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ABSTRACT: Volatile chemical products (VCPs) have recently - . ®3 Ewoc | woc | svoc  voC
been identified as potentially important unconventional sources of '] [ o [ - ]
secondary organic aerosol (SOA), in part due to the mitigation of ¢ s¢—v——@ - o 3
conventional emissions such as vehicle exhaust. Here, we report N [ :uﬁ‘\ o ‘ ‘ ‘ M ‘ H
measurements of SOA production in an oxidation flow reactor 2 S———— | M. | .“ ‘ 11—
from a series of common VCPs containing oxygenated functional o Tt e 00
groups and at least one oxygen within the molecular backbone. 4 - ®3 Ewoc  woc |svoc  voc
These include two oxygenated aromatic species (phenoxyethanol ] ¢ ; .. \ T
and 1-phenoxy-2-propanol), two esters (butyl butyrate and butyl ¢ s{ o o o o o = 053 3

i i 1 °© @ @ © © o o *
acet:ilte), and four glyc.ol ethers (carbitol, methyl carblltol, butyl ] el e s ‘ ”} H
carbitol, and hexyl carbitol). We measured gas- and particle-phase e e ¢ o, S SN 1118 1111111 Il
products with a suite of mass spectrometers and particle-sizing B ot A

instruments. Only the aromatic VCPs produce SOA with

substantial yields. For the acyclic VCPs, ether and ester functionality promotes fragmentation and hinders autoxidation, whereas
aromatic rings drive SOA formation in spite of the presence of ether groups. Therefore, our results suggest that a potential strategy to
reduce urban SOA from VCPs would be to reformulate consumer products to include less oxygenated aromatic compounds.
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H INTRODUCTION control of combustion sources, VCPs now account for
approximately half of urban anthropogenic organic gas-phase
emissions in the United States,'' and their share of total
emissions has increased over time.'”> McDonald et al
hypothesized that VCPs could account for much of the
unexplained SOA mass in Los Angeles,11 Shah et al. presented
in situ evidence of significant SOA formation from VCPs,"?
and Sheu et al. observed a wide range of oxygenated VCPs in
residential emissions,'* There are two major challenges with
constraining ambient SOA formation from VCPs: (1) there are
hundreds of VCP species, many with limited data on SOA
yields, and (2) many of these VCP species are oxygenates, so

containing approximately 50% OA on average.5 OA includes we canpot casily ap ply kno SOA ?’lelds e 0x1.dat10n
. . . . L mechanisms from traditional anthropogenic species, which are
directly emitted primary organic aerosols, but the majority

. ) 67 dominated by aliphatic and aromatic hydrocarbons.
often consists of secondary organic aerosols (SOAs).” . .
. Recent experimental studies have shown that oxygenated
However, SOA is among the least understood class of . .
-8 . . VCPs can serve as SOA precursors. Li et al. and Li & Cocker
pollutants,”” and chemical transport models typically under- d . . .
) 010 . emonstrated SOA formation from high concentrations of
estimate OA mass.” ~ These underestimates are the result of a
combination of missing SOA formation pathways and missing
precursors.9’11 Received: October 28, 2021
Anthropogenic SOA precursors can generally be grouped Revised:  March 18, 2022
into different categories including mobile sources, such as Acce}’ted‘ Mar.ch 21, 2022
motor vehicle exhaust and volatile chemical products (VCPs), Published: April 8, 2022
such as emissions from cleaning agents, coatings, and a range
of other products and materials.'""* Because of the successful

Fine particles with diameters smaller than 2.5 ym (PM,;) can
penetrate deep into the lungs and lead to respiratory problems
and oxidative stress." PM, 5 pollution is responsible for over 4
million global premature deaths annually.” Burnett et al.
estimated that a 20% reduction in PM,s could prevent
450,000—1.4 million deaths annually worldwide.” Air quality in
the United States has improved dramatically because of
regulations and enforcement of the Clean Air Act, yet PM,; is
still responsible for up to 100,000 premature deaths annually.”

Organic aerosols (OAs) make up a significant fraction of
PM, ; mass, with fine particles in the Northern Hemisphere
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Table 1. SOA Mass Yields and Molecular Structures of Oxygenated VCPs at High and Low NO,,

species low NO, | high NO; | logo(c") structure
yield yield
Oxygenated Aromatics
I-phenoxy- | 0.15 0.18 425 J\
(0]
2-propanol ©/ OH
- (0]
Phenoxy 0.12 0.14 4.87 ~ on
ethanol
Esters
Butyl «0.01 «0.01 7.90 Ci
Butyrate /”//\\\\v”/L\\‘()’//\\\\v///ﬁ\\‘\
Butyl «0.01 - 7.86 0
Acetate /’/JL\‘()’//\\\\/’//\\\\
Glycol Ethers
Hexyl «0.01 [ «0.01 371 NN
Carbitol
[¢) OH
Carbitol
Carbitol «0.01 - 5.97 o OH
arbito ~_— \\//\\o//\\//
Methyl «0.01 «0.01 6.21 o OH
cthy SN TN TN
Carbitol

various glycol ethers.'”'® Charan et al. found high SOA mass
yields for benzyl alcohol, indicating strong SOA formation
potential for oxygenated aromatics.'” However, these are just a
few compounds found in VCPs. The oxygen-containing
functional groups in many VCPs are likely to influence the
oxidation pathways and SOA formation potentials.

SOA vyields depend on the molecular structure. Yields
generally increase with increasing carbon number and the
presence of cyclic structures and unsaturated bonds, while
decreasing with greater branching and fragmentation.'®™°
However, the effects of adding oxygen on SOA yields are more
complicated. By adding functional groups to the gas-phase
parent molecule and maintaining the carbon backbone,
oxidation may increase both the molecular weight and polarity,
which reduces the vapor pressure and promotes partitioning to
the particle phase.s’m’22 However, oxidants also have the
potential to cleave carbon—carbon bonds (i.e., fragmentation)
and form higher volatility species.”” The structure of the parent
molecule plays a critical role in SOA formation as branched
molecules enhance alkoxy radical decomposition, whereas
cyclic and linear molecules more readily isomerize to add at
least two functional groups without fragmentation.” Oxy-
genated functional groups in the gas-phase parent molecule
also contribute to this dual effect by lowering the vapor
pressure and contributing to particle formation when the
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carbon backbone remains intact or contributing to fragmenta-
tion and forming smaller high-vapor pressure gas-phase
products.” The position of the oxygen group also plays a
major role in SOA formation as it may change the size of
decomposition products and/or hinder the self-isomerization
via 1,5 and 1,6-H shifts.”’ The presence of oxygen groups may
also inhibit the autoxidation pathways that are responsible for
generating highly oxygenated, low-volatility products found in
many SOA-forming systems.

NO, is also important in SOA formation because its
presence controls the fate of organic peroxy radicals. NO,
influences the oxidation pathway and changes the composition
of the oxidation products primarily by preventing organo-
peroxy radicals (RO,e) from reacting with other peroxy
radicals (HO,® and RO,e).”> The reaction of organo-peroxy
radicals with NO forms alkoxy radicals (ROe)."” In addition,
NO, can form species not commonly found in low-NO,
environments such as organic nitrates.”> For some common
SOA precursors such as terpenes, reaction pathways involving
NO, may form higher volatility products that lead to lower
SOA yields, in part because it precludes autoxidation
pathways.”"*> However, for large-carbon number alkane
species such as dodecane and heptadecane, SOA yields were
higher under high-NO, conditions.'”” For linear alkanes,
which do not typically autoxidize, RO® formed via high-NO
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oxidation largely isomerizes to form multiple oxygen functional
group-containing products or form low-volatility nitrate species
instead of fragmenting.26 Thus, NO, concentrations are an
important factor in determining SOA yields, and reductions in
NO, emissions could impact SOA formation and need to be
considered when simulating SOA formation.”

VCPs are typically selected in product formulations for their
favorable properties. While these properties are usually
associated with the storage and use of the product, their
potential for SOA formation warrants consideration to reduce
environmental impacts. Product reformulation could be done
to reduce pollution, but this requires improved understanding
of pollutant formation from VCPs. One historical example of
this strategy is fuel reformulation to reduce the ozone
formation potential of vehicle emissions.”” Understanding
SOA formation from various common VCPs may allow low
SOA formation potential to be an added design criterion
during product formulation.

In this manuscript, we examine SOA formation from a suite
of oxygenated VCPs used in cleaning products, solvents, paints,
and flavoring agents, with a goal of identifying which species or
classes of species have substantial SOA mass yields (e.g., >0.1)
and may therefore be appreciable contributors to urban SOA.
The compounds were chosen to test the underlying chemical
structures of three oxygenated VCP classes: two oxygenated
aromatic species (phenoxyethanol and 1-phenoxy-2-propanol;
Table 1), two esters (butyl butyrate and butyl acetate), and
four glycol ethers (carbitol, methyl carbitol, butyl carbitol, and
hexyl carbitol). These compound classes are also selected
because McDonald et al. hypothesized that these sorts of
oxygenated VCPs include important contributors to SOA and
have been observed in residential VCP-related emissions.'"'*
All of these species, except butyl butyrate and butyl acetate
(Table 1), are intermediate volatility organic compounds
(IVOCs) with vapor pressures <0.1 mmHg and are therefore
exempt from the U.S. EPA’s VOC emission limits for VCPs.*
Finally, chemical transport models such as the box model
utilized by McDonald et al. are increasingly being run to
estimate SOA yields of various species, and testing these
compounds would evaluate the models’ efficacy."’

B MATERIALS AND METHODS

We measured SOA formation using a custom-built 3.6 L
aluminum oxidation flow reactor (OFR). The OFR is
described in detail in the study by Shah et al.'’ In the OFR,
two mercury lamps photolyze oxygen at 185 and 254 nm in
humidified air to generate the main oxidant OH as well as HO,
and Oj; to simulate atmospheric aging on the order of hours to
weeks of oxidation.”” The inlet air is humidified to $0% to
enable formation of OH radicals via photolysis. The total flow
rate through the OFR is 5 L/min for a mean residence time 7 =
43.2 s. Individual VCP compounds (30—100 ppb) are injected
into the inlet air using a syringe pump. All VCP compounds
(2-phenoxyethanol, 1-phenoxy-2-propanol, butyl butyrate,
butyl acetate, carbitol, methyl carbitol, butyl carbitol, and
hexyl carbitol) were obtained from Sigma-Aldrich. The VCPs
are coinjected with deuterated butanol (d9-butanol) (98%
Cambridge Isotope Laboratories) that acts as an OH tracer
based on a reaction rate constant of k = (3.4 + 0.88) X 1072
cm?® molecule™ s with OH.>° OH concentrations were over a
range from 1.0 X 10° to 2.5 X 10'" molecule cm™>. The average
OH concentration was approximately 2.1 X 10° molecule cm™
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(Table S1). All experiments were performed without the
presence of seed aerosols at 25 °C.

For high-NO, experiments, NO (500 ppm in N,) was
injected at 20 standard cm®/min for a final inlet concentration
of 2 ppm and an initial NO,:VOC > 10 ppb:ppb (~2—10
ppb:ppb C). NO concentration was not measured at the OFR
exit but we are confident in the significant presence of NO,
due to consistent nitrate molar yields as detailed in the Particle
Composition Section. This high NO, ratio is greater than the
overall molar NO,:C VOC ratio in typical urban environments
such as 0.25 ppb/ppb NO,:C VOC seen in the Los Angeles
urban area.” Therefore, the experimental ratio would still be far
greater even if some NO, were consumed. This is intended to
ensure the NO + RO,e reaction pathway dominated,
consistent with high-NO, urban conditions.”

Gas-phase concentrations of VCPs, d9-butanol, and product
gases were measured using a proton transfer reaction mass
spectrometer (PTRMS, Ionicon Analytik, Innsbruck, Austria).
The PTRMS was calibrated using a standard gas mixture
(Airgas Specialty Gases, Plumsteadville, PA) for a wide range
of compounds at various m/z (Supporting Information Section
S.2). The particle composition was measured with a high-
resolution time-of-flight aerosol mass spectrometer (AMS).
AMS data were analyzed with Squirrel (v. 1.61) and PIKA (v.
1.21) in Igor (v. 7.08). Particle size distributions and particle
mass concentration were measured with a scanning mobility
particle sizer (SMPS, Model 3082/3775, TSI, Shoreview, MN)
assuming a unit density of 1.0 ug/m>.

In addition, for some oxidation experiments, we used an
iodide-adduct time-of-flight chemical ionization mass spec-
trometer (ToF-CIMS, Aerodyne) to determine the gas-phase
product composition. The iodide CIMS measures the mass of
ions with a resolution of 10,000 m/Am. We also aim to
quantify product volatility, expressed as saturation concen-
tration (c°), which is a function of both the molecular
composition and the specific (polar) functional groups present
in the molecule. Using these data, we compared and contrasted
the presence of oxygenated groups and the extent of
fragmentation.

Product volatility was estimated using the two-dimensional
volatility basis set parameterizations:

1 1
; ; nen
log ¢’ = (n¢ = n)be — noby — 2%bco

hc T o

, where n{; and n{y are the number of carbon and oxygen atoms
in species i, n2 is the carbon number of a ¢® = 1 ug m™ alkane,
and b, bo, and bco represent the decrease in log;c) from
carbon—carbon interaction, oxygen—oxygen interaction, and
carbon—oxygen nonideality, respectively.3 The volatility of the
compounds is temperature-dependent and can be described by
a pseudo-Arrhenius expression.”’ Hence, we can expect
volatility to be slightly greater at higher temperatures, shifting
the volatility basis set accordingly. For the aromatic species, we
use the parameters from Donahue et al. (n’c = 25, bc = 0.475,
by = 2.3, and beo = —0.3) to account for the traditional OH
oxidation pathways, while for nonaromatic species we used a
revised volatility basis set from Bianchi et al. with by = 0.2 and
bco = 0.9 to account for the autoxidation pathways.”**" This is
appropriate for molecules where the oxygens have less effect on
the volatility of the molecule (e.g, because of hydroperoxide
groups). The presence of autoxidation is further supported
empirically in the Gas-Phase Composition section. These two
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Figure 1. (Top) Gas-phase product distribution for oxidation of phenoxypropanol (n¢ = 9) and (bottom) hexyl carbitol (n¢ = 10) measured using
an I~ chemical ionization mass spectrometer. Panels on the left show product peak area (as symbol area) vs carbon and oxygen number (n¢, ng).
Panels on the right show product peak area vs volatility (log ¢°). Volatility classes (extremely, low, semivolatile, and intermediate volatility organic
compounds) are shown as colored regions. Calibrated parameterizations defining the ranges differ for aromatics such as phenoxypropanol and
aliphatics such as hexyl carbitol. The points above the black contour line in the left panel and to the left of the black contour line in the right panel
correspond to lower volatility products that easily enter the particle phase; these are in the LVOC and ELVOC volatility classes, indicating

significant aerosol formation.

volatility relations have been confirmed experimentally using
temperature-programmed desorption volatility measurements
in a FIGAERO chemical ionization mass spectrometer.32
Hence, for a similar number of oxygen and carbon atoms,
products formed from the aromatic hydrocarbons will have a
lower volatility than nonaromatic hydrocarbons and will be
more likely to partition into the particle phase.

SOA mass yield is defined as the mass of SOA formed
divided by the mass of precursor vapor consumed (Yield =
AM,/AROG). We define AROG as the change in VCP
concentration measured by the PTRMS, and AM, is calculated
from the SMPS assuming spherical particles and unit density.
The yield depends on a number of factors, including chemical
pathways dictated by the VOC to NO, ratio (VOC:NO,) and
the aerosol loading. Using the aerosol mass yield, we roughly
divided the VCP precursors into “high yield” (>0.1) versus
“low yield” (<0.1) SOA precursors.

We tested the performance of the OFR using a-pinene, an
extensively studied unsaturated hydrocarbon SOA precursor.
When injecting 48 ppb of a-pinene and oxidizing it with 1.8 X
10-2.2 X 10° mol/cm® of OH, equivalent to 0.1—0.85 days of
oxidation, we observed mass yields of 0.03—0.14. This is
consistent with previous measurements of SOA yield from a-
pinene.33

Wall losses of particles, precursor vapors, and product vapors
can be significant confounders in SOA formation experiments
using either smog chambers or flow tubes.”** This is
particularly important for this work in which experiments
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were conducted unseeded. There is evidence of vapor wall
losses in our OFR. For many lower volatility compounds, it
took several minutes to achieve a stable concentration, whereas
SOA and VOC concentrations stabilized relatively quickly
once the UV lights were turned on. Vapor and particle wall
losses are extensively evaluated and discussed in the
Supporting Information (Section S.3) and were not a major
issue with regard to SOA yields, with product vapor loss
fractions of 0.18 or less and negligible particle losses to the
walls.

B RESULTS AND DISCUSSION

Measured SOA Yields. Table 1 summarizes the SOA
yields measured via the SMPS. Phenoxypropanol and
phenoxyethanol are the only species to form significant SOA,
with yields of ~0.15 g—OA/g. These compounds both have
aromatic rings, which are known to promote SOA
production.”” The particle-phase SOA products had a
concentration of Cps = ~10—80 ug/m® (Table S1).

Though the aromatic species had a large SOA yield, overall
these results suggest that many acyclic VCPs are poor SOA
precursors. Yields were well below 0.01 for many of the
compounds we tested, even though the majority of them are
IVOCs. Li and Cocker also found a low yield (<0.01) for
methyl carbitol, yet obtained a wide range of yields from 0.03—
0.17 and 0.24—0.35 for carbitol and butyl carbitol,
respectively.'> These differences in yield may be qualitatively
consistent with our results as they used much higher
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concentrations of precursors (327—436 ppb of carbitol and
264—527 ppb of butyl carbitol versus ~10—100 ppb for all
compounds in our experiments).15 By comparison, Charan et
al. found higher yields (~0.35—1.0) for the oxygenated
aromatic species benzyl alcohol.'” Several factors may have
led to this difference with phenoxypropanol and phenox-
yethanol in this study, including larger (>100 ppb) precursor
concentration, the absence of an ether group in benzyl alcohol,
or the presence of ammonium sulfate seeds. Presto et al
measured the high NO, SOA yields for a series of n-alkanes
with similar volatilities to the glycol ethers at Co, ~ 10 ug/m*:
n-dodecane (C* ~ 10° ug/m?), n-pentadecane (C* ~ 10° ug/
m®), and n-heptadecane (C* ~ 10* ug/m?) of 0.09, 0.35, and
0.44, respectively.*® This demonstrates the inhibiting effect of
ether groups for SOA formation and the importance of the
underlying structure of the precursor when extrapolating yield
data to new classes of compounds.

Low or no SOA formation indicates that the oxidation
products of a specific precursor are too volatile to partition into
the particle phase for the experimental conditions. As discussed
above, there are generally two reasons why this may happen.
First, the precursor species is so volatile that even after
oxidation, all of the oxidation products are sufficiently volatile
to reside either mostly or entirely in the gas phase (e.g., the
products are all IVOCs or VOCs). Second, even in cases where
the precursor species can produce low-volatility products, the
dominant reaction mechanism leads to volatile products.

Two of the species that we tested (butyl butyrate and butyl
acetate) are VOCs. The negligible SOA formation from these
species may therefore be a result of high precursor volatility
leading to volatile products. However, given that the acyclic
IVOC species listed in Table 1 also made little or no SOA,
precursor volatility alone cannot explain the consistently low
SOA yields. Furthermore, a subset of VOCs, including some
monoterpenes, can be SOA precursors depending on their
molecular structure.”” This suggests that the low SOA yields
for the oxygenated VCPs we studied are the result of the
reaction mechanisms generating more volatile products, for
example because of fragmentation reactions. We examine this
possibility in the next section.

Gas-Phase Product Composition. We measured gas-
phase products with a PTRMS and an iodide CIMS. Data from
the CIMS offer insights regarding the gas-phase composition
and the SOA formation, or lack thereof, for different
precursors. Figure 1 shows examples for a precursor that
forms SOA (phenoxypropanol) and a precursor that does not
form SOA (hexyl carbitol). In each case, we present the
relative ion intensities in two types of plots: intensity in a two-
dimensional space defined by the number of carbon atoms and
the number of oxygen atoms (nc, ny) and peak area versus
volatility. Each plot has four corresponding shaded regions,
which represent various volatility classes. From lowest to
highest volatility, these include extremely low volatility organic
compounds (ELVOCs) in gray (—8.5 < log ¢ < —4.5), low-
volatility organic compounds (LVOCs) in red (—4.5 < log ¢°
< —0.5), semivolatile organic compounds (SVOCs, —0.5 < log
® < 2.5) in green, and intermediate volatility organic
compounds (IVOCs, 2.5 < log ¢® < 6.5) in blue.

Highly oxygenated condensable products for phenoxypro-
panol are largely nc = 6 and lower, suggesting that the aromatic
ring plays a key role.
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No products are observed in the ELVOC or LVOC range
for hexyl carbitol (nor do we observe any SOA formation),
though products are widely distributed up to nc = 10.

Under ambient conditions, ELVOCs and LVOCs are
essentially always in the particle phase, and these species are
of sufficiently low volatility to participate in the growth of
freshly nucleated particles.”® Depending on production rates
(and thus potential for supersaturation), ELVOCs can nucleate
directly.” SVOCs partition between the gas and particle
phases under ambient conditions, but at high OA concen-
trations will favor the particle phase. IVOCs are over-
whelmingly in the gas phase except at very high OA
concentrations. The black lines in Figure 1 demarcate the
boundaries between SVOCs and LVOCs. Species falling below
(in left panels) or to the left of (in right panels) the black lines
should form SOA under all conditions, while species above/to
the right of the black line will remain largely in the vapor
phase. Hence, the presence or absence of products below the
black demarcation line further supports the SOA formation
potential of these VCPs and their oxidation products. The
boundary influencing partitioning would vary in the case of
indoor VCP oxidation, as indoor settings have additional
surfaces and other reservoirs that greatly increase condensed
phase organic loadings, such that the surfaces and additional
reservoirs significantly shift the partitioning for typically gas-
phase species.'*°

Oxidation of phenoxypropanol, which had an SOA mass
yield ~0.1S, generated products in the ELVOC (10% signal)
and LVOC (32% signal) range (Figure 1) in addition to the
SVOC (46% signal) and IVOC (13% signal) range. By
contrast, the product ions from hexyl carbitol oxidation are
either SVOCs (48% signal) or IVOCs (52% signal) (Figure 1).
Dimer formation was not observed for either species.

As described in the Methods Section, we use different
parameterizations to convert the number of carbon and oxygen
atoms to log ¢ for aromatic and nonaromatic precursors.
Functional groups that are polar and promote strong dipole—
dipole interactions or induce hydrogen bonding will lower the
volatility considerably.*” Hence, species with similar molecular
formulas can have widely different volatilities. This is especially
true for hydroxyl groups (—OH) vs hydroperoxide groups
(—OOH), where the “extra” oxygen has almost no effect on
the overall volatility for —OOH.>**" Aromatic compounds
often undergo multiple generations of OH oxidation rapidly,
with OH adding to the aromatic ring, whereas acyclic
compounds are more likely to initiate autoxidation, which
leads to multiple —OOH function groups. This is supported by
substantial oxygenation and highly oxidized molecule for-
mation with a lack of dimer formation for hexyl carbitol.* For
this reason, oxidation products from aromatic precursors have
lower volatility for a given nc and ng than oxidation products
from acyclic precursors.’

This difference between the volatilities of the products for
hexyl carbitol and phenoxypropanol is evident in the shading
for Figure 1. The parameterizations used here assume that
aromatic-containing species have a lower volatility for the same
nc and ng as the products of the nonaromatic VCPs. This is
consistent with volatility trends captured by group contribu-
tion methods such as Pankow and Asher’s SIMPOL model,
which uses the number of constituent groups to determine the
vapor pressure. '

The clearest contrast for the effect of the structure on
product volatility comes for butyl butyrate (CgH;c0,) and
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butyl acetate (C¢H,;,0,). Their sole constituent group, an ester
(—1.2 to log ¢°), has less effect on volatility than a single
hydroxyl (—2.23 to log ¢°) or two ethers (—0.718 to log c°
each) as in the glycol ethers."’ However, these glycol ethers
themselves have less potential to form lower volatility products
than the aromatic species. First, the aromatic species each have
a hydroxyl group as well as an aromatic ether (—1.03 to log ¢°),
which together have lower volatility more than two alkane
ethers.*' Second, the aromatic ring favors the formation of
several low volatility functional groups per oxygen, such as
aromatic hydroxyls (—2.14 to log ¢°) and carboxylic acids
(=3.58 to log ¢°), when oxidized.””*!

In addition to the SIMPOL model and product formation
illustrated in Figure 1, we can further identify oxidation
pathways using Ziemann and Atkinson’s 2012 structure activity
relationship (SAR) model.> From the SAR model, we were
able to determine the reaction rates with OH for each species
(Table S1), generally seeing the highest rate of oxidation by
OH to occur for the glycol ethers, then the two aromatics, and
finally the two esters.’

SAR models indicate substantial hydrogen abstraction from
ether-adjacent carbons, leading to the formation of peroxy
species (RO,e), which under high-NO, conditions react
further to mostly form alkoxy radicals (ROe) in addition to
organic nitrates.”* The alkoxy radicals then decompose via
breakage of the ether bond, forming esters and alkyl radicals
which are mostly high volatility and will not condense to form
SOA.™ Under low-NO, conditions, RO,e + RO,e reactions
can form either ROe® radicals or an alcohol and carbonyl pair,
with each pathway occurring in roughly equal proportions.
Thereafter, the alcohol-carbonyl pair will be able to undergo
multiple generations of oxidation and further fragment to form
volatile products.*

The ester group is expected to have little effect on hydrogen
abstraction, with a lower rate of abstraction from the carbon
adjacent to the C=O group offset by an increase in
abstraction from the carbon adjacent to the oxygen.” Coupled

with the high volatility of the two ester species studied here
and their propensity to rapidly fragment after reacting with OH
or via ROe isomerization, this leads to high-volatility oxidation
products that are unable to form SOA.”>** Similar to the glycol
ethers, the two esters may also form alcohols and carbonyls via
RO,e + RO,e reactions, though they likely lead to limited
SOA formation because of further OH reactions and
fragmentation.*®

Based on their predicted reaction rates, the oxygenated
aromatic species are oxidized to a relatively moderate extent,
between that of the glycol ethers and the two esters tested,
with similar probability of hydrogen abstraction occurring
adjacent to the ether group as OH addition to the aromatic
ring.’ These roughly equivalent reaction probabilities for the
oxygenated aromatics are largely consistent with the observed
distribution of products (Figure 1), where the substantial
amount of observed products with low volatility and <6
carbon atoms likely corresponds to the occurrence of H
abstraction adjacent to the ether group and subsequent
fragmentation, whereas the products with >6 carbons are
suggestive of OH addition and ring-opening reactions that kept
the ether linkage intact. The hydrogen abstraction would
follow similar patterns to those noted for the glycol ethers and
esters above, although OH-addition and ring-opening products

both with and without the ether bond intact would be able to
generate substantial SOA. This reinforces the critical
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importance aromatic rings have in forming low-volatility
products and driving SOA formation for a wide variety of
oxidation mechanisms even for similar numbers of carbons and
oxygens.

Particle Composition. The SOA composition was
measured with the AMS, where the total fraction of AMS
organic signals at m/z = 43 (f,;) and m/z = 44 (f,4) can be
used to characterize the oxidation level for oxygenated organic
aerosol.*® In general, f,, increases and f,; decreases with the
oxidation level of the SOA.*” Figure 2 indicates that both
aromatic precursor species formed highly oxidized products
(fas > 0.15), though products formed under high-NO,
conditions were slightly less oxygenated.
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Figure 2. Average f; vs fy, plot for SOA formed from aromatic VCPs
under high- and low-NO, conditions. For both species, the extent of
oxidation (indicated by a higher ratio of f,, to f,;) was greater under
low-NO, conditions. The red and blue dashed lines represent the
region in which ambient oxidized OA typically falls. Representative
error bars (16) are shown for low NO, phenoxypropanol.

The difference between low NO, and high NO,, is further
demonstrated over the full aerosol mass spectrum, as shown
for phenoxypropanol in Figure 3. Overall, the SOA formed is
highly oxygenated for both NO, regimes. Under both high-
and low-NO, conditions, the aerosol mass is dominated by
oxygenated ions (79% in low NO, and 67% in high NO,).

Under high-NO, conditions, nitrogen-containing peaks
account for 1.6% of the total aerosol mass. This is evidence
of organic nitrate formation and can be used to estimate the
molar yield of nitrate as some of the organic fragments under
high NO, may have formed from organic nitrates. From the
CIMS data, we can estimate a typical organic product of n¢ =
6, no = S, and ny = 8 (C¢HgO;) with a molar mass of 160 g/
mol and use the ratio of NO:NO, to find an average molar
mass of 32 g/mol for the NO and NO, fragments. Using the
ratio of the molar mass of the average organic nitrate to this
average molar mass and multiplying by the mass yield of the
NO and NO, fragments, we get a total organic nitrate mass
fraction of 0.08. Assuming that the organic nitrates have
roughly equal molar mass as other products, this would give a
total molar fraction of 0.08. This is consistent with compounds
such as toluene, which has been noted to have an organic
nitrate fraction of 0.07—0.18."
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Figure 3. SOA mass spectra for phenoxypropanol under low-NO,
(top) and high-NO, (bottom) conditions. The graphs contain the
fraction of signal vs fragment size (m/z) and are colored based on the
chemical family. Purple fragments represent oxygenated species with
either one oxygen (dark) or greater than one oxygen (bright) while
blue species are nitrogen containing. The graphs indicate a low
amount of nitrogen-containing species overall and a lower oxygen-
ation for high NO, products.

The lower level of oxidation under high NO, for
phenoxypropanol can partially be explained by a slightly
lower OH concentration. However, it is clear that the presence
of NO,, limited the extent of oxidation. This is indicated by
higher f,, to f,; ratios for both aromatic species under low NO,
as shown in Figure 2, as well as the larger fraction of
nonoxygenated green peaks in the bottom panel in Figure 3

and the presence of organic nitrate consistent with similar
hydrocarbons.

We can look more closely at the difference between the two
NO, regimes in Figure 4, which shows a difference plot where
the fractional signal at low NO, is subtracted from high NO,.
Hence, positive numbers indicate higher concentrations under
high NO, and negative numbers indicate higher concentrations
under low NO,. To highlight the differences for larger
fragments, m/z greater than 58 (to the right of the dashed
line) are expanded to 10 times their actual value.

At m/z 44 and below, two different patterns indicate less
oxygenated compound formation under high NO,. First, there
are substantially more hydrocarbons without an oxygen, as
indicated by the large number of positive green bars. Second,
the differences for the single oxygen signal at m/z 28 and
multiple oxygen signals at m/z 44 are over three times larger
for the low-NO, regime than any other difference. Above m/z
44, there are larger amounts of single-oxygen and non-
oxygenated compounds formed under high NO,. For multiple
oxygen species, there is a considerably higher signal at low
NO, between m/z 44 and 50 and a mix of higher and lower
signals beyond m/z 50, though the latter constitute less of the
total signal.

In addition, we can compare the two mass spectra over the
whole range of m/z by treating the fraction of total signals
measured at each m/z as a dimension in a vector and
calculating the cosine similarity. We then calculate the cosine
of the angle between them by dividing the dot product by the
Euclidean distances, that is, using the formula

MS N0 MSHiginox

cos 0 = 0 where MS; 0. and MSyighnos

IMS 1 qN0xl IMS ighnon
are the mass spectra for low and high NO,, respectively.*’
The arccosine can also be taken to obtain the angle and the
process repeated for different families (Figure 4). Mass spectra
that are very similar will have a nearly 0° angle between them.
Spectra with angles larger than 30° are generally considered to
be significantly different.*’

For the full phenoxypropanol mass spectra, the angle is 18°,
which indicates some similarities, but also significant differ-
ences. The greatest agreement is for multiple oxygen fragments
(C,H,0,,,), which have an angle of ~5° indicating strong
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Figure 4. Difference between the high NO, fraction and low NO, fraction of SOA from phenoxypropanol, colored by family. Positive numbers
indicate higher fractions under high-NO, conditions, and negative numbers indicate higher fractions under low NO,. Embedded in the graph is the
calculated angle between high and low NO, vectors. Angles closer to 90° show a substantial difference between high and low NO,, whereas angles
closer to 0° show no difference. The signal for the mass fragments greater than 58 (the red vertical dashed line) has been multiplied by a factor of

10.
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agreement. However, this is largely driven by the massive signal
at m/z 44. Excluding this ion increases the angle to 24°. The
nonoxygenated species form an angle of 31°, indicating
significant differences for these ions under the different NO,
conditions. This is due to the large numbers of nonoxygenated
hydrocarbons at high NO, for the whole range of m/z. The
angle for single-oxygen ions ( CxHyO) is 16°. This family has a
greater high NO, signal at some m/z such as 43 and above m/z
50 and a greater signal for low NO, at m/z 28. The similarity
for this family holds even when removing the signal of CO,
which gives a similar angle of 14°.

High-NO, condition fragments were more likely to lack an
oxygen or to have only a single oxygen. This is not surprising,
as high NO, concentrations have been shown to lead to
shorter RO, e lifetimes and inhibit autoxidation via NO + RO,
reactions.” > High NO, concentrations can also lead to
nitrogen-containing compounds such as RO,NO, and RONO,
species, which are overwhelmingly refresented by signals of
NO* at m/z 30 and NO," at m/z 46. 550 This ratio can vary
significantly depending on the instrument and calibration.”
The NO:NO, ratio for the high NO, phenoxypropanol mass
spectrum shown in Figure 3 is ~7 compared to ~3 for
phenoxyethanol (though on a different AMS due to instrument
repair). These large ratios are indicative of the nitrates bein$
dominated by organic, rather than inorganic, nitrates.’”®
Thus, in addition to the lower level of oxygenation there is also
organic nitrate formation under high NO, that drives the
difference between both regimes. In spite of this though, many
similarities remain, including the overall SOA yield.

Atmospheric Implications. This work supports the
overall importance of VCP emissions and their NO,-depend-
ent oxidation chemistry leading to urban SOA formation.
However, the SOA potential varies considerably by the
molecular structure. We have demonstrated that many acyclic
oxygenated hydrocarbon species such as glycol ethers and
esters have limited potential as SOA precursors, while
oxygenated aromatic species are able to generate significant
yields of SOA. These aromatic ring-containing species are
capable of generating significantly oxygenated products in both
the gas and particle phases, though to a somewhat lesser extent
under high-NO, conditions. This demonstrates both the
critical importance of aromatic rings in SOA formation and
the importance of fragmentation and higher volatility of the
constituent groups resulting from acyclic aliphatic compounds.

These findings are particularly important given the key role
oxygenated VOCs and nonoxygenated aromatics play in
estimates of urban SOA. Oxygenates and aromatics comprise
approximately 49% (of which <1% are aromatic) and 6% of
total VCP-related VOC emissions in prior work, respectively.''
The model in the study by McDonald et al. estimates that SOA
formation from oxygenated VOCs and nonoxygenated
aromatics accounts for 14 and 12% of all the predicted
anthropogenic SOA formation in the study, respectively.'
However, our results suggest that many of the acyclic
oxygenated VCPs estimated to be major SOA precursors
may not be as large of contributors to urban SOA, whereas the
two oxygenated aromatics we tested would be more significant
SOA precursors. For example, the glycol ethers methyl carbitol,
carbitol, and butyl carbitol had estimated SOA yields of 0.066,
0.087, and 0.16 g/g respectively, while phenoxyethanol and 1-
phenoxy-2-propanol had mass yields of 0.023 and 0.036 g/g."’
In contrast, we found that all three glycol ethers had no
significant SOA formation and the SOA yields of the two

aromatics were much higher. Overall, this would suggest that
urban SOA estimates should be less dependent on acyclic
oxygenated VCPs such as glycol ethers and esters and more
sensitive to the aromatic content in both oxygenated and
nonoxygenated forms.

As SOA formation from VCPs might be minimized by
removing aromatic species and selectively utilizing species such
as smaller (nc < 10) acyclic ethers that are more likely to
fragment and form only gas-phase products, the results suggest
that strategic product formulation may be a valuable approach
to reducing the SOA formation potential of VCP emissions.
However, additional considerations are required for differences
in ozone formation potential, oxidation byproducts, and shifts
with evolving urban NO, levels that impact oxidation
pathways. While future work should continue to experimen-
tally compare the SOA formation potential of larger sets of
common VCPs such as unsaturated carboxylic acids, ketones,
and esters for both traditional gas-to-particle and aqueous
phase oxidation, these observations indicate that even for
IVOCs the SOA formation potential from consumer,
commercial, and industrial products may be mitigated through
holistic design and green engineering.
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