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The dynamics of hydroxyl radical reactions with ethane, fluoroethane, and chloroethane have been examined
in terms of variational transition state theory augmented with multidimensional semiclassical tunneling
corrections. Differences in reactivity for hydrogen abstraction from both the primary and the secondary carbon
atoms are examined in terms of energetic and entropic effects on the location of the dynamical bottleneck.
Interpolated variational transition state theory is used to calculate reaction rate constants at the [G2(MP2)//
MP2/6-31G(d,p)]/SCT level of theory. A vibrational-mode correlation analysis is performed; i.e., the character
of the vibrational modes are identified as a function of the reaction coordinate and a statistical diabatic model
is used to provide qualitative analysis of a possible vibrational-state specific chemistry for this reaction. A
significant enhancement of the reaction rate is predicted for the excitation of the pertinent C-H stretching
mode of the reactant hydrocarbon molecule. The standard PM3 Hamiltonian is reparametrized (via a genetic
algorithm) to obtain reliable semiempirical potential energy surfaces for the reaction of ethane with the OH
radical. The specific reaction parameters (SRP) so obtained are then used to predict the reaction rate constants
for both the fluoroethane and chloroethane abstraction reactions. The temperature dependence of the rate
constants calculated at the [G2(MP2)//MP2/6-31G(d,p)///PM3-SRP]/µOMT level of theory are compared with
those of experiment and are found to be in very good agreement. (The computed rate constants differ from
experiment by, at most, a factor of 2.5.) We demonstrate that the specific reaction parameters can be used for
analogous reactions of the same mechanism, implying a general reaction parameter set (GRP) for related
molecules. Perhaps reaction rates for larger hydrocarbons (that are of interest in atmospheric and combustion
chemistry) can be obtained reliably at low computational cost.

Introduction

Abstraction of a hydrogen atom by the hydroxyl radical is
an important rate-determining step in the combustion (and
atmospheric) chemistry of hydrocarbons1,2 and has therefore
attracted considerable attention from both experimentalists3,4 and
theoreticians alike.5-8 Previously, ab initio molecular orbital
methods have been used to study the potential-energy surfaces
describing H abstraction from the three simplest hydro-
carbons; i.e., methane,5a-e,6a,6bethane6c,7a,8a(their halogenated
analogues5j,7b,8), and propane.6e Only recently have theoretical
kinetics studies for these reactions become available.9-11 The
hydrogen abstraction reactions of propane (and its isotopic
derivatives6e) have recently been studied by the dual-level
approach to direct dynamics.12 In this work H abstraction from
ethane,6c,8efluoroethane,8e and chloroethane8e has been studied
using variational transition state theory9-13 augmented with
multidimensional semiclassical tunneling corrections.9,11

One objective of this work is to compare hydrogen abstraction
reactions from the primary and secondary carbon atoms in the
halogenated ethanes, and to examine entropic effects on the

position of the dynamical bottleneck. Accounting for quantum
mechanical tunneling may prove important14 for these hydrogen
transfer reactions; thus, a second goal of this work is to obtain
specific reaction parameters (by re-parametrizing the semiem-
pirical PM3-NDDO Hamiltonian) to carry out multidimensional
tunneling calculations within both the small11,15 and the large
curvature approximations.11,16

For the halogenated ethanes hydrogen atoms can be abstracted
from either the primary or the secondary carbon atoms. For
primary abstraction two different transition-state (TS) structures
were found,8b and for secondary abstraction a single TS structure
was located. (In Figure 1 we define the various transition states.)
Therefore, at least three different reaction paths are possible
for the OH radical reaction with fluoroethane and chloroethane.
Abstraction from the secondary carbon was found to be
energetically favored and is in agreement with Atkinson’s
empirical model that predicts hydrogen abstraction from the
secondary carbon atom to contribute 80% to the overall reaction
rate.3d However, it was also found8b,8f that abstraction from the
primary carbon atom is governed by through-space van der
Waals interactions between the hydroxyl hydrogen and the
halogen atom. This interaction has the effect of lowering the
barrier heights by≈30%. In this study we investigate how such
interesting interactions, as well as how the entropy, affect the
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overall reaction rate. (Below we define our labeling scheme for
the various reactions.)

In a previous study8b a detailed analysis of the reaction-path
dynamics of abstraction from the favored secondary carbon atom
for both fluoroethane and chloroethane was performed. The
reaction rate constants were calculated using interpolated
variational transition state theory (IVTST)9,11 and small curva-
ture tunneling (SCT) corrections.11,15 In the present paper
reaction rates have been calculated for abstraction from the
primary carbon of fluoroethane, again using IVTST, and the
site-specific differences in reactivity are discussed in terms of
the energetic and entropic factors. (Entropic effects on the
location of the dynamical bottleneck should be considered
whenever the intrinsic barrier is small and the potential is
relatively flat in its vicinity,17 a scenario which characterizes
the reactions investigated in this work.) We also employed a
statistical diabatic model to provide a qualitative analysis of
the possible vibrational-state specific chemistry of hydrogen
abstraction from ethane, fluoroethane and chloroethane.

Another goal of this paper is to calculate the rate constants
via a dual-level approach to direct dynamics12 through the use
of the semiempirical PM3-NDDO Hamiltonian18 reparametrized

to specifically describe the reaction mechanism of interest;9 i.e.,
we used a set of specific reaction parameters (SRP). Dual-level
dynamics based on such semiempirical hyper-surfaces have been
successfully applied in the determination of hydrogen transfer
reaction rate constants in the past.6e,20 The specific reaction
parameters we obtained for the ethane abstraction reaction are
then tested on the analogous fluoroethane and chloroethane
abstraction reactions as a step toward understanding how to
generate general reaction parameters (GRP); i.e., a set of
parameters capable of yielding quantatatively correct rates when
applied to analogous molecular systems undergoing the same
reaction. Examples of the applicability of our SRP/GRP
parameters for determining rates for larger hydrocarbons are
also given.

Computational Methods

Electronic Structure Calculations. The minimum energy
paths (MEP) for reactions RF2a and RF2b have been calculated
using second-order perturbation theory (MP2)MBPT(2)) rela-
tive to a UHF reference;21 i.e., at the MP2(full)/6-31+G(d,p)
level of theory,22 in steps of 0.1a0 using the Gonzalez-Schlegel
IRC algorithm.23 The reaction coordinates is given in isoinertial
coordinates with a scaling factor of 1 amu. The force constant
matrixes were computed in steps of 0.2a0 along the MEP.24 For
the open-shell systems spin projection25 was used to eliminate
spin contamination arising from states with spin (s+1) to (s+4).
These data were used together with previously published results
for the RH1, RF1, and RCl1 reactions8e and with G2(MP2)25

energetics (computed for all stationary points8e) for the dynamics
calculations described below.

To obtain an inexpensive method for the calculation of
reliable potential energy hypersurfaces the PM3 Hamiltonian18

was reparametrized as described in the next section. The
necessary structural, vibrational, and thermodynamic data were
obtained from an interface to MOPAC 5.07mn.27 Electronic

Figure 1. Reactive geometrical parameters of the transition state structures for reactions RH, RF, and RCl calculated at the MP2/6-31+G(d,p) level
of theory.
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structure calculations were done using the GAUSSIAN94
quantum mechanical suite of programs.28

Ab initio data were used to obtain reaction rate constants in
terms of interpolated variational transition state theory9-11 and
for the validation of the PM3-SRP potential energy surface.

NDDO Parametrization. The semiempirical PM3 Hamilto-
nian18 was re-parametrized to reproduce to the degree possible
high-quality G2(MP2)//MP2/6-31G(d,p) structural and energetic
data at three stationary points on the potential energy hyper-
surface describing the reaction of ethane with OH. This
parameter optimization was carried out using GaFortran 1.6.4,29

a global, genetic algorithm (GA)30 based, optimization program.
In our case the NDDO parameters to be varied were all one-
and two-electron integrals with the bounds of the variation set
to (10% of each parameter’s initial value. The fitness (error)
function to be minimized by the GA is defined as the sum of
the following terms: (i) weighted squared relative differences
between reference and predicted forward barriers, (ii) weighted
squared relative differences between reference and predicted
reaction enthalpies, and (iii) a standard penalty for each ab initio
structure whose NDDO-SRP gradient is not zero. The squared
relative differences are defined as (((qi

calc - qi
ref)/qi

ref) × 102)2.
The barrier heights and reaction enthalpies are weighted the
same. The squared sum of the individual NDDO-SRP gradient
errors is weighted such that it is not allowed to obscure the
influence of the energetic errors. The gradient of the TS is
preferentially weighted by a factor of 3 relative to the other
structures. For the cases where either the calculated barrier
height is negative, or the reaction enthalpy is positive, or when
the SCF procedure will not converge, the fitness of the parameter
set is given an extremely large value, thus removing the
possibility of the parameter set being propagated further. The
fitness function is then minimized using the GA. The specifica-
tions used in conjunction with running the GA were a uniformly
distributed starting generation of 200 individuals, 10 bits per

parameter, a uniform crossover probability with a crossover rate
of 0.5 and a mutation probability of 0.005. The optimization
was considered converged when the returned value of the fitness
function had stabilized and the individual errors were acceptably
small. This turned into an art form.

Reaction Rate Calculations.Reaction rate constants were
calculated by interpolated variational transition state theory with
interpolated corrections (IVTST-IC).12 Further, both the zero-
curvature tunneling11 (ZCT) correction and the small curvature
tunneling11,15 (SCT) correction were included, as quantum
mechanical tunneling can be important when H is involved.
Dual-level dynamics12 including the SCT correction, the large
curvature tunneling11,16(LCT) correction and the microcanonical
multidimensional tunneling approximation31 (µOMT) correction,
was also used.

IVTST-IC. The IVTST-IC approach was carried out in two
steps. First, we performed electronic structure calculations to
obtain the energies, gradients, and Hessians of the reactants,
products, transition state and 20 other points along the reaction
path. This was done at the MP2(full)/6-31G(d,p) level of theory.
Then, the energetics previously calculated at the G2(MP2) level
of theory8e were used to interpolate corrections to the lower
level energetics, a three-point Lagrangian interpolation was used
as implemented in the Polyrate suite of programs.32 The
vibrational normal modes were correlated diabatically33,8esince
it was shown that the entropy and the free energy curves can
be evaluated incorrectly if an adiabatic interpolation is em-
ployed. Quantum mechanical tunneling effects were included
through the SCT correction.

Direct Dynamics. Direct dynamics, within the dual-level
dynamics scheme,12 was also applied in this work. The potential
energy hyper-surface necessary for the dynamics calculations
was evaluated “on the fly”; i.e., dynamical quantities were
calculated using the semiempirical electronic structure calcula-
tions for all required energies, forces, and Hessians, without

Figure 2. Geometrical parameters of the van der Waals complexes that are found on the reactant and the product sides of the MEP, calculated for
the RH, RF, and RCl reactions at the MP2/6-31+G(d,p) level of theory.
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the intermediacy of an analytic potential energy function.9,34

The reaction path was computed using an Euler integrator35 with
a gradient step-size of 0.01a0 and the Hessian recalculated every
9 steps.36 The information from the ab initio level was
introduced into the semiempirical SRP surface by means of
interpolated corrections (IC).12 The geometries and vibrational
frequencies were corrected with those calculated at the MP2-
(full)/6-31G(d,p) level, and the energetics were further improved
using the G2(MP2) results. The vibrational frequencies were
corrected using the interpolated-corrections-based-on-ratios
scheme32 (ICR) since it gave a reasonable interpolation for the
vibrational frequencies for all studied reactions. The energy
along the reaction pathVMEP(s) was improved by fitting the ab
initio results for the reactants, products, and saddle point to an
Eckart function.12,32The improved method37 where the correc-
tion is approximated by the difference between two Eckart
functions, one fitted to the lower-levelVMEP(s) and the other
fitted to the higher level energies for the reactants, products,
saddle point, and the imaginary frequency of the saddle point,
was not used since it failed to approximate the right shape of
the higher levelVMEP(s). This has been previously observed in
the reaction of CH4 with O.38 The range parameterL for the
Eckart function was gained from a four point fit using the
reaction complexes on both sides of the MEP in the interpola-
tion. It should be pointed out here that pre-reaction complexes
were not used for correctingVMEP(s) since the values of the
reaction coordinate for the reactant side complexes were not
determined due to the convergence problems of the IRC
algorithm.8e However, it could be expected that fitting the MEP
to a more realistic A+ B f (AB)CX f (AB)TS f (CD)CX f
C + D shape12a would make it narrower thus increasing the
tunneling corrections and the rate constants correspondingly.
This effect was partially taken into account by calculating the
range parameterL for the Eckart function with respect to the
energies of the prereaction complexes, while in the previous
work L was fitted with respect to reactant and product energies.8e

Tunneling was included through the microcanonical optimized
multidimensional tunneling approximation with the exit channel
for the large-curvature tunneling restricted to the vibrational
ground state. Tunneling into excited states was investigated and
was found to make a negligible contribution.

According to the standard notation of dual-level dynamics6d

the full notation for IVTST-IC and direct dynamics rate
constants are given as G2(MP2)//MP2(full)/6-31G(d,p) and G2-
(MP2)/MP2(full)/6-31G(d,p)///PM3-SRP, respectively. Through-
out the rest of this paper we will use a shorthand notation, i.e.,
G2//MP2 for G2(MP2)//MP2/6-31G(d,p) and G2/MP2///SRP for
G2(MP2)/MP2(full)/6-31G(d,p)///PM3-SRP. When tunneling
corrections are included we use the labels (G2//MP2)/SCT and
(G2/MP2///SRP)/µOMT.

The low-frequency modes that become imaginary along the
reaction path due to the use of rectilinear coordinates were
interpolated directly from the frequencies of the transition-state,
reactant and product structures in terms of the IVTST-0

treatment.12a The harmonic approximation is assumed for the
calculation of the vibrational partition functions in all cases with
the exception of the internal hindered-rotation of the OH group
around the reactive O-Ha bond. For this situation a hindered
rotor39 model was employed.

For vibrational-state selected rate constants the statistical
vibrationally diabatic model40 was employed. The main as-
sumption of this model is that vibrational modes preserve their
characteristic motions along the reaction coordinate. In this case
the vibrational modes are correlated by maximizing the overlap
of successive points on the reaction path. The expression for
vibrational-state selected rate constants differs from the statistical
form of the thermal rate only in the vibrational partition function
for the selected mode. The vibrational partition function of mode
i in statem is given by

The dynamic calculations were carried out using the
POLYRATE (version 7.8.132) and MORATE (version 7.541)
programs.

Experimental Results.The reaction of ethane with the OH
radical has been studied with several experimental techniques
and the reaction rate constants for a wide range of temperatures
have been reported.3,42Unfortunately, for the analogous fluoro-
ethane and chloroethane reactions only a few such measure-
ments3d,43,44exist. From their temperature dependence Arrhenius
activation energies (Ea) have been obtained, and for the RH

reaction the range ofEa was found to fall between 2.1 and 2.3
kcal/mol. For the RF reaction the range is 1.5-2.3 kcal/mol and
for the RCl reaction 0.8-2.0 kcal/mol. Reaction enthalpies for
the RH and RCl1 reactions are calculated from experimental heats
of formation.45

Results

Primary and Secondary Abstractions.In a previous study
all stationary points for the Rx1 and the Rx2 reactions were
determined8a,8b at the MP2/6-31G(d,p) level. (The important
geometrical parameters of the computed transition-state struc-
tures are shown in Figure 1.) The reaction paths for the ethane
abstraction reaction as well as for the favored abstraction from
the secondary carbons of fluoroethane and chloroethane were
also previously reported.8e Information about the geometry,
frequency, and energy changes along the MEP were used to
calculate the rates via the IVTST-IC method. (Energetics
calculated at the G2(MP2) level of theory are given in Table
1.) It was shown that for the haloethanes hydrogen abstraction
from the secondary carbon atom is energetically favored,
although a significant lowering of the barrier height was found
for the [CH2XCH‚‚‚H‚‚‚OH(rot2)] transition-state structures due

TABLE 1: The Energetics for the Reactions of OH with Ethane, Fluoroethane, and Chloroethane (kcal/mol)

reaction ∆E1 ∆E2 ∆E3 ∆E4 ∆Eà ∆Hr Ea
a ∆Hr (exptl)a

ethane -0.2 3.1 -21.1 0.5 2.9 -17.1 2.1-2.3 -19.0
[CH3CHFH‚‚‚O‚‚‚H] 4.8 -22.6 1.3 2.1 -19.2 -18.7b

[CH2FCH2H‚‚‚O‚‚‚H(rot1)] -2.7 7.0 -22.3 2.0 4.3 -15.3 1.5-2.3 -14.7b

[CH2FCH2H‚‚‚O‚‚‚H(rot2)] 6.0 -21.5 3.3
[CH3CHClH‚‚‚O‚‚‚H] 3.4 -23.6 1.2 1.1 -21.3 -21.2
[CH2ClCH2H‚‚‚O‚‚‚H(rot1)] -2.3 5.7 3.4 -16.9 0.8-2.0 -17.1b

[CH2ClCH2H‚‚‚O‚‚‚H(rot2)] 5.1 2.8

a Experimental data are referenced in the Methods section.b Values calculated at G2(MP2) level of theory.8e

qi(m,T) ) e-(1/2+m)hωi/kBT
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to the through-space interaction between the hydrogen atom of
the OH radical and the halogen atom. Values∆E1 and ∆E4

correspond to the stabilization energies of the van der Waals
prereaction complexes that were found for all 5 reactions
studied.8f In Figure 2 the important geometrical parameters are
summarized.

The minimum energy paths were also calculated for the [CH2-
XCH‚‚‚H‚‚‚OH(rot1)] and [CH2XCH‚‚‚H‚‚‚OH(rot2)] reaction
pathways at the MP2/6-31G(d,p) level. This in order to compare
energetic and entropic factors that govern hydrogen atom
abstraction from both the primary and secondary carbon atoms
in the fluoroethane abstraction reaction. Geometries and Hes-
sians for generalized transition-state structures were calculated
along the MEP as described in the Methods section. The
resulting generalized normal modes were reordered by projecting
the eigenvectors of each successive step onto those of the
previous step, then connecting those with the largest contribution
for a specific eigenvector. Due to strong mixing, the reordering
and connection of the frequencies was not completely straight-
forward and some chemical intuition was needed to connect

the frequencies reasonably. As in the case of the RH1, RF1, and
RCl1 reactions, out of all 3N-7 generalized normal modes, there
are only two that change significantly during the reaction.8e

These are the symmetric C-H stretching mode of the CH2 group
from which the hydrogen is abstracted and the symmetric O-H
stretching mode of the product water molecule. The effect these
particular frequencies have on the adiabatic ground-state
potential energy as a function of position along the MEP is
shown in Figure 3. The maximum of the ground-state vibra-
tionally adiabatic potential energy curve appears atS/

AG )
-0.2876a0 for reaction RF2a and atS/

AG ) -0.0026a0 for
reaction RF2b, this in comparison toS/

AG ) -0.3429a0 for
reaction RF1. (It should be noted that a negligible variational
shift is obtained for reaction RF2b while for reaction RF2a a
significant, although smaller than that of the RF1 reaction,
variational shift is observed.) For the case of the RF1 and the
RF2a reactions the shift of the maxima toward the reactants is
due to the strong change in theν(CH2) mode on the reactant
side of the MEP. This change is not compensated for by a

Figure 3. (a) The Born-Oppenheimer potential energy (VMEP), (b) the vibrationally adiabatic ground-state potential energy (Va
G), and (c) the free

energy change along the reaction path for reactions RF1, RF2a, and RF2b, at 298 K.
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lowering of the potential energy since the reaction path is
relatively flat in this region. On the product side, the MEP is
much steeper and the change in potential energy along the
reaction path is greater than is the change in the zero-point
energy. For the RF2b reaction the reactant side of the MEP is
already steep enough to compensate for vibational changes
resulting in a negligible variational effect. Adding in entropic
effects shifts the dynamic bottleneck slightly in the product
direction for all three reactions, resulting inS/

AG ) -0.2708a0

for RF2a andS/

AG ) -0.0018a0 for RF2b, again in comparison
to S/

AG ) -0.3255a0 for RF1. This illustrates the competition
between the potential energy, the vibrational energy and the
entropy in determining the location of the variational transition
state. Figure 3 shows the Born-Oppenheimer energy along the
minimum energy path (VMEP(s)), the vibrationally adiabatic
ground-state potential energy curve (Va

G(s)), and the free
energy curve for the reactions RF1, RF2a, and RF2b. It is
interesting to note that vibrational and entropic effects lessen
the differences between the two reaction pathways for hydrogen
atom abstraction from the primary carbon thus diminishing the
energy preference of the [CH3CHF‚‚‚H‚‚‚OH(rot2)] transition-
state structure gained through the weak interactions between
the halogen and the hydrogen of the OH radical. This can be
further demonstrated by plotting changes in the zero-point
energies and entropy contributions as a function of the reaction
coordinate as shown in Figure 4. The strongest H-F interaction
in the [CH3CHF‚‚‚H‚‚‚OH(rot2)] structure results in stiffer small
vibrational frequencies which leads to the smaller entropy
correction. The reaction rate constants calculated at 298.15 K
are 5.31× 10-15 cm3/molecule s for RF1, 8.54× 10-16 cm3/
molecules for RF2a and 1.40× 10-15 cm3/molecule s for RF2b.
Accounting for tunneling effects, via the small curvature
tunneling approximation, increases the reaction rate constants
by a factor of 3.9 for RF2a and 3.6 for RF2b, in comparison to
3.5 for RF1 at 298.15 K. This yields an overall reaction rate
constant of 2.69× 10-14 cm3/molecule s in comparison with
the experimental value43 of 2.13 × 10-13 cm3/molecule s.
Discrepancies between calculated and experimental results have
already been discussed in previous papers; e.g., ref 8e and f.
The change in the contribution of each reaction pathway to the
overall reaction rate as a function of temperature is given in
Figure 5a. For reaction RF2a the contribution to the overall

reaction rate increases with increasing temperature, while for
the RF1 and RF2b reaction pathways the opposite trend is
observed.

Excitation of Reactive Vibrational Modes. It has been
noted8e that on the basis of vibrational-mode correlation analysis,
and on calculated nonadiabatic coupling constants, the excitation
of the ν(OH), ν(CH2), and δ(CH2) vibrational modes can
significantly increase the abstraction rate for the RF1 reaction.
In this work the statistical vibrationally diabatic model was
employed to calculate vibrational-state selected rate constants
for the reactions RH1, RCl1, RF1, RF2a, and RF2b. (The
temperature dependence of the vibrational enhancement factors
for exciting modesν(OH), ν(CH2), andδ(CH2) into their first
excited state are given in Table 2.) An increase in the reaction
rate is predicted for exciting any of these three modes.
Significant enhancements in the rate constants are predicted for
the excitation of theν(CH2) mode for all reactions studied in
this work, while excitation of theν(OH) mode has a negligible
effect on the computed reaction rate. Excitation of theδ(CH2)
mode increases the reaction rates by approximately 20%-50%.
An inverse correlation between temperature and enhancement
factors is observed. At 298 K the difference between thermal
and state-selected reaction rates is a factor of 6 for the RH1
reaction, a factor 9 for the RCl1 reaction, a factor 6 for the RF1
reaction, a factor 11 for the RF2a reaction and a factor 15 for
the RF2b reaction. It is interesting to note that the excitation of
the C-H stretching mode leads to a significantly greater
enhancement factor for the RF2b reaction than it does for the
RF1 reaction. Therefore, vibrational excitation is predicted to
have a greater effect on primary abstraction than on secondary
abstraction. The change in the contribution by each reaction
pathway to the overall reaction rate (with theδ(CH2) mode
excited) as a function of temperature is presented in Figure 5b.
From Figure 5b a significant increase in the RF2a contribution
to the overall reaction rate is predicted, leading to equal
contributions by the RF2a and RF2b reaction pathways at
temperatures higher that 400 K in comparison to 10% and 40%
respectively at 250 K. The position of the dynamical bottleneck
is greatly influenced by the excitation ofδ(CH2). (The varia-
tional shifts with respect to the ground-state vibrational energy
curve maxima are given in Table 3.) Excellent correspondence
between room-temperature dynamical-bottleneck locations and

Figure 4. (a) The zero-point energy and (b) the entropy change along the reaction path for reactions RF1, RF2a, and RF2b.
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diabatic-curve-potential maxima are observed with a shift toward
the saddle point as the temperature is raised.

Features of the PM3-SRP Potential Energy Function.Both
the standard PM3 parameters and our optimized specific reaction
parameters are presented in Table 4. The largest differences
between the parameter sets are found forUss

(o), Uss
(CH), andâP

(o).

It seems “chemically” reasonable that the barrier height for the
abstraction reaction (where the new bond is formed between
the leaving hydrogen and the oxygen of the hydroxyl radical)
would be sensitive to the value ofUss

(o), and to the core
resonance integralsâ, which describe the major contribution to
the bonding interaction between two atoms.18c

Figure 5. The change in the contribution of the RF1, RF2a, and RF2b reaction pathways to the overall reaction rate for (a) the vibrational ground
state and (b) the vibrationally excited-state as a function of temperature.
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The important geometric parameters, investigated at both the
ab initio and the semiempirical levels of theory, are reported in
Table 5. It is interesting to note that barriers calculated with
the standard PM3 Hamiltonian are not as greatly overestimated
for our reactions as they are for some other H transfer
reactions;20 however, the reaction enthalpies and the imaginary
frequencies are greatly overestimated. Thus, reparametrization
of the PM3 Hamiltonian leads to a far more reliable potential
energy surface than would otherwise be obtained with the
standard parametrization. Reparametrization did not improve,

significantly, the breaking and forming bond lengths although
both the PM3 and the PM3-SRP geometries more closely
resemble those obtained at the MP2 level of theory than do
those computed at the Hartree-Fock8a,8b level.

For all six reactions very good results were obtained using
the PM3-SRP parameters that were optimized to describe the
ethane reaction. Such results are very encouraging in that they
show, at least for this case, the specific reaction parameters are
general for reactions of the same mechanism. The minimum
energy path for the ethane reaction with the OH radical,
computed at several different levels of theory, is given in Figure
6.

As an experiment we took five generic hydrocarbons for
which the abstraction rates are reported in ref 3b and applied
the direct NDDO-SRP/µOMT method described above. Such
systems are representative of the hydrocarbons which are
important in atmospheric and combustion chemistry. We report
the results in Table 6. The reported rates are sums of the
individual rates for each of the several abstraction pathways
we found with no attempt to weight the individual contributions.
The results reported in Table 6 are encouraging, but further
investigations are both needed and ongoing.

It should be noted that the PM3-SRP method overestimates
hydrogen-hydrogen interactions. (This is true for the original
PM3 parametrization also.) Because of this, transition-state
conformers studied in this work involving O-H rotations are
too strongly hindered. We corrected for this behavior through
Interpolated corrections. That is, by fitting the hindered rotation
(with this “spurious” H-H interaction) to a hindered O-H
rotation without this overestimation.

The temperature dependence of the reaction rate constants
calculated at the (G2//MP2)/SCT, (G2/MP2///SRP)/µOMT, and
SRP/µOMT levels for the ethane, fluoroethane, and chloroethane
reactions are given in Figure 7. For the halogenated ethanes
the overall reaction rates are reported as the sum of the Rx1
and the Rx2 reaction pathways. The only exception is the (G2//
MP2)/SCT rate constant for the chloroethane reaction. The ab
initio reaction path data were only available for the RCl1
reaction; thus, the reported rate should be approximately 80%
of the overall reaction rate. It should be stressed here that the
(G2//MP2)/SCT rate constants given in Figure 7 differ from
those published previously8e due to the differences in the range

TABLE 2: Temperature Dependence of the Vibrational Enhancement Factors for the Reactions RH, RF, and RCl with ν(OH),
ν(CH2), and δ(CH2) in Their First Excited State: These Rate Constants Were Calculated at the (G2//MP2)/SCT Level

[CH3CFH‚‚‚H‚‚‚OH] [CH2FCH2‚‚‚H‚‚‚OH(rot1)] [CH2FCH2‚‚‚H‚‚‚OH(rot2)]

T (K) ν(OH) δ(CH2) ν(CH2) ν(OH) δ(CH2) ν(CH2) ν(OH) δ(CH2) ν(CH2)

243 1.09 1.01 7.49 1.08 1.24 15.28 1.20 1.36 20.36
273 1.08 1.01 6.40 1.07 1.24 12.61 1.17 1.31 17.45
298 1.07 1.01 5.70 1.07 1.24 10.92 1.16 1.28 15.45
325 1.07 1.01 5.10 1.06 1.23 9.52 1.14 1.25 13.66
373 1.06 1.01 4.32 1.05 1.22 7.78 1.12 1.20 11.23

[CH3CH2‚‚‚H‚‚‚OH] [CH3CClH‚‚‚H‚‚‚OH]

T (K) ν(OH) δ(CH2) ν(CH2) T (K) ν(OH) δ(CH2) ν(CH2)

248 1.05 1.57 7.35 250 1.12 1.26 10.22
273 1.05 1.52 6.73 270 1.11 1.23 8.85
297 1.05 1.48 6.23 298 1.11 1.24 9.03
340 1.04 1.41 5.48 330 1.09 1.18 5.17
374 1.04 1.38 5.03 381 1.08 1.17 4.57
395 1.04 1.37 4.81 421 1.07 1.16 4.26
427 1.04 1.34 4.49 490 1.06 1.13 3.43
462 1.04 1.33 4.22 548 1.05 1.12 3.17
483 1.03 1.30 4.03 595 1.05 1.11 3.14
578 1.01 1.24 3.45 600 1.05 1.11 2.96
704 1.02 1.21 2.99 788 1.04 1.08 2.49

TABLE 3: VTST Bottleneck Location at 298 K

s*(nν(OH), nν(CH2), nδ(CH2))/a0

RH1 RCl1 RF1 RF2a RF2b

(0,0,0) -0.2581 -0.2708 -0.3112 -0.2707 -0.0018
(1,0,0) -0.2579 -0.2670 -0.3063 -0.2698 -0.0013
(0,1,0) -0.4157 -0.5360 -0.3887 -0.5017 -0.0546
(0,0,1) -0.3046 -0.2767 -0.2939 -0.2787 -0.4015

TABLE 4: Optimized PM3 Specific Reaction Parameters

parameter atom PM3 PM3-SRP ∆

Uss H -13.073 321 -14.588 627 1.52
Gss H 14.794 208 15.361 569 -0.57
âs H -5.626 512 -6.195 294 0.57
Uss C -47.270 320 -46.944 706 -0.33
Upp C -36.266 918 -37.425 882 1.16
Gss C 11.200 708 10.656 471 0.54
Gsp C 10.265 027 9.703 922 0.56
Gpp C 10.796 292 10.607 843 0.19
Gp2 C 9.042 566 9.413 725 -0.37
Hsp C 2.290 980 2.357 059 -0.07
âs C -11.910 015 -12.045 882 0.14
âp C -9.802 755 -9.806 118 0.00
Uss O -86.993 002 -95.700 000 8.71
Upp O -71.879 580 -71.971 765 0.09
Gss O 15.755 760 16.010 588 -0.25
Gsp O 10.621 160 10.115 686 0.51
Gpp O 13.654 016 13.525 882 0.13
Gp2 O 12.406 095 12.487 059 -0.08
Hsp O 0.593 883 0.578 824 0.02
âs O -45.202 651 -45.123 529 -0.08
âp O -24.752 515 -27.323 529 2.57

a U, the one-center electron kinetic energy and nuclear attraction in
eV; G andH, the two-electron one-center repulsion integrals in eV;â,
the resonance integral in eV. Indices correspond to the atomic basis.
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parameterL. In this work larger values ofL were used since
they were fitted with respect to the energies of the prereaction
complexes. As a result, the thickness of the fitted potential
energy curves were reduced and the tunneling corrections
increased. The room-temperature rate constant for the RH, RF,
and RCl reactions are respectively 24%, 55%, and 33% higher
than the rate constants published previously.8e It is interesting
to note that the increases in the computed reaction rate constants
correlate with the stabilization energy of the corresponding pre-
reactive complexes; i.e.,-0.2, -2.7, and-2.3 kcal/mol for
reactions RH, RF, and RCl respectively.8f

An approximate least-imaginary-action principle is used to
select the tunneling method that gives the largest tunneling
probabilities.46 On the PM3-SRP potential energy surfaces large-
curvature tunneling is the dominant tunneling pathway for
reactions RH, RF2a, RF2b, RCl2a, and RCl2b. For reactions RF1
and RCl1, the small-curvature approximation leads to larger
tunneling probabilities due to the lower barrier heights. When
interpolated corrections were applied, all barrier heights are
further decreased and small-curvature tunneling becomes the
dominant tunneling pathway.

Figure 7a illustrates very dramatically that the widely
discussed curvature of the Arrhenius plot of the ethane reaction
is almost entirely due to tunneling. Thus the CVT calculation
at the (G2//MP2)/SCT level plots out as nearly a straight line,
while the nonlinear (G2/MP2///SRP)/µOMT curve tracks the
experimental results rather faithfully. The average difference
between the experimental and the calculated reaction rates for
the ethane reaction is lowered from a factor of 5.3 to factor of
1.1 for (G2//MP2)/SCT vs (G2/MP2///SRP)/µOMT calculations.
For fluoroethane this lowering is even larger going from 10.7
to 2.1. The situation for chloroethane is comparable, 13.2 to
2.5, but the exact values cannot be obtained since the (G2//
MP2)/SCT rate constants were calculated for the secondary
abstraction only.

For the ethane reaction the SRP/µOMT and (G2/MP2///SRP)/
µOMT rate constants are almost the same, with the (G2/MP2///
SRP)/µOMT rate constants being a factor of 0.860 smaller (a
factor of 1.47 smaller using the LCT correction). In the cases
of fluoroethane and chloroethane the differences between the
SRP/µOMT and (G2/MP2///SRP)/µOMT rate constants are
somewhat larger, with the experimental values laying ap-
proximately between, see Figure 7. The (G2/MP2///SRP)/µOMT
rate constants are factors of 0.223 (0.228 for the LCT correction)
and 0.256 (0.395 for the LCT correction) lower than are the

TABLE 5. Barrier Heights, Reaction Enthalpies, Reactive Bond Lengths, and Imaginary Vibrational Frequencies Calculated at
the ab Initio and Semiempirical Levels of Theory for the Reactions RH1, RF1, RF2a, RF2b, RCl1, RCl2a, and RCl2b

[CH3CH2‚‚‚H‚‚‚OH] [CH3CFH‚‚‚H‚‚‚OH]

method ∆Eá ∆rH rCH rOH νi ∆Eá ∆rH rCH rOH νi

MP2/6-31G(d,p) 5.5 -14.3 1.107 1.321 1775 3.9 -16.9 1.191 1.314 1920
G2(MP2) 2.9 -17.7 2.0 -18.4
PM3 7.9 -26.7 1.229 1.337 2484 6.2 -30.5 1.239 1.359 2552
SRPa 3.8 -19.3 1.219 1.336 2267 2.2 -19.3 1.225 1.371 2349

[CH2FCH2‚‚‚H‚‚‚OH(rot1)] [CH2FCH2‚‚‚H‚‚‚OH(rot2)]

method ∆Eá ∆rH rCH rOH νi ∆Eá ∆rH rCH rOH νi

MP2/6-31G(d,p) 6.5 -11.7 1.200 1.292 1951 4.0 -11.7 1.210 1.273 2108
G2(MP2) 3.3 -14.9 4.3 -14.9
PM3 9.8 -23.9 1.226 1.314 2489 8.8 -23.9 1.226 1.321 2464
SRPa 5.3 -14.1 1.217 1.316 2273 4.9 -14.1 1.217 1.325 2276

[CH3CClH‚‚‚H‚‚‚OH] [CH2ClCH2‚‚‚H‚‚‚OH(rot1)]

method ∆Eá ∆rH rCH rOH νi ∆Eá ∆rH rCH rOH νi

MP2/6-31G(d,p) 4.1 -17.6 1.187 1.313 1957 5.8 -13.6 1.196 1.302 1907
G2(MP2) 1.1 -21.3 3.4 -16.9
PM3 7.3 -30.9 1.243 1.357 2595 9.0 -24.6 1.229 1.326 2517
SRPa 2.0 -16.22 1.234 1.390 2353 4.9 -16.9 1.183 1.395 2285

[CH2ClCH2‚‚‚H‚‚‚OH(rot2)]

method ∆Eá ∆rH rCH rOH νi

MP2/6-31G(d,p) 4.9 13.6 1.204 1.281 2054
G2(MP2) 2.8 -16.9
PM3 8.4 -24.6 1.230 1.325 2498
SRPa 4.3 -16.9 1.220 1.330 2294

a The SRP were obtained for the ethane reaction with OH radical at G2(MP2)///PM3-SRP.

Figure 6. The Born-Oppenheimer potential energy (VMEP) for the
ethane reaction with the OH radical calculated at various levels of
theory.
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SRP/µOMT values for the fluoroethane and chloroethane
reactions, respectively. These differences are almost constant
within the investigated temperature range for the SRP//µOMT
rate constants. Therefore, they can be used as correction factors
for the low-leVel rate constants calculated for the larger systems
of interest.

The temperature dependence of the (G2/MP2///SRP)/LCT and
SRP/LCT ratios is somewhat stronger; therefore, the factors
given in parentheses are the averages over the 200-400 K
temperature range. It is interesting to note that the experimental
rate constants fall between the (G2/MP2///SRP)/µOMT and SRP/
µOMT results implying that, possibly, these two methods can
be used as bounds in predicting the rate constants of species
for which the experimental values are not available.

Conclusions

The results reported in this study were based on high-level
electronic structure calculations, interpolated variational transi-
tion state theory, and dual-level direct dynamics calculations
with multidimensional semiclassical tunneling corrections.
Reaction rate constants for primary abstraction from fluoroet-
hane were calculated in terms of interpolated variational
transition state theory at the (G2//MP2)/SCT level of theory
and compared with previously calculated rate constants for
abstraction from the secondary carbon atom. This to study the
relationship between energetic and entropic effects in the
determination of the dynamical bottleneck. It was found that
both vibrational and entropic effects minimize the differences
between the two different primary carbon abstraction reaction
pathways, thus diminishing the energy preference of the [CH3-
CHF‚‚‚H‚‚‚OH(rot2)] transition-state structure gained through
weak interactions between the halogen atom and the hydroxyl
hydrogen. Abstraction of hydrogen from the secondary carbon
atom was found to contribute 80% to the overall rate, and the
ratio diminishes with increasing temperature.

The statistical diabatic model was used to provide qualitative
analysis on the possible vibrational-state specific chemistry of
these hydrogen abstraction reactions. Significant enhancements
of the rates are predicted for the excitation of theδ(CH2) mode
of the reactant hydrocarbon molecule. An inverse correlation
between the absolute temperature and the enhancement factors
was found.

To obtain useful semiempirical potential energy surfaces for
the studied reactions a set of specific reaction parameters was
obtained by re-parametrizing the semiempirical PM3 Hamilto-
nian. Rates obtained via the use of these specific reaction
parameters (obtained for the ethane reaction) were compared
to those determined via the G2(MP2)//MP2/6-31G(d,p) approach
for both ethane and fluoroethane. Very good agreement was
found not only for the ethane reaction (for which the PM3
Hamiltonian was reparametrized) but also for the fluoroethane
reaction as well. Ab initio results for abstraction from the
secondary carbon atom in chloroethane are surprisingly well
reproduced through the use of the PM3-SRP Hamiltonian.
Further, the PM3-SRP approach was used to study abstraction
from the primary carbon of chloroethane. Our findings give us
confidence that the SRPs are not “strictly” reaction specific but
that they can be used for other reactions of the same mechanism
type. (See Table 6.) If this is generally so, reaction rates of larger
hydrocarbons (of interest in atmospheric and combustion
chemistry) may then be predicted both reliably and at low
computational cost.

Multidimensional tunneling calculations were carried out in
the small-curvature, large-curvature, and microcanonical opti-
mized multidimensional tunneling approximations. For the PM3-
SRP potential energy surfaces large-curvature tunneling was
found to be the dominant tunneling pathway for most of the
reactions studied. For reactions RF1 and RCl1 the small-curvature
approximation led to larger tunneling probabilities due to lower
barrier heights. When interpolated corrections were applied all
barrier heights were further decreased and small-curvature
tunneling became the dominant tunneling pathway.

TABLE 6: Example GRP (Ethane) Abstraction Results: Cited Experimental Rates from Reference 3b and All Reported Rates
Multiplied by 10 12

n-butane (C4H10) n-pentane (C5H12) 2,2-dimethylpropane(C5H12)

kCVT/µOMT
298 kCVT/LCT

298 kCVT/µOMT
298 kCVT/LCT

298 kCVT/µOMT
298 kCVT/LCT

298

Ts1 2.79 1.40 0.30 0.15 1.03 0.73
Ts2 9.71 5.41 0.27 0.27
Ts3 0.69 0.69 1.17 1.13
Ts4 1.07 1.03
sum 1.07 0.87 2.81 2.58 1.03 0.73
corra 0.92 1.22 2.42 3.79 0.89 1.07
exptl 1.68-4.2 4.01-6.60 0.50-2.00

2,2-dimethylhexane octane

kCVT/µOMT
298 kCVT/LCT

298 kCVT/µOMT
298 kCVT/LCT

298

Ts1 0.02 0.01 0.24 0.12
Ts2 0.05 0.03 0.20 0.13
Ts3 1.49 1.88 0.99 0.97
Ts4 2.23 1.19 1.60 1.68
Ts5 2.10 0.94 1.47 1.44
Ts6 0.01 0.01
Ts7 0.04 0.01
Ts8 0.08 0.07
Ts9 0.01 0.01
Ts10 0.02 0.02
sum 6.05 4.17 4.50 4.34
corra 5.20 6.12 3.87 6.38
exptl 4.79-4.87 7.17-9.67

a Correction factor for thekCVT/µOMT
298 is 0.86 and forkCVT/LCT

298 1.47
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The temperature dependence of the rate constants calculated
at the (G2/MP2///SRP)/µOMT level of theory were compared
to those of experiment. Our computed reaction rates for ethane
are within the range of 0.9-1.9 of the experimental result for
the 250-800 K temperature range. For fluoroethane and
chloroethane these factors are somewhat higher, but still very
satisfactory, with average values of 2.1 and 2.5, respectively.
(For RH, RCl, and RF over the temperature range of 200-400 K
the average correction factors were found to be, respectively,
3.5, 2.0, and 11.5.

For molecular systems which are much larger than these, ab
initio corrections to the NDDO-SRP surface will become too
computationally demanding to be generally useful. Thus we
sought an alternative in the form of correction factors to the
inexpensive NDDO-SRP result. We define these correction
factors to be the ratios of the (G2/MP2///SRP)/µOMT and
NDDO-SRP/µOMT rate constants. These ratios may prove
useful in improving the low level NDDO-SRP/µOMT computed
rates such that they become a good approximation to those
obtained via the higher level (G2/MP2///SRP)/µOMT method,
over a range of temperatures, for larger molecular systems
reacting via the same mechanism.
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