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The reactions of 1- and 2-methylvinoxy radicals with O2 have been studied by laser-induced fluorescence
coupled with pulsed laser photolysis of precursor molecules at room temperature (298( 5 K). The rate
constants for both reactions showed typical falloff pressure dependence in the investigated pressure range
(8-330 Torr, He buffer), which suggests the dominance of recombination processes to form peroxy radicals.
From the Rice-Ramsperger-Kassel-Morcus fit to the experimental data, the limiting high-pressure rate
constants were derived to bek∞ (1-methylvinoxy+ O2) ) 9.8× 10-13 andk∞ (2-methylvinoxy+ O2) ) 1.3
× 10-12 cm3 molecule-1 s-1, which are 5-7 times larger than that for the reaction of a nonsubstituted vinoxy
radical. The influence of the methyl substituent effect and the resonance stabilization on the rate constants is
discussed.

Introduction

The vinoxy radical (CH2CHO) is the simplest alkenoxy
radical that is produced in the reaction of O(3P) with ethylene.
By using the laser-induced fluorescence (LIF) spectrum, which
was first observed by Inoue and Akimoto,1 several kinetic
studies on the reactions with O2,2,3 NO,2 and NO2

4 have been
reported in the last two decades. Also, cavity ring-down
spectroscopic studies on the reaction with O2 have been carried
out by Zhu and Johnston,5 who reported the pressure dependence
of the rate constants in the wide range of pressure. The CH2-
CHO radical is thought to have a resonance electronic structure
between the two localized states, “ethenyloxy” and “formyl-
methyl” radicals, although ab initio theoretical calculations6,7

and a microwave spectroscopic study8 suggested the enhanced
character of a carbon-centered radical.

Alkyl-substituted vinoxy radicals are important intermediates
because they are produced in the reactions of O(3P) with higher
alkenes,9 hydrogen-atom abstraction reactions from ketones and
aldehydes,9 or the reactions of OH radicals with alkynes.10

However, little is known for the reactions of these radicals as
well as their electronic structures. Recently, Weisshaar and co-
workers,11 Washida et al.,9 and Bersohn and co-workers12

reported the LIF spectra for methyl-substituted vinoxy radicals
in the similar wavelength region to the vinoxy radical. The
observation suggests the similarity of the electronic structure
to the vinoxy radical, but slightly enhanced oxy radical character
for R-methyl-substituted radicals from the red shift of the band
origin.9

In the present work, the reactions of 1-methylvinoxy (CH2-
COCH3) and 2-methylvinoxy (CH3CHCHO) radicals with O2
have been investigated by the LIF method at room temperature,
in the pressure range of 3-330 Torr (1 Torr.≈ 133.322 Pa) in
He buffer. The results were analyzed by a Rice-Ramsperger-
Kassel-Marcus calculation. The methyl substituent effect and
the resonance stabilization effect on the reactivity are discussed.

Experimental Section

Experiments were carried out by the LIF technique coupled
with pulsed laser photolysis in a slow flow reactor, which is
similar to that used in the previous report.13 A schematic of the
apparatus is shown in Figure 1.

The methylvinoxy radicals were generated by the pulsed ArF
(193 nm) excimer laser (Lambda Physik LEXTRA50) photolysis
of alkenyl alkyl ethers,9,11

The observed fluorescence excitation spectra of 1- and
2-methylvinoxy radicals well matched with the previous ob-
servations in bulk condition,9 and are also in agreement with
those in jet-cooled condition.11 In the kinetic experiments, the
methylvinoxy radicals were detected by exciting theB̃-X̃
transitions9,11 at 340.6 nm for 1-methylvinoxy and at 340.5 nm
for 2-methylvinoxy radicals. The probe light was generated by
a dye laser (Lambda Physik LPD3002,p-terphenyl) pumped* Author for correspondence.

Figure 1. Schematic of the experimental apparatus.

CH2dC(CH3)-O-CH3 + hν f

CH2COCH3 (1-methylvinoxy)+ CH3 (1)

CH3CHdCH-O-C2H5 + hν f

CH3CHCHO (2-methylvinoxy)+ C2H5 (2)
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by a XeCl excimer laser (Lambda Physik LEXTRA200). The
fluorescence was detected by a photomultiplier (Hamamatsu
R269) through color glass filters (Hoya UV32 and U330;
transmit 320-390 nm). The signal from the photomultiplier was
amplified and averaged for 10 laser shots by using a boxcar
integrator (Stanford Research SR250) and was stored in a
personal computer. The time profiles of the radical concentra-
tions were recorded by scanning the delay time between the
photolysis and the probe laser pulses.

Gas flows were regulated using mass flow controllers and
were premixed before entering the reactor. The linear flow
velocity was kept within the range 13-32 cm s-1, at which the
gas refresh rate in the cell was∼1 Hz. The experimental data
were obtained at a photolysis rate of 7 Hz, after confirming
that no significant difference was found between the results at
1 and 7 Hz (for example, the decay rate of 2-methylvinoxy
radical [without O2] was 1175( 89 s-1 at 1 Hz and 1240(
62 s-1 at 7 Hz, under the total pressure of 201 Torr). The
total pressures in the reactor were measured using a capaci-
tance manometer (MKS Baratron 122A). He (Nippon Sanso,
>99.9999%) was used as a carrier gas. Isopropenyl methyl ether
(Tokyo Kasei, 98%) and 1-propenyl ethyl ether (Aldrich, 98%,
mixture of cis and trans) were degassed, diluted in He, and
stored in a glass reservoir.

The concentration of the precursor in the reactor was around
1.0× 1014 molecules cm-3 (0.5-4.0× 1014 for 1-methylvinoxy

and 0.1-3.2× 1014 for 2-methylvinoxy) and the fluence of the
photolysis laser was around 5 mJ cm-2. The concentration of
methylvinoxy radicals was estimated to be (4-20) × 1011

molecules cm-3 on the basis of the estimated absorption
coefficients of precursor ethers. Under these conditions, the
effect of side reactions such as radical-radical reaction was
negligible for the following reasons: (1) The decay rate of
methylvinoxy radicals without O2 was found to be almost
independent of initial concentration of radicals, [R]0. For
example, the decay rate of 2-methylvinoxy radical was 1240
s-1 at [R]0 ) 4 × 1011 molecules cm-3 and 1550 at [R]0 ) 9 ×
1011 under 200 Torr of total pressure, and the decay rate of
1-methylvinoxy was 3390 s-1 at [R]0 ) 8 × 1011 molecules
cm-3 and 3290 at [R]0 ) 2 × 1012. (2) Even if the gas kinetic
collision rate, 3× 10-10 cm3 molecule-1 s-1, was assumed
for the radical-radical reactions, the upper-limit contribution
to the first-order decay rate was estimated to be 100∼500 s-1,
whereas the measurements were done under the conditions
where the first-order decay rate was typically 10 000-30 000
s-1. All experiments were performed at room temperature (298
( 5 K).

Results and Discussion

Typical observed decay profiles of 1- and 2-methylvinoxy
radicals are shown in Figure 2a and b, respectively. No

Figure 2. Typical decay profiles of (a) 1-methylvinoxy (CH2COCH3)
and (b) 2-methylvinoxy (CH3CHCHO) radicals. Solid lines denote
results of single-exponential fitting. Experimental conditions: (a) Total
pressure) 333 Torr.0, without O2; 4, [O2] ) 7.5 × 1015 molecules
cm-3; O, [O2] ) 3.9× 1016 molecules cm-3. (b) Total pressure) 92.7
Torr. 0, without O2; 4, [O2] ) 4.3× 1015 molecules cm-3; O, [O2] )
1.7 × 1016 molecules cm-3.

Figure 3. Plots of the first-order decay rate (kI) of methylvinoxy
radicals vs the concentration of O2. Error bars denote the two standard
deviations derived from the least-squares analysis of decay profiles.
(a) CH2COCH3 (1-methylvinoxy) + O2. 2, 9, and b denote the
experiments at total pressures of 15.3, 29.5, and 333 Torr, respectively
(He buffer). (b) CH3CHCHO (2-methylvinoxy)+ O2. 2, 9, and b
denote the experiments at total pressures of 7.9, 69.8, and 215 Torr,
respectively (He buffer).
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significant deviation from the single-exponential decay was
observed in either profile obtained with or without O2. The
measured pseudo-first-order decay rates of 1- and 2-methylvi-
noxy radicals are plotted against O2 concentrations in Figure
3a and b, respectively. The error bar on each point denotes the
error limit at two standard deviations derived from the least-
squares analysis. The decay rates linearly depend on [O2], as
shown in Figure 3a and b, and the second-order rate constants
were derived from the slopes of the plots.

As can be found in Figure 3a and b, the second-order rate
constants for both reactions strongly depend on pressures,

whichindicates that the reactions involve the three-body mech-
anism. Therefore, the measurements were carried out under the
pressure range 3-330 Torr with He buffer gas. The experimental
results as well as the experimental conditions are summarized
in Table 1. To avoid the significant contribution of O2 as a third
body, the fraction of O2 in the total pressure was limited to
below ∼10%. Even in the worst case,P ) 7.9 Torr run for
2-methylvinoxy+ O2 shown in Figure 3b, the measured rate
constants linearly depend on [O2] and no apparent quadratic
dependence (expected if the third body effect of O2 is
significant) was found.

The results are shown in Figure 4 along with the rate constants
for nonsubstituted vinoxy radical+ O2 reported previously.3,5

The error bars shown in Figure 4 indicate the error limits at
two standard deviations derived by least-squares analysis. The
solid lines indicate the results of RRKM calculations, which
will be described below. The observed pressure dependence
shows the typical falloff behavior and suggests the dominance
of the recombination processes for 1- and 2-methylvinoxy+
O2 reactions. The high-pressure limiting rate constants for 1-
and 2-methylvinoxy radicals are about 5-7 times larger than
that for nonsubstituted vinoxy radical.

From the observed falloff behavior, the dominant reaction
processes are expected to be the recombination reactions forming
peroxy radicals,

where, it is assumed that the oxygen molecules are attached to
the carbon atoms at 2-position because the vinoxy radicals
should have a character of the carbon-centered radical.4,7,8 The
formation of the trioxy radical (ROOO•) will not be feasible
because of its thermochemical instability.14

To verify the recombination mechanism, as well as to extract
the limiting high-pressure rate constants, RRKM calculations
were performed. The molecular parameters used in the RRKM
calculations were estimated at the B3LYP15/6-31G(d) level and

TABLE 1: Summary of Experimental Results and Experimental Conditions

total pressure (Torr)
k ( 2σa

(10-13 cm3 molecule-1 s-1)
[O2] range

(1016 molecules cm-3)
[P]b

(1014 molecules cm-3)

1-methylvinoxy+ O2

15.3 5.28( 0.56 0.2-3.4 3.2
29.5 6.23( 0.70 0.2-4.3 3.3
56.1 6.65( 0.52 0.4-5.7 4.0
102 7.14( 1.02 0.2-4.5 1.0
150 8.44( 2.08 0.2-4.7 3.0
164 8.18( 1.20 0.4-3.0 0.9
222 8.22( 1.36 0.2-5.9 1.0
333 9.27( 1.87 0.7-3.9 0.5

2-methylvinoxy+ O2

7.9 6.42( 0.44 0.1-2.7 0.2
14.1 7.96( 0.33 0.1-2.5 0.6
19.4 8.52( 0.14 0.1-2.3 0.2
30.0 9.24( 0.97 0.1-2.6 0.6
51.7 10.70( 1.60 0.1-1.9 3.2
69.8 10.51( 0.39 0.1-2.5 0.2
92.7 11.73( 1.48 0.1-2.5 0.2
107 10.70( 1.30 0.1-5.8 1.8
148 10.81( 0.72 0.1-3.9 0.9
215 11.60( 0.40 0.2-5.7 1.6

a Rate constant (k) and its error limit at two standard deviations (2σ). b Concentration of the precursor molecule, P, which is CH2dC(CH3)-
O-CH3 for 1-methylvinoxy or CH3CHdCH-O-C2H5 for 2-methyl vinoxy.

Figure 4. Pressure dependence of the second-order rate constants (k)
for CH2COCH3 (1-methylvinoxy) + O2 (2) and CH3CHCHO (2-
methylvinoxy)+ O2 (b). The rate constants of CH2CHO (vinoxy) +
O2 are from ref 3 (+) and ref 5 (×). Solid lines denote the best fit
results of RRKM calculation. For CH2CHO + O2, the RRKM fit was
made to the experimental data in ref 5. See text for detail.

CH2COCH3 + O2 + M f CH2(OO•)COCH3 + M (3)

CH3CHCHO+ O2 + M f CH3CH(OO•)CHO + M (4)

CH2CHO + O2 + M f CH2(OO•)CHO + M (5)
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the heats of reaction were estimated by the G2 method.16 All
the calculations were performed by using theGaussian 98
program.17 Some torsion vibrations were treated as hindered
rotors.18 The estimated molecular parameters were summarized
in Tables 1S-5S. The effects of the variational transition states
treatment was found to be minor (see Figure 1S for detail) and
was not taken into account. Although the effect was minor, the
angular momentum conservation was included by evaluating
theJ-averaged microcanonical rate constants.19 The steady-state
solution to the master equation was obtained by usingUNIMOL
Program Suite.20 The threshold energy,E0, and the average
downward energy transferred per collision,〈∆Edown〉, were
adjusted so as to reproduce the experimental results.

The best-fit results are shown in Figure 4 by solid lines, and
the derived parameters are shown in Table 2. The limiting high-
pressure rate constants (k∞) for the reactions of 1- and 2-me-
thylvinoxy radicals with O2 obtained from the RRKM fitting
are

and

respectively. The rate constant for reaction 3 fairly well agrees
with the only one previous measurement (1.5× 10-12 cm3

molecule-1 s-1 at 760 Torr of SF6).21 The observed pressure
dependence was also fitted to Troe and colleagues’ formula22

with the parameters (in cm3-molecule-s units)

for reaction 3, and

for reaction 4.
In the fitting procedure,k∞ was kept constant at the value

derived by the RRKM calculation. However, to reproduce the
experimental data,k0 had to be changed significantly. Because
the present experiments were done in a higher-pressure region,
[M] > [M] c, the results were not so sensitive tok0. Further
experimental investigations are needed for the limiting low-
pressure rate constants.

The limiting high-pressure rate constants were determined
with good accuracy by the RRKM calculation, although the
derivedE0 bears less physical meaning because of the uncer-
tainty of the transition-state model. The derived limiting high-
pressure rate constants for reactions 3-5 are smaller than those
for C2H5 + O2, n- andi-C3H7 + O2, and CH3CO + O2 (7.8, 8,
11, and 5.0× 10-12 cm3 molecule-1 s-1, respectively).23 This
difference from the alkyl or acetyl radicals may be explained

as follows: (1) The entrance part of the potential energy surface
is distorted by the resonance stabilization so as to make the
C-O separation at the transition state smaller, or (2) the
transition state istight, reflecting the tight structure of the
resonantly stabilized radicals. The former possibility was also
suggested by the fact that a saddle point was found along the
B3LYP/6-31G(d) reaction coordinate.

The derived values of〈∆Edown〉 (24-123 cm-1) are in the
allowable range for He buffer. By assuming the linear temper-
ature dependence of〈∆Edown〉,24 the value for He buffer at 298
K is expected to be 40-150 cm-1 from the previous reports
for C2H5,24 n-C3H7,25 i-C3H7,26 t-C4H9O,27 and CH3O.28 The
large difference of〈∆Edown〉 between reaction 3 (24 cm-1) and
reaction 4 (54 cm-1) mainly resulted from the difference of the
estimated∆H, for which, however, no experimental or theoreti-
cal investigation has been reported. It should also be noted that,
similar to k0 described above, the present results are not so
sensitive to〈∆Edown〉 and the derived values are subject to change
because of the uncertainty of the RRKM model.

The falloff pressure is apparently shifted to the higher-
pressure side compared with the reactions of C2H5, n- and
i-C3H7, and CH3CO with O2. In the case of the C2H5 + O2

reaction, the rate constant is near the high-pressure limit at 10
Torr of He,29 and in the case ofn- and i-C3H7 + O2 and CH3-
CO + O2, the rate constants are in the high-pressure limit at
1-4 Torr of He.30,31This could be explained by the resonance
stabilization of the vinoxy radicals. As shown in Table 2, C-O
bond dissociation energies (BDEs) of the peroxy radicals (112-
121 kJ mol-1) are smaller than those of alkylperoxy radicals
(136-158 kJ mol-1).32 The smaller C-O BDEs can be
attributed to the loss of the resonance stabilization energy when
the C-O bond is formed. From the RRK or the RRKM theory,
the higher shift of the falloff pressure is expected when the well
becomes shallower, provided the molecular sizes are similar.

Conclusion

In the present study, the rate constants for the reactions of 1-
and 2-methylvinoxy radicals with O2 have been measured at
room temperature (298( 5 K) and in the pressure range of
8-330 Torr (He buffer). Falloff pressure dependence was
observed for both reactions, which indicates the dominance of
recombination reactions forming peroxy radicals.

An RRKM analysis also supports the recombination mech-
anism and, from best fit to the experimental results, the limiting
high-pressure rate constants were derived to be 9.8× 10-13 for
1-methylvinoxy+ O2 and 1.3× 10-12 cm3 molecule-1 s-1 for
2-methylvinoxy + O2. Methyl substitution at either 1- or 2-
position was found to increase the limiting high-pressure rate
constant. Compared with the alkyl radical reactions, the falloff
range shifts toward higher pressure due to the shallower well
caused by the resonance stabilization of vinoxy radicals. The
smaller high-pressure limiting rate constant than the alkyl radical
reaction may also be ascribed to the effect of resonance
stabilization.

TABLE 2: Best-Fit Parameters and Rate Constants Derived by RRKM Calculation

reaction
∆H0

a/kJ
mol-1

E0,rec

kJ mol-1 〈∆Edown〉/cm-1
k0

(10-29cm6 s-1)
k∞

(10-13cm3 s-1)
[M] c

b

(1015 cm-3)

CH2COCH3 + O2 -120.77 -2.50( 0.20 24( 6 13(2.3)c 9.8( 0.8 7.7
CH3CHCHO+ O2 -112.69 -3.51( 0.18 54( 12 25(1.9)c 13.0( 1.0 5.3
CH2CHO + O2

d -112.34 3.06( 0.07 123( 8 0.43(1.3)c 1.97( 0.06 46

a Estimated by G2 method.b Falloff density defined ask∞/k0. c Values in parentheses are uncertainty factors at two standard deviations.d Best fit
was performed to experimental data in ref 5.

k3
∞ ) (9.8( 0.8)× 10-13 cm3 molecule-1 s-1

k4
∞ ) (1.3( 0.1)× 10-12 cm3 molecule-1 s-1

k3
∞ ) 9.8× 10-13, k3

0 ) 1.4× 10-29,

andFcent) 0.487 (M) He, 15-333 Torr)

k4
∞ ) 1.3× 10-12, k2

0 ) 3.7× 10-29,

andFcent) 0.467 (M) He, 8-215 Torr)
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Supporting Information Available: Tables 1S-5S and
Figure 1S containing information on the RRKM model based
on the B3LYP/6-31G(d) level calculations (8 pages). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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