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A modified and recalibrated potential energy surface (PES) is reported for the gas-phase F(2P3/2,2P1/2) + CH4

reaction and its deuterated analogue. This semiempirical surface is completely symmetric with respect to the
permutation of the four methane hydrogen atoms and is calibrated with respect to the updated experimental
and theoretical stationary point properties and experimental thermal rate constants. To take into account the
two spin-orbit electronic states of the fluorine atom, two versions of the surface were constructed, the PES-
SO and PES-NOSO surfaces, which differ in the choice of the zero reference level of the reactants. On both
surfaces, the thermal rate constants were calculated using variational transition-state theory with semiclassical
transmission coefficients over a wide temperature range, 180-500 K. While the PES-SO surface overestimates
the experimental rate constants, the PES-NOSO surface shows a better agreement, reproducing the
experimental variation with temperature. The influence of the tunneling factor is negligible, due to the flattening
of the surface in the entrance valley, and we found a direct dependence on temperature, and therefore positive
and small activation energies, in agreement with experiment. The kinetic isotope effects calculated showed
good agreement with the sparse experimental data at 283 and 298 K. Finally, on the PES-NOSO surface,
other dynamical features, such as the coupling between the reaction coordinate and the vibrational modes,
were analyzed. It was found qualitatively that the FH stretching and the CH3 umbrella bending modes in the
products appear vibrationally excited. These kinetics and dynamics results seem to indicate that a single,
adiabatic PES is adequate to describe this reaction.

1. Introduction
The construction of new analytical potential energy surfaces

(PES) for the kinetics and dynamics description of polyatomic
reactive systems is a process in continuous evolution, intimately
related with the development of high-level theoretical methods,
functional forms better suited to representing the nuclear motion,
and the appearance of new experimental data. Clearly, such
continuous updating is a common process in science. A
paradigmatic example has been the construction of the PES for
the polyatomic system CH4 + H in the same way as the H2 +
H system has been the paradigm of triatomic reactions.

In 1996, our group1 reported for the first time an analytical
PES for the title reaction. Our rate constant calculations and
the kinetic isotope effects (KIEs) using canonical variational
transition-state theory with small-curvature tunneling transmis-
sion coefficients agreed reasonably with the available experi-
mental data, and from a dynamics point of view, we found that,
while the vibrational excitation of the FH product is important,
that of the CH3 fragment is small or negligible. However, this
1996 PES presented two major shortcomings, one in the
calibration process, and another in the asymmetric character of
the overall functional forms, that we shall now comment on.
With respect to the first point, in the 1996 paper we used as
calibration criteria experimental data from two sources,2,3 which
present contradictory results. While the Atkinson et al. data2

indicate that the rate constant increases with temperature, the
Moore et al. results3 have the inverse behavior, i.e., the rate
constants diminish with temperature. Several theoretical4-9 and
experimental10-17 works have appeared since then, making a
new calibration necessary for kinetics and dynamics studies.

The most recent kinetics results confirm the Atkinson et al.’s
temperature dependence. With respect to the second point, the
PES used in our previous work was based on the CH5 PES of
Joseph et al.18 and basically consisted of four London-Eyring-
Polanyi (LEP) functions augmented by bending terms. Jordan
and Gilbert19 for the same CH5 system noted that while the LEP
functional forms were symmetric to all four methane hydrogens,
some bending terms were not symmetric. Later, our group20

noted that neither was the Jordan and Gilbert PES completely
symmetric in all the potential energy terms pertaining to the
four methane hydrogen atoms, i.e., the surface was dependent
on the input data. In this line, we have recently developed PESs
symmetric with respect to the four methane hydrogens for the
kinetics and dynamics description of similar hydrogen abstrac-
tionreactionswithmethane,O(3P)+CH4,

21Cl+CH4,22OH+CH4,23

Br+CH4,25 and H+CH4.25

In the present paper, we use this knowledge to build the
analytical symmetric PES for the F(2P3/2,2P1/2) + CH4(X 1A1)
f FH(X 1Σ+) + CH3(X 2A′′2) gas-phase reaction based on the
analytical symmetric PES for the H+ CH4 f H2 + CH3

reaction previously developed by our group.25 The title reaction
presents several important features that invite theoretical study.
Because of the very large exothermicity (∆Hr° ) -32.0 kcal
mol-1), the reaction path is very difficult to calculate because
of a very flat PES, and the kinetics data are of especial interest
because of the FH(ν) vibrational population inversion produced
in this reaction.26 The paper is organized as follows. In section
2, the new symmetric PES is developed and calibrated, and
section 3 presents the computational details describing the
reaction-path analysis, variational transition-state theory (VTST),
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and tunneling methods. The results of the VTST calculations
are presented in section 4 and compared to experimental values
and other theoretical results. This section also contains some
KIEs for the deuterated analogue reaction and a comparison
with our previous asymmetric PES (APES). The conclusions
are presented in section 5.

2. PES

It is well-known that the complete construction of an
analytical PES is no trivial task and is time-consuming.
Basically, two phases can be considered in its construction. In
a first phase, the functional forms to represent the stretching
and bending modes must be chosen; in the second phase, a
calibration with respect to updated theoretical and experimental
data must be carried out.

2.1. Functional Forms.The new PES for the F+ CH4 f
FH + CH3 reaction is based on the symmetric PES for the
similar hydrogen abstraction reaction from methane, H+ CH4

f H2 + CH3, previously reported by our group.25 Briefly, the
new surface is formulated in terms of stretching (str), valence
(val) bending, and out-of-plane (op) bending terms and has the
form

whereVstr is the stretching term given by

and whereV3 represents the LEP functional form. The bending
terms (Vval andVop) are designed to be reasonable both for the
methane molecule and for the methyl radical. The mathematical
expressions for these terms are given in the original papers18,19,25

and are not repeated here; although to make the reading easier,
we shall comment on some parameters used in the calibration
process. The termV3 involves a singlet curve depending on three
parameters (1DX-Y, RX-Y, and Re

X-Y) and a triplet curve
depending on five parameters (3DX-Y, âX-Y, cX-Y, aX-Y, and
Re

X-Y) for each bond X-Y. It is important to note that all three
terms in eq 1,Vstr, Vval, and Vop, are now symmetric and
independent of the order of the hydrogens, and therefore the
new PES is symmetric with respect to the permutation of the
methane hydrogen atoms, a feature that is especially interesting
for dynamics calculations.

2.2. Calibration of the Analytical PES.Having selected the
functional form, the following step is to calibrate the surface,
i.e., all the properties (geometry, vibrational frequency, energy,
and forward rate constants) considered as a whole. The
calibration process used in this work has several iterative steps.
In the first step, we change the parameters (Re

X-Y, 1DX-Y, RC-H,
RC-F) of the PES related to the geometric, energy, and
vibrational properties of the reactants and products, so that the
geometries, energies, and vibrational frequencies agree reason-
ably with the available experimental values. In a second step,
we refit some parameters (3DX-Y, RC-F) in order to reproduce
the characteristics of the ab initio calculated saddle point
(geometry, vibrational frequencies, and barrier height).

Finally, since one objective of this work was to explain the
whole set of experimental forward rate constants, as the third
step of our calibration, we refit some of the parameters of the
analytical surface to calibrate it against the most recent
experimental values.10b,17However, in this case it is necessary
to take into account two issues. First, the error bars in the experi-

mental measurements are important. The experimental study of
Persky10a reported the expression 1.64× 10-10((5 × 10-12)
exp(-265 ( 10/T), cm3 molecule-1 s-1 over the temperature
range 184-406 K. For instance, at 300 K, the rate constant
ranges between 6.30× 10-11 and 7.00 × 10-11, with a
recommended value of 6.65× 10-11 cm3 molecule-1 s-1. On
the basis of this information, the most recent review of
experimental information of Atkinson et al.17 suggests the
expression 1.3× 10-10 exp(-215( 200/T) over the range 180-
410 K, with a larger error bar. For instance, at 300 K, the rate
constant ranges from 3.25× 10-11 to 12.3 × 10-11, with a
recommended value of 6.35× 10-11 cm3 molecule-1 s-1, close
to the most recent recommended value of Persky.10b

Second, the F atom presents two spin-orbit electronic states,
2P3/2 and 2P1/2, which are split by only 404 cm-1 (1.15 kcal
mol-1). A priori, there is the possibility of reaction from these
two states. Unfortunately, there are no theoretical relativistic
studies on this reaction, and a study of this type is beyond the
scope of the present work. We shall therefore take the similar
and very well studied F(2P3/2,2P1/ 2) + H2 atom-diatom reaction
for comparison purposes (see, for instance, ref 27 for the most
recent studies). Alexander et al.27a,c found, first, that the
reactivity of the excited s-o state of F is small, 10-25% of
the reactivity of the ground s-o state, and second that the overall
dynamics of the F+ H2 reaction will be well described by
calculations on a single, electronically adiabatic PES. We
assume this same behavior for the similar F+ CH4 reaction.

Therefore, considering this s-o effect, the electronic partition
function for the reactants takes the usual expression

whereε is the s-o splitting of the fluorine atom, i.e., we are
taking as reference level the s-o ground state of the fluorine
atom (2P3/2). This surface will be denoted PES-SO, adiabatic
PES including empirically the s-o effect in reactants.

The final functional form and the adjustable parameters for
the new PES-SO surface are given on our Web page.28 Note
that this surface is semiempirical, in the sense that experimental
and theoretical information is used to calibrate it.

The results of the final fit are listed in Table 1 for reactants
and products and in Table 2 for the saddle point. In general,
the reactant and product properties (the only properties directly
comparable with experiment) show reasonable agreement with
experiment,29 with the most significant difference being 0.02
Å for the C-H bond length in CH3. The agreement with the
experimental exothermicity of the reaction,∆Hr°(0 K) ) -32.0
( 0.5 kcal mol-1 (ref 29), is excellent.

At the saddle point, the length of the bonds that are broken
(C-H′) and formed (F-H′) increases by only 1.6 and 63%,
respectively, indicating that the reaction of the fluorine atom
with methane proceeds via an “early” transition state, i.e., it is
a reactantlike transition state. This is the expected behavior that
would follow from Hammond’s postulate,30 since the reaction
is very exothermic. This geometry agrees with the highest-level
ab initio, QCISD(T)//QCISD/6-311+G(2df,2pd), results reported
by Troya et al.9 The saddle point has one imaginary frequency.
The absolute value of the imaginary part of this frequency is
lower in our calculations than the ab initio values, although it
is well-known that sometimes ab initio calculations overestimate
this value.31 Moreover, taking into account the flattening of the
PES, the small value of 140i cm-1 seems physically reasonable.
The combined effect of potential energy and zero-point energy,
i.e.,∆Ho

q, the conventional transition-state enthalpy of activation

V ) Vstr + Vval + Vop (1)

Vstr ) ∑
i)1

4

V3(RCHi,RCF,RCH) (2)

Qe ) 4 + 2 exp(-ε/kBT) (3)
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at 0 K (where the errors between reactants and saddle point
have balanced out) is in good agreement with the values
predicted by the highest-level ab initio calculations reported to
date.9

3. Dynamical Calculations

Starting from the saddle point, we followed the reaction path
in mass-weighted Cartesian coordinates, obtaining the minimum
energy path (MEP).32 Along this MEP, the reaction coordinate,
s, is defined as the signed distance along the MEP from the
saddle point, whoses is arbitrarily taken as zero. On the reactant
side,s < 0, while s > 0 on the product side.

Along the MEP we also performed Hessian calculations and
a normal-mode analysis in redundant curvilinear coordinates,33,34

after projecting out from the Hessian the motion along the
reaction path.35 With this information, two important magnitudes
can be evaluated. First, the vibrationally adiabatic ground-state
potential,Va

G(s), that can be considered as the free energy along
the reaction path at 0 K, and second the coupling terms,35 Bk,F(s),
measuring the coupling between the normal mode k and the

motion along the reaction coordinate, mode F. These coupling
terms control the nonadiabatic flow of energy between these
modes and the reaction coordinate.36,37 These coupling terms
will allow us to calculate accurate semiclassical tunneling factors
and to give a qualitative explanation of the possible vibrational
excitation of reactants and/or products, i.e., dynamical features,
which are another sensitive test of the new surface.

In the canonical approach, the variational transition state can
be determined by locating the values* of s for which the free
energy along the reaction path for a temperatureT reaches its
maximum,∆G(T,s*). We calculated the thermal rates using the
improved canonical variational theory (ICVT) approach,38 given
by

where kB and h are Boltzmann’s and Planck’s constants,
respectively,σ is the symmetry factor, taken as 4 for the present
reaction, andQGT and QR are the quantal partition functions

TABLE 1: Reactant and Product Propertiesa Calculated Using the Analytical Surface

CH4 CH3 FH

PES-SO PES-N OSO expb PES-SO PES-N OSO expb PES-SO PES-N OSO expb

geometr y
RC-H 1.094 1.094 1.091 1.094 1.094 1.079
RF-H 0.916 0.916 0.917

frequen cy
3146 3138 3018 3182 3182 3184 4115 4177 4139
3146 3138 3018 3182 3182 3184
3146 3138 3018 3072 3072 3002
2984 2978 2916 1380 1380 1383
1538 1468 1534 1380 1380 1383
1538 1468 1534 580 580 580
1344 1286 1306
1344 1286 1306
1344 1286 1306

energy
∆Hr

c -32.00 -31.80 -32.00
ZPE 27.92 27.42 27.10 18.27 18.27 18.18 5.88 5.97 5.92

a Distances in Å, frequencies in cm-1, energies in kcal mol-1. b Experimental data from ref 29.c Enthalpy of reaction at 0 K.

TABLE 2: Saddle-Point Propertiesa Calculated at Several Levels

APESb PES-SO PES-NOSO MP4/b1c QCI/b2d QCI/b1e

geometry
RC-H 1.090 1.094 1.094 1.082 1.089 1.085
RC-H′ 1.140 1.112 1.107 1.120 1.124 1.114
RF-H′ 1.373 1.496 1.550 1.458 1.515 1.551

frequency
3126 3133 3127 3254 3188 3201
3126 3133 3127 3254 3188 3201
3018 3033 3032 3128 3084 3094
1913 2580 2711 1979 2206 2389
1328 1479 1416 1514 1515 1513
1328 1479 1416 1514 1515 1513
1198 1264 1221 1284 1305 1298
1198 1241 1201 1284 1297 1298
1159 2141 1201 1261 1297 1297
327 145 119 153 55i 116
327 145 119 153 55i 116
318i 140i 106i 578i 578i 283i

energy
∆Eq 1.00 0.51 0.25 1.59 1.44 0.46
∆Hq (0 K) -0.41 -0.43 -0.45 -0.13 -0.36 -0.65
ZPE 25.80 26.98 26.72 26.84 26.58 27.21

a Distances in Å, frequencies in cm-1, energies in kcal mol-1. C3V symmetry.b Asymmetric surface from our previous work.1 c PUMP4//UMP2/
6-311+G(2df,2dp) from ref 9.d QCISD(T)//QCISD/6-311+G(2d,p) from ref 9.e QCISD(T)//QCISD/6-311+G(2df,2dp) from ref 9.

kICVT(T) ) min
s

σ
kBT

h
QGT(T,s*)

QR(T)
exp[-VMEP/kBT] (4)
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for the generalized transition state and the reactants, respectively,
whereQR(T) contains the relative translational partition function
per unit volume. The rotational partition functions were
calculated classically, and the vibrational modes were treated
as quantum mechanical separable harmonic oscillators, with the
generalized normal modes defined in redundant curvilinear
coordinates.33,34 As indicated in the previous section, the
electronic partition function of the reactants takes the conven-
tional expression in terms of the degeneracy

and it is assumed that the electronic partition function of the
transition state is two, i.e., it is assumed that the spin-orbit
effect is fully quenched in this zone.

The rate constant given by eq 4 is semiclassical, since motion
orthogonal to the reaction path is treated quantum mechanically
while the motion along the reaction path is classical. To obtain
accurate rate constants comparable with experimental values,
it is necessary to include quantum mechanical effects in the
reaction coordinate motion. This is done by multiplying the
semiclassical rate constant by a transmission factor that takes
into account tunneling below the barrier and quantum reflection
above the barrier. The most complete level of tunneling
calculation we employed was the microcanonical optimized
multidimensional tunneling (µOMT) approach39 in which, at
each total energy, the larger of the small-curvature (SCT)40 and
large-curvature (LCT) tunneling probabilities is taken as the best
estimate. The LCT calculation is based on the large-curvature
ground-state approximation, version 4 (LCG4).41 In the LCT
calculations, we allowed the system to reach all the accessible
vibrational excited states into which tunneling proceeds.42

All the dynamical calculations were performed using the
general polyatomic rate constants code POLYRATE.43 We used
the mapped interpolation method44 to reduce the effect on the
final rate constant of the different computational parameters that
could affect the numerical accuracy of the resulting semiclassical
rate constants and transmission coefficients.

4. Results and Discussion

4.1. Rate Constants for the Isotopically Unsubstituted
Reaction.In the improved canonical version of the variational
transition-state theory (ICVT), the dividing surface separating
reactants from products is located at the maximum of the free-
energy curve, at the values* ,ICVT(T). This dynamical bottleneck
is located far of the saddle point, ranging from-0.318 bohr at
180 K to+0.304 bohr at 500 K. Thus, the ICVT rate constants
differ from those predicted by conventional (nonvariational)
transition-state theory (TST), which assumes that the dynamical
bottleneck is located at the saddle point (s ) 0). This effect is
known as the “variational effect”.

Table 3 lists the variational rate constants (ICVT/µOMT)
obtained with the PES-SO surface, together with other theoreti-
cal9 and experimental17 values for comparison. Figure 1 shows
the corresponding Arrhenius plots. The ab initio results of Troya
et al.9 underestimate the experimental data, between 20% at 200
K and 30% at 400 K, showing only a relative agreement with
experiment despite the enormous computational effort. The
PES-SO rate constants show excellent agreement at high
temperatures, with differences of about 2%, but deviate greatly
at low temperatures, about 30% at 200 K. Therefore, the
variation of the rate constants with temperature does not follow
the experimental behavior. Despite the fact that the experimental

data were used in the parametrization, all attempts to reproduce
the experimental variation with temperature were unsuccessful.

4.2. Modified Surface.The poor kinetics description with
the PES-SO surface means that we have to modify it. Among
the possible sources of error (such as deficiencies of the PES,
tunneling effect, reactivity of the spin-orbit excited state of
the fluorine, etc.) recently Matzkies and Manthe45 drew attention
to the choice of the electronic partition function when the spin-
orbit coupling is not considered. They proposed the following
expression for the reactants

i.e., taking now as reference level the average energy of the
2P3/2 and2P1/2 states of the fluorine atom, which in this case is
1/3ε ≈ 0.38 kcal mol-1 above the s-o ground state.

As well as this s-o effect on the multiple electronic states,
there is a second effect on the barrier height. In fact, excluding
the s-o effect would raise the energy of the s-o ground state
of the F by1/3ε ≈ 0.38 kcal mol-1 above its relativistic energy,

Qe ) 4 + 2 exp(-ε/kBT) (3)

TABLE 3: Forward Thermal Rate Constants for the F +
CH4 Reactiona

T(K) PES-SO PES-NOSO ab initiob expc

180 5.58 3.59 3.9
200 5.81 3.97 3.54 4.4
225 6.08 4.41 5.0
250 6.34 4.82 3.96 5.5
275 6.59 5.16 6.0
298 6.82 5.49 4.37 6.3
300 6.84 5.51 6.4
325 7.08 5.88 6.7
350 7.32 6.21 7.0
375 7.57 6.51 7.3
400 7.80 6.82 5.31 7.6
410 7.88 6.93 7.7
500 8.74 8.00 6.06

a ICVT/µOMT rate constants, in 10-11 cm3 molecule-1 s-1 b PUMP4//
UMP2/6-311+G(2df,2pd) level from ref 9.c Experimental literature
revision from ref 17.

Figure 1. Arrhenius plot of lnk (cm3 molecule-1 s-1) against the
reciprocal of the temperature (K) in the range 180-500 K for the
forward thermal reaction. Theoretical results: solid line, our ICVT/
mOMT values on the PES-SO and PES-NOSO surfaces; dashed line,
Troya’s values.9 Experimental results from ref 17 (circles), where the
error bars have not been plotted for clarity of the figure.

Qe ) 4 exp(ε/3kBT) + 2 exp(-2ε/3kBT) (5)
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i.e., it would lower the barrier height by this amount. This effect
has been considered in the calibration process.

Most recently, Tashiro et al.46 for the O(3P) + O2 reaction,
and Yagi et al.47 for the O(3P) + CH3 reaction, used different
electronic partition functions and concluded that which choice
is made may lead to non-negligible errors. For the O(3P) + O2

reaction, for instance, Tashiro et al. found that when the usual
Qe value is used (equivalent to our eq 3) the results overestimate
the rate constants, in agreement with our PES-SO results
(Figure 1), while when other expressions are used (equivalent
to our eq 5) the results underestimate the rate constants.

On the basis of this knowledge, we performed a new
calibration using the same functional form but changed the
original electronic function partition of the reactants (eq 3) to
the expression proposed by Matzkies and Manthe (eq 5). This
second surface will be denoted PES-NOSO, adiabatic PES with
s-o effect not included, and can also be found on our Web
page.28 A three-dimensional representation and the contour plots
are shown in Figure 2. The properties of the reactant and
products are listed in Table 1, while those of the saddle point
are listed in Table 2. In general, the PES-NOSO surface shows
excellent agreement with the results of the stationary points from
the PES-SO surface and with the available experimental data
(geometry, energy, and frequency). Note that the classical barrier
height is higher for the PES-SO surface, which takes as
reference level the s-o ground state of the fluorine atom (2P3/2),
than for the PES-NOSO surface, as was anticipated in the
calibration process.

The rate constants for the new PES-NOSO surface are listed
in Table 3 and plotted in Figure 1. The new rate constants
reproduce the experimental variation with temperature, being
underestimated by about 10% over the whole temperature range.
This underestimate has been intentionally considered in the
calibration process to take into account the reactivity of the
spin-orbit excited state of the fluorine atom (2P1/2) due to
nonadiabatic electronic transitions, which for the similar
F(2P3/2,2P1/2) + H2 atom+diatom reaction represents about 10-
25% of that of the ground state.27a,c

First, we shall consider the tunneling factor, which is
practically unity over all the temperature range (180-500 K).

These values contrast with the theoretical results reported by
Troya et al.9 who, using the calculated adiabatic barrier∆Va

G

) 1.48 kcal mol-1, obtained values from 4.0 to 1.15 over the
same temperature range. However, given the flattening of the
PES, it was to be expected that the tunneling factor would be
small or negligible, and therefore our results seem physically
reasonable.

Second, to provide the most appropriate comparison with
experiment, the phenomenological activation energy was com-
puted as the local slope of an Arrhenius plot. Over the common
temperature range, 180-410 K, our theoretical result, 0.42 kcal
mol-1, closely agrees with experiment,17 0.43 kcal mol-1. Note
that the PES-SO surface gives a value of 0.22 kcal mol-1, even
in agreement with experiment.

4.3. Reaction Path and Coupling Terms.For the PES-
NOSO surface, Figure 3 shows the classical potential energy,
VMEP, the ground-state vibrationally adiabatic potential-energy
curve, ∆Va

G, and the change in the local zero-point energy,
∆ZPE, as a function of s over the range-2.0 to +2.0 bohr.
Note that∆Va

G and∆ZPE are defined as the difference between
Va

G at s or ZPE ats and their values for reactants.
In this very flat PES, the position of the maximum of∆Va

G

appears very shifted with respect to the saddle point (s ) 0), at
s ) -1.388 bohr, in the entrance channel, i.e, the transition
state is “early”, as it was noticed previously. This shift is known
as the “variational effect” and is due to the balance between
entropy and energy, where small entropy changes cause large
separation of the saddle point location on this very flat surface.
The ∆ZPE curve drops at abouts ) +1.0 bohr and shows a
broad well. This behavior is typical of hydrogen abstraction
reactions and the change withs is mainly due to the drop in the
CH4 stretching corresponding to the normal mode breaking
during the reaction, which evolves to the FH stretching mode
forming in the product (reactive mode).

As we mentioned above, the coupling termsBk,F(s) between
the reaction coordinate and the orthogonal bound modes control
the nonadiabatic flow of energy between these modes and are
a hard test of the new surface. Figure 4 shows these coupling
terms as a function ofs. We found only two peaks in the exit
channel. The larger peak is due to the strong coupling of the

Figure 2. PES-NOSO and contour plots for the gas-phase CH4 + F f CH3 + FH reaction.
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reaction coordinate to the F-H stretching mode, and the lower
(s ) +1.05 bohr) is due to the coupling to the CH3 umbrella
bending mode. Thus, these two modes could appear vibrationally
excited. This dynamic analysis agrees with an “early” transition
state, as obtained with this analytical PES, where the products
are formed with vibrational excitation.38,48-50 This description
of the coupling terms agrees with those obtained in our previous
work with the asymmetric PES (APES),1 although in those the
Bk,F(s) term corresponding to methane, i.e., CH3 umbrella
bending in the exit channel, was less pronounced. Finally, it is
necessary to indicate that the results obtained with our symmetric
PES agree with the available experimental data:15,26,51large FH
stretching vibrational excitation,26 and small CH351 (or CD3)15

umbrella vibrational excitation in products.

4.4. Kinetic Isotope Effects.Another very sensitive test of
several features of the shape of the new surface (barrier height
and width and ZPE near the dynamic bottleneck) are the KIEs.
This magnitude is defined following the convention that the
rate for the lighter isotope is always in the numerator. Hence,
a value greater than 1 is considered as a “normal” KIE, while
a value less than 1 is an “inverse” KIE. The F+ CH4/CD4 KIEs
are listed in Table 4 for the temperature range 180-500 K,
together with the sparse experimental values for compari-
son.26f,52-54 The KIEs obtained with the PES-NOSO surface
agree reasonably with the corresponding common experimental
data at 283 and 298 K, taking into account the large uncertainties
of the experimental values. The PES-SO surface KIEs also
agree with the experimental values, but in this case due, possibly,
to an error cancellation.

4.5. Comparison with the Earlier Asymmetric PES.There
are several important differences between the earlier asymmetric
PES1 and this new symmetric surface. With respect to the
functional form, while in the earlier PES some terms were not
symmetric to all four methane hydrogens; in this new surface,
all terms (stretching and bending) are symmetric with respect
to the permutation of the four hydrogen atoms in methane, a
feature of especial interest for dynamics studies. With respect
to the calibration criteria, while in the earlier PES the criterion
was to reproduce the experimental properties and electronic
structure calculations of the stationary points (geometry, fre-
quency, and changes of energy, reaction, and activation), in this
new surface the criterion is to reproduce also the experimental
rate constants. In line with the observation in the Introduction
that the construction of new PES is a process in continuous
evolution, note that in the 1996 PES this experimental magnitude
was not included in the calibration process because of the
discrepancy between different laboratories. In particular, while
Atkinson et al.’s revision data of 19922 indicated that the rate
constant increased with temperature, the experimental measure-
ment by Moore et al.3 reported in 1994 showed the opposite
behavior. The experimental study by Persky10 in that same year
and the successive revisions11,12,14,17since then seem to confirm
the earlier results of Atkinson et al.2 and lend confidence to the
most recent values reported to date,17 which were used in this
work. Finally, another important difference is the consideration
of the spin-orbit effect. While in the earlier PES the s-o excited
state2P1/2 of F (ε ) 404 cm-1) was included in the electronic
partition function, which takes the formQe(F) ) 4 + 2 exp-
(-ε/KT); in the present work two versions of the adiabatic PES
were considered: the PES-SO surface which uses the same
electronic partition function and the PES-NOSO surface which
takes into account the correction proposed by Matzkies and

Figure 3. Classical potential-energy curve,VMEP, ∆ZPE, and vibra-
tionally adiabatic potential energy curve,∆Va

G, as a function of the
reaction coordinates. All quantities are with respect to the reactants.

Figure 4. Curvature elements,Bk,F(s). Coupling along the MEP
between the reaction coordinate (F) and the reactive mode (solid line)
and the CH3 umbrella mode (dashed line).

TABLE 4: Kinetic Isotope Effects for the F + CH4/CD4

T(K) PES-SO PES-NOSO exp

180 2.17 2.07
200 2.08 2.01
225 2.00 1.94
250 1.93 1.87
275 1.87 1.81
283 1.85 1.79 1.9( 0.9,a 1.7( 0.3b

298 1.83 1.77 1.4( 0.1,c 1.5( 0.5d

300 1.82 1.76
325 1.78 1.73
350 1.74 1.70
375 1.71 1.66
400 1.67 1.63
410 1.66 1.62
500 1.57 1.54

a Reference 52.b Reference 53.c Reference 26f.d Reference 54.
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Manthe,45 Qe ) 4 exp(ε/3kBT) + 2 exp(-2ε/ 3kBT), which takes
as reference level the average energy of the2P3/2 and2P1/2 states
of F, 1/3ε ) 0.38 kcal mol-1 above the s-o ground state.

The most important effect of these differences is on the rate
constants. We note especially that the shape of the adiabatic
curve is similar but with a lower barrier, which is correlated
with the lowering of the absolute value of the imaginary
frequency, from 318i to 140i (PES-SO) and 106i (PES-
NOSO) cm-1, at the saddle point. This behavior now yields
KIEs in better agreement with the experimental values.

5. Conclusions

In this work, we have corrected the functional form and
recalibrated our previous analytical surface (APES) for the gas-
phase F+ CH4 reaction. The new surface is now completely
symmetric with respect to the permutation of the four methane
hydrogen atoms and is calibrated with respect to the updated
theoretical and experimental data; therefore, it is semiempirical.
Moreover, taking into account that the fluorine atom presents
two spin-orbit electronic states split by onlyε ) 404 cm-1,
nonadiabatic contributions can contribute to the reaction dynam-
ics, as in the similar and well-studied “benchmark” F+ H2

reaction. Within the Born-Oppenheimer approximation, i.e., a
single, adiabatic PES, two versions of the surface were
considered: the PES-SO version takes as zero reference level
the s-o ground state of the fluorine atom (2P3/2), while the
PES-NOSO version takes as zero reference level the average
energy of the two s-o states, with a value of1/3ε above the
s-o ground state. As calibration criteria, we used geometrical
and energy properties of the stationary points (reactant, products,
and saddle point), and experimental thermal rate constants. Both
adiabatic surfaces are attractive surfaces, i.e., they present an
“early” transition state (reactantlike transition state).

While the PES-SO surface overestimates the experimental
rate constants, especially at low temperatures, and does not
reproduce the experimental variation with temperature, the
PES-NOSO surface shows excellent agreement with the
experimental information, taking into account the experimental
error bar. This agreement is, obviously, a consequence of the
parametrization used, but it lends confidence to the new PES
and permits us to obtain the kinetic isotope effects. This surface
yields activation energy and KIEs in excellent agreement with
the available experimental data, which represents another
sensitive test of several features of the new surface.

The analysis of the reaction-path curvature (another dynamics
feature) qualitatively showed that large F-H stretching and
small CH3 umbrella vibrational excitations are expected in
products. This qualitative dynamics prediction agrees with the
experimental evidence.15,26,51If the polyatomic F+ CH4 system
had been considered as a “pseudo atom+ diatom” reaction,
with the CH3 group taken as a single particle of mass 15 amu,
the small excitation of the CH3 umbrella mode (3-4% of the
total energy from experimental data15,51) would have been
overlooked.
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