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The sequence of hydrogen abstraction reactions from ethane to acetylene, which proceeds in fuel-rich methane
flames, has been investigated by an ab initio molecular orbital method. First, the hydrogen abstraction mechanism was
elucidated through an analysis of the variation in the electron spin density distributions through the reacting species. The
H atoms holding the largest spin densities within a radical where seen to be those being abstracted from the species. The
reaction rate coefficients for the four elementary abstraction steps from ethane to acetylene were determined through the
transition state theory, and the results were compared with data published in the literature. The obtained rate coefficients
were found to be lower than the published data for all four reactions examined. Especially, for two of the reactions, some
published data seem to be too large, considering that the rate coefficients obtained through transition state theory tend to

be larger than the true values.

Methane, the main component of natural gas, is known
to be oxidized through two different routes: the C; route,
which comprises reactions that proceed through species con-
taining only one carbon atom, and the C, route, which
comprises reactions that proceed through species contain-
ing two carbon atoms. The C; route is predominant un-
der lean conditions, and the C;, route predominates under
stoichiometric and fuel-rich conditions.'~ The first step in
methane combustion is necessarily the production of CHj;
radicals, from which the combustion reactions can proceed
into the two routes cited above. When O atoms are abun-
dant, as under lean conditions, CHj is oxidized into HCHO,
and reactions belonging to the C; route occur, through
CH;—CH3; —-HCHO—CHO—CO—CO;. Under methane-
rich conditions, the concentration of O atoms in the flame
is low, and only a small part of the CHj radicals initially
formed is oxidized into HCHO; the CHj; radicals combine
with themselves into C,Hg, and the C, route is started. From
C,Hg, a sequence of H abstraction reactions occurs, through
C,H¢—C,Hs—C,;H4—C,H3;—C;H;. During the final steps
of the C, route C,H, is formed, which can be oxidized by O
atoms into CO;* but when the supply of oxygen to the fuel is
too small, acetylene is not oxidized, and plays an important
role in the formation of polycyclic aromatic hydrocarbons
(PAH),’ the precursor species to soot. The hydrogen abstrac-
tion reactions in the C, route thus lead to the formation of
double and triple bonds from single bonds, and species hav-
ing carbon atoms linked by double and triple bonds are suit-
able to participate in combustion synthesis reactions (flame
reactions in which the number of carbon atoms grow in the
molecule). This is the reason for the presence of molecules
as large as PAH in flames of a fuel so simple as methane.
The C, route is therefore very important not only for gov-
erning the mechanism of partial combustion of methane, but
also for being a route forming species which promote com-

bustion synthesis reactions in hydrocarbon flames. Good
knowledge concerning the elementary steps belonging to the
C, route is thus a requisite for any detailed comprehension
of the combustion mechanism of hydrocarbons. Although
kinetic data about these reactions are found in the literature,
discrepancies among the experimental results are seen, as
pointed out by Warnatz® in his compilation of rate constants
for reactions in the C/H/O system. In addition, hydrogen ab-
straction and C,H; addition reactions constitute the HACA
(H abstraction-C, addition) mechanism, through which PAH
molecules grow in size in sooting hydrocarbon flames.>"*
Therefore, good knowledge of hydrogen abstraction reac-
tions is important in predicting PAH growth reactions.

In this work, the main elementary steps in the C; route,
which are hydrogen abstraction reactions, were treated theo-
retically through an ab initio molecular orbital method; also,
their rate coefficients were calculated and compared with
values published in the literature.

Theoretical

The calculations were performed using Gaussian98.° The
variations in the energy and molecular structure with the in-
trinsic reaction coordinate were obtained at the MP2/6-31G-
(d,p) level. For a more precise evaluation of the activation
energies, the G2M method'® was used. Under this method,
the calculation level is highered to B3LYP/6-311G(d,p), with
reoptimization of the structures of the transition states and
reactants. Because the B3LYP level of calculation treats
the electron correlation in a more precise manner than does
the MP2 level, the optimized geometries and the vibrational
frequencies required to evaluate the zero-point energies and
partition functions are expected to be more accurate. In addi-
tion to using the B3LYP/6-311G(d,p) optimized geometries,
the G2M method evaluates and minimizes errors by compar-
ing the energies yielded from different levels of calculation:



2186 Bull. Chem. Soc. Jpn., 73, No. 10 (2000)

E(G2M) = Epas + AE(+) + AE(Q2df) + AE(CC)+ A + AE(HLC) + ZPE,
1

where

Evas = E[PMP4/6-311G(d, p)], )
AE(+) = E[PMP4/6-311 + G(d, )] — Eas, 3
AEQ2df) = E[PMP4/6-311G(2df, p)] — Ebas, (€]
AE(CC) = E[CCSD(T)/6-311G(d, p)] — Ebas, (5)

A = E[lUMP2/6-311 + G(3df, 2p)] — E[UMP2/6-311G(2df, p)]
— E[UMP2/6-311 +G(d, p)] + ETUMP2/6-311G(d,p)],  (6)

AEHLC) = —5.78ng — 0.19n¢ N

In the above equations, n, and ng are the number of a-
spin and f-spin electrons, respectively, and ZPE is the zero-
point energy calculated at the B3LYP/6-311G(d,p) level. The
uncertainty in E(G2M) is stated to be within +8 kI mol~!."

The rate coefficients are calculated through transition state
theory,!!

i M QI Qlunnel

h  Qa0s

where L} is the number of transition states of equivalent
structure; QF, Q4, and Qp are the partition functions for the
transition state and the reactants A and B, respectively; and
Ey is the activation energy. The partition functions were eval-
uated under B3LYP/6-311G(d,p), and the activation energy
through the GZM method. The tunneling effect, expected to
be important in reactions in which hydrogen atoms play a
central role, is evaluated through'?

1/ hv\? ksT
Qtunnel—]_ﬁ (kBT) <1+—Ej), (9)

k=L exp (—Eo/ksT), (8)

where v; is the imaginary vibration frequency of the transi-
tion state, evaluated here at the B3LYP/6-311G(d,p) level.

The calculated rate coefficients were compared with the
kinetic data of Warnatz,® who recommends rate coefficients
based on the consideration of a large number of experimental
data and also, when available, with the rate coefficients in
the GRI-mech 3.0 scheme.'* The Warnatz rate coefficients
have been adopted in previous studies,>* and were found to
give good results, although no comparison between the flame
velocities predicted by that scheme and experimental values
was made.

Results and Discussion

The results obtained from an IRC calculation under
MP2/6-31G(d,p) for the sequence of hydrogen abstraction
reactions from C,Hg to C,H; are shown in Fig. 1. The energy
plotted in Fig. 1 is that of the system relative to the C;He + H
state before reaction. The energy is seen to change smoothly
and to increase as the H abstraction proceeds through
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Fig. 1. Change in energy as H abstraction reactions proceed

through C2H6—>C2H5 —C,Hy—CH;—CH;.

CH¢+H — C,Hs + Hp R1

C,Hs — CoHs+H R2
CHs+H — CHs +Ha R3
C2H3 — CH;+H R4

The final state, that corresponding to the products of re-
action R4, is C,H,+H. However, considering that the H,
molecules formed through R1 and R3 remain in the system,
in fact the final state is C;H,+2 Hy+H. An estimation of the
difference in energy between this final state and the initial
C,;Hg+H state requires knowing the energy of an isolated
H, molecule. Because the same G2M method applied to the
reactants, transition states, and products of reactions R1 to
R4 cannot be applied in determining the energy of an H,
molecule, the G2M energy for H, was evaluated as the dif-
ference between the G2M energies for C;Hs+H;, and C,Hs.
The so-calculated difference in G2M energies between the
final and initial states is 308.8 kJmol~'. In order to com-
pare with experimental enthalpies, the thermal enthalpies at
298.15 K were included in the ZPE of Eq. 1. Actually, in
the C;Hs+H,; state these two species interact, so that the
magnitude of the energy for the isolated H; is overestimated,
and the difference in energy between the final and initial
states is underestimated. Because an evaluation of the in-
teraction energy between C,Hs and H, under MP2/6-31G(d,
p) gave a value of about 1.9 kI mol~!, the estimated energy
difference mentioned above increases to 312.6 kImol~! if
the MP2 energy is just multiplied by 2 and added to the G2M
value. Tabulated enthalpies of formation'* at 298.15 K give
an energy difference of 311.4 kImol~' between the final
and initial states of Fig. 1, so that the difference between the
G2M energy gap and the tabulated value is just 1.2 kJ mol~*.
This confirms that the G2ZM method is able to give accurate
energies.

In the energy changes for the four abstraction reactions
shown in Fig. 1, the resemblance between reactions R1 and
R3, and that between reactions R2 and R4 are obvious. Inre-
actions R1 and R3, the H abstraction occurs through an attack
of an H atom, while R2 and R4 are unimolecular dissociation
reactions. Although the OH radicals and O atoms could be
thought of as alternative reactants to attack C;Hg and C,Hy,,
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previous studies on methane-air flames under rich condi-
tions showed that H abstraction reactions from C,Hg and
C,H, occur preferentially with an attack of H atoms.? Fur-
thermore, although H abstraction from C;Hs and C,Hj could
also be promoted with an attack of H atoms and other species,
the same previous results showed that H dissociation from
those radicals proceed faster than other abstraction channels.
Because reactions R2 and R4 are pressure-dependent, under
atmospheric and moderate pressures, those dissociation reac-
tions are promoted by a third body: C;Hs+M—C;Hs+H+M
and CoH3;+M—C,H,+H+M, respectively. The rate coeffi-
cients of such third-body reactions are expressed as functions
of pressure, the rate coefficients of the high-pressure limit re-
actions, R2 and R4, studied here, and the low-pressure limit
rate coefficients, according, for example, to the Troe-form
fall-off functions.'?

Not considering, for now, the zero-point energies, Fig. |
shows that the activation energy of reaction R1 is about
81.0 kJmol~' and that of reaction R3 is 122.2 kJmol ™.
The activation energy for the H abstraction from C;Hy is
larger than that for abstraction from C,Hg, as can be expected
from the fact that the C—H bond strength in C,Hy4 is larger
than that in C;Hg. In addition, the activation energies for
the dissociation reactions of C;Hs (R2) and C,H3 (R4) are,
respectively, 204.4 and 198.9 kJ mol~!, close to each other
and much greater than those of reactions R1 and R3.

In the following, each abstraction step will be discussed
in detail.

R1: C;H¢ + H — C;Hs + H,. The arrangement of
the atoms in the reactants, transition state and products is
shown along with the correspondent electron spin densities
in Fig. 2. Since the two electrons in a covalent bond have
each a positive and a negative spin, if the bond is stable the
spins cancel and the spin density there is zero. The sites
in a molecular system showing high spin density are those
holding an unpaired electron or an electron pair partially split;
Fig. 2(a) shows that the attacking H atom holds an unpaired
electron and that all electrons in the ethane molecule are
paired in stable bonds. As the attacking H atom becomes
closer to the ethane molecule, a splitting of the electron pair
in a C—H bond is induced, so that the spin density there is no
longer zero. The situation at the transition state is depicted in
Fig. 2(b). Hereafter, the molecule is symmetric to the plane
of the figure, with two H atoms lying just above two other
H atoms, which cannot be seen in the figure. The H atom
of the ethane molecule, being pulled by the approaching H
atom, is seen to become apart from the C atom. Already
at this stage, that C atom tends to become an sp2 carbon,
lying almost in the same plane as that defined by the three
atoms (two H and one C) linked to it. The carbon orbital
participating in the stretched C—H bond then tends to become
a 2p, orbital, orthogonal to the sp? plane. The spin densities
at the transition state show that the negative-spin electron
of the H atom is surrounded by two positive-spin electrons,
so that it can be paired with either of them. If the atomic
vibrations favor the reaction to proceed further in the forward
direction, the pairing is with the electron of the attacking H
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Fig. 2. Change in atomic arrangement and spin density dis-
tribution during reaction C;H¢+H—C;Hs+H;. Solid con-
tours indicate positive spin densities of 0.001, 0.01, 0.05,
and 0.1 A™3, and dashed contours negative spin densities of
—0.001 and —0.01 A~*. Hereafter, C atoms are represented
by larger and darker spheres, and H atoms by smaller and
lighter spheres.

atom and the CoHs+H, form, as shown in Fig. 2(c). In
that structure, the unpaired electron is located in the C atom,
which initially held the H atom that was abstracted, and a
slightly positive spin density remains in one of the H atoms
of the H, molecule. As H, separates from C,Hs, its spin
density vanishes.

An accurate determination of the activation energy of re-
action R1 requires a good evaluation of the energies of the
reactants and the transition state with consideration of the
zero-point energies. The G2M activation energy for R1 was
found to be Ey =47.7 kI mol~!; the imaginary frequency of
vibration at the transition state was v, = 1181i cm~!. Using
these values and evaluating Eqs. 8 and 9 at 298.15 K, 333
K, 363 K, 400 K, 444 K, 500 K, 571 K, 666 K, 800 K, 1000
K, 1333 K, and 2000 K, the values for the rate coefficient
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of reaction R1 were obtained (Fig. 3). For a comparison,
the rate coefficient recommended by Warnatz® and that in
the GRI-mech 3.0 scheme'’ are also included in the figure.
Because R1 was seen to occur at temperatures not lower than
1000 K at the inner cone of a bunsen methane-air flame,? the
temperature range of interest is just that in which the calcu-
lated rate constant is closest to the literature rate coefficients.
It should be noted that Qyynne is about 2 at temperatures of
around 300 K, but at temperatures around 1000 K and higher
it is smaller than 1.1 for all of the four reactions investigated;
thus, in the temperature range of interest the effect of tunnel-
ing is small. A least-squares fitting into the results calculated
here above 800 K led to k; =2.14x 1010 T'13 exp(—43.4
kJ mol~!Y/RT) (hereafter, all the reaction coefficients are in
units of mol, cm, s), while the expressions of Warnatz and
GRlI are, respectively, 5.4 x 10° T3 exp (—21.8 kJ mol~!/RT)
and 1.15x10® 7" exp (—31.5kJ mol ~!/RT). Figure 3 shows
that the rate coefficients calculated here are slightly smaller
than the literature values; at 2000 K the calculated coefficient
is 1/3.5 of the GRI’s and 1/5 of the Warnatz’ value.

R2: C;Hs — C;Hy + H.  Figure 4 shows the changes in
the atomic arrangement and spin-density distribution during
reaction R2. Here, from the beginning of the reaction the
molecular system is symmetric with respect to the plane of
the figure, which intercepts the two C atoms and the lowest
H atom in Fig. 4(a). The other two visible H atoms are above
the plane, and lie just above other two H atoms, which are
not visible in the figure. The unpaired electron is in a 2p,
orbital of the left-side C atom. But it can be seen that the
H atom which lies in the plane of the figure also shows a
positive electron spin density, with the C atom linked to it
having a negative spin density. This is due to the hyper-
conjugation effect arising from the fact that the C—H bond
in question and the 2p, orbital holding the unpaired electron
are approximately parallel to each other. As a result, the
unpaired electron in the 2p, orbital induces a splitting of the
electron pair in that C—H bond, and the transition state shown
in Fig. 4(b) is formed. There, the highest positive spin den-
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Fig. 3. Arrhenius plot for the rate coefficient of the reaction

C;Hs+H—C;Hs+Hj; calculated here (Calc.), in comparison

with data of Warnatz® and the GRI-Mech 3.0 scheme. ' k is

in units of cm® mol s~ !,
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(b) Transition State

Fig. 4. Change in atomic arrangement and spin density dis-
tribution during reaction C;Hs—C;Hs+H. Solid contours
indicate positive spin densities of 0.001, 0.01, 0.05, and 0.1
A3, and dashed contours negative spin densities of —0.001
and —0.01 A™>.

sity is already at the H atom. The negative spin density at
the right-side C atom is of the same magnitude as that of the
positive spin density at the left-side C atom and, depending
on the vibrations of the molecular system, the H atom can
be released and the C atoms can share with each other their
positive-spin and negative-spin electrons to form a st bond.
In this way, the C;H4+H depicted in Fig. 4(c) form,

The H atom holding the largest spin density in C,Hs is
then the one which is abstracted from the radical.

The G2M activation energy for R2 was evaluated as 152.1
kImol~!. And with the imaginary frequency at the tran-
sition state, 309 cm™', the rate coefficients evaluated at
the same temperatures mentioned above led to the results
plotted in Fig. 5. The calculated coefficient is again lower
than that of Warnatz by a factor of 70 at 2000 K. As
determined by the transition state theory, because the ob-
tained results are expected to be larger than the true rate
coefficients," the Warnatz coefficient seems to be too large.
A fitting into the calculated results gave k, = 5.00x10'
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Fig. 5. Arrhenius plot for the rate coefficient of the reaction

C,H5—CyHs+H. kis in units of s~

T~ !"%exp (—158.3 kJ mol ~'/RT), while the Warnatz recom-
mendation is 2.0x 10'3exp (—166.0 kJ mol~!/RT).

R3: C;Hy+H — C;H3; + H;.  Asshownin Fig. 6, in this
reaction all of the atoms remain in the same plane from the
beginning of the interaction between the reactants throughout
the formation of the products. As the H atom approaches the
ethylene molecule (Fig. 6(a)), it induces a partial split of the
electron pair of a C—H bond, and the transition state shown
in Fig. 6(b) is formed. If the atomic vibrations support the
reaction to proceed further in the forward direction, an H,
molecule and a vinyl radical are formed, as displayed in
Fig. 6(c). The unpaired electron occupies an sp® orbital in
C,H3, and an induced positive spin density is seen in both H
atoms of the CH; side of the radical. Reaction R3 proceeds
through a mechanism similar to that of reaction R1, with
the attacking H atom inducing a splitting in the electron pair
of a C—H bond. In both reactions R1 and R3, because no
spin density exists in the hydrocarbon in the state previous
to reaction, an approaching reactive species is necessary for
the hydrogen abstraction to proceed at significant rates.

From the obtained G2M activation energy of 68.2
kJmol~! and the imaginary frequency of 936i cm~' at the
transition state, the rate coefficients were calculated at var-
ious temperatures and plotted in Fig. 7. Again, the present
results are lower than the literature values, but here the agree-
ment is closer: at 2000 K, the data of Just et al.,'® GRI,
Warnatz, and Bhargava'” are about 2-times larger; at 1333
K the coefficient of Skinner et al.'® is 1.6-times larger than
the present results. A least-squares fitting based on the re-
sults for the temperature range above 800 K (the range of
interest and for which experimental data are available) led to
k3 =2.63x 103T"%7 exp (—65.8 k] mol ~'/RT), while the War-
natz coefficient is 1.5x 10'* exp (—42.70 kJ mol~'/RT). The
GRI rate coefficient, expressed as 1.32x 10°7%3 exp (—51.2
kJ mol~!/RT), agrees with the data of Just et al.,'® Bhargava
and Westmoreland,'” and Skinner et al.,'® being much lower
than the recommendation of Warnatz. The rate coefficients
calculated here for reaction R3 thus support the GRI and
Bhargava rate coefficients. Warnatz seems to have relied on
the data of Benson'” and Peters,” because his recommended
rate coefficient lies between those experimental data (not
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Fig. 6. Change in atomic arrangement and spin density dis-
tribution during reaction C,Hs+H—C;H3+H;. Solid con-
tours indicate positive spin densities of 0.001, 0.01, 0.05,
and 0.1 A~?, and dashed contours negative spin densities
of —0.001 and —0.01 A~°.

displayed in the figure to make it more clear).

R4: C;H; — C;H,; + H.  In this reaction, all atoms
continue to lie in the same plane. As already mentioned, in
the vinyl radical both H atoms at the CH; side hold a positive
spin density, with the H atom at the left hand side of Fig. 8(a)
having a higher density than the H atom at the right. The
electron pair in the C—H bond involving the former H atom
is therefore the most split within C;Hs. At the transition
state, Fig. 8(b), an electron of positive spin and an electron
of negative spin are in orbitals that belong to neighboring C
atoms and are paraliel to each other; if the reaction proceeds
further in the forward direction, those electrons combine into
a 7 bond to form C,H,, and an H atom is released with the
unpaired electron (Fig. 8(c)). The H abstraction mechanism
is therefore similar to that of reaction R2, in the sense that
the electron pair in the C—H bond to be broken is already
partially split before reaction, with no need of help from any
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Fig. 7. Arrhenius plot for the rate coefficient of the reaction
C;Hs+H—C;H3+H;. In addition to the rate data recom-
mended by Warnatz® and GRI-mech 3.0 scheme,'? data
from Just et al.,'® Bhargava and Westmoreland,'” Skinner
et al.,'® are also plotted for comparison. & is in units of
cm®mol ™' 57!,

attacking species.

The H atom to be abstracted from C,Hz, as in the case of
C,Hs, is the one that has the largest spin density. The case
of larger radicals is discussed in the next section.

The rate coefficients for R4, calculated from the obtained
G2M activation energy of 161.0 kImol~! and imaginary
frequency of 592i cm~! at the transition state, are plotted
in Fig. 9. A least-squares fitting on the calculated results
leads to the expression k4 = 5.80x 10! 77066 exp (—162.5
kJmol~!/RT), while the Warnatz expression is 1.6x10'*
exp (—159.0 kJ mol~!/RT). At 2000 K, the Warnatz rate co-
efficient is 52-times larger than the value calculated here.
This discrepancy seems to be sufficiently large to state that
the Warnatz coefficient is too large, as in the two previous
reactions.

HACA Reactions.

Hydrogen abstraction, along with C,H, addition, consti-
tutes the HACA (H abstraction-C, addition) mechanism, by
which PAH molecules are stated to grow in size in sooting
hydrocarbon flames.”® According to the HACA mechanism,
phenyl radical (CgHs) growth into 1-naphthyl radical (C;oH7)
proceeds as illustrated in Fig. 10. The two emphasized H
atoms in styryl radical (the product of step 1) are abstracted
with the formation of phenylacetylene (the product of step
2) through step 2 proceeding first. The electron spin-density
distribution through styryl radical plotted in Fig. 11 shows
that the H atom holding the largest density is the one that
does undergo abstraction. Experimental evidence, including
an observation of phenylacetylene in flames,”' supports the
HACA predictions. Thus, also in this typical HACA reac-
tion, the H atom undergoing abstraction from a radical is the
one that holds the largest spin density among all H atoms.
Cases of reactions of PAH formation in which no & bonds
form after an H abstraction are being investigated;? further
insights on the relation between the spin density around an
H atom and the propensity of that atom to be abstracted from

H Abstraction from C, Hydrocarbons

{(b) Transition State

(c) Products

Fig. 8. Change in atomic arrangement and spin density dis-
tribution during reaction C;H;—C,H,+H. Solid contours
indicate positive spin densities of 0.001, 0.01, 0.02, 0.05,
and 0.1 A3, and dashed contours negative spin densities
of —0.001 and —0.01 A~>.
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Fig. 9. Arrhenius plot for the rate coefficient of the reaction
CyH;—CoHy+H. kis in units of s~
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H

Fig. 11.  Electron spin density distribution in styryl radi-
cal. Solid contours indicate positive spin densities of 0.005,

0.01, and 0.03 A=, and dashed contours negative spin den-
sities of —0.005 and —0.01 A~>.

a radical can be expected.

Summary.  The sequence of H abstraction reactions,
which are the main steps in the C, route which proceeds in
fuel-rich methane flames, were analyzed in detail by an ab
initio molecular orbital method. The obtained results can be
summarized as follows:

1. The four H abstraction steps from ethane to acetylene
can be divided into two pairs of similar reaction mechanism:
the H abstraction from stable ethane and ethylene proceeds
through the attack of an H atom, and that from the radi-
cals C,H5 and C>H; are unimolecular dissociation reactions.
Paired reactions have similar activation energies and rate
coefficients.

2. H abstraction from ethane and ethylene requires an at-
tacking reactive species to promote C-H bond breaking. The
attacking H atom induces a splitting of the electron pair in the
C-H covalent bond to be broken, and the reaction proceeds
with the release of a stable H, molecule. H abstraction from
radicals does not require any attacking species, because the
electron pair in the C~H bond to be broken is already par-
tially split into positive and negative spin-density sites. The
splitting is induced in a C-H bond whose orientation is nearly
parallel to the orbital holding the unpaired electron; the ab-
straction reaction proceeds with the formation of a stable
7t bond and the release of an H atom that carries away the
unpaired electron.

3. The H atom being abstracted from C,Hs and C,Hj3 was
the one holding the largest spin density among all H atoms in
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the species. This was also the case in styryl radical, a typical
intermediary in the growth mechanism of PAH (polycyclic
aromatic hydrocarbon) molecules, which proceeds in rich
hydrocarbon flames.

4. The rate coefficients for the four abstraction steps R1 to
R4 were calculated through transition state theory, and can
be expressed by:

ki =2.14 x 10'°T"" exp (—43.4 kJ mol ™' /RT),
ky=5.00 x 107" ™ exp(—158.3 kI mol ' /RT),
k3 =2.63 x 10°T"* exp (—65.8 kI mol™' /RT),
ka=5.80 x 10T exp(—162.5 kI mol ™' /RT).

The calculated rate coefficients mentioned here are smaller
than the values given in the literature for all four reactions,
but for R1 and R3 the agreement is closer than for R2 and
R4. Since the rates obtained through the transition state the-
ory are expected to be larger than the true values,'' the rate
coefficients recommended by Warnatz® for reactions R2, R3
and R4 are concluded to be too high. For R3, good agree-
ment was obtained with the rate coefficients from GRI'® and
Bhargava.'” A flame simulation employing the rate coeffi-
cients calculated here is in progress® in order to observe
the flame velocities in methane—air flames resulting from the
present results under a broad range of equivalence ratios, and
also for peaking up other important elementary reactions for
a detailed analysis.
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