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A significant fraction (estimated to be as large as 30%) of the carbon monoxide in the atmosphere is produced
by the oxidation of methane. One of the approaches that has been used to determine this fraction is an inversion
of observed carbon and oxygen isotopic abundance ra#ed?C and'®0/*%0, together with estimates of the
magnitudes of other sources of carbon monoxide, and isotope effects in each source. For this purpose, values
of the kinetic isotope effects in the methane oxidation are required, and although these have been determined
experimentally for*C, they have not been measured . This article examines the kinetic mechanism of
methane oxidation and shows that an oxygen isotope effect could take place in the addition reaction of methyl
radicals with molecular oxygen to form methylperoxy. Subsequent reactions in the complicated mechanism
for methane oxidation do not lead to isotopic fractionation of oxygen. The expected kinetic isotope effect is
calculated using variational transition state theory for the dissociation of methylperoxy, and combining the
rate coefficient ratio with the ratio of equilibrium constants to obtain the ratio of recombination rate coefficients.
The calculated kinetic isotope effects enrié® in the methylperoxy adduct relative to molecular oxygen.

The atmospheric implications of this are briefly discussed.

1. Introduction TABLE 1: CO Production from Methane Oxidation

Carbon monoxide is an important constituent of the tropo- _ totalCO =~ = CHy _
sphere; the average mixing ratio is 7000 ppbv, with a  Source, Tgyr® oxidation, Tgyr* fraction reference
substantial latitude gradient and higher values in the Northern 1080-212G 132-400* 0.12-0.18 Hanst et af
Hemisphere. Its importance in the atmosphere depends espe-gggg gég 8-22 g‘éﬁg?aertlf'(:m?ad
cially on .th(.a fact that the OX|d_at|orj of carbon monomde 10 50992588 474628 0.23-0.24 Manning et at
carbon dioxide by hydroxyl radical is the penultimate step in 0.4% Brenninkmeijer
the complicated oxidation mechanism of many hydrocarbon and Rakman
species in the atmosphere. A number of sources are known to 0.28 Brenninkmeijer
contribute to the CO budget of the atmosphere, the more 90124 35 6784 62 0.28: 0.00, B and R@kfr?aflf;
; ; i ; ; . . ergamaschi e
important being fossil fuel combustion, savanna burning, ocean 5873 12 277+ 47 0.26002 Bergamaschi et Al

emission, and oxidation of both methane and non-methane
hydrocarbons (NMHC). Several estimates have compared the 2 This value depends on the assumed OH radical concentrags,
relative importance of the methane oxidation channel with total March ©SH, October.

methane sinks and with total CO sources (Table 1). Hanst et
al.! base their results on estimates of methane oxidation, ocear
emission, anthropogenic emissions, and oxidation of both natural

and anthropogenic NMHC. Their calculations assumed three mixing ratios andi3CAA%C isotopic ratios. Bergamaschi etal

different OH radical concentrations, all of th_em lower than based their estimates on observed CO mixing ratios at five
present estimates of global averages, and their methane source

values are correspondingly low. Methane oxidation as a CO Observation stations ranging in latitude from 82N6to 77.8
. " . :
source has also been estimated by Légamd by Seiler and S throughout the year, and also B8/*2C and'®0/*%0 isotopic

Conrad? ratios. Brenninkmeijer and R&@mani§ give estimates for the
The determination of the abundances of stable isotopes inSouthern Hemisphere based'88/ %0 isotopic ratios; it should

atmospheric gases has become an important tool in unravelingﬂimniostegeizafsthril;:sganf;roﬁgatﬂgg ?to liJSrC?n IThg]eNir(iﬁtehr?\m
the chemical processes involving these species. For example ISP y larg ) o

the methane oxidation source for CO has been determined byHemlsphere because anthropqgenyc cor_1tr|bL_1t|ons to CO are
an inversion of observed carbon and oxygen isotopic abundances’ m_aller. Another factqr to consider in estimating the extent to
ratios, 3C/2C and 18090, together with estimates of the which methane contributes as a CO source is the observation
magnitudes of other sources of carbon monoxide, and isotopethat the yield of CO formed per GHemoved by OH oxidation

) ol P 9
effects in each source. For this purpose, values of the kinetic is not unity; values of 0.740.9 have been citeti’™ Tie et al
isotope effects in the methane oxidation are required, an

¢ have carried out two-dimensional atmospheric modeling cal-
although these have been determined experimentally3@yr

hey have not been measured f80. Thus, Manning et d
arrive at their estimates by using a model to fit observed CO

culations showing that for the Northern Hemisphere at an
altitude corresponding to 500 mbar the yield ranges frednb

T Part of the special issue “Harold Johnston Festschrift”. in the summer t0~0.7-0.8 in the winter. Higher values are

* E-mail: weston@bnl.gov. Fax: (631) 345815. found at lower altitudes. In any case, it is clear that the methane
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Figure 1. Flow diagram of the mechanism for the oxidation of methane 1000/T
to carbon monoxide. Figure 2. Calculated equilibrium isotope effects al® enrichment

for the reaction of Chl with O, as a function of the reciprocal
oxidation source of carbon monoxide is important in the temperature: @) 6180 = (Kig/Kie) — 1; (A) 010 = (K'19/K1q)-1; (x)
: 60 (per mil) = 103 (*8/2%k )crgtfotéo[l — (*3k/20K,)chsiéoto) ([260]/
chemlgtry_ of the _atmosphere. _ [150])o.]} s s
As indicated in the preceding paragraph, a number of
observations have been devoted to the measurement of th

oxygen isotope ratios in atmospheric carbon mono&ite- ' CO product. The methylperoxy (or methyldioxy) radical thus
Recently, interest has been sparked by the observation of “masszmed can react either with NO or with HOAs the two rate

independent” oxygen isotope effects in atmospheric reactions, oqefficients are nearly equal, the relative contribution of these
n which t.he enrichment of th&O isotope with respect t#O two branches will depend on the relative concentrations of NO
is approximately the same as that'éd, contraqgto__the usual  and HQ. The atmospheric abundance of both of these reactants
theo% of equilibrium and kinetic isotope effe¢s:®Rackmann 5 g hject to wide temporal and spatial variation, which would
et al*>have shown n laboratory experiments that such a mass-pq considered in a realistic and detailed model of atmospheric
independent effect is produced in the reaction €@H — H methane oxidation. Johnston and Kinnidbgive values as a
+ CO,. A comparison ofkiglks gives rate coefficient ratios  g,ction of altitude for the ratio of rateR(CHzO; + NO)/
that agree with _earller measuremgnts by Stevens?ét al [R(CH:0; + NO)+R(CHsO0H + hv), where the photolysis
The goal of this paper is to examine the.mephanllsm of carbon ¢ CH;00H represents a possible next step in the Kction
monoxide formation from methane oxidation in order 10 goqence. They find this ratio to be between 0.7 and 1.0 up to
determlr_]e the ste_p(s) in which isotopic fractionation COL_JId OCCUT, 35 km, Tie et al® using two-dimensional modeling for the
and having identified such step(s) to use currently available rate o thern Hemisphere at an altitude of 5 km, find that the ratio
coefficient theory to calculate the kinetic isotope effect(s). R(CHs0; + NOY/R(CHs0, + HO,) varies from about 0.3 in
. _— summer to values as large as 13 in winter. (The photochemical
2. Mechanism of Chy Oxidation reactions leading to Hare more important in the summer,
The mechanism of methane oxidation has been discussed byand the concentration of NOs highest in winter due to
a number of authors. In particular, a critical review of this topic industrial pollution.) The reaction G, + NO leads fairly
was given by Ravishankafd,although many of the specific  directly to CO through the C¥D radical, which reacts rapidly
rate coefficients have been more recently evaluated. Johnstorwith molecular oxygen in the atmosphere to formQ,
and Kinnisori® have examined the photooxidation of methane formaldehyde. Photodissociation rate coefficiedjddr the two
in the atmosphere, although their calculations focused on the pathways for formaldehyde reaction have been determined by
question of ozone formation. Similar two-dimensional modeling Jenkin?® Photolysis competes with OH reaction and at a zenith
was carried out by Tie et 8IThe sequence of reactions leading angle of 40 and with an average OH concentration-ef x
from methane to carbon monoxide is shown schematically in 10° cm™3, photolysis is about 5 times faster. The two photolysis
Figure 1, and rate coefficients at 300 K and one atmospherebranches are roughly comparable at this zenith angle; one leads
are collected in Table 2. With typical atmospheric concentrations directly to CO while the other branch forms HCO, most of which
of reactive species (OH, HNO, HO,), the rate-determining  will form CO by reaction with @, since the molecular oxygen
step for the removal of methane is the reaction with OH. This concentration is much greater than that of OH. The,HO
fact has long been recognized and is the basis for the calculationCH3O, branch leads to a relatively stable species, methyl
of an atmospheric methane lifetime of about 9 y&éawhile it peroxide (CHOOH), which may be removed by precipitation.
is not obvious that this should be the case, modeling calculationsAlternatively, there are four possible reaction paths. The rate
with the mechanism of Figure 1 and the rate coefficients of coefficients for the two possible H-atom abstraction reactions
Table 2 indicate that the production rate for CO is equal to the differ by only a factor of~2; one reaction regenerates a 40
removal rate for Cil This step is the source of tHéC—12C radical while destroying one OH and one KHi@dical, whereas
isotopic fractionation in methane or CO. Once formed, the the alternative path produces a new species @IHOH.
methyl radical reacts with molecular oxygen in a termolecular Vaghjiani and Ravishanka@report a lifetime for this radical
reaction with a rate that is pressure dependent. At a pressure obf 20 us at 205 K, without indicating what the products might
1 atm, this reaction is still in the falloff region, and the rate be. The G-O bond is probably the weakest bond in the radical,
coefficient is about 65% of its limiting high-pressure value. This and dissociation at this point will lead to the OH radical and

8s the step that can introduce isotopic fractionation in the final
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TABLE 2: Rate Coefficients

Weston, Jr.

reaction

k, cm® moleculel st

(300K, 1 atm) reference

CH4 + OH— CH3 +H20
CH;+ O+ M—CH:0.+ M
CHzO; + NO — CH30 + NO,
CH:O + O, — H.CO+ HO;

(5) H,CO + OH — HCO + H,0

(6) H,CO + hw — H, + CO

(7) H,CO+ hy — H 4+ HCO

(8) CH:O; + HO; — CH;00H + O,
(9) CH:OOH + OH — CH;0; + H,0
(10) CHOOH + OH — CH,00H + H,0
(11) CHOOH+ M — H,CO+ OH + M
(12) CHOOH + hv — CH:O + OH
(13) HCO+ 0, — CO+ HO;

(14) HCO+ OH— CO+ H,0

(15) CO+ OH

axyzm) = x.yz x 10™ ° Units of s°%.

6.34(-15p DeMore et af*
7.9(—13) Baulch® et al.
7.63(-12) DeMore et af*
1.94(15) DeMore et at*
1.011) DeMore et af*
J=4.1(-5)p Jenkirf®
J=25(-5) Jenkirt®
5.47(-12) DeMore et at*
3.60(-12) Atkinsor¢’ et al.
1.90(12) Atkinsor?’ et al.
See text
J=3.4(-6) Jenkirt®
5.58(-12) DeMore et ab*
1.70¢-10) BaulcR® et al.
2.4013) DeMore et ab*

CH,CO, ketene, which may have enough energy to dissociate,abundance level, to the extent of approximately 4%o.. If we define
forming CO and methylene. In any case, no other data are 610 in the usual way as the enrichment ¥O in carbon

available on reaction rate coefficients for gGFHOOH. Methyl
peroxide may also be removed by photoly8igjth an estimated
rate that is comparable to the rate of reaction with OH. The
photodissociation also regenerates a methylperoxy radical.

3. Oxygen Isotope Effects in the Formation of Carbon
Monoxide from Methane

Although the rate-determining reaction in this sequence is
the first step, which will not lead to isotopic fractionation of
oxygen, a possible kinetic isotope effect in the formation of
CO is provided by the reaction of methyl with molecular oxygen,
as suggested by Brenninkmeijer andcRmanné In effect this
leads to branching such that

([**O)[**O))co K
18 16, = rmo(rl8 16, (El)
([ON™0Do, Kk, + k' ([TON[Q]),
where
CH, +'0, — CH,™0,, k, )
CH, +'%0'°0 — CH,"*0™0, k, 2)
CH3 +160180—’CH3160180, k2” (2':)

monoxide with respect to molecular oxygen, then

620 (per mil)=
104 (1)L — (") ([0 0] ] — 1} (EB)

4. Theoretical Estimates of Rate Coefficient Ratios

The mechanism given above indicates that an experimental
determination of the rate coefficient ratiog’k, andk,"'/k, would
provide the information needed to predict the isotopic composi-
tion of carbon monoxide produced in the oxidation of methane,
provided other aspects of the atmospheric chemistry, such as
the concentrations of NO and of HQOare also known.
Unfortunately, such experimental information is not available.
The typical method for determining the rate coefficient of
reaction 2 is to follow the pseudo-first-order disappearance of
CHs in the presence of an excess of, o no information is
obtained about the isotopic composition of the oxygen or the
adduct. It should not be impossible to do this, using appropriate
spectrometric or mass spectrometric methods to observe the
oxygen isotope distribution in the GBO product, or to monitor
the change in the isotopic composition of the molecular oxygen
reactant.

The alternative approach to be followed here is to estimate
the appropriate isotope effects on the rate coefficients using
transition state theory. The reaction under consideration here is

Note that, in the absence of oxygen atom scrambling in any of @ radical recombination reaction with no barrier separating

the subsequent reactions, only reactiérie2ds to @80. The
fact that this is the only step leading to isotope effects on the
CO product formation has been verified by modeling calcula-

reactants and products other than the centrifugal barrier. Such
reactions have usually been discussed in terms of a very loose
activated complex, in which both reactants have rotational

tions in which the rate coefficient for each subsequent step of degrees of freedom that do not exist in the product molecule.
the mechanism is changed, and it is observed that the COThe customary approach toward calculating a rate coefficient
product has the same isotopic composition as that assumed fofor such a reaction is to calculate the rate coefficient for the

the initial oxygen. At the natural abundance level of oxygen

reverse reaction,.e., the unimolecular dissociation, and to

isotopeS, and with the reasonable assumption that the ratecombine this with the calculated equilibrium constant to obtain

coefficient ratios are all close to unity, (E1) can be written:

([(*OV[*ONco

(o). (k; o)L = (k" k) ([ OV O] (E2)
OZ

the rate coefficient for recombination. This approach has been
followed here for the CEl+ O, reaction, with models chosen
to give a calculated rate coefficient in agreement with the
experimental value for Ci+ 160,.2425 The rate coefficient
ratios for dissociation of CE%0, and CH800 or CH%0180

can be combined with equilibrium constant ratios calculated

Thus, it is evident that in the absence of any isotope effects using standard metho#$1to obtain the ratio of rate coefficients

carbon monoxide containing tH&O isotope will be depleted
with respect to molecular oxygen containifi@ at the natural

for the recombination. The unimolecular rate coefficient is given
by
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fEf Eo i(Ei) dE* TABLE 3: Isotope Effects on Equilibrium Constants and
K(E) = 0 P (E4) Rate Coefficient$
ho(E) CH3'%080 CH;'0*0 5180

. i T’ K K’ K 18] /16 18] /16 KoK 18] /1 18] /16 %o '
where Eq is the threshold energyE is the energy of the whie oMo Hei Kidkis Hoiks Tl
200 0.9699 1.0239 0.9931 1.0560 0.9937 49.3 45.1

+ i *
molecule E* the energy of the activated complex, gndndp® 505 59775 10572 10038 10256 1.0008 264 22.3
are the corresponding densities of states. The limiting high- 450 (9826 10206 10028 10133 09978 11.1 70

pressure rate coefficient is then )
26%0 (per mil)= 10¥ (*¥%/ %) cry 001 — (¥ %) cryoto) ([LO)

- [*°ODo,]} -
JKE)p(E) exp(~ElksT) dE
Kyni (T) = = (ES5) coefficient by about a factor of 2. The calculated isotope effects
onp(E) exp(—FE/kgT) dE (Table 3 and Figure 2) are somewhat sensitive to the value of

R because of its effect on moments of inertia; a change of 1 A
changes the ratio of rate coefficientSk('%k) by a few parts
per mil. The relatively large isotope effects for the £%#D10
adduct, which is the form that leads td%0, result primarily
from the ratio of equilibrium constants because the ratios of
the dissociation rate coefficients are close to unity.

Master equation calculations with this model were used to
obtain the pressure dependence of the rate coefficients for the
160, reaction, and reasonable agreement with experimental
é/alue§4’25was found. The calculated isotope effects were quite
Insensitive to pressure, but of course this model does not include
any detailed consideration of possible vibrational effects on the
rate of collisional energy transfer.

To convert the unimolecular dissociation rate coefficients
discussed above to recombination rate coefficients, equilibrium
constants for the dissociation are required. In the present case,
a ratio of such equilibrium constants for two isotopic species is
needed, .e.

To calculate the unimolecular dissociation rate coefficients,
variational transition state theory (VTST), as described by
Gilbert and Smitt¥2 was applied. The programs described in
their book were usedboth the RRKM program that produces
a limiting high-pressure rate coefficient, and the master equation
program that calculates the effect of pressure. Similar calcula-
tions for this reaction have been made by Forst and C&ralp
and by Keiffer et aP* The observed rate coefficient for
recombination depends on pressure, and the high-pressur
limiting value at 300 K is given as 1.22 10~12cm?® molecule®
s 1in the data compilation of Baulch et.#&or (1.84 0.2) x
10 12 cm® molecule? s71 in the compilation by DeMore et
al* A “tight” activated complex, with only the three external
rotations and the vibrational frequencies of thesOkimolecule
except for the €O stretch (which becomes the reaction
coordinate), gives a rate coefficient that is too small by an order
of magnitude. The model finally used has the following
properties:

1. Vibrational frequencies of the various isotopic molecules lskr/lﬁkr = (lskdllekd)(Klsl Kie)
were taken from the normal coordinate calculati#hghich
are based on IR specttaHowever, the mode corresponding Where
to a low-frequency torsion of the methyl group about the@

bond has not been observed, and it has been used in these CH, + '°0, = CH,™0™0, K )
calculations as a variable parameter.
2. Bond lengths and bond angles for the molecule were taken CH, + 185160 — CH3180160, Kig )

from ab initio calculations of Cheung and .

3. The activated complex was assumed to be essentially free 1618 1618
methyl and dioxygen, with the appropriate vibrational frequen- CH; + 7070 =CH;70™0, K'jq 2"
cies for these species. To simplify calculations, the structure
was assumed to haw, symmetry, with a planar methyl group  These can be combined to give
and a linear &0O—0 configuration. The bond lengths were
taken to be those of the molecule, except for theGCbond ([CH3180160]/[(:H3160160])/([180160]/[160160]) = K,g/Kyg
length which was varied. In addition to the overall external
rotation of the complex, it was assumed that both the methyl ([CH;**0"0]/[CH, 0 0])/([**0*0)/[**00]) = K',¢/K,6
and dioxygen had the moments of inertia of the free molecules. (E6)

In the application of VTST to association reactions of the
type under consideration, the usual approach is to vary the-l-hus
distance R¥) between the combining fragments until the
calculated rate coefficient is minimized. In the present calcula-
tion, this is the C-O bond length and the only other parameters
that change are the external rotations of the transition state and 18 .
the centrifugal barrier. With the model just described, the 00 = 103[(K18/K16) —1] (E7)
minimum was found at €0 distances of 3:54.5 A, and in
the final calculations a value of 3.8 A was used. As pointed As shown originally by Bigeleisen and May#rthe ratio of
out by Keiffer et al34the limiting high-pressure rate coefficient equilibrium constants can be written in terms of the appropriate
for this reaction is abnormally small for a radical recombination f = s, the reduced partition functions:
process. In order to fit the experimental value, a very low value

010 = 10%[(K,¢/K,g) — 1]

of the methyl torsion frequency in methylperoxy (50 tnwas K1dKi6 = f(CH;O0)f(O,) (E8)
assumed, giving a value for the calculated rate coefficient that
is between the two experimental vali@éd® Varying this The reduced patrtition functions can be calculated completely

frequency from 50 to 200 cm changed the calculated rate from vibrational frequencies of the reactants and products:
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(sfs)f = (5,Q4/5,Q)) I_l (my/ rnZi)SIZ =

|._| (uyluy) expAu/2)[1 — expug))/[1 — exp(=uy)],
i=13—-6 (E9)

In this expressions; ands, are symmetry numbers of the light
and heavy isotopic species, respectivelyis the number of
atoms, and

u; = hy/k, T (E10)
The vibrational frequencies of various isotopologues of meth-
yldioxy have been determiné@3except for the methyl group
torsion which should be insensitive to isotopic substitution. The
frequency for 1800 can be calculated exactly from the
measured frequeng§of 1%0,, thus making the calculation of

the above equilibrium constant ratios possible. The results for

both'80 substituted forms of methyldioxy are given in Table 3
and Figure 2 in the form a#!80 as a function of temperature.
It is evident that the CE8O%0 molecule, the important form
for ultimate oxidation to carbon monoxide, is enriched in the
heavy isotope relative to molecular oxygen.

5. Atmospheric Implications

Prather and SpivakovsRfound that detailed three-dimen-
sional models of the removal of hydrochlorofluorocarbons by
reaction with OH gave lifetimes that could be approximated on

a global scale by using relative rate coefficients and a temper-

ature of 277 K. At this temperature, the data of Figure 2 give
a value ofd'80 = 24.8. Manning et af estimate the lifetime

of CO in the Southern Hemisphere to be about 2 months. This

is similar to the estimate one could derive from the total
atmospheric burden of CO and the sinks estimated by Logan
or Seiler and Conra#lAs the major sink is oxidation by OH,
the lifetime is determined to a large extent by the rate coefficient
of this reaction and the average global concentration of the
hydroxyl radical, for which Prinn et &F determined a value of
(9.7 £ 0.6) x 1P radicals cn3. Combining this with a rate
coefficient® of 2.4 x 10713 cm® molecule? st at 277 K, we
obtain a lifetime of slightly less than 2 months. The rate of
production of CO by the oxidation of methane by OH is

considerably slower, because the rate coefficient is smaller byg
sproblem.

2 orders of magnitude. Nevertheless, the relative concentration
of CO and CH are approximately what one would predict from
a steady-state assumption, which is

[CO]J[CH, )= k(CH, + OH)/k(CO + OH) = 102

If the steady-state assumption is applied to the isotopic
composition of CO controlled by these two reactions, one finds

6'0(C0)= 6"*0(CH, + 0,) — 6*°0 (CO+ OH)

Bergamaschi et dl fit the pressure-dependent values of the
reported®2kinetic isotope effect for the sink reaction to obtain
a value ofé180(CO+ OH) = 9.2 at~300 K and 1 atm. The
temperature dependence has not been determined, but if thi

Weston, Jr.

As indicated above, the [NO]/[H£ ratio determines the
ultimate fate of the oxygen combining with the methyl radical,
and this ratio is also important in determining the dependence
of 6 on the kinetic isotope effects. The temporal and spatial
variations to be expected in this ratio have been modeled by
Tie et al® If this ratio is very large, essentially all molecular
oxygen that reacts is converted to carbon monoxide, and after
a very small extent of reactiahis correctly given by expression
E2. Even if the [NOJ/[HQ] ratio is unity, 0 quickly reaches
the correct limiting value. However, if the ratio is very small,

0 is initially several times as large as the limiting value, and
only approaches the limit as the reaction nears completion. Thus
the present work merely determines a theoretical estimate of
the kinetic isotope effect, which would be necessary input data
for atmospheric modeling that takes into account the temporal
and spatial variations in the concentrations of both nitric oxide
and the HQ radical.

What are the current estimates of thH® abundance in
atmospheric CO derived from methane oxidation? Stevens and
Wagnet! estimate an overall value @0 = +5%. for the
Southern Hemisphere, based #115%. for CO derived from
methane. Brenninkmeijer and"Blanan® consider the mean
value of 9180 for CO obtained at Baring Head, New Zealand,
which is—4.5 | in March and—0.5I in October. The assumed
contribution of methane oxidation to the total is 43% in March
and 28% in October. With assumptions about the relative
contributions of CO from other sources and the associated
kinetic isotope effects, these authors obtain values€0-
(VMSOW) for the CO derived from methane oxidation ranging
from —9.9%. to—17.5%0 in March and from-6.2%o to—20.8%o
in October. Taking into account the isotopic composition of
atmospheric oxygen, and the known kinetic isotope effect for
the CO+ OH reaction, one would obtain values ranging from
—20.5 to—35.1 ford180 for the CH + O, reaction. More recent
modeling of the carbon and oxygen isotope abundances at this
same location and at other observation points leads to positive
values of 18 ranging from 7.0 to 12.3 %o, which would
correspond to values @f*®O for the CH + O, reaction that
are close to zero.

In conclusion, there remains considerable uncertainty about
the modeling of kinetic isotope effects in the oxidation of
methane to carbon monoxide, and this uncertainty would be
reatly reduced if experimental methods were applied to this
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