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ABSTRACT: The gas-phase reaction of ozone with unsaturated volatile
organic compounds (VOCs), alkenes, is an important source of the critical
atmospheric oxidant OH, especially at night when other photolytic radical
initiation routes cannot occur. Alkene ozonolysis is also known to directly
form HO2 radicals, which may be readily converted to OH through
reaction with NO, but whose formation is poorly understood. We report a
study of the radical (OH, HO2, and RO2) production from a series of small
alkenes (propene, 1-butene, cis-2-butene, trans-2-butene, 2-methylpropene,
2,3-dimethyl-2-butene (tetramethyl ethene, TME), and isoprene). Experi-
ments were performed in the European Photoreactor (EUPHORE)
atmospheric simulation chamber, with OH and HO2 levels directly
measured by laser-induced fluorescence (LIF) and HO2 + ΣRO2 levels
measured by peroxy-radical chemical amplification (PERCA). OH yields
were found to be in good agreement with the majority of previous studies
performed under comparable conditions (atmospheric pressure, long time scales) using tracer and scavenger approaches. HO2
yields ranged from 4% (trans-2-butene) to 34% (2-methylpropene), lower than previous experimental determinations. Increasing
humidity further reduced the HO2 yields obtained, by typically 50% for an RH increase from 0.5 to 30%, suggesting that HOx
production from alkene ozonolysis may be lower than current models suggest under (humid) ambient atmospheric boundary
layer conditions. The mechanistic origin of the OH and HO2 production observed is discussed in the context of previous
experimental and theoretical studies.

1. INTRODUCTION

Alkenes, unsaturated hydrocarbons, are emitted to the
atmosphere from a range of natural and anthropogenic sources,
notably biogenic emissions of isoprene, C5H8, and the
isoprenoid terpenes (C10H16) and sesquiterpenes (C15H24).
Alkenes can contribute up to 30% of the total OH sink in urban
regions,1 and a higher proportion in forested environments;2

atmospheric degradation of alkenes contributes to the
production of ozone in the presence of nitrogen oxides and
leads to the production of multifunctional oxygenated
degradation products,3 which may act as precursors to, or
contribute to the formation of, secondary organic aerosol
(SOA).
In addition to degradation driven by reaction with OH and

NO3, alkene oxidation may be initiated by reaction with ozone,
a process that leads to the nonphotolytic production of HOx
radical intermediates; detailed analyses of measurements from
atmospheric field campaigns have shown ozonolysis to account
for up to 30% of the total OH radical production.4

Understanding the yields of OH, HO2, and RO2 radicals and
their dependence upon atmospheric conditions is essential to
quantify this important contribution to atmospheric oxidizing
capacity.

Gas-phase alkene ozonolysis is believed to proceed via the
Criegee mechanism,5 illustrated in Figure 1. Ozonolysis is
highly exothermic, initiated by the electrophilic cycloaddition of
ozone across the CC double bond to form an unstable 1,2,3
trioxolane (hereafter referred to as a primary ozonide, POZ)
(R1). This intermediate is high in energy and rapidly
decomposes at the central C−C bond and one of the O−O
bonds. Given that the O−O bond can break at two different
sites, two alternative pairs of carbonyl oxides (hereafter referred
to as Criegee intermediates, CIs) and stable carbonyl molecules
can be formed (R2a and R2b).
The CI and carbonyl coproduct produced from the

exothermic decomposition of the POZ possess a significant
amount of vibrational excitation. This energy enables further
unimolecular reactions of the excited CI to occur but is not
sufficient for the decomposition of the carbonyl molecule;1

Figure 2. The distribution of decomposition products of the
POZ is dependent upon the chemical conditions and
substitution of the alkene. Different CIs behave as distinct

Received: September 1, 2013
Revised: October 29, 2013
Published: October 30, 2013

Article

pubs.acs.org/JPCA

© 2013 American Chemical Society 12468 dx.doi.org/10.1021/jp408745h | J. Phys. Chem. A 2013, 117, 12468−12483

pubs.acs.org/JPCA


chemical entities as demonstrated by the range of detected
experimental products, dependent upon the extent of the
substitution of the CI and distribution of energy following
decomposition of the POZ.3 Substituted CIs can be formed in a
syn (i.e., with the alkyl substituent on the same side of the CI as
the terminal O atom) configuration or anti configuration, with a
substantial barrier to interconversion between the two.6

Briefly, syn- and disubstituted CIs are thought to
predominantly decompose through isomerization via a five-
membered transition state to give an excited vinyl hydro-
peroxide intermediate, which subsequently decomposes to give

OH and a vinoxy radical (R3a; the hydroperoxide mecha-
nism).3 The proportion of the vibrationally excited CIs that
have insufficient energy to isomerize/decompose may form so-
called stable Criegee intermediates (SCIs), either directly
following decomposition of the primary ozonide or through
collisional stabilization of the CI (R4), which can subsequently
undergo bimolecular reactions7 or decomposition (leading to
further, delayed production of OH, again via a vinyl
hydroperoxide intermediate (R3b), or potentially to HO2, via
a dioxirane/hot acid intermediate (R6)). The prevailing
conditions (pressure; experimental time scale) have been

Figure 1. Cycloaddition of ozone across the alkene double bond and subsequent decomposition of the POZ: the Criegee mechanism.

Figure 2. Potential fates of the Criegee intermediate.
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shown to be critical in controlling the observed formation of
OH, SCIs, and other products.8

The vinoxy radical formed alongside OH (Figure 2) will
react with oxygen in the atmosphere to form an excited β-oxo
peroxy radical, which may be stabilized or undergo decom-
position forming CO, a (secondary) stable carbonyl species and
OH.9 However, this pathway to OH formation is only thought
to be significant if an aldehydic hydrogen is present.3 The
stabilized β-oxo peroxy radical may then undergo self- or cross-
reaction with other peroxy radicals to form stable species such
as glyoxal, methylglyoxal, glycolaldehyde, peroxides, and further
secondary carbonyls.
The fate of the anti-CI and of the CH2OO CI formed from

terminal alkenes differs in that the hydroperoxide rearrange-
ment is not available. Briefly, the anti-CI (and CH2OO) can
undergo rearrangement through a dioxirane structure, which
can decompose to various products including OH, HO2, CO,
CO2, H2O, and alkyl molecules via a hot acid/ester
intermediate.1 The syn- and anti-CIs can also undergo
stabilization followed by bimolecular reaction, but studies
suggest that stabilization is a minor process for disubstituted
and syn-monosubstituted CIs, as their lifetime with respect to
the vinyl hydroperoxide mechanism is thought to be
substantially shorter than the time required for bimolecular
processes to occur,10,11 although recent experiments have
shown that the vinyl hydroperoxide intermediate itself may
have an appreciable lifetime.8,12 Collisional stabilization (or
possible direct formation) of SCIs may be followed by a range
of bimolecular reactions with atmospherically relevant species
such as H2O, NO2, SO2, and CO,1,13,14 alongside thermal
decomposition. Very recent results indicate that reactions of the
SCIs with SO2 and NO2 proceed much faster than previously
thought and that the reaction with water is comparatively slow,
suggesting an important role for SCIs as atmospheric
oxidants.15−17

Laboratory Measurements of HOx Radical Production
from Alkene Ozonolysis. The first indications for the
production of radical species, including OH, from gas-phase
alkene ozonolysis reactions arose through observations of
chemiluminescence, attributed to emission from vibrationally
and electronically excited OH, observed at low pressures (1 −
10 Torr) from the reaction between ozone and a range of short
chain alkenes (C2 − C6);

18 the observed OH was attributed to
the decomposition of an excited Criegee intermediate,
generating H atoms that would rapidly be converted to OH
radicals via reaction with O3.

19,20 Direct formation of OH
through ozonolysis reactions at atmospheric pressure via a vinyl
hydroperoxide channel was first proposed for 2,3-dimethyl-2-
butene by Niki et al.,7 who measured the reaction stoichiometry
of Δ[2,3-dimethyl-2-butene]/Δ[O3] to derive an OH radical
yield of 0.70 ± 0.10.
A number of studies have followed, reporting quantitative

indirect and direct OH yield measurements for the ozonolysis
of various alkenes, using one of three generalized approaches:
(i) indirect measurements, where a radical scavenger or
tracer(s), reactive toward OH but not toward O3 or other
reactants, are used to infer the cumulative OH production in
the system at long (minutes +) time scales;21−24 (ii) direct
observations using techniques such as laser-induced fluores-
cence (LIF),25 peroxy radical chemical amplification
(PERCA),26 or matrix isolation−electron spin resonance
(MIESR)27 are used to quantify HOx radicals under steady-
state conditions or (in laboratory settings) at short reaction

times; or (iii) turnover experiments in which the additional
removal of the alkene (due to reaction with OH) or ozone (due
primarily to reaction with HO2) is used to infer OH and/or
HO2 production, again at long (minutes +) time scales.28

The majority of OH radical yields reported have been
obtained through tracer21,22 and scavenger methods.23,24 In
some cases these approaches can be problematic, for example,
with the cyclohexane scavenger approach, production of the
observed products (usually cyclohexanol and/or cyclohex-
anone) depends upon the radical population actually present
(through dependencies upon RO2 vs. HO2 competition for the
cyclohexylperoxy radical) and hence can vary significantly
between chemical systems and within the same system as the
chemical composition evolves.29 Other OH scavenger
techniques have included the use of excess 2-butanol30 and
CO,31 monitoring the reaction products 2-butanone and CO2,
respectively. Yields of OH from alkene-ozone reactions have
also been derived by adding relatively small quantities of tracer
compounds (e.g., 1,3,5-trimethylbenzene, m-xylene, and di-n-
butyl ether) to scavenge OH radicals. Such tracers exhibit
varying reactivity to OH, allowing the determination of OH
yields in an ozonolysis system by comparing the relative decay
ratios of tracer pairs, through knowledge of their OH reaction
rate coefficients.21 Indirect OH yield measurements using both
the scavenger and tracer techniques agree reasonably well, and
an extensive, generally self-consistent database now exists.1,3

The first direct observation of OH production from alkene
ozonolysis was obtained by Donahue et al.,25 who employed
LIF to monitor OH production from a range of small alkenes at
low pressure (4−6 Torr). In subsequent work,32−34 OH yields
were found to be pressure-dependent for substituted alkenes,
with fast OH formation (time scales of a few ms) effectively
quenched as pressures approach ca. 400 Torr; however, on long
time scales (ca. 1 s), the OH yield increased, approaching
values consistent with other longer-time scale atmospheric
pressure measurements from radical scavenger/tracer experi-
ments, indicating that the majority of the observed OH for
substituted alkenes under tropospheric conditions arises from
the decomposition of thermalized carbonyl oxides and/or vinyl
hydroperoxides, with a contribution from prompt decom-
position (although the latter will dominate for ethene and the
CH2OO Criegee intermediate formed from terminal alkenes).8

These results indicated that OH formation from alkene
ozonolysis can result from both prompt formation, from a
vibrationally excited CI, and from the decomposition of a
partially stabilized CI on longer time scales,3 therefore opening
the possibility for bimolecular reactions to occur with the SCI,
interrupting the decomposition process and reducing the OH
yields. This possibility has been investigated for various SCI
scavengers, including H2O, SO2, butanone, and acetic acid for
2-methyl-2-butene;14 CH3CHO for trans-2-butene;10 and NO2
for 2,3-dimethyl-2-butene, trans-5-decene, cyclohexene, and α-
pinene,35 with little reduction in (inferred) OH yield found,
indicating that production of OH through the unimolecular
decomposition of partially stabilized CIs is significantly larger
than the rate of reaction with the potential SCI scavengers
studied, at least for those species and experimental conditions
employed. Subsequent direct measurements of steady-state OH
abundance and hence overall production, using LIF systems
incorporated within simulation chambers, have been reported
for 2,3-dimethyl-2-butene, 2-methyl-2-butene, trans-2-butene,
and α-pinene,36 for isoprene,24 and for ethene.29 Overall, the
substantial experimental database for OH yields on long
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(seconds +) time scales relevant to the impact of ozonolysis
reactions upon the atmosphere is broadly consistent across a
range of direct and indirect approaches.
In contrast to the substantial body of experimental data on

OH production, the observational database for direct HO2
production from alkene ozonolysis is sparse and inconsistent;
even more so for RO2. In the absence of experimental data,
some modeling studies have necessarily assumed a 1:1
stoichiometry for production of OH and a radical coproduct;37

however, the existence of secondary channels for the
production of OH9 and for the production of two HO2 radicals
from the CH2OO CI formed from terminal alkenes1,29 indicate
that this supposition may not hold. Mihelcic et al.27 used the
matrix isolation−electron spin resonance (MIESR) approach to
measure the OH and HO2 yields from ethene ozonolysis,
obtaining yields of 20 ± 2 and 39 ± 3%, respectively. Radical
production in the ethene−ozone system has also been
investigated using a laboratory PERCA methodology combined
with detailed modeling, to extract yields of HO2 and HO2 +
RO2 of 38 ± 2 and 45 ± 3%, respectively;26 subsequently, this
approach was extended to propene, with yields of 39 ± 8%, 19
± 4%, and 39 ± 8% obtained for OH, HO2, and CH3O2,
respectively.38 Radical yields have been deduced from experi-
ments in the SAPHIR simulation chamber, in which the decay
of the additional turnover of the alkene and/or ozone, in
experiments performed with/without an OH scavenger (excess
CO) were used to infer OH and HO2 yields.

28 In contrast to
previous tracer/scavenger studies, the OH yields obtained
varied with humidity, increasing in the presence of H2O, and
the inferred (dry) HO2 yields (propene, 1.50 ± 0.75; 1-butene,
1.60 ± 0.80; and isobutene, 2.00 ± 1.00) were substantially
greater than those reported in the direct measurements (and
assumed in most atmospheric mechanisms). Most recently, the
LIF/chemical conversion technique was used to determine an
HO2 yield of 0.26 ± 0.03 for isoprene ozonolysis in a small
simulation chamber.24

The existing experimental data set is therefore in reasonable
agreement with regard to OH production (yields) from alkene
ozonolysis, which are broadly consistent with the dominant OH
production channel for substituted alkenes being the hydro-
peroxide mechanism for the syn-CI, with additional OH
production potentially arising from further decomposition of
the coformed alkoxy radical and from decomposition of the
anti-CI conformer.3 In the case of terminal alkenes and ethene,
decomposition of the C1 CI, CH2OO, also leads to direct OH
production.29 The mechanistic origin and yield of HO2 is rather
less clear; in the ethene system, HO2 is produced through
decomposition of the CH2OO CI (potentially via a hot acid
intermediate), while for substituted alkenes the literature
observations of substantial HO2 production noted above
indicate that further decomposition of one or both CIs (in
addition to OH production via the hydroperoxide mechanism)
may occur. The experimental yields of HO2 reported are
substantially greater than the OH yields in the limited number
of studies reported (e.g., ethene; ca. 40% for HO2 compared
with 10−20% for OH across a number of measurements), with
substantial inconsistency apparent between studies; this may in
part reflect the greater complexity of interpretation of HO2 data
in the presence of multiple chemical source and sink processes.
As NO-driven RO2−HO2−OH radical cycling within the
atmosphere is likely to be significant in most environments
where the alkene abundance is substantial, characterizing non-
OH radical production from alkene ozonolysis is of importance

for a quantitative understanding of atmospheric oxidation.
Improved understanding is also necessary to address the
potential for other atmospheric reactants, such as water vapor,
to affect the OH (and in particular HO2) radical yields.
Atmospheric chemical mechanisms employ radical (HO2, RO2)
yields, which are largely inferred through the observation of
associated stable products on the basis of the mechanistic
understanding outlined above39 and, in the case of HO2, are
substantially lower than those suggested by some of the studies
noted above.28,38 In this article, we present systematic
measurements of radical yields from the ozonolysis of propene,
1-butene, 2-methylpropene, cis-2-butene, trans-2-butene, 2,3-
dimethyl-2-butene, and isoprene, obtained through simulation
chamber experiments performed in the EUPHORE (European
Photoreactor) facility, and employing LIF and PERCA
techniques to monitor OH (directly), HO2, and RO2 radicals.

2. APPROACH: EUPHORE CHAMBER EXPERIMENTS
Detailed accounts of EUPHORE, the monitoring techniques
used and experimental procedure followed can be found
elsewhere;40,41,29 a brief overview is provided here. The
EUPHORE facility comprises two ca. 200 m3 reaction
chambers, formed from FEP film, with housings that may be
closed to exclude light. Chamber pressure is maintained ca. 100
Pa above ambient and chamber temperatures at near ambient
levels (cooled through a chilled floor). For all the experiments
described here, the chamber covers were closed, excluding
ambient sunlight (j(NO2) < 2 × 10−6 s−1). The chambers are
mixed by fans on a time scale of 3 min. The chamber is filled
with scrubbed dry air, to which reactants of interest are added
volumetrically by direct injection, and the evolving composition
monitored as a function of time. Dilution (arising from sample
withdrawal, as total chamber pressure is maintained by addition
of scrubbed air) is monitored by following the decay of SF6,
added as a tracer prior to each experiment, and during the work
described here typically corresponded to a first-order decay rate
of ca. 10−5 s−1, accounting for between 2 and 42% of the alkene
removal across all experiments (values for 2,3-dimethyl-2-
butene and propene, respectively; balance through chemical
processes). Alkene and stable product concentrations were
monitored by Fourier-transform infrared absorption spectros-
copy (FTIR), and by chemical ionization reaction time-of-flight
mass spectrometry (CIR-TOF-MS) in the case of oxygenated
products. Levels of O3 (UV photometry), NOx (chemilumi-
nescence with photolytic converter; below detection limit for all
(dark, NOx-free) experiments described here), and CO
(infrared absorption) were followed by conventional monitors.
Chamber humidity was measured using a chilled-mirror dew-
point hygrometer. OH radicals were observed directly using
laser induced fluorescence spectroscopy (LIF), while HO2
radicals were detected following their titration to OH by
added NO within the LIF instrument.36,42 The sum of hydro-
and organic peroxy radicals, HO2 + ΣRO2, was measured using
a peroxy radical chemical amplifier (PERCA).43

Instrumental Accuracy. The results reported in this study
were derived using a comprehensive suite of measurement
instrumentation. Alkene and ozone concentrations were
determined by FTIR and converted to mixing ratios through
the measured chamber temperature and pressure. Systematic
uncertainties arising from the literature cross-sections were
conservatively estimated to be 10% (the FTIR O3 data agreed
very well with measurements made by UV photometry). The
radical measurements were performed by LIF (OH and HO2)
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and PERCA (HO2 + ΣRO2). The LIF system was calibrated
before, during, and after each measurement campaign using the
H2O photolysis/ozone actinometry approach,44 and calibra-
tions were constant to within a few percent. The estimated
uncertainty in the LIF data from a single calibration is 27%
(combined systematic error and precision)42 although this may
be regarded as conservative as the precision component of this
uncertainty within a single calibration will, to a certain extent,
average out across the experiments. The instrument was
calibrated as a function of humidity; in keeping with previous
results45 a reduction in the instrument sensitivity is observed as
humidity increases compared with that measured under dry
conditions, but the response flattens out (and was fully
characterized) within the humidity range employed here. The
potential for interference from substituted peroxy radicals in the
LIF HO2 measurement is considered explicitly in the analysis
section below. The PERCA was calibrated using the photolysis
of methyl iodide/air mixtures to form methylperoxy radicals,
thus determining the chain length of the chemical amplifica-
tion.46 An NO2 permeation device was used to determine the
sensitively of the Scintrex (Luminol chemiluminescence
detector) to the NO2 product of the amplification. The overall
accuracy of the peroxy radical measurements was estimated to
be 38% (2 SD) from the combined uncertainties associated
with the radical calibration, NO2 quantification, and humidity
correction.47

Experimental Procedure. All experiments were initiated in
a clean (flushed overnight) dry chamber. Ozone (generated
online by corona discharge) and (if necessary) water vapor
and/or OH scavengers (CO or cyclohexane) were added to the
required levels, followed by an aliquot of SF6 (as a tracer for
dilution). The ozonolysis reaction was initiated by injection of
the relevant alkene using a graduated syringe, with reactant and
product concentrations monitored over a time scale of 1−2 h,
at a time resolution ranging from 1 min (LIF, PERCA) to 10
min (FTIR scan period), which may be compared with the
chamber mixing time of 3 min. Three sets of experimental
conditions were employed: (i) simple alkene−ozone only
systems; (ii) experiments with added excess CO (ca. 500 ppm)
as an OH scavenger, to suppress the OH + alkene reaction; and
(iii) experiments performed with added water vapor (to 30%
RH); the dry chamber humidity was approximately 0.3%
(measured dew point −45 °C). The experimental conditions
and chemical systems studied are summarized in Table 1.

3. APPROACH: DATA ANALYSIS

To account for secondary chemical processes (radical sinks and
additional sources), the measurements were interpreted using a

detailed chemical model, within which the yields of OH and
HO2 were optimized to match the observed data. The model
reaction scheme was based upon the relevant subset of the
Master Chemical Mechanism (MCM) version 3.239,48 for the
degradation of each alkene in question, including inorganic
reactions and updated cyclohexane degradation chemistry as
described in ref 29. Model conditions (temperature, pressure,
and dilution rate) were set to the corresponding mean value for
each experiment (as variability in these parameters was
negligible during each run) and simulations initialized with
the relevant experimental conditions as outlined in Table 1.
Within the model, the actual ozonolysis process (i.e., Criegee
decomposition reactions) were updated from the MCM
representation to reflect a more detailed description of the
actual mechanism: The primary ozonide (POZ) was assumed
to decompose rapidly, and then each initially formed (excited)
Criegee intermediate to further decompose to form radical
products and stable species or to undergo collisional
stabilization forming a stabilized Criegee intermediate (SCI),
from which no further radical formation occurred. These
reactions (2−6 in Figure 2) were not assigned individual rate
constants, as the process occurred effectively instantaneously on
the time scale of the experiments (of the order of minutes), but
rather a branching ratio for each potential decomposition/
stabilization product was used. This approach implicitly groups
together CI, SCI, and vinyl hydroperoxide decomposition
routes, irrespective of the differing time scales (microsecond vs
millisecond) over which they may occur, as long as these are
shorter than the experimental time scale (2−3 min, determined
by the chamber mixing time). A consequence of this approach
is that processes such as SCI thermal decomposition would be
interpreted here as formation of the resulting decomposition
products, rather than of SCIs, as long as such transformations
occurred on a time scale of the order of tens of seconds or
faster; this consideration must be noted when comparing the
results obtained here to those reported from (e.g.) millisecond
time scale laboratory measurements, considered further below.
Similarly, the decomposition/O2 reaction converting HCO into
HO2 + CO and H atoms into HO2 were implicitly adopted,
following the MCM protocol.39 Rate constants for the
subsequent bimolecular reactions of the SCI with CO and
H2O were taken directly from the MCM v3.2. The impact of
recent measurements, suggesting some SCI reactions may be
much faster than the values used within the MCM,15 is
discussed later.
An iterative approach was adopted to derive the OH and

HO2 yields, to account for the interdependence between these
quantities. It was not possible to derive both yields from a
single experiment, due to interferences in the HO2 measure-
ment from substituted organic peroxy radicals, formed
following the OH + alkene reaction, in the absence of an
OH scavenger (see discussion below). Three stages were
followed: (i) OH yields were optimized, using measured OH
data obtained from experiments performed without an OH
scavenger (Table 1). The HO2 concentrations measured in
these runs were found to include a substantial interference
component from substituted peroxy radicals (measurements
hereafter referred to as HO2*, see below) and were not used to
constrain the optimization; rather HO2 yields were fixed at
MCM v3.2 values. (ii) HO2 yields were obtained using
measured HO2 data obtained from experiments performed
with an OH scavenger present (in which the interferant organic
peroxy radicals are absent). Finally, (iii) the OH yields were

Table 1. Range of Initial Conditions Used for EUPHORE
Experimentsa

species alkene (ppb) O3 (ppb) H2O range (RH %)

propene 300 300 0.3−30%
1-butene 300 300 0.3−30%
cis-2-butene 100 200 0.3%
trans-2-butene 100−200 100−200 0.3−30%
2-methylpropene 100−200 200−500 0.3−30%
2,3-dimethyl-2-butene 30−50 25−30 0.3%
isoprene 100−200 200−300 0.3%

aAdditional reagents SF6 (dilution tracer) and CO (OH scavenger)
added for some experiments.
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reoptimized, from nonscavenger experiments, using the actual
HO2 yields obtained in the second stage. Optimization was
performed within the FACSIMILE solver.49 In principle one
could repeat the iteration to continue refinement; however, in
practice, the change in OH yields resulting from this single
repetition was <5% in all cases. Sensitivity analyses were
performed to assess the cross-dependence of the OH and HO2
yields obtained following this approach. For the worst case
system considered (propene, slowest ozonolysis reaction rate,
hence largest contribution from secondary HO2/OH inter-
conversion via reaction with O3) varying the HO2 channel yield
from 0.08 (as shown for reaction R10d, below) to 0.77 (the
upper limit possible considering observations of stable product
channels R10b and R10c)50 corresponded to a reduction in OH
yield from 0.36 to 0.29, reflecting the relatively limited
contribution of HO2 + O3 to OH production.
Within the modeled reaction scheme, the branching ratio

between isomerization/decomposition of the syn-CI producing
OH (via the hydroperoxide mechanism) and its potential

collisional stabilization was optimized in order to obtain an OH
yield, taking into account any secondary OH formation through
inclusion of the full degradation chemistry within the model.
Decomposition yields for the most simple (C1) CI, CH2OO*,
formed from all terminal alkenes, were fixed at the values
determined by Alam et al.29 Stable product yields for the
substituted CIs were taken from the literature1 and have
minimal impact upon the derived radical yields under the
conditions of these experiments. The ratio of the two CIs
formed (i.e., the value of α) was determined from stable
product yields;29 the values used for propene, 1-butene, and 2-
methylpropene were 51:49 for [CH3CHOO]* + HCHO
(R8a)/[CH2OO]* + CH3CHO (R8b), 59:41 for
[C2H5CHOO]* + HCHO/[CH2OO]* + CH3CH2CHO, and
34:66 for [CH2OO]* + CH3COCH3/[(CH3)2COO]* +
HCHO, respectively. In the cases of cis- and trans-2-butene,
50:50 yields of the relevant CIs were used.22 The optimization
approach adopted to obtain HO2 yields for each system studied
was as follows. As noted above, degradation products of the

Figure 3. (a) Temporal profile of OH (red circles) plus model simulations before (dashed line, base case MCM v3.2 chemistry) and after (solid line)
optimizing the OH yield to the LIF data (see Table 1), for cis-2-butene ozonolysis. (b) Equivalent plot for HO2 measurements and model
predictions (MCM v3.2 and following yield optimization) for 1-butene ozonolysis.
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Table 2. OH Yields, All under Dry Conditions (RH < 0.4%) unless Noted

parent alkene; CIs formed OH yield method ref

ethene 0.17 ± 0.09 LIF Alam et al.29

CH2OO 0.16 IUPAC50

0.13 MCM39

propene 0.36 ± 0.10 LIF this study
0.34 IUPAC50

CH2OO 0.36 MCM39

CH3CHOO 0.33 (+0.17/−0.11) cyclohexane Atkinson & Aschmann68

0.18 ± 0.01 CO Gutbrod et al.31

0.34 ± 0.06 cyclohexane Neeb & Moortgat69

0.35 ± 0.07 tracer Paulson et al.21

0.32 ± 0.08 tracer Rickard et al.22

0.40 ± 0.06 2,3-butandiol Aschmann et al.70

0.10 ± 0.07 stoichiometry Wegener et al.28

0.30 ± 0.08 (RH ≈ 32%) stoichiometry Wegener et al.28

0.39 ± 0.08 PERCA Qi et al.38

1-butene 0.56 ± 0.15 LIF this study
0.36 MCM39

CH2OO 0.41 (+0.21/−0.14) cyclohexane Atkinson & Aschmann68

CH3CH2CHOO 0.29 ± 0.04 tracer Paulson et al.21

0.26 tracer Fenske et al.10

0.00 ± 0.08 stoichiometry Wegener et al.28

0.30 ± 0.09 (RH ≈ 32%) stoichiometry Wegener et al.28

2-methylpropene 0.67 ± 0.18 LIF this study
0.62 IUPAC50

CH2OO 0.82 MCM39

(CH3)2COO 0.84 (+0.42/−0.28) cyclohexane Atkinson & Aschmann68

0.60 (+0.05/−0.07) cyclohexane Neeb & Moortgat69

0.72 ± 0.12 tracer Paulson et al.21

0.60 ± 0.15 tracer Rickard et al.22

0.30 ± 0.14 stoichiometry Wegener et al.28

0.80 ± 0.10 (RH ≈ 32%) Wegener et al.28

cis-2-butene 0.26 ± 0.07 LIF this study
0.33 IUPAC50

CH3CHOO 0.57 MCM39

0.41 (+0.21/−0.14) cyclohexane Atkinson & Aschmann68

0.14 ± 0.03 stoichiometry Horie et al.71

0.17 ± 0.02 CO Gutbrod et al.31

0.33 ± 0.07 tracer McGill et al.72

0.33 ± 0.05 tracer Orzechowski & Paulson73

0.18 ± 0.09 stoichiometry Wegener et al.28

0.40 ± 0.05 (RH ≈ 32%) Wegener et al.28

trans-2-butene 0.63 ± 0.17 LIF this study
0.64 IUPAC50

CH3CHOO 0.57 MCM39

0.64 (+0.32/−0.21) cyclohexane Atkinson & Aschmann68

0.24 ± 0.05 stoichiometry Horie et al.71

0.24 ± 0.02 CO Gutbrod et al.31

0.68 ± 0.09 LIF (5 Torr) Donahue et al.25

0.54 ± 0.11 tracer McGill et al.72

(ca. 0.60) LIF (low P) Kroll et al.32

0.75 ± 0.19 LIF Siese et al.36

0.64 ± 0.12 tracer Orzechowski & Paulson73

0.54 ± 0.05 tracer Hasson et al.74

0.52 ± 0.04 (RH ≈ 32%) stoichiometry Wegener et al.28

0.70 ± 0.12 (RH ≈ 32%) stoichiometry Wegener et al.28

0.60 ± 0.12 (RH ≈ 32%) stoichiometry Wegener et al.28

2,3-dimethyl-2-butene 0.83 ± 0.22 LIF this study
0.90 IUPAC50

(CH3)2COO 1.00 MCM39

1.00 (+0.5/−0.33) cyclohexane Atkinson & Aschmann68

0.80 ± 0.12 2-butanol Chew & Atkinson30
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CH2OO* CI were fixed at the values determined for ethene29

for all systems, and OH yields derived as described above were
used for all systems. The modeled HO2 treatment necessarily
varied between alkenes: For propene ozonolysis (see example
below), any additional HO2 formation (over and above that
from CH2OO) was assumed to result from the decomposition
of CH3CHOO*; accordingly, the branching ratio between
decomposition (via the hot acid channel, producing HCHO +
HO2 + HO2 + CO) and stabilization was optimized. The
overall HO2 yields reported here are then the sum of
contributions from both CI channels. The data for 1-butene
were analyzed in an equivalent manner. For cis-2-butene and
trans-2-butene, CH2OO* is not formed, and HO2 formation
within the model was constrained via the competition between
decomposition through the hot acid route and CI stabilization.
For 2-methylpropene, our basic understanding of the
ozonolysis mechanism indicates that HO2 formation is
restricted to [CH2OO]*. Thus, the CH2OO decomposition
products were optimized to derive an HO2 yield for 2-
methylpropene following the approach adopted previously for
ethene ozonolysis.29 While the hydroperoxide mechanism
suggests little direct HO2 production would be expected for
2,3-dimethyl-2-butene (all CIs are formed with a syn-hydrogen
atom), this assumption was tested by inclusion of an HO2-
producing CI decomposition channel and optimizing the
competition between this and the alternative (OH production)
route.
For example, in the case of propene ozonolysis, this approach

corresponds to

+ → kO C H POZ 73 3 6 (R7)

α→ + *POZ HCHO CH CHOO3 (R8a)

α→ + * −POZ CH CHO CH OO (1 )3 2 (R8b)

* → + +CH OO OH HO CO 0.172 2
29

(R9a)

* → + +CH OO HO HO CO 0.052 2 2 2
29

(R9b)

*→ +CH OO CO H 0.242 2 2
29

(R9c)

*→ +CH OO CO H O 0.242 2
29

(R9d)

* →CH OO CH OO 0.542 2
29

(R9e)

β* → +CH CHOO OH HCOCH O3 2 2 (R10a)

* → +CH CHOO CH OH CO 0.083 3
1

(R10b)

* → +CH CHOO CH CO 0.153 4 2
1

(R10c)

* → + + +CH CHOO HCHO HO HO CO 0.083 2 2
1

(R10d)

β* → −CH CHOO CH CHOO (0.69 )3 3
51

(R10e)

Interpretation of Yields Obtained. The OH and HO2
yields obtained represent the overall yields from the fast CI
decomposition chemistry (sum of both channels), relative to
the flux through the initial alkene−ozone reaction, as
highlighted in the reaction scheme above. It is important to
note that interpretation of these yield values does not
necessarily imply the production mechanism above; the data
from this study do not determine the mechanistic origin of the
observed HOx radicals. The model approach in principle
incorporates allowance for secondary chemical processes
(thermalizd bimolecular reactions), which affect HOx abun-
dance but does not account for potential rapid HOx formation
following the ozonolysis processes; for example, some of the
detected OH production could originate from decomposition
of the excited β-oxo peroxy radical.9 Secondary processes that
were explicitly included within the model include OH
formation via HO2 + O3 (reaction R11) and from the reactions
of acyl peroxy radicals + HO2 (reactions R12, R13)

52−54 plus
further chemistry as included within the MCM v3.2
degradation mechanisms for the parent alkenes.

+ → +HO O 2O OH2 3 2 (R11)

+

→ + +

CH C(O)CH O HO

OH CH C(O)CH O O
3 2 2 2

3 2 2 (R12)

+ → + +CH C(O)O HO OH CH C(O)O O3 2 2 3 2
(R13)

4. RESULTS
Figure 3a shows a typical temporal profile of the OH steady-
state concentration as measured by the LIF system and OH
model simulation comparisons for cis-2-butene ozonolysis.
These data illustrate that the MCM v3.2 overestimates (in the
case of cis-2-butene) the OH yield, compared to the
measurements obtained here; the MCM OH yield is 57%,
while the yield obtained here is 27 ± 7%. [In this instance, it is
likely that this arises as a 50:50 split of the two CIs assumed in
the MCM 3.2 mechanism, while the lower yield obtained here
(and in other studies55) suggests that the anti-conformer of the
CI is preferentially formed (alongside acetaldehyde) from the
primary ozonide decomposition in this system.6 A further
contribution may in principle arise from differing reactivity of
the syn- and anti-CIs with H2O at the low (but not zero) RH
level of the dry experiments reported here (e.g., with H2O)

56.]
The OH yields obtained from direct observation (LIF detection

Table 2. continued

parent alkene; CIs formed OH yield method ref

0.36 ± 0.02 CO Gutbrod et al.31

0.70 ± 0.03 LIF (5 Torr) Donahue et al.25

0.89 ± 0.22 tracer Rickard et al.22

0.99 ± 0.18 tracer Fenske et al.10

(ca. 1.00) LIF (low P) Kroll et al.32

1.00 ± 0.25 LIF Siese et al.36

0.91 ± 0.14 tracer Orzechowski & Paulson73

1.07 ± 0.16 2,3-butandiol Aschmann et al.70
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of OH) are listed in Table 2, where the reported uncertainty for
the LIF data is 27%, representing combined systematic
calibration uncertainty and measurement precision ( 2 SD).
These values correspond to the overall formation of OH via the
(fast) direct decomposition/isomerization of the CI, through
the optimization approach described above, which takes into
account secondary sources as noted above.
Figure 3b shows a typical temporal profile of the HO2 steady-

state concentration as measured by the LIF system, and HO2

model simulation comparisons for 1-butene ozonolysis,
obtained in the presence of excess CO (OH scavenger). The
yields of HO2 (YHO2

) obtained are listed in Table 3, together

with equivalent values from the recent literature. The inferred
YHO2

obtained in this work were found to be substantially larger,

for the same chemical systems, in the absence of an OH radical
scavenger (i.e., in alkene/ozone only experiments), compared

with the values measured in the presence of excess CO (which
effectively suppressed the OH + alkene reaction). It is likely
that this reflects an interference in the LIF HO2 radical
measurements, arising from the presence of β-hydroxyalkyl
peroxy radicals, formed from the reaction of OH with the
parent alkene: Within the LIF sampling system, addition of NO
leads to the conversion of peroxy radicals to the corresponding
alkoxy species, which may then undergo further reaction
(primarily with O2 or NO as the dominant reagents present),
decompose or isomerize; if these reactions lead to significant
production of HO2, on the time scale (ms) and under the
conditions (<1 Torr, reduced temperature arising from the
supersonic gas expansion) of the LIF system sampling chamber,
a positive interference in the HO2 measurement will result.
While this conversion (e.g., via RO + O2) has been shown57 to
be too slow to have a significant effect for small (<C4) RO2,
recent studies58 have shown that the interference can be
significant for larger peroxy radicals (for which the reactions of
the derived alkoxy radical with O2 are faster), and in particular
for the β-hydroxyalkyl peroxy radicals, such as those formed
from addition of OH to alkenes; for these species, the
corresponding β-hydroxyalkoxy radical reacts rapidly with O2,
forming HO2, on the time scale of the LIF system. HO2
interferences from peroxy radicals ranging from 0.04 (for
methyl peroxy radicals, CH3O2) to 0.95 for β-hydroxy-propyl-
peroxy radicals (CH3CH(OH)CHO2, formed from OH +
propene) have been reported.58 While the magnitude of the
interference has been shown to vary with the specific
instrument design and operational parameters (pressures, NO
concentration, inlet nozzle design, and hence, gas expansion
properties), the characteristics of the EUPHORE LIF system
are similar to those of (one of) the systems tested58 (0.4 mm
nozzle configuration), so similar interference behavior is
expected. The implication for this work is that LIF HO2
observations performed in the absence of a radical scavenger
are likely to significantly overestimate the true HO2
concentration present; we therefore disregard these HO2*
observations from the subsequent analysis and discussion (the
values obtained are included in Figure 7 for information only).
Where a scavenger such as CO was used in excess (in all cases
here, such that ≥97% of the OH formed reacted with the
scavenger), formation of β-hydroxyalkyl peroxy radicals was
essentially suppressed.
The RO2 interference effect is clearly illustrated in Figure 4,

which shows the temporal profile of HO2 retrieved using the
LIF system during the ozonolysis of propene, and the response
of the measured levels to the sequential addition of CO and
H2O. Sections 1−3 of Figure 4 indicate those stages of the
experiment for which only propene and ozone, and then excess
CO, and then additionally H2O (RH 30%) were present,
respectively. The dashed line in Figure 4 represents the
modeled HO2 using a constant overall HO2 yield of 0.09
(obtained using section 2 of the experiment). In all cases, the
modeled OH yield was fixed at 0.36. The first stage of the
experiment illustrates the β-hydroxyalkyl peroxy radical HO2
interference effect noted above; the HO2 levels are over-
estimated. Following the addition of CO, the retrieved HO2
increases slightly (increased through the conversion of OH to
HO2, offset by removal of the interferant RO2 species); this part
of the experiment represents the base case conditions for
retrieval of the actual HO2 yield. In the third part of the
experiment, water is added to increase the relative humidity to
ca. 30%, and the observed HO2 levels (shown corrected for the

Table 3. HO2 Yields, All under Dry Conditions (RH < 0.4%)
unless Noted

parent alkene; CIs
formed HO2 yield method refe

ethene 0.10 ± 0.03 LIF Alam et al.29

[CO system]
0.05 ± 0.01
(RH ≈ 30%)

LIF Alam et al.29

[CO system]
CH2OO 0.13 MCM39

0.39 ± 0.03 MIESR Mihelcic et al.27

0.38 ± 0.02 PERCA Qi et al.26

0.50 ± 0.25 stoichiometry Wegener et al.28

0.40 ± 0.20
(RH ≈ 32%)

stoichiometry Wegener et al.28

propene 0.09 ± 0.02 LIF this study
0.02 ± 0.00
(RH ≈ 30%)

LIF this study

CH2OO 0.28 MCM39

CH3CHOO 1.50 ± 0.75 stoichiometry Wegener et al.28

1.15 ± 0.60
(RH ≈ 32%)

stoichiometry Wegener et al.28

0.19 ± 0.04 PERCA Qi et al.38

1-butene 0.18 ± 0.05 LIF this study
0.28 MCM39

CH2OO 1.60 ± 0.80 stoichiometry Wegener et al.28

CH3CH2CHOO 1.60 ± 0.80
(RH ≈ 32%)

stoichiometry Wegener et al.28

2-methylpropene 0.34 ± 0.09 LIF this study
0.38 ± 0.10
(RH ≈ 30%)

LIF this study

CH2OO 0.41 MCM MCM39

(CH3)2COO 2.00 ± 1.00 stoichiometry Wegener et al.28

1.60 ± 0.80
(RH ≈ 32%)

stoichiometry Wegener et al.28

cis-2-butene 0.12 ± 0.03 LIF this study
CH3CHOO 0.125 MCM MCM39

trans-2-butene 0.04 ± 0.01 LIF this study
CH3CHOO 0.00 ± 0.01

(RH ≈ 30%)
LIF this study

0.125 MCM MCM39

2,3-dimethyl-2-
butene

0.18 ± 0.05 LIF this study

(CH3)2COO 0.00 MCM MCM39

isoprene 0.16 ± 0.04 LIF this study
CH2OO,
MACROOA,
MVKOOA

0.26 ± 0.03 LIF Malkin et al.24

0.26 MCM MCM39
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LIF system calibration humidity dependence) decrease. The
inference from Figure 4 then is that interference effects increase
the retrieved HO2 in the absence of CO (section 1); the HO2
yield in the absence of H2O is 9% (section 2), and upon the
addition of H2O, the HO2 levels decrease, potentially to a
greater extent than can be accounted for by the humidity
dependence of the HO2 recombination reaction (which is
included in the model), corresponding to a reduction in the
HO2 yield from propene ozonolysis with increasing humidity
(section 3).
Experimental difficulties limited the PERCA observations to

two chemical systems, ethene29 and propene. Figure 5 shows

the observed concentrations of HO2 + ΣRO2 as a function of
time, together with a model simulation (with OH and HO2
yields optimized corresponding to the values given in Tables 2
and 3, respectively). As the PERCA observations were limited,
we have not included these data in the yield derivation process.
The modeled and observed total peroxy radical levels are in
agreement, within uncertainty, during the first and second
stages of the experiment. Following the increase in relative
humidity from 1.3 to 20.4% (stage 3), the observed radical
concentrations decrease notably, while the modeled levels are
almost unaffected (the very slight change in gradient for the
model trace reflecting the variation in HO2 self-reaction rate
constant with humidity, which is included in the model and
indirectly affects RO2 levels (through the RO2 + HO2 sink) in
addition to HO2 directly); the modeled HO2/RO2 ratio is
approximately equal (to within 4%) in stages two and three.
The change is consistent with the reduction in observed HO2
levels (Figure 4) with increasing humidity, to a greater extent
than can be explained by the modeled secondary chemical
processes.

5. DISCUSSION
Figure 6 shows the direct OH yields obtained for ethene,
propene, 1-butene, 2-methylpropene, cis-2-butene, trans-2-
butene, and 2,3-dimethyl-2-butene obtained from this work,
in comparison with those from other previous indirect studies
plotted as a function of the equivalent IUPAC recommenda-
tions.50 The uncertainties in the results from this work
represent the combined (2σ) statistical uncertainty from
repeated determinations propagated with the corresponding
OH measurement calibration uncertainty. The results are well
correlated with the IUPAC values; as the literature studies
mainly exploit indirect methods to detect OH, by the use of
OH scavenger59 and tracer22 techniques, or indirect observa-
tion by matrix-isolation electron spin resonance27 and
PERCA,38 the agreement with the direct OH observations in
this work indicates that the overall OH radical yields from the
ozonolysis of small alkenes is well characterized and that the
radical data obtained here are representative of the final, long-
time scale yields following relaxation of the CI system
applicable to chemical modeling of the ambient atmospheric
boundary layer.
The difference between the OH yields as shown in Figure 6

and a value of 1.0 reflects (a lower limit to) the formation of
other products from CI decomposition and/or stabilization. In
the case of 2,3-dimethyl-2-butene, all CIs formed will have the
syn configuration and might therefore be expected to undergo
the hydroperoxide mechanism rearrangement, corresponding
to an OH yield of unity (the basis of the OH yield structure−
activity relationship22); however, a yield of 0.83 ± 0.22 is
obtained here, in common with a number of other long time
scale studies (Table 2), and non-negligible HO2 formation is
also observed (0.18 ± 0.05; Table 3). As OH may also be
produced through other routes (e.g., by decomposition of the
excited β-oxo-peroxy radical), the proportion of the CIs that do
not directly yield OH may actually be somewhat larger than
17% (inferred from the corresponding OH yield of 0.83). The
experimental conditions (pressure, time scale) are critical to
such interpretations: Drozd et al.8 have illustrated the complex
variation in OH and SCI production from 2,3-dimethyl-2-
butene ozonolysis, showing that time- and pressure-dependent
OH yields arise from at least two decomposition vs.
stabilization routes, from the initial SCI and the vinyl-

Figure 4. Observed temporal profile of HO2 (open circles) plus model
simulation during a propene ozonolysis experiment. Vertical dotted
lines indicate periods during which CO and H2O were added. During
period 1, the RO2 interference elevates the observed HO2 (HO2*)
above that modeled. During period 2, production of the interferant
peroxy radicals is suppressed, and the measured data is used to obtain
the HO2 yield. This yield is used throughout the simulation to
generate the blue dashed model line. During period 3, after the
addition of H2O, the observed HO2 falls to a greater extent than the
simulation predicts.

Figure 5. Measured temporal profile of HO2 + ΣRO2 (PERCA data,
filled circles) during propene ozonolysis, plus model simulations after
optimizing HOx yields using the LIF data (PERCA data not used in
optimization): blue long-dashed line, modeled HO2; red short-dashed
line, modeled RO2; solid black line, modeled HO2 + RO2. Dotted
vertical lines indicate periods during which CO and H2O were
introduced to the chamber, as in Figure 4
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hydroperoxide intermediate. Berndt et al.60 have recently
reported an SCI yield of 0.62 ± 0.28 for 2,3-dimethyl-2-
butene, obtained from measurement of the H2SO4 formed from
SCI + SO2 reactions at atmospheric pressure and on a time
scale of 0.5−1.5 s. The difference between this value and (1 −
YOH) values obtained from this work and other studies (Table
2) may therefore reflect the different time scales probed, with
further OH production occurring from thermalizd SCI
decomposition occurring at longer time scales3 (although a
humidity dependence to the OH yield might then be expected,
from competition between SCI decomposition and reaction
with H2O, in contrast to the majority of literature studies, see
discussion below). This in turn would indicate that the yield of
SCIs formed in the atmospheric boundary layer from alkene
ozonolysis (and available to undergo bimolecular reactions with
other species) may be somewhat lower than measurements
performed in short-time scale laboratory studies indicate.

The HO2 yields obtained here (Table 3) range from 0.01 for
trans-2-butene to 0.34 for 2-methylpropene (in experiments
where excess CO was present, and hence, LIF HO2 interference
effects did not occur), suggesting that HO2 production can be a
significant proportion of the total ozonolysis radical yield for
some systems but that it is not formed at yields approaching
unity or above, consistent with HO2 production from the anti-
CI, and in effective competition with other fates such as
stabilization, other decomposition pathways and bimolecular
reaction. Nonzero HO2 production was observed for the 2,3-
dimethyl-2-butene system, where all CIs will form in a syn
configuration amenable to the hydroperoxide rearrangement,
pointing to some scope for HO2 formation from syn-CIs, in
competition with OH, potentially via the hot acid intermediate
(Figure 2).
The literature database of experimental measurements of

production of HO2 from alkene ozonolysis is sparse in

Figure 6. Comparison of measured OH yields from this work and selected literature studies vs. IUPAC OH yield recommendations. Filled green
circles, this work; filled blue squares, Atkinson et al.,59 cyclohexane scavenger; open magenta circles, Marston and co-workers,22,72 TMB scavenger;
filled black diamond, Qi et al.,38 PERCA; filled red triangle, Mihelcic et al.,27 MIESR. The dashed line shows the 1:1 correlation.

Figure 7. Comparison of HO2 yields for small chain alkenes investigated during this study with literature. Filled green circles and open green
triangles are HO2 yields calculated from this study (by LIF) for excess CO and nonscavenged (i.e., with RO2 interference) experiments, respectively.
Filled red triangles, Wegener et al.;28 open black squares, MCM v3.2; gray diamonds, Qi et al.;26,38 black diamond, Malkin et al.;24 black star,
Mihelcic et al.27
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comparison with that for OH. The HO2 yield for propene
ozonolysis obtained here (0.09 ± 0.02) is lower than the value
obtained by Qi et al.38 of 0.19 ± 0.04, and substantially below
the values obtained by Wegener et al.28 of 1.50 ± 0.75 and 1.15
± 0.60 (dry and humid, respectively). The HO2 yields for 1-
butene and 2-methylpropene obtained here are also substan-
tially lower than the corresponding values reported by Wegener
et al. (Table 3). Qi et al. comment that their results were
sensitive to the assumed distribution of radical products (OH/
HO2/CH3O2) within the model used to interpret the PERCA
data, and analyzed their data assuming an SCI yield from
CH2OO of 0.37, substantially lower than the 0.54 found
elsewhere.29 While full details of the 58-reaction chemical
scheme used to interpret the experimental data and the
sensitivity of the inferred yields to the mechanistic assumptions
are not given, it is possible that a corresponding increase in the
stabilization yield for CH2OO would result in lower inferred
radical production in their study. For isoprene, the result
obtained here (0.16 ± 0.04) is somewhat lower than the only
other value directly measured, 0.26 ± 0.03,24 obtained using a
comparable chamber ozonolysis−LIF observation approach,
but in the absence of a scavenger, which may have led to an
interference contribution to the measured HO2 from hydroxyl-
substituted peroxy radicals.
It is difficult to reconcile some very high HO2 yields from the

literature with the other product yields measured in this and
other studies; for example, in the case of 2-methylpropene, the
inferred yield29 of the two CI species is 34:66 for
(CH3)2COO*/CH2OO*, while the measured HO2 yield
from ethene (i.e., from the CH2OO* CI) ranges from 0.10
to 0.40.27,29 As the (CH3)2COO* CI would be expected to
always undergo a hydroperoxide rearrangement to produce
predominantly OH (and indeed OH yields in the range 0.6−0.8
are observed, see Figure 6), with limited HO2 coproduction (as
noted above), HO2 yields from 2-methylpropene (from
CH2OO*, or from (CH3)2COO* undergoing alternative
minor decomposition pathways) would be expected to be of
the order of 0.3−0.5, rather than the (2.00 ± 1.00) measured
by Wegener et al.28 Although the measurements made using
the additional turnover approach suffer from relatively low
precision in comparison with the LIF observations, the
discrepancy is greater than the (combined) uncertainties of
both studies.
The variation in HOx yields with humidity was studied for a

subset of systems (Tables 2 and 3). Experimental difficulties
(partial failure of the LIF system pump laser) limited the data
obtained for OH; however, for HO2, reduced production with
increasing humidity was observed for propene and trans-2-
butene (albeit from a very low level in the latter case), while no
change (within uncertainty) was observed for 2-methylpropene.
The reduction in yield for propene was replicated in the
(independent) LIF and PERCA measurements (Figures 4 and
5), consistent with the behavior observed previously for the
ethene system29 producing the CH2OO CI in common with
other terminal alkenes. Both the LIF and PERCA instruments
used in this work exhibit known humidity-dependent
sensitivities/calibrations, which were taken into account in
the data analysis; an error in this factor is considered unlikely
for the LIF HO2 data, which would otherwise be expected to
show a systematic humidity bias across all the chemical/alkene
systems considered, but cannot be precluded on the same basis
for the PERCA instrument, for which only very limited
observations (on a single system) were possible. One further

caveat is that the interpretation presented here is that the
humidity dependence lies in the HO2 yields. Equivalent
measurements of the OH yields with humidity were not
available from this study, consequently, this mechanistic
interpretation is based upon the balance of the literature
regarding OH production (discussed below); in principle a
change in the OH yields with humidity could also contribute to
the observed trend.
The majority of published indirect experimental tracer/

scavenger studies find OH yields from alkene ozonolysis to
remain unaffected under enhanced humidity,14,23 indicating
that either the water reaction is not competitive with
decomposition or forms products that also decompose to
yield OH, e.g., an unstable hydroperoxide.61 Kuwata et al.62

predict that the hydroperoxide mechanism (thought to be the
principal source of OH) proceeds 3−8 orders of magnitude
faster than the thermalized CI reaction with water for stabilized
syn-CIs, under typical tropospheric conditions (T, P, and
humidity), but that unimolecular rearrangement to dioxirane
occurs at a comparable rate to the bimolecular reaction with
water for the anti-CI conformer of methyl carbonyl oxide
(CH3CHOO), raising the possibility for water to affect radical
production from this conformer. Kroll et al.63 investigated the
possibility of OH formation from the anti-CI by measuring
yields of OD and OH radicals from deuterated (and
undeuterated) cis- and trans-3-hexene, concluding that OH
formation from anti-CIs may also play a significant role in the
total OH yield, as approximately one-third of the total OH yield
comes from the anti-CI in the ozonolysis of cis-3-hexene. Drozd
et al.8 have shown that increasing alkene/CI size/carbon
number substantially increases SCI stabilization for internal
alkenes, indicating that competition between stabilization and
OH production is likely to be strongly species/conformer
dependent; indeed, an increase in OH yield with humidity
(0.02% to 45% RH) for α-pinene using the cyclohexane
scavenger approach has been reported,64 attributed to
decomposition of the SCI + H2O formed hydroxyl-hydro-
peroxide, but subject also to assumptions regarding the
contribution of HO2 (potentially also changing with humidity)
and variations in the cyclohexanone/cyclohexanol yields in the
presence of varying HO2/RO2 populations.

29 Wegener et al.28

reported positive humidity dependence for OH formation
(increasing production with increasing H2O) for a number of
small alkenes, where yields were obtained through assessment
of the additional turnover of the parent alkene. It is hard to
reconcile these results with the tracer/scavenger studies for
small alkenes reported above; Wegener et al. speculate that the
humidity dependence observed in their study, which corre-
sponds to better agreement between their humid OH yields
and those observed in (literature) dry experiments, may reflect
ambient water vapor entering the experimental systems used in
other literature studies, which are effectively therefore some-
what wet; an effect minimized in the double-walled SAPHIR
chamber (in the present study, where the single-walled
EUPHORE chamber was used, but maintained at above-
ambient pressure, leaks led to a reduction in RH (for elevated
H2O experiments) as the chamber air was replaced by dry
scrubbed air). Future studies of ozonolysis product yields
should directly measure the humidity within the experimental
chamber in question to address this possibility.
The observed variation in HO2 yields with humidity from

this work is consistent with a humidity-dependent radical
production from the CH2OO CI formed from all terminal
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alkenes but suggest that H2O exerts little influence in HO2
production from the C2 CH3CHOO CIs formed in the cis- and
trans-2-butene systems. In the case of 2-methylpropene, the
relative yields of the (CH3)2CHOO and CH2OO CIs are 66/
34%,51 such that the variation in the small contribution to HO2
from the CH2OO moiety would lie within the uncertainty of
the measurements for this parent alkene overall (Table 3). This
interpretation is consistent with theoretical predictions,65 which
found that reaction of the anti-CI CH3CHOO (the postulated
predominant precursor to the HO2 observed) with water
occurs several orders of magnitude faster than the equivalent
reaction for the syn-CH3CHOO, or (CH3)2CHOO and is
supported by recent direct measurement of SCI + H2O rate
constants for the syn- and anti-conformers of CH3CHOO of <4
× 10−15 and 1 × 10−14 molec−1 cm3 s−1, respectively.56 The
only other reported measurement of the humidity dependence
of HO2 production, from Wegener et al., found no change in
HO2 production for ethene, propene, 1-butene, and isobutene
between 100 and ca. 10000 ppm H2O (RH levels of
approximately 0.3 and 32%, respectively) but with substantial
uncertainty (50%), which would encompass the variation
reported here (Table 3).
The results of this work indicate a generally consistent

understanding of OH yields from the ozonolysis of small
alkenes, consistent with the predominance of the hydro-
peroxide mechanism, but with some indications (e.g., subunity
yield for 2,3-dimethyl-2-butene) that other fates are possible for
syn-CIs and (from the observation of OH production from
ethene) that other primary OH formation routes occur. It
seems unlikely that there is a substantial humidity dependence
to ozonolysis OH yields, at least for the small (≤C5) alkenes
considered here, but the contradictory results of recent studies
require further definitive confirmation of this aspect. The HO2
yields obtained here (in experiments where excess CO was
present and hence LIF HO2 interference effects eliminated)
range from 0.01 (trans-2-butene) to 0.34 (2-methylpropene),
suggesting that HO2 production can be a significant proportion
of the total ozonolysis radical yield for some systems but that it
is not formed at yields approaching unity or above, consistent
with HO2 production from the anti-CI, through the hot acid
intermediate, in competition with stabilization and other
degradation products. The reduction in HO2 formation with
increasing humidity observed for the ethene, propene, and
trans-2-butene systems are consistent with theoretical studies
indicating that reaction with H2O can be competitive with
dissociation for the CH3CHOO anti-CI. Following the
argument of Wegener et al. regarding the water level present
in the chamber under nominally dry conditions, considering the
humidity range probed here (where dry conditions correspond
to [H2O] = 2.7 × 1015 molecules cm−3; RH = 0.35%; and wet
to [H2O] = 2.4 × 1017 molecules cm−3; RH = 30%), it may be
that higher HO2 yields would be observed under totally dry
conditions and that the yields applicable to the ambient
atmospheric boundary layer (where higher RH is frequently
encountered) will be lower than those reported here, which
could then be regarded as upper limits.
The impact of the measured yields for atmospheric OH and

HO2 production was evaluated using a photochemical box
model simulation of boundary layer composition under
polluted suburban conditions. A zero-dimensional box model
simulation was performed using the MCM (v3.2) mechanism,
with radical yields updated following Tables 2 and 3, for five
C2−C5 alkanes, seven C2−C6 alkenes, isoprene, methanol,

ethanol, formaldehyde, and acetaldehyde. Initial concentrations
of these parent volatile organic compounds (VOCs) were set to
the mean values observed during the TORCH field campaign in
Chelmsford, a suburban location downwind of London, during
summer 2003;66 the parent VOC species used accounted for
92% of the total calculated OH reactivity from all measured
species. NOx, O3, CO, CH4, temperature, and RH conditions
were set to median values of those observed, while photolysis
rates were calculated for clear sky conditions. Following spin-
up, the model was used to quantify mean radical production
rates over two three-hour periods, from 12.00 to 15.00 and
24.00−03.00 h local time. During daytime, 71% of OH primary
production arose from O3 photolysis/O(

1D) + H2O reaction,
while 29% arose from alkene ozonolysis, consistent with
previous results,4 as might be expected considering the
similarity in measured OH yields to those implemented within
the MCM. Daytime primary HO2 production was dominated
by photolysis of HCHO (84%) with photolysis of other
carbonyl species accounting for 12% and alkene ozonolysis
contributing 4% of the total. At night, ozonolysis dominated
OH and HO2 production. Under both conditions, reaction of
2,3-dimethyl-2-butene was the single most significant ozonol-
ysis contribution, accounting for ca. 45% of the total ozonolysis
contribution, at least under the conditions of the TORCH
measurements. These calculations do not include a contribu-
tion from HONO photolysis, which was not measured during
TORCH but has been shown to make a very important
contribution to photolytic OH production in the boundary
layer.67

6. CONCLUSIONS
The OH and HO2 yields from the ozonolysis of a range of small
C2−C5 alkenes have been measured using large simulation
chamber experiments incorporating direct measurement of OH
and HO2 by laser-induced fluorescence (LIF) and HO2 + RO2
by peroxy radical chemical amplification (PERCA). The direct
yields of OH obtained here are consistent with those reported
in the literature as obtained indirectly by tracer/scavenger
studies on long time scales relevant to the atmospheric
boundary layer and are similar to those currently used in
atmospheric models. The LIF HO2 measurements were found
to be substantially influenced by an interference from hydroxyl-
peroxy radicals, formed from OH addition to the parent alkene,
other than in experiments where an OH scavenger (CO) was
employed. The yields of HO2 obtained in such experiments are
lower than the limited number of previous studies suggest and
are somewhat lower than those used in the Master Chemical
Mechanism (MCM v3.2), indicating that total radical
production from alkene ozonolysis may be somewhat less
than currently calculated using this and other comparable
mechanisms. A reduction in HO2 formation with increasing
humidity was observed, indicating that the values obtained
might be regarded as upper limits under ambient atmospheric
boundary layer conditions, with the caveat that this conclusion
depends in part upon applying humidity-independent OH
yields to the data, based upon past literature results. The
observed OH and HO2 formation is consistent with the
hydroperoxide mechanism dominating (but not exclusively) the
evolution of syn-CIs, and with HO2 formation occurring
primarily through decomposition of anti-CIs and the CH2OO
CI formed from terminal alkenes, in a competition with
reaction with water vapor, and potentially other atmospheric
trace gases.
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