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The laser-induced fluorescence (LIF) excitation spectra of the 4-methylcyclohexoxy and d11-cyclohexoxy
radicals have been measured for the first time. LIF intensity was used as a probe in direct kinetic studies of
the reaction of O2 with trans-4-methylcyclohexoxy and d11-cyclohexoxy radicals from 228 to 301 K. Measured
rate constants near room temperature are uniformly higher than the Arrhenius fit to the lower-temperature
data, which can be explained by the regeneration of cyclic alkoxy radicals from the product of theirâ-scission
and the effect of O2 concentration on the extent of regeneration. The Arrhenius expressions obtained over
more limited ranges werekO2 ) (1.4-1

+8) × 10-13 exp[(-810 ( 400)/T] cm3 molecule-1 s-1 for trans-4-
methylcyclohexoxy (228-292 K) andkO2 ) (3.7-1

+4) × 10-14 exp )[(-760( 400) /T] cm3 molecule-1 s-1 for
d11-cyclohexoxy (228-267 K) independent of pressure in the range 50-90 Torr. The room-temperature rate
constant for the reaction oftrans-4-methylcyclohexoxy radical with O2 (obtained from the Arrhenius fit) is
consistent with the commonly recommended value, but the observed activation energy is∼3 times larger
than the recommended value of 0.4 kcal/mol and half the value previously found for the reaction of normal
cyclohexoxy radical with O2.

Introduction

The degradation of VOCs in polluted air produces alkoxy
radicals via reaction of peroxy radicals with NO. The atmo-
spheric fate of large alkoxy radicals (gC4) is usually determined
by competition amongâ C-C scission, reaction with O2, and
isomerization,1-3 as shown for cyclohexoxy radical in Scheme
1. Different reaction pathways of the alkoxy radicals contribute
differently to the formation of ozone and secondary organic
aerosols;4 therefore, understanding alkoxy radical chemistry in
the atmosphere is of crucial importance for understanding and
modeling smog chemistry.

Vehicle exhaust and evaporation of gasoline are important
sources for the emission of cycloalkanes and substituted
cycloalkanes in urban areas.5 To date, the kinetics of small
acyclic alkoxy radicals has received much attention, and several
smog chamber studies have focused on cyclohexoxy radicals,6-9

but no kinetic information has been reported on any of the
isomers of the methylcyclohexoxy radical. The six-member ring
of cyclohexoxy radicals is also a feature of alkoxy radicals from
terpenes, which are very important in atmospheric chemistry
due to their large emissions and their role in aerosol formation.10

Kinetic studies of alkoxy radicals formed from cyclohexane and
methylcyclohexane may provide insights into alkoxy radicals
derived from terpenes, for which there are nodirectexperimental
studies. Also, because we previously found an unexpectedly high
activation energy for the reaction of cyclohexoxy with O2,11 it

is interesting to investigate the kinetics of related radicals
reacting with O2.

Considerations of the low Arrhenius preexponential (A) factor
for RO• + O2 reactions had led to considerable debate about
the mechanism of this reaction. The concept of an ROOO•

intermediate received some support from quantum calculations
on CH3O• + O2,12 but higher-level calculations by Bofill et al.,
strongly suggest that the CH3OOO• species does not lead to
reaction.13 Instead, their results indicate that theA factor for
abstraction is low due to noncovalent interactions between the
radical center and the O atom of molecular oxygen that isnot
abstracting the hydrogen atom. Building on this work, Setokuchi
et al., have investigated dynamical effects on the rate constant
for RO• + O2 reactions, where R) CH3, C2H5, and C3H7.14

Nevertheless, our understanding of RO• + O2 reactions is far
from complete, even for these simple examples, and more
computational and experimental work is needed.

The technique of laser-induced fluorescence (LIF) has long
been used to monitor small alkoxy radicals (C1-C3) in direct
kinetic studies due to its excellent sensitivity, selectivity, and
time resolution.15-24 More recently, spectroscopic and kinetic
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SCHEME 1 : Potential Reaction Pathways of the
Cyclohexoxy Radical
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investigations have been extended to larger alkoxy radicals,25-30

including cyclohexoxy radical.11 Spectroscopic investigations
of many of these larger alkoxy radicals have also been carried
out under jet-cooled conditions.31-35 Due, in large part, to the
lack of any LIF spectra for substituted cyclohexoxy radicals,
there have been no previous direct studies of their reaction
kinetics.

The rest of this paper is organized as follows: the experi-
mental and computational methods are discussed immediately
below. We then present LIF excitation spectra of the 4-meth-
ylcyclohexoxy and d11-cyclohexoxy radicals, their spectroscopic
analyses, and their conformational assignments. The discussion
then turns to the temperature and pressure dependence of the
absolute rate constant,kO2, for the reaction of thetrans-4-
methylcyclohexoxy and d11-cyclohexoxy radicals with O2. Next,
comparisons are made to the O2 reaction rates of other alkoxy
radicals, and we examine a number of factors that could
confound the analysis of our kinetic data. Finally, we present a
model of howâ-scission influences the measured rate constants
for the O2 reactions of cyclic alkoxy radicals.

Experimental and Theoretical Methods

The method and apparatus used here are more fully described
in refs 11 and 28; only a summary will be given here. An
excimer laser (GAM Laser, Inc., EX100H) operating at 351 nm
was used to photolyze vapor of 4-methylcyclohexyl nitrite or
d11-cyclohexyl nitrite to generate the corresponding 4-meth-
ylcyclohexoxy or d11-cyclohexoxy radicals. A dye laser (Lambda
Physik, FL3002) pumped by another excimer laser (Lambda
Physik, Lextra 100, 308 nm) was used to excite the radicals.
The fluorescence signal from the radicals was converted into
electric signal by a photomultiplier tube, analyzed by a boxcar
recorder, and transferred to a computer.

The excitation (probe) laser was scanned over the region from
346 to 377 nm, with a 5µs delay time between the photolysis
laser and excitation laser (at 227 K and 50 Torr N2). In our
studies, we observed a significant fluorescence signal when the
photolysis laser was blocked. Therefore, in obtaining spectra
of the radicals, we subtracted a background obtained with nitrite
in the chamber but with the photolysis laser blocked. We verified
that the overall signal strengths decreased significantly when
the delay times between the photolysis and excitation lasers were
extended from 5µs to 10 ms.

In the kinetic experiments, the dye laser was fixed at one of
three different excitation wavelengths: 354.246, 351.160, and
349.910 nm for the 4-methylcyclohexoxy radical and 347.446,
365.731, and 352.802 nm for the d11-cyclohexoxy radical.
These wavelengths are marked by stars in Figures 1 and 2.

The nitrites were synthesized by the dropwise addition of a
mixture of sulfuric acid and the corresponding alcohol to an
aqueous sodium nitrite solution36 and purified by trap-to-trap
distillation. The well-established mechanism of nitrite synthesis
is shown in Scheme 2.37 Because the C-O bond of the alcohol
is not broken, the configuration (cis or trans) of 4-methylcy-
clohexyl nitrite is expected to retain that of the starting alcohol.
FTIR38 and NMR38 spectra were obtained to verify the structure
and purity of all the nitrites. In this research, 4-methylcyclohexyl
nitrites were synthesized as isomerically pure forms and as
mixtures of trans and cis isomers from the corresponding
alcohols: puretrans-4-methylcyclohexanol (97%, Aldrich Inc.),
purecis-4-methylcyclohexanol (98%, Acros Inc.), and a mixture
of trans- andcis-4-methylcyclohexanol (99%, Aldrich Inc.). The
purity of the 4-methylcyclohexyl nitrites was confirmed by

GC/MS (Hewlett-Packard GC: 5890 Series II and MS: 5898A).
GC analysis of 4-methylcyclohexyl nitrite confirmed the starting
alcohols were the only major impurities in the nitrites:cis-4-

Figure 1. Laser-induced fluorescence (LIF) excitation spectrum of the
d11-cyclohexoxy radical at 227 K and 50 Torr N2. The partial pressure
of d11-cyclohexyl nitrite was 6.5 mTorr. Peaks used in the kinetics
experiments are marked with a *. Spectra: (a) spectrum of d11-
cyclohexoxy; (b) overall spectrum of d11-cyclohexoxy and d11-
cycloheoxyl nitrite; (c) spectrum of d11-cyclohexyl nitrite; (d) back-
ground of instrument (spectrum without d11-cyclohexyl nitrite). Spectra
have been displaced vertically for ease of comparison.

Figure 2. Laser-induced fluorescence (LIF) excitation spectrum of the
4-methylcyclohexoxy radical at 227 K and 50 Torr N2. The partial
pressure of the mixture ofcis- and trans-4-methylcyclohexyl nitrite
was 6.5 mTorr. Peaks used in the kinetics experiments are marked with
a *. Spectra: (a) spectrum of 4-methylcyclohexoxy; (b) overall spectrum
of 4-methylcyclohexoxy and 4-methylcyclohexyl nitrite; (c) spectrum
of 4-methylcyclohexyl nitrite; (d) background of instrument (spectrum
without 4-methylcyclohexyl nitrite).

SCHEME 2 : Mechanism of Formation of Alkyl Nitrites
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methylcyclohexyl nitrite (>86% pure),trans-4-methylcyclo-
hexyl nitrite (>94% pure), and mixture of isomers (>99% pure).
The ratio oftrans- to cis-4-methylcyclohexyl nitrite was about
5:2. The liquid nitrite samples were kept at-20 °C when not
in use. In the spectroscopic experiments, the vapor of the nitrite
precursor was flowed at a partial pressure of 2.0-13 mTorr
and was balanced by N2 (Haun Welding Supplies, 99.999%)
up to 50 Torr total pressure. Total pressures of 50 and 90 Torr
were used in kinetics experiments.

To estimate the concentration of the mixture ofcis- andtrans-
4-methylcyclohexoxy produced in the photolysis pulse, we
carried out a single measurement of the UV spectrum of
4-methylcyclohexyl nitrite in a 10 cm Pyrex cell with quartz
windows. The resultant (approximate) absorption cross section
at 351 nm was 1.7× 10-19 cm2 molecule-1. Using this value
and the photolysis laser fluence of 20 mJ/cm2, we estimate the
initial alkoxy radical concentration to be 2.4× 1012 molecules/
cm3 at 6.5 mTorr nitrite (or 8× 1011 molecules/cm3 at 2.0 mTorr
nitrite). As the peak absorption cross-sections of alkyl nitrites
appear to be relatively insensitive to molecular structure, and
as the cross section varies only by a factor of∼3 between peaks
and troughs in the spectrum,11,28,39the initial concentration of
the d11-cyclohexoxy radical should be similar to that of
4-methylcyclohexoxy radical. The temperature of the gases
inside the cell was varied between 228 and 301 K. The partial
pressure of O2 (Messer, 99.999%) was varied from 0.3 Torr
(1.0 × 1016 molecules/cm3 at 298 K) to 10.0 Torr.

Quantum chemical computations were carried out with the
GAUSSIAN98 series of programs40 using the hybrid exchange
functional of Becke and the correlation functional of Lee, Yang,
and Parr, a combination denoted B3LYP.41,42 The B3LYP
functional was combined with the 6-31G(d,p) basis set, a
combination that typically yields fairly accurate activation
barriers toâ-scission and H-shift reactions of alkoxy radicals.43-45

Structures and harmonic vibrational frequencies were obtained
for multiple conformers ofcis- andtrans-4-methylcyclohexoxy
radicals. Transition states were found for theâ-scission of the
d11-cyclohexoxy radical and the trans isomer of the 4-meth-
ylcylohexoxy radical, and for the 1,6 H-shift reaction of the
twist-boat conformer of thecis-4-methylcylohexoxy radical.
Vibrational frequencies were inspected to verify the identity of
potential energy minima and transition states.

Results and Discussion

1. LIF Detection of 4-Methylcyclohexoxy and d11-Cyclo-
hexoxy Radicals. Figure 1d shows the instrumental blank
obtained by scanning the dye laser from 345 to 376 nm in the
absence of nitrite. The background spectrum, depicted in Figure
1c, is obtained by adding d11-cyclohexyl nitrite to the gas flow
with the photolysis laser blocked. Strong LIF signals with no
clear vibrational structure cover the wavelength region of
interest. Although small nitrites are thought to dissociate on an
ultrafast time scale (<1 ps) upon photoexcitation,46,47 some
photochemical experiments suggest quantum yields for photo-
dissociation that are less than unity.48 The overall LIF spectrum
arising from both the d11-cyclohexoxy radical and d11-
cyclohexyl nitrite obtained when the photolysis laser is un-
blocked is shown in Figure 1b. Because only∼1% of the d11-
cyclohexoxy nitrite was photolyzed in the chamber, the decrease
in spectral intensity due to loss of d11-cyclohexyl nitrite is not
detectable against the experimental noise. After subtracting the
background spectrum, one obtains Figure 1a: the LIF spectrum
arising from d11-cyclohexoxy alone. The spectrum is dominated

by the progression labeled A in Figure 1a, which consists of
four pairs of peaks, split by∼76 cm-1, with an interval of∼640
cm-1. No obvious progression was found involving peaks at
an energy lower than 26 698 cm-1. In addition to progression
A, there are two other clear progressions that also possess∼640
cm-1 intervals. The apparent origins of these progressions are
displaced to higher frequency with respect to each peak in
progression A: progression B with four (singlet) peaks,∼353
cm-1 higher; progression C with three (multiplet) peaks,∼480
cm-1 higher.

Several progressions were observed in the spectrum of the
normal cyclohexoxy radical, all of which possessed intervals
of ∼685 cm-1, and all of which were assigned to the CO
stretch.11,34 It therefore seems very likely that the 640 cm-1

progression in the d11-cyclohexoxy radical also arises from the
C-O stretch mode. The splitting of 76 cm-1 in progression A
recalls the∼60 cm-1 splitting in normal cyclohexoxy radical,
which Zu et al.34 suggested was due to the splitting of the X˜
and Ãstates. Note that Zu et al.34 assigned the B˜ -Ã and B̃-X̃
transitions of normal cyclohexoxy to 26 693.1 and 26 754.3
cm-1, respectively. We correspondingly suggest that the strong
peaks at 26 698 and 26 774 cm-1 are the origin bands of the
B̃-Ã and B̃-X̃ transitions, respectively, of the d11-cyclohexoxy
radical.

Like cyclohexoxy,11 d11-cyclohexoxy radical possesses equa-
torial and axial conformers, as shown below, and the equatorial
conformer is expected to dominate:49

The presence of only a single vibrational interval suggests, as
it did for cyclohexoxy, that only one conformer is contributing
significantly to the spectrum. Zu et al., carried out a rotational
analysis of the spectrum of the cyclohexoxy radical cooled in
a supersonic expansion and concluded that the spectra seen in
our previous experiments11 and theirs34 arose from the equatorial
conformer. By analogy to their work, we suggest that the
observed spectrum of the d11-cyclohexoxy radical also arises
from the equatorial conformer.

The approach described above for d11-cyclohexoxy radicals
was used to obtain the LIF spectrum of a mixture of trans and
cis isomers of 4-methylcyclohexoxy radicals and distinguish it
from that of the nitrite precursor (see Figure 2). The dominant
progression marked as A in Figure 2a is found to carry four
pairs of peaks starting at 26 836 cm-1, split by ∼71 cm-1, at
∼690 cm-1 intervals. No obvious peaks or progressions appear
below 26 836 cm-1, which is consistent with previous results
for the transition origin of normal cyclohexoxy radicals.11,34

Three other reproducible progressions with intervals of∼690
cm-1 are designated B, C, and D in Figure 2. The apparent
origins of these transitions are shifted to higher frequency with
respect to each peak in progression A: progression B with three
(singlet) peaks,∼351 cm-1 higher; progression C with three
(triplet) peaks,∼534 cm-1 higher; progression D with two
(multiplet) peaks,∼864 cm-1.

Using the same procedure, we obtained the spectrum of the
cis and trans isomers of the 4-methylcyclohexoxy radical
separately. Thetrans-4-methylcyclohexoxy radical yields the
spectrum shown in Figure 3a, which is essentially the same as
that obtained from a mixture oftrans- andcis-4-methylcyclo-
hexoxy radicals. The spectrum of purecis-4-methylcyclohexoxy,
shown in Figure 3b, was very weak.
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trans-4-Methylcyclohexoxy radical has two significant con-
formers, diequatorial and diaxial:

Our B3LYP/6-31G(d,p) calculations indicate that the diequa-
torial conformer is more stable than the diaxial conformer by
2.7 kcal/mol (see Table 1). This is consistent with estimates of
the conformational energies of the analogous closed shell
alcohol.50 If correct, an equilibrium mixture oftrans-4-meth-
ylcyclohexoxy radical at 227 K would contain only 0.2%, and
at 298 K, only 1% of the diaxial conformer. The large signal
strength (comparable to that obtained for cyclohexoxy or d11-
cyclohexoxy) strongly suggests that our signal results from the
diequatorial conformer. Although it is possible that nitrite
photolysis produces a ratio of conformers that differs signifi-
cantly from the equilibrium ratio, the spectrum observed from
thetrans-4-methylcyclohexoxy radical does not appear to change
shape with time, and the peak intensity decays by less than
experimental error in 100µs (at 298 K in the absence of added
O2). If the spectrum arose from the diaxial conformer, it would
be expected to convert to the diequatorial conformer with a half-
life of ∼10 µs at 298 K.49 Therefore, the LIF spectrum is
assigned to the diequatorial conformer of thetrans-4-methyl-
cyclohexoxy radical. The similarity of the intervals in normal
cyclohexoxy andtrans-4-methylcyclohexoxy suggest that both
spectra arise from conformers with the radical center in the same
orientation (equatorial) and support the conformational assign-
ment of normal cyclohexoxy radical made by Zu et al.34

2. Reactions of 4-Methylcyclohexoxy and d11-Cyclohexoxy
with O2. The kinetic studies used very large excesses of
molecular oxygen to ensure pseudo-first-order conditions. Due
to the large cost of the isomerically purecis- or trans-4-
methylcyclohexanol, which is the starting material for synthesis
of the alkoxy radical precursors, the kinetic studies used mixtures
of the cis and trans isomers. Because only the trans isomer yields
significant fluorescence, the kinetics are attributable to that
isomer alone.

Figure 4 shows a typical plot of the natural logarithm of LIF
intensity (after correction for background LIF signals) versus
delay time fortrans-4-methylcyclohexoxy in the presence of

various concentrations of O2. Pseudo-first-order reaction rate
constants,kfirst, are calculated from the slopes of each line. We
note here that the vibrational structure of the spectrum does
not change with delay time, indicating that there is no significant
fluorescence from the reaction products. Bimolecular reaction
rate constants were obtained from the slopes of linear fits to
plots ofkfirst versus the concentration of O2, examples of which
are shown in Figure 5. The high linearity of the data shown in
Figures 4 and 5 confirms the applicability of the pseudo-first-
order approximation to our experiments.

An Arrhenius plot of the bimolecular rate constants is shown
in Figure 6, and the results of each experiment are listed in
Table 2. The Arrhenius expression is

where the cited errors represent two standard deviations of the
statistical error, and the weight of each data point was set to
the inverse of its uncertainty. On the basis of the Arrhenius fit,
the rate constant at 298 K is calculated askO2 ) 9.2 × 10-15

cm3 molecule-1 s-1.
Figure 7 shows the pseudo-first-order loss of d11-cyclohexoxy

at several O2 concentrations. The pseudo-first-order rate con-
stants are plotted versus O2 concentration in Figure 8. All the
bimolecular rate constants are listed in Table 3, and Figure 9
shows the Arrhenius plot. The Arrhenius expression is found
to be

The 298 K rate constant derived from the above expression is
2.8 × 10-15 cm3 molecule-1 s-1 which, as expected, is much
slower than the reaction rate observed for isotopically normal
cyclohexoxy radicals (1.8× 10-14 cm3 molecule-1 s-1).

Arrhenius parameters for other alkoxy radicals reacting with
O2 are listed in Table 4. The Arrhenius preexponential (A) factor
reported here for the reaction oftrans-4-methylcyclohexoxy with
O2 is larger than theA factor found for any other alkoxy radicals
except for our previously reported value for the cyclohexoxy
radical. The activation energies reported fortrans-4-methylcy-
clohexoxy and d11-cyclohexoxy radicals are larger than those
of most alkoxy radicals except for methoxy and cyclohexoxy
radicals and about 3-4 times higher than the typical value for
acyclic secondary alkoxy radicals.1-3

Consider the statistical uncertainties reported for the indi-
vidual rate constant determinations. In the measurements of both
trans-4-methylcyclohexoxy and d11-cyclohexoxy radicals, stan-
dard deviations generally increase with increasing tempera-
ture: from 2% at 228 K to 10% at 301 K for 4-methylcyclo-
hexoxy and from 2% at 228 K to 30% at 301 K for
d11-cyclohexoxy radical. The trends of uncertainties reflect the
enormous impact of competing fates of the alkoxy radicals (other
than reaction with O2) at higher temperatures. Consider the
intercepts of our plots ofkfirst vs [O2], which represent the rates
of reactions competing with the O2 reaction to remove alkoxy
radicals. These intercepts are very large at the higher temper-
atures used here. Fortrans-4-methylcyclohexoxy, the intercept
at 301 K (2.1× 105 s-1) essentially equals the implied pseudo-
first-order rate constant (2.2× 105 s-1) for reaction with O2 at
the highest O2 concentration used (9× 1016 molecule/cm3).
Therefore, fluctuations in the rates of these competing reactions
contribute significantly to the scatter in the measured bimo-

Figure 3. LIF excitation spectra of (A)trans-4-methylcycloheoxy
radical and (B)cis-4-methylcyclohexoxy radical.

kO2 ) (1.0-0.5
+3 ) × 10-13

exp [(-710-200
+320)/T] cm3 molecule-1 s-1 (228-301 K)

kO2
) (2.6-2

+4) × 10-14

exp[(-660( 260)/T] cm3 molecule-1 s-1 (228-301 K)
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lecular rate constants at the higher temperatures used here. The
uncertainties in the rate constants measured here for the d11-
cyclohexoxy radical are higher than those for thetrans-4-
methylcyclohexoxy radical. This is an artifact of the experi-
mental conditions and the much lower rate constant of the O2

reaction of the d11-cyclohexoxy radical vs thetrans-4-meth-
ylcyclohexoxy radical: we used higher O2 concentrations for
the experiments with the d11-cyclohexoxy radical, and O2 is
an efficient quencher of alkoxy radical fluorescence.11,28

In the determination of Arrhenius parameters for both alkoxy
radicals, individual rate constants were assigned weights

inversely proportional to their relative uncertainties. This is why
the highly uncertain data points near room temperature do not
bracket the Arrhenius fit in Figure 6 or, much more noticeably,
in Figure 9. The deviation of the room temperature data from
the Arrhenius fit is discussed extensively in section 3 of the
Results and Discussion.

TABLE 1: Absolute Energies (Hartrees), Zero Point Energies (in Parentheses, kcal/mole), and Relative Energies (kcal/mol, with
Respect to the Global Minimum) of Isomers, Conformers, and the Transition State of the 1,6 H-Shift of the
4-Methylcyclohexoxy Radical, at the B3LYP/6-31G(d,p) Level of Theory

conformation

equatorial C-O axial C-O twist-boat conformer

abs energy rel energy abs energy rel energy abs energy rel energy

trans-4-methylcyclohexoxy -349.75918 (118.0) 0 -349.75531 (118.3) 2.7
cis-4-methylcyclohexoxy -349.75597 (118.2) 2.2 -349.75865 (118.1) 0.4 -349.74788 (119.0) 8.1
TS for 1,6 H-shift -349.73034 (115.6) 15.7
product of 1,6 H-shift -349.74488 (118.3) 9.3
TS for â-scission -349.73741 (116.2) 11.8
Product ofâ-scissiona -349.74500 (114.8) 5.7

a In extended conformation. The identity of product is independent of whether it is formed fromcis- or trans-4-methylcyclohexoxy.

Figure 4. Typical linear decays of ln(LIF intensity) as a function of
the delay time for of thetrans-4-methylcyclohexoxy radical reacting
with various concentrations of O2 at total pressure 50 Torr and 246 K.

Figure 5. Linear fits of the pseudo-first-order rate constant for loss of
trans-4-methylcyclohexoxy versus the O2 concentration at 239, 251,
and 267 K.

Figure 6. Arrhenius plot showing the temperature dependence of the
rate constant for the reaction oftrans-4-methylcyclohexoxy with O2.

TABLE 2: Bimolecular Rate Constants of
4-Methylcyclohexoxy Reaction with O2 at Different
Temperatures, Probe (Excitation) Laser Wavelengths, Total
Pressure, and RONO Partial Pressures

T (K)

probe laser
wavelength

(nm)
P

(Torr)

RONO partial
pressure
(mTorr)

k (cm3

molecule-1 s-1)

228 354.246 90 6.5 (4.1( 0.1)× 10-15

230 354.246 50 6.5 (4.7( 0.2)× 10-15

233 354.256 90 6.5 (3.7( 0.2)× 10-15

236 354.246 50 2.0 (5.0( 0.1)× 10-15

239 354.246 50 6.5 (3.8( 0.3)× 10-15

241 351.161 50 6.5 (6.2( 0.2)× 10-15

245 354.246 50 6.5 (5.3( 0.2)× 10-15

245 349.910 50 6.5 (5.2( 0.2)× 10-15

246 354.246 50 2.0 (5.5( 0.2)× 10-15

251 354.246 50 6.5 (5.7( 0.3)× 10-15

263 354.246 50 2.0 (6.4( 0.3)× 10-15

264 351.161 90 6.5 (6.0( 0.7)× 10-15

267 354.246 50 6.5 (5.8( 0.5)× 10-15

280 349.910 50 6.5 (7.6( 0.5)× 10-15

285 354.246 90 6.5 (1.0( 0.1)× 10-14

285 354.246 50 6.5 (6.8( 1.0)× 10-15

289 349.910 50 6.5 (9.6( 1.2)× 10-15

293 354.246 50 6.5 (9.2( 2.2)× 10-15

301 354.261 50 6.5 (1.2( 0.2)× 10-14

301 354.261 50 6.5 (1.5( 0.3)× 10-14
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The large differences between the Arrhenius parameters for
trans-4-methylcyclohexoxy and normal cyclohexoxy is baffling
and motivates us to consider some potential confounding factors.

Reaction of alkoxy radicals with other radicals, such as O atom,
OH, or HO2 might undermine accurate measurement ofkfirst

andkO2. To determine if this sort of secondary radical chemistry
is a problem, we reduced the nitrite (radical precursor)
concentration by a factor of 3 and repeated the rate constant
determinations at three temperatures (see Tables 2 and 3).
However, the three rate constants obtained using one-third the
initial radical concentration are indistinguishable from those
obtained at the higher radical concentrations used in most of
the experiments. This makes it extremely unlikely that secondary
radical chemistry is significantly affecting our determination
of kO2.

A second test of the potential for secondary radical chemistry
was carried out by modeling the side reactions at 228 and 301
K. We tried to make this model a stringent test of the potential
for secondary radical chemistry by (1) modeling d11-cyclohex-
oxy (which has the slowest rate of reaction with O2 of the three
radicals of interest), (2) using the lowest experimental O2

concentration (5× 1016 molecules/cm3), and (3) maximizing
the assumed value of the rate constants for d11-cyclohexoxy
self-reaction and the reaction d11-cyclohexoxy+ DO2 (1 ×
10-10 cm3 molecule-1 s-1). Under these conditions, the biggest
loss process for the d11-cyclohexoxy radical was reaction with
d11-cyclohexyl nitrite. For this reaction, we assigned a rate
constant of 4× 10-12 cm3 molecule-1 s-1 (which corresponds
to the reported rate constant for the RO+ RONO reactions of
other alkoxy radicals, excluding RdCH3).25,29,30The dominance
of the (pseudo-first order) RO• + RONO reaction in the model
confirms that secondary radical chemistry should not interfere
with our analysis.

As noted previously and depicted in Figures 1 and 2, the
kinetic experiments used three different excitation (probe)
wavelengths for each radical. Because results from all three
wavelengths are consistent within the scatter of the data, it is
unreasonable to suggest that other fluorescing species are
significantly interfering with our determinations. One must
consider, however, the inversion reaction of these radicals. The
approximate lifetime of the inversion reaction for monosubsti-
tuted cyclohexanes in solution is∼5 µs at room temperature
and∼1 ms at 228 K.49,50 The time scale for kinetic measure-
ments is 10µs to 15 ms in our experiments, so the inversion
may well be occurring in our experiments. In the case oftrans-
4-methylcyclohexoxy, equilibrium favors the diequatorial con-

Figure 7. Typical linear decays of ln(LIF intensity) as a function of
the delay time for d11-cyclohexoxy reacting with various concentrations
of O2 at total pressure 50 Torr and 231 K.

Figure 8. Linear fits of the pseudo-first-order rate constant for loss of
d11-cyclohexoxy versus the O2 concentration at 231, 251, and 274 K.

TABLE 3: Bimolecular Rate Constants of d11-Cyclohexoxy
Reaction with O2 at Different Temperatures, Probe
(Excitation) Laser Wavelengths, Total Pressure, and RONO
Partial Pressures

T (K)

probe laser
wavelength

(nm)
P

(Torr)

RONO partial
pressure
(mTorr)

k (cm3

molecule-1 s-1)

228 347.446 50 6.5 (1.5( 0.1)× 10-15

231 347.446 50 6.5 (1.2( 0.2)× 10-15

239 347.446 50 6.5 (1.9( 0.1)× 10-15

239 365.732 50 2.6 (1.4( 0.1)× 10-15

243 347.446 50 6.5 (1.8( 0.1)× 10-15

243 347.446 50 6.5 (1.2( 0.3)× 10-15

247 365.732 90 6.5 (1.6( 0.1)× 10-15

247 352.802 50 6.5 (1.7( 0.1)× 10-15

251 347.446 50 6.5 (2.0( 0.2)× 10-15

255 347.446 50 2.6 (1.7( 0.1)× 10-15

257 347.447 50 6.5 (2.0( 0.1)× 10-15

267 347.447 50 6.5 (2.4( 0.4)× 10-15

274 365.732 50 6.5 (2.5( 0.5)× 10-15

275 352.802 90 6.5 (2.3( 0.4)× 10-15

275 365.732 50 13 (2.5( 0.6)× 10-15

284 347.447 50 6.5 (3.5( 1.8)× 10-15

293 347.446 50 13 (7.7( 2.4)× 10-15

301 347.446 50 6.5 (2.4( 1.4)× 10-14

Figure 9. Arrhenius plot showing the temperature dependence of the
rate constant for the reaction of d11-cyclohexoxy with O2.
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former so strongly that conformational interchange cannot
significantly affect the kinetics. However, if conformational
interchange was affecting the measured concentration of d11-
cyclohexoxy radical, we would expect to see nonlinearities in
some of our plots of ln(intensity) versus time shown in Figure
7. Because we observe neither of these behaviors, we conclude
that conformational interchange, though possibly occurring to
a significant extent in some of our experiments, is not greatly
affecting our kinetic results.

The above discussion suggests no obvious sources of error
that would explain the activation energies for the O2 reactions
of trans-4-methylcyclohexoxy and d11-cyclohexoxy radicals
being 3-4 times higher than the recommended values, nor for
the difference between the Arrhenius parameters oftrans-4-
methylcyclohexoxy versus the normal cyclohexoxy radical.

3. Modeling the Influence of Scission on Measure Rate
Constants. If we were working withacyclic alkoxy radicals,
the scission reactions would not affect the determination of
bimolecular rate constants. However, consider the effect of [O2]
on the concentration of cyclic alkoxy radicals, as depicted for
cyclohexoxy radical in Scheme 3.

At the low [O2] used in our experiments, the 6-oxohexyl
radicals formed in the scission reaction might transform back
to alkoxy radicals via reaction (-2) at rates competitive with
the removal of the 6-oxohexyl radical via reaction with O2

(reaction 3). Due to the strong temperature dependence of
reaction 2, the effect of [O2] on the competition between
reactions (3) and (-2) will be much more apparent at high
temperature than at low temperature. Because our Arrhenius
fits of alkoxy + O2 rate constants are weighted heavily by the
low temperature data, the Arrhenius parameters may be fairly
accurate representations of the bimolecular rate constants despite
this problem. Recall that the measured alkoxy+ O2 rate
constants at the upper end of the temperature range studied are
higher than the Arrhenius fit to the rate constants (see Figures
6 and 9). Note that the fitted high-temperature rate constants
for the alkoxy + O2 reactions increase in the order d11-
cyclohexoxy< 4-methylcyclohexoxy< normal cyclohexoxy,
so the influence of the reverse scission reaction (-2) is likely
to be most important for d11-cyclohexoxy and least important
for normal cyclohexoxy. This is qualitatively consistent with
the extent of the temperature range over which the measured
alkoxy + O2 rate constants deviate significantly from the
Arrhenius fits: T g 284 K for d11-cyclohexoxy,T ) 301 K
for trans-4-methylcyclohexoxy, and not at all for normal
cyclohexoxy radical.11

A reasonable kinetic model can be constructed to determine,
semiquantitatively, the feasibility of this explanation for the
deviation of the high-temperature data from the Arrhenius fits.
The idea is to analyze the modeled loss rate of alkoxy radicals,
in the same manner as experiment, to determine theapparent

bimolecular rate constants for the alkoxy+ O2 reactions. If
Scheme 3 captures the chemistry important in our experiment,
then the modeled and experimental rate constants should agree
with each other and disagree with the Arrhenius parameters near
room temperature. Using the numbering system of Scheme 3,
and generalizing it to all three cyclic alkoxy radicals considered
here, we takek1 from the Arrhenius fits reported here and in
ref 11, and 8× 10-12 cm3 molecule-1 s-1 as a reasonable value
for k3.51 The activation barrier to the scission reactions (2) were
calculated for d11-cyclohexoxy and 4-methylcyclohexoxy at
B3LYP/6-31G(d,p). Absolute and relative energies are reported
in Table 1, and the Arrhenius parameters were calculated at 50
Torr N2 using the UNIMOL program52 in the same manner as
we previously calculated the rate for the normal cyclohexoxy
radical.11

Although B3LYP/6-31G(d,p) has generally performed well in
calculating barriers to theâ-scission of alkoxy radicals, as noted
previously, it often does poorly for the energy of reaction,53-55

which creates a large uncertainty ink-2. Therefore,k-2 was
calculated three times, allowing the value of the barrier height
to be incremented in steps of 2.0 kcal/mol and recalculating
the 50 Torr rate constant using UNIMOL. Table 5 reports the
resulting Arrhenius fits to the 50 Torr rate constants.

The kinetic model was run using the program KINTECUS56

at a range of [O2] spanning the range used in the present
experiments. At each [O2], a kfirst for loss of alkoxy was
determined from the slope of a plot of the natural logarithm of
the computed concentration versus time, and these values of
kfirst were plotted vs [O2] (analogous to Figures 5 and 8) to

SCHEME 3 : Reactions Controlling the Fate of the
Cyclohexoxy Radical in Our Experiments

TABLE 4: Arrhenius Parameters for the Reactions of
Various Alkoxy Radicals with O2

radical
1015A (cm3

molecule-1 s-1) Ea/R
T range

(K) ref

CH3O 55 1000 298-450 17
C2H5O 71 550 295-411 19

24 325 295-354 24
1-C3H7O 14 110 223-303 21

25 240 289-381 24
2-C3H7O 10 220 218-313 21

15 190 298-383 18
16 265 288-364 24

2-C4H9O 23 170 223-305 60
3-pentoxy 4.1 -310 220-285 28
cyclohexoxy 5850 1720 225-302 11
Secondary alkoxy 15 200<600 1
trans-4-methylcyclohexoxya 100 710 228-301 this

(140) (810) (228-292) work
d11-cyclohexoxya 26 660 228-301 this

(37) (760) (228-267) work

a Values in parentheses arise out of the elimination of higher-
temperature data points from our analysis, as justified in see section 3
of the Results and Discussion.

TABLE 5: Arrhenius Parameters of Reverse Scission
Reaction (-2 in Scheme 3) at 50 Torr Calculated Using the
B3LYP/6-31G(d,p) (Asterisked) Activation Barrier and
Barriers Incremented in Steps of 2 kcal/mol

trans-4-methylcyclohexoxy barrier (kcal/mol) 6.2* 8.2 10.2
10-10A (s-1) 4.5 5.3 5.5
Ea (kcal/mol) 5.4 7.5 9.5

d11-cyclohexoxy barrier (kcal/mol) 6.9* 8.9 10.9
10-10A (s-1) 1.6 1.7 1.8
Ea (kJ/mol) 6.1 8.1 10.1

kscission,4-mecyc) 1.8× 1013 exp(-12.2 (kcal/mol)/RT) s-1

kscission,d11-cyc ) 2.4× 1013 exp(-12.4 (kcal/mol)/RT) s-1
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extract apparent bimolecular rate constants for the alkoxy+
O2 reaction. This process was repeated at several temperatures
spanning the range used in these experiments. Under the
experimental conditions, plots of the natural logarithm of the
computed concentration versus time were linear; these plots
would show strong nonlinearities if extended to lower [O2], as
would plots ofkfirst for loss of alkoxy vs [O2].

Figures 10 and 11 show the results for thetrans-4-methyl-
cyclohexoxy and d11-cyclohexoxy radicals, respectively. The
experimental data are best fit if the activation barrier to reaction
(-2) is 4.0 and 2.0 kcal/mol higher than the B3LYP/6-31G-
(d,p) values fortrans-4-methylcyclohexoxy and d11-cyclohex-
oxy, respectively. An error this large in the B3LYP reaction
energy is quite reasonable.43,45,54,55Also, it should be noted we
only considered a single (extended) conformer of the product
of â-scission. Not only is it the case that this conformer might
not have been the lowest-energy conformer, but also the impact
of multiple conformations57 on k-2 was not taken into account;
both of these factors would tend to make the true rate constant,
k-2, lower than suggested by B3LYP/6-31G(d,p). For the normal
cyclohexoxy radical, the model indicates an insignificant effect
of reaction (-2) on the alkoxy radical loss rate, which is
consistent with the effect of the magnitude ofk1 on the
importance of Scheme 3 to the rate of loss of the alkoxy radical.
Therefore, we suggest this mechanism as a feasible explanation
for the deviation of the high-temperature data from the Arrhenius
fit. We suggest the following revised Arrhenius fits over more

limited temperature ranges as more reliable representations of
the actual rate of the elementary alkoxy+ O2 reactions:

These cyclic alkoxy+ O2 reactions would be effectively
irreversible at 1 atm of air at 298 K; the low (1-10 Torr)
concentrations of O2 used in these experiments adds this
complexity to the kinetics at the higher temperatures studied
here. Note, also, thatâ-scission is effectively irreversible for
acyclic alkoxy radicals even at the lowest [O2] used in these
experiments.

Let us consider the intercepts of our of plots ofkfirst versus
O2 (Figures 5 and 8). Figure 12 depicts the modeled and
experimental intercepts, along with the fit to the modeled
intercepts. Note that modeled and experimental intercepts agree
well at temperatures above 250 K. This supports the accuracy
of the model used to evaluate the effect of Scheme 3 on the
observed rate of these alkoxy+ O2 reactions.

Finally, let us consider the 1,6 H-shift ofcis-4-methylcyclo-
hexoxy, relative energies of which are listed in Table 1. This
reaction would appear to be slow, because the transition state
lies 7.6 kcal/mol above the twist-boat conformer, which, in turn,
is 7.7 kcal/mol higher than the most stable conformer ofcis-
4-methylcyclohexoxy. Therefore, the activation energy of the
1,6 H-shift is effectively 15.3 kcal/mol. TheA factor for the
1,6 H-shift in alkoxy radicals has been computed to be about
70 times lower58 than theA factor for the 1,5 H-shift (∼2 ×
1012 s-1 at 1 atm).59 Therefore, the 1,6 H-shift should be

This reaction will be unimportant to the fate ofcis-4-methyl-
cyclohexoxy under atmospheric conditions.

Figure 10. Comparison of experimental and modeled (based in
Scheme 3) apparent rate constants fortrans-4-methylcyclohexoxy
reacting with O2.

Figure 11. Comparison of experimental and modeled (based in Scheme
3) apparent rate constants for d11-cyclohexoxy reacting with O2.

Figure 12. Arrhenius plot showing the temperature dependence of
the intercepts of our plots of pseudo-first-order rate constant versus
the O2 concentration. Both modeled and experimental results are shown,
along with the fit to the model results.

trans-4-methylcyclohexoxy (228-292 K)

kO2
) (1.4-1

+8) × 10-13

exp[(-810( 400)/T] cm3 molecule-1 s-1

d11-cyclohexoxy (228-267 K)

kO2
) (3.7-1

+4) × 10-14

exp[(-760( 400)/T] cm3 molecule-1 s-1

kiso,CH3
) 3 × 1010

exp[-15.3 kcal/mol/RT] s-1 ) 0.2 s-1 (298 K)
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Conclusion

We have reported the first observation of the LIF excitation
spectra oftrans-4-methylcyclohexoxy and d11-cyclohexoxy
radicals. Both spectra are consistent with a single conformer,
and thermodynamic analysis of the conformers oftrans-4-
methylcyclohexoxy indicates that the radical center must occupy
the equatorial position. The rate constants for the O2 reaction
of both alkoxy radicals have been measured by directly
monitoring the disappearance of the radicals with LIF. The affect
of O2 concentration on the competition between the reversal of
the â-scission reaction and the removal of the product of
â-scission has been analyzed. This competition may explain the
tendency of our higher-temperature data to deviate upward from
the Arrhenius fits, which are largely controlled by the lower-
temperature data.
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