate constant comparison

1000/T

kFigure 8. Forward rate constants calculated with redundant internal
coordinates with the RW(CH-H;0) torsional treatment.

be considered to yield an upper bound on the contribution of

the torsional mode. The results of these calculations are in

Figures 7 and 8 and are tabulated in the Supporting Information.

Even using the torsional method that maximizes the rate
constant, the calculated rate constants for the higher-level
multilevel methods are too low compared to the recommended
values in the 206300 K range. The use of the C-scheme with
the CH,—OH partitioning lowers the rate constant about 25%
relative to the values given. The use of redundant internal
coordinates yields better agreement of the forward rate constants
with the recommended results than the use of nonredundant
internal coordinates. As compared to the 2005 evalu&fion,
nonredundant-coordinate MCG3/3 calculations are too high by
200 to 420 K, although superseded by the more recent Baulcha factor that decreases from a factor of 4.1 at 250 K to a factor
of 1.3 at 1000 K, and this calculation agrees with experiment
has been carried out using the nonredundant and redundantvithin 14% for 1506-2500 K. With redundant internal coor-

internal coordinates discussed in section 2; the R-scheme withdinates, the calculations are too low by factor decreasing from
CHz—H,O partitioning has been used because it yields the 1.4 at 250 K to 1.04 at 700 K and too high by a factor that
largest free-internal-rotator partition function and therefore can increases from 1.1 at 1000 K to 1.7 at 2500 K. One can hardly
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Figure 9. '2C/°C kinetic isotope effect with MCG3/3 and other  rigyre 11. 12CA%C kinetic isotope effect with MCG3/3 and other
electronic structure levels by using nonredundant internal coordinates g|ectronic structure levels by using nonredundant internal coordinates

and the RW(Ch—H;0) torsonal treatment. and the CW(CH—H-0) torsonal treatment.
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Figure 10. '2C/A3C kinetic isotope effect with MCG3/3 and other
electronic structure levels by using nonredundant internal coordinates
and the RW(CH—OH) torsonal treatment.

Temperature (K)

Figure 12. 2C/'3C kinetic isotope effect with MCG3/3 and other
electronic structure levels by using nonredundant internal coordinates
and the CW(CH—OH) torsonal treatment.

ask for better agreement of theory and experiment over such a 1.035
wide temperature range. 1.030 | - :;‘1":(1':4/MG35
3.2. 12C/13C Kinetic Isotope Effect. The 12C/A3C kinetic 1005 | ¢ ____MC3B/B 635
isotope effect for the OH- CH; — HO + CHs reaction has 1000 | [ MC3MPW
been measured experimentally at 296 K. The published results : ‘\ MO6-2X/MG3S
are 1.0039 by Cantrell et &land 1.0054 by Saueressig et‘al. Bl SN MCG3/3
This effect also has been studied theoreti¢dff in recent 1.010 |
years, including previous wofky the present authors. 1.005 }
The 12C/13C kinetic isotope effect has been calculated in the 1.000 |
present work for both sets of internal coordinates, each with 0.995 |
the four types of treatment for the torsional mode. The four '
torsional treatments considered are the RW-scheme wi+-CH 0.990
H,O partitioning, designated RW(GHH-0); the RW-scheme 0.985 . : L . !
with CH4;—OH partitioning, designated RW(GHOH); the 0 500 1000 1500 2000 2500
CW-scheme with Ck-H,0O partitioning, designated CW(GH Temperature (K)

H,0); and the CW-scheme with GHOH partitioning, desig- Figure 13. 2C/3C kinetic isotope effect with MCG3/3 and other

nated CW(CH—OH). The results calculated using nonredundant electronic structure levels by using redundant internal coordinates and

internal coordinates are found in Figures . The results "€ RW(CH=H:0) torsonal treatment.

calculated using redundant internal coordinates are found in (CHz;—H20), RW(CH,—OH), and CW(CH—H,0O) torsional

Figures 13-16. The data from which Figures-94.6 have been methods using both nonredundant and redundant internal

constructed have been tabulated in the Supporting Information. coordinates have been plotted in Figure 17 and tabulated in the
3.2.1. MCG3/3 ResultdICG3/3 is the highest level of theory ~ Supporting Information. The results based on CW(EBH)

that has been applied to tA#C/13C kinetic isotope effect. The  torsional treatment have not been included since the KIEs with

KIEs calculated with the MCG3/3 level of theory for the RW- this torsional method are virtually identical to those obtained
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0.980 | Figure 17. 2C/AC kinetic isotope effect with the MCG3/3 level of
0.975 2 1 ) \ , theory. The RW(Ch-H;0), RW(CH,—OH), and CW(CH—-H0)
’ torsonal methods with nonredundant internal coordinates are labeled
1 2 2
0 500 T 000 150?( 000 500 R1-Non, R2-Non, and C1-Non, respectively. The RW{(EH-0), RW-
emperature (K) (CH,—OH), and CW(CH—H,0) torsonal methods with redundant
Figure 14. 12C/C kinetic isotope effect with MCG3/3 and redundant internal coordinates are labeled R1-Redun, R2-Redun, and C1-Redun,
internal coordinates and the RW(GHOH) torsonal treatment. respectively.
1.045 TABLE 10: 12C/13C Coordinate System Correction and the
1040 | — — MPW1K/MG3S Corrected Kinetic Isotope Effects as Obtained with the
: ! —--—- BB1K/MG3S MCG3/3 Level of Theory?
1.035 " ~— " MC38B T R1- R2- Cl- MCG3/3 MCG3/3
toso b L EEZ';';BW (K) correction Corr  Corr  Corr (corrected) (H&H)
1.025 | \“\ MO6-2X/MG3S 200 0.0149 1.0041 0.9945 1.0153 1.0081 1.0097
! 225 0.0144 1.0011 0.9914 1.0121  1.0049 1.0066
1.020 | 250 0.0133 0.9996 0.9900 1.0104  1.0034 1.0050
1015 | 275 0.0119 0.9990 0.9894 1.0096  1.0027 1.0043
296 0.0106 0.9992 0.9895 1.0094  1.0028 1.0043
1.010 } 300 0.0104 0.9992 0.9896 1.0095 1.0028 1.0043
1.005 | 350 0.0086 0.9989 0.9893 1.0089 1.0024 1.0039
’ 400 0.0069 0.9993 0.9897 1.0089  1.0026 1.0041
1.000 . : : : | 500 0.0047 0.9997 0.9901 1.0088  1.0029 1.0043
0 500 1000 1500 2000 2500 600 0.0044 0.9983 0.9888 1.0075 1.0015 1.0029
Temperature (K) 700 0.0053 0.9965 0.9871 1.0077  1.0004 1.0021

1 .0052 .995 .9856 1.0026 0.9977 0.998
Figure 15. 12C/*3C kinetic isotope effect with MCG3/3 and redundant 1g88 8.0859 8.8932 88232 1_8813 0.9860 0_9372

internal coordinates and the CW(gHH,0) torsonal treatment. 2000 0.0074 0.9912 0.9817 1.0037 0.9955 0.9974
2400 0.0067 0.9917 0.9822 1.0018  0.9952 0.9967

1040 r 2500 0.0068 0.9916 0.9822 10018 09952  0.9967
— — MPW1K/MG3S
1.035 ———-MC3BB aThe R1-Corr, R2-Corr, and C1-Corr schemes are defined in egs 8,
o0l U e MC3MPW 9, and 10, respectively. MCG3/3(corrected) is defined in eq 11. MCG3/
Y MCG3/3 3(H&H) is defined in the last paragraph of subsection 3.2.1.
1.025 b & —— M06-2X/MG3S
—--—- BB1K/MG3S the merits of redundant internal coordinates; however, the choice
1.020 of coordinates as those that bypass the transferring atom (as
1015 L used here) has not been well-studied, and the appropriateness
is unknown. As noted in subsection 3.1, the use of redundant
1.010 | internal coordinates for the forward rate constants yields better
1.005 | agreement with the recommended results than the use of
nonredundant internal coordinates.
1.000 L : L L ] The differences between the calculated KIEs using the same
0 500 1000 1500 2000 2500 torsional method but with the two different internal coordinate
Temperature (K) systems were calculated. This was done for each torsional
Figure 16. *2C/*3C kinetic isotope effect with MCG3/3 and redundant method found in Figure 17, and the average of these differences
internal coordinates and the CW(GHOH) torsonal treatment. for each temperature is defined as the coordinate correction value

with the CW(CH—H,0) torsional method. Figure 17 clearly ~and is listed in Table 10
demonstrates the dramatic effect that a change in torsional
method or coordinate system can have on the calcufé@d Correction]) = 1 [KIE(R1-Non,T) — KIE(R1-RedunT) +
13C kinetic isotope effect. 3

The tables and figures show that the KIEs calculated with KIE(R2-NonT) — KIE(R2-RedunT) +
redundant internal coordinates have smaller values and are more KIE(C1-Non;T) — KIE(C1-RedunT)] (7)
erratic than the KIEs calculated with nonredundant internal
coordinates. It is clear that the redundant internal coordinate where the RW(Ch—H,0), RW(CH—OH), and CW(CH-—
calculations suffer from a lack of precision; however, the smooth H,0) torsional methods with nonredundant internal coordinates
curves from the nonredundant internal coordinate calculations are labeled R1-Non, R2-Non, and C1-Non, respectively, and
may be systematically incorrect. Previous wirkas shown the RW(CH—H»0), RW(CH,—OH), and CW(CH—H,0)



11714 J. Phys. Chem. A, Vol. 111, No. 45, 2007 Ellingson et al.

TABLE 11: !2C/*C Kinetic Isotope Effect Ratios for the 1.020
MCG3/3 Level of Theory ——-C1-Corr

T RLNon/ R2Non/ RL-Redun/ R2-Redun/ 1015 f T reesan

(K) Cl-Non  Ci-Non  Ci-Redun  Ci-Redun \ - MCG3/3(corrected)

—-—-R1-Corr

200 0.989 0.980 0.989 0.977 1010 b\

225 0.989 0.980 0.990 0.979

250 0.989 0.980 0.991 0.980 1005 }

275 0.990 0.980 0.993 0.982

296 0.990 0.980 0.994 0.983 1000 |

300 0.990 0.980 0.994 0.984

350 0.990 0.981 0.993 0.984

400 0.990 0.981 0.990 0.982 0995 |

500 0.991 0.982 0.983 0.976

600 0.991 0.982 0.981 0.974 0990 |

700 0.989 0.980 0.982 0.974

1500  0o% 083 0987 0.975 —
2000 0.988 0.978 0.987 0.978 0 50 1000 1500 2000 2500
2400 0.990 0.981 0.987 0.978 Temperature (K)

2500 0.990 0.981 0.987 0.978 Figure 18. 2C/3C kinetic isotope effect with R1-Corr, C1-Corr,

MCG3/3(corrected), and MCG3/3(H&H).
torsional methods with redundant internal coordinates are labeled

R1-Redun, R2-Redun, and C1-Redun, respectively. The coor-0btained using the RW(CHH20) and CW(CH—H-0) tor-
dinate correction has been subtracted from the smooth KIEs Sional methods with the coordinate-corrected MCG3/3 level of
calculated with nonredundant internal coordinates to define the theory. A quantitative value for a correction to the torsional

R1-Corr, R2-Corr, and C1-Corr adjusted estimates of the KIEs Mode can be determined using the free-rotor partition functions.

The KIE for the torsional mode of 0.9948, as determined using
KIE(R1-Corr,T) = KIE(R1-Non,T) — Correction() the frequency from the normal-mode analysis to determine the
(8 moment of inertia, falls 35% of the way between the KIE for
. . the torsional modes using the RW(gHH,0) and CW(CH—
KIE(R2-CorrT) = KIE(R2-NonT) — Correction]) 9) H,0) torsional methods. Therefore, the coordinate and torsional
corrected MCG3/3 KIE is defined as

KIE(C1-CorrT) = KIE(C1-Non]T) — Correcuon@(lo) MCG3/3(correctedi= KIE(R1-Corr)+

0.35[KIE(C1-Corr)— KIE(R1-Corr)] (11
The resulting corrected KIEs are also tabulated in Table 10. [KIE( ) ( 1 (L)

The experimentally determined KIE lies between the R1-Corr where KIE(R1-Corr) is the coordinate-corrected KIE using the
and the C1-Corr values. It is valuable to examine the ratios of RW(CH;—H»0) torsional method and KIE(C1-Corr) is the
the KIEs with different torsional methods and compare them coordinate-corrected KIE using the CW(gt+H,0) torsional
to the KIE contributions of the torsional mode that are listed in method. The KIEs for MCG3/3(corrected) are listed in Table
Tables 4 and 5. The KIE ratios have been tabulated in Table 10. The KIEs for R1-Corr, C1-Corr, and MCG3/3(corrected)
11. These overall KIE values are heavily correlated with the have been plotted in Figure 18.

KIE contributions of the torsional mode. The KIE ratio for the The values calculated using the MCG3/3(corrected) method
R(CH;—H20) and C(CH—H0) torsional method alone is are very close to the experimental values (1.003 vs 00205
0.992, and the KIE ratio for the complete system using the sameat 296 K). The fact that the calculated values are slightly too
torsional methods is about 0.990 across the temperature rangelow indicates that the MCG3/3(corrected) method should contain
The KIE ratio for the R(CH—0OH) and C(CH—H-0) torsional a greater contribution from the C-scheme than it currently does.
method alone is 0.984, and the KIE ratio for the complete system Previous worR?* gives support to this conclusion. It has been
using the same torsional methods is close to 0.980 across thedetermined that the C-scheme yields better effective reduced
whole temperature range. moments of inertia for a one-dimensional internal rotation,

The KIE for the torsional mode is seen above to be of critical especially for off-balance molecules. However, the C-scheme
importance in determining the KIE. Insight into this factor can does not itself determine the correct axis of rotation; rather, it
be obtained from the normal-mode analysis at the saddle point.requires a user-defined axis, and it compensates for changes in
The frequencies associated with the torsional mode at the saddlghe center of mass resulting from rotation about the user-defined
point are 38.44 and 38.24 crhfor the 12C and3C systems, axis. (The correct torsional motion does not move the center of
respectively. When the torsional potential is represented by amass of the system.) The C-scheme yields very reasonable
simple cosine curve, which is appropriate for this system, eq 6 effective reduced moments of inertia; however, the lack of a
shows that the frequency and the moment of inertia are related.dynamical criterion for determining an appropriate axis of
All other variables in eq 6 are unchanged between'#Geand rotation is likely why the C-scheme does not correctly predict
the 13C systems; therefore, the ratio of the frequencies can bethe KIE and a why a mix of R-scheme and C-scheme KIEs is
used to yield a ratio of 0.9896 for the moment of inertia. required to reproduce the experimental results.

Equation 5 can then be used to determine the ratio of4@e The MCG3/3 corrected half and half method, abbreviated
and13C free-rotor partition functions, yielding 0.9948. MCG3/3(H&H), has been adjusted to reproduce the available

If the resulting KIE for the torsional mode of 0.9948 is experimental measurements, yielding a KIE of 1.0043 at 296
correct, then this indicates that the correct value for the KIE of K. MCG3/3(H&H) is defined as the average of the KIE(R1-
the forward reaction lies between the results obtained using theCorr) and KIE(C1-Corr), which is equivalent to replacing 0.35
RW(CH;—H20) and CW(CH—H-0) torsional methods. Indeed, with 0.50 in eq 11. The rate constants for the MCG3/3(H&H)
the experimentally determined KIE does lie between the values method have been listed in Table 10 and plotted in Figure 18.
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1.085 TABLE 12: First Factorization of the 2C/'3C Kinetic
1030 \ — — MPW1K/MG3S Isotope Effect at 296 K
' i T 3?;22@4635 contributior? CW/(CH;—H0) RW(CH—H-0)
i -
1.025 ¢ S — MC3MPW Wb 0.980 0.973
1.020 b '\ MCG3/3 Nrot 0.971 0.971
\ M06-2X/MG3S Ntrans 1.047 1.047
1015 b 1) pot 1.003 1.000
1CcRCM 1.008 1.013
1.010 b CVT/SCT KIE® 1.007 1.001
ICVT/SCT KIE® 1.007 0.996
1.005 | aEach#n denotes a factor in the MCG3/3 KIE. The factorization
1.000 | analyses in this table and Table 13 are based on redundant internal
coordinates.? Product of the above factors, which equals the CVT/
0.995 | SCT KIE. ¢Kinetic isotope effect by improved canonical variational
transition state theory with the SCT transmission coefficient.
0.990 . 1 1 < ]

0 500 1000 1500 2000 2500

studied here. However, in the absence of experiment, theory
Temperature (K)

can contribute the most reliable values to be used in atmospheric
Figure 19. *2C/*3C kinetic isotope effect using coordinate and torsional  climate models, and we propose that the MCG3/3(H&H) results
corrected methods. for the 12C/A3C kinetic isotope effect should used in climate
models.

3.2.4. Comparison to C CH,4. Another reaction whos&C/
3C KIE is very important for the understanding what the
isotopic composition of atmospheric methane tells us about the
inferences that may be drawn from trace gas analysis of sampled
air masses is the reaction of chlorine atoms with metfi&ne.
The'2C/13C KIE for this reaction has been measured to be 1.06
at room temperatur®. Because the critical torsion that com-
plicates the present work does not appear in thetQCH,

3.2.2. Results for Other Lels of TheoryThe values for the
KIEs calculated using the coordinate and torsional corrected ;.
method for each level of theory have been plotted in Figure 19
and tabulated in the Supporting Information. The coordinate
and torsional corrections were calculated in the same manner
as egs 711, where the individual terms were calculated for
each level of theory. The coordinate and torsional corrected
method yields reasonable KIE values; however, the other levels
of theory yield systematically higher values than the MCG3/3. reaction, its temperature dependence is easier to model
This is most likely the result of a less accurate PES than the ' oo . L '
MCG3/3 PES, resulting in a less accurate MEP and less accurate 3'2'5_' Contributions to KIEsTo gain more |n3|ght |r_1to hOV.V
frequencies, which have a direct impact on the CVT rate each kind of degree of freedom, in particular vibrations (vib),

calculated using eq 1 as well as an impact on the SCT tunnelingrc’t""tifjns (rot), ranslations (trans), and the reaction cgordinate,
factor. contributes to thé?C/A3C KIE, we performed a factorization

The MCG3/3 level of theory requires more C-scheme analysi§3 for this KIE at 296 K. The contribution of the reaction

character than the other levels of theory to reproduce the coordinate is further factored into a part from the potential
experimental results. One particularly dangerous feature of the €N€r9Y (Pob) and a part from coupled reaction-coordinate motion

R-scheme is its ability to significantly alter the calculated rate (whicrlll_vvir:l bﬁ Iabelﬁd CECM)' Thk? factor? are Ii_séed _in Tabl%
constants, which can result in fortuitous cancellation of error. 12, which shows that the contrl _utlons rom Vvi ratlon_s an
As discussed in subsection 3.2.1, previous research indicatedotations to th_e KIE are less than unity, whereas th_e contributions
that the C-scheme yields better moments of inertia, so it is oM translation and CRCM are greater than unity.

unlikely that torsional mode requires predominately R-scheme ~ The CRCM factor is the difference between the CVT/SCT
character. The MCG3/3 level of electronic structure theory is result and the CVT result. This has three contributions: classical

vastly superid to any other level of the theory that has been 'eflection, nonclassical reflection, and nonclassical tunneling.
used to study thé?C/A3C kinetic isotope effect, including the ~ Tunneling is usually the most important of these contributions
other levels of theory used in the present work. Therefore, the (that is, the factor deviating the most from unity), and often
MCG3/3 values are the most reliable results at the present time.0ne just labels the CRCM factor as tunneling,{ instead of

3.2.3. Temperature Dependence of the KTEe calculated ~ ”/crcw), but for heavy-atom kinetic isotope effects we need to
KIE depends on temperature, weakly at high temperatures butPay attention even to factors that are close to unity because the
more so at lower temperatures. In the 2800 K temperature ~ KIE itself is so close to unity. The classical reflection is
range, the KIE decreases as little as 5 ppt for the MCG3/ a_ccounted_ f_or by the qlassmal adiabatic ground_-st_ate transmis-
3(corrected) level of theory and as much as 13 ppt for the BB1K/ Sion coefficient, that is, by the“VT'*A¢ transmission coef-
MG3S(corrected) level of theory. The MPW1K/MG3S(corrected) ficient,1364which corresponds to classical reflection by the part
level of theory shows a temperature dependence at highof Vs(s) thatis higher thaivg(sg™T), wheres] " is the location
temperatures but behaves strangely at lower temperatures du@f the maximum of the generalized free energy of activation at
to precision problems associated with nonredundant internal the temperature under consideration. (Thus, if the maximum of
coordinates. The rate constants calculated at the MPW1K/MG3SVs(s) were ats."", then the CVT/CAG factor would be unity.)
level of theory show a clear temperature dependence whenThe CVT/CAG factors at 296 K for redundant internal
calculated with nonredundant internal coordinates. coordinates and the GHH O partition are 0.9796 (CWZC),

The low-temperature range where the KIE is changing rapidly 0.9796 (CW,*3C), 0.9249 (RW,'°C), and 0.9202 (RW}*C).
is the most important one for atmospheric models, yet a We should keep in mind that a change of 0.001 kcal/mol in the
temperature dependence of the KIE has not yet been experi-interpolated maximum value Mg(s) makes a change of 2 ppt
mentally determined. Experimental measurements of the tem-in the calculated rate constant at 296 K, and these CVT/CAG
perature dependence for tRE/A3C kinetic isotope effect would  factors are uncertain by at least that amount. The nonclassical
greatly aid in the determination of the validity of the theories contributions to the CRCM factor are 3.439 (CW or RYAC)
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TABLE 13: Second Factorization of the'?C/*3C Kinetic neling'”-6’would not change the result for this reaction. On the
Isotope Effect at 296 K basis of validation studie®; 70 the estimated residual error in
contribution CW(CH-H;0)  RW(CH—H;0) the rate constant due to tunneling is about 30% at room
Z7PE 0.988 0.988 'gemperature. Most of this error shon_JId cancel out in e/ _
finite-temperature torsion 1.000 0.987 3C KIE; however, as seen in subsection 3.2.5, factors associated
CRCMP 1.008 1.013 with a consistent treatment of near-threshold energies can make
all other 1011 1.013 a differences of a few parts per thousand in the KIE.
KIE® 1.007 1.001

@ Zero-point energy at the canonical variational transition state. 4 Conclusions
b Factor from coupled reaction-coordinate motidRroduct of the above

factors, which equals the CVT/SCT KIE. The effects of the coordinate system and of the method used
for evaluating the contribution of the torsional mode have been
and 3.414 (CW or RWAC). One way to estimate the reliability  stydied for the OH+ CH; — H,O + CHjs reaction and the
of the calculations is to redo them with improved canonical corresponding?C/A3C kinetic isotope effects. It has been found
variational theory (ICVT) because ICVT involves a more that the Cartesian coordinate system does not yield physical
consistent treatment of the threshold energies and does Nokrequencies along the MEP, resulting in the CVT dividing
require a CAG factor. We did this for the two cases in Table gyrface being near the saddle point and in little variational effect.
12. For the RW case, the ICVT/SCT rates agree with the CVT/ calculations with nonredundant and redundant internal coor-
SCT rates to 7.5% fol’C and to 8.0% for'3C. This 5 ppt  dinates show that the CVT dividing surface should fall on the
difference lowers the predicted KIE by 5 ppt, as shown in Table reactant side of the saddle point and that there should be a
12. For the CW case, however, the predicted KIE does not gignjficant variational effect. The nonredundant internal coor-
change. ) ] dinate system yields less physical frequencies than the redundant
Table 12 is not the only way to factorize the KIE. One can, jnternal coordinate system, resulting in a variational effect that
for example, also factorize it as due to zero-point energy, finite- is too large and a forward rate constant that is too small. It has
temperature effect of the torsion, coupled reaction-coordinate peen determined that a redundant set of internal coordinates,
motion, and all other factors. This factorization is given in Table including coordinates that involve the donor and acceptor atoms

13 for the CW(CH—-H.0) and RW(CH—-H.0) torsional  and pypass the transferring hydrogen, is required to adequately
treatments with redundant internal coordinates, based onmgdel the system.

MCG3/3.

3.2.6. Source of ErrorsThere are many possible sources of
errors in this kind of calculation. These include (a) incomplete
treatment of electron correlation, (b) torsional anharmonicity,
especially the effective reduced moment of inertia, (c) coupling
between vibration and rotation, and (d) more accurate treatment
of coupled reaction-coordinate motion. We will now briefly
consider these four sources of possible error:

(a) We have treated the electronic structure by direct dynamics
at the MCG3/3 level. The direct dynamics scheme eliminates
errors due to interpolation and fitting, so any error due to
electronic structure comes from the choice of level. The
MCG3/3 level is the highest level of non-density-functional
direct dynamics that has ever been applied to a reaction wit

The KIE depends on the coordinate system, but the KIEs
calculated with the redundant internal coordinate system suffer
from a lack of precision. Therefore, a systematic correction has
been determined and applied to the nonredundant internal
coordinate results.

The method used to model the torsion plays a critical role
for both the forward rate and the KIE. The free-internal-rotor
partition function apparently yields more physical results than
the hyperbolic tangent interpolation method for a hindered
rotation that has a very low barrier height. The £H1—OH
transition state is in the free-internal-rotor limit for the temper-
ature range being studied, so the free-internal-rotor partition
p function has been used for the torsional mode rather than an

seven or more atoms. A recent validation s&dyf MCG3/3 interpolatory partition function. The placement of the transfer-
for hydrogen transfer reactions shows a mean unsigned errorind hydrogen atom into one of the two rotating groups is
of 0.76 kcal/mol, as compared to 0.64 kcal/mol for CCSD(T)/ 'eauired for the torsional methods, and the placement affects
aug-cc-pVTZ, which is sometimes considered the gold standard,the partition functions, but it is not clear which partition is more
but which is unaffordable for direct dynamics. physical. o _ o

(b) The torsional treatment has been validateagainst Studies of the KIE indicate that the torsion motion is best
converged quantum mechanical vibrationadtational partition ~ @pproximated using a mix of the curvilinear and rectilinear
functions for HO, and six isotopmers, which is the only torsional schemes with the GHH,O partitioning. This has been
molecule with a torsion for which such accurate calculations Verified using the frequencies from normal-mode analysis at
are available. The errors are dominated by uncertainties in thethe transition states of théC and**C systems to determine an
torsional reduced moment of inertia, and for the present problem approximate ratio of the free-internal-rotor partition functions
that is essentially the only source of error. Unfortunately though, of the torsional mode. Calculations using a correction for both
the 12C/A3C KIE is very sensitive to the choice of moment of the coordinate system and the torsion show that the MCG3/
inertia. That is why the present study devoted so much effort 3(corrected) calculated KIEs are within approximatety2Ippt
to this aspect of the problem. The residual error is impossible Of the experimental values. The MCG3/3(H&H) method has
to estimate but is partly reduced by our semiempirical adjust- Peen developed and yields results within experimental error. A
ments of subsection 3.2.1. temperature dependence of the KIE has been determined, and

(c) Vibration—rotation coupling® is hard to include, and its it is recommended for use in climate modeling until experi-
effect on reaction rates is very uncertain. It is an important topic mental measurements of the temperature dependence of the KIE

for future study. become available.
(d) Although we used the SCT tunneling approximation, we
expect, based on direct dynamics calculatténgth a lower- Acknowledgment. This work is supported in part by the U.

level potential surface, that optimized multidimensional tun- S. Department of Energy (Grant No. DOE-FG02-86ER13579).
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