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The OH radical is the key oxidizing agent in the troposphere, and ezalkene reactions appear to be a
significant and sometimes dominant source of new l&dlicals in urban and rural air. In this work, we
report the first study of the pressure dependence of the OH radical yield for the ozonolysis of ethene, propene,
1-butenefrans-2-butene, and 2,3-dimethyl-2-butene over the range78D Torr and ofrans-3-hexene and
cyclopentene over the range 20060 Torr. Low-pressure experiments were performed in a long-path evacuable
FTIR cell or a steady-state flow-tube reactor in series with a gas chromatograph/flame ionization detector
and FTIR cell. We have also investigated the effect of addingaB&tmospheric pressure for ethene, 1-butene,
andtrans-2-butene, in a collapsible Teflon chamber. OH formation increased almost 3-fold for ethene at low
pressures, from 0.22 0.06 at 760 Torr to 0.6% 0.18 at 20 Torr, and increased somewhat for propene from
0.33+ 0.07 at 760 Torr to 0.46- 0.11 at 20 Torr. A pressure dependence of the OH formation yield was
not observed for 1-buten&ans2-butene, 2,3-dimethyl-2-butenieans-3-hexene, or cyclopentene over the
ranges studied. Density functional theory calculations at the B3LYP/6-31G(d,p) level are presented to aid in
understanding the trends observed. They lead to the proposal that the formation of a hydroperoxide via a
diradical pathway can compete with the formation of the carbonyl oxide for the ethene primary ozonide.

Introduction agreement within the mutual uncertainties. Donahue et°al.’s
o ) ) values at low pressure ftrans-2-butene (0.6) and 2,3-dimethyl-
The hydroxyl radical is a powerful oxidant in the atmosphere. 5_jytene (0.7), on the other hand, are in much closer agreement
Throughout the troposphere, the dominant source of OH in the \yit the previously measured atmospheric pressure values of
atmosphere is generally considered to be ozone photolysis.;hout 0.65 and 0.8, respectively. Thomas e aerformed
However, several recent studies show that the ozone reactiony,dies on the dependence of yields of stable products with
with alkenes leads to the direct formation of OH radicafs, pressure (at 770, 77, and 7.5 Torr) for the reaction of ozone
with the amount depending on the alkene. In addition to OH \yjth ethene. They observed no pressure dependence above 77
radicals, ozonealkene reactions also likely produce organic 1o below 77 Torr. an increase in CO and ©elds and a

peroxy radicals (Rg).*" In the boundary layer, HO(=OH, decrease in the formaldehyde yield were observed.

RO;, HO,) production from ozonealkene reactions may be a In this work, we report the first study of the pressure
significant, and sometimes dominant, contribution to the total dependence of the OH radical yield for ethene, propene
HO, production during both day and night. 1-butene trans-2-butene, and 2,3-dimethyl-2-butene over the

The reactions of ozone with alkenes have been the subjectrange 26-760 Torr and fortrans-3-hexene and cyclopentene
of many excellent studies over the past four decades, yet a cleaver the range 200760 Torr. Measurements were made using
understanding of the mechanisms, and a resulting predictivea gas chromatograph/flame ionization detector (GC/FID) and
capability, is still elusive. The pressure dependence of productong-path Fourier transform infrared (FTIR) spectroscopy and
formation has the potential to provide insights into several the small-ratio relative-rate techniqlfeTo investigate the
aspects of the mechanism. To date, only a few measurementsotential dependence of OH formation on pressure above 1 atm,
of OH formation at pressures other than 1 atm have beenwe also performed experiments with-2000% Sk in the maitrix
reported. Donahue et &lused laser-induced fluorescence to gas at 1 atm in air for ethene, 1-butene, &naghs-2-butene. In
measure OH directly from ozonolysis of ethene, isoprémes addition, estimates of the pressure dependence of CO and
2-butene, and 2,3-dimethyl-2-butene at315 Torr. Their low-  aldehyde yields for ethene and propene are reported. Density
pressure experiments with ethene and isoprene give much largefunctional theory calculations are also presented for ethene and
OH yields than the atmospheric pressure measurements: 0.4%yropene in an effort to provide a theoretical interpretation for
vs 0.18 for ethene at 5.5 Torr and 1 atmespectively; 0.5 vs  the results.
0.25 for isoprene at 4 Torr and 1 afmespectively. The reported
uncertainty for the low-pressure measurement&39€%; thus Mechanism of Ozonolysis

the low and atmospheric pressure values are actually in . . . .
P P y The reaction of ozone with alkenes occurs via cycloaddition

of ozone to the double bond. The resulting five-membered ring
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TABLE 1. Measured OH Yields from the Ozone Reaction with Several Alkenes

alkene pressure (Torr) OH yiél¢this work) pressure (Torr) literature ref
ethene 760, 100% SF 0.06+ 0.01
760, 50% Sk 0.12+ 0.05
760, 35% Sk 0.15+ 0.03
760, 20% Sk 0.21+0.04
760 0.22+ 0.06 760 0.18t 0.06 this lal®
760 0.12 (-0.06,—0.04) 15
760 0.14+ 0.04 45
760 0.08+ 0.01 46
750 0.20+ 0.05 750 0.2Gt 0.02 47
400 0.26+ 0.06
200 0.29+ 0.06
100 0.32+ 0.09
50 0.50+ 0.15
20 0.61+0.18 5.5 0.42+0.21 5
propene 760 0.33 0.07 760 0.35 0.07 this la?
760 0.18+ 0.04 46
760 0.33 (-0.16,—0.11) 15
760 0.32+ 0.08 45
760 0.34+ 0.06 48
713 0.37+0.08
600 0.31+ 0.06
400 0.33+ 0.08
238 0.42+0.10
200 0.34+ 0.08
108 0.50+ 0.08
85 0.46+ 0.11
60 0.49+0.12
58 0.50+ 0.14
20 0.46+0.11
1-butene 760, 40% SF 0.24+ 0.05
760, 30% Sk 0.27+ 0.06 760 0.4140.2,-0.13) 15
760 0.23+ 0.04 760 0.24+ 0.05 this laB®
60 0.30+ 0.08
20 0.26+ 0.07
trans-2-butene 760, 70% SF 0.63+0.13
760, 50% Sk 0.55+0.11 760 0.65t 0.13 this lal#®
760, 30% Sk 0.62+0.13 760 0.24+ 0.02 46
760 0.67+0.19 760 0.6440.32,—-0.21) 15
760 0.56+0.12 760 0.54+ 0.13 50
200 0.62+0.14 5.5 0.6Qt 0.30 5
60 0.59+ 0.17 45 0.72+ 0.36 5
2,3-dimethyl-2-butene 760 0.990.18 760 1.0+ 0.2 15
760 0.70+ 0.10 1
760 1.0+ 0.2 this lal§®
760 0.80+ 0.12 51
760 0.36+ 0.02 46
760 0.89+ 0.22 45
60 0.85+ 0.22
20 1.04+ 0.26 4.3 0.70t 0.35 5
trans-3-hexene 760 0.62 0.11 760 0.4 0.07 this laB®
760 0.46+ 0.17
350 0.46+ 0.17
200 0.49+ 0.10
cyclopentene 760 0.58 0.16 760 0.62-0.1% this laly?
200 0.59+ 0.12

aUncertainties reported here reflect experimental and systematic uncertainties (see Table 2 ahdate)from experiments performed in
NCAR cell. ¢ Value from smog chamber experiments reported in corresponding reference.

product and a carbonyl oxide (R1a) (Criegee mechant$fyr ably either decompose or be collisionally thermalized by the
ethene: surrounding ga&*15
/o\
Ay CH,00]* % CH,00 (R2a)
03+ CoHy — H2C—CH —— 1icHo 4+ [CH,00) (R1a) [CH,00] 2
o M Hc(o)oH (R2b)
H,C—CH
o . 2 —2H+ CO, (R2c)
© (A1) —H,0+ CO (R2d)
The Criegee mechanism is currently thought to be the dominant —CO, + H, (R2e)

decomposition pathway for the primary ozonidévost of the
initial carbonyl oxide is vibrationally excited and may presum- — OH+ HCO (R2f)
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HCO—H + CO (R3) In 1991, Dewar et & reported AM1 transition states for

the ozonolysis of ethene, propene, ais andtrans-2-butene.

OH radical formation has been measured by several groups,They predicted that ozonolysis proceeds exclusively by con-

with values ranging from 0.08 to about 1, depending on the certed pathways and that the stereochemistry of the reaction

alkene (see Table 1 or Paulson, Chung, and Ha8sdht very was controlled by the cycloreversion of the primary ozonide.

high G; concentrations, some formation of OH radicals may Subsequent ab initio and density functional studies by Anglada

arise from subsequent reactions of the H atoms formed in R2cet al?® and by Cremer and co-worké® focused on the

and R3. unimolecular reactions of the Criegee intermediate that results
from a concerted cycloreversion of the primary ozonide.

M Anglada et aP® have recently revisited the possibility that
H+ 0, HO, (R4) the hydroperoxide (as in Figure 9) could be an alternative
HO,+ O, — OH + 20, (R5) source of OH radicals. Using CCSD(T)/6-311G(2d,2p) and
CASPT2(6,6)/6-311G(2d,2p) calculations, they predict that the
H+0;,—0H+ 0, (R6) concerted cycloreversion transition state is lowest in energy and

that the 1,4-hydrogen shift transition state is-4714 kcal/mol

This source is small for the experiments described here andhigher in energy. Their results suggest that the hydroperoxide
negligible in the atmosphere. could play at most a minor role in gas-phase ethene ozonolysis.

A few studies have investigated the pressure dependence of OH formation via channel R2f has been proposed to proceed
the thermalized carbonyl oxide yield. For ethene, the yield of by H migration and subsequent decomposition. CCSD(T)
thermalized carbonyl oxide decreases with pressure, as mightcalculations by Gutbrod et al. indicate that, for ethene, this
be expected, but does not approach zero at very low presdures. pathway has a fairly high activation barrier (31 kcal/mol)
Hatakeyama et @B measured an atmospheric pressure yield of compared to dioxirane formation (R9), which has an activation
thermalized carbonyl oxide of 0.38 0.05 and found that the  barrier of about 18 kcal/mat:
yield begins a sharp decrease at 600 Torr, reaching 0.20 at 10
Torr. This result led them to conclude that 20% of the carbonyl H Eo=+182 H 09 Ey=+308
oxide from the ozoneethene reaction is formed already H)TOO ‘— H>_ ® CHO® + <O
thermalized. Fortrans-2-butene, however, the thermalized
carbonyl oxide yield begins to decline at approximately 250 These activation barriers are not consistent with OH formation
Torr, approaching zero at low pressureslQ Torr), indicating from ethene ozonolysis of ¥22% at atmospheric pressure
that none of the carbonyl oxide from the reaction of ozone with (Table 1).
trans-2-butene is formed initially cold. Olzmann etdlused Niki et al.l postulated that, for larger alkenes, OH formation
master-equation analysis and statistical rate theory to model theoccurs via a vibrationally excited unsaturated vinyl hydro-
OH radical and thermalized carbonyl oxide yields from ozone peroxide, as in R8c. Fdrans-2-butene:
reactions with ethene and 2,3-dimethyl-2-butene. They predict
no pressure dependence for ethene and a small pressure ¢ n %o
dependence for 2,3-dimethyl-2-butene for both OH and ther- o€+ O3 —= HC-CC-H —
malized carbonyl oxide formation. This prediction arises from WO Ho O
calculations indicating that energy transfer is competitive with .
isomerization and decomposition for 2,3-dimethyl-2-butene but o. 0

. . . b C R8b
not for ethene. There is a weak anticorrelation between the r Hie O e e

(R8a)

formation of OH radicals and formation of thermalized carbonyl
oxides!® The correlation is most likely weak because of the
additional isomerization pathways open to the carbonyl oxides

other than OH formation and collisional deactivation. 9% HO., : 0 ]

Early theoretical studies of gas-phase ozonolysis focused on H’\C/é\ M G T a7 OH (Réo)
the reactions of diradicals formed by homolysis of ar@ Ha HeC™ o H
bond in the primary ozonid&:1320 O’Neal and Blumstei#? l/oz

suggested that a 1,4-hydrogen shift within an ozonide diradical

would lead to a hydroperoxide that could subsequently decom- Q
. .00, ..C.
pose to afford OH radicals. 32 CH,
o ol The carbonyl oxides formed in R8b may have either an anti or
/ / H,C—CH : -
H,C—CH, H,C—CH g o syn configuration:
) o N
o, . O_ H OH o
° o ®_0 + @0 *
(R7) (o P
.C. _C.
—_— HQC_CH + .OH H30 H HgC H
.o/ ‘0
ANTI SYN

This pathway was also considered by Goddard and co-workersRecent MRDCI and B3LYP calculations have shown that the
in their early GVB-CI calculation&13 Later, Cremet® per- activation energy barrier for interconversion between these two
formed extensive HF and MP2 calculations on the pseudo- carbonyl oxide isomers is about 30 kcal/m®P2 The B3LYP
rotation of primary and secondary ozonides, assuming a activation energy for the vinyl hydroperoxide channel (R8c),
concerted decomposition of the primary ozonides. available only to the syn isomer, is 15 kcal/mol for {LHHOOY
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B3LYP calculations indicate that formation of dioxirane (R9)  (a)

requires 24 and 17 kcal/mol for syn and anti CHIOO, 30 -
respectively. ] Alkene Experiment # Pressure Y,
m PRP 2.4.99 760 —— 0.34 A
254 o pRP 3.25.99 20 ---- 049 A,A
Q | e 1-BUT 22399 760 =—-—-023 -
@0,0 . 0—o 5 #« 1-BUT 22599 20 -=--- 0.26 N
? — VO Dioxirane (R9) £ 204 &
R™H AN g 7 A
RO H T 15 Y
- . . g o Sl
The B3LYP predictions for the dimethyl carbonyl oxide are 2 40 Lg Yoo - O
similar to those for CHCHOO, with the vinyl hydroperoxide g | Ry Y =7
OH formation channel favored over the dioxirane channel (14 < ¢ | _’_é" .——=¥""‘;/
and 21 kcal/mol, respectively). ) L =
0= . . . . ; ———m
Technique for Measuring OH Yields 0 1'0 2B 3'0 4'0 5'0 6'0 7'0 8'0
In this study, we use the small-ratio, relative-rate technique, Alkene (% Reacted)
which has been discussed in detail elsewh&When the tracer (b)
is present in low concentrations (i.es10% of the alkene 40 —
concentration), most of the OH reacts with the alkene rather Experiment # Pressure Y, Apparatus
iti Qo g 4398 200 — 0.64 FT/GC
than the tracer. Under these conditions, up to 30% of the tracer 5 o 71589 70%SF, -0 083 TC/GG “
may be consumed. ¢ 59
o -
og g o
O, + alkene— y,,OH + yo,RO, + other products (R10) g ” "
N N -
K S
OH + alkene+ M —~ RO, + M (R11) S
e -
ke E 104 ,"""
OH + tracer+ M — RO, + M (R12) = | g
0
The tracers used in this study were 1,3,5-trimethylbenzene = 0 — T T T T T T T
(TMB) and mxy|ene (XYL) 4] 10 20 30 40 50 60 70 80
An OH yield can be derived from an analytical expression Trans-2-Butene (% Reacted)

obtained from SOIV'ng_ €as RER12, _bUt the mo_St accu_rate way Figure 1. Representative tracer and alkene data for propene, 1-butene
to calculate the OH yield is by solving the ordinary differential ~ andtrans2-butene (symbols). The lines represent the best-fit model
equations that describe the complete system, including thecurve for each experiment. Panel (a) shows data from minimum (20
reactions of the products, wall losses, and so forth. The analyticalTorr, triangles and stars) and maximum (760 Torr, squares and circles)
and numerical solutions generally fall within 20% of one Pressures, performed in the UCLA FTIR cell and using XYL as tracer.
anotheft! The data in this study were analyzed numerically. Fanel (b) showsrans-2-butene data from the flow tube (squares) and
. . . . the collapsible Teflon chamber (circles), the latter performed in 70%

The OH yield for each experiment was determined using a Ieast-SFBISO% air.
squares fitting procedure. An Excel macro was used to evaluate
(Ve — Ym)? for each experimental data set whggandyy, are and (22.04= 2.7) x 1072 cm® molec? s, respectively, were
the percentage of tracer reacted in the experiment and modelassumed? Paulson et al! showed that any uncertainty in the
respectively (i.e., thg values in Figure 1). This process was tracer~OH rate constant directly translates to the uncertainty
repeated for model runs with different OH vyields until this in the OH vyield. The yields are not particularly sensitive to
qguantity had been minimized. assumptions made about the products. A detailed sensitivity

The chemistry of each reaction system was described in theanalysis indicated that the uncertainty in the products introduces
following way: The OH and @ rate constants with the an uncertainty in the OH yield of-56% for propenél
hydrocarbons are from Atkinsd#&26except for the OH-TMB Some of the HQ CO, ethene, and propene reactions are
rate constant, which is from Kramp and Paul36A detailed pressure-dependeftThe CO-OH reaction is not significant
explanation of the chemistry used in the propene model can bebecause the alkene and tracer scavenge most of the OH formed.
found in Paulson et al® and the other alkenes were modeled As the pressure is decreased, the rate coefficient for the HO
analogously. The ozone reaction with alkenes is assumed toself-reaction decreases, opening the possibility of an increase
generate R@radicals together with OH radicals (R10). These in the reaction of HQwith Os. Calculations indicate that setting
RO, radicals presumably havefacarbonyl group and thus were  all other reactions of H@to zero so that H@reacts only with
assumed to react with rates comparable to primary, secondaryOs; has a negligible effect on the calculated OH yield. Further,
or tertiary3-hydroxy alkoxy radicals, depending on the alkene. increasing the @concentration in the model to 26 104 molec
The RQ chemistry is from Jenkin and Hayn®rand Lightfoot cm~3 decreased the calculated OH yield by 18% (with allHO
et al2 The reactions of common products, Rfadicals, and chemistry included). This is comparable to theddncentration
tracers are listed in detail in Paulson et'alA few of the in the Q/O; stream added to the FTIR cell in these experiments
reactions taking place in the experiments described here are(at 20 Torr). The high concentration in the/O, stream is not
pressure-dependent and potentially introduce additional uncer-expected to have a significant impact, as complete mixing is

tainties (as discussed below). expected to occur in less than 10 s (on the basis of wall-loss
The calculated OH yields are most sensitive to the OH rate measurements and visual observation of brown, f@mation
constant of the tracer. In this analysis, TMBH and XYL— during design of the injector). The rate coefficient for ethene

OH rate constants of (57.& 5.3) x 10712 cm® molec? s1 reaction with OH is somewhat pressure-dependent, with values
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of (6 £ 2) x 1012 and (8.5+ 0.6) x 1072 cm® molec! s! Model 3020A). The ozone was generated by flowing the
for 20 Torr and atmospheric pressure, respecti¥eRor ethene, synthetic air mixture through a mercury lamp ozone generator
a 35% increase or decrease in the etheDEl rate coefficient (mentioned above) at atmospheric pressure, or at low pressure
(the recommended uncertainty for this value at 20 Pérr) by passing a separate flow of pure oxygen through the ozone
resulted in a 15% change in the OH yield in the same direction. generator and bleeding this into the synthetic air line with a
The propene reaction with OH is nearly independent of pressure;needle valve. The ranges o ©oncentrations obtained in the
less than a 5% difference between the rate constant atflow tube were (1.247) x 103 molec cnt2 at 760 Torr using
atmospheric pressure (2:6 10711 cm?® molec® s%) and that synthetic air and (6:530) x 10" molec cn1? at 200 Torr using

at 20 Torr has been reportétwhich falls within the recom- pure oxygen. Low pressures were maintained by balancing the
mended uncertainty of the rate constant at atmospheric presflows with a vacuum pump.

sure®2 The rate constants for reactions of OH with alkenes with  The flow tube operated in the developing flow regime, and

four or more carbon atoms reach their high-pressure limits at the velocity profile was flat throughout the length of the tube.

less than 20 Tor#? A flat velocity profile ensures that, across any radial section of
In summary, the chemical model carries with it a systematic the flow tube, all components have been exposed to the same

uncertainty at atmospheric pressure of abal5%. At low reaction time and concentrations. The flat velocity profile was

pressures<100 Torr), this systematic uncertainty risestt#3% verified using a hot-wire anemometer (TSI 1053B) to measure

for compounds with three or more carbons, because of the velocity of air as a function of radial position across the
uncertainties in the pressure dependence of secondary reactionsube (Fenske et al., unpublished work). The radial velocity
For ethene, the uncertainty is higher below 100 Torr; about measurements were performed using an identical flow tube with
+28%, because of the uncertainty introduced by the low- openings every 10 in. for insertion of the anemometer probe.
pressure measurements of the rate coefficient for OH radical All openings not being used during a particular measurement
reaction with ethene. The above-described systematic uncertainyere sealed, and the anemometer probe was mounted through
ties in the calculated OH yield from the chemical model should a rubber stopcock equipped with O-rings to prevent leaks around
thus be taken into account when the OH yields at various the probe body. The range of total flow rates used in the flow

pressures are compared. tube for this study was 1-53 L/min; the hydrocarbon flow rates
were varied from 2 to 15 mL/min. The residence times in these
Experimental Description experiments were 1325 s (corresponding to Reynolds numbers

. . . . _of 105-211) and were selected to ensure that greater than 95%
Three experimental apparatuses were used in this study: a

250-L collapsible Teflon chamber operated at atmospheric of the ozone would react by the end of the tube. The pressure

. . drop across the flow tube at these flow rates was negligible
pressure, a variable-pressure flow-tube (both with GC/FID . -
detection), and a 50-L evacuable multireflection FTIR cell. The (~1 mTorr). A study of hydrocarbon and ozone concentrations

Teflon chamber was used to obtain atmospheric pressure OHat the beginning and end of the tube showed that wall losses
. . - P P .~ for these compounds were negligible. Calculations using the
yields for comparison with results from the flow tube and is

described in detail elsewhetBriefly, it consists of a pillow- model described above showed that this experiment is insensitive

shaped 200250-L Teflon chamber held at 296 2 K and to. wall losses of OH. radmals,sas the lifetime of OH radicals
with respect to reaction is107° s.

placed in a dark enclosure. The chamber was equipped with a ) .

Teflon tube “injector’ (a length of/s in. o.d. Teflon tubing Experiments in the flow tube were conducted as follows: The
with holes at intervals) to reduce sample mixing time. A stream hydrocarbon and air flows were set to give the desired residence
of zero air (Thermo Environmental Zero-Air Generator, Model ime and hydrocarbon concentrations, and the hydrocarbon
111) flushed evaporated liquid hydrocarbons into the chamber concentrations were monitored by GC/FID to ensure that s_teady_
as it filled. Ozone was generated in aliquots by flowing pure state had been reached. Steady state was usually established in

O, through a mercury lamp ozone generator (JeLight PS-3000- 20 min. The ozone generator was then turned on, and the change

30). in hydrocarbon concentrations was monitored by GC/FID. The
The flow-tube apparatus consistsa2 cmi.d. x 2 m glass ozone concentration was varied (in random order) to obtain each
o data point.

tube equipped with stainless steel endplates that provide
connection ports for the transfer tubing. Separate inlet ports were A gas chromatograph/flame ionization detector (GC/FID)
used to introduce the hydrocarbons and the synthetic air; a small(Hewlett-Packard 5890), equipped with a computer-controlled
“turbulizer” (fan-shaped piece of Teflon) provided thorough 2-ML gas sampling valve and either a 30>m3 um x 0.53
mixing as soon as the gases entered the flow tube. ThemMm i.d. DB-624 or a 30 mx 3 um x 0.32 mm i.d. DB-1
temperature during the experiments was 29& K, and the column (J & W), monitored the hydrocarbon concentrations
pressure was monitored at the end of the flow tube with a throughout the experiments. The GC was calibrated daily with
Baratron (Model 127AA) +1000-Torr pressure gauge. The @ cyclohexane standard (Scott Specialty Gases), and the
hydrocarbon bulbs~12 L) were prepared on a vacuum line concentration of each hydrocarbon was determined using its
and contained a high concentrationl( x 1017 molec cnt?) carbon number to calculate the FID response normalized to the
of the hydrocarbons used for each experiment. The liquid cyclohexane calibration.

hydrocarbons were evaporated into the vacuum line to a selected The FTIR long-path cell apparatus consists of a 50-L glass
pressure, and then the bulbs were pressurizedtd00 Torr cell, with a 1.5-m base path length (Infrared Analysis). The FTIR
with nitrogen. Flow controllers (Unit Instruments Model 8100) spectrometer (Bruker Vector 22) was equipped with a mereury
provided specified quantities of alkene and tracer with a stated cadmium-telluride detector (Belov B18N-40); the optics were
uncertainty oft1%. For the flow-tube experiments, the tracer- purged with dry nitrogen. An injector, which consisted of a 120-
to-alkene ratio was held at about 0.05. The carrier gas was acm length of Teflon tubing with a Silcosteel insert (Restek),
synthetic mix of nitrogen and oxygen (80% and 20%, respec- drilled with holes from 0.79 to 7.9 mm in diameter at 10-cm
tively) (Lehner-Martin, liquid grade), the total flow rate of which intervals, introduced the gases into the long-path cell. The
was also determined by a flow controller (Unit Instruments optimal hole sizes for the injector were selected by flowing NO
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into air through the injector. Through the observation of (brown) Results
NO, formation, the hole sizes were adjusted to provide thorough
and instantaneous mixing. The injector reduces the mixing time
within the cell significantly. This study used a 90-m path length,

0.5-cnt! resolution, and 64 scans per spectrum. A Baratron
(127AA, 1-1000 Torr) and a thermocouple gauge (Veeco TG-

70, 1-1000 mTorr) monitored the pressure. Hydrocarbon wall

losses in the FTIR cell were measured by monitoring losses
for concentrations comparable to the experimental conditions.
For the alkenes, the wall losses were negligible; wall losses for
the tracers weres 1076 st and were included in the model. A

Representative data from the three apparatuses and 6 of the
71 experiments are shown in Figure 1. Calculated best-fit OH
yields for each experiment are shown, together with uncertain-
ties, in Table 2. Experimental uncertainties were determined
by calculating the OH yield corresponding to the farthest
outlying data points in each experiment. These OH yields carry
an additional systematic uncertainty, which increases from
+15% at atmospheric pressure 428% below 100 Torr for
ethene (see above) ant23% below 100 Torr for all other
o ) i compounds studied. Data are plotted as percent of tracer reacted
very similar apparatus was used in a small set of experiments, s hercent of alkene reacted; also shown are lines indicating
performed at NCAR (National Center for Atmospheric Re- mqge| calculations for best-fit OH yields. Panel a shows propene
search); the NCAR cell has been described in more detail 3nq 1-hutene data at 760 and 20 Torr, using XYL as the tracer,
elsewheré? performed in the UCLA FTIR cell. The propene data clearly

The FTIR cell experiments were carried out in the following show a pressure dependence, whereas the 1-butene data do not.
manner: After pure oxygen was added to the cell to 20% of the Panel b showsrans-2-butene data using TMB as the tracer,
final pressure, a calibrated volume was pressurized with eachshowing that more tracer is consumed than in XYL experiments
hydrocarbon, and these were swept into the cell with boil-off (Panel a). Experiment 4.3.98 was performed in the flow tube
from a liquid nitrogen cylinder. Once the hydrocarbons were (solid squares), whereas experiment 7.16.99 (open circles) was
added, the cell was pressurized to within a few percent of the performed in the Teflon chamber, filled with 70% 30% air.
final pressure, and the initial concentrations were measured byThese data do not indicate any pressure dependenc¢eafts
FTIR. At NCAR, aliquots of an ozone/oxygen mixture were 2-butene. Additional data are available from the authors.
swept into the cell to reach the desired final pressure. At UCLA, The OH formation yields from the £reaction with ethene,
ozone was generated by flowing pure oxygen through a mercury propene, 1-buten&rans-2-butenetrans-3-hexene, 2,3-dimethyl-
lamp ozone generator (JeLight PS-3000-30) and was added ta2-butene, and cyclopentene are summarized in Table 1. Table
the cell directly through a needle valve. A second measurementl also shows averaged values (from Table 2) for the OH yields
with the FTIR gave the amount of tracer and alkene reacted at each pressure and for each experimental apparatus, together
away, so that each fill of the cell provided one, or at most two, With the estimated uncertainties in the data. Results for ethene,
data points. The run-to-run reproducibility of the initial con- Propene, 1-butene, anins-2-butene are plotted as a function
centrations of tracer and alkene were witHii0% and+5%, of pressure and SFecontent in Figures 24; for conciseness,
respectively, and the initial tracer-to-alkene ratio was @11 ~ OH vyields for 2,3-dimethyl-2-butenetrans-3-hexene, and
0.02. Because this is a relative measurement, absolute differ-cyclopentene, which were found to be independent of pressure,
ences in the initial concentrations from run to run are unim- are not plotted.
portant as long as the ratio of tracer to alkene does not change The OH radical yield from the ozone reaction with ethene
significantly. The IR bands used were as follows: 1,3,5- (Figure 2) has a strong pressure dependence below 100 Torr,

trimethylbenzene, 820850 cntl; m-xylene, 746-800 cntt; increasing from 0.21 0.04 at atmospheric pressure to 082
2,3-dimethyl-2-butene, 11401190 cnt’; trans-2-butene, 926 0.09 at 100 Torr and then sharply increasing to Gt6Q.18 at
1000 cn?; 1-butene, 906950 cnT; propene, 856920 cnT’; 20 Torr. The OH yield also decreases with increasing SF
ethene, 8561100 cnt’; formaldehyde, 26002840 cnt’; and content, reaching a yield of 0.66 0.01 at 100% Sgbath gas.
propionaldehyde, 26562750 cnr. Miller and Barker found S§to be approximately 10 times more

effective at collisional energy removal from pyrazine thaiN
thus, the experiments with added¢3fay simulate pressures
greater than 760 Torr. The OH yield does not appear to reach
. a limiting value at the lowest pressure used in this study. The
ethe_ne, 1-b_utene, and trans-2-butene. These experiments WerSnly other low-pressure measurement of OH formation from
carried out in both the Teflon chamber and the FTIR cell. ethene was 0.42 0.21 at 5.5 Torr, performed by Donahue et

The hydrocarbons (Aldrich) were 99% pure or better (except a5 The lowest pressure we could study was 20 Torr, where
for 1,3,5-trimethylbenzene, which was 98% pure) and were usede measured an OH yield of 0.610.18. The values fall within

To investigate the potential dependence of OH formation on
pressure above 1 atm, we also performed experiments with 20
100% Sk (Mattheson) in the matrix gas at 1 atm in air for

as received. their mutual uncertainties, but Donahue et alriseasurement
does not seem to support the notion that OH yields continue to
Theoretical Methods increase at pressures below 20 Torr.

The OH yield from the ozonolysis of propene has a weaker

The geometries and energies of minima and transition pressure dependence (Figure 3), rising from (43%.07 at
structures were determined using density functional theory, atmospheric pressure to 0.460.11 at 85 Torr. For propene,
employing the Becke3LYP hybrid functiof@lnd the 6-31G-  the OH yield appears to reach a limiting value below 100 Torr,
(d,p) basis sé¢*"[B3LYP/6-31G(d,p)]. Species with unpaired  remaining at about 0.48 for pressures down to 20 Torr. The
electrons were treated with unrestricted Becke3LYP (UB3LYP) OH yields as a function of pressure for the ozone reactions with
theory; open-shell singlets were described with wave functions 1-butenetrans-2-butenetrans-3-hexene, 2,3-dimethyl-2-butene,
of broken spin symmetry. All energies reported included and cyclopentene are summarized in Table 1. The low end of
corrections for zero-point energies derived from the (U)B3LYP/ the pressure ranges were 20 Torr for 1-butene and 2,3-dimethyl-
6-31G(d,p) harmonic frequencies scaled by a factor of 0.963. 2-butene, 60 Torr fotrans-2-butene, and 200 Torr fdrans
All results reported here were obtained with the Gaussid@h 94 3-hexene and cyclopentene. In addition, measurements of OH
and Gaussian 98 suites of programs. yields from 1-butene antlans-2-butene ozonolysis were made
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TABLE 2: Summary of Initial Conditions and OH Yields for Each Experiment

alkene tracer expt # P (Torr) typet [A] o° (molec/cnd) [T]o¢ (molec/cn?) Yohdmodel
ethene TMB 7.26.99 >760¢ 100% Sk TC/GC 3.2268-14 1.35E-13 0.06+ 0.01
TMB 7.6.99 >760¢50% Sk TC/GC 2.768-14 4.50E-12 0.14+ 0.04

XYL 3.26.99 FTIR/GC 6.10E-14 8.51E+13 0.11+ 0.02

TMB 7.8.99 >760¢ 35% Sk TC/GC 2.4368-14 4.28E-12 0.15+ 0.02

TMB 7.7.99 >7608 20% Sk TCIGC 2.23814 7.13EF12 0.21+0.03

XYL 3.16.99A 760 FTIR 7.33814 8.34E+13 0.22+ 0.05

TMB NCAR750 750 2.28815 2.29E+-14 0.20+ 0.04

XYL 3.16.99B 400 FTIR 7.43E14 8.79E+13 0.26+ 0.04

XYL 3.15.99 200 FTIR 6.24E14 8.35E+13 0.29+ 0.04

XYL 3.10.99 100 FTIR 5.70E14 7.35E+13 0.32+ 0.03

TMB NCARS50 50 FTIR 2.82E-15 2.80E+14 0.50+ 0.05

XYL 3.9.99 20 FTIR 2.638-14 6.86E13 0.61+ 0.05

propene TMB NCAR713 713 FTIR 2.72H5 2.84E+14 0.37+ 0.06
TMB NCAR238 238 FTIR 2.08E15 2.11E+14 0.42+ 0.08

TMB NCAR108 108 FTIR 2.25FE15 2.24E+14 0.50+ 0.03

TMB NCAR58 58 FTIR 257815 2.57E+14 0.50+ 0.08

XYL 2.4.99 760 FTIR 6.69H 14 6.20E+-13 0.34+ 0.05

2.5.99 7.048-14 6.96E-13 0.32+ 0.05

XYL 3.4.99 600 FTIR 7.42814 8.78E+13 0.31+0.04

XYL 3.17.99 400 FTIR 7.08E14 8.04E+13 0.33+ 0.06

XYL 3.3.99 200 FTIR 7.32E14 7.64E+13 0.34+ 0.06

XYL 3.2.99 85 FTIR 7.46H-14 8.53E+13 0.46+ 0.03

XYL 2.16.99 60 FTIR 7.38E14 8.18E+13 0.49+ 0.04

2.17.99 7.30E14 8.68E+13 0.49+ 0.04

XYL 3.24.99 20 FTIR 8.22K-14 9.39E+13 0.44+ 0.03

3.25.99 8.35H14 1.11E-14 0.49+ 0.03

1-butene TMB 7.12.99 >760¢40% Sk TC/GC 2.956-14 4.82E-12 0.25+ 0.04
TMB 4.27.99 >7608 40% Sk FTIR/GC 1.518-15 5.90E+-13 0.24+0.04

TMB 4.28.99 >7608 30% Sk FTIR/GC 1.43B-15 6.35E-13 0.27+0.04

XYL 2.23.99 760 FTIR 7.11FE14 7.45E+-13 0.23+0.03

XYL 2.24.99 60 FTIR 7.32E14 7.98E+13 0.30+ 0.04

XYL 2.25.99 20 FTIR 8.48K-14 9.65E+13 0.26+ 0.04

trans-2-butene TMB 7.16.99 >76C, 70% Sk TC/GC 3.108-14 5.54E+12 0.63+ 0.09
TMB 7.14.99 >76C, 50% Sk TC/GC 2.886-14 4.06E-12 0.52+ 0.06

TMB 7.21.99 >76C, 50% Sk TC/GC 2.836-14 4.70E-12 0.58+ 0.06

TMB 7.22.99 >76C, 30% Sk TC/GC 2.356-14 4.53E-12 0.62+ 0.09

TMB 3.31.98 760 FT/GC 1.82E15 3.00E+13 0.59+ 0.06

TMB 4.1.98 760 FT/GC 1.62E15 1.31E-13 0.72+ 0.07

TMB 4.2.98 760 FT/GC 1.23E15 4.92E-13 0.61+ 0.08

TMB 4.21.98 760 FT/GC 1.40E15 2.68E+-13 0.77+0.10

XYL 2.9.99 760 FTIR 6.54814 7.01E-13 0.53+ 0.07

XYL 2.10.99 760 FTIR 7.26E14 7.48E+-13 0.58+ 0.06

TMB 4.3.98 200 FT/GC 8.80E14 5.61E+13 0.64+ 0.08

TMB 4.16.98 200 FT/GC 1.44E15 4.51E-13 0.61+ 0.08

XYL 2.12.99 60 FTIR 7.19814 7.40E+-13 0.59+ 0.08

XYL 2.15.99 60 FTIR 7.69E14 7.38E+13 0.59+ 0.06
2,3-dimethyl-2-butene XYL 2.11.99 760 FTIR 7.16E4 7.48E+13 0.99+ 0.10
XYL 2.26.99 60 FTIR 7.09E14 7.54E+13 0.85+ 0.10

XYL 3.1.99 20 FTIR 7.77T814 9.32E+13 1.04+ 0.10

trans-3-hexene TMB 2.11.98 760 FT/GC 1. 74HE5 9.54E+13 0.50+ 0.07
TMB 2.16.98 760 FT/GC 1.03E15 6.77E-13 0.50+ 0.10

TMB 2.18.98 760 FT/GC 6.64E14 5.54E+13 0.49+ 0.08

TMB 3.4.98 760 FT/GC 1.34E15 6.96E-13 0.35+ 0.05

TMB 3.9.98 760 FT/GC 1.10E15 5.61E-13 0.44+ 0.06

TMB 2.26.98 760 TCIGC 2.37E14 8.02E+-12 0.65+ 0.03

TMB 3.3.98 760 TCIGC 2.25E14 1.30E+13 0.61+ 0.03

TMB 3.10.98 760 TC/GC 2.39E14 1.46E+13 0.59+ 0.03

TMB 2.24.98 350 FT/IGC 1.39E15 5.15E+13 0.41+ 0.10

TMB 2.25.98 350 FT/GC 1.22E15 5.27E+13 0.41+ 0.10

TMB 3.12.98 350 FT/GC 6.03E14 3.38E+13 0.50+ 0.03

TMB 3.13.98 350 FT/GC 1.11E15 6.26E+13 0.47+ 0.07

TMB 3.23.98 200 FT/GC 5.61E14 7.64E-12 0.53+ 0.05

TMB 5.19.98 200 FT/GC 5.93E14 3.10E+-13 0.45+ 0.05

cyclopentene TMB 4.22.98 760 FT/GC 6.05E4 1.30E-13 0.52+ 0.05
TMB 4.28.98 760 FT/GC 6.00E14 1.59E+13 0.55+ 0.05

TMB 4.30.98 760 FT/GC 4.92E14 1.61E-13 0.57+ 0.07

TMB 5.4.98 760 FT/GC 6.49E14 2.73E-13 0.63+ 0.06

TMB 5.5.98 760 FT/GC 4.75E14 1.82E+13 0.65+ 0.07

TMB 5.11.98 200 FT/IGC 2.51E14 1.09E+13 0.59+ 0.04

TMB 5.13.98 200 FT/IGC 1.99E14 6.33E+12 0.62+ 0.05

TMB 5.15.98 200 FT/GC 4.74E14 2.08E+13 0.56+ 0.05

aFT/GC = Flow tube with GC/FID detection, FTIR: long path FTIR cell, TC/GG= Teflon chamber with GC/FID detection, and FTIR/GC
= carried out in FTIR cell, using GC/FID for detectidh[A] .= initial alkene concentratiort.[T],= initial tracer concentratiorf All OH yields
are on a per molecule of alkene reacted with ozone basis. Uncertainties reported here reflect the full scatter in the experimental data. Systematic
uncertainties are discussed in the t&3Fs.
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Figure 5. HCHO yields (per molecule of ethene reacted) as a function
of pressure. Solid symbols represent experimental data points; open
symbols were calculated with the model, assuming a unit yield for
HCHO from the etheneO; reaction at all pressures.

Figure 2. OH formation in ethene ozonolysis as a function of total
pressure in air and as a function ofs3Fixing ratio in air with a total
pressure of 1 atm (Table 2). The solid lines are guides only.
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Figure 3. OH formation in propene ozonolysis as a function of total G -
pressure in air. The solid diamonds were acquired in the UCLA FTIR % 031
apparatus and the open squares represent data acquired in a similarg 0.2+ O Experimental
apparatus at NCAR. The solid line is a simple polynomial fit of the 5 m  Calculated
UCLA data. u
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107 o 1-Butene 1" Pressure (Torr)
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O 1-Butene (with SF.) | Figure 6. Acetaldehyde and. formaldehyde y|e|d§ (per molecule of
0.8 ® Trans-2-butene (with SF|] 8 propene reacted) as a function of pressure. Solid symbols represent
0.7 o7 experimental data points; open symbols represent results obtained from
I i ! I I l the model. Calculated and experimental points at 760 Torr are
06 T f J [ 7108 indistinguishable for formaldehyde.
g 0.5 % Jos
= 0.4 H0.4 radicals, an increase in OH radical formation as the pressure is
034§ ] I Jo.3 decreased should affect the observed concentration of aldehyde.
02 6 : ¢ 02 Assuming a formaldehyde yield of 1.0 for ethene and formal-
o } o dehyde and acetaldehyde yields of 0.60 and 0.52, respectively,
2 : for propene (see Paulson etlalfor a full discussion of the
0.0

o 200 400 600 800 6 20 20 8o 800-0 propene model) from each molecule of alkene react_ed W|th
Pressure (Torn) SF. Content (%) ozone, we calculated the expected apparent aldehyde yields with
s respect tototal alkene reacted (with 9and OH, as these
Figure 4. OH formation from 1-butene artdans-2-butene ozonolysis experiments did not employ an OH scavenger). This calculation
as a function of total pressure in air and as a function aof 1I8King accounts for R@-R0O, and RQ—HO, radical reactions that
ratio in air with a total pressure of 1 atm (Table 2). The lines represent result from the OH-alkene chemistry (and other sources) but
the average OH yield over all pressures and Biing ratios. that add uncertainty. Within the uncertainties, the calculations
in the presence of added &FWithin the uncertainties, no  and observations agree, indicating no clear pressure dependence
pressure dependence was discernible for any of these higheiof aldehyde yields. To gain perfect agreement between calcula-
alkenes. tions and observations, the formaldehyde yield from the O
The experimental formaldehyde yields (per molecule of ethene reaction needs to be increased from 0.85 at 760 Torr to
ethene reacted) and formaldehyde and acetaldehyde yields (pet.15 at low pressure.
molecule of propene reacted), along with model-generated We also measured the HCHO and CO yields from ethene
aldehyde yields, are shown as a function of pressure in Figuresozonolysis in the presence of an OH radical scavengen-(di-
5 and 6. Because aldehydes and alkenes react rapidly with OHpropy! ether) for the pressure range-5060 Torr (not shown).
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Figure 7. Formation and decomposition of the ethene primary ozonide. Optimized geometries (bond lengths in A) and relative energies (kcal/mol
in Table 3) from (U)B3LYP/6-31G(d,p) calculations.

TABLE 3: Energetics of the Formation and Unimolecular

The average yields obtained from this analysis were 0.86 and Reactions of the Ethene and Propene Primary Ozonide

0.35 for HCHO and CO, respectively. Within the precision of

the data, there appeared to be no pressure dependence for these _ AE _AE
yields, although the values at 50 Torr were quite scattered species (gas phase) (in CH:Cl2)
(£60%). ethene 1+2 +54.9
For propene, the absolute agreement between the observed 2 +1g'2 +1g'§
and calculated acetaldehyde and formaldehyde values is good 5 +18.6 +18.3
(Figure 6). Neither the observed nor the calculated aldehyde 6 +16.9 +17.5
yields show any dependence on pressure. 7+8 +5.2 +0.7
Thomas et at® measured formation of CO, GOH,, formic 9 —47.6 —48.4
acid, and formaldehyde from ethene ozonolysis at 770, 77, and propene é+ 2 +5g'g
7.5 Torr. They observed no differences between 770 and 77 4 +17.8
Torr. At 7.5 Torr, they observed an increase in CO and, CO 5 +16.2
and a decrease in the formaldehyde yields, with no change in 6 +16.0
the H, or formic acid yields. Interpretation of these yields is g+ 8 Zg-g

complicated by the high yields of OH at low pressure (Thomas
et al10 did not use an OH scavenger). Although the Thomas et 2 Relative energies in kcal/mol. Species labeled in Figure 7.
al1% data appear to contradict our formaldehyde yield measure-
ments, it is simply the difference in experimental conditions butene as well, in the absence of an OH radical scavenger. We
that affects the apparent formaldehyde yield. Under the condi- observed no pressure dependence for the carbonyl product yields
tions used in the Thomas et lstudy, the lifetime of OH (per molecule of alkene reacted with &d OH radicals) from
radicals with respect to reaction with formaldehyde is ap- 1-butene (0.97 and 1.2 formaldehyde and propionaldehyde,
proximately half the lifetime with respect to reaction with ethene respectively),trans2-butene (1.0 acetaldehyde), and 2,3-di-
itself; in our experiments, the relative lifetimes are similar so methyl-2-butene (0.99 acetone).
that OH reacts with the tracer as rapidly as it does with  Figure 7 and Table 3 summarize our UB3LYP/6-31G(d,p)
formaldehyde. Because of the tracer (which acts to “scavenge” model of ethene ozonolysis. After its exothermic formatii (
some OH), the increasing OH yield at low pressures does not= —54.9 kcal/mol), the chemically activated primary ozonide
have as large an effect on the formaldehyde levels in our (3) may decompose by either concerted or stepwise diradical
experiments. The Thomas et'8kesults are consistent with no  pathways. The concerted cycloreversion of the ozoriiags
strong pressure dependence for the formaldehyde yield. Thean activation barrier of 19.2 kcal/mol; the formation of the parent
increase in CO at low pressure is also consistent with a higher carbonyl oxide 7) and formaldehydes] is endothermic by 5.2
OH yield, as CO is a product of formaldehyde oxidation by kcal/mol. Alternatively, the primary ozonide may decompose
OH radical. The increase in G@nay also be due to an increase by the initial formation of an oxy/peroxy diradical intermediate
in OH, as CQ is a common oxidation product as well (from  (Figure 8), which then undergoes further reaction (Figurg 7,
such reactions as OH with aldehydes and with CO). and 6). Although diradical formation is initiated by a simple
Carbonyl product yields were quantified from the OH yield homolysis of an G-O bond, there is nevertheless a transition
experiments for 1-butené&rans-2-butene, and 2,3-dimethyl-2-  structure for this process 12.8 kcal/mol above the primary
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t through the intermediacy of an oxy/peroxy diradical. The most
} P ©) stable diradical intermediate is 10.4 kcal/mol above the primary
c@—@“ 3 ozonide. The stepwise formation of syn acetaldehyde oxide (that
N f:l) is, by cleavage of the diradical intermediate) has an activation
@ @) barrier of 16.2 kcal/mol §). The diradicaloid pathway is
\@' 2120 € kinetically favored over the concerted pathway by 1.6 kcal/mol.

Formation of 2-hydroperoxypropanad)(through a 1,4-
hydrogen shift transition structuré)(has an activation barrier
of 16.0 kcal/mol. The formation of the Criegee intermediate
and the hydroperoxide should therefore occur at nearly equal
rates in gas-phase propene ozonolysis.

The unimolecular reactions of the ethene and propene primary
Figure 8. Formation of the anti oxy/peroxy diradical from the ethene ozonides all have slightly positive activation entropies. The
primary ozonide. Relative energies (kcal/mol) and geometries of gjradical cleavage transition states are the most favored en-
reactant, transition structure (bond length in A), and product from tropically, with ASF values of 5-6 cal/(mol K); thus, stepwise
(U)B3LYP/E-31G(d,p) calculations. formation of carbonyl oxides should become slightly more
favorable with increasing temperature. The other transition states
haveAST values of +2 cal/(mol K).

ozonide. The lowest-energy conformation of the diradical
intermediate is 10.7 kcal/mol above the ozonide.

The transition structure (Figure ) for the fragmentation
of the diradical to give the parent carbonyl oxide and formal-
dehyde is 18.6 kcal/mol above the primary ozonide. The Theoretical work by Olzmann et &.addressed the pressure
stepwise Criegee mechanism is therefore predicted to bedependence of OH radical yield from the ozonolysis of ethene
kinetically favored by 0.6 kcal/mol over the concerted Criegee and 2,3-dimethyl-2-butene. Using master-equation analysis, they
mechanism. The cleavage of the-C bond in the diradicaloid  predicted that the OH radical yield from ethene ozonolysis
transition structure is slightly less advanced thanGbond would be~0.002 and would be independent of pressure. As a
cleavage in the closed-shell transition structure (1.924 A vs. possible explanation for the discrepancy between their value
1.969 A). and the experimental values available, they proposed that a

Alternatively, the diradical intermediate can isomerize to form diradical pathway could explain the additional OH formed in
hydroperoxyacetaldehyde (Figure9J, The 1,4-hydrogen shift ~ experiments, as they only took into account the traditional
transition structure (Figure B) is predicted by our UB3LYP/ Criegee mechanism for OH radical formation (R1a and R2). In
6-31G(d,p) calculations to be only 16.9 kcal/mol above the this same study, they predict that the OH radical yield from
primary ozonide, about 2 kcal/mol lower than formation of the 2,3-dimethyl-2-butene ozonolysis would be pressure dependent,
Criegee intermediate by either diradical or closed-shell path- increasing from~0.7 at atmospheric pressure 4®.9 at 7.5
ways. The formation of the hydroperoxide is therefore predicted Torr.
to be the fastest process in gas-phase ethene ozonolysis. Hatakeyama et al.’s studies of thermalized carbonyl oxide

The experimental consensus is that solution-phase ozonolysisformatiort”18found a dependence on pressure for the quantity
proceeds by a concerted mechanfé/e have therefore studied formed in both ethene anttans-2-butene ozonolysis. The
the effect of solvation by dichloromethane on the ethene pressure dependence of the carbonyl oxide is not necessarily
ozonolysis reaction. Single-point SCIPCM calculations on the linked to that of the OH vyield, however. Because there are
UB3LYP/6-31G(d,p) stationary points reveal that the concerted several isomerization channels open to carbonyl oxides (and
cycloreversion of the primary ozonigehat is, the traditional the ozonide itself), there need not be a direct correlation between
Criegee mechanisfrbecomes the lowest barrier process by thermalized carbonyl oxides and OH yield, other than the
0.7—1.5 kcal/mol in solution (Table 3). This is qualitatively  requirement that the combined yields not exceé&\When the

Discussion

reasonable, as the cycloreversion transition structure 4.56 thermalized carbonyl oxide yield decreases at low pressure, the
D) is far more polar than either the 1,4-hydrogen shift= OH formation channel may increase (as in ethene) or another
1.73 D) or the diradical cleavage: (= 1.49 D) transition channel may increase (possibly dioxirane formation), resulting

structures. in no effect on the OH yield (as itrans-2-butene). Another

Formation of hydroperoxyacetaldehyde is highly exothermic consideration is that the Hatakeyama et al. stddi€assume
(AE = —47.6 kcal/mol), and this species will likely undergo that all thermalized carbonyl oxides react bimolecularly, and
further unimolecular reaction (Figure 9). Cleavage of the peroxy recent theoretical work suggests that this may not be the case.
bond to afford hydroxyl radical requires 40.7 kcal/mol. The co- Olzmann et al? calculated that, even for completely thermalized
generated acetaldehyde alkoxy radical will then readily cleave carbonyl oxides, the high-pressure limiting rate coefficients for
to give formaldehyde and the formyl radical. unimolecular decomposition give lifetimes of gr8 s for CH-

Figure 10 and Table 3 summarize our predictions for propene OO and 0.004 s for C¥CHOO, and suggested that these values
ozonolysis. The asymmetry of the propene primary ozonide are upper limits. Hatakeyama et'hoted that, at atmospheric
gives rise to four possible cycloreversion channels. For simplic- pressure, the propene ozonide was observed for ozonolysis of
ity, we show only the results for the concerted pathway leading ethene in the presence of excess acetaldehyde, but at low
to the syn carbonyl oxide (the major OH formation channel), pressures 455 Torr), none of the secondary ozonide was
along with the analogous diradical channel. Like ethene, the observed. This may indicate either decomposition of the
primary ozonide of propene3( may decompose by either secondary ozonide or decomposition of the thermalized carbonyl
concerted or stepwise diradical pathways. The concerted cy-oxide itself competing with reaction with aldehyde more
cloreversion of the ozonidel) to give syn acetaldehyde oxide efficiently at low pressure.
has an activation barrier of 17.8 kcal/mol and a reaction energy For these highly complex ozonolysis reactions, several
of 0.4 kcal/mol. The primary ozonide may also decompose explanations of pressure dependence and its apparent relation-
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Figure 9. Decomposition of hydroperoxyacetaldehyde. Relative energies (kcal/mol) and geometries of reactant, transition structure (bond length
in A), and products from (U)B3LYP/6-31G(d,p) calculations.
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Figure 10. Formation and decomposition of the propene primary ozonide. Optimized geometries (bond lengths in A) and relative energies (kcal/
mol in Table 3) from (U)B3LYP/6-31G(d,p) calculations.

ship to chain length for 1-alkenes are possible. It is unlikely kcal/mol, and that for dioxirane formation is18 kcal/mol

that variation in formation of CKDO is responsible, as the (although the transition state for OH formation is loose, which
aldehyde coproduct has a yield of about 50% for the series of makes this pathway somewhat more favorable than the energy
terminal alkenes Cz at all pressures studied. Similarly, it seems barriers sugges®:. Thus, as the CkDO is formed with less
unlikely that yields of syn and anti carbonyl oxides would and less energy, it may eventually reach a point at which it is
change appreciably with pressure. Another, more plausible, unable to form OH. This explanation is problematic, however.
explanation relies on energy partitioning when the primary On the basis of ab initio calculations for OH formation from
ozonide decomposes. Assuming a statistical distribution of CH,OO, it is difficult to rationalize an OH yield of 0.2 for
energy, as the alkyl chain length increases, the fraction of energyethene, let alone 0%'° Furthermore, if OH from CkDO is
partitioned to the CLDO fragment will decrease. For the gH pressure-dependent, OH from the substituted carbonyl oxide
OO carbonyl oxide, the energy barrier to OH formation-31 might be pressure- dependent as well, particularly because it
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has a higher density of vibrational states and would thus activation entropy. Calculations in progress seek to discover
presumably be more easily collisionally deactivated at higher such a mechanism.
pressure$? Alternatively, our diradical proposal could be incorrect, and
Our calculations suggest that an alternative to the Criegeethe traditional Criegee mechanism is fully valid even for ethene.
mechanism, the diradical pathway, may be important for ethene Judging from the quantum chemical predictions of Gutbrod et
and propene at low pressure. The ethene pressure-dependendd-** the Criegee intermediate will primarily close to the
data are consistent with the preferential formation of hydro- dioxirane. The formic acid formed from the dioxirane (R2b)
peroxyacetaldehyde predicted by our B3LYP calculations. could then serve as the pressure-dependent source of OH.
Activation entropies slightly favor the diradical cleavage Although homolysis of the €0 bond in HCOOH is not the
pathway over the 1,4-hydrogen shift pathway. However, an Iowest-bar_ner pathwa$? this entropically favored pathway
RRKM calculation is required to quantify the competition Ccould dominate at low pressures.

between enthalpy and entropy for the vibrationally excited ~ For propene ozonolysis, the diradical cleavage transition state
primary ozonide. is of nearly the same energy as the 1,4-hydrogen shift transition

state (Table 3). As in ethene ozonolysis, the diradical pathways
are predicted to be favored over the concerted cycloreversion
transition states. Our B3LYP calculations predict, however, that
a smaller fraction of the hydroperoxy aldehyde will be formed.
This is consistent with our experimental results, which indicate
that the OH yield from propene ozonolysis depends less on the
pressure than does that from ethene.

Itis likely that the pressure dependence of the species studied
here will be of minor importance in the atmosphere. Because
of the short lifetime of alkenes in the atmosphere (seconds to
({muré“ for 2,3-dimethyl-2-butene and ethene, respectively)

ransport out of the troposphere, to regions where pressures drop
below 100 Torr, is negligiblé?

At low pressures, the chemically activated hydroperoxide
should largely decompose to give OH radical. Although the
homolysis of the peroxy bond requires 41 kcal/mol, the overall
transformation from the primary ozonide to OH radicals via
the hydroperoxide is exothermic by 7 kcal/mol. The primary
ozonide is initially formed with more than enough energy to
surmount this 41 kcal/mol barrier, but it seems reasonable to
assume that, with a barrier of this magnitude, collisional
deactivation may compete with OH formation from this channel.
Moreover, as Figure 9 shows, the decomposition of hydro-
peroxyacetaldehyde should generate equal amounts of OH an
formaldehyde. This is consistent with our low-pressure aldehyde
data.
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