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The CH4 + HO2
• reaction is studied by using explicitly correlated coupled-cluster theory with singles and

doubles (CCSD-R12) in a large 19s14p8d6f4g3h basis (9s6p4d3f for H) to approach the basis-set limit at the
coupled-cluster singles-doubles level. A correction for connected triple excitations is obtained from the
conventional CCSD(T) coupled-cluster approach in the correlation-consistent quintuple-� basis (cc-pV5Z).
The highly accurate results for the methane reaction are used to calibrate the calculations of the hydroperoxyl-
radical hydrogen abstraction from other alkanes. For the alkanes CnH2n+2 with n ) 2 f 4, the reactions are
investigated at the CCSD(T) level in the correlation-consistent triple-� (cc-pVTZ) basis. The results are adjusted
to the benchmark methane reaction and compared with those from other approaches that are commonly used
in the field such as CBS-QB3, CBS-APNO, and density functional theory. Rate constants are computed in
the framework of transition state theory, and the results are compared with previous values available.

1. Introduction

In the detailed chemical kinetic modeling of hydrocarbon1

and oxygenated fuels, hydrogen atom abstraction by the
hydroperoxyl radical, HO2

• , is an important reaction class in the
autoignition of fuels, particularly at low-to-intermediate tem-
peratures in the range 600-1300 K. At these temperatures, most
of the hydroperoxyl radicals are generated either by abstraction
of a hydrogen atom by molecular oxygen or by the reaction of
atomic hydrogen with molecular oxygen.

RH+O2fR• +HO2
• (1)

H• +O2 +MfHO2
• +M (2)

The hydroperoxyl radical produced in the above sequence
can either self-react or abstract a hydrogen atom generating
hydrogen peroxide, which subsequently decomposes to produce
two reactive hydroxyl radicals.

RH+HO2
•fR• +H2O2 (3)

HO2
• +HO2

•fH2O2 +O2 (4)

H2O2 +MfHO• +HO• +M (5)

It has been shown2,3 that changing the relative rates of
(i) abstraction by the hydroperoxyl radical and (ii) its self-
reaction either promotes in (i) or inhibits in (ii) the reactivity
of a fuel. The self-reaction of hydroperoxyl radicals inhibits
fuel reactivity because this reaction consumes hydroperoxyl
radicals which could otherwise abstract a hydrogen atom from
a stable species to ultimately produce two hydroxyl radicals
from one hydroperoxyl radical, as depicted in the reactions
above. As the temperature increases, the reaction of a hydrogen
atom with molecular oxygen produces a hydroxyl radical via
H• + O2 f O• + HO•, becoming the most dominant chain
branching reaction at higher temperatures.4

Despite this, there are very few reliable determinations of
the rates of hydrogen atom abstraction from hydrocarbons by
the hydroperoxyl radical; all of these were obtained from
measurements in boric acid-coated static reactors by an indirect
technique over a quite narrow range of temperatures;5–9 most
values have been estimated.10–14

Quantum chemical calculation can provide accurate structural
and energetic data of small polyatomic molecules of relevance
to inter alia combustion chemistry. Concerning reaction barriers
for hydrogen abstractions, an overview of the performance of
density functionals has been presented recently by Sousa et al.15

The authors conclude that B3LYP performs poorly for such
reactions. Vandeputte et al.16 extensively studied the behavior
of CBS-QB317 by calculating reaction barriers and reaction rates
for hydrogen abstractions. They found very good agreement for
the barrier height for the abstraction by methyl from methane,
in comparison with a high-level W1 calculation. A much poorer
result was found for the abstraction by methyl from ethene. In
all the cases treated, the calculated reaction rate computed with
CBS-QB3 was satisfactory in comparison with experimental
reaction rates.

Our goal in this work is to compute the reaction barriers for
the series of reaction of HO2

• with methane, ethane, propane,
n-butane, and iso-butane, see Figure 1, as studied by Carstensen
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Figure 1. Set of radicals formed in RH + HO2
• f R• + H2O2.
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and co-workers,18 at the CBS-QB3 level of theory. In our work,
we use the CCSD(T) level in an attempt to obtain reaction
barriers with chemical accuracy, that is, within ∼4 kJ mol-1,
and obtain from them the reaction rates. Such accuracy can only
be achieved by performing the CCSD(T) calculations in very
large and nearly complete one-electron basis sets, followed by
basis-set extrapolation or by expanding the coupled-cluster wave
function in a many-electron basis that contains terms that depend
explicitly on the interelectronic distances in the system.19

The general theory of the explicitly correlated coupled-cluster
approach is described in detail by Noga et al.20 and a number
of review articles exist.21–23 In 2000, the theory was extended
tosingle-referenceopen-shellcaseswithunrestrictedHartree-Fock
(UHF) and restricted open-shell Hartree-Fock (ROHF) refer-
ence determinants,24,25 and illustrative applications of explicitly
correlated coupled-cluster theory have been reported recently.26–29

This paper has the following structure: First, we present the
computational details to obtain both the reaction barriers and
the reaction rate constants. Then, we provide a benchmarking
case to establish the accuracy of the methods employed. After
that, the results for the reaction barriers, by applying the different
methods under study, and the proposed Arrhenius-like expres-
sion along with the resulting reaction constants are presented.
A detailed comparison with previous works, both experimental
and computational, is shown. Finally, we propose reaction rate
constants according to the carbon substitution, and the conclu-
sions are presented.

2. Computational Details

Reaction Barriers. Geometry optimizations utilizing analyti-
cal nuclear gradients are carried out to locate minima and saddle
points at the level of density functional theory (DFT) by using
the B3LYP exchange-correlation functional30–32 in combination
with the def2-TZVP basis33 as implemented in the Turbomole
program.34–39 Redundant internal coordinates are used for the
geometry optimizations, and the search for saddle points is
performed by using the trust radius image minimization ap-
proach.40 Harmonic frequencies are calculated analytically for
all species at the B3LYP/def2-TZVP level and are used unscaled
throughout the work. The frequencies of the minima are all real,
and the saddle points exhibit only one imaginary frequency.

Moreover, single-point energy calculations are carried out in
the same basis by using the functionals BP86,41,42 TPSS,43

TPSSh,44 BMK,45 and B97K,45 the compound methods CBS-
QB3 and CBS-APNO46 calculated with Gaussian,47 and
conventional spin-restricted coupled-cluster theory in the cor-
relation-consistent triple-� basis (cc-pVTZ) of Dunning.48 These
spin-restricted coupled-cluster calculations are based on a spin-
restricted Hartree-Fock reference (restricted Hartree-Fock,
RHF, or ROHF) and are carried out with Molpro.49 The coupled-
cluster calculations include singles and doubles (RCCSD)50 as
well as perturbative triples [RCCSD(T)]51 and are performed
in the frozen-core approximation.

In the detailed study of the CH4 + HO2
• system, the

conventional coupled-cluster method with the family of n-tuple-�
basis sets (cc-pVnZ), with n ) 2, 3, 4, and 5, is used.48 In this
system, integral-direct explicitly correlated CCSD-R12 calcula-
tions are performed with the DIRCCR12-OS program52,53 by
using a spin-restricted Hartree-Fock reference wave function
(RHF or ROHF). A spin-restricted coupled-cluster calculation
is performed for the closed-shell systems, whereas the open-
shell systems are treated at the spin-unrestricted coupled-cluster
ROHF-CCSD-R12 level. For comparison, the conventional
coupled-cluster calculations in the cc-pVnZ basis sets on this

system are carried out similarly, that is, by using the ROHF-
CCSD(T) method for the open shells. The CCSD-R12 calcula-
tions are carried out in the 19s14p8d6f4g3h basis (9s6p4d3f
for H).54 The perturbative triples are taken from the conventional
coupled-cluster approach.

Reaction Rates. For the calculation of reaction rate constants,
simple transition-state theory is used. Observed rates are of
course dependent on the whole potential energy surface and
not just on the reactants and the transition state, but it would
be computationally too expensive to use some of the method-
ologies employed here for that purpose. The well-known
expression for the reaction rate constant of a bimolecular
reaction X + Y / XY‡ is:55

k) κVm

kBT

h
Qq

QXQY
exp(-∆EB,0

RT ) (6)

where Q‡, QX, and QY, are the dimensionless partition functions
(including translational, vibrational, and rotational contributions)
of the transition state and the reactants, respectively, calculated
by using the module Freeh of Turbomole (by using the harmonic
oscillator and the rigid rotor approximation and by correcting
for internal hindered rotations). R is the gas constant, kB is the
Boltzmann constant, h is the Planck constant, and Vm is the
molar volume of an ideal gas at temperature T, which varied
from 600 to 1300 K in the present work. ∆EB,0 is the electronic
barrier height ∆EB,e plus the zero-point vibrational energy
(ZPVE). The ZPVE is computed at the B3LYP/def2-TZVP level
and is included for all the methods under study. κ is the
transmission coefficient accounting for tunneling effects, com-
puted from the well-known Wigner formula:56

κ) 1- 1
24( hν

kBT)2(1+ RT
∆EB,0

) (7)

Only the imaginary frequency, ν, associated with the reaction
coordinate and the reaction barrier ∆EB,0 are required to calculate
κ. For the temperature range of interest here, the Wigner formula
does not yield transmission coefficients significantly different
from those from the Eckart formula nor from the approach
proposed by Skodje and Truhlar.57 For example, for a prototypi-
cal system with ν ) 1650i cm-1 and ∆EB,0 ) 90 kJ mol-1,
which represents our systems well, Truhlar’s approach and the
Eckart formula give identical results in the temperature range
700-1300 K and are not more than 15% larger than the Wigner
transmission coefficient. At 1300 K, κWigner ) 1.16 and κEckart

) 1.15, whereas at 700 K, κWigner ) 1.51 and κEckart ) 1.71,
and only at lower temperatures, the differences become more
pronounced, for example at 600 K, κWigner ) 1.69 and κEckart )
2.16.

Corrections to account for hindered rotations are included
for all rotations about the CsC and OsO bonds as well as for
rotations about the reaction coordinate C · · ·H · · ·O. Following
Vansteenkiste et al.,58 instead of removing the harmonic
vibrational modes from the partition function, we correct it by
multiplying with the ratio qhr/qv-1D. To obtain qhr, potential
energy curves are computed for the rotations about the above-
mentioned bonds by using discrete steps of 5°, thereby allowing
for a geometry relaxation of all the other internal coordinates
(for the transition state, the difference between the C · · ·H and
H · · ·O distances is kept fixed because otherwise, the geometry
relaxation would lead to either the reactants or the products).
A one-dimensional Schrödinger equation is solved to obtain the
eigenstates needed to compute the partition function qhr. qv-1D

is the harmonic oscillator value obtained from these one-
dimensional curves. The reactants and transition states have
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several conformations, which are all accounted for by computing
the hindered-rotor partition function with respect to rotation
about 360°. This procedure, for example, yields a factor of 2
for the rotation about the OsO bond for the two conformations
that cannot be superimposed by rotation.59 Symmetry numbers
are included in the hindered-rotor partition functions for
symmetric groups such as sCH3, but most of these factors
cancel between reactant and transition state. In the reactions
producing the radicals n-C3H7

• , p-C4H9
• , and i-C4H9

• , however,
the lower symmetry of the hindered rotation about one of the
CsC bonds in the transition state adds a factor of 3 to the
reaction rate. Similarly, in the reactions yielding the CH3

• and
t-C4H9

• radicals, symmetry numbers for the rotations of the
methyl and tertiary-butyl groups in the transition state are not
compensated by a corresponding symmetry number in the
reactant. Moreover, a factor of 2 is included for the reaction
producing s-C4H9

• , because a chiral transition state is involved.59

As a byproduct, the scanning procedure confirmed that the
energy calculations were done for the lowest-energy conformers.

Arrhenius-like expressions of the form:

k)ATn exp(-EA

RT ) (3)

are fitted to the computed rate constants at temperatures
600-1300 K (in 100 K intervals); A, n, and EA are treated
as fitting parameters. We fit the above expression to rate
constants computed from the B3LYP/def2-TZVP partition
functions (corrected for hindered rotations) with the best
estimates of the reaction barriers ∆EB,0 obtained at the coupled-
cluster level of theory (vide infra). Note that these best estimates
are used not only in the exponential but also in the Wigner
formula for the transmission coefficient κ.

In this section, we have shown the procedure used to calculate
the rate constants. It mimics the one employed by Carstensen
et al., except that we have used alternative methods to compute
the reaction barrier. This allows us to focus on the differences
arising from these contrasting approaches. Note that the
consequences of using B3LYP geometries, albeit with different
basis functions, which both Carstensen et al. and ourselves
employ, are difficult to predict. To improve on this, one could
optimize all of the geometries at the coupled-cluster level of
theory, but even then, the overall accuracy will remain difficult
to assess because of the approximations in the TST treatment.

3. Benchmarking

Before presenting and discussing the results for all the
reactions, let us first have a close look at the barrier for the
reaction:

CH4 +HO2
•fTS‡fCH3

• +H2O2

For this reaction, we calculate the optimized geometries at the
B3LYP/def2-TZVP level for the two reactants, the two products,
and the transition state TS‡. The geometry of the latter can be
seen in Figure 2. We can compare the C · · ·H distance in the
TS‡, 1.430 Å, with the same distance found in the CH4

minimum, 1.090 Å. The H · · ·O distance is 1.124 Å for the TS‡

and 0.968 Å for the H2O2 minimum. This indicates a TS‡ very
close to the products, CH3

• + H2O2, and agrees with Hammond’s
postulate60 with respect to the endothermic character of the
reaction under study. The electronic energies are obtained at
the level of ROHF-CCSD-R12 theory. This theory uses
electronic wave functions that depend explicitly on all of the
electron-electron distances and is capable of yielding results
close to those that would be obtained in a complete basis set of

atomic orbitalssif it were possible to use such a basis. To the
CCSD-R12 energies, we add the perturbative (T) correction for
connected triples computed in the cc-pV5Z basis, and we shall
refer to the corresponding energies as CCSD(T)-R12 in short.
Table 1 shows the electronic atomization energies for the five
species involved in the above reaction, computed at this
CCSD(T)-R12 level.

The CCSD(T)-R12 results agree to within 3 kJ mol-1 with
well-known experimental data, and we expect that the atomi-
zation energy of TS‡, and thus the barrier height, is similarly
accurate. This assumption is based both on our previous work
with the explicitly correlated methods and the low multireference
character of the system; the latter was observed as we performed
a multireference study (CASSCF) on the transition state TS‡

and found that the wave function is dominated by a single
determinant. The agreement with experiment is very satisfactory.
We should note that the seemingly extreme accuracy for H2O2

is a coincidence, because several corrections have been omitted.
To obtain a better founded agreement, it would be necessary to
include higher excitations into the coupled-cluster treatment (full
triples as well as quadruples and quintuples), to include core
orbitals into the correlation treatment, and to correct for
relativistic and non-Born-Oppenheimer effects,61,62 but because
of the amount of computational time required, they are beyond
the scope of this work.

The electronic reaction energy, ∆ER,e, and the electronic
barrier height, ∆EB,e, can be calculated from the CCSD(T)-R12
data displayed in Table 1. We compare the CCSD(T)-R12 data
with the results obtained from conventional CCSD(T) theory
using the standard cc-pVnZ basis sets. Table 2 shows the
computed data (∆ER,e and ∆EB,e) obtained with the conventional
CCSD(T) method in the cc-pVnZ basis sets. The results show
clearly that CCSD(T) calculations in small basis sets such as
cc-pVDZ and cc-pVTZ are not accurate enough for our

Figure 2. Geometry of the transition state of the CH4 + HO2
• reaction.

Distances in angstroms and angles in degrees.

TABLE 1: Electronic Atomization Energies (kJ mol-1)

system experimenta calculationb

CH4 1755.4 1752.5
HO2

• 732.5 729.9
TSq 2372.6
CH3

• 1285.7 1283.0
H2O2 1122.1 1122.3

a Obtained from experimental atomization enthalpy at 0 K and
experimental ZPVE from ref 66. b Obtained by adding the (T)
triples correction from cc-pV5Z basis to the ROHF-CCSD(T)-R12
energies.
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purposes. The deviations from the CCSD(T)-R12 values are
14-17 and 4--5 kJ mol-1, respectively. Only in the case of
the cc-pVQZ basis is the error below 3 kJ mol-1.

Because the convergence of the computed data with the size
of the atomic basis set is slow but systematic, it is possible to
extrapolate the results to the limit of a complete basis (cc-pV∞Z)
by using the cc-pVQZ and cc-pV5Z values;63 such an extrapola-
tion yields energies that are only 0.2-0.3 kJ mol-1 away from
the CCSD(T)-R12 data. This is a strong indication that both
methods are accurate within 1 kJ mol-1 of the basis-set limit
of CCSD(T) theory.

4. Results

Reaction Barriers. At present, it is possible to perform
frozen-core CCSD-R12 calculations on the transition state of
the reaction of CH4 with the HO2

• radical in the large
19s14p8d6f4g3h basis (9s6p4d3f for H), but similar calculations
on the transition states for the reactions with the larger
hydrocarbons are technically not feasible. Therefore, we have
calculated the electronic barrier heights for all the reactions in
the def2-TZVP basis by using various functionals and in the
cc-pVTZ basis set by using frozen-core RCCSD(T) theory.

For the reaction of the hydroperoxyl radical with methane,
the B3LYP/def2-TZVP ZPVE correction to the barrier (applied
to all the methods) amounts to -9.8 kJ mol-1. Adding this
contribution to the ROHF-CCSD(T)/cc-pVTZ and CCSD(T)-
R12 electronic barriers (cf. Table 2) yields ∆EB,0 ) 103.7 kJ
mol-1 and ∆EB,0 ) 100.1 kJ mol-1, respectively. Thus, the
CCSD(T)/cc-pVTZ value appears to slightly overestimate the
CH4 + HO2

• barrier height. This can be easily corrected by
scaling the electron-correlation contribution to the electronic
barrier ∆EB,0 by a factor of 1.053. This factor is the ratio
between the correlation contribution in the R12 and cc-pVTZ

basis sets. Note that the electron-correlation contribution to the
barrier is negative. We adopt this scaling factor of 1.053 to
obtain the best estimates of the barrier heights for all the
reactions under study. Note also that because the factor applies
only to the correlation contribution, ∆EB,0 calculated by using
CCSD(T)-R12 is not equal to the best estimate (100.1 versus
100.4 kJ mol-1) because of the different basis set used in the
noncorrelation contribution but allows us to be consistent in
the treatment of all the reactions under study. Therefore, all of
them are computed at the same level. The results are presented
in Table 3, with the best estimates given in the last row.

In comparison with the DFT results obtained with various
functionals, we find that the B3LYP values are very close to
the best estimates. On average, the B3LYP barriers are only 3
kJ mol-1 below the best estimates. The TPSSh functional yields
values that in turn are about 3 kJ mol-1 below the B3LYP
barriers. Furthermore, the BMK and B97K functionals yield
barriers that are too high in comparison with the best estimates
derived from CCSD(T) calculations. These functionals overes-
timate the barriers by more than 10 kJ mol-1.

The results (using the B3LYP values) show, not unexpectedly,
that the reaction barriers for the abstraction of a primary
hydrogen cluster is around 79 kJ mol-1, that for the abstraction
of a secondary hydrogen is lower at about 64 kJ mol-1, and
finally that for the abstraction of a tertiary hydrogen is lower
again at 54 kJ mol-1sreflecting of course the decrease in the
CsH bond dissociation energies from primary to tertiary.64

A more detailed look should be taken at the results of the
compound methods CBS-QB3 and CBS-APNO. As can be

TABLE 2: Reaction Energy, ∆ER,e, and Reaction Barrier,
∆EB,e, for CH4 + HO2

• f CH3
• + H2O2 (kJ mol-1)a

basis ∆ER,e ∆EB,e

cc-pVDZ 94.5 124.0
cc-pVTZ 81.9 113.5
cc-pVQZ 79.1 111.5
cc-pV5Z 77.9 110.5
cc-pV(Q5)Zb 77.0 109.6
CCSD(T)-R12 77.2 109.9

a Electronic contribution from ROHF-CCSD(T) calculations.
b Extrapolated from the cc-pVQZ and cc-pV5Z basis sets by using
the n-3 formula of Helgaker et al.63

Figure 3. k(CH4 + HO2
• f CH3

• + H2O2). This work (s9s),
Carstensen18 (sbs), Baulch10 (- · ·1 · · -), Baldwin6 ( · · ·[ · · · ).

TABLE 3: Reaction Barriers ∆EB,0, for the Reactions of the
Hydrocarbons with the Hydroperoxyl Radical (kJ mol-1)a

methoda CH3
• C2H5

• n-C3H7
• i-C3H7

• p-C4H9
• s-C4H9

• i-C4H9
• t-C4H9

•

B3LYPb 97.6 78.2 79.5 64.5 78.9 64.3 79.2 54.3
BP86 75.0 53.6 55.9 39.0 55.2 38.9 55.7 28.5
TPSS 86.2 65.5 66.7 50.8 65.6 51.0 66.2 39.9
TPSSh 94.9 75.4 76.3 61.4 75.4 61.7 76.0 51.4
BMK 112.4 92.1 95.5 80.2 92.9 78.9 92.8 69.8
B97K 114.7 96.2 97.5 82.9 97.0 82.6 96.3 72.7
CBS-QB3 92.6 74.0 71.4 59.4 71.0 57.2 72.2 48.5
CBS-APNO 98.5 79.0 76.3 64.1 75.6 61.9 77.2 53.8
RCCSD(T)c 104.0 86.0 86.4 72.3 85.9 69.6 83.6 62.6

best estimated 100.4 81.6 82.0 67.3 81.4 64.4 79.0 57.2

a All methods include B3LYP ZPVE. b All DFT data are obtained
in the def2-TZVP basis. c Frozen-core CCSD(T)/cc-pVTZ value.
d Best estimate of the barrier height ∆EB,0 obtained by scaling the
frozen-core CCSD(T)/cc-pVTZ electron-correlation contributions to
∆EB,e by a factor of 1.053 (see text).

Figure 4. k(C2H6 + HO2
• f C2H5

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Baldwin5 ( · · ·1 · · · ), Baldwin9 (1),
Tsang12 (- · · -).
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extracted from Table 3, the standard deviation of the CBS-QB3
method is more than 8 kJ mol-1. By taking into account that
this is the difference to the coupled-cluster basis-set limit, and
as we pointed out earlier, this has an error against experiment
of at least 3 kJ mol-1, it would potentially lead to an error of
more than 10 kJ mol-1. As is perhaps to be expected, the CBS-
APNO method performs very closely to our best estimates
because of the additional corrections that embodies over those
in CBS-QB3 and which therefore bring it nearer to the CCSD(T)
basis-set limit.

Preliminary work65 on H-abstraction from n-butanol by HO2
•

may be compared to our results for n-butane. The barrier heights
evaluated at the CBS-QB3 and CBS-APNO levels of theory
for abstraction from the terminal or δ-carbon in the alcohol (70.3
and 75.0 kJ mol-1, respectively) are very close to those reported
here for abstraction of the primary hydrogens in n-butane (Table
3). This is not unexpected, given the diminishing influence of
the hydroxyl group along the lengthening carbon chain. The
influence of the –OH group becomes evident in the comparison
of the barrier heights for abstraction of a secondary H from
n-butane and a secondary H from the γ position in n-butanol,
which might be expected to be sufficiently far from the –OH
group to behave similarly to its alkane equivalent. However,
the difference in this case between the barrier heights for
n-butanol and n-butane is noticeable, though small (ca. 4 kJ
mol-1 lower for n-butanol, with CBS-QB3 and CBS-APNO
barriers of 53.5 and 58.4 kJ mol-1, respectively) and is
attributable to a stabilization of the transition state due to a
H-bonding interaction between the H of the –OH group and
the terminal O of HO2

• .
Reaction Rates. The final kinetic results are collected in

Table 4 where we present the TST rate constants k calculated
from the fitting by using the B3LYP/def2-TZVP partition
functions in conjunction with the best estimates of ∆EB,0. The
fit parameters A, n, and EA needed to represent the rate constants
by an Arrhenius-like expression are also given in Table 4. Note
that the activation energy EA given in the table is the fit
parameter, not the best estimate ∆EB,0. In fact, the fitted EA

values are about 7-14 kJ mol-1 lower than the best estimates.

5. Comparison with Previous Work

In this section, we compare the rate constants obtained in
the present work with those obtained in previous studies. We
can divide these works in three categories.

• Purely theoretical work. This includes our work and the
one done by Carstensen et al.18 The approaches differ drastically
in the computation of the reaction barrier. Carstensen et al.18

provide reaction rates by using the CBS-QB3 method. The
reaction barriers are not explicitly shown in the cited reference;
therefore, we compute the CBS-QB3 values in our study. In
Table 3, we can see that our best estimate is always higher than
that obtained with CBS-QB3. This means that we expect our

rate constant to be always slower. Because the reaction barrier
appears in exp(-∆EB,0/RT), the effect of the difference in
reaction barrier on the reaction rates will be significant at low
and medium temperatures (where the reactions under study play
a key role) and less important at high temperatures. For example,
if the difference in the calculated reaction barriers is 10 kJ mol-1,
at 530 K, the difference in the reaction rate coming from the
exponential part is of an order of magnitude, and it is only a
factor of 2 at 1760. We confirm these effects through all the
figures in this section.

• Literature review. We include here the extensive literature
reviews of Tsang et al.12,13 and that of Orme et al.,14 which
were carried out in order to construct detailed chemical kinetic
models.

• Experimental work. There are no direct measurements of
the reactions involved. The work done by Baldwin et al.5,6,9,11

is based on the measurement of relative reaction rates of the
reaction in question by the use of a reference reaction.

Methane. Our values are in excellent agreement with the
relative rate measurements (based on HO2

• + HO2
• f H2O2 +

O2) of Baldwin et al.6 and the recommendation of Baulch et
al.10 However, our values are between five times (at 600 K)
and three times (at 1500 K) slower compared to those of
Carstensen et al.18 (Figure 3).

Ethane. Our rate constants are two times slower than the
relative rate measurements of Baldwin et al.5 and show a
stronger temperature curvature compared to the previous recom-
mendations of Scott and Walker8 and the review of Tsang et
al.12 and thus are considerably faster at temperatures above 600
K. Our rate constant is four times slower than that calculated
by Carstensen et al.18 at 600 K and is twice as slow at 1500 K
(Figure 4).

Propane. In the case of propane, there are two distinct
abstractable hydrogen atoms leading to either n-propyl (Figure
5) or iso-propyl (Figure 6) radicals.

Baldwin et al.11 performed a relative rate measurement at 773
K and found a relative rate of 0.03 for the production of the
n-propyl radical relative to the reaction CH2O + HO2

• f HCO•

+ H2O2. All other rate constants presented in Figure 5 are either
calculations or estimates. The rate constant calculated in this
study is in very good agreement with all other estimations,
slightly slower at 600 K. The value calculated by Carstensen et
al.18 is more than five times faster at 600 K but very similar at
1500 K.

Baldwin et al.11 also carried out a relative rate measurement
for the production of the iso-propyl radical at 773 K and found
a relative rate of 0.048 relative to the reaction CH2O + HO2

• f
HCO• + H2O2. All other rate constants presented in Figure 6
are also either calculations or estimates. The rate constant
calculated in the present study is in very good agreement with
the determination of Baldwin et al. and with the recommenda-
tions of Scott and Walker8 and Orme et al.14 However, our

TABLE 4: Calculated TST Rate Constants (for a Selection of Temperatures, cm3 mol-1 s-1) Coming from the Fit Parameters
A (cm3 mol-1 s-1), n, EA (kJ mol-1), and Imaginary Frequency ν (cm-1)

radical 600 K 800 K 1000 K 1200 K A n EA ν

CH3
• 6.16 × 103 1.48 × 106 4.79 × 107 5.52 × 108 11.3 3.74 87.9 1539i

C2H5
• 2.54 × 105 2.49 × 107 4.69 × 108 3.75 × 109 34.6 3.61 70.8 1661i

n-C3H7
• 1.94 × 105 2.10 × 107 4.21 × 108 3.53 × 109 13.5 3.75 71.9 1656i

i-C3H7
• 1.15 × 106 5.59 × 107 6.83 × 108 4.05 × 109 58.1 3.37 58.2 1684i

p-C4H9
• 2.14 × 105 2.24 × 107 4.37 × 108 3.55 × 109 101.9 3.48 72.9 1657i

s-C4H9
• 3.60 × 106 1.63 × 108 1.91 × 109 1.11 × 1010 109.1 3.40 56.6 1677i

i-C4H9
• 2.94 × 105 3.00 × 107 5.75 × 108 4.63 × 109 116.5 3.49 72.3 1648i

t-C4H9
• 5.89 × 106 1.78 × 108 1.59 × 109 7.57 × 109 650.4 3.01 50.6 1658i
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calculation is significantly slower than that computed by
Carstensen et al.18

n-Butane. In the case of n-butane, both primary or secondary
radicals can be generated (Figures 7 and 8).

There have been no measurements of the rate constant for
hydrogen atom abstraction by the hydroperoxyl radical from
n-butane. The rate constant calculated in our study is again in
very good agreement with all other estimations, consistent with
the result for abstraction of a primary hydrogen atom from

propane. The rate constant calculated by Carstensen et al.18 is
five times faster at 600 K but very close at 1500 K.

For secondary hydrogen atom abstraction from butane, our
calculations are two times faster than the recommendations of
Scott and Walker. The rate constant calculated by Carstensen
et al.18 is between seven times (600 K) and three times (1500
K) faster than our calculation.

iso-Butane. For iso-butane, both iso-butyl (Figure 9) and
tertiary-butyl (Figure 10) radicals are formed. Baldwin et al.11

performed a relative measurement at 773 K and found a relative
rate of 0.133 for the production of iso-butyl radicals relative to
the reaction CH2O + HO2

• f HCO• + H2O2. Recommendations
of Scott and Walker,8 Orme et al.,14 and Tsang13 and the
calculations of Carstensen et al.18 are in reasonable agreement
with this rate constant. Our calculation is 2-3 times slower
than the value derived by Baldwin et al.11 at 773 K.

Figure 10 depicts rate constants for the abstraction of the
tertiary hydrogen atom from iso-butane. Baldwin et al.11

performed measurements at 773 K and found a relative rate of
0.045 for the production of tert-butyl radicals relative to CH2O
+ HO2

• f HCO• + H2O2. Recommendations of Scott and
Walker,8 Orme et al.,14 and Tsang13 are in reasonable agreement
with this rate constant. Our calculation is in excellent agreement
with that of Baldwin et al.11 At the same temperature, the value
suggested by Carstensen et al.18 is five times faster than that of
Baldwin et al.11

Recommended Rate Constants. By using the data obtained
in the previous section, we suggest values for the rate constants

Figure 5. k(C3H8 + HO2
• f n-C3H7

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Orme14 (- · ·3- · · ), Baldwin11 ([).

Figure 6. k(C3H8 + HO2
• f i-C3H7

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Orme14 (- · ·3- · · ), Baldwin11 ([).

Figure 7. k(n-C4H10 + HO2
• f p-C4H9

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Orme14 (- · ·3- · · ).

Figure 8. k(n-C4H10 + HO2
• f s-C4H9

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Orme14 (- · ·3- · · ).

Figure 9. k(i-C4H10 + HO2
• f i-C4H9

• + H2O2). This work (s9s),
Carstensen18 (sbs), Scott8 (--∆--), Orme14 (- · ·3- · · ), Baldwin11 ([),
Tsang13 (- · · -).
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which depend upon the local environment of the hydrogen being
abstracted, that is, whether from a primary, secondary, or tertiary
carbon. In Figure 11, the rate constants for primary carbons are
plotted separately, together with the resulting average. The
same procedure is shown in Figure 12, in this case, for the
secondary carbons. Note that these are rate constants on a
per-hydrogen atom basis with the final suggested values
summarized in Table 5.

6. Conclusions

We have computed the reaction barrier for the CH4 + HO2
•

reaction within chemical accuracy by using R12 methodology.

Comparisons with results obtained with compound methods
revealed that CBS-QB3 may be insufficient to achieve the same
goal. Methods higher in the CBS hierarchy such as CBS-APNO
should be used for high accuracy. We have computed the rate
constants for the reactions under study, and we have used them
to recommend values for various substitutions of the carbon
involved in the reaction. We have compared the constants
computed in the present work with available experimental data
and found a reasonable agreement for methane, primary,
secondary, and tertiary carbons. In the comparison with previous
theoretical work, we have found for all the molecules in the
study lower reaction rates, which is a reasonable consequence
of our higher reaction barriers.
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