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We present a new methodology, called “direct ab initio dynamics, ” for calculations of thermal rate 
constants and related properties from first principles. The new method is based on full variational 
transition state theory plus multidimensional semiclassical tunneling transmission coefficients with 
the potential energy information to be calculated from an accurate level of ab initio electronic 
structure theory. To make this approach practical, we propose the use of a focusing technique to 
minimize the number of electronic structure calculations, while still preserving the accuracy of the 
dynamical results. We have applied this method to study detailed dynamics of the hydrogen 
abstraction reaction, CH,+H++CHs+H,, and obtained excellent agreement with the available 
experimental data for both the forward and reverse rate constants for a range of temperatures from 
300 to 1500 K. In these calculations, the potential energy surface was calculated at the quadratic 
configuration interaction including single and double excitation (QCISD) level of theory using the 
triple-zeta plus polarizations 6-3 llG(d,p) basis set. 

I. INTRODUCTION 

The prediction of reaction rates from first principles is a 
major goal and has been one of the grand challenges in theo- 
retical chemistry. For this reason, direct dynamics methods 
recently has been received great attention.lm2’ In the direct 
dynamics approach, all required energies and forces for each 
geometry that is important for evaluating dynamical proper- 
ties are obtained directly from electronic structure calcula- 
tions. The main advantage of this approach is that it elimi- 
nates the need of an accurate analytical potential energy 
function (PEF) used in many conventional dynamical meth- 
ods. The development of such an analytical potential energy 
function is not a trivial task, particularly in the design of its 
functional form, and even having fitted the functional form 
to available experimental or accurate theoretical information, 
no rule exists for ensuring the correct global topology. 
Hence, direct dynamics approach offers an alternative if not 
only for dynamical studies of complex systems. Our contri- 
butions to this area recently include the development of two 
new methodologies for calculating thermal rate constants and 
related properties. One approach is to estimate thermal rate 
constants and tunneling contribution using the interpolated 
variational transtion state theory (VTST) models20923*24 when 
limited accurate ab initio electronic structure information is 
available. Difficulties, such as mode crossing, however, often 
arise when one attempts to interpolate limited information in 
the region near the saddle point to the reactants and produts. 
The other approach22’2s*28.2g is to carry out full VTST 
calculations2830-35 with multidimensional semiclassical tun- 
neling approximations using the semiempirical molecular or- 
bital Hamiltonians at the neglect diatomic differential over- 
lap (NDD~) leve136-38 with specific reaction parameters. In 
this approach we use the semiempirical molecular orbital 
Hamiltonian entirely as a fitting function with parameters 

fitted to accurate ab initio molecular orbital (MO) results or 
experimental data for a specific reaction. This approach has 
been successfully applied to various chemical reactions and 
has shown considerable promise.22~25,28,2g However, adjusting 
the original NDDO parameters, such as AM1 or PM3, is not 
always a simple task, particularly when the original NDDO 
potential energy surface differs significantly from the refer- 
ence accurate ab initio one. Furthermore, adjusting the 
NDDO parameters undoubtedly modifies the electronic prop- 
erties of the system calculated from the wave function such 
as the electrostatic potential, dipole moment, etc. Though 
these properties are not needed for dynamical calculations, 
they are sometimes of interest as functions of the reaction 
coordinate. 

In the present paper, we present a new methodology, 
called “direct ab initio dynamics” that allows studies of de- 
tailed dynamics of chemical reactions from first principles. 
This method is based on a full variational transition state 
theory30-34,39-54 plus multidimensional semiclassical adia- 
batic ground-state tunneling approximations30-35 with the 
potential energy information to be calculated directly from a 
sufficiently accurate level of ab initio molecular orbital 
theory. To make this approach practical for complex systems, 
we introduce a focusing technique to minimize the number 
of electronic structure calculations while preserving the ac- 
curacy of the dynamical results. To illustrate the applicability 
of the new method, we have applied it to study detailed 
reactive dynamics of a fundamentally important reaction, 
namely the CH,+H+CH,+H, reaction. 

The reaction CH,+H+-CH,+H, and its reverse have 
served as a prototype reaction involving polyatomic mol- 
ecules and have played an important role in the theoretical 
and experimental development of chemical kinetics.5s’56 In 
addition to their intrinsic importance to combustion kinetics, 
they are of fundamental interest to organic reaction mecha- 
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nisms. For this reason, CH,+H reaction has been the subject 
of intense theoretical and experimental investigations. 

Experimentally, the abstraction reaction CH,+H’++CH, 
+HH’ has been observed as the dominant process at low 
energies with the activation energy of 11.8 kcal/mol. How- 
ever, the exchange reaction CH4+H’ctH’CH3+H also oc- 
curs at high energies with the threshold of the order 3 kcal/ 
mol. Due to its importance and advances in experimental 
methods, thermal rate constants for both the forward and 
reverse reactions of CH,+HttCHs+H, have been remea- 
sured several times by different group~~~-~’ in the past and 
are generally with a good reproducibility especially for the 
forward reaction. For the reverse reaction, the agreement is 
not as good. 

Theoretically, there have been numerous studies of the 
CH,+HHCH3+H2 reaction to examine its potential energy 
surface (PES) by both ab initio electronic structure calcula- 
tions and semiempirical treatments of the global PES, and to 
model its detailed dynamics by trajectory and semiclassical 
variational transition state theory (VTST) calculations. We 
briefly mention only the recent studies here. 

The most accurate ab initio calculations to date were 
from the work of Rraka, Gauss, and Cremerg9 using the 
couple cluster method which includes single and double ex- 
citations with a perturbative treatment of triple excitations, 
CCSD(T) with a quadruple zeta plus polarization basis set. 
Two earlier works were from Walch and co-workersgo-g2 us- 
ing the polarization configuration interaction (Pol-CI) 
method and from Schlegel and co-workersg3 using the spin 
projected Mijller-Plesset perturbation theory. These studies 
computed the geometries and vibrational frequencies of the 
transition state and equilibrium structures, and the barrier 
height for the abstraction reaction. Subsequently, the results 
were then used to calculate the forward and reverse rate con- 
stants using conventional transition state theory (TST) with 
Wigner’s lowest-order tunneling correction (TST/W). Note 
that the Wigner’s correction is only valid near the saddle 
point region, however, more accurate treatments for tunnel- 
ing require more information on the PES. 

Although the development of semiempirical analytical 
global PEF is a laborious task, there exists three sets of ana- 
lytical PEF’s which incoporate all degrees of freedom for the 
CH,+H+CH,+H, reaction. The earlier two PEF’s devel- 
oped originally by Rafp4 and by Bunker and co-workers” to 
model both the abtraction and exchange reactions have been 
used for trajectory calculations. The later PEF’s known as 
Jl , J2, and J3 were introduced by Truhlar and co-workers.g6 
These PEF’s were calibrated to ab initio electronic structure 
results, experimental thermochemical data, vibrational fre- 
quencies, reaction rate constants, Arrhenius parameters, and 
kinetic isotope effects (KIE) for the abstraction reaction only, 
and have been used with variational transition state theory to 
study temperature dependencies of the thermal rate constants 
and kinetic isotope effects of the abstraction reaction.96’97 

Although the Jl, J2, and J3 PEF’s have fixed many 
deficiencies pointed out by Steckler et al.” in the earlier two 
PEF’s, there is still an uncertainty in the barrier width that 
may result from the accuracy of the semiclassical tunneling 
method which was used to calibrate them, In the present 

study, since the potential energy surface is calculated at a 
sufficiently accurate level of ab initio electronic structure 
theory, particularly at the quadratic configuration interaction 
including single and double excitation (QCISD) levelg9 of 
theory with the triple zeta plus polarization 6-3 1 lG(d,p) ba- 
sis set,iss the present results should provide information 
which may be compared with the results from the previous 
analytical PEF’s and which may be used to calibrate more 
accurate PEF’s for future trajectory simulations where poten- 
tial information if calculated directly at the same level of 
accuracy may still be prohibitively expensive. 

In Sec. II, we give an overview of the methodologies for 
both the VTST and multidimensional semiclassical tunneling 
methods used in this study. Computational details for elec- 
tronic structure calculations of the minimum energy path in- 
formation and for VTST calculations are given in Sec. BI. 
The results and discussion are given in Sec. IV. Finally, a 
summary of the present study is given in Sec. V. 

II. THEORY 

A. Variational transition state theory 

Variational transition state theory is based on the idea 
that by varying the dividing surface along a reference path to 
minimize the rate, one can minimize the error due to “re- 
crossing” trajectories. In the present study, the reference path 
is the minimum energy path (MEP) which is defined as the 
steepest descent path from the saddle point to both the reac- 
tant and product directions in the mass-weighted Cartesian 
coordinate system. Most previous applications of VTST 
however were done in the mass-scaled Cartesian coordinate 
system. It is important to point out that the choice between 
the mass-weighted .or mass-scaled Cartesian coordinate sys- 
tem has absolutely no effects on the calculated observables. 
It is merely for the conveniences in interpreting the interme- 
diate results. Moreover, if we choose the reduced mass, ,u, to 
be 1 amu in the mass-scaled Cartesian coordinate system, 
then both the mass-weighted and mass-scaled coordinate sys- 
tems yield numerically identical intermediate results. The re- 
action coordinate s is then defined as the distance along the 
MEP with the origin located at the saddle point and is posi- 
tive on the product side and negative on the reactant side. 
For a canonical ensemble at a given temperature T, the ca- 
nonical variational theory (CVT) rate constant for a bimo- 
lecular reaction is given by30-34,46*47 

kCVT( T) = min kGT( T,s), (1) 

where 

cl- e”<m -p”MEP(S) kGT(T,s)=ph apR(T) e . (2) 

In these equations, kGT(T,s) is the generalized transition 
state theory rate constant at the dividing surface which inter- 
sects the MEP at s and is orthogonal to the MEP at the 
intersection point. (+ is the symmetry factor accounting for 
the possibility of more than one symmetry-related reaction 
path. For the CH4+H+-CH3+H2 reaction, (+ equals to 4 for 
both the forward and reverse directions. p is (k,T)-‘, where 
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kb is the Boltzmann’s constant; h is the Plan&s constant. 
isR( T) is the reactant partition function (per unit volume for 
bimolecular reactions). V t,,rap(s) is the classical potential en- 
ergy (also called the Born-Oppenheimer potentia1) along the 
MEP with its zero of energy at the reactants, and QGT( T,s) is 
the internal partition function of the generalized transition 
state at s with the local zero of energy at Vmp(s). Both 
@(7’) and QGT(T,s) partition functions are approximated 
as products of electronic, vibrational, and rotational partition 
functions. For the electronic partition function, the general- 
ized transition state electronic excitation energies and degen- 
eracies are assumed to be the same as at the transition state. 
For the reaction studied here, we assume that there are no 
low-lying excited states at the saddle point. For rotations, 
since the rotational energy levels are generally closely 
spaced, little accuracy is lost if we approximate the quantal 
rotational partition functions by the classical ones. For vibra- 
tions, in the present study, the partition functions are calcu- 
lated quantum mechanically within the framework of the har- 
monic approximation. Thus, canonical variational transition 
state theory yields the hybrid (i.e., classical reaction path 
motion with other degrees of freedom quantized) rate con- 
stants. Furthermore, if the generalized transition state is lo- 
cated at the saddle point (s=O), Eq. (2) reduces to the con- 
ventional’transition state theory. 

To include quantal effects for motion along the reaction 
coordinate, we multiply CVT rate constants by a ground- 
state transmission coefficient, K~~~‘~(T). Thus, the final 
quantized rate constant is 

kCw’G( T) = Kcw’G( ?-)kCVT( T). (3) 

6. Multidimensional semiclassical tunneling methods 

First, we approximate the effective potential for tunnel- 
ing to be the vibrationally adiabatic ground-state potential 
curve defined by 

v:(s) = VMEds> + &WY (4) 

where &?Js) denotes the zero-point energy in vibrational 
modes transverse to the MEP. The ground state transmission 
coefficient, K~~‘~( T) , is then approximated as the ratio of 
the thermally average multidimentional semiclassical 
ground-state transmission probability, PG(E), for reaction in 
the ground state to the thermally average classical transr&- 
sion probability for one-dimensional scattering by the 
ground-state effective potential V,“(s) .28,30-35v101-104 If we 
denote the CVT transition state for temperature T as 
szvr(n, the value of Vf{s~(T)}. denoted as E,(T), is the 
quasiclassical ground-state threshold energy. Then 

(5) 

Notice that the integral in the numerator of Eq. (5) involves 
E above E,(T), as well as tunneling energies below this. 
Thus, semiclassical transmission probability PG(E) accounts 
for both nonclassical reflection at energies above the quasi- 
classical threshold and also nonclassical transmission, i.e., 

tunneling, at energies below that threshold. Though, because 
of the Boltzmann factor in Eq. (5), tunneling is by far the 
more important of the two effects. 

Several approximations for the semiclassical transmis- 
sion probability PG(E) are available, however, only two, 
namely , the zero-curvature32 and the centrifugal-dominant 
small-curvature semiclassical adiabatic ground-state35 ap- 
proximations used in the present study are presented here. 
For convenience, we labeled them as ZCT and SCT for the 
zero-curvature tunneling and small-curvature tunneling 
cases, respectively. Since the zero-curvature tunneling (ZCT) 
approximation is a special case of the small-curvature tun- 
neling (SCT) approximation, we present only the formalism 
for the SCT below. 

The centrifugal-dominant small-curvature semiclassical 
adiabatic ground-state approximation (SCT) is a generization 
of the Marcus-Coltrin approximation in which the tunneling 
path is distorted from the MEP out to a concave-side vibra- 
tional turning point in the direction of the internal centrifugal 
force. Instead of defining the tunneling path, the centrifugal 
effect is included by replacing the reduced mass by an effec- 
tive reduced mass, ,u&s), which is used to evaluate imagi- 
nary action integrals and thereby tunneling probabilities. 
Note that in the mass-weighted Cartesian coordinate system, 
the reduced mass.,u is set equal to 1 amu. The ground-state 
transmission probability at energy E is 

P’(E) = 
1 

{ 1+ e-2w)} ’ .. 

where B(E) is the imaginary action integral evaluated along 
the tunneling path, 

Q(E)+ +J 
I aMfwI~43~)l~~ (7) 

s1 

and where the integration limits, sI and s,, are the reaction- 
coordinate turning points defined by 

V,G[q(E)]=V$&!?)]=E. (8) 

Note that the ZCT results can be obtained by setting ,X&S) 
equal to ,u in Eq. (7). The effect of the reaction-path curva- 
ture included in the effective reduced mass ,X&S) is ex- 
plained below. 

The small-curvature tunneling amplitude corresponds 
approximately to an implicit tunneling path that follows the 
line of concave-side vibrational turning point at a distance 
t-(s) from the MEP in the direction of the reaction-path 
curvature vector. Let the distance along the small-curvature 
tunneling path be 5 and the curvature at s be K(S); then it can 
be shown by analytical geometry that 

(9) 

where 

ii(S)=IK(S)?(S)I. (10) 

The imaginary action integral along the small-curvature tun- 
neling path is defined as 
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B(E)=?/ 444E- V,Gbk3lk (11) 
By comparing Eqs. (7) and (ll), the effective reduced mass 
is given by 

(12) 

However, to make the method generally applicable even 
when f(s) is greater than or equal to the radius of curvature 
of the reaction path, we include only the leading terms of Eq. 
(12) but not singularities by the approximated form below 

~efXs)=~Xmin 
i 

exp{-2$s)-[a(s)]2+(d?/lds>2} 
1 * (13) 

The magnitude of the reaction-path curvature K(S) is given 

by K,.,=(x hb~l’]l’z~ (14) 

where the summation is over all generalized normal modes 
&=1,2,3,..., F-l), and K,(S) is the reaction-path curvature 
component along mode m given byto 

K,(S)= -‘-$F ,;;2 1 (15) 

and where Lz is the transpose of the generalized normal 
mode eigenvector of mode m, F is the force constant matrix 
(Hessian matrix), VV is the gradient. Finally, within the har- 
monic approximation, F(s) is given by 

2 [‘hb>12W~(s) (16) 

where w,~ is the generalized vibrational frequency of mode 
FTZ. Equivalently, Eq. (10) may be rewritten as 

Ill. COMPUTATIONAL DETAILS 

A. Electronic structure calculations 

First, we need to determine the level of electronic struc- 
ture theory and the basis set that would give sufficient accu- 
rate potential information needed for the VTST rate calcula- 
tions and yet computationally feasible. For this purpose, we 
have employed two correlated levels of theory, namely the 
second order Mijller-Plesset perturbation theory’06 (MP2) 
and the quadratic configuration interaction including single 
and double substitutions (QCISD) (Ref. 99) using two differ- 
ent basis sets, namely the triple-zeta plus polarization 
6-311G(d,p),1m and Dunning’s correlation-consistent polar- 
ized valence double-zeta [3s2pld/2slp] basis set,lo7 de- 
noted as cc-pVDZ. Particularly, we have examined the accu- 
racy of each level/basis for predicting the H3C-H and H-H 
bond energies with special attention given to the balance in 
the treatment of electron correlation in both of these bonds, 
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the equilibrium and transition state structures, the reaction 
endoergicity, and classical barrier height of the abstraction 
reaction by comparisons with the available experimental 
data. We have also compared*these results with those from 
more accurate ab initio calculations of Kraka et a1.,8g par- 
ticularly at the CCSD(T) level of theory using Dunning’s 
correlated consistent valence quadruple zeta [5s4p3dl 
4~3~1, denoted as (cc-VQZ), basis set. 

For the MP2 calculations, gradients and Hessians were 
calculated analytically, whereas for the QCISD calculations 
only gradients were calculated analytically while Hessians 
were calculated numerically. To estimate the error in the cal- 
culated QCISD Hessians resulting from the central differ- 
ence procedure, we examined the eigenvalues of the transla- 
tional and rotational modes at the transition state and found 
them to be less than 20 cm-’ indicating that such error is 
acceptably small. However, as the MEP approaches the reac- 
tant or product region, this error is expected to increase 
somewhat, though the VTST calculations are not very sensi- 
tive to these regions. 

Having determined the level/basis of electronic structure 
method for VTST calculations, the minimum energy path 
was then calculated in the mass-weighted internal coordi- 
nates using the second order Gonzalez and Schlegel”* 
method with a stepsize of 0.1 (amu)” bohr. It was reported 
that this method gives nearly the identical MEP for integrat- 
ing in the mass-weighted Cartesian and mass-weighted inter- 
nal coordinates, and also yields the correct tangent and cur- 
vature vectors in the limit of small step sizes.‘** 

All electronic structure calculations were done using the 
GAUSSIAN92 program.‘0g 

B. Variational transition state theory and semiclassical 
tunneling calculations 

In this study, we introduced the use of a focusing tech- 
nique to assure the convergence of the calculated rate con- 
stants with a minimal number of Hessian calculations. This 
was done by first carrying out the preliminary rate calcula- 
tions with coarse Hessian grids to estimate regions contain- 
ing the temperature dependent canonical transition states, 
~c,vTm and the minima of the effective reduced mass 
where the “comor cutting” effect would be largest. The finer 
grids were then calculated for these critical regions to im- 
prove the accuracy of the calculated canonical rate constants 
and small-curvature tunneling probability. This approach al- 
lows us to obtain the optimal accuracy for a given computa- 
tional resourse. For the title reaction, the total of 21 Hessian 
unstructured grid points was needed. 

The canonical transition state, i.e., the location of the 
maximum of the free-energy of activation, for given tem- 
perature was determined by a quadratic-quartic fit. The re- 
maining quantity that depends on the Hessian grid size is the 
derivative of the vibrational turning point with respect to the 
reaction coordinate used in calculating the effective reduced 
mass as shown in Eq. (13). This derivative was calculated 
from the sixth order Lagrangian interpolations of the vibra- 
tional turning points as a function of the reaction coordinate. 

The present methodology for VTST and small-curvature 
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TABLE I. Equilibrium structures (distances are in A). 

Level KdCH,) &-&W RH-H(W 

MP2/6-311G(d,p) 1.090 1.079 0.738 
MP2/cc-pVDZ 1.098 1.088 0.753 
QCISD/6-3 1 lG(d,p) 1.093 1.083 0.743 
QCISD/cc-pVDZ 1.101 1.092 0.761 
CCSD(T)/cc-VQZ’ 1.086 1.076 0.741 
Expt.b 1.086 1.076 0.741 

“Reference 89. 
bReferences 111 and 112. 

tunneling calculations was implemented in our new DLRATE 
(direct rate) program.“’ 

IV. RESULTS AND DISCUSSIONS 

A. Reactants and products 
1. Geometries 

The optimized bond lengths of methane, methyl, and hy- 
drogen molecules are given in Table I. We found that the 
6-311G(d,p) is more accurate than the cc-pVDZ basis set 
when used with the MP2 or QCISD level to predict these 
equilibrium structures. Particularly, MP2 and QCISD calcu- 
lations using the cc-pVDZ basis set predict bond lengths too 
large in all cases compared to the experimental data111’112 and 
accurate CCSD(T)/cc-VQZ results*’ with the maximum error 
of 0.02 A. Using the 6-311G(d,p) basis set, MP2 and 
QCISD calculations, however, yield better agreement with 
the maximum error of 0.007 A. 

2. Bond energies 
The calculated bond energies, D, as E(R-H)-E(R)- 

E(H), for the H&-H and H-H bonds and the experimental 
values111~112 are given in Table II. In the present study, we 
found that both the MP2 and QCISD levels underestimate 
bond energies for both the H&-H and H-H bonds. In par- 
ticular, the UMP2 ievel yields the errors of 4.0 and 8.6 kcal/ 
mol or 3.6% and 8.0% for the CHs-H and H-H bonds, 
respectively, if using the 6-311G(d,p) basis set, and of 5.3 
and 10.7 kcal/mol or 4.7% and 9.8%, respectively, if using 
the cc-pVDZ basis set. Projecting out the spin contamination 
in the MP2 wave function of the methyl radical further wors- 
ens the result for D,(CHs--H). The QCISD calculations yield 
better bond energies. For instance, D,(CH,-H) and 

TABLE II. Calculated D, bonding energies (kcal/mol) for CH, and Hz. 

Level 

Expt.= 
MP2/6-311G(d,p) 
MPZ/cc-pVDZ 
QCISD/6-3 1 lG( d,p) 
QCISD/cc-pVDZ 
CCSD(T)/cc-VQZ= 

D,(W-H) %Error D,(H-H) %Error 

112.1 0.0 109.6 0.0 
108.1(106.7)b 3.6(4.8) 100.8 8.0 
106.8(105.6) 4.7(5.8) 98.9 9.8 
108.6 3.1 106.1 3.2 
106.7 5.0 mL04.2 4.8 
110.7 1.2 107.9 1.5 

“References 111 and 112. 
bValues in parentheses are from spin projected MP2 at the UMP2/6- 
311G(d,p) geometries. 

‘Reference 89. 

D,(H-H) are underestimated both by 3.5 kcal/mol, or 3.1% 
and 3.2% error, respectively, using the 6-311G(d,p) basis 
set, whereas the errors are larger and of the order 5% using 
the cc-pVDZ basis set. These results can be compared with 
the previous CCSD(T)/cc-VQZ calculations from Kraka 
et aL8’ which predicted bond energies for both bonds accu- 
rate within 1.5% error. Furthermore, notice that between the 
MP2 and QCISD levels, the QCISD level has better balance 
in the treatment of electron correlation in both H&-H and 
H-H bonds as indicated by the same order of error in the 
calculated bond energies. As discussed below, such correla- 
tion balance yields better predictions of reaction energetics 
for reactions involving these bonds. The importance of cor- 
relation balance in predictions of reaction energetics also had 
been discussed previously. *I3 

3. Vibrational frequencies 
The harmonic frequencies and zero-point energies for 

methane, methyl, and hydrogen from the present MP2 and 
QCISD calculations using the 6-311G(d,p) basis set are 
given in Table III. For comparisons, we also listed in Table 
III results from the previous CCSD(T) study8’ and analytical 
PEF .73T6 and the experimental data.11”‘12 We found that 
with the exception of the out-of-plane a” bending mode of 
the methyl radical, all three levels of theory, MP2, QCISD, 
and CCSD(T), generally overestimate the harmonic frequen- 
cies in all modes, though the QCISD and CCSD(T) results 
are in better agreement with the experimental data. The me- 
thyl out-of-plane a” bending frequency is noticiably under- 
estimated by all three levels, particularly, the errors of the 
order 162, 148, and 88 cm-’ for the MP2, QCISD, CCSD(T) 
levels, respectively. Furthermore, the present QCISD/6- 
3 1 lG(,d,p) calculations yield vibrational frequencies for the 
equilibrium structures quantitatively similar to the results 
from the previous CCSD(T)/cc-VQZ calculations8g which 
are computationally more expensive with the maximum dif- 
ference of the order 60 cm-‘. 

B. Saddle point 

1. Geometry 
From Table IV, we can compare the C,, saddle point 

geometry obtained from the present MP2 and QCISD calcu- 
lations with those from the previous CCSD(T) study” and 
the analytical PEF J3?6 Since the spectator C-H bonds and 
the H-C-H, angle do not differ significantly for different 
surfaces, we focus only on the two C-H, and H,-H active 
bonds, as listed in the second and third columms in Table IV. 
We found that there are noticeable differences up to 0.07 A 
in these bond lengths for different potential energy surfaces. 
If we use the CCSD(T)/cc-VQZ geometry as a reference 
point on the reaction path where the C-H, and H,-H bonds 
are stretched by 0.30 and 0.16 A, respectively, from their 
equilibrium bond lengths, we found that the QCISD/6- 
311G(d,p) saddle point is very close to the reference point 
with the maximum difference in the active bond lengths of 
less than 0.003 A, whereas the J3 saddle point is noticeably 
shifted toward the reactant CH,+H side, and the MP2 ones 
are shifted toward the product CH,+H, side. 
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TABLE III. Harmonic frequencies (cm-‘) and zero-point energies (kcal/mol) for the reactant and products. 

Modes 
MP2/ QCISD/. CCSD(T) 

6-311G(d,p) 6-311G(d,p) cc-VQZ .J3b Expt.C 

a’ 
a” 
e 

Z;E 

aI . 3076 
e 1580 
t1 3213 
t2 1364 

ZPE 28.5 

28 4533 
ZPE 6.5 

3173 
418 

3366 
1447 

18.9 

CH3 
3128 

432 
3310 
1436 

18.7 
CH4 

3047 
1573 
3167 
1367 

28.3 
HZ 

4422 
6.4 

3125 2986 3002 
492 580 580 

3307 3173 3184 
1445 1383 1383 

18.8 18.1 18.2 

3037 2876 2917 
1592 1505 1534 
3153 3039 3019 
1366 1344 1306 

28.3 27.2 27.1 

4409 4401 4401 
6.3 6.3 6.3 

aReference 89. 
bReference 96. 
‘JANAF tables (Ref. 111). 

2. Vibrational frequencies C. Reaction energetics 

Normal mode analyses at the saddle point were carried 
out at the Ml?2 and QCISD levels of theory using the 
6-311G(d,p) basis set. The resulting harmonic frequencies 
are listed in Table V with those from the previous CCSD(T) 
calculations,” and the J3 analytical PEEg6 Compared to the 
53 frequencies, all three ab initio levels, MP2, QCISD, and 
CCSD(T), yield a similar trend. Particularly, frequencies 
with the magnitude larger than 1250 cm-’ are slightly over- 
estimated whereas bending frequencies with the magnitude 
less than 1250 cm-’ are underestimated by at most 12%. 
Overall, the QCISD and CCSD(T) real frequencies are 
noticibly closer to the J3 ones than the MP2. The imaginary 
frequency, however, is noticeably larger in all ab initio sur- 
faces, particularly with the magnitute of 1639, 1529, and 
1500 i cm-’ for the MP2, QCISD, and CCSD(T) surfaces, 
respectively, as compared to the J3 value of 1088i cm-‘. 
This may indicate that the J3 PEF has a wider barrier width 
or the ab initio surfaces have steeper MEP’s which can be 
due to having higher classical barriers as discussed below. It 
is also important to point out that the present QCISD/G- 
3 11 G( d,p) calculations also yield transition state vibrational 
frequencies quantitatively similar to the previous CCSD(T)/ 
cc-VQZ calculations” with the maximum difference of the 
order 30 cm-‘. 

The reaction energetics information is given in Table VI 
including results from the present MP2 and QCISD calcula- 
tions, and from the previous MP4 (Ref. 93) and CCSD(T) 
(Ref. 89) calculations, the analytical J3 PEF (Ref. 96) and 
the experimental data. First, notice that both the present spin 
projected PMP2 and the previous PMP4 results overestimate 
the reaction endoergicity by 2.3 and 0.6 kcallmol, respec- 
tively. Due to having better correlation balance, the QCISD 
and CCSD(T) calculations predict the endoergicity of 2.5 
and 2.8 kcal/mol, respectively, that is closer to the experi- 
mental value of 2.6 kcal/mol. Adding the zero-point energy 
contribution, both the present QCISD/6-311G(d,p) and the 
previous CCSD(T)/cc-VQZ calculations” predict the reac- 
tion is exothermic by 0.7 and 0.4 kcal/mol at 0 K, respec- 
tively. This is close to the widely accepted view that the 
reaction is thermal neutral with the experimental heat of re- 
action, AH:, of -0.02 kcal/mol as reported in the JANAF 
tables.“’ However, it is interesting to point out that in con- 
trast to this view, recent TST fit to the experimental rates by 
Fume and Pacey114 yielded AH: to be of the order - 1.3 

TABLE V. Harmonic frequencies (cm-‘) and zero-point energies (kcal/mol) 
for the transition state of the CH.,+HttCH,+H, reaction. 

Modes UMP2 QCISD CCSD(T) J3b 
TABLE IV. Transition state structure (distances are in A, angle is in deg). 

Level 

MP2/6-311G(d,p) 
Ml=Wcc-pVDZ 
QCISD/6-31 lG(d,p) 
QCISD/cc-pVDZ 
CCSD(T)/cc-VQZ’ 
J3b 

‘Reference 89. 
bReference 96. 

RCH RHH RCH’ Alpha 

1.409 0.873 1.086 103.2 
1.426 0.882 1.094 102.7 
1.390 0.899 1.089 103.7 
1.407 0.910 1.097 103.2 
1.393 0.897 1.082 103.2 
1.37 0.94 1.08 103.1 

al 
aI 
aI 
e 
e 
e 
e 

Z:E 

3125 3090 3083 3006 
1958 1764 1763 1711 
1093 1111 1093 1248 
3287 3236 3229 3068 
1463 1459 1458 1376 
1142 1152 1124 1202 
544 534 518 586 

16391’ 15291‘ 1500i 1088i 
27.2 26.8 26.6 26.2 

‘Reference 89. 
bReference 96. 
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TABLE VI. Heat of reaction and barrier heightsa (kcal/mol) for the 
CH,+H+XH,+H, reaction. 

Level AE AH; AVJ AV: 

PMP2/6-311G(~f,p)~ 6.0 2.9 17.6(X.3) 11.6(13.4) 1.6 

QCISD/6-311G(d,p) 2.5 -0.7 16.3(14.8) 13.8(15.5) 
Ph4P411iJMP2c 3.2 -0.16 15.5(14.2) 12.3(14.3) 
CCSD(T)/cc-VQZd 2.8 -0.4 15.4(13.7) 12.6(14.1) 2 
53’ 2.8 -0.02 12.9(X8) lO.l(l1.9) 
Expt. 2.6’ -0.02s,-1.3h (13.3+0.5)h (14.6t0.4)h 

f 1.4 

ii 

aZero-point energy corrected barriers are given in the parentheses. 
bSpin projedted MP2 energies at the UMP2/6-311G(d,p) geometries are 
used. 

“Reference 93. 
dReference 89. 
eReference 96. 
fBack calculate from the experimental heat of reaction at 0 K and harmonic 
frequencies taken from JANAF tables (Ref. 111). 

gFrom JANAF tables (Ref. 111). 
hReference 114. 

0.; - 90 

-1.5 -1 -0.5 0 0.5 1 1.5 

s (am""*bohr) 

kcal/mol. The authors have pointed out that such a discrep- 
ancy, which also had been discussed in earlier studies,83784 is 
due to the scatter data in the experimental, rates for the re- 
verse reaction. Our present QCISD and the previous 
CCSD(T) results in fact fall within this experimental uncer- 
tainty. 

FIG. 1. Geometries along the QCISD/6-311G(d,p) minimum energy path 
for the CH,+H+CH,+H, reaction plotted vs the reaction coordinate s in 
the mass-weighted internal coordinates. 

The classical and zero-point energy corrected barrier 
heights for both the forward and reverse reactions are also 
given in Table VI. We found that all ab initio calculations 
yield the classical as well as zero-point energy corrected bar- 
riers noticeable higher than the values from the J3 surface by 
more than 2 kcal/mol. Also, we can compare the calculated 
zero-point energy corrected barriers with Furue and 
Pacey’s114 experimental barriers of 13.3 and 14.6 kcal/mol 
for the forward and reverse reactions, respectively. The 
PMP2 level significantly overestimates the barrier by 3.0 
kcal/mol for the forward direction while underestimating the 
reverse barrier by 1.2 kcal/mol, whereas the QCISD/6- 
311G(d,p) calculations overestimate the barriers for both 
directions by the order of 1 kcal/mol. In particular, the 
QCISD zero-point corrected barriers for the forward and re- 
verse reactions are 14.8 and 15.5 kcal/mol that are also 
higher than the CCSD(T) barriers” by 1.1 and 1.4 kcal/mol, 
respectively. 

point energies at the optimized CCSD(T)/cc-VQZ geom- 
etries. Thus, no experimental information was used in the 
present dynamical calculations. 

D. Properties along the minimum energy path 

In conclusion, we found that the QCISD/6-311G(d,p) 
level of theory yields geometries and vibrational frequencies 
at the stationary points, the reaction endoergicity and heat of 
reaction at 0 K for the abstraction reaction at a comparable 
level of accuracy with the more expensive CCSD(T)/cc-VQZ 
level.” The only noticiable difference in the two levels is in 
the calculated classical barriers. However, due to having cor- 
relation balance in the QCISD/6-311G(d,p) level of theory, 
we can scale the potential energy along the minimum energy 
path by a single factor to yield more accurate classical bar- 
riers for both the forward and reverse reactions. In the VTST 
calculations presented below, we scaled the potential along 
the QCISD/6-311G(d,p) MEP by a factor of 0.86 to match 
the reverse classical barrier of 11.8 kcal/mol which is the 
best ab initio estimate to date and was calculated by Kraka 
et aZ.*’ using CCSD(T)l[524p3d2 flg/4s3p2dlh single 

Various properties along the minimum energy path on 
the QCISD/6-311G(d,p) potential energy surface are illus- 
trated in Figs. l-3. Figure 1 gives the structural information 
along the reaction coordinate, s. Notice that the two active 
C-H, and H,-H bonds and the H-C-H, angle change 
smoothly along the reaction coordinate s indicating that the 
second order Gonzalez and Schelegel integration scheme 
yields reasonably stable MEP even with a relatively large 
step size, such as of 0.1 arnt~~‘~ bohr used in the present 
study. Figure 2 shows the classical potential energy and the 
ground-state vibrational adiabatic potential energy along the 
MEP as functions of the reaction coordinate. Comparing to 
the modified Valencich-Bunker-Chapman (MVBC) and the 
modified Raff (MR) PEF’s (Fig. 1 in Ref. 98), and to the Jl , 
j2, and J3 PEF’s (Figs. 1,3, and 5 in Ref. 96), we found that 
only the MEP’s from the .71, 52, and .73 PEF’s closely re- 
semble to the present QCISD/6-311G(d,p) result. For more 
detailed discussion on the differences between these analyti- 
cal PEF’s, we refer readers to the two previous studies by 
Truhlar and co-workers?67g8 The QCISD/6-3 1 lG(d,p) gen- 
eralized transition state vibrational frequencies as functions 
of s are shown in Fig. 3. Again comparing the calculated 
generalized transition state frequencies with those from the 
analytical PEF’s, we found that both the MVBC and MR 
PEF’s (see Figs. 2 and 3 in Ref. 98) have many features that 
are noticeably different from the present ab initio results. 
The present ab initio generalized transition state frequencies 
however agree very well with those from the Jl , J2, and 33 
PEF’s except for the small hump near the saddle point ob- 
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FIG. 2. The classical potential V,,,(s) (solid curve) and ground-state vi- 
brationally adiabatic potential C(S) (dashed curve) energy along the MEP 
as functions of the reaction coordinate s. Circles are points on the MEP 
where Hessian information is available. 

served in these analytical PEF’s for the largest generalized 
transition state stretching frequency (comparing Fig. 3 with 
Figs. 2,4, and 6 in Ref. 96). Since the present Hessian grid is 
fine enough to show no such hump existed on the QCISD/6- 
311G( d,p) surface, we believe that this hump is an artifact 
in the analytical PEF’s due to the functional forms used. In 
conclusion, except for the barrier heights, the present ab ini- 
tie QCISD/6-3llG(d,p) potential surface agrees well with 

.-=_ ^ 
5000 ~~“~“~‘~“~~‘~*~“~~‘~“.“‘I 
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FIG. 3. Harmonic vibrational frequencies along the reaction coordinate s. 
Circles are points on the MEP where Hessian information is available. 

the J3 analytical surface which had shown to be a more 
accurate one among the available analytical PEF’s. 

E. date constants 

Canonical variational transition state theory (CVT) rate 
calculations including the centrifugal-dominant small curva- 
ture vibrationally ground-state adiabatic tunneling (XT) 
contributions using the present methodology were carried out 
for a range of temperatures from 300 to 1500 K on the 
QCISD/G-3 llG(d,p) potential energy surface with the po- 
tential energy along the minimum energy path scaled by a 
factor of 0.86 for the reason mentioned earlier. 

The calculated CVT/SCT forward rate constants are 
given in Table VII along with the previous improved CVT 
plus small curvature tunneling corrections (ICVT/SCSAG) 
rate constantsg6 for the 53 PEF, and the experimental results. 
The first column of experimental results in Table VII is cal- 
culated from the non-Arrhenius fit to the rate constants for 
the temperature range from 372 to 667 K done by Shaw.84 
The second column labeled as SMP is from the least-squares 
Arrhenius fit done by Sepehrad et aLg5 to their own data plus 
that of Berlie and LeRoy,60 Fenimore and Jones,65 and 
Kurylo and Timmons73 over the temperature range from 
400- 1000 K. The third experimental column (KHT) is based 
on an Arrhenius fit by Kurylo, Hollinden, and Timmons.74 
The last experimental column is the recommended Arrhenius 
fit values from the most recent critical evaluation of kinetic 
data done by Baulch et aLg8 Note that no experimental mea- 
surements have been reported for the forward or reverse re- 
action below 372 K; rate constants listed in the experimental 
columns in Table VII for temperatures below 372 K are ex- 
trapolations based on the fits just discussed. 

Agreement of the present ab initio CVTISCT results 
with the experimental data are excellent for the wide range of 
temperature from 300 to 2000 K as shown ‘in Fig. 4. More 
specifically, from Table VII for the temperature range from 
372-667 K, experimental rate constants were very accu- 
rately measured as indicated by the small difference in the 
experimental data from the four different fits. In this tem- 
perature’range, the agreements between our present ab initio 
CVT/SCT results with the previous ICVT/SCSAG resultsg6 
from the J3 analytical PEF, and with the experimental data 
are’ excellent. Though, the present CVT/SCT rate constants 
are slightly larger than the experimental data but within the 
experimental deviations from different fits, and are closer to 
the recent recommended values of Baulch et aLg8 with the 
maximum deviation factor of 1.2 at 372 K. At temperatures 
below 372 K where no experimental measurements were 
available, our ab initio CVT/SCT results agree very well 
with the results from the 53 surface, however, both are 
somewhat larger than the extrapolations from the experimen- 
tal fits. For temperatures above 667 K, we found that the 
present ab initio results are in excellent agreement with the 
recent Baulch et al.‘s recommended values with the maxi- 
mum deviation factor of 1.2 at 1340 K. However, both are 
noticeably larger than the ICVT/SCSAG rate constantsg6 
from the J3 surface, and experimental values from Shawg4 
and from Sepehrad et aLg5 (SMP) with the maximum devia- 
tion factor of 2.6. Note that among the experimental data, the 
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8022 Thanh N. Truong: CH,+H++CH,+H, reaction 

TABLE VII. Rate constants (cm3 molecule-’ s-‘) for the reaction CH,+H-CHs+H2.a 

T W QCISDb J3’ Shawd SMPe KTH’ Baulch et aLg 

298 1.3E-18 9.9E-19 [6.8E-191 [2.2E-191 [3.2E-191 [7.4E-193 
300 1.4E-18 l.lE-18 [7.6E-191 [2.5E-191 [3.7E-193 [8.2E-191 
372 2.6E-17 2.3B17 2.1E-17 [1.2E-171 1.6E-17 2.1E-17 
400 6.6E-17 6.OE-17 5.6E-17 3.8E-17 4.8E-17 5.7E-17 
424 1.4E-16 1.2E-16 1.2E-16 8.8E-17 l.lE-16 1.2E-16 
500 9.3E-16 8.OE-16 S.OE-16 7.6E-16 8.8E-16 8.4E-16 
600 6.3E-15 5.OE-15 5.1E-15 5.6E-15 6.2E-15 5.6E-15 
667 1.7E-14 1.3E-14 1.3E-14 1.5E-14 1.6E-14 1.5E-14 

1000 4.7E-13 2.9E-13 [2.7E-131 3.1E-13 . . . 3.8E-13 
1340 3.1E-12 1.8E-12 [1.5E-121 1.4E-12 . . . 2.6E-12 
1500 5.9E-12 3.2E-12 [2.7E-121 2.3B-12 . . . 5.OE-12 

‘Values in brackets are extrapolations. 
bathe present CVT/SCT results at the QCISD/6-311G(d,p) level with the V,, scaled by a factor of 0.86. 
Previous ICVUSCSAG results from the J3 semiempirical PEF (Ref. 96). 
dNon-Arrhenius fit by Shaw (Ref. 84). 
“Best Arrhenius fit of published data in the range 400-1800 K as determined by Sepehrad er al. (Ref. 85). 
fArrhenius fit of Kurylo et al. (Ref. 74). 
sMost recently recommended values from the Arrhenius fit of Baulch et al. (Ref. 88). 

Baulch et al’s values are more accurate in the high tempera- 
ture region since they are from a better fit to the high tem- 
perature data.*8 

The reverse rate constants including the present ab initio 
CVT/SCT results, the previous ICVTLSCSAG rate 
constantsg6 from the 53 surface, and the experimental data 
from various fits are summarized in Table VIII. The experi- 
mental results by Shaw84 and Sepehrad et a1.85 in the first 

-10 

-11 

-12 

-13 

-14 

4 * 

0 SMP78 
0 BL54 
0 Ja64 
X KMSS59 
+ NG61 
A BMW67 
. W68 
= P64 
l ANM-Y64 
A D-LW67 
0 aD76 
q KHT70 
m FJ62 
0 PM73 
+ BLP76 
EB RJ75 

RSPK91 
z- Cvr/SCT 

-16 

-17 _ 

-18 

0.5 I 1.5 2 2.5 3 

1000/T (K) 

FIG. 4. Arrhenius plot of the forward rate constants vs UT. The solid curve 
is the present CVT/SCT results; SMP78, Ref. 85; B154, Ref. 60; JB64, Ref. 
68; KMSS59, Ref. 63; NG61, Ref. 66; BMW67, Ref. 70; W68, Ref. 72; 
P64, Ref. 69; ANM-Y64, Ref. 67; D-LW67, Ref. 71; BD76, Ref. 82; 
KTH70, Ref. 74; FJ62, Ref. 65; PM73, Ref. 77; BLP76, Ref. 81; RI75, Ref. 
80; RSPK91, Ref. 87. 

The Arrhenius plot of the calculated and experimental 
rate constants shown in Fig. 5 indicates good agreement be- 
tween the calculated ab initio rate constants and available 
experimental measurements for a wide range of temperature. 
More specifically, in comparison with the experimental data 
from different fits, we found that the present ab initio results 
are within the range of the experimental uncertainty. Though, 
they agree slightly better with the experimental data obtained 
from the fits by KP (Ref. 83) and Baulch et aZ.s8 than from 
the fits by Shaw84 and SMP.85 The ICVT/SCSAG resultsg6 
from the 33 PEF on the other hand agree very well with the 
fir from Shaw,84 though this is expected since the 53 PEF 
(Ref. 96) was calibrated to the equilibrium constants from 
the JANAF tables”’ and the experimental forward rate con- 
stant at 667 K. It is also important to point out that the 
vibrational partition functions in the present CVT calcula- 
tions were calculated within the harmonic approximation. 
Anharmonicity can be important particularly for low real fre- 
quency modes such as the doubly degenerate bend mode of 
the generalize transition state. Including anharmonicity cor- 
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two experimental columns both are computed using their fits 
for the forward rate constants and the corresponding JANAF 
equilibrium constants.r” The third experimental column is 
based on an Arrhenius fit by Kerr and Parsonages3 (KP) us- 
ing a critical analysis of the experimental data for the reverse 
reaction. Similarly, the last column is from a recent Arrhen- 
ius fit done by Baulch et al.** which included the more re- 
cent high temperature measurements. Notice that there is a 
good agreement between data obtained from the forward 
rates and the equilibrium constants by Shawg4 and Sepahrad 

‘et al.,85 and between data obtained from the Arrhenius fits to 
the measured rates by Kerr and Parsonage83 and by Baulch 
et aZ.@ However, there is a large deviation in the experimen- 
tal data between these two groups representing different 
ways of obtaining the reverse rate constants. Data from both 
Shawg4 and SMP (Ref. 85) are noticeably larger than those 
from the other two with the maximum deviation factor of 7.3 
at 372 K between the fits from Shawg4 and Baulch et aZ.‘* 



Thanh N. Truong: CH,+H+XH,+H, reaction 

TABLE VIII. Rate constants (cm3 molecule- t s-‘) for the reaction CHs+Hs-+CH.,+H.a 

8023 

T 09 QCISDb .J3c Shawd SMPe KP’ Baulch et aLg 

298 5.2E-20 
300 5.7s20 
372 l.lE-18 
400 2.6E-18 
424 5.3E-18 
500 3.4E-17 
600 2.1E-16 
667 5.4E-16 

1000 1.2E-14 
1340 7.m-14 
1500 1.4E-13 

1.7E-19 
1.9E-19 
3.2E-18 
7.4E-18 
1.4E-17 
7.6E-17 
3.9E-16 
9.1E-16 
1.4E-14 
7.5E-14 
1.4E-13 

[l.lE-191 
[1.2E-191 
2.7E-18 
6.5E-18 
1.3E-17 
7.3E-17 
3.8E-16 
9.OE-16 

[1.3E-14] 
[6.6~-141 
[l.lE-131 

[3.5E-201 
[4.OE-201 
[1.6E-IS] 
4.4E-18 
9.7E-18 
6.9E-17 
4.2E-16 
LOE-15 
1.5E-14 
6.1E-14 
9.4E-14 

[ 1.4E-201 
[I.~E-201 
5.6E-19 
1.6E-18 
3.4E-18 
2.4E-17 
1.5E-16 
3.8E-16 

. . . 

[8.5E-211 
[9.6E-211 
3.7E-19 
l.lE-18 
2.5E-18 
2.2B17 
1.7E-16 
5.1E-16 
1.7E-14 
1.2E-13 
2.4E-13 

‘Values in brackets are extrapolations. 
bThe present CVT/SCT results at the QCISD/6-311G(d,p) level with the V,,, scaled by a factor of 0.86. 
‘Previous ICVT/SCSAG results from the semiempirical J3 PEF (Ref. 95). 
dComputed from forward rate constants of Ref. 84 and JANAF equilibrium constants (Ref. 110). 
eComputed from forward rate constants of Ref. 74 and JANAF equilibrium constants (Ref. 110). 
fComputed from the Arrhenius fit of Ref. 83. 
gMost recently recommended values from the Arrhenius fit of Baulch et al. (Ref. 87). 

rection for this mode was found to decrease the rate con- 
stants in the previous ICVTECSAG calculations,g6 thus it 
would make the present CVT/SCT results even in better 
agreement with those from Baulch et a.Lg8 
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FIG. 5. Arrhenius plot of the reverse rate constants vs l/T. The solid curve 
is the present CVT/SCT results. SMP78, Ref. 85; MS81, Ref. 86; CD73, 
Ref. 76; KP74, Ref. 78; GPW53, Ref. 58; BJ59, Ref. 62; SW72, Ref. 75; 
WS53, Ref. 59; MC52, Ref. 57; GS56, Ref. 61; HS60, Ref. 64. 

V. CONCLUSION 

We have presented a new methodology for direct 
ab initio dynamics calculations of thermal rate constants 
from first principles. This method is based on a variational 
transition state theory plus multidimensional semiclassical 
tunneling corrections within the framework of the small- 
curvature approximation with the potential energy informa- 
tion to be calculated from a sufficiently accurate level of 
electronic structure theory. We have applied the new method 
to study detailed dynamics of the hydrogen abstraction of 
methane by hydrogen atom, CH,+H+CHs+H,, and ob- 
tained excellent agreement with the available experimental 
data for both the forward and reverse rate constants for a 
wide range of temperature from 300 to 1500 K. 

In particular, for application to the CH4+H+X!Hs+H2 
reaction, we found that the QCISD level of theory provides a 
well balance in the treatment electron correlation in the 
H,C-H and H-H bonds, as a result it yields more accurate 
reaction energetics for the abstraction reaction than the MP2 
or MP4 level. Pirrtherinore, the QCISD/6-3 1 lG(d,p) level of 
theory predicts geometries and harmonic frequencies with 
comparable accuracy to the more expensive CCSD(T)/ 
[5s4p3d/4s3p] level of theory. The only noticiable differ- 
ence between these two levels is in the calculated classical 
barriers. Particularly~ the present QCISD/6-311G(d,p) calcu- 
lations yield the forward and reverse classical barriers about 
1 kcal/mol higher than the previous CCSD(T)l[Ss4p3dl 
4~3~1 calculations. However, for the CVT/SCT rate calcu- 
lations, we can take into account the error in the QCISD 
classical barrier heights by scaling the potential energy along 
the minimum energy path by a factor of 0.86 to match the 
more accurate classical barrier height which was calculated 
from the CCSD(T) single point calculations by K&a et aLgg 
using the [5s4p3d2 flgl4s3p2dlfj basis set at the 
CCSD(T)I[Ss4p3d/4s3p] geometries. Finally, the calcu- 
lated ab initio CVTECT rate constants for the forward and 

, 
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TABLE IX. Total energies (hartree). 

LeveYbasis CH4 CH3 H2 Ha CHsTS 

hW2/6-311G(d,p)b -40.379 23 -39.707 24 -1.160 27 -0.499 81 -40.846 08 
-39.709 17 -40.850 97 

MP2/cc-pVDZb -40.367 73 -39.698 27 -1.156 21 -0.499 33 -40.835 45 
-39.700 17 -40.840 34 

QCISD/6-311G(d,p) -40.40164 -39.729 16 -1.168 34 -0.499 81 -40.875 50 
QCISD/cc-pVDZ -40.39141 -39.72147 -1.164 90 -0.499 33 -40.866 86 

“Calculated at the UHF level. 
bThe first line is without spin projection (UMPZ) and the second line is with spin projection PMP2/6-311G(d,p) 
at the UMP2 geometries. 

reverse reactions agree very well with the experimental data 
within the experimental uncertainty for a wide range of tem- 
peratures. In addition, the QCISDI6-311G(d,p) generalized 
transition state vibrational frequencies also provide informa- 
tion to examine unusual features on the analytical potential 
energy functions that otherwise would not be possible. 

We conclude that the present direct ab initio dynamics 
method provides a powerful and practical tool for modeling 
detailed quantum dynamics and elucidating reaction mecha- 
nisms from first principles for chemical reactions involving 
small polyatomic molecules. Application of this method to 
study the kinetic isotope effects for the CH,+H++CH,+H, 
reaction is now in progress. 
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