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ABSTRACT

Isoprene, a volatile hydrocarbon emitted by plants, represents the single most abundant source of non-methane organic carbon to the atmosphere. After its rapid
oxidation by OH radicals in the troposphere, isoprene may follow any of a number
of complex reaction mechanisms to form more highly functionalized products, depending in large part on the relative abundance of reactive radicals such as HO2 and
NO; some of these products can be sufficiently water-soluble, non-volatile, and/or
reactive to partition into atmospheric particles and contribute to the creation of
secondary organic aerosol (SOA). In this work, I explore the gas-phase oxidation
mechanisms and SOA formation potential of second- and later-generation products
formed in the HO2 -dominated reaction cascade, which predominates in remote regions and is estimated to account for >40% of isoprene oxidation. Pure standards
of significant isoprene products, such as isoprene epoxydiols (IEPOX) and C4 dihydroxycarbonyl compounds, are synthesized, and the rates and product yields of
their gas-phase reactions with OH are measured by CF3 O− chemical ionization
mass spectrometry in environmental chamber experiments. Results are compared
to field observations from the Southern Oxidant and Aerosol Study in the Southeastern United States, where significant concentrations of these compounds were
detected, and are integrated into a global chemical transport model to investigate
their effects throughout the atmosphere. Further, the results from these and other
gas-phase kinetic and product studies are incorporated into an explicit isoprene oxidation mechanism, designed to simulate the effects of isoprene chemistry on oxidant
concentrations and to produce accurate representations of products known to be involved in condensed phase processes, including IEPOX. Finally, additional chamber
experiments with synthetic IEPOX and inorganic seed aerosol are performed to derive particle uptake coefficients and examine the effects of particle pH, liquid water
content, and chemical composition on IEPOX-SOA formation, using aerosol mass
spectrometry and differential mobility analysis. The gas- and particle-phase reaction rates and product yields reported herein, along with the explicit model, provide
important constraints on the fate of isoprene-derived carbon in the atmosphere and
on the influence the HO2 -dominated isoprene oxidation pathway exerts on SOA and
oxidant budgets.
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NOMENCLATURE AND ABBREVIATIONS

2MGA. 2-methylglyceric acid; an oxidation product of isoprene known to contribute to isoprene-derived SOA mass, with chemical formula C4 H8 O4 .
ABS. Ammonium bisulfate; (NH4 )HSO4 .
Aerosol. Fine solid or liquid particles suspended in a gas. The term aerosol can
refer either to the particles themselves or the colloid of particles and gas.
AMS. Aerosol mass spectrometer; an instrument that measures the size and chemical composition of nonrefractory sub-micron particles in real time by coupling a particle time-of-flight separator, a filament to thermally vaporize
particles and ionize their constituents via electron impact ionization, and a
mass analyzer to determine the mass-to-charge ratios of the fragment ions.
APN. Acylperoxy nitrate; a class of compounds (including PAN and MPAN) containing the C(=O)OONO2 moiety formed in the reaction of acylperoxy radicals with NO2 , which are often respiratory and eye irritants and a key
component of photochemical smog. Also called peroxyacyl nitrate.
AS.

Ammonium sulfate; (NH4 )2 SO4 .

BBOA. Biomass burning organic aerosol; primary or secondary organic particulate
matter emitted from the combustion of living or dead vegetation.
BOAS. Biological and oceanic atmospheric study; an airborne atmospheric field
campaign based in Marina, CA, that took place in July and August of 2015.
CCN. Cloud condensation nuclei; atmospheric particles onto which water vapor
may condense to form cloud droplets.
CI*. Activated or excited Criegee intermediate; the energetic carbonyl oxide
formed following the decomposition via retro 1,3 cycloaddition of a primary ozonide (POZ) during an ozonolysis reaction, which may have enough
internal vibrational energy to rapidly isomerize or dissociate.
CIMS. Chemical ionization mass spectrometer; an instrument that ionizes analyte
gases by colliding them with charged reagent gas molecules (e.g H3 O+ in
PTR-MS, or CF3 O− in the Caltech CIMS) and then measures the mass-tocharge ratios of analyte ions.
CPC. Condensation particle counter; an instrument that counts particles by first
growing them via supersaturated vapor condensation and then detecting them
by laser scattering.
CTM. Chemical transport model; a numerical computer model used to simulated
the stocks and fluxes of chemicals in the atmosphere.
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DMA. Differential mobility analyzer; an instrument that separates charged particles
based on their mobility in an electric field.
E-PEACE. Eastern Pacific Emitted Aerosol Cloud Experiment; an atmospheric
field campaign based in Marina, CA, that took place in July and August of
2011, with airborne and ship-based measurements.
ELVOC. Extra low volatility organic compound; generally defined as any organic
compound found in the atmosphere with a saturation vapor mass concentration C* ≤ 10−3.5 µg m−3 .
ESI. Electrospray ionization; a soft ionization technique by which a solute is
ionized in its passage through a charged capillary tip, then aerosolized into a
spray of droplets that evaporate to form gaseous ions.
FIXCIT. Focused Isoprene eXperiment at the California Institute of Technology; an
atmospheric chamber campaign that consisted of 26 environmental chamber
experiments conducted over the course of January of 2014.
GC.

Gas chromatography; an instrumental technique to separate gas-phase analytes by passing them through a column coated with a stationary phase with
which the analytes interact, and generally increasing the column temperature
to elute analytes.

GEOS-Chem. A 3-D chemical transport model that simulates atmospheric chemical composition using meteorological input from the Goddard Earth Observing System.
GLYC. Glycolaldehyde; a volatile organic compound with the chemical formula
C2 H4 O2 , and a common oxidation product of larger VOCs, including isoprene.
GLYX. Glyoxal; a volatile organic compound with the chemical formula C2 H2 O2 ,
and a common oxidation product of larger VOCs, including isoprene.
GOAmazon. Green Ocean Amazon; an atmospheric field campaign based in various locations near Manaus, Brazil, that took place between January of 2014
and November of 2015, with airborne and ground-based measurements.
H/C. Hydrogen-to-carbon ratio, usually in reference to bulk organic aerosol as
measured by aerosol mass spectrometry.
HAC. Hydroxyacetone; a volatile organic compound with the chemical formula
C2 H4 O2 , and a common oxidation product of larger VOCs, including isoprene.
High-NO. Conditions under which organic peroxy radicals in the gas phase react
primarily with nitric oxide. The exact NO concentration at which this occurs
depends on a number of conditions, but is generally on the order of &1 ppb
in the troposphere.
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HMML. Hydroxymethyl-methyl-α-lactone; a suspected product of MPAN photooxidation that may contribute to isoprene-derived SOA, with chemical
formula C4 H6 O3 .
HO2 -dominated. Conditions under which organic peroxy radicals in the gas phase
react primarily with the hydrogen dioxide radical.
HO x . The hydrogen oxide radical family, defined as the sum of the hydroxyl (OH)
and hydrogen dioxide (HO2 ) radicals.
HPALD. Isoprene hydroperoxy aldehyde; a first-generation stable atmospheric
product of isoprene photooxidation under low-NO conditions with chemical formula C5 H8 O3 . Two isomers of HPALD are known to form in the
atmosphere from the isomerization of Z-δ-ISOPOO, while two others are
expected to form as second-generation isoprene oxidation products from the
reaction of ISOPOOH with OH.
HR.

High resolution; in reference to mass spectrometry, refers to methods with
mass resolving power >104 m/∆m.

ICN. Isoprene carbonylnitrate; a first-generation stable atmospheric product of
isoprene’s reaction with NO3 , followed by O2 addition and reaction with NO
or RO2 . Four isomers of ICN, with chemical formula C5 H7 O4 N, are known
to form in the atmosphere.
IEPOX. Isoprene epoxydiol; a second-generation stable atmospheric product of
isoprene photooxidation under HO2 -dominated conditions with chemical
formula C5 H10 O3 , and a major SOA precursor in the low-NO isoprene reaction pathway. Four isomers of IEPOX can form in the atmosphere from the
reaction of ISOPOOH or IHN with OH.
IHN. Isoprene hydroxynitrate; a first-generation stable atmospheric product of
isoprene photooxidation under high-NO conditions with chemical formula
C5 H9 O4 N, and a major contributor to NO x transport and removal from
isoprene oxidation. Eight isomers of IHN can form in the atmosphere from
the reaction of ISOPOO with NO or the reaction of isoprene nitrooxy peroxy
radicals with RO2 .
IHNE. Isoprene hydroxynitrooxyepoxide; a second-generation stable atmospheric
product of isoprene’s oxidation by NO3 with chemical formula C5 H9 O5 N.
Six isomers of IHNE can form in the atmosphere from the reaction of IPN
with OH.
IPN. Isoprene hydroperoxynitrate; a first-generation stable atmospheric product
of isoprene’s reaction with NO3 , followed by O2 addition and reaction with
HO2 . Six isomers of IPN, with chemical formula C5 H9 O5 N, are known to
form in the atmosphere.
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ISOPN. Isoprene hydroxynitrate; see IHN.
ISOPOO. Isoprene hydroxyperoxy radical; a radical species formed following the
addition of OH and O2 to isoprene. Eight isomers of ISOPOO can form in the
atmosphere, and their relative ambient abundance depends on the species’
lifetime against isomerization and reaction with NO, HO2 , and RO2 .
ISOPOOH. Isoprene hydroxyhydroperoxide; a first-generation stable atmospheric
product of isoprene photooxidation under HO2 -dominated conditions with
chemical formula C5 H10 O3 . Eight isomers of ISOPOOH can form in the
atmosphere from the reaction of ISOPOO with HO2 .
Isoprene. A volatile unsaturated hydrocarbon with chemical formula C5 H8 , emitted
to the atmosphere primarily by deciduous trees in quantities exceeding 500
Tg y−1 .
IVOC. Intermediate volatility organic compound; generally defined as any organic
compound found in the atmosphere with a saturation vapor mass concentration in the range of 102.5 µg m−3 ≤ C* ≤ 106.5 µg m−3 .
KH .

Henry’s law constant; a measure of a compound’s volatility, defined as the
ratio of that compound’s concentration in solution to its partial pressure in
a parcel of air in equilibrium with that solution (mol L−1 atm−1 ). Also
commonly denoted H or Hcp .

Lifetime. The amount of time a chemical species lasts before being lost via such
processes as reaction, deposition, or transport. The lifetime against a specific
process refers only to the loss rate due to that process. Generally defined
as the e-folding time, i.e., the tame it takes to deplete a species to 1/e of its
former amount.
LOD. Limit of detection; the analyte concentration below which a signal cannot be
distinguished from noise.
Low-NO. Conditions under which organic peroxy radicals in the gas phase react
primarily with compounds other than nitric oxide. The exact NO concentration at which this occurs depends on a number of conditions, but is generally
on the order of .1 ppb in the troposphere.
LVOC. Low volatility organic compound; generally defined as any organic compound found in the atmosphere with a saturation vapor mass concentration
in the range of 10−3.5 µg m−3 ≤ C* ≤ 10−0.5 µg m−3 .
m/z.

mass-to-charge ratio; usually in reference to an analyte ion detected by mass
spectrometric methods.

MACR. Methacrolein; a volatile unsaturated aldehyde with chemical formula
C4 H6 O, produced in the oxidation of isoprene by OH and O3 .
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MAE. Methacrylic acid epoxide; a suspected product of MPAN photooxidation that
may contribute to isoprene-derived SOA, with chemical formula C4 H6 O3 .
MGLY. Methylglyoxal; a volatile organic compound with the chemical formula
C3 H4 O2 , and a common oxidation product of larger VOCs, including isoprene.
MPAN. Methacryloyl peroxynitrate; an acylperoxy nitrate with chemical formula
C4 H5 O5 N formed from the sequential reactions of methacrolein with OH,
O2 , and NO2 , and an important SOA precursor in the high-NO oxidation
pathway of isoprene.
MS.

Mass spectrometry; an instrumental technique for measuring the mass-tocharge ratios of analyte ions.

MVK. Methyl vinyl ketone; a volatile unsaturated ketone with chemical formula
C4 H6 O, produced in the oxidation of isoprene by OH and O3 .
MW. Molecular weight (g mol−1 ).
NiCE. Nucleation in California Experiment; an airborne atmospheric field campaign based in Marina, CA, that took place in July and August of 2013.
NMHC. Non-methane hydrocarbons; volatile organic compounds found in the atmosphere that contain only hydrogen and carbon, excluding methane.
NMR. Nuclear magnetic resonance spectroscopy; an instrumental technique to
determine the molecular structure and purity of a sample by measuring the
effects of a strong magnetic field on the spin of atomic nuclei.
NO3 . Nitrate radical; the dominant oxidant in the troposphere at night, when NO3
is typically present in concentrations on the order of 1-10 pptv.
NO x . The nitrogen oxide radical family, defined as the sum of the nitric oxide (NO)
and nitrogen dioxide (NO2 ) radicals.
Nonrefractory. Used in conjunction with aerosol mass spectrometry to denote
species that vaporize in 1 s or less at 600 ◦ C under high vacuum, and can
therefore be observed by AMS. This includes most secondary inorganic
salts (e.g ammonium sulfate) and organic compounds. Also written nonrefractory.
NSS. Non-sea-salt, referring to the portion of particle chemical constituents (e.g
sulfate or chloride) that are not derived from primary emissions of sea salts.
O3 .

Ozone; a major tropospheric oxidant, with typical concentrations on the order
of 10 ppb. As a component of photochemical smog, tropospheric ozone also
causes adverse health effects and contributes to greenhouse warming.
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O/C. Oxygen-to-carbon ratio, usually in reference to bulk organic aerosol as measured by aerosol mass spectrometry.
OA.

Organic aerosol, referring to the portion of particulate mass composed of
organic compounds.

OC.

Organic carbon, referring to the fraction of aerosol mass composed of carbon
contained in organic molecules.

OH.

Hydroxyl radical; the dominant oxidant in the troposphere, with typical
daytime concentrations on the order of 1 × 106 molec cm−3 .

OM. Organic mass, used in reference to aerosol as a synonym for OA.
OOA. Oxidized organic aerosol; used in conjunction with aerosol mass spectrometry to refer to aerosol mass composed of oxygen-containing organic compounds.
PAN. Peroxyacetyl nitrate; the most abundant gaseous acylperoxy nitrate, with a
chemical formula of C2 H3 O5 N, formed in the reaction of the peroxyacetyl
radical with NO2 . PAN is a lachrymator and serves as a reservoir and
transport mechamisn for NO x .
PCASP. Passive cavity aerosol spectrometer probe; an instrument used to measure
particle size distributions between 100 nm and 3 µm by light scattering.
PILS. Particle-into-liquid sampler; an aerosol sample acquisition method by which
particles are grown via supersaturated water vapor condensation and collected by inertial impaction.
POA. Primary organic aerosol; particles emitted directly to the atmosphere.
POZ. Primary ozonide; the initial 5-member cyclic intermediate formed by the
cycloaddition of ozone to a double bond during an ozonolysis reaction. Also
called a molozonide or a 1,2,3-trioxolane.
PTR-MS. Proton transfer reaction mass spectrometry; a soft-ionization MS technique by which analyte gases are ionized by proton transfer from hydronium
ions (H3 O+ ).
RH.

Relative humidity; water vapor concentration as a percentage of the concentration required for saturation at the same temperature.

RO2 . Any organic peroxy radical, where R represents an unspecified stable organic
group.
SCI. Stabilized Criegee intermediate; the carbonyl oxide formed following the
stabilization of an activated Criegee intermediate (CI*) via collisional energy
transfer.
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SEAC4RS. Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys; an airborne atmospheric field campaign
based in Houston, TX, that took place in August and September of 2013.
SMPS. Scanning mobility particle sizer; an instrument consisting of a coupled
differential mobility analyzer and condensation particle counter, used to
measure particle size distributions.
SOA. Secondary organic aerosol; particle mass formed in the atmosphere from the
condensation and reaction of gaseous species.
SOAS. Southern Oxidant and Aerosol Study; an atmospheric field campaign based
in various locations throughout the Southeast United States that took place
in June and July of 2013, with aiborne and ground-based measurements.
SVOC. Semi-volatile organic compound; generally defined as any organic compound found in the atmosphere with a saturation vapor mass concentration
in the range of 10−0.5 µg m−3 ≤ C* ≤ 102.5 µg m−3 .
ToF. Time-of-flight; a mass analysis technique in which an analyte ion’s mass-tocharge ratio is measured by the time it takes to reach a detector after passing
through an electric field.
UPLC. Ultra performance liquid chromatograph; a chemical separation technique
utilizing a column with smaller beads (>2 µm in diameter) and higher flow
rates and pressure to achieve greater resolution, speed, and sensitivity than
other chromatographic techniques.
VOC. Volatile organic compound; generally defined as any organic compound
found in the atmosphere with a saturation vapor mass concentration C* ≥
106.5 µg m−3 .
WSOC. Water-soluble organic carbon; particulate organic matter that dissolves into
aqueous solution.
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Chapter 1

INTRODUCTION
1.1

Background and Motivation

Earth’s atmosphere can be roughly imagined as a slow-burning flame, gradually
oxidizing its chemical constituents in a series of reactions driven largely by ozone
(O3 ) and families of oxide radicals. In the troposphere, two such families drive
the ambient oxidative chemistry: HO x (= OH + HO2 ) and NO x (= NO + NO2 ).
These radical pairs are described as families because of their rapid cycling; species
within chemical families interconvert much more rapidly than they are produced or
destroyed. The HO x family typically initiates oxidation by the reaction of reduced
compounds with OH, a highly reactive radical formed following the photolysis of
ozone, while the NO x family efficiently propagates radical chain reactions and leads
to ozone formation. The abundance and cycling of these radical families together
set the timescale of oxidation and determine the reactive fate of other chemicals in
the troposphere (Seinfeld and Pandis, 2006).
Among the most abundant of the other chemicals with which radical families may
react are volatile organic compounds (VOCs), which act as fuel for the atmosphere’s
slow-burning flame. VOCs are emitted from a variety of sources, both biogenic and
anthropogenic, and their oxidation in the atmosphere can be initiated via two main
pathways: the abstraction of a hydrogen atom by OH, or the addition of OH, O3 ,
NO3 , or Cl to a double bond. In each case, an alkyl radical species in formed, which
then undergoes a series of radical-propagating reactions, illustrated for methane in
Figure 1.1, ultimately resulting in the formation of stable oxidized species such as
CO2 .
Alkyl radicals formed in the oxidation of VOCs typically add O2 to form peroxy
radicals, denoted RO2 (e.g. CH3 OO· in Figure 1.1). These peroxy radicals represent
a branching point in the oxidative mechanism: depending on the ambient conditions,
they may react with other peroxy radicals, NO, or HO2 , or isomerize before reacting.
The relative prominence of these pathways frequently determines the chemical
products of the overall VOC oxidation mechanism. For example, reaction with
NO may lead to greater ozone production through the formation and photolysis of
NO2 , while reaction with HO2 may lead to the formation of hydroperoxides and
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Figure 1.1: Steps in the atmospheric oxidation of methane. The relative abundance
of NO x and HO x controls not just the fate of the CH3 OO· radical, but also the
total radical cycling and ozone formation from VOC oxidation. Thus, the overall
net reaction under NO-dominant conditions, and including subsequent photolysis of
NO2 and other reactions, is CH4 + 10O2 → CO2 + H2 O + 5O3 + 2OH, while the
net reaction under HO2 -dominant conditions is CH4 + 2OH + 2O2 → CO2 + 2H2 O
+ 2HO2 , assuming CH2 O photolyzes to form HCO in either case (Jacob, 1999).

other less-volatile species. Under conditions of low anthropogenic influence (i.e.
low NO x ), the reactive fate of peroxy radicals is dominated by HO2 , which is the
primary focus of the work included in this thesis.
Whatever the fate of the peroxy radicals, the chemical products resulting from
VOC oxidation include many species commonly referred to collectively as “smog,”
which can have a wide range of adverse effects when present even in trace quantities.
Ozone, for example, is a commonly regulated pollutant around the world (EPA,
2015), known to cause premature mortality and a variety of disease responses in
humans (Bell et al., 2006; Jerrett et al., 2009; Li et al., 2016), negatively impact plant
health (Chameides et al., 1994; Fuhrer, 2002; Zinser et al., 2000), and contribute
to radiative climate forcing in the troposphere (Pachauri et al., 2014; Worden et al.,
2008). VOC oxidation typically constitutes the dominant source of local ozone
pollution (Jacob, 1999); a detailed understanding of VOC oxidation mechanisms is
therefore imperative to accurately assess and forecast ozone formation.
When VOC oxidation produces compounds with sufficiently low volatility, such
species can then condense onto suspended ambient particles (or nucleate new particles) to form secondary organic aerosol (SOA), another component of smog. Like
ozone, tropospheric particulate matter is harmful to human health; epidemiological
studies suggest that particulate pollution contributes annually to over 4.2 million
premature deaths worldwide (Cohen et al., 2017; Lelieveld et al., 2015; Nel, 2005;
Pope et al., 2002; Pope et al., 2009; Pope and Dockery, 2006), and targeted studies
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have shown specific adverse effects of particles within the respiratory and circulatory
systems (Gaschen et al., 2010; Künzi et al., 2015; Nelin et al., 2012). Aerosols also
affect visibility (Watson, 2002) and play a prominent but uncertain role in climate
forcing through their direct radiative properties as well as their indirect impacts via
cloud formation (Myhre et al., 2013; Raes et al., 2010). Globally, a large and highly
variable portion (20-90%) of particulate mass below 2.5 µm in diameter consists of
organic material (Murphy et al., 2006; Zhang et al., 2007), and a significant fraction
(30-95%) of that organic aerosol is SOA (Jimenez et al., 2009; Zhang et al., 2007),
implying that the oxidation of VOCs can exert a strong influence on particulate mass
budgets.
Although over 10,000 unique organic compounds may exist in the atmosphere
(Goldstein and Galbally, 2007), each with its own oxidation mechanism and smog
formation potential, one particular VOC holds outsized significance for its sheer
abundance: 2-methyl-1,3-butadiene, or isoprene. Isoprene is emitted primarily by
deciduous plants in quantities exceeding 500 Tg y−1 , comprising approximately
a third of the total VOC emissions to the atmosphere (Guenther et al., 2012),
and is oxidized rapidly in the troposphere (τ ∼ 1 h), primarily by the addition
of OH to one of its double bonds (Atkinson and Arey, 2003b). The subsequent
chemistry by which isoprene-derived radicals and VOCs react in the atmosphere
forms a highly complex mechanism, with numerous distinct branching pathways
and hundreds of stable products (Jenkin et al., 2015). In recent years, a combination
of field observations, chamber experiments, quantum calculations, and modeling –
including some of studies contained in this thesis – has substantially improved our
knowledge of these complex oxidation mechanisms, providing valuable insight into
the effects of isoprene on HO x and NO x cycling, ozone production, SOA formation,
and other important aspects of air quality and atmospheric chemistry.
In regions with abundant isoprene emissions, including the the Amazon, the
southeast United States, and other highly productive tropical and temperate forests,
the chemistry of isoprene oxidation alone can effectively determine the oxidative
capacity of the atmosphere and contribute the majority of local O3 and SOA production. Such areas are typically located away from major anthropogenic pollution
sources, leading to relatively low levels of NO; as such, reaction with HO2 represents
the predominant fate of most peroxy radicals formed in the oxidation mechanism
(although rapid isomerization has recently been shown to compete in some cases,
e.g. Crounse et al., 2011, Peeters et al., 2014, and Teng et al., 2017). In the
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Figure 1.2: Dominant reaction channels in the oxidation of isoprene under HO2 dominated conditions. Reported yields are from a Teng et al. (2017), b Liu et al.
(2013), and c Appendix D. The reported isoprene peroxy radical yields are given
at the kinetic limit of short RO2 lifetimes, but under most ambient conditions, the
dynamic equilibration between peroxy radicals will produce much higher yields of
the β isomers shown. The isomers shown are therefore estimated to comprise >95%
of the total ISOPOOH and IEPOX formed in the atmosphere (see Chapters 2 and 4).

HO2 -dominated isoprene oxidation mechanism (the major steps of which are shown
in Figure 1.2), the initial isoprene hydroxy peroxy radicals (1) react with HO2 to
produce isoprene hydroxy hydroperoxides (ISOPOOH, 2) in high yields (Liu et al.,
2013; Paulot et al., 2009a). The predominant ISOPOOH isomers can then add
another OH and rapidly react to form a dihydroxy epoxide (IEPOX, 3), recycling
one equivalent of OH in the process. This unique rearrangement was only recently discovered (Paulot et al., 2009b) thanks to instrumental advances enabling
the differentiation of isobaric ISOPOOH and IEPOX.
The subsequent fate of IEPOX in the atmosphere has been the subject of intense
scrutiny, and is addressed in multiple chapters in this thesis. It is known to react
with OH, deposit onto surfaces, or undergo reactive uptake onto particles, but the
relative contributions of these pathways and their eventual consequences were, until
recently, largely unknown. Because IEPOX is produced in ∼70% overall yield (Liu
et al. (2013) and Appendix D) from isoprene under HO2 -dominated conditions,
and ∼30% yield globally when non-HO2 pathways are included (4, characterizing
the fate of IEPOX is of vital importance for determining how the HO2 -dominated
pathway affects oxidant cycling and contributes to the production of ozone and
SOA. A better understanding of IEPOX will be an integral piece of the broader
question: how does isoprene influence air quality and the oxidative chemistry of the
troposphere, and what role does the HO2 -dominated pathway play in this effect?
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1.2

Content

The work included in the chapters and appendices of this thesis represents my
efforts to answer this question through a variety of research projects and methods.
In the course of my work, I have employed three key tools of atmospheric chemical research: laboratory studies, generally in the form of environmental chamber
experiments; fieldwork, or the measurement of ambient atmospheric chemical conditions; and modeling, using either idealized box models or global chemical transport
models to simulate the chemistry in question. The interaction of these three methods in the field of atmospheric chemistry has enabled remarkable success in the
identification, understanding, and mitigation of such important issues as urban air
pollution and stratospheric ozone depletion (Abbatt et al., 2014; Burkholder et al.,
2017; Melamed et al., 2015). As each tool relies on the insights ascertained from
the others to inform their own analysis and direction, it is through their application
in tandem that meaningful conclusions are reached and the field advances. Some
of the projects included in each chapter here focus on just one of these three pillars;
most employ some elements of each. Detailed descriptions of experimental techniques can be found in each chapter, but a brief overview of the three key methods
is presented here, followed by an outline of the rest of the thesis.
1.2.1

Laboratory Studies

Laboratory studies represent our primary means of characterizing the fundamental
processes underlying the chemistry of the atmosphere. The most widely used
laboratory method is the environmental chamber experiment, or the isolation of
a volume of air inside a reaction vessel (e.g. a large Teflon bag); Chapters 2, 3,
and 5 in this thesis all employ chamber studies, as do Appendices A-F. Chamber
experiments are designed to pinpoint a specific chemical process in a regulated
environment, without interference from the confounding factors present in ambient
air. By controlling as many variables as possible, chamber studies allow researchers
to identify and measure the process in question more accurately and precisely than
they could in the field, and to systematically vary chamber conditions to the factors
influencing that process.
In a typical experiment, reactants of interest are first introduced to the chamber
and, following a brief stabilization and mixing period, exposed to the desired reactive
chemical environment. These reactive conditions may include ultraviolet light for
the study of photolysis; chemical oxidants, such as ozone or OH; or seed particles
onto which a compound may condense. Air from the chamber is then drawn into
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various instruments to measure relevant properties of the gas and particle phases.
Specific instruments are described in greater detail in each chapter, but among the
most commonly used instrumental methods in this thesis are gas chromatography
(GC), chemical ionization mass spectrometry (CIMS), aerosol mass spectrometry
(AMS), and scanning mobility particle sizing (SMPS). The GC and CIMS measure
concentrations of gaseous species; our GC is primarily sensitive to hydrocarbons,
while the CF3 O− reagent ion in our time-of-flight and triple-quadrupole CIMS most
efficiently ionizes compounds with strong dipoles or high polarizability (Crounse
et al., 2006; St. Clair et al., 2010), making them complementary measurement
techniques. The AMS (Jayne et al., 2000) and SMPS (Wang and Flagan, 1990)
detect the chemical composition and size distribution, respectively, of sub-micron
particles suspended in the chamber.
Although chamber experiments have been a mainstay of atmospheric laboratory
studies for many decades, recent advances have opened new avenues of study for
this dependable method. Among those employed in this thesis are novel pathways
for the synthesis of reactants previously unavailable for chamber experimentation,
including IEPOX (Chapters 2 and 5) and other late-generation isoprene oxidation
products (Chapter 3), and new instrumentation, including a coupled GC-CIMS
capable of separating isobaric compounds that were previously indistinguishable
(Chapters 2 and 3, and Appendices A, B, and D).
The ubiquity of chambers in atmospheric laboratories has spurred extensive characterization of their properties and the techniques employed in such experiments
(see, e.g., Schwantes, 2017 for the Caltech environmental chambers, and Cocker
et al., 2001, Carter et al., 2005, and Wang et al., 2011 for others). Still, chamber
experiments have important limitations that can confound the interpretation of their
data. Some such limitations, including the losses of particles to chamber walls
(Crump and Seinfeld, 1981; McMurry and Rader, 1985), have been carefully parameterized (Hildebrandt et al., 2009; Hildebrandt et al., 2011; Loza et al., 2014;
Loza et al., 2012; Weitkamp et al., 2007), while others remain poorly understood,
including the losses of gaseous species to surfaces in chambers and instruments
(Bernhammer et al., 2017; Matsunaga and Ziemann, 2010a; Rivera-Rios et al.,
2014; Zhang et al., 2015). While chamber experiments remain our primary method
for understanding the fundamental chemistry of the atmosphere, field measurements
and modeling are necessary to ensure that the processes studied in the laboratory
are well understood and atmospherically relevant.
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1.2.2

Field Studies

Another longstanding cornerstone of atmospheric research is the in situ measurement of ambient gases, particles, and meteorological conditions. Fieldwork is vital
for determining the relevance and significance of known chemical processes in the
atmosphere, and for identifying new avenues of research. It is only by observing the
actual atmosphere, and comparing those measurements to laboratory data and simulations, that we can establish how well we understand the chemistry that occurs in
ambient conditions and what previously unexplored processes may be important. As
an example relevant to the contents of this thesis, it was, in large part, observations
of oxidant recycling and unexplained particulate organic matter (such as C5 tetrols)
in the Amazon and other isoprene-rich areas that spurred further research into the
oxidative chemistry and potential SOA production of isoprene under low-NO conditions (Claeys et al., 2004; Karl et al., 2007; Kleindienst et al., 2009; Kleindienst
et al., 2007; Kuhn et al., 2007; Lelieveld et al., 2008; Tan et al., 2001).
Data from two primary types of field study – stationary and airborne measurements – are used in this thesis. Both employ a wide variety of instruments, including
those described above in Section 1.2.1, assembled on some form of research platform. In stationary field campaigns, the research platform is usually a tower, on
which instruments can sample air at one or more vertical levels of interest. This
enables measurements of the variability at a single site caused by changing conditions through time – e.g. temperature, insolation, wind direction, humidity, etc.
– but limits the breadth of the campaign to conditions experienced exclusively at
that site. The stationary campaigns that feature in this thesis include Green Ocean
Amazon (GOAmazon, Appendix G), which studied the interaction of remote Amazonian airmasses with the urban plume from the Brazilian city of Manaus between
January 2014 and December 2015, and the Southern Oxidant and Aerosol Study
(SOAS, Chapter 3 and Appendices A and E), which investigated similar biogenicanthropogenic interactions from a smaller tower in Centreville, Alabama between
June and July of 2013.
Airborne field campaigns, in which instruments are loaded into the body of an
airplane and sample air through external ports in flight, enable the sampling of
a wider variety of altitudes and conditions that can be accessed by plane, but at
the expense of observing the temporal evolution of those conditions. This thesis
uses data from airborne measurements collected as part of GOAmazon (Appendix
G) and from a series of small campaigns investigating oceanic aerosol and cloud
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composition in coastal California (Appendix H) during the summers of 2011 (Eastern Pacific Emitted Aerosol Cloud Experiment, E-PEACE; Russell et al., 2013),
2013 (Nucleation in California Experiment, NiCE; Coggon et al., 2014) and 2015
(Biological and Oceanic Atmospheric Study, BOAS).
1.2.3

Modeling

Finally, the advent of improved computing power has enabled researchers to carry
out simulations that can quickly and effectively model the chemistry that occurs in
laboratory studies and in the field. These modeling capabilities are a powerful
tool for determining whether known chemical processes can accurately describe the
results of chamber experiments or the observations of field campaigns, and if not,
for potentially diagnosing the sources of those inaccuracies. The ease with which
such complex simulations can be performed makes them attractive for a wide range
of applications, but models have their own limitations; chiefly, they are only as
good as the chemistry that goes into the them, and when they do not align with
observations, it can be difficult (if not impossible) do determine what aspects of
that chemistry are wrong. Additionally, when models encompass wider parameter
spaces (e.g. increasing to a global scale, including meteorology and emissions,
etc.), and when they employ simplified chemical mechanisms, their potential for
error widens substantially (Knote et al., 2015).
Two major varieties of simulations are employed in the work included in this
thesis: box models and chemical transport models (CTMs), each with their own
applications and limitations. Box modeling refers to the zero- or one-dimensional
(time-dependent) simulation of chemical reactions of well-mixed constituents, and is
particularly useful for comparison with chamber experiments to determine whether
the measured or estimated rates and products of a given process align with observations. The complexity and scope of box models spans a wide range, from
simple custom-made simulations for individual experiments to more sophisticated
and widely available models, such as the Master Chemical Mechanism (MCM;
Jenkin et al., 2015), the Generator of Explicit Chemistry and Kinetics of Organics
in the Atmosphere (GECKO-A; Aumont et al., 2005), the Framework for 0-D Atmospheric Modeling (F0AM; Wolfe et al., 2016), and the Gas-Aerosol Model for
Mechanism Analysis (GAMMA; McNeill et al., 2012 and Woo and McNeill, 2015),
some of which contain thousands of chemical reactions. In this thesis, Chapter 4
discusses the compilation of an explicit isoprene oxidation box model, while Appendices D, E, and G make extensive use of subsets of the isoprene model to compare
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against observations.
Chemical transport modeling takes a usually simplified version of the same chemical mechanism and expands the domain to four dimensions, taking into account
the spatial distribution of the relevant chemicals by integrating meteorology and
simulating their evolution through time and space, frequently on a regional or global
scale. In so doing, CTMs give insight into how the chemistry measured in chambers
and in field studies plays out in the broader context of the atmosphere at large, thus
providing some idea of the overall importance of that chemistry. In this thesis,
Chapter 3 and Appendices B, D, and G make use of this capacity with GEOS-Chem
(Bey et al., 2001; Mao et al., 2013), a widely used CTM, while Chapter 4 discusses
the development of a new isoprene mechanism for GEOS-Chem.
1.2.4

Outline

The following chapters and appendices of this thesis describe the individual
research projects to which I have contributed toward the goal of identifying the
chemical mechanisms by which isoprene can influence ambient oxidant cycling,
particle formation, and the concentrations of various VOCs, especially via the
IEPOX formation pathway that occurs under HO2 -dominated conditions. While the
chapters relate in this overarching goal, they are written to stand alone as published
manuscripts (or, in the case of Chapter 4, a manuscript in preparation). The projects
most directly related to the HO2 -dominated oxidation of isoprene, and to which
I most substantially contributed, are included as chapters, while the appendices,
arranged chronologically, represent more tangentially related projects on which I
served as a coauthor.
Chapters 2 and 3 describe experiments designed to investigate the fate of IEPOX
in the gas phase. As described above, IEPOX is produced in high yields from the
reaction of OH with ISOPOOH (described in Appendix D), which is itself a firstgeneration oxidation product of isoprene under HO2 -dominated conditions. IEPOX
can either be oxidized (primarily by OH) in the gas phase, deposit onto surfaces,
or undergo reactive uptake onto particles and contribute to SOA mass. Because
of the ubiquity of IEPOX in remote forested areas, the branching between these
pathways is of primary importance to local formation of SOA and small OVOCs.
The experiments in Chapter 2 were designed to determine the relative importance of
the gas phase oxidation pathway. Using synthetic standards of three IEPOX isomers,
chamber experiments were performed to measure the isomers’ rates of reaction with
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OH, oxidation products, and relative abundances from isoprene oxidation. The use
of GC-CIMS to separately quantify IEPOX isomers proved crucial in determining
that two isomers – cis- and trans-β – comprise nearly all IEPOX formed in the
atmosphere, and that they are consistently formed in a 1:2 ratio from isoprene
oxidation.
Chapter 3 continues this same line of enquiry by following the oxidative chemistry
of isoprene one generation further. Three putative products of the reactions of cisand trans-β-IEPOX with OH, proposed in Chapter 2, were synthesized and oxidized
in a series of chamber experiments. 3,4-dihydroxy-2-butanone (DHBO) was identified as the major product from both IEPOX isomers, and the rates and products
of its own reaction with OH were measured. The results from these experiments
were then compared against field measurements and used to assemble a multigenerational mechanism of IEPOX oxidation. Global simulations with this mechanism
using GEOS-Chem showed that 54 Tg of DHBO and other C4 dihydroxycarbonyl
compounds are produced annually from IEPOX – roughly a 10% overall mass yield
from isoprene.
Chapter 4 focuses further on the compilation of isoprene oxidation mechanisms
for modeling purposes. The IEPOX mechanism in Chapter 3 is combined with those
of other isoprene oxidation pathways from numerous additional studies (including
those described in Appendices B-E regarding methyl vinyl ketone, methacryloyl peroxynitrate, ISOPOOH, and isoprene ozonolysis) to create a new state-of-the-science
explicit isoprene oxidation mechanism. With particular emphasis on the initial
peroxy radical dynamics, oxidant budgets, and compounds known or suspected to
contribute to organic aerosol formation, the explicit mechanism is presented primarily for use in box modeling, although an accompanying reduced mechanism
condenses the model down to a size more manageable for chemical transport models while retaining its most salient features. Future work will then incorporate this
reduced mechanism into GEOS-Chem and, in a series of global simulations, examine its effects on oxidant budgets, aerosol precursors, and small OVOCs of interest.
Preliminary results show that the updated mechanism enhances NO x transport and
reduces ozone formation compared to previous parameterizations, and substantially
improves the model’s ability to accurately capture the relative importance of each
isoprene peroxy radical isomer and its subsequent chemistry.
Chapter 5 addresses another atmospheric fate of IEPOX: reactive uptake onto
particles and formation of SOA. Using the same synthetic IEPOX isomers from
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Chapter 2, additional chamber experiments were performed to examine the uptake
of IEPOX onto seed aerosol composed of various inorganic salts with a range of
particle liquid water contents. IEPOX was found to undergo kinetically limited
partitioning onto hydrated ammonium sulfate and, to a lesser extent, ammonium
chloride seeds, but not onto dry seeds or those with other cations, suggesting a role
for ammonium in the reactive uptake of IEPOX into aqueous aerosol. The Henry’s
Law constants of cis- and trans-β-IEPOX were also measured, and the organic
aerosol growth from the two isomers was not found to differ significantly.
Finally, Chapter 6 concludes with a brief summary of the atmospheric fate of
IEPOX, the significance of the HO2 -dominated isoprene oxidation pathway, and
directions for further research.
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Chapter 2

GAS PHASE PRODUCTION AND LOSS OF ISOPRENE
EPOXYDIOLS

Bates, K. H., J. D. Crounse, J. M. St Clair, N. B. Bennett, T. B. Nguyen, J. H.
Seinfeld, B. M. Stoltz, and P. O. Wennberg (2014). “Gas phase production and
loss of isoprene epoxydiols”. In: J. Phys. Chem. A 118.7, pp. 1237–46. doi:
10.1021/jp4107958.
Abstract
isoprene epoxydiols (IEPOX) form in high yields from the OH-initiated oxidation
of isoprene under low-NO conditions. These compounds contribute significantly
to secondary organic aerosol formation. Their gas-phase chemistry has, however,
remained largely unexplored. In this study, we characterize the formation of IEPOX
isomers from the oxidation of isoprene by OH. We find that cis- and trans-β-IEPOX
are the dominant isomers produced, accounting respectively for 31 ± 5% and 66 ± 4
% of the IEPOX yield from low-NO oxidation of isoprene. Three isomers of IEPOX,
including cis- and trans-β, were synthesized and oxidized by OH in environmental
chambers under high- and low-NO conditions. We find that IEPOX reacts with OH
at 299 K with rate coefficients of (0.84 ± 0.07) × 10−11 , (1.52 ± 0.07) × 10−11 , and
(0.98 ± 0.05) × 10−11 cm3 molecule−1 s−1 for the δ1, cis-β, and trans-β isomers.
Finally, yields of the first-generation products of IEPOX + OH oxidation were
measured, and a new mechanism of IEPOX oxidation is proposed here to account
for the observed products. The substantial yield of glyoxal and methylglyoxal from
IEPOX oxidation may help explain elevated levels of those compounds observed in
low-NO environments with high isoprene emissions.
2.1

Introduction

isoprene, a volatile organic compound (VOC) produced by deciduous plants, comprises the single most abundant atmospheric non-methane hydrocarbon by emission
to the atmosphere, with estimates near 500 Tg C y−1 (Guenther et al., 2006). The
rapid oxidation of isoprene by OH radicals (k = 1.0 × 10−10 cm3 molecule−1 s−1 )
(Atkinson et al., 2006) makes it an important driver in tropospheric chemistry, particularly in forested regions. When NO concentrations are sufficiently low, as is the
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case in many areas with high isoprene emissions, isoprene oxidation can proceed by
a HO x -mediated (OH + HO2 ) mechanism, which until recently was largely unexplored (Kuhlmann and Lawrence, 2004; Rosenstiel et al., 2003; Wiedinmyer et al.,
2006). OH addition to isoprene, followed by O2 addition and the peroxy radical
+ HO2 reaction, leads to formation of isoprene hydroxyhydroperoxide (ISOPOOH)
in yields exceeding 70% (Crutzen et al., 2000; Lelieveld et al., 2008; Ren et al.,
2008), with approximately 2.5% forming methacrolein (MACR) and 3.8% forming
methylvinylketone (MVK) (Liu et al., 2013; Navarro et al., 2011).
Paulot et al. (2009b) showed that the reaction of ISOPOOH with OH forms
isoprene epoxydiols (IEPOX) in yields exceeding 75% (Figure 2.1). The oxidation
mechanism regenerates one equivalent of OH, partially accounting for the stability
of HO x levels observed in remote forested regions (Lelieveld et al., 2008; Paulot et
al., 2009b; Ren et al., 2008; Thornton et al., 2002). IEPOX formation contributes to
secondary organic aerosol (SOA) formation from low-NO x isoprene oxidation, as its
low volatility and high water solubility allow it to partition into the condensed phase
(Lin et al., 2012; Nguyen et al., 2014a; Surratt et al., 2010; Surratt et al., 2006).
Uptake of IEPOX onto acidic aerosol has been shown to contribute significantly
to SOA in forested areas where anthropogenic pollutants (e.g. SO2 ) are present
(Zhang et al., 2013). Estimates of global isoprene oxidation show that 95 ± 45 Tg
C of IEPOX per year is formed globally, with the implication that the products of
its subsequent reactions play a crucial role in tropospheric chemistry (Paulot et al.,
2009b).
Here, we report the relative yield of IEPOX isomers from isoprene oxidation, as
well as the rate coefficients and products of their oxidation by OH. Using existing
procedures with one significant novel enhancement, three isomers of IEPOX were
synthesized. We then performed a series of individual experiments in which IEPOX
isomers were oxidized by OH in an environmental chamber. Reaction rate coefficients of the IEPOX isomers were measured relative to propene. The lifetimes of δ1,
cis-β, and trans-β-IEPOX against oxidation by OH (at 299 K and [OH] = 1.0 × 106
molecule cm−3 , a typical atmospheric value) were found to be 33, 18, and 28 h,
respectively. By comparing the isomers’ retention times in a gas chromatograph
(GC) connected to a chemical ionization mass spectrometer (CIMS) with that of
IEPOX formed in situ by low-NO oxidation of isoprene, we show that cis- and
trans-β-IEPOX account for the majority of IEPOX produced in the atmosphere,
while the yield of δ1-IEPOX is small (<3%). These isomer ratios are consistent
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Figure 2.1: Mechanism for the formation of IEPOX from OH-initiated oxidation of
ISOPOOH.
with the relative concentrations of their hydrolysis products (2-methylerythritol and
2-methylthreitol) observed in ambient aerosol (Claeys et al., 2004; Ding et al., 2008;
Kourtchev et al., 2005; Schkolnik et al., 2005; Xia and Hopke, 2006; Zhang et al.,
2013). Additionally, experiments in the absence of propene were performed to determine the products of IEPOX oxidation by OH. Previous studies have inferred the
products by a combination of theoretical models, observations of low-NO isoprene
oxidation, and targeted chamber studies on IEPOX analogs (Paulot et al., 2009a; Xie
et al., 2013). A more recent study measured the products of δ4 and trans-β-IEPOX
oxidation by OH (Jacobs et al., 2013). We observed a number of compound masses
consistent with products predicted or detected in previous studies, for which we
propose oxidative mechanisms. Differences in product yields between high- and
low-NO conditions and between IEPOX isomers are described.
2.2
2.2.1

Experimental Methods
Synthesis

The IEPOX isomers used in these experiments were synthesized according to the
procedures described by Zhang et al. (2012), with one significant change described
below. All chemicals were purchased from Sigma Aldrich. The δ1- and cis-βIEPOX used in photochemical oxidation experiments was 99% pure, as determined
by NMR; the trans-β-IEPOX was >92% pure, and the impurity was not found to
interfere with any part of the experiments.
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Figure 2.2: Reactions in the synthesis of δ1-IEPOX.
Briefly, δ1-IEPOX (2-(oxiran-2-yl)-propane-1,2-diol) was prepared from 2-methyl-2-vinyloxirane (1) as shown in Figure 2.2. The epoxide in compound 2 (0.98 g,
11.67 mmol) was first converted to the diol (2) by treatment with 0.1 M hydrochloric
acid (10 mL), and the product was isolated by lyophilysis. The diol was then treated
with meta-chloroperoxybenzoic acid (mCPBA, 4.25 g, 70%, 17.3 mmol) to afford
δ1-IEPOX (3, 0.23 g, 1.9 mmol, 17% yield). The 1 H NMR spectrum (Figure 2.11
in the Supporting Information) matched previously published spectra (Zhang et al.,
2012).
Cis-β-IEPOX (cis-2-methyl-2,3-epoxy-1,4-butanediol) was prepared from 3-methylfuran-2(5H)-one, which in turn was prepared from citraconic anhydride (4) using
procedures described by Nefkens et al. (1997) (Figure 2.3). Briefly, compound 4
(10 mL, 111.26 mmol) was treated with dicyclohexylamine (DCA, 25 mL, 122.4
mmol) in methanol to produce the DCA salt 5 (20.4 g, 62.7 mmol, 56% yield).
Compound 5 was then treated with isobutyl chloroformate (ClCO2 iBu, 9 mL, 68.9
mmol) followed without purification by sodium borohydride (NaBH4 , 5 g, 132
mmol), to afford 3-methylfuran-2(5H)-one (6, 3.93 g, 40 mmol, 64% yield), which
was purified by fractional distillation.
Conversion of compound 6 to 2-methyl-2-butene-1,4-diol (7) was adapted from
procedures developed by Hoang et al. (2002), and was the only major change from
the procedures of Zhang et al. (2012). The use of diisobutylaluminum hydride
(DIBAL-H) instead of lithium aluminum hydride improved yields from 27% to
83%.
A flame-dried 100 mL round-bottom flask equipped with a stir bar was charged
with compound 6 (1.63 g, 16.6 mmol, 1.00 equiv) and toluene (14 mL, 1.2 M) and
lowered into a 0 ◦ C bath (ice/water). DIBAL-H (neat, 4 mL, 22.4 mmol, 1.35 equiv)
was added dropwise over several minutes. Once the addition was complete, the
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Figure 2.3: Reactions in the synthesis of cis-β-IEPOX.

bath was removed and the reaction was allowed to warm to room temperature. An
additional portion of DIBAL-H (2.2 mL, 12.3 mmol, 0.74 equiv) was added after
1.5 h. TLC analysis at 3 h indicated no remaining starting material. Consequently,
the reaction was lowered into a 0 ◦ C bath and quenched with the dropwise addition
of methanol (9 mL). The resulting mixture was diluted with toluene (14 mL) and
water (3 mL), generating a large amount of solid that was broken up with a spatula.
After 1.5 h of stirring, the reaction mixture developed into a biphasic suspension
with no significant solids. MgSO4 was added to the flask, and the reaction contents
were filtered through a Celite/MgSO4 column eluting with MeOH. The resulting
organics were concentrated under reduced pressure, generating a white viscous oil.
This oil was diluted with ethyl acetate (EtOAc) and again dried over MgSO4 , filtered,
and concentrated under reduced pressure. The resulting crude oil was purified by
flash column chromatography (SiO2 , 28 × 2 cm, 20% EtOAc in hexanes → 100%
EtOAc) to afford compound 7 (1.40 g, 13.7 mmol, 83% yield) as a pale yellow oil.
Compound 7 (0.33 g, 3.35 mmol) was treated with mCPBA (2.19 g, 77%, 9.8 mmol)
according to the procedures of Zhang et al. (2012) to give cis-β-IEPOX (8, 0.16
g, 1.4 mmol, 42% yield). The 1 H NMR spectrum (Figure 2.12 in the Supporting
Information) matched previously published spectra (Zhang et al., 2012).
Trans-β-IEPOX (trans-2-methyl-2,3-epoxybutane-1,4-diol) was also prepared using procedures published by Zhang et al. (2012) (Figure 2.4). Briefly, 3-methyl2-buten-1-ol (9, 4.7 g, 54.3 mmol) was treated with tert-butyldimethylchlorosilane
(TBDMSCl, 9.9 g, 65.7 mmol) and diisopropylethylamine (Pr2 NEt, 10.5 mL, 60.3
mmol) to give compound 10 (7.92 g, 39.6 mmol, 73% yield). A hydroxyl group
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Figure 2.4: Reactions in the synthesis of trans-β-IEPOX.
was added to compound 10 in the trans position by treatment with selenium dioxide (SeO2 , 2.38 g, 21.5 mmol) and tert-butylhydroperoxide (t-BuOOH, 5.5 M in
decanes, 8 mL, 44 mmol) followed without purification by reduction with sodium
borohydride (NaBH4 , 1.36 g, 36 mmol) to give compound 11 (3.36 g, 15.5 mmol,
39% yield). Epoxidation with mCPBA (6.04 g, 77%, 27 mmol) yielded compound
12 (1.51 g, 6.5 mmol, 42% yield), and deprotection with tetrabutylammonium fluoride (Bu4 NF, 1 M in THF, 13.5 mmol) gave trans-β-IEPOX (13, 703 mg, 5.96 mmol,
92% yield). The 1 H NMR spectrum (Figure 2.13 in the Supporting Information)
matched previously published spectra (Zhang et al., 2012).
2.2.2

Gas Phase Experiments

Instruments and experimental procedures for gas-phase OH oxidation have been
described in detail elsewhere (Paulot et al., 2009b). Briefly, experiments were
performed in a 0.85 m3 fluorinated ethylene propylene copolymer (Teflon-FEP,
Dupont) chamber at 299 K (± 2 K). Hydrogen peroxide (H2 O2 ), at an initial mixing
ratio of 2.5 ppm (± 10%), provided the source of HO x for oxidation upon photolysis
under UV lights. Each IEPOX isomer was oxidized in both high- and low-NO
conditions (those in which the isoprene peroxy radicals react preferentially with
NO or HO2 , respectively) with 570 ppb NO added for high-NO oxidation. Propene
(125 ppb) provided the internal standard for OH concentration in experiments to
determine the oxidation rate coefficient; in product studies, no propene was added.
The chamber was flushed with dry air and evacuated at least four times between
successive experiments. In each experiment, IEPOX (30 ppb ± 50%, as measured
by CIMS) was added to the chamber by spreading a single drop of the compound
on the interior surface of a small glass cylinder and passing dry air through the
cylinder into the chamber at 20 std L min−1 . Addition of δ1-IEPOX took 5 min per
experiment; addition of cis- and trans-β-IEPOX took 30 min, and for cis-β-IEPOX
the glass cylinder was heated to 60 ◦ C in a water bath during addition to increase
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volatility. H2 O2 (∼8.0 mg, 30% m/m in water) was added by the same method, for
10 min without heating. Propene gas was added by evacuating a 500 cm3 glass bulb
and filling it to ∼11 Torr with propene, after which the bulb was back-flushed with
N2 to atmospheric pressure and pumped down to 11 Torr again. The contents were
then flushed into the chamber by passing dry air through the bulb at 20 std L min−1
for 1 min. NO was added similarly, by filling the evacuated bulb to ∼370 Torr with
1994 ± 20 ppm NO in N2 , and flushing the contents into the chamber for 1 min at
20 std L min−1 .
The chamber’s contents were monitored throughout the experiment through a
single sample line connected to five instruments: a time-of-flight chemical ionization mass spectrometer (ToF-CIMS, Tofwerk/Caltech); a triple quadrupole MS-MS
CIMS (Varian/Caltech); a gas chromatograph with a flame-ionization detector (GCFID Agilent 5890 II) to measure propene concentrations; a NO x Monitor (Teledyne
200EU); and an O3 monitor (Teledyne 400E). Both CIMS systems, which use
CF3 O− as the chemical ionization reagent gas, have been described in detail elsewhere (Crounse et al., 2006; Paulot et al., 2009b; St. Clair et al., 2010).
Throughout the experiments, the ToF-CIMS monitored all m/z between 50 and
340 in negative-ion mode, while the MS-MS CIMS switched between scanning
MS mode and tandem MS mode, to detect the fragmentation of IEPOX and its
products and to resolve products of isobaric masses. All m/z signals are normalized
to the reagent anion signal. IEPOX is monitored at m/z 203 (IEPOX+CF3 O− ) on
both CIMS instruments and by m/z 203 → m/z 183 (IEPOX+CF3 O− −HF) on the
MS-MS CIMS in tandem MS mode. Photooxidation lasted approximately 3-7 h
in each experiment. Nine gas-phase photooxidation experiments were performed,
along with two experiments without oxidation to monitor loss of IEPOX to surfaces;
details of the experiments are shown in Table 2.1.
Before and after photooxidation, monitoring by the five instruments described
above was interrupted to separate compounds by gas chromatography before sampling by ToF-CIMS (GC-CIMS). One to three GC-CIMS runs were performed before
and after each experiment. In each run, approximately 200 cm3 of gas sample was
cryo-collected on the head of an RPK 1701 column submerged in isopropanol chilled
with liquid nitrogen (249 ± 3 K). The isopropanol bath was removed and the column
was allowed to warm for 60 s before the GC temperature program was started (30 ◦ C
for 0.1 min, +3 ◦ C/min to 60 ◦ C, +10 ◦ C/min to 130 ◦ C, hold 3 min). Compounds
eluted from the GC were ionized by CF3 O− and monitored between m/z 50 and 340
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expt
#

IEPOX
isomer

[NO]0
(ppbv)

[propene]0
(ppbv)

duration of
photooxidation

experimental
objective

1
2
3
4
5
6
7
8
9
10
11

cis-β
cis-β
cis-β
δ1
δ1
cis-β
cis-β
cis-β
trans-β
trans-β
trans-β

571
0
0
0
563
0
0
570
0
568
567

125
124
0
126
123
0
0
0
124
124
0

4:54:10
6:08:40
5:58:30
3:13:00
6:59:30
7:01:30
4:00:00
4:00:00
4:30:00

OH rate
OH rate
wall loss
OH rate
OH rate
wall loss
products
products
OH rate
OH rate
products

Table 2.1: Gas phase IEPOX experiments.
at a time resolution of 10 s−1 . Transmission through the GC varied between 60%
and 70% for both IEPOX isomers, and was not statistically significantly different
between the isomers. Further details regarding the GC-CIMS methodology will be
provided in a forthcoming manuscript.
2.2.3

Determination of CIMS Sensitivity to IEPOX

The CIMS sensitivity to IEPOX was determined in four experiments, two each
for cis- and trans-β-IEPOX, performed in the larger (24 m3 ) Caltech environmental
chamber. In each experiment, dilute (1-3 mM) aqueous solutions containing one
IEPOX isomer and hydroxyacetone (as an internal standard) were atomized into the
Teflon-FEP chamber for 2-8 h through a 15 cm perfluoroalkoxy Teflon transfer line.
Temperature was ramped from 35 ◦ C to 45 ◦ C over the course of atomization to
ensure minimal condensational losses. The measured weight of solution atomized
allowed quantification of the moles in the chamber. During atomization, the mixing
ratio of gas-phase IEPOX was monitored by negative-ion CIMS with a Varian triple
quadrupole mass analyzer, described in greater detail elsewhere (St. Clair et al.,
2010). The instrument operated at 26.6 Torr and switched between scanning MS
mode (m/z 50-250) and tandem MS mode, with unit mass resolution and 2-5 min
time resolution. Dividing the CIMS normalized counts at m/z 203 (scanning MS
mode) by the moles of IEPOX in the gas phase provided an estimate of the CIMS
sensitivity. The dependence of IEPOX sensitivity on humidity was measured by
adding various mixing ratios of water vapor to the CIMS during IEPOX detection.
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No humidity dependence was detected. We find that the cis-β-IEPOX sensitivity
is 1.8 times that of trans-β-IEPOX, consistent with the previously calculated ionmolecule collision rate ratio of 1.61 to 1 based on polarizability and dipole moments
(Paulot et al., 2009b).
2.2.4

Wall loss Experiments

Experiments were performed in both the 0.85 m3 and 24 m3 chambers to determine
the extent to which the decay of IEPOX concentration with time could be attributed
to loss to chamber walls. In both chambers, wall loss of IEPOX (∼0.4% h−1 )
was negligible compared to either loss by photooxidation or signal fluctuations due
to temperature, except when nitric acid was injected to acidify the walls in the
small chamber. The dramatic loss under acidic conditions is expected based on the
sensitivity of the epoxide group in IEPOX to acid. Wall losses were accounted for
in subsequent calculations of IEPOX photooxidation rates and products.
2.3
2.3.1

Results and Discussion
IEPOX + OH Rate Coefficients

Rate coefficients for the reaction of each IEPOX isomer with OH were calculated
relative to that of propene with OH, for which the rate coefficient is well characterized; the value used in these calculations was 2.62 × 10−12 cm3 molecule−1 s−1 at
299 K (Atkinson and Arey, 2003a). A linear regression analysis of the natural log of
the IEPOX concentration (normalized to the initial concentration) versus time over
the course of photooxidation (Figure 2.5) gives a slope equal to the rate coefficient,
k, multiplied by the concentration of OH. A similar regression can be performed
for propene. The ratio of the two slopes is thus equal to the ratio of rate coefficients
for oxidation of IEPOX and propene by OH, which allows for the calculation of the
OH oxidation rate coefficient of IEPOX.
IEPOX + OH rate coefficients were calculated for each experiment with propene
(Exp. 1, 2, 4, 5, 9, and 10), which included a high- and low-NO run for each
of the three isomers. Propene concentrations were measured by GC-FID, and
IEPOX concentrations by ToF-CIMS. Rate coefficients were then calculated using
a linear regression method incorporating error in both dimensions, followed by an
error-weighted mean (York et al., 2004) of each isomer’s runs. Rate coefficients
determined in high- and low-NO experiments differed by no more than 19%, and
the run-to-run differences did not correlate with NO level. Primary sources of error
include fluctuations in temperature, which affect both oxidation rate coefficients and
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Figure 2.5: Decay of cis-β-IEPOX and propene in Expt. 1. The ratio of the slopes of
propene and IEPOX concentrations over time (both on logarithmic scales) is equal
to the ratio of the rate constants of each species’ reaction with OH. Propene data are
from GC-FID, while IEPOX data are from ToF-CIMS measured at m/z 203.

CIMS sensitivity to IEPOX, and the relative precision and frequency of GC-FID
propene measurements.
Calculated OH oxidation rate coefficients and lifetimes for the three IEPOX
isomers at ambient temperature are given in Table 2.2. Cis-β-IEPOX was found to
react significantly faster than δ1 or trans-β-IEPOX with OH. The rate coefficients
range from (0.84 ± 0.07) × 10−11 cm3 molecule−1 s−1 to (1.52 ± 0.07) × 10−11 cm3
molecule−1 s−1 , consistent with the value previously estimated as an upper limit by
Paulot et al. (2009b) of 1.5 × 10−11 cm3 molecule−1 s−1 . The only other study to
have measured the OH oxidation rate coefficients of specific IEPOX isomers, by
Jacobs et al. (2013), reported the rate coefficient of δ4-IEPOX + OH to be (3.52
± 0.72) × 10−11 cm3 molecule−1 s−1 and that of trans-β-IEPOX + OH to be (3.60
± 0.76) × 10−11 cm3 molecule−1 s−1 . These values are significantly higher than
those reported here, and are inconsistent with the dynamics of the isoprene system
studied by Paulot et al. (2009b) Clearly, further studies will be needed to resolve
these differences.
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isomer

rate (k)

k low[NO]

k high[NO]

lifetime (h)

δ1
cis-β
trans-β

0.84 ± 0.07
1.52 ± 0.07
0.98 ± 0.05

0.97
1.40
0.88

0.82
1.62
1.05

33.0 ± 2.8
18.3 ± 0.8
28.3 ± 1.4

Table 2.2: Rate coefficients for the reaction with OH of δ1, cis-β and trans-βIEPOX. k is in units of cm3 molecule−1 s−1 × 10−11 , and lifetimes are for [OH] =
106 molecules cm−3 .
2.3.2

Relative Yields of IEPOX Isomers

Comparison of GC retention times of each IEPOX isomer to those of low-NO
isoprene oxidation products reveals that cis- and trans-β-IEPOX are produced in
much higher yield than δ1-IEPOX in the gas phase oxidation of isoprene by OH.
These results are shown in Figure 2.6, in which m/z 203 (CF3 O− plus IEPOX
or ISOPOOH) normalized counts are plotted versus retention time for the three
IEPOX isomers and for two time points in the low-NO oxidation of isoprene by OH,
conducted under the same conditions as the low-NO IEPOX experiments detailed
above. After 1 h, isoprene oxidation forms primarily two isomers of ISOPOOH,
which appear on the GC-CIMS m/z 203 trace as two peaks centered at 12.5 and 13.3
min. After 10 h, some ISOPOOH remains, but two IEPOX peaks dominate, centered
at 13.9 and 14.4 min. These correspond to trans- and cis-β-IEPOX, respectively. δ1IEPOX also appears on the oxidized isoprene trace, but with a far smaller signal. The
ratio of peak areas corresponding to δ1, cis-β, and trans-β-IEPOX is, respectively,
1 to 20.5 to 27.9.
While the CIMS sensitivity of δ1-IEPOX was not directly measured, previous
calculations of molecular dipoles have determined that the sensitivity to δ1-IEPOX
should be nearly equivalent to that of cis-β-IEPOX, and any deviation from this
prediction is not expected to outweigh the large difference in peak areas between δ1IEPOX and the other isomers. Thus, δ1-IEPOX is far less atmospherically relevant
than the β-IEPOX isomers. δ4-IEPOX forms by a mechanism similar to that of the
δ1 isomer, and likely has a similar retention time in the GC due to its analogous
structure. No additional peaks were observed near the retention time of δ1-IEPOX
that could have been assigned to δ4-IEPOX in the 10 h GC trace. Therefore, the δ4
isomer is expected either not to be formed or to co-elute with δ1-IEPOX, in which
case the integrated peak area assigned to δ1-IEPOX accounts for the sum of the δ1
and δ4 isomers.
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Figure 2.6: CIMS signals at m/z 203 from GC-CIMS chromatograms of δ1-IEPOX
(blue), cis-β-IEPOX (pink), and trans-β-IEPOX (red) synthesized standards, as
well as the m/z 203 products from OH-initiated low-NO x oxidation of isoprene. The
two major peaks seen after one hour of isoprene + OH oxidation (green) represent
ISOPOOH, while the two major peaks seen after ten hours of oxidation (black)
correspond with cis- and trans-β-IEPOX. The ten-hour signal is multiplied by a
factor of ten between minutes 9.2 and 11.7, to show that a minor amount of δ1IEPOX is formed. δ1-IEPOX appears as a double peak because the compound has
two diastereomers.
Results from the sensitivity calibrations discussed above show that the single
MS CIMS signal at m/z 203 is 1.83 times more sensitive to cis-β-IEPOX than
trans-β-IEPOX. Scaling the signal areas by the sensitivity, we find that OH-initiated
low-NO oxidation of isoprene produces concentrations of cis- and trans-β-IEPOX
after 10 hours of oxidation in a ratio of 1 to 2.5 (± 0.5). Part of this difference
in concentrations can be explained by the faster reaction with OH of cis-β-IEPOX
relative to trans-β-IEPOX. Using a simple kinetic model of isoprene, ISOPOOH,
and IEPOX mixing ratios based on the signals observed in the low-NO oxidation of
isoprene and the reaction rates calculated in the present study, we find the ratio of the
yields of cis-β-IEPOX to trans-β-IEPOX produced from the reaction of isoprene
with OH to be 1 to 2.13 (± 0.30), and that cis-β and trans-β-IEPOX together
account for >97% of observed IEPOX. The ratio of the cis- and trans- yields is
similar to the ratio of 2-methyltetrol isomers found in SOA created by oxidation
of isoprene by OH. Assuming that particle-phase hydrolysis of IEPOX proceeds
by a typical acid-catalyzed mechanism as the evidence suggests (Eddingsaas et al.,
2010), in which protonation of the epoxide is followed by SN 2 attack by water, cisβ-IEPOX is expected to form 2-methylthreitol, while trans-β-IEPOX would form
2-methylerythritol. These 2-methyltetrol isomers have repeatedly been observed in
isoprene-generated SOA in ratios of approximately 1 to 2, comparable to the ratio
between cis- and trans-β-IEPOX we observe (Claeys et al., 2004; Ding et al., 2008;
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Kourtchev et al., 2005; Schkolnik et al., 2005; Xia and Hopke, 2006; Zhang et al.,
2013).
2.3.3

Gas Phase Products of the Reaction of IEPOX with OH

Experiments performed in the 0.85 m3 chamber in the absence of propene (Exp.
7, 8 and 11) were used to determine the products of gas-phase OH oxidation of cisand trans-β-IEPOX. No product studies were performed on δ1-IEPOX due to its
low atmospheric relevance. Mixing ratios of oxidation products were determined
by multiplying the CIMS signal, normalized to the concentration of reagent ion in
the chemical ionization region, by a calibration factor. For small, commercially
available compounds, mixing ratio calibration factors were determined in previous
experiments (Paulot et al., 2009a). For larger products without authentic standards,
instrumental sensitivities were assumed to be equal to those of their parent IEPOX
isomer, as estimated in previous work based on polarizability and dipole moments
(Paulot et al., 2009a,b). Yields were then calculated by determining the slope of a
simple linear regression between the mixing ratios of IEPOX and each product over
the first 10-20 minutes of oxidation.
Time traces of oxidation products are shown in Figures 2.7 and 2.8, and firstgeneration product yields are given in Table 2.3. Reported uncertainties of yields
account only for the standard deviations of the regressions, and do not include
possible errors in calibration factors (estimated to be ± 30% for hydroxyacetone and
glycolaldehyde and ± 20% for formic and acetic acid). Because these calibration
factors have significant uncertainty and the CIMS sensitivity to IEPOX was not
directly measured on the instruments used for these experiments, absolute yields
cannot be accurately quantified, but yields can be compared between experiments.
Additionally, because the yields reported in Table 2.3 are given as a percent of
the IEPOX lost rather than as a percent of the total products observed, they do
not necessarily add to 100%. Products lost to walls, products undetectable by
our CIMS instruments, and uncertainty in sensitivity estimates all contribute to
this deviation from carbon parity. We believe that uncertainties in the IEPOX and
other large product sensitivity estimates account for the majority of error in the
calculated yields, and for modeling purposes we suggest scaling the yields to a sum
of 100%, knowing that significant uncertainties will persist until a more accurate
determination of product yields can be measured.
The dominant small products of IEPOX oxidation detected by CIMS (Figure
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Figure 2.7: Time traces of dominant small products observed in the OH-initiated
oxidation of cis- and trans-β-IEPOX: acetic acid (red), hydroxyacetone (blue),
glycolaldehyde (black), and formic acid (magenta).

Figure 2.8: Time traces of dominant large products observed in the OH-initiated
oxidation of cis- and trans-β-IEPOX as m/z 201 (black), 189 (blue), and 187 (red).
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yield (%)
compound

sensitivity

m/z 201
variable
m/z 189
variable
m/z 187
variable
glycolaldehyde 4.0 × 10−4
hydroxyacetone 3.8 × 10−4
acetic acid
2.3 × 10−4
formic acid
2.7 × 10−4

cis-β-IEPOX
high [NO]

cis-β-IEPOX
low [NO]

trans-β-IEPOX
high [NO]

10.6 ± 0.7
46.4 ± 1.7
14.4 ± 0.6
11.8 ± 0.5
16.8 ± 0.3
4.3 ± 0.3
15.8 ± 0.5

12.9 ± 1.0
37.1 ± 2.2
10.4 ± 0.6
2.5 ± 0.6
8.5 ± 0.5
7.8 ± 1.2
27.8 ± 2.1

10.5 ± 0.27
21.7 ± 0.5
3.69 ± 0.15
4.55 ± 0.24
5.41 ± 0.17
2.7 ± 0.3
8.8 ± 0.5

Table 2.3: First-generation yields of dominant products from the oxidation of cisand trans-β-IEPOX. Sensitivities are in units of normalized counts per ppt in the
CIMS flow tube, and the large products with "variable" sensitivities are assumed
to have sensitivities equal to those of their parent IEPOX isomer (4.0 × 10−4 for
cis-β-IEPOX and 2.2 × 10−4 for trans-β-IEPOX
2.7) were formic acid (FA, monitored at m/z 65 for FA·F− ), acetic acid (AA, m/z
79 for AA·F− ), glycolaldehyde (GLYC, m/z 145 for GLYC·CF3 O− , corrected for
AA·CF3 O− ), and hydroxyacetone (HAC, m/z 159 for HAC·CF3 O− ). Under high-NO
conditions, both cis- and trans-β-IEPOX produced nearly equivalent first-generation
yields of glycolaldehyde and hydroxyacetone. This matches previous speculation
on the oxidation mechanism of IEPOX, such as those used in SAPRC-07 and
MCM 3.2 (Carter, 2010; Saunders et al., 2003). Both isomers also produced
significant levels of formic and acetic acids, which had not been previously reported
in IEPOX oxidation. Low-NO oxidation of cis-β-IEPOX resulted in diminished
first-generation yields of glycolaldehyde and hydroxyacetone and elevated yields of
acetic and formic acids relative to oxidation under high-NO conditions, suggesting
a strongly NO-dependent mechanism for the formation of these small products.
The most prevalent C4 -C5 products detected by CIMS (Figure 2.8) appeared at
m/z 201, 189, and 187. Under high- and low-NO conditions, the two isomers gave
nearly identical yields of the m/z 201 product. In contrast, cis-β-IEPOX produced
over twice as much of the m/z 189 product as the trans isomer did, and nearly four
times as much of the m/z 187 product. This evidence, along with differences in the
yields of small products between the isomers, suggests a stark disparity between the
oxidation pathways of the two isomers. We do not currently have an explanation for
this difference, but ongoing computational studies are expected to shed light on this
intriguing chemistry. Additionally, the appearance of significant amounts of large
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products under high-NO conditions contrasts with the IEPOX oxidation mechanism
used currently in photochemical models (e.g. MCM v3.2 and SAPRC07), in which
IEPOX degrades quickly to form hydroxyacetone, glycolaldehyde, and other small
products (Saunders et al., 2003). Low-NO oxidation of cis-β-IEPOX produced
slightly less of the m/z 189 and 187 products and slightly more of the m/z 201
product than under high-NO conditions, but the small magnitude of these changes
suggests only a minor NO dependence of this oxidation pathway.
Proposed structures for the m/z 201, 189, and 187 compounds are shown in Figure
2.9. While many of these structures have been suggested previously as intermediates
in the oxidative degradation of IEPOX, most have not yet been considered firstgeneration products, and their designation as such requires reconsideration of the
mechanism for the first steps of IEPOX oxidation. We propose such a mechanism
in Figure 2.10. We stress that this mechanism is neither complete nor certain,
and it does not yet account for differing oxidation pathways between the two βIEPOX isomers, nor for the formation of formic and acetic acids, but it improves
upon existing mechanisms by incorporating both previous insights and the present
results.

Figure 2.9: Proposed structures of the dominant large products observed in the
OH-initiated oxidation of cis- and trans-β-IEPOX.
The mechanism begins with hydrogen abstraction by OH at the 1, 3, or 4 position. In the case of abstraction at positions 1 or 4, addition of O2 and subsequent
elimination of HO2 gives the m/z 201 product, which accounts for ∼10% of the
first-generation pathway. Alternatively, a series of rearrangements can form a more
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Figure 2.10: Proposed mechanism for the OH-initiated oxidation of β-IEPOX.
Proposed first-generation products are outlined in dashed boxes.

stable alkyl radical prior to O2 addition. The resulting peroxy radical can then
undergo a variety of possible transformations. Reaction with HO2 , NO, or RO2
to form the alkoxy radical results in fragmentation of the molecule, forming either
a C3 and a C2 product or a C4 product and CO. These pathways account for the
formation of hydroxyacetone, glycolaldehyde, and the product detected at m/z 189.
This mechanism also implies that glyoxal and methylglyoxal – neither of which can
be detected by the CIMS instruments used here – are produced concurrently with
hydroxyacetone and glycolaldehyde, respectively. Additionally, the peroxy radical
can undergo unimolecular decomposition, via a 1,4-H shift from the α aldehyde or
a 1,5-H shift from the α hydroxyl group, to form the same sets of products accessed
by the alkoxy radical pathway. The product detected at m/z 189 can further react
with OH and O2 to form products detectable at m/z 187. Theoretically, the peroxy
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radical could also react with HO2 to form a hydroperoxide, or with NO to form a
nitrate. Low product signal was observed at a mass consistent with the hydroperoxide (<5% under low-NO conditions), and almost no product was observed at a mass
consistent with the nitrate (<1% under high-NO conditions), suggesting either that
these reactions do not readily occur or that the non-volatile products are quickly lost
to chamber walls.
In the case of hydrogen abstraction by OH at position 3, no product detectable
at m/z 201 can be formed. Instead, isomerization and addition of O2 leads directly
to the peroxy radical, which can again undergo a 1,5-H shift with the α hydroxyl
group and decompose to form a C4 fragment. The C4 fragment produced by the
H-shift mechanism differs from those produced by abstraction at positions 1 and
4, and accounts for the first-generation yield of the product detected at m/z 187.
Alternatively, the peroxy radical can react with HO2 , NO, or RO2 to form the alkoxy
radical, which decomposes to form either the same C4 fragment or hydroxyacetone
and a C2 fragment. The C2 fragment produced by this mechanism is expected
to form glycolic or 2-hydroxyperacetic acids by reaction with HO2 or decompose
to formaldehyde (Saunders et al., 2003). Low product signal was observed at
masses consistent with the two acids (<2%). The sum of the yields of m/z 187 and
hydroxyacetone provides an upper limit for the fraction of IEPOX + OH hydrogen
abstraction that occurs at position 3, as hydroxyacetone can also be formed from
other pathways. The yields reported in this study suggest that the first-generation
formation of the m/z 189 products is the dominant pathway of IEPOX oxidation,
and thus that hydrogen abstraction by OH occurs primarily at positions 1 and 4, but
all pathways shown in Figure 2.10 contribute to the overall product breakdown of
OH-initiated IEPOX degradation.
Many aspects of our proposed mechanism coincide with the one recently proposed
by Jacobs et al. (2013) for trans-β-IEPOX, with the exception of our inclusion of
the m/z 189 and 187 products, which they did not observe. Setting aside these
compounds, the relative yields of hydroxyacetone, glycolaldehyde, and the m/z 201
product from trans-β-IEPOX oxidation are similar to those reported by Jacobs et al.
(2013). Their study also shows products that our CIMS would observe at m/z 163,
217, and 235. With the exception of m/z 235, of which we detect small yields (<5%)
with low statistical significance, these products are not observed in our experiments.
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2.4

Conclusions

The recent discovery of IEPOX, and evidence of its importance as an isoprene
oxidation product and SOA precursor, has led to widespread interest in its atmospheric fate. As IEPOX is estimated to account for a significant mass of global
VOC (∼100 Tg C y−1 ), an understanding of its chemistry is critically important.
The results presented here provide new insight into IEPOX behavior, which can be
incorporated into chemical mechanisms of low-NO isoprene oxidation. The relative
yields of IEPOX isomers as reported here, along with the OH oxidation rates of those
isomers, serve to constrain the isomer distribution in the atmosphere, and explain
the isomeric yields of 2-methyltetrols found in SOA. As differences in oxidation
pathways between IEPOX isomers are elucidated, isomer abundances will further
improve estimates of product yields.
The product studies conducted in this investigation largely corroborate existing
predictions of the IEPOX oxidation pathway. Major products observed at m/z 189
and 187 fit with the existing MCM mechanism (Saunders et al., 2003), although they
notably appear as first-generation products rather than subsequent intermediates. Atmospheric observations of these products in high-isoprene, low-NO environments
would test this finding. Yields of smaller products also generally match predictions,
with the exception of formic acid, which has a much higher yield than currently
predicted. However, differences in yields of most products between the two betaIEPOX isomers suggest substantial divergence in the oxidation pathways for the
two atmospherically dominant IEPOX isomers. Additionally, assuming glyoxal and
methylglyoxal are co-products of hydroxyacetone and acetaldehyde in the oxidation
of IEPOX, this chemistry is likely important in closing some of the disagreement
between simulated and observed levels of these compounds in isoprene-rich environments (Myriokefalitakis et al., 2008; Wittrock et al., 2006). Although further
studies incorporating measurements of glyoxal and methylglyoxal will be necessary
to fully constrain the products of IEPOX oxidation, and to reconcile differences
between our experiments and those of Jacobs et al. (2013), the products reported
here provide a framework from which to improve existing models.
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2.5

Supporting Information

Figure 2.11: 1 H NMR (300 MHz, CDCl3 ) of δ1-IEPOX.
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Figure 2.12: 1 H NMR (300 MHz, D2 O) of cis-β-IEPOX.
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Figure 2.13: 1 H NMR (300 MHz, CDCl3 ) of trans-β-IEPOX.
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PRODUCTION AND FATE OF C4 DIHYDROXYCARBONYL
COMPOUNDS FROM ISOPRENE OXIDATION

Bates, K. H., T. B. Nguyen, A. P. Teng, J. D. Crounse, H. G. Kjaergaard, B. M.
Stoltz, J. H. Seinfeld, and P. O. Wennberg (2016). “Production and fate of C4
dihydroxycarbonyl compounds from isoprene oxidation”. In: J. Phys. Chem. A
120.1, pp. 106–117. doi: 10.1021/acs.jpca.5b10335.
Abstract
isoprene epoxydiols (IEPOX) are formed in high yield as second-generation products of atmospheric isoprene oxidation in pristine (low-NO) environments. IEPOX
has received significant attention for its ability to form secondary organic aerosol,
but the fate of IEPOX in the gas phase, and those of its oxidation products, remains largely unexplored. In this study, three dihydroxycarbonyl compounds with
molecular formula of C4 H8 O3 – putative products of IEPOX oxidation – are synthesized to determine their isomer-specific yields from IEPOX. We find that 3,4dihydroxy-2-butanone (DHBO) comprises 43% and 36% of the products from cisand trans-β-IEPOX respectively, and is by far the most abundant C4 H8 O3 dihydroxycarbonyl compound produced by this mechanism. OH is found to react with
DHBO with a rate coefficient of 1.10 × 10−11 cm3 molecule−1 s−1 at 297 K, forming
two hydroxydicarbonyl compounds that share the molecular formula C4 H6 O3 with
unitary yield. The results of this study are compared with field observations and
used to propose a multigenerational mechanism of IEPOX oxidation. Finally, global
simulations using GEOS-Chem, a chemical transport model, show that the C4 H8 O3
dihydroxycarbonyl compounds and their oxidation products are widespread in the
atmosphere, and estimate annual global production of C4 H8 O3 dihydroxycarbonyls
to be 54 Tg y−1 , primarily as DHBO.
3.1

Introduction

Atmospheric emissions of isoprene, derived primarily from deciduous plants,
are estimated to exceed 500 Tg y−1 globally, making isoprene the most abundantly
emitted non-methane hydrocarbon by mass (Guenther et al., 2006; Guenther et
al., 2012). The rapid oxidation of both isoprene and its oxidation products in
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Figure 3.1: Steps and compounds in the HO x -mediated (low-NO) oxidation of
isoprene.
the gas phase, principally by OH radicals (Atkinson et al., 2006), helps to set the
atmosphere’s oxidative capacity and leads to the formation of both highly oxygenated
gaseous compounds and secondary organic aerosol (SOA) (Archibald et al., 2010;
Lelieveld et al., 2008). These effects can exert a strong influence on climate, health,
and tropospheric chemistry in areas with high biogenic emissions.
In regions of the atmosphere with low concentrations of NO, which typically
occur in remote forests where isoprene emissions are high, the oxidation of isoprene
proceeds predominantly by a HO x -mediated (OH + HO2 ) pathway shown in Figure
3.1 (Kuhlmann and Lawrence, 2004; Rosenstiel et al., 2003; Wiedinmyer et al.,
2006). The addition of OH and O2 is followed by reaction with HO2 to form hydroxy
hydroperoxides (ISOPOOH) in yields of >80% (Crutzen et al., 2000; Paulot et al.,
2009b). A recent synthetic route to the dominant ISOPOOH isomers has facilitated
measurements of the rates and products of their reactions with OH (St. Clair et
al., 2015), which previously relied on estimates from OH + isoprene experiments
(Paulot et al., 2009b). The dominant fate of ISOPOOH is reaction with OH to form
isoprene epoxydiols (IEPOX) in yields of 70-80%, resulting in an isomeric ratio
of 2:1 for trans- to cis-β-IEPOX (St. Clair et al., 2015). This reaction recycles
one equivalent of OH (Paulot et al., 2009b), contributing to the stability of HO x in
remote forested regions (Lelieveld et al., 2008; Ren et al., 2008; Thornton et al.,
2002).
In the atmosphere, IEPOX can then follow a number of subsequent pathways.
IEPOX has been shown to contribute substantially to biogenic SOA in the field
(Budisulistiorini et al., 2013; Froyd et al., 2011; Worton et al., 2013; Zhang et al.,
2013), where its aerosol uptake depends on a variety of factors such as particle
liquid water content, total particulate surface area, anionic activity (e.g. sulfate
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and other nucleophiles), cationic activity (primarily hydronium in many areas), and
organic coating (Gaston et al., 2014; Liao et al., 2015; Nguyen et al., 2014a; Surratt
et al., 2010; Xu et al., 2015). The properties of its reactive uptake have been further
examined in chamber experiments (Gaston et al., 2014; Lin et al., 2012; Liu et al.,
2015; Nguyen et al., 2014a; Surratt et al., 2010), facilitated by the development of
synthetic routes to four IEPOX isomers (Zhang et al., 2012). A laboratory study
focusing on particle free acidity and surface area placed constraints on IEPOX
aerosol uptake at <5 h (pH <1) to >25 h (pH >3), and noted that organic coatings
on aerosols significantly suppress IEPOX uptake, suggesting that the aerosol uptake
can be self-limiting (Gaston et al., 2014). These results imply that particle uptake
may be the dominant IEPOX loss process only when aerosol pH is less than 1 on
freshly exposed aqueous sulfate particles.
Additional IEPOX loss processes include deposition and reaction with OH in
the gas phase. Dry deposition of IEPOX and its gas phase oxidation products to a
forested environment has also been measured in the field, with a typical lifetime of
13 h under daytime turbulent mixing conditions (Nguyen et al., 2015a). Laboratory
studies of the gas phase oxidation of IEPOX by OH measured lifetimes of 3-28 h,
and identified a number of stable products (Bates et al., 2014; Jacobs et al., 2013).
All together, previous work suggests that gas phase reaction with OH dominates
IEPOX loss (∼44%) under environmental conditions typical of IEPOX production
(daytime, turbulent 1.5 km mixed layer, ∼200 µm2 cm−3 particle surface area with
aerosol pH = 3), with deposition (∼37%) and particle uptake (∼19%) contributing
smaller proportions (Bates et al., 2014; Gaston et al., 2014; Nguyen et al., 2015a).
Bates et al. (2014) identified a dominant product from the gas phase oxidation of
both the cis- and trans-β-IEPOX by OH as an unknown compound with a nominal
mass of 104 a.m.u., with yields of 33 (±11) %. A likely formula of C4 H8 O3 was
assigned to the product, and two possible structures were proposed, but no further
information on the compound(s) could be determined. Given the high measured
yields and the atmospheric importance of IEPOX – with an estimated 226 Tg y−1
produced globally (St. Clair et al., 2015) – the identity and subsequent fate of this
unknown product may have profound impacts on oxidant budgets, SOA formation,
and other important aspects of tropospheric chemistry in low-NO high-isoprene
environments.
In the experiments detailed here, standards of IEPOX and three C4 H8 O3 compounds, shown in Figure 3.2, were synthesized in order to identify these 104 a.m.u.
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Figure 3.2: Dihydroxycarbonyl species synthesized and investigated in this study,
collectively referred to as C4 H8 O3 .

products of IEPOX + OH and to measure their yields with greater precision, using an
improved gas chromatography-chemical ionization mass spectrometry (GC-CIMS)
technique. The rates and products of the reactions of the three synthetic C4 H8 O3
compounds with OH were then determined in individual chamber experiments. Additionally, field measurements from the isoprene-rich Southeastern United States
were analyzed vis-à-vis the newly elucidated reaction rates and product yields.
Finally, the oxidation mechanism of IEPOX and the C4 H8 O3 compounds was incorporated into GEOS-Chem, a global chemical transport model, to estimate their
global production and potential impact on tropospheric chemistry.
3.2
3.2.1

Experimental Methods
Synthesis

Five compounds were synthesized for use in chamber experiments: trans-βIEPOX, cis-β-IEPOX, DHBO, 2,3-dihydroxy-2-methylpropanal (DHMP), and 2,3dihydroxybutanal (DHBA). All compounds were characterized by 300 MHz 1 H
NMR. Reagents were purchased from Sigma-Aldrich unless otherwise noted.
Trans-β-IEPOX was prepared from 3-methyl-2-buten-1-ol by a method identical
to that used by Bates et al. (2014) derived from the techniques of Zhang et al.
(2012) cis-β-IEPOX was prepared in a method similar to that of Bates et al. (2014)
except that two steps of the synthetic pathway were bypassed by reducing citraconic
anhydride directly to 2-methyl-2-butene-1,4-diol using diisobutylaluminum hydride
(DIBAL-H), as shown in Figure 3.3. The procedure for this reduction was identical to
that described for the reduction of 3-methylfuran-2(5H)-one in the original synthesis
(Bates et al., 2014), except that 5 equivalents of DIBAL-H were necessary to achieve
the desired reaction, and the yield was reduced to 28%, slightly below the combined
yield of 30% for the three steps it replaced. 1 H NMR spectra of cis- and trans-βIEPOX matched previously published characterization (Bates et al., 2014).
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Figure 3.3: Steps in the synthesis of cis-β-IEPOX.

The three C4 H8 O3 compounds were synthesized individually in two steps, using
known procedures with slight adaptations, as shown in Figure 3.4 for the synthesis of DHBO from methyl vinyl ketone (MVK, ≥95%). DHMP and DHBA were
synthesized with the same two steps, but using methacrolein (95%) and crotonaldehyde (≥99.5%, ∼1:20 cis:trans) respectively as starting compounds. The starting
material was first epoxidized under basic conditions (House and Ro, 1958; Payne,
1959; Wellman et al., 1976) by addition to a solution of 17.5% hydrogen peroxide
(H2 O2 ) in water, brought to 0 ◦ C and pH 8.5-9 by addition of NaOH. The reaction
was allowed to warm to room temperature 10 min after addition; stirring continued
for 2 h after addition, and during the entire reaction, pH was kept at 8.5-9 by slow
addition of NaOH. After the reaction was complete, it was neutralized with HCl and
the epoxide intermediate was isolated by extraction with dichloromethane (DCM),
dried with Na2 SO4 , filtered, and concentrated under reduced pressure. The epoxide
intermediates were then hydrolyzed (Long and Pritchard, 1956; Wang et al., 2008b)
in neutral aqueous solution by heating for 24 h to 65 ◦ C (DHMP), 70 ◦ C (DHBA), or
80 ◦ C (DHBO). Unreacted starting material was removed by extraction with DCM;
the C4 H8 O3 dihydroxycarbonyl compounds remained in the aqueous phase, and
were concentrated slightly under reduced pressure with minimal heating (<30 ◦ C)
and used without further purification. Where available, 1 H NMR spectra matched
previously published characterization (Bischofberger et al., 1988; Guérard-Hélaine
et al., 2011; Kholodar and Murkin, 2013; Wellman et al., 1976).
3.2.2

Chamber experiments

Initial conditions for each of the chamber experiments conducted in this study
are listed in Tables 3.1 and 3.2. The environmental chamber used for gas phase
OH oxidation experiments, along with the associated techniques and instruments,
has been described extensively in previous literature (Bates et al., 2014; Crounse
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Figure 3.4: Steps in the synthesis of dihydroxybutanone (DHBO).
expt
#
reactant
1
2
3
4
5
6
7
8

DHBO
DHBO
DHMP
DHMP
DHMP
DHBA
DHBA
DHBA

[reactant]0
(ppbv)

[H2 O2 ]0
(ppbv)

[propene]0
(ppbv)

[NO]0
(ppbv)

reaction
time (h)

103.75
104.61
2.75
5.17
2.63
0.72
1.60
0.34

2.4
2.9
2.7
2.6
3.2
2.6
2.6
2.9

105
117
130
166
141
132
130
142

0
580
582
0
0
576
576
0

6.0
6.0
6.0
6.0
3.0, 3.0
6.0
3.0, 3.0
3.0, 3.0

Table 3.1: Initial conditions for kinetic-focused chamber experiments.
et al., 2013; Lee et al., 2014; St. Clair et al., 2015), so only a cursory summary is
provided herein, with particular detail for aspects unique to this study. Experiments
were conducted in 0.85 m3 environmental chambers made of fluorinated ethylene
propylene (Teflon-FEP, DuPont) kept at 297 ± 5 K and 745 Torr, with separate
chambers used for high- and low-NO experiments. The chamber was cleaned
by flushing with dry air from a purge gas generator (Perkin, Model 75-52) and
evacuating at least six times between experiments.
To prepare each experiment, the synthetic compound of interest was added to the
chamber by flowing dry air at 20 L min−1 into the chamber’s single sample port
through a small glass vial containing ∼50 µL of the target compound (pure IEPOX,
or a dilute solution of C4 H8 O3 in H2 O) for 30 min. For IEPOX injections, the vial
was heated to 45 ◦ C (trans) or 60 ◦ C (cis) in a water bath. Hydrogen peroxide (50%
w/w in H2 O, ∼6 mg) was added by the same method for 10 min without heating, to
achieve an initial mixing ratio of ∼2.5 ppmv. For kinetic experiments, propene gas
was added by flushing the contents of a dilute 500 cm3 glass bulb into the chamber
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expt
$
9
10
11
12
13
14
15
16
17
18

reactant

[reactant]0
(ppbv)

[H2 O2 ]0
(ppbv)

[NO]0
(ppbv)

reaction
time (h)

cis-β-IEPOX
cis-β-IEPOX
cis-β-IEPOX
cis-β-IEPOX
cis-β-IEPOX
trans-β-IEPOX
trans-β-IEPOX
trans-β-IEPOX
DHBO
DHBO

94.89
53.28
30.83
55.23
83.82
81.74
131.41
126.87
81.22
74.21

3.0
2.8
2.9
2.8
3.2
2.7
3.6
3.0
2.7
2.9

0
0
581
0
346
592
0
0
589
0

5.0
8.4
2.0, 2.0
3.1
1.6
2.7
6.2
2.5, 3.5
1.5
3.0

Table 3.2: Initial conditions for product-focused chamber experiments.
with 20 L min−1 of dry air for 1 min. The bulb was prepared by serial dilution
of propene (Sigma-Aldrich, ≥99%) to ∼225 ppmv with N2 . For NO-dominated
experiments, NO was added last by filling the same bulb to ∼370 Torr with 1994 ±
20 ppm NO in N2 (Matheson Gas Products) and flushing the bulb’s contents into
the chamber with 20 L min−1 of dry air for 1 min. Finally, the chamber was filled
with dry air to a total volume of 850 L.
After preparing the environmental chamber, the injection port was reconnected
to the sampling instruments, which measured the chamber’s contents for at least 1.5
hours prior to photooxidation. Oxidation was performed using eight UV broadband
lamps centered around 350 nm (Sylvania) to photolyze H2 O2 , forming OH and
subsequently HO2 by the reaction of OH with H2 O2 . Photooxidation lasted anywhere
between 1.5 and 8.5 hours, and in some experiments two separate episodes of
photooxidation were performed with a period of dark sampling in between, as listed
in Tables 3.1 and 3.2.
Chemical species in the chamber were measured throughout the experiment
through a single length of PFA tubing (6.35 mm OD, ∼2 m long). A NO x monitor
(Teledyne 200 EU) and an O3 monitor (Teledyne 400 E) sampled continuously, as
did a gas chromatograph with flame ionization detection (GC-FID, Agilent 5890 II)
to measure propene. IEPOX, C4 H8 O3 , and their oxidation products were measured
with a time-of-flight chemical ionization mass spectrometer (ToF-CIMS, Tofwerk/Caltech), which has been described in detail previously (Crounse et al., 2006;
Paulot et al., 2009a; Praske et al., 2015; St. Clair et al., 2010). The CIMS uses
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CF3 O− as its reagent gas, which is produced by flowing CF3 OOCF3 in N2 (1 ppmv)
through a 210 Po ionizer, and provides measurements of all m/z between 19 and
396 at 1 Hz time resolution. CF3 O− clusters with acids, alcohols, hydroperoxides,
and other polar compounds to form ions with m/z equal to that of the analyte plus
85; thus, IEPOX is detected at m/z 203 and C4 H8 O3 at m/z 189. All m/z signals
are normalized to the reagent anion signal, characterized by the sum of CF3 O− ,
H2 O·CF3 O− , and H2 O2 ·CF3 O− , and scaled by a sensitivity factor. CIMS sensitivities were estimated from the target compound’s polarizability and dipole moments,
calculated using density functional theory (DFT) as described previously (Garden
et al., 2009; Paulot et al., 2009a,b; Praske et al., 2015; Su and Chesnavich, 1982).
Estimated CIMS sensitivities for compounds of interest in this work are given in
Table 3.7 in the Supporting Information.
Before and after photooxidation, and between photooxidation episodes in experiments 5, 7, 8, 11, and 16, the ToF-CIMS was disconnected from the chamber
and connected to the outlet of a gas chromatography oven (GC-CIMS), to separate
isobaric compounds in a technique described previously (Bates et al., 2014; Lee
et al., 2014; Praske et al., 2015; Teng et al., 2015). 150-300 cm3 of chamber air was
cryogenically trapped on the head of a 4 m Restek RTX-1701 column for 4 – 8 min
using a bath of isopropanol cooled with liquid nitrogen to -30 – -20 ◦ C. Following
the removal of the cold trap, the column temperature was ramped in the GC oven (30
◦ C for 0.1 min, +3 ◦ C min−1 for 10 min, +10 ◦ C min−1 for 7 min, hold for 3 min).
Analytes were passed through the column directly into the ToF-CIMS for detection.
3.2.3

GEOS-Chem Simulations

The location and extent of production of C4 H8 O3 compounds in the atmosphere
was evaluated using GEOS-Chem, a global chemical transport model (Bey et al.,
2001). The simulations described in this study employed GEOS-Chem version 9.02
with GEOS5 meteorology and the Rosenbrock Rodas-3 solver, and were run on a 4◦
× 5◦ grid for the year 2012, following a 1.5 year spinup.
The standard isoprene mechanism included in GEOS-Chem v9.02 (Mao et al.,
2013) was updated to include a number of recently published results, including the
separation of ISOPOOH and IEPOX isomers and revision of their reaction rates and
yields (Bates et al., 2014; St. Clair et al., 2015); the inclusion of new deposition
velocities based on recent field measurements (Nguyen et al., 2015a); and revised
rates and yields of photolysis and reaction with OH and O3 for MVK (Praske et
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al., 2015) and first- and second-generation isoprene nitrate products (Jacobs et al.,
2014; Jenkin et al., 2012; Lee et al., 2014; Müller et al., 2014). Further revisions
based on the results of experiments in this study, including the addition of C4 H8 O3
compounds and their products, were then applied as described below and detailed
in Table 3.8 in the Supporting Information.
3.2.4

Field Observations

Experimental and simulated results were compared with measurements of C4 H8 O3
compounds, as well as IEPOX and other related species, taken as part of the Southern
Oxidant and Aerosol Study (SOAS; SOAS2013.rutgers.edu). Observation occurred
between June 1st and July 15th, 2013, at the Southeastern Aerosol Research and
Characterization (SEARCH) site in Centreville, Alabama (32.903 ◦ N, 87.250 ◦ W).
The sampling site, surrounded by predominantly deciduous forests and located >50
miles from large urban areas, provided an archetypal high-isoprene environment;
isoprene comprised 82 mol% of biogenic volatile organic compounds at the site (Xu
et al., 2015). During the sampling period, temperatures ranged between a diurnal
mean high of 28.6 ◦ C and a mean low of 21.6 ◦ C, while relative humidity averaged
>50% during the day and >90% at night (Xu et al., 2015).
The same CIMS described above was deployed at the site and operated with only
minor adjustments, which have been described previously (Nguyen et al., 2015a).
The most significant change was the replacement of the chamber sampling line
with a high-flow (2000 L min−1 ) fluoropolymer-coated glass inlet (0.4 m long, 3.1
cm inner diameter) to minimize losses of semivolatile compounds. The CIMS
was positioned atop a metal sampling tower with a measurement height of 22 m,
surrounded on three sides by forest with a canopy height of 10 m, and was placed
in an insulated enclosure to control the instrument’s temperature.
As described above, the CIMS detected relevant compounds as clusters with
CF3 O− , adding 85 to the nominal mass. After normalization to the reagent anion
signal, the CIMS counts were scaled by estimated sensitivity factors to derive mixing
ratios. For any m/z at which a mixture of isobaric compounds was expected (e.g.,
IEPOX and ISOPOOH at m/z 203, all C4 H8 O3 compounds at m/z 189, and all
C4 H6 O3 compounds at m/z 187), an average sensitivity was computed by weighting
each compound’s sensitivity according to its relative abundance in a simple steadystate box model of ISOPOOH oxidation, employing the rates and product yields
reported in this and previous studies (Bates et al., 2014; St. Clair et al., 2015).
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3.3
3.3.1

Results and Discussion
C4 H8 O3 + OH Rate Coefficients

Rate coefficients (kOH ) for the reactions of each C4 H8 O3 isomer with OH were
derived using data from experiments 1 – 8 (Table 3.1) and were calculated relative to
that of propene (k propene = 2.59 × 10−11 cm3 molecule−1 s−1 at 298 K and 993 hPa)
(Atkinson and Arey, 2003a; Atkinson et al., 2006). For each experiment, a linear
regression incorporating error in both dimensions (York et al., 2004) was performed
on the natural log of the propene mixing ratio (measured by GC-FID) versus time,
giving a slope equal to k propene × [OH], from which [OH] was calculated. The slope
derived from a similar regression performed on the C4 H8 O3 mixing ratio was then
divided by [OH] to provide k anal yte .
For DHBO, enough analyte could be introduced to the chamber (>100 ppbv)
to provide a strong CIMS signal with high signal-to-noise, which the GC-CIMS
confirmed was overwhelmingly composed of DHBO with little (<1%) isobaric
impurity. This allowed the CIMS signal to be converted directly to mixing ratio,
using ion-molecule collision rate-estimated sensitivity, with low risk of systematic
error from background interference. The calculated mixing ratio was then used
for the error-weighted linear regression described above, from which k DHBO was
calculated.
For DHMP and DHBA, only small amounts (0.3-5.2 ppbv) of analyte could
be introduced to the chamber, and the GC-CIMS showed that isobaric impurities
interfered with the raw signal at m/z 189. These impurities, along with background
signals and low signal-to-noise, could cause appreciable systematic error in an
estimation of their oxidation rates based solely on the raw CIMS signal. Therefore,
the linear regressions were performed on the integrated areas of analyte peaks as
measured by GC-CIMS before, after, and between photooxidation periods. This
method provides less precision, because it uses far fewer data points for each linear
regression, but it introduces less systematic error by isolating the CIMS signal
exclusively from the analyte of interest and integrating that signal over the 4-8 min
GC sample collection time.
Measured rate coefficients for the reactions of DHBO, DHMP, and DHBA with
OH are reported in Table 3.3. The reported values are relative-inverse-varianceweighted averages of the individual experimentally derived coefficients. Reported
uncertainties include those of the linear regressions and the propene rate coefficient,
propagated through the weighted averaging. Differences between measured rate

44
kOH (×10−11 cm3 molec−1 s −1 )
compound

this work

MCM

SAR

DHBO
DHMP
DHBA

1.10 ± 0.16
3.0 ± 0.65
3.7 ± 0.63

1.88
3.42
7.01

1.07
2.52
3.58

Table 3.3: Rate coefficients for the reactions of DHBO, DHMP, and DHBA with
OH as measured in this work, reported in MCM, and estimated by SAR.

coefficients for individual experiments performed on a given analyte did not correlate
or differ appreciably with [NO].
The rate coefficients measured in these experiments are consistent with those
estimated by structure-activity relationship (SAR), also reported in Table 3.3, to
within one standard deviation (Kwok and Atkinson, 1995). The SAR rate coefficients
for DHBO and DHBA differ by only 3% from the experimentally determined values,
while that of DHMP differs by 16%. Table 3.3 also includes the rate coefficient
values currently used in the Master Chemical Mechanism (MCM v3.2) (Saunders
et al., 2003), which show a larger deviation from experimentally determined values,
but agree to within a factor of two.
3.3.2

IEPOX Product Studies

Experiments 9-16 (Table 3.2) were used to estimate product yields from the
reactions of IEPOX isomers with OH. Each yield was estimated from the slope of a
simple linear regression between the normalized CIMS counts at m/z 203 (IEPOX)
and those of the observed product over the first 15-20 minutes of oxidation, during
which 10% of the initial IEPOX was oxidized; in these early periods, yields were
observed to be linear and the high [IEPOX]:[product] ratio minimized interference
from subsequent reactions of products. The regression slope was then multiplied by
the ratio between the CIMS sensitivities (Table 3.7 in the Supporting Information) of
the product and IEPOX to provide fractional product yields. Yields were corrected
for loss of products to reaction with OH with the methods introduced by Atkinson
et al. (1982) Product yields calculated in high- and low-NO experiments for each
isomer were not found to be statistically significantly different (using the errors
of the slopes of the linear regressions); for this reason, yields from all experiments
with each individual IEPOX isomer were combined with a relative-inverse-varianceweighted mean to give the values reported in Table 3.4. Additional discussion of
NO dependence can be found in the mechanism description below.
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molar yields (%)
product
m/z 201 (C5 H8 O3 )
DHBO
DHMP
m/z 187 (C4 H6 O3 )
hydroxyacetone
glycolaldehyde

cis-β-IEPOX

trans-β-IEPOX

presumed coproducts

21 ± 7
41 ± 13
5±2
8±2
8±1
17 ± 5

18 ± 2
36 ± 4
9±1
7±1
16 ± 1
14 ± 7

HO2
CO + OH
CO + OH
CH2 O + OH
glyoxal + OH
methylglyoxal + OH

Table 3.4: Experimentally determined product yields from cis- and trans-β-IEPOX
+ OH.
Five masses were observed to account for a near unity yield (100% for cis-βIEPOX, 95% for trans-β-IEPOX). Reported uncertainties for all masses except m/z
189 include only the standard deviations of the linear regression slopes propagated
through the inverse-variance averaging; additional uncertainties in CIMS sensitivities are estimated to be ±30%. Between these uncertainties and the potential for
additional systematic errors (e.g. products rapidly lost to walls or undetectable by
CIMS), carbon parity is not necessarily expected in the product yields measured
herein. However, because unity yields are useful for simulations, and because the
five observed product masses require little scaling to achieve that result, yields (and
corresponding uncertainties) reported in Table 3.4 are scaled to achieve carbon parity. It should be noted that a number of products not observed in this study have
previously been shown or proposed to form from IEPOX (Jacobs et al., 2013; Saunders et al., 2003); possible reasons for their lack of detection are discussed below.
Should these unobserved products prove to account for a considerable yield from
the reaction of IEPOX with OH, the product yields reported in this study and any
conclusions drawn from them will need to be scaled accordingly.
To determine the isomeric yields of the C4 H8 O3 products, the m/z 189 signals
from GC-CIMS samples taken after and between photooxidation episodes were
analyzed to determine which isomers were present. Figure 3.5 shows an example of
the signals from a GC-CIMS sample taken after IEPOX oxidation, along with signals
from GC-CIMS samples of the three synthetic C4 H8 O3 standards. In addition to
their characteristic retention times, the C4 H8 O3 isomers can be distinguished by their
unique ratios of coeluting fragments and alternate ion pairs (e.g. C4 H8 O3 ·F− at m/z
123), also shown in Figure 3.5. Only DHBO and DHMP were observed to form from
both cis- and trans-β-IEPOX, and the integrated areas of their GC-CIMS peaks were
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Figure 3.5: GC-CIMS chromatograms of the three synthetic C4 H8 O3 standards (top)
and of the products of trans-β-IEPOX + OH (bottom). Product signals are scaled
up by 20× between 5.25 and 7.25 minutes for visibility. The products of trans-βIEPOX + OH share the same retention times and coeluting masses as DHMP and
DHBO.
scaled by their calculated CIMS sensitivities to provide estimated mixing ratios. A
simple box model calculation was performed, incorporating IEPOX oxidation rates
and the oxidation rates of the C4 H8 O3 products; yields of the C4 H8 O3 products
were then adjusted to fit measured mixing ratios. DHBO was found to be the single
highest yielding product, accounting for 43% and 36% of the products from cis- and
trans-β-IEPOX respectively, while DHMP was produced in yields of 5% and 9%.
The six major products observed by CIMS in the oxidation of IEPOX by OH
include hydroxyacetone, glycolaldehyde, DHBO, DHMP, and compounds observed
at m/z 187 and 201. These products have all been observed in prior studies of IEPOX
oxidation, and mechanisms to account for their formation have been previously
published (Bates et al., 2014; Jacobs et al., 2013). An updated version of an IEPOX
oxidation mechanism, originally proposed by Bates et al. (2014), is shown in Figure
3.6; this mechanism accounts for all six of the observed major products, and is
described in detail in the following paragraph.
In the proposed mechanism, hydrogen abstraction by OH from IEPOX at carbons
1 and 4 (see numbering in Figure 3.6) can be followed immediately by reaction with
O2 , forming the epoxide-retaining product at m/z 201 (herein labeled IEPOXO) and
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generating an equivalent of HO2 . Alternatively, abstraction at carbons 1 and 4 can be
followed by cleavage of the epoxide ring and an intramolecular hydrogen shift prior to
O2 addition, forming C5 peroxy radicals. These peroxy radicals may undergo a (1,4)H shift of the aldehydic hydrogen to the peroxy moiety, which precedent suggests will
be rapid Crounse et al. (2012, 2013), followed by decomposition to form the C4 H8 O3
dihydroxycarbonyls DHBO or DHMP along with CO and OH. Alternatively, the
C5 peroxy radicals may react with either HO2 or NO to form alkoxy radicals,
which would decompose to form either the same C4 H8 O3 dihydroxycarbonyls or
the hydroxyacetone and glycolaldehyde observed in these studies, along with their
presumed respective coproducts of glyoxal and methylglyoxal. Yields of these C2 C3 products were found to increase slightly in high-NO experiments, with a minor
corresponding decrease in C4 H8 O3 yields, but the changes were not statistically
significant. While the relative rates of isomerization and reaction with NO or HO2
are not known for the C5 peroxy radicals shown in Figure 3.6, the minor differences
in product yields between high- and low-NO experiments suggest that formation of
DHBO or DHMP may be insensitive to these rates. However, because the branching
between these three reactive pathways affects radical recycling, further work should
focus on determining these rates. Finally, the product at m/z 187 is thought to be the
α-diketone 1-hydroxy-2,3-butadione (HBDO), which has also been observed as an
oxidation product of MVK under low-NO conditions (Praske et al., 2015). HBDO
is predicted to form following hydrogen abstraction from carbon 3 of IEPOX, and
would likely be accompanied by formaldehyde and OH as coproducts.
A number of products proposed in previous studies of cis- and trans-β-IEPOX
do not appear in this mechanism, as they were not observed in the studies described
herein. In particular, the products observed by Jacobs et al. (2013) at m/z 89,
133, and 151 (M+H+ ) along with other C5 compounds predicted to form in MCM
(Saunders et al., 2003) were not seen to form from IEPOX in these experiments.
That these compounds were not observed by CIMS does not necessarily mean they
were not produced; they may have been lost to chamber walls, been photolyzed,
or be undetectable by CF3 O− CIMS. However, because the observed products do
achieve a result near carbon parity, unobserved products are not expected to account
for a large yield, and were therefore not included in the mechanism. The formic
and acetic acids observed by Bates et al. (2014) were also seen in the experiments
conducted in the present study, but in low and highly variable yields. The organic
acids were also observed in blank experiments performed without any IEPOX added
to chamber, and are thought to result in part from wall reactions; furthermore, they
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Figure 3.6: Steps in the OH-initiated oxidation of IEPOX. Stable products observed
in this study are boxed. It is possible that HBDO may result from a slow (1,5)-H
shift, forming HO2 in addition to the boxed products, rather than from reaction with
HO2 or NO; similarly, though the aldehydic (1,4)-H shifts are predicted to occur
quickly, the same products (CO, OH, and DHMP or DHBO) could be formed by
reaction of the peroxy radicals with HO2 or NO.

are not expected to form from IEPOX + OH by any known direct mechanism.
Therefore, they were not included as products in this analysis.
Notably, five of the six major products of IEPOX + OH, accounting for ≥80% of
the yield, are expected to recycle OH as a coproduct; only IEPOXO is not, though
its coproduct of HO2 still propagates the radical chain. This high recycling rate
results from the intramolecular hydrogen shifts that allow for fragmentation of the
IEPOX-peroxy radical before it can react with NO, HO2 , or other species present.
While it is possible that the observed products could result from the reaction of
IEPOX-peroxy radicals with other radical species, which would not cause such high
OH recycling rates, the lack of dependence of product yields on [NO] suggests that
intramolecular hydrogen shifts dominate the reaction pathways. If this is true, the
first generation of IEPOX oxidation should not be considered oxidant-consuming,
and may contribute to sustained high OH concentrations over remote forests.
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Figure 3.7: Anticipated products of DHBO + OH. Yields are calculated by SAR.
3.3.3

C4 H8 O3 Oxidation Product Studies

Since DHBO was observed to be the highest yielding product from IEPOX +
OH, and because it could be introduced in high quantity and purity to the chamber,
experiments 17-18 were performed to examine the products of its oxidation by OH.
The two experiments – one with and one without NO – were executed and analyzed
in a manner identical to that of the IEPOX product yield experiments.
Because the α-hydroxy hydrogens of DHBO are expected to be most labile, the
anticipated mechanism of DHBO + OH would involve H abstraction at carbons 1
or 2 (see numbering in Figure 3.7), followed by addition of O2 and loss of HO2
to convert one of the alcohols into a carbonyl group, as illustrated in Figure 3.7.
The resulting C4 H6 O3 compound would be detected by CIMS at m/z 187. By SAR
(Kwok and Atkinson, 1995), abstraction at carbon 2 is estimated to account for 59%
of OH reactivity, which would form the α-diketone HBDO, itself a direct product of
IEPOX + OH as discussed above. Abstraction at carbon 1, accounting for 38% of OH
reactivity, would form 2-hydroxy-3-oxobutanal (HOBA). CIMS sensitivities to these
compounds, along with the analogous 2-hydroxy-2-methylpropanedial (HMPD) that
would form from α-hydroxy hydrogen abstraction of DHMP, were estimated by the
method described above, and are shown in Table 3.7 in the Supporting Information.
As expected, in experiments 17 and 18, compounds detected by CIMS at m/z
187 were the only major products observed from DHBO + OH. The combined yield
of these compounds was estimated by taking a simple linear regression between
the normalized CIMS counts at m/z 189 and m/z 187 over the first 15-30 minutes
of oxidation, during which 5% of the DHBO was consumed. The resulting slope
was scaled by a ratio of the compounds’ estimated CIMS sensitivities; the CIMS
sensitivity to the m/z 187 products was calculated as an average of the two products
predicted above by SAR, weighted by their expected yields. Computed yields from
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the two experiments were then averaged in a relative-inverse-variance-weighted
mean to give a combined C4 H6 O3 yield of (96 ±14)%, which is statistically indistinguishable from both the SAR results and a unity yield. Unfortunately, the C4 H6 O3
products did not separate reliably on the GC-CIMS column, and a lack of synthetic
standards prevented their identification, but the agreement of the combined yield
with the SAR predictions suggests that the isomeric breakdown from SAR provides
a reasonable estimate of individual HBDO and HOBA yields from DHBO.
Although the chain of gas phase IEPOX oxidation products could not be extended
further in these experiments, some degree of conjecture on subsequent reactions
may provide a useful framework for chemical models such as MCM and GEOSChem. A speculative oxidation mechanism, extending from the C4 H8 O3 products
of IEPOX to molecules already appearing in GEOS-Chem, can be found in Figure
3.8. This mechanism was compiled from SAR calculations, reactions already in the
MCM, and analogy to previous work on similar pathways.
Due to the speculative nature of the proposed mechanism in Figure 3.8, it will
only be considered briefly here. As discussed above, DHBO reacts with OH to
form HBDO and HOBA. These two C4 H6 O3 compounds can then react with OH
as well, with rate coefficients estimated by SAR in Table 3.9 in the Supporting
Information. HOBA + OH is expected to form an acylperoxy radical, which would
then decompose or react with NO or HO2 to form methylglyoxal and CO (perhaps
through a peracid intermediate when reacting with HO2 ). HBDO would most likely
photolyze, as has been previously reported for α-diketones (Bouzidi et al., 2014).
Praske et al. (2015) measured a “loosely constrained” photolysis rate for HBDO
of 1 × 10−5 s−1 (for laboratory JNO2 of 2.5 × 10−3 s−1 ). Photolysis of HBDO and
subsequent reaction with O2 would produce a peroxyacetyl radical (denoted MCO3
in GEOS-Chem) and a hydroxyperacetyl radical, the latter of which is predicted
in MCM to react with other radical species and fragment to form CO2 and CH2 O.
Both HOBA and HBDO could also react with OH to form a C4 tricarbonyl, which
would then rapidly photolyze or react with OH; the most likely products of this
fragmentation would be CO and the peroxyacetyl radical. DHMP, the other C4 H8 O3
product of IEPOX, is also expected to react with OH, forming either 2-hydroxy2-methylpropanedial (HMPD) or a DHMP-acylperoxy radical. HMPD – the third
C4 H6 O3 compound in this mechanism, along with HBDO and HOBA – is itself
expected to react with OH, with a rate coefficient estimated by SAR (Table 3.9 in
the Supporting Information), eventually fragmenting to form methylglyoxal. The
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Figure 3.8: Anticipated steps in the OH-initiated of oxidation of DHBO and DHMP.
Product yields in blue are calculated by SAR; those in red are measured in the
present study. Reaction pathways of acylperoxy radicals labeled "decomp." may
occur by a number of pathways (leading to various differing coproducts, labeled
"pdts.") including: internal H shifts, producing OH and CO2 ; fragmentation prior
to O2 addition to the alkyl radical, followed by reaction with O2 to produce CO and
HO2 ; reaction with NO and O2 , producing NO2 , CO2 , and HO2 ; reaction with RO2
and O2 , producing RO, CO2 , and HO2 ; or reaction with HO2 and O2 , producing
OH, O2 , CO2 , and HO2 . Stable products of reactions between organic radicals and
NO x (e.g., peroxyacyl nitrates), while possible, are not shown in this mechanism.

DHMP-acylperoxy radical can decompose or react with NO or HO2 , eventually
fragmenting to form hydroxyacetone.
A simplification of the mechanism in Figure 3.8 was incorporated into GEOSChem using the reactions in Table 3.8 in the Supporting Information for this study.
While the mechanism may offer reasonable assumptions for chemical models of
IEPOX oxidation, it should be stressed that the majority of reactions shown in
Figure 3.8 are speculative. Further work is required to connect the observed firstand second-generation gas phase products of IEPOX + OH to the smaller compounds
already incorporated into models, and to better constrain the radical recycling in
these pathways.
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3.3.4

GEOS-Chem Simulations

GEOS-Chem simulations were used to estimate the global effects of the chemistry
explored in this work and to investigate where in the atmosphere it occurs. To the
updated GEOS-Chem isoprene mechanism described above were added a number of
new chemical species, including the two C4 H8 O3 compounds observed to form from
IEPOX + OH, the three C4 H6 O3 isomers they produce, and the C5 H8 O3 product of
IEPOX + OH. Chemical reactions added to the GEOS-Chem model can be found
in Table 3.8 in the Supporting Information. Wherever possible, these new reactions
incorporated the measured rates and yields found in this work; for reactions lacking
experimental verification, rates were estimated by SAR. Temperature dependences
of rate coefficients were extrapolated from those of similar compounds existing in
the GEOS-Chem mechanism. An additional simulation was run in which HBDO
was allowed to photolyze, using the loosely constrained rate suggested by Praske
et al. (2015); results unique to this simulation, which differs appreciably from the
primary simulation only in its modeled concentrations of C4 H6 O3 compounds, are
shown in Figure 3.11 in the Supporting Information.
Simulated annual average mixing ratios of IEPOX, IEPOXO, C4 H8 O3 compounds, and C4 H6 O3 compounds in the lowest 1 km of the atmosphere are shown
in Figure 3.9. As expected, simulated concentrations of IEPOX and its products
are highly correlated. Maximum mixing ratios of C4 H8 O3 compounds are seen in
remote and heavily forested equatorial regions, including the Amazon and Congo
Basins; in the latter, the C4 H8 O3 mixing ratio reaches an annually averaged peak
of 420 pptv in the lowest 1 km of the atmosphere. Mixing ratios of C4 H6 O3 and
IEPOXO are collocated with those of C4 H8 O3 , reaching maxima of 460 pptv and 70
pptv respectively in the Congo Basin. Seasonal average mixing ratios can be found
in Figure 3.12 in the Supporting Information; as expected, simulated concentrations
of IEPOX and its products increase over forests during the summer months. The
inclusion of the C4 H8 O3 and C4 H6 O3 compounds and their coproducts and products
in these simulations caused only minor (<3%) changes in tropospheric oxidant levels, as shown in Figure 3.13 in the Supporting Information, but the oxidant recycling
in these and later steps of the mechanism is still largely unknown.
In addition to mixing ratios, GEOS-Chem can provide estimates of total annual
production of selected compounds, which are listed in Table 3.5. From isoprene
emissions of 515 Tg y−1 , the simulations performed here estimate that 352 Tg y−1 of
ISOPOOH are produced, which go on to form 230 Tg y−1 of IEPOX. Further gen-
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Figure 3.9: Annual average mixing ratios of IEPOX, IEPOXO, C4 H8 O3 dihydroxycarbonyl compounds, and their C4 H6 O3 products in the lowest 1 km of the
atmosphere, as simulated using GEOS-Chem.
erations of oxidation from IEPOX then produce 54 Tg y−1 of C4 H8 O3 compounds
(84% DHBO, 16% DHMP), 51 Tg y−1 of C4 H6 O3 compounds (49% HBDO, 31%
HOBA, 20% HMPA), and 25 Tg y−1 of IEPOXO. Of the C4 H8 O3 dihydroxycarbonyl
compounds produced, 7% are estimated to be lost to deposition using the rates estimated by Nguyen et al. (2015a) and the rest to oxidation by OH. For all species
investigated, approximately 80% of production occurs in the tropics (24 ◦ S – 24 ◦ N).
While the low spatial resolution and simplification of certain reactions and processes
in these GEOS-Chem simulations necessarily render estimated production and mixing ratios imprecise, the results shown here indicate that an appreciable fraction
of isoprene reacts to form C4 H8 O3 and C4 H6 O3 compounds, and therefore imply
that the subsequent chemistry of these compounds will impact local tropospheric
oxidant and carbon budgets.
3.3.5

Field Observations

To evaluate the new IEPOX oxidation mechanism in an isoprene-rich environment,
CIMS measurements obtained in Alabama during the summer of 2013 as part of
the SOAS field campaign were analyzed. Figure 3.10 shows CIMS measurements
at m/z 203 (ISOPOOH/IEPOX·CF3 O− ), m/z 189 (C4 H8 O3 ·CF3 O− ), and m/z 187
(C4 H6 O3 ·CF3 O− or C5 H8 O2 ·CF3 O− ) for a representative two weeks during the
summer. While the CIMS was able to detect IEPOXO at m/z 201 (C5 H8 O3 ·CF3 O− )
as well, isobaric interferences from isoprene hydroperoxy aldehydes, formed by a
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production (Tg y−1 )
compound(s)

total

northern
hemisphere

ISOPOOH
IEPOX
C4 H8 O3
C4 H6 O3
IEPOXO

351.8
230.0
53.5
51.4
25.3

147.9
100.1
23.0
22.0
10.9

southern
hemisphere
203.9
129.9
30.5
29.5
14.4

northern
southern
tropics extratropics extratropics
295.7
187.6
41.9
39.7
19.8

30.7
23.4
6.1
6.0
2.9

25.5
19.1
5.5
5.7
2.6

Table 3.5: Annual global production of compounds in the low-NO oxidation mechanism of isoprene, as simulated with GEOS-Chem.

Figure 3.10: CIMS measurements of selected compounds in the low-NO oxidation
pathway of isoprene during a section of the SOAS field campaign in Centreville,
Alabama.
different oxidation mechanism, prevented the detailed analysis of IEPOXO in these
field measurements (Crounse et al., 2011).
All three masses displayed in Figure 3.10 show appreciable atmospheric loading
throughout the summer, peaking at daytime averages of ∼600 pptv of ISOPOOH
+ IEPOX and ∼100 pptv apiece of C4 H8 O3 and C4 H6 O3 . Furthermore, signals at
the three masses have a remarkably high correlation, indicative either of coemission
from a single source or of coproduction as part of the same mechanism. The results
of both simple and error-weighted (York et al., 2004) linear regressions between
product masses and those of their putative progenitors are shown in Table 3.6.
C4 H8 O3 and C4 H6 O3 show high correlations with ISOPOOH + IEPOX (r2 = 0.83
and 0.81 respectively) and no indication of separate slopes from interfering isobaric
species. While methylbutene diols (C5 H8 O2 ) produced from isoprene nitrates might
be expected to interfere with the signal of isobaric C4 H6 O3 compounds, the low
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ratio
C4 H8 O3 /C5 H10 O3
C4 H6 O3 /C5 H10 O3
C4 H6 O3 /C4 H8 O3

ratios

goodness of fit

errorsimple
weighted
linear
GEOSregression regression Chem

σslope , error- r2 , simple
weighted
linear
regression
regression

0.16
0.16
1.04

0.15
0.16
1.00

0.18
0.121
1.20

0.006
0.006
0.006

0.83
0.81
0.92

Table 3.6: Ratios between concentrations of compounds in the low-NO oxidation
mechanism of isoprene, as measured during SOAS and simulated using GEOSChem.
correlation between isoprene nitrates and m/z 187 (r2 = 0.42; see Figure 3.14 in
the Supporting Information) suggests that C4 H6 O3 dominates the m/z 187 signal.
C4 H8 O3 and C4 H6 O3 also correlate exceptionally well with each other (r2 = 0.92),
as shown in Figure 3.15 in the Supporting Information. That the slope between
the two compounds’ concentrations is so nearly unity may simply be an impressive
coincidence, considering that it conflates both their respective yields and their
oxidation and photolysis rates, which are unlikely to be equal.
To further explore the relationships between the low-NO products of isoprene
oxidation, the product ratios measured during SOAS were compared to the results
of the GEOS-Chem simulations discussed above. The relevant GEOS-Chem results
were selected as the average summertime (June 21 – September 22, 2012) mixing
ratios in the lowest 1 km of the atmosphere over the grid box containing the Alabama
field site; the relevant ratios of these concentrations are listed in column five of
Table 3.6. The newly implemented GEOS-Chem mechanism effectively captures
the ratios of C4 H8 O3 and C4 H6 O3 to ISOPOOH + IEPOX, overpredicting them by
only 13% and 31% respectively. The GEOS-Chem simulation including HBDO
photolysis underpredicts the ratio of C4 H6 O3 to ISOPOOH + IEPOX by 56%;
however, because of the isobaric interference of C5 H8 O2 with C4 H6 O3 in the SOAS
data, this underprediction may not be as severe as it seems. The general agreement
between GEOS-Chem results and field observations implies that, despite the gaps
remaining in our understanding of the low-NO gas phase oxidation pathways of
isoprene, the mechanism presented herein can adequately represent the C4 H8 O3 and
C4 H6 O3 generations of products.
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3.4

Conclusions

Despite the importance of IEPOX as a product of isoprene oxidation, as evidenced
by its simulated annual production of 230 Tg y−1 and observed daytime mixing ratios
of ∼600 pptv, its fate in the atmosphere remains poorly constrained. Many studies
have focused on its reactive partitioning into particles, identifying a number of
factors influencing its rate of uptake, but when active sites on particles are low
in isoprene-rich environments, IEPOX loss is likely dominated by reaction with
OH in the gas phase, with deposition and particle uptake contributing to a lesser
extent. While the rates of reactions between OH and IEPOX isomers have been
described previously, disagreement persists as to the reactions’ products, and the
lack of authentic standards in prior product studies precluded the differentiation of
isobaric species.
This study has significantly reduced uncertainties in the gas phase oxidation
mechanism of IEPOX, both in the first and second generations. Using synthetic
standards, DHBO was conclusively identified as the major product of both cis- and
trans-β-IEPOX + OH, while the isobaric DHMP was found to be a relatively minor
coproduct. Both DHBO and DHMP were then reacted with OH, along with a third
C4 H8 O3 isomer, to examine their rates of oxidation, and the products of DHBO +
OH were discussed. Finally, GEOS-Chem modeling and field observations revealed
that the C4 H8 O3 isomers and their C4 H6 O3 products contribute substantially to total
concentrations of volatile organic compounds (VOCs) in isoprene-rich, low-NO
environments.
While this study marks the first laboratory investigation of C4 H8 O3 dihydroxycarbonyls in the gas phase, and their first conclusive isomeric identification from
atmospheric precursors, it should not be the last; considering their noted importance as oxidation products of isoprene, continued study of the C4 H8 O3 isomers is
warranted to further elucidate their oxidation pathways and determine whether they
or their products contribute to SOA creation, tropospheric oxidant budgets, or the
formation of other important VOCs. Deposition rates of the C4 H8 O3 and C4 H6 O3
compounds have already been measured at SOAS (Nguyen et al., 2015a), but additional observation of C4 H8 O3 dihydroxycarbonyls in the ambient atmosphere will
help to constrain the fate of IEPOX and quantify the relative rates of its reaction
with OH versus uptake to particles. Finally, incorporation of the C4 H8 O3 compounds, their products, and the updated mechanisms proposed in this study into
chemical models such as MCM and GEOS-Chem may improve the models’ ability
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to replicate VOC and oxidant budgets in isoprene-rich environments, particularly
once further work has been done to solidify the C4 H8 O3 compounds’ complete
oxidative mechanisms.
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3.5

Supporting Information

compound

dipole (D)

polarizability (Å3 )

sensitivity

trans-β-IEPOX
cis-β-IEPOX
IEPOXO
DHBO
DHMP
DHBA
HBDO
HMPD
HOBA

2.47
1.00
1.93
2.35
2.09
2.22
2.14
1.00
1.08

8.98
9.01
8.57
7.49
7.52
8.69
7.22
8.35
7.27

0.371
0.231
0.303
0.358
0.331
0.353
0.335
0.233
0.228

Table 3.7: Estimated CIMS sensitivities (in normalized counts per ppbv in the inlet
flow), along with their constituent parameters, for species relevant to this study.
The dipole and polarizability of the molecules are calculated with use of density
functional theory at the B3LYP level, with the basis sets: 6-31G(d), 6-31+G(d) or
ccpVTZ. The sensitivity is related to the relative collision rate and depends mostly
on the dipole moment of the molecule colliding with the ion. The dipole moments
listed in Table 3.7 are the dipole moment averaged over the possible conformers with
a Boltzmann abundance larger than 0.1%. The polarizability is similar for different
conformers, and the collision rate has a weak dependence on the polarizability, and
is thus only calculated for the lowest energy conformer. The calculated sensitivities
are estimated to have an error of less than 10%.

0.629×(1,2)-ISOPOOH + 0.272×(4,3)-ISOPOOH + 0.037×δ-ISOPOOH
+ 0.063×(OH + HO2 + CH2 O) + 0.025×MACR + 0.038×MVK
0.75×RIO2 + 0.25×HC5 OO + 0.125×(OH + HO2 )
0.85×OH + 0.15×HC5 OO + 0.578×trans-β-IEPOX + 0.272×cis-β-IEPOX
0.48×RIO2 + 0.52×HC5 OO + 0.26×(OH + HO2 )
OH + 0.68×trans-β-IEPOX + 0.32×cis-β-IEPOX
0.25×RIO2 + 0.75×HC5 OO + 0.375×(OH + HO2 )
0.5×(OH + δ-IEPOX + HC5 OO)
0.83×OH + 0.45×CO + 0.36×DHBO + 0.09×DHMP + 0.08×(HBDO + CH2 O)
+ 0.17×(IEPOXO + HO2 ) + 0.16×(HAC + GLYX) + 0.14×(GLYC + MGLY)
0.8×OH + 0.48×CO + 0.43×DHBO + 0.05×DHMP + 0.08×(HBDO + CH2 O)
+ 0.2×(IEPOXO + HO2 ) + 0.08×(HAC + GLYX) + 0.16×(GLYC + MGLY)
0.6×IEPOXDOO + 0.4×(IEPOXO + HO2 )
OH + 1.5×CO + 0.5×(CH2 O + MGLY + HAC)
HAC + GLYC + HO2 + OH
HAC + GLYC + HO2 + NO2
HO2 + 0.609×HBDO + 0.391×HOBA
0.838×(HAC + CO2 + OH) + 0.162×(HMPD + HO2 )
1.528×CO2 + 0.764×(ALD2 + OH) + 0.236×(HOBA + HO2 )
2×CO + MCO3 + HO2
MGLY + CO2 + OH
MGLY + CO2 + OH

RIO2 + HO2

200
390
200
390
200
390
-400
-400

6.13×10−12
1.70×10−11
4.14×10−12
2.97×10−11
5.11×10−12
2.92×10−11
3.73×10−11
5.79×10−11

-400
410
1300
350
70
410
410
70
410
410

1300

2.06×10−13

3.20×10−11
9.85×10−12
2.06×10−13
2.70×10−12
8.70×10−12
7.49×10−12
9.38×10−12
2.13×10−12
1.06×10−11
6.27×10−12

r

A

2, 3, 4
3, 4, 5
3, 4
3, 4
this work
this work
this work
4, 5
4, 5
4, 5

2

1
1
1
1
1
1
2

1

reference

Table 3.8: Reactions in the low-NO isoprene oxidation pathway edited or added to GEOS-Chem for the simulations performed in this
study. Standard GEOS-Chem notation is used for product abbreviations. References listed include 1 (St. Clair et al., 2015), 2 (Bates et al.,
2014), 3 (Jacobs et al., 2013), 4 (Saunders et al., 2003), and 5 (Kwok and Atkinson, 1995).

δ-IEPOX + OH
IEPOXO + OH
IEPOXDOO + HO2
IEPOXDOO + NO
DHBO + OH
DHMP + OH
DHBA + OH
HBDO + OH
HMPD + OH
HOBA + OH

cis-β-IEPOX + OH

(1,2)-ISOPOOH + OH
(1,2)-ISOPOOH + OH
(4,3)-ISOPOOH + OH
(4,3)-ISOPOOH + OH
δ-ISOPOOH + OH
δ-ISOPOOH + OH
trans-β-IEPOX + OH

products

reactants

rate coefficient
k = A×er/T
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60

kOH (10−11 cm3 molec−1 s−1 )
compound

MCM

SAR

HBDO
HMPD
HOBA

0.27
13.2
2.45

0.27
4.18
2.48

Table 3.9: Rate coefficients for the reactions of C4 H6 O3 hydroxydicarbonyl compounds with OH, as used in the Master Chemical Mechanism v3.2 (MCM) (Saunders et al., 2003) and calculated by structure-activity relationship (SAR) (Kwok and
Atkinson, 1995).

Figure 3.11: Annual and seasonal average mixing ratios of C4 H6 O3 dihydroxycarbonyl compounds in the lowest 1 km of the atmosphere, as simulated using
GEOS-Chem and including photolysis of HBDO.

61

Figure 3.12: Seasonal average mixing ratios of IEPOX, IEPOXO, C4 H8 O3 dihydroxycarbonyl compounds, and their C4 H6 O3 products in the lowest 1 km of the
atmosphere, as simulated using GEOS-Chem.
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Figure 3.13: Percent changes in annual average OH and O3 mixing ratios in the
lowest 1 km of the atmosphere caused by the inclusion of the C4 H8 O3 and C4 H6 O3
compounds and their coproducts and products, as compared with a mechanism using
the products of IEPOX + OH originally included in GEOS-Chem v.9-02 (Paulot et
al., 2009b).
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Figure 3.14: Correlation between isoprene nitrates and C4 H6 O3 + C5 H10 O2 during
the entire SOAS campaign.
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Figure 3.15: Correlation between C4 H8 O3 and C4 H6 O3 during the entire SOAS
campaign, overlaid with a line of best fit (red, dashed; r2 = 0.92) and a 1:1 line
(black, solid).
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Chapter 4

THE GAS-PHASE OXIDATION OF ISOPRENE AND ITS
FIRST-GENERATION PRODUCTS
Abstract
The gas-phase oxidation of isoprene and its major oxidation products are described in detail. The mechanism is developed with the aim of both providing
accurate simulations of the impact of isoprene emissions on HO x and NO x free
radical concentrations and to produce realistic representation of the yields of products known to be involved in condensed phase processes. The schemes presented
represent a synthesis of recent laboratory studies at the California Institute of Technology and elsewhere that have provided a new wealth of detail on the mechanisms
at play. Insights from new theoretical approaches are also incorporated. Finally,
we present a reduced mechanism appropriate for implementation in chemical transport models that retains the essential chemistry required to accurately simulate this
chemistry under the typical conditions where isoprene is emitted and oxidized in
the atmosphere.
4.1

Introduction

Volatile organic compounds (VOCs) emitted from vegetation significantly impact
atmospheric photochemistry. This biogenic carbon flux is dominated by a single
compound, isoprene (C5 H8 , 2-methyl-1,3-butadiene). The global budget of isoprene
has been estimated by several approaches (Müller et al., 2008; Wang and Shallcross,
2000), typically constrained using surface flux measurements (Guenther and Hills,
1998; Wiedinmyer et al., 2004) and/or satellite observations (Shim et al., 2005).
Estimates do not significantly vary between different approaches. The most up-todate modeling framework suggests that, at roughly 500 Tg y−1 , the emissions of
isoprene alone comprise about half the total biogenic emissions of non-methane
VOCs worldwide (Guenther et al., 2012). This emission originates from a broad
taxonomic distribution of plants (e.g., mosses, ferns, and trees).
The majority of isoprene’s massive flux originates from a light-dependent de novo
synthesis in plants using carbon from the Calvin cycle; dark production from microorganisms, plants, and animals is only a minor contribution (Sharkey, 1996). The
question of why leaves emit isoprene is more complex. A recent unified hypothesis
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suggests that isoprene is synthesized in plant tissue to mitigate the compounded effects from several environmental stress factors that produce reactive oxygen species
in vivo (Vickers et al., 2009), e.g., extreme temperatures, high light, water deficiency,
soil salinity, air pollution, and mechanical damage.
Following biosynthesis, isoprene is lost to the atmosphere through stomata and
does not significantly accumulate in the leaves (Fall and Monson, 1992). As a result,
nearly the entire flux of isoprene occurs during daytime (Loreto and Sharkey, 1990;
Monson and Fall, 1989). Further information on the biogenesis of isoprene and
historical context of studies is provided by a number of reviews (Kuzuyama and
Seto, 2003; Monson et al., 2012; Sanadze, 2004; Sharkey et al., 2008; Sharkey and
Yeh, 2001). Here, we focus on isoprene’s atmospheric reactions and those of its
immediate oxidation products.
As a five carbon conjugated diene, isoprene reacts rapidly with atmospheric
oxidants. The high reactivity of isoprene limits its accumulation in the atmosphere,
such that despite its large flux, only moderate mixing ratios are observed (0 - 10
ppbv) (Kuhlmann et al., 2004). Under typical atmospheric daytime conditions, the
reactive conversion of isoprene into more oxidized VOCs (OVOCs) occurs with a
time constant of approximately 1 - 2 h (Atkinson and Arey, 2003b). Reaction with
the hydroxyl radical (OH) is the dominant sink (τOH = 1.25 h, [OH]= 2 × 106 molec
cm−3 ), followed by ozone (O3 ) (τO3 = 17 h, [O3 ] = 50 ppbv), the nitrate radical
(NO3 ) (τNO3 = 16 h, [NO3 ] = 1 pptv), and the chlorine radical (Cl) (τCl = 29 d,
[Cl] = 1 × 103 molec cm−3 ). Because isoprene emissions peak in the daytime, and
NO3 radical concentrations peak in the nighttime, oxidation by ozone is generally
a larger sink for isoprene than by the nitrate radical. Nevertheless, nitrate radical
chemistry is an important source of organic nitrates and formation of these nitrates
can represent a major pathway for loss of NO x from the atmosphere (Horowitz
et al., 2007; Paulot et al., 2012) with significant impacts on [OH] and O3 formation
(Dunker et al., 2016; Squire et al., 2015; Travis et al., 2016).
The large flux and rapid oxidation of isoprene conspire to make its chemistry, and
the chemistry of the associated products, of high global importance. The reactions
have broad implications for regional air quality (Chameides et al., 1988; Squire
et al., 2015; Trainer et al., 1987) and global climate (Kanakidou et al., 2005). For
example, isoprene chemistry significantly affects tropospheric ozone production by
perturbing the NO x cycle (NO + NO2 ; Atkinson, 2000), the rate of oxidation of many
compounds by impacting HO x (OH + HO2 ; Lelieveld et al., 2008; Peeters et al.,
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2009), and the Earth’s radiative balance and human health through the production
of secondary organic aerosols (SOA; Carlton et al., 2009; Claeys et al., 2004). In
addition, the precise impact of isoprene chemistry depends on the environment in
which it is oxidized. In particular, the levels of anthropogenically emitted pollutants
such as NO x and SO x will affect the oxidation pathways of isoprene and its oxidation
products.
Quantification of isoprene’s global impacts by atmospheric chemical transport
models (CTMs) requires, at minimum, an accurate description of oxidation mechanisms and VOC emission fields (Carter, 1996; Dodge, 2000; Mao et al., 2013;
Paulot et al., 2012; Zimmermann and Poppe, 1996). Over the past ten years, renewed experimental and theoretical efforts in elucidating the detailed photochemical
and dark oxidation mechanisms of isoprene have advanced our understanding of the
chemistry substantially (references herein). However, there are still large gaps in our
knowledge that preclude the inclusion of an accurate description of isoprene chemistry into CTMs. These lingering kinetic and mechanistic uncertainties translate to
uncertainties in the simulations of global air quality and climate feedbacks. In the
spirit of past reviews on the isoprene oxidation mechanism (Fan and Zhang, 2004;
Jenkin et al., 2015; Paulson and Seinfeld, 1992; Pöschl et al., 2000; Saunders et al.,
2003), this work seeks to allay such uncertainties by compiling a state-of-the-science
mechanism from recent experimental work, with a particular focus on recent results
from the Caltech laboratories.
4.2

Mechanism development

This work has three primary goals: (1) to organize the results of recent mechanistic studies undertaken at the California Institute of Technology (hereafter "Caltech")
and other laboratories and to place them within the context of current knowledge on
the dark and photochemical reactions of isoprene; (2) to provide a recommendation
for an explicit and comprehensive mechanism describing the atmospheric reactions
of isoprene for use in detailed chemical models; and (3) to synthesize a condensed
mechanism that adequately captures the primary features of the isoprene chemistry
but with a footprint small enough to be implemented in global CTMs. In order
to make our mechanisms widely relevant to CTMs and other broad applications
within atmospheric chemistry, we prioritize retaining carbon balance and providing
accurate representations of isoprene’s impact on HO x and NO x free radical concentrations, as well as the formation of products that may contribute to organic aerosol
formation.
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The following sections proceed systematically through the steps of isoprene oxidation, detailing recent advances in the measurements of reaction rates and product
yields. As oxidation by OH accounts for ∼90% of isoprene’s atmospheric fate and
has been the focus of most recent experimental studies at Caltech and elsewhere,
we provide the greatest detail on the first (Section 4.3) and second (Section 4.7)
generations of this chemistry. In our mechanism, we attempt to provide reaction
recommendations for all products formed in >1% overall yield from isoprene in typical atmospheric conditions, with the exception of ubiquitous fragmentation products
(e.g. hydroxyacetone, glyoxal, CH2 O), for which we defer to previous recommendations. We also provide a detailed description and mechanism for the chemistry
following isoprene’s oxidation by NO3 (Sections 4.5 and 4.7.5), which has recently
been elucidated in multiple studies. While we include descriptions of isoprene’s oxidation by ozone (Section 4.4) and chlorine (Section 4.6), we only provide a cursory
treatment of the ozone chemistry in our explicit mechanism, and we omit chlorine
chemistry altogether.
Our full mechanism recommendations are illustrated in each section’s corresponding figures, with yields reported at 298 K and 1 atm, and recommendations for the
condensed mechanism are described in the figure captions. More detailed treatments
of the reactions can be found in the Supplemental Information, where the full and
reduced mechanisms are made available as computer-readable codes for communal
use and development. Further description of the codes and the model formulation
can be found in Section 4.8. To denote the positions of isoprene’s reactions and
substituents in the figures and text, we assign numbers to the carbons of isoprene as
follows: carbons 1-4 comprise the conjugated butadiene backbone, with the methyl
substituent (carbon 5) connected to carbon 2 of the backbone. Throughout the
text, we refer to these carbons as "C#" without subscripts (e.g. "C2"); subscripted
numbers (e.g. "C2 ") are used instead to refer to fragmentation products containing
a specific number of carbon atoms.
Generally, while the full mechanism treats all isomers of isoprene’s oxidation
products separately if they are known to have different subsequent reaction rates
and products, the condensed mechanism makes use of isomer grouping (e.g. "δhydroxynitrate" to represent E-1-OH,4-ONO2 -, Z-1-OH,4-ONO2 -, E-1-ONO2 ,4OH-, and Z-1-ONO2 ,4-OH-hydroxynitrates) to minimize the number of species
and reactions included in the mechanism while retaining an accurate description
of the oxidative fate of those grouped species. The condensed mechanism also

69
uses a steady-state approximation for the initial isoprene-hydroxy-peroxy radical
distribution, enabling the removal of many intermediate species and reactions. The
mechanism is further reduced by ignoring some particularly minor pathways (<2%
branching ratio) of later-generation reactions. The condensed mechanism thus
includes 105 compounds and 285 reactions, compared to the 330 compounds and
812 reactions included in the full mechanism.
Our recommended reaction rate coefficients, including their temperature dependences, and product yields are described in the following sections. Those that are
not directly addressed are either taken from IUPAC recommendations or MCM
v.3.3.1 (Jenkin et al., 2015), or, when no experimental data have previously been
reported in the literature, extrapolated from analogous reactions. For some classes
of reactions we use a single generic rate parameterization. For example, the overall
rates of reactions between NO and RO2 (excluding acyl peroxy radicals) have been
shown not to vary significantly with the structure of the peroxy radical (Miller et al.,
2004); we therefore use a single temperature-dependent rate coefficient formula for
all non-acyl peroxy radical + NO reactions in our mechanism:
k RO2 +NO = 2.7 × 10−12 × exp(350/T)cm3 molec−1 s−1

(4.1)

Accurate simulation of organic nitrate formation in these reactions is essential
for properly describing the influence of isoprene chemistry on NO x , and therefore
ozone formation as well (Dunker et al., 2016; Squire et al., 2015). These nitrates
are produced via the reaction of RO2 with NO and via nitrate radical addition
to alkenes. Because different isomers of the same compound have significantly
different subsequent chemistry, it is also necessary to capture the distribution of
isomers formed correctly.
The yields of organic nitrates from reaction of NO with individual peroxy radicals
are complicated functions of pressure, temperature, molecular size and structure.
While it is not possible to encompass this diversity in a simple set of rules, we
take as a starting point the parameterization developed by Arey et al. (2001) for
the temperature, pressure, and molecular size dependent yields of organic nitrates,
which is derived from earlier formulations by Carter and Atkinson (1985) and
Carter and Atkinson (1989). Arey et al. (2001) constrained their parameterization
with data only for simple alkanes. As with the HO2 chemistry, we modify their
approach to use the sum of all heavy atoms rather than just carbon, consistent with
the recommendation of Teng et al. (2015), who measured the hydroxynitrate yields
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Figure 4.1: Nitrate yield (α, on color scales) as a function of temperature and pressure for a peroxy radical with n (= the number of non-hydrogen atoms, not including
the peroxy moiety) = 6 (left) and n = 10 (right), using the parameterization in Equations 4.2-4.4. The thick black lines show typical altitude profiles of temperature and
pressure over a tropical continent.

(α) from a variety of alkenes at 293 K and 993 hPa to derive the formula:
αRONO2 (n) =

k RO2 +NO→RONO2
= (0.045 ± 0.016) × n − (0.11 ± 0.05)
k RO2 +NO,total

(4.2)

where n again represents the number of heavy atoms excluding the peroxy moiety.
Taking this formula as a baseline yield (α0 ), we add the temperature and pressure
dependence from Arey et al. (2001) to derive the following parameterization:
αRONO2 (T, P, n) =

A(T, P, n)
A(T, P, n) + A0 (n) ×

1−α0
α0

(4.3)

where A0 (n) = A(293 K, 993 hPa, n), and A(T,P,n) is given by the Arey et al. (2001)
formula:
n
γ × en × [M]
(1+[log( γ×e ×[M]−8 )]2 )−1
0.43×(T
/298)
A=
× 0.41
(4.4)
γ×en ×[M]
1 + 0.43×(T/298)
−8
where γ = 2 × 10−22 cm3 molec−1 , [M] is the number density of air (molec cm−3 ), and
n is again the number of heavy atoms excluding the peroxy moiety. The pressure and
temperature dependences of the nitrate yield resulting from this parameterization
are shown in Figure 4.1 for n = 6 and n = 10.
Laboratory measurements of the nitrate yields for multifunctional compounds
often fall below this recommendation, likely reflecting a shorter lifetime for the
OONO group. In our mechanism, we use insight gleaned from these studies to
modify Equation 4.3 to account for molecular structure. For example, we reduce
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nitrate yields from primary peroxy radicals by 50%, following substantial experimental evidence (Arey et al., 2001; Carter and Atkinson, 1985, 1989; Teng et al.,
2015), and increase those from tertiary peroxy radicals by 50%, following studies
by Teng et al. (2015). Additionally, we reduce by 90% the nitrate yields from reactions of β-carbonyl peroxy radicals + NO, following insights from observed nitrate
yields of MVK and MACR (Praske et al., 2015); we similarly reduce nitrate yields
from β-hydroxy, β-hydroperoxy, and β-nitrooxy peroxy radicals by 30%, 60%, and
90%, although we note that these adjustments are poorly constrained, and further
experimental evidence could substantially improve this parameterization.
Where laboratory measurements of nitrate yields have been made, these are
explicitly noted, and are used in place of the formula described above. Finally, for
many of the larger peroxy radicals considered here, the pressure and temperature
dependence of the yields largely compensate so that the yield calculated using
the modified Arey approach at conditions throughout the lower atmosphere is not
significantly different than the yield at the surface (Figure 4.1).
Reactions of RO2 with HO2 have been shown to follow a simple pattern that
depends both on temperature and the number of carbon atoms in the peroxy radical
(Jenkin et al., 1997; Saunders et al., 2003):
k RO2 +HO2 = 2.91 × 10−13 × exp(1300/T) × [1 − exp(−0.245 × n)]cm3 molec−1 s−1
(4.5)
where n represents the number of carbon atoms in the peroxy radical molecule.
We suggest, similarly to the organic nitrate yield parameterization, that n should
be the number of heavy (non-hydrogen) atoms other than the peroxy moiety – not
just carbon. Refitting the HO2 + RO2 data, using IUPAC recommended rates where
available and rates from Boyd et al. (2003) for additional species, with n=C+O+N-2
(subtracting off the peroxy moiety) gives an improved fit to the experimental data,
with a slightly different formula:
k RO2 +HO2 = 2.82 × 10−13 × exp(1300/T) × [1 − exp(−0.231 × n)]cm3 molec−1 s−1
(4.6)
We therefore use this new rate coefficient formula for all peroxy radical + HO2
reactions in our mechanism.
While reactions of organic peroxy radicals with HO2 are generally expected to
form hydroperoxides, terminating the radical chain, they may also result in radical
propagation via a channel that forms an alkoxy radical and OH (see Orlando and
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Tyndall, 2012). This channel was initially identified for acylperoxy radicals (Dillon
and Crowley, 2008; Hasson et al., 2004, 2012; Hurley et al., 2006; Jenkin et al.,
2007), but has recently been shown to occur in other peroxy radical species as well,
with higher yields for α-carbonyl and more highly substituted species (Hasson et al.,
2012; Jenkin et al., 2008, 2010). Insight from theoretical studies suggests that the
radical recycling pathway proceeds through a singlet tetroxide intermediate (ROOOOH), which, when stabilized by hydrogen bonding between the -OOH hydrogen
and other functional groups on the RO2 radical, may decompose to RO, O2 , and
OH (Hasson et al., 2005; Hou et al., 2005a,b; Hou and Wang, 2005). Here, we
use measured hydroperoxide yields wherever possible to constrain the branching
between radical terminating and recycling pathways; where such data do not exist,
we extrapolate from related compounds using the observations compiled in Orlando
and Tyndall (2012) – namely, that increased functionalization of the peroxy radical
(particularly α-carbonyl and β-nitrate substituents, and other functional groups
enabling intramolecular hydrogen bonding of the tetroxide intermediate) tends to
increase the yield of OH + RO.
Additional details regarding rate coefficient formulas, photolysis parameterizations, and the naming scheme used in the explicit model can be found in Section
4.8.
4.3

The reaction of OH with isoprene

Reaction with OH represents the largest loss pathway for isoprene in the atmosphere, owing both to the two species’ synchronous diurnal cycles of production
and their fast reaction rate. Globally, oxidation by OH is estimated to account for
∼85% of the reactive fate of isoprene (Paulot et al., 2012).
The rate coefficient for the reaction of OH with isoprene has been measured
numerous times and the JPL Burkholder et al. (2015) and IUPAC (Atkinson et al.,
2006) reviews provide consistent recommendations:
kOH+ISOP = 3.0 × 10−11 × e(360/T) cm3 molec−1 s−1 [JPL]
kOH+ISOP = 2.7 × 10−11 × e(390/T) cm3 molec−1 s−1 [IUPAC]
As isoprene is oxidized in the atmosphere over a rather small temperature range
(e.g. 280-315 K), either expression can be used (these parameterizations are within
1%). The estimated uncertainty in this rate coefficient (T = 300 K) is less than
10% (Atkinson et al., 2006; Burkholder et al., 2015). Here, we use the IUPAC
expression.
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Our recommendation for the complex peroxy radical chemistry that follows addition of OH to isoprene follows the structure described by Peeters et al. (2014, 2009).
The dynamic nature of the isomer-specific chemistry results in variable product
yields that depend on atmospheric conditions. In particular, the pathways followed
change depending on the bimolecular lifetime of the hydroxy peroxy radicals and
temperature. The recommended reaction rate coefficients, thermochemistry, and
product yields needed to capture this chemistry are those determined by Teng et al.
(2017). One essential aspect of our recommendation is that the chemistry following
addition of OH to either C1 or C4 (see numbering in Figure 4.2) is sufficiently distinct that these systems must be treated separately. Finally, in addition to the explicit
rates and yields as detailed in Teng et al. (2017), we provide a recommendation for
parameterizations that capture this highly complex chemistry for most atmospheric
conditions.
4.3.1

Location of OH addition to isoprene

The reaction of OH with isoprene at temperatures relevant for atmospheric chemistry goes via addition to the unsaturated backbone. Despite the allylic resonance,
abstraction of the methyl hydrogen is likely less than 1% of the total reaction (see
recent calculations on propene, Zador et al., 2009).
OH can add at any of four positions on the conjugated carbon chain (Figure 4.2).
Consistent with both theory and experiments, the majority of the addition occurs at
the terminal (primary) carbons. On the basis of theoretical calculations by Greenwald et al. (2007), IUPAC recommends a ratio of 0.67:0.02:0.02:0.29 for isomers
1,2,3,4. Work in Simon North’s laboratory has suggested that following internal
addition, isomerization via a cyclopropane-like structure leads to the formation of
an unsaturated ketone (via C2 addition) or aldehyde (via C3 addition), as shown in
Figure 4.2 (Greenwald et al., 2010; Park et al., 2003). Recent laboratory studies at
Caltech suggest that formation of β hydroxyperoxy radicals via OH addition at C2
and C3 is less than 1% of the total (Teng et al., 2017).
Given the lack of experimental evidence and the need to simplify the mechanism,
we suggest that the internal channels be ignored in atmospheric modeling for now,
though their importance should be revisited with an additional focus on potential
for aerosol formation via H-shift autoxidation (Crounse et al., 2013).
Here, we recommend yields of: 0.635:0.00:0.00:0.365 for OH addition to C1-C4
Teng et al. (2017). It is essential to treat the C1 and C4 addition channels separately
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Figure 4.2: Dynamics of the isoprene + OH + O2 system; 1-OH addition (top)
accounts for 64% of isoprene + OH reactivity, while the 4-OH addition system
accounts for the remaining 36%. For the full mechanism, we explicitly treat all
forward and backward reaction rates. For the reduced mechanism, we treat the
peroxy radical pool as a steady-state distribution, using bimolecular chemistry only
for the β and E-δ isomers, and parameterizing the isomerization loss of the Zδ isomers, as described in Section 4.3.2. These reductions are appropriate for
atmospheric conditions where k bimolecular <1 s−1 , at >280 K and 0.5-1 atm.
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as the subsequent product yields and mechanisms are not sufficiently similar to allow
traditional lumping.
4.3.2
4.3.2.1

Addition of O2 to the hydroxy allylic radicals
Cis/trans allylic radical distribution

Following addition of OH to the unsaturated backbone, two separate pools of
allylic radicals are established – one each for the 1-OH and 4-OH adducts (Figure
4.2). In each pool, the rotation of the internal carbon bond between cis and trans
OH-isoprene adducts is rapid upon OH addition but slows upon thermalization
(Peeters et al., 2009). The initial distribution of cis to trans adducts is therefore
set by the steady-state distribution upon collisional thermalization. Without any
experimentally available constraints, we recommend the Peeters et al. (2014) computational estimate for the distribution of cis:trans allylic radicals of 0.5:0.5 for the
1-OH adducts and 0.7:0.3 for the 4-OH adducts. In the atmosphere, where the peroxy radical pools generally live for longer than 1 s, this choice does not substantially
impact the final product distribution.
4.3.2.2

Initial (kinetic) distribution of isoprene hydroxy peroxy radicals
(ISOPOO)

Following collisional thermalization, each OH- isoprene allylic radical will add
oxygen at either the β or δ position to form three distinct hydroxy peroxy radicals
(Figure 4.2). The overall distribution of ISOPOO is therefore initially set by both
the trans/cis allylic distribution and the oxygen forward addition rates for the β and
δ positions. Isomer-specific O2 addition rates are not experimentally constrained,
and therefore provide little insight into the initial ISOPOO distribution. Previous
estimates for the initial distribution of peroxy radicals have been based on computational estimates (Lei et al., 2001) or bulk product analysis (Paulot et al., 2009a).
Using speciated distribution of isoprene nitrates measured at very short RO2 lifetime
(<10 ms, ∼2 ppmv NO), Teng et al. (2017) constrain the product of the thermalized
radical isomer distribution (cis/trans) and the ratios of the forward O2 addition rates
to form either β or δ ISOPOO (Tables 4.1 and 4.2). Table 4.3 provides a summary
of the recommendations for the initial (kinetic) RO2 distribution resulting from OH
+ isoprene + O2 system at 296K, as well as the MCM 3.3.1 recommendations for
reference. Our recommendation is slighly modified by that presented in Teng et
al. (2017) as we adopt isomer-dependent yields for the hydroxy nitrates yields as
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reaction - see labeling in Figure 4.2

relative rate

k 1 : 1-OH trans + O2 → E-δ 1-OH,4-OO
k 2 : 1-OH trans + O2 → β 1-OH,2-OO
k 3 : 1-OH cis + O2 → β 1-OH,2-OO
k 4 : 1-OH cis + O2 → Z-δ 1-OH,4-OO

0.48
1
1
0.18

Table 4.1: O2 addition rates for 1-OH isoprene adducts, relative to that of 1-OH-cis
+ O2 → β 1-OH,2-OO.
reaction - see labeling in Figure 4.2

relative rate

k 5 : 4-OH trans + O2 → E-δ 4-OH,1-OO
k 6 : 4-OH trans + O2 → β 4-OH,3-OO
k 7 : 4-OH cis + O2 → β 4-OH,3-OO
k 8 : 4-OH cis + O2 → Z-δ 4-OH,1-OO

0.75
1
1
0.33

Table 4.2: O2 addition rates for 4-OH isoprene adducts, relative to that of 4-OH-cis
+ O2 → β 4-OH,3-OO.

peroxy radical
1-OH 2-OO
E 1-OH 4-OO
Z 1-OH 4-OO
4-OH 3-OO
E 4-OH 1-OO
Z 4-OH 1-OO

distribution
our recommendations MCM 3.3.1
0.46
0.10
0.05
0.26
0.06
0.07

0.415
0.045
0.169
0.262
0.014
0.095

Table 4.3: Kinetic RO2 isomer distributions at 297 K from Teng et al. (2017),
adjusted slightly to account for our recommended nitrate yields from each isomer
(Section 4.3.3.1) along with the kinetic distribution inferred from MCM 3.3.1 (Jenkin
et al., 2015). The MCM values are reported only as a fraction of the total RO2 arising
from external addition of OH; MCM 3.3.1 apportions 8.4% of total OH reactivity
to internal addition.
discussed below.
Assuming the ratio of cis:trans allylic radicals calculated by Peeters et al. (2014) is
accurate, the isomer distribution of the organic nitrates produced from ISOPOO implies a similar oxygen addition ratio at the δ position in the cis and trans OH-isoprene
allylic radicals (Teng et al., 2017). There exists, however, significant disagreement
between the experimentally-derived O2 addition rate coefficient recommendations
here and recent theoretical calculations. Peeters et al. (2014), for example, suggest
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that the O2 addition rate to the cis δ position is significantly faster than to the trans δ
position in both 1-OH and 4-OH systems. For both the theory and experiments, the
absolute recommendations for individual isomer O2 addition rates are constrained
only by the assumed bulk O2 addition rates. Here, we recommend an overall O2
addition rate constant of 2.3±2.0×10−12 cm3 s−1 at 298K (Park et al., 2004) though,
within the framework for our recommendation, this choice has little impact on the
product yields.
4.3.2.3

The reversibility of O2 addition

Peroxy radicals formed β to olefinic carbon centers, such that electronic resonance is established upon loss of molecular O2 , have relatively small R-OO bond
dissociation energy (BDE) (<20 kcal mol−1 ; e.g., Benson and Shaw, 1968; Howard,
1972; Pratt et al., 2003, and references therein). For such RO2 , the addition of
O2 is reversible at 300 K for typical peroxy radical lifetimes in the atmosphere.
Using theoretical calculations, Peeters et al. (2009) suggested that this reversibility
is essential to capture for ISOPOO, as it is fast relative to the timescale of the peroxy
radicals’ lifetime in the atmosphere. This proposal has subsequently been confirmed
experimentally (Crounse et al., 2011; Teng et al., 2017). The importance of this
reversibility is that the six major RO2 radicals formed from OH + isoprene + O2
interconvert (two subgroups of three defined by a common OH position can interconvert with the subgroup, but not between the subgroups – see Figure 4.2). The
interconversion has significance in that the subsequent chemistry of the individual
RO2 isomers is distinct, both in terms rates of reaction and product distribution.
In addition, there is now strong evidence (Teng et al., 2017) that the kinetic RO2
distribution from OH + isoprene + O2 is substantially different than the equilibrated
thermal RO2 distribution. From estimated daytime RO2 lifetimes in the atmosphere
(20-120 s, equivalent to 200-40 pptv NO at pressure of 1 atm), the average isoprene
RO2 distribution is close to the thermal equilibrium distribution (Teng et al., 2017).
In contrast, most laboratory studies of the product distribution from OH + isoprene
have been at or near the initial (or kinetically-determined) RO2 distribution.
In addition to constraining the kinetic RO2 distribution from isoprene + OH, Teng
et al. (2017) use the observed change in the isomeric distribution of isoprene nitrates
as a function of RO2 lifetime to constrain the equilibrium constants which describe
the interconversion of the RO2 isomers. We recommend these equilibrium constants
here (Table 4.4).
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equilibrium formula

K (10−14 cm3 molec−1 )

K1 = [E-1-OH,4-OO-ISOP]/([trans-1-OH-ISOP][O2 ])
K2 = [1-OH,2-OO-ISOP]/([trans-1-OH-ISOP][O2 ])
K3 = [1-OH,2-OO-ISOP]/([cis-1-OH-ISOP][O2 ])
K4 = [Z-1-OH,4-OO-ISOP]/([cis-1-OH-ISOP][O2 ])
K5 = [E-4-OH,1-OO-ISOP]/([trans-4-OH-ISOP][O2 ])
K6 = [4-OH,3-OO-ISOP]/([trans-4-OH-ISOP][O2 ])
K7 = [4-OH,3-OO-ISOP]/([cis-4-OH-ISOP][O2 ])
K8 = [Z-4-OH,1-OO-ISOP]/([cis-4-OH-ISOP][O2 ])

2
49
269
0.5
13
237
507
2.1

Table 4.4: Equilibrium constants describing the RO2 distribution from isoprene +
OH at 297 K.
4.3.2.4

Constraint on the absolute rates of O2 loss from β-ISOPOO

Synthesis of isoprene hydroxy hydroperoxide (ISOPOOH) isomers in pure form
(Rivera-Rios et al., 2014; St. Clair et al., 2015) enabled an estimate of the absolute
rate of O2 loss from the β-hydroxy peroxy radical isomers (Teng et al., 2017). As
discussed in Section 4.7.3, OH reacts with (1-OH,2-OO) ISOPOOH (St. Clair et
al., 2015) to form (at ∼10% yield) β RO2 radicals via abstraction of the ROO-H
hydrogen. This chemistry yields an isomerically pure source of a single isoprene
RO2 radical. By studying the nitrate distribution as a function of RO2 lifetime,
Teng et al. (2017) constrained the rate of O2 loss from the (1-OH,2-OO) ISOPOO
peroxy radicals to be ∼2 s−1 at 297 K. This finding is consistent with an O2 loss
rate derived from the assumed bulk addition rate coefficient and the measured
equilibrium constant Teng et al., 2017.
4.3.2.5

Modeling of ISOPOO isomer distribution

The complete list of reactions for the addition of OH to isoprene, the addition of O2
to the isoprene-OH adduct, and the loss of oxygen from the resulting peroxy radicals
can be found in the supplement. Incorporation of the complete RO2 interconversion
processes into a global chemical transport model requires the addition of a number of
chemical species and reactions, and increases the computational load substantially.
However, it has been shown theoretically by Peeters et al. (2014), and experimentally
by Teng et al. (2017) that the RO2 distribution can be approximately described using
the equilibration constants, the forward O2 + alkyl radical reaction rates, and the
bimolecular RO2 lifetime (k bimolecular = k NO × [NO] + k HO2 × [HO2 ] + k RO2 ×
[RO2 ]). To reduce the mechanism, we simplify the ten-species isoprene alkoxy and
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peroxy radical system to two species, representing the steady-state peroxy radical
distributions from the 1-OH and 4-OH additions. The full list of reactions used in
the simplified model can be found in the Supplement. Isomer-specific bimolecular
reactions and the isomerization of the β isomers can then be treated as second- and
first-order processes of these peroxy radicals, scaled by the relative contributions of
each isomer in steady state, while the isomerization of the Z-δ isomers requires a
more complicated parameterization combining a first-order process from the peroxy
radicals with a zeroth-order initial yield from isoprene + OH. These simplifications,
which substantially reduce the numbers of species and reactions required to model
the isomer distributions of isoprene’s first-generation oxidation products, provide
isomer and reaction pathway branching ratios within 5% of the full model for
atmospheric conditions (i.e. k bimolecular <1 s−1 , T >280 K and P = 0.5-1 atm).
4.3.3

Reactions of ISOPOO

The peroxy radicals formed following addition of OH and O2 to isoprene will react
with NO (Figures 4.3-4.5), HO2 (Figure 4.6), or other peroxy radicals. The Z-δ and
β isomers also undergo intramolecular H-shift chemistry leading to hydroperoxy
aldehydes and other products (Figures 4.7-4.9).
4.3.3.1

Reaction of ISOPOO with NO

Kinetics (Table 4.5) - There have been many studies of the room temperature rate
constant for the reaction of ISOPOO with NO (Chuong and Stevens, 2002; Ghosh
et al., 2010; Miller et al., 2004; Park et al., 2004; Reitz et al., 2002; Stevens et al.,
1999; Zhang et al., 2003b). Ghosh et al. (2010), Chuong and Stevens (2002), Reitz
et al. (2002), Stevens et al. (1999), and Park et al. (2004) used LIF to detect the
OH radical. Since OH is not produced in the nitrate pathway, this method measures
only the rate of the alkoxy pathway, and the total rate includes errors in the nitrate
branching ratios (Chuong and Stevens, 2002; Ghosh et al., 2010; Park et al., 2004;
Reitz et al., 2002; Stevens et al., 1999). Zhang et al. (2003b) and Miller et al.
(2004) found rates by measuring the decay of the isoprene peroxy radical with
CIMS. Currently, IUPAC recommends a value of (8.8 ± 1.2) × 10−12 cm3 molec−1
s−1 (Atkinson et al., 2006), which is equal to the value determined experimentally
by Miller et al. (2004).
Only Ghosh et al. (2010) has measured an isomer-specific rate constant for the
reaction of ISOPOO with NO. They synthesized a precursor whose photolysis forms
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k NO (×10−12 cm3 molec−1 s−1 )

T (K)

9(+9, −4.5)
25 ± 5
11 ± 8
9±3
8.8 ± 1.2
9.0 ± 3.0
8.1(+3.4, −2.1)
8.8 ± 1.25
2.7 × 10−12 × e(350/T)

298
295
300
298
298
298
298
298
-

technique

citation

DF-LIF
Stevens et al. (1999)
PLP-LIF
Reitz et al. (2002)
DF-LIF Chuong and Stevens (2002)
DF-CIMS
Zhang et al. (2003b)
DF-CIMS
Miller et al. (2004)
PLP-LIF
Park et al. (2004)
PLP-LIF
Ghosh et al. (2010)
IUPAC recommendation
our recommendation

Table 4.5: Chronological measurements of rates of reaction of ISOPOO with NO.
only isomers with OH on carbon 1. Their value, 8.1(+3.4, −2.1)×10−12 cm3 molec−1
s−1 , is indistinguishable from the other studies. Miller et al. (2004) found k NO for
a large variety of simple alkenes, and all rate constants were within error of k NO of
isoprene, suggesting that small changes in the structure of the peroxy radical do not
significantly affect k NO . Thus, for all isomers of isoprene hydroxy peroxy radicals,
we recommend the standard RO2 +NO temperature dependent rate coefficient of
k = 2.7 × 10−12 × exp(350/T) cm3 molec−1 s−1 .
Mechanism (Figures 4.3-4.5; Tables 4.6 and 4.7) - The reaction of ISOPOO with
NO leads to the formation of organic nitrates (IHN) and alkoxy radicals (ISOPO).
Mechanism - isoprene hydroxy nitrate (IHN) formation (Figures 4.3 and 4.4;
Table 4.6) - Formation of IHN represents a radical chain-terminating step and,
therefore, acts as a significant local sink for both HO x and NO x (Ito et al., 2007;
Paulot et al., 2012; Wu et al., 2007). Laboratory estimates of the room temperature
yield of IHN, Y IHN vary from 0.04 (Chen et al., 1998) to 0.15 (Chuong and Stevens,
2002). Table 4.6 lists laboratory studies and their methodology. Currently, the
extent to which individual ISOPOO isomers have different branching ratios to form
IHN is poorly constrained. Studies on saturated and monoalkenes show conflicting
results (Arey et al., 2001; Cassanelli et al., 2007; Espada et al., 2005; Teng et al.,
2015). Teng et al. (2017), however, suggest that the difference in yields between
the β and δ isomers is less than ± 20%. Paulot et al. (2009a) had suggested much
larger differences based on the ratio of delta IHN to HC5 . As discussed above, we
now know that the HC5 yield is much lower than assumed by Paulot et al. (2009a).
Recent results from Caltech suggest a branching fraction for hydroxynitrate for-

T (K)
740
743
750
445
150
∼760
100
∼750
∼760
760
∼760
745
745

P (Torr)

citation

chamber, FT-IR
Tuazon and Atkinson (1990)
chamber, GC-Pyrolysis-NO2 detection
Chen et al. (1998)
flowtube, FT-IR
Sprengnether et al. (2002)
flowtube, FT-IR
Sprengnether et al. (2002)
flowtube, LIF-OH radical cycling
Chuong and Stevens (2002)
Structure Activity Relationship
Giacopelli et al. (2005)
flowtube, PTRMS/CIMS
Patchen et al. (2007)
chamber, CIMS and modeling
Paulot et al. (2009a)
chamber, GC-ECD with standards
Lockwood et al. (2010)
IUPAC recommendation
chamber, I− CIMS
Xiong et al. (2015)
−
chamber, CF3 O CIMS
Teng et al. (2017)
our recommendationa

technique

Table 4.6: Chronological estimates for α of ISOPOO + NO to form IHN at 298 K and 1 atm (unless otherwise noted). a bulk yield at 297
K and 745 torr; for isomer-specific yields and T/P dependence, see Sections 4.3.3.1 and 4.2, respectively.

∼0.08-0.14
298
0.044 (± 0.008)
298
0.12 (± 0.07)
297
0.08 (± 0.06)
297
0.15 (± 0.10)
300
0.086
298
0.07
298
0.117 (± 0.03)
296.5
0.07 (+0.025/-0.015) 295
0.1 (± 0.05)
298
0.09 (+0.04/-0.03)
∼297
0.13 (± 0.02)
297
0.13
297

α
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Figure 4.3: Reactions of the β-isoprene-OH-OO isomers with NO. Yields are for
298 K and 1 atm; the relative contributions of the nitrate and alkoxy pathways vary
with both temperature and pressure.
mation of 0.13 at 297K, nearly independent of peroxy radical isomer (Teng et al.,
2017). Teng et al. (2017) note, however, that the ratio of 1-OH,2-ONO2 -IHN to
4-OH,3-ONO2 -IHN exceeded that of 1-OH,2-OOH-ISOPOOH to 4-OH,3-OOHISOPOOH by ∼10%, and that nitrate yields from δ-ISOPOO may be slightly lower
than those from the β-ISOPOO. Based on these findings, we recommend yields of
14%, 13%, and 12% for 1,2-IHN, 4,3-IHN, and the δ-IHNs, respectively, at 297 K.
We recognize that our recommended IHN yield is at the high end of the laboratory
studies (Table 4.6). As discussed by Xiong et al. (2015), the relatively low yield
determinations made at Purdue before 2015 (Chen et al., 1998; Lockwood et al.,
2010) were likely impacted by significant heterogenous losses of the most abundant
nitrate, the 1,2 β isomer (Teng et al., 2017). Lower yields were also reported by
Sprengnether et al. (2002) (0.08) and Patchen et al. (2007) (0.07), but these were
obtained at lower pressure (590 and 133 hPa, respectively). The yield reported by
Xiong et al. (2015) (0.09 +0.04/-0.03) based on I− CIMS measurements is also
somewhat lower. As discussed by Xiong et al. (2015), however, this yield estimate
is sensitive to assumptions about the distribution of the IHN isomers and their rate
of subsequent loss via OH chemistry. To estimate the isomer distribution, Xiong
et al. (2015) used a model developed from the theoretical calculations of (Peeters
et al., 2014). Using the measured IHN distribution from Teng et al. (2017) for the
conditions of the Purdue study, we calculate an updated yield for the Xiong et al.
(2015) experiments of 0.115. Additionally, the recently measured rate constant for
the reaction of OH with 1,2 IHN Xiong et al. (2015) is 50% faster than assumed
(Teng et al., 2017) – also leading to an underestimate of the reported yield in this
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Figure 4.4: Reactions of the δ-isoprene-OH-OO isomers with NO. Yields are for
298 K and 1 atm; the relative contributions of the nitrate and alkoxy pathways vary
with both temperature and pressure. For the reduced mechanism, we ignore the Z-δ
isomers.
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study. We conclude that there is more consensus on the yield of IHN than the
diversity of results listed in Table 4.6 would imply.
Finally, we recommend a temperature and pressure dependence of the isomerspecific IHN yields based on studies of Carter and Atkinson (1989) and Teng et al.
(2017). Crounse et al. (2011) find that the temperature dependent parameterization
is consistent with the change in the hydroxy nitrate yield with temperature. Error in
the yield is estimated to be ±20%.
Mechanism - decomposition of ISOPO (Figures 4.3-4.5; Table 4.7) - Methyl
vinyl ketone (MVK), methacrolein (MACR), (and, following reaction with O2 ,
formaldehyde (CH2 O) and HO2 ) are believed to be the sole fate of the β-ISOPO
radicals produced from the reaction of NO with the β ISOPOO (Figure 4.3). The
–OH group β to the nascent alkoxy group lowers the barrier to decomposition
substantially. In the structure activity relationship, Peeters et al. (2004) predict
that the –OH group lowers the barrier to decomposition by a full 8 kcal mol−1 ,
making decomposition much more favorable relative to the competing reaction with
O2 (Aschmann et al., 2000; Dibble, 2001; Orlando et al., 1998; Peeters et al.,
2004; Vereecken and Peeters, 1999). As detailed in Table 4.7) Yields determined
experimentally under NO dominated conditions range from 30-45% for MVK and
20-30% for MACR. In the presence of oxygen, formaldehyde is produced in a yield
equal to the combined yield of MVK and MACR (Miyoshi et al., 1994; Sprengnether
et al., 2002; Tuazon and Atkinson, 1990).
Because the fraction of ISOPOO that are β isomers varies with peroxy radical
lifetime, the yield of MVK and MACR from isoprene oxidation is not fixed. As
shown in Table 4.7, the NO concentrations in many of the chamber experiments
(except for those of Karl et al. (2006) and Liu et al. (2013)) are much higher than
those typically found in the troposphere. As discussed in Section 4.3.2, in the atmosphere the ISOPOO isomer distribution favors the thermodynamically more stable
β-substituted isomers. Since these isomers (that lead to MVK and MACR) are
typically present at a lower fraction in chamber experiments than in the atmosphere,
these experiments systematically underpredict MACR and, especially, MVK yields
in the atmosphere. Liu et al. (2013) and Karl et al. (2006),who used NO concentrations comparable to the urban troposphere (2 × 1010 and 5 × 109 molec cm−3 ,
respectively), found MVK and MACR yields higher than many other studies that
employed higher NO concentrations (Table 4.7). The estimated MACR yield by
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MVK yield
7a

33 ±
35.5 ± 4
32 ± 5
31 ± 3
44 ± 6
41 ± 3
30.4 ± 1.3
44.5 ± 5.5c
40

MACR yield
5a

24 ±
25 ± 3
22 ± 2
20 ± 2
28 ± 4
27 ± 3b
22.01 ± 0.62
31.8 ± 4.2c
23

[NO] (molec cm−3 )

citation

1.9 − 3.8 ×
1.4 − 2.4 × 1014
2 × 1014
1.5 − 15 × 1013
7.8 × 1014
5 × 109
6 − 12 × 1012
2 × 1010
-

Tuazon and Atkinson (1990)
Paulson and Seinfeld (1992)
Miyoshi et al. (1994)
Ruppert and Heinz Becker (2000)
Sprengnether et al. (2002)
Karl et al. (2006)
Galloway et al. (2011)
Liu et al. (2013)
our recommendationd

1014

Table 4.7: MVK and MACR yields (%) from isoprene via RO2 + NO. a corrected
for O3 P reaction as communicated to Paulson and Seinfeld (1992). b Karl et al.
(2006) did not account for isomerization; at [NO] ≈ 0.2 ppb (RO2 lifetime 25 s),
isomerization would account for ∼10% of peroxy radical reactivity, which would
imply a corrected yield of MACR from NO + RO2 of 35%. c assumes that 93%
of the peroxy radicals react with NO (Liu et al., 2013). d at the kinetic limit RO2
distribution, as in Table 4.3.
Karl et al. (2006) is likely a lower limit as they were unaware that a significant
fraction of the hydroxy peroxy radicals from the 4-OH system were undergoing 1,6
H-shift isomerization. In addition, subsequent studies have illustrated that MVK
and MACR measurements can often be impacted by analytical challenges when
ISOPOOH is present (Rivera-Rios et al., 2014). Here, for the β-ISOPOO + NO
reactions, we take the yield of MACR/MVK to be (1-YIHN ).
1,4- and 4,1-δ ISOPOO react with NO to form δ-ISOPO radicals (Figure 4.4).
The Z-δ-ISOPO radicals will undergo 1,5 hydrogen shift (Dibble, 2002). This
isomerization is faster than that of simple alkanes due activation of the H-shift
hydrogen by the –OH group (Atkinson, 2007; Orlando et al., 2003b). While
the E 4-1 ISOPO cannot undergo such chemistry due to the lack of an abstractable
hydrogen, Peeters and Nguyen (2012) calculate that rapid isomerization between the
E and Z isomers via an epoxide intermediate results in both alkoxy radicals exiting
via 1,5 H-shift from the Z isomer. Indeed, they calculate that similar epoxideisomerization and the much faster 1,5 H-shift from the hydrogen α to the OH group
vis-a-vis H-shift from the methyl group leads to both 1,4 isomers following similar
chemistry. Here, we follow this recommendation.
Following the 1,5 H-shift, O2 adds to the allylic radical either β or γ to C1
(C4). Addition β yields two 5-carbon hydroxy carbonyl species (HC5 ). Teng et al.
(2017) determine the yield to be 45 ± 10% in both the 1-OH and 4-OH systems
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Figure 4.5: Reactions of the isoprene-CO-OH-OOH-OO isomers produced by δisoprene-OH-OO + NO. Yields are for 298 K and 1 atm; the relative contributions
of the nitrate and alkoxy pathways vary with both temperature and pressure. For
the reduced mechanism, we assume that the 1,5 and 1,6 H-shift from the aldehyde
outcompetes all bimolecular chemistry.
suggesting that approximately 55% undergoes O2 addition γ leading to formation of
a ketene peroxy radical. The subsequent fate of these peroxy radicals is unknown,
but based on studies by Galloway et al. (2011), Sprengnether et al. (2002) and Paulot
et al. (2009a), we suggest that the products are likely hydroxyacetone, glyoxal, and
glycoaldehyde (Figures 4.4 and 4.5).
4.3.3.2

Reaction of ISOPOO with HO2

ISOPOOH has long been considered the likely product of isoprene RO2 + HO2
reactions (Atkinson, 1997; Jenkin et al., 1998; Madronich and Calvert, 1990). The
first reported field measurements of ISOPOOH were over the Amazon basin in Suriname in 1998 (Crutzen et al., 2000; Warneke et al., 2001; Williams et al., 2001) and
over savannahs in Venezuela in 1999-2000 (Holzinger et al., 2002) by proton transfer
mass spectrometry, though recent laboratory investigations of PTR ion chemistry

87
with synthetic standards suggests that the m/z 101 signal identified as ISOPOOH
may instead be isoprene dihydroxy epoxides (IEPOX). Shortly thereafter, as its importance in the tropospheric chemistry of low-NO high-isoprene regions became
clear, ISOPOOH began to receive attention in computational studies (Vereecken
et al., 2004), atmospheric chemical models (Kuhlmann et al., 2004; Pfister et al.,
2008), and chamber studies (Paulot et al., 2009b), where chemical ionization mass
spectrometry (CIMS) demonstrated successful measurement of ISOPOOH (Paulot
et al., 2009b; St. Clair et al., 2015).
Kinetics - The rate constant for the reaction of HO2 + RO2 for the isoprene hydroxy
peroxy radical has been measured only once, with k = 1.74 ± 0.25 × 10−11 cm3
molec−1 s−1 at 298 K (Boyd et al., 2003). Most chemical mechanisms implement
the parameterized recommendation of MCM (Equation 4.5), which varies with the
number of carbons in the molecule (Jenkin et al., 1997; Saunders et al., 2003);
for isoprene hydroxy peroxy + HO2 , this gives k = 2.06 × 10−13 × e(1300/T) or
k = 1.61 × 10−11 cm3 molec−1 s−1 at 298 K. Using our alternate parameterization
(Equation 4.6), which depends instead on the number of heavy atoms in the molecule
(excluding the peroxy moiety), gives an improved fit and a value of k = 1.66 × 10−11
cm3 molec−1 s−1 for isoprene hydroxy peroxy + HO2 at 298 K. To match the measured
rate coefficient of (Boyd et al., 2003), We scale our standard recommendation:
k = 2.12 × 10−13 × e(1300/T) cm3 molec−1 s−1
with an uncertainty of ±20% from the experimental rate. Further measurements
of this rate would be welcome.
Mechanism - (Figure 4.6; Table 4.8) - The main product of the reaction is the
unsaturated hydroxy hydroperoxide, ISOPOOH, in yields estimated to be 88 ± 12%
(Paulot et al., 2009b) or 93.7 ± 2.1% (Liu et al., 2013). Six possible isomers of
ISOPOOH can be formed from this series of reactions, as shown in Figure 4.6, with
their relative abundances determined by the distribution of their precursor RO2 .
Under most atmospherically relevant conditions, the two β isomers – (1,2)- and
(4,3)-ISOPOOH – comprise the majority (∼95%) of the total, with only ∼5% in
the E δ isomers (4,1) and (1,4). MVK and MACR have been suggested as minor
products from isoprene RO2 + HO2 for the (1,2)-RO2 and (4,3)-RO2 , respectively
(Liu et al., 2013; Paulot et al., 2009b) (Dillon and Crowley, 2008; Hasson et al.,
2005). The 93.7% ISOPOOH yield was determined as (1-MVK-MACR) (Liu et al.,
2013). Liu et al. (2013) determined the yields of MVK (3.8 ± 1.3%) and MACR

88
% yields
Liu et al.

(2013)a

our recommendations

products

ISOPOO

1,2-ISOPOO

4,3-ISOPOO

δ-ISOPOO

ISOPOOH
MVK + OH + HO2 + CH2 O
MACR + OH + HO2 + CH2 O

93.7 ± 2.1
3.8 ± 1.3
2.5 ± 0.9

93.7
6.3
0

93.7
0
6.3

100
0
0

Table 4.8: Products of isoprene hydroxy peroxy RO2 + HO2 . a at RO2 lifetime of
∼4 s ([HO2 = 1000 ppt]). MVK and MACR yields may be lower to the extent that
the laboratory results may have been impacted by RO2 + RO2 chemistry.

Figure 4.6: Reactions of the isoprene-OH-OO isomers with HO2 . For the reduced
mechanism, we ignore the Z-δ isomers, as they contribute less than 1% of the
bimolecular chemistry for atmospheric conditions.
(2.5 ± 0.9%) separately at RO2 lifetime of ∼4s (e.g. [HO2 ] = 1000 ppt). At this
lifetime, Teng et al. (2017) find that the ∼93% of the RO2 are β-isomers. This result
suggests that the MACR yield from 4,3-ISOPOO is slightly higher than MVK yield
from 1,2-ISOPOO. This seems unlikely and suggests, perhaps, that some fraction
of the MVK and MACR observed in the study may have been produced via RO2 +
RO2 . Here, we recommend 1,2-ISOPOO + HO2 → MVK + OH + HO2 + CH2 O
with a yield of 6.3% and, equivalently, 4,3-ISOPOO + HO2 → MACR + OH + HO2
+ CH2 O with the same yield, 6.3%. The balance yields ISOPOOH.
4.3.3.3

Reaction of ISOPOO with RO2

Peroxy radical self- and cross-reactions are important in low-NO x environments.
A large body of work exists for the kinetics of prototypical organic peroxy radicals;
these reactions have been the subject of several review papers (Kirchner and Stockwell, 1996; Lightfoot et al., 1992; Orlando and Tyndall, 2012; Tyndall et al., 2001;
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Wallington et al., 1992).
Kinetics (Tables 4.9 and 4.10) - Very few direct experimental measurements
have been completed on the self- and cross-reactions for ISOPOO. Overall rate
constants, as well as the accessible product channels, vary widely with the type
of peroxy radical involved. The cocktail of ISOPOO formed during OH-initiated
oxidation of isoprene makes deconvolution of the individual isomer-specific rates
and branching ratios complex. Jenkin and Hayman (1995) used a structure-activity
relationship (SAR) method to infer the self- and cross-reaction rates and branching
fractions for ISOPOO radicals. The SAR results were improved later with OHinitiated oxidation experiments on 1,3-butadiene and 2,3-dimethyl-1,3-butadiene,
which differ from isoprene only by the presence or absence of a methyl group on the
carbon backbone, conducted at high radical concentrations (2.0-6.8 × 1013 molec
cm−3 of OH) in a small (∼175 cm3 ) quartz reaction cell (Jenkin et al., 1998). The
resulting experimental rate constants are much faster than those proposed with SAR
arguments using smaller peroxy radicals, but appear to adequately describe the
kinetics observed in isoprene oxidation experiments. MCM combines all peroxy
radical rate constants into one value for each isomer by using a rate constant which
is twice the geometric mean of the self-reaction rate constant for that isomer and the
methyl peroxy self-reaction.
The overall reaction rate constants for all isomers are based on their structure (primary > secondary > tertiary peroxy radicals) and functionality (β-hydroxy peroxy
radicals are significantly activated; allylic peroxy radicals are slightly activated).
Here, we consider only the reactions of the two β peroxy radicals, as they comprise the large majority of the RO2 radical pool from isoprene. Table 4.9 compares
the self-reaction rate constants inferred from SAR arguments for smaller peroxy
radicals (Jenkin and Hayman, 1995) with those derived from 1,3-butadiene and
2,3-dimethyl-1,3-butadiene (Jenkin et al., 1998) as well as our recommended rate
constants. With the exception of the β 4-OH 3-OO isomer, that we believe is mistakenly associated with a peroxy radical that is not allylic, our recommendations
match those of MCM v3.3.1.
Mechanism (Tables 4.10 and 4.11) - Peroxy radicals (RO2 ) react via three channels:
RO2 + RO2 → RO + RO + O2
(R1a)
RO2 + RO2 → ROH + R’HO + O2
(R1b)
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isomer

Jenkin and Hayman (1995)

β 1-OH,2-OO
β 4-OH,3-OO

1.65
139

Jenkin et al. (1998) our recommendations
6.92 ± 1.38
574 ± 57

6.92
574

Table 4.9: Self-reaction rate constants (×10−14 cm3 molec−1 s−1 ) for the two β
isomers of isoprene hydroxy peroxy radicals.
RO2 + RO2 → ROOR + O2
(R1c)
The branching between these channels controls the contributions of each reaction to
the formation of additional radical species, or in some cases low-volatility products.
The alkoxy radicals (RO) formed in R1a undergo further reactions described in the
"decomposition of ISOPO" subsection of Section 4.3.3.1, propagating the radical
chain. R1b is a chain-terminating reaction that forms alcohol and aldehyde products
through a hydrogen-bonded transition state involving a hydrogen atom α- to the
peroxy radical. This product channel does not occur for tertiary peroxy radicals.
R1c has never been directly observed, but the ROOR product would likely have a
low vapor pressure and would be important to the particle phase.
Similarly, the cross-reactions have been shown to undergo three channels (exclusive of the analogous ROOR channel) where R1O2 and R2O2 are different peroxy
radicals:
R1O2 + R2O2 → R1O + R2O + O2
(R2a)
R1O2 + R2O2 → R1OH + R2’HO + O2
(R2b)
R1O2 + R2O2 → R1’HO + R2OH + O2
(R2c)
Like the self-reaction, if either R1O2 or R2O2 are tertiary peroxy radicals, the corresponding aldehyde product channel is not accessible. Given the potential influence
of R1a and R2a on radical propagation in low-NO environments, the chain branching of the self- and cross-reactions must be considered when developing an overall
mechanism for ISOPOO.
In Table 4.11, we compare the findings of Jenkin and Hayman (1995) and Jenkin
et al. (1998) for the branching fraction to form alkoxy radicals by Reaction R1a.
The yield of R1c (formation of ROOR) is assumed to be zero and the branching
fraction for channel R1b is the remainder of the rate constant. The tertiary peroxy
radical β 1-OH 2-OO cannot undergo reaction R1b, so the branching fraction is 1, by
definition. As discussed previously, the alkoxy radicals will likely instantaneously
decompose to either MVK or MACR.
The treatment of cross-reactions is complex in the case of ISOPOO. Individual

Rate (×10−14 cm3 molec−1 s−1 )
Yield: MVK + MACR + 2HO2 + 2CH2 O
Yield: ISOP3CO4OH + ISOP1OH2OH
Rate (×10−14 cm3 molec−1 s−1 )
Yield: MVK + CH3 O + HO2 + CH2 O
Yield: ISOP1OH2OH + CH2 O
Yield: MACR + CH3 O + HO2 + CH2 O
Yield: ISOP3OH4OH + CH2 O
Yield: ISOP3CO4OH + CH3 OH

β 1-OH,2-OO
+β 4-OH,3-OO
15.1
0.875
0.125

Jenkin and Hayman (1995)

308
0.9
0.1
200
0.5
0.5
0.5
0.25
0.25

Jenkin et al. (1998)

308
0.9
0.1
200
0.5
0.5
0.5
0.25
0.25

our recommendation

Table 4.10: RO2 -RO2 cross-reaction rate constants and branching fractions. Individual rate constants and expected product branching
rates are indicated for each radical pair (×10−14 cm3 molec−1 s−1 ).

All isomers + CH3 O2
β 1-OH,2-OO
+ CH3 O2
β 4-OH,3-OO
+ CH3 O2

parameter

reaction
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92
Jenkin and Hayman (1995) Jenkin et al. (1998) our recommendations

isomer
β 1-OH,2-OO
β 4-OH,3-OO

1
0.75
0.25

1
0.8
0.2

1
0.8
0.2

products
2MVK + 2HO2 + 2CH2 O
2MACR + 2HO2 + 2CH2 O
ISOP3CO4OH + ISOP3OH4OH

Table 4.11: Product yields from the self-reactions of the two β isomers of isoprene
hydroxy peroxy radicals.

isomers are expected to react with any available peroxy radical, including the methyl
peroxy radical. We have again presented the rate constants and branching fractions
for only the β isomers in Table 4.10; a more detailed treatment of the cross-reactions
can be found in the Supplement. In the case of primary or secondary peroxy radicals,
channels R2a and R2b are assumed to make up equal portions of the remaining rate
constant. We also list the rate constant for ISOPOO reactions with CH3 O2 , which
is assumed to be the same for all isomers.
4.3.3.4

H-Shift Isomerization of ISOPOO

Based on theoretical calculations, two novel HO x recycling pathways involving
H-shift isomerizations of the ISOPOO radicals have been proposed (Peeters et al.,
2014, 2009; Silva et al., 2010).
1,6 H-shift - Following a 1,6 H-shift to the Z-δ hydroxy peroxy radicals of
isoprene, reaction with O2 and elimination of HO2 to form unsaturated hydroperoxy
aldehydes (HPALDs) can occur. Peeters et al. (2009) suggested that these HPALD
compounds photolyze rapidly to reform OH, sustaining HO x , even in the face of
high levels of isoprene and low levels of NO x .
Kinetics - Laboratory studies by Crounse et al. (2011) determined that the bulk
HPALD formation rate is substantially slower than predicted by Peeters et al. (2009),
but still fast enough to have importance for atmospheric isoprene chemistry. Improved calculations of the isoprene RO2 equilibrium constants (Section 4.3.2) and
H-shift rates (Peeters et al., 2014), along with the recognition that the HPALD yield
following the 1,6 H-shift is likely not unity (Crounse et al., 2011; Teng et al., 2017),
bring the laboratory and theoretical determinations for the individual peroxy radical
isomerization rates well within their combined uncertainties.
Here, we recommend the 1,6 H-shift rates of the Z-δ isoprene peroxy radicals
calculated by Teng et al. (2017). These calculations assumed 1,5 H-shift rates
of β hydroxy peroxy radicals (see below) and tunneling temperature dependences
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8 /T 3

(e1×10

) reported in Peeters et al. (2014).

k (1,6−H),z−1−OH−4−OO = 5.47 × 1015 × e(−12200/T) × e(1×10

8 /T 3 )

k(1,6−H),z−4−OH−1−OO = 2.40 × 109 × e(−7160/T) × e(1×10

s−1

8 /T 3 )

s−1

(4.7)
(4.8)

Teng et al. (2017) estimate that these rates are only certain within a factor of 3.5,
which puts their values at ambient temperatures (0.36 s−1 and 3.7 s−1 , respectively,
at 297 K) well within the range of those calculated by Peeters et al. (2014) (0.49 ±
0.32 s−1 and 5.4 ± 3.3 s−1 , respectively). Although the absolute rate for 1,6 H-shift
to the Z-δ hydroxy peroxy radicals is highly uncertain due to large uncertainty in the
fraction of ISOPOO present in this isomer, uncertainty in the bulk rate coefficient
within each system (OH addition at C1 or C4) is much smaller (see Teng et al.,
2017) provided self-consistent application of the thermochemistry is employed.
Mechanism (Figures 4.7 and 4.8) - Teng et al. (2017) also estimated the yields
of HPALDs and other products from the 1,6 H-shifts of the Z-δ isoprene peroxy
radicals, and proposed a tentative mechanism for the formation of the observed
products, which we modify slightly for our own recommendations. There remains
considerable uncertainty in the yields of HPALDs and other products from the 1,6
H-shifts. Currently, from experimental (Crounse et al., 2011; Teng et al., 2017)
and theoretical (Peeters et al., 2014) work we recommend that the HPALD yield
from each 1,6 H-shift channel is 0.33. We arrive at this estimate by combining
the measurement of HPALD with an additional isomerization product identified by
Teng et al. (2017) with the same mass. The balance of the isomerization products
remain uncertain. (Crounse et al., 2011; Teng et al., 2017) observed approximately
half of the non-HPALD products produced via the 1,6 H-shift chemistry at masses
consistent with products of hydroperoxy acetone and hydroperoxy ethanal. Here,
we recommend that these products are formed via bimolecular chemistry and accompanied by HO x recycling. The remainder of the carbon is routed to the C4
dihydroperoxy carbonyls (3-OOH,4-OOH MVK and 2-OOH,3-OOH MACR) proposed by Peeters et al. (2014). These products may be rapidly lost to walls of
chambers or tubing, and/or too fragile to detect at specific product masses with the
CF3 O− ion chemistry used in the Teng et al. (2017) study. In the atmosphere, they
may undergo rapid photolysis (Peeters et al., 2014; Praske et al., 2015), leading to
further HO x regeneration. Other experimental evidence for HO x recycling (Fuchs
et al., 2013) and HPALD formation (Berndt, 2012; Crounse et al., 2011) is consis-
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Figure 4.7: Reactions and products following the 1,6 H-shift of the Z-1-OO,4-OHisoprene-hydroxy-peroxy radical. Yields are for 298 K and 1 atm; in reactions
of peroxy radicals with NO, the relative contributions of the nitrate and alkoxy
pathways vary with both temperature and pressure. Although we show the possible
bimolecular reactions of the E-enol peroxy radicals (lower left) for completeness,
we assume the initial addition and removal of oxygen occurs quickly enough to route
all the non-HPALD products via the Z-enol peroxy radical (center). For the reduced
mechanism, we represent the pool of hydroperoxy-peroxy radicals as a single species,
and we assume the C4 dihydroperoxycarbonyl compounds decompose immediately
to form 2×OH + methylglyoxal + CH2 O.
tent with the determinations of Teng et al. (2017), though they do not reduce the
uncertainty in the isomerization rates or product yields.
1,5-H-shift (Figure 4.9) - The 1,5-H-shift of the O-H hydrogen in the major β
hydroxy peroxy radicals has been calculated by several groups (Peeters et al., 2014,
2009; Silva et al., 2010) to have only minor importance in the atmospheric oxidation
of isoprene. The products include MVK, MACR, HCHO, and OH. Here, we use the
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Figure 4.8: Reactions and products following the 1,6 H-shift of the Z-1-OH,4-OOisoprene-hydroxy-peroxy radical. Yields are for 298 K and 1 atm; in reactions
of peroxy radicals with NO, the relative contributions of the nitrate and alkoxy
pathways vary with both temperature and pressure. Although we show the possible
bimolecular reactions of the E-enol peroxy radicals (lower left) for completeness,
we assume the initial addition and removal of oxygen occurs quickly enough to route
all the non-HPALD products via the Z-enol peroxy radical (center). For the reduced
mechanism, we represent the pool of hydroperoxy-peroxy radicals as a single species,
and we assume the C4 dihydroperoxycarbonyl compounds decompose immediately
to form 2×OH + methylglyoxal + CH2 O.
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Figure 4.9: Reactions and products following the 1,5 H-shift of the β-isoprene-OHOO isomers.
rates coefficients reported in Peeters et al. (2014), consistent with the experimental
constraints of Crounse et al. (2011):
k (1,5−H),1−OH−2−OO = 1.04 × 10−11 × e(−9746/T) s−1
k (1,5−H),4−OH−3−OO = 1.88 × 10−11 × e(−9752/T) s−1
4.4

isoprene + O3

Although reaction with OH constitutes the dominant isoprene loss process, reaction with ozone is estimated to account for approximately 10% of isoprene removal
in the atmosphere (Atkinson et al., 2006; Isidorov, 1990). Through a complex
series of reactions and intermediates, ozonolysis of isoprene provides a source of
OH radicals, organic peroxy radicals, and secondary organic aerosols (SOA) precursors to the atmosphere (e.g., Biesenthal et al., 1998; Kamens et al., 1982; Nguyen
et al., 2010). In isoprene-rich regions, ozonolysis of isoprene can also represent an
important ozone loss mechanism (Fiore et al., 2005).
Kinetics (Table 4.12) - A number of studies have reported the rate coefficients
for the reaction of ozone with isoprene. Most (Table 4.12) utilized environmental
chambers and included addition of compounds such as cyclohexane, n-octane or
carbon monoxide to remove the OH generated from ozonolysis. The measured
reaction rate constants are generally in good agreement. Adeniji et al. (1981)
reported an abnormally high value, likely because they did not use any OH scavenger
(Klawatsch-Carrasco et al., 2004). The causes of other smaller discrepancies are
unclear. The IUPAC preferred value of kisop+O3 = 1.1 × 10−14 × e−2000/T cm3
molec−1 s−1 is adopted here.
Mechanism (Figure 4.10) - The mechanism of isoprene ozonolysis has also been
the subject of numerous investigations, with more widely varying results. Here, we
outline a reaction scheme developed from that compiled in Nguyen et al. (2016).

1.27
1.65
1.17 ± 0.19
1.1
1.16 ± 0.02
1.28 ± 0.12
0.895 ± 0.025
1.13 ± 0.32
1.3 ± 0.08
1.58
1.22 ± 0.03
1.19 ± 0.09
0.96 ± 0.07
1030 × e(−1995/T)

295 ± 1
294 ± 2
296 ± 2
291
296 ± 2
298
293 ± 2
291 ± 2
298
300
298
293 ± 2 K
286 K
240-360

chamber, excess reactant, no scavenger
chamber, excess reactant, no scavenger
chamber, excess reactant, no scavenger
outdoor chamber, no scavenger
relative rate technique, n-octane scavenger
chamber, excess reactant, no scavenger
chamber, cyclohexane scavenger
chamber, cyclohexane scavenger
relative rate technique, He diluent gas
theoretical study
relative rate technique, trimethylbenzene scavenger
chamber, CO scavenger
chamber, no scavenger
IUPAC / our recommendation

citation
Arnts and Jr (1979)
Adeniji et al. (1981)
Atkinson et al. (1982)
Kamens et al. (1982)
Greene and Atkinson (1992)
Treacy et al. (1992)
Grosjean et al. (1993b)
Grosjean and Grosjean (1996)
Khamaganov and Hites (2001)
Zhang and Zhang (2002)
Avzianova and Ariya (2002)
Klawatsch-Carrasco et al. (2004)
Karl et al. (2004)
Atkinson et al. (2006)

Table 4.12: Chronological estimates of isoprene + O3 reaction rate constants.

rate constant (×10−17
cm3 molec−1 s−1 )

T (K)

methodology
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Figure 4.10: Reactions and products following the ozonolysis of isoprene. Many
of the Criegee decomposition products remain unidentified; we therefore generally
assume that they decompose to small, stable products. Our full and reduced recommended mechanisms can be found in the supplemental tables. For a more detailed
treatment of the complete ozonolysis mechanism, see Nguyen et al. (2016).

Because of their uncertainty and minor yields, a number of C3 -C4 stable products
of the C4 Criegee intermediates are not treated discretely here; instead, to ensure
mass balance, they are assumed to decompose to smaller products.
The generally accepted first step of ozonolysis involves the cycloaddition of ozone
at either double bond in isoprene to form one of two possible primary ozonides (POZ)
(e.g., Zhang and Zhang, 2002). In our mechanism, we use the POZ branching ratio
from Aschmann and Atkinson (1994), which suggests that the electron donating
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effects of the methyl group are outweighed by its steric hindrance, leading to a 60%
yield of the 3,4-addition POZ and a 40% yield of the 1,2-addition POZ.
Decomposition of the POZ yields MACR or formaldehyde in the major branch and
MVK or formaldehyde for 1,2-addition. Both branches also yield a highly reactive
C1 or C4 carbonyl oxide, also known as the activated Criegee intermediate (CI*,
where the asterisk denotes the unstable, activated state) (Criegee, 1975; Criegee and
Wenner, 1949).
The zwitterionic C4 CI* has a number of distinct conformations – four each for
MVK-OO* and MACR-OO*, either syn or anti to their methyl or vinyl groups –
for which the barriers to interconversion are expected to be large (Anglada et al.,
1996; Hull, 1978; Taatjes et al., 2013). We recommend the isomer branching ratios
in Nguyen et al. (2016), derived in turn from Kuwata and Valin (2008) and Kuwata
et al. (2010). The CI* undergoes unimolecular decomposition, forming OH and a
β-oxy alkyl radical (Kroll et al., 2001), or is thermally stabilized to form a stabilized
Criegee intermediate (SCI).
4.4.1

Reactions of the stabilized Criegee intermediate

The C1 SCI (CH2 OO) is formed from the ozonolysis of all terminal alkenes, and
has therefore been studied in much greater detail than the C4 SCIs. Because CH2 OO
lacks substituents and cannot have a syn conformation, it has low unimolecular
reactivity (Anglada et al., 2011). Instead, CH2 OO reacts with a number of gaseous
molecules, the most relevant of which are shown in Figure 4.11.
Kinetics - We recommend reaction rate constants for the SCIs from Nguyen et al.
(2016). The principal reaction partners of CH2 OO in the atmosphere are water
and its dimer, (H2 O)2 . At relative humidity below 60%, reaction with the water
monomer dominates, with a rate constant of k H2 O = 9 × 10−16 cm3 molec−1 s−1 ,
consistent with previous estimates (Welz et al., 2012). At RH > 60%, reaction of
CH2 OO with the water dimer dominates, with a rate constant of k (H2 O)2 = 8 × 10−13
cm3 molec−1 s−1 – much faster than that with the water monomer, and consistent with
some (Leather et al., 2012; Newland et al., 2015) but slower than other estimates
(Berndt et al., 2014; Chao et al., 2015; Lewis et al., 2015).
Despite the dominance of reaction with water and its dimer in determining the
fate of the C1 SCI, other pathways may be important. In our mechanism, we include
the reactions of CH2 OO with SO2 and formic acid, that while minor, can contribute
to the local loss of those reactants. For reaction with SO2 , we suggest a relative
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Figure 4.11: Reactions and products of the stabilized C1 Criegee produced in the
ozonolysis of isoprene. For the reduced mechanism, we remove the reactions with
SO2 and HCOOH.
rate constant of k SO2 /(k H2 O + k(H2 O)2 ) = 2.2(±0.3) × 104 (Nguyen et al., 2016),
consistent with previous estimates (Atkinson and Lloyd, 1984; Newland et al., 2015;
Welz et al., 2012). For reaction with formic acid, we use a relative rate constant
of k HCOOH /k SO2 = 2.8 (Sipilä et al., 2014). Reactions of CH2 OO with isoprene
and RO2 radicals (kisop = 1.78 × 10−13 cm3 molec−1 s−1 and k RO2 = 5 × 10−12
cm3 molec−1 s−1 respectively; Vereecken et al., 2012) are not included in our
mechanism. These may be relevant in chamber experiments performed with high
isoprene loadings.
Mechanism (Figure 4.11) - We use recommendations from Nguyen et al. (2016)
for products of the various reactions of the C1 SCI. The reactions of CH2 OO
with water and the water dimer both follow three product channels – forming
hydroxymethyl hydroperoxide (HMHP), formic acid and water, or formaldehyde
and hydrogen peroxide – with differing branching ratios, shown in Figure 4.11.
The subsequent chemistry of HMHP is described in Section 4.7.8. The reaction of
CH2 OO with SO2 produces formaldehyde and SO3 , which goes on to form sulfuric
acid, while its reactions with formic acid produces hydroperoxy methylformate
(HPMF).
The fates of the C4 CI* and SCI products are significantly less certain. Unlike
CH2 OO, the C4 Criegees are most likely to undergo unimolecular decomposition
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(either before or after stabilization), the rate and products of which depend on
the conformation of the CI (Gutbrod et al., 1997; Nguyen et al., 2016); proposed
pathways are shown in Figure 4.10. Syn-MVK-OO* Criegees are expected to form
a vinyl hydroperoxide, which will subsequently decompose to form OH and a β-oxy
alkyl radical (Aschmann and Atkinson, 1994; Donahue et al., 2011; Gutbrod et al.,
1997; Kuwata et al., 2010; Paulson et al., 1992). The other C4 Criegees are presumed
to decompose primarily via 5-member dioxole or 3-member dioxirane intermediates
(Kuwata et al., 2010; Kuwata and Valin, 2008; Vereecken et al., 2012). As stated
previously, our mechanism does not treat their stable products individually; for a
more detailed treatment of the decomposition products of C4 Criegee intermediates,
see Nguyen et al. (2016).
4.5

The reaction of NO3 with isoprene

NO3 represents a minor sink for isoprene in the atmosphere. As NO3 readily
photolyzes during the day, this chemistry is generally important only at night.
When photolysis rates are reduced, however, such as below dense forest canopies
or clouds, NO3 oxidation can also be important during the day. Although isoprene
emissions are typically low at night, many field studies demonstrate that isoprene
can accumulate in the early evening. Sharp declines in isoprene concentration after
sunset have been credited to NO3 oxidation (Brown et al., 2009; Starn et al., 1998;
Stroud et al., 2002). Formation of isoprene NO3 oxidation products (e.g., organic
nitrates) have been observed at night (Beaver et al., 2012; Grossenbacher et al.,
2004). Horowitz et al. (2007) and Xie et al. (2013) using global chemical transport
models predicted a considerable proportion (∼40-50%) of isoprene derived nitrates
are produced from NO3 oxidation even though this chemistry represents a rather
minor sink for isoprene (∼5-6%; Horowitz et al., 2007; Ng et al., 2008).
Kinetics (Table 4.13) - NO3 reacts with isoprene much like OH, by adding to a
double bond. A number of studies have reported rate constants for the reaction of
isoprene with NO3 ; a summary of measured rate coefficients from kinetic studies
can be found in Table 4.13, along with the rates used in various models and those
recommended by IUPAC (Atkinson et al., 2006) and JPL (Burkholder et al., 2015).
Our mechanism uses the IUPAC value of 2.95 × 10−12 × e(−450/T) cm3 molec−1 s−1 .
Mechanism (Figure 4.12; Tables 4.14 and 4.15) - C1 addition of NO3 is favored
over C4 addition (Berndt and Boge, 1997; Schwantes et al., 2015; Skov et al., 1992),
and a cis:trans ratio of 1:1 is assumed as calculated by Peeters et al. (2009) for OH

Atkinson et al. (1984)
Benter and Schindler (1988)
Dlugokencky and Howard (1989)
Barnes et al. (1990)
Wille et al. (1991)
Lancar et al. (1991)
Ellermann et al. (1992)
Berndt and Boge (1997)
Suh et al. (2001)
Stabel et al. (2005)
Zhao et al. (2011)
Xie et al. (2013)
Mao et al. (2013)
Jenkin et al. (2015)
Burkholder et al. (2015)
Atkinson et al. (2006)

(5.94 ± 0.16) × 10−13
(1.3 ± 0.14) × 10−12
(6.52 ± 0.78) × 10−13
(1.21 ± 0.20) × 10−12
(7.30 ± 0.44) × 10−13
(8.26 ± 0.60) × 10−13
(1.07 ± 0.20) × 10−12
(6.86 ± 0.55) × 10−13
(7.3 ± 0.2) × 10−13
(7.0 ± 0.6) × 10−13
(6.13 ± 0.12) × 10−13
3.03 × 10−12 × e(−448/T)
3.3 × 10−12 × e(−450/T)
3.15 × 10−12 × e(−450/T)
3.5 × 10−12 × e(−450/T)
2.95 × 10−12 × e(−450/T)

295 ± 1
298
297
298 ± 2
298
298
295 ± 2
298
298 ± 2
296 ± 2
295 ± 2
251-381
250-390

relative rate, GC-FID, N2 O5
NO2 + NO3
flow tube, DF-MS, F + HNO3 → HF + NO3
flow tube, LIF, N2 O5
NO2 + NO3
relative rate, FTIR, N2 O5
NO2 + NO3
flow tube, DF-MS, F + HNO3 → HF + NO3
flow tube, DF-MS, F + HNO3 → HF + NO3
UV-VIS, F + HNO3 → HF + NO3
relative rate, FTIR, N2 O5
NO2 + NO3
flow tube, CIMS, N2 O5
NO2 + NO3
relative rate, FTIR, N2 O5
NO2 + NO3
relative rate, CIMS, N2 O5
NO2 + NO3
model: CMAQ
model: GEOS-Chem
model: MCM v3.3.1
JPL recommendation
IUPAC / our recommendation

Table 4.13: Chronological estimates of isoprene + NO3 reaction rate constants, and those used in models. a studies employed a chamber
technique unless otherwise noted.

citation

rate constant (cm3 molec−1 s−1 )

T (K)

methodologya
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nitrate yield instrument for detection
∼ 80%
∼ 90%
70 ± 8%
65 ± 12%
∼ 80%

In situ FTIRa
In situ FTIRa
TD-LIFb
TD-LIFb and PTRMSc
CF3 O− CIMSd

76 ± 15%e

CF3 O− CIMSd

chamber method

citation

N2 O5
NO2 + NO3
N2 O5
NO2 + NO3
NO2 + O3 → NO3 + O2
NO2 + O3 → NO3 + O2
N2 O5
NO2 + NO3
NO2 + O3 → NO3 + O2 ,
NO3 + CH2 O → HO2 + HNO3

Barnes et al. (1990)
Berndt and Boge (1997)
Rollins et al. (2009)
Perring et al. (2009)
Kwan et al. (2012)
Schwantes et al. (2015)

Table 4.14: Chronological estimates of overall molar nitrate yield from isoprene
NO3 oxidation. Abbreviations: a Fourier transform infrared spectrometer; b thermal
dissociation-laser induced fluorescence; c proton transfer reaction mass spectrometer; d chemical ionization mass spectrometer. e Reported nitrate yield is a lower
bound. Isoprene also reacts to some extent with O3 , which is unlikely to form
nitrates.
addition to C1 of isoprene.
Following addition of NO3 , nitrooxy peroxy radicals are formed via addition of
oxygen. The nitrooxy peroxy radical (INO2 ) isomers and subsequent chemistry are
displayed in Figure 4.12. The δ-INO2 exist in either the Z- or E-isomers. In our
mechanism, these are combined with the exception of the Z and E isomers of IHN
that are considered separately to be consistent with the OH-generated counterparts.
The INO2 distribution used here (Table 4.15) is not as well characterized as the
ISOPOO distribution presented in Section 4.3.2. This distribution is the average
distribution estimated by Schwantes et al. (2015) at an RO2 lifetime of ∼30 s based
on products detected from the INO2 + HO2 reaction including IPN isomers. To
estimate this distribution, a number of assumptions were made, including that all
isomers of INO2 react with HO2 at the same rate (see Schwantes et al. (2015)
for more details). The δ-INO2 abundance is slightly higher than that of β-INO2 opposite to the ISOPOO isomer ratio in the OH oxidation at similar RO2 lifetimes
(Section 4.3.2). This suggests that peroxy radicals produced from NO3 oxidation
have different thermodynamic and kinetic properties. Future experimental and
theoretical studies are recommended to better understand how the RO2 lifetime
influences the INO2 isomer distribution.
4.5.1

INO2 reaction with HO2

Kinetics - As discussed in Section 4.2, we use a relationship between the number
of heavy atoms in INO2 to estimate the rate coefficient for the reaction of INO2 with
HO2 ; this parameterization gives a rate coefficient of 2.47 × 10−13 × exp(1300/T)
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Figure 4.12: Reactions and products following the addition of NO3 to isoprene.
While δ -nitrates are presumed to form as equal mixtures of E and Z isomers, the
subsequent chemistry of those stereoisomers is expected to be largely the same; we
therefore show only E-δ nitrate products for brevity (bottom half). Yields are for
298 K and 1 atm; in reactions of peroxy radicals with NO, the relative contributions
of the nitrate and alkoxy pathways vary with both temperature and pressure. RO2
+ RO2 reactions may be important peroxy radical sinks at night; for a discussion of
the expected products, see Section 4.5.3. For the reduced mechanism, we combine
the two β isomers, with their subsequent product yields scaled to the ratio of
their contributions, and doing the same with the two δ isomers, as shown in the
supplemental tables.
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isomer

fraction a

β-(1-ONO2 ,2-OO)-INO2
β-(4-ONO2 ,3-OO)-INO2
δ-(1-ONO2 ,4-OO)-INO2
δ-(4-ONO2 ,1-OO)-INO2

0.42
0.045 ±0.015 b
0.45 ± 0.01 b
0.085 ± 0.005 b

Table 4.15: Nitrooxy peroxy radical distribution at RO2 lifetime of ∼30 s. a Fraction
reported by (Schwantes et al., 2015). b Only a range of fractions was reported by
(Schwantes et al., 2015). The average is used in the mechanism, and the range is
included above for reference.
isomer

products

yield, % a

β-(1-ONO2 ,2-OO)-INO2

MVK, CH2 O, OH, NO2
β-(1-ONO2 ,2-OOH)-IPN

53
47

β-(4-ONO2 ,3-OO)-INO2

MACR, CH2 O, OH, NO2
β-(4-ONO2 ,3-OOH)-IPN

26.5 ± 26.5 b
73.5 ± 26.5 b

δ-(1-ONO2 ,4-OO)-INO2

δ-(1-ONO2 ,4-OOH)-IPN

100

δ-(4-ONO2 ,1-OO)-INO2

δ-(4-ONO2 ,1-OOH)-IPN

100

Table 4.16: Estimated products from the reaction of INO2 + HO2 . a Yield reported
by (Schwantes et al., 2015). b Only a range of yields was reported by (Schwantes
et al., 2015). The average is used in the mechanism, and the range is included above
for reference.
cm3 molec−1 s−1 .
Mechanism (Table 4.16) - Traditionally, peroxy radicals are assumed to react with
HO2 to produce a hydroperoxide (in this case, IPN) in near unity yield. Recent studies have shown, however, that other pathways are important (Orlando and Tyndall,
2012, and references therein). Rollins et al. (2009) first proposed that INO2 + HO2
reactions yields OH. Kwan et al. (2012) constrained the OH producing pathway to
38-58%, somewhat higher than Schwantes et al. (2015), who estimated the yield of
OH to be 22-25% at RO2 lifetimes of ∼30 s. The OH yield of the INO2 + HO2 reaction is expected to be isomer specific and so will depend on this lifetime (Schwantes
et al., 2015). The recommended products from the INO2 + HO2 reaction for each
INO2 isomer as estimated by Schwantes et al. (2015) are shown in Table 4.16.

106
4.5.2

INO2 reaction with NO/NO3

Kinetics - The reaction rate coefficients of INO2 with NO and NO3 are assumed
to be 2.7 × 10−12 × e(350/T) and 2.3 × 10−12 cm3 molec−1 s−1 , respectively. These are
generic RO2 + NO and RO2 + NO3 rate coefficients used by MCM v3.3.1 (Jenkin
et al., 2015).
Mechanism - The nitrate yield from INO2 + NO has not been measured, but chamber studies have detected the formation of a dinitrate (Ng et al., 2008; Schwantes
et al., 2015). We use the formula presented in Equation 4.3 to calculate individual
dinitrate yields for each INO2 isomer, shown in Figure 4.12. The remaining products are assumed to be NO2 and an alkoxy radical, the fate of which is discussed in
Section 4.5.4. INO2 + NO3 reactions are assumed to only form an alkoxy radical
and NO2 .
4.5.3

INO2 reaction with RO2

Kinetics - RO2 + RO2 reaction rate constants for RO2 radicals containing a nitrate
functional group have not been well constrained. MCM v3.3.1 recommends the
rate constant for RO2 reactions with INO2 to be 1.3 × 10−12 cm3 molec−1 s−1 .
Experiments suggest, however, that the RO2 + RO2 reaction rate constants for INO2
are actually much faster (Kwan et al., 2012; Schwantes et al., 2015). The faster INO2
+ INO2 reaction rate constants estimated by Kwan et al. (2012) and Schwantes et al.
(2015) are consistent with estimates for other electron withdrawing groups such as
β-chloro, β-bromo, and β-hydroxy groups (Crowley and Moortgat, 1992; Jenkin and
Hayman, 1995; Murrells et al., 1991). Although Schwantes et al. (2015) estimated
the self-reaction rate constants, they did not address potential cross-reactions as has
been done for the OH system by Jenkin et al. (1998). Thus, the hydroxy peroxy
radical reaction rate constants measured by Jenkin et al. (1998) are recommended
to be used for the nitrooxy peroxy radical self- and cross-reactions (Table 4.10).
The reaction rate constants for cross-reactions between nitrooxy peroxy radicals
with methyl peroxy radicals are estimated by calculating the geometric mean of
the individual self-reaction rate constants. Additional experimental studies are
recommended to determine how nitrate groups influence RO2 + RO2 reactions.
Mechanism - Kwan et al. (2012) proposed that INO2 + INO2 leads to the following
products: IHN + ICN (59-77%), ROOR (3-4%), and 2 INO (19-38%). Somewhat
different yields - IHN + ICN (77%), ROOR (3.5%), and 2 INO (19.5%) - are
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Figure 4.13: Reactions and products following the 1,5 H-shift of [1,4]-E-δ-INO,
based on the mechanism proposed by Kwan et al. (2012). Yields are for 298 K
and 1 atm; in reactions of peroxy radicals with NO, the relative contributions of the
nitrate and alkoxy pathways vary with both temperature and pressure. RO2 + RO2
reactions may be important peroxy radical sinks at night; for a discussion of the
expected products, see Section 4.5.3.

recommended here, as these best matched experimental results for individual IHN
isomers in the study of Schwantes et al. (2015). All cross-reactions are assumed to
have the same product yields as the self-reactions. The ROOR product is assumed
to only form from INO2 + INO2 reactions.
4.5.4

INO radical fate

The alkoxy radical isomers are assumed to decompose or react with O2 to form
MVK, MACR, or ICN. [4,3]-β-INO is assumed to form only MACR as no [4,3]β-ICN was detected in the work by Schwantes et al. (2015). In our mechanism,
these reactions are generally included with the previous steps, except in the case of
[1,4]-δ-E-INO, for which reaction with O2 competes with isomerization.
4.5.4.1

H-shift isomerization reactions of INO and INO2

Kwan et al. (2012) proposed that [1,4]-δ-E-INO would undergo a 1,5 H-shift to
form the products shown in Figure 4.13. Schwantes et al. (2015) estimated this rate
constant to be 3 × 105 s−1 . Following Peeters and Nguyen (2012), it is expected
that the E and Z isomers will interconvert; deactivation by ONO2 suggests that the
H abstraction will be primarily from the E isomer as shown. This is in contrast to
the OH system, in which the OH group is activating, leading most of the H-shift to
occur from the Z isomer (Peeters and Nguyen, 2012).
The INO2 isomers, similar to the peroxy radicals produced from isoprene + OH
oxidation (Section 4.3.3.4), may also undergo 1,6 H-shift isomerization but via the
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E rather than the Z isomer. For example, Schwantes et al. (2015) detected products
that suggest that the E-[1,4]-δ-INO2 isomer undergoes a 1,6 H-shift. The lifetime
of the INO2 radical is particularly long at night suggesting this chemistry may be
important in the atmosphere. Too little information is known about this pathway
to incorporate it into the chemical mechanism at this time. Future theoretical and
experimental studies addressing the potential isomerization of INO2 isomers are
needed.
4.6

isoprene + Cl

Oxidation by chlorine radicals serves as a minor sink of isoprene. While the
globally averaged concentration of Cl is estimated to have an upper limit of 103
atoms cm−3 (Rudolph et al., 1996), concentrations peaking at 105 atoms cm−3
have been inferred for the marine boundary layer (Singh et al., 1996). Recent
observations of chlorine precursors in Boulder, Colorado have further suggested the
importance of chlorine chemistry in mid-continental urban regions (Thornton et al.,
2010). Chlorine chemistry is thus expected to have the greatest impact on isoprene
in coastal urban areas. In particular, unique products predicted in the oxidation
of isoprene by Cl have been observed in Houston, Texas (Riemer et al., 2008).
Assuming [OH] ∼106 molec cm−3 and a peak [Cl] ∼105 atoms cm−3 , we estimate a
relative reaction rate of kCl [Cl]/kOH [OH] ∼0.43 to represent an upper bound on the
importance of Cl oxidation in isoprene chemistry.
Sources of Cl atoms in the troposphere include photochemical degradation of
gaseous halocarbons emitted both naturally and anthropogenically (Seinfeld and
Pandis, 2006). In the marine boundary layer, multiphase and heterogeneous reactions of sea salt spray are known to yield photolabile precursors (Behnke et al.,
1997; Finlayson-Pitts et al., 1989; Roberts et al., 2008; Schroeder and Urone, 1974).
Recent laboratory work has also shown the potential for chlorine activation through
surface catalyzed chemistry of HCl with nitrogen oxides (Raff et al., 2009). Many
of these reactions do not require sunlight, suggesting the nighttime buildup of precursors which rapidly photolyze in the morning to yield reactive Cl (Ravishankara,
2009).
Kinetics - There have been many experimental and theoretical studies on the
rate constant for the reaction of Cl with isoprene. The NASA JPL data evaluation
recommends a rate constant of 4.1 × 10−10 cm3 molec−1 s−1 at 298 K, which is
an average of the values found in experimental studies (Burkholder et al., 2015).
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The recommended temperature-dependent rate constant is 7.6 × 10−11 × exp(500/T)
cm3 molec−1 s−1 , which is scaled from the value reported in the sole temperaturedependent study to match the recommended value at 298 K (Bedjanian et al., 1998).
The reaction of isoprene with Cl is approximately four times faster than its reaction
with OH at 298 K.
Mechanism (Figure 4.14) - Our recommended mechanism for Cl oxidation of
isoprene, carried out to first generation products, is presented in Figure 4.14. While
we expect both E and Z stereoisomers of δ-chloro peroxy radicals to form, we
only show the E isomers for brevity (the chemistry of the Z isomers is expected
to be similar). Isoprene reacts with Cl predominantly through an addition mechanism. The branching fractions for the Cl-isoprene adducts formed from the addition
channel have been determined in a theoretical study as 0.40:0.02:0.08:0.50 for
1:2:3:4-addition at 300 K (Lei et al., 2002b). Unlike OH addition, 4-addition of
Cl is predicted to exceed 1-addition. Experimental measurements have shown that
abstraction of a methyl hydrogen to yield HCl and an allylic radical also occurs at
atmospheric temperatures, with measured branching fractions in the range of 0.13
– 0.17 (Bedjanian et al., 1998; Fantechi et al., 1998; Ragains and Finlayson-Pitts,
1997; Suh and Zhang, 2000; Xing et al., 2009). No pressure dependence is observed despite the range of pressures used in the various experiments. The NASA
JPL data evaluation recommends a branching fraction to form HCl of 0.15 at 298 K,
which is an average of the values found in those studies (Burkholder et al., 2015).
The recommended temperature-dependent branching fraction is 1.1 × exp(-595/T),
which is scaled from the value reported in the sole temperature-dependent study to
match the recommended value at 298 K (Bedjanian et al., 1998). Comparison of Cl
oxidation rate constants for isoprene and isoprene-d8 at low pressures has suggested
that the abstraction pathway is not concerted, but instead occurs through an addition mechanism with subsequent elimination of HCl (Ragains and Finlayson-Pitts,
1997). Indeed, theoretical work has predicted the formation of a weakly bound
complex between chlorine and isoprene, resembling a long-range interaction between HCl and the allylic C5 H7 radical, which undergoes elimination (Braña and
Sordo, 2001). The existence of this complex may influence branching between the
four Cl-isoprene adducts. Our recommended branching fractions for the reaction of
Cl with isoprene are 0.15:0.38:0.47 for abstraction:1-addition:4-addition at 298 K.
These values are derived by scaling the outer addition branching fractions to assume
the inner addition branching fractions are negligible, and then scaling the result to
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Figure 4.14: Reactions and products following the Cl-initiated oxidation of isoprene.
While δ-chloro peroxy radicals are assumed to form as equal mixtures of E and Z
isomers, we only show the E isomers for brevity (bottom half). The chemistry of
the Z isomers is expected to be similar. Branching fraction recommendations are for
298 K and 1 atm. As discussed in the text, the possibility that certain stereoisomers
of the δ-chloro alkoxy radicals could isomerize has not been previously studied.

account for the abstraction channel.
The carbon-centered radicals formed from Cl oxidation will immediately add O2
to form peroxy radicals (IClOO). No work has been done on the distribution of
peroxy radicals from the abstraction channel. For the Cl-addition channel, rates of
O2 addition have been computed in one theoretical study (Lei et al., 2002a), which
determined branching fractions of 0.44:0.56 for the [1,2]:[1,4] isomers and 0.60:0.40
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for the [4,3]:[4,1] isomers at the kinetic limit. While the calculated energy difference
between the β-chloro-peroxy radicals and E-δ-chloro-peroxy radicals from Lei et
al. (2002a) are broadly consistent with those measured in the OH system by Teng
et al. (2017), we note that the Z-δ-chloro-peroxy radicals were not considered in
(Lei et al., 2002a), and that even higher-level theoretical calculations were unable
to provide an accurate assessment of the kinetic distribution in the OH system. We
recommend, therefore, that the reversible O2 addition kinetics from the OH system
be used in the Cl system until such time that isomer specific data is available.
4.6.1

Reactions of IClOO

Kinetics - We do not present a recommendation for the fates of the dialkenlyperoxy radicals due to a lack of studies on the organic products from the abstraction
channel. Nevertheless, 2-methylene-3-butenal, which is a possible product, has been
tentatively identified (Nordmeyer et al., 1997). Even for the major Cl addition products, rate constants for the subsequent reactions of the chloroalkenylperoxy radicals
remain largely unexplored. A bulk rate constant (with no isomer specificity) has
been measured for the reaction between the chloroalkenylperoxy radicals and NO
using a turbulent flow reactor and chemical ionization mass spectrometry (Patchen
et al., 2005). This study directly measured the loss of chloroalkenylperoxy radicals
under pseudo-first-order conditions to determine a rate constant of (11.5 ± 1.1) ×
10−12 cm3 molec−1 s−1 for 298 K, which we adopt as our recommended value. A
rate constant for the reaction of hydroxyalkenylperoxy radicals with NO of (8.8 ±
1.2) × 10−12 cm3 molec−1 s−1 was measured in a separate study using the same
apparatus (Miller et al., 2004). Cl-substitution is slightly activating for this reaction
relative to OH-substitution. To our knowledge, no measurements of the reaction
between these chloroalkenylperoxy radicals with RO2 or HO2 have been reported in
the literature. Such studies would provide further information on how the reactivity
of atmospherically relevant peroxy radicals is influenced by substituents. We do not
include RO2 chemistry due to its minor importance in the atmosphere.
Mechanism - We assume the only product of the reaction with HO2 is the corresponding hydroperoxide. We expect that the reaction with NO will produce both
alkoxy radicals and organic nitrates, and use the nitrate yield parameterization in
Equation 4.3 to calculate branching ratios; we note that the electron-withdrawing
effect might serve to decrease the nitrate yield from β-chloro peroxy radicals, akin
to the effect of a β-carbonyl peroxy radical (Praske et al., 2015), but do not account
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for this due to lack of experimental evidence.
Our recommended fates for the alkoxy radicals are guided by several theoretical and product studies. Observed products include methyl vinyl ketone (MVK),
chloromethyl vinyl ketone (Cl-MVK), formyl chloride, several chloromethylbutenal
(CMBA) isomers, and a chloromethylbutenone (CMBO). Product studies using a
variety of techniques (FTIR, GC-MS, API-MS) have consistently measured small
yields of MVK (∼9% or less) and negligible yields of methacrolein (MACR) (Fantechi et al., 1998; Nordmeyer et al., 1997; Orlando et al., 2003a; Ragains and
Finlayson-Pitts, 1997). The observation of Cl-MVK and small yields of MVK suggests that there are two competing decomposition pathways for the [1,2] isomer. The
lack of MACR suggests that decomposition is unimportant for the [4,3] isomer. The
small measured yields of formyl chloride, a coproduct of both MVK and MACR
production, range 4.7–8% (Fantechi et al., 1998; Orlando et al., 2003a; Ragains and
Finlayson-Pitts, 1997) and agree with the MVK yield to further indicate that MACR
is not a significant product of Cl oxidation. Instead, it is believed that reaction
of primary and secondary alkoxy radicals with O2 dominates to form the CMBA
and CMBO isomers as the principal products. A chamber study using GC-MS
and API-MS indeed detected at least four CMBA and CMBO isomers as products
of Cl-initiated isoprene oxidation (Nordmeyer et al., 1997). However, absolute
yields were unable to be quantified. Theoretical calculations on C-C bond decomposition of the chloroalkenylalkoxy radicals predict that decomposition proceeds
slowly with a high barrier, and that reaction with O2 is the major channel under
atmospheric conditions (Zhang et al., 2003a). This work is consistent with findings of the experimental studies, further suggesting that CMBA and CMBO are the
dominant products. CMBA and CMBO act as useful tracers of chlorine chemistry
since they have no known direct anthropogenic or natural emissions (Nordmeyer
et al., 1997). Field observations of these compounds have successfully been used
to identify episodes of chlorine chemistry in Houston, Texas (Riemer et al., 2008).
Nevertheless, the utility of these species as tracers is limited by the lack of absolute
yield measurements.
We recommend that future product studies on the Cl-initiated oxidation of isoprene focus on determining absolute yields of CMBA and CMBO. This would
directly validate the current evidence that the dominant fate of the primary and
secondary alkoxy radicals is reaction with O2 . These measurements should also be
performed at a variety of NO x concentrations. The aforementioned product studies
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(Fantechi et al., 1998; Nordmeyer et al., 1997; Orlando et al., 2003a; Ragains and
Finlayson-Pitts, 1997) were all performed under NO-free or low-NO conditions, and
relied on RO2 chemistry to produce the alkoxy radicals. Alkoxy radicals produced
from NO chemistry typically possess greater amounts of vibrational energy than
alkoxy radical produced from RO2 chemistry. While the decomposition barriers of
the alkoxy radicals are predicted to be greater than the exothermicity of the RO2 +
NO reaction (Zhang et al., 2003a), experimental evidence that CMBA and CMBO
are the dominant products in the presence of NO x is desirable. Finally, to our knowledge, the possibility that certain stereoisomers of the δ-chloro alkoxy radicals could
isomerize has not been previously considered. Alkoxy radical isomerization occurs
in OH and NO3 oxidation of isoprene and could also be occurring in Cl oxidation.
Both theoretical and experimental studies to address this possibility would be useful.
4.7
4.7.1

Photochemistry of Major Oxidation Products of isoprene
Methyl Vinyl Ketone (MVK)

Methyl vinyl ketone (MVK) is a major first-generation product from OH-, O3 -,
and NO3 -initiated oxidation of isoprene. The dominant fate of MVK is loss via
reaction with OH (Gierczak et al., 1997; Tuazon and Atkinson, 1990). For typical
ambient concentrations of OH and O3 , i.e., 2 × 106 molec cm−3 (12 h average) and
30 ppb (24 h average), respectively, the lifetimes of MVK with respect to oxidation
by OH and O3 at room temperature are approximately 7 and 80 h, respectively. The
reaction of MVK with NO3 reaction is not competitive (Canosa-Mas et al., 1999a;
Kwok et al., 1996; Rudich et al., 1996).
Kinetics (Table 4.17) - A number of studies have measured the effective bimolecular reaction rate constant, k MV K+OH , over a wide range of pressure and temperature
(Atkinson et al., 1983; Chuong and Stevens, 2003, 2004; Edney et al., 1986; Gierczak et al., 1997; Grosjean et al., 1993b; Holloway et al., 2005; Kleindienst et al.,
1982). A negative temperature dependence of k MV K+OH was widely observed over
a pressure range of 5 to 300 Torr (Chuong and Stevens, 2003; Gierczak et al., 1997;
Kleindienst et al., 1982). Dependence of k MV K+OH on pressure at 2 – 5 Torr was
both observed and predicted in the temperature range of 300 – 425 K (Chuong and
Stevens, 2003; Ochando-Pardo et al., 2007). The reported values of k MV K+OH at
room temperature are in good agreement, falling into the range of (1−2)×10−11 cm3
molec−1 s−1 , regardless of the pressure at which the measurements were conducted.
Here, we use the IUPAC recommendation of 2.6 × 10−12 × e(610/T) cm3 molec−1 s−1 .
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oxidant
OH
OH
OH
OH
OH
OH
OH
OH
O3
O3
O3
O3
O3
O3
O3
NO3
NO3
NO3
NO3

k (cm3 molec−1 s−1 )
10−11

1.48 ×
3.85 × 10−12 × e[(456±73)/T]
(1.96 ± 0.15) × 10−11
(2.67 ± 0.45) × 10−12 × e[(612±49)/T]
(1.73 ± 0.21) × 10−11
(1.78 ± 0.08) × 10−11
(1.86 ± 0.12) × 10−11
2.6 × 10−12 × e(610/T)
(4.77 ± 0.59) × 10−18
4.0 × 10−18
6.9 × 10−16 × e[(−1521±78)/T]
(4.72 ± 0.09) × 10−18
(5.84 ± 0.39) × 10−18
(5.4 ± 0.6) × 10−18
8.5 × 10−16 × e(−1520/T)
< 6 × 10−16
≤ 1.2 × 10−16
(5.0 ± 1.2) × 10−16
< 6 × 10−16

T (K)

citation

300
Cox et al. (1980)
298-424
Kleindienst et al. (1982)
299 ± 2
Atkinson et al. (1983)
232-378
Gierczak et al. (1997)
300
Chuong and Stevens (2003)
300
Chuong and Stevens (2004)
298 ± 2
Holloway et al. (2005)
230-380 IUPAC / our recommendation
296 ± 2
Atkinson et al. (1981)
∼ 294
Kamens et al. (1982)
240-324
Treacy et al. (1992)
291 ± 2
Grosjean et al. (1993b)
291 ± 1 Grosjean and Grosjean (1998)
296 ± 2
Neeb et al. (1998)
240-330
IUPAC recommendation
296 ± 2
Kwok et al. (1996)
298
Rudich et al. (1996)
296 ± 2
Canosa-Mas et al. (1999a)
298
IUPAC recommendation

Table 4.17: Chronological estimates of the reaction rate constants for OH-, O3 -, and
NO3 -initiated oxidation of MVK.
MVK reacts slowly with O3 - k MV K+O3 = (4 − 6) × 10−18 cm3 molec−1 s−1 at room
temperature (Atkinson et al., 1981; Cox et al., 1980; Grosjean et al., 1993b; Neeb
et al., 1998; Treacy et al., 1992). A positive temperature dependence of k MV K+O3
was observed by Treacy et al. (1992). Due to its minor importance, we do not
include the reaction of MVK with O3 in our mechanism.
Mechanism (Figure 4.15; Tables 4.18 and 4.19) - The OH-initiated oxidation of
MVK occurs via OH addition to the double bond, forming two distinct RO2 . The
branching ratio, as shown in Table 4.18, has been reported (Praske et al., 2015;
Tuazon and Atkinson, 1989). The reaction of MVK-derived RO2 and NO has been
studied extensively (Galloway et al., 2011; Paulot et al., 2009b; Praske et al., 2015;
Tuazon and Atkinson, 1989). Glycolaldehyde, methylglyoxal, formaldehyde, and
organic nitrates have been quantified as the primary first generation products. The
organic nitrates, hereafter denoted MVKN and MVKN’ for the internal and external
nitrate, have respective atmospheric lifetimes of 4.3 and 6.6 h due to photolysis
(Müller et al., 2014). A comprehensive overview of the product yields reported in
the literature is shown in Table 4.19. Reactions arising from the HO2 -dominated
regime, however, have only recently been reported (Praske et al., 2015). Reaction of
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citation

internal OH addition (%)

external OH addition (%)

Tuazon and Atkinson (1989)
Praske et al. (2015)

28 ± 9
24 ± 14

72 ± 21
76 ± 14

Table 4.18: OH addition branching for MVK.
citation

glycolaldehyde

methylglyoxal

Tuazon and Atkinson (1989)
Paulot et al. (2009a)
Galloway et al. (2011)
Praske et al. (2015)
our recommendation

64 ± 8
62.5
67.4 ± 3
74 ± 6
74

25 ± 4

MVKN

MVKN’

2.4 ± 0.4
2.3

1.6 ± 0.4
1.7

24.12 ± 0.14
22

Table 4.19: Measured product yields (%) for the high-NO oxidation of MVK.

the internal RO2 with HO2 has been shown to follow three reaction channels, shown
with their respective yields in Figure 4.15. Both the fragmentation and dicarbonyl
pathways were found to be very efficient in the recycling of HO x . The fragmentation
route is analogous to the reactions of acetonyl RO2 previously reported (Dillon and
Crowley, 2008; Hasson et al., 2005, 2004; Jenkin et al., 2008). Formation of the
dicarbonyl, however, was previously thought to occur only in halogenated peroxy
systems (Hou et al., 2005a,b; Hou and Wang, 2005). The hydroperoxide pathway,
although radical terminating, promptly photolyzes with an atmospheric lifetime on
the order of a few hours (Praske et al., 2015). Assuming photolytic cleavage of the
O-OH bond, this channel also serves to propagate the radical chain. Overall, the low
NO chemistry of MVK was found to be much less HO x consuming than previously
thought. Future work should identify the reaction routes arising from HO2 reaction
with the external RO2 , as the current literature is largely speculative (Praske et al.,
2015). In this channel, a modest yield of methylglyoxal has been observed with the
remaining assumed to form a hydroperoxide.
4.7.2

Methacrolein

Methacrolein (MACR) is a major first-generation product from both OH- and
O3 -initiated oxidation of isoprene. The dominant fate of MACR is loss via reaction
with OH (Gierczak et al., 1997; Tuazon and Atkinson, 1990), but oxidation by O3
and NO3 is also considered.
Kinetics (Table 4.20) - OH: The reaction rate constant of MACR with OH has
been closely studied, (Atkinson et al., 1983; Chuong and Stevens, 2003, 2004;
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Figure 4.15: Reactions and products following the addition of OH to methyl vinyl
ketone (MVK). Yields are for 298 K and 1 atm; in reactions of peroxy radicals with
NO, the relative contributions of the nitrate and alkoxy pathways vary with both
temperature and pressure. For the reduced mechanism, we treat (3-OO,4-OH)- and
(3-OH,4-OO)-MVK as a single peroxy radical species, and scale the product yields
of its reactions with NO and HO2 according to the relative contributions of the two
isomers.
Edney et al., 1986; Gierczak et al., 1997; Grosjean et al., 1993b; Kleindienst et al.,
1982). The MACR + OH reaction exhibits an negative temperature dependence
at pressure of 5 to 300 Torr (Chuong and Stevens, 2003; Gierczak et al., 1997;
Kleindienst et al., 1982). Unlike the MVK + OH reaction, no strong pressure
dependence is observed over a temperature range of 300 to 425 K, indicating the
importance of the pressure-independent hydrogen abstraction reaction. The reported
values of k M ACR+OH at room temperature are in good agreement, in the range of
(3 − 4) × 10−11 cm3 molec−1 s−1 . Here, we recommend separate addition and
abstraction rate coefficients, as shown in Table 4.20.
O3 : The ozonolysis of MACR proceeds via the O3 addition to the C=C double
bond to produce a primary ozonide which rapidly decomposes to methyoglyoxal or
formaldehyde. The reaction rate constants, k M ACR+O3 , at room temperature have
been measured within a range of (1.0 − 1.5) × 10−18 cm3 molec−1 s−1 (Atkinson
et al., 1981; Grosjean et al., 1993b; Neeb et al., 1998; Treacy et al., 1992).
NO3 : The rate constant of the NO3 reaction with MACR has only been measured
at room temperature (Canosa-Mas et al., 1999a; Kwok et al., 1996; Rudich et al.,
1996). We therefore estimate the temperature dependence based on acrolein, a
chemical proxy. The temperature dependence of the OH kinetics for these two
α,β-unsaturated aldehydes has been observed to be similar (Atkinson et al., 2006;
Magneron et al., 2002; Vega-Rodriguez and Alvarez-Idaboy, 2009).
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oxidant

k (cm3 molec−1 s−1 )

T (K)

citation

OH
OH
OH
OH
OH
OH
OH
OH
OH
O3
O3
O3
O3
O3
O3
O3
NO3
NO3
NO3
NO3
NO3
NO3

1.77 × 10−11 × e[(175±52)/T]
(2.96 ± 0.24) × 10−11
(3.90 ± 0.31) × 10−11
(7.73 ± 0.65) × 10−12 × e[(379±46)/T]
(9.8 ± 3.8) × 10−13 × e[(1050±120)/T]
(3.22 ± 0.10) × 10−11
8.0 × 10−12 × e(380/T)
4.4 × 10−12 × e(380/T)
2.7 × 10−12 × e(470/T)
(1.12 ± 0.13) × 10−18
1.1 × 10−18
1.3 × 10−15 × e[(−2112±131)/T]
(1.02 ± 0.05) × 10−18
(1.08 ± 0.20) × 10−18
(1.3 ± 0.14) × 10−18
1.4 × 10−15 × e(−2100/T)
(4.46 ± 0.58) × 10−15
≤ 8 × 10−15
3.08 ± 0.18
(3.7 ± 0.47) × 10−15
3.4 × 10−15
1.85 × 10−13 × e(−1190/T)

300-423
299 ± 2
298 ± 2
234-273
300-422
300
230-380
296 ± 2
∼ 294
240-324
291 ± 2
290 ± 1
296 ± 2
240-330
296 ± 2
298
298 ± 2
296 ± 2
298
-

Kleindienst et al. (1982)
Atkinson et al. (1983)
Edney et al. (1986)
Gierczak et al. (1997)
Chuong and Stevens (2003)
Chuong and Stevens (2003)
IUPAC recommendation
our recommendation: additiona
our recommendation: abstractionb
Atkinson et al. (1981)
Kamens et al. (1982)
Treacy et al. (1992)
Grosjean et al. (1993b)
Grosjean and Grosjean (1998)
Neeb et al. (1998)
IUPAC / our recommendation
Kwok et al. (1996)
Rudich et al. (1996)
Chew et al. (1998)
Canosa-Mas et al. (1999a)
IUPAC recommendation
our recommendationc

Table 4.20: Chronological estimates of the reaction rate constants for OH-, O3 -,
and NO3 -initiated oxidation of MACR. a overall rate from Atkinson et al. (2006);
scaling for addition from Orlando et al. (1999) and Tuazon and Atkinson (1990);
b Ochando-Pardo et al. (2007); c overall rate from Atkinson et al. (2006);temperature
dependence by analogy with acrolein (Salgado et al., 2008).
Mechanism (Figure 4.16; Table 4.21) - OH addition: The addition of OH to the
double bond occurs primarily at the external olefinic carbon, with a molar ratio
estimated as ∼85% under the assumption that all the observed methylglyoxal (8%,
see Table 4.21 (Galloway et al., 2011; Tuazon and Atkinson, 1990)) is produced
from the internal OH addition. Crounse et al. (2012) suggested that this ratio can
be up to 96.5% based on the measured yields of 18 O labeled hydroperoxyacetone
(HPAC-18 O) and hydroxyacetone (HAC-18 O).
The MACR-derived RO2 radicals can react with NO or HO2 but, under typical
atmospheric conditions, most of the RO2 radicals from external OH addition will
undergo a fast 1,4-H-shift isomerization process (Crounse et al., 2012). The product
of this isomerization process, a hydroxy hydroperoxy carbonyl radical, decomposes
rapidly, producing hydroxyacetone and re-forming OH. Similarly, RO2 radicals
from internal OH addition undergo a rapid 1,5-H-shift isomerization followed by
decomposition and reaction with O2 to form hydroperoxyacetone (HPAC), CO, and

28-67
40-70

Tuazon and Atkinson (1990)
Orlando et al. (1999)
Galloway et al. (2011)

GLYX
8.4 ± 1.6
<12
8.09 ± 0.45

HAC
41 ± 3
47 ± 5
39.5 ± 1.7
10-24
4-30

MPAN
6000-8000
1970-2630
231

[NO]0

437

-

[NO2 ]0

10000
1316-3950
42

[MACR]0

C2 H5 ONO
CH3 ONO
HONO

OH source

experimental conditions (ppb)

Table 4.21: Molar yields of key products from OH-initiated oxidation of MACR in the presence of NO.

CH2 O

citation

products (%)
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Figure 4.16: Reactions and products in the OH + methacrolein (MACR) system.
Yields are for 298 K and 1 atm; the OH-abstraction and OH-addition pathways have
different temperature dependences, and in reactions of peroxy radicals with NO, the
relative contributions of the nitrate and alkoxy pathways vary with both temperature
and pressure. For the reduced mechanism, we ignore the minor internal OH addition
channel (combining it with the major addition channel and scaling the subsequent
yields, as with MVK). We also assume that the peroxy radical formed from the
external addition of OH proceeds entirely through the 1,4 H-shift isomerization
channel.
HO2 .
The MACR-derived RO2 radicals will react with NO yielding alkoxy radicals
(RO) and organic nitrates, with a branching ratio of 94% and 6%, respectively
(Unpublished, Caltech). The resulting RO radicals can undergo decomposition,
isomerization and reaction with O2 , although the last two reaction pathways are not
considered to be important in the RO degradation (Park et al., 2003). Decomposition
of the RO radicals produces hydroxyacetone (HAC), methylglyoxal, formaldehyde,
CO, and HO2 (Orlando et al., 1999). The reaction of MACR-derived RO2 with HO2
is not well constrained. Here we assume that the MACR-derived RO2 radicals behave
similar to the MVK-derived RO2 radicals, producing both RO radicals and peroxides
upon reaction with HO2 (Praske et al., 2015). The MACR-derived RO2 self/cross
reactions are not considered as a major pathway in the MACR photochemistry, based
on the measured reaction rate constants for β-hydroxy peroxy radicals, which are at
least an order of magnitude less than those measured for RO2 + HO2 and RO2 + NO
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reactions (Jenkin and Hayman, 1995).
Mechanism (Figure 4.16) - H abstraction: The abstraction of the aldehydic hydrogen atom followed by O2 addition leads to the peroxymethacryl radical (C=C(CH3 )
C(O)O2 , MACR1OO), which subsequently reacts with NO, NO2 , and HO2 .
4.7.2.1

MACR1OO

Kinetics - The direct measurement of the rate constant for the MACR1OO + NO
reaction was conducted by Gouw and Howard (1997) over the temperature range
240 – 360 K and at pressures of 1.3 – 3.9 Torr. Their measured value at 298 K is
very close to the results from the analogous acetylperoxy radical (CH3 C(O)O2 ) +
NO reaction (Maricq and Szente, 1996; Sehested et al., 1998; Villalta and Howard,
1996), indicating that the rate constant for RC(O)O2 + NO reactions may not be
sensitive to the structure of the R group.
Mechanism - The C=C(CH3 )C(O)O radical produced from MACR1OO + NO
reaction decomposes to CO2 and the methyl vinyl radical (CH2 =CCH3 ), which
ultimately yields formaldehyde, CO, and CO2 (Orlando et al., 1999). We recommend that the MACR1OO + NO reaction proceeds exclusively to the products of
C=C(CH3 )C(O)O and NO2 , by analogy with measured product yields from the
CH3 C(O)O2 + NO reaction (Maricq and Szente, 1996).
The reaction of peroxymethacryl radical with NO2 produces methacryloyl peroxynitrate (MPAN), which was directly observed by Orlando et al. (1999) via IR
absorption spectroscopy. Kinetic data for this reaction are not available. Here we
refer to the rate coefficients for the CH3 C(O)O2 + NO2 + M reaction reviewed by
Atkinson et al. (2006). At 298 K and 1 bar, the rate constant for MPAN formation is
1 × 10−11 cm3 molec−1 s−1 , while the decomposition occurs with a rate constant of
3.3 × 10−4 s−1 at the same conditions. Subsequent chemistry of MPAN is described
in Section 4.7.6. The chemical mechanism and kinetic data for the reaction of
peroxymethacryl radical with HO2 are evaluated based on the CH3 C(O)O2 + HO2
reaction, which yields peroxyacetic acid via channel R3a, acetic acid and ozone via
channel R3b, and propagates OH radical via channel R3c:
CH3 C(O)O2 + HO2 → CH3 C(O)OOH + O2
(R3a)
CH3 C(O)O2 + HO2 → CH3 C(O)OH + O3
(R3b)
CH3 C(O)O2 + HO2 → CH3 C(O)O + OH + O2
(R3c)
The measured yield of OH radical from Reaction R3c is highly uncertain, ranging
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from < 10% to 40%. (Hasson et al., 2004; Horie and Moortgat, 1992; Jenkin et al.,
2007; Le Crane et al., 2006; Niki et al., 1985; Tomas et al., 2001). Here we recommend an overall branching ratio of 0.4/0.2/0.4 obtained from the two most recent
studies, Hasson et al. (2004) and Jenkin et al. (2007).
4.7.3

ISOPOOH

isoprene hydroxyhydroperoxide (ISOPOOH) is the major first-generation product
of OH-initiated isoprene oxidation in regions with low NO concentrations, particularly remote forests, where HO2 dominates the peroxy radical reactivity. The
dominant sink of ISOPOOH in the atmosphere is reaction with OH, which leads
primarily to the production of isoprene epoxydiols (IEPOX). Reaction with O3 and
NO3 are not expected to contribute significantly to the fate of ISOPOOH. Photolysis
is unlikely to be important given the very fast rate coefficient of OH with ISOPOOH.
Kinetics (Table 4.22) - The rate constants for ISOPOOH oxidation by OH were
first inferred by Paulot et al. (2009b) from isoprene + OH chamber experiments.
These experimental procedures precluded the separation of the individual isomer
kinetic rates and reaction products. Recently, a synthetic route to the production of
various ISOPOOH isomers has been developed that enables chamber experiments
to achieve greater accuracy in measuring the rates of the specific isomers’ oxidation,
summarized in Table 4.22. St. Clair et al. (2015) performed chamber experiments
at 297 K with (1,2)- and (4,3)-ISOPOOH, using both tandem-MS CF3 O− CIMS
and gas chromatography coupled to CF3 O− CIMS to detect both ISOPOOH and
its products (Crounse et al., 2006; Paulot et al., 2009b; St. Clair et al., 2010).
Experiments performed under high NO conditions were used to measure overall
OH + ISOPOOH reaction rates, as well as to infer hydroperoxy-H-abstraction rates
(by yields of isoprene hydroxynitrates) and the branching between non-IEPOX
forming OH-addition (assumed only to yield hydroxyacetone, glycolaldehyde, hydroperoxyacetone, and hydroperoxyethanal) and IEPOX formation (by difference
from unity). Experiments under HO2 -dominated conditions were used to measure
non-hydroperoxy H-abstraction rates and further product yields. St. Clair et al.
(2015) found that (1,2)-ISOPOOH reacts with OH with an overall rate constant of
7.5 ± 1.2 × 10−11 cm3 molec−1 s−1 , while (4,3)-ISOPOOH proceeds with a rate
constant of 1.18 ± 0.19 × 10−10 cm3 molec−1 s−1 .
Mechanism (Figures 4.17-4.20; Table 4.23) - Paulot et al. (2009b) were also the
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k
ktotal
kOO−H
ktotal−H

(1,2)-ISOPOOH
(cm3 molec−1 s−1 )

(4,3)-ISOPOOH
(cm3 molec−1 s−1 )

7.5 ± 1.2 × 10−11
9.0 ± 1.4 × 10−12
1.2 × 10−11

1.18 ± 0.19 × 10−10
4.2 ± 0.7 × 10−12
8 × 10−12

Table 4.22: Rate coefficients for ISOPOOH + OH (St. Clair et al., 2015).

first to report product yields from the oxidation of ISOPOOH by OH, estimating that
isoprene dihydroxy epoxides (IEPOX) comprised >75% of the products, with the
remainder assumed to form ISOPOO radicals or C5 hydroxycarbonyl compounds
following H-abstraction. The isomer-specific studies of St. Clair et al. (2015)
largely corroborated these estimates while providing greater precision of yields and
identification of some minor products. Product yields measured by St. Clair et al.
(2015) are shown in Table 4.23; we adopt similar yields, with slight modifications for
potentially undetected highly functionalized products (e.g. hydroperoxynitrates and
dihydroxydihydroperoxides), in our recommendations, shown in Figures 4.17-4.20.
OH addition to (1,2)- and (4,3)-ISOPOOH (Figures 4.17 and 4.18) occurs predominantly at the external position, and proceeds primarily by rapid fragmentation
of the hydroperoxide and cyclization to form IEPOX. The two isomers of β-IEPOX
(in a ratio of approximately 2:1 trans:cis) were found to account for 71% of products from (1,2)-ISOPOOH and 79% of products from (4,3)-ISOPOOH, in line with
the estimate of 75% from Paulot et al. (2009b). This leaves 13% and 14% of the
total ISOPOOH + OH reaction pathway (for (1,2)- and (4,3)-ISOPOOH, respective)
that proceeds by addition but does not produce IEPOX; this fraction is assumed
to add oxygen, forming a peroxy radical that can react with HO2 to form a dihydroxydihydroperoxide or with NO, forming hydroperoxynitrates or fragmenting to
glycolaldehyde, hydroxyacetone, and their hydroperoxide analogs.
Hydrogen abstraction from ISOPOOH (Figure 4.19) represents only a small fraction of its reactivity, but accounts for some of the minor products observed by
St. Clair et al. (2015) at m/z 185 and 201 using CF3 O− CIMS. Abstraction of the
hydroperoxy hydrogen represents 12% of overall (1,2)-ISOPOOH + OH reactivity
and 4% of (4,3)-ISOPOOH + OH at 297 K and 745 Torr; this pathway regenerates the precursor ISOPOO, which will then follow the many reaction pathways
discussed in Section 4.3.3. Abstraction of the α-hydroxy hydrogen from (1,2)ISOPOOH (4% of overall reactivity at the same conditions) forms an alkyl radical
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pathway/product

% yield from
1,2-ISOPOOH

% yield from
4,3-ISOPOOH

H-addition → IEPOX
of which, trans
of which, cis

71
67 ± 1
33 ± 1

79
68 ± 2
32 ± 2

H-addition → non-IEPOXa
high-NO: glycolaldehyde
high-NO: hydroxyacetone
high-NO: hydroperoxyacetone
high-NO: hydroperoxyethanal

13
9±1
13 ± 2
3±1

14
14 ± 2
13 ± 2
∼2
-

OOH H-abstraction
other H-abstraction
low-NO: m/z 201b
low-NO: m/z 185c

12
4
2.0
2.0

4
3
2.3
1.1

unspecified
low-NO: m/z 189
low-NO: hydroxyacetone
low-NO: glycolic acid
low-NO: m/z 93
low-NO: m/z 161
low-NO: glycolaldehyde
low-NO: unidentifiedd

3.4
1.3
<1
1.4
1.1
0.9
16.9

3.2
4.4
1.4
<1
<1
<1
8.6

Table 4.23: Oxidation products of ISOPOOH + OH, as measured and inferred by
(St. Clair et al., 2015). a Inferred by difference from unity of high-NO products;
b presumed to be a C unsaturated hydroperoxy aldehyde; c presumed to be either a
5
C5 unsaturated hydroxy epoxide or, in the case of 4,3-ISOPOOH, a C5 unsaturated
hydroxy carbonyl; d inferred by difference from unity of low-NO products.

that can either isomerize to form a hydroxyepoxide or react with O2 to form a hydroperoxycarbonyl, the masses of which were observed by St. Clair et al. (2015)
in ∼2% overall yield from (1,2)-ISOPOOH. Similarly, abstraction of the α-hydroxy
and α-hydroperoxy hydrogens from (4,3)-ISOPOOH (3% of overall reactivity at
the same conditions) can yield hydroperoxycarbonyl and hydroxycarbonyl species,
respectively, the masses of which were observed by St. Clair et al. (2015) in ∼2.3%
and ∼1.1% overall yields.
A few unresolved mechanistic details remain for the OH + ISOPOOH reaction.
The rates and products of the δ-ISOPOOH isomers have not yet been directly
measured, though these isomers are likely only ∼5% in total of the ISOPOOH formed
from OH + isoprene in nature. Our recommendations for the δ-ISOPOOH oxidation
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Figure 4.17: Reactions and products following the addition of OH to (1,2)-βISOPOOH. Yields are for 298 K and 1 atm; in reactions of peroxy radicals with
NO, the relative contributions of the nitrate and alkoxy pathways vary with both
temperature and pressure, and the branching ratios between IEPOX formation and
O2 addition also vary with pressure. For the simplified mechanism, we combine all
six dihydroxy-hydroperoxy-peroxy radicals into a single species, which isomerize
or react with NO or HO2 with product yields scaled by the relative contributions of
each isomer.
channels are shown in Figure 4.20. While the internal addition of OH to the double
bond of (4,3)-ISOPOOH is likely very small, the OH internal addition to (1,2)ISOPOOH may be more important (St. Clair et al., 2015). St. Clair et al. (2015)
did not observe any products other than IEPOX with a yield above 4%, suggesting
that either the reaction has multiple product channels, CF3 O− CIMS is not sensitive
to the product(s), or the product is lost to the chamber walls. One potential product
from internal OH addition to (1,2)-ISOPOOH is a diperoxydiol (D’Ambro et al.,
2017a; Krechmer et al., 2015; Liu et al., 2016; Riva et al., 2016b), which can also be
formed from external addition; another recent study suggests that external addition
followed by intramolecular hydrogen shifts can result in the prompt formation of
dihydroxy-hydroperoxy-epoxide (D’Ambro et al., 2017b). These functionalization
pathways, shown with our recommendations in Figure 4.17, and other potential
autoxidation products from the internal addition are likely to produce secondary
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Figure 4.18: Reactions and products following the addition of OH to (4,3)-βISOPOOH. Yields are for 298 K and 1 atm; in reactions of peroxy radicals with
NO, the relative contributions of the nitrate and alkoxy pathways vary with both
temperature and pressure, and the branching ratios between IEPOX formation and
O2 addition also vary with pressure. For the simplified mechanism, we combine all
six dihydroxy-hydroperoxy-peroxy radicals into a single species, which isomerize
or react with NO or HO2 with product yields scaled by the relative contributions of
each isomer.
organic aerosol (SOA). The O3 and NO3 chemistry of ISOPOOH has yet to be
investigated but is expected to play only a small role in the atmospheric fate.
4.7.4

IEPOX

isoprene expoxydiols (IEPOX) are the major product of the oxidation of ISOPOOH
by OH (Paulot et al., 2009b). Although four isomers of IEPOX can form following
the addition of OH to the six ISOPOOH isomers, only two - cis- and trans-β-IEPOX
- account for nearly all (>97%) IEPOX formed from isoprene. Due to the high global
abundance, along with the high reactivity and low volatility of IEPOX, a number
of studies have focused on its reactive uptake onto particles and contribution to
SOA formation (Budisulistiorini et al., 2013; Chan et al., 2010b; Eddingsaas et al.,
2010; Froyd et al., 2011; Hatch et al., 2011; Lin et al., 2013a; McNeill et al., 2012;
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Figure 4.19: Reactions and products following the abstraction of a hydrogen from
the two β-ISOPOOH isomers by OH. Branching ratios are for 298 K and 1 atm;
the branching ratio between epoxide and hydroperoxy-aldehyde formation from
(1-OH,2-OOH)-ISOPOOH varies with pressure.

Figure 4.20: Reactions and products following the addition of OH to the δISOPOOH isomers. E-δ isomers are shown for the reduced mechanism, but for
the full mechanism their Z-δ counterparts are suggested to follow the same mechanisms.
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isomer

Jacobs et al. (2013)

Bates et al. (2014)a

our recommendations

cis-β
trans-β
δ1
δ4

3.60 ± 0.76
3.52 ± 0.72

1.52 ± 0.07
0.98 ± 0.05
0.84 ± 0.07
-

5.82 × e(−400/T)
3.75 × e(−400/T)
3.22 × e(−400/T)
3.22 × e(−400/T)

Table 4.24: Rate coefficients for IEPOX oxidation by OH (×10−11 cm3 molec−1
s−1 ). a Error bounds do not include 15% error in propene standard rate.
Minerath et al., 2008; Nguyen et al., 2014a; Surratt et al., 2007a), aided by the
development of synthetic pathways to produce pure IEPOX standards (Zhang et al.,
2012). The compound’s gas-phase chemistry, on the other hand, has received less
attention. Only three studies have investigated rates and product yields of IEPOX
oxidation by OH and the discrepancies in their results suggest that additional studies
will be required (Bates et al., 2014, 2016; Jacobs et al., 2013).
Kinetics (Table 4.24) - Both Jacobs et al. (2013) and Bates et al. (2014) determined the rate coefficients of IEPOX oxidation by OH, with widely differing results
(Table 4.24). Jacobs et al. (2013) obtained the rate coefficients using a flow tube
by comparing the rate of IEPOX oxidative loss to that of competitor molecules
(pentenols and butenols) as measured by CIMS. IEPOX rate coefficient values from
Jacobs et al. (2013) imply an atmospheric lifetime of only 4 h under standard conditions ([OH] = 2 × 106 molec cm−3 ). Bates et al. (2014) found the rate coefficients
to be lower than those measured by Jacobs et al. (2013) by factors of two to four
(Table 4.24). The Bates et al. (2014) rate coefficient values were determined by
CIMS detection of IEPOX loss to reaction with OH in an environmental chamber,
measured relative to propene oxidative loss at 299 K. These smaller rate coefficients
imply atmospheric lifetimes of 18 – 33 h under standard conditions, and are more
consistent with those inferred by Paulot et al. (2009b), which used IEPOX generated from isoprene in chamber experiments at 298 K to estimate an upper limit of
1.5 × 10−11 cm3 molec−1 s−1 for the rate constant of IEPOX oxidation by OH. Further experiments are needed to resolve the discrepancies in measured reaction rate
constants; at present, we recommend use of the rate coefficients from Bates et al.
(2014), and suggest extrapolation of the δ1-IEPOX coefficient for the δ4 isomer.
Mechanism (Figures 4.21-4.22; Table 4.25) - Jacobs et al. (2013) and Bates et al.
(2014) also measured the products of IEPOX oxidation by OH, and estimated the
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Figure 4.21: Reactions and products following the abstraction of a hydrogen from
δ-IEPOX. Due to a lack of experimental data, these mechanisms remain highly
speculative. Yields are for 298 K and 1 atm; branching between isomerization
reactions and reaction with O2 will vary with pressure. For the reduced mechanism,
we ignore the δ-IEPOX isomers.

first-generation yields of a number of these products, shown in Table 4.25 (Bates
et al., 2014; Jacobs et al., 2013). Only Jacobs et al. (2013) investigated the products
of δ4-IEPOX oxidation, and proposed that OH exclusively abstracted the α-hydroxy
hydrogens, leading either to formation of a C5 hydroxycarbonyl epoxide or fragmentation to form hydroxyacetone and glyoxal. We propose that the fragmentation
occurs in a slightly different pattern, leading to higher yields of C5 hydroxycarbonyl epoxide, an isomeric C5 dihydroxy aldehyde, or a C4 hydroxydicarbonyl.
Extrapolating this mechanism to δ1-IEPOX suggests that only the C5 hydroxycarbonyl epoxide can form, because the molecule has no α-hydroxy β-epoxy hydrogen.
These mechanisms for the δ-IEPOX isomers are included in our recommendations
at the bottom of Table 4.25, and in Figure 4.21.
Both Jacobs et al. (2013) and Bates et al. (2014) investigated the products of
β-IEPOX oxidation by OH, which are shown in a combined format in Figure 4.22.
These mechanisms share a number of pathways, and both suggest little dependence
on NO concentrations. In each reaction scheme, the abstraction of a hydrogen in a
position α to a hydroxyl group can result in conversion of the hydroxyl substituent
to a carbonyl. Both Jacobs et al. (2013) and Bates et al. (2014) found the resulting
C5 hydroxyepoxycarbonyl to account for 10-20% of the first-generation products
of every IEPOX isomer studied. Both mechanisms also show a substantial amount

cis-β
trans-β
δ1
δ4

δ4

trans-β

trans-β

cis-β

isomer

25
24
81
78

high
low
high
low
8
16

11.8 ± 0.5
2.5 ± 0.6
4.55 ± 0.24

16.8 ± 0.3
8.5 ± 0.5
5.41 ± 0.17

high
low
low

17
14

14
12

glycolaldehydeb,c

hydroxyacetonea,c

NO

C4 H8 O3c
+ CO

C4 H6 O3c
+ CH2 O

other

21
18
100
68

22
16
19
22
46
45

32

8
7

39
48

10.6 ± 0.7 46.4 ± 1.7 14.4 ± 0.6 20.1 ± 0.8
12.9 ± 1.0 37.1 ± 2.2 10.4 ± 0.6 35.6 ± 3.3
10.5 ± 0.27 21.7 ± 0.5 3.69 ± 0.15 11.5 ± 0.8

C5 H8 O3d

Table 4.25: Product yields (%) from IEPOX. Coproducts: a glyoxal; b methylglyoxal; c OH; d HO2 . e In Bates et al. (2014), other includes
formic and acetic acids; in Jacobs et al. (2013), other includes products observed at m/z (MH+ ) = 89 (C4 H8 O2 or C3 H4 O3 ), 133 (C5 H8 O4 ),
and 151 (C5 H10 O5 ).

Our
recommendations
(including
Bates et al. (2016))

Jacobs et al. (2013)

Bates et al. (2014)

citation
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Figure 4.22: Reactions and products following the abstraction of a hydrogen from
β-IEPOX. The oxidation mechanisms of the cis and trans isomers diverge only
slightly in their branching ratios, which are denoted as "trans/cis" where they differ.
Reactions labeled as 1,5 H-shifts could also proceed by reaction of the peroxy
radical with NO, HO2 , or RO2 to form an alkoxy radical, which would subsequently
decompose to the identical products (along with NO2 , OH, or RO respectively).

of IEPOX fragmenting to a C2 and a C3 product, concurrently forming either
hydroxyacetone and glyoxal or methylglyoxal and glycolaldehyde.
The remaining first-generation products differ between the two mechanisms, suggesting that further experimentation will be needed to constrain the products of
IEPOX oxidation. Jacobs et al. (2013) detected large amounts of C5 dihydroxy
dicarbonyls and dihydroxy hydroperoxycarbonyls, in addition to an unidentified
product postulated to be C4 H8 O2 or C3 H4 O3 , none of which were detected by Bates
et al. (2014). In contrast, Bates et al. (2014) determined that C4 dihydroxycarbonyls
and hydroxydicarbonyls are the most abundant first-generation products in the OHinitiated oxidation of both cis- and trans-β-IEPOX. In a subsequent study, Bates
et al. (2016) refined the product yields from their 2014 study, and determined that
the previously unidentified C4 dihydroxycarbonyls consisted primarily of a single
C4 H8 O3 isomer, 1,2-dihydroxy-3-butanone, along with a minor contribution from
2,3-dihydroxy-2-methylpropanal. Our preliminary recommendations for product
branching ratios can be found in Table 4.25, but additional efforts to identify and
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quantify the products of IEPOX + OH oxidation and field measurements of these
postulated products may be needed to reconcile the differences between the two
postulated mechanisms and arrive at a more unified and comprehensive mechanism.
4.7.5

isoprene Nitrates: IHN, ICN, and IPN

First generation isoprene-derived organonitrates are produced from two main
channels: the reaction of isoprene-peroxy radicals with NO (section 4.3.3.1) and
the reaction of isoprene directly with NO3 (Section 4.5). The former mechanism
produces primarily β-hydroxynitrates, with a small yield of δ-hydroxynitrates, while
the latter mechanism produces hydroxy-, carbonyl-, and hydroperoxy-nitrates depending on the fate of the peroxy radicals formed. Despite the importance of these
products to local HO x and NO x budgets, their subsequent reactivities remain poorly
constrained, and most estimates of their reaction rates and mechanisms have relied
primarily on chemical intuition (Giacopelli et al., 2005; Paulot et al., 2009a; Rollins
et al., 2009). The recent development of synthetic routes to IHN has facilitated
an improved understanding of their fates in the gas phase (Jacobs et al., 2014; Lee
et al., 2014; Lockwood et al., 2010; Teng et al., 2017). Here, we recommend rate
constants and products for the reactions of hydroxynitrate isomers with OH; we
use these recommendations to provide guidance for the equivalent photochemistry
of the other functionalized nitrates. Finally, we discuss other fates of the isoprene
nitrates, including ozonolysis, photolysis, and reaction with NO3 .
4.7.5.1

Reactions of IHN, ICN, and IPN with OH

Kinetics (Tables 4.26 and 4.27) - Synthetic standards have enabled measurements
of the rate constants for reactions of OH with all six isoprene hydroxynitrate (IHN)
isomers produced following the reaction of isoprene with OH. Recommended values
for these rate constants can be found in Table 4.26. The two main β-hydroxynitrates,
which dominate the isomer distribution, exhibit similar rate constants; Teng et al.
(2017) measured that of 1-OH,2-ONO2 to be 3.0 ± 0.9 × 10−11 cm3 molec−1 s−1 ,
while Lee et al. (2014) and Jacobs et al. (2014) report a slightly higher value for the
4-OH,3-ONO2 isomer (4.2 ± 0.7 and 3.6 ± 0.8 × 10−11 cm3 molec−1 s−1 ). The δhydroxynitrates react faster with OH; Lee et al. (2014) measured the rate constant of
1-OH,4-ONO2 + OH to be 1.1 ± 0.2 × 10−10 cm3 molec−1 s−1 , and Teng et al. (2017)
measured the rate constant of 4-OH,1-ONO2 -IHN + OH to be 8.0 ± 2.4 × 10−11
cm3 molec−1 s−1 . No differences were reported between reaction rates of E and Z
isomers for the two δ-hydroxynitrates.
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isomer

kOH × 1011

kO3 × 1019

k NO3 × 1014

1-OH, 2-ONO2
4-OH, 3-ONO2
E 1-OH, 4-ONO2
Z 1-OH, 4-ONO2
E 4-OH, 1-ONO2
Z 4-OH, 1-ONO2

3.0 ± 0.9
4.2 ± 0.7
11 ± 2
11 ± 2
8 ± 2.4
8 ± 2.4

2.8
5
270
290
270
280

5
5
80
80
80
80

Table 4.26: Recommended rate constants (cm3 molec−1 s−1 ) at ∼298 K for the
reactions of OH, O3 , and NO3 with isoprene hydroxynitrates formed following the
reaction of isoprene with OH.
isomer

kOH × 1011

kO3 × 1019

k NO3 × 1014

1-ONO2 , 2-OH IHN
4-ONO2 , 3-OH IHN
1-ONO2 , 2-OOH IPN
1-ONO2 , 4-OOH IPN
4-ONO2 , 1-OOH IPN
4-ONO2 , 3-OOH IPN
1-ONO2 , 4-CO ICN
4-ONO2 , 1-CO ICN
4-ONO2 , 3-CO ICN

3.0
4.2
3.7
8.7
11.7
4.9
3.4
4.1
1.0

2.8
5
2.8
280
280
5
44
44
0.8

5
5
5
80
80
5
80
80
5

Table 4.27: Proposed rate constants (cm3 molec−1 s−1 ) at ∼298 K for the reactions of
OH, O3 , and NO3 with isoprene hydroxynitrates, hydroperoxynitrates, and carbonyl
nitrates formed following the reaction of isoprene with NO3 . E and Z isomers of
the δ reactants are treated together.

For most of the organic nitrates produced in the reaction of isoprene with NO3 ,
no synthetic standards are available; we therefore use IHN as a model. Suggested
rate constants are listed in Table 4.27. Briefly, we recommend the same rates of OH
addition for 2-OH,1-ONO2 as for 1-OH,2-ONO2 , and the same for 4-OH,3-ONO2
as for 3-OH,4-ONO2 . For the isoprene hydroperoxynitrates (IPN), we recommend
the same OH-addition rates as for their respective IHN isomers, but we also add a
channel for abstraction of the hydroperoxy hydrogen, for which we use an average
of the abstraction rate constants measured by St. Clair et al. (2015) for [1,2]- and
[4,3]-ISOPOOH. Finally, for the carbonyl nitrates (ICN), we also recommend the
same OH-addition rates as for their respective IHN isomers, but we include a channel
for abstraction of the aldehydic hydrogen, as estimated from the SAR developed by
Kwok and Atkinson (1995).
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Figure 4.23: Reactions and products following the addition of OH to (4-OH,3ONO2 )-IHN. Yields are for 298 K and 1 atm; in reactions of peroxy radicals with
NO, the relative contributions of the nitrate and alkoxy pathways vary with both
temperature and pressure, and the branching ratio between IEPOX formation and
O2 addition also varies with pressure. For the reduced mechanism, we combine the
various isomers of stable C5 tetrafunctionalized products.
Mechanism: OH + β-nitrates (Figures 4.23, 4.24, 4.31-4.33) - The most comprehensively studied isoprene nitrate is the (4-OH,3-ONO2 )-IHN, for which product
studies have been carried out in bulk (Paulot et al., 2009a) and with authentic standards (Jacobs et al., 2014; Lee et al., 2014), though only under NO-dominated
conditions. Product yields from many other β-nitrates are inferred from these results. Our recommended OH + 4-OH,3-ONO2 -IHN mechanism is shown in Figure
4.23. We suggest OH reaction branching ratios of 90% 1-addition and 10% 2addition, although this ratio is poorly constrained due to the similarity of products
between the two channels (Jacobs et al., 2014; Lee et al., 2014).
Following OH and O2 addition, the resulting peroxy radicals are expected to
react predominantly with HO2 and NO. Reactions of the peroxy radicals with both
HO2 and NO are expected to produce mainly alkoxy radicals, which then go on to
fragment, except in the case of external peroxy radicals reacting with HO2 , which
are expected to produce hydroperoxides in high yields. At atmospheric pressure,
the main products of the fragmentation are formaldehyde and MVKN, although
β-scission of the C2-C3 bond to yield NO2 , glycolaldehyde, and hydroxacetone is
also a minor channel (Jacobs et al., 2014; Lee et al., 2014; Paulot et al., 2009a).
In addition to the fragmentation reactions, a number of functionalization channels
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have been observed or proposed. OH addition at the outer carbons can result in
prompt IEPOX formation, the yield of which is pressure-dependent (Jacobs et al.,
2014). Yields of IEPOX reported by Jacobs et al. (2014) at 50 Torr were as high
as 71%, with an extrapolated yield (based on pressure dependence measurements
up to 450 Torr) of 16% at atmospheric pressure, consistent with the yield reported
by St. Clair et al. (2015) of 12%. Alternatively, the peroxy radicals can undergo
1,5 and 1,6 H-shifts with external α-hydroxy hydrogens, which is followed rapidly
by reaction with O2 to form hydroxy-hydroperoxy-carbonyl-nitrates. Other functionalizations include reaction of the peroxy radicals with HO2 and NO to produce
dihydroxy-hydroperoxy-nitrates and dihydroxy-dinitrates respectively. Wall loss
and/or aerosol formation make the measurement of these products difficult, but Lee
et al. (2014) report a 3% dinitrate yield. The low yield requires a smaller branching
ratio to form nitrates from RO2 + NO when there are two electron withdrawing groups
beta to RO2 , as in the case of the branching ratios to yield organic nitrates from
methacrolein and methyl vinyl ketone (Crounse et al., 2012; Praske et al., 2015),
which our formula in Equation 4.3 provides. For the dihydroxy-hydroperoxy-nitrate
formation from reaction of peroxy radicals with HO2 , we assume a unity yield for
primary peroxy radicals, and use yields for analogous hydroxynitrates assumed in
Schwantes et al. (2015).
The recommended mechanism of the reaction of 1-OH,2-ONO2 -IHN with OH
is shown in Figure 4.24, and is similar to that of 4-OH,3-ONO2 -IHN, with the
main difference being the recommended branching ratios of 25% 3-OH-addition
and 75% 4-OH-addition. Again, reactions of the resulting peroxy radicals with NO
and HO2 produce predominantly alkoxy radicals, which can then fragment to form
either formaldehyde and MACRN or NO2 , glycolaldehyde and hydroxyacetone. The
estimated IEPOX yield from 1-OH,2-ONO2 -IHN is inferred to be similar to that of 4OH,3-ONO2 -IHN (St. Clair et al., 2015), as are the dinitrate yields Lee et al. (2014).
However, the overall hydroperoxide yield from the reaction of the peroxy radicals
with HO2 is predicted to be substantially higher than that of 4-OH,3-ONO2 -IHN,
due to the larger fraction of primary peroxy radicals formed.
The oxidation mechanisms of β-functional nitrate isomers formed in the reaction
of isoprene with NO3 (Figure 4.31) are less well constrained; here, we apply a
mechanism similar to that described in Schwantes et al. (2015), which draws upon
both bulk chamber studies of isoprene + NO3 and extrapolation from Lee et al.
(2014) and Jacobs et al. (2014). Briefly, the positions of OH addition to the
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Figure 4.24: Reactions and products following the addition of OH to 1-OH,2-ONO2 IHN. Yields are for 298 K and 1 atm; in reactions of peroxy radicals with NO, the
relative contributions of the nitrate and alkoxy pathways vary with both temperature
and pressure, and the branching ratio between IEPOX formation and O2 addition
also varies with pressure. For the reduced mechanism, we combine the various
isomers of stable C5 tetrafunctionalized products.
1-ONO2 and 4-ONO2 β nitrates are assumed to match those of MVK (Praske
et al., 2015) and MACR (Crounse et al., 2012), respectively. The positions of
the nitrate moieties preclude IEPOX formation, so all 1-ONO2 and 4-ONO2 βIHNs form peroxy radicals in 100% yield. The fates of these peroxy radicals
are similar to those of the 4-OH,3-ONO2 and 1-OH,2-ONO2 -IHNs; reaction with
NO can produce dinitrates, reaction with HO2 can produce hydroperoxides, and
reaction with either can cause fragmentation, forming smaller nitrates and carbonylcontaining compounds (PROPNN + GLYC or MACRN + CH2 O for 1-ONO2 ,2-OHIHN; ETHLN + HAC or MVKN + CH2 O for 3-ONO2 ,4-OH-IHN). Recommended
yields of these channels are calculated from Equation 4.3 or taken from Schwantes
et al. (2015).
The 1-ONO2 and 4-ONO2 β-IPNs (Figures 4.32 and 4.33) follow the same OH
oxidation mechanism as their corresponding IHNs, with two important exceptions.
First, OH can abstract the hydroperoxy hydrogen, reforming the isoprene-nitrateperoxy radical described in Section 4.5. Second, when OH adds at the terminal carbon, the hydroperoxide moieties on the IPNs can unimolecularly react in high yields
(∼50%) to form a nitrooxy-hydroxy-epoxide (INHE) similar to IEPOX (Schwantes
et al., 2015). The recommended subsequent chemistry of INHE (Figures 4.34 4.36) is extrapolated from the IEPOX chemistry described in Section 4.7.4, using
averages of the cis- and trans-β-IEPOX isomers’ branching ratios for the β-INHE
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Figure 4.25: Reactions and products following the addition of OH to E-(1-ONO2 ,4OH)-IHN. Z-(1-ONO2 ,4-OH)-IHN is expected to react identically. Yields are for
298 K and 1 atm; in reactions of peroxy radicals with NO, the relative contributions
of the nitrate and alkoxy pathways vary with both temperature and pressure, and the
branching ratio between IEPOX formation and O2 addition also varies with pressure.
For the reduced mechanism, we combine the δ-IHN isomers into a single species,
and scale the product yields of its subsequent reactions according to the relative
contributions of the isomers. We also combine the various isomers of stable C5
tetrafunctionalized products.

isomers.
Mechanism: OH + δ-nitrates (Figures 4.25-4.27, 4.37-4.40) - Authentic standards
for E- and Z-1-OH,4-ONO2 -IHN have been studied by Lee et al. (2014) and Jacobs
et al. (2014). Schwantes et al. (2015) built upon their findings and additional
bulk isoprene + NO3 experiments to postulate complete mechanisms for δ-IHN,
IPN, and ICN isomers. We draw heavily from Schwantes et al. (2015) for our
recommendations. For all δ-nitrates, we assume OH adds to the C2 and C3 positions
in a 30:70 ratio, as estimated by Teng et al. (2015) for 2-methyl-2-butene. The
subsequent reactions of the dominant IHN, IPN, and ICN isomers are shown in
Figures 4.25, 4.26, and 4.27, respectively, while those of the minor 4-ONO2 isomers
are shown in Figures 4.37, 4.38, and 4.39.
For the δ-IHNs, OH addition is followed either by O2 addition or by decomposition
of the nitrate moiety to form IEPOX + NO2 in a 13% yield (Jacobs et al., 2014;
St. Clair et al., 2015) for those isomers in the correct orientation. Subsequent
reaction of the peroxy radicals with NO or HO2 can result in formation of an
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Figure 4.26: Mechanism of the reaction of OH with E-(1-ONO2 ,4-OOH)-IPN. Z(1-ONO2 ,4-OOH)-IPN is expected to react identically. Yields are for 298 K and
1 atm; branching ratios between OH-addition and -abstraction, epoxide formation
and O2 addition, and nitrate and alkoxy formation all vary with temperature and/or
pressure. For the reduced mechanism, we combine the δ-IPN isomers into a single
species, and scale the product yields of its subsequent reactions according to the
relative contributions of the isomers. We also combine the various isomers of stable
C5 tetrafunctionalized products.
alkoxy radical, which, as with the β isomers, fragments to form smaller nitrates and
carbonyl-containing compounds (PROPNN + GLYC or MACRN’ + CH2 O for 4OH,1-ONO2 ; ETHLN + HAC or MVKN’ + CH2 O for 1-OH,4-ONO2 ). Additionally,
reaction of the peroxy radicals with NO can form dinitrates in small yields, while
reaction of the peroxy radicals with HO2 forms hydroperoxides in only moderate
(∼27%) yields, as assumed in Schwantes et al. (2015).
The reactions of δ-IPNs with OH follow similar channels to the δ-IHNs, with
two exceptions. First, OH can abstract the hydroperoxy hydrogen, reforming the
isoprene-nitrate-peroxy radical described in Section 4.5. Second, OH addition at the
α-nitrooxy position allows the hydroperoxide moiety to unimolecularly form OH +
the epoxide INHE, for which we recommend yields from Schwantes et al. (2015).
The remaining OH reaction products of δ-IPNs are assumed to be similar to those
formed from δ-IHNs.
The δ-ICNs also have unique channels in their reaction with OH, for which we use
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Figure 4.27: Mechanism of the reaction of OH with E-(1-ONO2 ,4-CO)-ICN. Z-(1ONO2 ,4-CO)-ICN is expected to react identically. Yields are for 298 K and 1 atm;
branching ratios between OH-addition and -abstraction, epoxide formation and O2
addition, and nitrate and alkoxy formation all vary with temperature and/or pressure.
For the reduced mechanism, we combine the four isomers of peroxy radicals derived
from the addition of OH and O2 to the δ-ICN isomers, and scale the product yields of
its subsequent reactions with NO and HO2 according to the relative contributions of
the isomers. We also combine the various isomers of stable C5 tetrafunctionalized
products.
branching ratios from Schwantes et al. (2015). Peroxy radicals formed following OH
addition can undergo [1,4]- and [1,5]-H-shifts, similar to those described by Crounse
et al. (2012) for MACR. Under high NO conditions, Xiong et al. (2016) measured
27% and 9% yields of MVKN and ETHLN, respectively, from the reaction of (4ONO2 ,1-CO)-ICN with OH. This distribution suggests that the C-CHO bond on ICN
is weaker than the C-CH2 OH bond on IHN. Thus, based on the product distribution
measured by Xiong et al. (2016), for δ-ICN OH-addition products, we recommend
that 75% of the alkyl radicals formed from RO2 + NO and RO2 + HO2 reactions
breaks at the C-CHO bond to form MVKN and MACRN. Additionally, products
from OH hydrogen abstraction from the aldehyde group of ICN are estimated and
included in the mechanism (Figure 4.40).
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4.7.5.2

Reactions of IHN, ICN, and IPN with O3 and NO3

Published rate constants for the reactions of IHNs with O3 based on authentic
standards show significant disagreement. Lockwood et al. (2010) report ozone rates
constants for the 1-OH,2-ONO2 , 2-OH,1-ONO2 , and E-1-OH,4-ONO2 isomers that
are two to three orders of magnitude faster than those reported by Lee et al. (2014) for
the 4-OH,3-ONO2 and E- and Z-1-OH,4-ONO2 . Based on ambient measurements
which show significant isoprene hydroxy nitrates at night (Beaver et al., 2012), it
is unlikely that the ozone rate constants are as large as reported by Lockwood et
al. (2010) and therefore we recommend the Lee et al. (2014) ozone rate constants.
Unpublished measurements at Caltech of the 1-OH,2-ONO2 ozonolysis rate constant
show similar order of magnitude rate constant to 4-OH,3-ONO2 . Recommended
rate constants for the reaction of ozone with the IHNs produced from isoprene + OH
are listed in Table 4.26. Recommended rate constants for the reaction of ozone with
the ICNs, IPNs, and IHNs produced from isoprene + NO3 are listed in Table 4.27.
Xiong et al. (2016) measured the ozone reaction rate constant for (4-ONO2 ,1-CO)ICN to be 4.4 ± 0.3 × 10−18 cm3 molec−1 s−1 . As with the OH oxidation of ICN, all
other ICN isomer rate constants were directly extrapolated using the rate measured
by Xiong et al. (2016) and the isomer-specific rate constants from IHN. Ozonolysis
rate constants for IPNs and IHNs are directly extrapolated from those of the IHNs
produced by isoprene + OH.
There is currently little measured data on NO3 rate constants with isoprene nitrates. Lee et al. (2014) discuss various SAR estimates for the potential importance
of loss by NO3 radical and finds that this process is probably negligible (lifetime
of 13 h at 10 pptv NO3 , using a SAR estimate proposed by Pfrang et al., 2008
and scaled by results for 1-hydroxy-2-butene by Zhao et al., 2011) to completely
negligible (lifetime of 130 h at similar conditions by Kerdouci et al. (2010)). In the
absence of experimental data to provide guidance, we recommend a rate constant
which is an average of the two revised SAR estimates from Lee et al. (2014) for the
IHNs, and extend this directly to the ICNs and IPNs (see Tables 4.26 and 4.27).
4.7.5.3

Photolysis of organic nitrates

The photolysis of organic nitrates is still poorly understood, with few measured
cross-sections. Several recent studies suggest, however, that photolysis may be a
dominant loss process for some of these compounds under typical ambient conditions. Previously compiled mechanisms have usually assumed slow photolysis
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of nitrates, and in particular, have assigned low quantum yields for the carbonyl
nitrates (Saunders et al., 2003; Xie et al., 2013), with some making an exception
for α-nitrooxy ketones, for which the neighboring functional groups demonstrably increase absorption cross-sections (Barnes et al., 1993; Robert and Fajer, 1989).
However, recent measurements of carbonyl nitrate photolysis by Suarez-Bertoa et al.
(2012), along with analysis by Müller et al. (2014), suggest much faster photolysis for
second-generation isoprene-derived nitrates, including PROPNN, ETHLN, MVKN,
and MACRN. We include these increased photolysis rates in our mechanism.
In light of the recent studies on carbonyl nitrates, we recommend further research
on the role of photolysis as a sink for the more complex organic nitrates formed
in the isoprene oxidation mechanism. The photolysis of (4-ONO2 ,1-CO)-ICN has
been measured (4.6 × 10−4 s−1 at solar zenith angle = 0◦ ) to be quite fast (Xiong
et al., 2016). All ICN are assumed to photolyze at this same rate. Xiong et al.
(2016) detected a number of products from the dissociation of both the C-CHO and
O-NO2 bonds, but unfortunately no yields were reported. Future studies should
focus on identifying product yields from ICN photolysis, as photolysis represents an
important atmospheric sink for ICN (Xiong et al., 2016). Additionally, hydroperoxy
nitrates formed in the reaction of isoprene with NO3 may have significant photolysis
rates, and should be investigated. There has also been some suggestion of higher
photolysis rates of non-carbonyl nitrates, including the first-generation hydroxy
isoprene nitrates themselves (Xiong et al., 2015). Further study is suggested.
4.7.6

MPAN

MPAN is formed from the reaction of methacryloyl peroxy radical (MACR1OO)
with NO2 . The amount of MPAN in the atmosphere is extremely sensitive to the NO2
to NO ratio. At high NO to NO2 ratio, MACR1OO is channeled toward irreversible
reaction with NO. The lifetime of MPAN is also highly dependent on temperature as
this compound (and other acylperoxynitrates) is labile to thermal decomposition. At
298 K, the thermal loss of MPAN occurs with an e-folding time of 4.5 h. Oxidation
with OH is also competitive within the thermal timescale (τOH = 4.8 h at 2 × 106
molec cm−3 ), and is considered below. The reactions of MPAN with O3 and NO3
are likely too slow to be competitive with thermal decomposition and OH reaction
(see Table 4.28).
Kinetics (Table 4.28) - IUPAC recommends a rate constant for the reaction of
MPAN with OH of 2.9 × 10−11 cm3 molec−1 (at 298 K, adjusted based on OH +
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oxidant

T (K)

k (cm3 molec−1 )

citation

OH
OH
OH
O3
NO3

298 ± 2
275 ± 3
298
291-297
296 ± 2

3.6 ± 0.4 × 10−12
3.2 ± 0.8 × 10−11
3.0 × 10−11
8.2 ± 2 × 10−18
1.45 ± 0.45 × 10−16

Grosjean et al. (1993c)
Orlando et al. (2002)
our recommendation
Grosjean et al. (1993a)
Canosa-Mas et al. (1999b)

Table 4.28: Reaction rate constants for the oxidation of MPAN by OH, O3 , and NO3 .
propene temperature dependence). The rate constant determined by Grosjean et al.
(1993c) is inexplicably 10 times lower than that determined by Orlando et al. (2002)
(see Table 4.28), both by competitive rate techniques. The Orlando et al. (2002)
rate constant is preferred by IUPAC based on analogy with the OH reaction of
CH2 =C(CH3 )C(O)OONO2 at 298 K (Saunders et al., 1994). Recent determinations
by Nguyen et al. (2015b) are also consistent with Orlando et al. (2002). The reaction
of OH + MPAN may have a small (probably negative) temperature dependence by
analogy with CH2 =C(CH3 )C(O)OONO2 , but for our mechanism, we follow the
recommendation of Orlando et al. (2002) and assume no temperature dependence.
Mechanism (Figure 4.28) - The mechanism of the OH reaction with MPAN,
which is remarkable due to its propensity to produce secondary organic aerosol (e.g.,
Surratt et al., 2010), has been subject of debate. Experimental studies of MACR
photooxidation in the presence of NO2 suggested the formation of an epoxide stable
product, called methacrylic acid epoxide (MAE), and NO3 (Lin et al., 2013b) or
an unstable dioxo-ketone product and NO2 (Chan et al., 2010a). A theoretical
study (Kjaergaard et al., 2012) suggested the formation of an unstable product, a
hydroxy methyl methyl-α-lactone (HMML) and NO3 . The Kjaergaard et al. (2012)
study proposes that 36% of HMML promptly decomposes to hydroxyacetone, while
Lin et al. (2013b) proposes very low (∼3%) hydroxyacetone formation. Compared
to 60 ± 10% hydroxyacetone yield observations of Grosjean et al. (1993c), the
suggestion of Kjaergaard et al. (2012) appears more favorable.
Recent laboratory work using synthesized and purified MPAN (Nguyen et al.,
2015b) confirms the formation of NO3 in high yields. Yields of hydroxyacetone
of approximately 30 ± 10% are in good agreement with theoretical predictions by
Kjaergaard et al. (2012) but in poor agreement with experimental observations of
Grosjean et al. (1993c). Further, the secondary organic aerosol yield was roughly
equal to (1 – YH AC ) and YNO3 . Notably, Nguyen et al. (2015b) did not observe MAE
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Figure 4.28: Reactions and products following the addition of OH to MPAN. Yields
are for 298 K and 1 atm; in reactions of peroxy radicals with NO, the relative contributions of the nitrate and alkoxy pathways vary with both temperature and pressure.
For the reduced mechanism, we ignore the low-yielding O2 -addition channel, and
instead recommend the prompt formation of 1.0×NO3 + 0.25×(hydroxyacetone +
CO) + 0.75×HMML.

formation from MPAN + OH, but did observe what appears to be MAE formation
(∼3%) from MACR + OH + NO2 . Thus, based on experimental results from MPAN,
we recommend the HMML formation mechanism and yields in Figure 4.28.
4.7.7

HPALDs

Two isomers of isoprene hydroperoxy aldehydes (HPALDs) can be formed from
the 1,6 H-shift isomerization of the Z-δ isoprene hydroxy peroxy radicals: (1CO, 4-OOH)-HPALD (HPALD1) from the Z-1-OH-4-OO radical, and (1-OOH,
4-CO)-HPALD (HPALD2) from the Z-1-OO-4-OH radical. Both remain in the Z
configuration through the formation process. While other hydroperoxy-carbonyl
compounds may be formed at other stages of the isoprene oxidation mechanism,
these two represent major first-generation products, and their subsequent chemistry
is therefore of primary importance. However, few experimental constraints exist on
the oxidation of HPALD; our recommendations here should therefore be updated
liberally as new evidence is published.
Kinetics - photolysis: Loss of HPALDs was originally predicted to occur mainly
by fast photolysis on the order of J = 10−4 to 10−3 s−1 by Peeters and Muller
(2010) and Peeters et al. (2009). The weak hydroperoxide O–OH bond has a low
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cross section, while the α,β-enone has a high cross section in the 290–370 nm
range and a stronger C–C bond. Fast internal conversion after absorption of a
photon changes the molecule to a lower electronic but higher vibrational state which
results in dissociation of the O–OH bond, resulting in a photolysis rate estimated to
be some 2 orders of magnitude faster than for the chromophore moieties –O–OH
or O=C–C=C– alone (Peeters and Muller, 2010). Experimental work using a
synthetic C6 -HPALD corroborated these hypotheses, demonstrating a near-unity
(±0.4) quantum yield over the range 300-400 nm, and thus estimating an HPALD
atmospheric lifetime of 30–180 minutes (Wolfe et al., 2012). However, recent
theoretical calculations place the quantum yields much lower, at 0.58 for HPALD1
and 0.55 for HPALD2 (Liu et al., 2017). This would result in a near-doubling
of the HPALD lifetime against photolysis, potentially bringing modeled mixing
ratios into closer alignment with aircraft measurements (Travis et al., 2016). Based
on the primary O=C–C=C– chromophore in HPALDs, we suggest a cross-section
equivalent to that of methacrolein (MACR), along with the quantum yields from Liu
et al. (2017).
Mechanism - photolysis (Figures 4.29 and 4.41): Peeters et al. (2009) predicted
that initial photolysis of the O–OH bond is followed by a 1,5-H-shift, O2 addition, a
1,6-H-shift and abstraction of a hydrogen atom by O2 to yield an HO2 and a peroxyacid-aldehyde (PACALD). However, PACALDs were not detected in experiments
(Wolfe et al., 2012), and a subsequent theoretical study identified a faster photolysis
route that bypassed the PACALD mechanism (Peeters et al., 2014). The latest
calculations from this fast photolysis channel (Liu et al., 2017) are in reasonable
agreement with what little experimental data exist, and we therefore recommend the
product yields from that computational study, as shown in Figures 4.29 and 4.41 for
HPALD 1 and 2 respectively. Of particular note is the high radical recycling from
the photolysis of HPALDS, which produces ∼1.65 equivalents of OH.
Briefly, for both HPALDs, photolysis of the aldehyde π-bond can either be
followed by a rapid 1,5-H shift of an α-hydroperoxy hydrogen and lose OH to
form a resonance-stabilized carbonyl doublet radical (22% for HPALD1, 36% for
HPALD2), or by a series of internal rearrangements and a loss of OH to form an
alkoxy radical (78% for HPALD1, 64% for HPALD2). The carbonyl doublet radical
intermediate is then expected to add oxygen; if it does so at the α-hydroxy position, it will undergo a 1,4 H-shift and lose HO2 to form 2-methylbut-2-ene-1,4-dial
(50%), while oxygen addition at an internal carbon is followed by a series of re-
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Figure 4.29: Reactions and products following the photolysis of the HPALD1.

arrangements, fragmentation, and further oxygen addition to form CO, OH, and a
C4 -hydroperoxy-dicarbonyl (50%). The major product (71%) of the alkoxy radical
is a C4 enol (hydroxy-MVK for HPALD1 and hydroxy-methacrolein for HPALD2),
which is coproduced with CO and OH. The minor channel (29%) from the alkoxy
radical produces CO and a C4 vinyl peroxy radical, which can then react with NO or
HO2 . Liu et al. (2017) point out that another non-traditional but energetically favorable pathway for this peroxy radical is reaction with NO2 followed by rearrangement
to form (3-ONO2 , 4-OH)-MVK (HPALD1) or 2-ONO2 , 3-OH)-MACR (HPALD2).
Some subsequent chemistry for the aforementioned products of HPALD photolysis
is provided in the figures and the explicit mechanism (see Supporting Information),
including the photolysis and reaction with OH of the enol products by extrapolation from Zhou et al. (2008), although we caution that these pathways are highly
speculative.
Kinetics - reaction with OH: Loss of HPALDs also occurs by reaction with OH,
though this is expected to be slower than photodissociation under most conditions
(Wolfe et al., 2012). Few direct constraints exist on the overall rate of reaction
between OH and HPALD, let alone the rates of the individual reaction pathways.
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Peeters and Muller (2010) estimated kOH+HP ALD = 5.2 × 10−11 cm3 molec−1 s−1 ,
and Wolfe et al. (2012) measured the rate of reaction between OH and a C6 -HPALD
to be kOH+HP ALD = (5.1 ± 1.8) × 10−11 cm3 molec−1 s−1 . Based on this evidence,
we recommend an overall rate coefficient of kOH+HP ALD = 5 × 10−11 cm3 molec−1
s−1 for both HPALD isomers at 298 K, although we note that this is surprisingly low
compared to rate coefficients of similarly structured molecules.
To apportion this recommended rate between the likely reaction pathways, we
extrapolate H-abstraction rates from similar molecules, and assign the remaining
fraction of the overall rate to OH addition, divided between the C2 and C3 positions
based on the 2:1 relative stability of their resulting alkyl radicals. We assign
rate coefficients for H-abstraction of the α-carbonyl, α-hydroperoxy, and ROO-H
hydrogens to be k HC O = 3.8 × 10−12 × e400/T , k H−ROOH = 7.5 × 10−12 × e20/T , and
k H−OOR = 2 × 10−12 × e200/T cm3 molec−1 s−1 for both HPALD isomers. These are
derived, respectively, from H-abstraction rates of methacrolein (with temperature
dependence from acetaldehyde), ethanol (increased by 4× due to the hydroperoxy
moiety and the allylic stability of the alkyl radical), and ISOPOOH. By subtracting
these abstraction rates from the overall rate, we derive OH addition rates at the C2
and C3 positions of kC2 = 1 × 10−12 × e650/T and kC3 = 2 × 10−12 × e650/T cm3
molec−1 s−1 , respectively, for both HPALD isomers.
Mechanism - reaction with OH (Figures 4.30 and 4.42): The products of the reactions of HPALDs with OH are even more poorly understood than the rates. Peeters
and Muller (2010) predicted that photolabile peroxy-acid-aldehydes (PACALDs)
would be a major product, but no PACALDs were detected by Wolfe et al. (2012).
Without strong experimental or theoretical constraints, we formulate our recommended mechanisms – shown in Figure 4.30 for HPALD1 and Figure 4.42 for
HPALD2 – based largely on extrapolation from similar compounds found elsewhere
in the isoprene mechanism.
Addition of OH to either HPALD isomer - which accounts for 50% of the
OH reaction channels at 298 K - can occur either at the β-hydroperoxy or βaldehydic positions. Addition at the β-hydroperoxy position is followed by O2
addition and an intramolecular H-shift, which leads to fragmentation, forming CO,
OH, and a C4 -hydroperoxy-hydroxy-carbonyl. Addition at the β-aldehydic position can follow a similar route, fragmenting instead to form CO, HO2 , and a
C4 -dihydroperoxycarbonyl, but also enables the fragmentation of the hydroperoxide
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Figure 4.30: Reactions and products following the oxidation of HPALD1 by OH.
Yields are for 298 K and 1 atm; the relative contributions of the H-abstraction and
OH-addition pathways vary with both temperature, and the branching ratio between
epoxide formation and O2 addition varies with pressure.

followed by cyclization to form an epoxide and OH. We estimate that these two
pathways each comprise 50% of the β-aldehydic OH addition mechanism.
Abstraction of the α-aldehydic hydrogen is both the dominant and most complex
abstraction pathway, as it forms a vinyllic radical with ketene properties. We estimate
that this radical will form an epoxy-ketene in 20% yield from the fragmentation and
cyclization of the hydroperoxide; a C5 PACALD in 10% yield from O2 addition at the
α-aldehydic position, followed by a 1,6 H-shift; and a hydroperoxy-ketene-peroxy
radical in 70% yield from O2 addition at the β-hydroperoxy position, which can then
react either with HO2 or NO and fragment to form CH2 O and a C4 carbonyl-ketene.
In each of the three pathways, OH is recycled as a coproduct of the stable organic
products.
Abstraction of the hydroperoxy hydrogen (H-OOR) yields a peroxy radical that
can follow two channels: an intramolecular 1,6 H-shift, forming the same vinyllic radical discussed in the preceding paragraph, or loss of O2 and re-addition
at the β-aldehydic position. The latter pathway is likely followed by a rapid 1,4
H-shift, producing CO, OH, and either MVK (from HPALD1) or MACR (from
HPALD2). We recommend that each channel represent 50% of the total hydroperoxy H-abstraction. Finally, abstraction of the α-hydroperoxy hydrogen yields an
alkyl radical that rapidly fragments to form OH and an unsaturated dialdehyde,
which presumably photolyzes readily.
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4.7.8

HMHP

HMHP is explicitly produced in our mechanism in contrast to most current atmospheric chemistry models. Thus, we also propose a reduced mechanism for its
loss via OH chemistry and photolysis. We recommend an OH rate coefficient of
k H M HP+OH = 4.3 × 10−12 × e190/T cm3 molec−1 s−1 with equal yields of CH2 O +
HO2 and formic acid + OH (Allen, et al., in prep.). Recommended photolysis rates,
based on cross sections from Roehl et al. (2007) are also included. Products of the
photolysis are 2OH and formaldehyde (Roehl et al., 2007).
4.8

Model

A semi-explicit mechanism for isoprene is included in the Supplement comprising
the reactions described in this paper along with rate constants and product distributions. The mechanism is in a format suitable for use with the Kinetic Preprocessor
(KPP) tool. Table I.2 in Appendix I gives the names of the species in the mechanism according to our naming convention along with the corresponding MCM name
(where available). Terminal species with no subsequent chemistry are shown in bold
font, while radical species are shown in italic font.
4.8.1

Naming Scheme

Names of most species are based on precursor names (ISOP for isoprene, MVK
for methyl vinyl ketone, MACR for methacrolein, etc.) that have the same carbon
structure. Attached to the precursor name are any additional functional groups, each
functional group immediately preceded by the carbon number that the functional
group is attached to, in order of ascending location (i.e. functional groups attached to
C1 precede functional groups attached to C2). Carbon numbers are those assigned
to isoprene. E or Z or c (cis) or t (trans) are attached to the end of the name
when appropriate to designate stereoisomers. A Stabilized Criegee Intermediate
(SCI) is designated by "ci" before the precursor name and “OO” following. An
energetically hot radical is designated by a lowercase "x" at the end of the name,
and an alkyl radical is denoted by an "r" at the radical position. Any functional
groups included within the precursor molecule (e.g., ISOP) are not included within
the name. Abbreviations for different functional groups are shown in Table I.1 in
Appendix I.
Abbreviations for common species that do not follow this naming convention
(such as GLYX for glyoxal) are also given in Table I.2 in Appendix I.
As an example of the naming scheme, an isoprene hydroxyhydroperoxide with
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the peroxide group attached to C3 and the alcohol group attached to C4 would be
named ISOP3OOH4OH. The double bond is not included in the name because this
double bond is present in isoprene (the precursor molecule).
4.8.2

Temperature and pressure dependence of rate coefficients

Most rate coefficients in our mechanism are formulated with the traditional Arrhenius exponential parameterization for temperature dependence (k = A × e−r/T ).
However, our mechanism also includes four alternative forms of rate coefficients:
(1) the 1,6 H-shift isomerizations with an extra tunneling factor, (2) the pressureand temperature-dependent Troe modification of a Lindemann-Hinshelwood rate expression (Troe, 1983), (3) the pressure-dependent expression for epoxide formation
rates formulated by Jacobs et al. (2014), and (4) the temperature- and pressuredependent nitrate yields from RO2 + NO reactions formulated by Arey et al. (2001)
(and earlier by Carter and Atkinson (1985) and Carter and Atkinson (1989)), as
described in Section 4.2. These parameterizations are described in greater detail
below.
The 1,6 H-shift isomerization reactions described in Section 4.3.3.4 are modeled
with a strongly negative T-dependent tunneling factor, best expressed as an Arrhenius
rate parameterization with an additional exponential term that includes T−3 in the
argument. We denote these rates with "k_tunneling[A,B,C]" in place of a typical
rate coefficient formula, where A, B, and C can then be applied in the following
formula:
3
ktunneling = A × e B/T × eC/T
(4.9)
The modified Lindemann-Hinshelwood rate coefficient (Troe, 1983) is only applied in two reactions within our mechanism: the formation and decomposition of
MPAN. These rates are denoted with "k_troe[A,B,C]", where A, B, and C, respectively, signify k 0 , k∞ , and Fc in the equation:
ktroe =

k 0 × [M]
1+

k0 ×[M]
k∞

(1+[log10 (

× Fc

k0 ×[M] 2 −1
k∞ )] )

(4.10)

The pressure dependence of epoxide yields can simply be understood as a means
of including the O2 concentration in the rate coefficient to skip a step and remove an
intermediate compound from the mechanism. In the full explicit mechanism, OH
addition to a double bond forms an alkyl radical, which can then either add O2 or form
an epoxide from an α-hydroperoxy or -nitrooxy group. Thus, the branching ratios
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of O2 addition and epoxide formation are dependent upon the O2 concentration.
Alternatively, the reaction can be written in a single step (OH addition to directly
form an epoxide) if the O2 concentration is included in the rate coefficient, in the form
k = k 0 × 1/(A × [O2 ] + 1). This parameterization allows for the removal of a species
from the mechanism (the intermediate alkyl radical), which may benefit models
limited by computational capacity, but at the cost of making the rate formulations
more complicated. We provide both parameterizations, such that either can be used
depending on the priorities and limitations of the modeling platform. The primary
explicit mechanism in the Supplement includes the intermediate alkoxy species and
their relevant reactions for every epoxide-forming step in the mechanism (including
those of ISOPOOH, isoprene hydroxynitrates, and other functionalized nitrates
formed from NO3 chemistry). A separate table is also included in the Supplement
with the reactions required for the [O2 ]-dependent rate coefficient parameterization,
as well as a list of reactions to remove from the full mechanism.
Finally, the temperature- and pressure-dependent yields of organic nitrates from
reactions of peroxy radicals with NO are described in Section 4.2, and we incorporate
these dependences into the rate coefficients of all RO2 + NO reactions in the explicit
and reduced mechanism. We denote the rate coefficients of nitrate-forming reactions
with "k_nitrate[X,Y,Z,n]", where X and Y are the preexponential and exponential
factors in the Arrhenius equation for the overall reaction rate, Z is the normalization
term for the nitrate yield (equal to A0 (n) × (1 − α0 )/α0 in Equation 4.3, and n is the
number of heavy atoms excluding the peroxy moiety. Thus, as in Equation 4.3, the
nitrate formation rate coefficient is given by the equation:

  A(T, [M], n) 
−Y /T
(4.11)
k nitrate = X × e
×
A(T, [M], n) + Z
where A refers to the Arey et al. (2001) parameterization in Equation 4.4. Similarly, we denote non-nitrate-forming RO2 + NO reactions with "k_alkoxy[X,Y,Z,n]",
where the same parameters are used with only a minor adjustment:


 
Z
−Y /T
(4.12)
k al koxy = X × e
×
Z + A(T, [M], n)
While this parameterization is significantly more complex than other rate coefficients in the model, the yield dependence on temperature and pressure is necessary
to accurately describe radical cycling through organic nitrates in the atmosphere.
However, for some applications of the model, the full parameterization may not be
necessary; in these cases, we recommend calculating branching ratios at the desired
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temperature and pressure before running the simulation, and scaling the Arrhenius
parameterization for the rate coefficients by the relative yields of each pathway.
4.8.3

Photolysis rates

Photolysis rates coefficients for photolytic reactions included in the mechanism
are the rates calculated when the sun is directly overhead. When input into a box
model, this rate can then be scaled with the sunlight intensity at a particular time of
day. These rates are multiplied in the mechanism by the variable "SUN" to denote
this.
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4.9

Supporting Information

Figure 4.31: Mechanisms of the reactions of OH with (1-ONO2 ,2-OH)-IHN and (3OH,4-ONO2 )-IHN. Yields are for 298 K and 1 atm; in reactions of peroxy radicals
with NO, the relative contributions of the nitrate and alkoxy pathways vary with
both temperature and pressure. For the reduced mechanism, we combine the β-IHN
isomers into a single species, and scale the product yields of its subsequent reactions
according to the relative contributions of the isomers. We also combine the various
isomers of stable C5 tetrafunctionalized products.
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Figure 4.32: Mechanism of the reaction of OH with (1-ONO2 ,2-OOH)-IPN. Yields
are for 298 K and 1 atm; branching ratios between OH-addition and -abstraction,
epoxide formation and O2 addition, and nitrate and alkoxy formation all vary with
temperature and/or pressure. For the reduced mechanism, we combine the β-IPN
isomers into a single species, and scale the product yields of its subsequent reactions
according to the relative contributions of the isomers. We also combine the various
isomers of stable C5 tetrafunctionalized products.

153

Figure 4.33: Mechanism of the reaction of OH with (3-OOH,4-ONO2 )-IPN. Yields
are for 298 K and 1 atm; branching ratios between OH-addition and -abstraction,
epoxide formation and O2 addition, and nitrate and alkoxy formation all vary with
temperature and/or pressure. For the reduced mechanism, we combine the β-IPN
isomers into a single species, and scale the product yields of its subsequent reactions
according to the relative contributions of the isomers. We also combine the various
isomers of stable C5 tetrafunctionalized products.
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Figure 4.34: Mechanism of the reaction of OH with (1-ONO2 ,2,3-O,4-OH)-INHE.
The cis and trans isomers are not treated separately, as they are expected to react
identically. Yields are for 298 K and 1 atm; branching ratios between nitrate and
alkoxy formation in reactions with NO vary with both temperature and pressure. For
both the full and reduced mechanisms, we simplify the INHE and ICN systems by
combining some intermediate peroxy radicals and distributing their products according to the relative contributions of the isomers. For the reduced mechanism, we also
combine the β-INHE isomers into a single species, and scale their product yields
similarly. We further combine the various isomers of stable C5 tetrafunctionalized
products.
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Figure 4.35: Mechanism of the reaction of OH with (1-OH,2,3-O,4-ONO2 )-INHE.
The cis and trans isomers are not treated separately, as they are expected to react
identically. Yields are for 298 K and 1 atm; branching ratios between nitrate and
alkoxy formation in reactions with NO vary with both temperature and pressure. For
both the full and reduced mechanisms, we simplify the INHE and ICN systems by
combining some intermediate peroxy radicals and distributing their products according to the relative contributions of the isomers. For the reduced mechanism, we also
combine the β-INHE isomers into a single species, and scale their product yields
similarly. We further combine the various isomers of stable C5 tetrafunctionalized
products.
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Figure 4.36: Mechanisms of the reactions of OH with (1,2-O,3-OH,4-ONO2 )and (1-ONO2 ,2-OH,3,4-O)-INHE. For both the full and reduced mechanisms, we
simplify the INHE and ICN systems by combining some intermediate peroxy radicals
and distributing their products according to the relative contributions of the isomers.
For the reduced mechanism, we also combine the δ-INHE isomers into a single
species, and scale their product yields similarly. We further combine the various
isomers of stable C5 tetrafunctionalized products.

Figure 4.37: Mechanism of the reaction of OH with E-(1-OH,4-ONO2 )-IHN. Z(1-OH,4-ONO2 )-IHN is expected to react identically. Yields are for 298 K and 1
atm; in reactions of peroxy radicals with NO, the relative contributions of the nitrate
and alkoxy pathways vary with both temperature and pressure, and the branching
ratio between IEPOX formation and O2 addition also varies with pressure. For the
reduced mechanism, we combine the δ-IHN isomers into a single species, and scale
the product yields of its subsequent reactions according to the relative contributions
of the isomers. We also combine the various isomers of stable C5 tetrafunctionalized
products.

157

Figure 4.38: Mechanism of the reaction of OH with E-(1-OOH,4-ONO2 )-IPN. Z(1-OOH, 4-ONO2 )-IPN is expected to react identically. Yields are for 298 K and
1 atm; branching ratios between OH-addition and -abstraction, epoxide formation
and O2 addition, and nitrate and alkoxy formation all vary with temperature and/or
pressure. For the reduced mechanism, we combine the δ-IPN isomers into a single
species, and scale the product yields of its subsequent reactions according to the
relative contributions of the isomers. We also combine the various isomers of stable
C5 tetrafunctionalized products.
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Figure 4.39: Mechanism of the reaction of OH with E-(1-CO,4-ONO2 )-ICN. Z(1-CO,4-ONO2 )-ICN is expected to react identically. The terminal radical formed
by H-abstraction (upper left) is presumed to add oxygen and react further like
the analogous (though not identical) acyl peroxy radical in Figure 13. Yields
are for 298 K and 1 atm; branching ratios between OH-addition and -abstraction,
epoxide formation and O2 addition, and nitrate and alkoxy formation all vary with
temperature and/or pressure. For the reduced mechanism, we combine the four
isomers of peroxy radicals derived from the addition of OH and O2 to the δ-ICN
isomers, and scale the product yields of its subsequent reactions with NO and HO2
according to the relative contributions of the isomers. We also combine the various
isomers of stable C5 tetrafunctionalized products.
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Figure 4.40: Mechanisms following the abstraction of an aldehydic hydrogen from
the δ-ICNs that form from the reaction of isoprene with NO3 . Yields are for
298 K and 1 atm; branching ratios between epoxide formation and O2 addition,
as well as nitrate and alkoxy formation, vary with temperature and/or pressure.
For the reduced mechanism, we group the ICN isomers together, and simplify the
H-abstraction scheme to represent its effects on HO x and NO x budgets.
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Figure 4.41: Reactions and products following the photolysis of the HPALD2.
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Figure 4.42: Reactions and products following oxidation of HPALD2 by OH. Yields
are for 298 K and 1 atm; the relative contributions of the H-abstraction and OHaddition pathways vary with both temperature, and the branching ratio between
epoxide formation and O2 addition varies with pressure.
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Chapter 5

ORGANIC AEROSOL FORMATION FROM THE REACTIVE
UPTAKE OF ISOPRENE EPOXYDIOLS (IEPOX) ONTO
NON-ACIDIFIED INORGANIC SEEDS

Nguyen, T. B., M. M. Coggon, K. H. Bates, X. Zhang, R. H. Schwantes, K. A.
Schilling, C. L. Loza, R. C. Flagan, P. O. Wennberg, and J. H. Seinfeld (2014). “Organic aerosol formation from the reactive uptake of isoprene epoxydiols (IEPOX)
onto non-acidified inorganic seeds”. In: Atmos. Chem. Phys. 14, pp. 3497–3510.
doi: 10.5194/acp-14-3497-2014.
Abstract
The reactive partitioning of cis- and trans-β-IEPOX was investigated on hydrated
inorganic seed particles, without the addition of acids. No organic aerosol (OA)
formation was observed on dry ammonium sulfate (AS); however, prompt and
efficient OA growth was observed for the cis- and trans-β-IEPOX on AS seeds at
liquid water contents of 40–75% of the total particle mass. OA formation from
IEPOX is a kinetically limited process, thus the OA growth continues if there is
a reservoir of gas-phase IEPOX. There appears to be no differences, within error,
in the OA growth or composition attributable to the cis/trans isomeric structures.
Reactive uptake of IEPOX onto hydrated AS seeds with added base (NaOH) also
produced high OA loadings, suggesting the pH dependence for OA formation from
IEPOX is weak for AS particles. No OA formation, after particle drying, was
observed on seed particles where Na+ was substituted for NH+4 . The Henry’s Law
partitioning of IEPOX was measured on NaCl particles (ionic strength ∼9 M) to
be 3 × 107 M atm−1 (-50%/+100%). A small quantity of OA was produced when
NH+4 was present in the particles, but the chloride (Cl− ) anion was substituted for
sulfate (SO2−
4 ), possibly suggesting differences in nucleophilic strength of the anions.
Online time-of-flight aerosol mass spectrometry and offline filter analysis provide
evidence of oxygenated hydrocarbons, organosulfates, and amines in the particle
organic composition. The results are consistent with weak correlations between
IEPOX-derived OA and particle acidity or liquid water observed in field studies,
as the chemical system is nucleophile-limited and not limited in water or catalyst
activity.
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Figure 5.1: Formation of IEPOX isomers from relevant isoprene hydroxy hydroperoxide precursors in the low-NO photooxidation of isoprene. The expected dominant
pathway is shown inside the box. The naming convention is based on Paulot et al.
(2009b).
5.1

Introduction

A significant portion of the organic aerosol (OA) production from isoprene, a
non-methane hydrocarbon emitted to the atmosphere in vast amounts, is attributed
to the heterogeneous chemistry of isoprene epoxydiols (IEPOX) (Budisulistiorini
et al., 2013; Chan et al., 2010b; Froyd et al., 2011; Hatch et al., 2011; McNeill
et al., 2012; Pye et al., 2013; Surratt et al., 2010). IEPOX, of which there are four
isomeric forms (Fig. 5.1), is a second-generation low nitric oxide (NO) isoprene
photooxidation product formed from the OH-oxidation of particular isomers of
isoprene hydroxy hydroperoxides (Paulot et al., 2009b). The mechanism for OA
production from IEPOX has been proposed as ring-opening of the epoxide group,
activated by proton transfer from a strong acid such as sulfuric acid (H2 SO4 ),
followed by nucleophilic addition of available nucleophiles in the condensed phase,
e.g. addition of water to produce tetrols, sulfate to produce organosulfates, and
so on (Eddingsaas et al., 2010; Minerath et al., 2008; Surratt et al., 2010). This
proposed mechanism has been corroborated by chamber investigations of particle
acidity effects on OA formation (Lin et al., 2012; Surratt et al., 2007a), wherein dry
acidic seeds (MgSO4 :H2 SO4 ≈ 1:1) prompted strong reactive uptake behavior from
epoxides (Paulot et al., 2009b), compared to negligible uptake for dry, non-acidified
seeds.
Recent field data suggest that the story might be more complex than described
above, as weak correlations between particle acidity and the abundance of IEPOX

164
particle-phase tracer products were observed in Southeastern USA sites (Budisulistiorini et al., 2013; Lin et al., 2013a). It should be noted that the indirect definition
of "particle acidity," which relies on charge balance of cations and anions, have
several limitations and may not effectively represent the activity of H+ in the aqueous phase of particles in some cases (Gregoire, 2013). Nevertheless, from the field
observations, Lin et al. (2013a) and coworkers proposed that other factors may possibly modulate OA formation from IEPOX in conjunction with particle [H+ ]. One
important distinction between previous chamber investigations, which have all been
conducted under dry conditions (relative humidity, RH <5%), and the Southeastern
USA location is the prevalence of particle liquid water on the ammonium sulfate
seeds. Water is a ubiquitous and abundant component of the atmosphere, therefore
the effect of liquid water on the uptake of OA precursors has important implications
for much of the globe. The crystalline ammonium sulfate seeds used in dry chamber
experiments may not have adequate liquid water for IEPOX to partition into the
aqueous phase, nor sufficient H+ , NH+4 , and SO2−
4 activities to promote reactive
uptake. Similarly, a particle with a large weight percent of H2 SO4 may have a
sizable liquid water component, even at RH <5%, due to the strong hygroscopicity
of H2 SO4 (Xiong et al., 1998), and the difference in reactive uptake of IEPOX may
be due either to the differences in particle liquid water or the particle free acidity.
In contrast, high concentrations of liquid water may cause dilution of aqueous ions,
i.e. changing the acidity or ionic strength, which has been demonstrated to change
the effective Henry’s Law partitioning coefficient of glyoxal (Kampf et al., 2013).
Despite these important interactions, the effect of liquid water on OA formation
from IEPOX has not been systematically explored in the laboratory.
We report here the reactive uptake of two isomers of IEPOX, the cis- and trans-βIEPOX (Paulot et al., 2009b), which together comprise more than 97% of the isomer
distribution (Bates et al., 2014). We synthesized authentic standards and observed
the dark OA growth onto non-acidified and hydrated inorganic seeds at several
particle liquid water concentrations. In the atmosphere, ammonium ions (NH+4 ) are
one of the most abundant components of aerosols and considerable IEPOX-derived
OA are observed, even when a dominant portion of the aerosols are charge-balanced,
+
−
+
e.g. 2 × [NH+4 ]/[SO2−
4 ] or [NH4 ]/[NO3 ] ≈ 1 (Lin et al., 2013a). The aqueous NH4
may possibly act as a catalyst for OA formation, as has been shown for a number
of atmospherically important reactions (Ervens and Volkamer, 2010; Noziere et al.,
2009; Sareen et al., 2010; Yu et al., 2011). We study reaction with NH+4 as a
potential rate-limiting mechanism for the IEPOX reaction. The role of cation and
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anion compositions in the seed for OA formation is studied by using ammonium
sulfate, ammonium chloride, sodium sulfate, and sodium chloride seeds.
5.2
5.2.1

Materials and Methods
Experimental Procedures

This work utilized a newly constructed 24 m3 FEP Teflon environmental chamber
specifically reserved for low-NO x applications. The walls have not been in contact
with strong acids and the chamber was operated in batch mode. Experiments
were performed at room temperature (23-24 ◦ C) and in the dark. Prior to the start of
experiments, the chamber was thoroughly flushed with dry, purified air until particle
concentrations are <0.01 µg m−3 . For humid experiments, water vapor was injected
until the desired relative humidity (RH) was achieved in the chamber by flowing dry
purified air over a Nafion membrane humidifier (FC200, Permapure LLC), which is
kept moist by recirculating 27 ◦ C ultrapurified (18 MΩ) water (Milli-Q, Millipore
Corp). Temperature and RH were measured by a Vaisala HMM211 probe, calibrated
with saturated salt solutions in the RH range of 11-95%. For RH <11%, the water
vapor content was quantified by chemical ionization mass spectrometry (CIMS,
Section 5.2.2.1).
Seed particles were injected by atomizing aqueous solutions (0.06 M) of ammonium sulfate ((NH4 )2 SO4 , AS), sodium chloride (NaCl), ammonium chloride
(NH4 Cl), or sodium sulfate (Na2 SO4 ) at 2100 hPa of air into the chamber through
a 210 Po neutralizer and water trap. All inorganic seeds were injected through a 30
cm custom-built wet-wall denuder kept at 90 ◦ C, such that the seed particles enter
the chamber hydrated. Liquid water is expected to evaporate from the seed particles
according to the salt’s efflorescence behavior (Lee and Hsu, 2000) at the RH of the
chamber; e.g., in a dry chamber it is expected that the hydrated particles will enter
the chamber fully dried. Particles were allowed to equilibrate until their volume
concentrations are stable prior to organic injections.
Two isomers of isoprene epoxydiols (cis- and trans-β-IEPOX) are synthesized via
procedures adapted from Zhang et al. (2012) and purified with normal-phase column chromatography until the estimated purity based on nuclear magnetic resonance
(NMR) of the cis- and trans-β-IEPOX isomers are 99% and >92%, respectively.
Details of the synthesis and NMR spectra are reported in Bates et al. (2014). Although the mole fractions of the impurities are low, their high volatility may lead
to an over-represented abundance in the gas phase. For the cis isomer, we de-
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tected experimental interference from the volatile 1,4-dihydroxy-2-methyl-2-butene
(a precursor used in the synthesis), comprising ∼50% of the vapor phase measured
directly above a bulb of IEPOX droplets by CIMS (Section 5.2.2.1). In order to further purify before experiments were conducted, cis-β-IEPOX droplets were purged
with dry N2 , and combined with 60 ◦ C heating for >8 h until the measured impurity
fraction dropped below 2% (Figure 5.9 in the Supporting Information). After the
additional purification, IEPOX was injected into the chamber by flowing a 5–8 L
min−1 stream of dry purified air past several droplets in a clean glass bulb heated
to 60 ◦ C for 2-4 h. The mixtures of IEPOX and seed aerosols were allowed to
equilibrate for >1 h. Most of the experimental conditions were repeated and were
found to be reproducible within 15%. We expect systematic error to dominate over
the error of precision in this work.
5.2.2
5.2.2.1

Analytical Methods
Chemical ionization mass Spectrometry (CIMS)

Gas-phase IEPOX was measured with negative-ion chemical ionization mass
spectrometry (CIMS) using CF3 O− as the reagent ion, described in more detail
previously (Crounse et al., 2006; Paulot et al., 2009a; St. Clair et al., 2010). The
mass analyzer is a Varian triple-quadrupole spectrometer with unit mass resolution.
Air is brought from the chamber using a 3 mm inner diameter perfluoroalkoxy
(PFA) Teflon line with flow rate of 2.5 L min−1 . Of the total chamber flow, a 145
mL min−1 analyte flow was sampled orthogonally through a glass critical orifice
into the CIMS. The analyte flow was further diluted by a factor of 12 with dry N2
to minimize the interaction of water vapor from the chamber with the reagent ion in
the ion-molecule flow region. The subsequent data analysis corrects for the dilution
factor. The operational pressure and temperature were kept at 35.5 hPa and 35 ◦ C,
respectively. The CIMS operated in a scanning MS mode (m/z 50–250) and tandem
MS mode (MSMS). In MSMS mode, collisionally induced dissociation (CID) with
2.6 hPa of N2 fragments analyte ions into product ions in the second quadrupole,
following the ejection of neutral species. The MS cluster ion C5 H10 O3 ·CF3 O− (m/z
203) of IEPOX was used for quantification, due to the higher signal-to-noise (S/N)
of this ion compared to MSMS ions. The MSMS product ion C5 H9 O3 ·CF2 O−
(m/z 203 → m/z 183), found to be unique to IEPOX in the isoprene OH-oxidation
system, was used to differentiate IEPOX from the isobaric isoprene hydroperoxide
(ISOPOOH), which has been documented to yield mainly m/z 63 and a negligible
amount of m/z 183 upon CID (Paulot et al., 2009b). ISOPOOH (m/z 203 → m/z 63)
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was not expected, nor observed, during IEPOX injections.
CIMS calibrations of cis- and trans-β-IEPOX were performed by separately
atomizing dilute (1–3 mM) solutions of each isomer with equimolar concentrations
of hydroxyacetone, used as an internal standard, into the chamber through a 15 cm
PFA Teflon transfer line for a few hours. During synthesis, NMR analysis showed
that IEPOX was stable in water solution for many hours if no acid was present, so
decay of IEPOX in the atomizer solution was not expected over the course of the
calibration experiment. Toluene was used as a tracer to obtain the exact volume of
the Teflon bag for each calibration experiment. A measured volume of toluene (6
µL) was injected into a clean glass bulb with a microliter syringe (Hamilton) and
quantitatively transferred into the chamber with a 5 L min−1 stream of dry purified
air. The gas-phase toluene was monitored by commercial gas chromatograph with
flame-ionization detector (GC-FID, Hewlett-Packard 6890N) using a calibrated HP5 column (15 m, 0.53 mm i.d.). The initial chamber temperature was 35 ◦ C,
and the temperature was ramped until 45 ◦ C or until no increase of IEPOX signal
was observed in the CIMS. The atomized solution was weighed before and after
atomization. Each sensitivity determination was repeated at least twice. The
sensitivities of the IEPOX isomers were calculated from the ratio of the normalized
ion counts (with respect to the reagent ion signal) to the number of atomized
moles. Small amounts of nucleated organic aerosols were observed in the chamber
from the atomization, as measured by a scanning mobility particle sizer (Section
5.2.2.3) and that volume concentration was subtracted from the theoretical moles of
IEPOX (corrections of <1%). Based on their calculated dipole moments and average
polarizability, the cis isomer was expected to have a sensitivity of ∼1.6 times greater
than the trans isomer (Paulot et al., 2009b), and we found the sensitivity of the cis
isomer to be a factor of 1.8 greater than the trans isomer in the MS mode. The
difference between the two ratios is within the error of the sensitivity determination.
Additionally, several mixing ratios of water vapor were introduced into the CIMS
ion-molecule region to measure the water dependence of the IEPOX detection. Water vapor was quantified by Fourier-transform infrared spectroscopy (FTIR, Nicolet
Magna-IR 560) with a 19 cm pathlength quartz cell. Spectral fitting was performed
using the HITRAN spectral database (Rothman et al., 2009) and the nonlinear fitting
software NLM4 developed by Griffith (1996). In the low RH range, outside the calibration limit of the membrane RH probe, the CIMS water ions H2 O·13 CF3 O− (m/z
104) and (H2 O)2 ·CF3 O− (m/z 121) were used to quantify water vapor concentration
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in the chamber after calibration of water vapor with FT-IR. These ions provide
excellent sensitivity to water and linearity in the 20–3500 ppm range in the CIMS
ion molecule flow region (corresponding to 1–100% RH in the chamber at 24 ◦ C,
before CIMS dilution). No water dependence in the detection of the IEPOX ions
was observed within the range of water vapor observed by CIMS.
In order to quantify the gas-phase concentrations of IEPOX, the CIMS signal was
corrected to account for the RH-dependent wall losses of IEPOX. The interactions
of IEPOX with chamber walls have not been previously characterized, although
those of its C4 analog have been reported (Loza et al., 2010). IEPOX wall loss
experiments were conducted at RH = 3%, 46%, and 69%, as described in Section
5.2.1, continuously for 5–10 h. Figure 5.10 in the Supporting Information shows
that the wall losses of IEPOX on non-acidic walls were negligibly small (∼0.4% h−1
at RH 69%), within the error of CIMS measurements.
5.2.2.2

Aerosol Mass Spectrometry (AMS)

Online particle composition was measured with a highresolution time-of-flight
aerosol mass spectrometer (ToF-AMS, Aerodyne Research Inc.). The ToF-AMS was
operated in V mode (R≈2000 at m/z 200) and W mode (R≈3000-4000 at m/z 200).
Prior to experiments, the ToF-AMS ionization efficiency was calibrated using sizeselected 350 nm ammonium nitrate particles. The ToF-AMS monitored the content
of ammonium (NH+4 ), sulfate (SO2−
4 ) and other nonrefractory ions throughout the
course of the experiment. The ammonium to sulfate ratio did not change over the
course of the experiment. Gas interferences and elemental ratios were calculated
using the fragmentation tables developed by Allan et al. (2004) and Aiken et al.
(2008). Data were analyzed in IGOR Pro 6.31 (WaveMetrics, Inc.) using the
SQUIRREL v 1.51H and PIKA v 1.10H analysis toolkits. Total concentration of
organics (µg m−3 ) was calculated by summing the nitrate-equivalent masses of each
high-resolution ion correlated with the organic fraction from the V-mode data.
Particles were sampled through a 130 cm Nafion membrane diffusion drier (MD110, Permapure LLC) to avoid flow obstructions from wet particles over time,
at a flow rate of 0.084 L min−1 . It is expected that drying the particles may
introduce particle or organic line losses in the drier tube and change the particle
bounce characteristics on the AMS vaporizer plate. These perturbations may be
corrected by applying a collection-efficiency (CE) factor. It was demonstrated that
organic aerosol particles with higher water content have very low bounce probability,
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which corresponds to a CE of unity (Docherty et al., 2013; Matthew et al., 2008).
Comparatively, dry particles have much lower CE (∼0.25 for pure, dry AS) due to
the high bounce rate. The CE of IEPOX-derived organic aerosol-coated particles
was calculated by measuring the mass concentrations of organics, sulfate, and
ammonium of the wet particles without a drier, wherein CE was assumed to be unity
and line losses assumed to be negligible, and comparing with measurements made
through a drier. We observe a CE of 0.75 for all conditions in this work, which
is consistent with the collection efficiency of organic aerosols measured previously
(Docherty et al., 2013). Further, it is expected that drying particles, relevant to the
hydration/evaporation cycles of aerosols in nature, may lead to enhanced interactions
between organic and inorganic compounds (De Haan et al., 2011; Nguyen et al.,
2012), irreversibly forming OA.
5.2.2.3

Particle Size and Number Concentration

Particle size and number concentrations were measured with a scanning mobility
particle sizer (SMPS), comprised of a custom-built differential mobility analyzer
(DMA) coupled to a commercial butanol-based condensation particle counter (CPC,
TSI Inc.). The SMPS particle size measurement was calibrated with polystyrene
latex (PSL) spheres. The particles entering the chamber have a static polydisperse
distribution, with peak dry particle diameter distributions in the range of 50–100
nm. The sample air flow was not dried in humid experiments. Particle mass
concentrations were corrected for RH- and size-dependent wall losses. The mass
concentration of particles typically ranged from 65–90 µg m−3 for all experiments,
using a particle density of 1.2 g cm−3 .
For AS-based experiments, the particle liquid water content was calculated based
on the size-dependent hygroscopicity of AS (Biskos et al., 2006; Hu et al., 2010). For
each particle diameter bin measured by SMPS, a theoretical dry diameter was calculated based on size-dependent literature growth factor data at the RH of the experiment. The difference in the wet (measured) and dry (calculated) integrated area of
the mass distribution yielded the liquid water concentration in g m−3 . Similarly, the
percent of liquid water content is calculated as % LWC = 100% × (Vwet –Vdr y )/Vwet ,
using the predicted wet and dry diameters.
Particle wall loss characterizations were performed for AS seeds at RH = 3%,
20%, 50%, and 80% prior to the start of the experimental series to correctly quantify
the mass concentrations of particles as a function of time. It was assumed that the

170
loss rates of AS were representative for particles of different composition. Seed
aerosols were atomized into the dry or humid chambers in the dark, allowed to
stabilize, and particle size and number concentrations were measured for >12 h.
The particle correction method that accounts for wall loss has been discussed in
detail previously (Loza et al., 2012).
5.2.2.4

Filter Collection and Analysis

Offline OA composition analysis was performed by ultrahigh performance liquid
chromatography time-of-flight electrospray ionization mass spectrometry (UPLC/ESIToFMS). Aerosol samples were collected onto Teflon membrane filters (Millipore,
1 µm pore), pulled at a 20 L min−1 flow through an activated charcoal denuder to
remove the volatile and semivolatile components. Each filter was extracted with
methanol (Fisher, Optima grade, ≥99.9%) by ultrasonication for 15 min in a 20
mL scintillation vial. The filtered extracts were blown dry under a gentle stream
of ultra-highpurity N2 . The residue was reconstituted with 150 µL of 50:50 v/v
acetonitrile (Fisher Optima grade, ≥99.9%) and water (Milli-Q).
Extracts were analyzed by a Waters Xevo G2-S UPLC/ESI-ToF-MS equipped
with an Acquity CSH C18 column (1.7 µm, 2.1×100 mm). The solvents used for
gradient elution were acetonitrile (Fisher Optima grade, ≥99.9%) and water with
a 0.1% formic acid spike (solvent “A”). The flow rate was held at 0.5 mL min−1 .
Accurate mass correction was completed by a lock spray of leucine enkephalin (0.61
ng µL−1 in 50:50 v/v acetonitrile / water with 0.1% formic acid). The ESI source
was operated in negative mode, where most analytes are ionized by deprotonation
and measured as [M-H]− . Ionic molecular formulas were determined from accurate
masses (mass resolution of 60,000 at m/z 400) using the elemental composition tool
in Mass Lynx. Control filters (no particles) and laboratory controls (seeds only)
were analyzed in the same manner.
5.3

Results and Discussion

5.3.1
5.3.1.1

Reactive Uptake of cis- and trans-β-IEPOX onto Ammonium Sulfate
Seeds
Liquid Water Content of Seeds

Figure 5.2 shows the time profile for the organic aerosol (OA) growth corresponding to reactive uptake of the trans-β-IEPOX onto ammonium sulfate (AS)
seeds at two RH conditions, dry (LWC ∼0%) and RH 57% (LWC ∼55%). The
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Figure 5.2: Typical uptake experiment results as a function of time, shown for
the trans isomer, at dry (top) and humid (bottom) conditions with the corresponding percent of liquid water content (LWC). The solid black line indicates when
IEPOX injection stopped and the mixture was allowed to equilibrate. Double y axes
correspond to traces of the same color.

traces shown in Figure 5.2 are representative of uptake behavior for both isomers on
the experimental timescale. For RH conditions above the ammonium sulfate (AS)
efflorescence point tested in this work (E RH ∼35%; Biskos et al., 2006), prompt and
efficient OA growth onto AS seeds was observed for both IEPOX isomers. No OA
growth was observed when the AS seeds were dry, in good agreement with other
reports (Lin et al., 2012; Surratt et al., 2010).
The OA growth from IEPOX did not halt after the end of the gas-phase injection
period (Figure 5.2, solid black line), even after periods of >2 h (Figure 5.11 in the
Supporting Information, top panel). This behavior is indicative of a non-equilibrium
process, as the addition of nucleophiles is not reversible after the rate-limiting step
of IEPOX activation (Eddingsaas et al., 2010). The formation of low-volatility
compounds should continue as long as a reservoir of gas-phase IEPOX is available.
The series of expected reactions leading to the formation of ring-opening products
(ROP) is shown below, illustrated using a general proton donor (AH) and nucleophile
(Nu).
IEPOX(g)  IEPOX(aq) , KH
(R1)
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IEPOX(aq) + AH  IEPOX-H+ + A−H , k AH
(R2)
IEPOX-H+ + Nu → ROP-H+ , kNu
(R3)
+
ROP-H + A−H → ROP + AH, kneutral
(R4)
For a solution with low AH and Nu activity, the equilibrium accommodation of
IEPOX into the aqueous phase, described by the Henry’s Law coefficient of IEPOX
(KH ), can be measured in isolation. Henry’s Law may not be an appropriate
description of the IEPOX reactive uptake experiments performed on the liquid
water of suspended aerosols, as the aerosol water layers represent highly non-ideal
solutions and the OA formation is kinetically limited. The OA formation mechanism
may include contributions from reactions other than Reactions R1–R4. To a firstorder approximation, total OA mass formed from gas-phase reactive uptake of
IEPOX will be a function of aqueous IEPOX concentration, nucleophile activity,
and catalyst activity.
For the sake of comparison between experiments, it is useful to have a metric that
includes the ratio of OA formed to gas-phase IEPOX injected and accounts for the
variability in the size and number of injected seeds between experiments, which is
reflected by the calculated aerosol water at different RH. We define here a reactive
partitioning coefficient (ΦO A/I E POX ), calculated similarly to an effective Henry’s
Law coefficient, and thus having the same units (Seinfeld and Pandis, 2006):
ΦO A/I E POX = (CO A/CI E POX )/[10−6 · R · T · PLWC ]

(5.1)

where (CO A/C I E POX ) is the mass concentration ratio of the IEPOX-derived organic
aerosol (dried), measured by ToF-AMS, and the gas-phase IEPOX, measured by
negative-ion CIMS, P LWC is the liquid water content of the inorganic aerosols prior
to IEPOX introduction (g m−3 ), R is the ideal gas constant (atm L mol−1 K−1 ), T is
the temperature (K), and 10−6 is a conversion factor (m3 cm−3 ). ΦO A/I E POX includes
the contribution from Henry’s Law equilibrium partitioning of IEPOX (Reaction
R1), and thus is an upper limit for the effective Henry’s Law constant.
We observe that ΦO A/I E POX was not time-dependent when both IEPOX and OA
were increasing, as the ratio (CO A/C I E POX ) stabilized when OA grew in response
to gasphase IEPOX (Figure 5.11 in the Supporting Information) but increased after
IEPOX injection stopped. The stabilized ratio is used for ΦO A/I E POX calculations
to compare between experiments. P LWC did not have a significant time dependence
due to a stable particle volume distribution before IEPOX gas-phase injections. The
uncertainties in the accuracy of the ΦO A/I E POX and KH measurements were estimated to be -50% and +100%, compounded from the uncertainties in the calculated
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CIMS sensitivities, liquid water fraction, AMS organic mass determinations, and
other measurements.
A summary of ΦO A/I E POX and other values is given in Table 5.1 for all ASbased uptake experiments. Figure 5.3 shows ΦO A/I E POX , as a function of particle
liquid water, for the cis- and trans-β-IEPOX uptake onto hydrated AS. A trend of
decreasing ΦO A/I E POX with increasing LWC was reproducibly observed, despite the
uncertainty range in the ΦO A/I E POX determinations. The suppression of ΦO A/I E POX
as a function of added water is likely due to dilution. For example, high aerosol
sulfate concentrations may cause a "salting-in" effect for IEPOX, or other watersoluble organic compounds (Kampf et al., 2013), which is inversely proportional
to water content. Higher water may also reduce the [H+ ], although the dependence
of the reaction on catalyst concentrations is not expected to be high. Additionally,
higher P LWC dilutes the aqueous IEPOX and nucleophile concentrations in the
aerosol liquid water, which reduce the rate of the chemical reaction as these species
are direct reagents. The dilution effect from increasing the pure water fraction at
a fixed ion content (moles of NH+4 and SO2−
4 ) is in contrast to a modeled increase
in OA mass in areas with high "anthropogenic water", in other words, mixtures
of water-soluble compounds found in urban regions (Carlton and Turpin, 2013).
In the atmosphere, the partitioning of anthropogenic gases like NH3 and SO2 will
simultaneously impact aqueous acidity and inorganic concentration and thus may
lead to enhanced OA formation in areas with higher P LWC .
5.3.1.2

Particle Acidity

As the decrease of ΦO A/I E POX with increasing liquid water content may be due
to more than one factor, an experiment was carried out to isolate the effect of pH. In
experiment 9 (Table 5.1), the AS solution was neutralized with a strong base (NaOH)
until the atomizer solution reached pH = 7. Solutions of AS without additives had
pH ∼5.5 before atomization because, although no strong acid was present, H+ is
expected to be present in small quantities based on the dissociation equilibria of
inorganics, such as the bisulfate/sulfate dissociation, and dissolution of CO2 . An
enhancement in the acidity of the particle may result from a smaller volume of water
in the particle and/or through loss of NH3 upon atomization. In the case of a fully
hydrated AS particle, the pH in the particle is predicted to be pH ∼4 using the E-AIM
Model (Clegg et al., 1998), and modeled pH values in the particle for all AS-based
experiments are shown in Table 5.1. As the pH values of the particles in this work are

(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4
(NH4 )2 SO4 +NaOH, pH=7
MgSO4 +H2 SO4 (1:1)

cis
cis
cis
cis
trans
trans
trans
trans
trans
cis

1
2
3
4
5
6
7
8
9
N/Ab

3
42
50
86
2
39
57
81
70
<5

RH
(%)
3.67
3.74
3.90
3.65
3.77
3.88
∼5.5
∼-10

70
91
92
81
65
82
89
88
84
48

particle
seed
a
pH
(µg m−3 )

1.15×108
1.01×108
4.00×107
1.06×108
8.44×107
7.66×107
6.89×107
1.47×108

ΦO A/I E POX
(M atm−1 )

Table 5.1: Summary of results from representative reactive uptake experiments onto ammonium sulfate seeds. Mean results from Lin
et al. (2012) are shown for comparison.

pH), see text (Section 5.3.1.2).

5.04×10−4
0.102
0.118
0.179
4.74×10−4
0.090
0.095
0.115
0.090
0.058

<1×10−6
3.74×10−5
4.79×10−5
5.68×10−5
<1×10−6
3.44×10−5
4.64×10−5
6.14×10−5
5.33×10−5
1.62×10−5 c
molality -based

CO A/C I E POX

P LWC
(g m−3 )

c Based on hygroscopicity of H SO at RH 5%, assumed growth factor 1.15 (Xiong et al., 1998).
2
4

b Mean results from Lin et al. (2012)

a Modeled pH using E-AIM and AIOMFAC models (the value from Lin et al. (2012) is a

seed
composition

IEPOX
isomer

expt
#
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Figure 5.3: Reactive partitioning coefficients (ΦO A/I E POX ) during the gas-phase
IEPOX injection for the trans and cis isomers as a function of particle liquid water
concentration. Error bars indicate experimental uncertainty as described in the text.

derived using inorganic models, the values obtained may include any uncertainties
inherent in the models, including uncertainties in the gas/particle partitioning of
NH3 , hygroscopicity of salts, and/or acid dissociation equilibria. When the RH
is below the deliquescence point of AS, the pH was estimated by calculating a
concentration factor from the P LWC at the lower RH. It is expected that atomization
will also lead to slightly lower pH for the base-neutralized atomizer solution, so the
particle may have pH <7. However, adding NaOH above neutralization to counter
this effect may induce side reactions such as base-catalyzed epoxide opening and OHnucleophilic addition (Solomons and Fryhle, 2004). NaOH is not explicitly treated
in the E-AIM and AIOMFAC inorganic models (Zuend et al., 2008); therefore, it
was assumed that atomization of the AS + NaOH solution may lead to, at most, the
same enhancement factor that occurred for the pH of the pure AS solutions.
Figure 5.4 shows that ΦO A/I E POX for the trans-β-IEPOX + AS system decreases
slightly as pH is increased, reaching a plateau above pH ∼4. We note that any
perceived change is within the error of the measurement; however, it is clear that
the trend of ΦO A/I E POX with pH is minor. These results differ from those of
Eddingsaas et al. (2010), who observed a linear increase of epoxide reaction rate
with H+ activity. Eddingsaas et al. (2010) used H2 SO4 /Na2 SO4 solutions, and thus
the differences in observations may be entirely due to the high NH+4 activity in the
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Figure 5.4: ΦO A/I E POX for the trans-β-IEPOX isomer as a function of modeled
particle pH.
AS particles employed in this work. The data suggest that when [H+ ] is small, NH+4
may activate reactions leading to OA formation, similarly to its catalytic activity
toward glyoxal (Noziere et al., 2009), methylglyoxal (Sareen et al., 2010), and other
carbonyls (Bones et al., 2010; Nguyen et al., 2013). Interestingly, pH >4 is the range
where NH+4 catalysis is most efficient. This is demonstrated by a stable reactivity of
the NH+4 -catalyzed reaction to generate brown carbon from limonene SOA at pH
4–9, but a sharp decline of reactivity below pH 4 (Nguyen et al., 2012). As the H+
and NH+4 ions are reactive toward organics in low-moderate and moderate-high pH
ranges, respectively, the resulting pH dependence may appear to be weak in AScontaining seeds. The dual reactivities of H+ and NH+4 toward IEPOX is expected
to be important in nature, as NH+4 -based seeds are abundant.
In comparison, the MgSO4 :H2 SO4 particles at RH <5% in the work of Lin et al.
(2012) are strongly acidic. These particles are predicted to have a non-negligible
amount of water due to the large hygroscopicity of H2 SO4 – and indeed, acidity in
particles is not a useful concept if water is not present. At RH = 0–5%, pure H2 SO4
particles have a growth factor of 1.1–1.2 (Xiong et al., 1998). Assuming a growth
factor of 1.15, and taking into consideration the inorganic seed mass concentration,
we calculated P LWC for the mean results in Lin et al. (2012), shown in Table 5.1.
The AIOMFAC Model (Zuend et al., 2011, 2008) was used to estimate the pH based
on the molal activity of H+ in the MgSO4 :H2 SO4 (1:1) particle. The calculated pH
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is ∼ -10 and the corresponding mean ΦO A/I E POX is ∼1.5 × 108 M atm−1 for cis βIEPOX (the trans isomer was not studied). ΦO A/I E POX for the acidic MgSO4 seeds is
slightly higher than, but within the error of, the ΦO A/I E POX values for non-acidified
AS seeds when a small amount of water is present (RH ∼40%). This comparison
is meant to be qualitative and subject to uncertainty because the experiments were
not performed under the same conditions. Nevertheless, the comparison shows that
a solution of high H+ activity and a solution of high NH+4 activity may both lead to
a relatively similar reactive uptake coefficient. As [NH+4 ]  [H+ ] in the particles in
this work, a similar ΦO A/I E POX would also suggest that kN H4+  kH + if the observed
rate coefficient for Reaction R2 is defined as kobs = k AH · [AH]. Eddingsaas et al.
(2010) estimated kH + ≈ 5 × 10−2 M−1 s−1 and (Cole-Filipiak et al., 2010) determined
kH + = 3.6 × 10−2 M−1 s−1 for IEPOX.
5.3.2
5.3.2.1

Molecular Picture of OA Formation from IEPOX
Cation and Anion Substitutions

To further investigate the role of NH+4 in IEPOX ring-opening reactions at nearneutral conditions, NH+4 was replaced by a cation that cannot act as a proton donor
(Na+ ). As isomer structure appears to be unimportant for uptake, only the trans
isomer was used for this portion of the study. Further, many nucleophiles present in
the atmosphere are known to add to the protonated epoxide to give the β-hydroxy
ring-opening product, for example: H2 O (Solomons and Fryhle, 2004), SO2−
4 ions
(Cavdar and Saracoglu, 2009), NH3 or amines (Clayden et al., 2001), and halide
−
ions (Clayden et al., 2001). Thus, SO2−
4 was substituted by Cl to study the anion
(or nucleophile) effect.
Hydrated particles of AS ((NH4 )2 SO4 ), sodium sulfate (Na2 SO4 ), ammonium
chloride (NH4 Cl), and sodium chloride (NaCl) were introduced into the chamber in
separate experiments, followed by the introduction of trans-β-IEPOX. The mixtures
were allowed to equilibrate for 3.5–6 h. The RH range for these reactions is
60–85%, chosen at a point well above their respective efflorescence RH (Martin,
2000), so that each seed would contain a considerable fraction of liquid water.
The particle size distributions for each seed type were polydisperse and unimodal,
with hydrated mobility diameters in the range of 15–600 nm and with 60–120 nm
peak diameters. It is expected that the hydrated particles were spherical. The
size-dependent hygroscopicities of AS and NaCl are well-studied; however, the
calculations of liquid water content for other seed types are subject to error based
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Figure 5.5: Ratio of organic aerosol produced to gas-phase trans-β-IEPOX injected
for seeds of various compositions (RH 60–85%).

on the method we described due to limited literature data. Therefore, we opt to
present results based only on the COA/CIEPOX for the comparison of inorganic
seed compositions.
OA formation after particle drying, as detected by ToF-AMS, is negligible for
both sodium salts (NaCl and Na2 SO4 ). The OA mass did not grow in response to
the addition of IEPOX for the Na+ -based particles (Figure 5.12 in the Supporting
Information). Figure 5.5 shows the average stabilized ratios of OA formed with
respect to trans-β-IEPOX injected for the four inorganic salts used in this work. The
atomizer solution pH for Na+ -based seeds was also ∼5.5, a typical pH for a water
solution in equilibrium with CO2 (Reuss, 1977). The large difference in reactivity
of IEPOX on Na2 SO4 vs. (NH4 )2 SO4 seeds may be attributed primarily to NH+4
activity, although there will be some differences in [H+ ] for the NH+4 -based and Na+ based seeds due to the slight dissociation of NH+4  NH3 + H+ . Additionally, in
light of the weak pH dependence for AS solutions, it appears likely that NH+4 activity
is an important factor in suppressing OA formation on Na2 SO4 seed particles. The
results show that equilibrium partitioning of IEPOX, i.e. any condensed-phase mass
formed from unreacted IEPOX, onto salty solutions is not competitive with reactive
partitioning for OA formation.
For the ammonium salts, NH4 Cl produced an order of magnitude lower mean
CO A/C I E POX ratio than (NH4 )2 SO4 , after an approximate 2 h delay (Figure 5.12 in
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the Supporting Information). The modeled pH, using E-AIM, for both ammonium
salt systems is similar (pH ∼4-4.5), and thus, the difference in reactivity may be
attributed to the nucleophilic activity of Cl− compared to SO2−
4 . Interestingly,
Minerath et al. (2009) showed that acid-catalyzed ring-opening products of an
epoxide with Cl− may be more efficient than SO2−
4 . In that study, sulfuric acid was
added to the NaCl + epoxide aqueous solution, which provide sulfate and bisulfate
ions to the solution. Therefore, the results may not be directly comparable to this
work. If Cl− can be a good nucleophile in aqueous solutions of IEPOX when coupled
with NH+4 catalysis, we may expect to observe organochloride products. There was
no evidence of organochloride-derived accurate mass fragments in ToF-AMS data
for the NH4 Cl reactive uptake organics. Further, gas-phase organochlorides were
not observed by the CIMS. It is possible that organochlorides are produced but
are easily hydrolyzed in the aerosol liquid water due to the relatively good leaving
group ability of Cl− , i.e. that the hydrolysis behavior of organochlorides is more
similar to that of tertiary organonitrates than that of organosulfates (Darer et al.,
2011). It is also possible that organochlorides are preferentially evaporated in the
diffusion drier because they might be more volatile than organosulfates or polyols.
In both situations, but more so the latter, the total organic mass from the NH4 Cl
experiments would be underestimated by ToF-AMS. Although we did not quantify
tetrols and other polyols in this work, it is expected that they are present in substantial
quantities because they are the thermodynamically preferred products in the epoxide
ring-opening reactions.
5.3.2.2

Henry’s Law Constant

Although ToF-AMS did not observe OA formation for experiments using sodium
salts (NaCl and Na2 SO4 ) after particle drying, the wall-loss-corrected SMPS data
(not dried) showed a minor and stable change in particle volume upon injection
of IEPOX into the chamber with hydrated NaCl or Na2 SO4 seeds (Figure 5.13a in
the Supporting Information, shown for NaCl). It is likely that the dissolved but
unreacted IEPOX was removed from the condensed phase upon particle drying,
which would lead to no observed OA mass in the ToF-AMS data throughout the
duration of the experiment. The reversibility of OA formation on the hydrated seeds
indicates equilibrium-partitioning of IEPOX into the aerosol liquid water. The ratio
of dissolved OA to injected IEPOX (Figure 5.13b in the Supporting Information)
reached a steady-state value at the end of the IEPOX injection period. Because NH+4
is not present, and [H+ ] is not expected to be considerable in the aqueous phase,
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Reactions R2 and R4 are unimportant for this system. Further, in experiments using
NaCl seeds, where the nucleophilicity of the solution is weaker, we are able to neglect
the contribution of Reaction R3, thereby isolating the equilibrium partitioning of
IEPOX (Reaction R1).
We estimate the Henry’s Law coefficient (KH ) for the equilibrium partitioning of
IEPOX into a briny liquid (NaCl ∼9 M ionic strength) representative of atmospheric
aerosol to be 3 × 107 (-50%/+100%) M atm−1 . The KH in a solution of NaCl may
be different than the value in pure water, due to complex aqueous interactions of
Cl− and Na+ with water-soluble organics. As an example, the Henry’s Law constant
for glyoxal was measured to be KH = (4.19 ± 0.87) × 105 M atm−1 in pure water,
1.90 × 106 M atm−1 in a 0.05 M NaCl solution, and 8.50 × 105 M atm−1 in a 4.0
M NaCl solution at 298 K (Ip et al., 2009). Ip et al. (2009) attributed the increase
in KH for NaCl solutions at low ionic strengths (compared to water) to hydrogen
bonding interactions of Cl− and OH groups and the decrease at high ionic strength
to a "salting-out" effect. The KH value for IEPOX has not been experimentally
determined in the past; however, the range of KH has been estimated using the
HENRYWIN model (EPA, 2008) by several studies. For example, Eddingsaas et al.
(2010) estimated KH = 2.7 × 106 M atm−1 using a bond contribution method, and
KH = 2.9 × 1010 M atm−1 using a group contribution method in version 4.0 of the
model. The empirical KH value reported here is within range of both estimations
– closer to the bond contribution method estimate. These results provide a critical
constraint in the partitioning coefficient, significantly decreasing the error associated
with using KH in a quantitative manner (from four orders of magnitude to a factor
of two).
5.3.2.3

Organic Composition

A full analysis of the OA composition is outside the scope of this work. The reader
is referred elsewhere for a discussion of the formation of oxygenated hydrocarbons,
for example, tetrols and alkenetriols and organosulfates in the aqueous reaction of
IEPOX catalyzed by acidic sulfate (Eddingsaas et al., 2010; Surratt et al., 2010).
Although strong acid is absent in the systems studied in this work, we observe many
similarities in the IEPOX-derived OA composition compared to the existing chamber
and field results. For example, organosulfate products are abundant when hydrated
AS seeds are used. The dominant ion observed in negative ion mode UPLC/ESIToF-MS for AS uptake was C5 H11 SO−7 (Figure 5.14 in the Supporting Information),
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corresponding to the ring-opening trihydroxy organosulfate product of IEPOX.
Derivatization was not performed in this work to detect tetrols. Organosulfate
fragments were also observed in ToF-AMS (CSO family of fragments, not shown).
IEPOX-derived OA formed under near-neutral conditions in this work have ToFAMS spectra similar to those of OA observed in the field. The suggested tracers
for IEPOX-derived organics, m/z 53 (mostly C4 H+5 ) and m/z 82 (mostly C5 H6 O+ )
(Budisulistiorini et al., 2013; Lin et al., 2012; Robinson et al., 2011), were observed
in uptake experiments using both isomers. These mass fragments were proposed
to originate from the electron-impact (EI) ionization of furan-derived molecules
that were suggested to be formed from the acid-catalyzed rearrangement of IEPOX
(Lin et al., 2013a). Although mass fragments produced by EI may have multiple
sources, in the pure system used in this study, m/z 82 was found to be a good tracer
for IEPOX-derived OA. Figure 5.6 shows the difference between mass spectra at
the end of the experiment and those at the time period prior to organic injection,
corresponding to the organic fraction of the OA formed from the uptake of both
isomers. The spectral ion distributions are very similar to each other and m/z 53 and
m/z 82 constituted a substantial fraction of the total ion intensity. The ion abundance
of tracer fragments increased in accordance with the growth of OA mass (Figure
5.15 in the Supporting Information). As m/z 53 (C4 H+5 ) is a reduced fragment, it is
also linked to hydrocarbon-like organics in chamber studies and may not be unique
to IEPOX-derived OA. m/z 53 was observed in all experiments, including those
that used Na+ -based seeds. However, m/z 82 is abundant only when NH+4 -based
seeds were used, supporting the suggestion that it can be formed though the EI
fragmentation of an IEPOX-derived ring-opening product in ToF-AMS.
A unique aspect of the NH+4 -catalyzed ring-opening reaction of IEPOX is the
minor possibility of nucleophilic addition by NH3 , instead of reforming NH+4 after
neutralizing the addition of another nucleophile. Figure 5.7 shows ion peaks for
organic fragments containing C-N bonds observed in ToF-AMS data from the uptake
of trans-β-IEPOX onto AS vs. Na2 SO4 seeds. The same C-N fragments were
observed in cis-β-IEPOX experiments using AS. These C-N fragments were not
initially present in the AS seeds, and grow linearly following the introduction of
IEPOX. Individual C-N fragments correlate well (Figure 5.16 in the Supporting
Information, linear fit R2 = 0.69–0.88) with the m/z 82 IEPOX-derived OA tracer
fragment (C5 H6 O+ ), suggesting that the reaction of IEPOX is responsible for the
presence of these amines. Comparatively, C-N type fragments were negligible or
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Figure 5.6: ToF-AMS normalized difference spectra (composition at peak OA
growth minus composition during seed injection), showing the organic composition
of the OA produced by reactive uptake of the trans and cis isomers. Select nominal
mass ions previously suggested to be IEPOX-derived OA tracers are labeled.
non-existent in uptake experiments from Na+ -based seeds. The identification of
amines is tentative; however, to the best of our knowledge, this is the first suggestion
of amine formation from IEPOX. As organic nitrogen compounds also give rise
to non-nitrogenous mass fragments in ToF-AMS, it is not possible to estimate
a mass concentration for the amines in this work. However, the CN family of
fragments comprised approximately 10% of the C5 H6 O+ signal, an indication that
amine formation may not be negligible. The formation of organic nitrogen from
the IEPOX + NH+4 reaction has important implications in the atmosphere as the
ring-opening reaction of epoxides with amines should be more efficient than with
NH3 (Azizi and Saidi, 2005). Further investigations may provide more insight on
the source of organic nitrogen from the atmospheric reactions of epoxides.
5.4

Summary and Atmospheric Implications

It was demonstrated here that the conversion of IEPOX to organic aerosol (OA)
depends on the coupled relationship between the inorganic composition and (P LWC ).
The inorganic composition governs the catalyst and nucleophile characteristics, and
P LWC provides a reaction medium for the partitioning of IEPOX and controls the
activities of all the aqueous components. The weak dependence on pH and the
strong dependence on nucleophile activity and particle liquid water suggest that the
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Figure 5.7: ToF-AMS difference spectra (open minus closed chopper) showing
organic nitrogen (amine) fragments from the reactive uptake of trans-β-IEPOX onto
AS vs. Na2 SO4 seeds. Similar fragments were observed for cis-β-IEPOX using
NH+4 -based seeds and not observed in Na+ -based seeds.

IEPOX reactions in hydrated ammonium salts are nucleophile-limited, rather than
catalyst-limited.
We showed that the equilibrium partitioning (Reaction R1) and the rate-limiting
step of IEPOX activation (Reaction R2) do not proceed in the absence of liquid water;
however, increasing the pure water content does not necessarily increase the reactive
partitioning coefficient due to various dilution effects. When the inorganic particle
is hydrated, the OA conversion is then determined by the catalyst and nucleophile
activities. The rate of OA formation incorporates both Reactions R2 and R3, as
illustrated by the cation and anion substitution case studies. In the hydrated Na2 SO4
experiment, there was high activity of a relatively good nucleophile, but a good
catalyst was absent. Therefore, the formation of OA, i.e., the ring-opening product,
was not observed because the equilibrium of Reaction R2 favors IEPOX(aq) . The
aqueous IEPOX mass that partitioned from the gas phase (KH ) onto the hydrated
Na+ -based seeds was removed from the condensed phase following the evaporation
of water. In the hydrated NH4 Cl experiment, there was high activity of a good
catalyst but possibly a poorer nucleophile than sulfate ion. A smaller quantity of
OA formed because the rate of Reaction R3 was slow, which was further supported
by the observed 2 h delay in OA formation. Only when P LWC , NH+4 activity, and
SO2−
4 activity are all significant, as in the case of hydrated (NH4 )2 SO4 seeds, is the
OA formation efficient and prompt. The OA mass formed from IEPOX uptake onto
1:1 MgSO4 :H2 SO4 seeds (RH <5%) from previous studies may also be explained in
terms of these conditions, as P LWC (∼30%), catalyst (H+ ) activity and nucleophile
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(SO2−
4 ) activity were all sufficiently high in the particle.
In the atmosphere, relationships of water-soluble OA with P LWC may be different
and more difficult to interpret compared to laboratory studies because an increase
in the P LWC of atmospheric particles is often accompanied by the copartitioning of
water-soluble organic and inorganic compounds. The abundance of water-soluble
organic compounds in the Southeast USA has been observed to be proportional to
the liquid water contents of particles (Carlton and Turpin, 2013; Hennigan et al.,
2009; Hennigan et al., 2008). In contrast, a weak correlation of modeled P LWC with
the abundance of IEPOX-derived OA tracers has also been observed, in the same
geographical region (Budisulistiorini et al., 2013). The results of this work may
not be directly comparable to field observations, however, they do not necessarily
conflict. Particles may experience multiple hydration/evaporation cycles in the
atmosphere, and the majority of particles likely contain liquid water at some point
during their long lifetimes. The OA produced from IEPOX reactive uptake onto
AS is irreversible (not removed from particle drying in this work), and depending
on whether it had been sampled in the atmosphere before or after an evaporation
cycle, the apparent correlation of IEPOX-derived OA with P LWC would be different.
Consequently, systematic studies in the laboratory are important for elucidating
observations from the field.
Our results offer an alternate explanation to the abundance of IEPOX-derived
OA tracers when the free H+ acidity in particles is modeled to be low (Lin et al.,
2013a). It has been suggested that the reason for the weak correlation with acidity
is the reaction of an acidic seed particle with IEPOX to form organosulfates, which
affects the particle acidity over time (Budisulistiorini et al., 2013). We show here
that particle acidity does not appear to be important for the IEPOX + AS system
if particle liquid water is present, in that highly acidic seeds and weakly acidic
AS seeds both have high potential to form OA from IEPOX reactive partitioning.
The apparent correlation between OA mass from IEPOX and P LWC , ammonium or
acidity may be weak whenever water or catalyst concentrations are not limited; thus,
in regions with high AS loading and RH, there should be a higher correlation with
sulfate. This result would suggest that the OA formation process from IEPOX is
insensitive to changes in the degree of neutralization of the particles in many AS
dominated areas, including the Southeast USA. The typical [NH+4 ] is several orders
of magnitude larger than [H+ ] in atmospheric particles, making it very likely to
activate the IEPOX ring-opening reaction. Current models consider only H+ and
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Figure 5.8: Addition of weak nucleophiles in the aqueous NH+4 - and H+ -catalyzed
ring opening of IEPOX to form low-volatility organic compounds.
HSO−4 activity (McNeill et al., 2012; Pye et al., 2013), likely owing to the lack of
experimental data describing the NH+4 -initiated reaction with IEPOX, for example,
kinetic coefficients like kN H4+ . Future experimental and modeling studies should
consider the NH+4 activity of a particle, in addition to the H+ and HSO−4 activity, for
a more-accurate representation of OA formation from IEPOX.
An updated reaction mechanism appears in Figure 5.8, in which NH+4 and H+ are
shown to donate a proton to the epoxide oxygen, followed by nucleophilic addition
to form oxygenated hydrocarbons, ammonia (or amines), and organosulfates. The
ability of NH+4 to catalyze a nucleophilic addition reaction is not unprecedented,
as NH+4 can protonate aldehydes to facilitate nucleophilic addition (Noziere et al.,
2009), and the high ring strain of an epoxide should provide an even greater thermodynamic motivation for the reaction. Indeed, due to the strain of epoxides, ring
opening is chemically facile and may be promoted by a wide range of aqueous
chemical species and conditions common in atmospheric aerosols, in addition to H+
and NH+4 . For example, Lewis acids such as iron (Fe3+ ) (Iranpoor and Salehi, 1994)
and copper (Cu2+ ) (Muzart and Riahi, 1992) ions may be even stronger catalysts.
Furthermore, the reaction may proceed with no added catalyst, for example, in the
presence of amines (Azizi and Saidi, 2005) or even hot water (60 ◦ C) (Wang et al.,
2008b). The nucleophiles for these reactions may be water, amines or ammonia,
thiols, sulfate ions, nitrate ion, halide ions, carboxylic acids, and alcohols (Clayden
et al., 2001; Iranpoor et al., 1996; Jacobsen et al., 1997). Because of the diversity
in the composition of atmospheric aerosols and fog/cloud droplets (Graedel and
Weschler, 1981), the distribution of IEPOX-derived products in nature may be more
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complex and varied than currently believed.
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5.5

Supporting Information

Figure 5.9: Purging the volatile 1,4-dihydroxy-2-methyl-2-butene impurity from
cis-β-IEPOX droplets with dry N2 over a heated bulb (60 ◦ C) for several hours. The
fraction of impurity to IEPOX, as measured by CIMS, was allowed to decay to <2%
before use for experiments.
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Figure 5.10: Vapor wall loss of cis-β-IEPOX to the chamber walls.
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Figure 5.11: Top panel: OA grows in response to IEPOX gas-phase injection, but
continues to grow after halting IEPOX injection, an indication that the system is not
at equilibrium. Bottom panel: the ratio of the OA to gas-phase IEPOX starts off
noisy and levels out as IEPOX is injected. The ratio continues to grow as gas-phase
IEPOX stabilizes and OA continues to grow. The shaded panel where the ratio levels
out is used in ΦO A/I E POX calculations.
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Figure 5.12: Typical behavior of the ratio of organic aerosol formed (detected by
AMS) to gas-phase IEPOX (detected by CIMS) during the course of an experiment.
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Figure 5.13: SMPS data showing an increase in particle volume when gas-phase
IEPOX was injected with wet NaCl seeds, which stabilized over the course of the
experiment. The ToF-AMS, which sampled dried particles, did not observe OA
formation – an indication that the OA is reversibly formed in the liquid water of
NaCl seeds (equilibrium partitioning) and that the unreacted IEPOX is removed
from the particle phase upon drying.
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Figure 5.14: (a) Total ion chromatogram for the IEPOX-derived OA collected
onto a filter. The sharp peak at 1.36 minutes corresponds to the elution of the
IEPOX-derived organosulfate. (b) The mass spectrum corresponding to the 1.36
minute peak, showing that one peak (C5 H11 SO−7 ) dominates the spectrum. MSMS
fragmentation (c) confirms organosulfates with the m/z 96.9581 (HSO−4 ) product
ion.
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Figure 5.15: Proposed tracer mass fragments for IEPOX-derived OA correlate well
(R2 >0.99) with the formation of OA mass.

Figure 5.16: Correlation of four amine (C-N) fragments with the IEPOX tracer
fragment (C5 H6 O+ ) observed in ToF-AMS data for reactive uptake onto AS seeds.
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Chapter 6

CONCLUSIONS
The preceding chapters of this thesis, along with the following appendices, contribute to the substantial recent progress in our understanding of the HO2 -dominated
pathway of isoprene oxidation, and how that sub-mechanism fits into the broader
contexts of both isoprene oxidation in general and the chemistry of the atmosphere
as a whole. In the eight years since the publication of IEPOX’s discovery (Paulot
et al., 2009b), a wealth of research has been conducted into its possible fates and reactive pathways, aided by the development of synthetic pathways for the production
of four IEPOX isomers (Zhang et al., 2012). The rates and products of its reaction
with OH have been quantified, first by Jacobs et al. (2013) and then in the studies
described in Chapters 2 and 3; subsequent experiments detailed in Chapter 3 also
explored the chemistry of those products. Its contribution to SOA was first investigated in the laboratory by Lin et al. (2012) and Nguyen et al. (2014a) (Chapter 5),
and many ensuing studies have contributed to this line of enquiry by examining particle phase reaction probabilities (Riedel et al., 2015), the effects of aerosol acidity
(Gaston et al., 2014; Liu et al., 2015; Wong et al., 2015) and organic coatings (Riva
et al., 2016a) on IEPOX uptake, and the chemical composition (D’Ambro et al.,
2017a; Riva et al., 2016b) and light-absorbing properties (Lin et al., 2014) of that
IEPOX-derived SOA. Additional studies of minor chemical pathways, such as dry
deposition (Nguyen et al., 2015a) and low-yield products of ISOPOOH chemistry
(Berndt et al., 2016; D’Ambro et al., 2017b; Krechmer et al., 2015; Liu et al., 2016)
have further amplified our understanding of isoprene’s HO2 -dominated oxidation
mechanism. Finally, as described briefly in Chapter 4, the results of these studies
and others are now being incorporated into chemical models and used to investigate
the importance of these newly explored oxidation pathways, as well as their effects
on oxidant budgets, SOA formation, and other variables of interest in regional and
global contexts (Marais et al., 2016; Travis et al., 2016).
As a result of the work in this thesis and the related studies mentioned above,
the sinks of IEPOX have largely been constrained. Despite its myriad dependences
on OH concentrations, the turbulence and depth of the mixing layer, and particle
surface area and composition, the initial atmospheric fate of IEPOX can now be
parameterized and modeled. Results from a number of such simple models are
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listed in Table 6.1, including some based on measured ambient conditions. Further
validation of IEPOX oxidation, uptake, and deposition parameterizations with field
measurements will enable their implementation in more complex and broad-scale
models.
Despite this recent progress, some aspects of the HO2 dominated isoprene mechanism remain poorly constrained, which present promising avenues for further research. First, although many initial particle-phase products from the reactive uptake
of IEPOX have been characterized, the potential reactivity and atmospheric fate of
IEPOX-derived SOA is largely unknown. Aerosol aging encompasses a complex
set of processes (including condensed-phase reactions, heterogeneous chemistry,
photolysis, cloud processing, and others) that can cause changes in SOA chemical
composition (George et al., 2007; Molina et al., 2004) and optical properties (Sareen et al., 2013) and can even form volatile products that return to the gas phase
(D’Ambro et al., 2017a; Malecha and Nizkorodov, 2016; McNeill et al., 2008).
Preliminary results from the Seinfeld and McNeill laboratories suggest that exposure of IEPOX-derived SOA to gas-phase OH can cause rapid fragmentation of
particle-phase organic species, leading to the volatilization of small acids and other
compounds. If, as would thus be expected, these aging processes and their gasphase products affect the lifetime of IEPOX-derived SOA and its overall loading,
ozone formation, or oxidant cycling, then quantifying their effects they would be of
vital importance to accurately describing the role of the HO2 -dominated isoprene
oxidation pathway in the atmosphere.
Another auspicious field of future research regards unexplored product channels
of the HO2 -dominated oxidation mechanism, including both later-generation chemistry and minor products from early generations that may have previously escaped
detection. Chapter 3 identified stable oxidation products up to the fourth generation
beyond isoprene, and observed that most compounds at that stage had fragmented to
contain four or fewer carbon atoms, making them less likely to contribute to SOA;
still, the dominant products are formed in such high abudnance (e.g., the fourthgeneration C4 hydroxydicarbonyls are produced in excess of 50 Tg y−1 from isoprene
oxidation) that their subsequent chemistry could have significant effects on local oxidant levels, radical cycling, and ozone formation. Additionally, new classes of highly
oxidized compounds have recently been identified as potential minor products from
the oxidation of ISOPOOH, including dihydroxy-dihydroperoxides and dihydroxyhydroperoxy-epoxides (Berndt et al., 2016; D’Ambro et al., 2017b; Krechmer et al.,

Table 6.1: Estimates of the relative contributions of reaction with OH, particle uptake, and deposition as pathways for the loss of gas
phase IEPOX under various atmospheric conditions.

citation
conditions
Worton et al. (2013)
ambient: Sierra Nevada, CA, summer
6
Gaston et al. (2014)
[OH]∼10 molec cm−3 , ∼100 µm2 cm−3 (NH4 )2 SO4 particles
Gaston et al. (2014) [OH]∼106 molec cm−3 , ∼100 µm2 cm−3 (NH4 )HSO4 particles
Nguyen et al. (2015a)
low or non-acidic particle limit
6
Bates et al. (2016)
[OH]∼2.5×10 molec cm−3 , ∼200 µm2 cm−3 pH 3 particles
Hu et al. (2016)
ambient: Centreville, AL, summer

pathway contributions (%)
+ OH
particle
dry
(gas phase) uptake deposition
52
<1
48
57
1
42
30
48
22
≤45
44
37
19
9
75
16
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2015; Liu et al., 2016). Despite their low yields, these products could contribute a
substantial portion of isoprene-derived SOA under HO2 -dominated conditions due
to their low volatility. These compounds are difficult to measure because of their
rapid losses to chamber walls and instrumental surfaces, but new methods are now
being employed to detect them directly or through their contribution to SOA. Further
constraining the yields and uptake of these highly oxidized products is necessary
to better understand and model SOA formation from the HO2 -dominated isoprene
oxidation pathway.
Finally, the improved representation of isoprene reaction mechanisms in chemical
transport models, for the sake of both comparison with field measurements and
investigating the broader effects of isoprene oxidation, presents another promising
avenue for further research. Notwithstanding from the comprehensive treatment of
isoprene oxidation in Chapter 4, recent developments in isoprene chemistry have
only been incorporated into global models on an ad hoc basis (e.g. in Chapter
3 and Appendices B, D, and G). Despite many recent improvements, chemical
transport models still fail to accurately represent regional and global concentrations
of isoprene-derived VOCs (Travis et al. (2016) and Appendix 7) as well as trace
gases of broader importance such as OH (Turner et al., 2017; Voulgarakis et al.,
2013) and ozone (Apel et al., 2012; Parrish et al., 2014; Whalley et al., 2010).
This thesis has demonstrated the importance of HO2 -dominated isoprene chemistry
to such trace gas budgets across wide swaths of the globe; it is imperative that
models incorporate accurate representations of this chemistry in order to determine
isoprene’s effects on air quality and climate, and to look at how those effects may
change in the future. SOA, in particular, is currently only given cursory treatment in
most chemical transport models. Given its high and uncertain importance to climate
forcing (Pachauri et al., 2014), the potential for significant changes in future SOA
loading (Lin et al., 2016), and the major contribution of HO2 -dominated isoprene
chemistry to global SOA budgets, improving parameterizations of SOA and the
chemistry of its precursors in models will be a prominent direction for further
research.
The importance of isoprene to the chemistry of the troposphere can hardly be
overstated; its high emissions and reactivity mean that even minor channels in its
oxidation mechanism can play outsized roles in local atmospheric chemistry, and
major oxidation channels, such as the HO2 -dominated pathway, can effectively set
oxidant cycling, ozone production, and SOA formation rates across broad swaths
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of the globe. Comprehending this mechanism is thus crucial to determining the
role isoprene plays in affecting air quality and climate, and how that role may
change over time. This thesis has presented a small but important step toward that
comprehension, and will hopefully inform future studies that can bring us even
closer to that goal.
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Appendix A

OVERVIEW OF THE FOCUSED ISOPRENE EXPERIMENT AT
THE CALIFORNIA INSTITUTE OF TECHNOLOGY (FIXCIT):
MECHANISTIC CHAMBER STUDIES ON THE OXIDATION OF
BIOGENIC COMPOUNDS

Nguyen, T. B., J. D. Crounse, R. H. Schwantes, A. P. Teng, K. H. Bates, X. Zhang,
J. M. St. Clair, W. H. Brune, G. S. Tyndall, F. N. Keutsch, J. H. Seinfeld, and
P. O. Wennberg (2014). “Overview of the Focused Isoprene eXperiment at the
California Institute of Technology (FIXCIT): Mechanistic chamber studies on the
oxidation of biogenic compounds”. In: Atmos. Chem. Phys. 14.24, pp. 13531–
13549. doi: 10.5194/acp-14-13531-2014.
Abstract
The Focused isoprene eXperiment at the California Institute of Technology (FIXCIT) was a collaborative atmospheric chamber campaign that occurred during January 2014. FIXCIT is the laboratory component of a synergistic field and laboratory
effort aimed toward (1) better understanding the chemical details behind ambient
observations relevant to the southeastern United States, (2) advancing the knowledge of atmospheric oxidation mechanisms of important biogenic hydrocarbons,
and (3) characterizing the behavior of field instrumentation using authentic standards. Approximately 20 principal scientists from 14 academic and government
institutions performed parallel measurements at a forested site in Alabama and at
the atmospheric chambers at Caltech. During the 4 week campaign period, a series
of chamber experiments was conducted to investigate the dark- and photo-induced
oxidation of isoprene, α-pinene, methacrolein, pinonaldehyde, acylperoxy nitrates,
isoprene hydroxy nitrates (ISOPN), isoprene hydroxy hydroperoxides (ISOPOOH),
and isoprene epoxydiols (IEPOX) in a highly controlled and atmospherically relevant manner. Pinonaldehyde and isomer-specific standards of ISOPN, ISOPOOH,
and IEPOX were synthesized and contributed by campaign participants, which enabled explicit exploration into the oxidation mechanisms and instrument responses
for these important atmospheric compounds. The present overview describes the
goals, experimental design, instrumental techniques, and preliminary observations
from the campaign. This work provides context for forthcoming publications affiliated with the FIXCIT campaign. Insights from FIXCIT are anticipated to aid
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significantly in interpretation of field data and the revision of mechanisms currently
implemented in regional and global atmospheric models.
A.1
A.1.1

Introduction
Background

Biogenically produced isoprenoids (hydrocarbons comprised of C5 H8 units) have
global emission rates into the atmosphere surpassing those of anthropogenic hydrocarbons and methane (Guenther et al., 2012; Guenther et al., 1995). The biogenic
carbon emission flux is dominated by isoprene (C5 H8 ) and monoterpenes (C10 H16 ),
which account for approximately 50% and 30% of the OH reactivity over land,
respectively (Fuentes et al., 2000). Furthermore, it has been suggested that the
atmospheric oxidation of isoprene, in particular, can buffer the oxidative capacity
of forested regions by maintaining levels of the hydroxyl radical (OH) under lower
nitric oxide (NO) conditions (Lelieveld et al., 2008). Due to their large abundances,
isoprene and monoterpenes also dominate the global budget of secondary organic
aerosol (SOA) (Henze et al., 2008). Thus, the accurate representation of detailed
chemistry for isoprene and monoterpene is necessary for meaningful simulations of
atmospheric HO x (OH + HO2 ), NO x (NO + NO2 ), surface ozone (O3 ), trace gas
lifetimes, and SOA.
Unsaturated hydrocarbons like isoprene and monoterpenes are primarily oxidized
by OH, O3 , and the nitrate (NO3 ) radical in the atmosphere. OH oxidation is the
dominant fate for isoprene, but O3 and NO3 oxidation can dominate reactivity for
monoterpenes and sesquiterpenes. Our understanding of the OH-initiated isoprene
oxidation mechanism has significantly improved during the last decade, following
the first suggestion of the capacity of isoprene to produce SOA (Claeys et al., 2004).
The mechanistic developments have been propelled by technological advancements
in instrumentation (Crounse et al., 2006; Hansel et al., 1995; Jordan et al., 2009;
Junninen et al., 2010), enabling the detection of more complex oxidation products
derived from isoprene and other biogenic hydrocarbons. However, the scientific
understanding of these biogenic oxidation mechanisms is far from complete. It
is outside the scope of this overview to describe comprehensively the isoprene
and monoterpene oxidation mechanisms. Rather, we provide a brief background
of the oxidation of biogenic hydrocarbons, which includes "state-of-the-science"
knowledge, to motivate the study. The mechanisms described here are illustrated in
Figure A.1.
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Figure A.1: Representative mechanism from the OH-, O3 - and NO3 -initated oxidation of isoprene. The most abundant isomers of a particular pathway are shown.
Red and blue arrows in the OH-oxidation scheme denote the NO-dominated and
HO2 -dominated RO2 reactions, respectively. For the ozonolysis reaction, only the
C1 SCI and its reaction with water are shown as further-generation chemistry. For
the NO3 -oxidation pathway, only one isomer each of R and RO2 radicals is shown
for brevity. Abbreviations are defined in the text.
A.1.1.1

OH Oxidation

OH predominantly adds to either of the double bonds of isoprene, followed by
the reversible addition of O2 (Peeters et al., 2009) to produce several isomers of
alkylperoxyl radicals (RO2 ). In the atmosphere, these RO2 react mainly with HO2
and NO to form stable products, although self-reaction can be non-negligible under
certain conditions. The stable products are often termed oxidized volatile organic
compounds (OVOCs). In urban-influenced areas, the "high-NO" pathway is more
important and in more pristine environments, the "low-NO" or HO2 -dominated
pathway is more important. The high-NO pathway generates isoprene hydroxy
nitrates (ISOPN) that act as reservoirs for NO x , as well as other products such
as methyl vinyl ketone (MVK), methacrolein (MAC), and hydroxyacetone (HAC)
(Paulot et al., 2009a). For conditions with sufficiently high NO2 -to-NO ratios, as
is mainly the case in the atmospheric boundary layer outside of cities, methacryloyl
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peroxynitrate (MPAN) is formed from the photooxidation of MAC. Further oxidation
of MPAN can generate SOA (Chan et al., 2010a; Surratt et al., 2010). The lowNO pathway generates isoprene hydroxy hydroperoxides (ISOPOOH) in almost
quantitative yields, and further OH oxidation of ISOPOOH produces the epoxydiols
in an OH-conserving mechanism (Paulot et al., 2009b). In unpolluted atmospheres,
when the RO2 lifetimes are sufficiently long (∼100 s in a forest), isomerization
of the RO2 followed by reaction with O2 becomes an important fate, producing
the isoprene hydroperoxy aldehydes (HPALDs) and other products (Crounse et al.,
2011; Peeters et al., 2009). These RO2 isomerization reactions are a type of rapid
oxygen incorporation chemistry (Crounse et al., 2013; Ehn et al., 2014; Vereecken et
al., 2007) that is thought to be responsible for the prompt generation of low-volatility
SOA components. Further generations of OH oxidation in isoprene are currently
being explored owing to recent success with chemical syntheses of important OVOCs
(Bates et al., 2014; Jacobs et al., 2013; Lee et al., 2014; Wolfe et al., 2012). It
has been found that the OH oxidation of IEPOX and ISOPN, surprisingly under
both low-NO and high-NO conditions, results primarily in fragmentation of the C5
skeleton.
Despite extensive work on the isoprene + OH mechanism, large uncertainties
persist, some of which directly translate into uncertainties in atmospheric model
predictions. These uncertainties stem from, for example, the large range in reported
yields for isoprene nitrates (4–15%) (Paulot et al., 2009a), disagreements up to
90% in reported MAC and MVK yields from the low-NO pathway (Liu et al.
(2013), and references therein), various proposed sources of SOA from the highNO pathway (Chan et al., 2010a; Kjaergaard et al., 2012; Lin et al., 2013b),
missing contributions to SOA mass from the low-NO pathway (Surratt et al., 2010),
uncharacterized fates of oxidized species like HPALDs (which may have isomer
dependence), incomplete understanding of oxygen incorporation (Crounse et al.,
2013; Peeters et al., 2009), and under-characterized impact of RO2 lifetimes on
chamber results (Wolfe et al., 2012). The OH oxidation of α-pinene (Eddingsaas
et al., 2010) and other monoterpenes is less well characterized than that of isoprene,
but, in general, proceeds through analogous steps.
A.1.1.2

Ozone Oxidation

Ozonolysis is a significant sink for unsaturated hydrocarbons and a large nighttime source of OH, particularly in urban-influenced areas. Reaction with ozone is
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more important for monoterpenes than isoprene, due to the faster rate coefficients
(Atkinson and Lloyd, 1984) and the nighttime emission profile for the monoterpenes.
Furthermore, monoterpene ozonolysis is highly efficient at converting VOC mass
to SOA (Griffin et al., 1999; Hoffmann et al., 1997). There is a general consensus
that ozonolysis occurs via the Criegee mechanism (Criegee, 1975), wherein ozone
adds to a hydrocarbon double bond to form a five-member primary ozonide that
quickly decomposes to a stable carbonyl product and an energy-rich Criegee intermediate (CI). In α-pinene oxidation, ozonolysis, NO3 -initiated, and OH-initiated
reactions all produce pinonaldehyde (C10 H16 O2 ) as a major product (Atkinson and
Arey, 2003b; Wängberg et al., 1997), whereas major first-generation products from
isoprene ozonolysis include MAC, MVK, and formaldehyde. The "hot" Criegee
can promptly lose OH (Kroll et al., 2001) while ejecting an alkyl radical, or become stabilized by collision with atmospheric gases to form a stabilized Criegee
intermediate (sCI) with long enough lifetimes to react bimolecularly. The subsequent reactions of sCIs produce both carbonyl products and non-carbonyl products
such as hydroperoxides. The syn and anti conformers of CIs and SCI can have
substantially different reactivities (Anglada et al., 2011; Kuwata et al., 2010), with
syn conformers more likely to decompose unimolecularly, possibly through a vinyl
hydroperoxide intermediate (Donahue et al., 2011).
It has been suggested that reaction with water molecules is a major (if not dominant) bimolecular fate of SCI in the atmosphere due to the overwhelming abundance
of atmospheric water (Fenske et al., 2000). This suggestion is supported by observations of high mixing ratios (up to 5 ppbv) of hydroxymethyl hydroperoxide
(HMHP), a characteristic product of reactions of the smallest SCI (CH2 OO) with
water (Neeb et al., 1997), over forested regions and in biomass burning plumes (Gab
et al., 1985; Lee and Hsu, 2000; Lee et al., 1993a; Valverde-Canossa et al., 2006).
Although HMHP and other hydroperoxides produced from ozonolysis are important
atmospheric compounds, their yield estimates are highly uncertain (Becker et al.,
1990; Hasson et al., 2001a; Huang et al., 2013; Neeb et al., 1997; Sauer et al.,
1999). This may be attributable to the fact that hydroperoxide yields have mainly
been determined by offline methods or under conditions with highly elevated hydrocarbon loadings. Furthermore, few empirical data exist on the humidity dependence
of product branching in this reaction. Lastly, the rate coefficients for the SCI + H2 O
reaction, and other SCI reactions, are still uncertain by several orders of magnitude
(Johnson and Marston, 2008; Welz et al., 2012), precluding the assessment of their
atmospheric importance.
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A.1.1.3

Nitrate Oxidation

NO3 oxidation also produces RO2 radicals by addition to alkenes in the presence of
O2 . Owing to its high reaction rate coefficient coupled to atmospheric abundance, αpinene is expected to be an important sink for NO3 in many areas. The NO3 -derived
RO2 radicals react with (a) NO3 to form alkoxy radicals (RO) that lead primarily to
the production of nitrooxy carbonyls (b); with other RO2 radicals to form RO radicals,
nitrooxy carbonyls, hydroxy nitrates, and nitrooxy peroxy dimers; and (c) with
HO2 to form nitrooxy hydroperoxides. Further generation NO3 -oxidation produces
dinitrates, amongst other products. As the NO3 addition initiates the reaction, the
thermodynamically preferred organic hydroxy nitrates produced through nighttime
oxidation may be structurally different than those produced in the daytime through
OH oxidation. During nighttime oxidation, tropospheric HO2 mixing ratios often
surpass those of NO3 (Mao et al., 2012), implying HO2 reaction to be a common fate
for NO3 -derived RO2 . However, previous studies of this reaction have maintained
conditions where minimal HO2 + RO2 chemistry occurs and the dominant fate of
RO2 is reaction with NO3 and RO2 (Kwan et al., 2012; Ng et al., 2008; Perring
et al., 2009; Rollins et al., 2009). This may be one of the reasons why nitrooxy
hydroperoxides (the RO2 + HO2 product) are observed with much higher relative
abundances in ambient air (Beaver et al., 2012) than in chamber studies.
A.1.2

Scientific Goals

The 2014 Focused isoprene eXperiment at the California Institute of Technology
(FIXCIT) is a collaborative atmospheric chamber campaign focused on advancing the understanding of biogenic hydrocarbon oxidation in the atmosphere. The
campaign was motivated by the communal need for a tight coupling of field and
laboratory efforts toward understanding the mechanistic details responsible for ambient observations, exploring explicit chemistry as driven by the fate of RO2 radicals
through well-controlled experiments, and fully characterizing instrumental response
to important trace gases using authentic standards to guide data interpretation. To
accomplish these goals, a suite of instruments typically deployed for field missions
was used to perform parallel measurements at a forested site in Alabama and then
in the atmospheric chambers at Caltech. This overview provides an account of the
goals and conditions for the experiments performed during the campaign. A key
component of FIXCIT is the re-design of "typical chamber experiments" to recreate
the ambient atmosphere with higher fidelity so that results from laboratory studies
can be implemented in models and used to interpret ambient observations with
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higher confidence.
A.1.2.1

Understanding Ambient Observations

FIXCIT was designed as a sister investigation to the 2013 Southern Oxidant
and Aerosol Study (SOAS). During SOAS (June-July 2013), a select sub-suite of
instruments recorded ambient observations above the forest canopy on top of a
metal walk-up tower 20 m in height. The sampling site, located in Brent, Alabama
at the Centreville (CTR) SEARCH location managed by the Electric Power Research
Institute (CTR: 32.90289 ◦ N, 87.24968◦ W), was surrounded by a temperate mixed
forest (part of the Talladega National Forest) that was occasionally impacted by
anthropogenic emission. CTR was characterized by high atmospheric water content
(2.4–3 vol.% typically), elevated temperatures (28–30 ◦ C during the day), high SOA
loadings (particulate organics ∼4-10 µg m−3 ; sulfate ∼2 µg m−3 ), high isoprene
mixing ratios (4-10 ppbv), high ozone (40-60 ppbv), low-to-moderate nitrogen
oxides ([NO] ∼0.3-1.5 ppbv, [NO2 ] ∼1-5 ppbv), occasional plumes of SO2 from
nearby power plants, and occasional biomass burning events during the SOAS
campaign.
The first goal of the chamber campaign was to further investigate the more
interesting observations at SOAS. Due to the ability of laboratory experiments to
study the chemistry of a single reactive hydrocarbon in a controlled setting, it was
possible to test hypotheses during FIXCIT in a systematic manner. Below we
list some relevant questions from the SOAS campaign that were explored during
FIXCIT.
1. Which reactions or environmental conditions control the formation and destruction of OVOCs in the southeastern US?
2. Are RO2 isomerization and other rapid oxygen incorporation mechanisms of
key hydrocarbons important during SOAS?
3. How do anthropogenic influences, e.g. NO x , O3 , and (NH4 )2 SO4 , impact
atmospheric chemistry over the forest?
4. How much does the NO3 -initiated reaction control nighttime chemistry during
SOAS?
5. How do environmental conditions in the southeastern US affect ozonolysis end
products, which are known to be water sensitive?
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6. Which reactions or environmental conditions most significantly impact SOA
mass and composition?
A.1.2.2

Updating the isoprene and Monoterpene Mechanisms

Several experiments were designed to "fill in the gaps" of the isoprene oxidation
mechanisms by leveraging the comprehensive collection of sophisticated instrumentation at FIXCIT. We targeted the following acknowledged open questions.
7. What are the products of the photochemical reactions stemming from OVOCs
like ISOPOOH, IEPOX, ISOPN, and pinonaldehyde?
8. What is the impact of photolysis vs. photooxidation for photolabile compounds?
9. What is the true yield of isoprene nitrates from the high NO photooxidation
pathway?
10. What is the product distribution and true yield of nitrooxy hydroperoxides from the NO3 oxidation reaction of isoprene and monoterpenes under typical
atmospheric conditions?
11. How do products and yields change as RO2 lifetimes in chamber studies
approach values estimated to be prevalent in the troposphere?
A.1.2.3

Instrument Characterization

A final goal of FIXCIT was to evaluate, compare, and identify biases in field
instrumentation by isolating one variable at a time. We focused on the following
objectives.
12. Identify the causal factor(s) producing the "OH interference" (Mao et al.,
2012) that has been observed in various biogenically impacted regions by some
gas-expansion laser-induced fluorescence (LIF) techniques.
13. Characterize the performance of newly commercially available CIMS instrumentation with respect to the detection of OVOCs by using authentic standards.
14. Compare similar measurements (e.g. OH reactivity, hydrocarbons, OVOCs)
made with different techniques.
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A.2
A.2.1

Scope of the Campaign
Facilities

Experiments were performed in the Caltech Atmospheric Chamber Facility within
a 1 month period in January 2014. The facility contains several in-house gas- and
aerosol-phase instruments and an 8 × 5 m insulated enclosure, housing two side-byside Teflon atmospheric chambers that are suspended from the ceiling. The chambers
were manufactured from fluorinated ethylene propylene (FEP) Teflon. The chamber
volume was measured regularly by quantitative transfer of highly volatile organics
such as isoprene by an externally calibrated GC-FID. Quantitative transfer was
checked via injections of a measured quantity of isoprene (checked by gravimetric,
volumetric, and FT-IR methods) into a pillow bag with known volume by timing a
calibrated mass flow of air into the pillow bag. For most experiments, the chamber
volume was between 23 and 24 m3 . The spatial configuration of instruments in
the chamber facility during FIXCIT is shown in Figure A.2. The instruments,
contributors, and identifying abbreviations used in this work are described in Table
A.1. A total of 320 UV black lamps (broadband λmax ∼350 nm) are mounted on
the walls of the enclosure. The lamps are located behind Teflon films so that the
heat produced from the operation of the lamps can be removed by recirculating cool
air. The interior of the enclosure is covered with reflective aluminum sheets. Light
intensities can be tuned to 100, 50, 10, and 1%. JNO2 was measured to be 7 × 10−3
s−1 at 100% light intensity. Light fluxes at several locations within the chamber
(e.g. center, corner, right, left, high, low) did not vary more than 15%. Temperature
controls in the chamber enclosure are tunable from 10 to 50 ◦ C (typically set at 25
◦ C) and did not fluctuate more than 1 ◦ C, except during periods when the temperature
was explicitly changed or during a 30 min period immediately following a change
in the light intensities (up to 2 ◦ C increase was observed from switching on 100%
lights.)
The chamber experiments were operated in batch mode throughout the campaign.
Temperature and RH were monitored continuously inside the chamber by a Vaisala
HMM211 probe calibrated with saturated salt solutions in the RH range of 11–95%.
In the range RH <11%, water vapor measurements were provided by the TripCIMS.
The chambers were flushed at least 24 h before each use with ultra-purified air
(purified in-house via a series of molecular sieves, activated carbon, PurafilT M
media, and particulate filters), at elevated temperature when needed (∼40 ◦ C), so
that the backgrounds on gas- and particle-phase instrumentation are at baseline
levels. As a reference, NO levels before each run were typically less than 100
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instrument

instr. ID

PI(s)

institutions

measurements

ref.

Ground-based hydrogen
oxide sensor

GTHOS

W. H. Brune

PA State Univ.
(PSU)

OH, HO2 , RO2

a

LIF OH reactivity monitor

LIF-OHR

W. H. Brune

PSU

OH reactivity by decay of OH

b

Thermal dissociation
LIF NO2 monitor

TDLIF

R. C. Cohen

Univ. of CA,
Berkeley (UCB)

NO2 , sum of org. nitrates (ΣANs), c
sum of peroxy nitrates (ΣPNs),
particulate org. nitrates (pANs)

Switchable iodide and
acetate ion HRToF-CIMS

IACIMS

D. K. Farmer

CO State
Univ. (CSU)

Oxidized VOCs (organic
nitrates, acids, etc.)

NO−3 HRToF-CIMS

NO3 CIMS

M. R. Canagaratna, Aerodyne Research,
Low-volatility organic
D. R. Worsnop,
Inc. (ARI) and Univ.
compounds
J. L. Jimenez
of CO, Boulder (CUB)

e

LIP glyoxal
monitor

GlyLIP

F. N. Keutsch

Univ. of WI,
Madison (UWM)

glyoxal

f

LIF formaldehyde
monitor

FormLIF

F. N. Keutsch

UWM

Formaldehyde

g

Comparative rate
method OH
reactivity monitor

CRM-OHR

S. Kim,
A. B. Guenther

Univ. of CA, Irvine
(UCI) and Pacific
NW National
Lab (PNNL)

OH reactivity by decay
of hydrocarbons

h

Switchable reagent ion
(H3 O+ /NO+ /O+2 )
HRToF-MS

SRI-ToFMS

A. B. Guenther,
J. E. Mak,
A. H. Goldstein

PNNL, SUNY
Stonybrook
(SUNY), and UCB

Hydrocarbons, carbonyls,
alcohols, etc.

i

Chemical luminescence
NO monitor

NO–CL

G. S. Tyndall,
D. D. Montzka,
A. J. Weinheimer

National Center
for Atmospheric
Research (NCAR)

NO (> 25 pptv)

j

CF3 O− triple
quadrupole CIMS

TripCIMS

P. O. Wennberg

CA Institute
of Technology
(Caltech)

ISOPOOH, IEPOX, glycolaldehyde, acetic acid,
methyl hydroperoxide

k

CF3 O− CToF-CIMS

ToFCIMS

P. O. Wennberg

Caltech

Oxygenated VOCs (hydroperoxides, organic nitrates, multifunctional compounds)

l

Gas chromatograph
with ToFCIMS

GC-ToFCIMS P. O. Wennberg

Caltech

Isomers for
oxygenated VOCs

m

HRToF-aerosol
mass spectrometer

ToF-AMS

J. H. Seinfeld

Caltech

Aerosol composition and
size distribution

n

Gas chromatograph with
flame-ionization detector

GCFID

J. H. Seinfeld

Caltech

isoprene, methacrolein,
MVK, cyclohexane

N/A

Thermocouple and
membrane probe

T /RH probe

J. H. Seinfeld

Caltech

Temperature and
relative humidity

N/A

UV-absorption
ozone monitor

O3 monitor

J. H. Seinfeld

Caltech

O3 (> 1000 pptv)

N/A

Chemical luminescence
NO x detector

NO x monitor

J. H. Seinfeld

Caltech

NO (> 500 pptv), and NO2
(catalytic conversion to NO)

N/A

d

Table A.1: List of participating instruments, principle investigators (PIs), and institutions. Key acronyms: laser-induced fluorescence (LIF), laser-induced phosphorescence (LIP), high-resolution time-of-flight (HRToF), compact time-of-flight
(CToF), MS (mass spectrometer), and CIMS (chemical ionization mass spectrometer). References listed are: a Brune et al. (1995), b Mao et al. (2009), c Day et
al. (2002), d Lee et al. (1993b), e Junninen et al. (2010), f Huisman et al. (2008),
g DiGangi et al. (2011) and Hottle et al. (2009), h Sinha et al. (2008), i Jordan et al.
(2009), j Ridley and Grahek (1990), k St. Clair et al. (2010), l Crounse et al. (2006),
m Bates et al. (2014), and n Canagaratna et al. (2007) and DeCarlo et al. (2006).
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Figure A.2: Arrangement of instruments at the Caltech Atmospheric Chamber
Facility during the campaign. Instrument IDs are in Table A.1.

pptv (from NO–CL measurements) and particle concentrations were less than 0.01
µg m−3 . Flushing rates, as balanced by exhaust rates, were typically 250 SD L
min−1 (SLM) or ∼0.6 chamber volumes per hour. Chambers were mixed on the
timescale of minutes by injecting high-pressure pulses of air during the beginning
of experiments.
Chamber 1 was reserved for low-NO experiments, so that the walls did not contact
elevated levels of nitric acid and organic nitrates during the lifetime of the chamber,
while Chamber 2 was reserved for moderate- to high-NO experiments. Experiments
were carried out daily in alternating chambers to allow for the full flushing period of
the previously used chamber. Each chamber was characterized separately prior to
the campaign for vapor and particle wall loss rates. Typically, wall loss rates for gasphase species are slightly higher in the high-NO chamber than the low-NO chamber
due to the greater acidity of the walls. Particle wall loss rates were not significantly
different between chambers. Measurements of the particle wall loss rates were
performed by injecting ammonium sulfate (AS) seed aerosols into the chamber
and monitoring the decay over the course of 10–24 h. Particles were injected via
atomization of dilute salt solutions (e.g. AS 0.06 M) through a 210 Po neutralizer
and water trap. Measurements of vapor wall loss rates were performed by injecting
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OVOC standards (e.g. IEPOX, HMHP, etc.) into the chamber. Both particle and
vapor wall loss characterizations were performed at several RH conditions (4–85%
RH). These characterizations have been described in more detail previously (Loza
et al., 2010; Nguyen et al., 2014a).
Organic compounds were injected into the chamber by two methods. (1) For
volatile compounds, a measured volume was injected with a micro-syringe through
a septum into a clean glass bulb, and the evaporated standard was quantitatively
transferred into the chamber by dry purified air. Gas introduction of VOCs (done
for isoprene and methacrolein) by filling an evacuated bulb with the chemical vapor,
backfilling with nitrogen gas, and characterizing with Fourier transform infrared
spectrometry before injecting did not produce significantly different results than
volume injection. (2) For semivolatile compounds, the solid or liquid standard was
placed inside a two-neck flask, which was heated by a water bath (35–65 ◦ C), and
the headspace was carried into the chamber by dry purified air. The ToFCIMS or
TripCIMS instruments measured the gas-phase mixing ratio of the semi-volatiles
in real time as the compounds entered the chamber, and injection was halted when
a satisfactory quantity was introduced. OVOCs were calibrated by the ToFCIMS
and TripCIMS by methods described earlier (Paulot et al., 2009a). The desired
RH inside the chamber was achieved by flowing dry purified air through a waterpermeable (Nafion) membrane humidifier (FC200, Permapure LLC), kept moist by
recirculating 27 ◦ C ultra-purified (18 MΩ, 3 ppb TOC) water (Milli-Q, Millipore
Corp). Particles were atomized into the chamber as described for particle wall loss
experiments. When hydrated particles were needed for experiments, particles were
injected via an in-line, heated, wet-wall denuder into a chamber that has RH above
the efflorescence point of the particular salt (Martin, 2000).
A.2.2

Instrumentation and Sampling Modifications

Instruments were connected via sampling lines to both chambers through port
holes in the enclosure as shown in Figure A.2. Sampling lines were capped when
not in use. Inlet and tubing material were instrument specific, and included stainless
steel (GTHOS and ToF-AMS), heated stainless steel and quartz (TDLIF), electropolished steel and FEP Teflon (NO3 CIMS), polyetheretherketone (PEEK) and Teflon
(SRIToFMS), and perfluoroalkoxy polymer (PFA) Teflon (other instruments).
The duration of each experiment (i.e., the level of oxidation that can be probed)
was critically dependent on the net sampling flow rates at which air was withdrawn
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from the chamber. Sampling strategies were developed to minimize the effective
sampling flow rate from each instrument, in such a way that instrument responses
were not significantly different than during field campaigns. In many cases, a
common high-flow Teflon sampling line was used to minimize the residence time
of gases through tubing, and smaller flows were sampled orthogonally by each
instrument. In some cases, a duty cycle was used as needed.
Several modifications from field designs were utilized for chamber sampling. The
modifications were that (1) the GTHOS detection system was located between the
chambers inside of the enclosure to minimize the residence time of HO x inside the
instrument (Figure A.2). The detection system was connected to the laser on the
outside of the enclosure via a 3 m fiber optic cable fed through the side port hole.
The sampling flow rate was similar to field flows (6 SLM); however, the fast-flow
inlet was situated horizontally (∼2 m in height) instead of vertically. The inlet
was adapted to each bag directly, by attaching it to a Teflon plate that was in turn
secured to the chamber walls via a large o-ring. The GTHOS inlet switched from
Chamber 1 to Chamber 2 as needed. Chemical zeroing was performed by releasing
hexafluoropropene (C3 F6 ) into the inlet as an OH scrubber, and dark zeroing by
measuring the difference between online and offline signals. Chemical and dark
zeroing methods were used to distinguish between OH present in the chamber or
atmosphere (chemical OH) and OH that may have been produced after the gas
stream enters the instrument, which is additional to the chemical OH signal; (2)
LIF-OHR was diluted a factor of 10 with nitrogen gas (effective flow 6 SLM); (3)
NO3 CIMS was diluted a factor of 5 with scrubbed zero air (effective flow 2 SLM);
(4) GlyLIP and FormLIF both operated at 5 SLM instead of the usual 17 and 10 SLM,
respectively; and (5) SRIToFMS (1.5 SLM) and GCFID (0.1 SLM) occasionally
sampled through a 0.125–0.2500 OD PFA Teflon tube that was submerged in a cold
bath kept at -40 ◦ C in order to remove interferences from certain OVOC (see Section
A.2.3).
GC-ToFCIMS, first described in Bates et al. (2014), is an extension of the
ToFCIMS. Analyte gas samples were focused with a cold trap onto the head of
a RTX 1701 column (Restek) and eluted with a temperature ramping program
(30–130 ◦ C) in the oven before reaching the ToFCIMS for mass spectrometry detection. GC-ToFCIMS recorded data only when isomer separation was needed,
because its operation took the standard scanning mode of the ToFCIMS offline. All
other instruments operated normally with the following sampling flows: TDLIF
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(4 SLM), ToFCIMS and TripCIMS (2 SLM), CRM-OHR (0.5 SLM), NO-CL (1
SLM), and IACIMS (2 SLM). Frequencies of zeroing (with dry N2 or ultrazero air)
and calibration (various methods) were instrument specific, with some instruments
zeroing once per hour and calibrating once every few hours and others performing
zeroing/calibration between experiments.
A.2.3

Experimental Design

The experiments performed at FIXCIT can be divided into several categories, each
probing one or more specific science questions outlined in Section A.1.2. Every
experiment included successful elements from past studies, but with a special focus
on extending to atmospheric conditions. One example is reducing the occurrence of
RO2 + RO2 side reactions in chamber experiments, which can lead to yields of atmospherically relevant products that are biased low. Enabled by the high sensitivity
of field instruments, photooxidation was performed with precursor mixing ratios as
low as 12 ppbv. Certain instruments that required extensive dilution in a chamber
setting, e.g. LIF-OHR, had poorer-quality data for low loading experiments. Experimental durations were typically 4–6 h, with the exception of overnight runs where
the majority of instruments sampled briefly to establish starting conditions, then
were taken offline during the nighttime and resumed sampling in the morning. The
typical reaction time for an overnight experiment was ∼15 h. Experimental details
are reported in Table A.2. OH concentrations were derived from hydrocarbon decay
data from GCFID, SRI-ToFMS, or ToFCIMS, when available, using published rate
coefficients (Atkinson et al., 2006; Bates et al., 2014; Lee et al., 2014). Otherwise, preliminary GTHOS chemical-zeroing data were used. The following types
of experiments were included in the study:
A. Blank (Expts. 4b and 5b): blank experiments were designed to investigate
background signals present in experiments that may have sources other than gasphase chemistry of the injected hydrocarbon, e.g. from heterogeneous oxidation of
residual organics on the chamber walls. OH precursors, such as hydrogen peroxide,
were added to each chamber, the UV lamps were turned on, and sampling occurred
as usual. Furthermore, the temperatures inside the chambers were ramped from 25
to 35 ◦ C to explore the extent to which elevated temperatures change the chamber
background signals due to increased volatilization of organics. Blank experiments
were performed under dry conditions. Common background compounds produced
from heterogeneous wall reactions are formic acid and acetic acid.
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Table A.2: Formal experiments and reaction conditions during the FIXCIT campaign. Chemical abbreviations are defined in Table A.3.
Other abbreviations are C1 = Chamber 1, C2 = Chamber 2, ISOP = isoprene, α-PIN = α-pinene, HP = hydrogen peroxide, MN = methyl
nitrite, CHX = cyclohexane, HCHO = formaldehyde, AS = ammonium sulfate seeds. Expt. types are defined in the text. Expt. no.
corresponds to the date in January 2014 when the experiment was performed. * = 1% lights, 20% lights, then 100% lights.
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Table A.3: List of contributed synthesized chemical standards for experiments and calibration. Synthesis references are (a) Rivera-Rios
et al. (2014), (b) Bates et al. (2014), (c) Lee et al. (2014), (d) Griesbaum et al. (1997), and (e) Lin et al. (2013b).
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B. Low-NO photooxidation (Expts. 2, 10, 17, 19, and 25): the low-NO
experiments that have been extensively investigated in atmospheric chamber studies
were designed to be relevant to the pristine troposphere, and certain conditions at
SOAS, where HO2 reactions dominate the RO2 fate. Experiments were initiated by
H2 O2 photolysis as a NO x -free source of OH and HO2 :
H2 O2 + hν → OH + OH
OH + H2 O2 → HO2 + H2 O
The execution of these experiments requires precise engineering to simulate the
troposphere closely. One outstanding challenge of low-NO experiments is the
variation in initial NO levels across different chamber settings and on different days.
Because typical HO2 levels in a chamber environment do not typically exceed ∼200
pptv from the self-limiting HO2 recombination, NO should be ∼40 pptv during
the reaction (a factor of 5 less abundant) in order for the C5 RO2 reactions to be
dominated by HO2 by a factor of 10 (k RO2 +HO2 ∼1.6 × 10−11 and k RO2 +NO ∼8.5
× 10−12 cm3 molec−1 s−1 at 298K (Atkinson et al., 2006). Thus, experimental
variations in NO that can lead to discrepancies in low-NO kinetics typically elude
quantification by commercially available NO chemiluminesence instruments, owing
to their high limits of detection (∼500 pptv).
NO levels in the Caltech chambers were suppressed by continually flushing with
filtered air on the inside and outside the chamber walls. Initial NO levels of <40
pptv were typically achieved during experiments. The NO–CL instrument available
during FIXCIT (Table A.1) has a limit of detection better than 25 pptv, and the
GTHOS instrument provided online HO2 quantification at the pptv level. Another
common challenge for low NO experiments (even when [NO] is less than [HO2 ]) is
that homogeneous or cross RO2 + RO2 reactions may dominate the RO2 reactivity
(k RO2 +RO2 ∼10−15 –10−11 cm3 molec−1 s−1 at 298 K; Atkinson et al., 2006). These
experiments may be more correctly characterized as "low-NO, high-RO2 ". For
experiments using [H2 O2 ] as an OH precursor, RO2 + RO2 reactions were largely
minimized by using reaction conditions that ensure [HO2 ] greater than [RO2 ] (e.g.
[H2 O2 ]0 /[ISOP]0 ∼102 and JH2 O2 ∼4–5 × 10−6 s−1 ). Thus, the peroxy radical self
reaction channels are minor compared to RO2 + HO2 chemistry. We estimate that the
low-NO experiments were HO2 -dominated by at least a factor of 10 in RO2 reactivity
by monitoring tracers of chemistry stemming from high-NO (isoprene nitrates),
high-RO2 (C5 diols and other products), and low-NO (ISOPOOH and IEPOX)
pathways. The molar yield of the low-NO products ISOPOOH + IEPOX (measured
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within the first 15 min of reaction) was estimated at 95%, supporting the dominance
of RO2 + HO2 chemistry over other channels. The structurally isomeric ISOPOOH
and IEPOX that were formed from the HO2 -dominated isoprene photooxidation
were distinguished by TripCIMS, and the sum was measured by ToFCIMS, IACIMS,
and NO3 CIMS. These experiments were performed with isoprene, α-pinene, 4,3ISOPOOH and MAC precursors.
C. High-NO photooxidation (Expts. 3, 11, 22, and 24): high-NO experiments
are also commonly performed in chamber studies. These experiments were designed
to be relevant to the urban-influenced troposphere, such as some cases at SOAS,
where NO can dominate RO2 reactions. Experiments were typically initiated by
H2 O2 with added NO during FIXCIT, but have been performed using HONO or
other precursors elsewhere. It is easier to ensure that reaction with NO is the
main fate of RO2 , even with higher hydrocarbon loadings, because NO mixing
ratios are typically in excess of both HO2 and RO2 by hundreds of ppbv. Hydroxy
nitrate products were measured by TDLIF, IACIMS, ToFCIMS, and GC-ToFCIMS.
Functionalized carbonyl products were measured by SRI-ToFMS and ToFCIMS.
glyoxal and formaldehyde, also important high-NO products, were measured by the
GlyLIP and FormLIF, respectively. This well-studied experiment was important for
multiple reasons, including calibration, diagnostics, and for determining the hydroxy
nitrate yields from alkenes within the first few minutes of photooxidation. However,
it should be noted that the experimental result represents a boundary condition
that may not fully represent NO-influenced reactions in the atmosphere due to the
extremely short RO2 lifetimes (<0.01 s at 500 ppbv NO). These experiments were
performed with isoprene, α-pinene, and the 4,3-ISOPN standard synthesized by the
Caltech group.
D. Slow chemistry photooxidation (Expts. 7, 16, 18, and 27): the slow chemistry experiment is designed to extend RO2 lifetimes closer to atmospheric values
when both NO and HO2 impact RO2 reactivity (∼3–30 s, assuming 1500–100 pptv
NO and 40 pptv HO2 ). This was achieved by employing low radical mixing ratios.
With relevant RO2 lifetimes, the RO2 isomers may be closer to their equilibrium distribution because of the reversible addition of oxygen (Peeters et al., 2009). Figure
A.3 shows the progress of a representative slow chemistry experiment. The "slow"
portion of experiments was performed under a low light flux (JNO2 ∼4 × 10−5 s−1 )
with methyl nitrite as the OH precursor (Atkinson et al., 1981):
CH3 ONO + hν + O2 → HO2 + NO + HCHO
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Figure A.3: Progress of the slow chemistry experiment performed on 01/07/2014.
Isoprene data were provided by GCFID. The red dashed line in the OH plot is the
steady-state OH concentration derived from the decay of isoprene as monitored by
GCFID. OH and HO2 preliminary data were provided by GTHOS, using chemical
zeroing, although the steady-state value of (0.4–1) × 105 molec cm−3 was below the
detection limit of GTHOS. OH preliminary data were averaged to reduce noise. NO
data were provided by NO–CL and OVOC data were provided by ToFCIMS.
HO2 + NO → OH + NO2
These reactions produce a steady-state OH concentration of [OH]ss ∼0.4–1 × 105
molec cm−3 and an atmospherically relevant ratio of NO / HO2 (2–3) that is stable
throughout the majority of the experiment. Furthermore, we aimed to simulate the
summer conditions at SOAS, where RO2 isomerization is competitive with RO2 +
HO2 and RO2 + NO chemistry. Thus, most experiments of this type were performed
at elevated temperatures (T ∼40–45 ◦ C) to facilitate the isoprene RO2 isomerization
to HPALDs (Crounse et al., 2011), as measured by ToFCIMS. The atmospheric RO2
fates were qualitatively deduced by observations of their respective products during
SOAS (forthcoming papers) and during other campaigns (Beaver et al., 2012; Paulot
et al., 2009b; Wolfe et al., 2012).
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The fate of HPALDs is not known, but has been suggested as being strongly
influenced by photolysis based on reactions of chemical analogs (Wolfe et al.,
2012). After the slow chemistry period, 20–100% lights were turned on in order to
diagnose the effects of direct photolysis and OH oxidation on the product compounds,
which is especially instructive when coupled with photochemical modeling. Table
A.2 reports conditions only for the ≤1% light period and the 20% light period
due to availability of hydrocarbon decay data. When CH3 ONO experiments were
performed with higher light flux from the start, the NO-to-HO2 reactivities were
still competitive, but the OH mixing ratios were higher. These experiments were
performed with isoprene, α-pinene, and trans-β-IEPOX precursors.
E. Ozonolysis (Expts. 6, 14, 23, and 29): ozonolysis reactions were performed
in the dark, with and without the use of excess cyclohexane (50 ppmv) as a scavenger
for OH (Atkinson et al., 1995). Ozone reacts with isoprene and α-pinene with rate
coefficients of k ISO+O3 = 1.3 × 10−17 molec cm−3 and kα−PI N+O3 = 9.0 × 10−17
molec cm−3 at 298 K, respectively (Atkinson et al., 2006). After the first few
steps of the reaction, however, little agreement exists in the literature for product
yields, product distribution, or rate coefficients stemming from reactions of stabilized
Criegee intermediates (sCI). This may be due to the large differences among studies
in the hydrocarbon loadings ([ISO]i = 40–10 000 ppbv), ozone-to-isoprene ratios
(<0.5 to >100), water vapor content (<10–20000 ppmv), reaction pressures (4–760
torr), analytical methods used for product analysis (GC, HPLC, FTIR, direct OH
vs. scavenging, etc.), and methods used to generate SCI (CH2 I2 + hν vs. gas-phase
ozonolysis) (Drozd and Donahue, 2011; Hasson et al., 2001a; Huang et al., 2013;
Johnson and Marston, 2008; Kroll et al., 2002; Neeb et al., 1997; Sauer et al., 1999;
Simonaitis et al., 1991; Welz et al., 2012).
We designed the ozonolysis experiments to have similar ozone-to-isoprene ratios
to those observed during SOAS (∼5–7), and performed the experiments under
dry (RH ∼4%) and moderately humid (RH ∼50%) conditions. The ozonolysis
experiments at FIXCIT primarily focused on studying unimolecular and bimolecular
chemistry of SCI that affects the yields of OH, hydroperoxides, organic acids,
aldehydes and ketones under humid vs. dry conditions. These experiments represent
the first coupling between direct OH observations from GTHOS, aldehyde/ketone
measurements from GCFID and SRI-ToFMS, online formaldehyde measurements
from FormLIF, and online hydroperoxide measurements from the various CIMS
instruments present to provide the most comprehensive picture thus far on the
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humidity-dependent ozonolysis of isoprene.
F. Competitive HO2 nitrate (NO3 ) oxidation (Expts. 9 and 13): the NO3 initiated experiments during the campaign were performed in the dark, under dry
conditions. Excess formaldehyde ([HCHO]i ∼4–8 ppmv) was used as a dark HO2
precursor in order to elevate the contributions of RO2 + HO2 reactions in the NO3
chemistry:
O3 + NO2 → NO3 + O2
HCHO + NO3 → HNO3 + HCO
HCO + O2 → CO + HO2
HO2 + NO2  HO2 NO2
NO2 + NO3  N2 O5
This process produces an HO2 / NO3 ratio of approximately 2 (determined by
photochemical modeling from the mechanism described in Paulot et al., 2009a), a
ratio more relevant to the troposphere during nighttime oxidation. As α-pinene has a
higher NO3 loss rate compared to isoprene, a factor of 2 greater mixing ratio of initial
formaldehyde was used. The consequence of the experimental design is that the
isoprene nitrooxy hydroperoxide (INP) and monoterpene nitrooxy hydroperoxide
(MTNP) are major products, in contrast to experiments performed under RO2 +
RO2 or RO2 + NO3 dominated conditions (Kwan et al., 2012; Ng et al., 2008;
Perring et al., 2009). The focus of these experiments was the quantification of
INP and MTNP with the various CIMS and with TDLIF, and further exploration of
their loss channels to OH oxidation (simulating sunrise) or to dry AS seed particles
by measuring organic aerosol growth on the ToF-AMS. These experiments were
performed with isoprene and α-pinene precursors.
G. High NO2 /NO photooxidation (Expts. 26 and 30): the high NO2 -to-NO
ratios in the lower troposphere in most regions of the globe favor the production
of acylperoxy nitrates (APNs) from the OH-initiated reaction of aldehydes like
methacrolein and pinonaldehyde (Bertman and Roberts, 1991; Nozière and Barnes,
1998). Unlike the APN from methacrolein (MPAN), the APN from pinonaldehyde
has never been measured in the atmosphere (Nouaime et al., 1998; Roberts et
al., 1998; Wolfe et al., 2012). The OH oxidations of aldehydes were performed
with an NO2 / NO ratio greater than 10, and NO2 was replenished as it was reacted
away. These reactions were initiated by CH3 ONO photolysis under higher light flux,
producing [OH] greater than 3 × 106 molec cm−3 . Certain APNs were monitored
with ToFCIMS, and total peroxy nitrates (ΣPNs) were monitored with TDLIF. A
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major focus of the high NO2 experiments was to investigate the SOA-formation
potential and mechanisms from atmospherically relevant APNs, which is expanded
in H.
H. SOA-formation chemistry (Expts. 19, 24, 26, and 30): experiments aimed
specifically at studying chemistry leading to SOA formation have overlapping goals
with those described above. One focus was the evaluation of the SOA-formation
route from APNs by the proposed dioxo ketone, lactone, and epoxide mechanisms
(Chan et al., 2010a; Kjaergaard et al., 2012; Lin et al., 2013b), none of which has yet
been validated by independent studies. However, the proposed epoxide chemistry
has been integrated into some studies published soon after the proposal by Lin et al.
(2013b) (Pye et al., 2013; Worton et al., 2013). After MPAN was formed from the
high-NO2 reaction of MAC + OH, a synthesized standard of methacrylic acid epoxide
(MAE, provided by the UNC group), the proposed epoxide intermediate, was added
to discern the SOA-forming potential of MAE vs. other reactive intermediates in
the MPAN reaction. Following the injection and stabilization of MAE, water vapor
was added until the reaction mixture reached ∼40% RH. Then wet AS seeds were
injected to investigate any SOA mass growth, as quantified by ToF-AMS.
SOA formation from ISOPN high-NO photooxidation and isoprene low-NO photooxidation products were investigated in the presence of wet AS seeds (40–50%
particle liquid water by volume), meant to simulate the high particle liquid water
and sulfate quantities during SOAS. For these experiments, the chambers were humidified to 40–50% RH, and hydrated AS particles were injected through a wet-wall
denuder so that the seed particles retain liquid water above the efflorescence point
of AS (Biskos et al., 2006). In the ISOPN high-NO photooxidation, the potential
for forming organics that will likely condense onto seed particles, e.g. dinitrates and
IEPOX, was recently suggested (Jacobs et al., 2014; Lee et al., 2014). The dinitrate
pathway was investigated as a potential source of particle-phase organic nitrogen. In
the low-NO isoprene photooxidation, IEPOX reactive uptake onto acidic Mg2 SO4
particles (Lin et al., 2012) and non-acidified AS particles (Nguyen et al., 2014a),
both with non-zero liquid water content, were recently demonstrated. We focused
on AS particles with no added acid. The impact of the partitioning of IEPOX on
the gas-phase mixing ratios was examined as a potential reason for the differences
in observed IEPOX in dry and humid regions.
I. Cross-calibrations (Expts. 4a, 5a, 24, 27, and 30): newly commercially
available negative-ion CIMS (Junninen et al., 2010; Lee et al., 1993b) may become
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Figure A.4: GC-ToFCIMS chromatogram of ISOPNs from an isoprene high-NO
photooxidation experiment (black), and from the introduction of 2,1-ISOPN standard synthesized by CSUF (cyan) and 4,3-ISOPN standards synthesized by Caltech
(magenta), CSUF (green), UCB (blue), and Purdue (red). The rightmost four peaks
apparent in the photooxidation chromatogram are preliminarily identified as the cis
and trans 1,4-ISOPN and cis and trans-4,1-ISOPN, although the elution order is
not clear. Asterisks (*) denote impurities in synthesized samples of corresponding
color.
common tools for monitoring complex OVOCs in the atmosphere, similarly to the
widespread adoption of positive ion CIMS (PTR-MS-based instruments). Some
of the new negative ion CIMS instruments were deployed for the first time in field
campaigns occurring in recent years. During FIXCIT, synthesized standards of
eight isomer-specific compounds were available for cross calibrations with different
CIMS in order to better understand the chemical sources of ambient signals during
SOAS and in other field campaigns. Table A.3 shows the structures, abbreviations, and contributors of the synthesized chemicals. The TripCIMS and the GCToFCIMS separated structural isomers through collision-induced dissociation (CID)
and through chromatography, respectively. Figure A.4 shows a GC-ToFCIMS separation of isomers of the ISOPN synthesized standards, as well as ISOPNs present in
a complex photooxidation mixture. SRI-ToFMS and IACIMS tested the switchable
reagent ion sources for preferential detection of one or more isomers of compounds
with the same molecular formula.
For certain cross-calibration experiments, standards were injected into an inflatable pillow bag (∼0.2–0.3 m3 ) that was filled with dry N2 to a known volume. The
purities of the standards were quantified by nuclear magnetic resonance (NMR) or
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Fourier transform infrared spectrometry (FT-IR). The injected material was measured by vapor pressure, quantitative volume transfer, or by ToFCIMS and TripCIMS
that were calibrated using techniques described elsewhere (Bates et al., 2014; Garden et al., 2009; Lee et al., 2014; Paulot et al., 2009a). Some experiments, such
as the IEPOX photooxidation experiment, also served a dual purpose for crosscalibration. For example, trans-β-IEPOX was injected into a clean chamber and
instruments were allowed to sample for ∼1 h to cross-calibrate before an oxidant
precursor was injected. Both LIF-OHR and CRM-OHR were able to measure the
OH reactivity of these OVOC compounds individually, which aids in determining
the known and unknown OH reactivity in ambient environments.
J. GTHOS test experiments: the OH interference in GTHOS, and possibly
other gas-expansion LIF techniques, has been shown to bias OH measurements
systematically high in some biogenically influenced areas unless chemical zeroing
was performed (Mao et al., 2012). The excess OH was demonstrated not to be
produced by the GTHOS laser itself (308 nm), but rather, more likely, in the lowpressure flow zone within the nozzle of the instrument. During FIXCIT, several
hypotheses proposed by Mao et al. (2012), and some original proposals based
on field observations, were tested. The interference precursor candidates were:
(i) ozonolysis intermediates – tested with ozonolysis experiments and with ozone
injection into the GTHOS inlet; (ii) biogenic peroxides like ISOPOOH or HMHP
– tested with synthesized standards; (iii) background chemistry such as NO2 + O3
– tested by the nitrate-oxidation experiment and by sequential injection of NO2
and O3 separately; (iv) dry and humid HO2 + O3 reaction – tested by formaldehyde
photolysis with ozone injection during a separate experiment (01/02/2014, not shown
in Table A.2); (v) β-hydroxy RO2 radicals formed from OH + alkene – tested with
the photooxidation of 2-methyl-2-butanol and compared with 2,2-dimethylbutane
(02/02/2014 and 31/01/2014, not shown in Table A.2); and (vi) heat-mediated
decomposition of thermally unstable species – tested by temperature ramping to
35–40 ◦ C inside the chamber. Often, single variables (like ozone or heat) were
isolated by incremental additions toward the end of an experiment.
The experiments not described in Table A.2 (to test iv and v) were performed
after the formal experiments; thus, not all investigators were present. Only GTHOS,
ToFCIMS, TripCIMS, ToF-AMS, GCFID, O3 monitor and NO x monitor were collecting data. The HO2 + O3 test experiment (01/02/2014) was performed by injecting
∼600 ppbv of ozone, then ∼50 ppbv of cyclohexane as an OH tracer for CIMS (mon-

296
itored by the formation of cyclohexyl hydroperoxide). UV lights were turned on and
then 4 ppmv of formaldehyde was injected, which photolyzed to produce 550 pptv
of HO2 . The HO2 reaction with formaldehyde produced a small yield of HMHP
(Niki et al., 1980). Water vapor was injected to diagnose the effect of humidity.
Experiments to test the effects of RO2 structure utilized CH3 ONO to oxidize ∼50
ppbv of either 2-methyl-2-butanol and 2,2-dimethylbutane with OH. Ozone (∼ 600
ppbv), water vapor (until RH ∼30–40%), and NO2 (400 ppbv) were added sequentially at toward the end of the photooxidation. Finally severally hundred ppb of NO
was added to titrate away the ozone.
A.2.4

Analytical Challenges

Throughout the campaign, several sources of analytical interferences or systematic
biases were discovered. Some challenges resulted from the integration of field
instruments to a chamber setting, where high concentrations of certain chemicals
were used to engineer extremely specific conditions. Thus, these issues do not affect
ambient sampling. For example, (1) high NO2 levels in some experiments affected
the normal operation of TDLIF because the ΣANs and ΣPNs measurements were
determined by subtraction of NO2 . When NO2 is much higher than ΣANs and ΣPNs,
the measurement by difference contains large uncertainties; (2) high H2 O2 for lowNO conditions affected the operation of some CIMS instruments because the ppmv
mixing ratios of H2 O2 depleted a non-negligible quantity of reagent ions. In order to
correct for this, the CIMS instruments needed to calibrate as a function of H2 O2 in
addition to traditional methods, or account for the true reagent ion signal (which was
anti-correlated with H2 O2 concentration). High H2 O2 also affected GTHOS due to
photolysis-derived OH production by the laser. GTHOS corrected for this effect by
removing the OH background that was determined by sampling when only H2 O2 was
present; (3) High formaldehyde, cyclohexane, or H2 O2 dominated the OH reactivity
for certain experiments. In experiments where ppmv levels of volatile compounds
were used, LIF-OHR and CRM-OHR did not operate. In contrast, high ozone and
NO levels did not appear to affect the operation of any instruments. Temperature
and humidity effects on ion sensitivities have been corrected for by ToFCIMS and
TripCIMS as standard procedure. Other CIMS are actively characterizing these
effects for analytes of interest.
However, other analytical challenges were not unique to laboratory studies. It was
found that chemical artifacts were produced from the decomposition of multifunctional OVOC (e.g. ISOPN, ISOPOOH, IEPOX, and pinonaldehyde) under normal
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operating conditions in some instruments; thus, possibly affecting ambient sampling
and field data interpretation. Figure A.5 shows the proposed decomposition pathways of certain isomers of isoprene-derived OVOC to form MAC and MVK. We
are aware of MAC and MVK interference only from the 1,2- and 4,3- isomers of
ISOPOOH, the 1,2- and 4,3- isomers and ISOPN, and the β isomers of IEPOX (i.e.,
the peroxide, nitrate, and epoxide groups are secondary or tertiary). Unfortunately,
these isomers are expected to be the most abundant in the atmosphere, e.g. the
β-IEPOXs are estimated to represent more than 97% of atmospheric IEPOX (Bates
et al., 2014). The extent of decomposition and product distribution may also vary
based on the operating conditions of the particular analytical method. In general,
the decomposition was exacerbated by instruments with harsher sampling conditions, i.e., high ionization energy (e.g. the standard H3 O+ mode of SRI-ToFMS),
high temperatures, and/or materials incompatible with organics (e.g. the hot stainless steel sample loop and inlet of GCFID). OVOCs from the low-NO isoprene
photooxidation have been shown to decompose to MAC and MVK in commercial
PTRMS instruments (Liu et al., 2013), but the exact identities of the compounds
were unclear. During FIXCIT, it was observed that ISOPOOH, IEPOX, and pinonaldehyde were detected at m/z 71.050 in the SRI-ToFMS in PTR mode (the sum
of MAC + MVK). Switchable reagent ions show promise for removing certain biases, but more work is needed to characterize the chemistry that forms interfering
ions. Furthermore, we observed that the decomposition interference also affected
GCFID, the other commonly used detection method for MAC and MVK in ambient
samples. ISOPOOH, IEPOX, and ISOPN were detected as either MAC or MVK
in the GCFID, depending on the specific isomer. The interferences may not be
localized to this particular GCFID, and a more detailed account can be found in
Rivera-Rios et al. (2014). Conversion efficiencies of OVOCs to the C4 carbonyls
in the Caltech GCFID range in order of ISOPOOH > IEPOX > ISOPN, and can be
almost quantitative for ISOPOOH because of the facile cleavage of the weak O–O
bond. Lastly, ISOPN were found to be converted to NO with a small yield in the
NO–CL and a larger yield in commercial NO x analyzers.
All decomposition-derived artifacts can be avoided by collecting the air sample
through a length of tubing submerged in a cold bath (-40 ◦ C), which trapped OVOCs
that are less volatile than authentic MAC and MVK. Liu et al. (2013) implemented
this technique successfully in their laboratory study using SRI-ToFMS, resulting in
a lower yield than previously reported for MAC and MVK in the low-NO oxidation
of isoprene. Field application may prove more challenging, however, as the trapping
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Figure A.5: Select proposed mechanism for the decomposition of OVOCs to carbonyls on contact with metal surfaces or high ionization energies within instrumentation. Other decomposition pathways likely exist and the branching ratios
are dependent on instrument operation conditions. Cleavage sites are indicated by
dashed lines.
is labor intensive and requires careful humidity control to avoid ice buildup and
blockage. During FIXCIT, both GCFID and SRI-ToFMS employed trapping techniques at various times to avoid biases in the detection and interpretation of MAC
and MVK data.
A.3

Preliminary Results and Atmospheric Implications

Forthcoming papers will discuss campaign results in detail. Here, we summarize
a few interesting observations that appeared to be robust, based on preliminary data
analysis of the laboratory and field work.
– Nighttime chemistry of alkenes, as controlled by the NO3 radical, leads to several
organic nitrates that are unique compared to daytime high-NO photooxidation. A
significant product is the nitrooxy hydroperoxide, the atmospheric importance of
which has likely been significantly underestimated in past chamber studies. The
nitrooxy hydroperoxide reacts further in the daytime through a currently unknown
mechanism.
– The high-NO hydroxy nitrate yield from isoprene is closer to the high end of the

299
spectrum (range 4–15%), important for the accurate simulations of volatile nitrogen
in the atmosphere.
– Observed mixing ratios of isoprene low-NO photooxidation products are impacted by heterogeneous chemistry that appears to be mediated by aqueous processes, which has implications for the interpretation of IEPOX observations in dry
vs. humid areas of the world.
– Environmental conditions in many locations, including within a biomass burning
plume, are favorable for the H-shift RO2 isomerization chemistry that produces
compounds like HPALDs and very low-volatility oxygenates. The atmospheric fate
of HPALDs is highly impacted by direct photolysis that recycles OH, as well as
other complex chemistry and physical processes.
– The ozonolysis reaction of isoprene produces a high yield of C1 compounds
that are also observed with considerable abundance during ambient sampling. The
hydroperoxide and acid yields appear to be underestimated by previous studies that
detected these compounds via offline techniques. The OH yield may not follow the
same trend with RH as the hydroperoxide and acid yields.
– APNs are efficient SOA precursors. SOA formation was prompt, and organic
mass growth occurred quickly without the addition of inorganic seeds, i.e., the
SOA intermediate(s) from APN + OH condensed onto predominantly organic SOA
material. Injections of the MAE standard did not increase the SOA mass growth.
– Several experiments produced significant amounts of excess OH, as measured
by the GTHOS instrument, providing further avenues for investigation. These
experiments also ruled out several candidates for the OH interference. More work
is underway to characterize the phenomenon comprehensively.
– Calibrations with several synthesized standards of OVOC (Table A.3) significantly aid in data interpretation from OHR and new CIMS instruments. Sampling
these OVOC through standard instrumentation may interfere with some routine field
and chamber measurements (depends on the run conditions and instrument setup),
but may be mediated by cold-trapping methods. This is likely a contributing factor
in the high discrepancies in MAC and MVK yields from low-NO isoprene photooxidation previously reported. For example, we find the preliminary low-NO yields of
MVK (6 ± 3%) and MAC (4 ± 2%), determined by GC-FID, from photooxidation
of isoprene are consistent with Liu et al. (2013) when cold-trapping methods were
employed (Expt. 21). However, the low-NO "yields" of MVK and MAC are each
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greater than 40% when sampled directly by the GC-FID from the chamber (Expt. 2)
due to interferences by isomers of ISOPOOH (Rivera-Rios et al., 2014) and possibly
other OVOCs.
Final data from the FIXCIT campaign will be made publicly available on archives
hosted by the US National Oceanic and Atmospheric Administration (NOAA,
http://esrl.noaa.gov) in January 2016. Data will be submitted in the ICARTT
format, standardized by the US National Aeronautics and Space Administration
(NASA, http://www-air.larc.nasa.gov/missions/etc/IcarttDataFormat.htm).
A.4

Summary

Although data analysis is ongoing, the goals of the FIXCIT campaign appear to
have been met during the campaign period. The insights gained from experimental
observations under well-controlled laboratory conditions have already proved valuable for understanding ambient observations from SOAS. The community effort
to pursue atmospherically important chemistry with sensitive ambient techniques
and custom-synthesized chemicals has elevated our understanding of atmospheric
oxidation for a number of biogenic compounds. Novel mechanistic information
obtained during FIXCIT will be helpful to update chemical mechanisms currently
implemented in large-scale chemistry-coupled transport models. Instrumental intercomparisons, an important aspect of the campaign, have demonstrated that a thorough characterization of new and standard ambient sampling techniques using authentic standards is necessary for accurate data interpretation.
Chamber experiments are clearly invaluable to the field of atmospheric chemistry,
as the results feed directly into models that are used to ascertain regional and
global climate and chemistry feedbacks. Furthermore, chamber data aid in the
interpretation of complex results obtained from field studies. However, it can
be difficult to decipher the conditions under which chamber experiments are most
relevant, and a standard protocol for data reporting may be needed. For example, best
estimates of oxidation conditions in chambers (i.e., if reactions are HO2 -dominated,
low-NO but RO2 -dominated, high-NO, high-NO x but low-NO, and so on) would
greatly aid in comparisons of these experiments and others. The experiments in
this campaign were fundamentally focused on the fate of the RO2 radical as a
delineation between chemical regimes. FIXCIT experiments (Table A.2) can be
further improved or tailored to the specific needs of the scientist. It has been
demonstrated, here and elsewhere, that chamber studies that include chemistry
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representative of the atmosphere and well-characterized instrumental methods can
accurately reproduce observations in the ambient environment. The results from
FIXCIT make a case for future synergistic integration of laboratory studies with
field campaigns, which maximizes the level of mechanistic understanding and data
confidence obtained from the combination of both types of studies.

302
Appendix B

ATMOSPHERIC FATE OF METHYL VINYL KETONE: PEROXY
RADICAL REACTIONS WITH NO AND HO2

Praske, E., J. D. Crounse, K. H. Bates, T. Kurtén, H. G. Kjaergaard, and P. O.
Wennberg (2015). “Atmospheric fate of methyl vinyl ketone: Peroxy radical reactions with NO and HO2”. In: J. Phys. Chem. A 119.19, pp. 4562–4572. doi:
10.1021/jp5107058.
Abstract
First generation product yields from the OH-initiated oxidation of methyl vinyl
ketone (3-buten-2-one, MVK) under both low and high NO conditions are reported.
In the low NO chemistry, three distinct reaction channels are identified leading to the
formation of (1) OH, glycolaldehyde, and acetyl peroxy R2a, (2) a hydroperoxide
R2b, and (3) an α-diketone R2c. The α-diketone likely results from HO x -neutral
chemistry previously only known to occur in reactions of HO2 with halogenated
peroxy radicals. Quantum chemical calculations demonstrate that all channels are
kinetically accessible at 298 K. In the high NO chemistry, glycolaldehyde is produced
with a yield of 74 ± 6.0%. Two alkyl nitrates are formed with a combined yield
of 4.0 ± 0.6%. We revise a three-dimensional chemical transport model to assess
what impact these modifications in the MVK mechanism have on simulations of
atmospheric oxidative chemistry. The calculated OH mixing ratio over the Amazon
increases by 6%, suggesting that the low NO chemistry makes a non-negligible
contribution toward sustaining the atmospheric radical pool.
B.1

Introduction

MVK is one of the most abundant oxygenated volatile organic compounds in the
Earth’s atmosphere. It is a major product of the gas-phase oxidation of isoprene, a
compound emitted by terrestrial vegetation to the atmosphere at a rate of approximately 500 Tg y−1 (Guenther et al., 2012). Oxidation of isoprene by the hydroxyl
radical (OH) produces MVK with a yield that depends on the concentrations of NO
and HO2 and temperature. MVK is also produced during the oxidation of isoprene
by ozone and has been quantified in car exhaust (Biesenthal and Shepson, 1997;
Zhang and Zhang, 2002). Globally, approximately 100 Tg of MVK are produced
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annually from isoprene according to the GEOS-Chem simulations described here
(Bey et al., 2001).
MVK has an atmospheric lifetime of approximately 10 h with respect to oxidation
by OH ([OH] = 1.5 × 106 molecules cm−3 ), which constitutes its principal atmospheric loss process (Atkinson et al., 2006). OH adds to either of the two olefinic
carbon atoms forming distinct alkyl radicals. In the atmosphere, these alkyl radicals
rapidly react with O2 forming peroxy radicals (RO2 ):
CH3 C(=O)CH=CH2 + OH + O2 → CH3 C(=O)CH(OO·)CH2 OH
(R1a)
CH3 C(=O)CH=CH2 + OH + O2 → CH3 C(=O)CH(OH)CH2 OO·
(R1b)
Tuazon and Atkinson (1989) studied the OH-initiated MVK oxidation in the gas
phase and determined that R1a accounts for 72 ± 21% of the OH reactivity with
the remaining following pathway R1b. The dominant fate of RO2 radicals in the
atmosphere is reaction with either HO2 or NO. The reaction of MVK-derived RO2
and NO to produce NO2 , HO2 , and carbonyl products has been previously characterized. Glycolaldehyde, methylglyoxal, formaldehyde, and peroxyacetyl nitrate
have all been quantified as the primary first generation products of MVK oxidation
under conditions where reaction with NO dominates the RO2 fate (Galloway et al.,
2011; Tuazon and Atkinson, 1989). The yields of glycolaldehyde and methylglyoxal through NO-mediated chemistry were determined to be 64 ± 8% and 25 ± 4%,
respectively (Tuazon and Atkinson, 1989). The yield of organic nitrates has been
estimated to be 10 ± 10% (Chuong and Stevens, 2004). Alkyl nitrates are of interest
due to their interactions with aerosol as well as their ability to act as temporary
reservoirs of NO x , which can be transported and lead to ozone formation downwind
(Perring et al., 2013).
The primary focus of this study is the chemistry of the reaction of the RO2
radicals formed in R1a and R1b with HO2 . This chemistry is notably distinct, given
the diverse set of reactions that RO2 + HO2 may undergo (Orlando and Tyndall,
2012). Traditionally, these reactions have been viewed as sinks for atmospheric
radicals through the formation of organic hydroperoxides (Seinfeld and Pandis,
2006). As demonstrated here, however, this chemistry is largely HO x neutral in the
case of MVK. Two reaction channels R2a-R2b, previously described for the reaction
of acetonyl RO2 and HO2 (Dillon and Crowley, 2008; Hasson et al., 2005, 2004;
Jenkin et al., 2008), are observed to occur for MVK RO2 with substantial yields. We
have also identified a carbonyl forming channel R2c, which has only been reported
in the reactions of halogenated RO2 with HO2 (Hou et al., 2005a,b; Hou and Wang,
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expt
#

objective

[MVK]0
(ppbv)

oxidant
(ppmv)

[NO]0
(ppmv)

1
2
3
4
5
6
7
8
9
10

RO2 + HO2
RO2 + HO2
RO2 + HO2
RO2 + HO2 , hot
RO2 + HO2 , slow, hot
RO2 + HO2 , slow, hot
RO2 + NO
RO2 + NO
RO2 + NO, hot
RO2 + NO, hot

85
79
62
95
60
28
75
440
75
78

H2 O2 , 2.5
H2 O2 , 2.5
H2 O2 , 2.5
H2 O2 , 2.5
CH3 ONO, 0.050
H2 O2 , 1.6
CH3 ONO, 0.100
H2 O2 , 2.5
CH3 ONO, 0.100
CH3 ONO, 0.100

1.3
1.2
1.2
1.2

temp. UV
(±2 K) (%)
296
296
296
323
323
323
296
296
323
323

100
100
100
100
12.5
12.5
25
100
25
25

Table B.1: List of photo-oxidation experiments performed. For the UV lights, JNO2
= 2.5 × 10−3 s−1 at 100% illumination.
2005). The reaction pathways are shown below:
CH3 C(=O)CH(OO·)CH2 OH → CH(=O)CH2 OH + CH3 C=O + OH + O2
CH3 C(=O)CH(OO·)CH2 OH → CH3 C(=O)CH(OOH)CH2 OH + O2
CH3 C(=O)CH(OO·)CH2 OH → CH3 C(=O)C(=O)CH2 OH + OH + HO2

(R2a)
(R2b)
(R2c)

The discovery of efficient HO x recycling in MVK chemistry adds to the growing
number of new findings that the oxidation of isoprene and other biogenic alkenes in
low NO environments is less HO x consuming than previously understood (Crounse
et al., 2012, 2011; Peeters et al., 2009; Surratt, 2013). Here, we use the GEOS-Chem
atmospheric chemical transport model to evaluate the impact of this chemistry on
simulated OH levels within the lower atmosphere.
B.2

Experimental Methods

We performed a series of photo-oxidation experiments in a small Teflon-walled
chamber (Table B.1). Experiments were designed to evaluate the products of reactions of the peroxy radicals formed in R1a and R1b with both NO and HO2 . To
evaluate the importance of unimolecular reactions of these peroxy radicals, we also
investigated the dependence of the product distribution on peroxy radical lifetime
and temperature.
B.2.1

Chemicals

Methyl vinyl ketone (99%, Sigma-Aldrich), 3-hydroxy-2-butanone (≥96%, SigmaAldrich), 4-hydroxy-2-butanone (95%, Sigma-Alrich), glycolaldehyde dimer (SigmaAldrich), H2 O2 (30% w/w, Macron), nitric oxide (1993 ± 20 ppmv NO in N2 ,
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Matheson), and isopropanol (≥99%, Macron) were all used as purchased.
B.2.2

Chamber and Instruments

Experiments were carried out in a 1 m3 fluorinated ethylene propylene copolymer
(Teflon-FEP, DuPont) environmental chamber at ambient laboratory pressure (∼993
hPa), as previously described (Crounse et al., 2011). The chamber was connected
to instrumentation via ∼2 m of 6.35 mm OD PFA tubing. Instrumentation included
a Time of Flight Chemical ionization mass Spectrometer (ToF-CIMS), a triple
quadrupole MS-MS CIMS, and a gas chromatograph with a flame ionization detector
(GC-FID).
MVK was monitored by GC-FID, with product determination via CIMS. The GCFID (Agilent 5890 II) had a run cycle of approximately 30 min and was equipped
with a 30 m megabore 0.53 µm PLOT-Q column (JW Chemicals).
B.2.3

CIMS

The CIMS techniques have been previously described in detail (Crounse et al.,
2006; Paulot et al., 2009b; St. Clair et al., 2010). Reaction products were quantified
using the CF3 O− reagent ion (m/z = 85) at temporal resolution of 10 Hz. CF3 O− was
formed by passing 1 ppm of CF3 OOCF3 in N2 through a 210 Po radioactive source.
The reagent ion was then introduced to a flow tube where the chamber sample was
diluted (dry N2 , 1675 standard cubic centimeters per minute). Due to clustering
with the reagent ion, most masses reported here are represented as the sum of the
nominal compound mass and m/z 85. Fluoride transfer can occur for acidic analytes.
For example, nitric and acetic acids were detected primarily at m/z 82 and m/z 79,
respectively. Observed ion signals were normalized to that of the reagent ion to
account for variations in CF3 O− fluence. The reagent ion was represented as the
sum of m/z = 86, 104, and 120, which corresponds to 13 CF3 O− and its cluster with
water and H2 O2 , respectively. Detection limits are typically ∼10 pptv.
B.2.4

GC-CIMS

The CIMS was periodically connected to a GC column to enable the separation and
quantification of isomers. The GC-CIMS technique has been previously described
(Bates et al., 2014; Lee et al., 2014; Teng et al., 2015). Briefly, both prior to and after
photo-oxidation, samples of chamber air were analyzed using a gas chromatograph
with the output of a 4 m Restek RTX-1701 column connected to the ToF-CIMS. The
analytes were cryogenically trapped on the head of the column using an isopropanol
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bath at approximately -20 ◦ C. Sample collection lasted 4 min to yield a total sample
volume of about 150 cm3 , after which a temperature ramp program was initiated
(30 ◦ C for 0.1 min, +3 ◦ C/min until 60 ◦ C, and +10 ◦ C/min to 130 ◦ C).
B.2.5

Calibration

Where available, synthetic standards were used to determine the sensitivity of the
CIMS. For several of the products where standards were not available, we estimated
the sensitivity using reagent ion-molecule collision rates, calculated using dipole
moments and polarizabilities (see Section B.5) (Garden et al., 2009; Su and Chesnavich, 1982). Isomer-specific sensitivities for the MVK-derived alkyl nitrates were
previously determined by thermal dissociation LED-induced fluorescence coupled
to the output of a GC column (Lee et al., 2014). Glycolaldehyde, the principal
MVK oxidation product upon which other yields are based, was calibrated using
an authentic standard. Gas phase standards were prepared by methods involving
either the evaporation of a solution containing glycolaldehyde or by decomposition
of crystalline glycolaldehyde dimer. In the first method, a gravimetric standard of
glycolaldehyde dimer was dissolved in methanol to yield a 2.8% w/w glycolaldehyde
solution. A known quantity of this solution was injected via syringe into a sealed
glass three-way vial, which was then transferred to the chamber by flushing with
a known volume of dry zero air. In a second method, crystalline glycolaldehyde
dimer was placed into a vial and heated to 100 ◦ C and vacuum purged to remove
high volatility species as well as water and air. After 10 min, the vial was cooled
to room temperature. A steady flow of dry N2 transferred the headspace over the
remaining glycolaldehyde dimer into a 50 L Teflon bag. Between the vial and the
bag, a cold trap (-15 ◦ C) was used to reduce the transmission of dimer and other low
volatility impurities. After the bag was filled, an aliquot was transferred into a glass
sample cell and the absolute concentration of glycolaldehyde was determined by
FTIR (Nicolet 560 Magna-IR) using tabulated absorption cross sections.(31) The
referenced Pacific Northwest National Laboratory glycolaldehyde cross sections
agree with those determined by Tuazon and Atkinson (1989) to better than 10%. A
500 cm3 bulb was filled with the mixture and then flushed into the chamber with
a known volume of air. The reproducibility of the calibration was verified twice
for each technique, which confirmed that systematic and random error were below
7%. During each calibration, the signal on the chamber was monitored for 2-3 h in
order to constrain wall loss processes and determine the effect of increasing relative
humidity in the chamber. Over the time frame in which the sensitivity was derived,
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Figure B.1: Diagnostic experiments using commercially available precursors were
conducted to identify structures associated with mass signals in MVK oxidation.
The detected products resulting from NO/HO2 reaction are shown.
the signal was stable to within ±0.1%.
Standards for several of the proposed products of the oxidation of MVK are not
commercially available. To identify these products, we synthesized several of the
proposed compounds in the gas phase from commercially available precursors. 3Hydroxy-2-butanone and 4-hydroxy-2-butanone were oxidized in the presence of
H2 O2 . Both compounds were first diluted in water to yield ∼10% w/w solutions
that were then volatized into the chamber using the three-way glass vial addition
method described above. The experiments (see Table B.2) were performed in both
the HO2 - and NO-dominated regimes. The oxidation products (see Figure B.1)
were analyzed by GC-CIMS to compare retention times with those of the products
of MVK oxidation.
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expt
#

objective

hydrocarbon

oxidant

11
12
13
14
15
16

RO2 (R1a) + HO2
RO2 (R1a) + NO
RO2 (R1b) + HO2
RO2 (R1b) + NO
Photolysis
Photolysis

4-hydroxy-2-butanone
4-hydroxy-2-butanone
3-hydroxy-2-butanone
3-hydroxy-2-butanone
MVK
MVK

H 2 O2
H 2 O2
H 2 O2
H 2 O2
H 2 O2
H 2 O2

NO added
OH
(ppmv)
scavenger
0.8
0.8
-

no
no
no
no
no
yes

Table B.2: List of diagnostic experiments performed. Parentheses are used to
indicate the isolation of peroxy radicals produced by reactions R1a or R1b.
B.2.6

MVK Photooxidation Experiments

The experiments performed are listed in Table B.1. Experiments were conducted
at 296 ± 2 K, with the exception of experiments 4, 5, 6, 9, and 10 in which the
chamber enclosure was heated and maintained at 323 K. Additions of MVK and
oxidant were introduced sequentially to the chamber. MVK standards were prepared
by serial dilution. First, a vapor pressure of ∼13 hPa of MVK was siphoned into an
evacuated 500 cm3 glass bulb. An atmosphere of nitrogen was added to the bulb,
which was subsequently pumped to ∼13 hPa before being refilled with N2 . All
pressures were measured by an MKS Baratron. The resulting MVK mixing ratio
(∼100 ppm) was verified by FTIR using tabulated absorption cross sections (Sharpe
et al., 2004). The sample was then introduced to the chamber and diluted with a
regulated flow (20 L min−1 , MKS mass flow controller) of dry zero air.
H2 O2 was used as a HO x precursor in some experiments, while CH3 ONO was used
in others. A known amount (∼8 mg) of H2 O2 (30% w/w in water) was transferred
into a three-way glass vial and evaporated into the chamber using a stream of dry
zero air for about 20 min to yield 2.50 ± 0.25 ppm of H2 O2 . The residual mass of
the vial was measured to ensure complete transfer of the contents to the chamber.
OH and HO2 are produced via the photolysis of H2 O2 under full chamber UV
lights (8 Sylvania 350 blacklights with JH2 O2 ∼ 1.7 × 10−6 s−1 , JNO2 ∼ 2.5 × 10−3
s−1 , and Jgl ycolaldehyde ∼ 1.5 × 10−6 s−1 ):
H2 O2 + hν → 2OH
OH + H2 O2 → HO2 + H2 O
CH3 ONO was used as a radical precursor to create conditions where the peroxy
radicals react at approximately equal rates with HO2 and NO. Methyl nitrite was
synthesized using a procedure similar to that outlined in Taylor et al. (1980). A
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known pressure of CH3 ONO was added to a 500 cm3 glass bulb, following a method
similar to the addition of MVK. Only 2 UV lights were used in these experiments
because the photolysis rate of CH3 ONO is much greater than that of H2 O2 for the
radiation emitted by our chamber lights. Radical generation proceeds by
CH3 ONO + hν + O2 → HO2 + NO + HCHO
HO2 + NO → OH + NO2
For experiments designed to measure the alkyl nitrate yield (7, 8, 9, and 10),
∼1 ppm of NO was added to the chamber at the start of the experiments using the
primary standard described above.
After filling the chamber with all reactants and diluting to the desired volume,
background signals were quantified via direct (without chromatographic separation)
and GC-CIMS sampling. UV lights were then switched on until the mixing ratio
of MVK had decayed ∼10%. This amount was chosen to minimize the influence of
secondary reactions and other loss processes while producing quantifiable yields of
products. The product yields reported here are derived from this initial oxidation
period.
Experiments 5 and 6 were performed to probe unimolecular pathways in the
mechanism. Similar to previous experiments detailing the oxidation of methacrolein
described by Crounse et al. (2012) the peroxy radical lifetimes were extended by
halving the concentration of both MVK and oxidant and employing very low light
flux conditions. Additionally, the chamber was heated to 50 ◦ C to increase the rate
of any RO2 isomerization processes.
Finally, experiments 15 and 16 were performed to measure the photolysis of
the products of MVK oxidation. MVK was oxidized in the presence of H2 O2
until a sufficient signal level was attained for the product compounds of interest.
At this point, oxidation was halted by switching the lights off. Isopropanol, an
OH scrubber, was added to the chamber via a 500 cm3 glass bulb to yield a ∼50
ppm mixing ratio. According to evaluated gas phase kinetic data (Atkinson et al.,
2006), >99% of OH present or subsequently produced preferentially reacted with
the scrubber under these conditions. The chamber was fully illuminated once again
for ∼10 h. Photolysis experiments were conducted both with (experiment 16) and
without (experiment 15) the presence of the OH scavenger.
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B.2.7

Quantum Chemical Methods

We employed theoretical calculations to evaluate the thermodynamics of the
three proposed reaction pathways for the reaction of MVK-derived RO2 and HO2
R2a-R2c. The lowest energy conformer for each of the stationary points along the
reaction was found using the systematic search in Spartan14 except for the transitions
states (TS) where the structures were inferred based on previous calculations in the
literature (Hasson et al., 2005; Hou et al., 2005a,b; Hou and Wang, 2005). The
B3LYP hybrid density functional with the standard 6-31+G(d) double-ζ basis set
was used in these initial calculations. The optimized structure of each stationary
point was subsequently refined with the the wB97XD functional (Chai and HeadGordon, 2008) and the aug-cc-pVDZ and aug-cc-pVTZ, double and triple-ζ basis
set, respectively (wB97XD/aVDZ and wB97XD/aVTZ). Only minor differences in
structures are found between the wB97XD/aVDZ and wB97XD/aVTZ optimized
structures. Harmonic vibrational frequencies are calculated for both wB97XD
methods to confirm that each structure is either a minimum or a transition state (one
imaginary frequency). The transition state (TS) structures are shown to connect the
reactant or reactant intermediate and product on either side via intrinsic reaction
coordinate (IRC) calculations with the wB97XD/aVDZ method. For all calculations,
we used the unrestricted Kohn-Sham formalism with the spin symmetry of the initial
guess wave function broken (Guess = Mix). The wB97XD DFT calculations are
calculated using the Gaussian09 program suite with the default convergence criteria
(Frisch et al., 2009).
We improved the accuracy of the thermochemistry by calculating single-point
energies with the explicitly correlated CCSD(T)-F12a/VDZ-F12 method (F12) at
the wB97XD/aug-cc-pVTZ optimized structures (Knizia et al., 2009). The F12
calculations on open-shell species are restricted open coupled cluster [ROCCSD(T)F12] calculations based on a restricted-open Hartree-Fock (ROHF) determinant.
The T1 diagnostic is less than 0.034 in all F12 calculations, which indicates that
multiconfiguration effects are limited. All the F12 coupled cluster calculations are
performed using the MOLPRO2 010 program suite with the default convergence
criteria (Werner et al., 2012).
We obtain ∆G for each structure with the F12 energies and the thermal contribution
from the wB97XD/aug-cc-pVTZ calculation.
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regime

RO2 + NO

RO2 + HO2

YGLYC
YMGLY
Yα−DK
YHHP
YMV K N
YMV K N 0

74 ± 6.0%
24.12 ± 0.14%a
2.4 ± 0.4%
1.6 ± 0.4%

38 ± 4.6%
4 ± 1%b
14 ± 5.3%
27 ± 9.7%
-

Table B.3: Measured yields (Y ) based on experiments 7 and 8 for the high-NO
regime and experiments 1-3 for the RO2 + HO2 regime. Abbreviations are: GLYC
= glycolaldehyde, MGLY = methylglyoxal, α-DK = C4 α-diketone, HHP = C4 4,3
hydroxy hydroperoxide, MVKN = 3-ONO2 ,4-OH-MVK, and MVKN’ = 3-OH,4ONO2 -MVK. Methylglyoxal was not measured in these experiments; values come
from a Galloway et al. (2011) or b Personal communication from F. N. Keutsch.
B.3
B.3.1

Results and Discussion
Product Yields

The product yields from the reaction of the hydroxy peroxy radicals formed via
R1a and R1b with NO or HO2 are shown in Table B.3. Example time traces of the
decay of MVK and the growth of these products are shown in Figure B.2.
The yield of glycolaldehyde is computed from the rate of its formation divided
by the loss rate of MVK. The yields of the other products are determined relative to
glycolaldehyde. The tabulated uncertainty in the yield of glycolaldehyde includes
error in its measurement and from error in the amount of MVK oxidized (due to
uncertainty in the GC-FID measurements and in the initial concentration of MVK
resulting from uncertainty in the infrared cross sections). The uncertainty in the
yields of the other products includes error in the absolute yield of glycolaldehyde in
addition to error in the slope of the linear regression of the relative rate of product
formation. Uncertainty in the calibration of glycolaldehyde is ∼7%, and for the
hydroxy nitrates is ∼12%. Calibration of the remaining compounds is significantly
more uncertain (30%) due to the lack of authentic standards (see Table B.6 of the
Supporting Information). The error bounds in Table B.3 also include uncertainty
in both measured and calculated calibration factors. Due to uncertainty in the
calibrations, the yields do not necessarily achieve carbon parity.
In direct sampling from the chamber, the signal from both hydroxy nitrate isomers
produced from MVK, 4-hydroxy-3-nitrooxy-2-butanone (MVKN), and 4-nitrooxy3-hydroxy-2-butanone (MVKN’), is measured as the cluster with CF3 O− (m/z 234).
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Figure B.2: Reaction profiles demonstrating the HO2 and NO dependence of the
chemistry. Species shown are glycolaldehyde (dark blue), a 4,3-hydroxy hydroperoxide (green), an α-diketone (red), organic nitrates (×10, orange), and MVK (light
blue diamonds). Data are derived from (a) experiment 2 in the low NO regime and
(b) experiment 8 in the high NO regime. Error bounds reflect the uncertainty in the
GC-FID quantification of MVK.

The isomer-specific yields were determined using GC-CIMS. We assigned the chromatographic peaks by comparing the individual retention times with those of the
hydroxy nitrate carbonyls produced in experiments 12 and 14 (Figure B.10 of the
Supporting Information).
The yield and identification of the dicarbonyl compound was based on analysis
of experiments 11, 13, 15, and 16. As discussed below, there are two possible
compounds detected as a CF3 O− cluster with C4 O3 H6 at m/z 187: an α-diketone
(1-hydroxy-2,3-butanedione) or an aldehyde (2-hydroxy-3-oxobutanal). However,
the oxidation of 4-hydroxy-2-butanone in experiment 11 produced a yield of the m/z
187 compound relative to glycolaldehyde identical to that shown in Table B.3. On

313
the other hand, the m/z 187 signal observed from 3-hydroxy-2-butanone oxidation
in experiment 13 was produced as a second-generation product and was not accompanied by coproduction of glycolaldehyde. Thus, we conclude that the observed
m/z 187 signal primarily arises from the α-diketone and that the contribution of the
aldehyde is likely small (<2%).
Only a single hydroxy hydroperoxide was observed in GC-CIMS chromatograms
obtained following the low NO oxidation of MVK (experiments 1-3). The elution
time of this compound matched that of the hydroperoxide formed in experiment
11. The hydroxy hydroperoxides produced in experiments 1-3 and 11 also share
identical and characteristic ion chemistry. Three major product ions are observed:
m/z 205 results from the cluster of CF3 O− ; m/z 139 (F·C4 H8 O−4 ) results from
fluoride transfer; m/z 101 (C4 H5 O−3 ) likely results from loss of water and HF;
and FCO−2 (m/z 63) is a fragment of m/z 205 characteristic of CF3 O− chemical
ionization of hydroxy hydroperoxides (Paulot et al., 2009b). The product ions (m/z
205:139:101:63) are produced in a ratio of 5:10:6.5:1. This analysis is further
detailed in Figure B.10 of the Supporting Information. Given the identical elution
time and similar product ion distribution between the MVK hydroperoxide and those
derived from the oxidation of 4-hydroxy-2-butanone, we identify this hydroperoxide
as 3-hydroperoxy-4-hydroxybutan-2-one (4,3-hydroxy hydroperoxide).
B.3.2

Reaction of RO2 with NO: Constraining the Ratio R1a:R1b

In the reaction of the two peroxy radicals produced in R1a and R1b with NO, two
alkoxy radicals and two alkyl nitrates are produced (see Figure B.3). Tuazon and
Atkinson (1989) and Galloway et al. (2011) suggested that the internal and external
alkoxy radicals decompose to glycolaldehyde and methylglyoxal with 100% yield,
respectively. Consistent with this hypothesis, we have calculated the energy barriers
associated with decomposition of the alkoxy formed from the reaction of the peroxy
radical produced in R1a with NO. We find that fragmentation to methylglyoxal is
likely uncompetitive with fragmentation to acetyl peroxy (PA) and glycolaldehyde
(8.2 vs 1.5 kcal mol−1 in electronic energy, see the Supporting Information). This is
consistent with the structure-activity relationship of Vereecken and Peeters (2009),
which suggests these barriers to be 8.1 versus 3.7 kcal mol−1 , respectively. Thus,
the product yields shown in Table B.3 suggest that the branching to R1a, derived
by adding the glycolaldehyde yield and that of the corresponding hydroxy nitrate,
is 76 ± 14%, while that to R1b is 24 ± 14%. The branching of R1b is defined
as the difference between unity and the branching to R1a. Our estimation of the
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Figure B.3: Proposed mechanism for the high-NO regime (after Tuazon and Atkinson (1989)). Observed species are indicated in blue. Branching and yields (T = 296
K, P = 993 hPa) are in red.
branching ratio is consistent with previous estimates (Galloway et al., 2011; Tuazon
and Atkinson, 1989).
B.3.3

Reaction of RO2 with NO: Formation of Alkyl Nitrates

The alkyl nitrate branching ratio from the reaction of the RO2 produced in R1a
with NO is 3.2 ± 0.6% at 296 K, while the branching ratio from the RO2 produced
in R1b is more than a factor of 2 larger (6.6 ± 1.5%). The combined yield at 296 K
is 4.0 ± 0.6%, much lower than previously suggested (Chuong and Stevens, 2004;
Tuazon and Atkinson, 1989). Comparing the yields from experiments 7 and 8 with
those of 9 and 10, we find that the combined yield is a factor of ∼1.8 times lower
at 323 K than at 296 K. Furthermore, at 323 K, the production ratio of MVKN to
MVKN’ is 1.10 ± 0.05.
Alkyl nitrates likely form in a roaming radical mechanism. This mechanism
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proceeds following destabilization of the ROONO moiety. In some cases, the nascent
radicals do not separate but rather reform an activated RONO2 complex, which then
undergoes collisional stabilization to form the nitrate (Butkovskaya et al., 2015;
Dibble, 2008; Herath and Suits, 2011; O’Brien et al., 1998). As such, the yield will
depend on the lifetime of the complex. This general mechanism is consistent with
findings that alkyl nitrate yields tend to increase with the size of molecule (Carter and
Atkinson, 1989) and decrease with increasing temperature (Atkinson et al., 1983).
In addition, several studies have suggested that the formation of nitrates becomes
less favorable when neighboring groups weaken the RO-ONO bond, enhancing
the rate of decomposition (Matsunaga and Ziemann, 2009, 2010b; O’Brien et al.,
1998). Using the β-hydroxy nitrate yields quantified in our recent study of nitrates
formed in the oxidation of alkenes (Teng et al., 2015), we expect, based on the
molecular size alone, that the alkyl nitrate yield from MVK would be ∼14%. The
much lower yield measured likely reflects destabilization of the RO-ONO moiety
by the electron-withdrawing characteristics of the ketone group. Additionally, the
lower yield and stronger temperature dependence of the nitrate formed from the RO2
produced in R1a suggests that a β-ketone is more destabilizing than a γ-ketone.
The atmospheric fate of these nitrates remains unclear. A recent theoretical study
has reported that the atmospheric lifetime of MVKN and MVKN’ will be limited by
photolysis (∼5 h) (Müller et al., 2014). Upon further oxidation by OH, the nitrates
have been proposed to generate formic and pyruvic acid (Paulot et al., 2009a).
B.3.4

Reaction of RO2 with HO2 : New Chemistry and Radical Recycling

Reaction of the peroxy radicals with HO2 is remarkably efficient in the recycling
of radicals. We identified R2a-R2c for the reaction of HO2 with the MVK RO2
arising from R1a (see Figure B.4).
The large yield of glycolaldehyde (∼40%) suggests that the OH radical is recycled
efficiently via R2a. This chemistry is not unprecedented. Recent studies have
demonstrated that OH generation occurs in several similar systems (Dillon and
Crowley, 2008; Hasson et al., 2005, 2004). For example, reaction of HO2 with
PA radical, produced in R2a upon addition of O2 to the CH3 C(O) radical, has been
shown to follow three pathways. The dominant channel (R3a, yield = 0.61 ± 0.09
(Gross et al., 2014)) produces OH and acetoxy radicals, while peracetic acid (R3b)
and acetic acid and O3 (R3c) are produced in smaller yields (Dillon and Crowley,
2008; Hasson et al., 2005, 2004, 2012; Jenkin et al., 2007):
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Figure B.4: Proposed mechanism for the OH-initiated oxidation of MVK following
R1a in the HO2 -dominated regime. Observed products are indicated in blue. Yields
(T = 296 K, P = 993 hPa) are in red.
CH3 C(=O)OO· + HO2 → CH3 C(=O)O· + OH + O2
CH3 C(=O)OO· + HO2 → CH3 C(=O)OOH + O2
CH3 C(=O)OO· + HO2 → CH3 C(=O)OH + O3

(R3a)
(R3b)
(R3c)

In the presence of HO2 , the radical produced in R3a leads to formation of methyl
hydroperoxide (MHP):
CH3 C(=O)O· → CH3 · + CO2
(R4)
CH3 · + O2 + M → CH3 OO· + M
(R5)
CH3 OO· + HO2 → CH3 OOH + O2
(R6)
All stable organic end products identified in R3-R6 were detected in the HO2 mediated reaction of MVK RO2 and suggest greater radical recycling occurring
beyond the initial OH reformation in R2a.
The 4,3-hydroxy hydroperoxide produced via R2b was found to promptly photolyze (Figure B.5). Independent of whether an OH scrubber was added (experiments 15 and 16), the hydroperoxide decayed with a first-order loss rate of 3.0
± 0.1 × 10−5 s−1 . Scaling the JNO2 in our chamber (2.5 × 10−3 s−1 ) to that of a
typical noontime atmosphere (0.01 s−1 ) suggests that the atmospheric lifetime of

317

Figure B.5: Photolysis of the 4,3-hydroxy hydroperoxide, assuming cleavage of the
O-OH bond, is expected to form PA and glycoladehyde, and recycle OH. Rapid
photolysis of this species was observed.

this hydroxy hydroperoxide is short (1 day). Assuming cleavage of the O-OH
bond as the primary photolytic decomposition pathway, R2b will also recycle OH
radicals efficiently.
The α-diketone produced via R2c likely results from a mechanism previously
thought to be exclusive to halogenated RO2 . As we show below, this route likely
produces OH + HO2 in addition to the carbonyl. Similar chemistry was originally
proposed by Wallington et al. (1994) to explain the formation of HC(=O)F in the
reaction of CH2 FO2 and HO2 . More recent theoretical studies have demonstrated
that the energetic barrier to formation of OH and HO2 from single-carbon fluorinated
and chlorinated RO2 is lower than the pathway to formation of H2 O and O2 , as
originally proposed (Hou et al., 2005a,b; Hou and Wang, 2005). To our knowledge,
the MVK system provides the first evidence for this chemistry in nonhalogenated
peroxy species.
Rapid photolysis has been previously reported for α-diketones (Bouzidi et al.,
2014). We designed experiments 15 and 16 to measure the rate of photolysis for
the hydroxy diketone (m/z 187). Both prior to and after the initiation of photolysis,
the signal was monitored for a period of 2 h to measure the wall loss rates. These
were determined to be 2 × 10−7 s−1 and 2 × 10−6 s−1 before and after photolysis,
respectively. Upon illumination by UV light, the m/z 187 signal decayed ∼20%
at a consistent rate. After 4 h, however, the loss ended such that an exponential
decay no longer fit the data. This is likely due to the formation of a third-generation
isobaric compound. Whether production of this compound existed during the initial
period, although at a lower rate, is uncertain. Thus, we can only determine a loosely
constrained value of ∼1 × 10−5 s−1 , which includes corrections for wall loss and
reaction with OH (<1% due to the presence of an OH scrubber). This rate is lower
than the calculated photolysis rate of a similar α-diketone, methylglyoxal, under
similar conditions (4.1 × 10−5 s−1 ).
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B.3.5

Internal OH Addition

We are unable to identify the majority of the products of the reaction of HO2 with
the terminal RO2 (formed via R1b). By reference to the reactions arising from external OH addition (R1a), the products are likely methylgloxal, a hydroperoxide, and
an aldehyde. The instruments employed in this study are insensitive to methylglyoxal, and thus we turn to unpublished data collected in the HO2 -dominated regime
during the same set of experiments reported by Galloway et al. (2011). Preliminary
analysis of this data via personal communication from the authors suggests an overall methylglyoxal yield of ∼4%. In the current study, only a single m/z 205 peak,
identified as the 4,3-hydroxy hydroperoxide, was observed in GC-CIMS analysis.
No other peaks resembling a fragmentation pattern characteristic to hydroperoxide
functionality were located in the vicinity of the elution time of the observed m/z 205
compound. It is possible that ionization of the 3,4-hydroxy hydroperoxide results
in fragmentation to undetectable products. Alternatively, the hydroperoxide may
decompose rapidly on the chamber walls. The C4 aldehyde, as explained earlier,
appears to be produced in, at most, a small yield. It may also be possible to form
other products which are not observed by our CIMS.
B.3.6

Unimolecular RO2 Channels

Functionalized peroxy radicals are known to undergo unimolecular hydrogen
shifts from neighboring substituents (Crounse et al., 2013; Orlando and Tyndall,
2012). Recent theoretical studies have suggested that a unimolecular pathway involving a 1,5 H-shift from the terminal hydroxy group to the RO2 (R1a) could be
of significance in the production of methylglyoxal and formaldehyde (see Figure
B.6) (Asatryan et al., 2010; Peeters et al., 2009). While this mechanism proceeds
through different intermediates, the end products are likely identical to the pathway
involving HO2 reaction with the terminal RO2 to produce RO. Thus, the detection
of this mechanism is complicated. Experiments 5 and 6 were designed to promote
isomerization processes through active heating of the chamber to 50 ◦ C and extension of RO2 lifetimes. The product distributions and yields observed in these
experiments were very similar to those seen in experiments 1-3. While the majority of products arising from R1b are poorly characterized, the ratio of MVKN to
MVKN’ in experiment 5 was consistent with those obtained in experiments 9 and
10. This suggests that neither of the RO2 radicals had a significant unimolecular
channel under the experimental conditions probed here.
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Figure B.6: A 1,5 H-shift, as suggested by Peeters et al. (2009) and Asatryan et al.
(2010), is difficult to detect by the end products alone, as two pathways exist to their
formation.

Figure B.7: Relative energies (∆G298K ) for the three RO2 + HO2 channels.
We have used wB97XD/aug-cc-pVTZ thermochemistry with ROHF-ROCCSD(T)F12/VDZ-F12 energies. The wB97XD/aug-cc-pVTZ geometries for each of the
stationary points are shown.
B.3.7

Quantum Chemical Calculations

Figure B.7 and Table B.4 show that all three postulated reaction pathways R2a-R2c
in the reaction of HO2 with RO2 R1a are kinetically accessible at 298 K. Transition
states for the reactions leading to the hydroperoxide (ROOH) and the alkoxy (RO)
corresponded to those found for acetonyl RO2 in the literature (Hasson et al., 2005).
In addition, a new channel leading to a diketone [R(C=O)] has been found. For all
but TS A of the reaction leading to RO, there is no significant spin contamination
observed, with <S2 > being within 0.02 of the expected values for singlet (0), doublet
(3/4), and triplet (2), respectively (see Table B.9 of the Supporting Information).
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∆Ea
ROO + HO2
3 TS
ROOH + O2
RI
1 TS
A
RO + OH + O2
1 TS
B
R(C=O) + OH + HO2

∆Eb

∆Gc

0.0
0.0
0.0
-3.2 +0.7 +10.2
-39.2 -43.1 -38.9
-12.2 -20.4 -4.1
2.5
-8.3 +4.1
+5.7 +8.1 -5.0
11.2 -0.7 +12.0
-22.3 -26.2 -40.0

TS (imaginary frequency, cm−1 )
934i
212i
905i
-

Table B.4: Energetics of the different RO2 + HO2 channels. Energies are in units of
kcal mol−1 and are calculated with a wB97XD/aug-cc-pVTZ, b ROHF-ROCCSD(T)F12/VDZ-F12//wB97XD/aug-cc-pVTZ, and c the wB97XD/aug-cc-pVTZ thermochemistry with CCSD(T)-F12/VDZ-F12 single-point energy correction.

The ROOH reaction producing ground state O2 takes place on the triplet surface
via the transition state 3 TS (almost iso-energetic with the reactants) with a moderate
free-energy barrier of about 10 kcal mol−1 . Tunneling will slightly enhance the
reaction rate along this surface by a factor similar to that of the R(C=O) channel.
The RO reaction occurs via a tetroxide intermediate (labeled RI) and a lowenergy, open-shell singlet transition state TS A with a free-energy barrier of about
4 kcal mol−1 . The immediate products of TS A are RO and an HO3 radical, which
further decomposes to OH and O2 . The structure and stability of HO3 is a challenging
problem for quantum chemical methods. Even high level methods such as CCSD(T)F12 do not describe it accurately (see Zhou et al. (2013), Varandas (2012), and
references therein).
We have also identified a reaction path leading to the α-diketone [R(C=O)]. This
channel also proceeds via the tetroxide intermediate RI but to TSB with a free-energy
barrier of about 12 kcal mol−1 and leads to the diketone and an H2 O3 radical; the
latter decomposes to OH + HO2 . Decomposition to H2 O and triplet O2 would be
even more energetically favorable but is spin-forbidden as the reaction takes place
along the singlet potential energy surface.
We have also found an alternative tetroxide structure about 2 kcal mol−1 below
RI in electronic and free energy. This tetroxide can also decompose to both RO
and R(C=O) products, although through a higher energy TS than the ones shown
in Figure B.7. The two tetroxides differ only in their H-bonding pattern (see the
Supporting Information).
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We were unable to locate a transition state between the free reactants and either
of the tetroxides, and we thus assume they form without a significant energy barrier.
The free-energy barriers computed for the three reaction routes, as shown in
Table B.4, are within a few kcal mol−1 of each other. The electronic energy of
all the transition states is around or below the electronic energy of the reactants.
Furthermore, the routes with the largest free-energy barrier (leading to R(C=O) and
ROOH) are slightly assisted by tunneling. The effect of tunneling with the Eckart
tunneling correction was calculated to be a factor of 3 for the diketone channel and
insignificant for the RO channel (Eckart, 1930).
The uncertainty of the computed energy barriers is possibly higher than the
usual few kcal mol−1 for CCSD(T)-F12/VDZ-F12 energies due to the spin issues
in particular for TS A and multireference issues (see the discussion of the HO3
intermediate product above; see also Section B.5). Thus, quantitative predictions
of product yields are not reliable. Qualitatively, however, the calculations are
consistent with the experimental observations, with the highest yields observed for
the RO channel, followed by the ROOH and R(C=O) channels.
B.3.8

Atmospheric Implications

To assess the importance of the chemistry described here, we employed GEOSChem, a widely used chemical transport model (Bey et al., 2001). A 1 year
simulation (January to December 2012) of the model was conducted on a global
4◦ latitude × 5◦ longitude grid. The alkyl nitrate yield reported in this work
was incorporated into the base chemistry to isolate the impact of HO2 chemistry.
Changes to the mechanism were applied separately to the base model to evaluate
the impact of each modification of the chemistry. We began by implementing the
yields of first generation products described by R2a-R2c (MVK scenario). An
additional scenario (MVK + RCO3 ) was created to assess the impact of PA radical
production through R2a. The default GEOS-Chem 2012 mechanism does not treat
PA according to recent findings. Thus, the most recent measurement of the OH
yield from the reaction of PA + HO2 was incorporated into both the base and the
revised mechanism so as not to bias the results (Gross et al., 2014). Given the
considerable yield of PA in R2a, we believe this scenario to be most representative
of the findings reported in this work. In order to provide an external benchmark, the
OH production resulting from methacrolein (MACR) isomerization was included in
a separate run (Crounse et al., 2012). The final simulation incorporated all revisions
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Figure B.8: Annual-averaged OH mixing ratio difference for 2012 resulting from
the revised MVK mechanism (MVK + RCO3 ). Results are reported for 0-1 km
above the surface.
scenario

OH (ppt)

increase over base (%)

base
MVK
MVK + RCO3
MACR
all + J ROOH

0.0539
0.0541
0.0544
0.0541
0.0547

0.00
0.30
0.89
0.35
1.33

Table B.5: Comparison of various model scenarios with the increase determined
relative to the base chemistry (see Section B.5 for scenario definitions). Global
annual mean OH values were determined by averaging over all space between 0 and
1 km above the surface.
of the previous scenarios and the fast photolysis of MVK ROOH. We find these
changes result in a greater than 1% increase in the global mean boundary layer
concentration of OH (Table B.5). Locally, the impact is larger. In the forested
tropical boundary layer, simulated OH concentrations are up to 6% larger (Figure
B.8).
B.4

Conclusions

HO x recycling channels have been proposed to explain first generation products
arising from the oxidation of isoprene in pristine environments (Crounse et al., 2011;
Peeters et al., 2009), as well as the production of hydroxyacetone from MVK’s atmospheric sister compound, methacrolein (Crounse et al., 2012). Yet the atmospheric
chemistry of MVK, particularly in environments with low concentrations of NO, has
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been largely unexplored. Here we demonstrate a number of new radical recycling
channels that contribute to sustaining the oxidizing capacity of the atmosphere. We
further illustrate dicarbonyl formation in a novel mechanism previously identified
only for halogenated peroxy species. This finding suggests that carbonyl products
may arise from reaction of HO2 with other substituted peroxy radicals in an overall
HO x neutral process.
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B.5
B.5.1

Supporting Information
Instrumental Calibration

CIMS sensitivity factors are determined by the specific molecule-ion collision
rates and the binding energy of the resulting clusters. The rate of collision can be
estimated from the dipole moment and polarizability of the analyte (Su and Chesnavich, 1982). These properties were calculated using DFT for the C4 compounds
produced in the oxidation of MVK. Because the dipole moment depends on the
structural conformation of the molecule, we calculate the population density and
dipole of all conformers with a relative population of >5% at 298 K to estimate the
conformationally-weighted property. The polarizability was not found to exhibit
significant conformational dependence and the calculation was therefore based on
the lowest energy structure. Further detail of similar calculations is provided by
Garden et al. (2009) A summary of these properties along with calibration factors
for MVK systems is shown in Table B.6 in the Supporting Information.
B.5.2

Chemical Transport Model

Tables B.7 and B.8 in the Supporting Information describe changes made to the
GEOS-Chem mechanism (Bey et al., 2001). The maps (Figures B.11, B.12, and B.13
in the Supporting Information) illustrate the output of the model resulting from the
changes. These simulations employ GEOS-Chem v9-02 using GEOS5 meteorology
and initialize the model with a 1.5 year spinup before the January-December 2012
final simulation. The Rosenbrock Rodas-3 with Kinetic PreProcessing software was
used as the solver.
B.5.3

Quantum Chemical Calculations

To test whether using a UHF reference wave function would lower the coupledcluster energies for the spin-contaminated transition state TS A, we performed qualitative RHF-RCCSD(T)/6-31+G(d) and UHF-UCCSD(T)/6-31+G(d) single-point
energy calculations with the Gaussian 09 program on the wB97xd/aug-ccpVTZ optimized geometry. While the UHF energy was 60.5 kcal mol−1 below the RHF
energy, the UHF-UCCSD energy was 344.0 kcal mol−1 and the UHF-UCCSD(T)
energy 272.9 kcal mol−1 above the RHF-RCCSD and RHF-RCCSD(T) energies,
respectively. Inspection of the CCSD iterations (over 300 were required for convergence) indicates that the UCCSD probably converged to the wrong state. A similar
comparison for the alternative TS A isomer, for which CCSD convergence problems
did not occur, yielded more modest energy differences, but the UHF-UCCSD(T)
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energy was still 5.3 kcal mol−1 above the RHF-RCCSD(T) energy. Spin contamination at the UHF level was extreme for both of the TS A isomers; <S2 > = 0.93...0.95
before and 0.19...0.20 after annihilation. This indicates that using a UHF reference
in the coupled cluster calculations would neither lower the barrier, nor improve the
reliability of the results and suggests that multireference calculations are required
to attain better accuracy. These problems are likely related to the difficulties of
even advanced methods like CCSD(T) or even MRCISD in describing the structure and stability of the HO3 intermediate product. Varandas (2012) has suggested
that a quantitative prediction of the dissociation energy of HO3 would require FCI
calculations.
The DFT relative energies for reactant and products are within 4 kcal mol−1 of
the ROHFROCCSD(T)-F12/VDZ-F12//wB97XD/aug-cc-pVTZ energies and give
an idea of the uncertainty expected in these calculations. For the RI and the TS’s
the difference is higher than usual and, in conjunction with the spin and T1 values,
an indication that multireference calculations are needed to obtain accurate values.
The DFT barrier values for the ROOH and R(C=O) channels are such that these
products would not be observed. The F12 barriers for these channels are lower and
thus in better agreement with experiment.
The formation of intermediate product complexes of energies comparable to that
of the reactants allow for back reactions that further complicate determination of
yields.
B.5.4

Second Tetroxide

We have found a second tetroxide that also leads to both RO and R(C=O). It is
lower in energy than the one in Figure B.6, however the TS leading to the products
are higher in energy. These pathways are shown in Figure B.14 in the Supporting
Information.
B.5.5

Decomposition of Alkoxy Radical Formed from External OH Addition
to MVK (R1a)

The decomposition of the alkoxy radical formed in the reaction of NO with the
peroxy radical produced in R1a can lead to either methylglyoxal (CH3 (C=O)CHO)
and the CH2 OH radical or glycolaldehyde (CH2 OHCHO) and the CH3 C=O radical.
The calculated energies and stationary points are shown in Figure B.15 and Table
B.12 in the Supporting Information. The barrier of the internal alkoxy decomposition will likely be dominated by glycolaldehyde formation.
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Figure B.9: Chromatographic analysis used for the identification of MVKN and
MVKN’. Data are derived from experiments 8 (bottom panel), 14 (mid panel), and
12 (top panel). The latter two experiments isolated the chemistry of individual RO2 ,
enabling the structures and retention times of the individual organic nitrates to be
discerned. This assignment also matches the elution order previously reported using
a similar column (Lee et al., 2014).
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Figure B.10: Chromatographic analysis of the 4,3 hydroxy hydroperoxide derived
from experiment 1. Shown are the major product ions in order of descending area:
m/z 139 (black), m/z 101 (green), m/z 205 (blue), m/z 63 (red).

Figure B.11: Relative difference in the OH mixing ratio for MVK + RCO3 in the
boundary layer (0-1 km).
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Figure B.12: Relative difference in the OH mixing ratio for MACR in the boundary
layer (0-1 km).

Figure B.13: All inclusive: MVK, MACR isomerization, RCO3 , J ROOH ; relative
difference in the boundary layer (0-1 km).
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Figure B.14: Relative energies (∆G298K ) for the two singlet RO2 + HO2 channels,
including the second tetroxide (RI2 ). RI1 is identical to RI in the manuscript.
We have used wB97XD/aug-ccpVTZ thermochemistry with ROHF-ROCCSD(T)F12/VDZ-F12 energies. The wB97XD/auGCc-pVTZ geometries for each of the
stationary points are shown.

Figure B.15: Relative energies (∆G298K ) for the two decomposition channels of the
alkoxy formed from external OH addition to MVK. We have used wB97XD/augcc-pVTZ thermochemistry with ROHF-ROCCSD(T)-F12/VDZ-F12 energies. The
wB97XD/aug-cc-pVTZ geometries for each of the stationary points are shown.

232
145
187
205+139+101+63
234
234

ISOPN-4,3
glycolaldehyde
hydroxy diketone
4,3-hydroxyhydroperoxide
MVKN
MVKN’

2.5
2.3
2.1
2.6
2.3
2.2

11
4.5
7.2
8.1
9.9
9.7

α
(Å3 )
1.9
2.0
1.8
2.0
1.8
1.8

k x (10−9 cm3
molecule−1 s−1 )
3.1
3.1
2.7
3.1
2.8
2.7

calculated
sensitivity (× 10−4 )

3.7
3.0 ± 0.2
2.6 ± 0.3
3.0 ± 0.3

experimental
sensitivity (× 10−4 )

Table B.6: Calculated conformer-weighted dipole moments (µ) and polarizabilites (α) served as the basis for sensitivity determination
(see Paulot et al. (2009a) calculations for the hydroxy diketone and 4,3-hydroxy-hydroperoxide were performed in support of this work
by HGK at the B3LYP/6-31G(d) level). k x is the weighted average of the calculated collision rates (Su and Chesnavich, 1982) for
conformers having an abundance greater than 5%. These are normalized to the average of the calculated collision rates for CF3 O−
with MVKN and MVKN’ at 298 K (k = 1.8 × 10−9 cm3 molecule−1 s−1 ) and the mean of the experimentally determined MVKN and
MVKN’ sensitivities was used to infer the sensitivity for compounds for which no standards were available. Masses (m/z) represent the
cluster mass with CF3 O− . For compounds reacting with CF3 O− to form multiple product ions, the sum of all known product ions have
been used for quantification. Isoprene nitrate (1-hydroxy-3-methylbut-3-en-2-yl nitrate, ISOPN-4,3) has been included for additional
comparison between theory and experiment. Calculated and experimental sensitivities are in units of normalized counts pptv−1 for the
CF3 O− CIMS. Hydroxy nitrate sensitivities were determined using thermal dissociation LED-induced fluorescence (Teng et al., 2015)
and glycolaldehyde was calibrated as described in the current work. Uncertainties are indicated for measured sensitivities.

m/z

molecule

µ
(D)
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1.000 VRP:
k=1.82 × 10−13 × e(1300/T)
0.16ACTA + 0.16O3 + 0.61OH
+ 0.61MO2 + 0.23MAP:
k=5.2 × 10−13 × e(980/T) ;
0.16RCOOH + 0.16O3 + 0.61OH
+ 0.61ETO2 + 0.23PP:
k=4.3 × 10−13 × e(1040/T) ;
0.16O3 + 0.61OH + 0.61CO2
+ 0.61CH2 O + 0.40MO2 + 0.4CO
+ 0.21MCO3 + 0.23MAOP:
k=4.3 × 10−13 × e(1040/T);
1.000VRP:
k=1.82 × 10−13 × e(1300/T)

MVK:
VRO2 + HO2 →

MVK + RCO3 :
MCO3 + HO2 →

1.000CO + 1.000HAC + 1.000OH:
k=2.90 × 107 × e(−5297/T)

0.16ACTA + 0.16O3 + 0.61OH
+ 0.61MO2 + 0.23MAP:
k=5.2 × 10−13 × e(980/T) ;
0.16RCOOH + 0.16O3 + 0.61OH
+ 0.61ETO2 + 0.23PP:
k=4.3 × 10−13 × e(1040/T) ;
0.16O3 + 0.61OH + 0.61CO2
+ 0.61CH2 O + 0.40MO2 + 0.4CO
+ 0.21MCO3 + 0.23MAOP:
k=4.3 × 10−13 × e(1040/T) ;
0.38VRP + 0.62OH + 0.37GLYC + 0.13MEK
+ 0.37MCO3 + 0.25HO2 + 0.12MGLY + 0.12CH2 O:
k=1.82 × 10−13 × e(1300/T)

0.38VRP + 0.62OH + 0.37GLYC + 0.13MEK
+ 0.37MCO3 + 0.25HO2 + 0.12MGLY + 0.12CH2 O:
k=1.82 × 10−13 × e(1300/T)

0.965NO2 + 0.249HO2 + 0.249CH2 O
+ 0.716MCO3 + 0.716GLYC
+ 0.249MGLY + 0.035MVKN:
k=2.7 × 10−12 × e(350/T)

revised model

Table B.7: Revisions incorporated into the GEOS-Chem mechanism. The scenarios are consistent with those described in Table B.5.
The base scenario includes the alkyl nitrate branching determined in this work. Naming conventions used below can be found at
http://wiki.seas.harvard.edu/GEOS-Chem.

MACR
MRO2 →

VRO2 + HO2 →

MAO3 + HO2 →

1.000CO + 1.000HAC + 1.000OH:
k=0

0.88NO2 + 0.35HO2 + 0.35CH2 O
+ 0.53MCO3 + 0.53GLYC
+ 0.35MGLY + 0.12MVKN:
k=2.7 × 10−12 × e(350/T)

Base:
VRO2 + NO →

RCO3 + HO2 →

base model

scenario
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lower-bound
wavelength (nm)

upper-bound
wavelength (nm)

base cross
section (cm2 )

new cross
section (cm2 )

289
298.25
307.45
312.45
320.30
345
412.45

298.25
307.45
312.45
320.30
345
412.45
850

5.621 × 10−21
3.573 × 10−21
2.441 × 10−21
1.755 × 10−21
7.405 × 10−22
4.261 × 10−23
0

5.665 × 10−20
4.000 × 10−20
2.740 × 10−20
2.140 × 10−20
7.085 × 10−21
5.634 × 10−22
0

Table B.8: Revised wavelength bins utilized to define the photolysis frequency of
the MVK hydroperoxide in the model.

ROO
OOH
3 TS
ROOH
O2
RI
1 TS
A
RO
OH
1 TS
B
R(C=O)

<S2 > before annihilation

<S2 > after annihilation

T1

0.7546
0.7543
2.0124
0.0
2.0101
0.0
0.5729
0.7577
0.7529
0.0
0.0

0.7500
0.7500
2.0001
0.0
2.0001
0.0
0.0167
0.7500
0.7500
0.0
0.0

0.023
0.034
0.032
0.013
0.008
0.016
0.020
0.028
0.007
0.021
0.014

Table B.9: Spin contamination and T1 diagnostic in the calculations from the
different RO2 + HO2 channels. <S2 > are from the UwB97XD/aug-cc-pVTZ calculation, and T1 is from the ROHF-ROCCSD(T)-F12/VDZ-F12//wB97XD/aug-ccpVTZ calculation.
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∆Ea
ROO + HO2
RI≡RI1
RI2
TS1A ≡TS A
TS2A
TS1B ≡TSB
TS2B

∆Eb

0.0
0.0
-12.2 -20.4
-13.7 -21.7
+2.5
-8.3
+3.9
-5.1
+11.2 -0.7
+18.1 +6.7

∆G298Kc

TS (imaginary frequency, cm−1 )

0.0
-4.1
-6.0
+4.1
+7.8
+12.0
+18.9

212i
169i
905i
1011i

Table B.10: Comparison of the energetics of the channels associated with the two
different tetroxides. Energies are in units of kcal mol−1 and are calculated with
a wB97XD/aug-cc-pVTZ, b ROHF-ROCCSD(T)-F12/VDZ-F12//wB97XD/aug-ccpVTZ, or c the wB97XD/aug-cc-pVTZ thermochemistry with CCSD(T)-F12/VDZF12 single point energy correction.

<S2 > before annihilation

<S2 > after annihilation

T1b

0.0
0.6813
0.0

0.0
0.0250
0.0

0.016
0.021
0.022

RI2
TS2A
TS2B

Table B.11: Spin contamination and T1 diagnostic associated with the second tetroxide RI2 and its TS. <S2 > are from the UwB97XD/aug-cc-pVTZ calculation, and T1 is
from the ROHF-ROCCSD(T)-F12/VDZ-F12//wB97XD/aug-cc-pVTZ calculation.

RO
TS1D
GLYC + CH3 (C=O)
TS2D
MGLY + CH2 OH

∆Ea

∆Eb

∆G298Kc

TS (imaginary freq., cm−1 )

0.0
+3.3
+14.2
+9.0
+3.9

0.0
+1.5
+10.5
+8.2
+0.2

0.0
+0.4
-5.1
+6.9
-14.2

199.4i
237.6i
-

Table B.12: Energetics of the different RO decomposition channels. Energies are
in units of kcal mol−1 and are calculated with a wB97XD/aug-cc-pVTZ, b ROHFROCCSD(T)-F12/VDZ-F12//wB97XD/aug-cc-pVTZ, or c the wB97XD/aug-ccpVTZ thermochemistry with CCSD(T)-F12/VDZ-F12 single point energy correction. For TS1D, the structure is optimized and frequencies and thermal contributions
to ∆G298K calculated using tight optimization criteria and an ultrafine integration
grid in order to remove a spurious near-zero imaginary frequency. For consistency,
the DFT energy has been computed with a single-point energy evaluation using the
normal integration grid.
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TS1D
CH3 (C=O)CHO
CH2 OH
TS2D
CH2 OHCHO
CH3 (C=O)

<S2 > before annihilation

<S2 > after annihilation

T1b

0.7617
0.0
0.7534
0.7650
0.0
0.7542

0.7500
0.0
0.7500
0.7501
0.0
0.7500

0.018
0.014
0.020
0.018
0.015
0.016

Table B.13: Spin contamination and T1 diagnostic associated with the second RI
and its TS. <S2 > are from the UwB97XD/aug-cc-pVTZ calculation, and T1 is from
the ROHF-ROCCSD(T)-F12/VDZ-F12//wB97XD/aug-cc-pVTZ calculation.
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Appendix C

MECHANISM OF THE HYDROXYL RADICAL OXIDATION OF
METHACRYLOYL PEROXYNITRATE (MPAN) AND ITS
PATHWAY TOWARD SECONDARY ORGANIC AEROSOL
FORMATION IN THE ATMOSPHERE

Nguyen, T. B., K. H. Bates, J. D. Crounse, R. H. Schwantes, X. Zhang, H. G.
Kjaergaard, J. D. Surratt, P. Lin, A. Laskin, J. H. Seinfeld, and P. O. Wennberg
(2015). “Mechanism of the hydroxyl radical oxidation of methacryloyl peroxynitrate (MPAN) and its pathway toward secondary organic aerosol formation
in the atmosphere”. In: Phys. Chem. Chem. Phys. 17.27, pp. 17914–17926. doi:
10.1039/C5CP02001H.
Abstract
Methacryloyl peroxynitrate (MPAN), the acyl peroxynitrate of methacrolein, has
been suggested to be an important secondary organic aerosol (SOA) precursor from
isoprene oxidation, but the mechanism by which MPAN produces SOA through reaction with the hydroxyl radical (OH) remains unclear. We systematically evaluate
three proposed mechanisms in controlled chamber experiments and provide the first
experimental support for the theoretically-predicted lactone formation pathway from
the MPAN + OH reaction, producing hydroxymethyl-methyl-α-lactone (HMML).
The decomposition of the MPAN-OH adduct yields HMML + NO3 (∼75%) and
hydroxyacetone + CO + NO3 (∼25%), out-competing its reaction with atmospheric
oxygen. The production of other proposed SOA precursors, e.g. methacrylic acid
epoxide (MAE), from MPAN and methacrolein are negligible (<2%). Furthermore,
we show that the β-alkenyl moiety of MPAN is critical for lactone formation. Alkyl
radicals formed cold via H-abstraction by OH do not decompose to HMML, even if
they are structurally identical to the MPAN-OH adduct. The SOA formation from
HMML, from polyaddition of the lactone to organic compounds at the particle interface or in the condensed phase, is close to unity under dry conditions. However,
the SOA yield is sensitive to particle liquid water and solvated ions. In hydrated
inorganic particles, HMML reacts primarily with H2 O to produce the monomeric
2-methylglyceric acid (2MGA) or with aqueous sulfate and nitrate to produce the
associated organosulfate and organonitrate, respectively. 2MGA, a tracer for isoprene SOA, is semivolatile and its accommodation in aerosol water decreases with
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decreasing pH. Conditions that enhance the production of neutral 2MGA suppress
SOA mass from the HMML channel. Considering the liquid water content and pH
ranges of ambient particles, 2MGA will exist largely as a gaseous compound in
some parts of the atmosphere.
C.1

Introduction

Anthropogenic emissions of nitrogen oxides (NO x = NO + NO2 ) strongly influence the oxidative pathways of gaseous hydrocarbons from both natural and
anthropogenic origins. In particular, the oxidation of isoprene (C5 H8 ), arguably
the most important non-methane hydrocarbon emitted to the atmosphere, has a
significant sensitivity to the NO x conditions under which it is oxidized. This NO x
sensitivity translates to regional environmental impacts. For example, the high-NO x
oxidation of isoprene controls the production of tropospheric ozone in regions rich
with biogenic hydrocarbons (Browne and Cohen, 2012; Mao et al., 2013; Pusede
and Cohen, 2012) by accelerating the cycling of NO x and producing NO x reservoir species (e.g. organic nitrates and peroxynitrates). Isoprene chemistry also
affects global climate primarily through the formation of secondary organic aerosol
(SOA) (Carlton and Turpin, 2013; Goldstein et al., 2009; Rollins et al., 2012; Xu
et al., 2015). However, lingering uncertainties regarding SOA formation in various
anthropogenically impacted but biogenically influenced systems preclude accurate
simulations of human-induced climate and air quality feedbacks in atmospheric
chemical transport models.
A common approach to identify the source of SOA is through tracer compounds,
e.g. 2-methylglyceric acid (2MGA) in isoprene-derived ambient aerosols (Edney
et al., 2005; Ion et al., 2005; Kourtchev et al., 2005). 2MGA and its oligomers are
thought to be enhanced under high-NO x conditions, and can be uniquely traced to
the oxidation of methacrolein, a first-generation isoprene oxidation product (Chan
et al., 2010a; Claeys et al., 2004; Nguyen et al., 2011b; Surratt et al., 2006).
Chan et al. (2010a) showed that high-NO2 chemistry (as opposed to "high-NO x ",
where most of the NO x can be represented by NO) favours the production of SOA
via the acyl peroxynitrate channel (APN, Figure C.1). Essentially all of the SOA
generated in the laboratory studies of the isoprene high-NO x route was shown to
be derived from methacrolein photochemistry, suggesting a major role of the APN
from methacrolein, methacryloyl peroxynitrate (MPAN). The suggestion by Chan
et al. (2010a) was confirmed by the synthesis of MPAN and the measurement of its
SOA formation through photochemistry (tested under high-NO conditions) (Surratt
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Figure C.1: The formation of acyl peroxynitrates (APNs) from the OH-initiated
oxidation of aldehydes is favored under high NO2 /NO conditions. For methacrolein,
the abstraction of the aldehydic H occurs roughly half of the time in the OH oxidation
reaction at room temperature (Orlando et al., 1999).

Figure C.2: The three proposed pathways to the formation of 2-methylglyceric acid
(2MGA), a tracer for isoprene-derived ambient SOA. Mechanisms 1-3 and acronyms
are discussed in the text.
et al., 2010).
Although the potential of MPAN + OH chemistry to produce SOA is relatively well
established, the chemical mechanism leading to SOA from MPAN photooxidation
has been subject of debate. It is also not clear whether the MPAN photooxidation is
sensitive to NO x , although past studies have all been performed in the presence of
NO. Figure C.2 shows three possible pathways leading to SOA production that have
been proposed by independent works (Chan et al., 2010a; Kjaergaard et al., 2012;
Lin et al., 2013b).
The initial step of the MPAN photooxidation is OH addition to the double bond,
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primarily generating the energetically hot tertiary alkyl radical of MPAN (A*, Figure
C.2). Chan et al. (2010a) in a series of photochemical chamber experiments,
proposed that the main fate of A* is collisional stabilization (producing A) followed
by reaction with molecular oxygen to form an alkylperoxyl radical (B), where the
β-peroxyl moiety attacks at the carbonyl carbon to form a dioxoketone (DOK)
and NO2 as a coproduct (Figure C.2, mechanism 2). The suggestion by Chan
et al. (2010a) was derived by performing methacrolein high-NO2 photooxidation
experiments at low O2 content (∼2%). The authors did not observe an increase in
SOA yield and concluded that either O2 addition is required for SOA formation or
is non-competitive at those levels.
From a combined suite of density functional theory and coupled cluster calculations, Kjaergaard et al. (2012) proposed a rapid ring closure from an acylperoxyl oxygen of A* to form a 3-member lactone, hydroxymethyl-methyl-α-lactone
(HMML), and NO3 as a coproduct (Figure C.2, mechanism 3). Furthermore, the
authors hypothesize that a significant fraction of the HMML product (36%) is generated with sufficient energy to further decompose to hydroxyacetone (HAC) and
CO. Lin et al. (2013b) also identified the formation of HMML via density functional
theory calculations; however, they hypothesized that HMML may be too unstable to
form in the atmosphere.
Lin et al. (2013b) proposed a rapid H-migration induced ring closure at the hydroxyl oxygen, via a 6-member intermediate, to an epoxide product called methacrylic
acid epoxide (MAE, Figure C.2, mechanism 1). This suggestion was formulated
by comparing the composition of SOA (e.g. 2MGA and other products) from the
photooxidation of methacrolein and the reactive uptake of laboratory-synthesized
MAE onto highly-acidic particles, as well as through quantum chemistry calculations. The mechanism of the uptake was suggested to be nucleophilic ring opening
of the epoxide in an analogous reaction to the isoprene epoxydiols (Paulot et al.,
2009b).
Notable differences between the proposed pathways include: (1) the fate of A*
– whether cyclization/decomposition occurs more rapidly than thermalization and,
thus, bimolecular reaction with O2 , (2) the stability of the products – MAE is the
only product stable enough to be detected by current analytical instrumentation,
and (3) the subsequent SOA formation mechanism under low humidity conditions –
MAE requires highly-acidic seed aerosols to open the epoxide ring, while the ring
opening of the more unstable compounds, DOK and HMML, would likely require
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only collisions with a surface.
The uncertainties in the MPAN + OH mechanism persist due to ambiguities from
previous work. For example, earlier studies of the MPAN + OH system did not
measure SOA formation and were conducted with high mixing ratios of NO x (blind
to the formation of nitrogen products) (Grosjean et al., 1993c; Orlando et al., 2002).
More recent laboratory studies of Chan et al. (2010a) and Lin et al. (2013b) were
performed with methacrolein, such that products from MPAN oxidation and from
the OH addition route of methacrolein (∼55% probability) were formed simultaneously, complicating the analysis (Orlando et al., 1999). The theoretical study
of Kjaergaard et al. (2012) has yet to be experimentally validated. In this work,
we elucidate the chemical mechanism governing the MPAN photooxidation (and
the photooxidation of its chemical analogues) through a series of targeted chamber
experiments using laboratory-synthesized MPAN under low humidity and low-NO
conditions. We further study the chemical pathway with which the MPAN produces
SOA under simulated ambient conditions with higher relative humidity and seed
particle concentrations.
C.2
C.2.1

Experimental
Chamber Studies

The atmospheric chamber facility used for this work has been described in detail
(Nguyen et al., 2014b). A portion of the present work, namely, control experiments
with α-pinene and exploratory experiments with methacrolein, were performed as
part of the Focused isoprene eXperiment at the California Institute of Technology
(FIXCIT) chamber campaign (Nguyen et al., 2014b). Briefly, experiments were
conducted in a large (24 m3 ) Teflon chamber using purified dry air (<5% relative
humidity (RH) at 298 K) such that initial NO mixing ratios were lower than 100 pptv
(measured by G. S. Tyndall, D. D. Montzka, and A. J. Weinheimer at FIXCIT) and
initial particle mass concentrations were much lower than 0.01 µg m−3 (measured
by SMPS). For the experiments that were performed under humid conditions, water
vapor was added to the chamber using a Nafion membrane humidifier (Perma
Pure LLC) and recirculating ultrapure water (18 MΩ, Millipore Milli-Q). Particles
were injected (mean particle diameter ∼70 nm) by atomizing dilute solutions of
ammonium sulfate (0.1 M) through a heated wet-wall denuder to deliquesce the
particles prior to entering the chamber held at RH 40% or 85%. Corrections for the
wall deposition of particles, using ammonium sulfate seed aerosols, were derived
from control experiments performed at several water vapor mixing ratios in the
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chamber. Volatile organics, excluding MPAN, were injected by microliter syringe
into a clean glass bulb and quantitatively transferred with dry nitrogen gas into the
chamber through a short section of tubing, optionally with gentle heating for the
larger hydrocarbons such as α-pinene (<80 ◦ C). The temperature in the chamber
enclosure was adjusted to 15-25 ◦ C for experiments as needed. MPAN experiments
were performed at 15 ◦ C to minimize the thermal decomposition of MPAN (thermal
lifetime ∼26 h at 15 ◦ C, compared to ∼5 h at 25 ◦ C, for an NO2 /NO ratio of 10 that
is representative of areas outside of urban centers) (Roberts and Bertman, 1992).
Table C.1 lists the laboratory conditions for the main experiments in this work, e.g.
the gas-phase oxidation of MPAN (synthesized standard), methacrolein (MACR,
Aldrich, 95%), isobutyraldehyde (ISOBUT, Aldrich, >99%), and 2-methylbut-3ene-1-ol (231MBO, Aldrich, 98%). Photochemistry under low-NO conditions (HO2
> NO) was initiated by the near-UV (300-400 nm, λmax ∼ 350 nm) photolysis of
gas-phase hydrogen peroxide that has been evaporated into the chamber (Aldrich,
50 wt% in water):
H2 O2 + hν → OH + OH
OH + H2 O2 → HO2 + H2 O
Photochemistry under high NO2 (and typically lower in NO) conditions were
initiated by the photolysis of gas-phase methyl nitrite (synthesized standard, stored
in liquid N2 ) in the presence of various mixing ratios of additional NO2 (standard
mixture in N2 ):
CH3 ONO + hν + O2 → HO2 + NO + HCHO
HO2 + NO → OH + NO2
Methyl nitrite was introduced into the chamber by filling a clean, evacuated, 500
mL glass bulb with the desired pressure of the standard, backfilling with N2 , and
transferring the contents of the bulb into the chamber with a stream of N2 . In highNO2 experiments, the added NO2 and that formed from CH3 ONO photochemistry
conspire to maintain the NO2 /NO ratio >10 throughout the experiment. Importantly,
the near-UV broadband radiation used in this work does not efficiently photolyze
NO3 via mechanisms that yield a net destruction of NO3 (JNO2 ∼5.5 × 10−4 s−1 ,
JNO3 →NO+O2 ∼ 4.5× 10−6 s−1 ) (Sander et al., 2011).
C.2.2

Analytical Measurements

MACR and isobutyraldehyde were quantified with a commercial gas chromatograph with a flame-ionization detector (GC-FID, HP 6890N) and calibrated by

MPAN
MPAN
MPAN
MPAN

MPAN

MACR
MACR
MACR
MACR
ISOBUT
231MBO

MACR
MACR

1
2
3
4

5

6
7
8
9
10
11

12
13

200
100

100
50
80
100
80
200

17

30
13
23
30

[HC]0 (ppb)

H2 O2 + hν
MN + hν
MN + hν
MN + hν
MN + hν
O3 , then
MN + hν
MN + hν
MN + hν

H2 O2 + hν

H2 O2 + hν
H2 O2 + hν
H2 O2 + hν
H2 O2 + hν

source

2000
140
130
200
220
∼600 [O3 ],
200 [MN]
200
200

2000

2000
2000
2000
2000

[Ox]0 (ppb)

oxidant

rxn
time (h)
2.5
5
4.5
4.5
3.2
5
2.5
2.5
2.5
5.5
24
3.5
2.5

[OH]ss
(cm−3 )
1.5 × 106
1.5 × 106
1.5 × 106
1.5 × 106
1.5 × 106
1.5 × 106
2 × 107
1 × 107
2 × 107
2 × 107
2 × 107
2 × 107
2 × 107

25
25

15
25
15
25
25
25

15

15
15
15
15

(◦ C)

temp.

40
85

<5
<5
<5
<5
<5
<5

<5

<5
<5
<5
<5

(%)

RH

10
10

10
<0.1
<0.1
10
10
10

<0.1

<0.1
<0.1
<0.1
<0.1

(ppb)

[NO]0

100
100

230
50
110
100
50
100

1

1
1
1
1

(ppb)

[NO2 ]0

AS seeds
AS seeds

α-Pin (50 ppb)
α-Pin (30 ppb),
MAE (15 ppb)
α-Pin (30 ppb),
MAE (15 ppb)
-

injections

additional

Table C.1: Experimental conditions for the laboratory photooxidation of hydrocarbons (HC) used in this work: MPAN, methacrolein
(MACR), isobutyraldehyde (ISOBUT) and 2-methylbut-3-ene-1-ol (231MBO). The light intensity was 100% (JNO2 ∼7 × 10−3 s−1 ) for
hydrogen peroxide (HP) experiments and 10-20% for methyl nitrite (MN) experiments. Steady state OH is estimated from hydrocarbon
decay (GC) data. α-pinene (α-Pin) and methacrylic acid epoxide (MAE) were added in select experiments to capture NO3 and observe
SOA formation, respectively. Control experiments of HP + hν, tridecane + HP + hν, and wall losses (described in Experimental section)
are not included in table. Experiments were performed at various temperature and relative humidity (RH). Select experiments were
performed with ∼80 µg m−3 of ammonium sulfate (AS) seed particles.

name

HC precursor

#

expt.
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volumetric injections of commercial standards. Particle size and number were
measured by a scanning mobility particle sizer (SMPS), i.e. a custom-built differential mobility analyzer coupled to a commercial condensation particle counter
(TSI Inc.). Aerosol speciation was measured using a high resolution time-of-flight
aerosol mass spectrometer (AMS, Aerodyne) (Drewnick et al., 2005). Bulk aerosol
species (organic, sulfate, ammonium, nitrate) were calculated using AMS data analysis modules (Pika 1.14D). The instrument’s ionization efficiency was calibrated
with 350 nm ammonium nitrate particles.
Volatile acids and select polar organic compounds were quantified with a custombuilt triple-quadrupole chemical ionization mass spectrometer (CIMS, Agilent/ Caltech) (St. Clair et al., 2010). The CIMS operated in three modes: scanning negative
ion mode using CF3 O− as the reagent (m/z 50-250), scanning positive ion mode
using primarily H3 O+ as the reagent ion (m/z 50-200), and tandem mass negative
ion mode (monitoring select precursor-product ion pairs). The ion chemistry (e.g.
detection as [M+F]− and [M+CF3 O]− ions) and tandem mass determinations of the
CF3 O− CIMS have been described previously (Crounse et al., 2006; St. Clair et al.,
2010).
Sensitivities of the triple-quadrupole CF3 O− CIMS used in this work were determined based on a calibrated time-of-flight CF3 O− CIMS instrument during the FIXCIT campaign (Nguyen et al., 2014b). The absolute calibration for commerciallyavailable and synthesized standards in the time-of-flight CIMS, using gravimetric, optical, and thermal-dissociation + laser-induced fluorescence methods are
described elsewhere (Nguyen et al., 2015a). Uncertainty is estimated to be ± 30%.
Synthesized standards of organic nitrates were found to have water-dependent sensitivities similar to HNO3 (Lee et al., 2014); thus the CIMS sensitivity of the pinene
nitrooxyhydroperoxide (PNP), for which there are no authentic standards, is assumed to be similar to HNO3 (estimated uncertainty ± 50%). For other compounds
discussed in this work, theoretical calculations were used to estimate the sensitivity
(estimated uncertainty ± 50%) (Garden et al., 2009; Su and Chesnavich, 1982).
The observed ion of methacrylic acid epoxide (MAE, synthesized standard, detected as [MAE·F]− ) was isobaric with a water cluster [(H2 O)2 ·CF3 O]− (m/z 121) in
the single-ion analysis (Lin et al., 2013b). Thus, MAE quantification is performed
with collision-induced dissociation into its main precursor → product ion (m/z 121
→ m/z 101). When experiments are performed at higher relative humidity, the water
signal (m/z 121 → m/z 103) may have an extensive tail that would lead to an over-
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Figure C.3: The experimental scavenging of NO3 into stable products detectable by
CIMS: PNP (one of several isomers shown) and HNO3 .

estimation of MAE. The tandem signal that we measure must then be considered
as an upper limit to the MAE concentration. The ion chemistry in the positive ion
mode is similar to proton transfer reaction mass spectrometry (quantification mainly
with [M+H]+ ions in this work) (Lindinger and Jordan, 1998). Calibrations for select species in the positive ion mode (e.g. α-pinene and 231MBO) were performed
immediately prior to experiments using commercial standards under dry conditions.
CIMS was also used to indirectly monitor nitrogen oxide chemistry (Figure C.3).
For example, the reaction of NO2 with HO2 generates peroxynitric acid (HO2 NO2 ,
PNA), which was used as a sensitive tracer for NO2 . α-pinene was used in a subset
of experiments to capture NO3 as the pinene nitrooxy hydroperoxide (PNP), which
is detectable by CIMS, under the condition where the HO2 /NO ratio is high (Figure
C.3, left). α-pinene was chosen as an NO3 scavenger because its reaction rate
coefficient with OH is the lowest for a monoterpene that reacts rapidly with NO3
(i.e. kNO3 /kOH ∼0.12) (Atkinson et al., 2006), and its reaction rate with NO3 is at
least four orders of magnitude larger than the MPAN reaction with NO3 (CanosaMas et al., 1999b). There are varying reports of SOA yield from the α-pinene + NO3
reaction (0-16%), possibly decreasing with higher RH (Fry et al., 2014; Hallquist
et al., 1999; Spittler et al., 2006). Thus, experiments involving α-pinene were not
included in the yield calculations from MPAN due to the possibility of interference
from the α-pinene + OH or + NO3 reaction. HNO3 , produced from H-abstraction
chemistry of hydrocarbons (Figure C.3, right) when NO2 is low (and thus NO2 +
OH is not a significant source of HNO3 ), was also used as tracer for NO3 -initiated
chemistry.
MPAN, peroxyacetyl nitrate (PAN), and NO2 were measured with a commercial
NO2 and acyl peroxynitrate (NO2 /APN) analyzer (Fitz Aerometric Technologies).
In the NO2 /APN instrument, NO2 , PAN, and MPAN were chromatographically
separated, in that order, with a room-temperature deactivated DB-5 column, and detected by monitoring chemiluminescence from their reactions with luminol (Figure
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C.11 in the Supporting Information). NO2 was calibrated with a diluted standard
mixture (488 ppmv NO2 in N2 , Scott Specialty Gases). The sensitivity of PAN in the
instrument was inferred from its relationship to NO2 (Gaffney et al., 1998). MPAN,
in isolation, was calibrated using a commercial NO x analyzer (Teledyne model
T200) due to its quantitative decomposition to NO2 when exposed to the heated
(310 ◦ C) molybdenum catalyst. A similar calibration was obtained by thermally
decomposing MPAN to NO2 in a heated stainless steel tube before the NO2 /APN
analyzer. Sampling MPAN from the chamber (before adding other compounds)
through room-temperature Teflon tubing leads to a small decomposition yield of
NO2 from MPAN (∼4%, Figure C.11 in the Supporting Information). The NO2
signal was corrected in the NO2 /APN data as a fraction of the MPAN integrated
peak.
C.2.3

MPAN

The synthesis of MPAN from the peroxidation of methacrylic anhydride (Aldrich,
94%) and nitration of the methacrylic peracid (MPAA) was performed as suggested
by Bertman and Roberts (1991) with the following revisions: we used 50 wt% H2 O2
(Aldrich) instead of 30 wt% H2 O2 and methanesulfonic acid (Aldrich, 99.5%) instead of concentrated H2 SO4 . The crude MPAN mixture in water-tridecane was
stored frozen and separated in small fractions with tridecane on a silica gel column deactivated by successive solvent washes of methanol, acetone, ethyl acetate,
hexanes, and tridecane. Signs of known impurities were checked by CIMS (i.e.
methacrylic acid and MPAA) and the NO2 /APN instrument (PAN). MPAN is thought
to be explosive when pure (Stephens, 1969) and no attempt was made to remove the
solvent. The separated MPAN fraction in tridecane was stored at 0 ◦ C or below and
used promptly.
MPAN was injected by gently bubbling air through the tridecane-solvated mixture
(submerged in an ice bath) placed inside the 15 ◦ C chamber enclosure over the course
of roughly 30 min to achieve 15-30 ppbv in the chamber. Tridecane was chosen as
the storage solvent due to its low volatility, and thus, lower extent of co-evaporation
into the chamber. To correct for any SOA originating from photooxidation of the
solvent, we performed a control photooxidation experiment with tridecane + OH
similarly to Expt. 2-3. The CIMS signals of tridecane (positive mode) and tridecane
hydroperoxide (negative mode) were used to normalize the 10-50% correction of
tridecane-derived SOA in MPAN experiments.
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C.2.4

2MGA

2-Methylglyceric acid (2MGA) was synthesized and purified according to An et
al. (1992) via oxidation of the C=C bond of methacrylic acid (Aldrich, 99%) using
H2 WO4 (Aldrich, 99%) and 50 wt% H2 O2 (Aldrich). Proton NMR (in DMSO-d6 )
was used to verify the isolated 2MGA with residual CH3 CN (93% 2MGA, Figure
C.12a in the Supporting Information). The semi-pure 2MGA (viscous liquid) was
then crystallized upon cooling, filtered with CH3 CN, and washed with Et2 O to afford
the pure (99%) 2MGA crystalline solid. The CIMS observes 2MGA at the fluoride
transfer ion (C4 H7 O4 ·HF− ) and collision-induced dissociation leads primarily to the
deprotonated 2MGA ion (C4 H7 O−4 , Figure C.12b in the Supporting Information).
The gas-phase signal of a 2MGA aqueous solution was measured at various solution
pH values in a custom 10 mL glass vial fitted with 3 mm O.D. PTFE sampling tubes.
A 0.075 M solution of 2MGA had similar pH to glyceric acid (pKa 3.5 (Serjeant
and Dempsey, 1979)) at the same concentration. The 2MGA solution was further
acidified incrementally by adding droplets of 1-10 wt% H2 SO4 and the pH of the
solution was measured with a digital pH meter (VWR, Model 8015) that had been
calibrated with commercial buffer solutions. The headspace of the vial (at 24 ◦ C)
was sampled with CIMS at a flow rate of 147 std cm3 s−1 for each solution pH.
C.2.5

High-Resolution Mass Spectrometry

At the end of photooxidation experiments, SOA samples were collected on hydrophilic PTFE-based membrane filters (Millipore, Omnipore, 0.2 µm diameter
pores) by pulling chamber air through an activated charcoal denuder, vacuum-sealed,
and frozen for further analysis. The SOA material on the filters was gently extracted
by wetting with 100-300 µL of acetonitrile and water mixture (2:5 v/v, HPLC
grades) for roughly 5 min. The filters were not exposed to heat or ultra-sonication
conditions (which may produce free radicals such as OH through cavitation (Makino
et al., 1982)) in order to preserve organic species. The extracts were analyzed with
high-performance liquid chromatography (HPLC) coupled to electrospray ionization
mass spectrometry (ESI-MS). The separation was performed with a polar embedded
C18 column with TMS endcapping (Phenomenex, SynergiT M 4 µm Fusion-RP 80
Å, 150 × 2.0 mm) and an eluent mixture of acetonitrile and water (HPLC grades,
Aldrich) with 0.5% of formic acid. Generally, the organic constituents eluted together (e.g. the entire oligomer family of 2-methylglyceric acid in the MPAN +
OH samples) but are satisfactorily separated from the inorganics. Additionally, an
ammonium sulfate solution was analyzed with HPLC-ESIMS as an inorganic blank.

346
HSO−4 , HSO4 (H2 SO4 )− , and HSO4 (H2 SO4 )−2 were the dominant ions observed from
the ammonium sulfate solution. These ion signals were subtracted from the SOA
mass spectra to remove the remaining inorganic contribution. The mass analyzer
was a high-resolution (100,000 m/∆m at m/z 300) linear-ion-trap (LTQ) OrbitrapT M
mass spectrometer (Thermo Corp.) operated in the negative ion mode with a mass
range of 80-2000 m/z. The LTQ-Orbitrap was calibrated with commercial standard
(LTQ ESI Negative Ion Calibration Solution, Thermo Scientific, Inc.) prior to mass
spectral analyzes (mass accuracy up to 0.5 ppm at m/z 500).
C.3
C.3.1

Results and Discussion
Photooxidation of MPAN

Figure C.4a shows the reaction progress for a representative low-NO MPAN experiment under dry conditions. Reagents were equilibrated in the chamber prior to
the initiation of photochemistry (yellow shaded region). Figure C.4b shows a representative low-NO MPAN experiment where α-pinene was added at the beginning
of the reaction to scavenge NO3 , and MAE was added at the end (after the reaction
mixture has stabilized with lights off) to observe its effects on SOA formation.
A low yield of NO2 (7 ± 3%) is observed by the NO2 /APN instrument and
confirmed by the negligible CIMS PNA signal. This NO2 formation is likely due
to thermal decomposition of MPAN (τ288K ∼35 h at the NO x conditions in Expt.
2-3 Nouaime et al., 1998; Roberts and Bertman, 1992) because a 10 ± 5% yield of
PAN was also observed. The MPAN decomposition produces NO2 and acylperoxyl
radical, which is subsequently converted to the acyloxyl radical from reaction with
either NO or HO2 (Orlando et al., 1999). The acyloxyl radical decarboxylates to
the vinyl radical that ultimately forms PAN and other products through subsequent
reactions (Chuong and Stevens, 2004). The thermal decomposition is calculated to
be 10-25% of the total MPAN loss, qualitatively consistent with observed yields.
The uncertainty is due to difficulty in determining the NO2 /NO ratio when NO x is
low. Neither PAN nor the NO2 yield was enhanced in the presence of α-pinene
(Figure C.4b), suggesting they both originate from MPAN. The lower bound (10%)
of the MPAN decomposition is used to correct gaseous molar yields.
In contrast to NO2 , the experiments performed with α-pinene conclusively demonstrate high yields of an NO3 coproduct, as suggested by mechanisms 1 and 3 (Figure
C.2). Figure C.5 shows that upon photooxidation of MPAN in the presence of
α-pinene, PNP is formed in ∼(35 ± 17)% yields with respect to α-pinene loss and
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Figure C.4: Representative MPAN photooxidation experiments (A) performed with
MPAN and H2 O2 (Expt. 3, base experiment) and (B) the base experiment with the
initial addition of α-pinene and subsequent injection of MAE standard (Expt. 4).
The yellow shaded areas designate the time period when photochemistry occurs in
each experiment. The right mass axis corresponds only to the SOA trace (green
line).
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Figure C.5: Representative results from NO3 scavenging experiment using α-pinene
(Expt. 4). The yellow shaded area designates the time period when photochemistry
occurs. Note the double-vertical scales.
∼(70 ± 35)% yield with respect MPAN loss. Experiments without α-pinene did
not produce interfering species at the mass used for quantification of PNP. Furthermore, experiments performed during the FIXCIT campaign (Expt. 10, 13 in Table
2 of that work (Nguyen et al., 2014b)) with 30 ppbv of α-pinene demonstrate that
PNP is not formed under low-NO photooxidation conditions, similar to those used
to oxidize MPAN here (Figure C.13a in the Supporting Information). However,
PNP is an abundant product when NO3 is used as an oxidant while HO2 is present
in the chamber (Figure C.13b in the Supporting Information). Using known rate
coefficients of α-pinene with NO3 and OH (Atkinson et al., 2006), we estimate the
steady state NO3 concentration in Expt. 4 (Table C.1) to be 6.5 × 106 mol cm−3 .
The steady state OH concentration (∼1.5 × 106 mol cm−3 ), which is reproducible
within 25% under identical oxidant precursor and light conditions, is derived from
separate low-NO photolysis experiments using isoprene as a reference hydrocarbon
(Nguyen et al., 2014b). Thus, we estimate that the loss of α-pinene is ∼40% by NO3
and ∼60% by OH. This is in relatively good agreement with the PNP yield from
α-pinene assuming most of the pinene nitrooxy alkylperoxyl radical reacts with HO2
to form PNP.
HNO3 formation in MPAN experiments (Figure C.5) occurs likely from the NO3 initiated H-abstraction of alkanes (e.g. tridecane from the introduction of MPAN)
or other saturated compounds, as the reaction of NO3 with α-pinene and MPAN
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will result largely in addition rather than abstraction. Using the steady-state radical concentrations derived above and reaction rate coefficients from the literature
(Canosa-Mas et al., 1999b), we estimate <0.1% of the MPAN loss was due to
reaction with NO3 radicals. HNO3 is observed in all MPAN photooxidation experiments due to the ubiquitous presence of the tridecane solvent, and no enhancement
is observed in the presence of α-pinene. HNO3 provides evidence of another 30 ±
9% NO3 yield from MPAN, which taken together with PNP, suggests that MPAN
efficiently yields NO3 and a coproduct upon reaction with OH. The high NO3 yield
confirms one shared aspect of mechanisms 1 and 3 (Figure C.2) and, in combination
with the low NO2 observations, allows us to rule out mechanism 2 as a significant
contributor to the MPAN photooxidation chemistry.
We observe a large mass yield of SOA from the dry MPAN + OH experiments
(Figure C.4, green traces), suggesting that the MPAN photooxidation chemistry is
efficient at forming SOA in the absence of NO x . Approximately (125-145)% SOA
by mass (with respect to MPAN mass reacted) is formed, and assuming an average
molecular weight of 340 g mol−1 (the intensity-weighted average of the MPAN +
OH high-resolution mass spectrometry data, assuming similar ESIMS sensitivities
for observed analytes), approximately ∼(60 +15/-5)% by mole. The uncertainty
is derived from corrections (e.g. for tridecane-derived SOA, particle wall loss,
and MPAN thermal decomposition) and analysis of the average molecular weight
of the SOA. The observation that SOA formation from MPAN + OH is not NOdependent is consistent with the suggestion in mechanisms 1 and 3 (Figure C.2) that
the traditional RO2 chemistry of the thermalized radical A does not come into play.
However, we note the data do not eliminate the possibility that an RO2 formed after
O2 addition also rapidly decomposes to the same products.
Importantly, the SOA formation from MPAN + OH is prompt and occurs without
the injection of inorganic seed aerosols. It is possible the SOA forms via nucleation
(e.g. from the chemistry of larger VOC like tridecane) or growth in the presence of
pre-existing seed particles that are under the size detection limit of the SMPS and
AMS. Even if SOA growth occurs on dry, pre-existing, nanoparticles, most of the
SOA formation occurs on primarily-organic particles after the first few condensation
cycles. This observation favors the proposed mechanism 3 over mechanism 1 due to
the need for MAE to undergo reactive uptake partitioning, which is a slow process
for this compound even in the presence of hydrated, acidic sulfate particles that
would accelerate ring-opening of the epoxide (γ ∼5 × 10−4 when seed aerosols are
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50% H2 SO4 by mass) (Riedel et al., 2015).
Of the putative SOA precursors, MAE is the only compound that has been detected
by mass spectrometry due to its chemical stability. Throughout all experiments, we
observed small to negligible yields of MAE in the gas phase (2 ± 1%, upper limit, see
Experimental), whether the precursor was MPAN or MACR. FIXCIT experiments
of MACR under low-NO conditions also did not observe any appreciable MAE
production (Nguyen et al., 2014b). Lin et al. (2013b) similarly observed a small
gas-phase yield of MAE (∼1% from MACR, Figure S1 of that work), but suggested
that MAE is so rapidly converted to SOA mass that most of it is observed in the
condensed phase. Under the assumption that (50-80)% of MAE is observed as SOA,
they estimated MAE yields are 18-32% from MPAN. We demonstrate that MAE
is not well-converted to SOA and, in particular, not via the mechanism that forms
the dominantly-organic particles in the MPAN experiments. It instead appears that
MAE is a remarkably stable and volatile gas-phase species, with similar volatility
to MPAN, which by itself does not form SOA through equilibrium partitioning.
Notably, when ∼(12 ± 50)% ppbv of MAE is injected into the chamber following
the reaction period (Figure C.4b), no change to particle size or mass concentration
can be observed.
To further evaluate the inertness of MAE, we injected a few hundred ppbv of
MAE into a clean 1000 L Teflon bag alongside 500 ppbv of HNO3 (∼300 ppbv
of which remained in the gas phase, and the rest, presumably, coated the chamber
walls). No observable wall loss of MAE occurred over the course of 2.5 h (Figure
C.14 in the Supporting Information); this is identical to its behavior in the absence
of acid. It appears that the small quantity of MAE formed from MACR oxidation
is not an eager participant in the surface- and/or water-induced partitioning that
often leads to SOA formation. The inertness we observe provides insight into why
300 ppbv (∼1250 µg m−3 ) of MAE produced only ∼10 µg m−3 of SOA through
reactive uptake in the Lin et al. (2013b) work, even when using seed particles that
are exceptionally acidic (∼50 wt% H2 SO4 at RH < 10%). The evidence suggests
that the low (<2%) gas-phase mixing ratios observed in this work and by Lin et al.
(2013b) (from MACR) indeed represent a measure of the entire yield of MAE. Thus,
it appears that the disagreement between this work and that of Lin et al. (2013b)
lies in the assumption of MAE’s ability to form SOA, and not in the observations
of MAE itself. As MAE formation is negligible both from MPAN and MACR,
mechanism 1 is ruled out as a significant contributor to MPAN-derived SOA.
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A key element to understanding the MPAN + OH reaction lies in the measurement
of hydroxyacetone (HAC). The HAC yield determined here (∼25 ± 7%) is consistent
with the upper limit determined by Orlando et al. (2002) (<40%), but more than a
factor of two lower than the yield determined by Grosjean et al. (1993c) (∼60%).
Both of the previous works were performed under high-NO conditions using ethyl
nitrite as an OH precursor. The source of discrepancy with regards to the Grosjean
work is not clear; however, a similar trend in data agreement can be observed in the
determination of rate coefficients of OH + MPAN. We measured k288K ∼3 (±1) ×
10−11 cm3 mol−1 s−1 , which compares well with Orlando et al. (2002) (k277K ∼3.2
(±0.8) × 10−11 cm3 mol−1 s−1 ), but is an order of magnitude higher than the value
reported by Grosjean et al. (1993c) (k298K ∼3.6 (±0.4) × 10−12 cm3 mol−1 s−1 ). The
coefficient by Orlando et al. (2002) is preferred by IUPAC due to its consistency
with the OH reaction with structurally similar APNs, and our data is in agreement
with this recommendation (Atkinson et al., 2006; Saunders et al., 1994). Thus, we
only consider the comparison between this work and that of Orlando et al. (2002).
If the production of HAC occurs via the lactone-production pathway (as the data
seem to indicate) then the yield would be independent of NO mixing ratio. The agreement in the HAC yield obtained under low-NO conditions (this work) and high-NO
conditions (Orlando et al., 2002) suggests that HAC is not formed from the alkylperoxyl radical B in the MPAN + OH reaction. Finally, the experimentally-determined
HAC yield (and, consequently the remainder HMML yield) is comparable to those
theoretically predicted by Kjaergaard et al. (2012) (∼36% of HAC). In contrast, Lin
et al. (2013b) suggest a low HAC yield (∼3%). The current work cannot differentiate the 2% of thermalized radical A that is predicted to form (Kjaergaard et al.,
2012), ultimately generating the alkoxyl radical under high NO x conditions, because
the products would likely include HAC and NO3 . Together, the experimental data
support the HMML mechanism from the MPAN + OH reaction. We estimate approximately 25% of the reaction yields HAC + CO + NO3 and 75% of the reaction
yields HMML + NO3 , with 75-100% of HMML leading to the formation of SOA
under dry conditions.
To investigate whether there is a route to HMML from thermalized alkyl radicals, we performed experiments with saturated APNs that are analogous to MPAN.
The photooxidation of the saturated analogues occurs via H-abstraction instead
of OH-addition, which generates lower-energy alkyl radicals. For example, we
synthesized A in the chamber via the OH-initiated photochemistry of 3-hydroxy-
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2-methylpropanoyl peroxynitrate (HMPPN). HMPPN is a major product of the
high-NO2 OH-initiated oxidation of hydroxymethyl propanal (HMP), which was
produced by dark ozonolysis of 231MBO (Section C.5 and Figures C.15 and C.16a
in the Supporting Information). Expected gas-phase products arising from RO2 and
RO radicals were observed from the chemistry of A but not A* (Figure C.17 in
the Supporting Information), e.g. the hydroxynitrate, the hydroxyhydroperoxide,
hydroxyacetone, and 2-oxopropanoyl peroxynitrate (Orlando et al., 2002). Qualitatively compared to MACR, the SOA formation from the photochemistry of HMP
(Expt. 11, Figure C.16b in the Supporting Information) and isobutyraldehyde (Expt.
10, not shown) is negligible (1%). Chan et al. (2010a) first suggested the importance of the β-unsaturation in MPAN, following the observation that α,β-unsaturated
aldehydes produced the largest SOA yields. Our results are consistent with their
explanation.
Additionally, we use the potential energy surfaces from the Kjaergaard et al.
(2012) work to calculate the relative fates of A. Compared to a typical effective rate
for the reaction of alkyl radicals with O2 at 1 atm air (O2 = 21%) and 298 K (ke f f
∼1 × 107 s−1 ), the thermalized unimolecular decomposition of A to HMML is much
slower (k A→H M M L < 103 s−1 ). This translates to a calculated 0% yield of HMML in
the HMPPN + OH reaction (100% reacts with O2 ). In comparison, Kjaergaard et al.
(2012) estimated the decomposition of A* to HMML is fast under the conditions
they studied (k A∗ →H M M L ∼4 × 109 s−1 ), translating to a 61-74% HMML yield from
MPAN (2% is stabilized to A). The theoretical-derived kinetic results are consistent
with observations for these C4 APN-derived alkyl radicals.
Figure C.6 summarizes the chemical mechanisms in the OH-initiated oxidation
of MPAN and HMPPN to reflect the current scientific knowledge. It is also possible
that larger APNs behave differently than the C4 APNs discussed here. For example,
it is not clear if APNs from the monoterpene aldehydes such as pinonaldehyde
(saturated) and limonaldehyde (unsaturated, in the gamma position) are able to
produce SOA or undergo a different photochemical fate. These larger APN systems
are intriguing because they can be produced in the laboratory but have not been
observed in the ambient atmosphere (Nguyen et al., 2014b).
C.3.2

Atmospheric Fate of HMML

To study the SOA formation from HMML under conditions more relevant to
the atmosphere, we performed MACR high-NO2 photooxidation experiments with
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Figure C.6: The OH-initiated oxidation mechanism of MPAN and HMPPN derived
from the low-RH experiments conducted in this work. The HMML formation from
MPAN arises from a chemically-activated mechanism while the product formation
from HMPPN arises from a thermalized alkyl radical + O2 reaction.

hydrated ammonium sulfate (AS) seed particles at 40% and 85% RH (efflorescence
and deliquescence RH of AS are ∼30% and ∼80%, respectively) (Biskos et al., 2006).
Figure C.7 shows that the SOA production is lower and gas-phase 2MGA yields are
higher when the reaction occurs in deliquesced AS particles (Expt. 13, liquid water
∼75 vol%) compared to primarily organic particles (under dry conditions, Expt. 9).
The small MAE signal did not increase under humid conditions, suggesting that the
formation of this compound is likely not important in the ambient environment. The
production of HAC is observed to slightly increase toward the end of the experiment.
However, this change is within the uncertainty of the HAC determination (±30%).
If the difference in HAC signal between dry and humid is real, the underlying
mechanism is unclear. The systematic uncertainty in calculating mixing ratio for
2MGA is approximately ±50%. However, if all of the ∼12-13 ppb of 2MGA
in the gas phase is converted to particle mass, the volatilization of 2MGA may
explain almost 100% of the ∼60 µg m−3 SOA mass discrepancy between the two
experiments. 2MGA is typically used as a tracer for isoprene SOA; however, it
appears that its accommodation in the condensed phase is low at typical aerosolphase pH. Recent observations in the Southeast U.S. and Amazon forests support the
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Figure C.7: The formation of gas-phase species and secondary organic aerosols
under dry conditions (black markers) and under humid conditions (85% RH) with
deliquesced ammonium sulfate seeds (blue markers).

idea that 2MGA may exist primarily in the gas phase in humid biogenic environments
(Isaacman-VanWertz, 2014).
Figure C.8a shows the CIMS gas-phase measurement of 2MGA (from a 0.075
M solution of the synthesized standard) as the solution is increasingly acidified.
2MGA behaves similarly to a semivolatile compound such as isoprene epoxydiol
in the CIMS instrument, i.e. it takes approximately 10 minutes to equilibrate with
Teflon tubing compared to a more-volatile compound such as hydroxyacetone (<1
min). The gas-phase mixing ratio linearly increases with decreasing solution pH
(Figure C.8b) in the measurement range, as expected for a semi-volatile organic acid.
This pH-dependent volatilization is likely to be important for understanding the SOA
formation from not only MPAN oxidation, but other types of atmospheric reactions
that produce organic acids in the condensed phase, e.g. cloud-processing oxidation
(Carlton et al., 2006; Sorooshian et al., 2007), ozonolysis of alkenes (Christoffersen
et al., 1998; Koch et al., 2000), and other reactions.
Interestingly, gas-phase 2MGA is not significantly enhanced and aerosol mass
is not significantly decreased in the 40% RH experiment (Expt. 12) compared
to the dry experiments. It is possible that the liquid water content under these
conditions (∼30 vol%) is not high enough to dominate the reaction with HMML
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Figure C.8: CIMS measurements of the headspace air above a 0.075 M 2methylglyceric acid (2MGA) solution: (A) the gaseous 2MGA signal when switching from lab air to solutions with different pH and (B) the headspace 2MGA mixing
ratio (obtained through exponential fitting) is a linear function of pH in the measurement range.

or there is a barrier to 2MGA volatilization. For example, if organic-inorganic
phase separation occurs at RH between efflorescence and deliquescence (Bertram
et al., 2011; O’Brien et al., 2015), the reaction of gas-phase HMML with water and
solvated ions and the volatilization of aqueous 2MGA may be hindered by an organic
shell. Additionally, when liquid water content is lower (and thus, ionic strength is
higher), organic acids such as 2MGA may form involatile salts with NH+4 and other
cations (Wang and Laskin, 2014). Salt formation is not expected to be significant
for deliquesced particles, but can be considerably enhanced for drier metastable
particles at 30-50% RH (Laskin et al., 2012).
Figure C.9 shows the results of high-resolution mass spectrometry (HR-MS)
analyzes of SOA collected from MPAN and MACR photooxidation. When the
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photooxidation of MACR is performed without inorganic seeds and under dry conditions, long oligomer families of 2MGA that are separated by 102.0317 Da (the
exact mass of HMML) are observed, consistent with earlier mass spectrometry observations (Nguyen et al., 2011b; Surratt et al., 2006; Szmigielski et al., 2007). The
SOA composition from MPAN + OH appears almost identical to that of MACR +
OH + NO2 . In addition to the 2MGA + HMML oligomers, the MACR high-NO x
photooxidation produces an organic nitrogen oligomer family (Figure C.9, blue
peaks). The organic nitrogen family of 2MGA-nitrate + HMML elutes primarily
at later retention times (8-20 min), likely due to their lower polarity compared to
organic sulfates and acids, but is absent in other chemical systems, including the
MPAN + OH low-NO x reaction. These N-containing SOA compounds are likely
formed from the reaction of HNO3 (from NO2 + OH reaction in the MACR highNO x experiments) with HMML in the condensed phase or interfacial region, which
generate the nitrate ester of 2MGA through nucleophilic ring opening.
When aqueous sulfate is present, the sulfate ester of 2MGA is produced (Figure
C.9, magenta peaks), which react with HMML similarly to 2MGA and 2MGAnitrate. In ammonium sulfate particles at 40% RH, the oligomer families of 2MGAsulfate + n(HMML) and 2MGA + n(HMML) are observed up to the trimer and dimer,
respectively. In the deliquesced AS seeds at 85% RH, the monomer compounds
2MGA, 2MGA-sulfate, and the sulfate nitrate (C4 H6 O9 NS− ion) dominate the mass
spectra. An exception is the dimer 2MGA-nitrate + HMML that has higher signal
than the monomer. This may be attributed to the fact that nitrate ion is a poor
nucleophile and nucleophilic substitution with water and sulfate may readily occur,
so the monomer nitrate has a short condensed-phase lifetime. Thus, the organonitrate
may be more stable in the dimer form. However, it is also possible the nitrate dimer is
more ionizable in negative mode ESI compared to the monomer. We do not expect
a large ionization difference between 2MGA-nitrate and 2MGA as the carboxyl
moiety is believed to be the charge carrier for this compound in negative mode
ESI with aqueous-based solvents (Yamashita and Fenn, 1984). The combined mass
of the SOA from these organic acid and hetero-atom compounds in the 85% RH
experiment, however, is lower than the mass of 2MGA in the gas phase (Figure C.7).
These aerosol phase HR-MS observations are consistent with earlier suggestions
that relative humidity plays a role in modifying the composition and yield of isoprene-derived high-NO x SOA (Nguyen et al., 2011a; Zhang et al., 2011). However,
previous works did not study 2MGA particle/gas partitioning and discussions were
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Figure C.9: Negative mode ESI-HRMS analysis of select SOA samples, integrated
for retention times 2.5-3.5 min. The inorganic constituents have been separated by
HPLC. Oligomer families comprised of HMML units are color-coded based on the
monomer compounds (2MGA = 2-methylglyceric acid, 2MGAN = 2-methylglyceric
acid nitrate, and 2MGAS = 2-methylglyceric acid sulfate).
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framed with respect to poly-condensation reactions (e.g. a Fisher type esterification)
– a hypothesis that is not consistent with the present data. Furthermore, it has been
recently shown that Fisher type esterification is too slow to form 2MGA oligomers
under standard conditions (Birdsall et al., 2013). This does not, however, preclude
condensation reactions from occurring when aerosol particles or cloud/fog droplets
are evaporated (De Haan et al., 2011; Nguyen et al., 2012). In light of the gas-phase
mechanism of MPAN + OH presented here, the molecular driving force behind the
effect of RH on MPAN aerosol composition and yield can now be understood in
terms of lactone polymerization.
Figure C.10 shows the proposed mechanism with which HMML is converted
to SOA and gas-phase 2MGA. Lactones are well-known to produce polyesters via
polyaddition (Löfgren et al., 1995). We suspect that, in nature, the anionic ring
opening polymerization scheme is the active mechanism. Nucleophilic attack at the
sp3 carbon is dominant for α-lactones (Greenberg and Liebman, 1978), partly due to
the stability of the carboxylate (estimated to be only ∼10 kcal mol−1 higher in energy
than the α-lactone) (Liebman and Greenberg, 1974). The propagated carboxylate
can repeatedly add HMML under low RH conditions, where its main fate is reaction
with organics that coat the particle. In ambient SOA, ring-opening initiators may be
aqueous inorganic anions or myriad carboxylates that are present in the condensed
phase. When liquid water is in excess (as is mainly the case in the lower troposphere),
it appears the main fate of HMML is reaction with H2 O, aqueous sulfate, or aqueous
nitrate, and not with organics. Because the organonitrate is more easily hydrolyzed,
the major product of the reaction under typical atmospheric conditions is expected
to be monomeric 2MGA and 2MGA sulfate. The 2MGA may re-partition into the
gas phase, leading to significantly reduced SOA mass yields.
C.4

Atmospheric Implications

The representation of MPAN oxidation in atmospheric models has important ramifications. Thus far, only the proposed MAE mechanism (i.e. reactive uptake) has
been considered for modelling SOA formation and framing field observations (Pye
et al., 2013; Worton et al., 2013). Previously modelled SOA formation from MAE
increases with particle acidity, while simulations based on HMML are expected to
exhibit a different temporal and spatial variability. Pye et al. (2013) used the HMML
and MAE yields suggested by Lin et al. (2013b) (57% and 21%, respectively); however, both compounds were assigned to have the acid-catalysed heterogeneous fate
of MAE (i.e. essentially converting HMML mass to MAE). The observed and
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Figure C.10: Mechanism of SOA production from HMML (the blue dashed area
represents the condensed phase). When particle liquid water is high, the main
fate of HMML is reaction with water to produce monomeric 2MGA or sulfate
and nitrate ions to produce 2MGA-sulfate and 2MGA-nitrate, respectively. The
2MGA monomer is volatile enough to re-partition to the gas phase. When the
SOA composition is higher in organics than water, the main fate of HMML is
reaction with its condensed-phase derivatives, producing low-volatility polyesters
that increase SOA mass. Hydrated particles with higher free acidity may favour
the monomeric form of 2MGA by neutralizing the carboxylate and hydrolyzing the
sulfate and nitrate esters, possibly suppressing SOA growth.

predicted SOA from MPAN deviates from the 1:1 relationship in that work, likely a
result of the assumed SOA mechanism. Figure C.8 and the mechanisms in Figure
C.10 suggest a more complex impact of particle free acidity. For example, in conditions when particle free acidity is high, the neutral form of 2MGA will be favored
and the organosulfate/organonitrate may hydrolyze more rapidly (Hu et al., 2011).
Both situations will enhance the abundance of 2MGA in the gas phase at the expense
of lower-volatility derivatives that are important for SOA formation and growth.
The regional atmospheric importance of MPAN will vary with NO2 /NO ratio
and isoprene emissions. Kjaergaard et al. (2012) estimated that approximately
4 Tg of HMML is produced per year (up to 0.8 µg m−3 day−1 in the Southeast
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U.S.). However, whether the carbon from HMML is directed toward the formation
of gaseous 2MGA or SOA will depend on atmospheric conditions and particulate
matter characteristics. Typically, oligomers are not observed in ambient SOA and
the mass concentrations of 2MGA and 2MGA-sulfate are low (e.g. 7-9 ng m−3 and
12 ng m−3 in Southeast U.S., respectively) (Lin et al., 2013a). The low ambient
observations in the Southeast US, a region characterized by higher particle liquid
water and lower particle pH (Guo et al., 2015; Nguyen et al., 2014c), are consistent with the HMML-derived SOA formation mechanism (Figure C.10). This work
demonstrates that certain "SOA tracers" have more complex fates in nature than
previously recognized. Interpreting the abundance of aqueous 2MGA and 2MGAsulfate will require knowledge of physical parameters that may not be available for
these compounds (e.g. Henry’s Law coefficients, reaction coefficients, temperature and pH-dependent accommodation). We expect that integrating the lactone
mechanism into atmospheric models will produce a more accurate representation
of the magnitude, temporal variation, and spatial distribution of isoprene-derived
organic compounds (whether in the gas or condensed phase) near anthropogenically
influenced regions.
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C.5
C.5.1

Supporting Information
Photooxidation of Saturated Analogues of MPAN

Lactone formation has been suggested only for APNs of aldehydes with a βalkenyl moiety, MACR and acrolein (Kjaergaard et al., 2012). Here, we investigate
the extent to which saturated APNs may access a similar reaction pathway. The OHinitiated oxidation of saturated and unsaturated compounds proceeds predominantly
through abstraction and addition channels, respectively, illustrated here for ethylene
and ethane:
H2 C=CH2 + OH → CH2 (OH)− ·CH2
H3 C-CH3 + OH → H3 C− ·CH2 + H2 O
The abstraction-generated alkyl radical is less energetic than the alkyl radical formed
via addition of OH. It is unclear whether most of the abstraction radicals would
be collisionally stabilized or if the -C(O)OONO2 neighboring group enhances its
decomposition. To investigate the effects of alkyl radical energetics, we conducted
additional experiments using radicals A and C (Figure C.6) that are analogous to
A*. The radical A (produced in Expt. 11) is the thermalized version of A*, given
its formation mechanism; and C (produced in Expt. 10) is structurally similar to A,
but missing the hydroxyl group. As the results of both experiments are consistent,
we limit the discussion only to the chemistry of A, a third-generation oxidation
intermediate of 2-methylbut-3-ene-1-ol (231MBO).
Figure C.16a in the Supporting Information shows the formation of the 3-hydroxy2-methylpropanoyl peroxynitrate (HMPPN) from a chamber experiment. HMPPN
is the precursor of A from 231MBO, formed in a synthetic scheme that involves ∼21
h of dark ozonolysis chemistry (to react away most of the C=C bonds of 231MBO)
followed by a shorter phase of high-NO2 photooxidation. Ozonolysis of 231MBO
produces the aldehyde hydroxymethyl propanal (HMP) in high yield alongside the
simplest Criegee (CH2 OO), which is observed by CIMS as its bimolecular product
with water, hydroxymethylhydroperoxide (not shown) (Neeb et al., 1997). The
ozonolysis period (performed without an OH scavenger) produced a small yield of
SOA (<3%) that has the same temporal behavior as HMP. After the stabilization of
the dark gas-phase mixture, NO2 and methyl nitrite were injected and the near-UV
lamps were switched on to initiate the OH-oxidation chemistry in the presence of
NO2 . The slight decay of HMP prior to initiation of photochemistry (e.g. starting at
-20 min, Figure C.7b) is due to reaction with NO3 , formed after the injection of NO2
through its reaction with O3 ; however, this slower chemistry is promptly overtaken
by the OH oxidation that occurred in the photolytic period.
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The photochemistry of HMP (and that of HMPPN) does not produce additional
SOA (Figure C.16b in the Supporting Information, 1% SOA yield from HMP).
In comparison, when MACR is oxidized in a similar manner (Figure C.16c in the
Supporting Information), SOA is observed to grow after a ∼15 min delay. A delay in
observing SOA is fairly typical when seed particles are not used (Figure C.4) because
the lower threshold for particle diameter in this work is 20 nm. Additionally, the
SOA should be second-generation so the observed delay may encompass a chemical
delay. As HMP and MACR both produce the APNs, which upon oxidation form
structurally identical alkyl radicals, the results suggest that the difference in excess
energy of A and A* is responsible for the disparate SOA formation behaviour.
Experimental evidence for HMPPN reaction and A + O2 reaction can be provided
by the CIMS observations of alkylperoxyl radical (RO2 ) and alkoxyl radical (RO)
reaction products (Figure C.17 in the Supporting Information; see Figure C.6 in the
main text for the mechanism). During the photolytic period, we observed the minor
products of the RO2 + NO reaction channel, the hydroxynitrates (RO2 + NO →
RONO2 ) and the major product of the RO2 + HO2 reaction channel, the hydroxyhydroperoxides (RO2 + HO2 → ROOH + O2 ) from the HMPPN + OH reaction. These
radical termination products have low volatility (e.g. the hydroperoxide has a molecular formula of C4 H7 NO8 ) in addition to low yields, resulting in low analyte signals
in the CIMS. We also observed the major products from the high-NO reaction (RO2
+ NO → RO + NO2 → decomposition products), which include HAC (∼25% from
HMP) and the APN of pyruvaldehyde (2-oxopropanoyl peroxynitrate (2OPN), <1%
from HMP, green trace in Figure C.17 in the Supporting Information) (Orlando et
al., 2002). The relative yields of HAC is 3 - 30 times higher compared to the 2OPN
when estimated from HMPPN; however the absolute yields are not available as the
amount of HMPPN reacted is unknown. The disparity in relative yields may be due
to the expected propensity for 2OPN to decompose (via the NO2 and NO3 channels)
compared to the high stability of HAC (Orlando et al., 2002). The formation of RO2
radical termination products and RO decomposition products in the MPAN + OH
reaction was negligible (Figure C.17a in the Supporting Information). The HAC
formation in the MPAN + OH reaction is via HMML decomposition. Together with
SOA data and HMPPN-derived product observations, the RO2 reaction products
provides a consistent picture of predominantly HMML formation from MPAN +
OH and RO2 formation from HMPPN + OH.
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Figure C.11: Chromatograms of NO2 , PAN, and MPAN in the NO2 /APN analyzer
(retention times 10, 20, and 80 s, respectively). Top panel: signals from NO2 and
MPAN are observed when introducing MPAN into the chamber due to a small decomposition yield of MPAN in room-temperature Teflon lines. This decomposition
is not observed in the headspace of pure MPAN in tridecane when the standard is
kept cold and the sampling line is short (< 0.3 m). Bottom panel: photooxidation
of MPAN over the course of 3 h, when the MPAN signal decreases and PAN is
observed to form. The NO2 signal does not change significantly, possibly due to the
compensating effects of decreasing signal from MPAN and increasing signal from
other sources.
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Figure C.12: Characterization of 2-methylglyceric acid with proton NMR using
DMSO solvent, the semi-pure mixture (containing 7% acetonitrile) was further
purified through crystallization and B: tandem mass spectrometry (MS/MS) with
triple quadrupole CIMS, the 2-methylglyceric acid is observed only as its fluoride
transfer ion with CF3 O− and collision-induced dissociation leads primarily to the
deprotonated compound (C4 H7 O−4 ).
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Figure C.13: Ion intensity data (not converted to mixing ratio) from the negative ion
mode CIMS during control experiments performed with α-pinene: (A) The pinene
nitrooxyhydroperoxide (PNP, red markers) used as a tracer for NO3 in this work is
not formed under the low-NO conditions that were used to photooxidize MPAN;
(B) PNP is only formed (and is a major product) when NO3 is available to oxidize
α-pinene (or β-pinene) in the presence of HO2 radicals (generated from photolysis
of HCHO in these experiments). Pinonaldehyde (measured in positive ion mode,
not shown) is also a major product in both oxidation experiments.
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Figure C.14: Monitoring the loss of MAE to the walls of a 1000 L Teflon bag, filled
with dry purified ("zero") air (relative humidity < 5% in the bag). MAE did not
demonstrate any observable wall loss under these conditions. Injections of nitric
acid (∼500 ppbv injected, ∼300 ppbv observed in the gas phase) did not change the
wall loss behavior of MAE over the course of 2.5 hours, after which the instrument
was taken off the bag.

Figure C.15: Gas-phase synthesis of β-alkyl radicals from saturated APNs:
hydroxymethylpropanoyl peroxynitrate (HMPPN) and isobutanoyl peroxynitrate
(ISOBPN).
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Figure C.16: SOA formation from saturated vs. unsaturated APNs: (A) the results
from Expt. 11 where 231MBO is ozonized into its aldehyde HMP, followed by
high-NO2 photooxidation to the APN (HMPPN) with methyl nitrite (MN) as an OH
precursor; (B) the reaction shown in panel A where the time axis is renormalized to
start when UV lights are switched on and SOA from the dark period is subtracted; (C)
similar to panel B but with MACR as the hydrocarbon (Expt. 9). Both vertical axes
in panels B and C are with respect to mass. Breaks in data occur when instruments
are not sampling from the chamber.
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Figure C.17: High-NO and low-NO compounds from alkylperoxyl (RO2 ) radical B:
the hydroxynitrates (RO2 + NO → RONO2 , red), hydroxyhydroperoxides (RO2 +
HO2 → ROOH + O2 , blue), and 2-oxopropanoyl peroxynitrate (2OPN, green) from
(A) the MPAN photooxidation and (B) the HMPPN photooxidation. The production
of HAC from MPAN (reaching ∼0.25 at the 250 min mark) and HMPPN (reaching
1.8 at the 220 min mark), via different mechanisms, is greater than the production
of the shown compounds.
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Appendix D

KINETICS AND PRODUCTS OF THE REACTION OF THE
FIRST-GENERATION ISOPRENE HYDROXY
HYDROPEROXIDE (ISOPOOH) WITH OH

St. Clair, J. M., J. C. Rivera-Rios, J. D. Crounse, H. C. Knap, K. H. Bates, A. P.
Teng, S. Jorgensen, H. G. Kjaergaard, F. N. Keutsch, and P. O. Wennberg (2015).
“Kinetics and products of the reaction of the first-generation isoprene hydroxy
hydroperoxide (ISOPOOH) with OH”. In: J. Phys. Chem. A 120.9, pp. 1441–
1451. doi: 10.1021/acs.jpca.5b06532.
Abstract
The atmospheric oxidation of isoprene by the OH radical leads to the formation
of several isomers of an unsaturated hydroxy hydroperoxide, ISOPOOH. Oxidation of ISOPOOH by OH produces epoxydiols, IEPOX, which have been shown
to contribute mass to secondary organic aerosol (SOA). We present kinetic rate
constant measurements for OH + ISOPOOH using synthetic standards of the two
major isomers: (1,2)- and (4,3)-ISOPOOH. At 297 K, the total OH rate constant is
7.5 ± 1.2 × 10−11 cm3 molecule−1 s−1 for (1,2)-ISOPOOH and 1.18 ± 0.19 × 10−10
cm3 molecule−1 s−1 for (4,3)-ISOPOOH. Abstraction of the hydroperoxy hydrogen accounts for approximately 12% and 4% of the reactivity for (1,2)-ISOPOOH
and (4,3)-ISOPOOH, respectively. The sum of all H-abstractions account for approximately 15% and 7% of the reactivity for (1,2)-ISOPOOH and (4,3)-ISOPOOH,
respectively. The major product observed from both ISOPOOH isomers was IEPOX
(cis-β and trans-β isomers), with a ∼2:1 preference for trans-β IEPOX and similar
total yields from each ISOPOOH isomer (∼70-80%). An IEPOX global production
rate of more than 100 Tg C each year is estimated from this chemistry using a
global 3D chemical transport model, similar to earlier estimates. Finally, following addition of OH to ISOPOOH, approximately 13% of the reactivity proceeds
via addition of O2 at 297 K and 745 Torr. In the presence of NO, these peroxy
radicals lead to formation of small carbonyl compounds. Under HO2 dominated
chemistry, no products are observed from these channels. We suggest that the major
products, highly oxygenated organic peroxides, are lost to the chamber walls. In the
atmosphere, formation of these compounds may contribute to organic aerosol mass.
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Figure D.1: Mechanism for the formation of cis- and trans-β-IEPOX from OH
addition to (4,3)- and (1,2)-ISOPOOH.
D.1

Introduction

Global emissions of isoprene (2-methyl-1,3-butadiene, C5 H8 , ISOP) are estimated
to be ∼540 Tg (∼470 Tg C) each year (reference year 2000) and are the single largest
source of atmospheric nonmethane hydrocarbons (Guenther et al., 2006; Guenther
et al., 2012). Emissions from tropical broadleaf trees and other deciduous plants
dominate the source (Guenther et al., 2006; Guenther et al., 2012). The oxidation
of isoprene and its oxidation products by OH results in the formation of ozone and
secondary organic aerosol (SOA), with impacts on human health and climate. The
chemical fate of isoprene and its oxidative products also affects the abundance of
OH in regions influenced by biological emissions (Archibald et al., 2010; Lelieveld
et al., 2008).
Organic peroxy radicals, hereafter RO2 , formed from OH and subsequent O2
addition to isoprene generally follow one of three reaction pathways: (1) reaction
with HO2 to form hydroperoxides (Crutzen et al., 2000; Paulot et al., 2009b);
(2) reaction with NO to form hydroxynitrates or formaldehyde and methyl vinyl
ketone (MVK)/methacrolein (MACR) and HO2 (Paulot et al., 2009a); (3) RO2
H-shift isomerization of the RO2 radicals followed by reaction with O2 to form
hydroperoxyenals (HPALDs) and other oxidized products (Crounse et al., 2011;
Peeters et al., 2009; Wolfe et al., 2012). The fate of the RO2 is dependent on
the concentrations of HO2 , NO, RO2 , and the temperature. Under HO2 -dominated
conditions, the main products are unsaturated hydroperoxides (several isomers,
collectively referred to as ISOPOOH):
ISOP + OH + O2 → ISOPOO·
ISOPOO· + HO2 → ISOPOOH
As illustrated in Figure D.1, a subsequent reaction of ISOPOOH with OH can
produce epoxydiols (several isomers, collectively referred to as IEPOX) and recycle
OH (Paulot et al., 2009b).
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IEPOX was proposed as an SOA precursor (Paulot et al., 2009b; Surratt et
al., 2010), and has subsequently been shown to contribute to SOA mass in field
(Budisulistiorini et al., 2013; Froyd et al., 2011; Worton et al., 2013) and laboratory
(Gaston et al., 2014; Lin et al., 2012; Liu et al., 2015; Nguyen et al., 2014a)
measurements. Recent laboratory studies of gas phase oxidation of IEPOX by OH
(Bates et al., 2014; Jacobs et al., 2013) and of IEPOX aerosol uptake properties
(Gaston et al., 2014; Lin et al., 2012; Liu et al., 2015; Nguyen et al., 2014a) were
made possible by the development of synthetic routes to IEPOX (Zhang et al., 2012).
Previously, estimates of the OH + ISOPOOH rate coefficients and products were
inferred from OH + isoprene experiments, with limited ability to elucidate the relative role of the different isomers of ISOPOOH (Paulot et al., 2009b). Here, using
synthetic ISOPOOH standards (Rivera-Rios et al., 2014), we report kinetic rate constant measurements for the OH + ISOPOOH reaction, relative to OH + propene, for
the two main isomers, (1-OH,2-OOH)-ISOPOOH (hereafter (1,2)-ISOPOOH) and
(4-OH,3-OOH)-ISOPOOH (hereafter (4,3)-ISOPOOH) (Figure D.1). The products
of this chemistry were also determined. The impact of updating the low NO isoprene
mechanism on the global production of IEPOX was explored using the GEOS-Chem
chemical transport model.
D.2

Experimental Methods

The environmental chamber and techniques used for these experiments have been
described previously (Bates et al., 2014; Crounse et al., 2013; Lee et al., 2014), with
study-specific details provided below. A gas chromatograph with a flame ionization detector (GC-FID, Hewlett-Packard 5890 series II Plus) was used to measure
propene for the relative rate kinetics experiments. Measurements of ISOPOOH
and its oxidation products were made using two CF3 O− chemical ionization mass
spectrometers (CIMS), which have been described previously (Crounse et al., 2006;
Paulot et al., 2009a; St. Clair et al., 2010). CF3 O− selectively ionizes analytes to
typically form either an ion cluster (m/z = analyte mass +85) or a fluoride transfer
ion (m/z = analyte mass +19). The time-of-flight CIMS (ToF-CIMS) provided 1
Hz unit mass data for m/z = 19 to m/z = 396. The triple quadrupole CIMS (TQCIMS) was operated exclusively in tandem MS mode to differentiate the cluster ion
m/z = 203 signal from the two isobaric compounds, ISOPOOH and IEPOX (Paulot
et al., 2009b). The signal observed at m/z = 203 → m/z = 63 arises primarily from
ISOPOOH while the signal at m/z = 203 → m/z = 183 is primarily from IEPOX.
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expt
#

[ISOPOOH]0
(ppbv)

[propene]0
(ppbv)

[H2 O2 ]0
(ppmv)

[NO]0
(ppbv)

reaction
time (h)

K1
K2
K3
K4
K5
K6
K7
K8
K9

210
108
15
18
23
51
45
41
31

61
76
68
66
77
116
161
183
166

2.2
1.9
1.8
2.2
2.1
2.1
2.0
2.2
2.2

515
518
514
513
539
513
515
507
510

1.7
1.7
2.4
3.0
2.0
2.1
2.5
1.7
1.8

Table D.1: Experimental conditions for OH + ISOPOOH kinetics experiments.
All experiments were conducted in a 0.85 m3 chamber made of fluorinated ethylene propylene (Teflon-FEP, DuPont) with one port for the introduction of reagents
and sampling. During an experiment, approximately 1 std L min−1 of sample flow
was drawn from the bag via a 6.35 mm O.D. PFA tube, with the CIMS instruments
subsampling the main tube flow via glass orifices. The chamber was at 297 ± 2 K
and 745 Torr (99.3 kPa) for all experiments.
The chamber was prepared for each experiment with multiple flushes of dry air
from a purge gas generator (Perkin, model 75-52). H2 O2 , the OH source, was
added first to the bag by flowing 20 std L min−1 of dry air over ∼5 µL of 50% H2 O2
contained in a shallow glass vial for 12 min, resulting in ∼2 ppmv in the final mixture.
The addition of ISOPOOH followed, with 1-2 min of dry air at 20 std L min−1 passed
over ISOPOOH in a shallow glass vial. For the HO2 -dominated experiments, the
remainder of the bag volume was filled with dry air. For NO-dominated kinetics
experiments, propene was added next, with NO added once the bag was nearly full
to minimize conversion to NO2 . Propene (Sigma-Aldrich, ≥99%) was prepared
for addition by obtaining a ∼300 ppmv propene sample in a 500 cm3 glass flask at
room pressure using pure propene and serial dilution. The mixing ratio of the ∼300
ppmv propene sample was verified using FT-IR and tabulated propene cross section
(Johnson et al., 2002; Sharpe et al., 2004). NO was prepared by adding ∼330 Torr
of 2000 ppmv NO (Matheson Gas Products) to a 500 cm3 glass flask. Tables D.1
and D.2 contain the details for each high NO and low NO experiment, respectively.
Kinetics experiments were conducted using four of the eight available UV lights
(JNO2 ≈ 1 × 10−3 s−1 ). At least 2/3 of the ISOPOOH was oxidized in each experiment,
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expt
#

[ISOPOOH]0
(ppbv)

[H2 O2 ]0
(ppmv)

% ISOPOOH
reacted

Y1
Y2
Y3
Y4
Y5
Y6
Y7
Y8
Y9
Y10
Y11

119
25
21
22
33
25
21
45
36
34
37

2.0
1.8
1.9
2.1
2.1
2.0
1.9
2.2
2.2
2.2
2.2

9
12
13
15
9
12
15
12
9
17
33

Table D.2: Experimental conditions for OH + ISOPOOH product yield experiments.

requiring 1.5-3 h of photo-oxidation. Low NO product yield experiments were run
with all available lights, oxidizing only ∼10% of the starting ISOPOOH to minimize
the secondary loss of products to reaction with OH and to the walls. Before and
after the oxidation, GC-ToF-CIMS chromatograms were collected to aid in product
identification (Bates et al., 2014). Product yields were determined by dividing the
change in the product mixing ratio (Xpostoxidation - Xpreoxidation ) by the change in
the ISOPOOH mixing ratio. CF3 O− CIMS sensitivities used to determine mixing
ratios are included in the Supporting Information. Wall loss of ISOPOOH in
the presence of H2 O2 was determined before and after the oxidation during the
kinetics experiments and was found to be negligible (−1 ± 1% h−1 ). Previous work
investigated the wall loss of IEPOX and found it to be small (<−1% h−1 ) in the
absence of acid (Bates et al., 2014).
The experiments used several different synthetic ISOPOOH batches with differing
purities. The ISOPOOH samples used for experiments K8-K9 and Y8-Y11 had
fewer impurities than those available for experiments K1-K7 and Y1-Y7. The
main impurity was 2-methyl-1-butene-3,4-diol, observed in the CIMS instruments
as a CF3 O− cluster ion with m/z = 187, for the (4,3)-ISOPOOH and 3-methyl-1butene-3,4-diol for the (1,2)-ISOPOOH. In the (4,3)-ISOPOOH samples used for
experiments K1-K7 and Y1-Y7, the diol impurity signal was about 10% of the
ISOPOOH signal; the impurity in the samples used in the last few experiments
was only ∼2%. For the (1,2)-ISOPOOH, the impurity signal was always small
(1% in initial experiments, 0.5% in later). Other impurities included H2 O2 and
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two compounds that produce signal at m/z = 201 and m/z = 185, with the latter
two assumed to be the same compounds as are produced from the OH oxidation
of ISOPOOH (see products of ISOPOOH sections below). The ISOPOOH product
yields were corrected for the methylbutenediol oxidation products, as discussed in
the Supporting Information.
D.3
D.3.1

Results and Discussion
Kinetics

The kinetic rate coefficient of the ISOPOOH + OH reaction was determined
relative to that of OH + propene for both (1,2)-ISOPOOH and (4,3)-ISOPOOH.
The propene rate coefficient (2.59 × 10−11 cm3 molecule−1 s−1 at 298 K) was
obtained using the pressure dependence from the IUPAC recommendation and normalizing the rate constant to the Atkinson and Arey recommended rate constant
(Atkinson and Arey, 2003b; Atkinson et al., 2006). For each experiment, a linear regression (York et al., 2004) was performed on loge ([propene]/[propene]0 ) vs
loge ([ISOPOOH]/[ISOPOOH]0 ) data set (Figure D.2), with the ISOPOOH + OH
reaction rate coefficient equal to the fitted slope divided by the propene rate constant. Table D.3 contains the rate constants determined for each experiment and
the recommended rate constants for the two ISOPOOH isomers. The recommended
rate constant was calculated by taking a mean from all the experiments weighted
by their respective uncertainties. Uncertainties for all the ISOPOOH+OH rate constants include ±15% from the propene rate constant (Atkinson and Arey, 2003b).
The rate constant uncertainty is dominated by the uncertainty in the propene rate
constant, with the precision of the GC-FID measurement of propene dominating the
fit uncertainty.
Estimates of the hydrogen abstraction rate constants were also obtained, using both
the high NO kinetics experiments and the low NO product yield experiments (Tables
D.4 and D.5). Both ISOPOOH isomers have labile hydrogens on the hydroperoxy
group and α to the hydroxy group. (4,3)-ISOPOOH has, in addition, a hydrogen
α to the hydroperoxy group. Removal of the hydroperoxy hydrogen produces the
RO2 that can reform the same ISOPOOH isomer upon reaction with HO2 . Standard
chemistry suggests that abstraction of the hydrogen α to the hydroxy group will lead
to a C5 -hydroperoxyenal (HPALD, m/z = 201) under low NO conditions (Figure
D.3). The abstraction of the hydrogen α to the (4,3)-ISOPOOH hydroperoxy group
is expected to form a β-C5 -hydroxy carbonyl (HC5 , m/z = 185) in a OH-neutral
reaction (Figure D.4) (Vereecken et al., 2004).
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rate × 1011 (cm3 molecule−1 s−1 )

compound

experiment

(1,2)-ISOPOOH

K3
K4
K5
K7

7.49 ± 1.61
7.44 ± 1.31
7.84 ± 1.85
7.50 ± 1.36
weighted mean: 7.5 ± 1.2

(4,3)-ISOPOOH

K1
K2
K6
K8
K9

12.6 ± 3.1
10.8 ± 2.7
11.7 ± 2.2
11.9 ± 2.6
12.0 ± 2.6
weighted mean: 11.8 ± 1.9

Table D.3: OH + ISOPOOH kinetic rate coefficients.

Figure D.2: Fit to the propene vs (1,2)-ISOPOOH decay to determine the ISOPOOH
+ OH rate relative to propene + OH for experiment K4. The slope in this experiment
is 0.349 ± 0.032, with an ISOPOOH + OH rate of 7.44 ± 1.31 × 10−11 cm3
molecule−1 s−1 .
product

Y1

Y2

Y3

Y4

Y11

mean

hydroxyacetone
m/z = 189
m/z = 201
glycolic acid
m/z = 185
sum of non-IEPOX products

3.7
3.3
2.1
1.3
0.9
11.3

6.3
3.4
2.5
1.6
1.4
15.2

5.6
3.6
2.5
1.7
1.1
14.5

4.6
3.5
2.6
2.0
0.9
13.6

2.0
2.1
1.9
0.6
1.0
7.6

4.4
3.2
2.3
1.4
1.1
12.4

Table D.4: Reaction products from OH + (4,3)-ISOPOOH for HO2 -dominated
conditions. Molar yields reported in percent.
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product

Y5

Y6

Y7

Y8

Y9

Y10

mean

hydroxyacetone
m/z = 189
m/z = 201
m/z = 93
m/z = 161
m/z = 185
glycolaldehyde
sum of non-IEPOX products

1.3
2.8
1.5
1.5
1.1
2.1
0.7
11.4

1.0
2.7
1.7
2.4
0.8
1.6
0.8
11.4

1.5
3.5
2.1
1.3
1.3
2.1
1.0
13.2

1.4
3.7
2.1
1.1
1.1
2.1
1.2
12.7

1.2
3.6
2.2
1.3
1.3
2.1
0.7
12.4

1.5
3.4
1.9
1.0
0.9
1.9
0.9
11.5

1.3
3.4
2.0
1.4
1.1
2.0
0.9
12.1

Table D.5: Reaction products from OH + (1,2)-ISOPOOH for HO2 -dominated
conditions. Yields reported in percent.

Figure D.3: Mechanism for the formation of HPALD (m/z = 201) from (1,2)ISOPOOH (top) and (4,3)-ISOPOOH (bottom) by H-abstraction.

Figure D.4: Mechanism for the formation of a β-HC5 (m/z = 185) from (4,3)ISOPOOH by H-abstraction.
The yield of m/z = 185, presumed to be a β-hydroxy-carbonyl, HC5 , from (4,3)ISOPOOH was low: ∼1%. We also observed a compound at m/z = 185 from
(1,2)-ISOPOOH with a yield of ∼2%. However, because the (1,2)-ISOPOOH lacks
a hydrogen α to the hydroperoxy group, it cannot form HC5 via this route. One
possibility is an epoxide, shown in Figure D.5. Alternatively, it is possible that HC5
is formed from an impurity (such as (2,1)-ISOPOOH). Impurities at m/z = 185 and
m/z = 201 were large enough that loss of the initial compound by reaction with OH
affected the determination of yields, and consequently H-abstraction rate constants,
from OH + ISOPOOH. An approximate correction for the loss by OH was applied
using the approach of Atkinson et al. (1982). OH rate constants for both compounds
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Figure D.5: Mechanism for the formation of an unsaturated hydroxy epoxide (m/z
= 185) from (1,2)-ISOPOOH (top) and (4,3)-ISOPOOH (bottom) by H-abstraction.
This channel is in competition with the chemistry illustrated in Figure D.3.

were assumed to be the same as the ISOPOOH standard.
The abstraction rate coefficient of the hydroperoxy hydrogen was determined
using the observed formation of isoprene hydroxy nitrate (ISOPN, m/z = 232), which
is formed from the product RO2 under high NO conditions (Figure D.6). ISOPN
CIMS sensitivities have been determined previously (Lee et al., 2014; Teng et al.,
2015), and a 0.14 yield was used based on a currently unpublished best estimate.
The ISOPN data were corrected for loss by OH (Atkinson et al., 1982) and the slope
of (ISOPN/YISOPN ) vs ISOPOOH was multiplied by the total ISOPOOH + OH rate
constant to give the hydroperoxy hydrogen abstraction rate constant (Table D.6). We
find that this channel is 12% of the overall OH reactivity for the (1,2)-ISOPOOH
and 4% for the (4,3)-ISOPOOH, assuming equal Y ISOPN for each isomer. From the
sum of the H-abstraction rate constants determined via the formation rate of the m/z
= 185 and m/z = 201 products, plus the lower uncertainty hydroperoxy hydrogen
abstraction rate constant, we infer that the overall H-abstraction rate constants are
1.2 × 10−11 cm3 molecule−1 s−1 for (1,2)-ISOPOOH and 8 × 10−12 cm3 molecule−1
s−1 for (4,3)-ISOPOOH.
From the isomer specific rate coefficients determined here, and assuming an
ambient ISOPOOH distribution as 67% (1,2)-ISOPOOH, 29% (4,3)-ISOPOOH,
and 4% δ-ISOPOOH (Bates et al., 2014), the isomer-averaged OH addition rate
constant is 7.8 × 10−11 cm3 molecule−1 s−1 and the isomer-averaged H-abstraction
rate constant is 1.1 × 10−11 cm3 molecule−1 s−1 . This can be compared with the
results of Paulot et al. (2009b), who estimated the OH addition rate constant to
ISOPOOH as 7.0 × 10−11 cm3 molecule−1 s−1 and the H-abstraction rate constant
as 7 × 10−12 cm3 molecule−1 s−1 , both at 298 K.
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rate × 1012 (cm3 molecule−1 s−1 )

compound

experiment

(1,2)-ISOPOOH

K3
K4
K5
K7

8.59 ± 1.59
8.91 ± 1.46
8.68 ± 1.43
9.38 ± 1.54
weighted mean: 9.0 ± 1.4

(4,3)-ISOPOOH

K1
K2
K6
K8
K9

4.30 ± 0.70
4.01 ± 0.65
5.34 ± 0.89
4.23 ± 0.69
3.89 ± 0.63
weighted mean: 4.2 ± 0.7

Table D.6: OH + ISOPOOH hydroperoxy H-abstraction rate coefficients.

Figure D.6: Mechanism for the formation of isoprene β-hydroxynitrate (m/z = 232)
from (1,2)-ISOPOOH (top) and (4,3)-ISOPOOH (bottom) following abstraction of
the hydroperoxy hydrogen.
D.3.2

Products of OH Addition to (4,3)-ISOPOOH

OH addition to the internal carbon of the double bond, as well as external OH
addition followed by O2 addition to the alkyl radical, will result in products other
than IEPOX. The formation of aldehydes and ketones in the high NO experiments
provides a constraint on the amount of ISOPOOH that does not yield IEPOX after
OH addition. A summary of these mechanisms is shown in Figures D.7 and D.8.
Following OH addition at C1 and O2 addition at C2 of (4,3)-ISOPOOH, glycolaldehyde is expected to be produced as the primary product of the reaction of
the peroxy radical with NO. Its yield will be matched by hydroxyacetone (Figure
D.7). Additionally, a minor yield of five-carbon dihydroxy hydroperoxy nitrate is
expected. Experiments K6, K8, and K9 were used for study of (4,3)-ISOPOOH.
The glycolaldehyde and hydroxyacetone yields were corrected for production from
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Figure D.7: External OH addition mechanism for (4,3)-ISOPOOH under high [NO].
Owing to the fast H-shift between RO2 groups, the peroxy radical that reacts with
NO may be on C3 rather than C2 as illustrated. Products will, however, be the same.

Figure D.8: Internal OH addition mechanism for (4,3)-ISOPOOH under high [NO].
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the main sample impurity, the methylbutenediols described above. Synthesized
methylbutenediol standards were oxidized in separate experiments under similar
conditions to provide a correction factor that was then applied to the ISOPOOH
experiments. The correction term was <1% yield for K8 and K9, and ∼4% yield for
K6. The mean glycolaldehyde yield from the high NO experiments is 14 ± 2%, and
was accompanied by a hydroxyacetone yield of 13 ± 2%.
Internal addition to (4,3)-ISOPOOH is expected to be only a small fraction of
the reactivity (probably equal to or less than 10% of the external addition). Thus,
only a small fraction of the glycolaldehyde yield arises from this channel (Figure
D.8). Because of the fast H-shift chemistry between peroxy radicals (Jørgensen
et al., 2016), however, this channel may be responsible for the small yield (∼2%) of
a three carbon hydroperoxy ketone (CF3 O− cluster m/z = 175).
The total (4,3)-ISOPOOH reactivity that yields products other than IEPOX is thus
14% from OH addition and 7% from the sum of all hydrogen abstraction channels.
By difference, the IEPOX yield is estimated to be 79%.
The relative amount of cis- and trans-β-IEPOX was determined using GC-ToF
CIMS. The large ISOPOOH peak was removed by scaling the preoxidation chromatogram to match the height of the postoxidation ISOPOOH peak (Figures D.9
and D.10). IEPOX peaks were then fit using Gaussian curves, and the peak areas
were scaled by their relative CIMS sensitivities (Bates et al., 2014). The IEPOX
yield was determined to be 68 ± 2% trans- and 32 ± 2% cis-β-IEPOX, assuming
equal GC transmission for the two isomers and using our estimate of the relative
sensitivity of the CIMS instrument to these two isomers (Bates et al., 2014; Paulot
et al., 2009b). Without a direct measurement of the sensitivity, however, the uncertainty in the relative yields is substantially higher (70 ± 20% trans and 30 ± 10%
cis).
D.3.3

Products of OH Addition to (1,2)-ISOPOOH

As was done for the (4,3)-ISOPOOH, the fraction of (1,2)-ISOPOOH that does
not form IEPOX following OH addition was determined from the high NO experiments. For (1,2)-ISOPOOH, external OH addition and subsequent O2 addition in
the presence of high NO is expected to produce glycolaldehyde and hydroxyacetone
as the major products (Figure D.11). For internal addition of OH (Figure D.12),
production of hydroxyacetone can also be accompanied by a two-carbon hydroperoxyaldehyde (CF3 O− cluster m/z = 161) via fast H-shift between RO2 groups. In
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Figure D.9: Removal of the preoxidation (4,3)-ISOPOOH peak (blue line) from the
postoxidation m/z = 203 GC-ToF CIMS chromatogram (red circles).

Figure D.10: Fitting the trans- and cis-β-IEPOX GC-ToF CIMS peaks after
ISOPOOH removal. Because of its much higher dipole moment, the CIMS instrument is much more sensitive to the cis isomer.
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Figure D.11: External OH addition mechanism for (1,2)-ISOPOOH under high
[NO]. Owing to the fast H-shift between RO2 groups, the peroxy radical that reacts
with NO may be on C2 rather than C4 as illustrated. Products will, however, be the
same.
addition, a small yield of the five carbon dihydroxy hydroperoxy nitrate is expected
for both the internal and external OH addition, followed by O2 addition and NO
reaction. From experiments K3, K4, K5, and K7, the hydroxyacetone yield is
estimated to be 13 ± 2%. The glycolaldehyde yield is 9 ± 1%. The two-carbon
hydroperoxyaldehyde yield is 3 ± 1%. As was done for (4,3)-ISOPOOH, the glycolaldehyde and hydroxyacetone yields were corrected for production from the main
sample impurity (no larger than 1% yield correction for all experiments).
By adding the high NO hydroxyacetone yield (13%) to the hydrogen abstraction
fraction (16%) we infer (by difference from unity) an IEPOX yield of 71% for the
OH oxidation of (1,2)-ISOPOOH. The relative distribution of the two β-IEPOX
was determined to be 67 ± 1% trans and 33 ± 1% cis-IEPOX using GC-ToF CIMS
chromatography. The uncertainty is the standard deviation of the measurements and
does not include uncertainty in the relative transmission or in the relative sensitivity
of the two isomers.
Under low NO conditions, a larger number of products were observed from the
oxidation of (1,2)-ISOPOOH than from (4,3)-ISOPOOH. Other than IEPOX, however, no observed product exceeded a 4% yield, and the sum of all observed products
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Figure D.12: Internal OH addition mechanism for (1,2)-ISOPOOH under high [NO].

equaled 12% of the ISOPOOH reacted (Table D.5). As with the (4,3)-ISOPOOH,
some of the observed products are likely oxidation products of impurities. Tentatively, the m/z = 201 (HPALD) is thought to arise from H-abstraction α to the
hydroxy, as is m/z = 185 (unsaturated epoxide).
Consistent with the observed formation of the C2 hydroperoxy aldehyde in the
high NO experiments, the internal OH addition to (1,2)-ISOPOOH is non-negligible.
Under low NO conditions, however, this channel (as well as any non-IEPOX chemistry following addition at C4) likely forms low volatility substituted hydroperoxide
products that are lost to the chamber walls and sample tubing. One likely product, a
dihydroperoxydiol, would be observed at m/z = 253. Alternatively, ketones or aldehydes produced via autoxidation of the RO2 may form. Because of either uptake
on the chamber walls or fragmentation in the CF3 O− ionization, no signal at the
expected m/z was observed.
D.3.4

Ab Initio Calculations

Both (1,2)-ISOPOOH + OH and (4,3)-ISOPOOH + OH reactions were investigated using ab initio techniques, with the details contained in the Supporting Infor-
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pathway

(4,3)-ISOPOOH

(1,2)-ISOPOOH

cis-β-IEPOX
trans-β-IEPOX
external OH, O2 addition
internal OH, O2 addition
OOH H-abstraction
OH H-abstraction
CH2 H-abstraction
CH H- abstraction

40.1
46.7
8.3
1.2
0.9
0.0
0.2
2.6

26.7
19.0
10.2
29.0
7.2
1.4
6.5
N/A

Table D.7: Reaction pathway yields (%) calculated with MESMER modeling.
mation and a brief summary given here. The reactions were assumed to proceed via
a reactive complex ISOPOOH-OH before forming a transition state and yielding the
different products. The energies of the numerous structures between and including
the reactants and products were calculated relative to the starting ISOPOOH + OH
energy. All calculations were performed using the Gaussian 09 suite (Frisch et al.,
2009) with the M06-2X/aug-cc-pVTZ method (Knap et al., 2015). The kinetic rate
calculations were carried out using the Master Equation Solver for Multi Energy
well Reaction (MESMER) (Glowacki et al., 2012). The Arrhenius pre-exponential
factors (A) used in MESMER were selected to best match the experimental overall addition and H- abstraction reaction rate constants for each ISOPOOH isomer.
Calculated individual rate constants for each reaction channel provide estimates of
product yields, including the IEPOX isomer (cis vs trans) and the dihydroperoxy
diol from O2 addition.
D.3.5

(4,3)-ISOPOOH

An abstraction rate constant of 7.2 × 10−12 cm3 molecule−1 s−1 and an addition
rate constant of 9.7 × 10−11 cm3 molecule−1 s−1 were determined assuming A =
5.0 × 10−12 cm3 molecule−1 s−1 and 1.5 × 10−10 cm3 molecule−1 s−1 , for these
channels, respectively. The reaction pathway yields are summarized in Table D.7.
External OH addition dominated, with 95% of the total yield, and 87% of the
total yield forming IEPOX. The IEPOX yield is similar to the experimental yield,
and the trans isomer fraction at 54% is slightly below the experimental value of
68 ± 2% but with the same preference for formation of the trans isomer. The O2
addition channels from internal and external addition are calculated to be ∼10%,
within the uncertainty of the experimental estimate (13 ± 4%). The hydroperoxy
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hydrogen abstraction was calculated as ∼1%, which is smaller than the experimental
value (4%).
D.3.6

(1,2)-ISOPOOH

An abstraction rate constant of 1.2 × 10−11 cm3 molecule−1 s−1 and an addition
rate constant of 6.2 × 10−11 cm3 molecule−1 s−1 were determined by using A
= 1 × 10−11 cm3 molecule−1 s−1 and 6 × 10−11 cm3 molecule−1 s−1 , for these
channels, respectively. The reaction pathway yields are summarized in Table D.7.
The abstraction reactions account for 15% (with 7% attributed to abstraction of the
hydroperoxy hydrogen) compared to 12% from the experimental data. The addition
channels exhibit a bigger difference between the calculated and experimental yields.
The calculated yield of IEPOX is 46%. Following either internal or external OH
addition, 39% proceeds via O2 addition. Assuming that O2 addition ultimately
yields hydroxyacetone under high NO conditions, the experimental data suggest the
O2 addition channels account for less than half of the calculated yield. The IEPOX
isomer yield is notably different for the calculations compared to the experimental
data: in the calculations, the cis isomer is preferred (58% of total IEPOX) while the
experimental results suggest the trans isomer is preferred at 67 ± 1% of the total
IEPOX.
D.3.7

Atmospheric Implications

The global impact of recent changes to the HO2 -dominated pathway of the isoprene oxidation mechanism were investigated using the GEOS-Chem chemical transport model (Bey et al., 2001). Three sets of simulations were run for the year 2012
with a model spin-up of 1.5 years. All three simulations employed version 9.02 of
GEOS-Chem on a 4 × 5 degree grid, with GEOS5 meteorology and the Rosenbrock
Rodas-3 solver.
The first simulation used the isoprene mechanism in the current GEOS-Chem
version (v9-02) (Mao et al., 2013), hereafter referred to as "Standard". The second
simulation, denoted "Old", restored the HO2 -dominated pathway of the isoprene
oxidation mechanism to that of Paulot et al. (2009b) The "Standard" and "Old" simulations differed only in their ISOPOOH H-abstraction rate constant and ISOPOO
recycling yield, and in their HO2 + RO2 rate constant: the "Standard" used k = 2.91
× 10−13 × e(1300/T) × [1 - e(−0.245×n) ] (Jenkin et al., 1997; Saunders et al., 2003) and
the "Old" used k = 7.4 × 10−13 × e(700/T) (Paulot et al., 2009b). The third simulation
updated the mechanism with the results from this study and that of Bates et al. (2014)
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mechanisms:

olda

standard

recommended

ISOPOOH produced (Tg C/y)
IEPOX produced (Tg C/y)

129
94

168
122

181
115

a Paulot et al. (2009b)

Table D.8: Yearly ISOPOOH and IEPOX production for three GEOS-Chem simulations with differing isoprene oxidation mechanisms. Global isoprene emissions
are 454 Tg C each year in all simulations
as well as an ISOPOOH yield of 94% from HO2 + ISOPOO (Liu et al., 2013) and a
speciated ISOPOOH and IEPOX distribution to utilize the isomer-specific reaction
rate constants and product yields (see Supporting Information). The third simulation
is referred to as "Recommended".
The increase in the HO2 + RO2 rate constant had the largest effect on the ISOPOOH
and IEPOX produced, with the annual production of both species 30% higher in
the "Standard" run than the "Old" run (Table D.8). From the "Standard" to the
"Recommended" simulation, the ISOPOOH yield from HO2 + RO2 increased but so
did the ISOPOOH + OH rate constant, resulting in a net 8% increase in ISOPOOH.
Despite a lower OH + IEPOX rate constant, the IEPOX decreased by 9% due to
the lower IEPOX yield from the OH addition to ISOPOOH in the "Recommended"
simulation.
isoprene emissions for all simulations were 454 Tg C y−1 , resulting in 115 Tg
C y−1 of IEPOX in the "Recommended" run, about 20 Tg C y−1 higher than in
the "Old" simulation. The global average distribution for IEPOX in the "Recommended" simulation is shown in Figure D.13 for northern hemisphere summer (JJA)
and winter (DJF). The highest IEPOX concentrations for both seasons appear in the
Southern Hemisphere (South America and Africa), though in the Northern Hemisphere summer significant IEPOX is produced in the Southeastern United States and
in the boreal forests.
D.3.8

isoprene Hydroxynitrates as an IEPOX Source

Two recent laboratory studies have demonstrated a path to IEPOX formation from
oxidation of isoprene by OH under NO-dominated conditions, via OH addition to
isoprene hydroxynitrates (ISOPN) (Jacobs et al., 2014; Lee et al., 2014). Data from
both studies are consistent with an IEPOX yield of 12-13% from the (4,3)-ISOPN.
From the experiments described by Lee et al. (2014) we estimate the combined
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Figure D.13: Average distribution for IEPOX during northern hemisphere summer
(top) and winter (bottom) using GEOS-Chem with an updated isoprene mechanism.
yield of IEPOX from the two β ISOPN to be 15 ± 3%. To evaluate the atmospheric
importance of this channel to the global IEPOX budget, an upper limit IEPOX yield
of 18% was implemented for a GEOS-Chem simulation with all other input identical
to the "Recommended" simulation. The global IEPOX production changed from
115 to 116 Tg C y−1 , suggesting that the ISOPN channel contributes only ∼1% to
the total IEPOX production.
D.3.9

Formation of Low Volatility Compounds Other than IEPOX

Following addition of OH to ISOPOOH, our experiments suggest that a number
of low volatile products including dihydroperoxydiols, aldehydes, and ketones will
form in low NO environments. Assuming these channels together account for ∼15%
of the products of the OH addition to ISOPOOH, approximately 20 Tg C of low
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volatility hydroperoxide compounds are formed each year globally. While these
compounds will likely add to the organic aerosol burden, their lifetimes may be
short due to photolysis and subsequent fragmentation. Recent laboratory and field
observations (Krechmer et al., 2015; Nguyen et al., 2014b) provide evidence for
the importance of this chemistry and suggest further study to place the atmospheric
mechanistic pathways involved on a more firm footing.
D.4

Conclusions

The photochemistry of ISOPOOH is central to the oxidation of isoprene under
HO2 -dominated conditions. Synthetic standards of the two major ISOPOOH isomers, (1,2)-ISOPOOH and (4,3)-ISOPOOH, enabled the direct and isomer-specific
measurement of ISOPOOH + OH product yields and reaction rate constants relative to propene. The isomer-averaged OH addition rate coefficient was similar to a
previous estimate while the H-abstraction rate coefficient was faster (Paulot et al.,
2009b). The rate constants for OH reaction with the two ISOPOOH are sufficiently
different that the overall ISOPOOH loss rate to OH will be affected by the relative
production rates of the ISOPOOH isomers, which in turn are determined by the
isoprene RO2 distribution.
IEPOX is the major product of this chemistry. The cis- and trans-β-IEPOX
relative product distribution was similar from the two ISOPOOH isomers and was
also similar to the previous estimate (Bates et al., 2014). The total IEPOX yield,
however, was estimated to differ somewhat between the two ISOPOOH due to the
larger importance of internal OH addition to the (1,2)-ISOPOOH.
Because the two IEPOX isomers differ in their OH reaction rates, the unequal
isomer distribution affects the overall IEPOX loss rate to OH reaction, with the
observed distribution reacting 8% slower than an equal distribution (Bates et al.,
2014). Organic aerosol formation studies with synthesized IEPOX standards suggest
little or no difference in aerosol formation between the two IEPOX isomers (Nguyen
et al., 2014a). Any difference in aerosol formation between the two isomers in the
atmosphere would instead be due to the difference in their OH lifetimes causing
more trans-β-IEPOX to be available for uptake.
Finally, a non-negligible fraction of the ISOPOOH oxidation likely leads to the
formation of highly oxidized five carbon peroxy radicals. Under low NO or long
RO2 lifetimes, these channels will likely yield very low vapor pressure compounds
that contribute to aerosol formation.
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D.5
D.5.1

Supporting Information
CIMS Sensitivities

CIMS sensitivities to the oxidation products were determined in multiple ways.
Hydroxyacetone and glycolaldehyde are commercially available and were quantified gravimetrically and by Fourier transform Infrared Spectroscopy (FT-IR) for
CIMS calibration (St. Clair et al., 2014). Uncalibrated compounds (glycolic acid
and all products identified by m/z) were assigned a generic CIMS sensitivity of
2.5×10−4 ncts /pptv, and are considered accurate to within a factor of 2. Here,
normalized counts (ncts) represent the counts observed at the analyte m/z divided by
the reagent ion counts. The reagent ion counts are the sum of the signal at m/z = 86
(13 CF3 O− ) and m/z = 104 (13 CF3 O− ·H2 O), as well as m/z = 120 (13 CF3 O− ·H2 O2 )
for experiments with H2 O2 as the OH source.
The sensitivities for ISOPOOH and IEPOX were obtained by matching the output
of a box model to a laboratory isoprene + OH oxidation under low NO conditions.
The sensitivity is therefore dependent on the box model chemistry, including the
yield of ISOPOOH from isoprene (0.94) and the yield of IEPOX from ISOPOOH
(0.8). The ISOPOOH yield used was based on a 6% yield of methyl vinyl ketone
and methacrolein (Liu et al., 2013), and the IEPOX yield used was 80%, in general
agreement with the sum of the nonIEPOX products observed by the CIMS in this
study. ToF-CIMS sensitivities for ISOPOOH and IEPOX were 1.6 × 10−4 ncts
pptv−1 and 1.9 × 10−4 ncts pptv−1 , respectively. For the TQ-CIMS, the MSMS
sensitivities were 5.1 × 10−6 ncts pptv−1 and 3.9 × 10−6 ncts pptv−1 for ISOPOOH
and IEPOX, respectively. The CIMS sensitivity to ISOPOOH was also verified
gravimetrically by completely evaporating a known mass of the pure compound
into a known volume of dry air. For the (4,3)-ISOPOOH, the sample evaporated
completely and gave a sensitivity of 1.6 × 10−4 ncts pptv−1 . The (1,2)-ISOPOOH
gave a sensitivity of 1.5 × 10−4 ncts pptv−1 but with a slight residual mass, and 1.6
× 10−4 ncts pptv−1 was determined appropriate for both isomers.
D.5.2

Impurity Oxidation Products

The main impurities in the ISOPOOH samples, 2-methyl-1-butene-3,4-diol for
(4,3)-ISOPOOH and 3-methyl-1-butene-3,4-diol for (1,2)-ISOPOOH, also react
with OH to produce some of the same product masses as ISOPOOH. To correct
for the impurity oxidation products, both methylbutanediols were synthesized and
each was oxidized by OH under similar conditions to the ISOPOOH experiments.
The ratio of the product formation to methylbutanediol loss was then used to remove
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the methylbutanediol products from the ISOPOOH experiment data.
D.5.3

Ab Initio Calculations

We used the M06-2X/aug-cc-pVTZ method as implemented in the Gaussian 09
program (Frisch et al., 2009). Frequency calculations were done at all stationary
points with the same method to ensure that the equilibrium structures (reactants,
reactive complexes, products) only have positive vibrational frequencies and the
transition states have one imaginary frequency. To ensure that the transition state
connects the reactive complex and the product, intrinsic reaction coordinate (IRC)
calculations were performed and, if needed, the end product was optimized (Gonzalez and Schlegel, 1989, 1990). None of the M06-2X/aug-ccpVTZ calculations have
any significant spin contamination. Single point energy CCSD(T)-F12a/VDZ-F12
[F12] calculations were performed on the M06-2X/aug-ccpVTZ geometries (Adler
et al., 2007; Peterson et al., 2008). All the CCSD(T) calculations were carried out
with the Molpro2012 program suite using default convergence criteria (Werner et
al., 2012). High T1-diagnostic values were observed for H-abstraction from the OH
group, and we have therefore used the M06-2X/aug-cc-pVTZ energies for Mesmer
modeling. High T1-diagnostic values have been observed previously for H-shift
from OH groups (Knap et al., 2015; Peeters and Nguyen, 2012). For OH addition
and H-abstraction involving -CH2 and >CH groups, the M06-2X/aug-cc-pVTZ energies of the reactant complex and the transition state are in good agreement with the
CCSD(T)-F12A/VDZF12 energies. The M06-2X/aug-cc-pVTZ (and wb97-XD)
method has also previously been found to calculate barrier heights similar to those
obtained with the much more computationally expensive CCSD(T)-F12A/VD2-F12
single point calculations on the DFT geometry (Knap et al., 2015). In the following
we are therefore using the M06-2X/aug-cc-pVTZ energies for kinetic modeling.
D.5.3.1

The energetics of the reaction between ISOPOOH and OH

We have assumed that the association reaction between OH and ISOPOOH produces a reactive complex (ISOPOOH-OH). The reactive complex can hereafter
overcome the transition state and produce the different product complexes and products.
OH + ISOPOOH → ISOPOOH-OH → Products
In Figures D.14 and D.15 the different reaction pathways for (1,2)-ISOPOOH and
(4,3)-ISOPOOH are shown, respectively, and the energetics of the reaction pathways
are given in Tables D.9 and D.10. The reactant complexes for each of the individual
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Figure D.14: The different reaction pathways for the reaction between (1,2)ISOPOOH and the OH radical.
reaction paths are different.
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Figure D.15: The different reaction pathways for the reaction between (4,3)ISOPOOH and the OH radical.

-CH2 -

H-OO

Add1
0.0
-7.8 (-6.2)
-5.6 (-5.4)
-33.4 (-30.0)

Add2

-CH-

H-OO

Add1

0.0
0.0
0.0
0.0
0.0
-6.2 (-5.3)
-6.8 (-6.2)
-6.4 (-4.9)
-5.7 (-4.4)
-7.7 (-6.5)
-0.4 (25.6a )
-1.7 (-1.3)
-4.8 (-4.5)
-2.8 (-1.5b )
-7.7 (-7.0)
-19.4 (-18.1) -30.6 (-29.2) -43.0 (-41.3) -36.0 (-35.1)
-10.8 (-9.7) -23.2 (-22.5) -33.9 (-34.2) -33.4 (-33.2) -34.9 (-31.7)

-CH2 -

0.0
-5.8 (-4.3)
-2.7 (-5.1)
-31.2 (-28.7)

Add2

Table D.10: The relative energies (kcal mol−1 ) for the reaction between (4,3)-ISOPOOH and OH with the M06-2X/aug-cc-pVTZ method
and the F12//M06-2X/aug-cc-pVTZ. The values in () are the F12//M06-2X/aug-cc-pVTZ values.. The energies are corrected with zero
point vibrational energies. Marked calculations have T1 diagnostic values of a 0.116 and b 0.058.

(4,3)-ISOPOOH+OH
Reactive Complex
Transition State
Product Complex
Product

OH

Table D.9: The relative energies (kcal mol−1 ) for the reaction between the (1,2)-ISOPOOH molecule and the OH radical with the
M06-2X/aug-cc-pVTZ method and the F12//M06- 2X/aug-cc-pVTZ. The values in () are the F12//M06-2X/aug-cc-pVTZ values. The
energies are corrected with zero point vibrational energies. The marked calculation (a ) has a T1 diagnostic value of 0.078.

(1,2)-ISOPOOH+OH
0.0
0.0
0.0
0.0
Reactive Complex
-8.9 (-8.3)
-7.3 (-6.1)
-5.0 (-3.7)
-6.2 (-6.1)
Transition State
-2.2 (-1.0a )
-4.0 (-3.5)
-3.8 (-3.3)
-5.3 (-5.2)
Product Complex
-21.8 (-20.9) -34.0 (-33.0) -40.8 (-40.2)
Product
-13.8 (-8.7) -24.2 (-23.5) -34.7 (-34.4) -34.4 (-31.1)

OH

393

394

Figure D.16: The reaction scheme as used in the MESMER model (Only an illustration, not the energetically correct picture of the reactions). The ISOPOOH-OH
complexes are different for each of the reaction pathways even though they are given
with the same energy at this figure.
D.5.3.2

The kinetics of the reaction between ISOPOOH and OH

The kinetic calculations are carried out using the master equation solver for multi
energy well reaction, MESMER program (Glowacki et al., 2012). The general
reaction scheme is shown in Figure D.16.
In our Mesmer modeling the Lennard-Jones (L-J) parameters of the bath gas were
chosen to be a nitrogen gas resembling the atmospheric gas (σ (N2 ) = 3.919 Å, /kb
(N2 ) = 91.85 K) whereas the reactive complex (ISOPOOH-OH) is modeled with
the L-J parameters of methylcyclohexane (σ (methylcyclohexane) = 7.045 Å, /kb
(methylcyclohexane) = 379.95 K) (Cuadros et al., 1996). The average collisional
activation/deactivation energy transfer of all the molecules is set to 200 cm−1 per
collision and the grain size of each grain is 50 cm−1 . The span of the energy grains
is set to 30 kT above the highest stationary point. We have used a pressure of 745
Torr and a temperature of 298 K for all the calculations, similar to the experimental
conditions.
We have performed a sensitivity test of Mesmer input parameters. In our sensitivity test we used three collisional activation/deactivation energies of 50, 100 and
200 cm−1 and two different grain sizes of 25 and 50 cm−1 . We did not observe any
significant changes in the reaction rate constants (only changes of a few percent).
We have also tested the system with different sizes of grain span, e.g., 10 kT, 20 kT,
30 kT, 40 kT, and 50 kT. If a grain span of 30 kT or higher is used, the reaction rate
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constants do not change. We have therefore used a grain size of 30 kT.
The reaction rate constants are sensitive to the choice of the Arrhenius preexponential factor (A). Each reaction pathway is a separate Mesmer calculation
(See Figures D.17 and D.18 for the individual reaction pathways) – we have not
coupled between the reactions in the fitting of the Arrhenius pre-exponential factor
(A). We treat the pre-exponential factor as temperature independent and it is varied
between 1.0×10−12 and 2.0×10−10 cm3 molecule−1 s−1 . We use nine different
Arrhenius pre-exponential factors to calculate the rates. Three of the factors are
from the three reactions of n-butane, 3-methyl-3-butene-1-ol and 1-butene with OH
(Atkinson and Arey, 2003a; Cometto et al., 2008; Vakhtin et al., 2003). The total
reaction rate constants (OH +ISOPOOH → Products) of the (1,2)-ISOPOOH and
(4,3)-ISOPOOH systems are shown in Table D.11 and Table D.12, respectively.

3.3·10−13

A(1·10−12 )a
4.7·10−13

A(2·10−12 )
6.8·10−13

A(5·10−12 )b
8.2·10−13

A(1·10−11 )
1.0·10−12

A(3·10−11 )c
1.1·10−12

A(6·10−11 )
1.2·10−12

A(1·10−10 )
1.2·10−12

A(1.5·10−10 )

Mix

1.2·10−12 (0.8)
8.2·10−13 (1.1)
1.7·10−11 (10.4) 5.2·10−12 (7.0)
2.0·10−11 (12.4) 5.8·10−12 (7.9)
8.5·10−11 (52.4) 4.0·10−11 (53.7)
3.9·10−11 (24.0) 2.2·10−11 (30.2)

A(2·10−10 )

A(1·10−12 )a

A(2·10−12 )

A(5·10−12 )b

A(1·10−11 )

A(3·10−11 )c

A(6·10−11 )

A(1·10−10 )

A(1.5·10−10 )

A(2·10−10 )

Mix

Table D.12: The absolute reaction rates at 298K in units of cm3 molecules−1 s−1 for the OH radical reaction with the (4,3)-ISOPOOH
molecule with the M06-2X/aug-cc-pVTZ method. All the reaction rates are without tunneling correction. In () are the ratios of the
different OH and (4,3)-ISOPOOH reactions shown. The ratios are calculated as Γi =ki /ktot ×100%, where ktot = Σki . In the Mix column,
the addition and the abstraction reactions use an Arrhenius value of 1.5·10−10 and 5·10−12 cm3 molecule−1 s−1 , respectively. Marked
preexponential factors are from a an OH reaction with n-butane (Abstraction) [3], b the reaction of OH with 3-methyl-3-buten-1-ol
(Addition and Abstraction)[4], and c OH and 1-butene (Addition)[5].

OH
7.1·10-14 (1.2) 7.7·10-14 (1.2) 8.1·10-14 (0.6) 8.2·10-14 (0.4) 8.4·10-14 (0.2) 8.5·10-14 (0.1) 8.5·10-14 (0.1) 8.5·10-14 (0.1) 8.5·10-14 (0.0) 8.1·10-14 (0.1)
-CH2 3.1·10−13 (6.8) 4.2·10−13 (6.8)
5.5·10−13 (4.4)
6.3·10−13 (3.0)
7.2·10−13 (1.6)
7.7·10−13 (1.0)
7.9·10−13 (0.7) 8.0·10−13 (0.6)
8.1·10−13 (0.5)
5.5·10−13 (0.5)
-CH9.3·10−13 (29.3) 1.8·10−12 (29.3) 4.1·10−12 (33.3) 7.4·10−12 (35.7) 1.7·10−11 (36.3) 2.5·10−11 (33.6) 3.2·10−11 (30.3) 3.9·10−11 (27.2) 4.4·10−11 (24.9) 4.1·10−12 (4.0)
H-OO
7.9·10−13 (21.8) 1.3·10−12 (21.8) 2.4·10−12 (19.1) 3.3·10−12 (15.9) 4.8·10−12 (10.5) 5.5·10−12 (7.4)
6.0·10−12 (5.6)
6.3·10−12 (4.4) 6.5·10−12 (3.7)
2.4·10−12 (2.3)
Add1 (C1) 6.9·10−13 (22.3) 1.4·10−12 (22.3) 3.4·10−12 (27.4) 6.8·10−12 (32.7) 2.0·10−11 (44.0) 3.9·10−11 (52.7) 6.4·10−11 (59.4) 9.2·10−11 (64.7) 1.2·10−10 (68.3) 9.2·10−11 (89.0)
Add2 (C2) 7.0·10−13 (18.5) 1.1·10−12 (18.5) 1.9·10−12 (15.2) 2.5·10−12 (12.1) 3.4·10−12 (7.5)
3.8·10−12 (5.2)
4.1·10−12 (3.8) 4.3·10−12 (3.0)
4.4·10−12 (2.5) 4.3·10−12 (4.1)

reaction

Table D.11: The reaction rate constants at 298K (in cm3 molecules−1 s−1 ) for the reaction between the (1,2)-ISOPOOH molecule and
the OH radical with the M06-2X/aug-cc-pVTZ method. All the reaction rates are without tunneling correction. In () are the yields in
percent. The ratios are calculated as Γi =ki /ktot ×100%, where ktot = Σki . In the Mix column, the addition and the abstraction reactions
use an Arrhenius value of 6·10−11 and 1·10−11 cm3 molecule−1 s−1 , respectively. Marked preexponential factors are from a an OH reaction
with n-butane (Abstraction) [3], b the reaction of OH with 3-methyl-3-buten-1-ol (Addition and Abstraction)[4], and c OH and 1-butene
(Addition)[5].

OH
(8.3)
(6.4)
(4.2)
(3.0)
(1.7)
(1.2)
(1.0)
(0.8)
-CH2 8.6·10−13 (21.8) 1.6·10−12 (21.4) 3.2·10−12 (20.2) 5.2·10−12 (18.7) 9.2·10−12 (15.5) 1.2·10−11 (13.5) 1.4·10−11 (12.1) 1.6·10−11 (11.0)
H-OO
9.0·10−13 (22.8) 1.7·10−12 (22.8) 3.6·10−12 (22.3) 5.8·10−12 (21.2) 1.1·10−11 (18.3) 1.4·10−11 (16.1) 1.7·10−11 (14.3) 1.9·10−11 (13.2)
Add1 (C1) 9.8·10−13 (24.9) 1.9·10−12 (26.3) 4.7·10−12 (29.3) 9.0·10−12 (32.6) 2.3·10−11 (39.4) 4.0·10−11 (44.3) 5.6·10−11 (48.0) 7.2·10−11 (50.6)
Add2 (C2) 8.8·10−13 (22.3) 1.7·10−12 (23.0) 3.8·10−12 (24.0) 6.8·10−12 (24.6) 1.5·10−11 (25.1) 2.2·10−11 (24.9) 2.9·10−11 (24.6) 3.5·10−11 (24.3)

reaction
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D.5.3.3

(1,2)-ISOPOOH

For the (1,2)-ISOPOOH + OH reactions, the absolute rate constants of all the different reaction pathways increase with an increase in the Arrhenius pre-exponential
factor, and the relative yields (in %) of the reaction pathways also change. The
yield of the two addition reactions increased more compared to yield of the three
abstraction reaction pathways with increasing Arrhenius pre-exponential factor. The
rate constant is sensitive to the Arrhenius pre-exponential factor since the energy of
the transition state is below the energy of the individual reactants. The rate constant
for each reaction path is therefore almost identical to the Arrhenius pre-exponential
factor.
With an Arrhenius pre-exponential factor of 1×10−11 cm3 molecule−1 s−1 for the
OH abstraction reactions and 6×10−11 cm3 molecule−1 s−1 for the addition reactions
(see Mix column, Table D.11), the yield of the (1,2)-ISOPOOH + OH reactions is
OH (1.1), -CH2 - (7.0), H-OO (7.9), Add1 (53.7), and Add2 (30.2). The rate constant
for abstraction is 1.2×10−11 cm3 molecule−1 s−1 and the rate constant for addition
is 6.2×10−11 cm3 molecule−1 s−1 . The sum of the OH addition and OH abstraction
rate constants are 7.4×10−11 cm3 molecule−1 s−1 , and was constrained to mimic the
experimentally determined rate.
D.5.3.4

(4,3)-ISOPOOH

With an Arrhenius pre-exponential factor of 5 × 10−12 cm3 molecule−1 s−1 for
the OH abstraction reactions and 1.5 × 10−10 cm3 molecule−1 s−1 for the addition
reactions (see Mix column, Table D.12), the yield of the (4,3)-ISOPOOH + OH
reactions is OH (0.1), -CH2 - (0.5), -CH- (4.0), H-OO (2.3), Add1 (89.0), and Add2
(4.1). The rate constant for abstraction is 7.2×10−12 cm3 molecule−1 s−1 and the rate
constant for addition is 9.7×10−11 cm3 molecule−1 s−1 . The sum of these, 1.1×10−10
cm3 molecule−1 s−1 , was constrained to mimic the experimentally determined rate.
D.5.3.5

IEPOX production

The formation of cis-β-IEPOX (cis-C1 C2 ), the product of the addition to C1 in
(1,2)-ISOPOOH, has a rate constant (the "energetically cold" reaction rate constant)
which is three times faster than the rate constant for the formation of trans-β-IEPOX
(trans-C1 C2 ). The trans-β-IEPOX (trans-C4 C3 ) rate is faster than the cis-β-IEPOX
(cis-C4 C3 ) production rate in the (4,3)-ISOPOOH+OH reaction. The trans-C4 C3
rate constant is fastest because of a lower transition state barrier. The differences
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Species

∆E forward / (kcal mol−1 )

kT ST / (s−1 )

kT ST ·κE ck art / (s−1 )

cis-C1 C2
trans-C1 C2
cis-C4 C3
trans-C4 C3

12.8
12.8
12.4
10.6

3.7×103
1.1×103
2.1×103
3.5×104

9.2×103
2.8×103
4.9×103
7.4×104

Table D.13: The energy barriers, transition state theory (TST) reaction rate constants
and the Eckart-corrected TST reaction rate constants for the production of IEPOX.
The energies are calculated with the M06-2X/aug-cc-pVTZ method.
between the reaction rate constants of the cis/trans-C1 C2 isomers are due to changes
in the vibrational partition functions (Table D.13).
We have used the bimolecular reaction rate constant obtained by Park et al.
(2004), 2.3×10−12 cm3 molecule−1 s−1 for the reaction between molecular oxygen
and OH-isoprene, to represent the bimolecular reaction between our OH addition
products and molecular oxygen. With the Park et al. (2004) reaction rate constant
and a molecular oxygen concentration of 5.2×1018 molecule cm−3 the pseudo-first
order reaction rate becomes 1.2×107 s−1 .
The "cold" reaction rate constants are estimated using transition state theory
including the quantum tunneling given by
kT ST =

k B T QT S
×
× e−∆E/k B T
h
QR

(D.1)

where Q R and QT S are the partition functions for the reactant, R, and the transition
state, TS, respectively (Henriksen and Hansen, 2008). The rigid rotor and harmonic
oscillator approximations have been used to calculate the partition functions. The
energy ∆E is the energy difference between the transition state and the reactant.
The constants, h and k B , are the Planck constant and the Boltzmann constant,
respectively. Tunneling was done with the Eckart approach (Eckart, 1930). The
"cold" TST reaction rate constants are all much slower than the estimated pseudofirst
order reaction rate constant of the OH-addition ISOPOOH products and molecular
oxygen. With this reaction rate constant the bimolecular reaction dominates over
the cis/trans-β-IEPOX production at atmospheric pressures.
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Figure D.17: The reactions of (1,2)-ISOPOOH with OH.
D.5.3.6

Mesmer Modeling

Our MESMER models have all the ISOPOOH+OH reactions along with the
cis/trans-β-IEPOX production reactions that occur following the OH addition to the
outer carbon. All the reactions are shown in Figure D.17 and Figure D.18 for the
(1,2)-ISOPOOH and (4,3)-ISOPOOH molecules, respectively. We have used a grain
size of 50 cm−1 and a grain span in the model of 30 kT (above the ISOPOOH+OH
energy stationary point). We used a collisional activation/deactivation energy of
200 cm−1 per bath gas (N2 ) collision, a temperature of 298.15 K, a pressure of 745
Torr and an OH concentration of 106 molecules cm−3 .
(1,2)-ISOPOOH+OH. The yields of each component are shown on Figure D.17.
The total for the compounds’ yields shown in bold add to 100%. Our model
suggests that only a minor amount of the ISOPOOH-OH molecules are stabilized
in the ISOPOOH-OH well. For the (1,2)-ISOPOOH+OH reaction in Figure D.17,
we observe that the two addition reactions (Add1 and Add2) dominate over all the
OH abstraction reactions. All OH abstraction reactions have yields that are lower
than 7%. The OH addition to the inner carbon of the double bond has a yield of
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29% of the total yield. After the inner OH addition, molecular oxygen adds and a
hydroperoxydiol peroxy radical is produced.
The H-shift between the hydroperoxy hydrogen and the peroxy radical is calculated to be very fast (∼104 s−1 ) - much faster than the bimolecular chemistry so an equilibrium distribution between the two peroxy radicals will result. The
calculations suggest that the peroxy radical on C2 will be favored.
The yield of the OH addition to the outer carbon is 56%. After the OH addition,
the molecule can either produce cis/trans-β-IEPOX or a peroxy hydroperoxydiol
molecule. Our model shows that the excess energy is high enough to overcome the
energy barriers and to produce a high yield of β-IEPOX molecules. The 56% of
OH addition to the outer carbon will divide into a production of a total yield of
19% trans-β-IEPOX, 27% cis-β-IEPOX molecule and 10% will add O2 yielding a
hydroperoxydiol peroxy radical. H-shift between the hydroperoxy hydrogen and the
peroxy radical is also calculated to be very fast (∼104 s−1 ) - much faster than the
bimolecular chemistry and so, an equilibrium distribution between the two peroxy
radicals will result.
(4,3)-ISOPOOH + OH. The calculated yields of each component are shown in
Figure D.18. The total for the yields shown in bold add to 100%. OH addition to
the outer carbon in the double bond dominates with a yield of 95% of the total yield.
The yield of the OH abstraction reaction of the hydrogen α to the hydroperoxy
group is around 3%, and all other reactions have production yields around 1%
or lower. Of the 95% yield added to the outer carbon around 40% will produce
the cis-β-IEPOX, 47% produce trans-β-IEPOX and around 8% will produce the
hydroxyperoxydiol peroxy radical. The yield of cis/trans-β-IEPOX is much higher
for (4,3)-ISOPOOH+OH compared to (1,2)-ISOPOOH+OH.
D.5.3.7

Further decomposition after the inner OH addition to the
(1,2)-ISOPOOH molecule

Following addition of OH to the (1,2)-ISOPOOH via add2, we expect O2 to add
(C4OO) rather than formation of a 4 member epoxide-like compound. After O2
addition, we find a rapid H-shift from the hydroperoxide group to the ROO (C2OO).
A reaction scheme is shown in Figure D.19. We have looked at the (R,R)-enantiomer
of the molecule and performed preliminary calculations with the M06-2X/aug-ccpVTZ method. The calculated H-shift barrier height for this reaction is found to
be 9.3 kcal mol−1 . The product is 0.4 kcal mol−1 lower than the reactant. The
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Figure D.18: The reactions of (4,3)-ISOPOOH with OH.
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Figure D.19: The two possible H-shift reactions after the internal OH addition (+O2 )
in the (1,2)-ISOPOOH molecule.
attachment of molecular oxygen releases an energy of 34.4 kcal mol−1 compared to
the (1,2)-ISOPOOH-OH added product (inner addition), and the energy difference
between the (1,2)-ISOPOOH+OH+O2 and the molecule with the oxygen attached
(reactant) is 63.8 kcal mol−1 . The "cold" TST reaction rate constants, including the
Eckart tunneling correction, are 5.6×106 s−1 and 5.8×106 s−1 for the forward and
backward H-shift reactions, respectively.
The second H-shift reaction would likely take the terminal hydrogen with the
OOH group, and lead to loss of OH. It has a barrier height of 23.1 kcal mol−1 and
a TST Eckart-corrected reaction rate constant of 1.2×10-4 s−1 . The energy of the
final aldehyde + OH is almost 50.4 kcal mol−1 lower in energy than the transition
state. The energetics are shown in Table D.14.
D.5.4

GEOS-Chem Calculations

The chemical mechanisms for the "Standard" and "Old" GEOS-Chem runs were
identical except for the differences included in Table D.15. The complete "Standard"
mechanism can be obtained at http://wiki.seas.harvard.edu/GEOS-Chem/index.php/
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δE+ZPVE (kcal mol−1 )

(1,2)-ISOPOOH+OH+O2
C4OO
TS
C2OO
TS
Aldehyde+OH

0.0
-63.8
-53.0
-64.2
-41.1
-91.5

Table D.14: The energetics (in kcal mol−1 ) of the two H-shift reactions after the
inner OH addition (+O2 ) to the (1,2)-ISOPOOH molecule calculated with the M062X/aug-ccpVTZ method.
"Standard"

"Old"

HO2 +RO2 rate
coefficient

2.91×10−13 × e(1300/T)
× [1-e(−0.245n ]

7.4×10−13 × e(700/T)

H-abstraction
rate coefficient

4.75×10−12 × e(200/T)

3.8×10−12 × e(200/T)

H-abstraction
yields

0.387ISOPOO +
0.613OH + 0.613HC5

0.70ISOPOO +
0.300HC5 + 0.300OH

Table D.15: Differences between the "Standard" and "Old" GEOS-Chem mechanisms.
New_isoprene_scheme.
The "Recommended" simulation run in GEOS-Chem included an increased
ISOPOOH yield of 94% from the reaction of HO2 with ISOPOO, as well as individually speciated ISOPOOH and IEPOX isomers. Listed below are the rates and
products of individual reactions edited and added to the GEOS-Chem mechanism
in the "Recommended" simulation to account for the isomers of ISOPOOH and
IEPOX. In the GEOS-Chem mechanism, ISOPOOH is referred to as RIP; RIPA,
RIPB, and RIPD refer to (1,2), (4,3), and delta (1,4 and 4,1) ISOPOOH respectively,
while IEPOXA, IEPOXB, and IEPOXD refer to trans-β, cis-β, and δ IEPOX respectively. Temperature dependencies of rate constants were kept from the "Standard"
GEOS-Chem mechanism.
RIO2 + HO2 → 0.628RIPA + 0.272RIPB + 0.037RIPD + 0.063(OH + CH2 O +
HO2 ) + 0.038MVK + 0.025MACR; k = 2.06 × 10−13 × e(1300/T)
RIPA + OH → 0.750RIO2 + 0.250HC5 + 0.125(OH + H2 O); k = 6.13 × 10−12 ×
e(200/T)
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RIPA + OH → 0.850OH + 0.578IEPOXA + 0.272IEPOXB + 0.150HC5 OO; k =
1.70 × 10−11 × e(390/T)
RIPB + OH → 0.480RIO2 + 0.520HC5 + 0.26(OH + H2 O); k = 4.14 × 10−12 ×
e(200/T)
RIPB + OH → 1.000OH + 0.680IEPOXA + 0.320IEPOXB; k = 2.97 × 10−11 ×
e(390/T)
RIPD + OH → 0.250RIO2 + 0.750HC5 + 0.375(OH + H2 O); k = 5.11 × 10−12 ×
e(200/T)
RIPD + OH → 0.500OH + 0.500IEPOXD + 0.500HC5 OO; k = 2.92 × 10−11 ×
e(390/T)
IEPOXA + OH → IEPOXOO; k = 3.73 × 10−11 × e(−400/T)
IEPOXB + OH → IEPOXOO; k = 5.79 × 10−11 × e(−400/T)
IEPOXD + OH → IEPOXOO; k = 3.20 × 10−11 × e(−400/T)
Other reactions involving RIP and IEPOX in the original GEOS-Chem mechanism, including deposition and photolysis, were simply updated to apply to each
individual isomer of the two compounds.
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ATMOSPHERIC FATES OF CRIEGEE INTERMEDIATES IN
THE OZONOLYSIS OF ISOPRENE

Nguyen, T. B., G. S. Tyndall, J. D. Crounse, A. P. Teng, K. H. Bates, R. H. Schwantes,
M. M. Coggon, L. Zhang, P. Feiner, D. O. Milller, K. M. Skog, J. C. Rivera-Rios,
M. Dorris, K. F. Olson, A. Koss, R. J. Wild, S. S. Brown, A. H. Goldstein, J. A.
de Gouw, W. H. Brune, F. N. Keutsch, J. H. Seinfeld, and P. O. Wennberg (2016).
“Atmospheric fates of Criegee intermediates in the ozonolysis of isoprene”. In:
Phys. Chem. Chem. Phys. 18.15, pp. 10241–10254. doi: 10.1039/C6CP00053C.
Abstract
We use a large laboratory, modeling, and field dataset to investigate the isoprene
+ O3 reaction, with the goal of better understanding the fates of the C1 and C4
Criegee intermediates in the atmosphere. Although ozonolysis can produce several
distinct Criegee intermediates, the C1 stabilized Criegee (CH2 OO, 61 ± 9%) is the
only one observed to react bimolecularly. We suggest that the C4 Criegees have
a low stabilization fraction and propose pathways for their decomposition. Both
prompt and non-prompt reactions are important in the production of OH (28% ±
5%) and formaldehyde (81% ± 16%). The yields of unimolecular products (OH,
formaldehyde, methacrolein (42 ± 6%) and methyl vinyl ketone (18 ± 6%) are
fairly insensitive to water, i.e., changes in yields in response to water vapor (≤4%
absolute) are within the error of the analysis. We propose a comprehensive reaction
mechanism that can be incorporated into atmospheric models, which reproduces
laboratory data over a wide range of relative humidities. The mechanism proposes
that CH2 OO + H2 O (k(H2 O) ∼ 1 × 10−15 cm3 molec−1 s−1 ) yields 73% hydroxymethyl
hydroperoxide (HMHP), 6% formaldehyde + H2 O2 , and 21% formic acid + H2 O;
and CH2 OO + (H2 O)2 (k(H2 O)2 ∼ 1 × 10−12 cm3 molec−1 s−1 ) yields 40% HMHP, 6%
formaldehyde + H2 O2 , and 54% formic acid + H2 O. Competitive rate determinations
(kSO2 /k(H2 O)n=1,2 ∼ 2.2 (±0.3) × 104 ) and field observations suggest that water vapor
is a sink for greater than 98% of CH2 OO in a Southeastern US forest, even during
pollution episodes ([SO2 ] ∼ 10 ppb). The importance of the CH2 OO + (H2 O)n
reaction is demonstrated by high HMHP mixing ratios observed over the forest
canopy. We find that CH2 OO does not substantially affect the lifetime of SO2 or
HCOOH in the Southeast US, e.g. CH2 OO + SO2 reaction is a minor contribution
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(<6%) to sulfate formation. Extrapolating, these results imply that sulfate production
by stabilized Criegees is likely unimportant in regions dominated by the reactivity
of ozone with isoprene. In contrast, hydroperoxide, organic acid, and formaldehyde
formation from isoprene ozonolysis in those areas may be significant.
E.1

Introduction

Ozonolysis is one of the main atmospheric oxidation pathways for volatile alkenes.
Reaction with ozone globally removes ∼10% of isoprene (C5 H8 ), the most abundant
alkene in the atmosphere. For monoterpenes (C10 H16 ) and sesquiterpenes (C15 H24 ),
ozonolysis is a substantially larger sink due to their faster rate coefficients with ozone
(Atkinson et al., 2006). The first steps of the alkene ozonolysis mechanism are shown
in Figure E.1 (Criegee, 1975). Two primary ozonides (POZ) are formed from
ozone addition at either double bond of isoprene, decomposing into methacrolein
(MACR), methyl vinyl ketone (MVK), formaldehyde (HCHO), and potentially up to
nine activated Criegee intermediates (CI, denoted with asterisk). The C4 Criegees
(MACR-OO* and MVK-OO*) can be formed with four conformations each that are
syn or anti to methyl or vinyl groups. The CI can experience a few unimolecular
processes – most notably, decomposition into a hydroxyl radical (OH) and a β-oxy
alkyl radical (R) and thermalization by atmospheric gases to form the stabilized
Criegee intermediate (SCI) (Kroll et al., 2001). In addition, a fraction of SCI has
been suggested to be formed through POZ decomposition (Drozd and Donahue,
2011). Most of the OH from isoprene ozonolysis is thought to be produced by the
syn-methyl MVK-OO conformers (Figure E.1, g and h) via the formation of a vinyl
hydroperoxide (VHP) intermediate (Aschmann and Atkinson, 1994; Donahue et al.,
2011; Gutbrod et al., 1997; Kuwata et al., 2010; Paulson et al., 1992).
The stabilized Criegees (SCIs) may undergo bimolecular reaction with a number
of atmospheric species, including water vapor (H2 O), sulfur dioxide (SO2 ), formic
acid (HCOOH), carbonyls (e.g. HCHO and acetaldehyde), NO, NO2 , O3 , RO2 ,
alkenes, among others (Fenske et al., 2000; Hatakeyama and Akimoto, 1994; Johnson and Marston, 2008; Kjaergaard et al., 2013; Neeb et al., 1998; Vereecken et al.,
2012, 2014). Even if a substantial fraction of CIs are stabilized, they may still experience unimolecular losses. The structure, and even conformation, of the SCI dictate
their unimolecular and bimolecular reactivities (Gutbrod et al., 1997), with syn SCI
more susceptible to decomposition. The simplest SCI (CH2 OO) has special importance in atmospheric chemistry as it is produced by all exocyclic alkenes, including
isoprene. Unlike other SCIs, however, CH2 OO is non-syn (i.e., not facing any
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Figure E.1: The first steps of the Criegee mechanism of ozonolysis, shown for
isoprene. Criegee intermediates are drawn as zwitterions; however, depending on
the chemical structure, they may also have diradical character.

hydrocarbon groups), which greatly reduces its unimolecular reactivity (Anglada
et al., 2011).
Figure E.2 shows a simplified reaction scheme between CH2 OO and water (or
water clusters) (Berndt et al., 2014; Chao et al., 2015; Ryzhkov and Ariya, 2003,
2006), sulfur dioxide (SO2 ), and formic acid (HCOOH). The CH2 OO + (H2 O)n
reaction (where n = 1, 2,...) produces hydroxymethyl hydroperoxide (HMHP),
hydrogen peroxide (H2 O2 ) + formaldehyde (HCHO), and formic acid (HCOOH) +
H2 O as main products (Becker et al., 1993; Gab et al., 1985; Horie et al., 1994a;
Huang et al., 2013; Neeb et al., 1995, 1997; Ryzhkov and Ariya, 2004). The
CH2 OO + HCOOH reaction produces hydroperoxy methylformate (HPMF) (Neeb
et al., 1995, 1997; Thamm et al., 1996). Finally, the CH2 OO + SO2 reaction
produces SO3 , which then reacts with water to form H2 SO4 (Hatakeyama et al.,
1984).
Certain populations of SCIs may produce OH (Novelli et al., 2014), perhaps
analogously to the hot Criegee VHP channel, among other products. Decomposition
of SCIs is rarely discussed within the scope of the atmospheric fates; however, it is an
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Figure E.2: The reaction of CH2 OO with HCOOH, SO2 , and H2 O (and possibly
water clusters). The production of HCOOH + H2 O and HCHO + H2 O2 from the
water reaction has been suggested to (at least partially) result from surface-mediated
decomposition of HMHP (Neeb et al., 1997); however, it is not clear if there are
direct routes to these products from CH2 OO + H2 O.

important consideration in understanding their total reactivity. Previously published
unimolecular decomposition rates for larger Criegees have high uncertainty, so the
following is only a qualitative discussion. SCI decomposition rates has been shown
to increase with size (Fenske et al., 2000; Newland et al., 2015). For example, even
though the thermalized acetone oxide ((CH3 )2 COO) has been recently reported
to undergo a diffusion-limited reaction with SO2 (Huang et al., 2015), its short
unimolecular lifetime due to its all-syn conformation, i.e., both sides facing methyl
groups, severely limits the atmospheric relevance of its bimolecular reactions (τuni
= 0.001–0.004 s) (Huang et al., 2015; Newland et al., 2015; Olzmann et al., 1997).
It should be noted that experimental determinations of unimolecular lifetimes (e.g.
0.002 s) may have some contribution from Criegee self-reaction (Huang et al.,
2015); thus, τuni may be closer to the higher end of the reported range. The
ratio kdecomp /kSO2 for syn-CH3 CHOO and (CH3 )2 COO have been measured to be
1 and 2 orders of magnitude higher than that for CH2 OO, respectively (Newland
et al., 2015). Thus, even in a polluted atmosphere (∼10 ppb SO2 and 50% RH
at room temperature), decomposition using the Olzmann et al. (1997) lower-limit
rate coefficient accounts for the majority (∼76%) of the acetone oxide fate, while
the reaction with SO2 is minor (∼8%). The Newland et al. (2015) relative rate
coefficient (using kSO2 of Huang et al., 2015) predicts an even higher decomposition
fraction.
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The present work focuses on understanding the bimolecular reactive channels of
CH2 OO and, more generally, the mechanism of isoprene ozonolysis in the atmosphere. We neglect the unimolecular reactions for CH2 OO, as it has a long lifetime
with respect to decomposition at 298 K and 1 atm (∼3 s) (Olzmann et al., 1997).
Furthermore, we provide suggestions for a unifying reaction scheme that may be
incorporated into atmospheric models.
E.2
E.2.1

Experimental Methods
Chamber Methods

Experiments were conducted in the Caltech dual 24 m3 Teflon environmental
chambers at ∼295 K and ∼1 atm. A subset of the work was performed as part of
the FIXCIT campaign and the overview manuscript (Nguyen et al., 2014b) provides
an in-depth description of the chamber and relevant experiments. Product yield
studies were investigated with isoprene and ozone mixing ratios of ∼100 and 600
ppb, respectively, and relative humidity (RH) in the approximate range of <4 – 76%.
The production of OH was investigated in the absence of a chemical scavenger,
but all other studies were performed with excess cyclohexane (50 ppm) to scavenge
OH. Although excess cyclohexane is used, a minor fraction of the products will
result from OH chemistry. Relative rate experiments were used to investigate the
competition between SO2 and H2 O at lower isoprene and ozone mixing ratios (∼25
ppb and 100 ppb, respectively) and 10 ppm cyclohexane.
RH inside the reaction chambers was adjusted to the desired level at the beginning
of each experiment with a Nafion membrane humidifier (Permapure, LLC) and
recirculating ultra-purified water (Millipore Milli-Q, 18 MΩ, <3 ppb TOC). The
RH was stable throughout each experiment, as verified by a Vaisala HMT221 probe
that was calibrated in the range of 11–95% with saturated salt solutions. Water vapor
in the range of RH < 10% was measured by chemical ionization mass spectrometry
(CIMS, see Section E.2.2). However, the accuracy of RH measurements degrades
in the lower range due to the difficulty in determining small mixing ratios of H2 O;
thus we quote "dry" RH as "<4%". Although RH in dry conditions is quoted as
an upper bound, we estimate the actual RH in the chamber is closer to 1%. Ozone
was introduced into the chamber by flowing air through a commercial UV ozone
generator. Reagents, e.g. isoprene (Aldrich, ≥99%) and cyclohexane (CHX, Aldrich
>99%), were introduced into the chamber by volumetric injection of liquid material
using Hamilton gas-tight syringes. In general, the order of introduction was water
vapor, ozone, cyclohexane, and then isoprene. For relative rate studies, gaseous SO2
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(standard mixture 10 ppm in N2 , Scott Specialty Gases) was introduced into the
chamber using a calibrated mass flow controller. After injection of isoprene, several
short high-pressure pulses of air were introduced into the chamber to homogenize
the contents of the chamber so that the reaction can start immediately and uniformly.
We verified that injected gases were well-mixed in <5 minutes using this method.
The duration of a typical experiment was 5–7 hours.
E.2.2

Analytical Quantification

isoprene, methacrolein (MACR), methyl vinyl ketone (MVK), and cyclohexane
(CHX) were quantified by gas chromatography with a flame ionization detector
(GC-FID). The GC-FID was calibrated with commercial standards (Aldrich) in the
range of 20–200 ppb by use of volumetric gas-tight syringes and a calibrated mass
flow of N2 into a 100L Teflon calibration bag. Additionally, the absolute quantities
of ISOP, MACR, and MVK was cross calibrated using Fourier transform infrared
spectroscopy (FT-IR) in the range of 1–20 ppm via a similar method. The ppmlevel calibration bags were quantified with FT-IR using tabulated absorption cross
sections (Sharpe et al., 2002) before sampling with GC-FID. The mixing ratio of
ozone was quantified by a calibrated ozone absorption monitor (Horiba APOA-360).
The mixing ratios of NO and NO2 were quantified with a commercial NOx monitor
(Teledyne T200). NO was observed at baseline level (limit of detection 0.5 ppb) and
NO2 remained below 5 ppb during ozonolysis experiments. Sulfuric acid aerosols
were measured using a time-of-flight aerosol mass spectrometer (AMS, Aerodyne)
and data processing was performed using the Pika 1.14D analysis module in Igor
Pro (Drewnick et al., 2005). The instrumental ionization efficiency was calibrated
with 350 nm ammonium nitrate particles.
Formaldehyde and HO x (OH and HO2 ) were measured in situ by two laser-induced
fluorescence (LIF) instruments during the FIXCIT campaign. The University of
Wisconsin (UW) LIF instrument (DiGangi et al., 2011; Hottle et al., 2009) quantified
formaldehyde from the difference between its online (353 nm) and offline signal. The
Pennsylvania State University (PSU) Ground-based Tropospheric Hydrogen Oxides
Sensor (GTHOS (Brune et al., 1995)) measured OH and HO2 by the fluorescent
assay by gas expansion (FAGE) technique. OH was quantified spectroscopically
(near 308 nm) and the zero background is determined using hexafluoropropene
(C3 F6 ) as an OH scrubber in the instrument inlet. HO2 was measured after its
chemical conversion in the instrument inlet to OH using pure NO (HO2 + NO →
OH + NO2 ). The known interference of HO2 measurement by RO2 radicals (Fuchs
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et al., 2011) was corrected in the following manner: the NO addition to GTHOS
was modified to reduce the reaction time and the amount of NO added. Although
the conversion of HO2 to OH was decreased from ∼90% to less than 10%, the
conversion of RO2 to OH was reduced to less than 1%, so that more than 95% of
the signal was due to converted HO2 and only a few percent was due to RO2 (Fuchs
et al., 2011). These conversion rates were measured with GTHOS in the Brune
laboratory at PSU and are similar to those determined by Fuchs et al. (2011).
Gas-phase hydroperoxides (H2 O2 , HMHP, MHP, etc.), acidic compounds (SO2 ,
HCOOH, etc.), and other volatiles with more than one polar functional group (e.g.
hydroxy carbonyls) are quantified with a triple-quadrupole chemical ionization mass
spectrometer (CIMS) using CF3 O− as an ionization reagent (Crounse et al., 2006;
St. Clair et al., 2010). The sample flow from the chamber was diluted by a factor
of 12 with dry N2 before mass spectrometry analysis. The dry (RH < 4%) sensitivity of triple-quadrupole CF3 O− CIMS to different analytes was cross-calibrated
with a CF3 O− time-of-flight (ToF) CIMS during the FIXCIT campaign. The ToF
CIMS was calibrated for a variety of compounds (H2 O2 , HMHP, HCOOH, SO2 ,
peracetic acid (PAA), acetic acid (AA), hydroxyacetone (HAC), etc.) with commercial or synthesized standards based on gravimetric or spectrometric techniques
(see Section S3 of Nguyen et al. (2015a) for more information). Table E.2 in the
Supporting Information provides more information about CIMS detection of the
major compounds discussed in this work. The CIMS measurement uncertainties
are approximately 20–30% for calibrated compounds (e.g. HCOOH) and -50% for
uncalibrated compounds (e.g. HPMF).
In addition to the dry sensitivity, the dependence of the ion chemistry on water
vapor is unique to each CIMS instrument and is critical for the accurate interpretation
of RH-dependent yields. We obtained the water-dependent calibration curves in the
experimental RH range by introducing a sample stream (containing a stable gaseous
source of each compound) and a dilution stream that has tunable water vapor content
to the CIMS flow tube region. The water vapor mixing ratio of the dilution stream
was achieved by mixing flow-controlled quantities of a humid air stream ([H2 O] ∼
3%, quantified by FT-IR) and a dry N2 stream ([H2 O] < 100 ppm). A stable source
of HMHP, for which a commercial standard is unavailable, was synthesized in the
Teflon chamber using the HCHO + HO2 reaction (Niki et al., 1980), which produces
a low yield of HMHP. The photolysis of HCHO (∼2 ppm) generates the HO2 that
is needed to react with HCHO. The UV lights were turned off after approximately
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1 hour, and the ∼6 ppb HMHP formed during the photolytic period was stable in
the dark indefinitely. A typical water-dependent calibration alternates a dry data
point with several humid points and zeros (where sample flow is shut off), after each
period is allowed to stabilize (Figure E.9 in the Supporting Information). Water
curves were obtained for HCOOH, H2 O2 , and SO2 using commercial standards as
the sample source, in an identical manner. The sensitivity of the CIMS toward
HPMF was not measured, but was assumed to be similar to HMHP based on the
molecular characteristics of these two compounds (Su and Chesnavich, 1982).
E.2.3

Wall loss Corrections

α-hydroxy hydroperoxides like HMHP have a propensity to participate in heterogeneous reactions on humid surfaces (Neeb et al., 1997). Thus, we measured wall
loss rates for HMHP, HCOOH, and H2 O2 as a function of RH to correct for this
effect. HMHP was synthesized via an alternative method to the one described in
Section E.2.2: a gaseous mixture of formaldehyde/N2 (produced by flowing dry N2
past heated paraformaldehyde solid) was bubbled into an aqueous H2 O2 solution
(50% v/v). The outflow of the bubbler (containing HCHO, HMHP, HCOOH, and
H2 O2 ) was introduced into the chamber until the signal of HMHP in CIMS was
adequate, after which the flow was stopped and the wall loss was monitored for
8–10 hours. The production of HCOOH from HMHP conversion may obscure the
HCOOH wall loss to a degree. However, by virtue of the synthesis method (high
water content in the H2 O2 bubbler), the HCOOH mixing ratio in the chamber was
more abundant than HMHP by a factor of 100, so that even if all of the HMHP were
converted to HCOOH, the production yield signal would impact kwall of HCOOH
by only 1%. We did not observe noticeable wall loss of HMHP, HCOOH, or H2 O2
under dry conditions (Figure E.10 in the Supporting Information); however, the
wall loss rates become non-negligible at the highest RH investigated (72%), where
HMHP was removed at a rate of approximately 0.1% per minute. The humiditydependent wall loss rates (kwall,H M HP = −1.4 × 10−5 × RH min−1 , kwall,H2 O2 = −9.6
× 10−6 × RH min−1 , and kwall,HCOOH = −2.2 × 10−6 × RH min−1 ) were used to
correct the CIMS data.
E.3
E.3.1

Results and Discussion
Humidity-Dependent Product Yields

The molar yields of products from the isoprene ozonolysis in the RH range of
<4–76% are reported in Table E.1. Figure E.3 shows the trends in yields of select gas-
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Figure E.3: Molar yields of the isoprene + O3 reaction products (A–C) at several
RH conditions. The CH2 OO yield in panel C is inferred from the sum of the
scavenged products of CH2 OO with water vapor and formic acid. Panel D shows
the fraction of water-scavenged CH2 OO that is observed as HMHP (fH M HP ) and
HCOOH (fHCOOH ). Solid lines indicate least-squares fits, when applicable, and
dashed lines only serve to guide the eyes. HMHP and HCOOH in panel B can each
be fit by two exponential curves delineated at RH ∼40%, but no singular relationship.

phase organic products measured by GC-FID and CIMS. As expected, the "prompt"
products, i.e., those formed primarily from the decomposition of primary ozonides
(POZ) such as HCHO, MACR, and MVK, do not exhibit a strong dependence on
water vapor (Figure E.3a and Table E.1). This is also true for yields of OH radicals,
which are produced from decomposition channels. The observation that OH yields
from isoprene ozonolysis are independent of humidity has been reported in other
works (Hasson et al., 2003; Kuwata et al., 2010). Further insights on the sources of
OH and HCHO yields are obtained by model simulations (see Section E.3.2). The
yields of carbonyls and OH from this work are not significantly different from those
reported elsewhere (Aschmann and Atkinson, 1994; Atkinson et al., 1992; Grosjean
et al., 1993b; Gutbrod et al., 1997; Hasson et al., 2001a; Sauer et al., 1999). The
trends in yields for carbonyls are slightly positive with humidity, possibly supporting
a minor production from SCI + (H2 O)n reaction (H2 O2 as coproduct). However,
the measurement uncertainties are significant (10-30%) and, thus, this channel was
treated as minor in the development of our mechanism.
Stabilized CH2 OO yields obtained by a chemical scavenging method were similar
whether H2 O or SO2 was used as the Criegee scavenger (Table E.1, YSCI ∼0.60

A
A
A
A
A
A
A
A
A
B
B
C
C
C

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0
0
0
0
0
0
0
0
0
0
0
15
15
75

SO2 (ppb)
<4
6
13
27
37
44
51
73
76
4
52
20
3
3

0.30
0.40
0.51
0.61
0.61
0.62
0.61
0.62
0.60
—
—
0.60
0.65
0.66

RH (%) YCH2 OO
0.39
0.39
0.41
0.41
0.41
0.42
0.40
0.44
0.41
—
—
BDL
BDL
BDL

0.15
0.14
0.17
0.16
0.18
0.16
0.21
0.19
0.19
—
—
BDL
BDL
BDL

YM ACR YMV K
—
—
—
—
—
—
—
—
—
0.28
0.28
—
—
—

YOH
0.79
—
—
—
0.83
— 0.15
—
—
—
—
—
—
—
—

YHCHO
0.05
0.07
0.09
0.13
0.13
0.046
0.20
0.28
0.28
—
—
—
—
—

YHCO2 H
0.012
0.014
0.019
0.038
0.044
0.41
0.054
0.066
0.065
—
—
—
—
—

YH2 O2
0.17
0.26
0.38
0.44
0.44
0.005
0.34
0.24
0.22
—
—
—
—

YH M HP

0.004
0.002
0.003
—
—
—
—
—

0.064
0.060
0.030
0.013
0.001

YHPM F

Table E.1: Molar yields (Y ) of major products for different RH and SO2 conditions. Experiment types are (A) product yields with OH
scavenger ([ISO] ∼100 ppb, [O3 ] ∼600 ppb, [CHX] ∼50 ppm), (B) product yields without OH scavenger (same initial conditions as A but
without CHX), and (C) relative rates ([ISO] ∼25 ppb, [O3 ] ∼120 ppb, [CHX] ∼10 ppm). CH2 OO yields for A are obtained by summing
the yields of CH2 OO + (H2 O)n and CH2 OO + HCOOH products measured using CIMS. In C, CH2 OO yield determinations include the
measurement of H2 SO4 aerosol using AMS. All experiments were performed at 295 K. See Table E.2 in the Supporting Information
for details on quantification with CIMS. Missing entries indicate unavailability of instruments or irrelevancy of data. Measurement
uncertainties are: SO2 (±20%), CH2 OO (±15 AMS, ±30% CIMS), MACR (±15%), MVK (±33%), OH (±25%), HCHO (±20%),
HCOOH (±10%), H2 O2 (±20%), HMHP (±20%), HPMF (±50%). BDL = below detection limit for GC-FID.

type

expt.
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using CIMS, and ∼0.64 using AMS). As the detection of scavenged products utilized
two independently-calibrated instruments, their agreement lends further confidence
to the yield results. Our CH2 OO determination is consistent, within uncertainties,
with those reported recently (0.56–0.60) (Newland et al., 2015; Sipilä et al., 2014).
However, it is in poor agreement with the 0.27 yield determined by Hasson et al.
(2001a). We believe the discrepancy is due to the fact that HCOOH and H2 O2
were not counted as CH2 OO + (H2 O)n products in the Hasson et al. (2001a) work,
and the offline HMHP determination may have experienced aqueous losses. The
CH2 OO yield reported here is supported by independent observations of its coproducts, MVK and MACR (Figure E.1). Figure E.3c shows that the CH2 OO yield
determined here is in good agreement with the C4 carbonyl sum at high water vapor
mixing ratios where CH2 OO is fully scavenged. The inferred CH2 OO yield in our
work does not include formaldehyde as a product due to limited data. Formaldehyde
formation becomes important at low RH because of competing reactions such as
CH2 OO + O3 ; thus, a significant deviation in the inferred CH2 OO yield compared
to the C4 carbonyl sum occurs in the low RH range.
The products derived from CH2 OO bimolecular reactions have a strong relationship with water vapor mixing ratio due to competition from the CH2 OO + (H2 O)n
reaction (Figure E.3b). Hydroperoxy methylformate (HPMF), seemingly the sole
product of the CH2 OO + HCOOH reaction (Figure E.11 in the Supporting Information), is observed only under very dry conditions in accordance with previous
reports (Hasson et al., 2001b; Neeb et al., 1997). This is because formic acid in
ozonolysis experiments is rarely present at the levels needed to compete with water
vapor. In addition to compounds reported in Table E.1, RH-dependent yields of minor species like acetic acid were also observed (<0.06). Representative CIMS mass
spectra showing all products are given in Figure E.12 in the Supporting Information.
Acetic acid has not been identified in past isoprene ozonolysis studies, but serves as
an important clue in deducing the fragmentation patterns of C4 Criegees.
HMHP is the most abundant CH2 OO + (H2 O)n product, followed by formic acid,
then H2 O2 (+ HCHO). The maximum HMHP yield is determined to be ∼44% from
isoprene (∼73% from CH2 OO), somewhat higher than other values reported in the
literature. Insightful comparisons with literature values prove challenging, however,
due to the poor agreement in CH2 OO + (H2 O)n product yields. For example, singlepoint "humid" HMHP and H2 O2 yields are reported to be 0.09–0.30 and 0.01–0.12,
respectively (Becker et al., 1990; Hasson et al., 2001a; Neeb et al., 1997; Sauer et al.,
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1999; Simonaitis et al., 1991). Some of the inconsistencies in past experiments have
been attributed to the challenge of quantifying hydroperoxides with offline aqueous
methods (e.g. high-performance liquid chromatography, HPLC).
Interestingly, we find HMHP yields decrease above RH ∼40% (Figure E.3b). The
reduction in yield for HMHP at high humidity is almost fully compensated by an
increase in yield for HCOOH (Figure E.3d). Although wall-mediated reaction is a
convenient explanation, our RH-dependent corrections for wall loss using authentic
compounds should account for this chemistry (Figure E.10 in the Supporting Information). Instead, model simulation results in Section E.3.2 support the idea that the
RH-dependent yields of HMHP and HCOOH are controlled by reactions of both
the water monomer and dimer. The dimer becomes exceedingly more abundant at
higher RH. As the model simulations fit concentration data that have been wallloss corrected, the heterogeneous reaction is not included in the mechanism. The
atmospherically-relevant reaction of water dimer with CH2 OO was first suggested
by Ryzhkov and Ariya (Ryzhkov and Ariya, 2003, 2004, 2006) and later confirmed
by experimental works (Berndt et al., 2014; Chao et al., 2015). Ryzhkov and Ariya
suggested the decomposition products to be H2 O2 and HCHO; however, our data
are more consistent with HCOOH as the major product from this reaction.
Past studies explored a large range in water vapor mixing ratio (9000–20,000
ppm, RH ∼ 28–63% at 298 K) while reporting only a single ’humid’ yield for
products. Thus, it is possible that poor literature agreement may be due to snapshot observations along different humidity points in the HMHP yield curve. These
disagreements are likely exacerbated by the absence of wall loss corrections, which
depend on the reaction vessel. To our knowledge, only two other HMHP yield studies
have been performed at multiple RH conditions (Hasson et al., 2001a; Huang et al.,
2013). Hasson et al. (2001a) and Huang et al. (2013) did not report yield trends
similar to this work, i.e., their data reported a rise-to-maximum relationship of
HMHP with RH (maximum yields of 16% and 25%, respectively). Yet, despite
the fitting function used by Hasson et al. (2001a), their data show that the average
HMHP yield at RH ∼80% (∼0.12 ± 0.03) is lower than its yield at RH ∼40% (∼0.16
± 0.04) for isoprene – congruent with our observed trends.
We are unsure of the reasons for discrepancies with the Huang et al. (2013)
work. In addition to the plateauing HMHP yield, Huang et al. (2013) reported a
declining yield of HCOOH with humidity (e.g. 40% yield of HCOOH at RH 5% that
decreases to 30% yield at RH 90%). It is difficult to understand how HCOOH can
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be produced in higher yields under dry conditions when HCOOH formation from
Criegee isomerization is minor compared to the major channel of CH2 OO + (H2 O)n
(Herron and Huie, 1977; Su et al., 1980). Again, given the lower HMHP yields
reported by studies using offline analysis techniques, it is possible that aqueous
losses may have occurred and direct comparisons are not possible. Furthermore, the
bis-hydroxymethyl peroxide (BHMP) reported in Huang et al. (2013) (and absent
in this work) may hint at side reactions that are symptomatic of the high reagent
concentrations (ppm level) used in that work or condensed-phase chemistry of H2 O2
and HCHO.
E.3.2

Toward a Unifying Mechanism

Major atmospheric models either do not represent ozonolysis chemistry or provide a significantly abridged version that generally neglects the formation of major
compounds such as HMHP (Bey et al., 2001; Saunders et al., 2003). Here, we describe a detailed chemical mechanism based on the new data presented in this work
and those available in the literature. The in situ observations of oxygenated volatile
organic compounds and HO x enable us to place new constraints on many aspects
of the mechanism. Mechanism simulations of HCHO assumes that are no observational interferences from ROOH or other compounds, which is currently unverified
for the LIF instrument used here but has been identified for proton-transfer-reaction
(PTR-) and GC-based instruments (Rivera-Rios et al., 2014). The proposed mechanism provides enough chemical specificity to capture the RH-dependent yields of
OH, carbonyls (HCHO, MACR, MVK), and major products of CH2 OO + (H2 O)n
chemistry. Although uncertainties persist along several channels in the ozonolysis
chemistry, especially in the fate of the C4 Criegees, the proposed scheme is a good
starting point for further development and use in atmospheric models.
E.3.2.1

POZ and C4 Criegee Reactions

Figure E.4 shows the proposed reaction scheme for isoprene ozonolysis. Compounds observed in this work are shown in red. The chemical structures of some
of the minor oxygenated species may not be unique, as this CIMS technique cannot
distinguish isobaric species. We used the branching ratios for POZ formation that
was suggested by Aschmann and Atkinson (Aschmann and Atkinson, 1994), which
implies that the lower steric hindrance from the 3,4-addition of ozone is more important than the effect of the electron-donating CH3 group in the 1,2-addition (Zhang
and Zhang, 2002). It is assumed that there is negligible conformational intercon-
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Figure E.4: Overall scheme of isoprene ozonolysis and reactions of Criegee intermediates, with proposed isomerization and decomposition pathways of C4 Criegees.
Observed product species are shown in red. The reaction of CH2 OO with O3 and
isoprene, although present in the model mechanism, are not shown in the figure.
Literature values: [a] Aschmann and Atkinson (1994), [b] this work, [c] Zhang and
Zhang (2002), [d] Kuwata and Valin (2008), [e] Kuwata et al. (2010), [f] Horie et al.
(1994b) and Nguyen et al. (2009a,b), [g] Orlando et al. (1999), [h] Praske et al.
(2015).

version between Criegees due to their zwitterionic character (Hull, 1978; Taatjes
et al., 2013), i.e., the barrier to interconversion is expected to be large (Anglada
et al., 1996). We note that data available for Criegees with allylic groups, which
would presumably facilitate interconversion, is still scarce. Thus, the assumptions
and reaction channels discussed here may need to be re-evaluated in future work.
Evidence of bimolecular reactions of the C4 SCI is not significant. For example,
the signals of C4 α-hydroxyalkyl hydroperoxides that are analogous to HMHP, e.g.
from the reaction of anti MACROO + (H2 O)n , were not observed here. Furthermore,
MACR + MVK yields did not significantly increase following SO2 addition, e.g.
as would be expected from the MACROO + SO2 → MACR + SO3 reaction. The
insignificant production of MACR from the MACROO + SO2 reaction and the fast
anti-SCI + H2 O rate coefficient determined recently (2.4 × 10−14 cm3 molec−1
s−1 ) (Sheps et al., 2014) favor the hypothesis that the stabilization fraction of the
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C4 Criegees is small, as opposed a larger population of SCI where bimolecular
reactions are non-competitive. Thus, we assumed a Criegee stabilization fraction of
0.03 as suggested by Kuwata and Valin (2008). However, accessible unimolecular
pathways of CIs and SCIs are often identical, so it is not possible for this study
to fully distinguish the two fates. An SCI unimolecular rate constant of ∼250 s−1
would also be consistent with observations. The 0.03 "stabilization fraction" can
be viewed as an effective fraction of Criegees that react bimolecularly under H2 Odominated conditions. Extensive C4 Criegee decomposition (hot or thermalized) is
consistent with the high yields (>80%) of HCHO that are observed in this work and
elsewhere (Grosjean et al., 1993b). The production of HCHO from the prompt POZ
decomposition is constrained by MVK + MACR yields to be approximately ∼40%
by mole with respect to isoprene loss. CH2 OO is fully scavenged by water in most
of our experiments, so little additional HCHO can originate from side reactions of
CH2 OO at atmospherically-relevant RH.
After the POZ decomposition, the distribution of the syn/anti conformers of the
C4 Criegees is thought to be asymmetric. We used the branching ratios suggested
by Kuwata and coworkers (Kuwata et al., 2010; Kuwata and Valin, 2008), with
the caveat that the MVK-OO* conformer distribution is loosely based on the hot
acetaldehyde oxide, for lack of direct information. Unimolecular reactions of the
C4 Criegees have been suggested to occur via 5-member dioxole or 3-member
dioxirane intermediates (Kuwata et al., 2010; Kuwata and Valin, 2008; Vereecken
et al., 2012). The model mechanism allows C4 Criegees that are syn and anti
to vinyl groups to form dioxole and dioxirane intermediates, respectively, using the
theoretically-predicted dioxole/dioxirane branching ratios (Kuwata and Valin, 2008).
Dioxoles have been suggested to isomerize into products containing carbonyl and
epoxide functional groups, which may further decompose (Kuwata et al., 2010);
however, the CIMS technique used in this work is likely not sensitive to these
specific compounds. The dioxole products were not traced in the model because
they represent an insignificant fraction of the carbon in the mechanism (∼3%)
and are not thought to impact OH or HCHO yields. A minor fraction of the anti
MACROO* is allocated toward hot acid formation, yielding methacrylic acid (which
may also occur via a dioxirane intermediate) (Cremer et al., 1998). The dioxirane
channels represent a larger fraction of the carbon in the ozonolysis. We followed the
recommendations of Peeters, Vereecken, and coworkers (Nguyen et al., 2009a,b),
in conjunction with observations derived from acetaldehyde oxide (Horie et al.,
1994b), to assign the majority of the dioxirane fate to the decarboxylation pathway

420
(products CO2 + HO2 + alkyl radical for dioxiranes in the primary position). A
decarboxylation branching ratio of ∼0.7 gave good agreement with observations.
As these dioxiranes have allylic functionality, we assign the balance of the carbon to
a proposed isomerization pathway (Figure E.13 in the Supporting Information) that
may form a stable product. The alkyl radical that is produced in the decarboxylation
step in Route A is the methylvinyl radical, which is known to generate HCHO +
peroxyacetyl radical (∼0.35) or HCHO + methylperoxyl radical + CO (∼0.65) in the
presence of oxygen (Orlando et al., 1999). It is probable that the observed acetic acid
(0.02–0.06 from dry to humid) is produced from the reaction of peroxyacetyl radicals
with HO2 or RO2 (Crawford et al., 1999; Hasson et al., 2004; Horie and Moortgat,
1992; Madronich and Calvert, 1990). We speculate that the higher acetic acid
yield under more humid conditions may be due to unidentified wall reactions. The
methylperoxyl radical is a precursor to methyl hydroperoxide under HO2 -dominant
conditions. Methyl hydroperoxide has been identified in previous works (Gäb et
al., 1995; Sauer et al., 1999), but without complete mechanistic knowledge of its
chemical source.
The syn MVKOO* will decompose to OH and a β-oxy alkyl radical via a vinylhydroperoxide intermediate (B route). The further reactions of the β-oxy alkylperoxyl
radical (RO2 ) are much more uncertain. In the mechanism suggested here, this
chemistry is proposed to proceed similarly to the RO2 radicals found in MVK + OH
chemistry that have analogous functionality (Praske et al., 2015). We followed the
recommendations in Praske et al. (2015) for the branching ratios of the three product
channels with HO2 : β-oxy hydroperoxide, 1,2-dicarbonyl + OH + HO2 , and alkoxyl
radical (RO) + OH + O2 . The RO radical fragments to formaldehyde and an acyl
radical and promptly reacts with O2 to produce an acylperoxyl (RC(O)OO) radical.
The acylperoxyl radical may undergo three fates upon reaction with HO2 (Figure
E.4B), modeled after reactions of peroxyacetyl (Moortgat et al., 1989; Tomas et al.,
2001). These data suggest that decarboxylation is an important fate for this particular acylperoxyl radical, which affects both OH and formaldehyde in the process (via
the chemistry of the vinyl radical) (Knyazev and Slagle, 1995).
E.3.2.2

C1 Criegee + Water Reaction

The mechanism illustrated in Figure E.4 was integrated into a kinetic model. Most
of the rates and branching ratios available in the literature were imported for use
in the model mechanism and assumed to be accurate. The product yields and rate
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Figure E.5: Panels A–G show the comparison between gas-phase observations
from different experiments (various markers) and results from model mechanism
simulations based on Figure E.4 (solid lines). Subpanels show the mixing ratios of
(1) isoprene and carbonyls and (2) CH2 OO + (H2 O)n products, when applicable.
Simulations under "Dry" conditions used RH = 1.2%. The displayed mixing ratios
of HMHP and HCOOH have been corrected for first-order wall loss (Figure E.10
in the Supporting Information). The model inputs are shown in the Supporting
Information. Experimental conditions for the measured data are found in Table E.1.

coefficients of Criegee reactions labeled [b] in Figure E.4 were empirically tuned
to provide satisfactory agreement with observational data within the full RH range,
as shown in Figure E.5. The reaction inputs into the kinetic model are shown in
the Supporting Information. We find that variations in the molar yields of HMHP,
HCOOH, HCHO and H2 O2 with RH can only be simulated if the reaction with
water dimer is included in the mechanism. The mixing ratio of water dimers was
calculated based on their equilibrium thermodynamics at 295 K (Figure E.14 in the
Supporting Information) (Owicki et al., 1975).
Some of the observed H2 O2 in the ozonolysis experiments (Table E.1) originates
from the HO2 + HO2 → H2 O2 + O2 reaction (Figure E.15 in the Supporting
Information). Using published rate constants and HO2 observations we estimate the
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HO2 self-reaction accounts for ∼50% of the observed H2 O2 . However, considering
the uncertainties in the HO2 and H2 O2 observations we cannot exclude the possibility
that the HO2 self-reaction explains the entirety of the observed H2 O2 , and thus, that
the CH2 OO + (H2 O)n → H2 O2 + HCHO channel has zero yield (see error bounds
in Figure E.15 in the Supporting Information). We adjusted the product branching
ratios for the CH2 OO + (H2 O)n reactions to remove the average contribution from
HO x chemistry, and this is shown in the left-most panel of Figure E.4. The product
branching in the dimer reaction favors formic acid formation over HMHP formation,
which is consistent with the suggestion that the reaction of CH2 OO with water dimer
to form HMHP is exothermic, and some of the excited HMHP produced by that
pathway may further decompose (in this case to formic acid + H2 O) with water
acting as a catalyst (Ryzhkov and Ariya, 2004).
We used the following rate coefficients for the reaction of CH2 OO with water
in the model mechanism: kH2 O = 9 × 10−16 cm3 molec−1 s−1 and k(H2 O)2 = 8 ×
10−13 cm3 molec−1 s−1 . The water monomer reaction rate coefficient falls within
the upper limit determined by Welz et al. (2012) and by other works (<4 × 10−15
cm3 molec−1 s−1 ). The dry (RH ∼1%) observations provided constraints for the
monomer rate coefficient, and the dimer rate coefficient was adjusted until model
results satisfactorily reproduces measurements. We found that a dimer reaction
coefficient faster than that of the monomer reaction, but slower than the coefficient
suggested by some studies (4–6.5 × 10−12 cm3 molec−1 s−1 ; Berndt et al., 2014;
Chao et al., 2015; Lewis et al., 2015), gave the best fit with the observational results
across all RH conditions.
Figure E.16 in the Supporting Information shows results of a sensitivity study of
the water rate coefficients in the model, which concludes that the rate coefficient of
Chao et al. (2015) is too large to simulate the data in this work. Our suggested dimer
rate coefficient of k(H2 O)2 = 8 × 10−13 cm3 molecule−1 s−1 is consistent with those
of Newland et al. (2015), who found that 5.6 (±7.0) × 10−13 cm3 molec−1 s−1 best
describe their chamber data. Leather et al. (2012) also found the rate coefficient of
CH2 OO with "water" to be in the range of ∼1 × 10−15 - 1 × 10−12 cm3 molec−1
s−1 when measuring HCOOH. HCOOH is the product of both the water monomer
and dimer reaction with CH2 OO, so the observed range is in agreement with this
work. The difference between reported CH2 OO + water dimer rate coefficients in
the literature is striking, but the source of the disagreement is unclear.
The reaction timescales, Criegee generation methods, reaction vessel character-
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istics, and Criegee concentrations in literature works are different – all of which
may play a role in the discrepancy. Furthermore, if water vapor may intercept the
hot Criegee directly during ozonolysis reactions, in a manner analogous to the interception of excited alkyl radicals by O2 (Glowacki et al., 2012), then there may be
significant deviations between chamber and direct kinetic determinations as direct
determinations produce and investigate SCI preferentially. The result is a promotion of the H2 O reaction over the (H2 O)2 reaction during ozonolysis. Assuming CI
interception occurs to a non-negligible extent, observations from chamber studies
would be more immediately relevant for atmospheric modeling than current data
from direct determinations.
Figure E.14c in the Supporting Information shows the relative contribution of
each reaction using the aforementioned rate coefficients, where the dimer reaction can contribute up to ∼65% as the humidity approaches 100%. However, the
water monomer reaction is an important sink for CH2 OO under all atmosphericallyrelevant RH.
E.3.2.3

OH and HO2 formation

The production of OH can be visualized from the decay of isoprene in the experiments where an OH scavenger was not present (Figure E.5 a and b). OH was
directly measured by LIF; however, the high dilution ratio used in the laboratory to
conserve chamber volume degraded the signal-to-noise of the instrument. In addition, the experimental conditions in the reaction (including high peroxide mixing
ratios) and unknown interferences that may be related to unsaturated hydrocarbon +
ozone chemistry resulted in uncertainty bounds in the direct OH determination that
were too high to constrain yields (Mao et al., 2012; Nguyen et al., 2014b). Thus,
a combination of modeling and isoprene decay measurements was used to estimate
[OH]. Estimations of OH sources in the model mechanism relied on constraints provided by other products. An overall OH yield of approximately 28(±5)% gives good
agreement with observations under both dry and humid conditions, e.g. the comparison between observed and simulated isoprene decays produced least-squares
slope = 1.023, R2 = 0.999 at RH < 4% and slope = 1.015, R2 = 0.998 at RH 52%,
and is consistent with the recommended value by IUPAC (25%) (Atkinson et al.,
2006). It should be noted that not all of this OH is produced from the prompt VHP
channel. This would necessitate almost 100% syn branching for MVKOO* and for
the following radical chemistry to be OH neutral. Instead, the constraints placed by
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closed-shell products in the mechanism predict that prompt decomposition (from
syn-MVKOO*) accounts for a 14% yield of OH, with respect to the reaction of
isoprene, and further chemistry of the β-oxy alkyl radical generates another 12%.
The remaining minor fraction arises from unimolecular reactions of the C4 Criegees.
Neither the POZ decomposition nor the following RO2 chemistry is expected to be
sensitive to water vapor, in good agreement with the stable OH yields between dry
and humid conditions. Our OH source contribution results are fairly consistent with
those using a statistical-dynamical master equation and transition state theory, which
predicts an OH prompt production yield of 11% for a total yield of 25% (Zhang and
Zhang, 2002).
HO2 is generated and consumed along various reaction channels in ozonolysis
(Figure E.4). The HO x cycling of OH and HO2 also occurs in conjunction with
ozonolysis in the model mechanism (Supporting Information). Major sources of
HO2 from ozonolysis include decarboxylation of primary dioxiranes (Route A) and
the further chemistry of the β-oxy alkyl radical (Route B). A major sink of HO2
in this work is the reaction with the RO2 radical produced from cyclohexane (OH
scavenger). As a result, the usage of other OH scavengers may change the HO2
concentrations during similar experiments. Figure E.17 in the Supporting Information shows that HO2 simulated using the kinetic model shown in the Supporting
Information agrees fairly well with the measured values under dry and humid conditions at the start of the reaction (∼40 ppt). As the reaction progresses, however,
the agreement worsens (simulated HO2 is lower than measured.) We believe this
is because the simulated scheme does not trace second generation products, which
appear to produce a significant quantity of HO2 .
E.3.2.4

HCHO Formation

The difference in observed HCHO between the dry (RH ∼1% in the simulation)
and RH 37% experiments provides unique insights into the bimolecular reaction of
CH2 OO (Figure E.5, Panels c1 and e1). The model predicts that a non-negligible
fraction of HCHO can be produced from the CH2 OO reaction with ozone (Kjaergaard et al., 2013; Wei et al., 2014), the second most abundant reaction partner for
CH2 OO in our experiments, when the reaction conditions are dry. For kCH2 OO+O3
∼1 × 10−12 cm3 molec−1 s−1 , as has been previously suggested (Vereecken et al.,
2014), the best fit with observations is achieved by assuming a formaldehyde yield of
0.7 (while conserving a faster rate), instead of the recommended value of 1. While
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it is possible that unknown pathways for the CH2 OO + O3 reaction exist, we believe
it more likely that the model mechanism is missing a Criegee sink that is ∼30% of
the effective CH2 OO + O3 reaction, but does not produce HCHO, when the reaction
is performed dry. If a missing sink exists, it is not the Criegee self-reaction, as
including even the fastest experimentally-determined rate coefficient did not alter
the simulations (Su et al., 2014). All side reactions of CH2 OO become negligible
when RH reaches atmospherically relevant levels. Of the HCHO sources discussed
in this work that are important under atmospherically relevant conditions, the initial POZ decomposition comprises the majority production pathway (∼60%). The
model simulations predict that unimolecular reactions of C4 Criegees to contribute
another relative ∼35% and the reaction of CH2 OO + (H2 O)n is a relatively small
(∼5%) source of formaldehyde. As we noted above, the yield of HCHO and H2 O2
from this channel could be zero within uncertainties.
E.3.2.5

Other Reactions of the C1 Criegee

Finally, we use the RO2 + CH2 OO rate coefficient of Vereecken et al. (2012)
(k ∼ 5 × 10−12 cm3 molec−1 s−1 ) and the OH reaction kinetics for cyclohexane
(Atkinson et al., 2006) to examine whether the 50 ppm of OH scrubber produces
enough RO2 to impact CH2 OO yields in the ozonolysis reaction. The model results
suggest that cyclohexane RO2 radicals were not competitive with water as a Criegee
scavenger during the experiments in this work. In addition, inserting the reaction
of isoprene + CH2 OO into the model mechanism (k = 1.78 × 10−13 cm3 molec−1
s−1 ), as suggested by Vereecken et al. (2014), did not significantly perturb the
model simulation results. However, in studies where initial isoprene and ozone
are present at ppm levels, the CH2 OO + alkene reaction may play a bigger role.
These newly-identified reactions may be one source of discrepancy in literature
yield data, underscoring the importance of using atmospherically-relevant mixing
ratios of reactants or verifying that secondary chemistry is not affecting laboratory
results.
E.3.3

Competitive Rates of CH2 OO + (H2 O)n and CH2 OO + SO2

Although water reactions are thought to dominate the fate of CH2 OO in the
atmosphere (Berndt et al., 2014; Chao et al., 2015; Fenske et al., 2000; Newland
et al., 2015; Ryzhkov and Ariya, 2004), it has been suggested that the reaction of
SCI with SO2 may be important from the perspective of H2 SO4 production and,
thus, particle formation (Mauldin et al., 2012). Here, we measure the competitive
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rates of the reaction of isoprene SCIs with H2 O and SO2 , using isoprene mixing
ratios that approach atmospheric levels (∼20 ppb) and realistic concentrations of
SO2 . This measurement is sensitive to the combined effects of CH2 OO and the C4
SCIs of isoprene. However, it is clear that the dominant fraction of the bimolecular
reactivity originates from CH2 OO, illustrated by the similar SCI yields when using
SO2 as a scavenger compared to H2 O (Table E.1). Notably, the orders of magnitude
uncertainties that exist in the absolute rate coefficients for CH2 OO bimolecular
reactions become immaterial when determining relative rates (Anglada et al., 2011;
Atkinson and Lloyd, 1984; Herron et al., 1982; Kurtén et al., 2011; Kuwata and
Valin, 2008; Ryzhkov and Ariya, 2004; Stone et al., 2014; Welz et al., 2012).
Figure E.6 shows the reaction progress for three relative rate experiments between
H2 O and SO2 during an isoprene ozonolysis performed with an OH scavenger. At
15 ppb of SO2 and 20% RH, representative of a dry and polluted day, greater than
90% of CH2 OO reacted with water as evidenced by the large abundance of HMHP
and HCOOH as compared to H2 SO4 (Figure E.6a). Only under the driest conditions
(RH < 4%) does CH2 OO appreciably oxidize SO2 at initial levels of ∼15 ppb (Figure
E.6b). Although under these conditions, the water reaction is still the major reaction
pathway for CH2 OO. Here, we start to witness decreasing mixing ratios of HMHP
with time, which is due to heterogeneous loss on acidic surfaces from the H2 SO4
production and is uncorrected in Figure E.6. Only under exceptionally dry (RH <
4%) and exceptionally high [SO2 ]0 (∼75 ppb) conditions does SO2 oxidation become
the dominant fate of CH2 OO (Figure E.6c), although these specific conditions are
rarely found on Earth.
The relative rate of kSO2 /k(H2 O)n = 2.2 (±0.3) × 104 determined from the data is in
good agreement with the kSO2 /k(H2 O)n range of (1-3) × 104 reported in other studies
(Atkinson and Lloyd, 1984; Newland et al., 2015; Welz et al., 2012). However, these
results are considerably different than those of Stone et al. (2014), who measured a
lower limit of kSO2 /k(H2 O)n > 4 × 105 . Although the source of the discrepancy is not
clear, the experiments of Stone et al. (2014) were performed differently compared
to this work. Stone et al. (2014) quantified CH2 OO decay via chemical scavenging
to form HCHO and made the assumption that HCHO production is proportional to
CH2 I (Criegee precursor) concentrations. Like other studies that measure CH2 OO
decay (Taatjes et al., 2008), Stone et al. (2014) provides lower limits on kSO2 /k(H2 O)n
due to unknown processes that affect the first-order SCI decay when H2 O is added.
As this work captures at least one co-product of each branch in the CH2 OO + (H2 O)n
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Figure E.6: Relative rate experiments of H2 O and SO2 as scavengers for CH2 OO,
produced by the ozonolysis of ∼20 ppbv of isoprene at 298 K, under the following
conditions: (A) 15 ppbv of SO2 and 20% RH, (B) 15 ppbv of SO2 and <4% RH,
and (C) 75 ppbv of SO2 and <4% RH. Total sulfur (black diamonds) represents the
sum of SO2 and H2 SO4 .

reaction, our measurement can be considered absolute. However, it must be noted
that challenges in quantifying low [H2 O] and complex reaction products also give
rise to significant uncertainties in this work – a limitation that likely permeates all
studies of SCI + (H2 O)n reactions.
E.3.4

Fates of CH2 OO in the Atmosphere: A Case Study from SOAS

To put the competition between the reaction of H2 O and SO2 with CH2 OO into
perspective, it would require 500 ppb of SO2 to have equal reactivity with H2 O at an
average RH of 30% (T = 295 K, P = 1 atm). Many areas of the world are more humid
than this RH level, especially in forested areas where biogenic emissions are high. At
RH > 50%, the amount of SO2 needed for equal reactivity would be found only in a
power plant or volcanic plume. Here, we examine the fates of CH2 OO and molecular
contributors to SO2 oxidation in a typical Southeastern United States forest that emits
predominantly isoprene during summer. The comprehensive datasets were obtained
by multiple investigators as part of the Southern Oxidant and Aerosol Study in Brent,
AL during June of 2013 (https://SOAS2013.rutgers.edu/). A time-of-flight CF3 O−
CIMS provided measurements of SO2 , H2 O2 , and oxidized organic compounds and
a commercial weather station (Coastal Environmental Systems model Zeno 3200)
provided measurements of T, P, and RH needed to calculate water vapor mixing
ratio. The measurement site was occasionally impacted by SO2 pollution from
nearby power plants.
Figure E.7 shows the measured CH2 OO + (H2 O)n products and the CH2 OO +
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Figure E.7: Measurements of compounds that are formed via CH2 OO bimolecular
reactions during the SOAS 2013 campaign (A) formic acid, and (B) HMHP, HPMF,
and H2 O2 . HCOOH and H2 O2 , in particular, have multiple photochemical sources.

HCOOH product for the duration of the SOAS study. While HCOOH and H2 O2 , two
compounds with multiple photochemical sources, are known to have high concentrations at the Earth’s surface, the presence of large abundances of HMHP produced
from biogenic ozonolysis chemistry has previously not been fully appreciated. The
mixing ratio of HMHP reaches 600 ppt during some events at this site (Figure E.7b).
Other limited observations of HMHP report even higher mixing ratios (Lee et al.,
1993a). Concentrations of HMHP are comparable to the sum of two major products
of the isoprene + OH oxidation under HO2 -dominated conditions (ISOPOOH +
IEPOX) during the SOAS campaign (Nguyen et al., 2015a). We note, however, that
the interpretation of the ambient surface mixing ratio of HMHP is challenging as it
is affected by poorly-constrained oxidative and photolytic loss processes. Additionally, the nocturnal peak concentrations of HMHP reflect both chemical production
and nighttime boundary layer dynamics.
The persistently humid (2–3 vol% H2 O) and occasionally polluted atmosphere
at SOAS provides a useful case study to examine the reactions of CH2 OO (Figure
E.18 in the Supporting Information). Despite plumes that approached 10 ppb, SO2
only negligibly impacted the CH2 OO fate. Using laboratory-derived relative rate
results (Section E.3.3), CH2 OO loss in the gas phase was almost entirely controlled
by the H2 O reactions (>98%) for every day of the SOAS study (Figure E.19a in
the Supporting Information). At peak SO2 mixing ratios, the fraction of CH2 OO
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that was oxidized by SO2 was below 1%. In comparison, the effective reaction
with HCOOH is slightly more efficient at 1–2% of the total CH2 OO fate due
to high HCOOH mixing ratios (∼4 ppb, Figure E.7a) and a faster rate coefficient
(kHCOOH /kSO2 ∼ 2.8; Sipilä et al., 2014). Still, the product of the CH2 OO + HCOOH
reaction, HPMF, was not present at quantifiable concentrations during the majority
of the month-long study (Figure E.7b). Using peak SO2 and HCOOH mixing ratios
observed during the SOAS campaign, we find that the water reaction is dominant at
all atmospherically-relevant RH (Figure E.19b in the Supporting Information).
Given the ubiquity of water in the troposphere, it is more informative to explore
the CH2 OO reactions from the point of view of SO2 and HCOOH oxidation. We
use the observed mixing ratios of ozone, abundant exocyclic alkenes (isoprene and
β-pinene), and water vapor to estimate the steady-state concentrations of CH2 OO
at this site (∼2 × 103 molec cm3 in the daytime) for the month-long study (Figure
E.17 in the Supporting Information). The production term was calculated from the
ozonolysis reaction, using respective SCI yields of 0.6 for isoprene (this work) and
0.3 for β-pinene (assuming that the scavenged SCI are mostly CH2 OO; Hasson et al.,
2001a). The loss term assumes H2 O and (H2 O)2 are the only sinks for CH2 OO at
this site (Figure E.19b in the Supporting Information). α-Pinene is the second most
abundant alkene in this forest but its ozonolysis is not thought to produce CH2 OO.
The rate coefficients of relevant reactions (Atkinson et al., 2006; Khamaganov and
Hites, 2001) were calculated using measured temperature inputs (292–306 K) during
SOAS: k ISO+O3 (∼1 × 10−17 cm3 molec−1 s−1 ), k β−PI N+O3 (∼2 × 10−17 cm3 molec−1
s−1 ), kOH+SO2 (∼1 × 10−12 cm3 molec−1 s−1 ), and kOH+HCOOH (∼4.5 × 10−13 cm3
molec−1 s−1 ). The average OH concentration used in the calculation was 1 × 106
molec cm−3 . For CH2 OO reaction coefficients, we used kSO2 /k(H2 O)n ∼2.2 × 104
(where n = 1, 2; this work), absolute rate coefficients as reported in Section E.3.2.2,
and two different relative rate determinations for HCOOH reactions that are notably
different: kHCOOH /kSO2 ∼2.8 ("kHCOOH1 ", Sipilä et al. (2014)) and kHCOOH /k(H2 O)
∼1.4 × 104 ("kHCOOH2 ", Neeb et al. (1997)). Using kSO2 /k(H2 O)n and k(H2 O) in this
work, kHCOOH1 ≈ 5.5 × 10−11 cm3 molec−1 s−1 and kHCOOH2 ≈ 2.0 × 10−11 cm3
molec−1 s−1 .
Figure E.8a shows that CH2 OO accounts for <6% of the gas-phase SO2 oxidation
at the SOAS site. This is in stark contrast to the proposed 50% contribution of
"compound X" (suggested to be related to Criegee chemistry) to the oxidation
of SO2 in a Finnish boreal forest (Mauldin et al., 2012). The discrepancy has
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been suggested to be due to the different distribution of volatile alkenes in boreal
forests, i.e., that the SCI from α-pinene may have a higher relative contribution
to SO2 oxidation. However, given the large OH yields from α-pinene ozonolysis
(0.70–0.91) (Atkinson and Aschmann, 1993; Chew and Atkinson, 1996; Paulson et
al., 1998; Rickard et al., 1999; Siese et al., 2001), and the fast decomposition rates of
larger Criegees (this work and elsewhere), the population of SCIs that are available
for bimolecular reaction from α-pinene is expected to be small and their contribution
to sulfate formation, thus, an open question. In cleaner environments, a significant
pathway toward new particle formation may be the production of extremely low
volatility compounds from α-pinene ozonolysis (Ehn et al., 2014; Jokinen et al.,
2014), through the VHP channel and subsequent autoxidation reactions (Crounse et
al., 2012) of the RO2 . In comparison, CH2 OO may oxidize a larger amount (<35%)
of HCOOH, as its CH2 OO reaction is faster and its OH reaction is slower than the
analogous reactions for SO2 . However, depositional losses, instead of oxidation, is
thought to dominate the atmospheric fate of HCOOH (τdep ∼ 20–40 h (at 1.5 km
PBL height), τOH ∼ 620 h, τSCI ∼ 1800 h) (Nguyen et al., 2015a). Finally, we
conclude that CH2 OO does not significantly affect the atmospheric lifetime of SO2
or HCOOH.
E.4

Atmospheric Implications

This work provides new insights into the reactions of isoprene-derived Criegee
intermediates, especially for the decomposition pathways of the excited C4 Criegees
where scarce experimental data are available. The model mechanism in this work
suggests that C4 Criegees decompose to OH, HCHO, and other products in the atmosphere without significantly producing SCI that participate in bimolecular reactions. Some existing atmospheric models, such as the Master Chemical Mechanism
(MCM), assume the C4 Criegees lose O(3 P) to form MVK and MACR, although this
is not supported by our observations. A significant portion of the OH and HCHO
yields is secondary. One reaction, subset CH2 OO + (H2 O)n , accounts for almost all
of the SCI bimolecular reactions in isoprene ozonolysis under typical atmospheric
conditions. This implies that isoprene-derived SCIs are a negligible contributor to
H2 SO4 production in the atmosphere. If stabilized Criegees indeed play a role in
new particle formation, the events will be localized to regions that are not dominated by the reactivity of ozone with isoprene. Those areas may instead be abundant
in the small hydroperoxides that are quickly deposited to plant canopies (Nguyen
et al., 2015a). Our data are consistent with the suggestion that isoprene emissions
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Figure E.8: Significance of CH2 OO as an oxidant for (A) SO2 and (B) HCOOH. In
panel B, relative rate determinations by (1) Sipilä et al. (2014) and (2) Neeb et al.
(1997) were used.
can suppress new particle formation (Kiendler-Scharr et al., 2009), although the
specific inhibition mechanism is still unclear, while these events readily occur in
boreal forests (Mäkelä et al., 1997). Discussions of whether monoterpene SCI in
Boreal forests may appreciably oxidize SO2 will hinge on the understanding of their
unimolecular lifetimes and (H2 O)n reactivity. Lastly, due to the structurally-specific
reactivities of SCI, model simulations of ozonolysis chemistry should explicitly
speciate alkenes and incorporate a conformationally-dependent reaction scheme.
Incorporation of the isoprene ozonolysis mechanism (Figure E.4 and Supporting
Information) into atmospheric models will likely improve the accuracy of OH, HO2 ,
and trace gas simulations in the atmosphere.
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E.5

Supporting Information

Figure E.9: (A) Partial calibration of the humidity dependence of HMHP ion
sensitivity in CIMS. The HO2 + HCHO reaction (from the photolysis of 4ppmv of
formaldehyde, yellow shaded region) was used to produce approximately 5.7 ppbv
of HMHP in the atmospheric chamber at 298K and 1 atm. The HMHP mixing ratio
was allowed to stabilize for 1 hour before water-dependent calibration started. The
stabilized HMHP mixing ratio from the chamber was sampled in the dark by CIMS,
with nitrogen dilution streams that contained various mixing ratios of water: Gray
regions denote 147 sccm of chamber air (dry) mixed with 1600 sccm of a dry ([H2 O]
< 100 ppmv) nitrogen flow (similar to standard operation), blue regions denote 147
sccm of chamber air mixed with 1600 sccm of a humid ([H2 O] up to 4000 ppmv)
nitrogen flow, and white regions denote a break in sampling or sampling of 147 sccm
of clean air mixed with 1600 sccm of a dry nitrogen flow. Data from the gray regions
were used to confirm that the mixing ratio of HMHP in the chamber did not change
significantly throughout the calibration period. Data from the white regions were
used to confirm that the background (free of HMHP) did not shift throughout the
calibration period. (B) The complete relationship of CIMS ion sensitivity vs. water
vapor in the CIMS flow region for H2 O2 , HCOOH, and HMHP for the instrument
used in this study.
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Scheme S1: Model mechanism at T = 295 K and P = 1 atm, based on a condensed
version of Figure E.4 in the main text. The OH chemistry of cyclohexane (CHX) is
monitored as it produces RO2 and consumes HO2 . Standard background chemistry
(e.g. HO x , NO y reactions, not shown) is also incorporated. Minor oxygenated
organics (e.g. 1-hydroperoxy-2-oxybut-3-ene) are all lumped as a generic "product"
compound. Rate coefficients for the background reactions are based off IUPAC
recommendations except where noted.
Ozonolysis Mechanism
x34POZ = 0.6;
x12POZ = 0.4;
xMACR = 0.68;
xMACROO = 1-xMACR;
xsynMACROO = 0.2;
xantiMACROO = 0.8;
xMVK = 0.42;
xMVKOO = 1-xMVK;
xsynMVKOO = 0.6;
xantiMVKOO = 0.4;
xdioxole = 0.25;
xdioxirane = 0.72;
xstable = 0.03;
xdecarbox = 0.7;
xPA_CH3CH2 = 0.35;
xHP = 0.3;
xDC = 0.3;
xRO = 0.4;
xOH = x12POZ.*xMVKOO.*xsynMVKOO;
yOH = xOH ...
+ xOH.*xRO + xOH.*xDC + xOH.*xRO.*xRO...
+ x34POZ.*xMACROO.*xantiMACROO.*xdioxirane...
.*xdecarbox.*xRO.*xPA_CH3CH2...
+ x34POZ.*xMACROO.*xsynMACROO.*xdioxirane...
.*xdecarbox.*xRO.*xPA_CH3CH2...
+ x12POZ.*xMVKOO.*xantiMVKOO.*xdioxirane...
.*xdecarbox.*xRO.*xPA_CH3CH2;
yform = (x34POZ.*xMACROO + x12POZ.*xMVKOO)...
+ xOH.*xRO + xOH.*xRO.*xRO ...
+ x34POZ.*xMACROO.*xantiMACROO.*xdioxirane.*xdecarbox...
+ x34POZ.*xMACROO.*xsynMACROO.*xdioxirane.*xdecarbox ...
+ x12POZ.*xMVKOO.*xantiMVKOO.*xdioxirane.*xdecarbox;
yHO2 = xOH.*xDC + xOH.*xRO.*xRO ...
+ x34POZ.*xMACROO.*xantiMACROO.*xdioxirane.*xdecarbox...
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+ x34POZ.*xMACROO.*xsynMACROO.*xdioxirane.*xdecarbox;
ymacr = x34POZ.*xMACR;
ymvk = x12POZ.*xMVK;
Isop + O3;
k = 1.3e-17;
Y(MACR) = ymacr;
Y(MVK) = ymvk;
Y(HCHO) = yform;
Y(CH2OO_SCI) = ymacr + ymvk;
Y(MACROO_SCI) = x34POZ.*xMACROO.*xstable;
Y(MVKOO_SCI) = x12POZ.*xMVKOO.*xstable;
Y(OH) = yOH;
Y(HO2) = yHO2;
Y(products) = xOH*xHP + xOH.*xDC + xOH.*xRO...
+ x34POZ.*xMACROO.*xantiMACROO.*xdioxole...
+ x12POZ.*xMVKOO.*xantiMVKOO.*xdioxole;
MACR + O3;
k = 1.8e-18;
Y(products) = 1;
MVK + O3;
k = 4.8e-18;
Y(products) = 1;
Isop + OH;
k = 1e-10;
Y(products) = 1;
MACR + OH;
k = 3.4e-11;
Y(products) = 1;
MACR + OH;
k = 1.9e-11;
Y(products) = 1;
CHX + OH;
k = 7.3e-12;
Y(CHX_RO2) = 1;
CHX_RO2 + CHX_RO2;
k = 5.7e-12;
Y(cyclohexanone) = 0.5;
Y(cyclohexanol) = 0.5;
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CHX_RO2 + HO2;
k = 1.612e-11;
Y(cyclohexane hydroperoxide) = 1;
CHX_RO2 + SCI;
k = 5e-12;
Y(products) = 1;
CH2OO_SCI + H2O;
k = 0.9e-15;
Y(HMHP) = 0.73;
Y(H2O2) = 0.06;
Y(HCHO) = 0.06;
Y(HCOOH) = 0.21;
CH2OO_SCI + (H2O)2;
k = 0.8e-12;
Y(HMHP) = 0.40;
Y(H2O2) = 0.06;
Y(HCHO) = 0.06;
Y(HCOOH) = 0.54;
CH2OO_SCI + Isop;
k = 1.78e-13;
Y(products) = 1;
CH2OO_SCI + O3;
k = 1e-12;
Y(HCHO) = 0.7;
MACROO_SCI + H2O;
k = 1.8e-15;
Y(products) = 1;
MACROO_SCI;
k = 250;
Y(products) = 1;
MVKOO_SCI + H2O;
k = 1.8e-15;
Y(products) = 1;
MVKOO_SCI;
k = 250;
Y(products) = 1;
Background Mechanism
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HO2 + HO2; % water dependent, k based on Stone and Rowley PCCP 2005
k = 1.8e-14.*exp(1500/T)*(1+1e-25.*fH2O.*M.*exp(4670/T));
Y(H2O2) = 1;
Y(O2) = 1;
OH + H2O2;
k = 1.69e-12;
Y(H2O) = 1;
Y(HO2) = 1;
OH + HO2;
k = 1e-10;
Y(H2O) = 1;
Y(O2) = 1;
OH + OH;
k0 = 7.0e-31.*(T./300).^(-1);
kinf = 2.6e-11.*(T./300).^(-0);
Fc = 0.6;
k = (k0.*M)./(1+(k0.*M./kinf)).*Fc.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(H2O2) = 1;
OH + HONO;
k0 = 7.0e-31.*(T./300).^(-1);
kinf = 2.6e-11.*(T./300).^(-0);
Fc = 0.6;
k = (k0.*M)./(1+(k0.*M./kinf)).*Fc.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(H2O) = 1;
Y(H2O2) = 1;
OH + HNO3;
k0 = 2.4e-14*exp(460/T);
k2 = 2.7e-17*exp(2199/T);
k3 = 6.5e-34*exp(1335/T);
k = k0+k3.*M./(1+k3.*M./k2);
Y(H2O) = 1;
Y(NO3) = 1;
OH + NO;
k0 = 7.0e-31.*(T./300).^(-2.6);
kinf = 3.6e-11.*(T./300).^(-0.1);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(HONO) = 1;
OH + NO2;
k0 = 1.51e-30.*(T./300).^(-3.0); % Updated to Mollner, Science, 2010
kinf = 2.58e-11.*(T./300).^(-0.0);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
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Y(HNO3) = 1;
OH + NO2;
k0 = 6.2e-32.*(T./300).^(-3.9);
kinf = 8.1e-11.*(T./300).^(-0.5);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(HOONO) = 1;
HOONO;
eq = 3.9e-27.*exp(10125./T);
k0 = 6.2e-32.*(T./300).^(-3.9);
kinf = 8.1e-11.*(T./300).^(-0.5);
kf = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
k = kf/eq;
Y(HO) = 1;
Y(NO2) = 1;
HO2 + NO;
k = 8.17E-12;
Y(OH) = 1;
Y(NO2) = 1;
O(3P) + HO2;
k = 5.9e-11;
Y(OH) = 1;
Y(O2) = 1;
O(3P) + O2;
k = 6.0e-34*(T/300).^(-2.4)*M;
Y(O3) = 1;
O3 + HO2;
k = 1.9e-15;
Y(OH) = 1;
Y(O2) = 2;
O3+OH;
k = 7e-14;
Y(HO2) = 1;
Y(O2) = 1;
O(1D) + H2O;
k = 2e-10;
Y(OH) = 2;
O(1D);
k = 3.2e-11*exp(67/T)*M;
Y(O3P) = 1;
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O(3P) + NO;
k0 = 9.0e-32.*(T./300).^(-1.5);
kinf = 3.0e-11.*(T./300).^(-0.0);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(NO2) = 1;
O(3P) + NO2;
k = 1.04e-11;
Y(NO) = 1;
Y(O2) = 1;
O(3P) + NO2;
k0 = 2.5e-31.*(T./300).^(-1.8);
kinf = 2.2e-11.*(T./300).^(-0.7);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(NO3) = 1;
O3 + NO;
k = 1.86e-14;
Y(NO2) = 1;
Y(O2) = 1;
O3+NO+NO;
k = 2e-38.*cO2;
Y(NO) = 1;
Y(NO3) = 1;
O3 + NO2;
k = 3.46e-11;
Y(NO3) = 1;
Y(O2) = 1;
NO3 + NO2;
k0 = 2.7e-27.*(T./300).^(-4.4);
kinf = 1.4e-12.*(T./300).^(-0.7);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(N2O5) = 1;
N2O5 + H2O;
k = 2.5e-22;
Y(HNO3) = 2;
N2O5 + H2O + H2O;
k = 1.8E-39*fH2O*M;
Y(HNO3) = 2;
Y(H2O) = 1;
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N2O5;
eq = 2.7e-27.*exp(11000./T);
k0 = 9.0e-29.*(T./300).^(-4.4);
kinf = 1.4e-12.*(T./300).^(-0.7);
kf = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
k = kf/eq;
Y(NO3) = 1;
Y(NO2) = 1;
NO3 + NO;
k = 2.27e-11;
Y(NO2) = 2;
NO3 + NO3;
k = 2.1e-16;
Y(NO2) = 2;
Y(O2) = 1;
NO3 + HO2;
k = 3.5e-12;
Y(NO2) = 1;
Y(O2) = 1;
Y(OH) = 1;
HO2 + NO2;
k0 = 2.0e-31.*(T./300).^(-3.4);
kinf = 2.9e-12.*(T./300).^(-1.1);
k = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
Y(HO2NO2) = 1;
HO2NO2;
eq = 2.1e-27.*exp(10900/T);
k0 = 2.0e-31.*(T./300).^(-3.4);
kinf = 2.9e-12.*(T./300).^(-1.1);
kf = k0.*M./(1+(k0.*M./kinf)).*0.6.^((1+(log10(k0.*M./kinf)).^2).^(-1));
k = kf./eq;
Y(HO2) = 1;
Y(NO2) = 1;
OH + HO2NO2;
k = 4.71e-12;
Y(HO2) = 1;
Y(NO2) = 1;
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Figure E.10: Wall loss rates of HMHP, HCOOH, and H2 O2 at two representative
relative humidity conditions.
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Figure E.11: An ozonolysis experiment, where formic acid was injected halfway
through the experiment. The signal for HPMF was the only one (besides formic
acid) that increased due to the reaction of CH2 OO + HCOOH.
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Figure E.12: CF3 O− CIMS mass spectra shown for three RH experiments. In
general acidic compounds are quantified by their fluoride transfer (M + F− ) ion
and most other compounds by the cluster ion (M + CF3 O− ). Each compound has
a water-dependent calibration that has not been applied to the figure, so the ion
signals should be interpreted qualitatively. The peak labels correspond to: (a)
HCOOH – m/z 65 (transfer) and m/z 131 (cluster), (b) H2 O2 – m/z 119 (cluster),
(c) Glycolaldehyde or isobaric compound – m/z 145 (cluster), (d) HMHP – m/z
149 (cluster), (e) Hydroxyacetone or methylvinylhydroperoxide – m/z 159 (cluster),
(f) Unidentified – m/z 171, (g) HPMF – m/z 177 (cluster), (h) Unidentified – m/z
191, (i) Unidentified – m/z 217, (j) Acetic acid – m/z 79 (transfer) and m/z 145
(cluster), (k) Methyl hydroperoxide - m/z 133 (cluster). Peaks from CF3 O reagent
have been subtracted and suspected impurities are not labelled. Glycolaldehyde and
acetic acid cluster (m/z 145) are isobaric; however, the m/z 145 signal is mainly
due to glycolaldehyde at low RH and acetic acid at higher RH (confirmed by a
corresponding transfer ion).
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Figure E.13: Possible rearrangement of dioxiranes with allylic functionality.
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Figure E.14: The population of (A) water monomer molecules and (B) water dimer
molecules as a function of RH, based on cluster association equilibrium thermodynamic functions reported in Owicki et al. (1975). The fraction of each reaction,
using rate coefficients reported in the main text and in the Supporting Information,
is shown in panel C.
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Figure E.15: Comparison between H2 O2 observed by CIMS (filled markers) and
calculated H2 O2 using observed HO2 data from GTHOS (Figure E.17, lines) for (A)
dry conditions, kHO2 +HO2,295K = 2.92 × 10−12 cm3 molec−1 s−1 and (B) RH 37%
conditions, kHO2 +HO2,295K = 3.53 × 10−12 cm3 molec−1 s−1 . Uncertainty bounds are
used as reported in the main text. Rate coefficients are derived from the temperature
and RH dependence reported by Stone and Rowley (2005).
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Figure E.16: Model sensitivity study using two RH conditions (RH = 51%, where
the water dimer and water monomer rate are both important, and RH = 1.2%, where
only the water monomer rate is important). Results from 5 sensitivity cases, using
different monomer and dimer rate coefficients, are shown. Case 1, shown in the
red border, successfully reproduces all data reported in this work (Figure E.5 in the
manuscript). Cases 2-5 explored the dimer rate coefficient of Chao et al. (2015).
For the Chao et al. (2015) dimer rate coefficient to reproduce the RH = 51% results,
the monomer rate coefficient would need to be adjusted to be higher than the upper
bound reported by Welz et al. (2012) – shown in the blue border, Case 5. The high
monomer rate in Case 5 now over predicts CH2 OO water products in the dry case.
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Figure E.17: Simulated and measured HO2 mixing ratios at two RH conditions
during the FIXCIT campaign. The model mechanism does not yet include secondgeneration sources of HO2 .

Figure E.18: Atmospheric mixing ratios of (A) water vapor, (B) sulfur dioxide,
(C) exocyclic VOCs isoprene and β-pinene, and (D) ozone during the measurement
period of the SOAS campaign.
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Figure E.19: (A) Fraction of CH2 OO that reacts with H2 O, SO2 and HCOOH
during the SOAS campaign. (B) Given high SO2 and HCOOH mixing ratios, the
fate of CH2 OO varies with RH; however, the H2 O reaction dominates at all realistic
atmospheric humidities.
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Appendix F

TIME-RESOLVED MOLECULAR CHARACTERIZATION OF
ORGANIC AEROSOLS BY PILS + UPLC/ESI-Q-TOFMS

Zhang, X., N. Dalleska, D. Huang, K. Bates, A. Sorooshian, R. Flagan, and J.
Seinfeld (2016). “Time-resolved molecular characterization of organic aerosols
by PILS + UPLC/ESI-Q-TOFMS”. In: Atmos. Environ. 130, pp. 180–189. doi:
http://doi.org/10.1016/j.atmosenv.2015.08.049.
Abstract
Real-time and quantitative measurement of particulate matter chemical composition represents one of the most challenging problems in the field of atmospheric
chemistry. In the present study, we integrate the Particle-into-Liquid Sampler
(PILS) with Ultra Performance Liquid Chromatography/Electrospray ionization
Quadrupole Time-of-Flight High-Resolution/Mass Spectrometry (UPLC/ESI-QTOFMS) for the time-resolved molecular speciation of chamber-derived secondary
organic aerosol (SOA). The unique aspect of the combination of these two wellproven techniques is to provide quantifiable molecular-level information of particlephase organic compounds on timescales of minutes. We demonstrate that the application of the PILS + UPLC/ESI-Q-TOFMS method is not limited to water-soluble
inorganic ions and organic carbon, but is extended to slightly water-soluble species
through collection efficiency calibration together with sensitivity and linearity tests.
By correlating the water solubility of individual species with their O:C ratio, a parameter that is available for aerosol ensembles as well, we define an average aerosol
O:C ratio threshold of 0.3, above which the PILS overall particulate mass collection efficiency approaches ∼0.7. The PILS + UPLC/ESI-Q-TOFMS method can be
potentially applied to probe the formation and evolution mechanism of a variety of
biogenic and anthropogenic SOA systems in laboratory chamber experiments. We
illustrate the application of this method to the reactive uptake of isoprene epoxydiols
(IEPOX) on hydrated and acidic ammonium sulfate aerosols.
F.1

Introduction

Chemical characterization of particulate organic compounds is crucial to understand the formation and evolution of secondary organic aerosol (SOA). The
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conventional method for particle-phase molecular speciation is to collect aerosols
on a filter substrate, followed by extraction and preconcentration. Analysis of filter
extracts is commonly performed by liquid chromatography (LC) and gas chromatography (GC), coupled to mass spectrometry with the use of electron ionization (EI),
chemical ionization (CI), electrospray ionization (ESI), and atmospheric pressure
chemical ionization (APCI) (Dye and Yttri, 2005; Lavrich and Hays, 2007; Lin
et al., 2012; Simpson et al., 2005; Surratt et al., 2007a; Surratt et al., 2007b; Surratt
et al., 2006; Szmigielski et al., 2007). Major organic classes in SOA that have been
identified from filter-based analysis include (nitrooxy)-organosulfates (Chan et al.,
2011; Iinuma et al., 2007; Surratt et al., 2007a; Surratt et al., 2008, 2007b), dimers,
trimers, and oligomers (Gao et al., 2004; Jang et al., 2002; Kalberer et al., 2004;
Limbeck et al., 2003; Schilling Fahnestock et al., 2015), and humic-like substances
(Gelencser et al., 2002; Graham et al., 2002). A limitation of filter-based analysis is
low time resolution and, consequently, the inability to track particle-phase kinetics.
In addition, filter artifacts, such as adsorption of ambient vapors and evaporation of
semi-volatile compounds from the filter surface, lead to uncertainties in the quantification of particle-phase components (Dzepina et al., 2007; Schauer et al., 2003;
Turpin et al., 2000).
Powerful, on-line techniques have been developed for chemical speciation of organic aerosols, with rapid time response and minimum sample handling. The general
principle is to vaporize airborne aerosols by thermal or laser desorption, followed
by ionization and mass spectrometric detection (Canagaratna et al., 2007; Sullivan
and Prather, 2005). The Aerodyne Aerosol Mass Spectrometer (AMS), which is
now a routine component of ambient and chamber studies, enables measurement of
organic fragments and derivation of the atomic O:C and H:C ratios (Aiken et al.,
2007; Aiken et al., 2008; Jimenez et al., 2003). Identification of individual species
by AMS is not available due to the high evaporation temperature (600 ◦ C) and EI
energy (70 eV), which result in significant molecular fragmentation. Moreover, all
thermal/laser desorption methods are susceptible to fragmentation of non-refractory
compounds. To achieve unambiguous molecular identification of particulate organic
compounds, extensive fragmentation is avoided by employing soft ionization techniques such as chemical ionization (Aljawhary et al., 2013; Hearn and Smith, 2004;
Hellen et al., 2008; Hoffmann et al., 1998; Lopez-Hilfiker et al., 2014; Smith et al.,
2005; Yatavelli and Thornton, 2010), photoelectron resonance capture ionization
(LaFranchi and Petrucci, 2006; Zahardis et al., 2006), and vacuum ultraviolet single
photon ionization (Ferge et al., 2005; Isaacman et al., 2012; Northway et al., 2007;
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Oktem et al., 2004). Full-scale implementation of these methods into routine measurements requires achieving short measurement cycles, resolving quantification
capability, interpreting the mass spectral complexity, and comparing data recovery
with conventional methods.
The Particle-into-Liquid Sampler (PILS), first developed by Weber et al. (2001),
grows aerosols by supersaturated water vapor condensation, producing droplets
sufficiently large for collection by inertial impaction. The resulting liquid samples
can be analyzed by ion chromatography (IC) for water-soluble inorganic ions and
small dicarboxylic acids (Ma et al., 2004; Oakes et al., 2010; Orsini et al., 2003;
Rastogi et al., 2009; Sorooshian et al., 2008; Sorooshian et al., 2007), or by a total
organic carbon analyzer (TOC) for the total water soluble organic carbon (WSOC)
(Peltier et al., 2007; Sullivan et al., 2006). PILS coupled with mass spectrometry has
also been deployed for the analysis of WSOC in field and chamber measurements.
Bateman et al. (2010) compared the off-line mass spectra of limonene + O3 derived
SOA samples collected by PILS with those collected on filter substrates and found
that the peak abundance, organic mass to organic carbon ratios, and the average O:C
ratio are essentially identical. Parshintsev et al. (2010) integrated PILS on-line with
a solid-phase extraction chromatographic system for the characterization of organic
acids. Using a similar concept, Clark et al. (2013) directly injected PILS samples
into the ionization source of the mass spectrometer and validated the PILS-ToF-MS
system against other particle measurement methods in terms of total ion abundance
and average O:C ratios of isoprene and α-pinene derived SOA.
A primary challenge in the deployment of PILS as an effective particle collection
device lies in the determination of the overall mass collection efficiency. Ambient
and chamber derived organic aerosols usually comprise of thousands of species
with various physicochemical properties. Since PILS was originally designed to
use water steam as the growing agent, one expects that particles with an extreme
hydrophobic surface would be difficult to collect. Therefore, a guideline needs to
be developed for the reference of PILS selectivity to certain types of aerosols. This
is one main focus of the present study.
Here we combine PILS with Ultra Performance Liquid Chromatography/ Electrospray Ionization Quadrupole Time-of-Flight High-Resolution Mass Spectrometry
(UPLC/ESI-Q-TOFMS), for time-revolved molecular-level characterization of SOA
during chamber experiments. This technique is particularly suited to polar or watersoluble organic molecules, and potentially high molecular weight species, such
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as organosulfates. Advantages of this technique include: 1) No need for sample
preparation; 2) Molecular-level information can be inferred from the electrospray
ionization process, in which ions are, in general, observed as those of the parent
molecule with the addition of an H atom (positive mode) or removal of an H atom
(negative mode); 3) Temporal profiles of particle composition can be obtained on
a time scale consistent with that of SOA evolution; and 4) Chromatographic separation of organic compounds with different polarities avoids the analyte signal
suppression that occurs during the electrospray process of organic mixtures, leading
to molecular-level quantification of particle-phase constituents. We demonstrate
that the PILS + UPLC/ESI-Q-TOFMS method is suitable to measure water-soluble
organic carbon (WSOC), as well as less hydrophilic or slightly water-soluble compounds. A collection efficiency of >0.6 can be achieved for chamber-derived SOA
systems with average O:C ratios >0.3. We illustrate the application of this technique to the reactive uptake of isoprene epoxydiols (IEPOX) on hydrated and acidic
ammonium sulfate aerosols.
F.2
F.2.1

Experimental Methods
Pure Component Organic Aerosols

Table F.1 gives the chemical properties of organic standards (purchased from
Sigma Aldrich) that were used to generate pure component organic aerosols. These
standards include carboxylic acids, amines, and polyols that span a broad range in
water solubility from miscible to insoluble, and vapor pressure from intermediate to
low volatility. Each standard was dissolved in water or isopropanol to produce a concentrated solution. Aerosols with known chemical composition were produced by
atomizing each single concentrated solution followed by desolvation. Two diffusion
denuders filled with silica gel and activated carbon were used to remove the solvent
prior to injection into the Caltech 24 m3 Teflon chamber. Relative humidity (RH) and
temperature in the chamber were maintained at <5% and 25 ◦ C, respectively. The
size distribution and number concentration of the pure component organic aerosols
were measured continuously using a custom-built scanning mobility particle sizer
(SMPS) consisting of a differential mobility analyzer (DMA, TSI, 3081) coupled
with a condensation particle counter (CPC, TSI, 3010). More details of the SMPS
operation can be found in Loza et al. (2014), Zhang et al. (2014a), and Zhang et al.
(2014b).
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compound

chemical
formula

Adenine
C5 H5 N5
Adonitol
C5 H12 O5
Adipic acid
C6 H10 O4
d-Sorbitol
C6 H14 O6
Diethylmalonic acid C7 H12 O4
Vanillic acid
C8 H8 O4
Azelaic acid
C9 H16 O4
cis-Pinonic acid
C10 H16 O3
Myristic acid
C14 H28 O2
Palmitic acid
C16 H32 O2

exact
mass

m/z
(error/mDa)

135.0545
[M+H]+ (1.6)
152.0685
[M-H]− (4.8)
146.0579
[M-H]− (0.6)
180.0634
[M-H]− (2.5)
160.0736 [M-CO2 -H]− (0.1)
168.0423
[M-H]− (-1.8)
188.1049
[M-H]− (-4.2)
184.1099
[M-H]− (1.9)
228.2089
[M-H]− (0.7)
256.2402
[M-H]− (1.3)

water solubility
at 20 ◦ C

vapor pressure
(atm at 298 K)

0.103 g L−1
50.0 g L−1
0.25 g L−1
182.0 g L−1
25.0 g L−1
1.5 g L−1
2.14 g L−1
7.8 g L−1
20.0 mg L−1
7.2 mg L−1

8.117 × 10−5
7.711 × 10−12
3.292 × 10−9
2.424 × 10−14
2.696 × 10−9
7.940 × 10−10
1.151 × 10−10
1.485 × 10−7
6.711 × 10−9
7.175 × 10−10

Table F.1: Compounds used for method development. Water solubility data are from
Yaws (2003), and vapor pressure is estimated by taking the average of predictions
from the ‘Evaporation’ (Compernolle et al., 2011) and ‘SIMPOL.1’ (Pankow and
Asher, 2008) models.
F.2.2

Particle-into-Liquid Sampler (PILS)

Detailed characterization of the Caltech PILS, which is based on a modification of
the original design of Weber et al. (2001), is described by Sorooshian et al. (2006).
The chamber aerosol is sampled through a 1 µm cut size impactor with a flow
rate of 12.5 L min−1 , and passed successively through individual acid and base gas
denuders and an organic carbon denuder to remove inorganic and organic vapors.
A steam flow generated at 100 ◦ C is adiabatically mixed with the cooler sampled
air in a condensation chamber, creating a high water supersaturation environment
in which particles grow sufficiently large (D p > 1 µm) for collection by inertial
impaction onto a quartz plate. Impacted particles are transported to a debubbler
by a washing flow (0.15 mL min−1 ) comprising 50% water and 50% isopropanol.
The sampled liquid is delivered into vials held on a rotating carousel. This design
is especially beneficial for the application of liquid chromatography for organic
compound separation and selection, which generally requires a longer time than the
PILS collection cycle. Under the current configuration, a 5 min time resolution can
be achieved for the characterization of particle-phase dynamics.
F.2.3

UPLC/ESI-Q-TOFMS

The PILS collected samples are stored at 4 ◦ C and analyzed by UPLC/ESI-QTOFMS within 24 h without further pretreatment. A WATERS ACQUITY UPLC
I-Class System, coupled with a Quadrupole Time-of-flight Mass Spectrometer (Xevo
G2-S QToF) and equipped with an electrospray ionization (ESI) source, was used
to identify and quantify the PILS collected samples, including organic aerosol
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standards and chamber generated SOA. An ACUITY BEH C18 column (2.1 ×
50 mm) was used to separate relatively nonpolar species, including vanillic acid,
azelaic acid, cis-pinonic acid, myristic acid, palmitic acid, and IEPOX-derived
SOA. The eluent program is: 0-3.2 min: 100% A (0.1% formic acid in water);
3.2-3.5 min: 10% A and 90% B (acetonitrile); 3.5-5 min: 100% A. The total
flow rate is 0.5 mL min−1 and the injection volume is 5 µL. For extremely polar
or water soluble compounds, including adenine, adonitol, adipic acid, d-sorbitol
and diethylmalonic acid, an ACUITY BEH Amide column (2.1 × 150 mm) was
used for species separation. The eluent program is: 0-3 min: 5% A (10 mM
ammonium formate in water at pH = 9) and 95% B (acetonitrile); 3-3.01 min:
45% A and 55% B; 3.01-8 min: 5% A and 95% B. The total flow rate is 0.6 mL
min−1 and the injection volume is 4 µL. Note that the eluent program used here is
customized for the characterization of test aerosols that are composed of a single
chemical standard. For chamber-derived SOA samples that might contain thousands
of species with a variety of polarities, key parameters of the eluent program, such
as the type and ratio of polar vs. nonpolar solvents, the additives and pH range in
the mobile phase, and the overall elution duration, need to be optimized to achieve
compound specificity. The choice of separation modes is also very important.
For extremely polar compounds, hydrophilic-interaction chromatography is a more
suitable approach, compared with reverse-phase chromatography, which has been,
though, widely used in particle-phase speciation in previous studies. Optimum
electrospray conditions are: 2.0 kV capillary voltage, 40 V sampling cone, 30 V
source offset, 120 ◦ C source temperature, 350 ◦ C desolvation temperature, 30 L h−1
cone gas, and 650 L h−1 desolvation gas. MS/MS spectra were obtained by applying
a collision energy ramping program starting from 15 eV to 50 eV over one MS scan
in the collision cell. Accurate masses were corrected by a lock spray of leucine
encephalin (m/z 556.2771 [M+H]+ ). Data were acquired and processed using the
MassLynx v4.1 software.
F.3
F.3.1

Method evaluation
Simulation of Hygroscopic Growth of Organic Aerosols

The operational principle of the PILS is to grow particles in the presence of
supersaturated water vapor to the size of micro-droplets that can be collected by
inertial impaction. A key parameter that governs the extent of particle growth is
the water accommodation coefficient (αw ), which is defined as the fraction of water
molecules that are taken up by the particles upon collision with the surface. Here we
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investigate numerically the influence of αw on the predicted final size of the droplets
by condensational growth of particles.
The growth of a particle of diameter D p in the presence of supersaturated water
vapor is governed by (Seinfeld and Pandis, 2006):

dD p
4 · Dw · Mw  ∞
=
pw − pws (D p, Ts ) · f (Kn, αw )
dt
R · T · Dp · ρp

(F.1)

where Dw is the water vapor diffusivity, Mw is the water molecular weight, R is the
gas constant, T is the temperature, ρ p is the particle density, Kn (=2λ/D p ) is the
Knudsen number, f (Kn, αw ) is the correction factor for noncontinuum conditions
and imperfect accommodation, p∞
w is the water saturation vapor pressure far from
s
the particle, and pw (D p, Ts ) is the water vapor pressure over the particle surface.
Taking into account the vapor pressure variation due to the Kelvin effect, pws (D p, Ts )
becomes:


4 · σ · νl
s
0
(F.2)
pw (D p, Ts ) = pw (Ts ) · χw · γw · exp
R · T · Dp
where p0w (Ts ) is the water saturation vapor pressure at the particle temperature Ts ,
χw is the mole fraction of water in the particle phase, σ is the water surface tension,
νl is the water molar volume, and γw is the water activity coefficient, which is
assumed to be unity here. Note that particles in the PILS condensation chamber are
assumed to behave as a dilute solution so that γw approaches its infinite dilution limit
γw → 1. This is reasonable considering that the water volume fraction exceeds 0.93
in particles after 0.1 s of hygroscopic growth. The water activity coefficient deviates
from unity (<1) in non-ideal organic-salt-water mixtures (Zuend et al., 2008, 2010),
which is the case during the initial particle growth stage in the PILS condensation
chamber. This leads to an overestimate of the water vapor partial pressure over
the particle surface, and consequently, slower simulated particle growth rate due to
water condensation. In other words, the actual particle hydroscopic growth rate in
the PILS condensation chamber should be faster than the model simulations.
The particle surface temperature is determined by an energy balance on the
particle (Seinfeld and Pandis, 2006):



∆Hv · Mw
∆T
4 · σ · νl
∆Hv · Dw · ρw
· Sw,∞ − exp
·
+
· f (Kn, α)
∆T =
0
R · T∞
1 + ∆T R · T · D p
k a · T∞
(F.3)
where ∆T = (Ts − T∞ )/T∞ , ∆Hv is the latent heat of vaporization of water, ρw is
0
the density of water steam, k a is the effective thermal conductivity of air corrected
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0
for noncontinuum effects, and Sw,∞ = p∞
w /pw (T∞ ) is the environmental saturation
ratio. Equation F.3 needs to be solved numerically to determine the particle surface
temperature that is required in the calculation of the particle growth rate.

Figure F.1 shows the predicted hygroscopic growth of particles, with initial diameters ranging from 20 nm to 800 nm, as a function of water accommodation
coefficient (αw ). Particles with highly hydrophilic surface composition (αw → 1)
can grow sufficiently large (D p > 1 µm) to be collected by inertial impaction within
1 s, the particle residence time in the PILS condensation chamber. Water vapor
mass transfer to less hydrophilic particles (αw ≤ 10−2 ) is still sufficiently rapid
to grow particles to droplets >1 µm size. Significant kinetic reductions in water
uptake result when the particle-phase constituents are strongly hydrophobic (αw ≤
10−3 ). The effect of initial relative humidity (RH) in aerosol sampling flow on the
ultimate droplet size becomes critical when αw is ∼10−3 . The simulations suggest
that PILS can potentially collect particles with a wide range of water solubility, due
to the substantial imbalance in water vapor abundance far from and over the particle
surface. As discussed earlier, the assumption of ideal water-ion-organic interactions
leads to the underestimation of particle hygroscopic growth rate. As a result, the
specification of αw in the order of ∼10−3 as a criterion for "hydrophobic" particles
that fail to grow over 1 µm diameter might be a bit conservative.
F.3.2

Collection Efficiency

The PILS collection efficiency may deviate from unity owing to three processes:
1) particle losses due to gravitational settling, diffusion, and inertial deposition during transport in the PILS plumbing system and condensation chamber, 2) evaporation
of semi-volatile components during adiabatic mixing with steam, and 3) imperfect
accommodation of water vapor on particles, if hydrophobic (Orsini et al., 2003;
Sorooshian et al., 2006; Weber et al., 2001). In the present study, we characterize
the PILS collection efficiency by varying the particle chemical composition (i.e.,
polarity and volatility) and size distribution. The overall mass collection efficiency
(CEPI LS ) can be obtained by comparing the mass concentration measured by the
UPLC/ESI-Q-TOFMS and that derived from the DMA measured particle volume
distribution, assuming particle sphericity (Sorooshian et al., 2006):
CEPI LS =

1000 · m · Q l · DF · ρl
Q g · ρ p · Vp

(F.4)

where 1000 is the unit conversion factor, m is the UPLC/ESI-Q-TOFMS measured
organic standard mixing ratio (ppm), Ql is the liquid sampling flow rate (1.5 mL
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Figure F.1: Simulations of particle condensational growth over an initial size range
of 20-800 nm diameter in the presence of supersaturated water vapor for different
assumed water accommodation coefficients (αw = 10−3 , 10−2 , and 10−1 ) at initial
relative humidities (RH) of 5% (upper panel) and 80% (lower panel) in the chamber.
The black dashed line denotes the threshold value (1 µm in diameter) of particle
size for effective PILS collection.
min−1 ), DF is the dilution factor that accounts for the water vapor condensation
on the impactor wall and air bubbles during the filling of vials, ρl is the density
of collected liquid, which is assumed as the density of the washing flow (0.893 g
cm−3 ), Qg is the gas sampling flow rate (12.5 L min−1 ), V p is the particle total volume
concentration (µm3 cm-3) derived from the DMA measured number distribution,
and ρ p is the particle density (g cm−3 ). Note that ρ p here is assumed as the density
of corresponding chemical standards that are used to generate test aerosols. For
chamber-derived SOA, ρ p can be derived from the AMS measured O:C and H:C
ratios (Kuwata et al., 2012). A 5 min offset in the PILS measurement is taken into
account to retrieve the particle concentration at the moment of entry into the PILS
inlet.
Figure F.2 shows the measured PILS mass collection efficiency (CEPI LS ) as
a function of particle water solubility and volatility. Consistent with the model
prediction, the high collection efficiency in the PILS is achieved not only for highly
water soluble and non-volatile aerosols such as sorbitol, but also for slightly water
soluble and intermediate/semi-volatile aerosols such as pinonic acid. The water
solubility of particle-phase constituents clearly governs CEPI LS . The effect of
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Figure F.2: Measured PILS overall mass collection efficiency for the test organic
aerosols as a function of volatility, which is defined as the vapor pressure of compound i as pure liquid at 20 ◦ C on the logarithm scale (log10 P0L,i , atm), and water
solubility, which is defined here as the maximum amount of the compound i that
will dissolve in pure water at 20 ◦ C on the logarithm scale (log10 Hi , g L−1 ). Compound volatility is categorized according to intermediate volatility organic compound (IVOC), semi-volatile organic compound (SVOC), and low volatility organic
compound (LVOC). Water solubility is categorized broadly as insoluble (I), slightly
soluble (SS), and soluble (S).

volatility on CEPI LS , however, is not discernable, indicating that the evaporation of
semi-volatiles from particles during adiabatic mixing with steam is negligible for
compounds with vapor pressure <10−6 atm. We define the particle water solubility
threshold of 1 g L−1 above which >0.6 mass collection efficiency can be achieved.
Considering that SOA water solubility data are generally unavailable, this quantity
can be related to the average particle O:C ratio, which is relatively well constrained
by the AMS measurement.
Figure F.3 shows the water solubilities (the maximum amount of the compound
i that will dissolve in pure water at 20 ◦ C on the logarithm scale, log10 Hi /g L−1 )
of a variety of organic compounds, including carboxylic acids, alcohols, carbonyls,
esters, and ethers, as a function of their O:C ratios. Regardless of the nature of
functionalities in the molecule, the water solubility increases with the O:C ratio and
eventually reaches a plateau, a miscible state with water. The O:C ratio correspond-
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Figure F.3: Water solubility of carboxylic acid, alcohol, carbonyl, ester, and ether
standards at 20 ◦ C as a function of their O:C ratios. Each data point represents
an individual compound with certain functionalities. The horizontal gray line
represents the water solubility threshold (1 g L−1 ) at which the PILS collection
efficiency of ∼0.6 will be achieved. The two vertical gray lines define a region of
average particle O:C ratios that correspond to the water solubility threshold. Data
source: Yaws (2003).
ing to the water solubility threshold of 1 g L−1 varies with functionalities, ranging
from 0.07 to 0.26. Considering that SOA is generally a mixture of species that
might contain all the functional groups above, we suggest that the upper limit of the
O:C ratio, 0.26, represents a criterion to constrain an effective PILS mass collection
efficiency. The AMS measured O:C ratios for SOA produced from isoprene + OH,
α-pinene + O3 /OH, aromatics + OH, and C12 -alkane + OH in the Caltech Environmental Chamber have been summarized previously (Chhabra et al., 2010, 2011;
Loza et al., 2014; Zhang and Seinfeld, 2013). Among all the systems investigated,
long-chain alkane derived SOA exhibits the lowest O:C ratio, ranging from ∼0.2 to
∼0.3, over the course of 3-36 h experiments ([OH] exposure = 2-8 molecules cm−3
h). The average O:C ratios measured from other SOA systems, on the other hand,
exceed the threshold, 0.26, at which >0.6 mass collection efficiency by PILS can
be achieved. Thus, PILS is a candidate as a high efficiency, time-resolved particle
collection method for a majority of SOA systems.
Particles are subject to gravitational settling, diffusion, and inertial deposition in
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the PILS plumbing system and condensation chamber. The largest losses occur for
small (D p < 10 nm) and large particles (D p > 1000 nm), as predicted to be 2.2% and
8.6%, respectively (Sorooshian et al., 2006). Considering that the PILS transmission
efficiency (defined as the fraction of particles of a certain size that are transported
through the PILS plumbing system and condensation chamber) depends strongly
on the particle size, the impact of variations in the particle size distribution on the
PILS overall mass collection efficiency (CEPILS) is at issue. For a typical SOA
chamber experiment, the initial size distribution of seed particles spans from ∼20
nm to ∼600 nm, with a median diameter of ∼60-70 nm. Growth driven by gas-phase
photochemistry and gas-particle partitioning occurs primarily on large particles and,
as a result, the number median diameter shifts to ∼200 nm after ∼20 h of irradiation.
To mimic the progression of the particle size distribution during SOA formation, test
particles were initially generated by atomizing concentrated pinonic acid solution
into the chamber. An external flow pulse creates intense turbulent mixing in the
chamber. As a result, the median diameter of the cis-pinonic acid particles shifted
from ∼90 nm to ∼200 nm during the 3.5 h experiment, due to rapid deposition of
the smaller particles onto the chamber wall (see Figure F.4). The overall PILS mass
collection efficiency, on the other hand, remains consistently close to unity, within
∼8% uncertainty. This test demonstrates that change in particle size distribution
during SOA formation and evolution under typical chamber experimental conditions
does not significantly impact the PILS collection efficiency.
F.3.3

Sensitivity, Detection Limit, and Uncertainties

The extent of linearity of UPLC/ESI-Q-TOFMS detected signals for PILS collected organic aerosols was examined in response to changes in particle mass loadings. Sorbitol, azelaic acid, pinonic acid, and adipic acid aerosols, with mass
concentrations ranging from 20 to 300 µg m−3 , were generated by varying the atomization and dilution duration. Mass concentrations of these four organic aerosol
standards were derived from the SMPS measured particle volume distribution. The
UPLC/ESI-Q-TOFMS signals for sorbitol, azelaic acid, and pinonic acid, as shown
in Figure F.5, exhibit linearity (R2 = 0.99) with organic mass loadings. The sensitivity for adipic acid, however, is drifting low when particle concentrations are
diluted, and as a result, there is a strong negative offset in the linear fitting curve.
The low sensitivity for adipic acid might be attributed to the slight solubility of
adipic acid dimer, which is the dominant particle-phase form of adipic acid (Wolfs
and Desseyn, 1996).

463

Figure F.4: PILS overall mass collection efficiency (upper panel) for cis-pinonic
acid aerosols as a function of particle number distribution (lower panel). Over ∼3
h, aerosol wall deposition from intense turbulent mixing in the chamber caused the
number median aerosol diameter to shift from 90 nm to 200 nm.
The detection limit of the PILS + UPLC/ESI-Q-TOFMS system can be estimated
from the expected UPLC/ESI-Q-TOFMS sensitivity and measured flow rates of
sampling air and liquid washing stream. The UPLC/ESI-Q-TOFMS detection limit
(LOD) was calculated according to the expression:
S
ki · LOD
=
N
σ

(F.5)

where S/N is the signal-to-noise ratio, ki is the response factor or the sensitivity of
UPLC/ESI-Q-TOFMS for species i, and σ is the standard deviation of the response.
Using a signal-to-noise ratio of 2, LOD of 0.68 ppb is obtained for cis-pinonic
acid as an example. With a gas flow rate of 12.5 L min−1 , and a washing flow
rate of 0.15 mL min−1 , the PILS + UPLC/ESI-Q-TOFMS system is estimated to
have a detection limit of 19.02 ng m−3 for cis-pinonic acid in the particle phase.
By analogy with other compounds that are selected by UPLC, the sensitivity of
the Q-TOFMS technology can be practically achieved as low as ∼ ppb level. Thus
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Figure F.5: UPLC/ESI-Q-TOFMS measured mass concentration of sorbitol, azelaic
acid, pinonic acid, and adipic acid in PILS samples versus the DMA-measured total
particle mass. Linear fits to the data are shown with the mean R2 = 0.99.

we expect the detection limit of PILS + UPLC/ESI-Q-TOFMS measurement of the
mass of particle components in the range of tens of ng m−3 to a few µg m−3 .
Uncertainties in the PILS + UPLC/ESI-Q-TOFMS measurement arise mainly
from variation of the collected liquid volume due to the existence of air bubbles.
Specifically, the washing flow carries the impacted droplets via a stainless steel
mesh wick on the perimeter of the impactor to a ’T-shape’ debubbler. Air bubbles
are vacuumed out of the system by a peristaltic pump. The liquids are delivered
into the injection needle that is inserted into individual vials by two syringe pumps.
Perfect debubbling cannot always be achieved and as a result, the collected liquid
volumes in some vials can drift low. The measurement uncertainties due to the
existence of air bubbles in the liquid samples are estimated to be <11% by weighing
a batch of vials over one carousel running cycle (72 vials). Repeatability in the
detected yield of ions from the electrospray ionization of the analyte is another
potential origin of measurement uncertainties. This was estimated to be <3% by
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repeating injection of 4 µL standard organic samples into the electrospray source.
The effect of ESI-MS sensitivity drift on the measurement accuracy is accounted for
by regularly performing the repeatability of organic standards (one standard every
ten samples) during routine sample analysis.
While the PILS + UPLC/ESI-Q-TOFMS system is demonstrated to achieve timeresolved molecular speciation of secondary organic aerosols, we acknowledge the
potential artifacts and uncertainties arising from aerosol sampling and analysis procedures. First, the hydrolysis of labile functionalities, mainly including organic
nitrates, carbonyls, and epoxides, upon solvation is inevitable in any aerosol collection, pretreatment and analysis procedures using water as the solvent. Second,
water steam (100 ± 2 ◦ C) is mixed with aerosol sample flow (25 ± 5 ◦ C) in the
PILS condensation chamber, with temperature eventually stabilized as ∼36 ◦ C. During mixing, organic aerosol constituents are subjected to evaporation and thermal
decomposition. We have demonstrated earlier that the evaporation of semivolatile
organic compounds is not significant during adiabatic mixing (Figure F.2). Steady
decomposition of thermally labile compounds in neutral solution, such as organic
peroxides, requires a temperature higher than ∼80 ◦ C (Hart, 1949). Considering
that the residence time of the PILS condensation chamber is only 1 s, it is expected
that the original structure of thermally labile organic molecules should be mostly
intact in such a short timescale.
F.4

Method Application: IEPOX Uptake onto Acidified and Hydrated Ammonium Sulfate Particles

The heterogeneous chemistry of isoprene epoxydiols (IEPOX), a second generation product formed from isoprene photochemistry in the absence of NO, contributes
significantly to the SOA formation (Lin et al., 2014, 2012; Nguyen et al., 2014a;
Paulot et al., 2009b; Surratt et al., 2010). Proposed mechanisms leading to SOA
production involve the ring opening of the epoxide group, followed by the addition
of available nucleophiles in the condensed phase, e.g., tetrol production via the addition of water and organosulfate production via the addition of sulfate (Eddingsaas
et al., 2010; Nguyen et al., 2014a; Surratt et al., 2010). The PILS + UPLC/ESI-QTOFMS method was employed to characterize the SOA formation and evolution via
the reactive uptake of IEPOX onto hydrated and acidified ammonium sulfate particles. The IEPOX-derived SOA is a well-established system to test the performance
of the PILS + UPLC/ESI-Q-TOFMS technique.
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F.4.1

Chamber experiment and instrument operation protocols

The experiment was conducted in the Caltech 24 m3 Environmental Chamber
maintained at 20 ◦ C. Detailed experimental protocols are presented in an earlier
study (Nguyen et al., 2014a). The general experimental procedure is as follows:
1) flushing the chamber with purified dry air for 24 h prior to the experiment; 2)
humidifying the chamber to ∼78% RH by passing purified air through a Nafion
membrane humidifier (FC200, Permapure LLC) that is kept wet by recirculation
of 27 ◦ C ultra-pure water (18 MΩ, Millipore Milli-Q); 3) Injecting inorganic seed
aerosols by atomizing an acidified ammonium sulfate aqueous solution (0.06 M
(NH4 )2 SO4 + 0.06 M H2 SO4 ) followed by a custom-built wet-wall denuder; and 4)
injecting the gas-phase trans β-IEPOX isomer by evaporating several droplets in a
glass bulb with 6 L min−1 of purified and heated dry air (60 ◦ C) for ∼ 100 min.
The gas-phase IEPOX mixing ratio was monitored using a custom-modified Varian 1200 triple-quadrupole chemical ionization mass spectrometer (CIMS). In negative mode operation, CF3 O− was used as the reagent ion to cluster with the analyte
[R], producing [R·CF3 O]− or m/z [M+85]− , where M is the molecular weight of the
analyte. More details on the CIMS operation and data analysis are given by Zhang
et al. (2015). Real-time particle mass spectra were collected continuously by an
Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-AMS).
The AMS switched once every minute between the high resolution ’W-mode’ and
the lower resolution, higher sensitivity ’V-mode’. The V-mode was utilized for
quantification, as the higher m/z values exhibit a more favorable signal-to-noise
ratio. The W-mode was used for ion identification and clarification. More details
on AMS operation and data analysis are given by Nguyen et al. (2014a).
F.4.2

Results and Discussions

Shown in Figure F.6 (upper panel) are the CIMS signals at m/z (-) 203, which
represents the fluoride cluster product of IEPOX (C5 H10 O3 ·CF3 O− ), and organic
particulate mass concentrations measured by the HR-AMS. Dominant ions observed
in the HR-AMS spectra include m/z 29, m/z 43, m/z 53 (mostly C4 H+5 ) and m/z 82
(mostly C5 H6 O+ ). The latter two are considered as the tracers for IEPOX derived
organic aerosols (Budisulistiorini et al., 2013; Lin et al., 2012). The time-dependent
trend of gas-phase IEPOX measured by CIMS during the injection period (0-100
min) is almost identical to the AMS measured total particulate organics, indicating
the uptake of IEPOX and the subsequent reactions are essentially instantaneous.
Gas-particle equilibrium is rapidly established after the IEPOX injection. Over the
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Figure F.6: Temporal profiles of normalized CIMS signals at m/z (-) 203, which
represents the fluoride cluster product of IEPOX (C5 H10 O3·CF3 O− ), and AMS
measured total organic (upper panel), as well as IEPOX-derived sulfate ester and
dimer measured by the PILS + UPLC/ESI-Q-TOFMS technique (lower panel).

remaining 100 min of the experiment, AMS measured total organic mass is at a
steady state, whereas the CIMS signal at m/z (-) 203 exhibits a slow decay, which is
likely a result of vapor wall losses of epoxide at high RH in the chamber.
For the PILS collected samples, the dominant ion observed in the UPLC/ESIQ-TOFMS mass spectra in the negative mode is C5 H11 SO−7 , which corresponds
to the IEPOX-derived hydroxyl sulfate ester. The hydroxyl sulfate ester dimer
C10 H22 SO−10 is also observed in the form of [M-H]− . Corresponding normalized
mass spectra and temporal profiles of these two products are shown in Figure F.7
and the lower panel of Figure F.6, respectively. Prompt formation of sulfate ester
was observed at the onset of IEPOX injection, and the time-dependent trend agrees
with the AMS measured organic aerosol growth curve. The sulfate ester dimer, on
the other hand, exhibits a 20 min induction period and creeps up over the course of
the experiment. As authentic standards for IEPOX-derived organosulfates are not
commercially available, the UPLC/ESI-Q-TOFMS was externally calibrated with a
surrogate quantification standard, d-galactone 6-sulfate sodium salt (Sigma Aldrich
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Figure F.7: (Panel 1) Mass spectrum for the IEPOX-derived hydroxyl sulfate ester, detected as m/z = 215 in the form of C5 H11 SO−7 ([M-H]− ). (Panel 2) The
MS/MS fragmentation confirms the organosulfate with the m/z 97 (HSO−4 ) daughter
ion. (Panel 3) Mass spectrum for the IEPOX-derived hydroxyl sulfate ester dimer,
detected as m/z = 333 in the form of C10 H20 SO−6 ([M-H]− ).

> 98%), the elemental composition and functionality of which most closely resemble
that of the IEPOX-derived organosulfates. An ESI/MS response factor of 1.56 ×
10−5 ppm/area, is obtained for the d-galactone 6-sulfate anion (C6 H11 SO−9 ) at m/z
259 and applied to quantify the IEPOX-derived organosulfate ester and dimer. This
sensitivity gives the overall equilibrium particle-phase organosulfate concentration
of ∼12 µg m−3 , which accounts for 17% of the AMS measured total organic masses.
Note that although both belong to the organosulfate family and readily fragment
to bisulfate anion (HSO−4 ) in the MS/MS analysis, the molecular properties of dgalactone 6-sulfate (C6 H11 SO−9 ) and IEPOX-derived sulfate (C5 H11 SO−7 ) that affect
the ESI ionization efficiency, such as pKa value, hydrophobicity, surface activity,
etc., are not exactly the same. One should expect that the ESI-MS responses for
these two organosulfates differ even under identical instrument operation conditions,
and as a result, the conclusion that IEPOX-derived organosulfates account for 17%
of the AMS measured total organic masses has a degree of uncertainty.
F.5

Conclusions

We introduce here the combination of two well-established analytical techniques,
PILS and UPLC/ESI-Q-TOFMS, for time-resolved and quantitative measurement of
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chamber-generated organic aerosol chemical composition. The PILS + UPLC/ESIQ-TOFMS system shows its promising utility, including relatively high-time resolution that allows for the investigation of aerosol dynamics and soft ionization to identify the integral molecular structure of particle-phase components. Additionally, the
incorporation of liquid chromatography allows the pre-separation of species prior to
the electrospray ionization, thus making the quantification of individual compounds
plausible.
The PILS collection efficiency (CEPILS) towards a population of sub-micron
particles composed of pure chemical standards, including carboxylic acids, polyols,
and amines, is estimated by simultaneously comparing the DMA vs. UPLC/ESI-QTOFMS measured total organic mass concentrations. The overall mass collection
efficiency exceeds 0.6 for particles with water solubility of >1 g L−1 , which corresponds to an average O:C ratio of >0.26. The AMS measured O:C ratios for SOA
produced from photooxidation of a variety of VOCs (e.g., isoprene, toluene, mxylene, α-pinene, and naphthalene) in chamber experiments exceed 0.3, for which
it is possible to characterize time-resolved chemical composition of these SOA systems at the molecular level. Instrument sensitivity and linearity were tested using
single component organic aerosols generated from sorbitol, azelaic acid, pinonic
acid, and adipic acid.
The PILS + UPLC/ESI-Q-TOFMS method is then applied to study the SOA formation driven by reactive IEPOX uptake onto hydrated and acidic ammonium sulfate
particles. For the first time, time-resolved traces of IEPOX-derived organosulfate
ester and dimer are observed. The temporal profile of the organosulfate ester is
essentially identical to the AMS observed organic growth curve. The equilibrium
organosulfate concentration potentially accounts for a significant fraction of the overall organic aerosol mass resulting from reactive IEPOX uptake. The combination
of PILS collection with UPLC/ESI-Q-TOFMS analysis offers a new approach for
time-resolved and quantitative characterization of aerosol constituents at molecular
level.
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Appendix G

ISOPRENE PHOTOCHEMISTRY OVER THE AMAZON
RAINFOREST

Liu, Y., J. Brito, M. R. Dorris, J. C. Rivera-Rios, R. Seco, K. H. Bates, P. Artaxo, S.
Duvoisin, F. N. Keutsch, S. Kim, A. H. Goldstein, A. B. Guenther, A. O. Manzi,
R. A. F. Souza, S. R. Springston, T. B. Watson, K. A. McKinney, and S. T. Martin
(2016). “Isoprene photochemistry over the Amazon rainforest”. In: Proc. Nat’l.
Acad. Sci. 113.22, pp. 6125–6130. doi: 10.1073/pnas.1524136113.
Abstract
isoprene photooxidation is a major driver of atmospheric chemistry over forested
regions. Isoprene reacts with hydroxyl radicals (OH) and molecular oxygen to produce isoprene peroxy radicals (ISOPOO). These radicals can react with hydroperoxyl
radicals (HO2 ) to dominantly produce hydroxyhydroperoxides (ISOPOOH). They
can also react with nitric oxide (NO) to largely produce methyl vinyl ketone (MVK)
and methacrolein (MACR). Unimolecular isomerization and bimolecular reactions
with organic peroxy radicals are also possible. There is uncertainty about the relative importance of each of these pathways in the atmosphere and possible changes
because of anthropogenic pollution. Herein, measurements of ISOPOOH and MVK
+ MACR concentrations are reported over the central region of the Amazon basin
during the wet season. The research site, downwind of an urban region, intercepted
both background and polluted air masses during the GOAmazon2014/5 Experiment.
Under background conditions, the confidence interval for the ratio of the ISOPOOH
concentration to that of MVK + MACR spanned 0.4 to 0.6. This result implies a
ratio of the reaction rate of ISOPOO with HO2 to that with NO of approximately
unity. A value of unity is significantly smaller than simulated at present by global
chemical transport models for this important, nominally "low-NO", forested region
of Earth. Under polluted conditions, when NO concentrations were high (>1 ppb),
ISOPOOH concentrations dropped below the instrumental detection limit (<60 ppt).
This abrupt shift in isoprene photooxidation, sparked by human activities, speaks to
ongoing and possible future changes in the photochemistry active over the Amazon
rain forest.
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G.1

Statement of Significance

For isolated regions of the planet, organic peroxy radicals produced as intermediates of atmospheric photochemistry have been expected to follow HO2 rather than
NO pathways. Observational evidence, however, has been lacking. An accurate
understanding of the relative roles of the two pathways is needed for quantitative predictions of the concentrations of particulate matter, oxidation capacity, and
consequent environmental and climate impacts. The results herein, based on measurements, find that the ratio of the ISOPOO reaction rate with HO2 to that with
NO is about unity for background conditions of Amazonia. The implication is that
sufficient NO emissions are maintained by natural processes of the forest such that
both HO2 and NO pathways are important, even in this nominally "low-NO" region.
G.2

Introduction

isoprene (ISOP; C5 H8 ) accounts for approximately half of the global flux of nonmethane biogenic volatile organic compounds (BVOCs) to the atmosphere (Guenther
et al., 2012). The reactive chemistry of isoprene influences the oxidative capacity
of the troposphere and the associated chemical cycles of atmospheric trace gases
(Chameides et al., 1988; Lelieveld et al., 2008). Isoprene photo-oxidation products
are also important sources of atmospheric organic particulate matter (Claeys et al.,
2004; Paulot et al., 2009b; Surratt et al., 2010). Isoprene is mostly oxidized in the
atmospheric mixed layer, although entrainment and reaction in the free troposphere
can also be important (Karl et al., 2007; Kuhn et al., 2007).
isoprene oxidation is mostly initiated by an addition reaction of a photochemically produced hydroxyl radical (OH) across the double bond, followed by the rapid
addition of molecular oxygen (O2 ) to the primary radical (Jenkin et al., 2015). A
population of isoprene peroxyl radicals (ISOPOO) is thereby produced. The subsequent chemistry of ISOPOO radicals proceeds along several competing pathways
(Jenkin et al., 2015). Reaction of ISOPOO with nitric oxide (NO) dominates in
polluted regions of the planet. The major products are methyl vinyl ketone (MVK,
C4 H6 O) and methacrolein (MACR, C4 H6 O).
The fate of ISOPOO radicals over unpolluted regions of the planet remains unclear.
For many isoprene source regions, reaction of ISOPOO with hydroperoxyl radicals
(HO2 ) has been taken as the dominant pathway (Chen et al., 2015; Crounse et al.,
2011; Liu et al., 2013; Paulot et al., 2009b; Rivera-Rios et al., 2014), including
over remote tropical forests like Amazonia where there are few anthropogenic NO
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sources. The major products of the HO2 pathway are an isomeric family of hydroxyl
hydroperoxides (ISOPOOH; C5 H10 O3 ). In addition, isomerization and bimolecular
reactions with other organic peroxyl radicals (RO2 ) can also be important (Crounse
et al., 2011; Jenkin et al., 1998; Peeters et al., 2014). Measurements of HO2 , RO2 ,
and NO, if available, could help to constrain these pathways for unpolluted regions,
but each of these measurements is challenging in its own way (Fuchs et al., 2011;
Hoell et al., 1987) and available data sets are sparse (Hewitt et al., 2010; Lelieveld
et al., 2008). Unimolecular ISOPOO isomerization, for its part, remains in the early
stages of study (Crounse et al., 2011; Peeters et al., 2014). As a result, the relative
contribution of each pathway to the fate of atmospheric ISOPOO radicals remains
uncertain for unpolluted regions of Earth (Wennberg, 2013).
The uncertainty in ISOPOO reaction pathways, in particular the uncertainties
of the contributions of NO and HO2 pathways, hinders accurate prediction of the
environmental and climate impacts of isoprene chemistry. The HO2 reaction pathway is important for the production of particulate matter through second-generation
epoxydiol products (Paulot et al., 2009b; Surratt et al., 2010). The NO pathway
contributes to the transport of nitrogen beyond the isoprene source region through
the formation of stable organic nitrogen compounds (Perring et al., 2013). The
two pathways to different extents help to maintain the atmospheric oxidation cycle,
including feedbacks on OH and O3 concentrations (Chameides et al., 1988; Liu
et al., 2013; Paulot et al., 2009b).
Accurate ambient measurements of the molecular identities and concentrations
of isoprene oxidation products are a first-order requirement for testing concepts
of the reaction pathways of isoprene and the associated predictions of chemical
transport models (CTMs). The products MVK and MACR have been studied in
many atmospheric environments both by proton-transfer-reaction mass spectrometry
(PTR-MS) and gas chromatography (GC) (Gouw and Warneke, 2007). Large data
sets are available (Gouw and Warneke, 2007; Karl et al., 2009, 2007; Kuhn et al.,
2007). By comparison, ambient measurements of ISOPOOH isomers are sparse,
and available data sets are limited to temperate regions (Worton et al., 2013; Xiong
et al., 2015).
An additional issue is that the utility of existing data sets of MVK and MACR
concentrations to test and constrain models of isoprene chemistry is challenged by
recent laboratory studies that have shown that both PTR-MS and GC techniques
can have a contribution from ISOPOOH species in the nominal detection of MVK
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and MACR (Liu et al., 2013; Rivera-Rios et al., 2014). For the usual operating
conditions of PTR-MS and GC instrumentation, the two main ISOPOOH isomers
(specifically, (1-OH, 2-OOH)-ISOPOOH, hereafter (1,2)-ISOPOOH, and (4-OH, 3OOH)-ISOPOOH, hereafter (4,3)-ISOPOOH) decompose on the hot metal surfaces
inside both types of instruments (Rivera-Rios et al., 2014). (1,2)-ISOPOOH and
(4,3)-ISOPOOH decompose to MVK and MACR, respectively. In this case, MVK
and MACR concentrations reported in the literature can be expected to be upper
limits, rather than best estimates, for regions of Earth where the HO2 pathway is
important for the fate of ISOPOO radicals. On a planetary scale, the contribution
of the HO2 pathway has been modeled as 60% larger than that of the NO pathway
(Crounse et al., 2011). The need for corrections to MVK and MACR data sets could
be widespread.
In light of these issues, the present study was undertaken to measure the sum of
(1,2)-ISOPOOH and (4,3)-ISOPOOH concentrations (hereafter, "ISOPOOH concentration"), in comparison to the sum of MVK and MACR concentrations. The
measurements took place in the central region of the Amazon basin during the wet
season of 2014. The measurements were made as part of the Observations and
Modeling of the Green Ocean Amazon (GOAmazon2014/5) Experiment (Martin
et al., 2016). A major concept of the experiment was to locate a research site ("T3")
several hours downwind of an urban region (specifically, 70 km west of Manaus,
Amazonas, Brazil, a city of two million people). Local winds at different times swept
either the pollution plume of Manaus or background air of the Amazon basin across
the research site. As a result, the species observed at T3 were at times produced
upwind under background conditions whereas at other times they were significantly
affected by pollution. Based on back trajectories, the most probable transport time
from the city to the measurement site was between 4 and 5 h. By comparison, (4,3)ISOPOOH, ISOP, (1,2)-ISOPOOH, MACR, and MVK have characteristic lifetimes
to OH loss of approximately 2, 3, 4, 10, and 14 h, respectively, for a reference
OH concentration of 106 cm−3 typical of many environments. Deposition and entrainment can also be important loss mechanisms (Karl et al., 2013; Nguyen et al.,
2015a). Background air, meaning the Amazon basin in the nominal absence of the
pollution plume of Manaus, had significant variability associated with it, especially
with respect to effective photochemical age. Background variability arose from
variations of in-basin emissions and transformations integrated across several days
of meteorology as well as, at times, from significant out-of-basin influences and
variability tied to transport from the Atlantic Ocean and Africa (Chen et al., 2009;
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Martin et al., 2010). Even so, the effect of the plume, when present, dominated
over this background variability for the measured quantities of the present study.
Measurements of the ratio of ISOPOOH to MVK + MACR concentrations, reported
herein, are used to assess how different amounts of pollution, including background
conditions in absence of anthropogenic influence (i.e., "low NO"), regulate the relative importance of isoprene photooxidation pathways in the tropical forest of central
Amazonia.
G.3
G.3.1

Materials and Methods
Measurements

Measurements were made at the T3 site of the GOAmazon2014/5 Experiment
(Martin et al., 2016). The site T3 was located in a pasture area of 2.5 km × 2 km
(-3.2133◦ , -60.5987◦ ). Pasture regions have low emissions of isoprene (Guenther
et al., 2006), and the isoprene observed at T3 originated predominantly from the
upwind forest. The fetch of the T3 site oscillated between the extremes of a background atmosphere and influences of Manaus pollution depending on the deflection
of trade winds slightly to the north or south with daily weather. At T3, a research
container, part of the Mobile Aerosol Observing System (MAOS) of the USA Department of Energy, housed instrumentation (www.arm.gov). The main trace-gas
inlet (12.7 mm PFA; 13 sLpm) was 10 m above the ground.
A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS, Ionicon Analytik GmbH, Austria; Jordan et al., 2009) was employed to measure
ISOPOOH and MVK + MACR concentrations (Section G.3.2.1). Intensities are
reported herein in normalized count per second (ncps), calculated as the signal of
the C4 H7 O+ ion (cps) normalized to the total ion signal of H3 O+ and H5 O+2 , corrected for transmission. A cold trap was deployed upstream of the PTR-ToF-MS
to selectively remove ISOPOOH isomers (Liu et al., 2013). The approach was to
collect data for a period of time with the trap in line followed by a period of time
in bypass. A difference signal ∆C4 H7 O+ measured with and without the trap can
be defined (Section G.3.3.1). Synthesized (1,2)-ISOPOOH was used to perform an
on-site calibration of the PTR-ToF-MS for both bypass and trap (Section G.3.2.2).
An on-site MVK standard showed that the sensitivity (ncps ppb 1) of the signal
intensity for C4 H7 O+ to the MVK concentration was the same through the bypass as
through the trap. Detection limits of ISOPOOH and MVK + MACR were 60 ppt and
8 ppt, respectively for a 1 minute measurement. Uncertainty estimates were based
on calibration with authentic standards and obtained by a Monte Carlo method of
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sampling from the uncertainties in the C4 H7 O+ signals and calibration parameters
(Section G.3.3.2).
A trap experiment lasted for 15 min, alternating with 15 min in bypass. The first
four and the last one of the 1-minute data points in each mode were deleted from the
analysis to exclude the transition periods between trap and bypass, resulting in a total
of 2810 trap-mode data points for analysis. Of these, 91% of the measurements,
which required the presence of an operator for trap maintenance when power failures
occurred, were made during daytime (Figure G.9 in the Supporting Information).
Atmospheric oxidation of isoprene is most active during the daytime.
Instrumentation for measuring NO, NO x , and NO y concentrations was part of
the MAOS package. The NO and NO y data streams were obtained from the ARM
data archive (http://www.arm.gov/campaigns/amf2014GOAmazon). NO x data were
not available during IOP1 due to lamp failure of the photolytic converter. The
operational detection limits of NO and NO y were 70 ppt and 100 ppt, respectively.
The NO y concentrations were smoothed by applying a 30-min median filter to
minimize the contribution of any local emissions.
G.3.2
G.3.2.1

Experiments
PTR Instrumentation

The PTR-ToF-MS instrument was operated at a drift tube temperature of 80 ◦ C
and a drift tube pressure of 220 Pa (2.2 mbar). The drift tube voltage was set to 550
V, resulting in an E/N of 132 Td (E, electric field strength; N, number density of
air in the drift tube; unit, Townsend, Td; 1 Td = 10−21 V m2 ).
The inlet system of the PTR-ToF-MS (Figure G.10 in the Supporting Information)
subsampled from the main trace-gas sampling line. The system had flow lines
for calibration and measurement. Three-way valves having contact surfaces of
PTFE Teflon (NResearch 225T031) were used to switch between the calibration and
measurement modes. The valves were controlled by analog outputs of the PTRToF-MS. Metal-sealed mass flow controllers (MFC; MKS 1479A) without Viton
O-rings were used for calibration flow to avoid artifacts of ketone reactions. The inlet
system inside the container was maintained above 27 ◦ C to prevent condensation. As
a comparison point, the 97.7-percentile of the distribution in dew point temperature
of the atmosphere during IOP1 was 26.5 ◦ C.
The instrument background was determined a few times per day using a zero air
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generator (Parker Balston 75-83NA) in the MAOS container. Laboratory tests prior
to deployment indicated that concentrations of target compounds in the outflow of
the zero air generator were as low as in ultra-high-purity zero air (Airgas). Instrument sensitivity during IOP1 was determined daily by standard addition (5.14 ppm
isoprene and 5.14 ppm MVK in nitrogen; Air Liquide) to ambient air. Background
and calibration measurements were carried out at ambient humidity to compensate
for possible changes in the instrument response with humidity.
The subsample flow passed either through a cold-trap or along a bypass before
being sampled by the PTR-ToF-MS. The trap consisted of a cylindrical glass bottle
(ChemGlass CG-1140; 35 × 100 mm) and a 6.4-mm (OD) PFA coil in series,
both immersed in a cold bath (Lauda ECO RE 1050) at -40 ◦ C. Compared to the
implementation described in Liu et al. (2013), the inclusion of the glass bottle was
new. The glass bottle having a large cross section served to remove much of the
water vapor upstream of the PFA Teflon tubing so as to avoid clogging. Ice was
removed once per day from the bottle. A constant purge flow of 0.1 sLpm through
the trap was maintained during bypass to reduce the equilibration time for switching
from bypass to trap measurement. Onsite measurements using an MVK standard
showed that the sensitivity (ncps ppb 1) of the signal intensity for C4 H7 O+ to the
MVK concentration was the same along the bypass as through the trap.
PTR-ToF-MS spectra were collected at a time resolution of 60 s using ToF-DAQ
recorder (v. 1.2.92; TOFWERKS). Analog outputs of the PTR-ToF-MS (i.e., determining valve status) were recorded simultaneously. The ToF-DAQ recorder was
set to perform automatic mass calibrations every 6 min using peaks at m/z 39.0327
(H5 O(18 O)+ ), m/z 59.0491 (C3 H7 O+ ), and m/z 123.9454 (FeH4 O+4 ). Time series of
integrated ion signals for isoprene (C5 H+9 ; m/z 69.0699) and MVK/MACR/ISOPOOH
(C4 H7 O+ ; m/z 71.0492) in counts per second (cps) were generated using the ToFDAQ viewer software (v 1.2.92 TOFWERK, Switzerland).
G.3.2.2

Calibration Using Authentic ISOPOOH Compounds

(1,2)-ISOPOOH was synthesized (Nguyen et al., 2015a) and used to perform
an RH-dependent calibration at T3 of the PTR-ToF-MS for both bypass and trap
modes. Further calibration was undertaken later in the laboratory using both (1,2)ISOPOOH and (4,3)-ISOPOOH standards. For calibration at T3, (1,2)-ISOPOOH
was synthesized at laboratories in Manaus, and analytical tools were not available
to determine purity. The purity was inferred based on the instrument response of
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(1,2)-ISOPOOH later characterized in the laboratory (vide infra). For calibration,
the (1,2)-ISOPOOH standard was nebulized and flowed into a mixing flask (Bates
et al., 2014). The dilution flow to the mixing flask was humidified to controlled RH
values using a bubbler.
For bypass mode, laboratory experiments using standards of known purity suggested that the conversion efficiency of (1,2)-ISOPOOH to MVK in PTR-ToF-MS
was close to unity. The measured sensitivity of (1,2)-ISOPOOH at C4 H7 O+ was (95
± 5)% of the sensitivity of MVK. The C4 H7 O+ was the dominant peak on the mass
spectra measured by PTR-ToF-MS for (1,2)-ISOPOOH. In addition, after passing
the (1,2)-ISOPOOH-containing flow through a heated stainless steel tube at 80-90
◦ C to convert (1,2)-ISOPOOH to MVK prior to PTR-MS, the measured signal intensity of C4 H7 O+ ion increased by less than 10%. Experiments using (4,3)-ISOPOOH
also suggested almost complete conversion to MACR in PTR-ToF-MS.
Under the assumption that a conversion efficiency of (95 ± 5)% from (1,2)ISOPOOH and (4,3)-ISOPOOH to MVK and MACR can be applied to bypass
measurements at T3 site, the inferred purity of (1,2)-ISOPOOH standards synthesized in Manaus (52%) fell in the typical purity range of (1,2)-ISOPOOH standards
(50-65%) synthesized using the same method.
For (1,2)-ISOPOOH calibration at trap mode, both lab and field experiments
showed that the C4 H7 O+ ion signal did not drop completely to background levels
when the trap was in place. Figure G.11 in the Supporting Information shows the dependence of trap C4 H7 O+ signal on the concentration of ISOPOOH and the humidity
of the sample based on on-site calibration using (1,2)-ISOPOOH. At fixed concentration, the trap C4 H7 O+ signal was proportional to humidity. At fixed humidity, the
trap signal intensity can be fitted using a second degree polynomial of the concentration. The dependence of trap C4 H7 O+ signal intensity IC4 H7 O+,ISOPOOH,trap on
ISOPOOH concentration and humidity can hence be described using the following
equation:
IC4 H7 O+,ISOPOOH,trap = a·ΓC4 H7 O+,MV K ·CISOPOOH ·(CISOPOOH +b)·(AH +c) (G.1)
where CISOPOOH is the concentration of (1,2)-ISOPOOH in the sample flow in ppb;
ΓC4 H7 O+,MV K is the sensitivity of MVK at C4 H7 O+ ; AH is the absolute humidity of
the sample flow in hPa; and a, b, and c are fitting parameters. Figures G.11a and
G.11b in the Supporting Information show the comparison of measured and fitted
data of all the calibrations.
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The detection of considerable C4 H7 O+ signal for (1,2)-ISOPOOH through the
trap suggested that processes other than condensation of ISOPOOH isomers took
place in the trap to produce C4 H7 O+ ions. One possibility was that volatile impurities contained in the synthesized standard gave rise to C4 H7 O+ ions. This possibility
was not supported, however, by the observation that the C4 H7 O+ signal intensity
dropped to close to background level at low humidity and the C4 H7 O+ signal intensity was not linearly proportional to the concentration of (1,2)-ISOPOOH at fixed
humidity (Figure G.11b in the Supporting Information). Another possibility was
that (1,2)-ISOPOOH was insufficiently removed by the trap due to competition of the
condensation of water vapor. This possibility was excluded based on experiments
of increasing the residence time of the calibration flow in the trap, in which case the
C4 H7 O+ signal intensity slightly increased instead of decreased (results not shown
here).
One plausible possibility is that certain reactions of (1,2)-ISOPOOH in the trap
led to MVK. This possibility was consistent with the small increase of trap signal
intensity with the increase of residence time (i.e., reaction time). Water vapor or
water in another form should be involved in the reaction because the trap C4 H7 O+
signal intensity was proportional to humidity (Figure G.11a in the Supporting Information). The reactions might have taken place in the upper part of trap, where
the temperature transited from ambient of above 27 ◦ C down to −40 ◦ C, and water vapor partly condensed in liquid form. The amount of condensed liquid water
should relate to absolute humidity given the temperature gradient. Further studies
are needed to understand the reaction mechanism, the role of water, and possible
designs to eliminate the need to use a complex calibration like Equation G.1.
Figure G.11b in the Supporting Information shows that at ambient humidity the
C4 H7 O+ signal during trap measurements of (1,2)-ISOPOOH was smaller than that
of the bypass signal. As a result, through use of Equation G.1 the ISOPOOH
concentration in the ambient air was obtained based on the difference signal for
C4 H7 O+ . The measured signal intensities IC4 H7 O+,ambient,bypass of C4 H7 O+ ion when
bypassing the cold trap and IC4 H7 O+,ambient,trap when passing through the trap are
given as follows:
IC4 H7 O+,ambient,bypass =IC4 H7 O+,bg + ΓC4 H7 O+,MV K/M ACR · CMV K+M ACR
+ ΓC4 H7 O+,ISOPOOH · CISOPOOH
IC4 H7 O+,ambient,trap =IC4 H7 O+,bg + ΓC4 H7 O+,MV K/M ACR · CMV K+M ACR
+ IC4 H7 O+,ISOPOOH,trap

(G.2)

(G.3)
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where IC4 H7 O+,bg is the background signal intensity of C4 H7 O+ ion in ncps; ΓC4 H7 O+,MV K/M ACR
is the combined sensitivity of MVK and MACR; CMV K+M ACR is the sum concentration of MVK an MACR; CISOPOOH is the sum concentration of (1,2)-ISOPOOH and
(4,3)-ISOPOOH, both detected as C4 H7 O+ ion in PTR-ToF-MS; ΓC4 H7 O+,ISOPOOH is
the combined sensitivity of (1,2)-ISOPOOH and (4,3)-ISOPOOH; and IC4 H7 O+,ISOPOOH,trap
is trap signal intensity of the C4 H7 O+ ion as a function of CISOPOOH and absolute
humidity (AH).
For use of Equations G.2 and G.3, IC4 H7 O+,ambient,bypass and IC4 H7 O+,ambient,trap
were obtained from ambient measurements. ΓC4 H7 O+,MV K/M ACR and IC4 H7 O+,bg were
determined by using MVK/MACR standards and pure air generator. For both of
the two parameters, there was insignificant difference between trap and bypass
measurements. Further studies carried out in laboratory suggested that the bypass
sensitivity and the trap response of (4,3)-ISOPOOH were similar with those of
(1,2)-ISOPOOH. ΓC4 H7 O+,ISOPOOH and IC4 H7 O+,ambient,trap were equivalent to those
derived for (1,2)-ISOPOOH. By solving Equations G.2 and G.3, CMV K+M ACR and
CISOPOOH were determined. More directly, combining Equations G.2 and G.3, the
signal difference ∆C4 H7 O+ of bypass and trap measurement is obtained, giving
CISOPOOH in implicit form:
∆C4 H7 O + = IC4 H7 O+,ambient,bypass − IC4 H7 O+,ambient,trap
= 0.95 · ΓC4 H7 O+,MV K · CISOPOOH

(G.4)

− a · ΓC4 H7 O+,MV K · CISOPOOH · (CISOPOOH + b) · (AH + c)
G.3.3
G.3.3.1

Data Analysis
Determination and Compound Assignment of ∆C4 H7 O+

The bypass intensities at the time points of the trap measurements were obtained
by applying linear interpolation and low-pass filtering to the bypass measurements
before and after each trap experiment. Figure G.12 in the Supporting Information
shows the interpolated bypass signals of C4 H7 O+ and the signal difference ∆C4 H7 O+
on March 14 and 30, 2014. Interpolation of the bypass signals to the times of the
trap measurements can introduce some error in the signal difference, particularly
when concentrations are changing rapidly with time, resulting in a large variance
in ∆C4 H7 O+ . A histogram of all the ∆C4 H7 O+ values is shown in Figure G.13
in the Supporting Information. Despite the large variance in the ∆C4 H7 O+ data,
the median value is significantly greater than zero, indicating net removal of lowvolatility compounds by the trap.
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The possibility of significant contributions to ∆C4 H7 O+ by compounds other
than ISOPOOH was considered. Pinonaldehyde (C10 H16 O2 ) and isoprene epoxydiols (IEPOX; C5 H10 O3 ) fragment to the C4 H7 O+ ion and can be removed at low
temperature (Praske et al., 2015). Nevertheless, for the study conditions the following lines of evidence appear to rule out these species as substantial contributors
to the observed ∆C4 H7 O+ values. For pinonaldehyde, C4 H7 O+ is a minor fragment ion, and its intensity is about one third of the major fragment ion C10 H15 O+
(Wisthaler et al., 2001). The observed intensity of C10 H15 O+ ion was less than
15% of ∆C4 H7 O+ under background conditions, suggesting that the possible contribution of pinonaldehyde to ∆C4 H7 O+ was less than 5%. Additional evidence
is that the concentration of pinonaldehyde, represented by the signal intensity of
C10 H15 O+ , did not increase during times of background conditions. The other possibility, IEPOX compounds, was evaluated by sampling authentic IEPOX standards.
The results show that the C4 H7 O+ ion was a minor fragment for the standards,
corresponding to less than 10% of the main product ion (C5 H7 O+ ), at least for
the employed PTR-ToF-MS operating conditions. Based on the signal intensity of
C5 H7 O+ observed for background air masses and changes with the trap in place, the
IEPOX contribution accounted for no more than 5% of the observed ∆C4 H7 O+ .
G.3.3.2

Uncertainty Estimate of the ISOPOOH Concentration and
Concentration Ratio ξ

The central value of the concentrations of ISOPOOH and MVK+MACR of each
data subset were estimated for the median ∆C4 H7 O+ and median IC4 H7 O+,ambient,trap .
The central value of the ratio ξ of concentrations was then determined. Confidence
intervals (75%) were obtained by a Monte Carlo method of sampling from the
uncertainties in fit parameters in Equation G.1 (i.e., a, b, and c), the absolute
humidity, the bypass sensitivities of ISOPOOH and MVK at C4 H7 O+ , the median
∆C4 H7 O+ , and the median IC4 H7 O+,ambient,trap .
G.3.4

Modeling

Three models were used to aid in the interpretation of the measurements. (1) An
analytical model was used to infer production ratio χ from observed concentration
ratio ξ. (2) A measurement-constrained box model of the chemistry in the planetary
boundary layer was used to simulate daytime HO2 and RO2 concentrations for
variable NO concentration (1 to 400 ppt). The model was used to determine the
corresponding fractional loss of ISOPOO via each reaction pathway and hence
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the production ratio χ. (3) Simulation results using GEOS-Chem, a global threedimensional chemical transport model, were compared with observations.
For the box model, the chemistry component consisted of the Master Chemical
Mechanism (MCM; version 3.3.1; Jenkin et al., 2015). In addition, some recent
experimental results on the chemical production and fate of MVK, MACR, and
ISOPOOH were incorporated (Liu et al., 2013; St. Clair et al., 2015). A basic representation of deposition and entrainment was implemented (Section G.3.4.2). The
model was configured to simulate daytime chemistry (10:00-17:00 local time (LT);
14:00-21:00 UTC). Most trap measurements were made during this time period
(Figure G.9 in the Supporting Information), and the concentrations of isoprene and
its oxidation products were relatively stable (Figure G.7 in the Supporting Information). Irradiance levels were held constant, corresponding to the solar zenith angle at
14:30 LT, with no diel cycle for photolysis (Section G.3.4.3). The temperature was
set at 298 K. The simulation was constrained by constant concentrations of isoprene
(1.7 ppb), monoterpenes (0.17 ppb), methane (1.85 ppm), and carbon monoxide
(110 ppb) at the observed daytime mean values. The hydroxyl radical concentration
was fixed at 5 × 105 cm−3 . The concentrations of HO2 and RO2 (Section G.3.4.4),
fractional loss of ISOPOO by reaction with NO, HO2 , RO2 , and isomerization, and
production ratio χ were obtained at steady state.
For the CTM, the simulations were run in GEOS-Chem (Bey et al., 2001) for the
year 2012 on a 4◦ × 5◦ grid with a model spin-up of 1.5 years. The GEOS5 meteorology and the Rosenbrock Rodas-3 solver was used. The chemical mechanism was
largely as described in Mao et al. (2013) but included several updates of the isoprene
chemistry based on recent laboratory results (Bates et al., 2014, 2016; Nguyen et al.,
2015a; Praske et al., 2015; St. Clair et al., 2015). Information obtained from the
simulations included the daytime average values of the concentration ratio ξ, the NO
concentration, the NO y concentration, and the fractional loss of ISOPOO radicals to
individual pathways. This information was obtained for February and March over
the grid box encompassing the observation site (<1000 m height). In addition to
the simulation using default settings, simulations that increased above-canopy NO
emissions by factors of 10 and 30 were carried out. Further information is provided
in Section G.3.4.5.
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G.3.4.1

Analytical Model to Estimate of χ from ξ

The time course of concentration Ci of species i, where i is one of (1,2)-ISOPOOH,
(4,3)-ISOPOOH, MVK, or MACR, is governed by the following equation:
dCi
= Si − ki Ci
dt

(G.5)

where Si is the production rate via the reaction of isoprene with OH and ki is the
first-order loss coefficient. For constant Si and ki , the solution to Equation G.5 is as
follows:
Si
Ci (t) = (1 − e−ki t ) + Ci (0)e−ki t
(G.6)
ki
Before sunrise (i.e., taken as time zero), the concentrations of MVK, MACR, and
ISOPOOH approach zero (Figure G.7 in the Supporting Information). For Ci (0) =
0, the following equation is obtained:
CISOPOOH
ζ=
=
CMV K+M ACR
=
=
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(G.7)

(0.6/k 1 )(1 − e−k1 t ) + (0.4/k 2 )(1 − e−k2 t )
(0.6/k 3 )(1 − e−k3 t ) + (0.4/k 4 )(1 − e−k4 t )

where the indices 1-4 represent (1,2)-ISOPOOH, (4,3)-ISOPOOH, MVK, and
1 , f 2 , f 3 , and f 4 are the respective fractions of the
MACR, respectively; f1+2
1+2 3+4
3+4
1 = S /S
total production rates S1+2 and S3+4 (e.g., S1+2 = S1 + S2 and f1+2
1 1+2 ); and
1
2
3
4
χ = S1+2 /S3+4 . The fractions f1+2 , f1+2 , f3+4 , and f3+4 are independent of S1+2
and S3+4 and are ultimately determined by the branching ratio of isoprene to the
respective precursor peroxy radicals. MVK and (1,2)-ISOPOOH originate from the
same isoprene peroxy radical. MACR and (4,3)-ISOPOOH likewise originate from
1 = f 3 = 0.6 and f 2 = f 4 = 0.4 are used based on
the same radical. Values f1+2
1+2
3+4
3+4
the reported ratio of product yields of MVK and MACR via the NO pathway (4).
For a given reaction time, χ is directly proportional to ξ.
Loss coefficients ki of MVK, MACR, and ISOPOOH and an effective reaction
time are needed in order to calculate the proportionality coefficient of χ to ξ using
Equation G.7. The loss coefficient is given by ki = ki,OH [OH] + ki,en + ki,d for
rate coefficients of reaction (OH), entrainment (en), and deposition (d). Parameter
values are listed in Table G.1. The entrainment process of these species is less well
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understood compared to deposition as well to OH oxidation. The sensitivity of the
proportionality coefficient χ/ξ to k en is investigated. Values of k en used for the
sensitivity study are 0, 1, and 2 × 105 s−1 , where 1 × 105 s−1 is the best estimate
based on current knowledge (Table G.1). As shown in Figure G.14 in the Supporting
Information, the proportionality factor for an effective reaction time of 5 h changed
by less than 2% for a change in the entrainment coefficient from 1 × 105 s−1 to 0
or 2 × 105 s−1 . The production ratio χ inferred from the concentration ratio ξ is
therefore considered insensitive to the coefficient k en of entrainment.
As a test of the accuracy of the effective photochemical reaction time (i.e., 5 × 105
OH cm−3 across 5 h), the ratio Ctotal /CISOP of the total concentration of measured
reaction products (i.e., the sum of MVK, MACR, and ISOPOOH) to the isoprene
concentration was calculated using the following equation:

Stotal
χ
0.6
0.4
Ctotal
=
·
·
(1 − e−k1 te f f ) +
(1 − e−k2 te f f )
CISOP CISOP 1 + χ
k1
k2

0.6
0.4
+
(1 − e−k3 te f f ) +
(1 − e−k4 te f f )
k3
k4

χ
0.6
0.4
= 0.65 · k ISOP,OH · [OH] ·
·
(1 − e−k1 te f f ) +
(1 − e−k2 te f f )
1+ χ
k1
k2

0.6
0.4
−k 3 te f f
−k4 te f f
+
(1 − e
)+
(1 − e
)
k3
k4
(G.8)
where the variables ki and χ are the same as in Equation G.7 and Stotal is the
total production rate of MVK, MACR, and ISOPOOH. The term Stotal is equal to
0.65 k ISOP,OH CISOP [OH] based on MCM v3.3.1 for background conditions. Other
values include te f f = 5 h and [OH] = 5 × 105 cm−3 . For χ ranging from 0.61
to 0.93 for background conditions, the calculated Ctotal /CISOP ranges from 0.41 to
0.43. This value is in good agreement with the median of the observations of 0.4 for
background condition, as illustrated in Figure G.6 in the Supporting Information.
One approximation of the foregoing analysis is the use of production rates Si
and loss coefficients ki that are constant throughout the day, thereby corresponding
to average or effective daily values. One critical simplification in this treatment
is the entrainment processes. Whereas it is reasonable to assume that cleaner air
is entrained from upper troposphere into the boundary layer for afternoon hours,
entrainment of air from the residual layer, which might contain some MVK and
MACR due to their longer lifetime, can occur in the morning. In this case, entrainment in the morning can be a source or neutral instead of a sink. Possible
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Species (i)

ki,OH
(10−5 s−1 )a

ki,d
(10−5 s−1 )b

ki,en
(10−5 s−1 )c

ki
(10−5 s−1 )d

(1,2)-ISOPOOH
(4,3)-ISOPOOH
MVK
MACR

3.7
5.9
1.0
1.4

2.0
2.0
0.2
0.2

1.0
1.0
1.0
1.0

6.7
8.9
2.2
2.6

Table G.1: Loss rate coefficients for species in Equation G.9 for background conditions. A 1000-m deep, well mixed planetary boundary layer (PBL) is assumed. A
temperature of 298 K is used. (a) For reactions with OH, the rate coefficients were
taken from IUPAC recommendation for MVK and MACR (Atkinson et al., 2006)
and from St. Clair et al. (2015) for (1,2)-ISOPOOH and (4,3)-ISOPOOH (6). A
daytime (10:00-17:00 LT) background OH concentration of 5 × 105 cm−3 was used,
as measured by a chemical ionization mass spectrometer at T3 (Vilà-Guerau de
Arellano et al., 2009). These values hold for background conditions. Oxidation can
be faster inside the pollution plume. (b) A deposition velocity of 2.0 cm s−1 was used
for ISOPOOH isomers, as recommended recently by Nguyen et al. (2015a) based
on measurements over a temperate forest. For MVK and MACR, the deposition
rate was assumed to be one magnitude lower (i.e., 0.2 cm s−1 ) considering its lower
water solubility and reactivity. (c) An entrainment rate coefficient was determined by
considering the entrainment velocity and concentration gradient between PBL and
cloud layer. An entrainment velocity of 2.0 cm s−1 was taken based on the simulated
evolution of PBL height over a tropical forest during daytime (10:00-17:00 LT)
(Kuhn et al., 2007). Based on reported vertical profiles of isoprene concentration
and the ratio of the concentration of (MVK+MACR+ISOPOOH) to that of isoprene
over central Amazonia (Karl et al., 2007; Kuhn et al., 2007), the concentration
jump of MVK, MACR, and ISOPOOH between the PBL and the cloud layer is
approximated by half of PBL concentration. Compared with a concentration jump
of isoprene of one order of magnitude, the concentration jump of MVK, MACR,
and ISOPOOH is smaller because of enhanced oxidation in the cloud layer (Karl
et al., 2007; Kuhn et al., 2007). The uncertainty of the current parameterization
of entrainment rate can be a factor of two due to limited understanding of entrainment processes of these species. Sensitivity of model results to entrainment rate
was examined (Section G.3.3.1). (d) The first-order loss coefficient is given by ki =
ki,OH [OH] + ki,en + ki,d .
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entrainment from the residual layer to the boundary layer in the morning can be
viewed as a small but nonzero initial concentration of MVK and MACR in the
model. In this case, concentration ratio ξ(t) can be calculated given production ratio
χ and CMV K+M ACR (0), but χ cannot be retrieved just based on ξ(t). As a sensitivity
test on C MV K+M ACR (0), ξ(t) is plotted for C MV K+M ACR (0) = 0 and 0.1 ppb in Figure
G.15 in the Supporting Information. The value of χ is fixed at 0.75, which is the
estimated median value for the background condition (Figure G.3). For t <2 h, the
concentration ratio ξ varies strongly with C MV K+M ACR (0). As t increases, ξ(t) for
different C MV K+M ACR (0) converge. For an effective reaction time of 5 h, ξ values
for C MV K+M ACR (0) of 0.1 ppb is 12% lower than that for C MV K+M ACR (0) of 0 ppb.
The conclusion is that the afternoon concentration ratio ξ is not sensitive to possible
morning entrainment of MVK and MACR from residual layer, and the simplified
treatment of entrainment used here is acceptable.
G.3.4.2

Box Model: Deposition and Entrainment

Deposition and entrainment rate coefficients of ISOPOOH, MVK, and MACR are
set as the same values as in the analytical model (Table G.1). In addition, deposition
of O3 , H2 O2 , HNO3 , and PAN was also considered, with deposition velocities of
5, 3, 2 cm s−1 , respectively (Fan et al., 1990; Nguyen et al., 2015a). The effective
entrainment loss coefficient of 1.0 × 10−5 s−1 for MVK, MACR, and ISOPOOH
(Table G.1) was also applied to all the other oxygenated oxidation products.
G.3.4.3

Box Model: Photolysis

The parameterization for photolysis frequencies in Master Chemical Mechanism
(MCM) was historically calibrated for clear sky condition using a radiation transfer model (Jenkin et al., 1997). The parameterization (photolysis frequency as a
function of solar zenith angle) represents clear sky conditions at a latitude of 45
◦ N at summertime. Site T3 was located near the equator with a different column
air mass. For inorganics included in MCM, the noon-time photolysis frequencies
at T3 site calculated using the MCM parameterization were on average 18% lower
than those simulated by us in a test using the Tropospheric Ultraviolet and Visible (TUV) model (https://www2.acom.ucar.edu/modeling/tropospheric-ultravioletand-visible-tuv-radiation-model). A scaling factor of 1.2 was, therefore, applied
in the model treatment herein to the photolysis frequencies simulated by MCM for
clear sky conditions. A further factor was incorporated for all sky conditions. A sky

486
radiometer at T3 measured the shortwave broadband total downwelling irradiance
(SKYRAD). For the days and hours of trap measurements, the average irradiance
level for all skies was estimated as 76% of clear skies. Scaling factors of 1.2 and
0.76 represented a net 0.91 factor applied to the MCM photolysis frequencies for
the modeling activities carried out in the present study.
G.3.4.4

Box Model: Simulated HO2 and RO2 Concentrations

The simulated HO2 and RO2 concentrations using the box model are in the range
of measurement values for in tropical forests, as reported in the literature, both
in terms of magnitude and ratio. Lelieveld et al. (2008) reported a mean HO2
concentration of (11 ± 3) × 108 cm−3 for a mean NO concentration of 0.02 ± 0.02
ppb over coastal Amazonia during the GABRIEL aircraft campaign. The HO2
measurement technique was later found to have a significant interference from RO2
radicals produced from OH reaction with alkene- and aromatic-precursors including
isoprene, which contribute to the nominal detection of HO2 radicals by a conversion
efficiency of greater than 80% (Fuchs et al., 2011). As shown in Figure G.16 in
the Supporting Information, although the simulated HO2 concentration is below 4
× 108 cm−3 , the total concentration of HO2 and RO2 is 8 × 108 cm−3 for 0.02 ppb
NO. This simulated range is close to the observation of Lelieveld et al. (2008) with
correction for the measurement interference. Observations over southeast Asia in
the OP3 Experiment found a mean mid-day total concentration of HO2 and RO2
of (9 ± 2) × 108 cm−3 for a mean NO concentration of 0.04 ppb (Hewitt et al.,
2010). By comparison, in the present study, the simulated concentration of HO2 +
RO2 is 7 × 108 cm−3 for 0.04 ppb NO. As shown in Figure G.16 in the Supporting
Information, the simulated concentration of RO2 is several times higher than that of
HO2 at lower NO concentrations. The HO2 and RO2 become similar at higher NO
concentrations. This trend is quantitatively consistent with the field observations by
Fleming et al. (2006). In that study, the fraction of HO2 in the total concentration of
HO2 and RO2 was 0.2 for lower NO x and 0.4 to 0.6 for higher NO x . Although the
concentrations of HO2 and RO2 are often assumed to be equal (Barket et al., 2004),
the simulation here as well as the cited observations suggest that the concentration
ratio of HO2 to RO2 decreases below unity for low NO concentration.
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G.3.4.5

GEOS-Chem Simulation: Sensitivity to Soil NO Emissions

There have been only a few field studies of soil NO emission in the Amazon
rainforests in the wet season (Bakwin et al., 1990a; Garcia-Montiel et al., 2001;
Verchot et al., 1999). The reported soil NO emission rates are in the range of 0.6 to
1.4 × 1010 molec cm−2 s−1 . For dry season, the reported soil NO emission can be
higher (Garcia-Montiel et al., 2001; Kaplan et al., 1988; Verchot et al., 1999). One
must keep in mind the wide range of soils and forest types throughout Amazonia,
so that these measurements reported in the literature cannot be readily generalized;
even so, they are the measurements that we do have at this time, and they do represent
what models are based on. Furthermore, not all the NO emitted from forest soil is
exported to the atmosphere above the canopy due to NO oxidation by ozone forming
NO2 and subsequent NO2 deposition within the canopy. There is large uncertainty
in the canopy reduction factor, defined as the ratio of above-canopy NO x emission to
above-soil NO emission (Ganzeveld et al., 2002). For tropical forests, earlier study
by Jacob and Bakwin suggested a canopy reduction factor of around 0.2 (Jacob and
Bakwin, 1991), whereas later study by Ganzeveld et al. (2002) suggested a value
of 0.4-0.5. Based on these studies, the above-canopy NO x emission can be in the
range of 1.2 to 7.0 × 109 molec cm−2 s−1 .
Soil NO emission in GEOS-Chem is based on parameterization by Hudman et al.
(2012), and canopy reduction is implemented following Jacob and Bakwin (1991)
(c.f. http://wiki.seas.harvard.edu/geos-chem/index.php/Hudman_et_al_2012_soil_
NOx_emissions_algorithm). For the grid square encompassing the measurement
site, the modeled above-canopy NO x emission is 2.0 × 108 molec cm−2 s−1 in the
wet season. The value is one order of magnitude lower than the range suggested
by the field observations. In this light, we reran the model with increased soil NO
emissions by factors of 10 and 30 and kept the canopy reduction unchanged. The
simulation results are presented in Table G.4. The resultant above-canopy NO x
emissions are 2.0 to 6.0 × 109 molec cm−2 s−1 , respectively. The modeled daytime
ratio of ISOPOOH concentration to MVK + MACR concentration is 1.0, 0.93,
and 0.76 for default, 10 × default, and 30 × default soil NO emission scenarios,
respectively, in the wet season in the grid square where measurement site is located.
The simulated concentration ratios with increased NO x emissions, especially in the
case of NO emission that are 30 times higher, get closer to the confidence interval
of the observed ratio of 0.4-0.6 reported in the present study.
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G.4
G.4.1

Results and Discussion
Observations

Data sets were collected at the T3 site of GOAmazon2014/5 in the wet season
during an eight-week Intensive Operating Period ("IOP1") (c.f. Materials and
Methods, Section G.3). Concentrations of ISOPOOH and MVK + MACR were
measured using a proton-transfer-reaction time-of-flight mass spectrometer (PTRToF-MS). ISOPOOH and MVK + MACR, both detected as the C4 H7 O+ ion by
the PTR-ToF-MS, were discriminated by use of an upstream cold trap. ISOPOOH,
having a lower volatility than does MVK or MACR, was selectively removed by the
cold trap (Liu et al., 2013; Nguyen et al., 2014b).
Figure G.1 shows the time series of trap and bypass signal intensities of the
C4 H7 O+ ion for two contrasting afternoons. The time series of the concentrations of
reactive nitrogen compounds (NO y ), ozone (O3 ), and carbon monoxide (CO) show
that the left and right panels of Figure G.1 correspond, respectively, to time periods
when the pollution plume or background air passed over T3. The NO y concentration
is defined as the sum concentration of NO, NO2 , and compounds produced from
them. NO y favors NO and NO2 near source regions and remains a semi-conserved
quantity downwind as NO and NO2 are incorporated into product molecules. The
instantaneous concentrations of NO at T3 are often below detection limit (70 ppt)
because of the rapid titration of this species by peroxy radicals and ozone, even as
it remains an important reactant. For these reasons, NO y concentration is used in
this study as a surrogate variable for the integrated effects of NO on the chemistry
that took place during transport to T3. As a reference point, background air in the
boundary layer of the central Amazon basin in the wet season is characterized by
0.5 ± 0.3 ppb of NO y (Bakwin et al., 1990a).
On the afternoon affected by pollution, the NO y concentrations measured at T3
were regularly above 1 ppb (blue line, Figure G.1a). The concentrations of O3 and
CO were also elevated (orange and gray lines). Back-trajectories from T3 show
that the air came from Manaus (Figure G.5a in the Supporting Information). Under
the influence of this pollution, the trap and bypass intensities for the C4 H7 O+ ion
followed each other closely (lower panel, Figure G.1a), without any statistically
significant differences. The conclusions for this polluted afternoon are that the NO
pathway dominated over the HO2 pathway for the fate of ISOPOO radicals and that
the C4 H7 O+ intensity predominantly arose from MVK and MACR, without any
contribution by ISOPOOH.
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Figure G.1: Representative afternoon time series of (top) CO concentrations, O3
concentrations, OH concentrations, and rain amount, (middle) NO y concentrations
and shortwave broadband total downwelling irradiance, and (bottom) signal intensities of C4 H7 O+ ions and concentrations of MVK+MACR and ISOPOOH. Lifetimes
of CO, O3 , and OH are many days, many hours, and less than one second over the
tropical forest in Amazonia. (a) The left panels of this figure represent polluted
conditions (14 March 2014). The weather was partly cloudy with scattered showers.
(b) The right panels represent background conditions (30 March 2014). The weather
was sunny, and there was no rainfall. Local noon is at 16:00 UTC. The green and
black points for the C4 H7 O+ ions represent intensities with and without the cold
trap in place, respectively. Intensities are given in normalized counts per second
(ncps) (c.f. Materials and Methods). For concentrations of MVK + MACR and
ISOPOOH, the light shadings represent 75% confidence intervals. Measurements
of OH concentrations are not available for 30 March 2014.
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Fluctuations are apparent in the data sets of Figure G.1a at several time points
throughout the day. The fluctuations at 16:00 arose from a 45-min shift in the local winds from polluted easterlies to background southerlies associated with a local
convective cell (Figure G.6 in the Supporting Information). Atmospheric concentrations of the measured species decreased because of a combination of wet deposition
and convective mixing with clean air. The precipitous drops in the data sets at 17:45
were associated with rainfall. At other times, small fluctuations reflected variations
in the amounts of Manaus pollution that reached the measurement site during the
course of the observations. The C4 H7 O+ intensity fluctuated in correlation with the
NO y concentration (middle compared to bottom panel, Figure G.1a). MVK and
MACR were produced more rapidly in air masses having higher NO y concentrations because the atmospheric oxidation cycle was accelerated (Valin et al., 2013).
As an example of this acceleration, the instantaneous OH concentration increased
markedly when pollution and sunlight were simultaneously present (red line, Figure
G.1a).
During the afternoon of background conditions, the NO y concentration at T3
varied little from 0.4 ppb throughout the day (blue line, Figure G.1b). Ozone and
carbon monoxide had concentrations typical of background air masses in the wet
season (orange and gray lines, Figure G.1b) (Martin et al., 2010). Back-trajectories
launched from T3 showed that the air did not intersect Manaus. The air instead
came from remote regions of the Amazon basin (Figure G.5b in the Supporting
Information). Under these conditions, the HO2 pathway played an important role in
the fate of ISOPOO radicals, and on this afternoon the C4 H7 O+ intensity with the
cold trap in place was lower than in its absence (bottom panel, Figure G.1b).
A difference signal ∆C4 H7 O+ measured with and without the trap can be defined.
A nonzero ∆C4 H7 O+ is attributed to the presence of ISOPOOH (Liu et al., 2013).
The possibility of significant contributions by other compounds to ∆C4 H7 O+ , such
as pinonaldehyde and isoprene epoxydiols (IEPOX), was considered but ruled out.
The difference signal ∆C4 H7 O+ was converted to ISOPOOH concentration based on
calibrations using synthesized standards of ISOPOOH isomers. The MVK+MACR
concentration was subsequently determined. For the afternoon of background conditions, the ISOPOOH concentration was approximately 0.6 ppb throughout the day
(bottom panel, Figure G.1b). The MVK + MACR concentration increased from
0.9 to 1.2 ppb. For comparison, daytime ISOPOOH concentrations in the western
United States (USA) of up to 1 ppb were reported using CF3 O− as the ionization
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agent in a chemical ionization mass spectrometer, although authentic standards were
not available for instrument calibration (Worton et al., 2013). A similar instrument,
but with calibration, subsequently measured 0.4 ppb as the daytime ISOPOOH +
IEPOX concentration in the southeastern USA (Xiong et al., 2015).
Twenty-three days of daytime trap data were obtained during the measurement
period, and a statistical analysis was carried out (Figure G.2). The ∆C4 H7 O+ values
were grouped by NO y concentration such that each of the six data subsets had an
equal number of data points. Quartile and median values of ∆C4 H7 O+ intensity
and NO y concentration were calculated for each subset. Results are plotted in
Figure G.2a. For subsets of NO y >1 ppb, indicating the influence of the Manaus
pollution plume, the medians were approximately zero (Figure G.2a), meaning that
no ISOPOOH was detected for these conditions. By comparison, for subsets having
NO y <1 ppb, indicating the sampling of background air, the medians increased for
decreasing NO y concentration. The implication is that ISOPOOH concentrations
increased with lower NO y concentrations.
The central values of the ISOPOOH concentrations derived from the median
values of the ∆C4 H7 O+ measurements are represented on the right axis of Figure
G.2a. The bar represents 75% confidence interval around the central value of the
obtained ISOPOOH concentration. Medians of ∆C4 H7 O+ (left axis) and central
values of ISOPOOH concentrations (right axis) are slightly offset from one another
because of nonlinearity in the ISOPOOH calibration, including a dependence on
humidity. For the bin of lowest NO y concentration, which corresponds to 0.5 ppb
as a median value, the central value of the ISOPOOH concentration was 0.5 ppb.
This NO y bin is coincident with the envelope of 0.5 ± 0.3 ppb characteristic of
background conditions in the wet season of Amazonia (Bakwin et al., 1990a).
The concentration of ISOPOOH compared to that of MVK + MACR, represented
as a ratio quantity ξ, was calculated and its relationship to NO y was analyzed. Figure
G.2b plots the central value of ξ and its 75% confidence interval (bar length) for each
NO y bin. The ratio ξ decreases for increasing NO y concentration, approaching zero
for NO y >1 ppb. For the lowest NO y concentration, characteristic of background
conditions, the central value of ξ was 0.5 (0.4 to 0.6 with uncertainty).
From a technical perspective, ξ can indicate the possible quantitative error in
the historical assumption that the C4 H7 O+ signal arose exclusively from MVK and
MACR. Figure G.2b shows that ξ changed with NO y concentration for NO y <1 ppb
but was close to zero for NO y >1 ppb. A criterion of NO y >1 ppb is, therefore,
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Figure G.2: Dependence of observations on NO y concentration. (a) Quartiles and
median of ∆C4 H7 O+ measurements. The panel also shows the central value of the
ISOPOOH concentration corresponding to the median of the ∆C4 H7 O+ measurements. The bar represents 75% confidence interval around the central value of the
obtained ISOPOOH concentration. (b) Ratio ξ of ISOPOOH concentration to that
of MVK + MACR. The central value of the ratio is based on the median of the
∆C4 H7 O+ measurements. The bar represents 75% confidence interval around the
central value of the obtained ratio. Light green shading represents NO y concentrations of background air masses in the central Amazon basin in the wet season
(Bakwin et al., 1990a).
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suggested as a simple heuristic check before attributing the C4 H7 O+ signal in future
studies exclusively to MVK and MACR concentrations. This heuristic applies
assuming that the dependence observed in the wet season of the central Amazon
basin also applies to other environments. More generally, a confidence interval
of 0.4 to 0.6 for ξ under background conditions in central Amazonia suggests that
the nominal MVK and MACR concentrations reported in the literature for remote
locations are in need of correction for ISOPOOH contributions when PTR-MS, GC,
or other methods having hot metal surfaces were employed for the measurements.
G.4.2

Modeling

The observed concentration ratio ξ can be used in an analytical model to estimate
the ratio χ of the production rate of ISOPOOH to that of MVK + MACR. This
ratio corresponds to (S1 + S2 )/(S3 + S4 ) for production rates Si (molec cm−3 s−1 ) of
species i. Species 1 to 4 correspond to (1,2)-ISOPOOH, (4,3)-ISOPOOH, MVK,
and MACR, respectively. Quantities ξ and χ differ from one another because of the
different atmospheric lifetimes of species i. For initial concentrations of zero and for
production rates Si and loss coefficients ki (s−1 ) that are constant, the following result
can be obtained to relate χ to ξ for a reaction time t (c.f. Supporting Information,
Section G.6):
χ=

(0.6/k 3 )(1 − e−k3 t ) + (0.4/k 4 )(1 − e−k4 t )
×ζ
(0.6/k 1 )(1 − e−k1 t ) + (0.4/k 2 )(1 − e−k2 t )

(G.9)

Composite, pseudo-first order loss coefficients ki are given by ki = ki,OH [OH] +
ki,en + ki,d for bimolecular reactions with OH, atmospheric entrainment (en), and
surface deposition (d). On-site measurements of OH concentrations by chemical
ionization mass spectrometry (Kim et al., 2013), recent advances in the understanding of the deposition processes of ISOPOOH (Nguyen et al., 2015a), and an
approximate description of the boundary layer dynamics over the Amazonia (VilàGuerau de Arellano et al., 2009) allow reasonable estimates of the loss coefficents
ki (Table G.1).
The model derivation relies on the accuracy of two approximations. (1) Species
concentrations are taken as zero at sunrise, which then represents time zero. This
approximation is well supported by measured concentrations, which at sunrise were
<5% of the maximum measured daily concentrations (Figure G.7 in the Supporting
Information). (2) Production rates Si and loss coefficients ki are approximated as
constant throughout the day, thereby corresponding to average or effective daily
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values. The sensitivity of the results to this approximation is examined in Section
G.6, and the approximation is found to be acceptable.
Equation G.9 shows that the production ratio χ is proportional to the concentration
ratio ξ for any fixed reaction time. For the actual values of ki , the proportionality
coefficient was greater than unity for any reaction time t because of the longer
lifetimes of MVK and MACR compared to those of (1,2)-ISOPOOH and (4,3)ISOPOOH. The implication is χ > ξ. Plots of Equation G.9 in Figure G.3 show
the dependence of χ on ξ for different reaction times ranging from 0 to 10 h.
Figure G.3 is drawn for an average daytime OH concentration of 5 × 105 cm−3 for
background conditions (Kim et al., 2013). The proportionality coefficient relating
χ to ξ increases for greater reaction times. For an assumed effective reaction time
of 5 h representing daybreak to midafternoon (green line, Figure G.3), the slope is
1.5. The confidence interval of 0.4 to 0.6 for ξ under background conditions (Figure
G.2b) implies a range of 0.6 to 0.9 for χ. One test of the accuracy of the effective
photochemical reaction time (i.e., 5 × 105 OH cm−3 for 5 h) is to compare the
predicted and measured ratios given by the total concentration of reaction products
(i.e., sum of MVK, MACR, and ISOPOOH) divided by the isoprene concentration.
The predicted ratio was in agreement with the median of the measured ratios for
background conditions, supporting the appropriateness of the effective reaction
time. As an aside, the observed ratio shifted from 0.4 under background conditions
to around 2 under polluted conditions for the data of Figure G.1 (and Figure G.6 in
the Supporting Information), as is consistent with the accelerated oxidation cycle in
the pollution plume.
The preceding product-focused methodology to determine χ was complemented
by a source-based analysis. Reactions of ISOPOO serve as the sources of ISOPOOH
and MVK + MACR. In a source-based analysis, the production ratio χ is expressed
as follows:
YISOPOOH,HO2 fHO2
Í
(G.10)
χ=
YMV K+M ACR, j × f j
j∈(HO2,NO,RO2,ISOM)

The fractional yield of ISOPOOH in the reaction of ISOPOO with HO2 is represented by the term YISOPOOH,HO2 , which has an estimated value of 0.90 (St. Clair et
al., 2015). By comparison, ISOPOOH is believed to be produced neither from the reactions of ISOPOO with NO and RO2 nor by isomerization. The fractional yields of
MVK + MACR in the reactions of ISOPOO with NO, HO2 , RO2 , and isomerization
are represented by the terms YMV K+M ACR,HO2 , YMV K+M ACR,NO , YMV K+M ACR,RO2 , and
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Figure G.3: Modeled dependence of the production ratio χ on the measured concentration ratio ξ for different reaction times (Equation G.9). The dashed line projects
the central value of ξ measured during background conditions onto the inferred
production ratio χ when assuming 5 h of reaction time. The yellow region shows
the same when taking into account the confidence interval in ξ. Figure is drawn
for 5 × 105 OH cm−3 , corresponding to daytime background conditions. The black
arrow points to daytime ξ value simulated using a global chemical transport model
for this region in a typical wet season.
YMV K+M ACR,ISOM , respectively. The best-estimate values are 0.06, 0.71, 0.75, and
0.10, respectively (Table G.2 and references therein).
Terms fHO2 , fNO , fRO2 , and fISOM of Equation G.10 are the fractional contributions of reactions with HO2 , NO, RO2 , and isomerization to ISOPOO loss. These
fractions sum to unity. The fractions were obtained for NO concentrations ranging
from background to polluted conditions using a box model based on the Master
Chemical Mechanism (MCM; version 3.3.1) and supplemented by recent experimental results (Jenkin et al., 2015; Liu et al., 2013; St. Clair et al., 2015). The
model is further described in Materials and Methods. For straightforwardness, the
OH concentration was held constant, although in reality it increased under polluted
conditions (Figure G.1a). Figure G.4a shows the simulated dependence of fHO2 ,
fNO , fRO2 , and fISOM on NO concentration. Under polluted conditions of greater
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YMV K+M ACR YISOPOOH
HO2 Pathway
NO Pathway
RO2 Pathway
ISOM Pathway

6.3%a
71%a
75%b
10%c

90%d
0
0
0

Table G.2: Reported production yields of MVK + MACR and ISOPOOH via
individual pathways. For measurement-based values, the reference is included.
(a) From Liu et al. (2013). (b) Although the MVK and MACR yields were reported
for several "low-NO" experiments, the contribution of RO2 pathway is not clear.
The value adopted here is based on MCM v3.1.1 Jenkin et al. (2015). (b) Theoretical
prediction by Peeters et al. (2014). There is no direct laboratory evidence that MVK
and MACR can be produced via the isomerization pathway. (d) From St. Clair et al.
(2015).

than several hundred ppt of NO, ISOPOO loss is dominated by reaction with NO
(e.g., 90% for 400 ppt NO). Under less polluted conditions, the other three reaction
pathways become important.
Figure G.4b shows the simulated dependence of production ratio χ on NO concentration and allows an inference of an effective NO concentration associated with
the confidence interval 0.6 to 0.9 for χ. As a point of reference, background NO
mixing ratios of 15 to 60 ppt (Torres and Buchan, 1988), 10 to 30 ppt (Levine et al.,
2015), 20 to 80 ppt (Bakwin et al., 1990a), and 35 ppt (mean value of GOAmazon
2014/5 aircraft measurement; Figure G.8 in the Supporting Information) have been
measured for the central region of the Amazon basin for studies from 1985 through
2014. These ranges are represented by the brown arrows in Figure G.4b. According to Figure G.4b, the effective NO concentration associated with the confidence
interval of χ ranged from 16 to 30 ppt (yellow shading, Figure G.4). This effective
value represents the net chemistry across the history of the air parcel. The good
agreement between the effective NO concentration inferred in this way and the range
of measured ambient concentrations for background conditions lends confidence to
the accuracy of the overall model framework of the present study. Across the range
of effective NO concentrations the following fractional contributions to ISOPOO
reaction are obtained: 0.31 < fHO2 < 0.39, 0.27 < fNO < 0.40, 0.03 < fRO2 < 0.05,
and 0.25 < fISOM < 0.30 (yellow shading, Figure G.4a). Notably, compared with the
wide range of NO concentrations reported (gray shading, Figure G.4a), the effective
NO concentrations based on our observation provide a tighter constraint to ISOPOO
reaction under background conditions. Specifically, the confidence interval of the
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Figure G.4: Modeled dependence on NO concentration of (a) fractional contributions fHO2 , fNO , fRO2 , and fISOM to ISOPOO reactive loss and (b) the ratio χ of the
production rate of ISOPOOH to that of MVK + MACR. The brown arrows represent
the reported ranges of NO concentration for central Amazonia, eastern Amazonia,
and southeast Asia under background conditions (Bakwin et al., 1990a; Lelieveld
et al., 2008; Levine et al., 2015; Pöschl et al., 2010; Torres and Buchan, 1988). The
gray region represents NO concentrations reported by Torres and Buchan (1988)
for measurements in 1985. The dashed line projects the central value of χ for
background conditions onto the effective NO concentration, illustrating the possible
relative contributions of different reaction pathways of ISOPOO. The yellow region
shows the same as the dashed line but for confidence interval in χ.
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MCM 3.3.1 +
updatesa,b
MCM 3.3.1
NO (ppt)
fHO2
fNO
fRO2
fISOM
fHO2 : fNO

16-30
0.31-0.39
0.27-0.40
0.03-0.05
0.25-0.30
0.8-1.4

19-33
0.29-0.36
0.30-0.42
0.03-0.04
0.26-0.30
0.7-1.2

MCM 3.2 +
updatesb,c MCM 3.2
19-36
0.39-0.51
0.40-0.55
0.05-0.09
0
0.7-1.3

22-40
0.37-0.48
0.44-0.58
0.05-0.08
0
0.6-1.1

Table G.3: Simulation results using a box model with different chemical mechanisms. Inferred range of NO concentrations and fractional contribution to ISOPOO
reaction from observation-constraint χ range of 0.61-0.93 using four sets of chemical mechanisms. (a) Mechanism used in the main text (Figure G.4). (b) Updates
include measured production yields of MVK and MACR via the HO2 pathway (Liu
et al., 2013) and measured reaction rate coefficients of (1,2)-ISOPOOH and (4,3)ISOPOOH with OH (St. Clair et al., 2015). (c) Compared with MCM 3.3.1, MCM
3.2 does not include isomerization pathway of ISOPOO reaction. The simulated
dependence of χ and f on NO using MCM 3.2 + updates is presented in Figure
G.17 in the Supporting Information.
fHO2 -to- fNO ratio spans 0.8 to 1.4. This result is robust with respect to the inclusion
or not of the isomerization pathway (Table G.3). An important point to emphasize
is that the modeling analysis leading to this ratio for background conditions is ultimately constrained by the measured concentrations of ISOPOOH, MVK + MACR,
and NO y .
G.5

Atmospheric Implications

The ranges in fHO2 , fNO , fRO2 , and fISOM for the yellow region of Figure G.4a
imply that the HO2 pathway accounted for 31% to 39% of the reactive loss of
ISOPOO under the "low-NO" conditions of the wet season in the central Amazon
basin. Conversely, reactions with NO under "low NO" conditions accounted for
27% to 40% of ISOPOO loss. For comparison to these values, a state-of-the-art
chemical transport model (CTM) predicted that the HO2 pathway contributed 59%
of the reactive loss of ISOPOO radicals for the grid box of 4◦ × 5◦ encompassing
the measurement site and that the contribution of the NO pathway to reactive loss
was 14% for a typical wet season (Table G.4). An overestimate in models of the
importance of the HO2 pathway for ISOPOO reactive loss has important implications
for predicted concentrations of organic particulate matter (Paulot et al., 2009b) and
consequent connections among flora, oxidative capacity, aerosol particles, cloud
condensation nuclei, clouds, and rainfall over this vast tropical forest (Pöschl et al.,
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Model settings
Soil NO x emissiona
Simulation results
Above-canopy NO x emissionsb
Daytime NO concentrationc
Daytime NO y concentrationc
Daytime ISOPOOH concentrationc
Daytime MVK+MACR concentrationc
Concentration ratio ξ
fHO2
fNO
fRO2
fISOM
fHO2 : fNO

default

default × 10

default × 30

2.0 × 108
0.0075
0.11
0.65
0.62
1.0
0.59
0.14
0.06
0.21
4.3

2.0 × 109
0.010
0.18
0.62
0.67
0.93
0.55
0.22
0.06
0.16
2.5

6.0 × 109
0.015
0.36
0.52
0.68
0.76
0.49
0.34
0.05
0.13
1.4

Table G.4: Simulation results using GEOS-Chem for central Amazonia. Simulation
results are for the grid square (0◦ - 4◦ S, 57.5 ◦ - 62.5◦ W) where the measurement
site is located during February and March in 2012. (a) Justification of increasing soil
NO x emission by a factor of 10 and 30 is provided in Section G.3.4.5. (b) In units of
(molec m−2 s−1 ). c In units of ppb.

2010). An underestimate of the NO pathway in central Amazonia can have profound
impacts on the predicted concentrations of isoprene nitrates transported to adjacent
regions, influencing NO x concentrations and photochemistry in those regions (Ito
et al., 2007). In addition, given the importance of this geographical region in the
global isoprene budget (Guenther et al., 2012), previous estimates of the fraction of
ISOPOO reacting via the HO2 pathway on a global basis by CTMs might also be
too high (Crounse et al., 2011). Future studies are needed to better constrain the
fraction of ISOPOO reactive loss via the HO2 pathway in other locations having
high isoprene concentrations and low anthropogenic NO x emissions.
One possible reason, among others, for the gap between observations and the
CTM model predictions is an underprediction of NO concentrations and hence an
underestimate of the importance of the NO reaction pathway in the model. The
modeled daytime average concentration of NO was 0.008 ppb for the grid box in
which the measurement site was located. This value is much lower than the range
of NO concentrations measured in central Amazonia (Figure G.4). Furthermore,
the modeled daytime concentration of NO y was 0.1 ppb, which is 80% lower than
the observed background NO y concentrations in central Amazonia (Bakwin et al.,
1990a). Underpredicted NO and NO y concentrations in the model might in turn be
related to underestimated NO emissions from tropical forests. Flux measurements
have shown that soils have high emissions of NO x in the forested regions of both
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central Amazonia (Bakwin et al., 1990b; Garcia-Montiel et al., 2001; Kaplan et al.,
1988; Verchot et al., 1999) and southeast Asia (Hewitt et al., 2009). The above-soil
NO x emission modeled in the CTM for the wet season of central Amazonia was ten
times lower than the observations reported in the literature. Ganzeveld et al. (2002)
additionally suggest that CTMs might underestimate the fraction of soil-emitted NO x
that survives transport through tropical forest layers and is ultimately emitted to the
overlying atmosphere. Herein, additional model runs were performed as a sensitivity
study to establish that increasing NO x emissions above canopy by a factor of 30 can
bring the modeled ratio ξ closer to its observed range. Any change made to model
emissions on this basis must, however, also assess possible perturbations of other
modeled quantities, such as ozone or hydroxyl radical concentrations, compared to
measured values (Jacob and Wofsy, 1988; Lelieveld et al., 2008).
In outlook, current trends in human activities, including ongoing land use changes
for agricultural activities as well as growing urbanization, are associated with the
continual reduction of forest coverage in the Amazon basin (Davidson et al., 2012).
These trends in turn lead to increased demand for electricity and transport, which
with current technologies increases NO x emissions (Hewitt et al., 2009). With
respect to the atmospheric chemistry of the region, the concentration ratio ξ and
its complement of the production ratio χ serve as surrogates of the qualitative
characteristics of isoprene chemistry, with associated effects that are of concern to
humans, such as production of ozone and organic particulate matter and changes
in visibility and rainfall, among others (Chameides et al., 1988; Pike et al., 2010).
Under background conditions, expressed as 75% confidence intervals, the ratio of
the fractional contribution by HO2 to the reactive loss of ISOPOO to that by NO
ranges from 0.8 to 1.4, the ratio of the production rate χ of ISOPOOH to that of
MVK + MACR ranges from 0.6 to 0.9, and the ratio ξ of the concentration of
ISOPOOH to that of MVK + MACR ranges from 0.4 to 0.6. In this regard, the data
(Figure G.2; ξ) and the model (Figure G.4; χ) show that the oxidant cycle is highly
sensitive to changes from background to polluted conditions. The implication is that
small increases in NO concentration above the background level can lead to a large
change in the aforementioned endpoints of air quality and climate. In particular,
the abrupt drop in ISOPOOH concentration associated with pollution speaks to
the extent of human-induced changes in photochemical cycles over the rain forest,
both at present during times of widespread biomass burning in the dry season and
possibly in the future during all seasons as a consequence of economic development
and increasing pollution throughout the Amazon basin.
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G.6

Supporting Information

Figure G.5: Back-trajectories launched at T3 on (a) 14 March 2014 and (b) 30
March 2014. The back-trajectories start at 12 and 18 h (UTC). Colors differentiate
back-trajectories launched at height 660 m (orange), 270 m (white) and 90 m (cyan).
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Figure G.6: Representative afternoon time series (top to bottom) of (1) CO concentrations, O3 concentrations, OH concentrations, and rain amount, (2) NO y concentrations and shortwave broadband total downwelling irradiance, (3) wind direction
and wind speed, and (4) ratio of total concentration of MVK, MACR and ISOPOOH
to isoprene concentration. (a) The left panels of this figure represent polluted conditions (14 March 2014). (b) The right panels represent background conditions (30
March 2014). Local noon is at 16:00 UTC. This figure is a supplement of Figure
G.1.
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Figure G.7: Diel variation for trap-measurement days of (a) isoprene concentration
and (b) the total concentration of MVK, MACR, and ISOPOOH. The solid line and
shaded regions respectively represent the median and interquartile ranges of each
hour of the day.
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Figure G.8: Histogram of NO concentrations measured by the G1 aircraft in the
environs of Manaus during GOAmazon 2014/5. Data are collected at flight heights of
200 to 1000 m. The measured histogram can be fitted as the sum of the histograms
under background and polluted conditions, which follow normal and lognormal
distribution, respectively. The fitted mean and standard deviation of the normal
distribution for background condition is noted in the figure. The large variance of
measured NO concentration under background condition (and also the existence of
negative values) is largely due to large variation of instrumental background level.
The mean value of the normal distribution can represent mean background NO
concentration, but its standard deviation can be much larger than the variation of
NO concentration.
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Figure G.9: Histogram of trap measurements in UTC. The yellow region represents
local daytime, and the dashed line represents local noon.
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Figure G.10: Schematic diagram of the gas inlet system for the PTR-ToF-MS. The
top and bottom sections represent calibration and measurement set-ups, respectively.
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Figure G.11: Calibration curve. (a) Comparison of measured and fitted data in a
three-dimensional plot. (b) Comparison and fitting residuals. Point size is scaled
by the absolute humidity. The signal intensities of the C4 H7 O+ ion shown in the
figures are background-corrected.
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Figure G.12: Example time series of (top) ∆C4 H7 O+ and (btm) C4 H7 O+ signal on
(a) 14 March 2014 and (b) 30 March 2014, representing polluted and background
conditions, respectively. The black and green points in the bottom panels show
the C4 H7 O+ signal intensities measured through the cold trap and along the bypass, respectively. Red lines show the interpolated intensities for the C4 H7 O+ ions
measured with the bypass in place.
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Figure G.13: Histogram of intensity difference ∆C4 H7 O+ , defined as the intensity
of the C4 H7 O+ ion signal recorded through compared to in-bypass of the cold trap.
The red arrow shows the mean value of ∆C4 H7 O+ .
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Figure G.14: The proportionality coefficient, represented by χ/ξ, as a function of
reaction time. The loss rate coefficient k en due to entrainment is set to 0, 1, or 2 ×
105 s−1 .
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Figure G.15: Ratio ξ of concentrations as a function of reaction time for initial
concentration of MVK+MACR of 0 and 0.1 ppb. The production ratio χ was set to
0.75, which is the central value inferred from observations for background condition
assuming zero initial concentration of MVK and MACR (Figure G.3). The dashed
line shows a reaction time of 5 h. The value of ξ is calculated using Equation G.7 for
zero initial concentration and a similar equation for non-zero initial concentration.
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Figure G.16: Simulated steady-state HO2 and RO2 concentrations as a function of
NO using the MCM 3.3.1 supplemented with recent experimental results at an OH
concentration of 5 × 105 cm−3 .
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Figure G.17: Modeled dependence on NO concentration of (a) the fractional contributions fHO2 , fNO , fRO2 , and fISOM to ISOPOO reactive loss and (b) the ratio χ of
ISOPOOH to MVK + MACR production rates using MCM 3.2 supplemented with
recent experimental results. By comparison, Figure G.4 presents the dependence
simulated using MCM 3.3.1 supplemented with recent experimental results (Table
G.3).
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CONTRASTING CLOUD COMPOSITION BETWEEN COUPLED
AND DECOUPLED MARINE BOUNDARY LAYER CLOUDS

Wang, Z., M. Mora Ramirez, H. Dadashazar, A. B. MacDonald, E. Crosbie, K. H.
Bates, M. M. Coggon, J. S. Craven, P. Lynch, J. R. Campbell, M. Azadi Aghdam,
R. K. Woods, H. Jonsson, R. C. Flagan, J. H. Seinfeld, and A. Sorooshian (2016).
“Contrasting cloud composition between coupled and decoupled marine boundary
layer clouds”. In: J. Geophys. Res. - Atmos. 121.19, pp. 11679–11691. doi:
10.1002/2016JD025695.
Abstract
Marine stratocumulus clouds often become decoupled from the vertical layer immediately above the ocean surface. This study contrasts cloud chemical composition
between coupled and decoupled marine stratocumulus clouds for dissolved nonwater
substances. Cloud water and droplet residual particle composition were measured
in clouds off the California coast during three airborne experiments in July–August
of separate years (Eastern Pacific Emitted Aerosol Cloud Experiment 2011, Nucleation in California Experiment 2013, and Biological and Oceanic Atmospheric
Study 2015). Decoupled clouds exhibited significantly lower air-equivalent mass
concentrations in both cloud water and droplet residual particles, consistent with
reduced cloud droplet number concentration and subcloud aerosol(D p > 100 nm)
number concentration, owing to detachment from surface sources. Nonrefractory
submicrometer aerosol measurements show that coupled clouds exhibit higher sulfate mass fractions in droplet residual particles, owing to more abundant precursor
emissions from the ocean and ships. Consequently, decoupled clouds exhibited
higher mass fractions of organics, nitrate, and ammonium in droplet residual particles, owing to effects of long-range transport from more distant sources. Sodium
and chloride dominated in terms of air-equivalent concentration in cloud water for
coupled clouds, and their mass fractions and concentrations exceeded those in decoupled clouds. Conversely, with the exception of sea-salt constituents (e.g., Cl,
Na, Mg, and K), cloud water mass fractions of all species examined were higher in
decoupled clouds relative to coupled clouds. Satellite and Navy Aerosol Analysis
and Prediction System-based reanalysis data are compared with each other, and the
airborne data to conclude that limitations in resolving boundary layer processes in
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a global model prevent it from accurately quantifying observed differences between
coupled and decoupled cloud composition.
H.1

Introduction

The composition of gases, particles, and droplets in and around clouds impacts
cloud properties, radiative forcing, the water cycle, and geochemical cycling of
nutrients. The degree of coupling between the cloud and the surface layer in a given
region is a fundamental property of the cloud system that is expected to impact
its composition. Quantifying the effect of coupling on composition is particularly
important for marine stratocumulus clouds, which are the dominant cloud type by
global area (e.g., Warren et al., 1986), exerting a strong negative net radiative effect
(e.g., Stephens and Greenwald, 1991). Stratocumulus-topped boundary layers are
often capped by a strong temperature inversion and are well mixed due to longwave
radiative and evaporative cooling at cloud top (e.g., Wood, 2012). When the negative
buoyancy generated at cloud top is not sufficiently strong, the cloud layer can become
decoupled from the layer immediately above the ocean (e.g., Nicholls, 1984).
The goal of this study is to determine how the degree of coupling of clouds to
the surface layer affects mass concentrations and chemical ratios in cloud water
and droplet residual particles for dissolved nonwater substances. While numerous
past studies have examined either cloud microphysical properties of stratocumulus
clouds in our study region over the eastern Pacific Ocean off the Califonia coast
(e.g., Coakley et al., 2000; Durkee et al., 2000; Ferek et al., 2000; Gerber et al.,
2005; Lu et al., 2009; Mechem and Kogan, 2003; Modini et al., 2015; Noone et al.,
2000; Painemal and Minnis, 2012; Sanchez et al., 2016; Sharon et al., 2006; Stevens
et al., 2003; Wang et al., 2008a) or the nature of decoupled marine clouds versus
coupled clouds (e.g., Berner et al., 2011; Bretherton et al., 2010a; Bretherton and
Wyant, 1997; Bretherton et al., 2010b; Burleyson et al., 2013; Considine, 1997;
Crosbie et al., 2015; Dong et al., 2015; Garreaud et al., 2001; Glantz et al., 2003;
Jones et al., 2011; Nicholls and Leighton, 1986; O’Dowd et al., 2000; Terai et al.,
2014), none to our knowledge have focused on contrasting composition between
coupled and decoupled clouds. It is hypothesized that clouds more strongly coupled
to the surface will be more influenced by ocean and ship emissions and less so
by continental emissions. Our observations are compared with satellite data and
reanalysis data based on the Navy Aerosol Analysis and Prediction System (NAAPS)
model to assess the extent to which the model can capture the chemical signature
of the two cloud types. The results are intended to motivate more attention to the
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extent to which clouds are coupled to the surface layer in future studies of cloud
composition and aerosol-cloud interactions.
H.2
H.2.1

Experimental Methods
Airborne Measurements

Data are analyzed from three flight campaigns using the Center for Interdisciplinary Remotely-Piloted Aircraft Studies Twin Otter based in Marina, CA. The
Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) (Russell et al., 2013)
included 30 flights between July and August in 2011, the Nucleation in California
Experiment (NiCE) (Coggon et al., 2014) included 23 flights between July and August in 2013, and the Biological and Oceanic Atmospheric Study (BOAS) comprised
15 flights in July 2015.
Cloud water was collected with a Mohnen slotted-rod collector (Hegg and Hobbs,
1987). Details about the collection, storage, and chemical analyses during the three
field campaigns are provided elsewhere (Wang et al., 2014). Briefly, samples were
collected over a ∼10–30 min duration in high-density polyethylene bottles, with
87, 119, and 29 samples collected in E-PEACE, NiCE, and BOAS, respectively.
Samples were tested for pH (Oakton Model 110 pH meter calibrated with pH 4.01
and pH 7.00 buffer solutions), water-soluble composition (Ion Chromatography,
IC; Thermo Scientific Dionex ICS-2100 system), and elemental composition (inductively coupled plasma mass spectrometry, ICP-MS; Agilent 7900 Series). The
non-sea-salt (NSS) fractions of sulfate and calcium in cloud water were calculated
using the relative abundance of sodium to other constituents of sea salt (Seinfeld and
Pandis, 2006). Sodium data presented are from ICP-MS (Na), owing to improved
data quality, rather than from IC (Na+ ); it is assumed that most all of Na is in the
form of sea salt. Liquid-phase concentrations of dissolved nonwater cloud water
species were converted to air-equivalent concentrations based on the average cloud
liquid water content (LWC), as measured by a PVM-100 probe (Gerber et al., 1994).
A threshold LWC value of 0.02 g m−3 was used to distinguish between cloud and
cloud-free air, as has been done in past work in the study region (Prabhakar et al.,
2014; Wang et al., 2014).
Droplet residual particle composition data were collected using a compact timeof-flight aerosol mass spectrometer (C-ToF-AMS; Aerodyne) (Drewnick et al., 2005)
downstream of a counterflow virtual impactor (CVI; Brechtel Manufacturing Inc.)
(Shingler et al., 2012). The C-ToF-AMS measured nonrefractory aerosol composi-
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tions (organics, sulfate, nitrate, and ammonium) for submicrometer aerosol. During
the three field experiments,the CVI exhibited a D p,50 cutsize of 11 µm, with a decreasing transmission efficiency as a function of increasing drop size inside the inlet
mainly owing to inertial deposition. As already reported by Shingler et al. (2012)
for the study region, the D p,50 of the CVI was sufficiently low to sample the majority
of the drop distribution during flights in the study region, with the exception of
periods near cloud base, especially when influenced by ship plumes. In cloud-free
air, particles were sampled through a subisokinetic aerosol inlet (Hegg et al., 2005).
Size-resolved particle number concentrations were measured with a condensation
particle counter (CPC3010; TSI Inc.; D p > 10 nm) and a passive cavity aerosol
spectrometer probe (PCASP; D p ∼ 0.1-2.6 µm); subcloud sampling data are used
in this study as the precloud aerosol. Cloud drop number concentration data were
obtained with a cloud aerosol spectrometer (CAS; D p ∼ 0.6-60 µm) and a forward
scattering spectrometer probe (FSSP; D p ∼2-46 µm). CAS data are used for EPEACE and NiCE, while FSSP data are used for BOAS. Standard meteorological
data were also measured, including temperature, winds, and humidity (e.g., Crosbie
et al., 2015).
Differentiating between coupled and decoupled clouds requires criteria involving thermodynamic vertical profile data, including quantification of moisture and
temperature decoupling metrics and calculating the difference between the lifting
condensation level and cloud base height (e.g., Dong et al., 2015; Jones et al.,
2011; Terai et al., 2014). Decoupling was initially identified based on observed discontinuities in vertical profiles of thermodynamic properties (potential temperature
and water vapor mixing ratio) and aerosol number concentration as measured by
the PCASP. When contrasting these clouds to all others, the criteria that emerged
for decoupled clouds were that the difference between the bottom and top of the
subcloud layer of potential temperature and water vapor mixing ratio had to exceed
1.0 K and 0.6 g kg−1 , respectively. All other clouds are considered coupled. In
total, we analyzed 13 and 80 decoupled and coupled clouds, respectively. Figure
H.1 illustrates an example of both a decoupled and coupled cloud based on the
aforementioned criteria.
H.2.2

Vertical Profiles of Particulate Constituents

In order to supplement data from the three aircraft experiments, average vertical
profiles of different aerosol constituents were obtained from both the Cloud-Aerosol
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Figure H.1: Example of a cloud (a) decoupled from the surface layer and (b)
coupled to the surface layer based on vertical profiles of potential temperature and
water vapor mixing ratio.

Lidar with Orthogonal Polarization (CALIOP) and an aerosol reanalysis product,
which combines observations with a forecasting model to produce gridded data
of atmospheric parameters at a temporal resolution of a few hours. For CALIOP,
monthly averaged climatological profile values are used for total and speciated 532
nm aerosol extinction coefficient (km−1 ) derived at 5◦ × 5◦ resolution centered at 37.5
◦ N and -122.5 ◦ W; the methods used to solve these profiles from available qualityassured Version 3 Level 2 Aerosol Profile products are described in Campbell et al.
(2012). We specifically report climatological profile data derived between 2006
and 2015 for the months of July and August. Version 3 Level 2 CALIOP aerosol
species include "clean marine" (CAL-CM), "dust" (CAL-D), "polluted continental"
(CAL-PC), "clean continental" (CAL-CC), "polluted dust" (CAL-PD), and "smoke"
(CAL-S) (Omar et al., 2005). The sum of these species is denoted as "All."
A decade-long global 1◦ × 1◦ and 6-hourly 550 nm aerosol optical thickness
(AOT) reanalysis product was recently developed and validated at the Naval Research Laboratory (Lynch et al., 2016). This reanalysis utilizes a modified version
of the Navy Aerosol Analysis and Prediction System (NAAPS) as its core and assimilates quality-controlled retrievals of AOT from Moderate Resolution Imaging
Spectroradiometer on Terra and Aqua and the Multiangle Imaging Spectroradiometer on Terra (Hyer et al., 2011; Shi et al., 2014; Zhang and Reid, 2006). NAAPS
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characterizes anthropogenic and biogenic fine (ABF, including sulfate and primary
and secondary organic aerosols) aerosols, dust, biomass burning smoke, and sea-salt
aerosols, the sum of which is denoted as All. The reanalyzed fine (i.e., ABF + smoke)
and coarse mode (i.e., sea salt + dust) AOTs at 550 nm are shown to have good agreement with the ground-based global-scale Sun photometer network Aerosol Robotic
Network AOTs (Holben et al., 1998). The three-dimensional NAAPS concentration
and extinction data here are extracted from the same NAAPS reanalysis run. Data
represent the region encompassed by the following: 125.5 to 122.5 ◦ W; 35.5 to 40.5
◦ N.
H.2.3

Air Back-Trajectory Modeling

Air mass source origins for cloud water samples were identified based on 72
h back trajectories from the NOAA Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Stein et al., 2015) ending at the location and altitude
of the average point for each sample. HYSPLIT was run using the Global Data
Assimilation System data with the "Model vertical velocity" method.
H.3

Airborne Data Category Definitions

To compare decoupled and coupled clouds, six categories are defined to include
cases with similar cloud base heights and air mass influences. Following the criteria
previously used by Wang et al. (2014), three air mass categories are as follows:
(i) "Ship" = maximum subcloud aerosol concentration as measured by a CPC concentration > 14000 cm−3 ; (ii) "Marine Reference" = maximum subcloud aerosol
concentration as measured by a CPC concentration < 1000 cm−3 ; and (iii) "Land"
= 72 h back-trajectory contacted land. The first two categories are characterized by
an oceanic air source origin, with the primary distinction that the Marine Reference
category has an absence of fresh ship emissions. The Land category is associated
with continental emissions that impact marine clouds with sources including biogenic emissions, wildfires, and crustal emissions (Coggon et al., 2014; Maudlin
et al., 2015; Prabhakar et al., 2014; Sorooshian et al., 2015; Youn et al., 2015).
Each of these three categories is further subdivided into two categories based on
cloud base height, resulting in the six categories shown in Table H.1. The following
cloud base heights were identified as threshold values below and above which cases
were categorized as having low base or high base heights, respectively, to maintain a
combination of similar numbers of data points and a reasonable separation in height:
250 m (Ship), 600 m (Marine Reference), and 700 m (Land). Cloud base heights
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for low or high base categories differ between the three air mass categories due
to the limited number of decoupled clouds encountered in these campaigns (Table
H.1); the comparison between coupled and decoupled clouds at each base height
condition within each category is now addressed.
H.4
H.4.1

Results and Discussion
Vertical Chemical Profiles From CALIOP

Vertical aerosol extinction profiles from CALIOP are first presented for major
aerosol types to provide context for the aircraft data that are for more detailed
chemical species (Figure H.2). The data begin at a starting altitude of 0.2 km, where
the CAL-CM aerosol type dominates the total aerosol extinction coefficient up to
between 0.4 and 0.5 km, at which point CAL-PD dominates up to approximately
2.5 km, which surpasses the altitude of the flight data. Most aerosol types decreased
in extinction with altitude except for CAL-D (increased up to 0.7 km) and CAL-S
(increased up to 1.8 km), indicative of their presence in the free troposphere from
continental sources. CAL-CM decreased at the fastest rate above the surface owing
to the surface source of sea salt and effective scavenging at low altitudes. Since the
typical boundary layer height in these aircraft campaigns was < 1 km in altitude, it is
expected that sea salt is the major component in cloud water; however, a decoupled
cloud below 1 km will presumably exhibit a chemical signature impacted more by
continental pollution (e.g., dust,smoke, and anthropogenic and biogenic emissions).
The CALIOP results are more readily related to cloud water composition (Section
H.4.4) than to droplet residual particle composition data, as the latter data from the
C-ToF-AMS represent only nonrefractory species (i.e., excludes sea salt, smoke,
and dust).
H.4.2

Environmental Characteristics

Three-day back-trajectory analysis for the sampled air masses revealed similar
pathways generally moving southwards off the western United States coast (Figure
H.3). Back trajectories for some samples included transects over land usually to
the north of San Francisco. Overall, the HYSPLIT results suggest that the studied
clouds were impacted by similar air masses.
Environmental characteristics for decoupled and coupled clouds in each of the
six categories are summarized in Table H.1. Category averages for cloud base
height and cloud depth ranged from 122 to 808 m and 167 to 414 m, respectively.
Cloud drop number concentration (Nd ) and subcloud number concentration, as

Ship, low base
Ship, high base
Marine, low base
Marine, high base
Land, low base
Land, high base

A
B
C
D
E
F

122
338
427
794
574
808

136
285
335
766
430
789

285
320
400
279
343
167

414
319
270
174
294
244

42
135
69
82
128
28

175
240
149
164
163
197

3164
865
180
209
305
369

1881
1269
433
343
469
400

79
191
98
109
91
64

304
360
257
194
236
224

Table H.1: Summary of average environmental properties associated With the decoupled (DC) and coupled (C) clouds for six different
categories defined based on air mass influence and cloud base height. The number of data points in each category is as follows
(coupled/decoupled): A = 12/2; B = 8/1; C = 26/4; D = 14/2; E = 17/3; and F = 3/1.

characteristics

category

base height (m) cloud depth (m) in-cloud Nd (cm−3 ) subcloud CPC (cm−3 ) subcloud PCASP (cm−3 )
DC
C
DC
C
DC
C
DC
C
DC
C
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Figure H.2: Vertical profiles of aerosol extinction coefficient from CALIOP climatological data for July–August between 2006 and 2015 in the study region.

Figure H.3: Spatial map of where the cloud water and droplet residual samples were
collected in (left) coupled clouds (n = 80) (triangles) and (right) decoupled clouds
(n = 13) (circles) with HYSPLIT 72 h back-trajectories ending at the point of sample
collection.
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measured by the PCASP (D p > 100 nm), were both higher in coupled clouds for
all categories owing most likely to influence from ocean and shipping emissions.
Another contributing factor to higher Nd in coupled clouds could be higher updraft
velocities. One indication that updraft velocity was not the prime driver of the
difference in Nd between coupled and decoupled clouds is that the mean vertical
wind was lower for coupled clouds in some categories. Coupled stratocumuli over
the Azores have also been shown to exhibit higher Nd and surface cloud condensation
nucleus concentrations as compared to decoupled stratocumuli (Dong et al., 2015);
that study did not examine updraft velocities though to determine how influential that
factor was in governing Nd values. Subcloud number concentrations, as measured
by the CPC (D p > 10 nm), were higher for decoupled versus coupled clouds for only
one category (Ship-low base) due, most likely, to secondary, organic-rich particles
that are formed via gas-to-particle conversion in the free troposphere that tend to
have diameters < 100 nm (e.g., Coggon et al., 2014; Hersey et al., 2009). As larger
particles have a greater chance to activate into drops, Nd is better related to subcloud
number concentrations measured by the PCASP (D p > 100 nm) as compared to those
measured by the CPC (D p > 10 nm).
H.4.3

Droplet Residual Particle Composition

The focus of the drop residual particle chemical analysis is on chemical ratios
(Table H.2 and Figure H.4) and not absolute mass concentrations owing to uncertainty in their quantification using CVI inlets (Shingler et al., 2012). CVI data are
not available for decoupled clouds in category F.
For decoupled clouds, organics were usually the dominant component, with a
cumulative mass fraction average of 0.55 and a category range of 0.32 to 0.88. Aside
from having the highest mass fraction in category C (Marine Reference-low base),
sulfate was the second most abundant component for category E (mass fraction =
0.06), which consisted of samples obtained farther to the north of the San Francisco
area. For categories A/B/D, ammonium was the next most abundant component
(mass fraction range: 0.26–0.30). Nitrate was the least abundant component, with a
mass fraction maximum of only 0.05 in category E. Nitrate is prone to volatilization
in the CVI inlet, and it is present in coarse and/or refractory particles that are
undetectable by the C-ToF-AMS (e.g., Prabhakar et al., 2014), and thus, its reported
values most likely represent a lower bound.
For coupled clouds, organics are the dominant contributor to droplet residual
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decoupled

coupled

ratio

Droplet residual particles

Organic
SO2−
4
NH+4
NO−3

54.5%
23.6%
17.9%
4.0%

44.7%
39.4%
13.0%
2.9%

1.22
0.60
1.37
1.38

Cloud water

Cl−
Na
NO−3
NSS SO2−
4
Mg
Glyoxylate
K
MSA
Oxalate
Acetate
Si
Formate
NSS Ca
NO−2
Maleate

27.9%
9.8%
19.8%
14.5%
1.7%
1.5%
0.5%
1.7%
3.4%
3.9%
7.4%
4.1%
0.6%
1.4%
0.5%

42.6%
18.6%
12.7%
12.1%
2.7%
0.4%
0.7%
1.6%
1.3%
1.5%
1.2%
1.1%
0.3%
0.6%
0.4%

0.65
0.53
1.55
1.20
0.61
4.15
0.71
1.06
2.51
2.69
6.32
3.70
2.06
2.30
1.30

Table H.2: Summary of constituent mass fractions (in percentage) in droplet residual
particles (as measured by the C-ToF-AMS downstream of a CVI) and cloud water
in decoupled and coupled clouds, based on cumulative data for all six categories in
Table H.1. It is noted that C-ToF-AMS data represent only nonrefractory speciesand
exclude sea salt. "Ratio" = decoupled:coupled mass fraction. Cloudwater species
in italics were examined using IC, while the rest wereexamined using ICP-MS.

particle mass for three of six categories (D–F), with a cumulative mass fraction
average of 0.45 and category range of 0.38 to 0.57. The main difference between
coupled and decoupled clouds can be distinguished by the sulfate mass fraction,
which is generally higher for coupled clouds (0.39 versus 0.24) with lower relative
amounts of the other constituents. Sulfate stems from precursor emissions emitted
at the ocean surface, including dimethylsulfide (DMS) and SO2 from shipping.
Consequently, sulfate exhibited a higher mass fraction than organics for the two
ship categories (A and B). As in decoupled clouds, nitrate was the least abundant
constituent of droplet residual particles (mass fraction average = 0.03) based on
C-ToF-AMS data.
Previous work in the study region has shown that aerosol particles above cloud top
generally have a higher organic:sulfate ratio versus that below and in clouds (e.g.,
Coggon et al., 2012; Sorooshian et al., 2007). The source of organics aloft includes
biogenic and wildfire emissions from the northwestern United States (Coggon et al.,
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Figure H.4: Comparison of droplet residual particle chemical mass fractions, as
measured by a C-ToF-AMS downstream of a CVI, for decoupled versus coupled
clouds in the six categories (A–F) defined in Table H.1. CVI data were not available
for decoupled clouds in category F.

2014, 2012). The average organic:sulfate mass concentration ratio for decoupled
clouds (116.1) was approximately 10 times larger than that in coupled clouds (11.7).
The high value for decoupled clouds was driven by two individual samples with
values of 422.5 and 547.4; when omitting those two samples, the decoupled ratio
becomes 23.8, which still is more than twice that of coupled clouds. Particles
in the study region with higher organic:sulfate ratios are less hygroscopic, as has
previously been shown by comparisons of aerosol particles above coupled cloud tops
versus below bases both in the subsaturated (Hersey et al., 2009) and supersaturated
regime (Crosbie et al., 2015). Thus, the extent to which clouds are decoupled from
the surface layer has implications for hygroscopic, and thus radiative, properties of
particles in and around clouds.
H.4.4
H.4.4.1

Cloud Water Composition
Cumulative Concentration Data

Tables H.2 and H.3 summarize mass fractions and air-equivalent mass concentrations, respectively, of cloud water constituents for decoupled and coupled clouds.

526
Total cloud water mass concentration is calculated as the sum of the following
−
−
−
species: (from IC) NSS SO2−
4 ,NO3 ,Cl ,NO2 , glyoxylate, acetate, formate, methane
sulfonate (MSA), pyruvate, maleate, oxalate, fluoride, and lactate and (from ICPMS) Na, Mg, Al, Si, K, NSS Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br,
Rb, Sr, Cd, I, and Pb. Total cloud water air-equivalent mass concentration was
significantly higher for coupled versus decoupled clouds, exceeding a factor of 5
based on cumulative data (13.38 versus 2.47 µg m−3 , respectively).
Due to sea-salt emissions, chloride, followed by sodium, contributed the most
to cloud water mass for coupled clouds, each being nearly an order of magnitude
higher in concentration than in decoupled clouds. This result is consistent with the
vertical profiles of aerosol extinction from CALIOP (Figure H.2), which show the
dominance of the CAL-CM aerosol type in the first few hundred meters above the
surface in the region where the coupled cloud measurements were conducted. The
combined mass fraction of chloride and sodium relative to total mass is 0.61 and 0.38
for coupled and decoupled clouds, respectively. There is no significant difference in
the Cl:Na molar ratio, with values of 1.15 and 1.13 for the coupled and decoupled
clouds, respectively. These values are close to those characteristic of natural sea
salt, 1.17, and thus, there is no obvious evidence of significant chloride depletion
owing to acidic constituents, even though cloud water pH was 4.26 and 4.48 for
coupled and decoupled cloud samples, respectively. Furthermore, the similarity in
the ratios is suggestive of sea salt having been lofted above the surface layer (e.g.,
Hara et al., 2014; Lewis and Schwartz, 2004) in decoupled clouds at some earlier
point.
Nitrate and NSS sulfate are the third and fourth most abundant components in
coupled clouds, respectively. Regional sources of nitrate include ship exhaust, ocean
sea spray and biogenic emissions, and wildfires (Prabhakar et al., 2014). Nitrate
is more abundant than NSS sulfate in cloud water, in contrast to droplet residual
particle measurements, likely as a result of a combination of dissolution of HNO−3 ,
activation of coarse and/or refractory particles undetectable by the C-ToF-AMS, and
the absence of volatilization effects that are associated with heating in the CVI inlet
(Prabhakar et al., 2014).
A few of the less abundant species in Table H.3 are more than 5 times enhanced
in coupled clouds relative to decoupled clouds, including K, Sr, Br, and Mg. These
species have a mix of natural and anthropogenic sources in the study region (Wang
et al., 2014). MSA was more than 3 times higher in concentration in coupled clouds
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presumably due to DMS emissions from the ocean surface. With the exception of
acetate and formate, organic acids in Table H.3 (glyoxylate, oxalate, maleate, and
pyruvate) were higher in concentration in coupled clouds, particularly maleate (by
over a factor of 3.5) that forms from aromatic hydrocarbon oxidation (Rogge et al.,
1993), sources of which in the study region include diesel and gasoline engines.
Maleate is a precursor to glyoxylate, the chief aqueous precursor to oxalate (e.g.,
Sorooshian et al., 2013), the latter two of which are ∼2.6 and ∼1.5 times higher in
concentration, respectively, in coupled clouds than in decoupled ones.
In decoupled clouds, species enhanced in concentration relative to coupled clouds
include formate, Si, Co, Mn, nitrite, Al, Cr, and acetate by factors reaching as high
as 1.66, with the difference in mean concentration being statistically significant (t
test with a two-tailed p value threshold of 0.05) for the first four species. These
species are influenced from continental sources near the study region such as crustal
matter, which is the likely source of Si (Coggon et al., 2014; Wang et al., 2014).
Continental air masses almost certainly influence the composition of decoupled
clouds owing to their general presence in the free troposphere of the region (e.g.,
Coggon et al., 2014). As air masses impacting the study region were transported
southward along the coast (Figure H.3), forest emissions likely influenced their
compositions, especially north of central CA (Coggon et al., 2014). Formate is one
of the most enhanced species in decoupled clouds versus coupled ones (factor of
1.52). Formate originates from formic acid, 90% of which is biogenic in origin,
especially from boreal forests (Stavrakou et al., 2012). CALIOP data also show
that above approximately 0.4–0.5 km, CAL-D, CAL-PD, and CAL-PC aerosol
types exceed CAL-CM aerosol in terms of extinction coefficient, confirming that
clouds impacted by free tropospheric air in the region exhibit greater influence from
continental air than by sea salt. In summary, the results in Table H.3 indicate that
the decoupled clouds have much smaller air-equivalent mass concentrations of the
species studied, except for a few species with likely continental sources, owing to the
large size of sea-salt particles driving mass concentrations much higher in coupled
clouds.
H.4.4.2

Cumulative Mass Fraction Data

Because microphysical properties, such as aerosol hygroscopicity, depend on relative concentrations of chemical constituents, differences in mass fractions in cloud
water are discussed here (Table H.2) with a focus on those species accounting for
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units
Total
Cl−
Na
NO−3
NSS SO2−
4
Mg
Glyoxylate
K
MSA
Oxalate
Acetate
Si
Formate
NSS Ca
NO−2
Maleate
Fluoride
Pyruvate
Br
I
Fe
Al
Cd
Sr
Cu
Mn
Zn
V
Se
Ni
Ti
Pb
Cr
As
Rb
Co

µg m−3

ng m−3

decoupled

coupled

ratio

2.47
0.76
0.36
0.45
0.30
0.06
0.11
0.02
0.04
0.07
0.11
0.16
0.12
0.02
0.03

13.38
7.06
3.24
0.87
0.85
0.46
0.27
0.13
0.12
0.11
0.10
0.10
0.08
0.04
0.03

0.18
0.11
0.11
0.52
0.35
0.13
0.39
0.17
0.32
0.65
1.10
1.66
1.52
0.57
1.06

8.63
8.89
7.89
2.17
7.79
5.68
5.42
2.80
0.67
1.03
2.25
0.81
0.25
0.17
0.12
0.12
0.03
0.08
0.02
0.01
0.02

30.53
23.92
15.09
14.36
9.85
5.70
4.97
3.83
3.39
1.61
1.40
1.33
0.63
0.33
0.13
0.12
0.09
0.08
0.06
0.05
0.02

0.28
0.37
0.52
0.15
0.79
1.00
1.09
0.73
0.20
0.64
1.61
0.61
0.40
0.50
0.93
0.98
0.30
1.01
0.41
0.29
1.55

Table H.3: Cumulative average cloud water mass concentration summary of species
measured in decoupled and coupled clouds. Ratio = decoupled:coupled concentration. Species in italics were examined using IC, while the rest were examined using
ICP-MS. Species are listed in decreasing order of value for the coupled category.
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most of the total mass. In decoupled clouds, mass fractions of sodium and chloride
are reduced relative to coupled clouds by factors of ∼1.9 and ∼1.5, respectively.
As these two species dominate the mass concentration in coupled clouds, the mass
fractions of all species except for Mg and K in Table H.2 are higher for decoupled
clouds. Mg and K are the fourth and sixth most abundant components of natural sea salt by mass after chloride, sodium, and sulfate (e.g., Seinfeld and Pandis,
2006). Thus, they are expected to preferentially impact coupled clouds. The greatest enhancements in the mass fraction in decoupled versus coupled clouds are for
carboxylic acids (glyoxylate, formate, oxalate, and acetate), nitrite, Si, and NSS Ca
with enhancement factors ranging from 2.06 to 6.32.
H.4.4.3

Categorical Chemical Differences

Figure H.5 contrasts cloud water chemical data for coupled and decoupled clouds
for each of the six categories of Table H.1, with statistically significant (t test with
a two-tailed p value threshold of 0.05) differences in mean values highlighted on
each x axis. Although many differences are not statistically significant owing largely
to limited data points in the decoupled categories, relative differences are still of
importance to discuss. Total mass concentrations are highest in coupled clouds in
categories E to F (Land-low base and Land-high base), and highest in categories
C/E (Marine Reference-low base; Land-low base) for decoupled clouds. Analysis
of the various constituents in Figure H.5 explains this result. For coupled clouds,
chloride is highest in concentration for categories E and F, thus driving the total
mass concentration to maximum levels. Nitrate is also highest in category F owing
to its association with sea salt in the study region (Prabhakar et al., 2014). MSA
levels are also highest in categories E and F, suggesting that biogenic emissions
contribute in addition to direct emission of sea spray. While ship emissions are
shown to be less influential to cloud water mass concentrations relative to ocean
emissions (e.g., sea salt), it is worth noting that the ship exhaust tracer, V, was most
enhanced in categories A and B (Ship-low base and Ship-high base) as expected for
coupled clouds. NSS sulfate is highest in category B due to the contribution from
ship-derived SO2 .
For decoupled clouds, the largest contributors to the peak total mass in category
C are chloride, followed by nitrate, while the order of these two species is reversed
for category E. Representative tracer species for continental crustal matter, namely,
Si and NSS Ca (not shown in Figure H.5) (Wang et al., 2014), clearly exhibit a
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Figure H.5: Comparison of cloud water parameters between coupled (blue) and
decoupled (red) clouds for the six categories (A–F) defined in Table H.1. Category
labels with a box around them indicate that the difference between the two means of
that category is statistically significant (two-sample t test with a two-tailed p value
threshold of 0.05).

peak concentration in category C. Interestingly, the coupled clouds also show the
highest Si concentration in the same categories as the decoupled clouds, albeit
at lower concentrations, indicative of the influence of continental air for coupled
clouds near the coast; CALIOP profiles showing enhanced levels of CAL-PD and
CAL-PC aerosol types in the first few hundred meters above the surface support this
inference. The total concentration peak in category E for decoupled clouds appears to
be influenced by different sources when compared to category C. More specifically,
while crustal matter tracer species are much lower in category E,concentrations of
organic acids are much higher. The cumulative concentration of acetate, formate,
pyruvate, glyoxylate, oxalate, and maleate was 0.79 µg m−3 , exceeding by more
than a factor of 2 the concentration of any other category for decoupled clouds.
Formate and acetate were the two most abundant organic acids in category E, with
their source likely being biogenic emissions from upwind continental areas as noted
in previous work (Coggon et al., 2014).
Cloud water pH is higher in decoupled clouds than coupled ones for all six
categories, owing presumably to a lower impact of acidic compounds from shipping
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combined with increased contributions of basic com-pounds coming upwind from
the continent. The lowest pH (4.0) occurred for coupled clouds in category B (Shiphigh base), which exhibits the highest V concentration and thus shipping influence.
The highest pH (4.76) occurred for decoupled clouds in category F (Land-high base),
consistent with past work showing that cloud water pH is higher when influenced
by continental air masses enriched with crustal species, especially Si, in the study
region (Wang and Laskin, 2014).
H.4.5

Reanalysis Data

It is of interest to contrast vertically resolved chemical profiles from the NAAPSbased reanalysis product for the same time periods of the decoupled and coupled
clouds. NAAPS can resolve aerosol vertical profiles on atemporal/spatial scales
consistent with the flights described. CALIOP observations cannot be used in
this capacity as they are dependent on orbital configurations and cannot provide
measurements near the flights. The NAAPS reanalysis was specifically designed
as an aerosol optical depth product, with little tuning done vertically to ensure
vertical profiling skill explicitly (Lynch et al., 2016). Fortunately, Figure H.6a
demonstrates that the reanalysis data, when averaged for July–August for the three
experiment years (2011, 2013, and 2015), generally agree with the climatological
CALIOP profiles. Similar to CALIOP observations, the reanalysis data show that
the maximum total extinction coefficient (denoted as All) is ∼0.08 km−1 near the
surface. Sea salt accounts for most extinction below about 0.5 km, above which
other constituents dominate, mainly fine mode components (smoke, ABF).
Figures H.6b and H.6c show mass concentration vertical profiles for the same
time as when coupled and decoupled cloud measurements, respectively, were conducted. Rather than extinction coefficients, mass concentrations are shown for a
direct comparison with the cloud water measurements. The relative concentration
variations with altitude are nearly identical between the composite profiles for coupled and decoupled clouds. Perhaps,the most significant difference is the much
higher sea-salt concentrations (by up to a factor of 1.8) in the lowest few hundred
meters for the coupled composite profile owing to stronger surface winds (at 10 m) as
predicted by the model. The average near-surface (<100 m) wind speeds coinciding
with measurements of the coupled and decoupled clouds were 4.8 and 4.6 m s−1 ,
respectively, indicating that at least in the spatial range of where the aircraft flew,
there was no significant difference in wind speed unlike in the model.
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Figure H.6: Vertical profile of aerosol constituents from the NAAPS-based reanalysis product. (a) Profiles of aerosol extinction coefficient for July and August for
the three summers that field campaign data were analyzed. (b) Profile of aerosol
mass concentrations for the times coinciding with the coupled clouds examined. (c)
Profile of aerosol mass concentrations for the times coinciding with the decoupled
clouds examined. The horizontal bars in Figures 6b and 6c correspond to the average
cloud base and top heights for coupled and decoupled clouds.

To compare the composite profiles to the cloud composition data, the mass fractions of the four main components (ABF, sea salt, dust, and smoke) are compared
between coupled and decoupled composite profiles at cloud-relevant altitudes for
each category. In contrast to the measurements (Table H.2), the reanalysis mass
fractions are nearly identical for the two cloud types (coupled/decoupled): ABF =
0.10/0.10, sea salt = 0.40/0.41, dust = 0.34/0.37, and smoke = 0.16/0.12. As sea
salt is the most abundant cloud water constituent, its modeled and observed mass
concentrations at cloud-relevant altitudes for coupled and decoupled clouds are as
follows (modeled/observed): 6.1/10.3 µg m−3 for coupled and 5.8/1.1 µg m−3 for
decoupled clouds,where the observed value is calculated as the sum of Na and Cl.
While the modeled and measured concentrations are within an order of magnitude,
the remaining discrepancy is indicative of the current limitations of the resolution
of a global model for boundary layer processes, leading to the observed difference
in coupled and decoupled composition.
H.5

Conclusions

Aircraft measurements of cloud water and droplet residual particle composition
over the eastern Pacific Ocean off the California coast between July and August of 3
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years (2011, 2013, and 2015) are examined in this work for clouds decoupled from
and coupled to the surface layer. While differences are expected between these two
cloud conditions, this work provides quantitative data. The main findings of this
work are as follows:
1. Total mass concentration of measured constituents in droplet residual particles
and cloud water was significantly enhanced in coupled clouds, coincident with
higher Nd and subcloud number concentrations as measured by the PCASP (D p >
100 nm). This can be explained by the stronger influence on coupled clouds by
ocean and shipping emissions.
2. Organics and sulfate were the most abundant components in droplet residual particles, with sulfate mass fraction generally being higher in coupled versus
decoupled clouds (0.39 versus 0.24), unlike organics, ammonium, and nitrate. Consequently, organic:sulfate ratios are much larger in decoupled clouds, resulting in
less hygroscopic aerosol particles.
3. Of the 35 cloud water constituents analyzed, 27 were higher in concentration in
coupled clouds, with chloride, followed by sodium, being the most abundant owing
to sea-salt emissions. The remaining eight constituents (acetate, formate, Si, nitrite,
Al, Mn, Cr, and Co) that were more enhanced in decoupled clouds are consistent
with the influence of continental air masses in the free troposphere of the region.
4. With exception of components associated with sea salt (e.g., Cl, Na, Mg, and
K), cloud water mass fractions of all species examined were higher in decoupled
clouds relative to coupled clouds. Species with the largest enhancement in mass
fraction in decoupled clouds included numerous carboxylic acids (glyoxylate, formate, oxalate, and acetate), nitrite, Si, and NSS Ca. Cloud water pH was also higher
in decoupled clouds, which has implications for heterogeneous chemistry such as
affecting sulfur oxidation rates (e.g., Collett et al., 1994).
5. Limitations in resolving boundary layer processes in a global model, based
on NAAPS-based reanalysis data, prevent it from accurately quantifying observed
differences between coupled and decoupled cloud composition.
Clouds detached from the surface layer are shown here to have significantly
different cloud composition, which, in turn, impacts the nature of the chemical
processing that takes place in those clouds, microphysical cloud properties, and the
physicochemical properties of aerosol particles after cloud drop evaporation.
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Appendix I

COMPOUNDS AND REACTIONS IN THE EXPLICIT
ISOPRENE MECHANISM

functional group

abbreviation

carbonyl
nitrate
hydroxy
hydroperoxy
epoxide
alkyl radical
alkoxy radical
peroxy radical
double bond

CO
N
OH
OOH
##Oa
R
O
OO
##b

Table I.1: Abbreviations for functional groups used in the naming of compounds
in the explicit isoprene mechanism. a ## are the two carbon numbers the epoxide is
attached to; b ## are the two carbon numbers the double bond is attached to.

continued on next page

common / IUPAC name
our name
Isoprene
ISOP
cis-OH-isoprene-adduct 1 addition
ISOP1OHc
trans-OH-isoprene-adduct 1 addition
ISOP1OHt
cis-OH-isoprene-adduct 4 addition
ISOP4OHc
trans-OH-isoprene-adduct 1 addition
ISOP4OHt
E-(4,1)-ISOPOO
ISOP1OO4OHt
Z-(4,1)-ISOPOO
ISOP1OO4OHc
Z-(1,4)-ISOPOO
ISOP1OH4OOc
E-(1,4)-ISOPOO
ISOP1OH4OOt
(1,2)-ISOPOO
ISOP1OH2OO
(4,3)-ISOPOO
ISOP3OO4OH
peroxy radical from ISOP1OH4OO + NO (major)
ISOP1CO2OO3OOH4OH
peroxy radical from ISOP1OH4OO + NO (minor)
ISOP1CO2OOH3OO4OH
peroxy radical from ISOP1OH4OO + NO (major)
ISOP1OH2OO3OOH4CO
peroxy radical from ISOP1OO4OH + NO (minor)
ISOP1OH2OOH3OO4CO
RO2 + RO2 PRODUCTS
(1,2)-isoprene diol
ISOP1OH2OH
(3,4)-isoprene diol
ISOP3OH4OH
(1,4)-isoprene diol
ISOP1OH4OH
1-hydroxy-3-methylbut-3-en-2-one
ISOP3CO4OH
4-hydroxy-2-methylbute-2-en-1-al
ISOP1CO4OH
4-hydroxy-3-methylbute-2-en-1-al
ISOP1OH4CO
peroxy radical from ISOP3CO4OH
ISOP1OH2OO3CO4OH
3-hydroperoxy-1,4-dihydroxy-3-methylbutan-2-one
ISOP1OH2OOH3CO4OH
1,4-dihydroxy-3-methyl-3-nitrooxybutan-2-one
ISOP1OH2N3CO4OH
ISOPOOH
(1,2)-ISOPOOH
ISOP1OH2OOH

ISOPBOOH

ISOPBOH
ISOPDOH
ISOPAOH
HCOC5
HC4CCHO
HC4ACHO
C59O2
C59OOH
-

MCM name
C5H8
CISOPA
TISOPA
CISOPC
TISOPC
ISOPCO2
CISOPCO2
CISOPAO2
ISOPAO2
ISOPBO2
ISOPDO2
C526O2
C527O2

Table I.2: Names used for compounds in the explicit isoprene mechanism. Italics denote radical species; bold font denotes species with
no further chemistry in the model.
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common / IUPAC name
our name
(4,3)-ISOPOOH
ISOP3OOH4OH
(1,4)-ISOPOOH
ISOP1OOH4OH
(4,1)-ISOPOOH
ISOP1OH4OOH
alkoxy radical from (1,2)-ISOPOOH + OH
ISOP1OH2OOH3R4OH
alkoxy radical from (4,3)-ISOPOOH + OH
ISOP1OH2R3OOH4OH
peroxy radical from (1,2)-ISOPOOH + OH (major)
ISOP1OH2OOH3OO4OH
peroxy radical from (1,2)-ISOPOOH + OH (minor)
ISOP1OH2OOH3OH4OO
peroxy radical from (1,2)-ISOPOOH + OH (minor)
ISOP1OH2OO3OH4OOH
peroxy radical from (4,3)-ISOPOOH + OH (major)
ISOP1OH2OO3OOH4OH
peroxy radical from (4,3)-ISOPOOH + OH (minor)
ISOP1OO2OH3OOH4OH
peroxy radical from (4,3)-ISOPOOH + OH (minor)
ISOP1OOH2OH3OO4OH
isoprene 2,4-diperoxy-1,3-diol; ISOP(OOH)2
ISOP1OH2OOH3OH4OOH
isoprene 1,3-diperoxy-2,4-diol; ISOP(OOH)2
ISOP1OOH2OH3OOH4OH
isoprene 2,3-diperoxy-1,4-diol; ISOP(OOH)2
ISOP1OH2OOH3OOH4OH
3-hydroperoxy-2,4-hydroxy-3-methylbutanal
ISOP1OH2OOH3OH4CO
2-hydroperoxy-3-methyl-4-nitrooxybutane-1,3-diol
ISOP1N2OH3OOH4OH
2-hydroperoxy-2-methyl-4-nitrooxybutane-1,3-diol
ISOP1OH2OOH3OH4N
4-hydroperoxy-2-methyl-2-nitrooxybutane-1,3-diol
ISOP1OH2N3OH4OOH
4-hydroperoxy-3-methyl-2-nitrooxybutane-1,3-diol
ISOP1OOH2OH3N4OH
2-hydroperoxy-2-methyl-3-nitrooxybutane-1,4-diol
ISOP1OH2OOH3N4OH
3-hydroperoxy-2-methyl-2-nitrooxybutane-1,4-diol
ISOP1OH2N3OOH4OH
IEPOX AND OTHER EPOXIDES
trans-β-IEPOX
ISOP1OH23O4OHt
cis-β-IEPOX
ISOP1OH23O4OHc
δ1-IEPOX
ISOP1OH2OH34O
δ4-IEPOX
ISOP12O3OH4OH
1,2-epoxy-3-hydroperoxy-2-methylbutane-1,4-diol
ISOP1OH12O3OOH4OH
1,2-epoxy-3-hydroperoxy-3-methylbutane-1,4-diol
ISOP1OH2OOH34O4OH
2,3-epoxy-3-methyl-4-nitrooxybutan-1-ol
ISOP1N23O4OH
2,3-epoxy-2-methyl-4-nitrooxybutan-1-ol
ISOP1OH23O4N
3,4-epoxy-2-methyl-1-nitrooxybutan-2-ol
ISOP1N2OH34O
3,4-epoxy-3-methyl-1-nitrooxybutan-2-ol
ISOP12O3OH4N
3,4-epoxy-1-hydroperoxy-3-methylbutan-2-ol
ISOP12O3OH4OOH

continued from previous page

IEPOXB
IEPOXB
IEPOXA
IEPOXC
-

MCM name
ISOPDOOH
ISOPCOOH
ISOPAOOH
C58OOH
INCOOH
INAOOH
INB2OOH
INDOOH
INB1OOH
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common / IUPAC name
our name
3,4-epoxy-1-hydroperoxy-2-methylbutan-2-ol
ISOP1OOH2OH34O
2,3-epoxy-4-hydroxy-3-methylbutanal
ISOP1OH23O4CO
2,3-epoxy-4-hydroxy-2-methylbutanal
ISOP1CO23O4OH
3,4-epoxy-2-hydroxy-3-methylbutanal
ISOP12O3OH4CO
3,4-epoxy-1-hydroxy-3-methylbutan-2-one
ISOP12O3CO4OH
3,4-epoxy-2-hydroxy-2-methylbutanal
ISOP1CO2OH34O
2,3-epoxy-3-methyl-4-nitrooxybutanal
ISOP1N23O4CO
2,3-epoxy-2-methyl-4-nitrooxybutanal
ISOP1CO23O4N
1,2-epoxy-2-methylbut-3-en-1-ol
ISOP1OH12O
3,4-epoxy-2-methylbut-1-en-1-al
ISOP121CO34O
3,4-epoxy-3-methylbut-1-en-1-al
ISOP12O344CO
alkyl radical from cis-β-IEPOX (major)
ISOP1OH1R23O4OHc
alkyl radical from cis-β-IEPOX (minor)
ISOP1OH23O4R4OHc
alkyl radical from trans-β-IEPOX (major)
ISOP1OH1R23O4OHt
alkyl radical from trans-β-IEPOX (minor)
ISOP1OH23O4R4OHt
alkyl radical from δ4-IEPOX
ISOP12O3OH3R4OH
alkyl radical from β-INHE (major)
ISOP1OH1R23O4N
alkyl radical from β-INHE (minor)
ISOP1N23O4OH4R
alkyl radical from δ4-INHE
ISOP12O3OH3R4N
2,4-dihydroxy-3-methylbutanal
ISOP1OH3OH4CO
ISOPOO ISOMERIZATION AND HPALD
HPALD1 (from Z-(1,4)-ISOPOO)
ISOP1CO4OOHc
HPALD2 (from Z-(4,1)-ISOPOO)
ISOP1OOH4COc
HPALD from (1,2)-ISOPOOH
ISOP1CO2OOH
HPALD from (4,3)-ISOPOOH
ISOP3OOH4CO
alkyl radical from HPALD1 + OH addition
ISOP1CO2OH3R4OOH
alkyl radical from HPALD1 + OH abstraction
ISOP1CO3R4OOH
alkyl radical from HPALD2 + OH addition
ISOP1OOH2R3OH4CO
alkyl radical from HPALD2 + OH abstraction
ISOP1OOH2R4CO
peroxy radical from HPALD1 + OH abstraction
ISOP1CO4OOc
peroxy radical from HPALD1 + OH abstraction
ISOP1CO2OO
peroxy radical from HPALD1 + OH addition (major)
ISOP1CO2OO3OH4OOH
peroxy radical from HPALD1 + OH addition (minor)
ISOP1CO2OH3OO4OOH
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C5HPALD1
C5HPALD2
-

MCM name
IEB4CHO
IEB1CHO
IECCHO
IEACHO
-
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common / IUPAC name
our name
peroxy radical from HPALD2 + OH abstraction
ISOP1OO4COc
peroxy radical from HPALD2 + OH abstraction
ISOP3OO4CO
peroxy radical from HPALD2 + OH addition (major)
ISOP1OOH2OO3OH4CO peroxy radical from HPALD2 + OH addition (minor)
ISOP1OOH2OH3OO4CO
peroxy radical from 1,6 H-shift of ISOP1OH4OOc
ISOP1CO2OO3OOH4OOH
peroxy radical from 1,6 H-shift of ISOP1OH4OOc
ISOP1CO2OOH3OO4OOH
peroxy radical from 1,6 H-shift of ISOP1OH4OOc
ISOP1CO2OOH3OOH4OO
peroxy radical from 1,6 H-shift of ISOP1OO4OHc
ISOP1OOH2OOH3OO4CO
peroxy radical from 1,6 H-shift of ISOP1OO4OHc
ISOP1OOH2OO3OOH4CO
peroxy radical from 1,6 H-shift of ISOP1OO4OHc
ISOP1OO2OOH3OOH4CO
C5 peroxy acid aldehyde (PACALD) from HPALD1
ISOP1CO1OOH4CO
C5 peroxy acid aldehyde (PACALD) from HPALD2
ISOP1CO4CO4OOH
C5 ketene peroxy radical from HPALD1
ISOP121CO3OO4OOH
C5 ketene peroxy radical from HPALD2
ISOP1OOH2OO344CO
C4 hydroxy vinyl peroxy radical from HPALD1
C4HVP1
C4 hydroxy vinyl peroxy radical from HPALD2
C4HVP2
2-methylbut-2-ene-1,4-dial
ISOP1CO4CO
3,4-dihydroperoxy-2-methyl-2-nitrooxybutanal
ISOP1CO2N3OOH4OOH
2,4-dihydroperoxy-2-methyl-3-nitrooxybutanal
ISOP1CO2OOH3N4OOH
2,3-dihydroperoxy-2-methyl-4-nitrooxybutanal
ISOP1CO2OOH3OOH4N
3,4-dihydroperoxy-3-methyl-2-nitrooxybutanal
ISOP1OOH2OOH3N4CO
2,4-dihydroperoxy-3-methyl-3-nitrooxybutanal
ISOP1OOH2N3OOH4CO
2,3-dihydroperoxy-3-methyl-4-nitrooxybutanal
ISOP1N2OOH3OOH4CO
2,3,4-trihydroperoxy-2-methylbutanal
ISOP1CO2OOH3OOH4OOH
2,3,4-trihydroperoxy-3-methylbutanal
ISOP1OOH2OOH3OOH4CO
DAYTIME NITRATES
(1,2) β isoprene hydroxy nitrate (IHN)
ISOP1OH2N
(4,3) β isoprene hydroxy nitrate (IHN)
ISOP3N4OH
Z-δ (1,4) isoprene hydroxy nitrate (IHN)
ISOP1OH4Nc
E-δ (1,4) isoprene hydroxy nitrate (IHN)
ISOP1OH4Nt
Z-δ (4,1) isoprene hydroxy nitrate (IHN)
ISOP1N4OHc
E-δ (4,1) isoprene hydroxy nitrate (IHN)
ISOP1N4OHt
alkyl radical from (1,2)-IHN + OH
ISOP1OH2N3R4OH
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ISOPBNO3
ISOPDNO3
ISOPANO3
ISOPANO3
ISOPCNO3
ISOPCNO3
-

MCM name
HPC52O2
C536O2
C537O2
C5PACALD1
C5PACALD2
C4MDIAL
C536OOH
C537OOH
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common / IUPAC name
our name
alkyl radical from (4,3)-IHN + OH
ISOP1OH2R3N4OH
peroxy radical from (1,2)-IHN + OH
ISOP1OH2N3OO4OH
peroxy radical from (1,2)-IHN + OH
ISOP1OH2N3OH4OO
peroxy radical from (4,3)-IHN + OH
ISOP1OH2OO3N4OH
peroxy radical from (4,3)-IHN + OH
ISOP1OO2OH3N4OH
3-hydroperoxy-4-hydroxy-3-methyl-2-nitrooxybutanal
ISOP1OH2OOH3N4CO
3-hydroperoxy-4-hydroxy-2-methyl-2-nitrooxybutanal
ISOP1CO2N3OOH4OH
2-hydroperoxy-4-hydroxy-2-methyl-3-nitrooxybutanal
ISOP1CO2OOH3N4OH
2-hydroperoxy-4-hydroxy-3-methyl-3-nitrooxybutanal
ISOP1OH2N3OOH4CO
4-hydroperoxy-3-hydroxy-2-methyl-2-nitrooxybutanal
ISOP1CO2N3OH4OOH
4-hydroperoxy-3-hydroxy-3-methyl-2-nitrooxybutanal
ISOP1OOH2OH3N4CO
2-methyl-2,3-dinitrooxybutane-1,4-diol
ISOP1OH2N3N4OH
2-methyl-2,4-dinitrooxybutane-1,3-diol
ISOP1OH2N3OH4N
3-methyl-2,4-dinitrooxybutane-1,3-diol
ISOP1N2OH3N4OH
2,3-dihydroperoxy-4-hydroxy-2-methylbutanal
ISOP1CO2OOH3OOH4OH
2,3-dihydroperoxy-4-hydroxy-3-methylbutanal
ISOP1OH2OOH3OOH4CO
NIGHTTIME NITRATES
peroxy radical from isoprene + NO3
ISOP1N2OO
peroxy radical from isoprene + NO3
ISOP1N4OO
peroxy radical from isoprene + NO3
ISOP3OO4N
peroxy radical from isoprene + NO3
ISOP1OO4N
alkoxy radical from ISOP1N4OO
ISOP1N4O
alkoxy radical from ISOP1OO4N
ISOP1O4N
(2,1) isoprene hydroperoxy nitrate (IPN)
ISOP1N2OOH
(4,1) isoprene hydroperoxy nitrate (IPN)
ISOP1N4OOH
(3,4) isoprene hydroperoxy nitrate (IPN)
ISOP3OOH4N
(1,4) isoprene hydroperoxy nitrate (IPN)
ISOP1OOH4N
(2,1) isoprene hydroxy nitrate (IHN)
ISOP1N2OH
(3,4) isoprene hydroxy nitrate (IHN)
ISOP3OH4N
(4,1) isoprene carbonyl nitrate (ICN)
ISOP1N4CO
(1,4) isoprene carbonyl nitrate (ICN)
ISOP1CO4N
(3,4) isoprene carbonyl nitrate (ICN)
ISOP3CO4N
(1,2) isoprene dinitrate
ISOP1N2N
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NISOPO2
NISOPO
NISOPOOH
ISOP34NO3
NC4CHO
-

MCM name
INB1O2
INB2O2
INDO2
C527NO3
C526NO3
INDHPCHO
INB1HPCHO
INB1NO3
INANO3
INCNO3
C526OOH
C527OOH
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common / IUPAC name
(1,4) isoprene dinitrate
(3,4) isoprene dinitrate
alkyl radical from (1,4)-IHN + OH
alkyl radical from (4,1)-IHN + OH
alkyl radical from (2,1)-IPN + OH
alkyl radical from (4,1)-IPN + OH (major)
alkyl radical from (4,1)-IPN + OH (minor)
alkyl radical from (3,4)-IPN + OH
alkyl radical from (1,4)-IPN + OH (major)
alkyl radical from (1,4)-IPN + OH (minor)
alkyl radical from (4,1)-ICN + OH
alkyl radical from (1,4)-ICN + OH
alkyl radical from (4,1)-ICN + OH
alkyl radical from (1,4)-ICN + OH
peroxy radical from (4,1)-IHN + OH (major)
peroxy radical from (4,1)-IHN + OH (minor)
peroxy radical from (1,4)-IHN + OH (major)
peroxy radical from (1,4)-IHN + OH (minor)
peroxy radical from (3,4)-IHN + OH
peroxy radical from (2,1)-IHN + OH
peroxy radical from (2,1)-IPN + OH (major)
peroxy radical from (2,1)-IPN + OH (minor)
peroxy radical from (2,1)-IPN + OH (minor)
peroxy radical from (4,1)-IPN + OH (major)
peroxy radical from (4,1)-IPN + OH (minor)
peroxy radical from (4,1)-IPN + OH (minor)
peroxy radical from (3,4)-IPN + OH (major)
peroxy radical from (3,4)-IPN + OH (minor)
peroxy radical from (3,4)-IPN + OH (minor)
peroxy radical from (1,4)-IPN + OH (major)
peroxy radical from (1,4)-IPN + OH (minor)
peroxy radical from (1,4)-IPN + OH (minor)
peroxy radical from (4,1)-ICN + OH (major)
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our name
ISOP1N4N
ISOP3N4N
ISOP1OH2OH3R4N
ISOP1N2R3OH4OH
ISOP1N2OOH3R4OH
ISOP1N2OH3R4OOH
ISOP1N2R3OH4OOH
ISOP1OH2R3OOH4N
ISOP1OOH2R3OH4N
ISOP1OOH2OH3R4N
ISOP1N2R3OH4CO
ISOP1CO2OH3R4N
ISOP1N4R4CO
ISOP1CO1R4N
ISOP1N2OO3OH4OH
ISOP1N2OH3OO4OH
ISOP1OH2OO3OH4N
ISOP1OH2OH3OO4N
ISOP1OO2OH3OH4N
ISOP1N2OH3OH4OO
ISOP1N2OO3OOH4OH
ISOP1N2OOH3OO4OH
ISOP1N2OOH3OH4OO
ISOP1N2OO3OH4OOH
ISOP1N2OH3OO4OOH
ISOP1N2OH3OOH4OO
ISOP1OH2OO3OOH4N
ISOP1OH2OOH3OO4N
ISOP1OO2OH3OOH4N
ISOP1OOH2OO3OH4N
ISOP1OOH2OH3OO4N
ISOP1OO2OOH3OH4N
ISOP1N2OO3OH4CO

MCM name
NISOPNO3
INCO2
INAO2
C510O2

540

continued on next page

common / IUPAC name
peroxy radical from (4,1)-ICN + OH (minor)
peroxy radical from (4,1)-ICN + OH (minor)
peroxy radical from (4,1)-ICN + OH (minor)
peroxy radical from (1,4)-ICN + OH (major)
peroxy radical from (1,4)-ICN + OH (minor)
peroxy radical from (1,4)-ICN + OH (minor)
peroxy radical from (1,4)-ICN + OH (minor)
peroxy radical from (1,4)-INHE + OH
peroxy radical from (4,1)-INHE + OH
C4 nitrooxy vinyl peroxy radical from (1,4)-ICN
C4 nitrooxy vinyl peroxy radical from (4,1)-ICN
3-methyl-3,4-dinitrooxybutane-1,2-diol
2-methyl-3,4-dinitrooxybutane-1,2-diol
2-methyl-1,4-dinitrooxybutane-2,3-diol
3-hydroperoxy-3-methyl-4-nitrooxybutane-1,2-diol
4-hydroperoxy-2-methyl-4-nitrooxybutane-1,2-diol
4-hydroperoxy-2-methyl-1-nitrooxybutane-2,3-diol
1-hydroperoxy-2-methyl-4-nitrooxybutane-2,3-diol
3-hydroperoxy-3-methyl-2,4-dinitrooxybutan-1-ol
3-hydroperoxy-3-methyl-1,4-dinitrooxybutan-2-ol
4-hydroperoxy-2-methyl-1,3-dinitrooxybutan-2-ol
1-hydroperoxy-3-methyl-3,4-dinitrooxybutan-2-ol
3-hydroperoxy-2-methyl-2,4-dinitrooxybutan-1-ol
3-hydroperoxy-2-methyl-1,4-dinitrooxybutan-2-ol
4-hydroperoxy-3-methyl-1,3-dinitrooxybutan-2-ol
1-hydroperoxy-2-methyl-3,4-dinitrooxybutan-2-ol
2-hydroperoxy-3-methyl-3,4-dinitrooxybutan-1-ol
2-hydroperoxy-2-methyl-3,4-dinitrooxybutan-1-ol
3-methyl-3,4-dinitrooxybut-1-enal
2-methyl-3,4-dinitrooxybut-1-enal
1,3-dihydroperoxy-2-methyl-4-nitrooxybutan-2-ol
3,4-dihydroperoxy-3-methyl-1-nitrooxybutan-2-ol
2,3-dihydroperoxy-2-methyl-4-nitrooxybutan-1-ol
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our name
ISOP1N2OH3OO4CO
ISOP1N2OO344CO
ISOP1N4CO4OO
ISOP1CO2OO3OH4N
ISOP1CO2OH3OO4N
ISOP121CO3OO4N
ISOP1CO1OO4N
ISOP1OH2OO3CO4N
ISOP1N2OO3CO4OH
C4NVP1
C4NVP2
ISOP1N2N3OH4OH
ISOP1OH2OH3N4N
ISOP1N2OH3OH4N
ISOP1N2OOH3OH4OH
ISOP1OH2OH3OOH4N
ISOP1N2OH3OH4OOH
ISOP1OOH2OH3OH4N
ISOP1N2OOH3N4OH
ISOP1N2OOH3OH4N
ISOP1N2OH3N4OOH
ISOP1N2N3OH4OOH
ISOP1OH2N3OOH4N
ISOP1N2OH3OOH4N
ISOP1OOH2N3OH4N
ISOP1OOH2OH3N4N
ISOP1N2N3OOH4OH
ISOP1OH2OOH3N4N
ISOP1N2N344CO
ISOP121CO3N4N
ISOP1OOH2OH3OOH4N
ISOP1OOH2OOH3OH4N
ISOP1OH2OOH3OOH4N

MCM name
NC4CO3
-

541

continued on next page
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1,3-dihydroperoxy-3-methyl-4-nitrooxybutan-2-ol
3,4-dihydroperoxy-2-methyl-1-nitrooxybutan-2-ol
2,3-dihydroperoxy-3-methyl-4-nitrooxybutan-1-ol
2-hydroperoxy-3-hydroxy-2-methyl-4-nitrooxybutanal
2-hydroperoxy-3-hydroxy-3-methyl-4-nitrooxybutanal
3-hydroperoxy-4-hydroxy-3-methyl-1-nitrooxybutan-2-one
3-hydroperoxy-1-hydroxy-3-methyl-4-nitrooxybutan-2-one
3-methyl-4-nitrooxybut-1-enoic acid
2-methyl-4-nitrooxybut-1-enoic acid
3-methyl-4-nitrooxybut-1-enoic peracid
2-methyl-4-nitrooxybut-1-enoic peracid
3-hydroperoxy-3-methyl-4-nitrooxybut-1-enal
3-hydroperoxy-2-methyl-4-nitrooxybut-1-enal
3-hydroxy-2-methyl-2,4-dinitrooxybutanal
3-hydroxy-3-methyl-2,4-dinitrooxybutanal
4-hydroxy-3-methyl-1,3-dinitrooxybutan-2-one
1-hydroxy-3-methyl-3,4-dinitrooxybutan-2-one
peroxyacyl nitrate from (4,1)-ICN
peroxyacyl nitrate from (1,4)-ICN
ROOR from ISOP1N2OO + ISOP1N4OO
ROOR from ISOP1N4OO + ISOP1N4OO
ROOR from ISOP3OO4N + ISOP1N4OO
ROOR from ISOP1OO4N + ISOP1N4OO
ROOR from ISOP1N2OO + ISOP1N2OO
ROOR from ISOP3OO4N + ISOP1N2OO
ROOR from ISOP1OO4N + ISOP1N2OO
peroxy radical from ISOP1N4O isomerization
alkoxy radical from ISOP1N25_3OO4OH
3-hydroperoxy-4-hydroxy-2-nitrooxymethylbut-1-ene
3,4-dihydroxy-2-nitrooxymethylbut-1-ene
1-hydroxy-3-nitrooxymethylbut-3-en-2-one
4-hydroxy-3-nitrooxy-2-nitrooxymethylbut-1-ene
ROOR from ISOP1N25_3OO4OH + ISOP1N4OO
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our name
ISOP1N2OOH3OH4OOH
ISOP1N2OH3OOH4OOH
ISOP1N2OOH3OOH4OH
ISOP1CO2OOH3OH4N
ISOP1N2OH3OOH4CO
ISOP1OH2OOH3CO4N
ISOP1N2OOH3CO4OH
ISOP1N4CO4OH
ISOP1CO1OH4N
ISOP1N4CO4OOH
ISOP1CO1OOH4N
ISOP1N2OOH344CO
ISOP121CO3OOH4N
ISOP1CO2N3OH4N
ISOP1N2OH3N4CO
ISOP1OH2N3CO4N
ISOP1N2N3CO4OH
ISOP1N4PAN
ISOP1PAN4N
ISOP1N2OOISOP1N4
ISOP1N4OOISOP1N4
ISOP3OO4NISOP1N4
ISOP1OO4NISOP1N4
ISOP1N2OOISOP1N2
ISOP3OO4NISOP1N2
ISOP1OO4NISOP1N2
ISOP1N25_3OO4OH
ISOP1N25_3O4OH
ISOP1N25_3OOH4OH
ISOP1N25_3OH4OH
ISOP1N25_3CO4OH
ISOP1N25_3N4OH
ISOP1N25_3OO4OHISOP1N4

MCM name
INAHPCHO
NC4CO2H
INANCHO
INCNCHO
INANCO
INANCO
-
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ROOR from ISOP1N25_3OO4OH + ISOP1N2OO
ISOP1N25_3OO4OHISOP1N2
MPAN
Methacryloyl peroxynitrate
MPAN
energetically hot alkyl radical of MPAN
MPAN1OHx
stabilized alkyl radical of MPAN
MPAN1OH
peroxy radical from MPAN1OH
MPAN1OH2OO
alkoxy radical from MPAN1OH2OO
MPAN1OH2O
MPAN hydroperoxynitrate
MPAN1OH2OOH
Energetically hot HMML
HMMLx
Hydroxymethyl methyl-α-lactone
HMML
2-oxopropanoyl peroxynitrate
CH3COCOON
OZONE CHEMISTRY
C1 Stabilized Criegee
ciCH2OO
C4 Stabilized Criegee, structure MACR
ciMACROO
C4 Stabilized Criegee, structure MVK
ciMVKOO
Hydroxymethyl hydroperoxide
HMHP
Hydroperoxy methyl formate
HPMF
Formic anhydride
FAH
Water dimer
H2Od
METHACROLEIN DERIVATIVES
Methacrolein
MACR
peroxy radical from MACR + OH (major)
MACR2OO3OH
peroxy radical from MACR + OH (minor)
MACR2OH3OO
peroxy radical from MACR + OH (abstraction)
MACR1OO
2-hydroperoxy-3-hydroxy-2-methylpropanal
MACR2OOH3OH
3-hydroperoxy-2-hydroxy-2-methylpropanal
MACR2OH3OOH
Methacrylic acid
MACR1OH
Methacrylic peracid
MACR1OOH
2-nitrooxymethylacrolein
MACR3N
peroxy radical from C4NVP2
MACR2OO3N
2,3-dinitrooxy-2-methylpropanal
MACR2N3N
3-hydroxy-2-methyl-2-nitrooxypropanal
MACR2N3OH
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MACR
MACRO2
MACROHO2
MACO3
MACROOH
MACROHOOH
MACO2H
MACO3H
MACRNO3

CH2OOE
MACROOA
MVKOOA
CHOOCH2OOH
CHOOCHO
-

MPAN
HMML
CH3COPAN

MCM name
-
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2-hydroxy-2-methyl-3-nitrooxypropanal
MACR2OH3N
2-hydroperoxy-2-methyl-3-nitrooxypropanal
MACR2OOH3N
2,3-dihydroperoxy-2-methylpropanal
MACR2OOH3OOH
2,3-dihydroxy-2-methylpropanal
MACR2OH3OH
2-hydroxy-2-methylpropane-1,3-dial
MACR2OH3CO
1-Hydroperoxy-2-methyl-2-propen-1-ol
MACR3OH3OOH
2-hydroperoxy-2-methylpropane-1,3-dial
MACR2OOH3CO
3-hydroxy-2-methylprop-2-enal
MACRENOL
2-methylpropene-1,3-dial
MACR3CO
MVK DERIVATIVES
Methyl vinyl ketone
MVK
peroxy radical from MVK + OH (major)
MVK3OO4OH
peroxy radical from MVK + OH (minor)
MVK3OH4OO
3,4-dihydroperoxybutan-2-one
MVK3OOH4OOH
3-hydroperoxy-4-hydroxybutan-2-one
MVK3OOH4OH
4-hydroperoxy-3-hydroxybutan-2-one
MVK3OH4OOH
2-Hydroperoxy-3-buten-2-ol
MVK3OH3OOH
3-hydroxy-4-nitrooxybutan-2-one
MVK3OH4N
4-hydroxy-3-nitrooxybutan-2-one
MVK3N4OH
3-hydroperoxy-4-nitrooxybutan-2-one
MVK3OOH4N
3,4-dihydroxybutan-2-one
MVK3OH4OH
1-hydroxybutane-2,3-dione
MVK3CO4OH
1-nitrooxybutane-2,3-dione
MVK3CO4N
peroxy radical from C4NVP1
MVK3OO4N
3,4-dinitrooxybutan-2-one
MVK3N4N
2-hydroxy-3-oxobutanal
MVK3OH4CO
2-hydroperoxy-3-oxobutanal
MVK3OOH4CO
4-hydroxybut-3-en-2-one
MVKENOL
peroxy radical from MVKENOL + OH
MVK3OO4OH4OH
3-oxobut-1-enal
MVK4CO
peroxy radical from MVK4CO
MVK3OO4CO4OH
SMALL PRODUCTS
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MVK
HMVKBO2
HMVKAO2
DHPMEK
HMVKBOOH
HMVKAOOH
HMVKANO3
MVKNO3
HO12CO3C4
BIACETOH
CO2C4NO3
CO2H3CHO
C4CO2OOH
HVMK
-

MCM name
MACRNB
DHPMPAL
MACROH
C3MDIALOH
C3MDIALOOH
HMAC
-
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common / IUPAC name
Formaldehyde
Glycolaldehyde
Methylglyoxal
Peroxyacetyl radical (PA)
Hydroxyperacetyl radical
Nitrooxyperacetyl radical
Hydroxyacetone
Glyoxal
Hydroperoxyacetone
Hydroperoxyethanal
Methyl peroxy radical
Methoxy radical
Methanol
Formic acid
Ethanal nitrate
Propanone nitrate
2-peroxypropene radical
Pyruvic acid
1,1-dihydroxyacetone
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our name
HCHO
GLYC
MGLY
CH3CO3
HPA
NPA
HAC
GLYX
HPAC
HPETHNL
CH3OO
CH3O
CH3OH
HCOOH
ETHLN
PROPNN
CH3COOCH2
PYRAC
DHA

MCM name
HCHO
HOCH2CHO
MGLYOX
CH3CO3
HOCH2CO3
NO3CH2CO3
ACETOL
GLYOX
HYPERACET
HCOCH2OOH
CH3O2
CH3O
CH3OH
HCOOH
NO3CH2CHO
NOA
CH3C2H2O2
CH3COCO2H
-
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Table I.3: Reactions included in the explicit isoprene mechanism, written in a syntax
readable by the Kinetic PreProcessor (KPP). Each line is written "REACTANT +
REACTANT = PRODUCTS : RATE COEFFICIENT ;\". Product and reactant
names are given in Table I.2; rates coefficients are written in standard Arrhenius
form unless they fall into one of the four alternative rate categories detailed in
Chapter 4. Lines in bold denote section headings, while lines in italics denote
epoxide formation reactions, for which alternate formulations can be found in Table
I.4.

//OH Oxidation of Isoprene\
ISOP + OH = ISOP1OHc : 2.7e-11*exp(390/T)*0.64*0.5;\
ISOP + OH = ISOP1OHt : 2.7e-11*exp(390/T)*0.64*0.5;\
ISOP + OH = ISOP4OHc : 2.7e-11*exp(390/T)*0.36*0.7;\
ISOP + OH = ISOP4OHt : 2.7e-11*exp(390/T)*0.36*0.3;\
//Reversible Addition of O2\
ISOP4OHt + O2 = ISOP1OO4OHt : 5.3e-13;\
ISOP4OHt + O2 = ISOP3OO4OH : 7.1e-13;\
ISOP4OHc + O2 = ISOP1OO4OHc : 2.3e-13;\
ISOP4OHc + O2 = ISOP3OO4OH : 7.1e-13;\
ISOP1OHc + O2 = ISOP1OH4OOc : 1.4e-13;\
ISOP1OHc + O2 = ISOP1OH2OO : 7.8e-13;\
ISOP1OHt + O2 = ISOP1OH4OOt : 3.7e-13;\
ISOP1OHt + O2 = ISOP1OH2OO : 7.8e-13;\
ISOP1OO4OHt = ISOP4OHt : 2.08e14*exp(-9400/T);\
ISOP3OO4OH = ISOP4OHt : 2.49e15*exp(-10890/T);\
ISOP1OO4OHc = ISOP4OHc : 1.75e14*exp(-9054/T);\
ISOP3OO4OH = ISOP4OHc : 2.49e15*exp(-11112/T);\
ISOP1OH4OOc = ISOP1OHc : 1.79e14*exp(-8830/T);\
ISOP1OH2OO = ISOP1OHc : 2.22e15*exp(-10355/T);\
ISOP1OH4OOt = ISOP1OHt : 1.83e14*exp(-8930/T);\
ISOP1OH2OO = ISOP1OHt : 2.24e15*exp(-10865/T);\
// RO2 + NO\
ISOP1OH2OO + NO = NO2 + MVK + HO2 + HCHO : k_alkoxy[2.7,350,1.190,6];\
ISOP1OH2OO + NO = ISOP1OH2N : k_nitrate[2.7,350,1.190,6];\
ISOP1OH4OOc + NO = NO2 + HO2 + ISOP1CO4OH : k_alkoxy[1.08,350,1.421,6];\
ISOP1OH4OOc + NO = NO2 + ISOP1CO2OO3OOH4OH : k_alkoxy[1.62,350,1.421,6];\
ISOP1OH4OOc + NO = ISOP1OH4Nc : k_nitrate[2.7,350,1.421,6];\
ISOP1OH4OOt + NO = NO2 + HO2 + ISOP1CO4OH : k_alkoxy[1.08,350,1.421,6];\
ISOP1OH4OOt + NO = NO2 + ISOP1CO2OO3OOH4OH : k_alkoxy[1.62,350,1.421,6];\
ISOP1OH4OOt + NO = ISOP1OH4Nt : k_nitrate[2.7,350,1.421,6];\
ISOP1CO2OO3OOH4OH = ISOP1CO2OOH3OO4OH: 3e6;\
ISOP1CO2OOH3OO4OH = ISOP1CO2OO3OOH4OH : 4e6;\
ISOP1CO2OO3OOH4OH + NO = NO2 + MGLY + GLYC + OH : k_alkoxy[2.7,350,22.270,9];\
ISOP1CO2OO3OOH4OH + NO = ISOP1CO2N3OOH4OH : k_nitrate[2.7,350,22.270,9];\
ISOP1CO2OO3OOH4OH = MVK3OOH4OH + CO + OH : 1e7*exp(-5000/T);\
ISOP1CO2OO3OOH4OH + HO2 = ISOP1CO2OOH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP1CO2OOH3OO4OH + NO = NO2 + MGLY + GLYC + OH : k_alkoxy[2.7,350,4.457,9];\
ISOP1CO2OOH3OO4OH + NO = ISOP1CO2OOH3N4OH : k_nitrate[2.7,350,4.457,9];\
ISOP1CO2OOH3OO4OH = MVK3OOH4OH + CO + OH : 4e8*exp(-5000/T);\
ISOP1CO2OOH3OO4OH + HO2 = ISOP1CO2OOH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP3OO4OH + NO = NO2 + MACR + HO2 + HCHO : k_alkoxy[2.7,350,1.297,6];\
ISOP3OO4OH + NO = ISOP3N4OH : k_nitrate[2.7,350,1.297,6];\
ISOP1OO4OHc + NO = NO2 + HO2 + ISOP1OH4CO : k_alkoxy[1.08,350,1.421,6];\
ISOP1OO4OHc + NO = NO2 + ISOP1OH2OOH3OO4CO : k_alkoxy[1.62,350,1.421,6];\
ISOP1OO4OHc + NO = ISOP1N4OHc : k_nitrate[2.7,350,1.421,6];\
ISOP1OO4OHt + NO = NO2 + HO2 + ISOP1OH4CO : k_alkoxy[1.08,350,1.421,6];\
ISOP1OO4OHt + NO = NO2 + ISOP1OH2OOH3OO4CO : k_alkoxy[1.62,350,1.421,6];\
ISOP1OO4OHt + NO = ISOP1N4OHt : k_nitrate[2.7,350,1.421,6];\
ISOP1OH2OOH3OO4CO = ISOP1OH2OO3OOH4CO : 4e6;\
ISOP1OH2OO3OOH4CO = ISOP1OH2OOH3OO4CO : 3e6;\
ISOP1OH2OOH3OO4CO + NO = NO2 + GLYX + HAC + OH : k_alkoxy[2.7,350,33.606,9];\
ISOP1OH2OOH3OO4CO + NO = ISOP1OH2OOH3N4CO : k_nitrate[2.7,350,33.606,9];\
ISOP1OH2OOH3OO4CO = MACR2OOH3OH + CO + OH : 1e7*exp(-5000/T);\
ISOP1OH2OOH3OO4CO + HO2 = ISOP1OH2OOH3OOH4CO : 2.47e-13*exp(1300/T);\
ISOP1OH2OO3OOH4CO + NO = NO2 + GLYX + HAC + OH : k_alkoxy[2.7,350,2.838,9];\
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ISOP1OH2OO3OOH4CO + NO = ISOP1OH2N3OOH4CO : k_nitrate[2.7,350,2.838,9];\
ISOP1OH2OO3OOH4CO = MACR2OOH3OH + CO + OH : 4e8*exp(-5000/T);\
ISOP1OH2OO3OOH4CO + HO2 = ISOP1OH2OOH3OOH4CO : 2.47e-13*exp(1300/T);\
ISOP1CO4OH + OH = MVK3OH4OH + CO + OH : 2.7e-11*exp(390/T);\
ISOP1OH4CO + OH = MACR2OOH3OH + HO2 + CO : 2.7e-11*exp(390/T);\
ISOP3CO4OH + OH = ISOP1OH2OO3CO4OH : 2.7e-11*exp(390/T);\
ISOP1OH2OO3CO4OH + HO2 = ISOP1OH2OOH3CO4OH : 2.38e-13*exp(1300/T);\
ISOP1OH2OO3CO4OH + NO = ISOP1OH2N3CO4OH : k_nitrate[2.7,350,13.338,8];\
ISOP1OH2OO3CO4OH + NO = NO2 + HAC + HPA : k_alkoxy[2.7,350,13.338,8];\
//RO2 + Peroxy Radical\
ISOP1OH2OO + ISOP1OH2OO = MVK + MVK + HO2 + HO2 + HCHO + HCHO : 6.92e-14;\
ISOP3OO4OH + ISOP3OO4OH = MACR + MACR + HO2 + HO2 + HCHO + HCHO : 5.74e-12*0.8;\
ISOP3OO4OH + ISOP3OO4OH = ISOP3CO4OH + ISOP3OH4OH : 5.74e-12*0.2;\
ISOP1OH2OO + ISOP3OO4OH = MVK + MACR + HO2 + HO2 + HCHO + HCHO : 3.08e-12*0.9;\
ISOP1OH2OO + ISOP3OO4OH = ISOP1OH2OH + ISOP3CO4OH : 3.08e-12*0.1;\
ISOP1OH2OO + ISOP1OO4OHc = MVK + HO2 + HCHO + HO2 + ISOP1OH4CO : 2.49e-12*0.805*0.4;\
ISOP1OH2OO + ISOP1OO4OHc = MVK + HO2 + HCHO + ISOP1OH2OOH3OO4CO : 2.49e-12*0.805*0.6;\
ISOP1OH2OO + ISOP1OO4OHc = ISOP1OH2OH + ISOP1CO4OH : 2.49e-12*(1-0.805);\
ISOP1OH2OO + ISOP1OO4OHt = MVK + HO2 + HCHO + HO2 + ISOP1OH4CO : 2.49e-12*0.805*0.4;\
ISOP1OH2OO + ISOP1OO4OHt = MVK + HO2 + HCHO + ISOP1OH2OOH3OO4CO : 2.49e-12*0.805*0.6;\
ISOP1OH2OO + ISOP1OO4OHt = ISOP1OH2OH + ISOP1CO4OH : 2.49e-12*(1-0.805);\
ISOP1OH2OO + ISOP1OH4OOc = MVK + HO2 + HCHO + HO2 + ISOP1CO4OH : 2.49e-12*0.805*0.4;\
ISOP1OH2OO + ISOP1OH4OOc = MVK + HO2 + HCHO + ISOP1CO2OO3OOH4OH : 2.49e-12*0.805*0.6;\
ISOP1OH2OO + ISOP1OH4OOc = ISOP1OH2OH + ISOP1OH4CO : 2.49e-12*(1-0.805);\
ISOP1OH2OO + ISOP1OH4OOt = MVK + HO2 + HCHO + HO2 + ISOP1CO4OH : 2.49e-12*0.805*0.4;\
ISOP1OH2OO + ISOP1OH4OOt = MVK + HO2 + HCHO + ISOP1CO2OO3OOH4OH : 2.49e-12*0.805*0.6;\
ISOP1OH2OO + ISOP1OH4OOt = ISOP1OH2OH + ISOP1OH4CO : 2.49e-12*(1-0.805);\
ISOP3OO4OH + ISOP1OO4OHc = MACR + HO2 + HCHO + HO2 + ISOP1OH4CO : 3.94e-12*0.705*0.4;\
ISOP3OO4OH + ISOP1OO4OHc = MACR + HO2 + HCHO + ISOP1OH2OOH3OO4CO : 3.94e-12*0.705*0.6;\
ISOP3OO4OH + ISOP1OO4OHc = ISOP3OH4OH + ISOP1CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OO4OHc = ISOP1OH4OH + ISOP3CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OO4OHt = MACR + HO2 + HCHO + HO2 + ISOP1OH4CO : 3.94e-12*0.705*0.4;\
ISOP3OO4OH + ISOP1OO4OHt = MACR + HO2 + HCHO + ISOP1OH2OOH3OO4CO : 3.94e-12*0.705*0.6;\
ISOP3OO4OH + ISOP1OO4OHt = ISOP3OH4OH + ISOP1CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OO4OHt = ISOP1OH4OH + ISOP3CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OH4OOc = MACR + HO2 + HCHO + HO2 + ISOP1CO4OH : 3.94e-12*0.705*0.4;\
ISOP3OO4OH + ISOP1OH4OOc = MACR + HO2 + HCHO + ISOP1CO2OO3OOH4OH : 3.94e-12*0.705*0.6;\
ISOP3OO4OH + ISOP1OH4OOc = ISOP3OH4OH + ISOP1OH4CO : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OH4OOc = ISOP1OH4OH + ISOP3CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OH4OOt = MACR + HO2 + HCHO + HO2 + ISOP1CO4OH : 3.94e-12*0.705*0.4;\
ISOP3OO4OH + ISOP1OH4OOt = MACR + HO2 + HCHO + ISOP1CO2OO3OOH4OH : 3.94e-12*0.705*0.6;\
ISOP3OO4OH + ISOP1OH4OOt = ISOP3OH4OH + ISOP1OH4CO : 3.94e-12*(1-0.705)*0.5;\
ISOP3OO4OH + ISOP1OH4OOt = ISOP1OH4OH + ISOP3CO4OH : 3.94e-12*(1-0.705)*0.5;\
ISOP1OH2OO + CH3OO = MVK + CH3O + HO2 + HCHO : 2.00e-12*0.5;\
ISOP1OH2OO + CH3OO = ISOP1OH2OH + HCHO : 2.00e-12*0.5;\
ISOP3OO4OH + CH3OO = MACR + CH3O + HO2 + HCHO : 2.00e-12*0.5;\
ISOP3OO4OH + CH3OO = ISOP3OH4OH + HCHO : 2.00e-12*0.25;\
ISOP3OO4OH + CH3OO = ISOP3CO4OH + CH3OH : 2.00e-12*0.25;\
//RO2 + HO2 Radical\
HO2 + ISOP1OH2OO = ISOP1OH2OOH + O2 : 2.12e-13*exp(1300/T)*0.937;\
HO2 + ISOP1OH2OO = MVK + OH + HO2 + HCHO : 2.12e-13*exp(1300/T)*0.063;\
HO2 + ISOP3OO4OH = ISOP3OOH4OH + O2 : 2.12e-13*exp(1300/T)*0.937;\
HO2 + ISOP3OO4OH = MACR + OH + HO2 + HCHO : 2.12e-13*exp(1300/T)*0.063;\
HO2 + ISOP1OO4OHc = ISOP1OOH4OH + O2 : 2.12e-13*exp(1300/T);\
HO2 + ISOP1OO4OHt = ISOP1OOH4OH + O2 : 2.12e-13*exp(1300/T);\
HO2 + ISOP1OH4OOc = ISOP1OH4OOH + O2 : 2.12e-13*exp(1300/T);\
HO2 + ISOP1OH4OOt = ISOP1OH4OOH + O2 : 2.12e-13*exp(1300/T);\
//Peroxy Isomerization\
ISOP1OH4OOc = ISOP1CO4OOHc + HO2 : 0.34*k_tunneling[5.47e15,-12200,1e8];\
ISOP1OH4OOc = ISOP1CO2OO3OOH4OOH : 0.66*k_tunneling[5.47e15,-12200,1e8];\
ISOP1CO2OO3OOH4OOH = ISOP1CO2OOH3OO4OOH : 3e6;\
ISOP1CO2OO3OOH4OOH = ISOP1CO2OOH3OOH4OO : 2e6;\
ISOP1CO2OOH3OO4OOH = ISOP1CO2OO3OOH4OOH : 4e6;\
ISOP1CO2OOH3OO4OOH = ISOP1CO2OOH3OOH4OO : 2e6;\
ISOP1CO2OOH3OOH4OO = ISOP1CO2OO3OOH4OOH : 4e6;\
ISOP1CO2OOH3OOH4OO = ISOP1CO2OOH3OO4OOH : 3e6;\
ISOP1CO2OO3OOH4OOH = MVK3OOH4OOH + OH + CO : 1e7*exp(-5000/T);\
ISOP1CO2OOH3OO4OOH = MVK3OOH4OOH + OH + CO : 4e8*exp(-5000/T);\
ISOP1CO2OOH3OOH4OO = MVK3OOH4OOH + OH + CO : 1e8*exp(-5000/T);\
ISOP1CO2OO3OOH4OOH + NO = ISOP1CO2N3OOH4OOH : k_nitrate[2.7,350,20.511,10];\
ISOP1CO2OO3OOH4OOH + NO = NO2 + CO + HO2 + MVK3OOH4OOH : k_alkoxy[0.54,350,20.511,10];\
ISOP1CO2OO3OOH4OOH + NO = NO2 + OH + MGLY + HPETHNL : k_alkoxy[2.16,350,20.511,10];\
ISOP1CO2OO3OOH4OOH + HO2 = OH + OH + MGLY + HPETHNL : 0.58*2.54e-13*exp(1300/T);\
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ISOP1CO2OO3OOH4OOH + HO2 = OH + CO + HO2 + MVK3OOH4OOH : 0.15*2.54e-13*exp(1300/T);\
ISOP1CO2OO3OOH4OOH + HO2 = ISOP1CO2OOH3OOH4OOH : 0.27*2.54e-13*exp(1300/T);\
ISOP1CO2OOH3OO4OOH + NO = ISOP1CO2OOH3N4OOH : k_nitrate[2.7,350,7.425,10];\
ISOP1CO2OOH3OO4OOH + NO = NO2 + CO + HO2 + MVK3OOH4OOH : k_alkoxy[0.54,350,7.425,10];\
ISOP1CO2OOH3OO4OOH + NO = NO2 + OH + MGLY + HPETHNL : k_alkoxy[2.16,350,7.425,10];\
ISOP1CO2OOH3OO4OOH + HO2 = OH + OH + MGLY + HPETHNL : 0.58*2.54e-13*exp(1300/T);\
ISOP1CO2OOH3OO4OOH + HO2 = OH + CO + HO2 + MVK3OOH4OOH : 0.15*2.54e-13*exp(1300/T);\
ISOP1CO2OOH3OO4OOH + HO2 = ISOP1CO2OOH3OOH4OOH : 0.27*2.54e-13*exp(1300/T);\
ISOP1CO2OOH3OOH4OO + NO = ISOP1CO2OOH3OOH4N : k_nitrate[2.7,350,5.854,10];\
ISOP1CO2OOH3OOH4OO + NO = OH + NO2 + CH2O + MACR2OOH3CO : k_alkoxy[2.7,350,5.854,10];\
ISOP1CO2OOH3OOH4OO + HO2 = ISOP1CO2OOH3OOH4OOH : 2.54e-13*exp(1300/T);\
ISOP1OO4OHc = ISOP1OOH4COc + HO2 : 0.34*k_tunneling[2.40e9,-7160,1e8];\
ISOP1OO4OHc = ISOP1OOH2OOH3OO4CO : 0.66*k_tunneling[2.40e9,-7160,1e8];\
ISOP1OOH2OOH3OO4CO = ISOP1OOH2OO3OOH4CO : 4e6;\
ISOP1OOH2OOH3OO4CO = ISOP1OO2OOH3OOH4CO : 2e6;\
ISOP1OOH2OO3OOH4CO = ISOP1OOH2OOH3OO4CO : 3e6;\
ISOP1OOH2OO3OOH4CO = ISOP1OO2OOH3OOH4CO : 2e6;\
ISOP1OO2OOH3OOH4CO = ISOP1OOH2OOH3OO4CO : 3e6;\
ISOP1OO2OOH3OOH4CO = ISOP1OOH2OO3OOH4CO : 4e6;\
ISOP1OOH2OOH3OO4CO = MACR2OOH3OOH + OH + CO : 1e7*exp(-5000/T);\
ISOP1OOH2OO3OOH4CO = MACR2OOH3OOH + OH + CO : 4e8*exp(-5000/T);\
ISOP1OO2OOH3OOH4CO = MACR2OOH3OOH + OH + CO : 1e8*exp(-5000/T);\
ISOP1OOH2OOH3OO4CO + NO = ISOP1OOH2OOH3N4CO : k_nitrate[2.7,350,30.981,10];\
ISOP1OOH2OOH3OO4CO + NO = NO2 + CO + HO2 + MACR2OOH3OOH : k_alkoxy[0.54,350,30.981,10];\
ISOP1OOH2OOH3OO4CO + NO = NO2 + OH + GLYX + HPAC : k_alkoxy[2.16,350,30.981,10];\
ISOP1OOH2OOH3OO4CO + HO2 = HO2 + OH + GLYX + HPAC : 0.58*2.54e-13*exp(1300/T);\
ISOP1OOH2OOH3OO4CO + HO2 = HO2 + CO + HO2 + MACR2OOH3OOH : 0.15*2.54e-13*exp(1300/T);\
ISOP1OOH2OOH3OO4CO + HO2 = ISOP1OOH2OOH3OOH4CO : 0.27*2.54e-13*exp(1300/T);\
ISOP1OOH2OO3OOH4CO + NO = ISOP1OOH2N3OOH4CO : k_nitrate[2.7,350,4.808,10];\
ISOP1OOH2OO3OOH4CO + NO = NO2 + CO + HO2 + MACR2OOH3OOH : k_alkoxy[0.54,350,4.808,10];\
ISOP1OOH2OO3OOH4CO + NO = NO2 + OH + GLYX + HPAC : k_alkoxy[2.16,350,4.808,10];\
ISOP1OOH2OO3OOH4CO + HO2 = HO2 + OH + GLYX + HPAC : 0.58*2.54e-13*exp(1300/T);\
ISOP1OOH2OO3OOH4CO + HO2 = HO2 + CO + HO2 + MACR2OOH3OOH : 0.15*2.54e-13*exp(1300/T);\
ISOP1OOH2OO3OOH4CO + HO2 = ISOP1OOH2OOH3OOH4CO : 0.27*2.54e-13*exp(1300/T);\
ISOP1OO2OOH3OOH4CO + NO = ISOP1N2OOH3OOH4CO : k_nitrate[2.7,350,5.854,10];\
ISOP1OO2OOH3OOH4CO + NO = NO2 + OH + CH2O + MVK3OOH4CO : k_alkoxy[2.7,350,5.854,10];\
ISOP1OO2OOH3OOH4CO + HO2 = ISOP1OOH2OOH3OOH4CO : 2.54e-13*exp(1300/T);\
ISOP1OH2OO = HCHO + OH + MVK : 1.04e11*exp(-9746/T);\
ISOP3OO4OH = MACR + OH + HCHO : 1.88e11*exp(-9752/T);\
//MVK\
MVK + OH = MVK3OO4OH : 2.6e-12*exp(610/T)*0.76;\
MVK + OH = MVK3OH4OO : 2.6e-12*exp(610/T)*0.24;\
MVK3OO4OH + HO2 = CH3CO3 + GLYC + OH: 2.12e-13*exp(1300/T)*0.48;\
MVK3OO4OH + HO2 = MVK3CO4OH + OH + HO2: 2.12e-13*exp(1300/T)*0.34;\
MVK3OO4OH + HO2 = MVK3OOH4OH: 2.12e-13*exp(1300/T)*0.18;\
MVK3OH4OO + HO2 = MVK3OH4OOH: 2.12e-13*exp(1300/T)*0.83;\
MVK3OH4OO + HO2 = MGLY + HCHO + OH + HO2 : 2.12e-13*exp(1300/T)*0.17;\
MVK3OOH4OH = CH3CO3 + GLYC + OH : SUN*3e-5;\
MVK3OO4OH + NO = CH3CO3 + GLYC + NO2: k_alkoxy[2.7,350,6.161,6];\
MVK3OO4OH + NO = MVK3N4OH : k_nitrate[2.7,350,6.161,6];\
MVK3OH4OO + NO = MGLY + HCHO + HO2 + NO2: k_alkoxy[2.7,350,2.531,6];\
MVK3OH4OO + NO = MVK3OH4N: k_nitrate[2.7,350,2.531,6];\
MVK3N4OH = CH3CO3 + GLYC + NO2 : SUN*6.46e-5;\
MVK3OH4N = CH3CO3 + ETHLN + HO2 : SUN*4.21e-5;\
//MACR\
MACR + OH = MACR2OO3OH : 8.0e-12*exp(380/T)*0.53;\
MACR + OH = MACR2OH3OO : 8.0e-12*exp(380/T)*0.02;\
MACR + OH = MACR1OO : 2.7e-12*exp(470/T);\
MACR2OO3OH + HO2 = MACR2OOH3OH : 2.12e-13*exp(1300/T)*0.41;\
MACR2OO3OH + HO2 = HAC + CO + HO2 + OH + O2 : 2.12e-13*exp(1300/T)*0.59*0.86;\
MACR2OO3OH + HO2 = MGLY + HCHO + OH + O2 : 2.12e-13*exp(1300/T)*0.59*0.14;\
MACR2OH3OO + HO2 = MACR2OH3OOH : 2.12e-13*exp(1300/T)*0.83;\
MACR2OH3OO + HO2 = MGLY + HCHO + HO2 + OH + O2 : 2.12e-13*exp(1300/T)*0.17;\
MACR1OO + HO2 = MACR1OOH : 1.93e-13*exp(1300/T)*0.40;\
MACR1OO + HO2 = CH3COOCH2 + O2 + CO2 + OH : 1.93e-13*exp(1300/T)*0.40;\
MACR1OO + HO2 = MACR1OH + O3 : 1.93e-13*exp(1300/T)*0.20;\
MACR2OO3OH + NO = HAC + CO + HO2 + NO2 : k_alkoxy[2.322,350,2.985,6];\
MACR2OO3OH + NO = MGLY + HCHO + NO2 : k_alkoxy[0.378,350,2.985,6];\
MACR2OO3OH + NO = MACR2N3OH : k_nitrate[2.7,350,2.985,6];\
MACR2OH3OO + NO = MGLY + HCHO + HO2 + NO2 : k_alkoxy[2.7,350,2.985,6];\
MACR2OH3OO + NO = MACR2OH3N : k_nitrate[2.7,350,2.985,6];\
MACR1OO + NO = CH3COOCH2 + CO2 + NO2 : 8.7e-12*exp(290/T);\
MACR1OO + NO2 + M = MPAN + M : k_troe[k_0 = 2.133e-28*(T/300)^(-7.1), k_inf= 1.2e-11*(T/300)^(-0.9), Fc = 0.3];\
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MPAN + M = MACR1OO + NO2 + M : k_troe[k_0 = 3.871e-3*exp(-12100/T), k_inf = 5.4e16*exp(-13830/T), Fc = 0.3];\
MACR2OO3OH = HAC + CO + OH : 2.9e7*exp(-5297/T);\
MACR2OH3OO = HPAC + CO + HO2 : 4e8*exp(-5000/T);\
//MPAN\
MPAN + OH = MPAN1OHx : 2.9e-11;\
MPAN1OHx = MPAN1OH2OO : 1e7;\
MPAN1OHx = HMMLx : 4e9;\
MPAN1OHx = MPAN1OH: 8.18e7;\
MPAN1OH = HMMLx: 1e3;\
MPAN1OH = MPAN1OH2OO : 1e7;\
HMMLx = HMML + NO3 : 1E8*0.75;\
HMMLx = HAC + CO + NO3 : 1E8*0.25;\
MPAN1OH2OO + NO = MPAN1OH2O + NO2: 2.7E-12*exp(350/T);\
MPAN1OH2OO + HO2 = MPAN1OH2OOH : 2.6e-13*exp(1300/T)*0.1;\
MPAN1OH2OO + HO2 = MPAN1OH2O + OH : 2.6e-13*exp(1300/T)*0.9;\
MPAN1OH2O = HAC + CO2 + NO3 : 1E8*0.4;\
MPAN1OH2O = HO2 + HCHO + CH3COCOON : 1E8*0.6;\
//ISOPOOH\
ISOP1OH2OOH + OH = ISOP1OH2OOH3R4OH : 1.7e-11*exp(390/T)*0.95;\
ISOP1OH2OOH3R4OH + O2 = ISOP1OH2OOH3OO4OH: 1e-14;\
ISOP1OH2OOH3R4OH = ISOP1OH23O4OHt: 4.4e5*0.67;\
ISOP1OH2OOH3R4OH = ISOP1OH23O4OHc: 4.4e5*0.33;\
ISOP3OOH4OH + OH = ISOP1OH2R3OOH4OH : 3.0e-11*exp(390/T)*0.95;\
ISOP1OH2R3OOH4OH + O2 = ISOP1OH2OO3OOH4OH: 1e-14;\
ISOP1OH2R3OOH4OH = ISOP1OH23O4OHt: 4.4e5*0.68;\
ISOP1OH2R3OOH4OH = ISOP1OH23O4OHc: 4.4e5*0.32;\
ISOP1OOH4OH + OH = ISOP12O3OH4OH + OH : 2.9e-11*exp(390/T);\
ISOP1OH4OOH + OH = ISOP1OH2OOH3OH4CO + OH : 2.9e-11*exp(390/T);\
ISOP1OH2OOH + OH = ISOP1OH2OOH3OH4OO : 1.7e-11*exp(390/T)*0.05;\
ISOP1OH2OOH3OH4OO = ISOP1OH2OO3OH4OOH : 3e6;\
ISOP1OH2OO3OH4OOH = ISOP1OH2OOH3OH4OO : 7e6;\
ISOP1OH2OOH3OH4OO + NO = GLYC + HAC + NO2 + OH : k_alkoxy[2.7,350,3.485,9];\
ISOP1OH2OOH3OH4OO + NO = ISOP1OH2OOH3OH4N : k_nitrate[2.7,350,3.485,9];\
ISOP1OH2OO3OH4OOH + NO = HPETHNL + HAC + NO2 + HO2 : k_alkoxy[2.7,350,1.450,9];\
ISOP1OH2OO3OH4OOH + NO = ISOP1OH2N3OH4OOH : k_nitrate[2.7,350,1.450,9];\
ISOP1OH2OOH3OH4OO + HO2 = ISOP1OH2OOH3OH4OOH : 2.47e-13*exp(1300/T);\
ISOP1OH2OO3OH4OOH + HO2 = ISOP1OH2OOH3OH4OOH : 2.47e-13*exp(1300/T);\
ISOP1OH2OO3OH4OOH = ISOP1OH2OOH3OH4CO : 3.75e13*exp(-10000/T);\
ISOP3OOH4OH + OH = ISOP1OO2OH3OOH4OH : 3.0e-11*exp(390/T)*0.05;\
ISOP1OO2OH3OOH4OH = ISOP1OOH2OH3OO4OH : 3e6;\
ISOP1OOH2OH3OO4OH = ISOP1OO2OH3OOH4OH : 7e6;\
ISOP1OO2OH3OOH4OH + NO = HAC + GLYC + NO2 + OH : k_alkoxy[1.89,350,3.485,9];\
ISOP1OO2OH3OOH4OH + NO = ISOP1N2OH3OOH4OH : k_nitrate[1.89,350,3.485,9];\
ISOP1OOH2OH3OO4OH + NO = HPAC + GLYC + NO2 + HO2 : k_alkoxy[0.81,350,2.375,9];\
ISOP1OOH2OH3OO4OH + NO = ISOP1OOH2OH3N4OH : k_nitrate[0.81,350,2.375,9];\
ISOP1OO2OH3OOH4OH + HO2 = ISOP1OOH2OH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP1OOH2OH3OO4OH + HO2 = ISOP1OOH2OH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP1OOH2OH3OO4OH = ISOP1CO2OH3OOH4OH : 3.75e13*exp(-10000/T);\
ISOP1OH2OOH3OO4OH = ISOP1OH2OO3OOH4OH : 4e6;\
ISOP1OH2OO3OOH4OH = ISOP1OH2OOH3OO4OH : 3e6;\
ISOP1OH2OOH3OO4OH + NO = ISOP1OH2OOH3N4OH : k_nitrate[2.7,350,4.457,9];\
ISOP1OH2OOH3OO4OH + NO = GLYC + HAC + NO2 + OH : k_alkoxy[2.7,350,4.457,9];\
ISOP1OH2OOH3OO4OH + HO2 = ISOP1OH2OOH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP1OH2OOH3OO4OH = ISOP1OH12O3OOH4OH : 1e14*exp(-10000/T);\
ISOP1OH2OO3OOH4OH + NO = ISOP1OH2N3OOH4OH : k_nitrate[2.7,350,2.838,9];\
ISOP1OH2OO3OOH4OH + NO = HAC + GLYC + NO2 + OH : k_alkoxy[2.7,350,2.838,9];\
ISOP1OH2OO3OOH4OH + HO2 = ISOP1OH2OOH3OOH4OH : 2.47e-13*exp(1300/T);\
ISOP1OH2OO3OOH4OH = ISOP1OH2OOH34O4OH : 1e14*exp(-10000/T);\
ISOP1OH2OOH + OH = ISOP1OH2OO : 4.6e-12*exp(200/T);\
ISOP1OH2OOH + OH = ISOP1CO2OOH + HO2 : 1.5e-12*exp(200/T)*0.5;\
ISOP1OH2OOH + OH = ISO1OH12O + OH : 1.5e-12*exp(200/T)*0.5;\
ISOP3OOH4OH + OH = ISOP3OO4OH : 2.1e-12*exp(200/T);\
ISOP3OOH4OH + OH = ISOP3CO4OH + OH : 2.0e-12*exp(200/T)*0.32;\
ISOP3OOH4OH + OH = ISOP3OOH4CO + HO2 : 2.0e-12*exp(200/T)*0.68;\
ISOP1OH2OOH = MVK + HCHO + HO2 + OH : SUN*6.5e-6;\
ISOP3OOH4OH = MACR + HCHO + HO2 + OH : SUN*6.5e-6;\
//IEPOX\
ISOP1OH23O4OHc + OH = ISOP1OH23O4R4OHc : 0.168*5.82e-11*exp(-400/T);\
ISOP1OH23O4R4OHc + O2 = ISOP1OH23O4CO + H2O + HO2 : 1e-14;\
ISOP1OH23O4R4OHc = HAC + GLYX + OH : 0.63*0.168*1.752e5;\
ISOP1OH23O4R4OHc = MACR2OH3OH + OH + CO : 0.37*0.168*1.752e5;\
ISOP1OH23O4OHc + OH = ISOP1OH1R23O4OHc : 0.752*5.82e-11*exp(-400/T);\
ISOP1OH1R23O4OHc + O2 = ISOP1CO23O4OH + H2O + HO2: 1e-14;\
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ISOP1OH1R23O4OHc = GLYC + MGLY + OH: 0.287*0.752*1.752e5;\
ISOP1OH1R23O4OHc = MVK3OH4OH + OH + CO: 0.713*0.752*1.752e5;\
ISOP1OH23O4OHc + OH = MVK3CO4OH + OH + HCHO: 0.08*5.82e-11*exp(-400/T);\
ISOP1OH23O4OHt + OH = ISOP1OH23O4R4OHt : 0.31*3.75e-11*exp(-400/T);\
ISOP1OH23O4R4OHt + O2 = ISOP1OH23O4CO + H2O + HO2: 1e-14;\
ISOP1OH23O4R4OHt = HAC + GLYX + OH: 0.63*0.31*2.15e5;\
ISOP1OH23O4R4OHt = MACR2OH3OH + OH + CO: 0.37*0.31*2.15e5;\
ISOP1OH23O4OHt + OH = ISOP1OH1R23O4OHt : 0.62*3.75e-11*exp(-400/T);\
ISOP1OH1R23O4OHt + O2 = ISOP1CO23O4OH + H2O + HO2: 1e-14;\
ISOP1OH1R23O4OHt = GLYC + MGLY + OH: 0.287*0.62*2.15e5;\
ISOP1OH1R23O4OHt = MVK3OH4OH + OH + CO: 0.713*0.62*2.15e5;\
ISOP1OH23O4OHt + OH = MVK3CO4OH + OH + HCHO: 0.07*3.75e-11*exp(-400/T);\
ISOP1OH2OH34O + OH = ISOP1CO2OH34O + HO2 : 3.22e-11*exp(-400/T);\
ISOP12O3OH4OH + OH = ISOP12O3OH4CO + HO2 : 0.2*3.22e-11*exp(-400/T);\
ISOP12O3OH4OH + OH = ISOP12O3OH3R4OH : 0.8*3.22e-11*exp(-400/T);\
ISOP12O3OH3R4OH + O2 = ISOP12O3CO4OH + HO2 : 0.33*1e-14;\
ISOP12O3OH3R4OH + O2 = ISOP1OH3OH4CO + HO2 : 0.67*1e-14;\
ISOP12O3OH3R4OH = ISOP1OH2OO3CO4OH : 3.45e4;\
//C4 dihydroxycarbonyls\
MVK3OH4OH + OH = MVK3OH4CO + HO2 : 0.4*8.7e-12*exp(70/T);\
MVK3OH4OH + OH = MVK3CO4OH + HO2 : 0.6*8.7e-12*exp(70/T);\
MVK3OH4CO + OH = OH + MGLY + CO2 : 5e-12*exp(470/T);\
MVK3OH4CO = CO + HO2 + HO2 + MGLY : 0.5*2.5e-4*SUN;\
MVK3OH4CO = GLYX + HO2 + CH3CO3 : 0.5*2.5e-4*SUN;\
MVK3CO4OH + OH = CO + CO + HO2 + CH3CO3 : 2e-12*exp(70/T);\
MVK3CO4OH = CO + HO2 + CH2O + CH3CO3 : 2.5e-4*SUN;\
MACR2OH3OH + OH = MACR2OH3CO + HO2 : 0.16*2.4e-11*exp(70/T);\
MACR2OH3OH + OH = HAC + OH + CO2 : 0.84*2.4e-11*exp(70/T);\
MACR2OH3CO + OH = CO2 + OH + MGLY: 5e-12*exp(470/T);\
//HPALD\
ISOP1CO4OOHc = MVKENOL + OH + OH + CO : 0.552*0.58*SUN*4e-4;\
ISOP1CO4OOHc = C4HVP1 + OH + CO: 0.224*0.58*SUN*4e-4;\
ISOP1CO4OOHc = ISOP1CO4CO + HO2 + OH : 0.112*0.58*SUN*4e-4;\
ISOP1CO4OOHc = MACR2OOH3CO + OH + OH + CO : 0.019*0.58*SUN*4e-4;\
ISOP1CO4OOHc = MVK3OOH4CO + OH + OH + CO : 0.093*0.58*SUN*4e-4;\
ISOP1OOH4COc = MACRENOL + OH + OH + CO : 0.455*0.55*SUN*4e-4;\
ISOP1OOH4COc = C4HVP2 + OH + CO : 0.182*0.55*SUN*4e-4;\
ISOP1OOH4COc = ISOP1CO4CO + HO2 + OH : 0.182*0.55*SUN*4e-4;\
ISOP1OOH4COc = MACR2OOH3CO + OH + OH + CO : 0.031*0.55*SUN*4e-4;\
ISOP1OOH4COc = MVK3OOH4CO + OH + OH + CO : 0.151*0.55*SUN*4e-4;\
MVKENOL + OH = HO2 + MVK3OH4CO : 0.3*3.35e-12*exp(983/T);\
MVKENOL + OH = MVK3OO4OH4OH : 0.7*3.35e-12*exp(983/T);\
MVKENOL = CH3CO3 + GLYX + OH : 0.5*2.5e-4*SUN;\
MVKENOL = MGLY + HO2 + CO + OH : 0.5*2.5e-4*SUN;\
MVK3OO4OH4OH + NO = NO2 + HO2 + HCOOH + MGLY : 2.7E-12*exp(350/T);\
MVK3OO4OH4OH + HO2 = OH + HO2 + HCOOH + MGLY : 2.26e-13*exp(1300/T);\
MACRENOL + OH = DHA + CO + OH : 3.35e-12*exp(983/T);\
DHA + OH = HO2 + PYRAC : 8e-12*exp(70/T);\
MACRENOL = MACR3CO + OH + OH : 2.5e-4*SUN;\
MACR3CO + OH = PYRAC + OH + CO: 2.7e-11*exp(390/T);\
C4HVP1 + NO = NO2 + MVK3OO4OH : 2.7E-12*exp(350/T);\
C4HVP1 + HO2 = OH + MVK3OO4OH : 1.93e-13*exp(1300/T);\
C4HVP1 + NO2 = MVK3N4OH : 9e-12;\
C4HVP2 + NO = NO2 + MACR2OO3OH : 2.7E-12*exp(350/T);\
C4HVP2 + HO2 = OH + MACR2OO3OH : 1.93e-13*exp(1300/T);\
C4HVP2 + NO2 = MACR2N3OH : 9e-12;\
MACR2OOH3CO = OH + MGLY + HO2 + CO : 2.5e-4*SUN;\
MVK3OOH4CO = OH + GLYX + CH3CO3 : 2.5e-4*SUN;\
ISOP1CO4OOHc + OH = ISOP1CO4CO + OH : 7.5e-12*exp(20/T);\
ISOP1CO4OOHc + OH = ISOP1CO4OOc : 2.0e-12*exp(200/T);\
ISOP1CO4OOHc + OH = ISOP1CO2OO3OH4OOH : 2.0e-12*exp(650/T);\
ISOP1CO4OOHc + OH = ISOP1CO2OH3R4OOH : 1.0e-12*exp(650/T);\
ISOP1CO2OH3R4OOH + O2 = ISOP1CO2OH3OO4OOH : 1e-14;\
ISOP1CO2OH3R4OOH = ISOP1CO2OH34O : 5.2e4;\
ISOP1CO4OOHc + OH = ISOP1CO3R4OOH : 3.8e-12*exp(400/T);\
ISOP1CO3R4OOH + O2 = ISOP1CO1OOH4CO : 1e-14*0.125;\
ISOP1CO3R4OOH + O2 = ISOP121CO3OO4OOH : 1e-14*0.875;\
ISOP1CO3R4OOH = ISOP121CO34O : 1.3e4;\
ISOP1CO2OH3OO4OOH = MVK3OOH4OOH + CO2 + HO2 : 4e8*exp(-5000/T);\
ISOP1CO2OH3OOH4OO = MVK3OOH4OOH + CO2 + HO2 : 1e8*exp(-5000/T);\
ISOP1CO2OH3OO4OOH = ISOP1CO2OH3OOH4OO : 2e6;\
ISOP1CO2OH3OOH4OO = ISOP1CO2OH3OO4OOH : 3e6;\
ISOP1CO2OO3OH4OOH = MVK3OH4OOH + CO + OH : 1e7*exp(-5000/T);\
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ISOP1CO2OOH3OH4OO = MVK3OH4OOH + CO + OH : 1e8*exp(-5000/T);\
ISOP1CO2OO3OH4OOH = ISOP1CO2OOH3OH4OO : 2e6;\
ISOP1CO2OOH3OH4OO = ISOP1CO2OO3OH4OOH : 4e6;\
ISOP1CO4OOc = ISOP1CO2OO : 10;\
ISOP1CO2OO = MVK + OH + CO : 1e7*exp(-5000/T);\
ISOP1CO4OOc = ISOP1CO3R4OOH : 10;\
ISOP121CO3OO4OOH + NO = OH + CH2O + NO2 + MACR3CO : 2.7E-12*exp(350/T);\
ISOP121CO3OO4OOH + HO2 = OH + OH + CH2O + MACR3CO : 2.38e-12*exp(1300/T);\
ISOP1OOH4COc + OH = ISOP1CO4CO + OH : 7.5e-12*exp(20/T);\
ISOP1OOH4COc + OH = ISOP1OO4COc : 2.0e-12*exp(200/T);\
ISOP1OOH4COc + OH = ISOP1OOH2OH3OO4CO : 1.0e-12*exp(650/T);\
ISOP1OOH4COc + OH = ISOP1OOH2R3OH4CO : 2.0e-12*exp(650/T);\
ISOP1OOH2R3OH4CO + O2 = ISOP1OOH2OO3OH4CO : 1e-14;\
ISOP1OOH2R3OH4CO = ISOP12O3OH4CO : 5.2e4;\
ISOP1OOH4COc + OH = ISOP1OOH2R4CO : 3.8e-12*exp(400/T);\
ISOP1OOH2R4CO + O2 = ISOP1OOH2OO344CO : 1e-14*0.875;\
ISOP1OOH2R4CO + O2 = ISOP1CO4CO4OOH : 1e-14*0.125;\
ISOP1OOH2R4CO = ISOP12O344CO : 1.3e4;\
ISOP1OOH2OH3OO4CO = MACR2OH3OOH + OH + CO : 1e7*exp(-5000/T);\
ISOP1OO2OH3OOH4CO = MACR2OH3OOH + OH + CO : 1e8*exp(-5000/T);\
ISOP1OOH2OH3OO4CO = ISOP1OO2OH3OOH4CO : 2e6;\
ISOP1OO2OH3OOH4CO = ISOP1OOH2OH3OO4CO : 3e6;\
ISOP1OOH2OO3OH4CO = MACR2OOH3OOH + CO + HO2 : 4e8*exp(-5000/T);\
ISOP1OO2OOH3OH4CO = MACR2OOH3OOH + CO + HO2 : 1e8*exp(-5000/T);\
ISOP1OOH2OO3OH4CO = ISOP1OO2OOH3OH4CO : 2e6;\
ISOP1OO2OOH3OH4CO = ISOP1OOH2OO3OH4CO : 4e6;\
ISOP1OO4COc = ISOP3OO4CO : 10;\
ISOP3OO4CO = MACR + CO + OH : 2.9e7*exp(-5297/T);\
ISOP1OO4COc = ISOP1OOH2R4CO : 10;\
ISOP1OOH2OO344CO + NO = OH + OH + CH2O + MVK4CO : 2.7E-12*exp(350/T);\
ISOP1OOH2OO344CO + HO2 = OH + OH + CH2O + MVK4CO : 2.38e-12*exp(1300/T);\
MVK4CO + OH = MVK3OO4CO4OH : 2.7e-11*exp(390/T);\
MVK3OO4CO4OH + NO = NO2 + CO2 + HO2 + MGLY : 2.7E-12*exp(350/T);\
MVK3OO4CO4OH + HO2 = OH + CO2 + HO2 + MGLY : 2.26e-12*exp(1300/T);\
//Daytime Hydroxynitrates\
ISOP1OH2N + OH = ISOP1OH2N3R4OH: 0.75*8.4e-12*exp(390/T);\
ISOP1OH2N3R4OH + O2 = ISOP1OH2N3OO4OH: 1e-14;\
ISOP1OH2N3R4OH = ISOP1OH23O4OHt: 1.3e4*0.67;\
ISOP1OH2N3R4OH = ISOP1OH23O4OHc: 1.3e4*.33;\
ISOP1OH2N + OH = ISOP1OH2N3OH4OO: 0.25*8.4e-12*exp(390/T);\
ISOP1OH2N3OH4OO + NO = ISOP1OH2N3OH4N: k_nitrate[2.7,350,2.849,11];\
ISOP1OH2N3OH4OO + NO = MACR2N3OH + HO2 + HCHO + NO2: k_alkoxy[2.7,350,2.849,11];\
ISOP1OH2N3OO4OH + NO = ISOP1OH2N3N4OH: k_nitrate[2.7,350,16.019,11];\
ISOP1OH2N3OO4OH + NO = GLYC + NO2 + NO2 + HAC: k_alkoxy[2.7,350,16.019,11];\
ISOP1OH2N3OO4OH = ISOP1CO2N3OOH4OH + HO2 : 3.75e13*exp(-10000/T);\
ISOP1OH2N3OH4OO = ISOP1CO2N3OH4OOH + HO2 : 3.75e12*exp(-10000/T);\
ISOP1OH2N3OH4OO + HO2 = ISOP1OH2N3OH4OOH: 2.6e-13*exp(1300/T);\
ISOP1OH2N3OO4OH + HO2 = ISOP1OH2N3OOH4OH: 0.15*2.6e-13*exp(1300/T);\
ISOP1OH2N3OO4OH + HO2 = GLYC + HAC + OH + NO2: 0.85*2.6e-13*exp(1300/T);\
ISOP3N4OH + OH = ISOP1OH2R3N4OH: 0.9*1.17e-11*exp(390/T);\
ISOP1OH2R3N4OH + O2 = ISOP1OH2OO3N4OH: 1e-14;\
ISOP1OH2R3N4OH = ISOP1OH23O4OHt: 0.67*8.42e3;\
ISOP1OH2R3N4OH = ISOP1OH23O4OHc: 0.33*8.42e3;\
ISOP3N4OH + OH = ISOP1OO2OH3N4OH: 0.1*1.17e-11*exp(390/T);\
ISOP1OH2OO3N4OH + NO = MVK3N4OH + HO2 + NO2 + HCHO: 0.76*2.7E-12*exp(350/T);\
ISOP1OH2OO3N4OH + NO = ISOP1OH2N3N4OH: k_nitrate[2.7,350,10.532,11];\
ISOP1OH2OO3N4OH + NO = GLYC + NO2 + NO2 + HAC: k_alkoxy[2.7,350,10.532,11];\
ISOP1OO2OH3N4OH + NO = ISOP1N2OH3N4OH: k_nitrate[2.7,350,2.849,11];\
ISOP1OO2OH3N4OH + NO = MVK3N4OH + HO2 + NO2 + HCHO: k_alkoxy[2.7,350,2.849,11];\
ISOP1OO2OH3N4OH = ISOP1OOH2OH3N4CO + HO2: 3.75e12*exp(-10000/T);\
ISOP1OH2OO3N4OH = ISOP1OH2OOH3N4CO + HO2: 3.75e13*exp(-10000/T);\
ISOP1OH2OO3N4OH + HO2 = MVK3N4OH + HO2 + OH + O2 + HCHO: 0.74*2.6e-13*exp(1300/T);\
ISOP1OH2OO3N4OH + HO2 = ISOP1OH2OOH3N4OH: 0.15*2.6e-13*exp(1300/T);\
ISOP1OH2OO3N4OH + HO2 = GLYC + HAC + OH + NO2: 0.11*2.6e-13*exp(1300/T);\
ISOP1OO2OH3N4OH + HO2 = ISOP1OOH2OH3N4OH: 2.6e-13*exp(1300/T);\
//Ozonolysis\
ISOP + O3 = MACR + ciCH2OO : 1.1e-14*exp(-2000/T)*(0.41);\
ISOP + O3 = MVK + ciCH2OO : 1.1e-14*exp(-2000/T)*(0.17);\
ISOP + O3 = OH : 1.1e-14*exp(-2000/T)*(0.28);\
ISOP + O3 = ciMVKOO : 1.1e-14*exp(-2000/T)*(0.007);\
ISOP + O3 = ciMACROO : 1.1e-14*exp(-2000/T)*(0.006);\
ISOP + O3 = HO2 : 1.1e-14*exp(-2000/T)*(0.16);\
ISOP + O3 = HCHO + CO2 + HCHO + CO + CH3OO : 1.1e-14*exp(-2000/T)*0.407;\
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//Reactions of SCI\
ciCH2OO + SO2 = H2SO4 : 2e-11;\
ciCH2OO + HCOOH = HPMF : 5.6e-11;\
ciCH2OO + H2O = HMHP : 0.9e-15*(0.73);\
ciCH2OO + H2O = HCOOH : 0.9e-15*(0.21);\
ciCH2OO + H2O = HCHO : 0.9e-15*(0.06);\
ciCH2OO + H2O = H2O2 : 0.9e-15*(0.06);\
ciCH2OO + H2Od = HMHP : 0.8e-12*(0.4);\
ciCH2OO + H2Od = HCOOH : 0.8e-12*(0.54);\
ciCH2OO + H2Od = HCHO : 0.8e-12*(0.06);\
ciCH2OO + H2Od = H2O2 : 0.8e-12*(0.06);\
ciCH2OO + O3 = HCHO : 1.0e-12*(0.7);\
ciMACROO + H2O = MACR3OH3OOH : 1e-15;\
ciMVKOO + H2O = MVK3OH3OOH : 1e-15;\
HMHP + OH = HCHO + HO2 : 4.3e-12*exp(190/T)*0.5;\
HMHP + OH = HCOOH + OH : 4.3e-12*exp(190/T)*0.5;\
HPMF + OH = HO2 + FAH : 4.31e-12;\
FAH + OH = CO + HO2 + CO2 : 1.80e-13;\
//NO3 Oxidation of Isoprene\
//Isoprene + NO3\
ISOP + NO3 = ISOP1N2OO : 2.95E-12*exp(-450/T)*0.42;\
ISOP + NO3 = ISOP3OO4N : 2.95E-12*exp(-450/T)*0.045;\
ISOP + NO3 = ISOP1N4OO : 2.95E-12*exp(-450/T)*0.45;\
ISOP + NO3 = ISOP1OO4N : 2.95E-12*exp(-450/T)*0.085;\
//RO2 + HO2\
ISOP1N2OO + HO2 = ISOP1N2OOH : 2.47e-13*exp(1300/T)*0.47;\
ISOP1N2OO + HO2 = MVK + OH + HCHO + NO2 : 2.47e-13*exp(1300/T)*0.53;\
ISOP1N4OO + HO2 = ISOP1N4OOH : 2.47e-13*exp(1300/T);\
ISOP3OO4N + HO2 = ISOP3OOH4N : 2.47e-13*exp(1300/T)*0.735;\
ISOP3OO4N + HO2 = MACR + OH + HCHO + NO2 : 2.47e-13*exp(1300/T)*0.265;\
ISOP1OO4N + HO2 = ISOP1OOH4N : 2.47e-13*exp(1300/T);\
//RO2 + Dominant RO2\
ISOP1N2OO + ISOP1N2OO = MVK + HCHO + NO2 + MVK + HCHO + NO2 : 6.92e-14*0.965;\
ISOP1N2OO + ISOP1N2OO = ISOP1N2OOISOP1N2 : 6.92e-14*0.035;\
ISOP1N2OO + ISOP3OO4N = ISOP1N2OH + ISOP3CO4N : 3.08e-12*0.77*0.5 ;\
ISOP1N2OO + ISOP3OO4N = MVK + MACR + HCHO + HCHO + NO2 + NO2 : 3.08e-12*0.58 ;\
ISOP1N2OO + ISOP3OO4N = ISOP3OO4NISOP1N2 : 3.08e-12*0.035 ;\
ISOP1N2OO + ISOP1OO4N = ISOP1N2OH + ISOP1CO4N : 2.49e-12*0.77*0.5 ;\
ISOP1N2OO + ISOP1OO4N = MVK + HCHO + NO2 + ISOP1O4N : 2.49e-12*0.58 ;\
ISOP1N2OO + ISOP1OO4N = ISOP1OO4NISOP1N2: 2.49e-12*0.035 ;\
ISOP1N2OO + ISOP1N4OO = ISOP1N4CO + ISOP1N2OH : 2.49E-12*0.77*0.5;\
ISOP1N2OO + ISOP1N4OO = MVK + HCHO + NO2 + ISOP1N4O : 2.49E-12*0.58;\
ISOP1N2OO + ISOP1N4OO = ISOP1N2OOISOP1N4 : 2.49E-12*0.035;\
ISOP1N4OO + ISOP1N4OO = ISOP1N4CO + ISOP1N4OHc : 3.9E-12*0.77*0.5;\
ISOP1N4OO + ISOP1N4OO = ISOP1N4CO + ISOP1N4OHt : 3.9E-12*0.77*0.5;\
ISOP1N4OO + ISOP1N4OO = ISOP1N4O + ISOP1N4O : 3.9E-12*0.195;\
ISOP1N4OO + ISOP1N4OO = ISOP1N4OOISOP1N4 : 3.9E-12*0.035;\
ISOP3OO4N + ISOP1N4OO = ISOP3OH4N + ISOP1N4CO : 3.94E-12*0.77*0.5;\
ISOP3OO4N + ISOP1N4OO = ISOP3CO4N + ISOP1N4OHc : 3.94E-12*0.77*0.5*0.5;\
ISOP3OO4N + ISOP1N4OO = ISOP3CO4N + ISOP1N4OHt : 3.94E-12*0.77*0.5*0.5;\
ISOP3OO4N + ISOP1N4OO = MACR + HCHO + NO2 + ISOP1N4O : 3.94E-12*0.195;\
ISOP3OO4N + ISOP1N4OO = ISOP3OO4NISOP1N4 : 3.94E-12*0.035;\
ISOP1OO4N + ISOP1N4OO = ISOP1CO4N + ISOP1N4OHc : 3.29E-12*0.77*0.5*0.5;\
ISOP1OO4N + ISOP1N4OO = ISOP1CO4N + ISOP1N4OHt : 3.29E-12*0.77*0.5*0.5;\
ISOP1OO4N + ISOP1N4OO = ISOP1OH4Nc + ISOP1N4CO : 3.29E-12*0.77*0.5*0.5;\
ISOP1OO4N + ISOP1N4OO = ISOP1OH4Nt + ISOP1N4CO : 3.29E-12*0.77*0.5*0.5;\
ISOP1OO4N + ISOP1N4OO = ISOP1O4N + ISOP1N4O : 3.29E-12*0.195;\
ISOP1OO4N + ISOP1N4OO = ISOP1OO4NISOP1N4 : 3.29E-12*0.035;\
ISOP1N2OO + CH3OO = HCHO + ISOP1N2OH : 1.6E-13*0.71*0.5;\
ISOP1N2OO + CH3OO = MVK + HCHO + NO2 + CH3O : 1.6E-13*0.645;\
ISOP1N4OO + CH3OO = ISOP1N4CO + CH3OH : 1.2E-12*0.71*0.5;\
ISOP1N4OO + CH3OO = ISOP1N4OHc + HCHO : 1.2E-12*0.71*0.5*0.5;\
ISOP1N4OO + CH3OO = ISOP1N4OHt + HCHO : 1.2E-12*0.71*0.5*0.5;\
ISOP1N4OO + CH3OO = ISOP1N4O + CH3O : 1.2E-12*0.29;\
ISOP3OO4N + CH3OO = ISOP3OH4N + HCHO : 1.4E-12*0.71*0.5;\
ISOP3OO4N + CH3OO = ISOP3CO4N + CH3OH : 1.4E-12*0.71*0.5;\
ISOP3OO4N + CH3OO = MACR + HCHO + NO2 + CH3O : 1.4E-12*0.29;\
ISOP1OO4N + CH3OO = ISOP1CO4N + CH3OH : 9.8E-13*0.71*0.5;\
ISOP1OO4N + CH3OO = ISOP1OH4Nc + HCHO : 9.8E-13*0.71*0.5*0.5;\
ISOP1OO4N + CH3OO = ISOP1OH4Nt + HCHO : 9.8E-13*0.71*0.5*0.5;\
ISOP1OO4N + CH3OO = ISOP1O4N + CH3O : 9.8E-13*0.29;\
//RO2 + NO\
ISOP1N2OO + NO = MVK + HCHO + NO2 + NO2 : k_alkoxy[2.7,350,8.667,9];\
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ISOP1N2OO + NO = ISOP1N2N : k_nitrate[2.7,350,8.667,9];\
ISOP1N4OO + NO = ISOP1N4O + NO2 : k_alkoxy[2.7,350,2.319,9];\
ISOP1N4OO + NO = ISOP1N4N : k_nitrate[2.7,350,2.319,9];\
ISOP3OO4N + NO = MACR + HCHO + NO2 + NO2 : k_alkoxy[2.7,350,13.202,9];\
ISOP3OO4N + NO = ISOP3N4N : k_nitrate[2.7,350,13.202,9];\
ISOP1OO4N + NO = ISOP1O4N + NO2 : k_alkoxy[2.7,350,2.319,9];\
ISOP1OO4N + NO = ISOP1N4N : k_nitrate[2.7,350,2.319,9];\
ISOP1N4O + O2 = ISOP1N4CO + HO2 : 2.5E-14*exp(-300/T);\
ISOP1O4N + O2 = ISOP1CO4N + HO2 : 2.5E-14*exp(-300/T);\
//RO2 + NO3\
ISOP1N2OO + NO3 = MVK + HCHO + NO2 + NO2 : 2.3E-12;\
ISOP1N4OO + NO3 = ISOP1N4O + NO2 : 2.3E-12;\
ISOP3OO4N + NO3 = MACR + HCHO + NO2 + NO2 : 2.3E-12;\
ISOP1OO4N + NO3 = ISOP1O4N + NO2 : 2.3E-12;\
//1,5 H-shift\
ISOP1N4O = ISOP1N25_3OO4OH : 1e20*exp(-10000/T);\
ISOP1N25_3OO4OH + NO3 = ISOP1N25_3O4OH + NO2 : 2.3E-12;\
ISOP1N25_3OO4OH + NO = ISOP1N25_3O4OH + NO2 : k_alkoxy[2.7,350,1.368,10];\
ISOP1N25_3OO4OH + NO = ISOP1N25_3N4OH + NO2 : k_nitrate[2.7,350,1.368,10];\
ISOP1N25_3O4OH + O2 = MACR3N + HCHO + HO2 : 2.5E-14*exp(-300/T);\
ISOP1N25_3OO4OH + HO2 = ISOP1N25_3OOH4OH : 2.54e-13*exp(1300/T);\
ISOP1N25_3OO4OH + ISOP1N4OO = ISOP1N25_3CO4OH + ISOP1N4OHc : 3.94E-12*0.77*0.5*0.5;\
ISOP1N25_3OO4OH + ISOP1N4OO = ISOP1N25_3CO4OH + ISOP1N4OHt : 3.94E-12*0.77*0.5*0.5;\
ISOP1N25_3OO4OH + ISOP1N4OO = ISOP1N25_3OH4OH + ISOP1N4CO : 3.94E-12*0.77*0.5;\
ISOP1N25_3OO4OH + ISOP1N4OO = ISOP1N25_3O4OH + ISOP1N4O : 3.94E-12*0.195;\
ISOP1N25_3OO4OH + ISOP1N4OO = ISOP1N25_3OO4OHISOP1N4 : 3.94E-12*0.035;\
ISOP1N25_3OO4OH + ISOP1N2OO = MVK + HCHO + NO2 + ISOP1N25_3O4OH : 3.08e-12*0.58;\
ISOP1N25_3OO4OH + ISOP1N2OO = ISOP1N2OH + ISOP1N25_3CO4OH : 3.08e-12*0.77*0.5;\
ISOP1N25_3OO4OH + ISOP1N2OO = ISOP1N25_3OO4OHISOP1N2 : 3.08e-12*0.035;\
ISOP1N25_3OO4OH + CH3OO = ISOP1N25_3OH4OH + HCHO : 1.4E-12*0.71*0.5;\
ISOP1N25_3OO4OH + CH3OO = ISOP1N25_3CO4OH + CH3OH : 1.4E-12*0.71*0.5;\
ISOP1N25_3OO4OH + CH3OO = ISOP1N25_3O4OH + CH3O : 1.4E-12*0.29;\
//INP\
ISOP1N2OOH + OH = ISOP1N2OOH3R4OH : 8.38e-12*exp(390/T)*0.76;\
ISOP1N2OOH3R4OH + O2 = ISOP1N2OOH3OO4OH : 1e-14;\
ISOP1N2OOH3R4OH = ISOP1N23O4OH + OH: 9.2e4;\
ISOP1N2OOH + OH = ISOP1N2OOH3OH4OO : 8.38e-12*exp(390/T)*0.24;\
ISOP1N4OOH + OH = ISOP1N2OH3R4OOH : 2.24e-11*exp(390/T)*0.31;\
ISOP1N2OH3R4OOH + O2 = ISOP1N2OH3OO4OOH : 1e-14;\
ISOP1N2OH3R4OOH = ISOP1N2OH34O + OH : 9.61e4;\
ISOP1N4OOH + OH = ISOP1N2R3OH4OOH : 2.24e-11*exp(390/T)*0.69;\
ISOP1N2R3OH4OOH + O2 = ISOP1N2OO3OH4OOH : 1e-14;\
ISOP1N2R3OH4OOH = ISOP12O3OH4OOH + NO2 : 7.73e3;\
ISOP3OOH4N + OH = ISOP1OH2R3OOH4N : 1.17e-11*exp(390/T)*0.965;\
ISOP1OH2R3OOH4N + O2 = ISOP1OH2OO3OOH4N: 1e-14;\
ISOP1OH2R3OOH4N = ISOP1OH23O4N + OH : 9.2e4;\
ISOP3OOH4N + OH = ISOP1OO2OH3OOH4N : 1.17e-11*exp(390/T)*0.035;\
ISOP1OOH4N + OH = ISOP1OOH2R3OH4N : 3.07e-11*exp(390/T)*0.69;\
ISOP1OOH2R3OH4N + O2 = ISOP1OOH2OO3OH4N : 1e-14;\
ISOP1OOH2R3OH4N = ISOP12O3OH4N + OH : 9.61e4;\
ISOP1OOH4N + OH = ISOP1OOH2OH3R4N : 3.07e-11*exp(390/T)*0.31;\
ISOP1OOH2OH3R4N + O2 = ISOP1OOH2OH3OO4N : 1e-14;\
ISOP1OOH2OH3R4N = ISOP1OOH2OH34O + NO2 : 7.73e3;\
ISOP1N2OOH + OH = ISOP1N2OO + H2O : 3.4E-12*exp(200/T);\
ISOP1N4OOH + OH = ISOP1N4OO + H2O : 3.4E-12*exp(200/T);\
ISOP3OOH4N + OH = ISOP3OO4N + H2O : 3.4E-12*exp(200/T);\
ISOP1OOH4N + OH = ISOP1OO4N + H2O : 3.4E-12*exp(200/T);\
//ISOPNOOHOHOO\
ISOP1N2OOH3OO4OH + NO = ISOP1N2OOH3N4OH : k_nitrate[2.7,350,3.322,12];\
ISOP1N2OOH3OO4OH + NO = NO2 + PROPNN + GLYC + OH : k_alkoxy[2.1375,350,3.322,12];\
ISOP1N2OOH3OO4OH + NO = NO2 + HO2 + HCHO + MACR2OOH3N : k_alkoxy[0.5625,350,3.322,12];\
ISOP1N2OOH3OO4OH + HO2 = NO2 + HO2 + HCHO + MACR2OOH3N : 0.15*2.64e-13*exp(1300/T);\
ISOP1N2OOH3OO4OH + HO2 = OH + PROPNN + GLYC + OH : 0.58*2.64e-13*exp(1300/T);\
ISOP1N2OOH3OO4OH + HO2 = ISOP1N2OOH3OOH4OH : 0.27*2.64e-13*exp(1300/T);\
ISOP1N2OOH3OH4OO + NO = ISOP1N2OOH3OH4N : k_nitrate[2.7,350,2.567,12];\
ISOP1N2OOH3OH4OO + NO = NO2 + HO2 + HCHO + MACR2OOH3N : k_alkoxy[2.7,350,2.567,12];\
ISOP1N2OOH3OH4OO + HO2 = ISOP1N2OOH3OH4OOH : 2.64e-13*exp(1300/T);\
ISOP1N2OH3OO4OOH + NO = ISOP1N2OH3N4OOH : k_nitrate[2.7,350,3.322,12];\
ISOP1N2OH3OO4OOH + NO = NO2 + MACR2OH3N + HCHO + OH : k_alkoxy[0.5625,350,3.322,12];\
ISOP1N2OH3OO4OOH + NO = NO2 + PROPNN + HPETHNL + HO2 : k_alkoxy[2.1375,350,3.322,12];\
ISOP1N2OH3OO4OOH + HO2 = OH + PROPNN + HPETHNL + HO2 : 0.58*2.64e-13*exp(1300/T);\
ISOP1N2OH3OO4OOH + HO2 = OH + MACR2OH3N + HCHO + OH : 0.15*2.64e-13*exp(1300/T);\
ISOP1N2OH3OO4OOH + HO2 = ISOP1N2OH3OOH4OOH : 0.27*2.64e-13*exp(1300/T);\
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ISOP1N2OO3OH4OOH + NO = ISOP1N2N3OH4OOH : k_nitrate[2.7,350,9.617,12];\
ISOP1N2OO3OH4OOH + NO = NO2 + PROPNN + HPETHNL + HO2 : k_alkoxy[2.7,350,9.617,12];\
ISOP1N2OO3OH4OOH + HO2 = OH + PROPNN + HPETHNL + HO2 : 0.73*2.64e-13*exp(1300/T);\
ISOP1N2OO3OH4OOH + HO2 = ISOP1N2OOH3OH4OOH : 0.27*2.64e-13*exp(1300/T);\
ISOP1OH2OO3OOH4N + NO = ISOP1OH2N3OOH4N : k_nitrate[2.7,350,2.063,12];\
ISOP1OH2OO3OOH4N + NO = NO2 + HO2 + HCHO + MVK3OOH4N : k_alkoxy[0.5625,350,2.063,12];\
ISOP1OH2OO3OOH4N + NO = NO2 + HAC + ETHLN + OH : k_alkoxy[2.1375,350,2.063,12];\
ISOP1OH2OO3OOH4N + HO2 = OH + HAC + ETHLN + OH : 0.58*2.64e-13*exp(1300/T);\
ISOP1OH2OO3OOH4N + HO2 = OH + HO2 + HCHO + MVK3OOH4N : 0.15*2.64e-13*exp(1300/T);\
ISOP1OH2OO3OOH4N + HO2 = ISOP1OH2OOH3OOH4N : 0.27*2.64e-13*exp(1300/T);\
ISOP1OO2OH3OOH4N + NO = ISOP1N2OH3OOH4N : k_nitrate[2.7,350,2.567,12];\
ISOP1OO2OH3OOH4N + NO = HO2 + HO2 + HCHO + MVK3OOH4N : k_alkoxy[2.7,350,2.567,12];\
ISOP1OO2OH3OOH4N + HO2 = ISOP1OOH2OH3OOH4N : 2.64e-13*exp(1300/T);\
ISOP1OOH2OO3OH4N + NO = ISOP1OOH2N3OH4N : k_nitrate[2.7,350,2.063,12];\
ISOP1OOH2OO3OH4N + NO = NO2 + HPAC + ETHLN + HO2 : k_alkoxy[2.1375,350,2.063,12];\
ISOP1OOH2OO3OH4N + NO = NO2 + MVK3OH4N + HCHO + OH : k_alkoxy[0.5625,350,2.063,12];\
ISOP1OOH2OO3OH4N + HO2 = OH + MVK3OH4N + HCHO + OH : 0.15*2.64e-13*exp(1300/T);\
ISOP1OOH2OO3OH4N + HO2 = OH + HPAC + ETHLN + HO2 : 0.58*2.64e-13*exp(1300/T);\
ISOP1OOH2OO3OH4N + HO2 = ISOP1OOH2OOH3OH4N : 0.27*2.64e-13*exp(1300/T);\
ISOP1OOH2OH3OO4N + NO = ISOP1OOH2OH3N4N : k_nitrate[2.7,350,14.652,12];\
ISOP1OOH2OH3OO4N + NO = NO2 + HPAC + ETHLN + HO2 : k_alkoxy[2.7,350,14.652,12];\
ISOP1OOH2OH3OO4N + HO2 = OH + HPAC + ETHLN + HO2 : 0.73*2.64e-13*exp(1300/T);\
ISOP1OOH2OH3OO4N + HO2 = ISOP1OOH2OH3OOH4N : 0.27*2.64e-13*exp(1300/T);\
ISOP1N2OOH3OO4OH = ISOP1N2OO3OOH4OH : 4e6;\
ISOP1N2OOH3OH4OO = ISOP1N2OO3OH4OOH : 4e6;\
ISOP1N2OH3OO4OOH = ISOP1N2OH3OOH4OO : 2e6;\
ISOP1N2OO3OH4OOH = ISOP1N2OOH3OH4OO : 2e6;\
ISOP1OH2OO3OOH4N = ISOP1OH2OOH3OO4N : 3e6;\
ISOP1OO2OH3OOH4N = ISOP1OOH2OH3OO4N : 3e6;\
ISOP1OOH2OO3OH4N = ISOP1OO2OOH3OH4N : 2e6;\
ISOP1OOH2OH3OO4N = ISOP1OO2OH3OOH4N : 2e6;\
ISOP1N2OO3OOH4OH = ISOP1N2OOH3OO4OH : 3e6;\
ISOP1N2OH3OOH4OO = ISOP1N2OH3OO4OOH : 3e6;\
ISOP1OH2OOH3OO4N = ISOP1OH2OO3OOH4N : 4e6;\
ISOP1OO2OOH3OH4N = ISOP1OOH2OO3OH4N : 4e6;\
ISOP1N2OO3OOH4OH + HO2 = ISOP1N2OOH3OOH4OH : 0.27*2.64e-13*exp(1300/T);\
ISOP1N2OO3OOH4OH + HO2 = MVK3OOH4OH + NO2 + CH2O + OH : 0.15*2.64e-13*exp(1300/T);\
ISOP1N2OO3OOH4OH + HO2 = OH + OH + GLYC + PROPNN : 0.58*2.64e-13*exp(1300/T);\
ISOP1N2OO3OOH4OH + NO = ISOP1N2N3OOH4OH : k_nitrate[2.7,350,17.17,12];\
ISOP1N2OO3OOH4OH + NO = MVK3OOH4OH + NO2 + CH2O : k_alkoxy[0.5625,350,17.17,12];\
ISOP1N2OO3OOH4OH + NO = NO2 + OH + GLYC + PROPNN : k_alkoxy[2.1375,350,17.17,12];\
ISOP1N2OH3OOH4OO + HO2 = ISOP1N2OH3OOH4OOH : 2.64e-13*exp(1300/T);\
ISOP1N2OH3OOH4OO + NO = ISOP1N2OH3OOH4N : k_nitrate[2.7,350,4.833,12];\
ISOP1N2OH3OOH4OO + NO = MACR2OH3N + OH + NO2 + CH2O : k_alkoxy[2.7,350,4.833,12];\
ISOP1OH2OOH3OO4N + HO2 = ISOP1OH2OOH3OOH4N : 0.27*2.64e-13*exp(1300/T);\
ISOP1OH2OOH3OO4N + HO2 = MACR2OOH3OH + OH + NO2 + CH2O : 0.15*2.64e-13*exp(1300/T);\
ISOP1OH2OOH3OO4N + HO2 = HAC + ETHLN + OH + OH : 0.58*2.64e-13*exp(1300/T);\
ISOP1OH2OOH3OO4N + NO = ISOP1OH2OOH3N4N : k_nitrate[2.7,350,25.983,12];\
ISOP1OH2OOH3OO4N + NO = MACR2OOH3OH + NO2 + NO2 + CH2O : k_alkoxy[0.5625,350,25.983,12];\
ISOP1OH2OOH3OO4N + NO = HAC + ETHLN + OH + NO2 : k_alkoxy[2.1375,350,25.983,12];\
ISOP1OO2OOH3OH4N + HO2 = ISOP1OOH2OOH3OH4N : 2.64e-13*exp(1300/T);\
ISOP1OO2OOH3OH4N + NO = ISOP1N2OOH3OH4N : k_nitrate[2.7,350,4.833,12];\
ISOP1OO2OOH3OH4N + NO = MVK3OH4N + OH + NO2 + CH2O : k_alkoxy[2.7,350,4.833,12];\
//INHE\
ISOP1N23O4OH + OH = NO2 + ISOP1CO23O4OH : 4.78e-11*exp(-400/T)*0.69;\
ISOP1N23O4OH + OH = ISOP1N2OO3CO4OH : 4.78e-11*exp(-400/T)*0.07;\
ISOP1N23O4OH + OH = ISOP1N23O4OH4R : 4.78e-11*exp(-400/T)*0.24;\
ISOP1N23O4OH4R + O2 = ISOP1N23O4CO + HO2 : 1e-14;\
ISOP1N23O4OH4R = CH2O + NO2 + MVKENOL : 0.5*2.07e5;\
ISOP1N23O4OH4R = ISOP1N2OH3OO4CO : 0.5*2.07e5;\
ISOP1OH23O4N + OH = ISOP1OH23O4CO + NO2 : 4.78e-11*exp(-400/T)*0.24;\
ISOP1OH23O4N + OH = ISOP1OH2OO3CO4N : 4.78e-11*exp(-400/T)*0.07;\
ISOP1OH23O4N + OH = ISOP1OH1R23O4N : 4.78e-11*exp(-400/T)*0.69;\
ISOP1OH1R23O4N + O2 = ISOP1CO23O4N + HO2 : 1e-14;\
ISOP1OH1R23O4N = CH2O + NO2 + MCRENOL : 0.5*2.07e5;\
ISOP1OH1R23O4N = ISOP1CO2OO3OH4N : 0.5*2.07e5;\
ISOP1N2OH34O + OH = NO2 + ISOP1CO2OH34O : 3.22e-11*exp(-400/T);\
ISOP12O3OH4N + OH = ISOP12O3OH4CO + NO2 : 0.2*3.22e-11*exp(-400/T);\
ISOP12O3OH4N + OH = ISOP12O3OH3R4N : 0.8*3.22e-11*exp(-400/T);\
ISOP12O3OH3R4N + O2 = ISOP12O3CO4N + HO2 : 0.33*1e-14;\
ISOP12O3OH3R4N + O2 = ISOP1OH3OH4CO + NO2 : 0.67*1e-14;\
ISOP12O3OH3R4N = ISOP1OH2OO3CO4N : 3.45e4;\
//ICN\
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ISOP3CO4N + OH = ISOP1OH2OO3CO4N : 1.17e-11*exp(390/T);\
ISOP1OH2OO3CO4N + HO2 = ISOP1OH2OOH3CO4N : 2.6e-13*exp(1300/T)*0.27;\
ISOP1OH2OO3CO4N + HO2 = HAC + OH + NPA : 2.6e-13*exp(1300/T)*0.58;\
ISOP1OH2OO3CO4N + HO2 = MVK3CO4N + HO2 + OH + CH2O : 2.6e-13*exp(1300/T)*0.15;\
ISOP1OH2OO3CO4N + NO = MVK3CO4N + NO2 + HO2 + CH2O: k_alkoxy[0.5625,350,7.239,11];\
ISOP1OH2OO3CO4N + NO = ISOP1OH2N3CO4N : k_nitrate[2.7,350,7.239,11];\
ISOP1OH2OO3CO4N + NO = HAC + NO2 + NPA : k_alkoxy[2.1375,350,7.239,11];\
ISOP1N2OO3CO4OH + NO = ISOP1N2N3CO4OH: k_nitrate[2.7,350,76.383,11];\
ISOP1N2OO3CO4OH + NO = MVK3CO4OH + CH2O + NO2 + NO2: k_alkoxy[0.5625,350,76.383,11];\
ISOP1N2OO3CO4OH + NO = NO2 + PROPNN + CH3CO3: k_alkoxy[2.1375,350,76.383,11];\
ISOP1N2OO3CO4OH + HO2 = OH + PROPNN + CH3CO3 : 2.6e-13*exp(1300/T)*0.58;\
ISOP1N2OO3CO4OH + HO2 = MVK3CO4OH + CH2O + NO2 + OH : 2.6e-13*exp(1300/T)*0.15;\
ISOP1N2OO3CO4OH + HO2 = ISOP1N2OOH3CO4OH : 2.6e-13*exp(1300/T)*0.27;\
ISOP1N4CO + OH = ISOP1N4R4CO : 4.13e-12*exp(470/T);\
ISOP1N4R4CO = NO2 + ISOP12O344CO : 1.294e4;\
ISOP1N4R4CO + O2 = ISOP1N2OO344CO : 0.875*1e-14;\
ISOP1N4R4CO + O2 = ISOP1N4CO4OO : 0.125*1e-14;\
ISOP1N2OO344CO + NO = ISOP1N2N344CO : k_nitrate[2.7,350,7.948,10];\
ISOP1N2OO344CO + NO = NO2 + NO2 + CH2O + MVK4CO : k_alkoxy[2.7,350,7.948,10];\
ISOP1N2OO344CO + HO2 = OH + NO2 + CH2O + MVK4CO : 2.54e-13*exp(1300/T)*0.54;\
ISOP1N2OO344CO + HO2 = ISOP1N2OOH344CO : 2.54e-13*exp(1300/T)*0.47;\
ISOP1N4CO4OO + NO2 + M = ISOP1N4PAN + M : k_troe[k_0 = 2.133e-28*(T/300)^(-7.1), k_inf= 1.2e-11*(T/300)^(-0.9), Fc = 0.3];\
ISOP1N4CO4OO + NO = NO2 + CO2 + C4NVP2 : 2.7E-12*exp(350/T);\
ISOP1N4CO4OO + HO2 = ISOP1N4CO4OOH : 2.54e-13*exp(1300/T)*0.4;\
ISOP1N4CO4OO + HO2 = O3 + ISOP1N4CO4OH : 2.54e-13*exp(1300/T)*0.2;\
ISOP1N4CO4OO + HO2 = OH + CO2 + C4NVP2 : 2.54e-13*exp(1300/T)*0.4;\
C4NVP2 + NO = NO2 + MACR2OO3N : 2.7E-12*exp(350/T);\
C4NVP2 + HO2 = OH + MACR2OO3N : 2.38e-13*exp(1300/T);\
C4NVP2 + NO2 = MACR2N3N : 9e-12;\
MACR2OO3N + NO = NO2 + HO2 + CO + PROPNN : 2.7E-12*exp(350/T);\
MACR2OO3N + HO2 = OH + HO2 + CO + PROPNN : 2.47e-13*exp(1300/T);\
ISOP1N4PAN + M = ISOP1N4CO4OO + NO2 + M : k_troe[k_0 = 3.871e-3*exp(-12100/T), k_inf = 5.4e16*exp(-13830/T), Fc = 0.3];\
ISOP1CO4N + OH = ISOP1CO1R4N : 4.13e-12*exp(470/T);\
ISOP1CO1R4N = NO2 + ISOP121CO34O : 1.294e4;\
ISOP1CO1R4N + O2 = ISOP121CO3OO4N : 0.875*1e-14;\
ISOP1CO1R4N + O2 = ISOP1CO1OO4N : 0.125*1e-14;\
ISOP121CO3OO4N + NO = ISOP121CO3N4N : k_nitrate[2.7,350,12.136,10];\
ISOP121CO3OO4N + NO = NO2 + NO2 + CH2O + MACR3CO : k_alkoxy[2.7,350,12.136,10];\
ISOP121CO3OO4N + HO2 = OH + NO2 + CH2O + MACR3CO : 2.54e-13*exp(1300/T)*0.26;\
ISOP121CO3OO4N + HO2 = ISOP121CO3OOH4N : 2.54e-13*exp(1300/T)*0.74;\
ISOP1CO1OO4N + NO2 + M = ISOP1PAN4N + M : k_troe[k_0 = 2.133e-28*(T/300)^(-7.1), k_inf= 1.2e-11*(T/300)^(-0.9), Fc = 0.3];\
ISOP1CO1OO4N + NO = NO2 + CO2 + C4NVP1 : 2.7E-12*exp(350/T);\
ISOP1CO1OO4N + HO2 = ISOP1CO1OOH4N : 2.54e-13*exp(1300/T)*0.4;\
ISOP1CO1OO4N + HO2 = O3 + ISOP1CO1OH4N : 2.54e-13*exp(1300/T)*0.2;\
ISOP1CO1OO4N + HO2 = OH + CO2 + C4NVP1 : 2.54e-13*exp(1300/T)*0.4;\
C4NVP1 + NO = NO2 + MVK3OO4N : 2.7E-12*exp(350/T);\
C4NVP1 + HO2 = OH + MVK3OO4N : 2.38e-13*exp(1300/T);\
C4NVP1 + NO2 = MVK3N4N : 9e-12;\
MVK3OO4N + NO = NO2 + ETHLN + CH3CO3 : 2.7E-12*exp(350/T);\
MVK3OO4N + HO2 = OH + ETHLN + CH3CO3 : 2.47e-13*exp(1300/T);\
ISOP1PAN4N + M = ISOP1N4CO4OO + NO2 + M : k_troe[k_0 = 3.871e-3*exp(-12100/T), k_inf = 5.4e16*exp(-13830/T), Fc = 0.3];\
ISOP1N4CO + OH = ISOP1N2R3OH4CO: 2.24e-11*exp(390/T)*0.69;\
ISOP1N2R3OH4CO + O2 = ISOP1N2OO3OH4CO : 1e-14;\
ISOP1N2R3OH4CO = ISOP12O3OH4CO + NO2 : 7.73e3;\
ISOP1N4CO + OH = ISOP1N2OH3OO4CO : 2.24e-11*exp(390/T)*0.31;\
ISOP1CO4N + OH = ISOP1CO2OH3R4N : 3.07e-11*exp(390/T)*0.31;\
ISOP1CO2OH3R4N + O2 = ISOP1CO2OH3OO4N : 1e-14;\
ISOP1CO2OH3R4N = ISOP1CO2OH34O + NO2 : 7.73e3;\
ISOP1CO4N + OH = ISOP1CO2OO3OH4N : 3.07e-11*exp(390/T)*0.69;\
ISOP1N2OO3OH4CO = MACR2OOH3N + CO + HO2 : 4e8*exp(-5000/T);\
ISOP1CO2OH3OO4N = MVK3OOH4N + CO + HO2 : 4e8*exp(-5000/T);\
ISOP1N2OH3OO4CO = MACR2OH3N + CO + OH : 1e7*exp(-5000/T);\
ISOP1N2OH3OO4CO + HO2 = ISOP1N2OH3OOH4CO :2.6e-13*exp(1300/T)*0.27;\
ISOP1N2OH3OO4CO + HO2 = MACR2OH3N + OH + HO2 + CO : 2.6e-13*exp(1300/T)*0.15;\
ISOP1N2OH3OO4CO + HO2 = OH + HO2 + PROPNN + GLYX : 2.6e-13*exp(1300/T)*0.58;\
ISOP1N2OH3OO4CO + NO = ISOP1N2OH3N4CO : k_nitrate[2.7,350,16.019,11];\
ISOP1N2OH3OO4CO + NO = MACR2OH3N + NO2 + HO2 + CO : k_alkoxy[0.5625,350,16.019,11];\
ISOP1N2OH3OO4CO + NO = NO2 + HO2 + PROPNN + GLYX : k_alkoxy[2.1375,350,16.019,11];\
ISOP1CO2OO3OH4N = MVK3OH4N + CO + OH : 1e7*exp(-5000/T);\
ISOP1CO2OO3OH4N + HO2 = MVK3OH4N + OH + HO2 + CO : 2.6e-13*exp(1300/T)*0.15;\
ISOP1CO2OO3OH4N + HO2 = OH + HO2 + MGLY + ETHLN : 2.6e-13*exp(1300/T)*0.58;\
ISOP1CO2OO3OH4N + HO2 = ISOP1CO2OOH3OH4N : 2.6e-13*exp(1300/T)*0.27;\
ISOP1CO2OO3OH4N + NO = MVK3OH4N + NO2 + HO2 + CO : k_alkoxy[0.5625,350,10.532,11];\
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ISOP1CO2OO3OH4N + NO = NO2 + HO2 + MGLY + ETHLN : k_alkoxy[2.1375,350,10.532,11];\
ISOP1CO2OO3OH4N + NO = ISOP1CO2N3OH4N : k_nitrate[2.7,350,10.532,11];\
//IHN\
ISOP1N2OH + OH = ISOP1N2OH3OO4OH : 8.38e-12*exp(390/T)*0.76;\
ISOP1N2OH + OH = ISOP1N2OH3OH4OO : 8.38e-12*exp(390/T)*0.24;\
ISOP1N4OHc + OH = ISOP1N2R3OH4OH : 2.24e-11*exp(390/T)*0.69;\
ISOP1N4OHt + OH = ISOP1N2R3OH4OH : 2.24e-11*exp(390/T)*0.69;\
ISOP1N2R3OH4OH + O2 = ISOP1N2OO3OH4OH : 1e-14;\
ISOP1N2R3OH4OH = ISOP12O3OH4OH : 7.73e3;\
ISOP1N4OHc + OH = ISOP1N2OH3OO4OH : 2.24e-11*exp(390/T)*0.31;\
ISOP1N4OHt + OH = ISOP1N2OH3OO4OH : 2.24e-11*exp(390/T)*0.31;\
ISOP3OH4N + OH = ISOP1OH2OO3OH4N : 1.17e-11*exp(390/T)*0.965;\
ISOP3OH4N + OH = ISOP1OO2OH3OH4N : 1.17e-11*exp(390/T)*0.035;\
ISOP1OH4Nc + OH = ISOP1OH2OH3R4N : 3.07e-11*exp(390/T)*0.31;\
ISOP1OH4Nt + OH = ISOP1OH2OH3R4N : 3.07e-11*exp(390/T)*0.31;\
ISOP1OH2OH3R4N + O2 = ISOP1OH2OH3OO4N : 1e-14;\
ISOP1OH2OH3R4N = ISOP1OH2OH34O : 7.73e3;\
ISOP1OH4Nc + OH = ISOP1OH2OO3OH4N : 3.07e-11*exp(390/T)*0.69;\
ISOP1OH4Nt + OH = ISOP1OH2OO3OH4N : 3.07e-11*exp(390/T)*0.69;\
ISOP1N2OO3OH4OH + HO2 = ISOP1N2OOH3OH4OH : 2.6e-13*exp(1300/T)*0.27;\
ISOP1N2OO3OH4OH + HO2 = OH + HO2 + PROPNN + GLYC : 2.6e-13*exp(1300/T)*0.73;\
ISOP1N2OH3OO4OH + HO2 = ISOP1N2OH3OOH4OH : 2.6e-13*exp(1300/T)*0.27;\
ISOP1N2OH3OO4OH + HO2 = MACR2OH3N + HCHO + HO2 + OH : 2.6e-13*exp(1300/T)*0.73*0.21;\
ISOP1N2OH3OO4OH + HO2 = OH + HO2 + PROPNN + GLYC : 2.6e-13*exp(1300/T)*0.73*0.79;\
ISOP1OH2OH3OO4N + HO2 = ISOP1OH2OH3OOH4N : 2.6e-13*exp(1300/T)*0.27;\
ISOP1OH2OH3OO4N + HO2 = OH + HO2 + HAC + ETHLN : 2.6e-13*exp(1300/T)*0.73;\
ISOP1OH2OO3OH4N + HO2 = ISOP1OH2OOH3OH4N : 2.6e-13*exp(1300/T)*0.27;\
ISOP1OH2OO3OH4N + HO2 = MVK3OH4N + HCHO + HO2 + OH : 2.6e-13*exp(1300/T)*0.73*0.21;\
ISOP1OH2OO3OH4N + HO2 = OH + HO2 + HAC + ETHLN : 2.6e-13*exp(1300/T)*0.73*0.79;\
ISOP1N2OO3OH4OH + NO = ISOP1N2N3OH4OH : k_nitrate[2.7,350,10.532,11];\
ISOP1N2OO3OH4OH + NO = NO2 + HO2 + PROPNN + GLYC : k_alkoxy[2.7,350,10.532,11];\
ISOP1N2OH3OO4OH + NO = ISOP1N2OH3N4OH : k_nitrate[2.7,350,1.908,11];\
ISOP1N2OH3OO4OH + NO = MACR2OH3N + HCHO + HO2 + NO2 : k_alkoxy[0.567,350,1.908,11];\
ISOP1N2OH3OO4OH + NO = NO2 + HO2 + PROPNN + GLYC : k_alkoxy[2.133,350,1.908,11];\
ISOP1OH2OH3OO4N + NO = ISOP1OH2OH3N4N : k_nitrate[2.7,350,16.019,11];\
ISOP1OH2OH3OO4N + NO = NO2 + HO2 + HAC + ETHLN : k_alkoxy[2.7,350,16.019,11];\
ISOP1OH2OO3OH4N + NO = ISOP1OH2N3OH4N : k_nitrate[2.7,350,1.124,11];\
ISOP1OH2OO3OH4N + NO = MVK3OH4N + HCHO + HO2 + NO2 : k_alkoxy[0.567,350,1.124,11];\
ISOP1OH2OO3OH4N + NO = NO2 + HO2 + HAC + ETHLN : k_alkoxy[2.133,350,1.124,11];\
ISOP1N2OH3OH4OO + HO2 = ISOP1N2OH3OH4OOH : 2.6e-13*exp(1300/T);\
ISOP1OO2OH3OH4N + HO2 = ISOP1OOH2OH3OH4N : 2.6e-13*exp(1300/T);\
ISOP1N2OH3OH4OO + NO = ISOP1N2OH3OH4N : k_nitrate[2.7,350,2.849,11];\
ISOP1N2OH3OH4OO + NO = HO2 + NO2 + CH2O + MACR2OH3N : k_alkoxy[2.7,350,2.849,11];\
ISOP1OO2OH3OH4N + NO = ISOP1N2OH3OH4N : k_nitrate[2.7,350,2.849,11];\
ISOP1OO2OH3OH4N + NO = HO2 + NO2 + CH2O + MVK3OH4N : k_alkoxy[2.7,350,2.849,11];\
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Table I.4: Alternate formulations of epoxide formation reactions for the explicit
isoprene mechanism. These reactions replace the italicized reactions found in Table
I.3.

ISOP1OH2OOH + OH = ISOP1OH2OOH3OO4OH : 1.7e-11*exp(390/T)*0.95*0.10;\
ISOP1OH2OOH + OH = ISOP1OH23O4OHt : 1.7e-11*exp(390/T)*0.95*0.67*[1/(4.77e-21*[M]+1)];\
ISOP1OH2OOH + OH = ISOP1OH23O4OHc : 1.7e-11*exp(390/T)*0.95*0.33*[1/(4.77e-21*[M]+1)];\
ISOP3OOH4OH + OH = ISOP1OH2OO3OOH4OH : 3.0e-11*exp(390/T)*0.95*0.10;\
ISOP3OOH4OH + OH = ISOP1OH23O4OHt : 3.0e-11*exp(390/T)*0.95*0.68*[1/(4.77e-21*[M]+1)];\
ISOP3OOH4OH + OH = ISOP1OH23O4OHc : 3.0e-11*exp(390/T)*0.95*0.32*[1/(4.77e-21*[M]+1)];\
ISOP1OH23O4OHc + OH = ISOP1OH23O4CO + H2O + HO2 : 0.168*0.228*5.82e-11*exp(-400/T);\
ISOP1OH23O4OHc + OH = HAC + GLYX + OH : 0.168*0.63*5.82e-11*exp(-400/T)*[1/(1.20e-20*[M]+1)];\
ISOP1OH23O4OHc + OH = MACR2OH3OH + OH + CO : 0.168*0.37*5.82e-11*exp(-400/T)*[1/(1.20e-20*[M]+1)];\
ISOP1OH23O4OHc + OH = ISOP1CO23O4OH + H2O + HO2: 0.752*0.228*5.82e-11*exp(-400/T);\
ISOP1OH23O4OHc + OH = GLYC + MGLY + OH: 0.752*0.287*5.82e-11*exp(-400/T)*[1/(1.20e-20*[M]+1)];\
ISOP1OH23O4OHc + OH = MVK3OH4OH + OH + CO: 0.752*0.713*5.82e-11*exp(-400/T)*[1/(1.20e-20*[M]+1)];\
ISOP1OH23O4OHt + OH = ISOP1OH23O4CO + H2O + HO2: 0.31*0.194*3.75e-11*exp(-400/T);\
ISOP1OH23O4OHt + OH = HAC + GLYX + OH: 0.31*0.63*3.75e-11*exp(-400/T)*[1/(9.77e-21*[M]+1)];\
ISOP1OH23O4OHt + OH = MACR2OH3OH + OH + CO: 0.31*0.37*3.75e-11*exp(-400/T)*[1/(9.77e-21*[M]+1)];\
ISOP1OH23O4OHt + OH = ISOP1CO23O4OH + H2O + HO2: 0.62*0.194*3.75e-11*exp(-400/T);\
ISOP1OH23O4OHt + OH = GLYC + MGLY + OH: 0.62*0.287*3.75e-11*exp(-400/T)*[1/(9.77e-21*[M]+1)];\
ISOP1OH23O4OHt + OH = MVK3OH4OH + OH + CO: 0.62*0.713*3.75e-11*exp(-400/T)*[1/(9.77e-21*[M]+1)];\
ISOP12O3OH4OH + OH = ISOP12O3CO4OH + HO2 : 0.8*0.2*3.22e-11*exp(-400/T);\
ISOP12O3OH4OH + OH = ISOP1OH3OH4CO + HO2 : 0.8*0.4*3.22e-11*exp(-400/T);\
ISOP12O3OH4OH + OH = ISOP1OH2OO3CO4OH : 0.8*3.22e-11*exp(-400/T)*[1/(6.09e-20*[M]+1)];\
ISOP1CO4OOHc + OH = ISOP1CO2OH3OO4OOH : 5.0e-13*exp(650/T);\
ISOP1CO4OOHc + OH = ISOP1CO2OH34O : 1.0e-12*exp(650/T)*[1/(4.058e-20*[M]+1)];\
ISOP1CO4OOHc + OH = ISOP1CO1OOH4CO : 3.8e-12*exp(400/T)*0.1;\
ISOP1CO4OOHc + OH = ISOP121CO3OO4OOH : 3.8e-12*exp(400/T)*0.7;\
ISOP1CO4OOHc + OH = ISOP121CO34O : 3.8e-12*exp(400/T)*[1/(1.623e-19*[M]+1)];\
ISOP1CO4OOc = ISOP1CO1OOH4CO : 10*0.1;\
ISOP1CO4OOc = ISOP121CO3OO4OOH : 10*0.7;\
ISOP1CO4OOc = ISOP121CO34O : 10*[1/(1.623e-19*[M]+1)];\
ISOP1OOH4COc + OH = ISOP1OOH2OO3OH4CO : 1.0e-12*exp(650/T);\
ISOP1OOH4COc + OH = ISOP12O3OH4CO : 2.0e-12*exp(650/T)*[1/(4.058e-20*[M]+1)];\
ISOP1OOH4COc + OH = ISOP1OOH2OO344CO : 3.8e-12*exp(400/T)*0.7;\
ISOP1OOH4COc + OH = ISOP1CO4CO4OOH : 3.8e-12*exp(400/T)*0.1;\
ISOP1OOH4COc + OH = ISOP12O344CO : 3.8e-12*exp(400/T)*[1/(1.623e-19*[M]+1)];\
ISOP1OO4COc = ISOP1OOH2OO344CO : 10*0.7;\
ISOP1OO4COc = ISOP1CO4CO4OOH :10*0.1;\
ISOP1OO4COc = ISOP12O344CO : 10*[1/(1.623e-19*[M]+1)];\
ISOP1OH2N + OH = ISOP1OH2N3OO4OH: 0.75*0.8*8.4e-12*exp(390/T);\
ISOP1OH2N + OH = ISOP1OH23O4OHt: 0.75*0.67*8.4e-12*exp(390/T)*[1/(1.62e-19*[M]+1)];\
ISOP1OH2N + OH = ISOP1OH23O4OHc: 0.75*0.33*8.4e-12*exp(390/T)*[1/(1.62e-19*[M]+1)];\
ISOP3N4OH + OH = ISOP1OH2OO3N4OH: 0.9*0.86*1.17e-11*exp(390/T);\
ISOP3N4OH + OH = ISOP1OH23O4OHt: 0.9*0.67*1.17e-11*exp(390/T)*[1/(2.49e-19*[M]+1)];\
ISOP3N4OH + OH = ISOP1OH23O4OHc: 0.9*0.33*1.17e-11*exp(390/T)*[1/(2.49e-19*[M]+1)];\
ISOP1N2OOH + OH = ISOP1N23O4OH + OH : 8.38e-12*exp(390/T)*0.76*[1/(2.28e-20*[M]+1)];\
ISOP1N2OOH + OH = ISOP1N2OOH3OO4OH : 8.38e-12*exp(390/T)*0.276;\
SOP1N4OOH + OH = ISOP1N2OH34O + OH : 2.24e-11*exp(390/T)*0.31*[1/(2.185e-20*[M]+1)];\
ISOP1N4OOH + OH = ISOP1N2OH3OO4OOH : 2.24e-11*exp(390/T)*0.109;\
IISOP1N4OOH + OH = ISOP1N2OO3OH4OOH : 2.24e-11*exp(390/T)*0.6;\
ISOP1N4OOH + OH = ISOP12O3OH4OOH + NO2 : 2.24e-11*exp(390/T)*0.69*[1/(2.715e-19*[M]+1)];\
ISOP3OOH4N + OH = ISOP1OH23O4N + OH : 1.17e-11*exp(390/T)*0.965*[1/(2.28e-20*[M]+1)];\
ISOP3OOH4N + OH = ISOP1OH2OO3OOH4N : 1.17e-11*exp(390/T)*0.35;\
ISOP1OOH4N + OH = ISOP12O3OH4N + OH : 3.07e-11*exp(390/T)*0.69*[1/(2.185e-20*[M]+1)];\
ISOP1OOH4N + OH = ISOP1OOH2OO3OH4N : 3.07e-11*exp(390/T)*0.243;\
ISOP1OOH4N + OH = ISOP1OOH2OH3OO4N : 3.07e-11*exp(390/T)*0.27;\
ISOP1OOH4N + OH = ISOP1OOH2OH34O + NO2 : 3.07e-11*exp(390/T)*0.31*[1/(2.715e-19*[M]+1)];\
ISOP1N23O4OH + OH = ISOP1N23O4CO + HO2 : 4.78e-11*exp(-400/T)*0.24*0.2;\
ISOP1N23O4OH + OH = CH2O + NO2 + MVKENOL : 4.78e-11*exp(-400/T)*0.24*0.5*[1/(1.014e-20*[M]+1)];\
ISOP1N23O4OH + OH = ISOP1N2OH3OO4CO : 4.78e-11*exp(-400/T)*0.24*0.5*[1/(1.014e-20*[M]+1)];\
ISOP1OH23O4N + OH = ISOP1CO23O4N + HO2 : 4.78e-11*exp(-400/T)*0.24*0.2;\
ISOP1OH23O4N + OH = CH2O + NO2 + MCRENOL : 4.78e-11*exp(-400/T)*0.24*0.5*[1/(1.014e-20*[M]+1)];\
ISOP1OH23O4N + OH = ISOP1CO2OO3OH4N : 4.78e-11*exp(-400/T)*0.24*0.5*[1/(1.014e-20*[M]+1)];\
ISOP12O3OH4N + OH = ISOP12O3CO4N + HO2 : 0.8*0.2*3.22e-11*exp(-400/T);\
ISOP12O3OH4N + OH = ISOP1OH3OH4CO + NO2 : 0.8*0.4*3.22e-11*exp(-400/T);\
ISOP12O3OH4N + OH = ISOP1OH2OO3CO4N : 0.8*3.22e-11*exp(-400/T)*[1/(6.09e-20*[M]+1)];\
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ISOP1N4CO + OH = NO2 + ISOP12O344CO : 4.13e-12*exp(470/T)*[1/(1.623e-19*[M]+1)];\
ISOP1N4CO + OH = ISOP1N2OO344CO : 0.7*4.13e-12*exp(470/T);\
ISOP1N4CO + OH = ISOP1N4CO4OO : 0.1*4.13e-12*exp(470/T);\
ISOP1CO4N + OH = NO2 + ISOP121CO34O : 4.13e-12*exp(470/T)*[1/(1.623e-19*[M]+1)];\
ISOP1CO4N + OH = ISOP121CO3OO4N : 0.7*4.13e-12*exp(470/T);\
ISOP1CO4N + OH = ISOP1CO1OO4N : 0.1*4.13e-12*exp(470/T);\
ISOP1N4CO + OH = ISOP1N2OO3OH4CO : 2.24e-11*exp(390/T)*0.6;\
ISOP1N4CO + OH = ISOP12O3OH4CO + NO2 : 2.24e-11*exp(390/T)*0.69*[1/(2.715e-19*[M]+1)];\
ISOP1CO4N + OH = ISOP1CO2OH34O + NO2 : 3.07e-11*exp(390/T)*0.31*[1/(2.715e-19*[M]+1)];\
ISOP1CO4N + OH = ISOP1CO2OH3OO4N : 3.07e-11*exp(390/T)*0.27;\
ISOP1N4OHc + OH = ISOP12O3OH4OH : 2.24e-11*exp(390/T)*0.69*[1/(2.715e-19*[M]+1)];\
ISOP1N4OHc + OH = ISOP1N2OO3OH4OH : 2.24e-11*exp(390/T)*0.69*0.87;\
ISOP1N4OHt + OH = ISOP12O3OH4OH : 2.24e-11*exp(390/T)*0.69*[1/(2.715e-19*[M]+1)];\
ISOP1N4OHt + OH = ISOP1N2OO3OH4OH : 2.24e-11*exp(390/T)*0.69*0.87;\
ISOP1OH4Nc + OH = ISOP1OH2OH34O : 3.07e-11*exp(390/T)*0.31*[1/(2.715e-19*[M]+1)];\
ISOP1OH4Nc + OH = ISOP1OH2OH3OO4N : 3.07e-11*exp(390/T)*0.31*0.87;\
ISOP1OH4Nt + OH = ISOP1OH2OH34O : 3.07e-11*exp(390/T)*0.31*[1/(2.715e-19*[M]+1)];\
ISOP1OH4Nt + OH = ISOP1OH2OH3OO4N : 3.07e-11*exp(390/T)*0.31*0.87;\
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