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The reaction CH3 + O2 (+M) f CH3O2 (+M) was studied in the bath gases Ar and N2 in a high-temperature/
high-pressure flow cell at pressures ranging from 2 to 1000 bar and at temperatures between 300 and 700 K.
Methyl radicals were generated by laser flash photolysis of azomethane or acetone. Methylperoxy radicals
were monitored by UV absorption at 240 nm. The falloff curves of the rate constants are represented by the
simplified expressionk/k∞ ≈ [x/(1 + x)]Fcent

1/{1+[(logx)/N]2} with x ) k0/k∞ Fcent ≈ 0.33, andN ≈ 1.47, where
k0 andk∞ denote the limiting low and high-pressure rate constants, respectively. At low temperatures, 300-
400 K, and pressures>300 bar, a fairly abrupt increase of the rate constants beyond the values given by the
falloff expressions was observed. This effect is attributed to a contribution from the radical complex mechanism
as was also observed in other recombination reactions of larger radicals. Equal limiting low-pressure rate
constantsk0 ) [M]7 × 10-31(T/300 K)-3.0 cm6 molecule-2 s-1 were fitted for M) Ar and N2 whereas limiting
high-pressure rate constantsk∞ ) 2.2× 10-12(T/300 K)0.9 cm3 molecule-1 s-1 were approached. These values
are discussed in terms of unimolecular rate theory. It is concluded that a theoretical interpretation of the
derived rate constants has to be postponed until better information of the potential energy surface is available.
Preliminary theoretical evaluation suggests that there is an “anisotropy bottleneck” in the otherwise barrierless
interaction potential between CH3 and O2.

1. Introduction

The reaction of methyl radicals with molecular oxygen

is an important step in the atmospheric oxidation of alkanes;
see, e.g., ref 1. It is equally important in the combustion of
alkanes, particularly in the low-temperature autoignition regime;
see, e.g., ref 2. With increasing temperatures, the reactions

and

which in their initial stages proceed on the same potential energy
surface and, therefore, are intimately related to reaction 1.1,
becomes increasingly important. At the same time, the reverse
dissociation of methylperoxy radicals

sets in such that complicated pressure and temperature-depend-
ent phenomena like two-stage ignition, knock and cool flames
arise.

Because of its large importance in both combustion and
atmospheric chemistry, reaction 1.1 has been studied frequently
at pressures below 1 bar; see, e.g., the summary of rate studies
in ref 3. Experiments above 1 bar have been limited to the single
study at 300 K of ref 4. There has been considerable controversy
about the relative importance of reactions 1.2 and 1.3 and only

recently this problem seems to have been settled in refs 5 and
6, in near agreement with the theoretical modeling results from
ref 7.

The scarcity of the experimental data for reaction 1.1 at
pressures above 1 bar and the absence of such data for
temperatures other than 300 K call for new experiments as
described in the present article. On one hand, these are required
for reliable constructions of falloff curves over wider temper-
ature and pressure ranges. On the other hand, theoretical
predictions of the limiting high-pressure rate constants7 should
be tested to assess the quality of this approach. Because the
high-pressure rate constant relates to the association process
between CH3 and O2, it also includes important information on
the initial stage of reactions 1.2 and 1.3 and on the competing
back dissociation (1.-1) of CH3O2 whose specific rate constants
k(E,J) were modeled consistent with the thermal rate constants
in ref 4. There is, therefore, a strong motivation to extend our
earlier work from ref 4 and employ the improved technology
of high-pressure kinetics developed in the meantime. At the
same time advanced schemes for modeling falloff curves are
used for an optimum representation of the experimental results.

2. Experimental Section

Our experiments have been performed using a high-temper-
ature/high-pressure flow cell made of heat resistant stainless
steel (Inconel alloy 718). The construction of the cell is
illustrated in Figure 1; more details are given in ref 8. The
dimensions of the cell were designed such that pressures of 2000
bar can be withstood. It is cylindrical with an inner diameter of
2.2 cm, an outer diameter of 11 cm, a total length of 26.2 cm,
and an optical path length of 10 cm between sealing quartz
windows with 2 cm thickness and 1.8 cm diameter. The cell* Corresponding author. E-mail: shoff@gwdg.de.

CH3 + O2 (+ M) f CH3O2 (+ M) (1.1)

CH3 + O2 f CH3O + O (1.2)

CH3 + O2 f H2CO + OH (1.3)

CH3O2 (+ M) f CH3 + O2 (+ M) (1.-1)
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body provides internal flow channels allowing the reaction
mixture to be preheated before finally entering the reaction
volume of the cell. The flow enters and leaves the reaction
volume in a concentric way at the ends, flushing both windows.
Any possibility for formation of, e.g., pockets with increasing
product concentration during measurements at higher density
and viscosity conditions is thus excluded. The flow rates (up to
several tens of liters per minute, at STP) are controlled by flow
meters and the pressures (up to about 1000 bar, measured by
high-pressure gauges) are controlled by a high-pressure oil-free
membrane compressor. The temperatures can be varied from
300 to 1000 K and measured using Ni-Cr-Ni thermocouples
placed at both the inlet and the outlet of the cell. The cell needs
to be thermally isolated from the surroundings to minimize heat
losses by radiation and convection. For this purpose the cell
has an external brass reflection mantle that is coated with a 2
µm layer of gold to achieve a higher degree of reflection.

A schematic representation of the experimental set up is
shown in Figure 2. Methyl radicals were generated by laser flash
photolysis of azomethane (CH3N2CH3) at 193.3 nm using an
ArF excimer laser (Lambda Physik LPX 130i, 20 ns pulses, up
to 100 mJ/ cm2 per pulse). The concentration of the reaction
product CH3O2 was monitored by time-resolved UV absorption
at 240 nm using a high-pressure Xe-Hg lamp (USHIO UXM-
200 H) as light source. The photolysis and probe beams
overlapped throughout the optical length of the cell. The probe
beam was directed through the reactor, dispersed by a mono-
chromator (ZEISS MM 3d) and detected by a photomultiplier
(RCA 1P28). Two cuvettes containing 0.05 M NaCl were placed
in front of the lamp and the monochromator to block scattered
laser light. The photomultiplier signals were amplified and
finally recorded on a PC. At temperatures below 600 K,
azomethane was found to be a suitable precursor; however, its
thermal decomposition at higher temperatures then makes it
inappropriate to use. Above 600 K, acetone proved to be a
suitable precursor for CH3, because CH3CO, one of the
photolysis product of acetone photolysis, which absorbs strongly
at the monitoring wavelength of 240 nm, decomposes fast (in
less than a 1µs) at temperatures above 500 K. Therefore,

complications due to the overlap of the spectra of CH3O2 and
CH3CO can be avoided. At 600 K, both precursors were used
and identical rate constants were obtained further showing their
suitability as CH3 precursors.

Perturbations by ozone formation from 193 nm photolysis
of oxygen could be neglected due to the low concentrations of
oxygen used in these experiments. Furthermore, the 193 nm
photolysis beam before entering the reactor cell travelled about
2 m through a tube that was continuously flushed with nitrogen
during the experiments. The absorption signals of methylperoxy
were typically averaged over 200 laser shots. A temporal
absorption profile is shown in Figure 3. The initial rise in the
methylperoxy signal is entirely due to the reaction CH3 + O2

f CH3O2. The absorption of CH3O2 increases after the laser
flash and reaches a maximum before it slowly decays. CH3O2

predominantly decays by self-reaction 2CH3O2 f CH3OH +
CH2O + O2 (or 2CH3O + O2). We have taken into account the
possibility of other consecutive reactions, such as CH3O +
CH3O2 f CH3OOH+ CH2 or CH3 + CH3O2 f 2CH3O, which
could lead to a loss of CH3O2, but their influence, due to the
very low initial concentrations of reactants employed in our
experiments, was found to be almost negligible. The signals
were modeled up to about 50µs taking into account a complete
mechanism of secondary reactions with rate constants taken from
ref 3. Time-resolved sensitivity analysis was carried out to check
the influence of consecutive reactions under our experimental
conditions. The influence of the consecutive reactions on the
measurement of the pseudo-first-order rate constantsk was
always found to be smaller than 5%. The derived values ofk
were always found to be strictly proportional to the used O2

concentration.

3. Results

The analysis of the absorption signals was straightforward
as we have always maintained the absorbance at values less
than 4% where the absorbance was proportional to [CH3O2].
The CH3O2 formation followed first-order rate laws

where k[O2] varied between 0.1× 106 and 2 × 106 s-1

depending on the pressure of the bath gas and the concentration
of O2. The results, covering bath gas pressures between 2 and
950 bar, are summarized in Table 1, for M) Ar, and Table 2,

Figure 1. High-pressure flow cell used in the present work (see text).

Figure 2. Experimental arrangement of the present studies (see text).

Figure 3. Absorption-time profile of CH3O2 (absorption wavelength
240 nm, T ) 300 K, P ) 950 bar, I ) light intensity, M ) Ar,
horizontal signal) empty cell).

[CH3O2] ) [CH3O2]max{1 - exp(-k[O2]t)} (3.1)
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for M ) N2. The results are illustrated in Figures 4 and 5. The
overall accuracy of the rate constants is estimated to be about
(15%, being mostly governed by the evaluation of the
absorption-time profiles. All profiles were well fitted by eq
3.1. The low initial concentrations employed in our experiments
allowed for a safe determination of the rate constants under
conditions where all secondary reactions could be neglected.
Above 700 K, the magnitude of the absorption signals were
found to decrease due to the fact that back dissociation (1.-1)
sets in. We have, therefore, included the decomposition step in
our reaction model. For even higher temperatures, the meth-
ylperoxy decomposition became increasingly faster. We have
followed this up to 900 K where no more absorption signal
was detectable. We confirmed these observations through
simulations of the profiles.

The experimental data in Figures 4 and 5 at the low pressure
end show a negative temperature coefficient, which is typical
for recombination reactions of larger radicals in the low pressure
limit. At the high pressure end, a small positive temperature

coefficient is observed. Our data alone do not cover sufficiently
broad pressure ranges to allow for a reliable construction of
complete falloff curves. Instead, for this purpose, the present
data are combined with earlier low pressure data from other
laboratories such as described below. However, we note that
our present data at 300 K are highly consistent with the only
other measurements above 1 bar from ref 4 which extended up
to 150 bar.

Figures 4 and 5 at 300 and 400 K show an unexpected
phenomenon at pressures above about 300 bar. There appears
to be an additional rise of the rate constants to values markedly
above the extrapolated falloff curve. We have made similar

TABLE 1: Experimental Rate Constants k for the Reaction
CH3 + O2 (+ Ar) f CH3O2 (+ Ar) ([Precursor] ≈ (1-5) ×
1015 molecule cm-3, [O2] ≈ (0.2-1.2) × 1018 molecule cm-3)
(See Text)

T/
K

P/
bar

[Ar]/
molecule cm-3

k/
cm3 molecule-1 s-1

299 2 4.9× 1019 1.1× 10-12

401 2 3.6× 1019 9.2× 10-13

500 2 2.9× 1019 6.3× 10-13

601 2 2.4× 1019 4.4× 10-13

300 10 2.4× 1020 1.5× 10-12

402 10 1.8× 1020 1.5× 10-12

402 10 1.8× 1020 1.6× 10-12

501 10 1.4× 1020 1.4× 10-12

501 10 1.4× 1020 1.6× 10-12

600 10 1.2× 1020 1.2× 10-12

601 10 1.2× 1020 1.2× 10-12

299 50 1.2× 1021 1.5× 10-12

400 50 9.1× 1020 1.8× 10-12

401 50 9.0× 1020 1.7× 10-12

501 50 7.2× 1020 1.8× 10-12

502 50 7.2× 1020 1.8× 10-12

601 50 6.0× 1020 1.7× 10-12

602 50 6.0× 1020 1.8× 10-12

296 100 2.6× 1021 1.8× 10-12

296 100 2.6× 1021 1.8× 10-12

398 100 1.8× 1021 2.1× 10-12

402 100 1.8× 1021 2.0× 10-12

500 100 1.4× 1021 2.2× 10-12

502 100 1.4× 1021 2.2× 10-12

600 100 1.2× 1021 2.2× 10-12

299 250 6.2× 1021 2.1× 10-12

299 250 6.2× 1021 2.0× 10-12

401 250 4.3× 1021 2.2× 10-12

402 250 4.3× 1021 2.3× 10-12

503 250 3.4× 1021 2.5× 10-12

501 250 3.4× 1021 2.4× 10-12

603 250 2.8× 1021 2.5× 10-12

300 500 1.1× 1022 2.4× 10-12

403 500 7.7× 1021 2.4× 10-12

401 500 7.7× 1021 2.7× 10-12

502 500 6.1× 1021 2.9× 10-12

502 500 6.1× 1021 2.5× 10-12

602 500 5.2× 1021 2.8× 10-12

300 725 1.3× 1022 3.1× 10-12

300 725 1.3× 1022 3.1× 10-12

402 725 9.9× 1021 2.8× 10-12

402 725 9.9× 1021 3.4× 10-12

501 725 8.1× 1021 3.2× 10-12

502 725 8.1× 1021 2.8× 10-12

297 950 1.4× 1022 3.8× 10-12

398 950 1.2× 1022 3.6× 10-12

498 900 9.4× 1021 3.8× 10-12

TABLE 2: Experimental Rate Constants k for the Reaction
CH3 + O2 (+N2) f CH3O2 (+N2) (Conditions Like in Table
1)

T/
K

P/
bar

[N2]/
molecule cm-3

k/
cm3 molecule-1 s-1

299 2 4.9× 1019 1.1× 10-12

299 2 4.9× 1019 1.0× 10-12

299 2 4.9× 1019 1.1× 10-12

299 2 4.9× 1019 1.3× 10-12

401 2 3.6× 1019 8.0× 10-13

500 2 2.9× 1019 5.7× 10-13

500 2 2.9× 1019 6.0× 10-13

601 2 2.4× 1019 3.9× 10-13

600 2 2.4× 1019 4.2× 10-13

701 2 2.1× 1019 2.5× 10-13

701 2 2.1× 1019 3.2× 10-13

300 5 1.2× 1020 1.3× 10-12

300 5 1.2× 1020 1.4× 10-12

399 5 9.1× 1019 1.3× 10-12

401 5 9.0× 1019 1.3× 10-12

500 5 7.2× 1019 1.1× 10-12

500 5 7.2× 1019 1.1× 10-12

600 5 6.0× 1019 9.2× 10-13

298 10 2.4× 1020 1.6× 10-12

299 10 2.4× 1020 1.4× 10-12

300 10 2.4× 1020 1.3× 10-12

400 10 1.8× 1020 1.4× 10-12

400 10 1.8× 1020 1.3× 10-12

500 10 1.4× 1020 1.3× 10-12

600 10 1.2× 1020 1.1× 10-12

600 10 1.2× 1020 1.1× 10-12

296 50 1.2× 1021 1.5× 10-12

296 50 1.2× 1021 1.6× 10-12

401 50 8.9× 1020 1.7× 10-12

401 50 8.9× 1020 1.7× 10-12

502 50 7.1× 1020 1.8× 10-12

601 50 5.9× 1020 1.7× 10-12

702 50 5.1× 1020 1.6× 10-12

296 100 2.4× 1021 1.7× 10-12

296 100 2.4× 1021 1.8× 10-12

400 100 1.7× 1021 2.1× 10-12

401 100 1.7× 1021 2.0× 10-12

507 100 1.4× 1021 2.2× 10-12

602 100 1.2× 1021 2.3× 10-12

602 100 1.2× 1021 2.3× 10-12

700 100 9.9× 1020 2.2× 10-12

302 225 5.0× 1021 1.8× 10-12

304 225 4.9× 1021 1.8× 10-12

397 225 3.7× 1021 2.2× 10-12

398 225 3.7× 1021 2.0× 10-12

496 225 3.0× 1021 2.3× 10-12

306 500 8.7× 1021 2.6× 10-12

306 500 8.7× 1021 2.5× 19-12

398 500 6.9× 1021 2.5× 10-12

400 500 6.9× 1021 2.6× 10-12

295 950 1.2× 1022 3.6× 10-12

295 950 1.2× 1022 4.0× 10-12

401 950 1.0× 1022 2.7× 10-12

501 950 8.6× 1021 2.8× 10-12

501 950 8.6× 1021 3.1× 10-12

599 950 7.5× 1021 3.1× 10-12
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observations in recombination reactions of larger radicals such
as benzyl radicals9,10 and attribute this effect to a manifestation
of a radical-complex mechanism. We provide a more detailed
analysis of this observation in comparison to other reaction
systems in a separate publication11 and do not further discuss
this phenomenon here. It should be emphasized that the onset
of the contribution from the radical-complex mechanism does
not influence the present determination of the high-pressure limit
for the energy transfer mechanism; see ref 11. Diffusion control
sets in only at pressures far higher than 200 bar such as discussed
also in ref 11.

4. Construction of Falloff Curves

Our rate constants for the bath gas M) Ar are combined in
Figure 6 with earlier low-pressure data from refs 12-16.
Likewise, Figure 7 for the bath gas N2 combines our results
with earlier low-pressure data from refs 12, 14, 17, and 18.
Although there is some scatter and uncertainty at the low-
pressure end, the general consistency of the data over 6 orders
of magnitude in [M] looks impressive. The equations used to
derive the fit lines are justified and discussed in the following.

With the given lines, the rate constants in the falloff range are
empirically represented by

with x ) k0/k∞, and optimized fitting parametersFcent ) 0.33
andN ) 1.47. The limiting low pressure and high-pressure rate
constants,k0 andk∞, respectively, from this fit follow as

For M ) Ar and N2, the same values were fitted. As an
alternative to the falloff curves drawn in Figures 6 and 7, which
we term “symmetric falloff expressions”, we also used an
“asymmetric falloff expression” of the form

with the same parameters as used in eqs 4.1-4.3 and an
additional parametera ≈ 0.3 to be inserted into the exponent.

Figure 4. Rate constantsk for the reaction CH3 + O2 (+ M) f CH3O2

(+ M) with M ) Ar. Lines from top to bottom at 1019 molecule cm-3

for 300, 400, 500, and 600 K, respectively, constructed with eqs 4.1-
4.3. Experimental results:b, 300;9, 400;0, 500;2, 600 K from this
work; O, 300 K from ref 4.

Figure 5. As Figure 4, but for M) N2 (lines for temperatures from
300 to 700 K; experimental results with symbols as in Figure 4). Other
experimental results:4, 700 K from this work.

Figure 6. As Figure 4, combining the present results with low-pressure
rate data from the literature (lines and symbols as in Figure 4). Other
experimental results:1, ref 15 at 334 K;3, ref 15 at 420 K;Y, ref 15
at 582 K;y, ref 14 at 298 K;+, ref 12 at 298 K.

Figure 7. As Figure 5, combining the present results with low-pressure
data from the literature (lines and symbols as in Figures 4-6). Other
experimental results:", ref 16 at 298 K;g, ref 16 at 370 K; *, ref 18
at 298 K.

k/k∞ ≈ [x/(1 + x)]Fcent
1/{1+[(logx)/N]2} (4.1)

k∞ ≈ 2.2× 10-12(T/300 K)0.9 cm3 molecule-1 s-1 (4.2)

k0 ≈ [Ar]7 × 10-31(T/300 K)-3.0 cm6 molecule-2 s-1 (4.3)

k/k∞ ≈ [x/(1 + x)]Fcent
1/{1+[(a+logx)/N]2} (4.4)
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The differences between eqs 4.1 and 4.4 are within the
experimental uncertainty; see below. The reasons for considering
asymmetric falloff expressions come from detailed modeling
of the falloff curves. Likewise, the choice of the falloff
parameters in eqs 4.1-4.3 has been guided by this modeling,
see below.

5. Modeling of Rate Parameters

Although the experiments now cover very broad ranges of
temperature and pressure, neither the limiting low and high-
pressure rate constants nor the accurate shape of the intermediate
falloff curves can be established with sufficient reliability
without relying on theoretical modeling to some extent. On the
other hand, we argue later on that accurate modeling of the
absolute values ofk0 and k∞ on theoretical grounds is only
presently impossible because the potential energy surface is not
known well enough and reliable collisional energy transfer can
only be approached by parametrization in analogy to other and
better known reaction systems. However, relative quantities such
as, e.g., the temperature coefficient ofk0 can be predicted with
some confidence. In the following, we try to extract from
theoretical modeling what can be used to improve the repre-
sentation of the experimental results. At the same time, we try
to interpret the experimental data to deduce uncertain molecular
properties.

5.1. Limiting Low-Pressure Rate Constants.The limiting
low-pressure rate constantk0, for weak collisions, contains the
average total energy〈∆E〉 transferred per collision as a factor;
see refs 19 and 20. Because〈∆E〉 presently cannot be modeled
theoretically with sufficient precision, the absolute value ofk0

is also not accessible yet from theory with the desired accuracy.
However, fitted values of〈∆E〉 derived from measuredk0 can
be compared within related reaction systems because a certain
uniformity of absolute values of〈∆E〉 exists. This uniformity
manifests itself particularly in the temperature coefficients of
〈∆E〉. We will describe further details below.

In the following we first consider previous modeling ofk0

and try to localize the sources of discrepancies. Table 3
summarizes previously modeled strong collision rate constants
k0

SC at T ) 300 K for the bath gases M) Ar and N2. We have
reconstructed these values from the generally given values for
k0 and 〈∆E〉 or 〈∆E〉down such as described below. There is a
spread of the results by about a factor of 60. Unfortunately,
input parameters and applied modeling codes were not specified
in several cases. Therefore, the reasons for the discrepancies
cannot always be traced. However, the origin of some differ-
ences is clear. Reference 21 used the factorized expression of
k0

SC from ref 20 with the simplified calculation of rotational

factorsFrot. from ref 20 givingFrot.(300 K) ) 10.87 whereas
the present modeling (see Appendix for the employed param-
eters) is based on the more detailed calculation ofFrot. from ref
22, which, with a Morse-type interaction potential between CH3

and O2, givesFrot.(300 K)≈ 16.5; in addition, the anharmonicity
factor Fanh in ref 21 according to ref 20 was estimated to be
1.26, whereas the present work on the basis of ref 23 estimated
1.6. The smaller values ofk0

SC derived in ref 4 are due to
smaller rotational factorsFrot.(300 K) ≈ 7.2 calculated with an
assumed stiffer Morse potential of Morse parameterâ ) 3.37
Å-1 (see ref 24), whereasâ ≈ 2.2 Å-1 based on ab initio
calculations of potentials was used in the present work; see
below. In addition, anharmonicity was neglected in ref 4 and
an adiabatic zero point energy factor exp(-∆E0z/kT) with ∆E0z

≈ 1.1 kJ mol-1 was employed. The small values ofk0
SC from

ref 25 mostly were due to the assumption of an entrance barrier
∆E0 ≈ 3.77 kJ mol-1 whereas the reasons for the small values
from ref 26, calculated without an entrance barrier, are more
difficult to identify. The calculations from ref 7 also employed
an interaction potential with shorter range than corresponding
to â ≈ 2.2 Å-1 (see below) and, therefore, must have implied
smallerFrot. whereas anharmonicity contributions were unde-
fined. The discussed differences of the contributing factors
explain the differences between the various modeling.

The comparison of the modeledk0
SC with the experimentalk0

is expressed in terms of collision efficienciesâc ) k0/k0
SC and,

through the relationshipsâc ≈ [〈∆E〉down/(〈∆E〉down + FEkT)]2

or âc/(1 - âc
1/2) ≈ -〈∆E〉/FEkT with 〈∆E〉 ≈ -〈∆E〉down

2/
(〈∆E〉down + FEkT) from ref 19, with 〈∆E〉 or 〈∆E〉down as fit
parameters. Corresponding to the large spread of the modeled
k0

SC in Table 3, quite different values of these parameters were
employed in refs 4, 7, 15, 21, and 26 and in the present work.
Fitted values of-〈∆E〉/hc, e.g., varied between about 3 and
several hundred cm-1. Such derived values of〈∆E〉, therefore,
are relatively meaningless. Instead, it appears more reasonable
to estimate and fix〈∆E〉 by comparison with other reaction
systems and interpret the resulting discrepancies between the
corresponding experimental and the modeled values ofk0

SC. If
we use-〈∆E〉/hc≈ 50 cm-1, such as estimated for the reactions
H + O2 f HO2 (see ref 27), or H+ CH3 S CH4 (see ref 28),
then the present experiments lead tok0

SC(300 K) ≈ [M] 5 ×
10-30 cm6 molecule-2 s-1. Comparing this with our modeled
value of aboutk0

SC(300 K) ≈ [M] 5 × 10-29 cm6 molecule-2

s-1 (see Appendix), one must find the reason for a missing factor
of 10. Inspecting the various contributing factors in the modeled
k0

SC and the uncertainties of the corresponding molecular
parameters such as vibrational frequencies, rotational constants,
bond energy, etc. (see Appendix), one comes to the conclusion
that there is indeed an “anomaly”, such as suggested in ref 21.
One may speculate about a small entrance barrier of the potential
∆E0, which would reducek0

SC by a factor exp(-∆E0/kT) and at
the same time reduce the rotational factorFrot. However, so far
detailed ab initio calculations of the minimum energy path
(MEP) potentials for O2 + H, CH3, C2H, C2H3, C2H5 (see refs
29-31) have not shown any indication for such entrance barriers
in contrast to the potentials for O2 + resonance stabilized free
radicals such as C3H3 or C3H5 (see ref 30). Nevertheless, the
detailed ab initio calculations of the potentials for O2 + H from
ref 29 showed that, despite the absence of a barrier in the MEP
potential, there is a marked maximum of the relative anisotropy
amplitude along the MEP. This results in a “relative tightness”
or an “anisotropy bottleneck” of the potential. It may give rise
to an adiabatic zeropoint energy barrier of the transitional modes
and, at the same time, to a reduction of the rotational factor

TABLE 3: Modeled Limiting Strong Collision Rate
Constantsk0

SC at 300 Ka

M
k0

SC(300 K)/[M]
cm6 molecule-1 s-1 ref

N2 1.94× 10-29 21
Ar 5.8 × 10-30 4
N2 6.7× 10-30 4
Ar 1.2 × 10-29 15
N2 9.4× 10-31 26
Ar 1.11× 10-30 25
Ar 1.95× 10-29 7
Ar e5.0× 10-29 b
N2 e5.7× 10-29 b

a See text for the individual model assumptions.b Modeling of upper
limit from this work using modeling scheme from refs 22 and 23 (see
appendix).
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Frot. such as suggested for O2 + CH3 in ref 4. One should note
that the ab initio calculations of the CH3O2 potential in ref 32,
at a C-O bond length ofrq ≈ 1.5 re (re ) equilibrium bond
length in CH3O2), have found a “stationary point”, despite the
absence of a barrier in the MEP potential. As this so far is the
only direct evidence for an anisotropy bottleneck in the
considered reaction system, one has to wait for more ab initio
calculations of this detail of the potential. Unfortunately,
conclusions of this kind will remain speculative until detailed
and accurate ab initio calculations of the potential like for O2

+ H also become available for O2 + CH3. Therefore, a truly
meaningful modeling ofk0

SC has to be postponed to this
moment.

Despite the considerable uncertainty in the potential param-
eters required for modeling absolute values ofk0

SC, one may
predict the temperature coefficient ofk0 to some extent.
Assuming that〈∆E〉 has only a small temperature coefficient,
one estimates thatk0 is ∝ T-3, such as derived in ref 4 and
being confirmed by our modeling; see Appendix. This modeling
result is consistent with the experimentally fittedk0 from eq
4.3.

5.2. Limiting High-Pressure Rate Constants.Without more
detailed knowledge of the potential energy surface, the limiting
high-pressure rate constantk∞ can also not be modeled reliably.
The only available MEP potential of ref 7 was determined by
B3LYP/6-311G(d,p) calculations and represented in terms of a
Varshni potentialV(R) ) De{1 - (R0/R) exp[-â(R2 - R0

2)]}2

- De with the parametersDe ) 33.7 kcal mol-1, â ) 1.009
Å-2, andR0 ) 1.449 Å. This potential, e.g., givesV(R)3 Å) ≈
-0.01 kcal mol-1 whereas calculations for O2 + C2H, C2H3,
C2H5 from refs 30 and 31 under the same conditions led to
V(R)3 Å) ≈ -1 kcal mol-1. Likewise,V(R)2.5 Å) ≈ -0.6
kcal mol-1 was obtained from the Varshni potential instead of
the calculated-4 kcal mol-1 from refs 30 and 31. The
calculations of the MEP potential from ref 7 thus appear
doubtful. The coincidence with the experimental value of the
modeled value from ref 7 ofk∞(300 K) ) 1.8 × 10-12 cm3

molecule-1 s-1 then has to be considered as being accidental.
In addition, the modeled temperature coefficient ofk∞ from ref
7 of k∞ ∝ T1.6 is much larger than the experimental value of
T0.9. Simplified SACM calculations from ref 4 gave a smaller
positive temperature coefficient ofT0.9 in better agreement with
the experimental results, but this result is also clearly based on
an oversimplified theoretical model. This comment certainly also
applies to approaches using interpolated partition functions such
as those of refs 15 and 26, which gave temperature coefficients
close to the experimental observations but involved fitting of
the interpolation parameters at some place. RRKM calculations
from ref 25 with transition state frequencies from ref 32 led to
even larger temperature coefficients fork∞ than obtained in the
treatment of ref 7. For the given reasons, reliable modeling of
k∞, like that of k0, has to be postponed until better and more
detailed information on the potential is available. Nevertheless,
some qualitative conclusions can be drawn by the following
considerations.

An upper limit of k∞ is given by phase space theory (PST)
employing a realistic MEP potentialV(r) and neglecting the
anisotropy of the potential. AssumingV(r) to be of the Morse
shapeV(r) ≈ De{1 - exp(-â(r - re)]}2 - De with the
parametersDe ≈ 33.7 kcal mol-1 andre ≈ 1.449 Å from ref 7,
one may fit the Morse parameterâ in such a way that the ab
initio MEP potentials for O2 + C2H, C2H3, and C2H5 from refs
30 and 31 are reproduced. One derivesâ ≈ 2.2((0.1) Å-1. V(r)
then leads to centrifugal barriersE0(J) and k∞

PST is given by

Kck∞
PST ) (kT/h)(h2/2πµkT)3/2Qcentwith the centrifugal partition

functionQcent ) ΣJ)0
∞ (2J + 1) exp[-E0(J)/kT] and the equilib-

rium constantKc ) {[CH3O2]/[CH3][O2]}Eq. In this way we
obtain

such as described in more detail in the Appendix. The influence
of the anisotropy of the potential reducesk∞ to values below
k∞

PST, which we represent by a rigidity factorfrigid ) k∞/k∞
PST.

Comparingk∞
PST with the experimentally measuredk∞ gives

frigid ≈ 6 × 10-3. This value is much smaller than the
corresponding value of about 0.35 for H+ O2 from ref 29,
which was derived by SACM/CT (statistical adiabatic channel
model/classical trajectory) calculations on an ab initio potential
in good agreement with the experimental results. The fact that
there is a larger number of transitional modes present in CH3

+ O2 than in H + O2 can also not account alone for the
markedly smallerfrigid. It would just account for a factor of 5
difference infrigid and not for a factor of 50. One, therefore, has
to search for “additional rigidity” in the CH3 + O2 potential.
CASSCF level calculations in ref 32 did not give an entrance
barrier of the reaction CH3 + O2 in agreement with the results
for O2 + C2H, C2H3, C2H5 from refs 30 and 31 mentioned
above. However, a “stationary point” was found along the MEP
whose frequencies were determined in ref 32; see Appendix.
An entrance barrier was also not found in the ab initio
calculations of refs 33-35. Unfortunately, however, neither the
MEP potential nor transitional mode frequencies along the MEP
were determined in these studies. B3LYP/6-311G(d,p) calcula-
tions of transitional mode frequencies along the MEP were
determined implicitely in ref 7 but unfortunately not given
separately. With these calculations the absolute value of the
measuredk∞ at 300 K was well reproduced whereas the
temperature coefficient was too strongly positive. As the
transitional mode contributions in these calculations were
combined with the unrealistic Varshni potential (see above),
one cannot characterize the “additional rigidity” from these
calculations in a transparent way. As the other previous
modeling attempts all employ oversimplified approaches, which
are either not related to the potential or use unjustified potential
parameters and fit missing parameters from the experimental
k∞, one then may also directly use the experimental value ofk∞
as the parameter. SACM/CT calculations predict thatfrigid has
only a weak temperature dependence; see refs 29 and 37. The
stronger positive temperature dependence offrigid derived from
the experiments (see above) may be a consequence of the
“anisotropy bottleneck” postulated above and support the
assumption of this property of the potential.

If one considers the rigidity factor offrigid ≈ 0.35 for O2 +
H, such as observed experimentally and modeled with an ab
initio potential, and takes into account the larger number of
transitional modes in O2 + CH3, one might estimatefrigid ≈ 7
× 10-2. In comparison to the value offrigid ≈ 6 × 10-3 derived
from the experiments, see above, one has to explain about a
factor of 10 difference by a much stronger anisotropy bottleneck
than encountered in O2 + H. This is an unexpected and so far
unexplained difference. Table 4 compares a series ofk∞ values
from related association reactions of O2 with hydrocarbon
radicals. O2 + CH3 represents the system with the smallestk∞
and an explanation needs to be found. Only the reaction O2 +
C3H3, which has an entrance barrier, shows a smallerk∞.

5.3. Reduced Falloff Curves.In view of the uncertainties
of the potential discussed in the previous sections it appears

k∞
PST≈ 3.7× 10-10(T/300 K)0.25 cm3 molecule-1 s-1 (5.1)
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premature to provide a detailed modeling of the falloff curves.
Using doubly reduced falloff curvesk/k∞ as a function ofx )
k0/k∞ in the form25,36of eq 4.1 handles the problem in a simple
way by usingk0, k∞, and Fcent as empirical fit parameters.
Considering SACM/CT calculations for transitional modes in
barrierless association reactions,37 improved reduced falloff
expressions were designed in refs 38 and 39. In situations with
normal loose transition states, the transitional modes were shown
to be adequately treated by CT calculations and their contribu-
tion to Fcenter was found by far to exceed that of conserved
modes. The strong collision contributionFcent

SC in Fcent then can
be estimated fairly easily as described in ref 39. For the present
reaction,Fcent

SC ≈ 0.48 ((0.03) is estimated over the tempera-
ture range 200-700 K. Estimating the weak collision factor
Fcent

WC throughFcent
WC ≈ âc

0.14 with a collision efficiencyâc of the
order of 0.1 leads toFcent ) Fcent

SC Fcent
WC given by

which is close to the experimentally fitted value ofFcent) 0.33
used in eq 4.1 and which should only weakly depend on the
temperature. In this case, experiments at different temperatures
should all fall on one reduced falloff curvek/k∞ as a function
of k0/k∞. Within the experimental scatter this is indeed the case
such, as illustrated in Figure 8, which usesk0 from eq 4.3,k∞
from eq 4.2, and the falloff expression from eq 4.1 with the
fitted Fcent ≈ 0.33 andN ≈ 1.47.

The detailed calculations of reduced falloff curves from ref
39 have shown that small deviations from the shape of eq 4.1
arise. In the simplest way, asymmetric falloff curves account
for shifts of the minimum away fromk0/k∞ ) 1 such as given

by eq 4.4 wherea in ref 39 was found to be of the order of 0.2.
Figure 8 shows that eq 4.4 witha ) 0.3 represents the
experiments equally well as eq 4.1. A further modification of
using slightly differingN at the left and at the right of logx )
-a and being of the order calculated in ref 39 does not visibly
improve the representation either and is not applied here. For
practical purposes, eq 4.1 apparently provides satisfactory
representations of the falloff curves and is recommended here.
It not only represents the experimental data but also allows for
a meaningful extrapolation to the limiting low and high-pressure
rate constants such as employed in the present work.

6. Conclusions

The combination of the present high pressure with previous
middle and low-pressure experiments now provides falloff
curves of the association reaction between O2 and CH3 over 5
orders of magnitude in bath gas density. Over the temperature
range 300-700 K, the data can be well represented by

with x ) k0/k∞ and

A quantitatively satisfactory theoretical modeling presently does
not appear feasible as long as essential properties of the potential
energy surface such as the minimum energy path potential and
the transitional mode frequencies along the MEP are not known
with sufficient precision. However, comparing experimental
results with simplified modeling, we conclude that, despite a
probably barrierless MEP potential, there must be an unusually
tight transition state characterized by a relative maximum of
the anisotropy of the potential along the MEP. Such an
“anisotropy bottleneck” has been encountered before for the H
+ O2 reaction. We have to conclude that this phenomenon is
even more pronounced for the CH3 + O2 reaction. Without
detailed and accurate ab initio investigations of this property
of the potential, however, one cannot rationalize the effect. Such
calculations, therefore, appear most desirable.
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Appendix: Molecular Parameters Used in Modeling

Frequencies in cm-1: (i) CH3O2 137, 493, 927, 1139, 1169,
1228, 1461, 1500, 1511, 3075, 3168, 3181 (Gaussian-3 G3MP2B3
calculations from ref 40; for other calculations, see, e.g., refs
7, 32, 41, and 42); (ii) CH3 455, 1431 (2), 3142, 3317 (2)
(G3MP2B3 calculations from ref 40); (iii) O2 1580. Rotational
constants in cm-1: (i) CH3O2 A ) 1.7357,B ) 0.3771,C )
0.3295 (G3MP2B3 calculations from ref 40); (ii) CH3 A ) B
) 9.5084,C ) A/2 (G3MP2B3 calculations from ref 40); (iii)
O2 B ) C ) 1.4456;σ(CH3O2) ) 1, σ(CH3) ) 6, σ(O2) ) 2,
gel(CH3O2) ) 2, gel(CH3) ) 2, gel(O2) ) 3. Bond energy at 0
K: E0 ) 123.9 kJ mol-1 (G3MP2B3 calculations from ref 40),

Figure 8. Reduced symmetric falloff curve for the reaction CH3 +
O2 (+ M) f CH3O2 (+ M): (heavy line) eqs 4.1-4.3; (light line) eq
4.2-4.4; (points) experimental results from Figures 4-7 at 300-700
K and M ) Ar and N2.

TABLE 4: High Pressure Rate Constantsk∞(300 K) for
Association Reactions of O2 with H Atoms and Hydrocarbon
Radicals

reaction
k∞(300 K)/

cm3 molecule-1 s-1 ref

O2 + H f HO2 9.5× 10-11 44
O2 + CH3 f CH3O2 2.2× 10-12 this work
O2 + C2H5 f C2H5O2 7.8× 10-12 45
O2 + n-C3H7 f n-C3H7O2 6 × 10-12 45
O2 + i-C3H7 f i-C3H7O2 1.1× 10-11 45
O2 + 1-C4H9 f 1-C4H9O2 7.5× 10-12 45
O2 + 2-H4H9 f 2-C4H9O2 1.7× 10-11 45
O2 + C3H3 f C3H3O2 2 × 10-13 30

Fcent≈ 0.35 ((0.05) (5.2)

k0 ≈ [M]7 × 10-31(T/300 K)-3 cm6 molecule-2 s-1 (6.1)

k∞ ≈ 2.2× 10-12(T/300 K)0.9 cm3 molecule-1 s-1 (6.2)

k/k∞ ≈ [x/(1 + x)]Fcent
1/{1+[(logx)/N]2} (6.3)

Fcent≈ 0.33 (6.4)

N ≈ 1.47 (6.5)
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127.2 kJ mol-1 (G2M calculations of ref 7), 129.4 ((3.8) kJ
mol-1 (experiments from ref 43).

MEP potential:V(r) ≈ E0{1 - exp[-â(r - re)]}2 - E0 with
E0 ) 127.2 kJ mol-1 andre ) 1.45 Å from ref 7,â fitted as 2.2
Å-1 from potentials for O2 + C2H, C2H3, and C2H5 from refs
30 and 31. Centrifugal potentialE0(J) ≈ Cν[J(J + 1)]ν with
Cν/hc ≈ 2.7× 10-3 cm-1 andν ≈ 1.29; rotational factorsFrot.

calculated with individualE0(J) asFrot. ) 26, 16.5, 11.6, 8.7,
6.9, and 5.6 forT/K ) 200, 300, 400, 500, 600, and 700,
respectively.

Factors ink0: Fvib,h(E0) ) 5.71 × 102/cm-1 (5.24 × 102/
cm-1 from ref 21),a(E0) ) 0.901 (0.895 from ref 21),Fanh ≈
1.6 (following the method of ref 23; 1.26 from ref 21),
Frot.(300 K) ) 16.5 (10.87 from ref 21, 7.2 from ref 4).

Collisions parameters:σ(CH3O2) ) 5.4 Å (ref 7),σ(Ar) )
3.54 Å, σ(N2) ) 3.80 Å, ε/k(CH3O2) ) 303 K (ref 7),ε/k(Ar)
) 93 K, ε/k(N2) ) 71 K.

Transitional mode frequencies at stationary point in cm-1:
248, 138, 203, free torsion (from ref 32); rotational constants
at stationary point in cm-1: A ) 1.4988,B ) 0.1720,C )
0.1594 (from ref 32) corresponding torq ≈ 1.5re with re ≈ 1.45
Å from ref 7.
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