1992 J. Phys. Chem. R003,107,1992-2002

Product Formation in the Cl-Initiated Oxidation of Cyclopropane
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The production of H@and OH in the reaction af-C3Hs + O, is investigated as a function of temperature
(296—700 K) using laser photolysis/CW infrared frequency modulation spectroscopy. The cyclopropyl radical
is generated by the Ct cyclopropane reaction following pulsed laser photolysis of Significant OH and

HO, production is observed at 296 K, and both [OH)/[Gihd [HQJ/[CI] ¢ increase slowly with increased
temperature untik600 K, where a sharper increase with temperature is observed. Relative rate and end
product measurements are also performed using a smog chamber FTIR apparatus. The relative reactivity of
cyclopropyl radicals toward £and C} is ke rgt+o/Ke-cistct, = 0.44+ 0.02 at 700 Torr, 0.44 0.03 at 75

Torr, and 0.24+ 0.02 at 10 Torr of M diluent at 296 K. Ethene and oxirane are identified as end products
of the cyclopropane oxidation. Molar yields of oxirane are Gt1Q.03 at 6 Torr, 0.08 0.02 at 10 Torr, and
0.06 4+ 0.02 at 50 Torr total pressure offD, diluent; molar yields of ethene are 0.1#40.02 (6 Torr) and
0.154+ 0.01 (10 Torr) and 0.3& 0.06 (50 Torr). The combined experimental data suggest thatisiQot

a primary product of the cyclopropyt O, reaction but arises from secondary reactions of HCO or HCO
products formed in conjunction with oxirane or ethene. Quantum chemical calculations of stationary points
on the cyclopropyh- O, surface indicate that ring opening and isomerizatioo-6§HsO, to form a dioxirane
species is possible, with a calculated transition state energy 0.5 kca! afmlve that of the reactants. This
dioxirane species is a conceivable precursor to HE&Qthene or HCO+ oxirane formation; however, the
calculations suggest OHt acrolein as the dominant bimolecular products.

1. Introduction 753 K and 70 Torr from @Hs + O, (99%),t-C4Hg + O, (99%),
andc-CsHg + O, (90%). The principal other products are cyclic

: P : ethers arising from isomerization to QOOH. The elimination
to understanding hydrocarbon oxidation in combustion systems of HO, and the various isomerizations to form QOOH species

and in the atmosphere. The most detailed studies &f R X i "
reactions have focused on understanding the mechanism of theXceur through ring transition states, and the facility of these

: . . . tions may be affected by cyclization of the alkyl species.
smaller straight-chain alkyl (ethyl and propyl) reactions with reac . ; . L .
0,18 The R+ O, reactions proceed via a bound alkylperoxy Several recent studies have investigated the oxidation of cyclic

23 ime-
(ROy) radical, which can subsequently eliminate HO form alkanes such as cyclopentah®*3and cyclohexané Time

a conjugate alkene or isomerize by intramolecular hydrogen res?lvedtproblng.dotf' He produ;:t tfrc])rrtnatlr?.? Itnh CI-|n|t|at$d f
abstraction to form a hydroperoxyalkyl radical (often denoted tcg/g ﬁ"gneﬁgengﬁgﬁgg :’un?'?aerstcs) th:t,'xveltr? | ;ngner;ge Ics 0
QOOH). The QOOH radical can in turn react with, ©r iminat imi : y propyl

dissociate to form H@+ alkene or OHt cyclic ether products. 02,.the pre-expongntial factor Is Iarger.for the.cyclic alkyl
The branching among these channels is important for chain radical:> Beca}use In cycllq alkyl R@species rotation around
propagation in low-temperature hydrocarbon oxidation becausec_C bonds is al_ready h'T‘?'ered’ the enFro_py _Ioss_ between
of the differing reactivities of OH and HOReactions of QOOH reactant and the ring transition state for ellml_natlon IS sm_aller
are thought to lead to chain branching in low-temperature '.[han that for acyclic R@species, which lose an internal rotation

oxidation, making understanding the formation of QOOH ) [iettallgi];nlgn(t)wnt;%gi:l?hlSotgtdea.ltion of the smallest ring alkane
important for modeling autoignition and engine knock. 9 ’

The alkene+ HO, channel largely dominates the reactions cyclopropane, although Falconer, Knox, and Trotman-Dicken-

: : 521 sort® measured the total cyclopropane oxidation rate relative
of small alkyl radicals with @for moderate temperaturés: to that for ethane oxidation between 601 and 689 K. If the

reaction of the cyclopropyl radical with Qs similar to other

Alkyl radical (R) reactions with molecular oxygen are central

alkyl + O, — alkene+ HO, @ R + O, reactions, then the major product channels would be
For example, Walker and Morléreport high alkene yields at M
P &report hig y o-CiHs + O, <> ¢-C,H.O, (2a)
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Cl-Initiated Oxidation of Cyclopropane

TABLE 1: Estimated AH; (298) for Several Possible-CsHs
+ O, Reaction Pathway$8

reaction products AH¢ (kcal mol?)

allyl (CH,CHCH;,) + O; —29.0
cyclopropene (c-¢H,) + HO, 0.5
propyne (CHCCH) + HO, —22.8
allene (CHCCH,) + HO, —-21.8
acrolein (CHCHCHO+ OH) —76.6
cyclopropanone (c-41,0) + OH —49.1
acetaldehyde (C}¢€HO) + HCO —100.4
oxirane (GH4O) + HCO —73.6
ethene (gH4) + HOCO —104.9
cyclopropoxy (c-GHsO) + O 6.2
formaldehyde (HCO) + H,CCHO —93.0

@ Thermochemistry data from HL2 calculations.

However, production of cyclopropere HO, from cyclopropyl

+ O, is predicted to be slightly endothermic. Also, the
cyclopropyl radical contains a large amount of potential energy
in the form of ring strain, and ring-opening may make other
products possible. Without a low-energy path toHPalkene
products, cyclopropyt O, may follow a significantly different
reaction mechanism than other alkylO, reactions.
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the Cl product of the-CzHs + Cl, reaction regeneratesCsHs
radicals, and the chain chlorination is soon quenched by the
oxidation. Because of the relatively low rate coefficient for the
reaction of cyclopropane with Ck{(298 K) = (1.15+ 0.17)

x 10713 cm?® molecule® s71;,26 k = (8.96 x 10-11)g(~2084/T)

cm® molecule® s71),27 a large excess of cyclopropane ((8.8

5) x 10 cm™3) is used. Nevertheless, at room temperature the
contribution of the reaction of Cl with HOs not completely
negligible. This reaction may reduce the apparent; i@ld
from thec-C3Hs + O, reaction slightly, although no significant
difference in apparent yield is noted over the rangecef{Hg]
employed in the present experiments.

The formation of HQ is monitored by infrared absorption
of the overtone of the ©H stretch in HQ near 1.5«¢m using
a tunable diode laser, and the formation of OH is monitored by
direct absorption on the P(2.5)1line of the vibrational
fundamental at 3484.6 chhusing an F-center laser. Two-tone
frequency modulation of the diode laser probe is employed to
increase the signal-to-noise ratio of the H@easurement. For
the OH measurement a balanced detector method is employed,
where the first detector (reference) monitors a portion of the

The present work uses a combination of experimental and /aSer output prior to entering the cell and the second (signal)
theoretical methods to investigate the mechanism of the cyclo- monitors the infrared beam after passing through the reactor.

propyl + O, reaction. The time behavior of HCand OH
formation in the Cl-initiated oxidation of-CzHeg is measured
between 296 and 700 K by using infrared spectroscopy
following pulsed photolytic initiation. The reaction is observed
to produce a significant amount of both OH and H&en at
296 K. The formation of HQhas some qualitative similarities
to that observed in previous experiments g€+ O,,2 C3H-

+ 051 c-CsHg + 0,12 and GHg + 0,.13 However, the
observation of significant OH formation at such a low temper-
ature is peculiar to cyclopropyt O,. Smog chamber/FTIR

The average DC power on the two detectors is equalized and
the signals from the two detectors are subtracted to reduce the
contribution of laser amplitude noise.

The experiments are performed in a resistively heated quartz
slow-flow reactor. The IR probes are placed on the same path
through the reactor by using polarizing prisms to combine and
separate the beams. The IR probes are passed multiple times
through the reactor by using a Herriott-type multipass cell, in
which the probe beams intercept the UV photolysis beam only
in the center of the flow cell, where the temperature is more

measurements show that ethene and oxirane are products ofeadily controlled. Typical gas concentrations are as follows:

cyclopropane oxidation at 296 K. Ab initio characterization of
stationary points on the cyclopropyD, potential energy surface

0y, 6.4 x 106 cm3; Cly, 2.0 x 10 cm3; cyclopropane, 8«
10%to 5 x 10 cm~3. Helium is added to reach a total density

provides an explanation for the observed products. Itis proposedof 8.5 x 107 cm 3. Gases are obtained from commercial sources

that HQ, is not a primary product of the cyclopropyt O»
reaction but results from secondary reactions of HCO or HCO
products formed in coincidence with oxirane or ethene.

2. Experimental Section

2.1. Laser Absorption Measurements at Sandia National
Laboratories. The reaction ot-CsHs + O, is investigated by
Cl-initiated oxidation of cyclopropane, using a laser photolysis/
CW infrared frequency modulation method similar to that
employed previously:?1213The Cl is generated by 355 nm
photolysis of C}, andc-CsHs is formed by the reaction of Cl
with cyclopropane. The-CsHs radical then reacts with ©

hv (355 nm)
Cl,——2Cl (3)
Cl + ¢-CjHg — ¢-C;H; + HCI (4)
c-C4Hg + O, — products (2)

Experimental heats of formation are unavailable for many

at the following stated purities: £>99.998%; CJ, >99.99%;

He, >99.9999%; cyclopropane; 99.9%. Major impurities in

the cyclopropane sample, as characterized by GC/MS, are 1,1-
and 1,3-dichloropropane, with smaller amounts of propene and
n-propanol. The contribution of Cl reaction withpropanol
impurity is of most concern for the HOproduction measure-
ments, since its rate constant 181250 times that of CH
cyclopropan#&2®and because the product hydroxypropyl radical
could, by analogy with CBDH, rapidly produce H® by
reaction with oxyger? Reactions of Cl with the other impurities
will produce substituted propyl radicals, which are not expected
to produce significant HPat low temperaturé? The relative
importance of Cl reactions with impurities will be greater at
lower temperature, since the &l cyclopropane reaction has a
significant activation energy. Comparison of the apparent room
temperature rate coefficient measured by following HCI ap-
pearance with that determined by relative rate methods directly
monitoring cyclopropane disappearance, detailed in the ac-
companying paper, suggests an upper limit for the contributions
of reactions with impurities 0f~20%. The consequences of

possible products of reaction 2; estimated thermochemistriesthese reactions are relatively minor and are described in the

for several conceivable channels are listed in Table 1.

To minimize the effects of the competing reaction of With
c-CsHs, the G concentration is kept at least 30 times greater
than the CJ concentration. The rate constant ts€C3Hs + Cl,
is larger than that o€-CsHs + O, at 298 K (see below), but

Discussion section below.

The HG, signal produced by the-C3Hs + O, reaction is
scaled to the initial Cl concentration by comparison with the
HO; signal from the GICH3;OH/O, system under identical
photolysis conditions. This reaction system is assumed to convert



1994 J. Phys. Chem. A, Vol. 107, No. 12, 2003
it — HO, from reference reaction_|
' HO, signal from ¢-C,H, + O,
— 296 K — 573 K
08 — 623 K — 683 K—
S
=
ON
=

0.000 0.005 0.010

Time (s)

Figure 1. Scaled H@signals at 296 K (magenta), 573 K (green), 623
K (cyan), and 683 K (red) from the reaction ofCsHs + O, with
[c-CsHg] of 8 x 10" cm~3 and a total density of 8.5 10" cm3. The
scaled HQ@ signal from the reaction of C}¥0H + O, at 296 K and a
total density of 8.5x 107 cm2 is shown in black. The signals are
scaled to the initial Cl atom concentration as described in the text.

0.015 0.020

100% of the initial ClI atoms = [Cl]g) to HO, over the
temperature range of conceth:

hv (355 nm)

Cl,——— 2Cl ©)
CH,OH + Cl — CH,OH + HClI 100%  (5)
CH,OH + 0, — CH,0 + HO, 100%  (6)

Usingk(CH,OH + Cl)/k(CH,OH + O,) = 2.8* and [Qy)/[Cl 4]
= 30, it follows that approximately 90% of CGEH radicals
react with Q while 10% react with GL However, the CHOH

DeSain et al.

TABLE 2: Peak Amplitude of the Scaled HO, Signal from
c-C3Hs + O

temp (K) peak [HQJ/[Cl]o
296 0.12+ 0.03
373 0.120.04
473 0.20+ 0.04
573 0.19+ 0.04
623 0.26+ 0.05
638 0.36+ 0.07
653 0.42+ 0.08
663 0.38+ 0.08
668 0.48+ 0.08
683 0.55+ 0.09
698 0.44+ 0.09

Cly/c-C3He/O, system also complicates the interpretation of the
HO, amplitude. In previous investigations of-RO, reactions,
it has been possible to simply model the Rdd HQ reactions
to extract an overall H@yield.»212In the cyclopropane system
the production of significant OH requires a more complex
system of reactions and (unknown) rate coefficients. Because
of these complications, in the present system we simply list the
peak [HQ)/[CI] ¢ (corrected only for the self-reaction) in Table
2, which is a lower limit on the overall HOyield. It should be
emphasized that the HQield in the present case is a measure
of the fraction of the initial Cl concentration that is converted
to HO; in the course of the overall oxidation, and cannot be
simply interpreted as the branching fraction of an elementary
reaction.

The observed OH signal fromCsHs + O, can be scaled by
using the same reference reaction, by reacting the fdned
from the reference reaction with NO to form OH radic#ls.

100%

HO, + NO—— OH + NO, ©)

CH3OH is in significant excess over NO, so there is no

+ Cl, reaction regenerates Cl atoms which react with methanol complication from the relatively slow G+ NO reactior£® The

to regenerate CHDH radicals. Therefore, the GBH + Cl,
reaction slightly decreases (by 10%) the effective rate of the
CH,OH + O, reaction, which is of no consequence to the
present analysis. Dividing the HGQignal fromc-CsHs + Oy,
I(t), by the peak amplitude of the reference H&gnal, Avo,,
expresses the amplitude of the KH€lgnal fromc-CsHs + O

in terms of [HQJ/[CI] ¢:

1) _ o[HO, _ [HO,l,
AHo2 o[Cl]o [Cl],

@)

wherea is a proportionality constant relating the observed FM
signal to the concentration of HORepresentative time-resolved
FM signals are shown in Figure 1.

If the amplitude of the scaled HGignal fromc-C3Hs + O,
is to be related to a yield of HOn reaction 2, corrections must
be made for consumption reactions of Hthat occur on the
time scale of the H@formation. Correction for the HPself-

peak of the OH signal from the reference reaction cannot be
used directly to scale the OH signal froovCsHs + O,. The

OH signal obtained from the reference system must be modeled
to account for removal reactions, which reduce the peak
amplitude of the signal. The OH signal from the reference
system is modeled using the reactions listed in Table 3. Figure
2 shows observed and modeled OH signals from the reference
reaction system at 296, 373, and 573 K. The radical density
was calculated from the second-order decay of the kignal
observed without added NO, using the literature rate constant
value for HQ + HO, (listed in Table 3). Typical radical
densities in the OH/HOIR experiments are between3 103

and 8 x 10 cm3. As seen in Figure 2, the model accurately
predicts the observed formation rate of the OH signal but
overestimates the rate of decay. A better fit can be obtained by
adjusting the rate coefficient for the N® OH + M reaction,
which is the major loss mechanism of OH at long times.
However, since modeling the peak height and hence the [OH]/

reaction is straightforwardly accomplished by using the effective [Cl]o ratio is the major concern, the literature reaction rate
rate constant provided by the reference signal, whose decay isconstants are used without alteration. The fitted OH signals in

dominated by the H®+ HO; reaction, as shown in previous
R + O; investigations.21213However, the H@formed in the
c-C3Hs + O, reaction suffers additional H@emoval reactions
not present in the reference system, such as HGDH and
HO; + ¢c-C3Hs0.. Therefore, the peak amplitude of the scaled
HO, signal is a lower limit to the total amount of H@rmed
during the experiment. The production of significant OH in the

Figure 2 correspond to a peak OH concentration of from 0.32
to 0.50x [Cl]o in the reference reaction system, depending on
the temperature and concentrations used in each individual trial.
The ratio of the peak [OH] concentration to the initial [§I]
predicted by the model ([OBY[Cl]g)modeliS then used to scale
the OH signal lpn(t) = o' [OH];) observed from the @lc-CsHg/

O, system under identical photolysis conditions (and hence
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TABLE 3: Reactions and Rate Constants Used To Model the OH Signal Generated from the @CH3;OH/O,/NO Systent

reaction AP n EJ/R (K) k (298 Ky ref
CH3OH + Cl— HCI + CH,OH 5.4x 1071t 54x 1071 30
CH,OH + O,—~ HO,; + CH,O 3.77x 10715 5.94 2284 8.13 10°%? 54
HO; + NO— OH + NO; 3.5x 10°%? 250 8.10x 107%? 30
H02 + HOZ_' 02 + HzOzc 2.2 % 1@13 599 1.66x 1@12 28
OH + HO,— H,0 + O, 48x 1071t 250 1.11x 10°% 28
OH + CHsOH — CH,OH + H,0O 2.12x 10713 2.65 444 9.40« 10713 55
OH+ NO+ M —HNO,+ M 2.79x 10°%2 —806 4.3x 1073 56
OH+ OH— O+ H,O 7.89x 10714 2.60 945 1.88< 10712 28
OH+OH+ M —M + H0; 6.89x 1073 —0.80 6.89x 1031 28
OH + CH,O — HCO + H,0 4.73x 10712 1.18 225 1.01x 1072 57
OH+ HCO— CO+ H,O 1.70x 10°1° 1.70x 10710 57
OH+ NO; + M — HNOs; + M 2.60x 10720 —2.90 2.60x 10°%0 28
OH + HNO,;— H,0 + NO; 6.24x 10712 1 68 4.97x 10712 58
HCO+ O,— HO, + CO 5.60x 1072 5.60x 107%? 59
NO + CH,OH — CH,OH(NO) 2.50x 107 250x 107 60

2The rate constants are written in the foA{T/296)e~&RD, ® Units are (cm molecule* s%) for second-order reactions and &molecule?
s™4 for third-order reactions’ The rate constant has a pressure dependent term(4.5 x 1073)[M] + (2.2 x 10713)gdoxM),

~ Model — Observed TABLE 4: Individual Determinations of the Peak
Amplitude of the Scaled OH Signal fromc-C3Hs + O,
0 temp (K) peakratid® modeled [OH}/[Cl]lo peak [OH]/[Cl}
(=
; 296 0.09 0.45 0.04
5 296 0.04 0.45 0.02
TC_-: 296 0.08 0.45 0.04
=4 373 0.10 0.40 0.04
s 373 0.05 0.47 0.03
< 473 0.13 0.43 0.05
% 473 0.11 0.40 0.04
473 0.14 0.35 0.05
573 0.15 0.32 0.05
573 0.13 0.41 0.05
598 0.18 0.39 0.07
0 100 200 300 400 500 623 0.17 0.39 0.07
Time (us) 648 0.19 0.39 0.07
Figure 2. Time-resolved infrared OH signals from @BH/NO/G, ggg 8%2 823 888
i 7 —3 . . .
taken at 296, 373, and 573 K at a total density of 8.80' cm3. 698 0.28 0.40 011

The dashed lines represent the OH signals predicted by the model
described in the text. The peaks of the modeled curves represent the aRatio of the peak OH signal from &¢-CsHe/O; to the peak OH

peak [OHJ/[CIp = 0.45 (296 K), 0.40 (373 K), and 0.35 (573 K). signal from the reference @CH;OH/O/NO system.
identical initial Cl concentrations): 014 -
HO, FM Signal
[OH],  1on(®([OH], ©) 012 |
[CI]O B AOH \ [CI]O ref,model 50 0.10 —
, : . 5 o008l
Here Aon (= o/'[OH]pkref) is the observed peak amplitude of =
the OH signal from the reference reaction, atds the constant ‘§ 0.06 |-
of proportionality between OH concentration and the observed g OH Absorption
absorption signal, which includes absorption strength, line shape, o 0041 P
and instrument functions. Table 4 lists the peak amplitude of 0.02
the scaled OH signal fromC3Hs + O, for several temperatures.
The peak of the scaled OH signal should be significantly 0.00
smaller than the OH branching fraction, as the OH radicals are I I I I
removed at a significant rate compared to that of their formation. 0000 ~ 0002 0004 0006 0008
Figure 3 compares the absorption signal for OH in Cl-initiated Time (s)

oxidation of cyclopropane with the infrared FM signal for HO  Figure 3. OH absorption signal compared to the &M signal from

under the same conditions. The peak amplitude of the OH signalthe reaction ot-CsHs + O at 296 K and a total density of 86 10'

occurs at an earlier time than the peak amplitude of the HO cm3. The signals are scaled to the initial Cl atom concentration as
. . . described in the text.

signal because of the more rapid removal of OH. The ratio of

peak concentration to actual branching fraction will also be jpjtiate the experiments. Cl atoms were generated by photolysis

smaller for OH than for H@ of molecular chlorine in 700 Torr total pressure of tluent
2.2. FTIR Smog Chamber System at Ford Motor Com- at 295+ 2 K.

pany. Experiments are performed in a 140-L Pyrex reactor

interfaced to a Mattson Sirus 100 FTIR spectrometer described Cl, + hy — 2CI 3)
elsewhereé? The reactor is surrounded by 22 fluorescent black

lamps (GE F15T8-BL), which are used to photochemically Loss ofc-CsHg and formation of products were monitored by
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Fourier transform infrared spectroscopy using an infrared path
length of 27.5 m and a spectral resolution of 0.25 &nnfrared
spectra were derived from 32 coadded interferograms. Reagents
were obtained from commercial sources at the following stated
purities (cyclopropane %(99.9%); chlorine £99.99%); N
(UHP); O, (UHP)) and were used as received.

In smog chamber experiments, unwanted loss of reactants

and products by photolysis, dark chemistry, and wall reaction
have to be considered. Control experiments were performed to
check for these losses. Mixtures @fCsHg and air were
subjected to UV irradiation for 5 min and then left in the dark
for 30 min. There was no observable 10ss206) of c-C3He.
There was no observable l0ss2%) of c-C3HsCl when mixtures
containing this compound were left in the chamber in the dark
for 45 min. Heterogeneous reactions are not a significant
complication in the present work.

2.3. Ab Initio Calculations. The geometric structures and
vibrational frequencies for all stationary points considered here
are obtained via density functional theory employing the
Becke-3 Lee-Yang Parr (B3LYP) function&The calculations
denoted HL1, described below, employ the 6-31G* basis set
for the structures and frequencies, while those designated HL2
employ the 6-31%++G(d,p) basis®* The connections of each
saddle point to its local minima are generally estimated via
visualization of the corresponding imaginary vibrational mode.
For a few uncertain cases intrinsic reaction coordinate calcula-
tions are also performed.

Higher-level energies are obtained via two separate methods.

Both methods employ a combination of quadratic configuration
interaction calculations with perturbative inclusion of the triplet
contribution, QCISD(Tf® and second-order Mgller Plesset
perturbation theory (MP2 In the first method, referred to as
HL1, the 6-311G(¢p) basis set is employed for the QCISD(T)
calculations, and the 6-3%HG(3df,2pd) basis set is employed
for the MP2 calculations. Also, the core electrons are treated
as active in the MP2 evaluations for the latter basis set.
Approximate QCISD(T,Full)/6-31t+G(3df,2pd) estimates,
Eni1, are then obtained as

E,.,., = E[QCISD(T)/6-311G(ch)] + E[MP2(Full)/6-31 1
+G(3df 2pd)] — E[MP2/6-311G(qp)] (10)

For the most important transition states, and for the bi-
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Figure 4. Peak amplitude of the scaled H€ignal fromc-CsHs + O,

at a total density of 8.5 10Y cm=2 as a function of temperature. The
amplitudes are corrected for the bl®elf-reaction and scaled to the
initial Cl atom concentration as described in the text.
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Figure 5. Peak amplitude of the scaled OH signal frarCsHs + O,
as a function of temperature. The signals are scaled to the initial Cl
atom concentration as described in the text.

between the two MP2 extrapolations. This combination of
extrapolations can be expressed as

E, ., = E[QCISD(T)/cc-pvtz]+ { E[QCISD(T)/cc-pviz]—
E[QCISD(T)/cc-pvdz} x 0.46286+ E[MP2/cc-pvqz]+
{E[MP2/cc-pvqz]— E[MP2/cc-pvtz} x 0.69377—
E[MP2/cc-pvtz]— { E[MP2/cc-pvtz]—
E[MP2/cc-pvdz} x 0.46286 (12)

molecular reaction exothermicities, we also implement a second zero-point energy changes are evaluated at the B3LYP level
method, which should have somewhat reduced uncertainties.ang are incorporated in the final energies reported below. The

extrapolation of results obtained for sequences of the correlationthe quantum chemistry calculations described Rére.
consistent polarized valence basis sets. The extrapolation is

obtained from the expressi#n

E(0) = E(Ima>) - B/(lmax+ 1)4 (11)
wherelmaxis the maximum angular momentum in the basis set.
The QCISD(T) extrapolation is obtained on the basis of
calculations with Dunning® correlation consistent polarized
valence doublé: (cc-pvdz) and triplet (cc-pvtz) basis sets,
with Imax = 2 and 3, respectively. An MP2 calculation with the
correlation consistent polarized valence quadrupbasis (cc-
pvqz) (max = 4) allows for two separate MP2 extrapolations;
one from the cc-pvdz, cc-pvtz pair and one from the cc-pvtz,
cc-pvgz pair. The final higher level estimatg, », is obtained

as the sum of the QCISD(T) extrapolation and the difference

3. Results

3.1. Measurement of HQ and OH Formation at Sandia.
Figure 4 shows the temperature dependence of the peak
amplitude of the H@signal fromc-C3Hs + O,. The HG peak
amplitudes increase slightly from 0.12 to 0.20 between 296 and
600 K. Between 600 and 700 K the HPeak amplitude begins
to increase more sharply from 0.20 at 600 K~+0.50 at 700
K. As seen in Figure 5 the temperature dependence of the OH
peak amplitudes is similar to that of the Kiffeak heights. The
OH peak amplitudes increase moderately in the 296 K to 600
K range. Between 600 and 700 K the OH peak amplitudes
increase more sharply with increasing temperature.

In previous investigations of R O, reactions, the H@signal
in the 296 K to 550 K temperature range was formed nearly
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instantaneously after the UV photolysis pulse. Because the

hydrogen abstraction reaction €lc-C3Hg is much slower than

the hydrogen abstraction by Cl from other alkanes (k1813

cm?® molecule® s™ for ¢-C3Hg + Cl compared to 5.% 10711

cm® molecule® s~ for C;Hg + Cl at 296 K)26:30.3%the initial

rise time of the H@ signal at 296 K is resolved in the present

experiments (see Figure 1). The klé&nd OH formation rates

at 296 K increase as the concentration of the cyclopropane is

increased. The rise time of the OH and $&gnals at 296 K is

consistent with the measured €1 c-CsHg rate constants of

Baghal-Vayjooee and Benson at 296 K ((12D.05) x 10713

cm® molecule’® s71)40 and the measurements reported in the 0 1 ! I ! '

accompanying paper ((1.15 0.17) x 10713 cm® molecule'? o 2z 4 0 ]?[CI : & 10 12

s 1).26 Using the measured pseudo-first-order rate constants for e

HO, formation, a second-order rate constant for the reaction Figure 6. Plot of the reciprocal of the molar yield ofCsHsCl observed

c-CsHs + Cl of ks = (1.36 + 0.40) x 10-13 cm® molecule?! foIIO\_/ving the UV irradiation ofc-C3Hg/Clo/O, mixtures in 700 Torr of
1 . . g N diluent at 296 K versus [€)[CI].

s lis obtained. This suggests that cyclopropyl formation is the

rate-limiting step in both H®@and OH production from CI-

initiated oxidation at 296 K. _ examplek(C,Hs + O») also decreases by a factor of 2 over the
_The sharp rise in the total yield of HGt about 600 K'is  hressure range 76010 Torrét

similar to that observed in other iR O, reactions. This sharp

rise in HG, yield coincides with the emergence of double-

exponential behavior in the HQime profiles. At 296 K the

rise time of the HQ signal is limited by the CH c-CsHs

reaction, but this reaction is not rate-limiting at higher temper-

ature; Knox and Nels@# measured an activation energy of 4

kcal mol?® for Cl + c-CsHe. As seen in Figure 1, the HO

formation rate constant increases as the temperature is increase!

between 296 and 683 K. At 623 and 683 K the H&gnal

from c-C3Hs + O, displays a biexponential rise. This behavior

is particularly apparent in the 683 K signal, where the fast initial . . . 0
rise in the HQ signal is not temporally resolved and a slower directly measurable {i.e., typically 250%), the loss of such

secondary rise appears with a pseudo-first-order rate constanP"May products frf’m secondary reactlorll with Cl W'”_be Severe.
of 1700+ 220 s'1. This component is much slower than the To search for primary products, a series qf experiments was
Cl + c-CgHg reaction, and its existence indicates that a second Performed at low total pressure+60 Torr) using mixtures of
HO, channel is occurring at these higher temperatures. The onseP00-550 mTorr ofc-CsHs, 10 mTorr of GHsCI, 25-50 mTorr

of this double-exponential formation of H@orresponds with ~ ©f Clz, and 5 Torr of @ made up to 650 Torr total pressure

3.3. Products following Reaction ofc-C3Hs Radicals with
O, Studied at Ford. To investigate the products formed
following the reaction ot-C3Hs radicals with Q, experiments
were performed using-CsHg/Cl, mixtures in 700 Torr of air.
CO and CQ were the only products observed in such experi-
ments. At 700 Torr total pressure, many of the possible primary
roducts of the Cl atom-initiated oxidation of cyclopropane (e.g.,
acrolein, propene, ethene, allene) are 2 to 3 orders of magnitude
more reactive toward Cl atoms than cyclopropane. For experi-
ments employing consumptions of cyclopropane that were

the sharp increase in the peak amplitude of the kignal with with N, diluent. To operate under conditions where secondary
increasing temperature near 600 K. reactions involving CI atoms are modest, we need to conduct
3.2. Relative Rate Study 0fke.c,is+0/Kecatstcl, at Ford. experiments in which the consumption of cyclopropane is small
In the presence of oxygen, there is a competition between ClI (i-€., 1-2%). Such consumptions are difficult to measure directly
and Q for the c-CsHs radicals. but can be measured with sufficient precision indirectly using
a “tracer” method. gHsCl serves as a convenient tracer. Cl
c-C4Hg + Cl, — ¢-C;HCl + Cl (13) atoms react 70 times more rapidly withpH3ECl than with
cyclopropane. By monitoring the loss ofldsCl, the consump-
c-C;H; + O, — products (24) tion of cyclopropane can be calculated. Using this approach,

C,H, (ethene) and €440 (oxirane) were identified as products.
This competition was studied by subjectiogCsHe/Cl/O2/N2 Figure 7 shows IR spectra obtained before (A) and after (B)
mixtures to UV irradiation and measuring the resulttrGsHs- irradiation of a mixture of 508550 mTorr ofc-C3Hs, 10 mTorr
Clyield. Initial concentrations were 97210 mTorr ofc-C3Hg, of CoHsCl, 25—-50 mTorr of Ch, and 5 Torr of Q. Subtraction
1.0 Torr of C}, and 0.04710.1 Torr of Q in 700 Torr of Nb of panel A from B gives panel C, which, when compared with
at 296 K. Consistent with expectations, as the]{lCl] ratio reference spectra of 8, (D) and GH4O (E), shows the
was increased, the yield ofC3HsCl decreased. Figure 6 shows formation of these species. Figure 8 shows a plot of the
a plot of the reciprocal of the molarC3HsCl yield versus [Q]/ formation of GH,4 (bottom panel) and £1,0 (top panel) versus
[Cl,]. If reactions 13 and 14 are the sole loss mechanisms for cyclopropane loss for experiments conducted in 6 Torr total
c-CsHs radicals in the system, we expect that such a plot should pressure at 296 K. Open symbols are the observed data; filled
be linear (with a slopes kiskis) with ay-axis intercept of unity. symbols have been corrected for secondary loss by reaction with
As seen from Figure 6, these expectations are met. Linear least-Cl atoms. Corrections were computed using the valudof
squares analysis of the data in Figure 6 gikg#gs = 0.44+ measured in the accompanying work and published kinetic data
0.02 in 700 Torr total pressure of;Mt 296 K. Experiments in  for k(Cl + C;H4)*2 andk(Cl + C;H40).*3 Linear least-squares
75 and 10 Torr of M diluent gave values df;4/k;3 = 0.44 + analysis of the corrected data gives molar yields fgf Cand
0.03 and 0.24+ 0.02. The decrease iki4kiz at 10 Torr C,H4O of 0.11+ 0.03 and 0.14t 0.02. Experiments in 10 and
presumably reflects the falloff behavior of tlteCsHs + O; 50 Torr total pressure give molar yields fophzO of 0.08+
reaction. The magnitude of the falloff is consistent with 0.02 (10 Torr) and 0.06 0.02 (50 Torr) and for gH, of 0.15
expectations for an alkyl radical of the size ofC;Hs; for + 0.01 (10 Torr) and 0.3& 0.06 (50 Torr).
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Figure 8. Plot of the formation of gH, (bottom panel) and 1,0

(top panel) versus the loss ofCsHs following UV irradiation of a
mixture of 496-544 mTorr ofc-CsHe, 11 mTorr of GHsCl, and 49-

103 mTorr of Chin 5 Torr total pressure of Qiluent at 296 K. Filled
symbols are observed data; open symbols show the effect of correcting
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Figure 7. IR spectra acquired before (A) and after)(B 3 min
irradiation of a mixture of 496 mTorr af-CsHe, 11 mTorr of GHsCl,
and 49 mTorr of Glin 6 Torr total pressure of Qdiluent. Subtraction
of A from B gives C (the negative feature at approximately 970%tm
reflects the consumption of,8sCl during the experiment). Reference
spectra of GH, and GH4O are given in panels D and E.

3.4. Computational Study of Cyclopropyl+ O, Reaction.
The calculated energies for various stationary points on the
cyclopropyl+ O potential energy surface are listed in Tables
5 and 6 and depicted schematically in Figure 9. The well depth
of the cyclopropylperoxy radical (ll) is calculated to be 42.1
kcal mol! relative to the cyclopropyl O, reactants (l). This
well is significantly deeper than that for other alkyl O,
additions. The direct elimination of HOQwhich is a dominant
channel in ethyl, propyl, and buty O, reactions, must
overcome a sizable barrier (3.9 kcal mbielative to reactants)

for secondary reactions with Cl atoms. See text for details.

TABLE 5: Calculated Energies of Stable Species on the

Cyclopropyl + O, Systent

energy (kcal mol?)

stationary point relative toc-CsHs + O,
l. C-C3H5 + Oz 0.0
Il. c-C3Hs5:0, —42.1
lll. *CH,CH,C(H)OO (C-0O—0 ring) —39.4
V. ¢c-C3H,O0H —20.1
V. allyl + O, —28.4
VL. allyl-O; —48.5
VII. *OCH,CH,C(O)H —97.6
VIII. ¢c-CsHy + HO, 0.6
IX. CH,CHCHOOH —50.6
X. CH,CHC(O)H+ OH =775
Xl. CH,CCH, + HO, —21.7

a Calculated at the HL1 level.

TABLE 6: Calculated Transition State Energies in the

Cyclopropyl + O, System

1

in cyclopropyl + O, since the overall reaction to form _ _ energy (kcal mol™) 0
cyclopropenetr HO, (VIII) is endothermic. However, because  stationary point HL1 HL2 B3LYP HF
of the energy available in the cyclopropyl radical, a number of TS|—V 23.3 0.81 1.17
isomerization pathways are accessible. The lowest-energy TSII—1II 3.8 0.5 0.78 1.01
transition state for isomerization of the cyclopropylperoxy — ISI—IV —4.7 3.6 0.76 0.79
radical is calculated to be the internal 1,5s isomerization to form ISIi=Vi 4.2 5.8 0.75 0.78
he hvd | I s IV Thi dical TSI— VIl 6.5 1.4 0.77 1.51
the hydroperoxycyclopropyl species IV. This radical may 15—y 3.9 0.76 0.81
subsequently ring-open to form a @EBHCHOOH radical (1X) TSIV —IX -18 0.77 1.15
or rearrange and dissociate to form OHacrolein (X). The TSIV—X 0.6 0.80 1.19
implication of the quantum chemistry is that OH acrolein TSVI—X —-8.7 0.77 1.16

TS VI—XI -9.0 0.76 0.82

should be the principal bimolecular products.

A second isomerization pathway is possible: a breaking of
the cyclopropy! ring in conjunction with the formation of a
C—0—0 dioxirane ring species (lll). The transition state for
this isomerization is calculated to be 0.5 kcal mddbove the

a Relative toc-CsHs + O,.

(e.g. at least 34 kcal mof!) and for many of the other

transition state energies, which also have significant spin
reactants. (It is worth noting that the large spin contamination contaminations.) The dioxirane species Il has several conceiv-
for this transition state suggests a large uncertainty in this energyable rearrangement pathways, some of which may be plausible
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Figure 9. Schematic potential energy surface for the cycloprepyD, reaction, showing stationary point energies calculated at the HL1 level,
except transition states # IIl, Il — IV, Il — VI, and Il — VII at the HL2 level.
intermediates to etheneé HCO, or oxirane+ HCO. Also, K from c-C3Hs + O, appears at about the same temperature as
formation of formaldehydet vinoxy (CH,CHO) is the most that for a similar sharp rise in the total H@ield in other alkyl
likely consequence of isomerization to the £8)CH,CHO reactions studied?:56.8.12.13Thjs similarity encourages discus-

species (VII), which proceeds via a transition state calculated sion of the cyclopropyH O, reaction within the framework

at 1.4 kcal mot! above cyclopropyt O,. Finally, formation established for other R O, systems. The H&production for

of the allylperoxy radical (VI) is calculated to proceed over a many R+ O, reactions has been modeled by a coupled reaction
moderately high (5.8 kcal mol) barrier; however, this pathway  scheme?37:18.21
to allyl + O, is much more favorable than direct ring-opening

of cyclopropyl, which must traverse a 23.3 kcal midbarrier. R+0, k, alkene + HO,

4. Discussion

k, [M] k. [M]

L 1k HO, ,
The present measurements of Hhd OH production in the R+0y RO, alkene+ 1502
Cl-initiated oxidation of cyclopropane can be compared to ¢
similar observations in other alkane oxidations. The formation removal

of significant OH is unusual for an alkyt O, reaction, but the
guantum chemical calculations clearly predict this behavior. The whereke represents thermal elimination of H@om RO, and
primary products from cyclopropyt O; are predicted to be  ka represents direct production of H@nd alkene from the
CH,CHCHO+ OH (X in Figure 9), arising from an H transfer  reactants, that is, elimination of the HGrom the excited
from the ring to the terminal O atom (IV in Figure 9), followed alkylperoxy adduct prior to stabilizatio®.1® The kinetics of
by cyclopropyl ring-opening and ©O bond fission. The eq 15 give a biexponential production of Hfroducts, where
maximum barrier for this process is 1.8 kcal mblbelow the rates of formation and amplitudes depend on all the rate
reactants, and so the overall reaction should be fairly rapid. coefficients of the system. The reaction of cyclopropyl radical
While the observation of significant OH production even at with O, must include a similar reversible addition to form
room temperature is peculiar to the cyclopropylO, system, cyclopropylperoxy. However, a number of exothermic ring-
the HQ, production is ostensibly similar to that of other alkyl opening product channels are availablectG;HsO,. Further,
+ O, reactions. The contributions of “prompt” and “delayed” formation of cyclopropeng- HO; is endothermic, making any
components of HQobserved at the higher temperatures of the significant contribution of the elimination channel extremely
present work are common to the previously reported investiga- unlikely. It therefore seems probable that, despite its superficial
tions of time-resolved H@production in alkyH O, reactions. similarity to other alkyH O, reactions, a different mechanism
The sharp rise in the peak amplitudes of thexl$@nal at~600 is responsible for Hproduction in the cyclopropane oxidation.
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In addition to providing a pathway for HCformation, the the CQ ring, with a barrier significantly below reactants, could
mechanism must also be consistent with the increase inyield a variety of products, such as€0O + CH,CHO, GH4
formation of HQ at higher temperatures. If a mechanism is + HCO,, and/or GH40 + HCO. Either HCO or HC@products
found for HG, production from cyclopropyt O, that competes  could rapidly yield HQ by reaction with @, thereby explaining
with formation of stabilizedt-C3HsO;, this second demand is  the observed prompt formation of HOThe observation in the
relatively easily met. The onset of thermal dissociation of the present smog chamber experiments of both oxirane and ethene
cyclopropylperoxy radical at elevated temperatures will naturally as products in the oxidation of cyclopropane is consistent with
provide both a biexponential appearance of the products of thea significant role for this pathway. Alternatively, an O transfer
c-CsHs + O, reaction and an increase in the importance of in conjunction with cyclopropyl ring-opening from the initial
bimolecular channels. adduct (Il— VII) is predicted to lie 1.4 kcal moft above

There are several conceivable primary and secondary reactiorreéactants. The resulting OGEH,CHO species might again
channels that could provide an explanation forA@oduction yield HCO+ CH,O. At the present level of theory, the quantum
in the c-CsHs + O, reaction. Several possibilities can be chemical calculations predict that the transition states for these
eliminated as inconsistent with the experimental or quantum pathways are at higher energy than reactants, in disagreement
chemical evidence. First is an alternative elimination pathway with the implications of the experiments. However, the estimated

for HO, formation. Production of alleng- HO, (XI in Figure

9) is exothermic from cyclopropyt O,, but this elimination
from c-C3HsO, must proceed through a constrained four-
membered-ring transition state. A transition state for such an
isomerization is calculated to lie at 7.3 kcal mbht the HL1
level, energetically inaccessible under the present conditions.
Further, the isomerization leads not to allen&i1O, but to OH

+ cyclopropanone.

Another conceivable source of H@ through isomerization
of the cyclopropyl radical to the allyl radical. The cyclopropyl
radical isomerization rate constant has been reported as2.51
100 exp(—9611K/T) s 1,* which corresponds to a first-order
rate constant of 27 000'5at 700 K. However, the reaction of
the allyl radical with Q does not produce significant HQnder
the conditions of these experiments® Observation of HQ
formation from the reaction of ally O, was attempted between
296 and 668 K, employing the reaction of €/CH;CHCH, to
form the allyl radical. No measurable H@as observed from
this reaction, and it is concluded that the reaction of atyD,
cannot be responsible for the observed JH@oduction in
cyclopropane oxidation. In fact, the slight decrease in the HO
yield as the temperature is increased from 673 to 700 K may
be due to the increased loss of cyclopropyl radicals to form the
allyl radical.

Finally, production of HQ from secondary reactions of the
cyclopropylperoxy radicals must be considered. The self-reaction
of c-C3Hs0; radicals may produce cyclopropoxy radicals, which
could react, for example, with £to form HG, + cyclopro-
panone. The cyclopropylperoxy self-reaction has not been
measured. However, the self-reactions of analogousrBdicals
are far too slow to account for the observed time scale of HO
production. For example, the self-reactiome€sH;OO0 radicals
has a rate coefficient at 298 K of3 x 10713 cm® molecule™®
s7128 which would give a half-life of~0.1 s at the radical
densities of the current experiments. The cyclopropylperoxy self-
reaction would have to be-100 times faster than other
alkylperoxy radical self-reactions to be responsible for the
observed HQ@ production. However, the hydroperoxy alkyl
radical (IV) isomer ofc-CsHsO, may react with Q. Reactions
of similar species are important for chain branching in hydro-
carbon oxidatiorf/ and the subsequent chemistry may be
responsible for some of the observed HO

A final possibility is that HQ formation in the cyclopropyl
+ O reaction proceeds via further reaction of HCO or HOCO
products. The barrier to formation of a COO ring in concert
with cyclopropyl ring-opening (I 111} is 0.5 kcal mol-* above

uncertainties in these calculations{8 kcal mol?) exceed the
calculated endothermicities. The quantum chemistry therefore
suggests isomerization to Il or VIl as the most plausible
precursors to oxirane or ethene production.

The formation of OH further complicates modeling the
c-CsHs + O, system, since reactions of OH can form additional
HO; by secondary chemistry. The OH radical can react with
cyclopropane to form another cyclopropyl radical, which will
react with Q to create more OH and HOThis chain reaction
will tend to convert OH into the less reactive HOr cyclo-
propylperoxy radicals. The-CsHg + OH reaction has a
significant activation energk (= (6.01 x 10713 cm?® molecule™?

s 1)(T/298 K)-5%(~521K/M) 48-50 A increased role of this reaction
may also contribute to the increase in §&s the temperature

is increased. Reactions of R@adicals with OH could also
conceivably produce Hf although there appears to be little
experimental investigation of such reactions. This reaction could
be relatively fast; it is an exothermic radieakdical reaction,
and the similar reaction of £s0, + OH is calculated to
proceed without a barriét.Biggs and co-workeP3 reportk =

4 x 10711 cm® molecule! s for CRO, + OH — HO, +
CRs0 at 296 K. The possibility of contributions from a similar
reaction,c-CsHsO, + OH — HO; + ¢-C3HsO (cyclopropoxy),
cannot be excluded in the present system, and if this reaction
occurs, it may compete with HGormation by the pathways
described above. However, the rapid rise of the;ld@ncentra-
tion is not consistent with exclusive production from the RO
+ OH reaction, which would produce a sigmoidal rise. Direct
investigations of the kinetics and branching fractions 05RO

OH reactions would be helpful in determining whether these
reactions may be important in modeling low-temperature
oxidation of hydrocarbons. Recent measurements of correlated
photofragment and photoelectron energies in dissociative pho-
todetachment of the cyclopropoxide ion imply that dissociation
of the cyclopropoxy radical to form HC&® C,H4 is exothermic

by (6.2 £ 1.6) kcal mof1.53 In the same work the barrier to
dissociation is calculated (at the QCISD(T)/6-31G* level)

to be only~12 kcal mof™. The present HL2 calculations yield

a reaction enthalpy for cyclopropoxy dissociationAdflogs” =

+4.8 kcal mofL. Nonetheless, the cyclopropoxy radical, formed
either by OH+ RO, or RO, + RO, could provide a pathway
for ethene formation via reaction of the stabilized Fpecies,
consistent with the present observation of an increase of the
overall GH, yield at 298 K with increasing total pressure.

The proposed empirica-CsHs + O, reaction mechanism
predicts the formation of ethene or oxirane, as observed in the

the reactants at the present level of calculations, and the transiensmog chamber measurements, will coincide with production of

species formed by this isomerization would be energized and
may yield secondary products. In particular, the OO fission of

HO; via secondary reaction of the HG@r HCO coproduct
with O,. This identification would predict a total HYield at
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TABLE 7: Reactions and Rate Constants Used in the A
Qualitative Model for the Time-Resolved HO, and OH Sg _A'ansript:}o;} ni J\h;i‘lgg:L
Signals from Cl-Initiated Oxidation at 298 K 015 — P 9 b
- with n-propanol impurity
K298 K

reaction (cm® molecule® s7) ref o
¢-CsHg + Cl— HCI + c-CaHs 1.15x 10713 26 S 610
¢-CsHg + OH — H,0 + ¢-CsHs 7.6x 107 48, 49 g
C-C3H5 + Clz —Cl+ C-C3H5C| 2x 1071 a {"é
¢-CsHs + O, — HCO + C,H,0 3.8x 10718 this work E
C-CgH5 + 02 - HCOZ + C2H4 7.2x 10713 this work 8
C-C3H5 + Oz i C-C3H502 3.0x 10712 this work 8 0.05
¢c-C3Hs + O, — OH + C3H,0 5.8x 10713 this work
OH+ HO;— H,O0 + O, 1.1x 1070 30
H02 + HOz e HzOz + Oz 1.66 x 1@12 30
HCO+ O, —HO, + CO 5.6x 10712 59 6i6b
HCO, + O, — HO, + CO, 2.1x 1012 b ;
Cl+ HO, — OH + ClO 9.4x 10712 30 ! | I I
Cl+ HO,— HCl + O, 3.5x 1011 30 0.000 0.002 0.004 0.006 0.008
OH + C-CgHst_' H02 + C-CgHsO 4x 1011 C Time (S]

— 12

?&i@ﬁfgm&@ﬁ%um i 1&13 g Figure 10. Predicted H@and OH signals at 296 K from the qualitative

model of Cl-initiated oxidation compared to the signals from Figure 3.

a Estimated from @Hz + Cly, ref 61.° Estimated from HOCO+ The branching fraction af-CsHs + O, — OH + C3H,4O is set at 0.12
0., ref 62.¢ Estimated on the basis of OH CF0,, ref 52.9 Estimated to match the amplitude of the OH absorption signal, and the total
on the basis of other HO+ RO, reactions, ref 63¢ Estimated on the branching fraction to ethene¢ HCO, and oxirane+ HCO is set to
basis of other R@self-reactions, ref 63. 0.23 n the basis of the 10 Torr smog chamber measurements. The initial

Cl atom density is estimated as>x310% cm™3.

298 K of ~0.25 in the present experiments. To determine
whether this value is consistent with the time-resolved FM absorption measurements of product formation requires con-
measurements, a simplified kinetic model has been constructedsideration of the differing time scales of the two experiments.
on the basis of the proposed mechanism, assuming all ethend he time-resolved infrared absorption experiments are most
and oxirane is correlated with HQproduction. This model ~ Sensitive to rapidly formed products, while the smog chamber
predicts a peak [HEV[CI] o at 298 K of between-0.1 and 0.2, ~ €xperiments have longer residence times. The peak][tl o
depending on the values assumed for several unknown ratedt 296 K in the FM measurements decreases slightly with
constants. The model assumes that the reaction of OH withincreasing pressure between 10 and 75 Torr, and the sum of
¢c-C3HsO; proceeds to form HO+ cyclopropoxy radical with the oxirane and ethene yields in the smog chamber experiments
a rate constant of & 10-! cm? molecule® s1, but it does is roughly constant between 6 and 50 Torr (02%.05 at 6
not assume any subsequent reaction of the cyclopropoxy radical Torr, 0.23+ 0.03 at 10 Torr, 0.36= 0.8 at 50 Torr). However,
(However, a model assuming rapid dissociation of the cyclo- if ethene is also an end product ofC3HsO; reactions, it is
propoxy radical to HCO+ ethene vyields similar time traces Possible that any Hoformed in conjunction with that process
for the same overall ethene yield, with slightly slower 4O Wwould appear on too long a time scale to be evident in the time-
production, if a 50% smaller direct HGO- ethene branching ~ resolved experiments. In particular, the reactions of the cyclo-
fraction is used.) The details of the simplified mechanism are Propoxy radical, neglected in the simple qualitative mechanism,
shown in Table 7, and predicted time-resolved OH and, HO May be a source of ethene (and $©n a longer time scale.
signals are shown in Figure 10 compared with the data from )
Figure 3. The agreement is relatively good, suggesting that the- Conclusions

data are consistent with H@ormation via secondary reactions In summation, the experimental evidence is consistent with

of HCO and HCQ. However, many rate constants and 5 proposed mechanism for the cyclopropylO; reaction that
concentrations are unknown or estimated, and the model Shouwproceeds via ring-opening to HC® oxirane, OH+ acrolein,
be regarded as merely qualitative. and HCQ + ethene products. The formation of these bi-
Possible contributions of reactions wipropanol impurities ~ molecular products competes with stabilization of the cyclo-
to the HQ signal must also be addressed. The difference propylperoxy adduct and formation of theCsH4sO0H isomer.
between rate coefficients derived from time-resolved measure-Future work may be needed to clarify the role of the hydro-
ments of HCI formation and those derived from relative rate peroxyalkyl isomer in the overall oxidation system. The rise
measurements of cyclopropane disappearanc@@62° This with temperature of both HOand OH yields above-600 K is
discrepancy is consistent withr0.08% impurity, with the  attributed to the onset of thermelCsHsO, dissociation. The
composition measured by GC. The calculated change in the HO pranching fractions deduced from comparing a simple qualitative
concentration for this level af-propanol impurity is minimal,  kinetic model to the present experimental data at 296 K suggest
as shown by the dotted orange line in Figure 10. Even if the ~10-15% branching into OHr other products and a total of
20% difference in apparent rate constants between the two~25% branching into (HCG- oxirane) and (HC@+ ethene).
methods were entirely due to reaction withpropanol, the  However, such branching fractions remain inconsistent with the
measured H@signal at 296 K (where the effect should be quantum chemical calculations, which suggest that stabilization
greatest) would be changed by approximately 15%. As the to cyclopropylperoxy should dominate the reaction and that OH
temperature is increased, the predicted maximum contribution + acrolein should be the most significant bimolecular products.
of n-propanol impurities to the HOsignal rapidly becomes
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