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Theoretical calculations were carried out on the H atom abstraction reaction from methane by XO (X) F,
Cl or Br) radical attack. Geometry optimizations and vibrational frequency calculations were performed using
three methods: Møller-Plesset second-order perturbation theory (MP2), quadratic configuration interaction
in the space of single and double excitations (QCISD), and the “hybrid” three-parameter exchange functional
with Becke’s gradient corrected exchange and Lee-Yang-Parr correlation functional (B3LYP). Single-point
energy calculations were performed using several high quality basis sets. Canonical transition-state theory
was used to predict the rate constants as a function of temperature (700-2500 K), and three-parameter Arrhenius
expressions were obtained by fitting to the computed rate constants. The possible impact of the title reactions
in combustion chemistry is also discussed.

Introduction

The theoretical treatment of combustion and thermal oxidation
mechanisms can become time-consuming as the number of
“heavy atoms” (non-hydrogen atoms) increases, especially if
halogens such as Cl and Br are present. For many of these
species, there is little or no information about the kinetics or
mechanisms of the elementary reactions at elevated tempera-
tures. Model development of thermal degradation processes of
halogenated compounds in methane flames requires knowledge
of kinetic and thermodynamic data characterizing the reactions
between radicals of the type XO (X) F, Cl or Br) with methane.
Until now, only an upper limit1 and an estimation2 of the
Arrhenius expression of the rate constant for the reaction ClO
+ CH4 have been reported in the literature. For the reaction
BrO + CH4, only an upper limit3 to the rate constant has been
reported. In addition, only one theoretical study related to the
energetics of the FO+ CH4 reaction is available in the
literature.4 There are no theoretical rate constants calculations
reported in the literature for the reactions of methane with ClO
and BrO radicals.

In this work, the results of theoretical calculations are
presented for the series of reactions

The following pathways for attack by XO radicals on methane
are studied

The main goal of this study is to assess the potential impact
of pathways (R1a) and (R1b) in the thermal degradation of
halogenated compounds as well as to provide rate constant
expressions for these reactions so that they can be used in the
modeling of combustion processes. This is particularly important
in view of the lack of experimental data for these reactions.

Computational Methods5. All calculations were carried out
with the Gaussian 946 suite of programs on a 4-processor
Compaq PC and 32-processor Silicon Graphics Origin 2000
parallel computers. Throughout this paper, we adopt the
following convention to indicate a particular computational
procedure:

Leveli/BasisX: indicates an optimization at the level of theory
“i” using the basis set “X”.

Levelj/BasisY//Leveli/BasisX: indicates a single-point energy
calculation at the level of theory “j” using the basis set “Y” on
the geometry optimized at the level of theory “i” using the basis
set “X”.

In addition, the following levels of theory were used:
UMP2: Unrestricted second-order Møller-Plesset perturba-

tion theory.7

PMP4(SDTQ): Fourth-order Møller-Plesset perturbation
theory in the space of single, double, triple, and quadruple
excitations with full annihilation of spin contaminant.8

QCISD: Quadratic configuration interaction level of theory
in the space of single and double excitations.9

QCISD(T): Quadratic configuration interaction level of
theory in the space of single and double excitations plus triple
excitations treated perturbatively.9

B3LYP: Density functional theory (DFT) using the “hybrid”
three-parameter exchange with Lee-Yang-Parr correlation
functional (B3LYP).10
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XO + CH4 f products (X) F, Cl or Br) (R1)

H atom abstraction XO+ CH4 f HOX + CH3 (R1a)

H/OX atom substitution XO+ CH4 f H + CH3OX (R1b)
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Geometric parameters of reactants, products and transition
states were fully optimized at the UMP2/6-31G(d,p), QCISD/
6-311G(d,p) and B3LYP/6-311G(d,p) levels. Harmonic vibra-
tional frequencies were also calculated at these levels in order
to characterize the nature of the stationary points on the potential
energy surface and to compute zero-point energy corrections
(used in the calculation of relative energies). Single-point
energies were computed at the PMP4(SDTQ)/Basis//UMP2/6-
31G(d,p), QCISD(T)/Basis//QCISD/6-311G(d,p), and B3LYP/
Basis//B3LYP/6-311G(d,p) levels of theory, with “Basis”
ranging from Pople-style sets11 to the augmented correlation-
consistent polarized valence triple-ú sets (aug-cc-pVTZ) devel-
oped by Kendall et al.12 and Wilson et al.13 for the bromine
atom. The reason for using these different approaches was to
assess the accuracy of the results predicted by the Møller-
Plesset perturbation theory and DFT relative to the highly
correlated (and significantly more computationally demanding)
QCISD and QCISD(T) results. This is particularly relevant in
the case of B3LYP, which formally scales as O(N3), in contrast
to MP2 which scales as O(N5) and QCISD which scales as
O(N6), whereN is the number of basis set functions used.

Canonical transition state theory14 (TST) including semiclas-
sical multiplicative tunneling correction factors was used to
predict the temperature dependence of the rate constants. The
rate constants,k(T), were computed using the following expres-
sion

whereΓ(T) indicates the transmission coefficient used for the
tunneling correction at temperatureT, QTS(T), QXO(T), and
QCH4(T) are the total partition functions for the transition state
(TS), XO radical, and methane at temperatureT; Va

G is the
vibrationally adiabatic barrier height computed as the difference
in energies between transition states and reactants and including
zero point energy corrections,kB is Boltzman’s constant, andh
is Planck’s constant. The calculation of the reaction rate
constants using the TST formulation given by eq 1 requires the
proper computation of the partition functions of reactants and
the transition states. The total partition functionQX(T) of species
X (X ) CH4, XO, or TS) can be cast in terms of the translational
(QT), rotational (QR), electronic (Qe), and vibrational (Qv)
partition functions. The multiplicity of the2Π3/2 and2Π1/2 states
as well as the energy gaps of 193.8 cm-1 for FO, 320.3 cm-1

for ClO, and 968 cm-1 for BrO between the low-lying electronic
states15 have been explicitly included in the computation of the
electronic partition function for the XO radicals.

Vibrations were treated as harmonic oscillators with the
exception of the H3C‚‚H‚‚OX (X ) F, Cl, or Br) torsional mode
of the transition state. This mode was treated as a hindered
internal rotor and removed from the vibrational partition function
for the TS. The corresponding hindered rotor partition function,
QHR(T), was calculated by the method devised by Ayala and
Schlegel,16 and it was further included in the expression for the
rate constant as explained in our previous study dealing with
the reactions of OH radicals with dibromomethane (CH2Br2).17

We adopt the simple and computationally inexpensive Wigner
method18 in the calculation of all tunneling corrections for the
reactions reported in this work

whereνq is the imaginary frequency at the saddle point. This
choice seems to be appropriate to the tunneling corrections
applied to the rate constants calculated at typical incineration/
combustion temperatures (700-2500 K) for which the values
of transmission coefficientΓ(T) are generally small or moderate
(e2).19 Rate constant calculations were carried out over the
temperature range of interest using the Turbo-Opt program.20

Results and Discussion

To assess the relative importance of the substitution pathway
compared to the abstraction channel, calculations (full geometry
optimization and vibrational frequencies) were carried out for
both pathways at the UMP2/6-31G(d,p) level. In addition,
reaction enthalpies at 298 K and the ratiosk(H atom abstraction)/
k(H/-OX substitution)at 700, 1500, and 2500 K were computed at
the PMP2/6-31G(d,p)//UMP2/6-31G(d,p) level. The results of
these calculations (Table 1) show that the H/-OX substitution
pathway cannot compete with the H atom abstraction pathway
in the temperature range considered in this study (700-2500
K). Consequently, it is concluded that the series of reactions of
methane with XO radicals are more likely to proceed via
pathway (R1a) instead of (R1b). Detailed results for pathway
(R1a) are presented and discussed in the remainder of this paper.

1. Geometric Parameters and Vibrational Frequencies.
Geometric parameters.Table 2 lists the essential structural
parameters calculated for the three transition states. More
detailed information regarding optimized geometric parameters,
vibrational frequencies and unscaled zero-point energy correc-
tions for reactants, products, and transition state structures are
presented in the Tables 1S-6S of the Supporting Information.

As observed in Table 2, regardless of the level of theory, the
abstraction reactions of the XO radicals with methane are
characterized by transition structures with a nearly linear
C-H-O angle. UMP2 predicts a relatively “early” transition
state on the potential energy surface, where the breaking C-H
bond is stretched by only a small amount from its equilibrium
value of 1.086 Å in CH4. On the other hand, the forming O-H
bond is still relatively long, compared to the equilibrium values
in HOX (0.971-0.972 Å as reported in the Supporting Informa-
tion section). In addition, we notice that UMP2 predicts shorter
C-H bonds and longer O-H bonds when compared to the
corresponding QCISD and B3LYP values.

Vibrational Frequencies.The values of the imaginary fre-
quency, calculated by ab initio methods for each transition state,
suggest that tunneling through the barrier may be important at
atmospheric temperatures. The B3LYP imaginary frequencies
(expressed in cm-1) of 1570i (FO), 1575i (ClO), and 1577i
(BrO) are found to be considerably lower than those calculated
by MP2 or QCISD (Table 2). In all cases, the reaction coordinate
is characterized by migration of the hydrogen being abstracted

TABLE 1: Reaction Enthalpies at 298 K and
k(H atom abstraction)/k(H/-OX substitution) ) F(T) Calculated at the
PMP2/6-31G(d,p)//MP2/6-31G(d,p) Level for the Series of
Reactions XO+ CH4 f Products at Three Temperatures

k(H atom abstraction)/k(H/-OX substitution)
b

∆rHa (298 K) 700 K 1500 K 2500 K

FO + CH4 19.7 (63.9)c 3.3× 1011 2.1× 105 1.1× 103

ClO + CH4 19.4 (77.1) 1.3× 1012 3.3× 105 1.3× 103

BrO + CH4 5.5 (67.4) 8.4× 1011 2.6× 105 1.1× 103

a Including the sum of thermal energies) ∆ZPE+ thermal energy
corrections.b Rate constants for both pathways are calculated using
Wigner’s correction.c The values in parentheses correspond to the
values obtained for the substitution reactions.

k(T) ) Γ(T) × kBT

h
× QTS(T)

QXO(T)QCH4
(T)

× exp(-
Va

G

kBT) (1)

Γ(T) ) 1 + 1
24(hνq

kBT)2

(2)
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from the carbon atom toward the oxygen. For each transition
state, low frequencies (about 30-40 cm-1) corresponding to
the H3C‚‚H‚‚OX (X ) F, Cl, or Br) torsional mode were found
and treated as a hindered rotor as explained in the Computational
Methods section.

To compute the hindered rotor partition function correspond-
ing to the transition states,QHR(T), the height of the energy
barrier to rotation,V0, and the periodicity,σ, of the torsion
potential must be estimated. These parameters were obtained
by performing a rigid scan in the CHOX dihedral where this
angle was varied from 0° to 360° using a 15° interval. For the
three reactions of interest, the torsion potentials were found to
be 3-fold (σ ) 3), with an internal rotation barrierV0 of about
0.5 kJ mol-1 (Table 2). Given the relatively small rotational

barriers, in reality these modes behave as free-rotors in the
temperature range 700-2500 K.

2. Reaction Enthalpies at 298 K and Barrier Heights.
Tables 3-5 list the reaction enthalpies (∆rH) and barrier heights
computed at different levels of theory for all H atom abstraction
reactions under study.

Reaction Enthalpies at 298 K. To determine whether the
levels of theory used in this study are appropriate, reaction
enthalpies at 298 K have been computed for the three H atom
abstraction reactions and the results compared to the available
experimental data. The computed∆rH values are listed in Tables
3-5, whereas the literature values of the formation enthalpies,
∆fH° at 298 K, for the species of interest are provided in the
Supporting Information (Table 7S).

TABLE 2: Essential Structural Parametersa, Imaginary Vibrational Frequencies for the Transition State of Each Reaction, and
Internal Rotation Barrier of the -OX Group at Different Levels of Theoryb

r (C-HR) r (O-HR) (θOHRC) (OXOHRC) ν* cm-1 V0, kJ mol-1

FO + CH4
1) 1.235 1.243 176.7 0.0 2169i 0.55
2) 1.289 1.209 180.0 0.0 2285i 0.45
3) 1.346 1.175 179.8 0.0 1570i 0.50

ClO +CH4
1) 1.231 1.251 177.0 0.1 2073i 0.45
2) 1.291 1.203 177.9 -0.1 2298i 0.55
3) 1.353 1.166 179.2 -41.1 1575i 0.40

BrO +CH4
1) 1.217 1.273 176.0 48.8 2152i 0.65
2) 1.286 1.207 178.1 52.0 2280i 0.65
3) 1.346 1.169 179.4 77.8 1577i 0.50

a Bond lengths are in angstroms, bond anglesθ are in degrees; the hydrogen atom involved in H atom abstraction is noted HR
b The different

levels of theory used in this study for the geometry optimization are the following:1) UMP2/6-31G(d,p),2) QCISD/6-311G(d,p),3) B3LYP/6-
311G(d,p)

TABLE 3: Reaction Enthalpies ∆rH at 298 K and Barrier Heights Va
G Calculated in kJ Mol-1 for the Reaction FO + CH4 f

HOF + CH3 at Various Levels of Theory

∆rHa Va
G

basis sets PMP4b QCISD(T)c B3LYPd PMP4b QCISD(T)c B3LYPd

6-311G(d,p) 25.9 35.6 39.3 62.8 70.4 43.3
6-311+G(d,p) 18.0 28.5 30.5 60.1 66.3 41.4
6-311++G(d,p) 17.6 28.0 30.1 59.6 65.7 41.1
6-311++G(2d,p) 19.2 31.0 30.1 60.1 66.1 42.0
6-311++G(2d,2p) 13.8 25.1 28.0 59.5 65.3 42.0
6-311++G(2df,2p) 15.5 37.7 30.1 57.4 63.7 43.3
6-311++G(3df,2p) 15.1 25.9 29.3 56.6 62.9 42.8
6-311++G(3df,2pd) 12.1 23.0 28.5 53.2 59.5 42.1
6-311++G(3df,3pd) 10.5 21.3 27.6 49.5 55.7 40.7
aug-cc-pVTZ 12.1 24.3 33.1 52.2 58.3 46.9
literature e 14.2( 15.6

a Including the sum of thermal energies) ∆ZPE+ thermal energy corrections.b Optimized geometries at the UMP2/6-31G(d,p) level of theory.
c Optimized geometries at the UQCISD/6-311G(d,p) level of theory.d Optimized geometries at the B3LYP/6-311G(d,p) level of theory.e based on
the formation enthalpies taken for FO, CH4, HOF, and CH3 from the literature (see supplementary Table 7S of the Supporting Information).

TABLE 4: Reaction Enthalpies ∆rH at 298 K and Barrier Heights Va
G Calculated in kJ mol-1 for the Reaction ClO + CH4 f

HOCl + CH3 at Various Levels of Theory

∆rHa Va
G

basis sets PMP4b QCISD(T)c B3LYPd PMP4b QCISD(T)c B3LYPd

6-311G(d,p) 23.0 34.3 43.9 51.8 67.3 48.2
6-311+G(d,p) 19.2 32.2 42.3 51.6 67.3 52.2
6-311++G(d,p) 18.8 32.2 42.3 50.7 66.7 52.0
6-311++G(2d,p) 26.8 40.6 46.9 56.0 72.2 57.2
6-311++G(2d,2p) 20.5 33.9 44.8 55.2 71.0 57.0
6-311++G(2df,2p) 24.3 48.1 48.5 55.4 71.1 59.9
6-311++G(3df,2p) 26.4 39.3 49.4 55.6 71.7 60.5
6-311++G(3df,2pd) 23.4 36.0 49.0 52.2 68.1 59.8
6-311++G(3df,3pd) 21.8 34.3 48.1 48.8 64.5 58.5
aug-cc-pVTZ 21.8 35.1 51.9 49.4 65.5 64.2
literature e 45.4( 3.6

a Including the sum of thermal energies) ∆ZPE+ thermal energy corrections.b Optimized geometries at the UMP2/6-31G(d,p) level of theory.
c Optimized geometries at the UQCISD/6-311G(d,p) level of theory.d Optimized geometries at the B3LYP/6-311G(d,p) level of theory.e based on
the formation enthalpies taken for ClO, CH4, HOCl and CH3 from the literature (see supplementary Table 7S of the Supporting Information).
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The results in Tables 3-5 indicate that adding one diffuse
function on the heavy atoms to the basis sets leads to a decrease
in the reaction enthalpy values of up to 8 kJ mol-1 for the FO
+ CH4 reaction. This effect is slightly smaller in the case of
ClO and BrO (-2 to -5 kJ mol-1). Furthermore, adding a
diffuse function on the hydrogen atoms does not seem to change
significantly the reaction enthalpies (∆∆rH < -0.5 kJ mol-1).
No significant trend is observed after adding extra p-, d-, and
f-polarization functions. However, in all three cases, the results
obtained with the relatively large 6-311++G(3df,3pd) basis set
seem to agree reasonably well with the aug-cc-pVTZ values.

Overall, the reaction enthalpies for the FO+ CH4 reaction
calculated at the PMP4(SDTQ) level with basis sets that have
diffuse functions are very close to the literature values, whereas
QCISD(T) and B3LYP on the other hand, overestimate the
experimental value by about 7 to 25 kJ mol-1. The opposite
trend is observed in the case of the reactions involving ClO
and BrO. This behavior can be attributed to errors arising from
truncation in the basis sets as well as insufficient treatment of
correlation effects, which lead to erratic trends resulting from
an unbalance in the treatment of the electronic structure problem
of the different species involved in the reactions. Direct
comparison with the experimental data, however, must be
considered with care in view of the large experimental uncer-
tainties reported, especially in the case of the reaction FO+
CH4 f FOH + CH3, where the uncertainty is larger than the
actual value (see Table 3).

Barrier Heights.In the case of the FO+ CH4 reaction (Table
3), theVa

G’s calculated with the B3LYP density functional are
systematically lower by 5 to 30 kJ mol-1 when compared to
those obtained with the correlated ab initio methods PMP4
(SDTQ) and QCISD(T) (which are in good agreement with those
reported previously by Francisco4). For the ClO and BrO
reactions, the B3LYP barriers are in better agreement with the
PMP4(SDTQ) values when relatively small basis sets are used.
However, in the case of larger basis sets (especially aug-cc-
pVTZ), B3LYP seems to predictVa

G’s in better agreement
with the results obtained by the highly correlated method
QCISD(T). In this work, we choose the aug-cc-pVTZ basis set
in order to compute the energetics and reaction rate constants
as explained in the Computational Methods section.

3. Rate Constants Calculations.The three-parameter Ar-
rhenius expressionsk(T) ) B × Tn exp(-Ea/RT) fitted to the
computed rate constants are listed in Table 6. A list of calculated
rate constants with the aug-cc-pVTZ basis set (FO, ClO, and
BrO reactions) is provided in the Supporting Information (Table
8S).

Figure 1 shows a marked curvature of the Arrhenius plots
over the temperature range (700-2500 K).21 In addition, it is
observed that over the same temperature range, the rate constants
for the reaction FO+ CH4 are very close to the corresponding
values of the reaction BrO+ CH4. In turn, these two reactions
exhibit rate constants approximately two times larger than the
rate constants for ClO+ CH4. This is in keeping with the fact
that the barriers for these two reactions are smaller than the
corresponding barrier for ClO+ CH4. On the basis of the
relative electronegativity of F, Cl, and Br, one would expect
the barriers for the series of reactions CH4 + XO to follow the
trend FO< ClO < BrO. However, as discussed before, our
results show a very different trend, with FO≈ BrO < ClO.
This trend might be explained in terms of the “π-donor” and

TABLE 5: Reaction Enthalpies ∆rH at 298 K and Barrier Heights Va
G Calculated in kJ Mol-1 for the Reaction BrO + CH4 f

HOBr + CH3 at Various Levels of Theory

∆rHa Va
G

basis sets PMP4b QCISD(T)c B3LYPd PMP4b QCISD(T)c B3LYPd

6-311G(d,p) 11.7 26.6 38.5 45.5 62.2 46.2
6-311+G(d,p) 6.2 23.8 35.2 43.9 61.2 48.3
6-311++G(d,p) 5.9 23.5 35.2 43.3 60.5 48.2
6-311++G(2d,p) 14.1 32.1 37.7 47.1 65.1 51.1
6-311++G(2d,2p) 7.6 25.4 35.6 46.2 63.8 51.3
6-311++G(2df,2p) 10.6 39.0 38.9 45.8 63.6 54.0
6-311++G(3df,2p) 11.4 28.5 38.5 46.1 64.0 53.9
6-311++G(3df,2pd) 8.0 25.2 37.7 42.8 60.4 53.1
6-311++G(3df,3pd) 6.6 23.8 37.2 39.7 57.0 52.1
aug-cc-pVTZ 10.0 27.3 41.5 38.9 57.1 55.2
literature e 38.9( 11.3

a Including the sum of thermal energies) ∆ZPE+ thermal energy corrections.b Optimized geometries at the UMP2/6-31G(d,p) level of theory.
c Optimized geometries at the UQCISD/6-311G(d,p) level of theory.d Optimized geometries at the B3LYP/6-311G(d,p) level of theory.e On the
basis of the formation enthalpies taken for BrO, CH4, HOBr, and CH3 from the literature (see supplementary Table 7S of the Supporting Information).

TABLE 6: Summary of the Arrhenius Parameters K ) B ×
TnExp(-Ea/RT) Calculated over the Temperature Range
700-2500 K Using the aug-cc-pVTZ Basis Set

B, cm3 molecule-1 s-1 n Ea/R, K

FO +CH4 PMP4(SDTQ) 1.9× 10-20 2.65 4920
QCISD(T) 5.0× 10-21 2.84 5375
B3LYP 6.0× 10-21 2.83 4495

ClO +CH4 PMP4(SDTQ) 3.8× 10-21 2.84 4470
QCISD(T) 3.0× 10-21 2.89 6365
B3LYP 7.9× 10-21 2.79 6645

BrO +CH4 PMP4(SDTQ) 1.4× 10-20 2.68 3320
QCISD(T) 1.3× 10-20 2.71 5530
B3LYP 1.7× 10-20 2.71 5620

Figure 1. Rate constants vs 1/T over the temperature range 700-
2500 K for the H atom abstraction reactions of CH4 with FO (filled
circles), ClO (filled squares), and BrO (open triangles) at the QCISD-
(T) level of theory.
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“σ-acceptor” capabilities of the halogen atoms and their effects
on the relative bond strength of the H-OX bond. Thus, the
relatively high “σ-acceptor” character of fluorine stabilizes the
H-OX bond considerably. In the case of chlorine, this stabiliza-
tion is somehow reduced by the interaction between one of the
lone pairs (with p-character) and the lone-pair electron located
in the oxygen atom, as a result of its relatively large “π-donor”
character. Finally, given that the “π-donor” character in bromine
is significantly smaller when compared to chlorine, these
repulsions are smaller and consequently the H-OBr bond
becomes stronger than the corresponding H-OCl bond.

The values of 5.1× 10-16 cm3 molecule-1 s-1, 3.3× 10-17

cm3 molecule-1 s-1, and 3.0× 10-17 cm3 molecule-1 s-1

calculated at 670 K, respectively, with PMP4(SDTQ), QCISD
(T), and B3LYP for the rate constant of the ClO+ CH4 reaction
are well below the upper limit value of 4.0× 10-15 cm3

molecule-1 s-1 proposed by Clyne and Watson.1 It is noteworthy
that the rate constant values for the ClO+ CH4 reaction
calculated in the temperature range 700-2000 K using the three
theoretical methods (Table 6) are larger than the values obtained
from the Arrhenius expressionk ) 1.7 × 10-9 exp(-15 500/
T) in cm3 molecule-1 s-1 (or 1.0× 1012 exp(-15 500/T) in L
mol-1 s-1) estimated by Baulch et al.2 In addition, in the
temperature range 2000-2500 K, all values are in good
agreement. To the best of our knowledge, no experimental
concentration profiles of the ClO radical have been reported in
the laboratory studies devoted to the thermal treatment of
chlorinated methanes in methane flames. Bouhria22 has com-
pared the rates of production and consumption of HOCl
calculated from a chemical model proposed for a CH4/O2/Ar +
2.2% CH3Cl flat flame. On the basis of the estimated Arrhenius
expression proposed by Baulch et al.,2 he suggested that the
ClO + CH4 reaction was the main reaction responsible for the
production of HOCl close to the surface of the flat flame burner.
The lack of experimental data on the ClO concentrations does
not enable us to compare the rate of ClO+ CH4 reaction with
the ones of reactions Cl+ CH4 and OH+ CH4, which play an
important role in the consumption of methane. However, from
our calculations showing relatively low rate constants (k ≈
10-15-10-14 cm3 molecule-1 s-1 at 1000 K and k≈ 2 × 10-12

cm3 molecule-1 s-1 at 2500 K) for ClO+ CH4 reactions, it
would seem that the H atom abstraction reactions of ClO radicals
with CH4 cannot compete with OH+ CH4 (k ≈ 1.4 × 10-12

cm3 molecule-1 s-1 at 1000 K23) and Cl + CH4 (k ≈ 8.2 ×
10-12 cm3 molecule-1 s-1 at 1000 K23) to consume CH4 in the
thermal degradation processes of chlorinated compounds in
methane flames.

In the case of the reaction of BrO with methane, only one
upper limit at 293 K was reported by Clyne and Cruse3 (<1.7
× 10-14 cm3 molecule-1 s-1). This value cannot be compared
with the values calculated in this study for a temperature range
700-2500 K.

Even though the Arrhenius parameters obtained with B3LYP
are in better agreement with the corresponding values computed
at the QCISD(T) level in the case of ClO and BrO when
compared to the PMP4(SDTQ) results, the opposite trend is
observed in the case of FO. Given the lack of a definitive trend
in the accuracy of the less computationally intensive methodolo-
gies B3LYP and PMP4(SDTQ), we recommend the Arrhenius
parameters computed with our best theoretical level, QCISD
(T), for use in the modeling of combustion processes involving
the abstraction reactions discussed in this work. However, care
must be exercised when using these parameters, given the lack
of experimental data needed for the appropriate validation of

the methodology used in their computation. We believe that
the use of these parameters might at least provide a semiquan-
titative picture of the kinetics of these reactions, especially at
temperatures typical of incineration/combustion processes. This
lack of reactivity, however, does not preclude the XO radicals
from participating in other reactions of combustion significance.

Conclusions

Ab initio electronic structure calculations, combined with
canonical Transition State Theory, carried out on the H/-OX
substitution reactions XO+ CH4 f H + CH3OX (X ) F, Cl,
or Br), lead to the conclusion that the substitution pathways
are not competitive with the abstraction pathways over the
temperature range under study (700-2500 K) given that these
processes are characterized by lower rate constants than those
obtained for the H atom abstraction reactions XO+ CH4 f
HOX + CH3. In addition, it is found that all levels of theory
used in this work calculations predict relatively low rate
constants for the H atom abstraction reactions in the studied
temperature range, suggesting that these pathways might not
be important in the degradation processes of halogenated
compounds.
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