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The laser-induced fluorescence (LIF) excitation spectrum of cyclohexoxy radical has been measured for the
first time. The dominant vibrational progression is consistent with computations, at CI$6{d8}), of the

C—O0 stretch frequency of the axial conformer of cyclohexoxy radical. LIF intensity was used as a probe in
direct kinetic studies of the reaction of cyclohexoxy radicals withThe Arrhenius expression obtained was

ko2 = (5.8 4 2.3) x 10 2 exp[(—14.3+ 0.8) kJ/molRT] cm® molecule® s™1 (225-302 K), independent of
pressure in the range 5025 Torr. The room temperature rate constant for this reaction is a factor of 2
higher than the commonly recommended value, but the observed activation energy is 9 times larger than the
recommended value of 1.6 kJ/mol. Combining our results with the ratio of rate con&tafksission measured

in chamber experiments, we obtained an Arrhenius expressida.far, the rate constant fgi C—C scission

of cyclohexoxy radical. However, the resulting Arrhenius preexponential factor of 4®° s is unreasonably

high compared with the value of2 x 10'* s! obtained in our RRKM/Master Equation calculations as well

as in calculations and experiments reported for other alkoxy radicals. The apparent discrepancy is resolved
by examining the uncertainties in the valueskgfssionand the limited temperature range spanned by the
relative rate experiments. A part of the discrepancy might also be explained by the observation that the O
rate constant measured here is only for a single conformer of cyclohexoxy radical, whereas the relative rate

experiments represent some averaging over both conformers.

I. Introduction SCHEME 1

The formation of ozone and organic aerosols in polluted air RCH,CH,CH,CH,0+
is controlled by the degradation of volatile organic compounds o
(VOCs). Alkoxy radicals are important intermediates in the Isomerization 0, B C-C Scission
degradation of most VOCsThe atmospheric fate of large
alkoxy radicals £C,) is usually determined by competition
amongpB C—C scission, reaction with £ and isomerizatioR, RCHCH.CH-CH-OH .
as shown in Scheme 1. Each reaction pathway contributes i RCH,CH,CH,CHO RCH,CH,CH,
differently to the formation of ozone and secondary organic HJ(') CI;“ o

2 2

aerosol$. Therefore, understanding alkoxy radical chemistry in

the atmosphere is of crucial importance for understanding and ) . )

modeling smog chemistry. Although alkoxy radicals in general can react via three
Vehicle exhaust and evaporation of gasoline are important channels in the atmosphere, isomerization of the cyclohexoxy

sources for the emission of alkanes and cycloalkanes in urbanfadical is slow in comparison 8 C—C scission and reaction
areas. Cyclohexane constitutes-0110 wt % of the gasoline ~ With Oz This is attributed to the high energy of the boat-twist
sold in the U.S., Germany, and the U‘KIn the polluted confor_matlon required for the_trans!non state for isomerization.
troposphere, alkanes and cycloalkanes react with i®the Reaction of cyclohexoxy radical with.Qo produce cyclohex-
presence of @and NO to form alkoxy radicals. The kinetics 2noneé competes with th§ C—C scission reaction under
of small, acyclic alkoxy radicals have received much attention, atmospheric conditions (cyclohexanone yield-25%)>"°

but, although there are several smog chamber studies inferring 1€ technique of laser-induced fluorescence (LIF) has long
information about cyclohexoxy radicdisé there have been no ~ P€en used to monitor small alkoxy radicals;(C,) in direct
direct studies of any gas-phase alkoxy radicals containing a six- k_metlc studl_es due to its excellent sensitivity, ;electlwt_y, a_nd
membered ring. This is a significant gap because the most!ime resolutiorf~1¢ More recently, spectroscopic and kinetic
abundantly emitted terpenes (alkenes with molecular formula iNvestigations have been extended to larger alkoxy radigzis,
CidH1) possess six-membered rings; terpenes are very importan@nd Spectroscopic experiments of many of these larger alkoxy
in atmospheric chemistry due to their large emissions and their adicals have been carried out under jet-cooled condifi®rs.

role in aerosol formation. Kinetic studies of cyclohexoxy radicals Due to the lack of any LIF (or other) spectra for cyclohexoxy
may provide insight into the chemistry of alkoxy radicals from radical, there have been no direct studies of its reaction kinetics.

terpenes. This paper first discusses the experimental and computational
methods employed. Next the LIF excitation spectrum of

* To whom correspondence should be addressed. FAX: (315) 470-6856. Cyclohexoxy radic_al is pre;ented, followed by computational
E-mail: tsdibble@syr.edu. results on the relative energies of the conformers of cyclohexoxy
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and the vibrational spectra of their second excitBjl {tates. Wavelength (nm)
The d|SCl_JSS|on then turns to th(_a absc_>|ute rate condtgntior 380 375 370 365 360 355 350 345
the reaction of cyclohexoxy radical with,®@ersus temperature 5

(and pressure). The calculated rate constang f6r-C scission

is presented and compared to that inferred from relative rate
experiments using both the previously recommended and the 44
present results fdto,. Finally, discrepancies arising from these

ATmo O ©> 7

351 nm was used to photolyze cyclohexyl nitrite and generate

S
comparisons are discussed. < 5 *
>
II. Experimental and Theoretical Methods g 1 .
. . o 2 *
An excimer (GAM Laser, Inc., EX100H) laser operating at €
w
3

the cyclohexoxy radical. A dye laser (Lambda Physik, FL3002)

- I
pumped by another excimer laser (Lambda Physik, Lextra 100, \WW‘MW\

308 nm) was used to excite the radicals. The beams of the two M/
lasers counter-propagated through the cell in most experiments,
but a few experiments were carried out with the two lasers —
perpendicular to each other. The delay time between the dye 26500
laser and the photolysis laser is adjusted by a digital delay

generator. The lasers were operated at 2 Hz. The quorescenceFigure 1. Laser-induced fluorescence (LIF) spectrum of cyclohexoxy
fcl)gl;]cilhlslacsoer;\siéflfﬁg g:;oct? :(?Cstirglcnzll?gerlrtgzi; S\gwgrggggﬁfgt radical at 226 K and 50 To_rrj.\lPeaks used in the kinetics experiments

- . o are marked with an asterisk.
transfers a digital signal to a computer for data acquisition. The

gate width on the boxcar used to record the signal intensities iSwaveIengths used in our experiment. The liquid nitrite sample
20 ns, and the gate is delayed by 70 ns with respect to theas kept at-20 °C when not in use. In the experiment, the gas
scattered light. mixture was prepared by diluting the vapor of nitrite precursor
LIF spectra of cyclohexoxy were obtained at 226 Kia N to a mole fraction of 1% (or 0.3%) in N(Haun Welding
buffer gas by measuring the integrated fluorescence signalSupplies, 99.999%) in a 10-L darkened glass bulb at room
intensity while continuously scanning the excitation laser temperature.
wavelength at 0.03 nm/s. The spectral ranges were-348 To estimate the concentration of cyclohexy! nitrite photolyzed,
and 363-403 nm covered by the laser dyes DMQ and PPI, we carried out a single measurement of the UV spectrum of
respectively. We verified that the spectrum only appeared in cyclohexyl nitrite in a 10-cm Pyrex cell with quartz windows.
the presence of the photolysis laser and that the signal strengthThe resultant (approximate) absorption cross section at 351 nm
decreased significantly when the delay time between the was 1.8x 1071° cm?. Using this value and the photolysis laser
photolysis and excitation lasers were extended from 5 to 300 fluence of 20 mJ/cf) we estimate the initial alkoxy radical
us; both observations suggest the reported spectra are due t@oncentration to be 5.2 102 molecules/crh (or 1.7 x 102
radicals produced by cyclohexyl nitrite photolysis rather than molecules/crh at the lower cyclohexyl nitrite concentration).
wall reactions or secondary chemistry. All the spectral intensities The temperature of the gases inside the cell was varied between
were corrected by subtracting the background obtained with the 225 and 302 K. The partial pressure of (Messer, 99.999%)
photolysis laser blocked and normalized by dividing by the laser varied from 0.7 Torr (2.3« 10 molecules/crhat 298 K) to
power. Flow rates and pumping rates were fixed in all 4.0 Torr. The high partial pressure of €nsures that the kinetic
spectroscopic experiments to maintain 13 mTorr partial pressureexperiments are carried out under pseudo-first-order conditions.
of cyclohexyl nitrite and 50 Torr total pressure (at 226 K). N, was added to set the total pressure at 50 Torr (or 125 Torr
In the kinetic experiments, the dye laser was fixed at one of in a few experiments).
four different excitation wavelengths: 349.749, 356.161, 373.586, Temperatures of gases in the cell were measured by a Type
and 374.460 nm. These wavelengths are marked by a star inT thermocouple located-12 cm below the height of the laser
Figure 1. The pseudo-first-order rate constants for radical loss beams at the point where the fluorescence is monitored. At 50
were determined from the rate of change of the signal intensity Torr and 225 K, the displacement of the thermocouple from
with delay time. We recorded signal intensities at 16 different the center of the flow results in reported temperatures that
delay times ranging from &s to 10 ms. At each delay time  understate the gas temperature in the relevant volume by 2 deg.
100 measurements were made and averaged. The partial pressufkhe error is less than 2 deg at all other temperatures used in
of cyclohexyl nitrite was maintained at 13 mTorr in most these experiments.
experiments. Recently, we have improved the signal-to-noise  Quantum calculations employed the Gaussian98 series of
ratio sufficiently that we can carry out experiments with about programs&! and examined both conformers of cyclohexoxy
one-third the concentration of cyclohexy! nitrite (and cyclo- radical. All radicals were treated with the spin-unrestricted
hexoxy radical), and rate constants were remeasured at thredormalism. Different computational methods were used for
temperatures using this lower cyclohexyl nitrite concentration. different purposes. The relative energy of the axial and equatorial
Cyclohexyl nitrite was synthesized by the dropwise addition conformers was studied by second-order Mgllelesset per-
of a mixture of sulfuric acid and cyclohexanol to an aqueous turbation theory (MP2) with all orbitals correlated. MP2 theory,
sodium nitrite solutiof? and purified by trap-to-trap distillation.  unlike most density functional approaches, includes a good
FTIR3? and NMR spectra were obtained to verify the structure representation of dispersion forces, which are critical to
and purity of the product. Based on the NMR experiment, the determining the energy difference between the conformers.
major impurity (~13%) in the nitrite sample was found to be Harmonic vibrational frequencies were computed with the
cyclohexanol, which does not produce any fluorescence at thegeometry optimized using the 6-31G(d,p) basis set, and elec-

T T T T T
27000 27500 28000 28500 29000

wavenumber (cm™)
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TABLE 1: Absolute Energies (Hartrees), Zero Point Energies (in parentheses, kJ/mol), and Relative Energies (kJ/mol) of Axial
and Equatorial Conformers of the Cyclohexoxy Radical

equatorial axial
level of theory absolute energy relative energy absolute energy relative energy
B3LYP/6-31G(d,p) —310.441 30 (421.5) 0 —310.440 68 (421.5) 1.7
B3LYP/6-311G(2df,2p) —310.527 19 0 —310.526 76 12
MP2/6-31G(d,p) —309.482 46 (436.1) 0 —309.482 48 (436.3) 0.1
MP2/6-311+G(2d,2p) —308.536 05 0 —308.534 94 3.1

tronic energy differences were refined by reoptimizing the peak in progression A: progression B with four (triplet) peaks,
geometry using the 6-3#1+G(2d,p) basis set. ~135 cn! higher; progression C with three (doublet) peaks,

We carried out computations on tieC—C scission reaction ~ ~193 cn? higher; progression D with three (doublet) peaks,
of cyclohexoxy radical because of its importance to the ~290 cm? higher; progression E with three (triplet) peaks,
atmospheric fate of cyclohexoxy and to help determine the ~361 cnt? higher; progression F with three strong (triplet)
Arrhenius preexponential factor independently of experiment. peaks,~458 cnt* higher; and progression G with three (triplet)
To characterize the €C scission reaction we used density peaks,~575 cn! higher. It is reasonable to identify these
functional theory, specifically, the correlation functional of Lee, progressions as possessing between zero and three quanta in
Yang, and Parr combined with the three-parameter HF exchangethe mode with frequency-685 cm! and one quantum of
functional of Becke (B3LYP§233 The basis sets used were excitation in one of several different modes (with frequencies
6-31G(d,p) and 6-311G(2df,2p). B3LYP, unlike MP2, has been of ~135,~193,~290,~361,~458, and~575 cnt. However,
fairly successful in computing activation barriers #oC—C this assignment cannot be confirmed without better-resolved
scission reactions of alkoxy radicals, especially with the (i.e., jet-cooled) spectra as well as an understanding of possible
6-31G(d,p) basis sét37 We carried out RRKM/Master Equa-  confounding factors (e.g., excitation out of the vibrationally
tion calculations using the UNIMOL progréfand the B3LYP/ excited ground state, axial vs equatorial conformers).
6-31G(d,p) relative energies to compute the rate constants for Cyclohexoxy radical possesses two dominant conformers,
B C—C scission at a range of temperatures and pressures. Thesaxial and equatorigf as shown below.
computations enable us to calculate the corresponding activation
energies and Arrhenius preexponential factors. o-

The reaction of alkoxy radicals with Opresents some
difficulties which preclude a calculation as part of this paper. NO .
It has been shown that the,Qeaction of alkoxy radicals
involves a highly spin-contaminated transition state, for which axial
CASSCF calculations may be necess&rMoreover, the
reaction rate is highly sensitive to tunneling and the detailed
dynamics340

To characterize the vibrational structure of the excited state
of cyclohexoxy radical we employed the method of configu-
ration interaction with single excitations (CIS) with the 6+33(d)
basis set. This method has been fairly successful in previous
analyses of alkoxy radical vibrational spectfalhe adiabatic
excitation energies from CIS are not reported because they are
expected to be less accurate than empirical estimates based o
experimental results for other secondary alkoxy radiéds.

equatorial

The MP2/6-31%+(2d,2p) calculations indicate that the
equatorial conformer is more stable than the axial conformer
by 3.1 kJ/mol (see Table 1). The other calculations also favor
the equatorial conformer, albeit to lesser extents. The structure
obtained for the equatorial conformer possessgsymmetry
and an A ground state.

The C-O stretch mode typically dominates the near-
Itraviolet (B state) spectra of alkoxy radicals because thedC
ond distance in the excited state is extended by-0.25 A
over the ground-state valdé#? Most alkoxy radical spectra
show strong progressions from—© stretch modes with
vibrational frequencies in the range 52600 cnr1.26:44-49

1. LIF Detection of Cyclohexoxy Radical.Figure 1 shows However, recent analyses suggest that conformers of linear
the fluorescence excitation spectrum of cyclohexoxy radicals alkoxy radicals may possess-© stretch frequencies as high
from 345 to 403 nm at 226 K and 50 Torr total pressure. Note as 671676 cnt1.27.28 Therefore, our analysis of the computa-
that Figure 1 shows two overlapping spectra using different dyes;tions on the excited-state focuses on the modes wittOC
large intensity differences in the region of overlap are due to stretch character and modes in the region-5200 cnt®. Our
errors in normalizing the spectra in the wings of the tuning CIS/6-3H-G(d) calculations on the & state of the equatorial
curves of the two laser dyes. Four pairs of peaks, splitb69 conformer indicated that the-€0 stretch mode was at 817
cm%, are found in the dominant progression (marked as A in cm1, which is very different from that found for other alkoxy
Figure 1) starting at 26 702 crh Note that the apparent origin  radicals or in our experiments. A vibrational mode of A
bands of secondary alkoxy radicals fall at about 2630250 symmetry with significant €0 stretch component was also
cm~1,202650 the strong peak at 26 702 chor the two weaker ~ found at 574 cm? (similar to the C-O stretch mode frequency
peaks to the red are consistent with the expected location ofin other alkoxy radicals) but this mode was dominated by a
the origin band. In progression A, the intervals are 689, 686, CCC bending motion. The calculated vibrational frequencies
and 682 cml. The intensity of peaks decreases with the suggest that the equatorial conformer of cyclohexoxy radical
increasing wavenumber. No obvious progression was found do not include any modes between 574 and 817%citherefore,
involving peaks at lower energy than 26 702 ¢irin addition the calculations appear inconsistent with the observé85-
to progression A, there are six reproducible progressions whichcm~1 interval which dominates the observed LIF spectrum.
also possess685-cnt!intervals. The apparent origins of these We optimized a Bstate of A symmetry for the axial
transitions are displaced to higher frequency with respect to eachconformer of cyclohexoxy at CIS/6-31G(d,p), but it had one

I1l. Results and Discussion
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Figure 2. Typical linear decay of In(LIF intensity) as a function of 0 1x10 2x10 3x10 4x10

the delay time for cyclohexoxy reacting with, @t total pressure 50

Torr and 268 K. @concentrations in molecules/érare,l 1.6 x 104,

® 3.1 x 10" A 4.7 x 10" A 6.3 x 10" andO 8.5 x 10 Figure 3. Linear fit of the pseudo-first-order rate constant versus the
O, concentration for selected data at 225, 240, 260, and 268 K.

[O2] (molecules/cm3 )

imaginary frequency. When symmetry was relaxed, we opti-
mized a structure with neds symmetry. Unfortunately, the
frequency calculations did not converge in several attempts. We
present here the results of J. Liu, who graciously allowed us to
report his results prior to his submitting them for publicat?én.
His results show modes with-&O stretch character at 812 cin
(A") and 694 cm? (A"). The presence of a mode near 690¢m

in the computed spectrum of the axial conformer and its absence 1 14
in the calculated spectrum of the equatorial conformer suggest « 101

Temperature (K)
260 240 220

300 280

)

S

that the dominant features in the experimental spectrum should '
be assigned to the axial conformer. Further investigation is
needed before one can be confident in this assignment.

2. The Reaction of Cyclohexoxy Radical with @. The
reaction with Q is considered to be a major pathway for the .
degradation of cyclohexoxy radical in the atmosplfere.

molecule

349.749 nm
356.161 nm
373.586 nm )
349.749 nm 1/3 intial

H O [cyclohexoxyl nitrite]

0]
. 374.460 nm
+ O + HO, €)) 10-15 . ' '

I |
0.0032 0.0036 0.0040

k (cm
* & O O

>

I
0.0044

Figure 2 shows a typical plot of the natural logarithm of LIF 1T (K_1)
intensity versus delay time for cyclohexoxy reacting with various Figure 4. Arrhenius plot showing the temperature dependence of the
concentrations of © The slopes of each of the lines in Figure rate constant for the reaction of cyclohexoxy with. O
2 represents a pseudo-first-order rate constant for loss of ) ) . ) ]
cyclohexoxy radical. We note here that vibrational structure of the noise. By Ilngarly fitting all the data in Figure 4, the
the spectrum does not change with delay time, so that there is”\Tenius expression is found to be
no significant fluorescence from the products of reaction 1 or 1o
other reactions. Bimolecular reaction rate constants were Koo = (5.8+2.3) x 10 “exp[(-14.3+
obtained from the slopes of the linear correlation between the 0.8) kJ/molRT] cm® molecule* s * (225-302 K)
pseudo-first-order rate constant and different concentrations of ) o
0. in the experiments, as shown in Figure 3. The high linearity Whe_re. the cited errors represent 'gwo _standard deviations of the
of the data shown in Figures 2 and 3 confirms that the pseudo_statlstlcal error. A summary of kinetic data for other alkoxy

first-order approximation is valid here. The rate constant at 301 radical reactions with Dis listed in Table 2 OW Arrhenius
K (averaged over two determinations) is (2:10.5) x 10-14 preexponential factor of cyclohexoxy reaction with i©300-
cm? molecule® s which is 2.6 times greéter than the 400 times larger than that for other secondary alkoxy radicals.

. . Our activation energy is-6 kJ/mol larger than the next highest
szugg:steld(rzf? rl;gvalule folr alll ftlacondary alkoxy radiéals; value (that for methoxy radical) and 9 times higher than that
o X ¢ mojecule ™ s . recommended for secondary alkoxy radicals.
Bimolecular reaction rate constants of cyclohexoxy reaction  since the temperature dependence measured here for the
with O increase from 2.5< 10715 at 226 K to 2.1x 10 reaction of cyclohexoxy with ©is so very different from that
cm® molecule® s™t as the temperature is raised from 225 to expected for a secondary alkoxy radical, it is extremely
302 K. An Arrhenius plot of the data is shown in Figure 4. The important to consider possible sources of error. This reaction
uncertainties in the individual rate determinations are typically has the potential for extensive secondary chemistry, 40O
8%, and the trend in the rate constant stands out clearly abovecreated by the abstraction reaction of @eaction 1). In the
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TABLE 2: Arrhenius Parameters for the Reactions of TABLE 3: B3LYP Absolute Energies (Hartrees) and Zero
Various Alkoxy Radicals with O, Point Energies (kJ/mol) of Transition States (TS) forfg C—C
A on? Scission of Cyclohexoxy Radical, for @ and for products of
. ' 7 the § C—C Scission and Q Reactions of Cyclohexoxy
radical  molecule!s™ E, kJ/mol temp range, K ref Radical
CH:0 55x 10715 8.3 298-450 11 ) _ ~
C,H:0 71 % 10-15 46 205-411 13 species 6-31G(d,p) ZPE 6-311G (2df,2p)
24 x 10715 2.7 295-354 18 TS scission (equatorial) —310.419936 413.4 —310.508 73
1-CH,0 14x 10715 0.9 223-303 15 TS scission (axial) —310.42072  414.3 —310.509 62
25 x 10715 2.0 289-381 18 6-0x0-1-hexyl radical —310.429 23 406.8 —310.520 33
2-CGH,O 10x 10715 1.8 218-313 15 O, —150.319 13 9.9 —150.37286
15 x 10715 1.6 298-383 12 cyclohexanone —309.905 25 396.8 —309.993 47
16 x 10715 2.2 288-364 18 HO, —150.904 00 37.0 —150.95919
2-C4HO 1.25x 10715 —4.6 221-266 25
3 entox i3b<x 1&12 %-g %giggg 2‘5‘ are accurate, then the difference between the reactivity,of O
cyr():lohexgxy 5850« 10-15 143 225302 this work with cyclohexoxy and with acyclic alkoxy radicals must have

some physical/chemical basis. We note that cyclohexanone,
which is the product of the £reaction, possesses about 12 kJ/
mol of strain energy, whereas cyclohexoxy radical, itself, is
expected to have almost no strain enetyif. this amount of
HO, + NO— OH + NO, ) extra energy is present in the transition state for theeaction

of cyclohexoxy and absent in the transition state for the O
reactions of acyclic alkoxy radicals, it would neatly explain the

presence of the NO generated by the photolysis of cyclohexyl
nitrite, Oz is produced:

NO, +hw—NO+0 (3) observed activation energy. It should be noted that tunneling is
believed to contribute significantly, or even to dominate, the
O+0,tM—0O;+ M 4) room-temperature rate constdht? so that the Arrhenius
preexponential factor would be strongly affected by large
This chemistry is the same as that which producesnChe changes in the activation barrier.

polluted atmosphere. The presence of radicals such as OW, HO 3. Rate Constant for C—C Scission.Tables 3 and 4 list
and atomic oxygen give rise to concerns about secondary ahsolute and relative energies for theC—C scission of the
chemistry affecting the determinationlaf,. However, the three  axjal and equatorial conformers of cyclohexoxy radical, and
rate constants obtained using one-third the initial radical F|gure 5 shows the poten‘“al energy prof”e ﬂ)e_c scission
concentration (at 239, 267, and 302 K) are indistinguishable to produce 6-oxo-1-hexyl radical. The less stable axial conformer
from those obtained at the hlgher radical concentration used in possesses a lower barrierﬁoc_c scission. We carried out
most of the experiments. This makes it extremely unlikely that RRKM/Master Equation calculations of the rate constant using
secondary radical chemistry is affecting our determination of the B3LYP/6-31G(d,p) activation energies, which have previ-
Koo- ) ) ~ously proven more reliable than those obtained with larger basis
Another source of secondary chemistry is the accumulation gets34-37.51RRKM calculations suggest Arrhenius expressions

of closed-shell (nonradical) reaction products such as cyclo- for the C-C scission rate constant of the axial and equatorial
hexanone. The cyclohexyl nitrite flows along the paths of the conformers at 1 atm of i

photolysis and probe laser beams fol0 s before reaching
the area which is in the viewing zone of the photomultiplier
tube. To minimize accumulation of photoproducts, we repeated
the experiments using a perpendicular alignment of photolysis
and detecting lasers (at 238 K and 125 Torr). The rate constants
are (4.2+ 0.2) x 107> cm® molecule® s for counter-
propagating alignment and (4450.7) x 1075 cm® molecule’® As with any computed rate constant, the activation barriers have
s1 for the perpendicular alignment, which is consistent within considerable uncertainty, which we roughly estimate at 10 kJ/
the error bars. Also, a single experiment was carried out at 276 mol (2 sd). Figure 6 shows the pressure dependence of the rate
K and 50 Torr in which the data acquisition frequency was constant for both conformers at 300 K; the pressure dependence
increased from 2 to 3 Hz. The resulting rate constant of 1.4  is modest over range from 50 to 760 Torr. As the pressure drops
0.4) x 107 cm?® molecule! st at 3 Hz is virtually the same  from 760 to 50 Torr, the computed activation energy drops by
as that obtained at 2 Hz: (14 0.2) x 1074 cm® molecule’® 1-1.5 kJd/mol and the preexponential factor drops by a factor
s~L These results further confirm that the rate constants reportedof 2—2.5.
here are not affected by secondary chemistry. Ideally, we could obtain €C scission rate constants from
As noted previously and depicted in Figure 4, the kinetic experiment. One possible interpretation of the intercepts of our
experiments used four different excitation (detection) wave- plots ofk’ versus [Q] (such as Figure 3) is that they represent
lengths. Results from all four wavelengths are consistent within the rate of 5 C—C scission of the cyclohexoxy radical. To
the error bars. It is reasonable to conclude that all these peaksevaluate this possibility, we plotted the natural logarithm of all
in the LIF spectrum arise from cyclohexoxy radical. This result the intercepts (of our plots &f versus [Q]) versus 1T in Figure
is also consistent with our conclusion, based on the spectroscopic/. Although the plot is consistent with an Arrhenius temperature
analysis, that all major peaks are due to a single conformer dependence, the implied activation energy~&0 kJ/mol and
(axial). preexponential factor of 26+10 are far different than those
The above discussion suggests no obvious sources of errorobtained by our calculation. At room temperature and 50 Torr,
that would explain the difference between the temperature the pseudo-first-order loss rate of about 1L.0* s~1 is consistent
dependence we observe for cyclohexoxy radical and thatwith the rate of C-C scission of axial cyclohexoxy radical
common to other secondary alkoxy radicals. If our observations inferred from our computations (8 10* s™1, with an uncertainty

I<'scission,axial: 2.0x 1013 exp[—47.5 kJ/mOIRTj S_l

Kscission.equatoria™ 2-4 % 10" exp[~50.5 kJ/molRT] s
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TABLE 4: B3LYP Reaction Enthalpies (AH,) and Activation Barriers (E,) for f C—C Scission and Q Reaction of

Cyclohexoxy Radical (kJ/mol)

AH; (0 K) E,
reaction 6-31G(d,p) 6-311G(2df,2p) 6-31G(d,p) 6-311G(2df,2p)
/3 scission (equatorial) 17.3 35 48.2 40.5
/3 scission (axial) 15.6 2.4 45.4 38.0
equatorial- O, — cyclohexanone+ O, —125.7 —135.7

50
40

30

KJ/mol

20
10

0

Figure 5. Potential energy profile for thg C—C scission of the
equatorial and axial conformers of cyclohexoxy radical.
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Figure 6. Pressure dependence of the rate constanfs@fC scission
of the axial and equatorial conformers of cyclohexoxy radical at 300
K.
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Figure 7. Arrhenius plot showing the temperature dependence of the
intercepts of our plots of pseudo-first-order rate constant versusthe O
concentration at two total pressures (50 and 125 Torr) and two
concentrations of cyclohexyl nitrite at 50 Torr total pressure.

of at least a factor of 10). At lower temperatures, the intercepts
are much higher than the computed rate efCscission. It is
reasonable to think that-€C scission is contributing to the
intercepts of our plots df versus [Q] but that other chemical

losses must also be important, particularly at low temperatures.

Orlando, Iraci, and Tyndd&lexperimentally measured the
ratio, koo/Kscission Of the reaction rate constants fop @action

TABLE 5: Experimental Pressure Dependence of the Rate
Constant for Cyclohexoxy+ O, at Three Temperatures

T,K

total pressure, Torr K, cm® molecule s71

239 50 (4.2£0.1) x 10715
125 (4.5+0.3) x 1071
276 50 (1.4+ 0.2) x 10714
125 (1.3£0.2) x 1014
301 50 (2.0+0.2) x 10714
125 (2.3+ 0.5) x 10°14

andj C—C scission for 273 K< T < 296 K:

Ko Kscission= (1.3 £ 0.3) x 10
exp[(46.1+ 9.1) kJ/molRT] cm® molecule * s *

Based on this result and Atkinson’s recommendation for the
rate constantko, = 1.5 x 1071 exp(~1.6 kJ/molRT) cm?
molecule’! s71, Orlando et al., calculated the Arrhenius expres-
sion for the3 C—C scission reaction rate constant as

kscission_

(1.2+ 0.3) x 102exp[-(47.7+ 9.1) kI/moIRT] s *

The agreement between our theoretical results and the analysis
of Orlando, Iraci, and Tyndall is much better than could be
expected given the significant uncertainties inherent in both
values.

Just as Orlando, Iraci, and Tyndall use Atkinson’s recom-
mended value oko, to determinekggission the present experi-
mental results can also be combined with Orlando et kb6
Kscissionratio to give

kscission:

(4.54 2.2) x 10 exp[—(60.4+ 9.5) kJ/molRT] s *

The activation energy we infer from the relative rate measure-
ment of Orlando, Iraci, and Tyndall is somewhat higher than
the calculated value, but the difference is less than the combined
uncertainties. However, because the Arrhenius preexponential
for the & reaction determined here is about 300 times larger
than Atkinson’s recommended value, the inferred Arrhenius
preexponential factor fof C—C scission is about 366400
times higher than that obtained by our theoretical calculation.
This dramatic difference is very disconcerting!

Let us consider some possible causes for this discrepancy.
TheA-factor obtained by theory is very similar to those obtained
from previous experimental and computational stuétés,
which strongly suggests that the error does not lie in the
theoretical work. One possible explanation is that the rate
constant for the cyclohexoxy O, reaction, unlike those for
other alkoxy radicals, is different at 50 Torr (where our
measurements were made) than at 1 atm (where Orlando et al.
made their measurements). We therefore remeasured the rate
constant for the cyclohexoxyr O, reaction at 125 Torr at three
temperatures, 239, 276, and 301 K. As can be seen from Table
5, the measured rate constant is essentially unchanged by this
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increase in pressure. This result strongly suggests that the rate If our interpretation of the LIF spectra as being due to a single
constant is not significantly different at 1 atm than at 50 Torr. conformer is correct, it is not valid to compare our kinetic results

Another possible cause of this discrepancy arises from theto those of Orlando, Iraci, and Tyndall. A proper comparison
presence of two conformers of cyclohexoxy radical or their would probably require knowledge of the temperature and
interconversion on time scale of our experiment. Our experi- pressure dependence of the rate of the axegluatorial conver-
mental spectrum is consistent with the computed spectrum of sion in cyclohexoxy radical, confirmation (or correction) of our
theaxial conformer of cyclohexoxy radical. In our experiments, assignment of the spectrum to the axial conformer, and, perhaps,
the time scale for kinetic measurements+s®0us. The barrier direct studies of the rate of th&scission reaction.
to axial-equatorial interchange (inversion) of substituted cy-
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