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The calculation of thermal rate constants for gas phase reactions:
A semiclassical flux–flux autocorrelation function „SCFFAF… approach

Keith Runge, Marshall G. Cory, and Rodney J. Bartlett
ACES Q. C. and the Quantum Theory Project, Department of Physics and Chemistry,
University of Florida, Gainesville, Florida 32611

~Received 25 September 2000; accepted 11 December 2000!

A semiclassical approach to the calculation of thermal rate constants, based on the flux–flux
autocorrelation function method, is presented with its applications. The autocorrelation function is
generated along classical trajectories using a classical interpretation of the Boltzmannized flux
operator. The activation energies for considered reactions are calculated using the G2/MP2
procedure. The forces are generated using a new parametrization of the PM3 NDDO Hamiltonian
optimized for accurate gradients. Thermal rate constants for hydrogen abstraction from ethane and
haloethanes by hydroxyl radical serve as a first test of this approach. Calculated results are in good
agreement with cumulative rate constants for all systems considered over a range of temperature
including room temperature. The approach is able to distinguish betweena andb abstraction with
a result for fluoroethane at room temperature that is consistent with the available experiment and
trends that are in line with those expected. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1344890#
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I. INTRODUCTION

Rate constants are perhaps the most fundamental q
tity in chemistry and the calculation of gas-phase therm
rate constants, in particular, is of interest for theoretical a
experimental investigations of combustion and atmosph
chemistry.1,2 Of special importance is the interaction of h
droxyl radical with airborne molecules as a primary deg
dation mechanism for many organic pollutants. Hydroc
bons and halogenated hydrocarbons are released into
troposphere from combustion fuels and from other indust
and domestic uses. Common characteristics of the system
interest for atmospheric degradation and combustions
that molecules are comprised of many atoms, between
and 100 or more, and that the geometry of the reaction
ordinate may be somewhat complicated. Any theoret
method to treat such systems must be able to accommod
large number of degrees of freedom while being compu
tionally tractable. This semiclassical flux–flux autocorre
tion function ~SCFFAF! approach attached to anan initio
parametrization of a simplified Hamiltonian~NDDO! ad-
dresses both of these concerns.

Due to the computational demands of fully quantum m
chanical methods for the determination of thermal rate c
stants, a number of semiclassical techniques have been
veloped. We do not intend a comprehensive survey of
literature, however we discuss a few methods that gene
thermal rate constants from classical trajectories. Keck3 cal-
culated thermal rate constants by integrating over classic
generated trajectories at a dividing surface. The thermal
constant is then expressed as

k~T!5E
s,vW •nW .0

vW •nW r ds, ~1!

a surface integral of the outgoing fluxvW •nW over the density
5140021-9606/2001/114(12)/5141/8/$18.00
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of states at the dividing surfacer. This procedure finds an
upper bound to the thermal rate constant. Anderson4 intro-
duced a multiplicative correction which was used to acco
for the effect of trajectories that recross the dividing surfa
and hence increased the calculated rate constants.

Another semiclassical procedure for the calculation
thermal rate constants is variational transition state the
~VTST!. In this method, the thermal rate constant is e
pressed as

k~T,s!5k~T!
kBT

h

QGT~T,s!

FR~T!
expS 2

VMEP~s!

kBT D , ~2!

wherek(T) is an effective transmission coefficient encom
passing classical and quantal effects,kB is the Boltzmann
constant,h is Planck’s constant,s is the reaction coordinate
QGT(T,s) is the partition function for vibration and rotatio
of the generalized transition state,FR(T) is the reactant par-
tition function, andVMEP(s) is the Born–Oppenheimer po
tential ats. The dividing surface is determined by minimiz
ing the thermal rate constant along the minimum energy p
thereby obtaining the position of the dynamical bottlene
This procedure is termed canonical VTST.5–7 Computation
of the transmission coefficient is a two stage procedure
which one separates a classical reaction coordinate f
quantized transverse mode in stage 1 and then adds in
tidimensional quantum mechanical contributions semicla
cally in stage 2. These latter contributions are sometim
referred to as tunneling corrections.

Recently, there has been a resurgence of interest
quantum mechanical approach called the flux–flux autoc
relation function~FFAF! method.8–11 The general outline of
the theory is well-established, so only a summary is p
sented here. The details of the various quantum mechan
calculations differ with respect to implementation and t
1 © 2001 American Institute of Physics
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system that is being investigated. A substantial advantag
found in using the Boltmannized FFAF as well as using
FFAF as opposed to the flux-side autocorrelation funct
that can also be related to the thermal rate constant.

The thermal rate constant can be calculated from
time integral of the FFAF according to

k~T!5Qr~T!21E
0

`

Cff~ t !dt, ~3!

whereQr(T) is the reactant partition function per unit vo
ume and the FFAF is defined by

Cff~ t !5tr@e2bĤ/2F̂e2bĤ/2eiĤ t/\F̂e2 iĤ t/\#, ~4!

with b51/(kBT), Ĥ is the system Hamiltonian, andF̂ is the
flux operator. We propose a semiclassical procedure for
computation of the FFAF, and using Eq.~3!, we arrive at the
SCFFAF thermal rate constants.

The size of the systems that we wish to consider p
cludes the use ofab initio electronic structure calculations a
each atomic configuration visited by the system dynamics
is convenient to reparametrize a semiempirical Hamiltoni
particularly the NDDO Hamiltonian, to yield an approxima
system Hamiltonian parametrized from theab initio results.
This approach has been used for dual level direct dynam
based on VTST and is referred to as the specific reaction~or
range! parameter~NDDO-SRP! fit to model potential energy
surfaces in chemical reactions.12,13 A similar procedure has
been developed for condensed phase reactions and is te
AM1 system specific parameters~AM1-SSP!.14 In the
SCFFAF procedure that we have implemented, we have
justed the original PM3 NDDO parameters with the intent
reproducing high level calculations of the gradients wh
drive the dynamics calculation. This procedure is disti
from those cited above in which energetics or thermodyna
ics properties have been included in the optimization pro
dure. We refer to the NDDO parameter, which we have
generated, as general reaction parameters~GRPs!. We use an
interpolation procedure based on a Taylor expansion of
dients around a number of points calculated on the MEP
the system considered. A number of other interpolation p
cedures are available in the literature,15 however the proce-
dure used herein appears to achieve acceptable results.

The computation of accurate activation energies is
sential for the calculation of thermal rate constants. For
computationally intensive task we have employed the G
MP2 procedure.16 There are a number of other approaches
this sort of extrapolation for basis set limits and correlat
energy. A more recently available approach is the
procedure17 which modifies the G2 procedure for greater e
ficiency and accuracy. Other authors have proposed gene
zations of these procedures to allow for the generation
potential energy surfaces. In particular, a multicoefficient
method18 has been developed and applied to geome
optimization.19

A sophisticated variant of VTST has been applied to
abstraction of hydrogen by hydroxyl radical from ethan
fluoroethane, and chloroethane. Sekusˇak et al.13 employed a
number of techniques for the generation of the PES includ
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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fitting from points calculated using the G2 extrapolati
procedure.16 A set of reaction parameters was also genera
using a genetic algorithm to find a new set of PM3 NDD
parameters for the underlying semiempirical Hamiltonia
Two types of tunneling corrections were also calculated
enable the authors to calculate the thermal rate const
over a range of temperature near and above room temp
ture.

The present study, the first undertaken using
SCFFAF approach, focuses on the abstraction of hydro
by hydroxyl radical from ethane, fluoroethane, and chloro
hane. The reactions for which thermal rate constants are
culated are

CH3CH31OH•→CH3CH2
•1H2O, ~5!

CH3CH2X1OH•→CH3CHX•1H2O~a!, ~6a!

CH3CH2X1OH•→•CH2CH2X1H2O~b!, ~6b!

where X is either F or Cl. Hydrogen abstraction from a h
loethane occurs either from the carbon bonded to the halo
@Eq. ~6a!, a abstraction# or from the other carbon@Eq. ~6b!,
b abstraction#. Our newly developed SCFFAF approach fo
lows from the quantum mechanical FFAF method while u
ing classical dynamics for the propagation of all degrees
freedom in the region of the transition state.

II. METHOD

Historically, thermal rate constants have been fitted
the Arrhenius relation. Here it is clear that the accurate
termination of the activation energy is paramount for t
accurate calculation of the thermal rate constants,

k~T!5A expS 2
EA

kBTD , ~7!

whereEA is the activation energy. This is an empirical rel
tion and it can occur that the preexponential factorA is a
function of the temperature leading to so-called no
Arrhenius behavior in the thermal rate constant.

Since the accuracy of the thermal rate constant is
tremely sensitive to the determined activation energy,
have chosen to employ an extrapolation technique for
determination. We have used the G2/MP2 procedure for
determination of the activation barriers by comparing cal
lations of the reactant energies with the energies of the v
ous transition states. For ethane, there exists a single tra
tion state structure, whereas for each of the haloethanes t
are three transition state structures to be considered. On
the haloethane transition states corresponds toa abstraction
while there are two distinct transition states forb abstraction.
Table I summarizes the activation energies for each of
seven transition state geometries associated with the var
hydrogen atom abstraction reactions we have considered

As described in the introduction, the FFAF method h
gained a good deal of attention recently for a fully quantu
mechanical calculation of thermal rate constants. It is con
nient to work with the Boltmannized flux operator

F̂~b!5e2bĤ/2F̂e2bĤ/2,

~8!
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F̂5
i

\
@Ĥ,Q̂~s!#.

The flux operator is the commutator of the system Ham
tonian with the Heaviside step function along the react
coordinates defined as

Q~s!5H 1, s.0,

0, s,0.
~9!

In all the cases that we consider in this study, the reac
coordinate is defined by the distance between the abstra
hydrogen and the carbon from which it is abstracted. T
choice allows for a similar description of all the transitio
states considered and within the context of the FF
method, variations in the choice of dividing surface have
led to changes in the calculated rate constants.

The Hamiltonian can be written in Cartesian coordina
as

Ĥ~$p,q%!5(
i 51

3N pi
2

2mi
1V̂~$q%!. ~10!

N is the number of atoms in the system, andpi , qi , andmi ,
are the momentum, coordinate, and mass associated wit
ith degree of freedom, respectively. Interpreting the flux
erator presented in Eq.~8! within the usual quantum me
chanical framework and observing that the potential co
mutes with the step function, we obtain an expression for
flux operator,

F̂5
1

2 (
i 51

3N S pW i

mi
•¹ is d~s!1d~s!¹ is•

pW i

mi
D , ~11!

which is used for the generation of the FFAF in our sem
classical method. The delta function is interpreted using
definition of the derivative as

d~s!5
Q~s1h!2Q~s2h!

2h
, ~12!

whereh is the width of the dividing surface which is define
for the convenience of the calculation. It should be noted t
this formulation of the delta function allows freedom in th
thickness of the dividing surface without significant chan
in the calculated integral of the FFAF and hence the ther
rate constants.

The FFAF method can benefit from absorbing bound
conditions to limit the region of space in which wave pack
must be propagated, and to limit the amount of the PES

TABLE I. Activation energies for the seven transition states considered

System Orientation Barrier~kcal/mol! Sekušak et al.a

Ethane All 2.7 2.9
Chloroethane a abstraction 1.0 1.1

b abstraction I 3.3 3.4
b abstraction II 2.5 2.8

Fluoroethane a abstraction 1.6 2.1
b abstraction I 4.3 4.3
b abstraction II 3.0 3.3

aReference 13.
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the vicinity of the transition state structure that must be co
puted to generate the thermal rate constants. Problems
lated to the recrossing of the dividing surface are not enco
tered in the FFAF method in that the crossing and recross
of the dividing surface are included in the FFAF with the
proper sign. Furthermore, use of the Boltzmannized flux
erator simplifies the generation of the FFAF by providi
algorithmic advantages, particularly in the use of the La
zcos matrix reduction. However, because of the compu
tional complexity of the method, it is not useful for applic
tion to systems with more than a few atoms witho
substantial simplification.

A. Semiclassical implementation of FFAF

There are a number of possible implementations of
FFAF equations in the previous section that could be con
ered. The implementation that provides the results for t
article treats all the degrees of freedom in the abstraction
hydrogen from ethane and haloethanes by hydroxyl rad
explicitly through the solution of Hamilton’s equations fo
their motions. The Boltzmannized flux operator is used in
construction of the FFAF, which is constructed along t
classical trajectories calculated. In lieu of absorbing bou
ary conditions, trajectories are simply terminated when th
propagate sufficiently far away from the dividing surfac
The forces under which the atoms move are generated a
the reaction path. Here we use the minimum energy p
~MEP!, by the use of our parametrization of the NDD
Hamiltonian. Forces for trajectories that deviate from t
MEP are generated from a Taylor expansion of the poten
along the MEP. The PES for the reaction under considera
is never explicitly generated. The NDDO Hamiltonian is re
arametrized to reproduce gradients at the positions of
transition state and the reactant and product van der W
structures. The vibrational partition function of the reacta
is generated from vibrational frequencies calculated us
the B3LYP functional in a density functional theory~DFT!
calculation.20 Moments of inertia are determined for the r
actants and the transition state to incorporate the rotatio
partition function in the thermal rate constant calculation.

The SCFFAF procedure must provide the informati
necessary for calculating the thermal rate constants as
fined in Eq.~3!. The interpretation of the trace in Eq.~4! is
simplified in the consideration of the FFAF from each cla
sical trajectory as it becomes the product of the flux at
initial time with the flux at some later timet. The flux de-
fined by Eq.~11! is interpreted using the momentum in ea
relevant degree of freedom when the reaction coordinat
defined by

s5urWC2rWHu, ~13!

where H is the abstracted hydrogen and C is the carbon f
which the hydrogen is abstracted.

This implementation of the SCFFAF procedure involv
the generation of a set of initial conditions in which th
positions of the atoms are initially chosen to be at the lo
tion of the activated complex. Momenta are chos
weighted to approximately account for vibrational zero-po
energies, randomly for each of the degrees of freedom of
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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atoms at the activated complex, and the total kinetic ene
is constrained to be below some threshold that is a rando
chosen fraction of a kinetic energy maximum. The kine
energy maximum is chosen to maximize the calculated th
mal rate constants. The time evolution of the system is t
generated by solving Hamilton’s equations21 for all degrees
of freedom as a set of simultaneous differential equation

]H

]qi
52 ṗi ,

]H

]pi
5q̇i . ~14!

These equations are solved in Cartesian coordinates, h
the derivative of the Hamiltonian with respect to positio
reduces to the derivative of the potential and the deriva
of the Hamiltonian with respect to momentum reduces to
derivative of the kinetic energy,

ṗi52
]V

]qi
, q̇i5

pi

mi
. ~15!

The solution of these equations requires the knowledge
the positional derivative of the potential at an arbitrary co
figuration of the atoms involved in the reaction. For th
purpose, a number of configurations, usually about 100,
generated along the MEP for the reaction considered.
each of these points along the MEP, gradients and Hess
are calculated using the GRP parametrization of the ND
Hamiltonian so that the potential is expanded in a Tay
series,

V~qW !5V~qW 0!1(
j

]V

]qj
U

qW 5qW 0

~qj2qj 0!

1
1

2 (
j ,k

]2V

]qj]qk
U

qW 5qW 0

~qj2qj 0!~qk2qk0!, ~16!

whereqW 0 are coordinates along the MEP. Taking the deriv
tive with respect to positions of Eq.~15!,

TABLE II. The percent difference of the varied PM3 atomic parameter

Parameter Atom PM3 PM3-GRP % difference

Uss H 213.073 321 213.202 997 20.991 912
Gss H 14.794 208 14.878 398 0.569 077
bs H 25.626 512 25.727 858 21.801 223
Uss C 247.270 320 247.280 822 20.022 217
Upp C 236.266 918 235.999 012 0.738 707
Gss C 11.200 708 12.484 437 11.461 138
Gsp C 10.265 027 10.262 732 20.022 362
Gpp C 10.796 292 11.304 365 4.705 994
Gp2 C 9.042 566 8.805 893 22.617 325
Hsp C 2.290 980 2.379 499 3.863 799
bs C 211.910 015 211.882 620 0.230 019
bp C 29.802 755 29.791 892 0.110 819
Uss O 286.993 002 295.431 336 29.700 012
Upp O 271.879 580 271.875 280 0.005 976
Gss O 15.755 760 17.198 173 9.154 832
Gsp O 10.621 160 12.242 819 15.268 194
Gpp O 13.654 016 13.864 919 1.544 624
Gp2 O 12.406 095 11.786 533 24.994 007
Hsp O 0.593 883 0.692 335 16.577 682
bs O 245.202 651 246.160 997 22.120 105
bp O 224.752 515 225.258 174 22.042 859
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]qi
~qW !5

]V

]qi
U

qW 5qW 0

1(
j

]2V

]qi]qj
U

qW 5qW0

~qj2qj 0!. ~17!

The gradient is calculated by determining the nearest M
points to the current coordinates at any time along the gi
trajectory and using the NDDO Hamiltonian. The values a
linearly interpolated between the two closest configuratio
with respect to the distance along the reaction coordinat

B. NDDO potential

The semiempirical PM3 NDDO Hamiltonian22–24 was
reparametrized to reproduce, to the extent possible within
chosen parameter space, MBPT~2!/6-31111G~d,p! struc-
tures at three stationary points on the MEP described in
hydrogen abstraction reaction of ethane with hydroxyl ra
cal. This parameter ‘‘optimization’’ was carried out usin
GAFORTRAN 1.6.4,25 a global, genetic algorithm26 ~GA!-
based, optimization program. The NDDO parameters va
were all one- and two-electron atomic integrals~see Table II!
with the bounds of the variation set to620% of each param-
eter’s initial value. The error function to be optimized by th
GA is defined as follows:

~i! any of the individual parameter sets~forming the
‘‘population’’ of the GA! for which the computed ac
tivation barrier was less than zero or the compu
heat of reaction was greater than zero were rejec
outright;

~ii ! the parameter set would also be rejected if the ato
parameters failed to make sense~e.g., the work
needed to remove a valences-electron must remain
greater than that needed to remove a vale
p-electron, etc.!;

~iii ! the error function is then defined to be the root-mea
square of the percent differences between the co
puted NDDO gradient and a chosen acceptable e
of 0.03 au for each of the following MBPT~2! station-
ary points: the reactant-side van der Waals compl
the product-side van der Waals complex, and the tr
sition state structure, with the percent difference
the transition state structure being preferentia
weighted by a factor of 3.

TABLE III. The characteristic bond lengths of the transition state.

MBPT~2! PM3

Å 6-31G~d,p! 6-31111G~d,p! Original Optimized

r C–H 1.107 1.177 1.230 1.226
r H–O 1.321 1.364 1.337 1.336

TABLE IV. The gradient norms of the three MBPT~2!/6-31111G~d,p!
structures computed using the two NDDO approaches.

System Original PM3 Optimized

TS 45.1 13.7
R-VDW 45.9 13.5
P-VDW 49.1 35.8
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The error function is then minimized using the GA. Th
specifications used in conjunction with running the GA we
a uniformly distributed starting generation of 100 individ
als, 30 bits per parameter, a uniform crossover probab
with a crossover ratio of 0.5, and a mutation probability
0.005. The optimization was considered converged when
returned value of the error function had stabilized and
individual errors were acceptably small.

For this work the MEP was determined at about fo
equally spaced points on each side of the barrier top, yield
some eighty plus points in all including the barrier top. T
classical barrier top was located using the eigenvector
lowing ~EF! algorithm27–29 available in MOPAC 5.07mn.30

The MEP connecting reactants to products through the fi
order saddle point, located using the EF technique, was
termined using the intrinsic reaction coordinate following
gorithm available in the standard version ofMOPAC.31

The potential does not include dissipation and Ham
ton’s equations are energy conserving hence the total en
of any given trajectory is a constant of the motion. The Bo
zmann factor for the Boltzmannized flux is taken to be
initial energy of each trajectory. The FFAF is accumulat
along each trajectory and at equal time intervals and the t
FFAF is the sum of the accumulated FFAF for all the traje
tories considered. For the results presented in the next
tion we have used 1000 randomly generated trajector
each of which originates at the position of the activated co
plex. The semiclassically calculated FFAF is then integra
over the time of the propagation. The trajectories are pro
gated until they reach the boundary, in which case the
jectory is terminated, or until final time is obtained. In a
cases, the FFAF is seen to diminish to zero at late time
that no contribution to the thermal rate constants is
glected. The rotation of the activated complex is included
the calculation by the inclusion of the rotational partitio
function for the transition state, as free rotations are not
cluded in the dynamics modeling. The vibrations of the
actants are calculated using DFT with the B3LYP function

The G2/MP2 calculations have been carried out on
SGI Origin 2000 with a R12000 processor. The NDDO p
rametrization, the generation of the MEP, and the SCFF
dynamics have been calculated using IBM-compatible p
sonal computer with Pentium II chips.
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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III. RESULTS

In Tables III and IV we present how the optimized p
rameters performed versus the original PM3 parametriza
for ethane. Note that while the semiempirical characteris
TS bond lengths~Table III! are approximately the sam
~both Hamiltonians describe a later TS than those yielded
the second-order calculations!, the forces computed for the
MBPT~2!/6-31111G~d,p! structure~Table IV! are signifi-
cantly different, with the optimized Hamiltonian yielding
gradient norm for the TS less than one third that of the or
nal parametrization. The curvature~Hessian! of the second-
order TS structure described by the original parametriza
has three large negative eigenvalues, while that of the o
mized Hamiltonian has only one, thus the signature of
Hessian is correct for the optimized semiempirical meth
though both NDDO methods yield repulsive modes desc
ing the hydrogen atom transfer with too acute~approxi-
mately 50%! a curvature.

The SCFFAF procedure has been applied to hydro
abstraction from ethane, chloroethane, and fluoroethane
hydroxyl radical over a range of temperatures for which e
perimental results exist. There is a wealth of experimen
data on the ethane system,32 as well as a recent application o
interpolated VTST with interpolated corrections~IVTST-IC!
with various types of tunneling corrections, as well as dir
dynamics within a dual-level dynamics framework. The a
tivation energy that we calculated from the G2/MP2 p
scription differs slightly from that calculated by Sekusˇak
et al. with our result, 2.7 kcal mol21, being 0.2 kcal mol21

lower. Sekusˇak et al. applied three different approaches
this problem. The first calculates the PES using G2/M
interpolations and employs the small curvature tunnel
correction to IVTST-IC~SCBS I!. The second is a dual-leve
direct dynamics approach in which G2/MP2 energetics a
specific reaction parameters~taken from the ethane abstra
tion! in the PM3 Hamiltonian drive the calculation. Again
small curvature tunneling corrections are used~SCBS II!.
Finally, the specific reaction parameters are used in the di
dynamics calculation, as in SCBS II, with the microcano
cal multidimensional tunneling correction~SCBS III!. Figure
1 presents the thermal rate constants for abstraction f
ethane. Over the range of temperature that we have con
nt

re
FIG. 1. Comparison of present work with experime
~Ref. 32! and other theory~Ref. 13! for abstraction
from ethane, the thermal rate constant units a
cm3 molecule21 sec21. See text for definition of SCBS
results.
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ered, 200–600 K, we find excellent agreement betw
SCFFAF results and experiment. The SCBS I method un
estimates the rate constants throughout the range, w
SCBS II and SCBS III agree well with experiment.

In the case of hydrogen abstraction from chloroetha
the SCFFAF procedure is able to distinguish between~rela-
tive rate of! a and b abstraction, and the resulting percen
ages for each type as a function of temperature is prese
in Table V. As would be expected from the relative activ
tion energies,a abstraction is dominant at all the temper
tures that we have considered. With rising temperatureb
abstraction becomes a more significant portion of the t
rate constant and, as there are threeb hydrogens and only
two a hydrogens, would be expected to be dominant in
high temperature limits~60%/40%!. Figure 2 presents a com
parison of the cumulative rate constants. Again the SCFF
results are in excellent agreement with the experime33

throughout the considered temperature range, 300–500
As is the case for ethane, the SCBS I results are much lo
than the experimental data. SCBS II and SCBS III are wit
about a factor of 3 throughout the range, while they und
estimate and overestimate the rate constants, respecti
We employ the same NDDO parametrization for the halo
hanes as for ethane.

Hydrogen abstraction from fluoroethane presents the
portunity to evaluate the accuracy of the SCFFAF proced
for the prediction ofa andb abstraction as an experiment
result is available. Singletonet al.34 found ana abstraction
percentage of 85%63% at 297 K~see Table VI!. Although
the SCFFAF result~90.6%! is slightly outside the error bar
of the experiment, it shows a dominance of thea abstraction
that is close to what has been observed. Figure 3 present
cumulative thermal rate constants for this abstraction. T
SCFFAF results are within a factor of 2 for this case, y

TABLE V. Percent abstraction from alpha and beta carbons in chloroeth

Temperature % Alpha abstraction % Beta abstraction

300 93.9 6.1
350 91.6 8.4
400 89.4 10.6
450 87.3 12.7
500 85.4 14.6
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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they are consistently larger than the measured
constants.35 Again, the SCBS I method greatly underes
mates the rate constants. The SCBS II method performs
ter than SCBS I yielding results that are lower than the m
sured rate constants by about a factor of 3. Again, the SC
III method overestimates the rate constants by a similar
tor.

For the three systems that we have considered,
SCFFAF procedure consistently performed as well as, if
better than, the IVTST-IC calculations recently reported. T
comparison to experimental results is quite good for therm
rate constants across a range of temperatures and for ch
cally distinct systems. The ratio ofa to b abstraction is able
to be calculated by the SCFFAF procedure and for the sin
available experimental data point is seen to be in line w
experiment, though not in complete agreement. From th
results, it appears that this semiclassical implementation
the FFAF formalism is sufficient for the calculation of the
mal rate constants for hydrogen abstraction from ethane
haloethanes by hydroxyl radical.

IV. CONCLUSIONS

The FFAF method for the calculation of thermal ra
constants is extended through a semiclassical procedure
applicable to systems comprised of many atoms. T
SCFFAF procedure realized here relies on a multilevel
scription of the dynamics of chemical reactions. As is se
from the Arrhenius relation, the accurate determination
the activation energy is extremely important for a realis
description of the thermal rate constants. In accordance w
this principle, the activation energies of the reactions cons
ered have been determined with the G2/MP2 extrapola
procedure. This determination is done independently fr

e.TABLE VI. Percent abstraction from alpha and beta carbons
fluoroethane* ~Exp! ~Ref. 34! 85%/15%63% a/b.

Temperature % Alpha abstraction % Beta abstraction

243 94.2 5.8
273 92.2 7.8
296* 90.6 9.4
324 88.7 11.3
373 85.4 14.6
n
i-
FIG. 2. Same as Fig. 1 for hydroge
abstraction from chloroethane, exper
mental results from Ref. 33.
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FIG. 3. Same as Fig. 1 for hydroge
abstraction from fluoroethane, exper
mental results from Ref. 35.
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the calculation of the FFAF. The FFAF is generated alo
classical trajectories from a expression for the flux opera
that is interpreted in terms of classical quantities. The B
zmannized flux operator is used to include statistical therm
dynamic contributions from each of the classical trajector
The forces that govern the evolution of the classical traj
tories are calculated from a reparametrized NDDO Ham
tonian and interpolated from a series of points along
MEP. All degrees of freedom are propagated in the dynam
calculations and no tunneling corrections have been
ployed. The vibrational contribution to the reactant partiti
function is calculated from frequencies taken from DFT u
ing the B3LYP functional. Possible contributions from ele
tronically excited states have not been considered in
treatment, as they have previously been found to
unimportant.13

The results of the application of this SCFFAF procedu
has served as a first test of this new method and has yie
results in good agreement with experiment for hydrogen
straction from ethane and haloethanes by hydroxyl radi
The results have been consistently as good as, if not sup
to, a recent IVTST-IC calculation. SCFFAF results for t
ratio of a to b abstraction are consistent with available e
perimental results and the trend with temperature is as wo
be expected.

The present SCFFAF procedure is capable of exten
to more complicated reactions. It would be possible to
clude estimated or experimentally determined activation
ergies to replace the computationally intensive G2/MP2 p
cedure, which is the rate-limiting step in this procedure. T
generation of FFAF in this framework could be routine
accomplished for as many as a few hundred atoms ope
many systems of interest in combustion and atmosph
chemistry to theoretical investigation.
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