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ABSTRACT

Highly oxidized multifunctional compounds (HOMs) formed through gas-phase reactions are thought
to account for a significant fraction of the secondary organic aerosol (SOA) formed in low-nitric oxide
(NO) environments. HOMs are known to be peroxide-rich and unstable in SOA, however, and their
fate once they partition into particles is not well understood. In the study reported here, we identi-
fied particle-phase reactions and decomposition products for an a-alkoxy hydroperoxyaldehyde that
served as a convenient model for HOMs, and also quantified rate and equilibrium constants for cyclic
peroxyhemiacetal formation and the effects of particle acidity and relative humidity on reaction prod-
ucts and timescales for decomposition of peroxide-containing compounds. Sulfuric acid increased the
rate of acetal formation and subsequent peroxide decomposition, but the effect was eliminated
when aqueous seed particles were used in humid air, indicating that organic/aqueous phase separ-
ation can affect the ability of strong acids to catalyze these and other reactions in SOA. The results
will be useful for understanding and predicting the atmospheric fate of organic peroxides and the
effects of their particle-phase reactions on SOA composition.
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Introduction

Highly oxidized multifunctional compounds (HOMs)
formed by the reaction of ozone with a-pinene and by
the oxidation of other volatile organic compounds
(VOCs) have been measured as gas-phase (Ehn et al.
2012; Krapf et al. 2016) and particle-phase (Mutzel
et al. 2015; Kristensen et al. 2016) reaction products
in the laboratory and in the atmosphere. These HOMs
have low volatility and are estimated to contribute
over 50% of secondary organic aerosol (SOA) mass
formed under pristine conditions (Ehn et al. 2014),
and are expected to become a larger fraction of future
SOA mass in urban areas as NO, concentrations
decrease due to air quality regulations (Praske et al.
2018). HOMs are believed to be labile multifunctional
hydroperoxides formed through gas-phase autoxida-
tion reactions (Crounse et al. 2013) that allow a single
VOC-oxidant reaction to lead to multiple additions of
oxygen to organic molecules. A simple example of the
formation of a hydroperoxycarbonyl through an aut-
oxidation mechanism is shown in Figure 1 (Crounse
et al. 2013), where the initial alkylperoxy radical
(RO,®) is a key intermediate formed in the oxidation
of nearly all VOCs (Orlando and Tyndall 2012). Upon

condensing into particles, HOMs can decompose on
timescales of tens of minutes or more (Mertes et al.
2012; Krapf et al. 2016), but due to the chemical com-
plexity of HOMs and the SOA matrix, the particle-
phase mechanisms by which they react have not been
studied in detail. For example, mass spectrometric
analysis of gas-phase HOMs produced from the reac-
tion of a-pinene with O3 detected dozens of unique
HOM molecular formulas corresponding to mono-
mers and dimers with 5-20 carbons and 4-18 oxygens
in each molecule (Ehn et al. 2012), and similar studies
of SOA formed from this reaction have identified
more than a thousand molecular formulas (Gao, Hall,
and Johnston 2010). Since these studies rely on
molecular formulas to assign products, they understate
the chemical complexity of the HOMs and SOA by
not being able to differentiate isomers or molecular
structures. Studies of isoprene oxidation products
have also observed that changes in aerosol acidity and
phase state impact the condensed-phase chemistry of
multifunctional peroxides (Riva et al. 2017; Zhang
et al. 2018). For example, the reactive uptake of multi-
functional hydroperoxides onto acidified seed aerosol
can be suppressed by reduction of aerosol water in
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Figure 1. Simple representation of the autoxidation mechanism that leads to HOM formation from an alkylperoxy radical (Crounse
et al. 2013). The resulting HOM in this scheme is a hydroperoxycarbonyl, like the AHPA model compound studied here.

the seed particles and by organic coatings (Riva et al.
2017). Without greater knowledge of the molecular
structures of the HOMs produced in these SOA sys-
tems, detailed studies of the particle-phase chemistry
of HOMs are not feasible.

In an attempt to overcome this difficulty, we
recently investigated the kinetics, equilibria, products,
and mechanisms of the particle-phase and solution
reactions of  10-n-propoxy-10-hydroperoxydecanal
[HOOCH(OCH,CH,CH;)(CH,)sCHO], a C,5 a-alkoxy
hydroperoxyaldehyde (AHPA) that is an appropriate
model for HOMs. This compound was chosen because
in addition to being hydroperoxide-rich, HOM mono-
mers in SOA produced by «-pinene ozonolysis have
been reported to contain 1-2 carbonyl groups per mol-
ecule (Mutzel et al. 2015; Krapf et al. 2016). The highly
reactive hydroperoxide and carbonyl groups in these
HOMs are expected to play a critical role in their par-
ticle-phase chemistry (Ziemann and Atkinson 2012), so
it was necessary that the model compound employed
here contain both structural features. A recent study
also suggested that production rates of AHPA in the
atmosphere can be significant under certain conditions
(McGillen et al. 2017). Additional advantages of study-
ing this AHPA are that it can be easily synthesized with
high yields either in solution or in an environmental
chamber as a major component of SOA, thus allowing
for detailed studies on a single hydroperoxycarbonyl
compound under well-characterized conditions, and
that it has sufficiently low vapor pressure that its chem-
istry involves only particle-phase reactions (Ziemann
2003). The results of this study provide information
that will be useful for understanding and predicting the
atmospheric fate of HOMs and their contributions to
SOA formation, lifetime, and composition.

Experimental
Chemicals

Chemicals with purities/grades and suppliers were as fol-
lows: trans-cyclodecene (98%), 1-propanol (99.5%)
(Sigma-Aldrich, St Louis, MO, USA); tridecanoic acid
(98%) (Aldrich, St Louis, MO, USA); 3-hexadecanone
(99%) (Alfa Aesar, Haverhill, MA, USA); ethyl acetate
(ACS) (Millipore, Burlington, MA, USA); bis-diethyl-
hexyl sebacate (DOS) (97%) (Fluka, St Louis, MO, USA);

ammonium sulfate (99.5%) (Fisher Scientific, Waltham,
MA, USA); sulfuric acid (ACS) (Macron, Center Valley,
PA, USA); nitric oxide (>99%) (Matheson Gas, Basking
Ridge, NJ, USA); oxygen (UHP), carbon monoxide (CP)
(AirGas, Radnor, PA, USA). Ozone was produced from
oxygen using a LG7 ozone generator (DelOzone, San
Luis Obispo, CA, USA). The reagents and solvents used
in functional group analysis have been described previ-
ously (Aimanant and Ziemann 2013a).

AHPA solution synthesis

The AHPA standards were prepared by dissolving 10 pL
of cyclodecene in 10mL of I-propanol [CH;CH,
CH,OH] and bubbling 2% O through the solution at
1L min~' for 10s to react with all the alkene. The mech-
anism of the reaction is shown in Figure 2 and discussed
in the following section, but in solution produces AHPA
with yields of >95% (Zelikman et al. 1971). Due to the
potentially explosive nature of organic peroxides,
researchers should take care when using this procedure.
Total amounts of concentrated hydroperoxide should be
kept to a minimum, especially when working with
smaller peroxides than those synthesized here.

Environmental chamber reactions

AHPA was also formed as a component of SOA in an
8.0 m> FEP Teflon environmental chamber by the
gas-phase reaction of cyclodecene with O; in the pres-
ence of 1-propanol. The chamber is operated at room
temperature (~25°C) and pressure (~630 Torr) and is
flushed and filled with pure dry air (<5 ppb hydrocar-
bons, <1% RH) from an AADCO clean air generator.
Reactions were typically conducted by adding seed
particles, 1ppm of cyclodecene, 1,500 ppm of 1-pro-
panol, and then 30 ppm of Oj; to initiate the reaction.
Aerosol growth was complete within ~5min. After
10min of reaction, which was sufficient to react with
>95% of the cyclodecene (indicated by the cyclode-
cene decay measured with a proton transfer reaction-
mass spectrometer (de Gouw and Warneke 2007) and
estimated from the ~1min lifetime calculated from
the rate constant of 2.9 x 10" cm’ molec™' s~ ' for
cis-cyclodecene (Atkinson and Arey 2003) and the
30ppm concentration of O;), 60ppm of NO was
added to remove the remaining O; (O3;+NO —
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Figure 2. Mechanism of reaction of cyclodecene with Os in the
decanal (AHPA).

NO, + 0O,). Also, in one experiment, particle-phase

exchange reactions were probed by adding
~4,000 ppm of methanol from 15 to 30 min after the
aerosol stopped growing, and then adding

~6,000 ppm of water (~18% RH) 30-60min later.
And in another experiment, 630 ppm of carbon mon-
oxide was used in place of 1-propanol as an SCI scav-
enger (>95% efficiency), with 50 ppm of cyclohexane
used as an OH radical scavenger (Tobias and
Ziemann 2001; Docherty and Ziemann 2003). All
reactants were added by flushing measured amounts
from a glass bulb (with or without heating) into the
chamber using ultra-high purity (UHP) N,. Seed par-
ticles were either dioctyl sebacate (DOS), DOS/sulfuric
acid, or aqueous ammonium sulfate/sulfuric acid.
DOS was chosen because it is an inert, liquid organic
compound with a sufficiently low vapor pressure to
be essentially nonvolatile, for which we have devel-
oped methods for forming a nearly monodisperse
seed aerosol. Use of DOS seed aerosol also allows for
monitoring of particle wall losses using real-time mass
spectrometry and the detection of SOA evaporation
during a chamber reaction (Aimanant and Ziemann
2013b). The DOS particles were formed using an
evaporation-condensation generator, and the DOS/sul-
furic acid particles were formed by evaporating
0.25mL of 0.1% sulfuric acid/water from a glass bulb
and allowing the small sulfuric acid particles gener-
ated following the addition to coagulate with DOS
seed particles produced by an evaporation-condensa-
tion generator. The coagulation was monitored with a
scanning mobility particle sizer (SMPS) and the pres-
ence of sulfuric acid in the aerosol was confirmed by
thermal desorption particle beam mass spectrometric
(TDPBMSY) analysis. These instruments are described in
the following paragraphs. The aqueous ammonium sul-
fate/sulfuric acid particles were formed by atomizing an

presence of 1-propanol to form 10-n-propoxy-10-hydroperoxy

aqueous solution of 8 x 10> M ammonium sulfate and
8 x 10> M sulfuric acid from a Collison atomizer into
the chamber at 50% RH. According to E-AIM calcula-
tions (www.aim.env.uea.ac.uk/aim/aim.php;  Clegg,
Brimblecombe, and Wexler 1998; Wexler and Clegg
2002), this aerosol had pH ~1 once it equilibrated with
the water vapor in the chamber. Throughout each
experiment, the aerosol size distribution was measured
using a scanning mobility particle sizer (SMPS)
(Docherty and Ziemann 2003), aerosol composition
was analyzed with a thermal desorption particle beam
mass spectrometer (Tobias et al. 2000), and O; was
monitored with a Model 1003 ozone monitor (Dasibi,
Glendale, CA, USA). After each experiment, aerosol
was collected onto filters for offline analyses.

Mass spectrometric analysis

Aerosol is sampled directly into the thermal desorption
particle beam mass spectrometer (TDPBMS) (Tobias
et al. 2000) through an aerodynamic lens, which focuses
the particles into a narrow beam for transport into a
differentially pumped high-vacuum chamber. There
they impact and vaporize on a polymer-coated copper
rod that is heated to 160 °C, and the vapors are ionized
by 70 eV electrons for analysis in an Extrel triple quad-
rupole mass spectrometer. To make explicit that
TDPBMS mass spectra are obtained by electron ioniza-
tion, hereafter we refer to this as the EI-TDPBMS.

The EI-TDPBMS response to AHPA aerosol was
calibrated by generating known mass concentrations
of aerosol containing synthesized AHPA. A 6.3mM
solution of the AHPA standard in 1-propanol (synthe-
sized as described above) was atomized in a Collison
atomizer that was coupled to a Nexus 3000 syringe
pump (Chemyx, Stafford, TX, USA) and operated at
0.lmL min~'. The aerosol produced was dried by



passing through charcoal and silica gel diffusion dry-
ers and then the flow was split, with 0.075L min !
entering the EI-TDPBMS and 5L min~' passing
through a filter sampler for collection of particles
onto pre-weighed PTFE filters (Millipore Fluoropore
0.45um) for 50 min. Filters were reweighed to deter-
mine the mass concentration of the AHPA aerosol
entering the EI-TDPBMS and analyzed using peroxide
functional group analysis to determine AHPA purity,
which was >95%.

Solution-synthesized hydroperoxides and SOA col-
lected on filter samples were also analyzed using a
PolarisQ chemical ionization ion trap mass spectrom-
eter (CIITMS) (Thermo Finnigan, Waltham, MA, USA)
equipped with a direct insertion probe (Ranney and
Ziemann 2017). Samples were prepared for CI-ITMS
analysis by drying ~3 uL of 5mg mL™" solution inside
a small glass vial. The vials were then loaded into the
tip of the direct insertion probe and thermally desorbed
from the tip of the probe into the ionization region,
where they underwent chemical ionization with iso-
butane as a reagent gas.

Filter sampling

Aerosol was collected onto pairs of pre-weighed PTFE
filters (Millipore Fluoropore 0.45um) by sampling air
at 15L min~' through two 30cm long, !/ outer
diameter stainless steel tubes. Filters were re-weighed
after sampling and the mass of SOA collected was
determined by difference. All mass measurements
were conducted with a XS3DU microbalance (1 pg
precision) (Mettler Toledo, Columbus, OH). The col-
lected SOA was extracted into ethyl acetate without
sonication (three 5-min extractions into 5mL of ethyl
acetate, which were then pooled) immediately follow-
ing weighing to minimize the amount of time for
SOA components to react while on the filter.
Extraction efficiencies determined previously for these
methods were >95% (Matsunaga and Ziemann 2009).
When necessary, samples were stored overnight in a
freezer at -25°C. Peroxide functional group analysis
was always conducted immediately after extraction
(never frozen), and all other functional group analyses
were conducted within 18h of filter collection.

Functional group analysis

Derivatization-spectrophotometric methods we devel-
oped previously (Aimanant and Ziemann 2013a) were
used to quantify the moles of peroxide [HC-OOH]
(M =46), carboxyl [O=C-OH] (M =45), carbonyl

AEROSOL SCIENCE AND TECHNOLOGY 1181

[C=0] (M=28), ester [O=C-O]-R (M=44),
hydroxyl [HC-OH] (M =30), and methylene [CH,]
(M =14) functional groups in SOA, with the number
of methylene groups being determined from the dif-
ference in the measured SOA mass and the mass of
other functional groups calculated by assuming they
have molecular weights corresponding to the struc-
tures shown in brackets. For convenience, it was
assumed that all the products have 10 carbons, the
same number as cyclodecene. This assumption is
likely the largest source of error in our estimate of
molecular weight, but since there was no evidence for
the presence of oligomers in the SOA, the error
should not be large. Each derivatization technique
involves the formation of a chromophore specific to
the functional group being measured, and solutions
were then analyzed using an USB4000 UV-Vis spec-
trometer (Ocean Optics, Largo, FL, USA).

NMR analysis

Proton nuclear magnetic resonance spectroscopy ('H-
NMR) analysis was carried out at the University of
Colorado Department of Chemistry and Biochemistry
NMR Spectroscopy Facility using a Avance-300 NMR
spectrometer (Bruker, Billerica, MA, USA). AHPA
standards were synthesized as described above and
either analyzed as is or purified by collecting fractions
manually from HPLC eluent. Fractions were dried
under UHP N, and reconstituted in deuterated
dimethyl sulfoxide (ds-DMSO) for analysis. Spectra
were processed using the MestReNova software package
(Mestrelab Research, Santiago de Compostela, Spain).
Without and with purification, the purity of AHPA
determined from the NMR analysis was >95%.

Results and discussion
Mechanism of formation of AHPA

The mechanism of formation of the AHPA model
HOM from reaction of cyclodecene with O; in the
presence of 1-propanol is shown in Figure 2 (Ziemann
2003). The reaction is initiated by addition of O; to the
C=C double bond to form an unstable primary ozon-
ide, which rapidly decomposes to an excited Criegee
intermediate (ECI). In solution, essentially all ECI are
thermalized by collisions with solvent to form stabilized
Criegee intermediates (SCI), which react almost exclu-
sively with 1-propanol to form the AHPA, 10-n-pro-
poxy-10-hydroperoxydecanal (Zelikman et al. 1971). In
the gas phase, the ECI can be thermalized by collisions
with air to form SCI, which can undergo ring closure
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Figure 3. Potential reactions of AHPA in SOA. In the concerted elimination and strong acid decomposition pathways H,, water,

and propanol co-products are not shown.

to form a secondary ozonide (SOZ) (Donahue et al.
2011), or in the presence of a high concentration of 1-
propanol, the SCI can react to form the AHPA. Using
the approach presented by Docherty et al. (2005), we
estimate that the large excess of 1-propanol scavenges
>95% of the stabilized Criegee intermediates and
>99% of the OH radicals produced from the reaction.
ECI also undergo isomerization and decomposition
reactions that lead to stable products and the formation
of RO,® radicals, which for the high VOC concentra-
tions used here are expected to react with other RO,*
radicals and HO, radicals to form a variety of products
containing carbonyl, hydroxyl, carboxyl, hydroperoxy,
peroxycarboxyl (Ziemann 2002), and possibly ester
(Miiller et al. 2008) groups.

Yield of AHPA formed from the gas-phase reaction
of cyclodecene with Oz in the presence of
1-propanol

In order to interpret the experimental results of this
study, it was necessary to determine the molar yield
of AHPA (same as the molar yield of SCI) formed
from the gas-phase reaction of cyclodecene with O3 in
the presence of 1-propanol. This was determined from
the difference in the molar yields of peroxide in SOA
(moles of peroxide in SOA/moles of cyclodecene
reacted) formed when 1-propanol and CO were used

as SCI scavengers, since reaction of CO with SCI
forms CO, and a volatile C;, dialdehyde (Atkinson
1997) rather than AHPA. From the measured molar
yields of peroxide in SOA of 0.18 and 0.06 for the 1-
propanol and CO experiments, we obtained a molar
yield of AHPA of 0.12. For this reaction, we thus esti-
mate that 12% of the products are formed through
the SCI pathway and 88% through other pathways.

Potential reaction pathways of AHPA

A previous study of AHPA (Ziemann 2003) has
shown that its hydroperoxide and carbonyl groups
readily undergo an intramolecular reaction in SOA to
form a cyclic peroxyhemiacetal (CPHA), as shown in
Figure 3, and that these are the dominant early reac-
tion products. Intermolecular peroxyhemiacetal oligo-
mer formation is also possible for AHPA, as it has
been observed from the reaction of the Cy4 a-methoxy
hydroperoxide and C;; aldehyde products of the ozo-
nolysis of 1-tetradecene in the presence of methanol
(Tobias and Ziemann 2000). In that study, the C,;
peroxyhemiacetal was thermally desorbed intact for
mass spectral analysis using temperature-programmed
TDPBMS, and when the same technique was applied
to AHPA SOA no Cy peroxyhemiacetal oligomer
(which would have been the product formed from
reaction of two C,;3 AHPA molecules) was detected,
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indicating that AHPA does not undergo intermolecu-
lar peroxyhemiacetal formation (Ziemann 2003). It is
also worth noting that evidence for the stability of
peroxides during thermal desorption under the condi-
tions used here can be found in the EI-TDPBMS and
CI-ITMS mass spectra shown in Figure 4, which can
only be explained by fragmentation of the [M]™* and
[M+H]" ions formed by ionization of the
intact AHPA.

Since relatively little is known about the reactions
of hydroperoxides in SOA beyond peroxyhemiacetal
formation, and since CPHA have structures similar to
the cyclic hemiacetals (CHA) formed in SOA from
cyclization of 1,4-hydroxycarbonyls (Aimanant and
Ziemann 2013b; Ranney and Ziemann 2016), we have
looked into the chemistry of 1,4-hydroxycarbonyls
and into the synthetic organic chemistry literature to
develop a more complete scheme for describing the
potential fate of AHPA.

After 1,4-hydroxycarbonyls cyclize to form CHA
they can undergo dehydration to form dihydrofurans,
or oligomerization in which CHA undergo self-reac-
tions to form acetals (Aimanant and Ziemann 2013Db).
Studies conducted on CHA in dry SOA in the pres-
ence of added HNO; showed that the dehydration of
CHA is catalyzed by undissociated molecular HNO;
(general acid catalysis) (Ranney and Ziemann 2016),
whereas acetal formation is apparently catalyzed by
H" (specific acid catalysis) (Ziemann and Atkinson

AEROSOL SCIENCE AND TECHNOLOGY 1183

2012). On the basis of these studies, CPHA is
expected to undergo either dehydration or reaction
with 1-propanol to form a peroxyacetal. 1-Propanol is
shown as the reacting alcohol in Figure 3 because its
mixing ratio in the chamber (1,500 ppm to ensure
high-efficiency scavenging of SCI) was so high that it
provided a controlled source of hydroxyl groups for
particle-phase reactions. Knowing the identity of the
reacting alcohol in the SOA facilitated the identifica-
tion of products of accretion reactions.

Two studies of the decomposition of organic hydro-
peroxides in the presence of aldehydes (Durham,
Wourster, and Mosher 1958) and strong acid (Griesbaum
and Neumeister 1982) reported in the synthetic organic
chemistry literature are also relevant to the current
work, even though they were conducted in bulk solu-
tions instead of SOA. In particular, they are informative
since they establish that AHPA cyclize to CPHA, and
they point to the importance of peroxyhemiacetals as
key intermediates in decomposition reactions. In their
study of the decomposition of n-butyl hydroperoxide in
the presence of butanal, Durham, Wurster and Mosher
(1958) observed a high yield (0.52) of gaseous H,, and
experiments with deuterated peroxide showed that the
source of H, was the alkyl chains of the hydroperoxide
and aldehyde. The primary products in solution were
butyric acid, butyraldehyde, butyl butyrate, butyl alcohol,
and a small amount of butyl formate, indicating that
decomposition did not proceed by a single pathway
under these conditions. And when Griesbaum and
Neumeister (1982) investigated the decomposition of 6-
methoxy-6-hydroperoxyhexanal (an AHPA similar to
ours) in methanol in the presence of strong acid, they
observed a 1:2:1 yield ratio of diester, acetal ester, and
diacetal, and proposed a simpler decomposition mech-
anism in which a peroxyacetal intermediate decomposed
to give these products. These results have been incorpo-
rated into Figure 3 as the concerted elimination and
strong acid decomposition pathways for CHPA, respect-
ively. Knowing then that CPHA and peroxyacetals are
likely to be key intermediates in AHPA decomposition
in SOA, we set out to characterize the cyclization reac-
tion of AHPA and identify decomposition products
with and without strong acid present to determine
which of these pathways are likely applicable to HOMs.

Mass spectra of AHPA standards

Mass spectra of the AHPA (M = 246) standard acquired
using EI-TDPBMS and CI-ITMS are shown in Figure 4.
The electron ionization fragmentation pattern has been
established previously (Ziemann 2003), with dominant
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Table 1. Characteristic ions and fragmentation pathways for major products in SOA analyzed by EI-TDPBMS and CI-ITMS.

EI-TDPBMS [M]** CIHTMS [M +H]™*
Compound Structure M Neutral loss m/z Neutral loss m/z
AHPA /LCL OOH 246 H,0 229
A~ HO, 213 H,0, 213
H e e HO, + CsHs 171 H,0, + CsHe 171
HO, + C3H,0H 153 H,0, + C5H,0H 153
CPHA HO._ 00, _0._~_ 246 OH 229
Nery OH 4 C3H,0H 169
Diester 0 o] 286 287
\/\OJ\(CHZ)H\O/\/ C3Hg 245
GsH,0 227 CsH,0H 227
C3H;0 + G3Hg 185 C3H;0H + C3Hg 185
Acetal ester o o~ 330 C3H,0 271 C3H,0H 271
Bty )—I\ }g\ e C3H7O + C3H6 229 C3H7OH + C3H6 229
0" "(CHz)g "o O a-cleavage 131
o-cleavage + C3Hg 89
Diacetal ~"g o~ 374 C3H,0 + GGH,0H 255
o a-cleavage 131
0" “(CHa)g "0 a-cleavage + C3Hg 89
effort to gain more quantitative information on this reac-
—— Calibrated EI-TDPBMS signal . . S
2.5 — ---- Exponential fit 9 tion, the formation of AHPA and cyclization to CPHA
- 1 in SOA produced in the environmental chamber from
M~ . . .
= the reaction of cyclodecene with O3 in the presence of 1-
N 2.0 . . .
T propanol and DOS seed particles were monitored using
= the EI-TDPBMS signals at m/z 169 and 171, which are
2154 characteristic ions formed by electron ionization of
‘E . CPHA and AHPA, respectively (Ziemann 2003). A plot
1.0 = of the ratio of these signals is shown in Figure 5, with the
i ratio reaching an equilibrium plateau at ~10min. An

0 10 20 30
Reaction time (min)

Figure 5. Time profile of the ratio of real-time EI-TDPBMS
mass spectral signals measured at peaks characteristic of CPHA
(m/z 169) and AHPA (m/z 171) in SOA formed from reaction of
cyclodecene with Os in the presence of 1-propanol and DOS
seed particles. The data were fit to an exponential function to
determine the timescale to establish cyclization equilibrium
(Teq) and the equilibrium constant (K.q).

peaks at m/z 213 and 171. Under chemical ionization
conditions, the AHPA shows a similar fragmentation
pattern but with an additional peak at m/z 229. These
fragmentation pathways are described further in Table 1.

Rate and equilibrium constants for AHPA
cyclization

Rate and equilibrium constants for cyclization of hydro-
peroxyaldehydes have not been previously reported, and
SOA models (Capouet et al. 2008) have only included
peroxyhemiacetal formation from bimolecular reactions
using values obtained from measurements conducted in
bulk solutions (Antonovskii and Terent'ev 1967). In an

exponential fit to this profile yields a timescale to reach
equilibrium of 7. = 2.7 min. In addition, an equilibrium
constant of K. =2.6 was calculated for the reaction
from Equation (1):

[CPHA],

[AHPA + CPHA],, — [AHPA]
[AHPA],

K =
“ " [AHPA],,

(1)
where, [AHPA].q, [CPHA]eq, and [AHPA + CPHA]q are
the concentrations of AHPA, CPHA, and AHPA + CPHA
in the SOA at equilibrium. [AHPA]., was determined from
the m/z 171 signal at the plateau using the calibration pro-
cedure described above, and [AHPA + CPHA].q was deter-
mined from offline peroxide analysis and the ratio of the
AHPA molar yield/total peroxide molar yield of 0.12/0.18
reported above using Equation (2):

0.12
[AHPA + CPHA],, = [Total peroxide] x 018 ()

We also measured a similar equilibrium constant of
2.8 for the cyclization of AHPA in ds-DMSO using
"H-NMR, with peak assignments and integrals pre-
sented in Table S1 in the online supplementary infor-
mation (SI). The rate constants for the cyclization (k)
and ring-opening reactions (k) were then calculated



from 7,q=2.7min and K,=2.6 to be ki=4.
4x10%s™" and k,=17x10’s"" using Equations
(3) and (4) (Schwarzenbach, Gschwend, and Imboden
2003):

ke
Keq = k_r (3)

1
ey W

This measured timescale of ~3 min for cyclization
can be compared with values expected for particle-
phase bimolecular reactions. From experiments con-
ducted with tert-butyl hydroperoxide (a tertiary
hydroperoxide with a structure most similar to the
secondary hydroperoxide used here) and acetaldehyde
in different solvents, Antonovskii and Terent’ev
(1967) report a range of room temperature rate con-
stants of 1.2x107% to 1.3x 10 *M™' s™" for bimol-
ecular peroxyhemiacetal formation and 2.0 x 10~* to
8.3 x 10 °s~" for the reverse reaction.

These rate constants were used in kinetic simula-
tions conducted in KinSim v3.1 (Peng et al. 2015)
with the following quantities to give a range of time-
scales for establishing equilibrium of about 6 to
80 min: initial concentrations of hydroperoxide and
aldehyde groups of 2M (estimated assuming an SOA
density of 1.2g cm ), an average SOA molecular
weight of 250 g mol " (calculated from the results of
the functional group analysis [Aimanant and Ziemann
2013a]), and a mole fraction of AHPA in the SOA of
0.43 (calculated from the product of the molar yields
of AHPA (0.12) and SOA (0.36), with the latter value
calculated as (mass of SOA/molecular weight of
SOA)/moles of cyclodecene reacted). Cyclization is
faster than all of these reactions, probably because
unimolecular reactions do not have the same unfavor-
able loss of entropy as bimolecular reactions
(Bruckner 2002). The rates of both cyclization and
oligomer formation could be increased by the pres-
ence of a strong acid catalyst, but this also affects rates
of decomposition reactions as discussed below.

Peroxide decomposition

Prior to investigating the decomposition of peroxides
present in SOA, the possible effects of filter sampling,
extraction, and weighing on their stability was deter-
mined by atomizing synthesized AHPA (purity >95%)
onto a PTFE filter, extracting the AHPA in ethyl acet-
ate, and measuring the mass and peroxide content of
the extract. Comparison of the extracted moles of
AHPA based on measured SOA mass (moles
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Figure 6. Time profiles of peroxide functional group content
of SOA formed from the reaction of cyclodecene with O; in
the presence of 1-propanol and seed particles with the follow-
ing composition: (squares) aqueous ammonium sulfate/sulfuric
acid at 50% RH and pH = 1, (circles) dry DOS, and (diamonds)
dry DOS/sulfuric acid.

AHPA =SOA mass/AHPA molecular weight) and
measured peroxide (moles AHPA =moles peroxide)
showed that the sample was still >95% AHPA, indi-
cating that filter collection and extraction did not con-
tribute to the peroxide decomposition reported here
for SOA. In addition, filter mass was stable over the
3 min required to take replicate measurements on the
microbalance.

The rate of decomposition of AHPA (and other
peroxides present in smaller amounts) was then meas-
ured for SOA formed under the following three con-
ditions: DOS seed particles at ~0% RH, DOS/sulfuric
acid seed particles at ~0% RH, and aqueous ammo-
nium sulfate/sulfuric acid seed particles at pH ~1 and
50% RH, which is typical of atmospheric conditions
(Guo et al. 2015, 2017). After SOA formation, 3-6 fil-
ter samples were collected at different intervals over a
period of ~4h, extracted, and analyzed immediately
for peroxide content. We note that no nucleation was
observed in any experiment with seed aerosol, and
that functional group analysis of experiments without
seed aerosol gave the same results as those using dry
DOS seed. Furthermore, the SOA mass concentration
in the chamber was constant after correcting for par-
ticle wall loss, indicating that no significant particle
evaporation occurred during the experiments.

The results of the peroxide decomposition meas-
urements are shown in Figure 6, where the number of
moles of SOA was calculated from the SOA mass and
the average SOA molecular weight of 250g mol .
Under dry conditions with inert DOS seed particles,
the decomposition rate was 17% h~'. This is similar
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to the rates of 13% h™' and 15% h™' measured by
Mertes et al. (2012) and Krapf et al. (2016) for SOA
formed from o-pinene ozonolysis. Despite the differ-
ences in peroxide structure and SOA composition, the
emerging trend is that organic peroxides in SOA
decompose within a few hours when there are no
strong acids present. In experiments conducted with
seed particles containing sulfuric acid, the effect of the
sulfuric acid on peroxide decomposition varied with
the type of particles used. In experiments using dry
DOS/sulfuric acid seed particles, the peroxide content
of the SOA had fallen to almost zero by the time a fil-
ter sample could be collected after 30 min of reaction
(Figure 6), indicating a timescale less than ~10 min.
When aqueous ammonium sulfate/sulfuric acid seed
particles were used, however, the peroxide decompos-
ition rate was similar to that for dry DOS seed par-
ticles without added acid.

We attribute the difference in decomposition
observed with dry DOS/sulfuric acid and aqueous
ammonium sulfate/sulfuric acid seed particles to the
phase state of the particles and its effect on partition-
ing of sulfuric acid. The parameterization of Bertram
et al. (2011) shows that SOA with an O/C ratio of 0.3
(calculated from the functional group composition)
and an ammonium sulfate component will exhibit
liquid-liquid phase separation between the organic
and aqueous phases below 95% RH. The experiments
in this work using aqueous ammonium sulfate/sulfuric
acid seed particles were conducted at 50% RH, so we
expect two phases to be present when AHPA SOA
condenses onto the seed particles. Although the
morphology of these phase-separated particles is
unknown, for organic aerosol with an average molecu-
lar weight of 250 g mol ' and no oligomers, the esti-
mated timescale for a molecule to diffuse through a
particle of the size generated in these experiments is
~1ms (Docherty and Ziemann 2006). Since this time-
scale is much shorter than the observed timescale for
peroxide decomposition (~6h), the organic phase is
likely well-mixed during peroxide decomposition
regardless of morphology. Furthermore, although pub-
lished research investigating the partitioning of sul-
furic acid between aqueous and organic phases is
sparse, one reported study (Hayes and Pepper 1961)
conducted with dichloroethane indicates that only a
trace amount of undissociated molecular sulfuric acid
partitions to the organic phase. This is consistent with
our E-AIM (Wexler and Clegg 2002) calculations that
show 100% of the sulfuric acid is dissociated in the
aqueous phase, making molecular sulfuric acid
unavailable for partitioning to the organic SOA phase.

Together these results suggest that sulfuric acid exists
almost entirely in the aqueous phase in these experi-
ments and so is probably not available to catalyze
AHPA decomposition in the organic phase.

These results highlight the uncertain nature of acid
catalysis in aerosol where there is little water or there
is phase separation between organic and aqueous
phases. Recent results showing that the pH range of
ambient submicron aerosols is typically 0-4 assume
that hygroscopic organic components are in the aque-
ous phase and contribute to total aerosol water uptake
(Guo et al. 2015, 2017). Our results indicate, however,
that for phase-separated aerosol with low O/C ratios,
such as AHPA, most of the acid remains in the aque-
ous phase and so is not available to catalyze reactions
in the organic phase. Phase separation may thus create
a potential barrier to acid catalysis in aerosol particles.
In light of the results of Ranney and Ziemann (2016)
that demonstrated occurrence of general acid catalysis
by undissociated molecular nitric acid in dry organic
aerosol, it seems plausible that the acid-catalyzed
decomposition that we observe in dry aerosol using
organic seed is general acid catalysis by undissociated
molecular sulfuric acid. The mechanisms of general
acid catalysis in concentrated solutions are well docu-
mented, with prior studies of the acid-catalyzed
hydration of alkenes and acid-catalyzed dehydration
of alcohols showing that these reactions can proceed
through a wide variety of general acid catalysis mech-
anisms, depending on the identity and concentration
of the acid catalyst and the properties of the solvent
(Vinnik and Obraztsov 1990). It seems likely, there-
fore, that acid catalysis in aerosols proceeds by differ-
ent mechanisms in different aerosol phases, and that
the mechanisms of reaction will vary with aerosol
phase and humidity.

Identification of peroxide decomposition products

Using the EI-TDPBMS and CI-ITMS mass spectra,
functional group composition, and potential reaction
pathways outlined above as guides, we have identified
several decomposition products of AHPA. The struc-
ture, molecular weight, characteristic ions, and EI and
CI fragmentation pathways for all the major identified
reaction products are shown in Table 1. Figure 7
shows real-time EI-TDPBMS spectra of the SOA
formed in the absence and presence of sulfuric acid
and humidity. Figure 7a shows the mass spectrum
immediately following SOA formation on dry DOS
seed particles in the absence of sulfuric acid and
Figure 7b shows the mass spectrum of this SOA after
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Figure 7. Real-time EI-TDPBMS mass spectra measured at dif-
ferent times for SOA formed from the reaction of cyclodecene
with Os in the presence of 1-propanol and seed particles with
different compositions as follows: (a) immediately after forma-
tion on dry DOS, (b) 4h after formation on dry DOS, (c) imme-
diately after formation on dry DOS/sulfuric acid, and (d) 4h
after formation on aqueous ammonium sulfate/sulfuric acid at
50% RH and pH = 1.

4h of peroxide decomposition. Most notable is the
similarity of the two mass spectra. Whereas we attri-
bute the peaks at m/z 213 and 171 in Figure 7a to
AHPA, and m/z 229 and 169 to CPHA (Ziemann
2003), their presence in Figure 7b must also be due to
other compounds since we know from functional
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group analysis that ~60% of the peroxides have
decomposed within 4h (Figure 6). Products that are
expected to have peaks at m/z 229, 213, 171, and 169
could be formed from a bimolecular Baeyer—Villager
reaction (Wurster, Durham, and Mosher 1958)
between two AHPA, which are present in significant
amounts  ([AHPA]./[CPHA].q~0.4) after rapid
equilibration with CPHA. In this reaction, a hydroper-
oxide group in one AHPA oxidizes the carbonyl
group of another AHPA to a carboxyl group and in
the process is reduced to a hydroxyl group (Figure 3).
The resulting products are an alkoxy hydroperoxyacid
and alkoxy hydroxycarbonyl, with the latter com-
pound rapidly cyclizing to an alkoxy cyclic hemiacetal
(Ranney and Ziemann 2016). They should undergo EI
fragmentation by pathways similar to those of AHPA
and CHPA (Ziemann 2003) to form ions at m/z 229,
213, 171, and m/z 169. It is also likely that over the
4h period of peroxide decomposition that the perox-
yacetal is formed (Figure 3) in significant amounts
and contributes to the m/z 229 and 169 peaks by frag-
mentation pathways similar to the CPHA.

When real-time EI-TDPBMS mass spectra were
taken as SOA peroxides decomposed (Figures 7b-d),
peaks at m/z 131 and 89 increased with time regard-
less of the absence or presence of sulfuric acid or
humidity. These peaks were observed as a pair in all
instances, and are characteristic of a-cleavage of
dipropoxy acetals (Friedel and Sharkey 1956; Borisova
et al. 1981). Several reference spectra of dipropoxy
acetals are also available in the NIST Chemistry
WebBook and the AIST Spectral Database that display
peaks at m/z 89 and 131, and these are shown in
Figure S1 (Stein 2016; SDBSWeb 2017). The acetal
ester and diacetal shown in Figure 3 (two of the three
products of peroxyacetal decomposition), are the likely
source of these peaks. Formation of the acetal ester,
diacetal, and diester are consistent with the peaks at
m/z 271, 255, and 227, respectively, in Figures 7c and
d (McLafferty 2012).

Further evidence of the formation of peroxyacetals
and subsequent decomposition to the acetal ester and
diester are seen in the CI-ITMS mass spectra in
Figure 8 of SOA formed in the absence (Figures 8a
and b) and presence (Figure 8c) of dry sulfuric acid
seed particles. Looking first at Figure 8¢, ionization of
the acetal ester should create an [M+H]" ion that
fragments to form m/z 271 and 229 ions that are
characteristic of acetals (Borisova et al. 1981; Lin,
Tien, and Chang 1989). Evidence for the diester was
obtained by comparing the mass spectrum with that
of bis-diethylhexyl sebacate (DOS), a sebacate diester
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Figure 8. CI-ITMS mass spectra of filter extracts of SOA col-
lected at different times from the reaction of cyclodecene with
0; in the presence of 1-propanol in the absence or presence
of seed particles as follows: (a) immediately after formation in
the absence of seed particles, (b) 4h after formation in the
absence of seed particles, and (c) immediately after formation
on dry sulfuric acid seed particles. DOS seed particles were not
used in these experiments because DOS is the dominant signal
in CI-ITMS at the concentrations used in chamber experiments.

standard, for which we observed a [M+H]" peak
along with peaks corresponding to losses of an alkene,
alcohol, and both simultaneously, from the alkyl sub-
stituents. The corresponding peaks for the diester are
m/z 287, 245, 227, and 185, all of which are intense in
the mass spectrum. Peaks from the acetal ester and
(to a lesser extent) the diester are also present in mass
spectra of the SOA formed and aged in the absence of
sulfuric acid seed particles (Figure 8a and b), though
they are less intense due to the reduced decompos-
ition of peroxides. In the mass spectra shown in
Figures 8b and c it is likely that the CPHA and perox-
yacetal, which are precursors to acetal ester and die-
ster formation, also contribute to the m/z 229 and 169

Table 2. Molar yields of functional groups in SOA formed in
the presence of CO without seed particles or 1-propanol with
sulfuric acid seed particles.

Molar yield
Functional group® CO no seed 1-Propanol sulfuric acid seed
Carbonyl 0.20 0.47
Carboxyl 0.18 0.14
Ester 0.10 0.20
Peroxide 0.06 0.03
SOA® 0.19 036

®Calculated from the measured moles of each functional group in SOA/
moles of cyclodecene reacted.

PCalculated as (mass of SOA/molecular weight of SOA)/moles of cyclode-
cene reacted.

and peaks. The formation of the acetal ester, diester,
and diacetal products is consistent with the mechan-
ism proposed by Griesbaum and Neumeister (1982),
but only the real-time EI-TDPBMS mass spectrum
provides plausible evidence for the formation of the
diacetal that they propose. It is possible that peaks
due to the diacetal are absent in the CI-ITMS mass
spectrum because of ion suppression by the esters,
which is a phenomenon we have observed in some
analyses. The presence of the acid ester, aldoacid, and
aldoester products of CPHA decomposition (Figure 3)
cannot be verified from the mass spectra, since their
dominant peaks in EI-TDPBMS and CI-ITMS analysis
are likely to be m/z 185 and/or 169, which overlap
with peaks assigned to fragmentation of other prod-
ucts that are more definitively identified by character-
istic high-mass peaks.

The formation of the acetal ester, diester, and diac-
etal from decomposition of the peroxyacetal is also
supported by the results of SOA functional group ana-
lysis presented in Table 2. By comparing the func-
tional group composition of SOA produced in the
presence of CO (which does not include products
formed by the SCI pathway) to that produced in the
presence of 1-propanol (which includes the same
products as in the CO experiment plus AHPA formed
by the SCI pathway) and sulfuric acid seed aerosol
(which leads to rapid peroxide decomposition), one
can infer the functionality of the products of peroxya-
cetal decomposition since they are formed from
AHPA. Complications can occur in the interpretation
of functional group analyses when significant amounts
of peroxides decompose during an analysis, which is
why we do not present results for experiments where
significant amounts of AHPA are still present. For the
two experiments presented in Table 2, that was not an
issue since almost no peroxide was present in either
SOA. The greater yield of ester (0.20 compared to
0.10) and carbonyl (0.47 compared to 0.20) groups in
the SOA formed in the presence of 1-propanol and
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Figure 9. Real-time EI-TDPBMS mass spectra of (a) SOA
formed from the reaction of cyclodecene with Os in the pres-
ence of 1-propanol and dry DOS/sulfuric acid seed particles,
and with the subsequent addition of (b) methanol, and then
(c) water.

sulfuric acid is indicative of the formation of the ace-
tal ester, diester, and diacetal, since during carbonyl
analysis acetals are hydrolyzed to form carbonyl (and
hydroxyl) groups, and these carbonyl groups are then
derivatized and contribute to the measured carbonyl
content. The higher SOA molar yield for that experi-
ment (0.36 compared to 0.19), which is close to the
sum of the yields (0.31) for the CO experiment (0.19)
and AHPA (0.12), is also to be expected since AHPA
is the sole product of the SCI reaction with 1-pro-
panol and is the precursor to the peroxyacetal. The
observed lower yield of carboxyl groups (0.14 com-
pared to 0.18) is not as easily explained, but is pos-
sibly due to particle-phase reactions of oxoacids and
hydroxyacids in the aerosol. These compounds com-
prise a significant fraction of SOA produced from
cycloalkene ozonolysis (Gao et al. 2004), and could
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have undergone acid-catalyzed cyclization to form
more volatile hydroxylactones and cyclic esters that
evaporated from the aerosol and so lowered the yield
of carboxyl groups. The consistency of the functional
group analysis results (which are obtained without use
of high temperatures) with the products of AHPA
decomposition identified using EI-TDPBMS and CI-
ITMS give us confidence that the high temperatures
used to vaporize SOA in those instruments did not
introduce significant artifacts in our results. It is also
worth noting that the occurrence of peroxide decom-
position in the presence of either DOS or DOS/sul-
furic acid seed particles suggests that a strong acid is
not necessary to catalyze this process. For example,
from EI-TDPBMS mass spectra (Figure S2), we identi-
fied sebacic acid as a major component of the SOA
produced by a non-SCI pathway, and it is possible
that organic acids such as this are able to catalyze
CHPA and peroxyacetal decomposition. The larger
decrease in the amount of peroxide groups and larger
increase in the amounts of carbonyl and ester groups
and the peaks at m/z 89 and 131 in EI-TDPBMS mass
spectra, in experiments when sulfuric acid seed was
present, indicate that sulfuric acid is more efficient
than  organic acids at catalyzing peroxide
decomposition.

Particle-phase alcohol and water
exchange reactions

Since the decomposition products identified above are
oligomers formed by reactions involving the most
abundant alcohol in the SOA (1-propanol), under-
standing the reactions between CPHA and alcohols in
SOA is central to understanding how HOMs will react
with alcohols in atmospheric aerosol. To explore this
question, an environmental chamber experiment was
conducted to probe the exchange of alkoxy groups in
SOA products due to competition with other alcohols
or water. After forming SOA from the reaction of
cyclodecene with O; in the presence of 1-propanol
and dry DOS/sulfuric acid seed particles, ~4,000 ppm
of methanol was added to the chamber, and then
~6,000ppm of water (18% RH). As shown in
Figure 9, upon addition of methanol peaks at m/z 103
and 75 grew in relative to that at m/z 131 due to
exchange of one and then two propoxy groups for
methoxy groups in the acetal ester and diacetal. High-
mass peaks at m/z 243, 227, and 201 also grew in rela-
tive to those at m/z 271, 255, and 229 due to these
exchange reactions, but since fragmentation of the
acetal ester and diacetal occur by loss of alcohols,
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alkenes, and alkoxy radicals, changes in high-mass
peaks did not provide information beyond the
exchange of one methoxy and propoxy group. When
water was added, peaks at m/z 131, 103, 89, and 75 all
decreased significantly, due to exchange of methoxy
and propoxy for hydroxyl groups. Although the rela-
tive intensities of some of the high-mass peaks also
changed, no significant new peaks grew in. This is
probably due to dissociation of the hemiacetal and
gemdiol products to aldehydes, alcohols, and water
that then evaporated from the particles because of
their high volatility.

Conclusions

The results of this study provide new information
on the potential influence of particle-phase chemis-
try on the atmospheric fate of hydroperoxycarbonyl
compounds that can be formed under low-NO con-
ditions, including HOMs that are formed through
autoxidation reactions. Experiments conducted in
an environmental chamber and in solution using a
model a-alkoxy hydroperoxyaldehyde formed from
the ozonolysis of cyclodecene in the presence of 1-
propanol indicate that these compounds rapidly cyc-
lize in particles to cyclic peroxyhemiacetals, reach-
ing an ~3:1 equilibrium mixture of the cyclic and
acyclic forms in ~3min. Based on the results of
SOA mass spectral and functional group analysis,
we propose that a number of different reaction
pathways then lead to cleavage of the O-O peroxide
bond and formation of a variety of decomposition
products. In particular, it appears that the a-alkoxy
hydroperoxyaldehyde decomposes through a bimol-
ecular Baeyer-Villager self-reaction and that the cyc-
lic peroxyhemiacetal either decomposes by a
unimolecular reaction or first reacts with alcohol (in
this case 1-propanol) to form a peroxyacetal that
then undergoes unimolecular decomposition. In
SOA formed in the absence of sulfuric acid or in
particles apparently containing separate SOA and
aqueous ammonium sulfate/sulfuric acid phases
decomposition occurred on a timescale of ~6h,
similar to other reported studies, whereas in dry
SOA containing sulfuric acid the timescale was at
most ~10min. These timescales are all significantly
shorter than the 6-day peroxide photolysis lifetime
measured for SOA produced from «-pinene ozonol-
ysis (Epstein, Blair, and Nizkorodov 2014), indicat-
ing that non-photolytic decomposition reactions of
the type observed here are the dominant loss proc-
esses for hydroperoxycarbonyls in SOA. The fate of

these compounds in the atmosphere should thus
depend on the composition of the SOA, particle
acidity, and relative humidity.

It is important to note here that because of differ-
ences in gas-phase reaction mechanisms, hydroperoxy-
carbonyls formed in the atmosphere would most
likely contain an alkyl group instead of the alkoxy
group that is present in the model a-alkoxy hydroper-
oxyaldehyde, cyclic peroxyhemiacetal, and their
decomposition products. Despite this difference, the
consistency of our results with prior studies of rates
(Mertes et al. 2012; Krapf et al. 2016) and products of
decomposition  of  peroxyhemiacetals  (Durham,
Wourster, and Mosher 1958) leads us to believe that
the decomposition pathways of a hydroperoxycarbonyl
with an alkoxy substituent are similar to those of a
hydroperoxycarbonyl with an alkyl substituent. The
alkoxy hydroperoxyacid, alkoxy hydroxycarbonyl,
alkoxy cyclic hemiacetal, acid ester, aldoacid, and
aldoester decomposition products (Figure 3) would
then become a hydroperoxyacid, hydroxycarbonyl,
cyclic hemiacetal, ketoacid, and dicarbonyl (Figure
S3). And for the peroxyacetal and its decomposition
products, one of the alkoxy groups would be replaced
by an alkyl group so that the diester, acetal ester, and
diacetal would then become a ketoester, ketoacetal,
hydroxyester, and hydroxyacetal (Figure S3).
Furthermore, in the atmosphere, the alkoxy groups in
all these compounds would have been added by reac-
tions with the large variety of low volatility multifunc-
tional compounds containing hydroxyl groups
(instead of 1-propanol) that are present in SOA, lead-
ing to the formation of much larger oligomeric com-
pounds. These compounds would in turn be amenable
to acid-catalyzed exchange reactions with other alco-
hols or water.
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NMR Determination of AHPA Cyclization Equilibrium Constant.

The equilibrium constant for cyclization of AHPA to a CPHA was measured using proton
nuclear magnetic resonance spectroscopy ('H-NMR). Preparation of AHPA is described in the
body of the text. Peak shifts, areas, and assignments are presented below in Table S1. We
normalize all peaks using the methyl triplet at 0.87 ppm, since the peak is large, isolated, and
straightforward to assign. All peak splitting is consistent with assignments in Table S1, with
long-range splitting observed across the alcohol and propoxy oxygens, giving rise to a doublet of
multiplets, a doublet of triplets, and a quintet for assignments 11, CHPA 1, and CPHA 10,
respectively. The methylene hydrogens (2-9, 11-12) and the methyl hydrogens (13) do not
undergo any significant change in chemical environment upon cyclization, and so they each give
an integrated area of ~1. We observe that three peaks in AHPA undergo a change in chemical
environment upon cyclization to CPHA: the aldehydic hydrogen (1), the hydroperoxide
hydrogen (14), and the hydrogen bonded to the hydroperoxide carbon (10). Since 'H-NMR peak
areas are quantitative, we can use the average integrated areas of the peaks assigned to AHPA
and CPHA to determine the relative concentration of each species and calculate the equilibrium
constant for cyclization as outlined in the text, Equation 2.

Table S1. Peak shifts and assignments for "H-NMR spectrum of AHPA-CPHA equilibrium.
Molecular structures with assignment labels are included to show which protons undergo a
change in chemical environment following the cyclization reaction (depicted in bold).

d (ppm) Area Multiplicity ~ Assignment
0.87 3.002 3 CHs: 13
1.24 11.71 m CH2: 3-8
1.50 6.18 m CH2:2,9,12
3.57 1.96 2 xmP CH2-OR: 11
4.69 0.26 3 HOO-CH-OR: AHPA 10
4.88 0.69 2x3 ROO-CH-OH: CPHA 1
5.02 0.66 5 ROO-CH-OR: CPHA 10
6.43 0.65 2 ROH: CPHA 14
9.66 0.22 3 C(O)H: AHPA 1
11.44 0.24 1 ROOH: AHPA 14
14 14

0 OOH HO. 0700~

JUCHZ)(S\)\ —_— o 13
H™ ; B9 O 12 " ’ (CH2)e ?

3-8
AHPA CPHA

8 Used for area normalization.
® Doublet of multiplets.



Reference Spectra.

Reference EI spectra from NIST and AIST described in the text are presented below in Figure S1
(Stein, 2016; SDBSWeb, 2017). Dipropoxyacetals give a characteristic pair of fragments at m/z
131 and 89, corresponding to a-cleavage at the acetal carbon and the subsequent loss of propene,
respectively. This fragmentation pattern is observed for 1,1-dipropoxyheptane, 1,1-
dipropoxypropane, and 1,1-dipropoxytrimethylamine, all shown in Figure S1 (Stein 2016;
SDBSWeb 2017).

89 131

89 131

Relative intensity

89 ‘ 131 I

il (1A 3 . | ;
I I T T I I I
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Figure S1. Reference EI spectra of dipropoxy acetals: 1,1-dipropoxyheptane (A), 1,1-
dipropoxypropane (B), and 1,1-dipropoxytrimethylamine (C) (Stein 2016; SDBSWeb, 2017).
The characteristic fragmentation pattern is a-cleavage at the acetal carbon (m/z 131) followed by
neutral loss of propene (m/z 89).



Identification of Sebacic Acid as an AHPA Co-Product in SOA.

The EI-TDPBMS spectrum of SOA produced from the ozonolysis of cyclodecene in the
presence of a large excess of carbon monoxide is presented below in Figure S2A. The peaks at
m/z 166, 138, and 98 are all characteristic of sebacic acid, as can be seen in the NIST reference
spectrum in Figure S2B (Stein 2016). We note that dioctyl sebacate (DOS) seed aerosol was not
used in this experiment, so the sebacic acid fragments in Figure S1A are not from the DOS seed.
Offline functional group analysis indicates that the SOA produced in this experiment has 0.9 acid
groups per molecule (assuming an average molecular weight of 250 g mol!). Based on the EI-
TDPBMS mass spectrum and the functional group analysis indicating high acid content of the
SOA we identify sebacic acid as a product of the excited Criegee intermediate pathway of the
cyclodecene ozonolysis reaction. Since this pathway is unaffected by the SCI scavenger used,
sebacic acid is expected to be a co-product of AHPA when propanol is used as an SCI scavenger.
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Figure S2. EI-TDPBMS spectrum of SOA produced from ozonolysis of cyclodecene in the
presence of a large excess of carbon monoxide (A). NIST reference spectrum of sebacic acid (B)
(Stein, 2016).



Potential Reactions of Hydroperoxyaldehydes.

The reaction scheme presented in in the text has been adapted in Figure S3 to show the potential
reactions of a hydroperoxyaldehyde analogous to AHPA, but with an alkyl substituent in place of
a propoxy substituent.

+

@ OOH
K™~ —— \/ »/\/\ O
(CH2)s (CHa)g (CHy)g

~~_OH
Hydroperoxyaldehyde Cyclic peroxyhemiacetal Peroxyacetal
Baeyer-Villager H* )
bimolecular Concerted Strong acid
self-reaction elimination ~_OH | decomposition
o] OCH (0] o} O (0]
HO/U\(CHz)s/I\/\/ HOJ\(CHz)B)J\/\/ \/\OJI\(CHQ)B)J\/\/
Hydroperoxyacid Ketoacid Ketoester
+
X, X XM 28
H (CH2)8)\/\/ H (CHZH\/\/ ~"o (CH2>8)W
Hydroxycarbonyl Dicarbonyl Ketoacetal
HON Oy O
(CHa)e 07 N (CHy)
Cyclic hemiacetal Hydroxyester
~"0
\/\0)\ (CH)g )\/\/
Hydroxyacetal

Figure S3. Potential reactions of hydroperoxyaldehydes in SOA. In the concerted elimination and
strong acid decomposition pathways coproducts of hydrogen and water are not shown.
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