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Abstract

Organic compounds contribute a significant mass fraction of ambient aerosol and play a
role in determining the physiochemical properties of ambient aerosol. A significant fraction
of organic aerosol is secondary organic aerosol (SOA), which is produced when the volatile
organic compounds (VOCs) originating from various anthropogenic and biogenic sources
react with atmospheric oxidants such as ozone, hydroxyl radicals, and nitrate radicals to
form lower volatility organic compounds, which subsequently partition into the particle
phase. Understanding the composition of ambient aerosol is crucial for identifying its
sources and formation mechanisms, and predicting its properties and effects on various
ambient processes. This thesis focuses on investigating the composition of laboratory—
generated SOA formed from the oxidation of biogenic VOCs of atmospheric importance
(isoprene and P—caryophyllene) and ambient aerosol collected in field campaigns using
advanced mass spectrometric techniques. By comparing the mass spectrometric data
collected for the both laboratory—generated SOA and ambient aerosol, we propose reaction
pathways and new chemical tracers for these biogenic VOCs, which enhance our
knowledge of the composition, sources, and formation pathways of SOA in the
atmosphere. With a better knowledge of the SOA composition, a product—specific model is
proposed to predict the composition and aerosol mass yields (mass of SOA formed per

mass of hydrocarbon reacted) of laboratory—generated a—pinene SOA.
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Introduction
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Organic compounds are an important component of ambient aerosol and contribute
significantly (20-90%) to ambient aerosol mass. Organic aerosol are emitted directly from
anthropogenic and natural sources (primary organic aerosol, or POA). A significant
fraction of organic compounds form from the oxidation of biogenic and anthropogenic
VOCs, followed by gas/particle partitioning of semi-volatile organic compounds
(secondary organic aerosol, or SOA). Knowing the sources of organic compounds in

ambient aerosol requires the knowledge of the composition of ambient aerosol.

The molecular composition of organic compounds in ambient aerosol is remarkably
complex. POA are known to have a high degree of chemical heterogeneity. A single VOC
can give rise to thousands of different organic compounds because of complex gas—phase
and particle-phase oxidation pathways. The aerosol composition continues to change as a
result of the gas/particle partitioning of semi-volatile compounds, photochemical
processes, and chemical reactions in the particle phase. All these processes can
significantly change the aerosol composition before the ambient aerosol are removed from

the atmosphere.

Most analytical approaches and aerosol mass spectrometers to date, use ‘*hard’’ ionization
methods, such as electron impact ionization, and observe the fragmentation pattern of the
ions in order to assign the molecular structure of the compounds. More recently,
electrospray ionization (ESI), which is a “‘soft’” ionization technique, can convert the

molecules into positive or negative ions without significant fragmentation. ESI coupled
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with high-resolution mass spectrometers has been shown to be a powerful tool for the
identification of organic compounds in both laboratory—generated SOA and ambient
aerosol. This thesis demonstrates how the chemical characterization of laboratory—
generated SOA and ambient aerosol using mass spectrometric techniques helps us to better
understand and predict the formation and composition of SOA in chamber studies and in

the atmosphere.

Isoprene is, with the possible exception of methane, the largest source of reduced carbon
emitted into the atmosphere (Guenther et al., 2006). SOA formation from isoprene
oxidation contributes significantly to the ambient organic aerosol budget. Recently, gas—
phase isoprene derived epoxydiols (IEPOX) have been shown to be produced in high yields
from the OH-initiated oxidation of isoprene under low—NOy conditions (Paulot et al.,
2009). Reactive uptake of gas—phase IEPOX onto acidified sulfate seed aerosol,
demonstrated in laboratory chamber studies, revealed that these compounds are likely a key
gas—phase intermediate responsible for the formation of isoprene low—NOy SOA (Surratt et
al., 2010). Additionally, acid—catalyzed ring—opening reactions of IEPOX in the particle—
phase are Kkinetically favorable under typical tropospheric conditions, leading to the
formation of known isoprene SOA tracers (e.g., 2—methyltetrols and their corresponding
organosulfates) (Minerath et al., 2009). Recent results from laboratory and modeling
studies have shown that IEPOX is likely an important precursor to the formation of
isoprene SOA in the atmosphere. In Chapter 2, we analyze the fine ambient aerosol

collected in downtown Atlanta, GA, and rural Yorkville, GA, during the 2008 August



4
Mini-Intensive Gas and Aerosol Study (AMIGAS) using gas chromatography/quadrupole
mass spectrometry and gas chromatography/time—of—flight mass spectrometry
(GC/TOFMS) with prior trimethylsilylation, and investigate the presence of IEPOX in
ambient aerosol, together with other previously identified isoprene tracers (i.e., 2—
methyltetrols, 2—methylglyceric acid, Cs—alkenetriols, and organosulfate derivatives of 2—
methyltetrols). The potential significance of IEPOX as the isoprene SOA precursor in the

atmosphere is discussed.

Sesquiterpenes (C;s) can be a potential source of ambient SOA (Sakulyanontvittaya et al.,
2008). p—caryophyllene is one of the most abundant and reactive sesquiterpenes, with two
double bonds (one endocyclic and one exocyclic), and has reactivity towards Oz and OH
(Shu and Atkinson, 1994, 1995). B—caryophyllene also has a high aerosol formation
potential (O3: 5-46%; OH: 17-68%) (Ng et al., 2006; Winterhalter et al., 2009; Li et al.,
2010). Using the tracer-to—SOA mass fractions obtained in chamber experiments, —
caryophyllene SOA is estimated to contribute about 1-10% of the atmospheric aerosol
organic mass in the southeastern and midwestern United States (Kleindienst et al., 2007). A
recent laboratory study has shown that the SOA yields of B—caryophyllene photooxidation
are enhanced by increasing aerosol acidity (Offenberg et al., 2009). In Chapter 3, we first
investigate the influence of aerosol acidity on the composition of p—caryophyllene SOA
using ultra—performance liquid chromatography/electrospray ionization—time—of—flight
mass spectrometry and provide chemical evidences to support the acid—enhanced SOA

yields. We also analyze the fine ambient aerosol collected in downtown Atlanta, GA, and
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rural Yorkville, GA, during 2008 AMIGAS to investigate the presence of f—caryophyllene
SOA in ambient aerosol. Based on the mass spectrometric data collected from chamber and

field samples, we suggest new chemical tracers for f—caryophyllene SOA.

To date, the description of SOA formation follows from the assumption that SOA
comprises a mixture of semi-volatile compounds that partition between the gas and particle
phases (Pankow, 2004). In some systems (e.g., a—pinene/O3 system), a number of
compounds can account for a significant fraction of the total mass of SOA (Yu et al.,
1999). These major compounds can serve as the surrogates in a product—specific model to
represent other chemically similar compounds, and to give a reasonable approximation of
gas/particle partitioning of all other compounds. Additionally, the simulated SOA
composition may allow a first approximation of the properties of SOA, such as water
uptake and cloud condensation nuclei activity. In Chapter 4, a product—specific model is
proposed to represent laboratory data on the ozonolysis of o—pinene under dry and dark
conditions in the presence of ammonium sulfate seed particles. Representative compounds
are chosen to reflect the current understanding of the particle-phase compounds formed in
the ozonolysis of a—pinene. The simulated SOA composition, which can be represented by
oxygen-to—carbon and hydrogen—-to—carbon ratios, is compared with the experimental
results. The aerosol composition changes with organic mass loadings, temperatures, and the
amount of hydrocarbon precursors reacted can be tracked. The potential application of the
product-specific model in predicting the formation and composition of SOA in chamber

studies is discussed.
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Chapter 2

Characterization and Quantification of
Isoprene—Derived Epoxydiols in Ambient
Aerosol in the Southeastern United States*

*Reproduced with permission from “Characterization and Quantification of Isoprene-Derived Epoxydiols in
Ambient Aerosol in the Southeastern United States” by Chan, M. N., Surratt, J. D., Claeys, M., Edgerton,
E.S., Tanner, R. L., Shaw, S. L., Zheng, M., Knipping, E. M., Eddingsaas, N. C., Wennberg, P.O., and

Seinfeld, J. H., Environmental Science and Technology, 41, 4590-4596, 2010. Copyright 2010 by the
American Chemical Society.
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2.1 Abstract

Isoprene—derived epoxydiols (IEPOX) are identified in ambient aerosol samples for the
first time, together with other previously identified isoprene tracers (i.e., 2-
methyltetrols, 2—methylglyceric acid, Cs—alkenetriols, and organosulfate derivatives of
2—methyltetrols). Fine ambient aerosol collected in downtown Atlanta, GA, and rural
Yorkville, GA, during the 2008 August Mini—Intensive Gas and Aerosol Study
(AMIGAS) was analyzed using both gas chromatography/quadrupole mass
spectrometry (GC/MS) and gas chromatography/time—of—flight mass spectrometry
(GC/TOFMS) with prior trimethylsilylation. Mass concentrations of IEPOX ranged
from ~ 1 to 24 ng m™2 in the aerosol collected from the two sites. Detection of particle—
phase IEPOX in the AMIGAS samples supports recent laboratory results that gas—phase
IEPOX produced from the photooxidation of isoprene under low—NOy conditions is a
key precursor of ambient isoprene secondary organic aerosol (SOA) formation. On
average, the sum of the mass concentrations of IEPOX and the measured isoprene SOA
tracers accounted for about 3% of the organic carbon, demonstrating the significance of

isoprene oxidation to the formation of ambient aerosol in this region.

2.2 Introduction

Isoprene (2—methyl-1,3-butadiene, CsHg) is the most abundant non-methane
hydrocarbon emitted into Earth’s atmosphere, with a global source estimated to be 440-

660 TgC yr (Guenther et al., 2006). Recent field, experimental, and modeling studies
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have shown that SOA formation from isoprene oxidation contributes significantly to the
ambient organic aerosol budget, affects regional air quality, and impacts global climate

(Carlton et al., 2009, and references therein).

Recently, Paulot et al. (2009) reported that gas—phase IEPOX is produced in high yields
from the OH-initiated oxidation of isoprene under low—NOy conditions. Calculations
from a chemical transport model, GEOS—Chem, indicated that the mixing ratios of
IEPOX in the planetary boundary layer (PBL) over the southeastern United States could
reach values as high as 0.5 ppb during the summer, which is consistent with levels
observed in preliminary airborne measurements (Paulot et al., 2009). Reactive uptake of
gas—phase IEPOX onto acidified sulfate seed aerosol, demonstrated in laboratory chamber
studies, revealed that these compounds are likely a key gas—phase intermediate
responsible for the formation of isoprene low—NO, SOA (Surratt et al., 2010). Acid-
catalyzed ring—opening reactions of epoxides in the particle phase are kinetically
favorable under typical tropospheric conditions (Minerath et al., 2009), leading to the
formation of known isoprene SOA tracers (e.g., 2-methyltetrols and their corresponding
organosulfates) (Surratt et al., 2010). These compounds have been identified in ambient
aerosol (Hallquist et al., 2009 and references therein). Overall, recent results from
laboratory and modeling studies have shown that IEPOX is likely an important precursor

to the formation of isoprene SOA.
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In this chapter, fine ambient aerosol samples were collected in downtown Atlanta, GA,
and a rural location in Yorkville, GA, during the 2008 AMIGAS campaign. The
AMIGAS campaign was conducted in order to increase understanding of the interactions
between biogenic and anthropogenic emissions; specifically, this campaign was designed
to address the following questions: (1) How do atmospheric reactions between biogenic
and anthropogenic emissions impact the formation of SOA?; (II) What are the
mechanisms regulating the chemistry of primary organic aerosol (POA) and SOA, and
how do these processes differ between day and night?; (111) Which compounds contribute
to the atmospheric nitrogen loading, and how do these ambient nitrogen compounds
impact atmospheric chemistry and ensuing air quality? Although the present manuscript
does not explicitly address all of the goals (or questions) of the AMIGAS campaign
outlined above, especially those related to POA, we chemically characterize and quantify,

for the first time, particle-phase IEPOX in ambient aerosol.

In addition to quantifying the aerosol mass concentrations for IEPOX, we also quantify
other known isoprene SOA tracers, which include the 2—methyltetrols, Cs—alkenetriols, 2—
methylglyceric acid, as well as the organosulfates of the 2—methyltetrols (i.e., hydroxy
sulfate esters), to evaluate the correlation between these SOA tracers and gain insight into
their potential formation pathways in the atmosphere. It is noted that the detection of
particle-phase IEPOX and its known reaction products (i.e., the 2-methyltetrols,
organosulfates of the 2—-methyltetrols) in ambient aerosol provides direct evidence for the

chemical interaction of biogenic emissions and anthropogenic pollutants (i.e., SO, or
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aerosol acidity) leading to the formation of isoprene SOA. The latter provides direct
insights into questions (1) and (II) outlined above for the AMIGAS campaign, especially
those related to SOA formation in this region. Additionally, the detection of IEPOX and its
known heterogeneous—reaction products is consistent with recent remote sensing data over
the southeastern United States that show biogenic volatile organic compounds combine

with anthropogenic pollutants to form substantial amounts of SOA (Goldstein et al., 2009).

2.3 Experimental Section

The Southeastern Aerosol Research and Characterization (SEARCH) network served as the
operating platform for the 2008 AMIGAS campaign. SEARCH was chosen due to its
location in a region experiencing significant biogenic and anthropogenic emissions, and in
which an extensive high—quality long—term data set is available (Edgerton et al., 2005,
2006; Hansen et al., 2003). Detailed descriptions of the sampling sites, aerosol sampling,
and particle-phase measurements are given by Hansen et al. (2003) and Edgerton et al.
(2005, 2006, 2009). Additional instrumentation from numerous research laboratories
across the United States were installed for AMIGAS at the urban Atlanta, GA (at Jefferson
Street (JST)), and rural Yorkville, GA (YRK), sites, which complemented the ongoing
SEARCH measurements at these locations. The AMIGAS campaign was conducted from
August 1, 2008, to September 15, 2008. Day (10 AM—6 PM, local time)- and night (10
PM-6 AM, local time)-segregated PM2.5 (particulate matter with an aerodynamic
diameter < 2.5 um) high—volume quartz filter samples (i.e., quartz microfibre, 20.3 x 25.4

cm, Whatman) were collected daily from both the JST and YRK sites from August 1
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through September 10, 2008, which provided significant overlap with other chemical
measurements made at each site. A select number of filters (14 from JST and 6 from YRK)
were chemically characterized for the present study; these filters were primarily selected
based on the high aerosol loadings and carbon-to—sulfur ratio observed during their
respective sampling periods. Averaged gas—phase concentrations of O3, CO, SO,, and

NOy during the sampling period are given in Table 2.1.

Isoprene SOA was generated from the photooxidation of isoprene under low—NOy
conditions in the presence of acidified sulfate seed aerosol in the Caltech dual indoor 28 m®
Teflon smog chambers. Details of the experimental protocols have been outlined
previously by Surratt et al. (2010). Isoprene SOA was collected onto Teflon filters once
the aerosol volume concentration stabilized. Even though organic carbon denuders were
not used in the collection of the Teflon filters, our previous chemical ionization mass
spectrometry measurements indicate that IEPOX is completely removed from the gas phase
in the presence of acidified sulfate seed aerosol before the initiation of filter sampling
(Surratt et al., 2010). As a result of the latter, the particle—phase IEPOX measured from the
Teflon filters is not a result of the absorption of gas—phase IEPOX to the filters during
chamber aerosol sampling. The laboratory—generated isoprene SOA provides the particle—
phase IEPOX standard necessary for comparison to the atmospheric samples collected

from the AMIGAS campaign.
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A 2,3-epoxy-1,4-butanediol (BEPOX) was used as a surrogate standard to quantify the
particle—phase IEPOX detected in the atmospheric aerosol. For the BEPOX synthesis, an
aqueous solution of 2-butene-1,4—diol (Fluka, purum, > 98.0%) was reacted with H,0,
catalyzed by tungstinic acid, followed by removal of water and other impurities (Paulot et
al., 2009, Skinner et al., 1958). Nuclear magnetic resonance (i.e., ‘H-NMR) study of the
final product revealed a purity > 95%. A BEPOX-derived organosulfate was used as a
surrogate to quantify the organosulfate derivatives of the 2—methyltetrols. The BEPOX-
derived organosulfate was prepared by reacting BEPOX with H,SO4 and Na,SO,4 in
aqueous solution. The concentration of the BEPOX~-derived organosulfate in the solution

was determined by 1H-NMR.

Prior to methanol extraction, the filters were spiked with cis—ketopinic acid as an internal
recovery standard; cis—ketopinic acid was chosen since it was not found in the ambient
samples and did not overlap with the targeted compounds. The field and laboratory
samples were chemically characterized by both GC/TOFMS and GC/MS with prior
trimethylsilylation; these techniques were both equipped with an electron ionization (EI)
source. A detailed description of the sample preparation protocols and the GC/MS
analyses is provided by Surratt et al. (2010). For the GC/TOFMS analyses, the samples
were analyzed by an Agilent 6890N gas chromatograph (GC DB-5MS column (30 m x
0.25 mm ID x 0.25 um thickness)) coupled to a Waters GCT Premier TOF mass

spectrometer, allowing for accurate mass measurements (i.e., determination of molecular
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formulas) to be obtained for each observed ion. Further operating details of the

GC/TOFMS technique can be found in Kautzman et al. (2009).

The GC/TOFMS analysis was conducted to determine the elemental compositions of the
fragment ions produced from the trimethylsilylated IEPOX, allowing preparation of a
fragmentation scheme for the latter. The GC/MS analysis was conducted to quantify
IEPOX, 2—-methyltetrols, Cs—alkenetriols, and 2—methylglyceric acid products by using the
peak areas derived from the total ion chromatograms (TICs). From the repeated GC/MS
measurements of the C4-tetrol and BEPOX standards, the variation in the intensity is about
2-3%. IEPOX has been detected in laboratory—generated isoprene SOA using the GC/MS
with prior trimethylsilylation (Surratt et al., 2010). As previously observed by Surratt et al.
(2010), the mass spectral fragmentation of BEPOX is quite similar to that of IEPOX,
making BEPOX a suitable surrogate standard to quantify particle—phase IEPOX. Although
an epoxide could potentially be considered as a labile molecule in the GC/MS analysis,
trimethylsilyl derivatives of isoprenoid glycidic ethers containing a 2,3—epoxy—1-ol moiety
have been previously observed using GC/MS techniques (Rontani et al., 2001).
Additionally, Yu and Jefferies (1997) reported that the epoxy carbonyl products of toluene
photooxidation, as well as a commercially available epoxy carbonyl (i.e., 1,2—epoxy—3—
cycohexanone) standard, could be successfully derivatized by PFBHA (0-(2,3,4,5,6—
pentafluorobenzyl)-hydroxylamine) in an aqueous solution and detected by GC/MS. In
combination with the fact that we observe the BEPOX standard, these two prior studies

further support the ability of observing epoxides by GC/MS techniques.
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During GC/MS analyses, the dehydration of the BEPOX standard to Cs—alkenetriols was
not observed in the calibration experiments. The conversion of BEPOX standard to C,—
tetrols was not significant (~ 1% of BEPOX was converted to C—tetrols). It is likely that
the conversion of IEPOX to 2-methyltetrols and Cs—alkenetriols was not significant in the
GC/MS analyses. The laboratory and field blank filters (day and night) were analyzed
identically. Isoprene SOA tracers, including IEPOX, were not detected from these blank
filters. Organic carbon denuders were not used for the collection of these samples owing to
the design of the PM2.5 inlet on the high—volume filter samplers (Tisch Environmental,
Cleves, OH), and thus, some fraction of the measured particle—phase IEPOX mass
concentration could be partly due to the gas—phase absorption of IEPOX onto the quartz

filter media.

Samples were also analyzed by ultra—performance liquid chromatography/electrospray
ionization—time—of—flight mass spectrometry (UPLC/ESI-TOFMS) operated in the
negative (=) ion mode in order to quantify the organosulfates of the 2—-methyltetrols found
in the AMIGAS aerosol samples. From the repeated UPLC/ESI-TOFMS measurements of
the BEPOX—derived organosulfate standard, the variation in the intensity is about 3%. It
should be noted that nitrated organosulfates of isoprene, which are isoprene SOA high—
NOy tracers, and organosulfates of monoterpenes previously characterized by Surratt et al.
(2008) were also observed in these samples using the UPLC/(-)ESI-TOFMS technique;

however, they will not be discussed in detail.



18

2.4 Results and Discussion

Quantification and Characterization of IEPOX. Figure 2.1A shows the extracted ion
chromatogram (EIC) of m/z 262 for two trimethylsilyl derivatives of IEPOX (MW 262)
from laboratory—generated isoprene SOA formed under low—NOy conditions. These two
compounds have similar EI mass spectra (Figures 2.1B and 2.1C) as the particle—phase
IEPOX recently reported by Surratt et al. (2010). The interpretation of the fragment ions in
the EI mass spectra of the trimethylsilylated IEPOX is given in Figure 2.2. The elemental
compositions obtained for the fragment ions measured by the GC/TOFMS technique (see
Tables 2.2 and 2.3) support the proposed ion structures in the fragmentation scheme. The
El mass spectra obtained for the two chromatographic peaks are very similar, though there
are some differences in the relative abundance of m/z 147, which is characteristic of the
presence of two trimethylsiloxy groups. We thus assign the IEPOX isomers to
enantiomeric forms (i.e., threo and erythro) of the same positional isomer, 2,3—-epoxy—2—
methyl-1,4-butanediol. Furthermore, it is possible to tentatively assign the first— and
second-eluting isomers to the threo and erythro forms, respectively, based on the relative
abundance of m/z 147. The trimethylsilyl derivatives of IEPOX occur as four
stereoisomers, i.e., 2R, 3R (threo), 2S,3S (threo), 2S,3R (erythro), and 2R,3S (erythro).
The threo and erythro forms have different shapes and will be separated upon GC, while
the two stereoisomers of each form will not be separated since they are mirror images. The
m/z 147 ion points to the presence of two trimethylsiloxy groups in the molecules and can
be explained through formation of an ion—neutral complex in which the trimethylsilyl ion

(formed by a heterolytic cleavage of an ionized O-Si bond) migrates to a nucleophilic
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position in the molecule, i.e., the second trimethylsiloxy group (Byun et al., 1997). This
group is closer in the erythro form than in the threo form (Figure 2.3), resulting in an
m/z 147 ion with the highest relative abundance in the former enantiomeric form. In the
case of the threo form, the inner epoxy group acts as a shuttle for the migration of the

trimethylsilyl group to the other side of the molecule.

A second structurally informative ion is m/z 218, which can be explained by loss of oxirane
(C2H40; 44 u) through a rearrangement of a trimethylsilyl group, a fragmentation similar
to that reported for trimethylsilyl derivatives of isoprenoid glycidic ethers containing a 2,3—
epoxy—1-ol moiety (Rontani et al., 2001). Figure 1d shows the EIC of m/z 262 for two
trimethylsilyl derivatives of IEPOX found in ambient aerosol collected during the daytime
on August 9, 2008, at JST. The chromatographic and EI mass spectral characteristics of
these two compounds (Figures 2.1D—F) correspond to that of the trimethylsilylated IEPOX
in the laboratory—generated isoprene SOA (Figures 2.1A-C). Based on this comparison,
these two compounds are identified as particle—phase IEPOX in the ambient AMIGAS
aerosol. The elemental compositions of the major fragment ions in Figures 2.1E and 2.1F
are listed in Tables 2.4 and 2.5, respectively, and correspond to those measured in the

laboratory—generated isoprene SOA (Tables 2.2 and 2.3).

IEPOX mass concentration. IEPOX was observed in all ambient samples collected in the
AMIGAS campaign, except the nighttime sample on September 6, 2008, at YRK. At JST,

the mean mass concentration of IEPOX was 8.6 ng m™ (range: 1.2—21 ng m™) (Table 2.6).
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At YRK, the mean concentration of IEPOX was 16 ng m™ (range: 5.3-32 ng m™). Even
though IEPOX is photochemically produced, no distinctive diurnal variation in the mass
concentrations was observed, except on September 6, 2008, at JST. It is possible that the
lowering of the PBL at night would increase the IEPOX mass concentrations observed on

certain days (i.e., August 9 and September 5 at JST, and August 12 at YRK).

The gas—particle partitioning coefficient, K,, of IEPOX is estimated to be 4.6 x10™° m® pg™
at 298 K (effective vapor pressure, ¢c* ~ 1/ K, ~ 2.2 X 10* pg m™), assuming gas—phase
IEPOX partitions into a condensed—organic phase consisting of IEPOX only. The vapor
pressure of IEPOX is estimated to be 4.5 x 107 atm using the group contribution method
developed by Pankow and Asher (2008); the epoxide group is represented by the ether
group in using this vapor pressure estimation method. Despite uncertainties in the
estimated vapor pressures, the partitioning of gas—phase IEPOX into the condensed—
organic phase does not likely explain the presence of IEPOX in ambient aerosol under
typical organic mass loadings (1-10 pug m™). For example, Surratt et al. (2010) observed
that the mixing ratio of gas—phase IEPOX did not change in the presence of dry ammonium

sulfate seed aerosol with an organic mass loading of 1.7 pg m™ in the chamber study.

IEPOX is highly soluble in H,O (Paulot et al., 2009). The Henry’s law constant, H, of
IEPOX was estimated using the HenryWin v3.2 (USEPA, EPI Suite v4.0). A 14-
butanediol was chosen as the base compound, the estimated H value of which at 298K

ranges from 1.0 x 10°to 5 x 10° M atm™ using a group contribution method (Saxena et al.,
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1996). IEPOX is estimated to have a H value ranging from 1.9 x 10" t0 9.6 x 10° M atm™
at 298K. Despite the uncertainties, these estimates suggest that the presence of particle—
phase IEPOX may be attributable to the absorption into the aqueous phase of preexisting
aerosol. It is noted that once gas—phase IEPOX partitions into the particle phase,
depending on the aerosol composition (e.g., aerosol acidity), IEPOX can be hydrolyzed to
form isoprene SOA tracers (e.g., 2—-methyltetrols and their corresponding hydroxy sulfate
esters). The hydrolysis rate of IEPOX is expected to be similar to that of 1,2—epoxy-3,4—
dihydroxybutane (k = 0.0012 M™s, 1 M Na,S04/0.2 M D,S04/D,0 solution), which has
a lifetime of 7.7 h at pH = 1.5 and a lifetime of 38 days at pH = 4.0 (Minerath et al., 2009).
Thus, incompletely reacted IEPOX in the particle phase might explain the presence of
IEPOX in ambient aerosol. In fact, Surratt et al. (2010) previously demonstrated that the
reactive uptake of gas—phase BEPOX in the presence of acidified sulfate seed aerosol
yielded some fraction of incompletely reacted particle—phase BEPOX, as detected by

GC/MS.

The mass concentrations of IEPOX are much lower than those of the 2—-methyltetrols and
the organosulfate derivatives of the 2-methyltetrols (Table 2.6). This is reasonable since
IEPOX is a precursor for the formation of these compounds (Surratt et al., 2010). Since
epoxide intermediates react more efficiently with H,SO, to form organosulfates than
alcohol intermediates (Minerath et al., 2009, linuma et al., 2009), formation of the 2—
methyltetrols and the organosulfate derivatives of the 2—methyletrols is likely attributed to

the acid—catalyzed ring opening of IEPOX followed by the subsequent nucleophilic
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addition of H,O and inorganic sulfate (Surratt et al., 2010). In addition to previously
suggested gas—phase oxidation pathways (Claeys et al., 2004), the 2—methyltetrols can
form from the heterogeneous reactions of IEPOX as discussed above. The measured 2—
methyltetrol concentrations could be influenced by acid-labile derivatives of the 2-
methyltetrols, such as sulfate and nitrate esters, and may not be stable upon
trimethylsilylation, and as result, a fraction of these derivatives of the 2—methyltetrols may

be measured as 2-methyltetrols by GC/MS techniques (Sato, 2008; Surratt et al., 2010).

Daytime and nighttime samples from two sites are combined for correlation analysis,
excluding the one sample at YRK (September, 6, 2008, nighttime), in which IEPOX and
Cs—alkenetriols were not detected. Despite the limited sample size (N = 15), the
correlation between the measured isoprene SOA tracers and IEPOX can be evaluated. As
expected, the isoprene SOA tracers are positively correlated with each other, and the degree
of correlation between these tracers may give some insight into their formation pathways.
IEPOX is well correlated with the 2—methyltetrols (R* = 0.77), is fairly well correlated with
the organosulfates of the 2-methyltetrols (R = 0.41), but exhibits a weaker correlation with
2-methylglyceric acid (R? = 0.24). IEPOX correlates well with the organosulfates of the
2-methyltetrols when considering the two sites separately (R* = 0.85 at JST and R? = 0.77
at YRK). Compared to IEPOX, 2-methyglyceric acid shows a weaker correlation with
other known isoprene SOA tracers (2-methyltetrols: R? = 0.18, and organosulfates of 2—
methyltetrols: R? = 0.28). This is likely a result of the fact that IEPOX is a gas—phase

precursor for these tracers (Surratt et al., 2010). In addition, 2—-methylglyceric acid (and its



23
corresponding oligoesters) is formed more efficiently from the photooxidation of isoprene
under high—-NOy conditions (i.e., high NO,/NO ratios), while IEPOX is formed more
efficiently under low—NOy conditions (i.e., high HO,/NO ratios) (Paulot et al, 2009; Surratt
et al., 2010). The latter is due to the fact that IEPOX formation occurs only under
conditions when RO, radicals react primarily with HO, rather than with NO (Paulot et al,

2009; Surratt et al., 2010).

Although IEPOX is weakly correlated with Cs—alkenetriols (R?> = 0.25) in the combined
dataset, a high correlation between IEPOX and Cs-alkenetriols was observed when
considering the two sites separately (R?> = 0.98 at JST and R? = 0.86 at YRK). During
GC/MS analyses, neither the dehydration of the C4—tetrols into the Cs—alkenetriols nor the
dehydration of the BEPOX to the Cj—alkenetriols was detected in the calibration
experiments. Consequently, the formation of the Cs—alkenetriols from the dehydration of
2—methyltetrols and IEPOX in the GC/MS analysis is likely not significant. Also, a lower
correlation between Cs—alkenetriols and 2-methyltetrols (R* = 0.63 at JST and R? = 0.80 at
YRK) was observed. It is likely that the Cs—alkenetriols are not artifacts of the GC/MS
analysis with trimethylsilylation.  Although the formation mechanism of the Cs-—
alkenetriols is not certain and the sample size is limited, a high correlation between the Cs—
alkenetriols and IEPOX in ambient samples suggests that the dehydration of IEPOX in
acidic aerosol, as proposed by Wang et al. (2005), is a potential formation pathways of Cs—

alkenetriols.
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IEPOX is known to be rapidly removed from the gas phase by pre—existing acidified
sulfate seed aerosol to form low—NOy SOA and is likely dissolved into the aqueous phase
of the particles. The IEPOX will continuously react in the particle phase once it dissolves
into the aqueous phase. Since the filter samples were collected over 8 hr integrated time
periods, it does not allow us to correlate the measured particle-phase IEPOX mass
concentrations (and its known reaction products) with an estimate of liquid water content of
the aerosol or aerosol acidity. Higher—time resolution data would provide more useful

insights.

2.5 Conclusions and Atmospheric Implications

Table 2.6 shows the measured mass concentrations of isoprene SOA tracers at two sites.
The mean mass concentration of the 2-methyltetrols is 80 ng m™ at JST (range: 24-181 ng
m~) and 141 ng m™ at YRK (range: 17-285 ng m™). By comparison, Ding et al. (2008)
reported that the mass concentration of the 2-methyltetrols, on average, was 55.1 ng m™
with a maximum mass concentration of 467 ng m™ in their 24 hr integrated filter samples
of fine ambient aerosol collected at the JST site from May 2004 to April 2005. Isoprene—
derived organosulfates have been detected in both laboratory—generated SOA and ambient
aerosol collected from the southeastern U. S. (Surratt et al., 2008). Among the isoprene—
derived organosulfates, the organosulfates of the 2—-methyltetrols usually exhibit the largest
UPLC chromatographic peak in daytime samples; however, individual organosulfates have
not been quantified owing to the lack of appropriate standards. Using the synthesized

BEPOX-derived organosulfate standard, the mass concentration of the organosulfate
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derivatives of the 2—-methyletrols ranged from 9.6-92 ng m™ at JST and 8.2-61 ng m™ at
YRK, levels at which these ambient tracers for isoprene SOA formation are significant
components of fine ambient aerosol formed in the southeastern United States. As observed
in the laboratory chamber experiments, the oxidation of SO, forms sulfuric acid, which
provides the hydrogen ions and sulfate ions necessary for the formation of organosulfates
in the atmosphere. We detected 2—-methylglyceric acid, as well as nitrated organosulfates
of isoprene, which are formed from the photooxidation of isoprene in the presence of NOXx
(Surratt et al., 2007, 2008) and are known as isoprene SOA high—-NOy tracers. This
suggests the isoprene SOA is formed via both the low— and high—-NOy pathways. On
average, the sum of the mass concentrations of IEPOX and the measured isoprene SOA
tracers (2—methyltetrols, Cs-alkenetriols, and 2-methylglyceric acid) were found to
account for about 3% and 4% of the organic carbon at JST and YRK, respectively. It is
also noted that acid-labile derivatives of the 2—methyltetrols such as sulfate and nitrate
esters may not be stable upon trimethylsilylation and may be measured with the

GC/TOFMS and GC/MS techniques as 2—methyltetrols (Sato, 2008).

The secondary organic carbon (SOC) contributions from isoprene oxidation can be
estimated using the tracer method developed by Kleindienst et al. (2007). Using the tracer
concentrations (i.e., 2—-methyltetrols and 2—methylglyceric acid) and the laboratory—derived
tracer mass fraction (0.155), the mean SOC contributions from isoprene oxidation were
estimated to be 0.6 pgC m™ (range: 0.2—1.2 pgC m™) at JST and 1.0 pgC m™ (range: 0.1-

1.9 pgC m=) at YRK. These values are comparable to those observed by Kleindienst et al.
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(2007) from Research Triangle Park, North Carolina, U.S., during August and September,
2003 (mean: 0.7 pgC m™; range: 0.2 — 1.5 ugC m™), and are higher than those observed by
Kourtchev et al. (2009) from K—puszta, Hungary (mean: 0.28 ugC m™), and by Hu et al.
(2008) from Hong Kong, China, during the summer period (mean: 0.2 pugC m™>; range:
0.01 — 0.81 pgC m™). Overall, these results suggest that isoprene oxidation is important to

the formation of fine ambient aerosol in this region.
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Table 2.1: Averaged gas—phase concentrations in downtown Atlanta, GA (JST) and a rural
location in Yorkville, GA (YRK) during the 2008 AMIGAS campaign ®

JST
August 24,
Sampling  August 9, 2008 2008 to September 3, September 5, September 6,
date August 26, 2008 2008 2008
2008

(Rain period)®

Day Night Day Night Day Night Day Night Day Night

O; 76 16 22 12 60 7.8 56 0.2 45 10
CO 191 392 164 131 187 549 161 668 165 216
SO, 2.4 3.2 1.0 1.0 14 2.3 0.6 3.0 16 0.3
NO 0.7 2.0 4.5 3.6 2.6 35 11 43 0.5 0.7
NO, 3.6 28 9.4 7.7 9.2 30 5.0 36 4.0 12
YRK
Sampling August 12, August 13, September 6,
date 2008 2008 2008
Day Night Day Night Day Night
O; 51 34 60.2 21 39 13
CO 188 235 186 185 146 155
SO, 3.5 1.3 7.2 0.5 1.0 0.1
NO 0.6 0.0 0.2 0.2 0.2 0.1
NO, 3.5 4.4 0.8 1.9 0.6 1.6

 Averaged gas—phase concentrations are reported in ppb. ° For the rain period, averaged gas—phase
concentrations are reported from August 24, 2008, to August 26, 2008.
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Table 2.2: The major fragment ions observed in the EI mass spectrum of trimethylsilylated
IEPOX formed from the photooxidation of isoprene in the presence of acidified sulfate
seed aerosol under low—NOy conditions at retention time (RT) = 23.23 min (Figure 2.1B)

Measured mass Calculated mass Formula mDa
262.1418 262.1421 C11H203Si, -0.3
218.1147 218.1158 CyH4,0,Si, -1.1
147.0663 147.0661 CsH150Si, 0.2
131.0896 131.0892 CeH150Si 0.4
130.0808 130.0814 CeH140Si -0.6
117.0722 117.0736 CsH30Si -14
116.0656 116.0657 CsH,0Si -0.1

101.0427 101.0423 C4H,0Si 0.4
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Table 2.3: The major fragment ions observed in the EI mass spectrum of
trimethylsilylated IEPOX formed from the photooxidation of isoprene in the presence of
acidified sulfate seed aerosol under low—NOy conditions at RT = 23.73 min (Figure 2.1C)

Measured mass Calculated mass Formula mDa
262.1414 262.1421 C11H203Si, -0.7
248.1145 218.1158 CyH4,0,Si, -1.3
147.0655 147.0661 CsH150Si, -0.6
131.0873 131.0892 CeH150Si -1.9
130.0811 130.0814 CeH140Si -0.3
117.0733 117.0736 CsH30Si -0.3
116.0659 116.0657 CsH1,0Si 0.2

101.0426 101.0423 C4H,0Si 0.3
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Table 2.4: The major fragment ions observed in the EI mass spectrum of
trimethylsilylated IEPOX in fine atmospheric aerosol collected during the daytime on
August 9, 2008 at JST at RT = 23.35 min (Figure 2.1E)

Measured mass Calculated mass Formula mDa
262.1408 262.1421 C11H203Si, -1.3
218.1133 218.1158 CyH4,0,Si, -2.5
147.0676 147.0661 CsH150Si, 15
131.0923 131.0892 CeH150Si 3.1
130.0810 130.0814 CeH140Si -0.4
117.0725 117.0736 CsH30Si -1.1
116.0657 116.0657 CsH1,0Si 0

101.0424 101.0423 C4H,0Si 0.1
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Table 2.5: The major fragment ions observed in the EI mass spectrum of

trimethylsilylated IEPOX in fine atmospheric aerosol collected during the daytime on
August 9, 2008 at JST at RT = 23.86 min (Figure 2.1F)

Measured mass Calculated mass Formula mDa
262.1436 262.1421 C11H203Si, 15
218.1127 218.1158 CyH4,0,Si, -3.1
147.0663 147.0661 CsH150Si, 0.2
131.0921 131.0892 CeH150Si 2.9
130.0830 130.0814 CeH140Si 1.6
117.0722 117.0736 CsH30Si -14
116.0652 116.0657 CsH1,0Si -0.5

101.0422 101.0423 C4H,0Si 0.1
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Table 2.6: Ambient aerosol mass concentrations of IEPOX and of isoprene SOA tracers in
fine atmospheric aerosol collected in downtown Atlanta, GA (JST) and a rural location in
Yorkville, GA (YRK) during the 2008 AMIGAS campaign

JST

August 24, 2008 to
Sampling date August 9, 2008 August 26, 2008 September 3, 2008 September 5, 2008 September 6, 2008
(Rain period)®

Day Night Day Night Day Night Day Night Day Night
IEPOX® 13 21 1.6 12 14 13 3.2 49 12 15
2-methyltetrols® 95 136 43 32 144 88 24 27 181 29
Cs-alkenetriols®* 135 206 17 14 153 152 32 46 109 23
2—methylgf|yceric 15 10 3.4 19 18 6.3 8.9 51 12 41
acid
Organosulfates of 91 86 13 9.6 79 92 33 41 68 29
2-methyltetrols?
Organic Carbon 7.0 9.4 2.7 1.6 6.5 7.8 5.0 8.1 6.6 4.6
(©ocy
PM,s" _ 14.8 23.0 5.4 3.2 13.7 15.0 8.3 14.1 21.9 6.9
Y Tracers/OC' 37 4.0 24 31 5.1 33 14 1.0 48 13
soc! 0.7 0.9 0.3 0.2 11 0.6 0.2 0.2 12 0.2
YRK
Sampling date August 12, 2008 August 13, 2008 September 6, 2008
Day Night Day Night Day Night
IEPOX® 10 18 32 16 53 n.d.
2-methyltetrols®® 70 144 285 233 97 17
Cs-alkenetriols®* 22 47 59 45 20 n.d.
2-methylglyceric 12 18 7.9 10 7.1 34
acid"
Organosulfates of 30 42 61 56 25 8.2
2-methyltetrols?
Organic Carbon 5.9 5.0 6.5 4.4 4.9 15
(oc)"
PMys" _ 13.8 20.5 334 26.3 13.2 5.1
Y Tracers/OC' 1.9 45 5.9 6.9 2.6 1.3
soc! 0.5 1.0 1.9 1.6 0.7 0.1

@ The aerosol mass concentrations are reported in ng m=, n.d.: not detected. ® For the rain period, the samples from August 24,
2008, to August 26, 2008, were combined for the analysis. ¢ The concentration of IEPOX is the sum of the concentrations of the two
enantiomeric forms (threo and erythro) of of IEPOX (2,3-epoxy-2-methyl-1,4-butanediol) and was determined by using the
response factor of BEPOX. ¢ The concentration of the 2-methyltetrols is the sum of the concentrations of 2-methylthreitol and 2—
methylerythritol. ® The concentration of the Cs—alkenetriols is the sum of the concentrations of three isomers of Cs—alkenetriols.
" The concentration of the 2-methyltetrols, Cs—alkenetriols and 2-methylglyceric acid were determined using the response factor of
meso—erythritol. ¢ The concentration of the organosulfates of the 2-methyltetrols was determined by using the response factor of the
BEPOX~-derived organosulfate standard. " The concentration of organic carbon and PM;s is reported in ug m=. Averaged organic
carbon and PM 5 concentrations are reported for the rain period. ' Percentage of the sum of the mass concentrations of IEPOX, 2-
methyltetrols, Cs—alkenetriols, and 2-methylglyceric acid to the organic carbon. ! The concentration of SOC is reported in pgC m=.
The SOC contributions from isoprene oxidation were estimated using the tracer method developed by Kleindienst et al. (2007).
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Figure 2.1: GC/TOFMS data for trimethylsilylated IEPOX (MW 262): (A) EIC of m/z
262 for particle-phase IEPOX formed from the photooxidation of isoprene under low—NOy
conditions in the presence of acidified sulfate seed aerosol, (B) EI mass spectrum for the
chromatographic peak at retention time (RT) = 23.23 min, (C) EIl mass spectrum for the
chromatographic peak at RT = 23.73 min, (D) EIC of m/z 262 for IEPOX detected during
the daytime on August 9, 2008 at the JST site, (E) EI mass spectrum for the
chromatographic peak at RT = 23.35 min, (F) EI mass spectrum for the chromatographic
peak at RT = 23.86 min. The ion at m/z 227 in the mass spectra obtained for the ambient
sample (E and F) is most likely due to coelution from an interfering compound.
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Figure 2.2: Proposed fragmentation pathways of trimethylsilylated 2,3—epoxy—2—-methyl—
1,4-butanediol (threo and erythro forms) upon electron ionization—mass spectrometry. The
same reactions at the other side of the molecular ion lead to the m/z 131, 130, and 115 ions
in the case of pathway (A) and to the very minor m/z 204 ion in the case of pathway (B).
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Chapter 3

Influence of Aerosol Acidity on the Chemical
Composition of Secondary Organic Aerosol

from p—caryophyllene*

*Reproduced with permission from “Influence of Aerosol Acidity on the Chemical Composition of Secondary
Organic Aerosol from B-caryophyllene” by Chan, M. N., Surratt, J. D., Chan, A. W. H., Schilling, K.,
Offenberg, J. H., Lewandowski, M., Edney, E. O., Kleindienst, T., Jaoui, M., Edgerton, E. S., Tanner, R. L.,
Shaw, S. L., Zheng, M., Knipping, E. M., and Seinfeld, J. H. Atmospheric Chemistry and Physics, 11, 1735-
1751, 2011. Copyright 2011 by Authors. This work is licensed under a Creative Commons License.
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3.1 Abstract

The secondary organic acrosol (SOA) yield of —caryophyllene photooxidation is enhanced
by aerosol acidity. In the present study, the influence of aerosol acidity on the chemical
composition of P—caryophyllene SOA is investigated using ultra—performance liquid
chromatography/electrospray ionization-time—of-flight mass spectrometry (UPLC/ESI-
TOFMS). A number of first—, second—, and higher—generation gas—phase products having
carbonyl and carboxylic acid functional groups are detected in the particle phase. Particle—
phase reaction products formed via hydration and organosulfate formation processes are
also detected. Increased acidity leads to different effects on the abundance of individual
products; significantly, abundances of organosulfates are correlated with aerosol acidity. To
our knowledge, this is the first detection of organosulfates and nitrated organosulfates
derived from a sesquiterpene. The increase of certain particle—phase reaction products with
increased acidity provides chemical evidence to support the acid—enhanced SOA vyields.
Based on the agreement between the chromatographic retention times and accurate mass
measurements of chamber and field samples, three p—caryophyllene oxidation products
(i.e., P—nocaryophyllon aldehyde, p-hydroxynocaryophyllon aldehyde, and [—
dihydroxynocaryophyllon aldehyde) are suggested as chemical tracers for f—caryophyllene
SOA. These compounds are detected in both day and night ambient samples collected in
downtown Atlanta, GA, and rural Yorkville, GA, during the 2008 August Mini—Intensive

Gas and Aerosol Study (AMIGAS).
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3.2 Introduction

Secondary organic aerosol (SOA) formation from the oxidation of biogenic precursors,
such as isoprene (CsHg), monoterpenes (CioH1s), sesquiterpenes (C1sH24), and oxygenated
terpenes, contributes significantly to atmospheric aerosol mass (Hallquist et al., 2009 and
references therein). —caryophyllene (CisHy4) is one of the most reactive sesquiterpenes,
with two double bonds (one endocyclic and one exocyclic), and has reactivity toward
ozone (O3), hydroxyl radicals (OH), and nitrate radicals (NO3). Shu and Atkinson (1994,
1995) estimated that under typical tropospheric conditions the lifetime of f—caryophyllene
with respect to O3 and OH reaction is 2 min and 53 min, respectively. f—caryophyllene also
has a high aerosol formation potential (Griffin et al., 1999; Jaoui et al., 2003; Lee et al.,
2006ab; Ng et al., 2006; Winterhalter et al., 2009; Li et al., 2010). A range of aerosol yields
(mass of SOA formed per mass of hydrocarbon reacted) has been reported (O3: 5-46%;

OH: 17-68%), depending on the aerosol organic mass and experimental conditions.

Particle—phase products of B—caryophyllene ozonolysis have been extensively studied in
the presence or absence of ammonium sulfate ((NH4).SO,) seed particles. A number of
first—generation ozonolysis products, such as aldehydes (e.g., f—caryophyllon aldehyde and
B-hydroxycaryophyllon aldehyde) and acids (e.g., P—caryophyllonic acid and p-
caryophyllinic acid), have been identified (Calogirou et al. 1997; Jaoui et al. 2003;
Kanawati et al., 2008; Winterhalter et al. 2009; Li et al. 2010). Ng et al. (2006) observed
continued aerosol growth after all p—caryophyllene was consumed in ozonolysis and

photooxidation experiments, demonstrating the importance of second— or higher—
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generation reactions. More recently, Li et al. (2010) showed that first-generation
ozonolysis products, which still contain a double bond, can be oxidized to second-
generation  ozonolysis  products (e.g., p-nocaryophyllon aldehyde and p—
hydroxynocaryophyllon aldehyde), which represent a larger contribution to the SOA mass
than first—generation ozonolysis products. f—caryophyllinic acid has been detected in both
chamber and ambient aerosol samples and has been suggested as a tracer for P—
caryophyllene SOA (Jaoui et al., 2007). Using the tracer—to—SOA mass fractions obtained
in laboratory chamber experiments, —caryophyllene SOA is estimated to contribute about
1-10% of the atmospheric aerosol organic mass in the southeastern and midwestern United

States (Kleindienst et al., 2007).

Chamber studies have shown that increasing aerosol acidity enhances SOA formation from
the oxidation of certain biogenic hydrocarbons such as isoprene, a—pinene, and p—pinene
(Kroll and Seinfeld, 2008, and references therein). Acid—catalyzed reactions (e.g.,
hydration, esterification, hemiacetal/acetal formation, aldol condensation) leading to the
formation of higher molecular-weight compounds have been proposed to explain the
enhanced SOA vyields (Jang et al., 2002). When the acidity is provided by sulfuric acid
(H2SO,), sulfate esters (or organosulfates) can form (Liggio and Li, 2006; Surratt et al.,
2007ab, 2008; linuma et al., 2009). By comparing mass spectrometric measurements for
both laboratory—generated and ambient aerosol, linuma et al. (2007) and Surratt et al.
(2007ab, 2008) have reported the presence of organosulfates derived from isoprene, o—

pinene, B—pinene, and limonene-like monoterpenes (e.g., myrcene) in ambient aerosol.
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SOA yields are enhanced by aerosol acidity in the photooxidation of mixtures of -
caryophyllene/NOyx (Offenberg et al. 2009). In this chapter, the influence of aerosol acidity
on the chemical composition of pB—caryophyllene SOA from p—caryophyllene
photooxidation is investigated using ultra—performance liquid chromatography/electrospray
ionization—time—of-flight mass spectrometry (UPLC/ESI-TOFMS). Certain -
caryophyllene reaction products are shown to serve as tracers for the identification of f—
caryophyllene SOA in ambient aerosol collected in downtown Atlanta (at Jefferson Street
(JST)), GA and rural Yorkville (YRK), GA during the 2008 August Mini—Intensive Gas

and Aerosol Study (AMIGAS).

3.3 Experimental Section

B—caryophyllene/NOx irradiation experiments in the presence of seed aerosol of varying
acidity were carried out in a 14.5 m*® fixed volume Teflon—coated reaction chamber at 297
K and 30% RH. Details of the experiments have been given in Offenberg et al. (2009).
Initial aerosol acidity was controlled by nebulizing dilute agueous (NH4).SO,4 /H,SO4
solutions. To change the acidity of the seed aerosol, the ratio of the two liquids was
changed to produce a constant aerosol sulfate concentration of 30 pg m™ across the range
of resulting acidities. The reaction chamber was operated as a continuous stirred tank
reactor, having a residence time of 6 h, to produce a constant, steady-state aerosol
distribution. For the aerosol acidity measurement, filters were extracted by sonication for
30 min using 10 mL of distilled, deionized water in a 50 mL polypropylene vial. Once the

extract cooled to room temperature, the pH of each extract was measured with a Mettler—
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Toledo MP220 pH meter using an InLab 413 pH electrode. Aerosol acidity is expressed as
the hydrogen ion air concentrations ([H']ar), Which were calculated by dividing the
measured aqueous concentration of the hydrogen ion by the volume of air collected. Table
3.1 summarizes the steady-state concentrations of gas—phase species, aerosol acidity, and

secondary organic carbon (SOC) for the experiments.

For the chemical analysis, aerosol was collected on Teflon impregnated glass fiber filters
(Pall Gelman Laboratory, 47 mm diameter, Teflon impregnated). To collect sufficient
aerosol mass for the analysis, about 0.7-1.0 mg was collected on each filter and the
sampling air volume was about 15.4-16.3 m®. One-half of each filter was extracted with
methanol (LC-MS CHROMASOLV-grade, Sigma—Aldrich) under ultrasonication for 45
min. The extract was dried under ultra—pure nitrogen gas, and the residue was reconstituted
with a 50:50 (v/v) solvent mixture of methanol with 0.1% acetic acid (LC-MS
CHROMASOLV-grade, Sigma—Aldrich) and water with 0.1% acetic acid (LC-MS
CHROMASOLV-grade, Sigma—Aldrich). Day (10 AM-6 PM, local time)- and night (10
PM-6 AM, local time)—segregated PM s (particulate matter with an aerodynamic diameter
< 2.5 um) high-volume quartz filter samples (i.e., quartz microfibre, 20.3 x 25.4 cm,
Whatman) were collected from JST and YRK sites during the 2008 AMIGAS campaign
and were analyzed for the presence of —caryophyllene SOA constituents. Details of the
2008 AMIGAS campaign, filter collection, and sample preparation procedures are given by
Chan et al. (2010). Both chamber and field sample extracts were analyzed by UPLC/ESI-

TOFMS operated in both positive and negative ion modes. Details of the UPLC/ESI-
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TOFMS analysis have been given in Surratt et al. (2008). All accurate mass measurements
were within +/-5 mDa of the theoretical mass associated with the proposed chemical
formula for each observed ion. Owing to the lack of authentic standards or suitable
surrogates, concentrations are reported as the sum of the UPLC chromatographic peak area
of the ions normalized by the volume of air collected. From repeated UPLC/ESI-TOFMS
measurements, the variations in the chromatographic peak areas are about 5%. The

concentrations are not corrected for extraction efficiencies.

3.4 Results and Discussion

Gas— and particle-phase reactions. In the series of B—caryophyllene photooxidation
experiments, p—caryophyllene and its gas—phase products react with O3 and OH in the
presence of NOy. Rate constants (296 K) for the reaction of f—caryophyllene with O3 (ko3
=1.16 x 10 cm® molecule™s™) and OH (kon = 1.97 x 107 cm® molecule™s™) have
been reported by Shu and Atkinson (1994, 1995). At steady state in the reaction chamber,
the O level was 24-29 ppb (5.93 x 10 — 7.16 x 10™ molecules cm™) (Table 3.1). The
OH concentration in the chamber was not directly measured. At an assumed OH level of
10° molecules cm™, the ratio of the rates of f—caryophyllene reaction with O3 to OH at the
O3 levels in the reaction chamber is about 36. p—caryophyllene ozonolysis is therefore
likely the dominant reaction pathway in the first oxidization step. The two double bonds of
B—caryophyllene have different reactivity with respect to Os;. Nguyen et al. (2009)
predicted that the rate coefficient for O3 attack on the exocyclic double bond is less than

5% of that for O3 attack on the endocyclic double bond. Thus, addition of O3 to the
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endocyclic double bond is likely the dominant reaction of —caryophyllene with O3. Since
O3 and OH are in excess relative to B—caryophyllene in the reaction chamber, the
remaining double bond (either exocyclic or endocyclic) of the first—generation products
undergoes a second ozonolysis or reacts with OH, leading to second- or higher—generation
products. Based on an average rate coefficient for the ozonolysis of the first—generation
products (ko = 1.1 x 107*® cm® molecule™s™) reported by Winterhalter at al. (2009) at 295
K, the average lifetime of the first—generation products with respect to ozonolysis is about
3.5 t0 4.2 h. Rate coefficients for the photooxidation of the first-generation products have
not been reported. If the rate coefficient for the photooxidation of f—caryophyllene is used
(kon = 1.97 x 10 cm® molecule™’s™), as an approximation, the average lifetime of the
first—generation products with respect to photooxidation is about 1.4 h at an OH level of
10° molecules cm™. Thus, the first-generation products can be further oxidized in the gas

phase at the residence time in the reaction chamber.

The gas—phase chemistry of —caryophyllene in our system involves OH, O3, and NOy. For
clarity and simplicity, we focus on the reactions of the first—generation products of B—
caryophyllene in the gas and particle phases, leading to particle—phase products detected by
UPLC/ESI-TOFMS (Scheme 3.1). Formation mechanisms of f—caryophyllon aldehyde, p—
hydroxycaryophyllon aldehyde, p—oxocaryophyllon aldehyde, and pB-norcaryophyllon
aldehyde from the photooxidation and ozonolysis of f—caryophyllene have been proposed
(Jaoui et al., 2003; Lee et al.,, 2006ab; Winterhalter et al., 2009; Li et al., 2010).

Additionally, ring—retaining compounds can form (Jaoui et al., 2003; Lee et al., 2006b). For
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example, B—caryophyllene oxide can form from the reaction of —caryophyllene with O3
similar to a—pinene oxide formation (linuma et al., 2009) and has been detected in both
gas— and particle phases in the ozonolysis of B—caryophyllene (Jaoui et al. 2003). p—
caryophylla ketone can form from p—caryophyllene reaction with O3 or OH at its exocyclic
double bond (Jaoui et al., 2003; Lee et al., 2006b). The first-generation ring—retaining
compounds, which contain an unreacted double bond, can be further oxidized before

partitioning to the particle phase.

Schemes 3.2 — 3.5 show the further oxidation of the first—generation products, leading to
compounds detected by ESI in the particle phase. In the presence of excess Oz and OH, it
can be assumed that the remaining double bond (exocyclic double bond) of the gas—phase
products will be rapidly oxidized. Reaction of gas—phase products with O3 generally
proceeds via four channels: stabilized Criegee intermediates (CIs), isomerization,
hydroperoxide, and ester channels. Detailed reaction mechanisms for these channels have
been given by Jaoui et al. (2003), Winterhalter et al. (2009), and Li et al. (2010). Stabilized
Cls and hydroperoxide channels are considered to explain the formation of detected
compounds. The stabilized Cls can react with H,O, NO,, and carbonyls. The stabilized Cls
channel (SCI) here refers to the reaction between the stabilized Cls and H,O or NO; to
form carbonyls. For example, f—caryophyllon aldehyde and p—caryophyllonic acid undergo
oxidation by O3 on their exocyclic double bond, forming p—nocaryophyllon aldehyde and
B—nocaryophyllonic acid (Scheme 3.2). The stabilized Cls can react with carbonyls to form

secondary ozonides (SOZ). Winterhalter et al. (2009) have detected the presence of SOZ in
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the particle phase using Fourier transform infrared spectroscopy in their f—caryophyllene
ozonolysis experiments. SOZ were not detected in the particle phase in the present study. It
is possible that SOZ may decompose to form organic acids in the particle phase under
acidic conditions (or during the analytical procedure) (Winterhalter et al. 2009). For the
hydroperoxide channel, the Cls can rearrange via a 1,4-hydrogen shift to a vinyl
hydroperoxide, which can subsequently form hydroxyl carbonyls and dicarbonyls
(Winterhalter et al., 2009). The hydroperoxide channel refers to the formation of hydroxyl
carbonyls. For example, p—caryophyllon aldehyde undergoes oxidation by O3z on the

exocyclic double bond forming p—hydroxynocaryophyllon aldehyde (Scheme 3.2).

The OH reaction with the exocyclic double bond of the gas—phase products forms alkyl
radicals, followed by rapid addition of O, to yield peroxy radicals. In the presence of NOy,
peroxy radicals react with NO to form either alkoxy radicals plus NO, or organic nitrates.
Alkoxy radicals can also form from the reactions between peroxy radicals. Alkoxy radicals
can decompose, isomerize or react with O,. Here, alkoxy radicals are considered to
undergo decomposition to produce a carbonyl and an alkyl radical (CH,OH-). For
example, P-nocaryophyllon aldehyde can form from the reaction of p—caryophyllon
aldehyde with OH at its exocyclic double bond (Scheme 3.2). Many gas—phase products
have an aldehyde group. An aldehydic hydrogen atom can be abstracted by OH to produce
an acyl radical, which rapidly adds O, to yield an acyl peroxy radical. The reaction of acyl
peroxy radicals with HO, forms carboxylic acid (Winterhalter et al., 2009). The acyl

peroxy radicals can also react with NO and subsequently undergo decomposition or can
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react with NO; in the presence of NOx to form peroxyacyl nitrates. The reaction of acyl
peroxy radicals with HO, to form carboxylic acid may explain the formation of acids
detected in the particle phase. For example, acyl peroxy radicals formed from the aldehydic
hydrogen abstraction of B—caryophyllon aldehyde can react with HO, to form B-
caryophyllonic acid (Scheme 3.2). However, it cannot be ruled out that the acids can form
via other reaction pathways in the gas and particle phases. The OH abstraction of secondary
or tertiary hydrogen may also occur (Jaoui et al., 2003) but is not considered here. Once the
gas—phase products partition into the particle phase, they may undergo further chemical
reactions. Reaction products formed via hydration and organosulfate formation have been

detected in the particle phase, as discussed below.

Particle-phase f—caryophyllene products. Tables 3.2 — 3.5 summarize the compounds
detected by UPLC/ESI-TOFMS in both positive and negative ion modes in the series of f—
caryophyllene/NOyx irradiation experiments. Proposed chemical structures are derived from
accurate mass measurements, proposed reaction pathways, and previously identified
chemical structures reported in the literature (Jaoui et al. 2003; Kanawati et al., 2008;
Winterhalter et al. 2009; Li et al. 2010). Table 3.2 shows the compounds detected by ESI in
the positive ion mode. Products having carbonyl groups can be ionized via proton
attachment to form [M+H]" ions and are detected in the positive ion mode (Kanawati et al.,
2008). Adducts with sodium [M+Na]" and with methanol + sodium [M+CH3;OH+Na]" are
used for redundant determination of the chemical formulas of the products (Li et al., 2010).

Recently, Parshintsev et al. (2008) have synthesized B—caryophyllene aldehyde and p—
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nocaryophyllone aldehyde. They reported that sodium adduct ions were the most abundant
ions in their accurate mass measurements using ESI-TOF and could be used for
identification and quantification of these two compounds in the aerosol samples by liquid
chromatography—mass  spectrometry. First—generation ~ products  (e.g., B-
hydroxycaryophyllon aldehyde) and second—generation products (e.g., p—nocaryophyllon
aldehyde, p—hydroxynocaryophyllon aldehyde, and B—dihydroxynocaryophyllon aldehyde)

are detected in the particle phase.

Table 3.3 shows the compounds detected by ESI in negative ion mode. Products having a
carboxylic acid group can be ionized via deprotonation and are detected in the negative ion
mode as [M-H]  ions. Several acids detected such as P—caryophyllonic acid, p—
caryophyllinic acid, P-nocaryophyllonic acid, p-hydroxycaryophyllonic acid, p—
hydroxynocaryophyllonic acid, and p—oxocaryophyllonic acid have been reported (Jaoui et
al., 2003, Winterhalter et al., 2009, Li et al., 2010). Based on the accurate mass
measurements and  proposed reaction pathways, three new acids (-
dihydroxycaryophyllonic  acid, = p-hydroxynornocaryophyllonic  acid, and f—
oxonocaryophyllonic acid) are tentatively identified in this study. p—caryophyllinic acid
and B-nocaryophyllonic acid have the same chemical formula (C14H2,04) and cannot be
differentiated in the accurate mass measurements, especially since our study lacked

authentic standards as well as tandem MS data.
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B—caryophyllonic acid and p—caryophyllinic acid have traditionally been detected as first—
generation products in the ozonolysis of B—caryophyllene. In the presence of OH and NOy,
B—caryophyllonic acid can form from the oxidation of f—caryophyllon aldehyde, which can
form in the ozonolysis and photooxidation of B—caryophyllene (Scheme 3.2). -
caryophyllonic acid thus can be considered as either a first— or second—generation product.
A number of other acids have been detected in this study. As shown in Schemes 3.2 — 3.5,
many first- or higher—generation gas—phase products formed from the reaction of p—
caryophyllene with O3 and OH have an aldehyde group. In the presence of OH, the
aldehydic hydrogen can be abstracted by OH, leading to an acyl peroxy radical, which
reacts with HO, to give a carboxylic acid. This pathway could explain the formation of
most of the organic acids observed in this study. However, it cannot be ruled out that the
acids can form via other reaction pathways in the gas and particle phases. As shown in
Tables 3.2 and 3.4, nitrogen—containing compounds have been detected by ESI in both
positive and negative ion modes. The formation of nitrogen—containing compounds may
attribute to the gas—phase reactions of peroxy radicals with NO; however, heterogeneous
reaction processes in the particle phase (e.g., reactions between ammonia/ammonium ions
with condensed gas—phase products containing carbonyl groups) cannot be completely

ruled out (Noziére et al., 2009; Bones et al. 2010) and warrants future investigation.

Particle—phase reaction products formed via hydration and organosulfate formation of gas—
phase products have been detected. Condensed gas—phase products can undergo hydrolysis

in the particle phase. For example, a carbonyl group of B-hydroxycaryophyllonic acid
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could be hydrated into a diol (Scheme 3.3). The hydrated gas—phase products tend to have
low volatility and are preferentially present in the particle phase. Compounds having
molecular weights larger than 300 Da have been detected. It is likely that these compounds
are esters, which can be detected by ESI due to their stability and ionization efficiency
(Camredon et al., 2010). Several organosulfates, as well as two nitrated organosulfates,
have been detected (Table 3.5). As shown in Schemes 3.1 — 3.5, many gas—phase products
contain hydroxyl groups, carbonyl groups, epoxide groups, or a combination of these
groups. Organosulfates can possibly form from the particle—phase esterification of sulfate
ions with gas—phase products containing one or more hydroxyl groups; however, this
reaction process has been shown to be kinetically infeasible for smaller alcohols at
atmospherically relevant pH conditions (Minerath et al., 2008, 2009). Additionally,
organosulfates can form from gas—phase products containing an aldehyde or a keto group.
The reaction involves the electron pair of the carbonyl oxygen accepting a proton,
producing the oxonium ion, and becoming susceptible to nucleophilic attack from a lone
pair of electrons on one of the oxygen atoms of the sulfate ions (Surratt et al., 2007a, 2008).
B—caryophyllene oxide can form in the ozonolysis of B—caryophyllene (Jaoui et al. 2003);
this compound has been detected in a forested area in central Greece (Pio et al., 2001).
Recent work has shown that organosulfates can form from the reactive uptake of epoxide
intermediates (Minerath et al., 2009), such as those derived from isoprene (Cole—Filipiak et
al., 2010; Eddingsaas et al., 2010; Surratt et al., 2010) or from a— and p—pinene (linuma et
al., 2009). Reactive uptake of simple epoxides leading to organosulfates has been

estimated to be Kkinetically feasible under atmospherically relevant pH conditions (Minerath
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et al., 2009; Cole—Filipiak et al., 2010, Eddingsaas et al., 2010). Similar to isoprene—
derived epoxydiols and o~ and B—pinene oxides, the sulfate ester of m/z 317 (Table 3.5)
likely arises from the acid—catalyzed ring opening of p—caryophyllene oxide in the presence
of acidic sulfate (Scheme 3.1). Most recently, organosulfates have also been shown to form
from the irradiation of the aqueous—aerosol phase that contains sulfate (Galloway et al.,
2009; Rudzinski et al., 2009; Noziére, et al., 2010; Perri et al., 2010). The formation of
organosulfates via sulfate radical reaction mechanisms may warrant further investigation.
It is noted that isobaric organosulfates cannot be differentiated by the accurate mass
measurements; however, further tandem MS studies, as well as synthesis of authentic
standards, could elucidate these isobaric structures. Depending on the p—caryophyllene
oxidation product (e.g., carbonyls or epoxides) formed, a number of chemical pathways

may be leading to the formation of the organosulfates we observe.

Bonn and Moortgat (2003) and Li et al. (2010) have suggested that new particle formation
can be initiated by very low volatile gas—phase products produced from B—caryophyllene
ozonolysis. In the present study, some particle—phase products (first— or higher—generation
products) form dimers in the mass spectra collected in the negative ion mode of ESI (e.g.,
for B—caryophyllonic acid (MW 252, C15H2403) [2M — H]™ at m/z 503 (C3H27067) was
detected). No dimer formation was observed for organosulfates despite relatively high
signal intensity of these compounds. Although dimer formation could be potential artifacts
of the ESI, the importance of dimer formation of B—caryophyllene gas—phase products to

new particle formation can be noted and certainly warrants further investigation.
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Influence of aerosol acidity on the f—caryophyllene SOA composition. In the series of p—
caryophyllene/NOy irradiation experiments, the aerosol acidity ranged from 112 to 1150
nmol H* m™ and SOA concentrations ranged from 9.97 to 34.0 ug C m™. Higher SOA
concentrations were measured in the presence of increased aerosol acidity. For comparison,
field measurements of aerosol acidity as [H'].ir have been reported (e.g., Liu et al., 1996;
Pathak et al. 2003, 2004; Surratt et al., 2007b). The [H'].ir generally ranged from about 20
to 130 nmol H* m™. Aerosol acidities have been observed to exceed 300 nmol of H* m™
during episodes of high photochemical activity in the eastern U.S. For example, Liu et al.
(1996) observed an aerosol acidity of up to 400 nmol of H* m™ in particles collected from
Uniontown, PA. Since changes in the aerosol acidity in the present study had no significant
direct effect on the gas—phase chemistry in these series of experiments (Offenberg et al.,
2009), changes in the composition of f—caryophyllene SOA at different acidities is likely
attributed to the particle—phase reactions. Figures 3.1 — 3.5 show the concentrations of
compounds detected by ESI in both positive and negative ion modes in the series of f—
caryophyllene/NOy irradiation experiments. Different effects of acidity on the abundance
of individual compounds have been observed. For gas—phase products (Figures 3.1 — 3.3)
and nitrogen—containing compounds (Figure 3.4) detected, some compounds (B—
hydroxynocaryophyllon  aldehyde, = B-dihydroxynocaryophyllon  aldehyde, B-
oxonocaryophyllonic acid, and p-hydroxynocaryophyllonic acid) show an increase with
increasing aerosol acidity, while other compounds (B-nocaryophyllon aldehyde, -
hydroxycaryophyllon aldehyde, B—caryophyllonic acid, and B—hydroxycaryophyllonic acid)

exhibit a decrease at higher aerosol acidity. It is also seen that acidity has no significant
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effect on the concentration of some compounds (B—hydroxynornocaryophyllonic acid and

B—dihydroxynocaryophyllonic acid).

For particle—phase reaction products, many hydrated compounds are detected at low
aerosol acidity, while a few hydrated compounds (e.g., hydrated —caryophyllonic acid and
hydrated B-norcaryophyllonic acid) are detected only at higher aerosol acidity. The
concentrations of many, but not all, hydrated compounds are found to increase with
increasing aerosol acidity. By contrast, hydrated p—nocaryophyllonic acid has a lower
concentration at higher aerosol acidity. Different effects of aerosol acidity on the
concentration of high molecular weight compounds (MW > 300 Da) are observed. Figure
3.5 shows that the concentration of organosulfates and nitrated organosulfates generally
increases with increasing aerosol acidity, except m/z 349 and 363. The concentrations of
some organosulfates increase substantially with the aerosol acidity. For example, the signal
intensities for m/z 317 and 347 increase by a factor of ~ 8 at the highest aerosol acidity, as
compared to the lowest aerosol acidity. Also, a larger array of organosulfates is detected
under higher acidic conditions. The aerosol acidity and sulfate content determine not only
the concentration of organosulfates but also the kinds of organosulfates formed. To our
knowledge, this is the first detection of organosulfates and nitrated organosulfates derived

from a sesquiterpene.

Although the mechanisms by which acidity affects the concentrations of individual

compounds are not well understood, some observations can be made. It is found that not all
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particle—phase concentrations of gas—phase products increase with increasing aerosol
acidity. Although gas/particle equilibrium shifts further toward the particle phase due to
enhanced particle—phase reactions, the condensed gas—phase products can, as a result, react
in the particle phase to form other products (e.g., hydrated compounds and sulfate esters) at
an accelerated rate under acidic conditions. Because such reactions serve to convert the
specific partitioning species to another compound, the enhanced gas/particle equilibrium
does necessarily lead to an increase in the particle-phase concentration of gas—phase
products. Although an increase in gas/particle partitioning coefficients of gas—phase
products may help to capture the acid—enhanced SOA formation in a model (Kroll and
Seinfeld, 2005), increased acidity does not always lead to an increase in the particle—phase

concentration of gas—phase products.

The concentrations of particle—phase reaction products formed via acid—catalyzed reactions
are expected to increase with increasing aerosol acidity. However, a few hydrated gas—
phase products and some higher molecular weight compounds have a lower concentration
at higher aerosol acidity. It is possible that other chemical reactions (e.g., organosulfate
formation processes) may become kinetically more favorable and competitive at higher
aerosol acidity. Due to the complexity of chemical reactions that can potentially occur
among the compounds in the particle phase, it may not be surprising to see that the acidity
exhibits different effects on the concentration of particle—phase reaction products at
different acidities and not all classes of particle-phase reaction products have a higher

concentration at higher acidity.
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Overall, increased acidity exhibits different effects on the abundance of individual
compounds and does not always enhance the concentration of gas—phase and particle—
phase reaction products. Varying acidity also changes the product distribution. Although
qualitative data are obtained for the concentrations, the relative increase in concentration of
many gas—phase and particle-phase reaction products provides chemical evidence for the

acid—enhanced SOA formation from p—caryophyllene/NOy irradiation experiments.

3.5 Conclusions and Atmospheric Implications

Chemical characterization of particle-phase products in the chamber samples can suggest
possible chemical tracers for SOA formation from p—caryophyllene in ambient aerosol.
Fine ambient aerosol collected in downtown Atlanta, GA (JST), and rural Yorkville, GA
(YRK), during the AMIGAS campaign was analyzed for the presence of f—caryophyllene
SOA constituents characterized from the laboratory studies. As shown in Table 3.6, the
retention time and accurate mass measurements match very well for four ions detected in
both ambient and chamber samples by ESI in the positive ion mode. Three of these
compounds have been tentatively identified in the present study and are f—nocaryophyllon
aldehyde, p—hydroxynocaryophyllon aldehyde, and p—dihydroxynocaryophyllon aldehyde.
Each of these three compounds is a second—generation ozonolysis product previously
identified in p—caryophyllene ozonolysis (Li et al., 2010). As shown in Schemes 3.2 — 3.4,
these compounds can also be produced from the reaction of p—caryophyllene with a
combination of O3 and OH. The chemical structure of the compound (C15H2404) is not

known yet. Although the emission of p—caryophyllene drops sharply at night
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(Sakulyanontvittaya et al., 2008), all these compounds have been detected in most day and
night samples at both sites. As shown in Table 3.6, based on the limited sample sizes, p—
nocaryophyllon aldehyde showed a higher concentration in the nighttime samples at both
JST and YRK sites. No strong diurnal variation in the concentrations was observed for the
other compounds. Recently, Parshintsev et al. (2008) reported that p—nocaryophyllon
aldehyde was present in ambient aerosol collected during spring 2003 at Hyytiéld, Finland.

B—caryophyllon aldehyde was not detected in their ambient samples.

Gas/particle partitioning coefficients of the three aldehydes, K, (m* pg™), are estimated at
297 K (Pankow, 1994). As a first approximation, the activity coefficients of the products in
the particle phase are assumed to be unity and the molecular weight of the products is used
as mean molecular weight in the absorbing phase. Vapor pressures are estimated at 297 K
using the model developed by Pankow and Asher (2008). Saturation vapor pressure, c* is
inversely proportional to K, (c* ~ 1/ K;). The fraction F of a semivolatile compound in the
particle phase can be expressed in term of K, as F = MK/(1+MK,), where M is the amount
of absorbing material (ug m™). Based on estimated gas/particle partitioning coefficients of
B-nocaryophyllon aldehyde (K, = 25 x 102 m® ug™ c¢* = 400 pg m™),
B-hydroxynocaryophyllon aldehyde (K, = 0.37 m*® ug™; ¢* = 2.7 pg m™), and
B—dihydroxynocaryophyllon aldehyde (K, =54 m® ug™; ¢* = 0.018 ug m™), a significant
fraction of  B-hydroxynocaryophyllon aldehyde (F = 0.787) and p~
dihydroxynocaryophyllon aldehyde (F = 0.998) is present in the particle phase under

typical organic mass loading (M ~ 10 pg m™). A small portion of B-nocaryophyllon
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aldehyde (F = 0.024) can partition into the particle phase. The estimated saturated vapor
pressures of these compounds in the present work are lower by a factor of about 2—40 than

those estimated by Li et al. (2010) using a different vapor pressure estimation model.

Organosulfates detected in the laboratory—generated p—caryophyllene SOA were not
observed in the ambient samples collected from the AMIGAS campaign. It is possible that
the acidity of ambient acrosol is not strong enough for the formation of f—caryophyllene—
derived organosulfates. As shown in Figure 3.5, most organosulfates detected in the
chamber samples require high aerosol acidity (467-1150 nmol H* m™). It is worth noting
that isoprene—derived organosulfates (e.g., organosulfates of 2—methyltetrols) have been
detected in these AMIGAS ambient samples (Chan et al., 2010), which were also detected
in laboratory—generated isoprene SOA that employed a lower [H']4; that was between 275
and 517 nmol m~ (Surratt et al., 2007b). Although accurate mass measurements obtained in
the negative ion mode show that similar molecular ions were detected in both the AMIGAS
and chamber samples for some B—caryophyllene—derived acids, the chromatographic peaks
of these ions in the AMIGAS samples elute at different retention times (RT)(ART > 0.2
min) and may not correspond to those of the chamber samples, especially since our study
lacked authentic standards and tandem MS data. The detection of p—caryophyllinic acid in
ambient samples is also complicated by B—nocaryophyllonic acid. p—caryophyllinic acid
and B—nocaryophyllonic acid have the same chemical formula (C14H2,04) and cannot be

differentiated in the accurate mass measurements.
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Overall, the presence of f—caryophyllene products in ambient aerosol has been confirmed
based on the agreement of chromatographic retention times and accurate mass
measurements between chamber and field samples. These results suggest that the presence
of P—caryophyllene products in biogenic SOA can be used as an indication of its
contribution to SOA. B-nocaryophyllon aldehyde, B—-hydroxynocaryophyllon aldehyde,
and B—dihydroxynocaryophyllon aldehyde may be good candidates for p—caryophyllene

SOA tracers.
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Table 3.1: Steady state concentrations of gas—phase species, aerosol acidity, and secondary
organic carbon (SOC) for B—caryophyllene/NOx irradiation experiments, reproduced from
Offenberg et al. (2009)

Experiment A[HC] [NO] [NO, — NOJ O; [H T air SOC
(ppmC) (PpbV) (ppbV) (PpbV) (nmol m™®)  (ugC m™)

1 058 60 51 25 112 9.97

2 0.58 61 51 24 204 14.7

3 0.58 63 54 29 467 21.3

4 0.58 65 53 24 1150 34.0
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Table 3.2: Compounds detected by ESI in the positive ion mode in the series of
—caryophyllene/NOx irradiation experiments

Suggested [M+H]* [M+Na] + a Proposed
COE[]SISEL d chemical (Theoretical (Theoretical E‘?’Ah;gl::i(c):;\,::l) Sugges(tgzihzomn;;;ound chemical
p formula mass) mass) structure
CioH2 03" CioH1s03Na*
184(+)  CuoHasOs (185.1178) (207.0997)
a
238(+) C1aHrO C1Hz05" C14H2,03Na* CisHz04Na* $ —nocaryophyllon aldehyde %
urzs (239.1647) (261.1467) (293.1729) %)) o
v
o
a fﬂ
C1sHp3035" CisH»O03Na" B —oxocaryophyllon aldehyde
250(+)  CisH20s (251.1647) (273.1467) @) .
Vi
] }ﬂ
CyH» 04" C4Hy04Na* Ci5H,05Na* B —oxonocaryophyllon aldehyde
252a(+) CuH04 (253.1440) (275.1259) (307.1521) @ o
¥
o
14}
CisH2505" C16Hzs04Na* $ —hydroxycaryophyllon aldehyde® % ¢
2520(+)  CisHuOs (253.1804) (307.1885) @3) i
¥
C14H23NO3Na
C12H»NO + 14 23+ 3
N253(+) C14H23NO3 (?542175(5
: (276.1576)
CuHy04" CyH»04Na* Ci5Ho05Na* B —hydroxynocaryophyllon aldehyde ©©
254a(+) CuH204 (255.1596) (277.1416) (309.1678) ' .
Y
CisH03Na*
254b(+)  CisHaOs (277.1780)
C1sH2sNO3sNa
C1cHosNO + 15 25+ 3
N267(+) CisHsNO3 (125682;).913§
: (290.1732)
CisH250," CisH204Na"
268(+) C1sH204 (269.1753) (291.1572)
o
C14H05" C14H20sNa* C14H206Na" . c
270(+) C14H20s (271.1545) (293.1365) (325.1627) B —dihydroxynocaryophyllon aldehyde © (3) .
&
+ +
298(+) CisH206 Ci5H2306 Ci5H2,06Na

(299.1495) (321.1314)

Labels (+): Compound detected by ESI in positive ion mode; (-): Compound detected by ESI in negative
ion mode; N: Nitrogen—containing compound; S: Sulfate esters or nitrooxy sulfate esters. Number
represents the molecular weight of the compound. M is the compound. ® Terpene nomenclature (Larsen et
al., 1998); ® Only one possible isomer is shown for simplicity; © Compound has been reported by Li et al.
(2010); “ Compound has been reported by Winterhalter et al. (2009); ¢ Compound has been reported by
Jaoui et al. (2003); 309(+) has been detected by the ESI in positive ion mode in this study, however, no
reasonable chemical formula can be assigned.



73

Table 3.3: Compounds detected by ESI in the negative ion mode in the series of
B—caryophyllene/NOy irradiation experiments

Detection of

Suggested . a Proposed f .
ESI(-) [M—HT chemical Theoretical Suggested compound chemical dlmer_ln I_ESI
compound formula mass (Scheme) structure ® negative ion
mode
186(-) 185 CoH1304™ 185.0814
216(-) 215 C1H1505~ 215.0919
o
252a(-) 251 CuH104” 251.1283 c %
252b(-) 251 C1sH2303” 251.1647 B-caryophyllonic acid (2) & *° ‘tgi; CaoHa706™
B-nocaryophyllonic acid (2) ¢ <1:§/:<‘
254(-) 253 CuHz2 04 253.1440 CasHes05™
B—caryophyllinic acid ®%© ﬂ
256a(-) 255 C13H1905~ 255.1232 B—hydroxynornocaryophyllonic acid (5) ‘\:gf?: CosHze010”
256b(-) 255 C14H204~ 255.1596 Hydrated p—norcaryophyllonic acid (5) ‘\:ﬁi
266(-) 265 CisH2 04~ 265.1440 B~oxocaryophyllonic acid (4) ¢ “:gié
o g
268a(-) 267 CuHwOs~ 2671232 B-oxonocaryophyllonic acid (4) tgi;'
o
268b(-) 267 CisHz0,4” 267.1596 B-hydroxycaryophyllonic acid (3) ¢ “tg/__);g
70a() 269 CuuH2n 05~ 269.1389 B-hydroxynocaryophyllonic acid (2, 3) © N CsHa3010”
oH
270b(-) 269 CisH2504” 269.1753 Hydratedp—caryophyllonic acid (2) ‘f:(i{'
272(-) 271 C14H2%05~ 271.1545 Hydrated B-nocaryophyllonic acid (2) «f:gi;w CosHar O
284(-) 283 C1sH305” 283.1545 Hydrated p-oxocaryophyllonic acid (4) ﬁ CaoHarOm
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Table 3.3: Continued

Detection of

Suggested . a Proposed f .

ESI(-) [M—HT chemical Theoretical Suggested compound chemical dlmer_ in I_ESI

compound formula mass (Scheme) structure ® negative ion
mode
286a(-) 285 CuuH2 06~ 285.1338 B-dihydroxynocaryophyllonic acid (3, 4) CpsHa3012”
oH

286b(-) 285 Ci5H05~ 285.1702 Hydrated p—hydroxycaryophyllonic acid (3) CyHs1010”

294(-) 293 C17H2504™ 293.1753 CaHs10g”

312(-) 311 C13H270g™ 311.1706

314a(-) 313 CisH21 077 313.1287

314b(-) 313 Ci6H2506™ 313.1651

320(-) 319 C14H2308™ 319.1393

328(-) 327 CyHz06™ 327.1808

330a(-) 329 CisHzs077 329.1600

330b(-) 329 C17H2906™ 329.1964

Terpene nomenclature (Larsen et al., 1998); ® Only one possible isomer is shown for simplicity; © Compound
has been reported by Li et al. (2010); ¢ Compound has been reported by Winterhalter et al. (2009);
¢ Compound has been reported by Jaoui et al. (2003)
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Table 3.4: Compounds detected by ESI in the negative ion mode in the series of
—caryophyllene/NOx irradiation experiments (Nitrogen—containing compounds)

Suggested

ESI(-) [M-HJ" chemical Theoretical Suggested compound Proposed Detection of dimer in ESI
compound mass (Scheme) chemical structure ? negative ion mode
formula
N195(-) 194 C1oH12NO3™ 194.0817 CaH2sN206™
N345(-) 344 C1sH2sNO7™ 344.1709
N347(-) 346 C15H24NOg™ 346.1502 (3) CaHN2016~
ONGe
N349a(-) 348 C14H2NOg™ 348.1295 CogHasN201s”
N349b(-) 348 CisH2sNOg~ 348.1658 @ gi(-
N350(-) 349 C13H21N,049™ 349.1247
N363a(-) 362 C15H24NOg™ 362.1451 4) CaoHN2015™
ONOe
N363b(-) 362 C16H2sNOg™ 362.1815
N375(-) 374 C17HsNOg™ 374.1815
N546(-) 545 CasHg/N2015” 545.2347 C1,H1sNOg~ (Monomer)

2Only one possible isomer is shown for simplicity
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Table 3.5: Compounds detected by ESI in the negative ion mode in the series of
B—caryophyllene/NOx irradiation experiments (Organosulfates)

ESI(-) Suggested i Suggested Proposed chemical structure
compound [M-H] chemical Ther:)];:mal compound P
formula (Scheme)
S252(-) 251 CoH1506S™ 251.0589

S304(-) 303 CuHz0sS 303.1266 O 4@
oS0H
O050H
$318(-) 317 CisHpsOsS  317.1423 M J[:ggi
0S0,H
$320(-) 319 CuHz0sS 3101215 M. 6) ‘@ Jtci

[
S334a(-) 333 CuHz0,S 333008 @, @) ﬁi
»
o

S334b(-) 333 Ci5H2506S™ 333.1372 @

050H
5,
o OSOH o osop
$348(-) 347 CisHz078 347.1165 @), @) JE(i{_ 4:(/—:\-
s
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Table 3.5: Continued

ESI(-) Suggested ; Suggested Proposed chemical structure 2
compound [M-H]I chemical Theiggigcal compound P
formula (Scheme)

$350a(-) 349 CuHz0sS 3490057 2.3),@) ~\:§i‘<— JEC;Z

o 060

0603H
$350b(-) 349 CisHx0,S" 3491321 @.0) ch?:é-
s32) WL CuMu0iS  35L1IL @.0) ﬁ
oHO,

0S0H
ona,

OSGeH

Ty Y

o0s0H

S364a(-) 363 CisHz05S 3631114 @

S364b(-) 363 CsH207S” 363.1478

S380(-) 379 CisH2708S™ 379.1427

Nitrated Organosulfates

$363(-) 362 CisHxNO;S™  362.1273 o ﬂ:gi
$383(-) 382 CuHuNOGS™ 3821172 ) *@

2Only one possible isomer is shown for simplicity
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Table 3.6: B—caryophyllene products observed both in the series of p—caryophyllene/NOx
irradiation experiments and in fine ambient aerosol collected in downtown Atlanta, GA
(JST) and a rural location in Yorkville, GA (YRK) during the 2008 AMIGAS Campaign *

Compound Sample RTP [M+H]* Measured Theoretical mDa
(min) Formula mass mass
B-nocaryophyllon aldehyde Experiment 4 9.94 CigH2303" 239.1632 239.1647 -15
(C14H203) JST 080908D 9.91 239.1658 239.1647 11
238(+) JST 080908N 9.90 239.1654 239.1647 0.7
JST 090608D 9.91 239.1656 239.1647 0.9
JST 090608N 9.93 239.1642 239.1647 -0.5
YRK 081208D n.d.
YRK 081208N nd.
YRK 090608D 9.97 239.1670 239.1647 23
YRK 090608N 9.96 239.1674 239.1647 2.7
B-hydroxynocaryophyllon Experiment 4 9.78 CigH20,4" 255.1593 255.1596 -0.3
aldehyde
(C14H204) JST 080908D 9.75 255.1613 255.1596 17
254a(+) JST 080908N 9.76 255.1624 255.1596 2.8
JST 090608D 9.74 255.1619 255.1596 23
JST 090608N 9.78 255.1603 255.1596 0.7
YRK 081208D 9.76 255.1609 255.1596 13
YRK 081208N 9.80 255.1637 255.1596 4.1
YRK 090608D 9.80 255.1604 255.1596 0.8
YRK 090608N 9.79 255.1609 255.1596 13
C15H2404 Experiment 4 9.44 CisHp0,4" 269.1739 269.1753 -14
268(+) 9.60 269.1746 269.1753 -0.7
JST 080908D 9.41 269.1721 269.1753 =32
9.57 269.1739 269.1753 -14
JST 080908N 9.40 269.1706 269.1753 -4.7
9.56 269.1717 269.1753 -3.6
JST 090608D 9.40 269.1725 269.1753 -2.8
9.56 269.1741 269.1753 -1.2
JST 090608N 9.42 269.1750 269.1753 -0.3
9.59 269.1727 269.1753 -2.6
YRK 081208D 9.42 269.1737 269.1753 -16
9.59 269.1740 269.1753 -13
YRK 081208N 9.46 269.1749 269.1753 -04
9.61 269.1769 269.1753 1.6
YRK 090608D 9.45 269.1751 269.1753 -0.2
9.61 269.1738 269.1753 -15
YRK 090608N 9.45 269.1747 269.1753 -0.6
9.61 269.1755 269.1753 0.2
B—dihydroxynocaryophyllon Experiment 4 9.23 CisH2305" 271.1501 271.1545 4.4
aldehyde
(C14H205)° JST 080908D 9.20 271.1549 271.1545 0.4
270(+) JST 080908N nd.
JST 090608D 9.21 271.1561 271.1545 16
JST 090608N nd.
YRK 081208D 9.22 271.1570 271.1545 25
YRK 081208N 9.26 271.1571 271.1545 2.6
YRK 090608D 9.25 271.1548 271.1545 0.3

YRK 090608N n.d.
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Compound Sample RTP [M+Na]* Measured Theoretical mDa
(min) Formula mass mass
B-nocaryophyllon aldehyde Experiment 4 9.94 CiH2»03Na* 261.1465 261.1467 -0.2
(C14H203) JST 080908D 9.91 261.1490 261.1467 2.3
238(+) JST 080908N 9.90 261.1496 261.1467 29
JST 090608D 9.91 261.1495 261.1467 2.8
JST 090608N 9.93 261.1478 261.1467 11
YRK 081208D n.d.
YRK 081208N nd.
YRK 090608D 9.97 261.1476 261.1467 0.9
YRK 090608N 9.96 261.1432 261.1467 -35
B-hydroxynocaryophyllon Experiment 4 9.78 Ci4H2»04Na* 277.1374 277.1416 -4.2
aldehyde
(C14H204) JST 080908D 9.75 277.1424 277.1416 0.8
254a(+) JST 080908N 9.76 277.1424 277.1416 0.8
JST 090608D 9.74 277.1422 277.1416 0.6
JST 090608N 9.78 277.1431 277.1416 15
YRK 081208D 9.76 277.1422 277.1416 0.6
YRK 081208N 9.80 277.1435 277.1416 19
YRK 090608D 9.80 277.1430 277.1416 14
YRK 090608N 9.79 277.1426 277.1416 1.0
C15H2404 Experiment 4 9.44 CisH2404Na* 291.1525 291.1572 -4.7
268(+) 9.60 291.1528 291.1572 4.4
JST 080908D 9.41 291.1577 291.1572 0.5
9.57 291.1578 291.1572 0.6
JST 080908N 9.40 291.1565 291.1572 -0.7
9.56 291.1578 291.1572 0.6
JST 090608D 9.40 291.1578 291.1572 0.6
9.56 291.1561 291.1572 -11
JST 090608N 9.42 291.1581 291.1572 0.9
9.59 291.1575 291.1572 0.3
YRK 081208D 9.42 291.1548 291.1572 -24
9.59 291.1578 291.1572 0.6
YRK 081208N 9.46 291.1591 291.1572 19
9.61 291.1577 291.1572 0.5
YRK 090608D 9.45 291.1577 291.1572 0.5
9.61 291.1569 291.1572 -0.3
YRK 090608N 9.45 291.1578 291.1572 0.6
9.61 291.1567 291.1572 -05
B—dihydroxynocaryophyllon Experiment 4 9.23 C1sH20sNa* 293.1348 293.1365 -1.7
aldehyde
(C14H205)° JST 080908D 9.20 293.1395 293.1365 3
270(+) JST 080908N nd.
JST 090608D 9.21 293.1406 293.1365 41
JST 090608N nd.
YRK 081208D 9.22 293.1408 293.1365 43
YRK 081208N 9.26 293.1415 293.1365 5.0
YRK 090608D 9.25 293.1408 293.1365 43
YRK 090608N nd.
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Table 3.6: Continued

Compound Sample RT®  [M+CH3;OH+Na]* Measured  Theoretical mDa Concentration
(min) Formula mass mass d
B-nocaryophyllon aldehyde Experiment 4 9.94 CisH04Na* 293.1719 293.1729 -1.0
(C14aH203) JST 080908D 9.91 293.1734 293.1729 0.5 37
238(+) JST 080908N 9.90 293.1752 293.1729 23 53
JST 090608D 9.91 293.1723 293.1729 -0.6 2.7
JST 090608N 9.93 293.1727 293.1729 -0.2 14

YRK 081208D nd.
YRK 081208N n.d.

YRK 090608D  9.97 293.1734 293.1729 0.5 45
YRK 090608N 9.96 293.1743 293.1729 14 20
B-hydroxynocaryophyllon Experiment 4 9.78 CisH05Na* 309.1667 309.1678 -11
aldehyde
(C1sH204) JST 080908D 9.75 309.1671 309.1678 -0.7 25
254a(+) JST 080908N 9.76 309.1650 309.1678 -2.8 3.7
JST 090608D 9.74 309.1713 309.1678 35 19
JST 090608N 9.78 309.1707 309.1678 29 29
YRK081208D  9.76 309.1718 309.1678 4.0 8.1
YRK 081208N 9.80 309.1708 309.1678 3.0 17
YRK 090608D  9.80 309.1707 309.1678 29 29
YRK 090608N 9.79 309.1699 309.1678 21 21
CisH2 04 Experiment 4 9.44 n.d.
268(+) 9.60 nd.
JST 080908D 9.41 nd. 12
9.57 nd. 12
JST 080908N 9.40 nd. 14
9.56 nd. 16
JST 090608D 9.40 nd. 13
9.56 nd. 15
JST 090608N 9.42 nd. 11
9.59 nd. 15
YRK081208D  9.42 nd. 18
9.59 nd. 13
YRK081208N  9.46 nd. 11
9.61 nd. 12
YRK 090608D  9.45 nd. 2.0
9.61 nd. 2.0
YRK090608N  9.45 nd. 18
9.61 nd. 16
B—dihydroxynocaryophyllon Experiment 4 9.23 CisH06Na" 325.1674 325.1627 47
aldehyde
(C14H205)° JST 080908D 9.20 325.1645 325.1627 18 0.6
270(+) JST 080908N nd.
JST 090608D 9.21 325.1652 325.1627 25 0.7
JST 090608N nd.
YRK081208D  9.22 325.1650 325.1627 2.3 11
YRK 081208N 9.26 325.1646 325.1627 19 0.6
YRK090608D  9.25 325.1655 325.1627 2.8 0.5

YRK 090608N n.d.

n.d. = adduct ions are not detected; * Day (10 a.m. to 6 p.m., local time) and night (10 p.m. to 6 a.m., local
time); ® RT = retention time; © Weak signal intensity observed for ambient samples; GF 14 sample is chosen as
an example; ¢ Concentration is expressed in term of the intensity of ion normalized by the sampling air
volume (ion intensity/m?) in the AMIGAS samples.
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Figure 3.1: Concentration of compounds detected by ESI in positive ion mode in the series

of p—caryophyllene/NOy irradiation experiments. Chemical formulas and proposed

chemical structures of these compounds are given in Table 3.2.
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Figure 3.2: Concentration of compounds detected by ESI in negative ion mode in the

series of B—caryophyllene/NOy irradiation experiments. Chemical formulas and proposed

chemical structures of these compounds are given in Table 3.3.
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Figure 3.3: Concentration of compounds detected by ESI in negative ion mode in the
series of B—caryophyllene/NOy irradiation experiments. Chemical formulas and proposed
chemical structures of these compounds are given in Table 3.3.
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Figure 3.4: Concentration of compounds detected by ESI in negative ion mode in the

series of p—caryophyllene/NOx irradiation experiments (nitrogen—containing compounds).

Chemical formulas and proposed chemical structures of these compounds are given in

Table 3.4.
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Figure 3.5: Concentration of compounds detected by ESI in negative ion mode in the
series of P—caryophyllene/NOx irradiation experiments (organosulfates and nitrated
organosulfates). Chemical formulas and proposed chemical structures of these compounds
are given in Table 3.5.
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Scheme 3.1: Proposed reaction pathways of P—caryophyllene, leading to compounds
detected by ESI in the particle phase. Boxes indicate compounds detected by ESI in the
particle phase. One possible structural isomer is shown. SCI is the stabilized Criegee

intermediates channel.
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Scheme 3.2: Proposed reaction pathways of p—caryophyllon aldehyde, leading to
compounds detected by ESI in the particle phase. Formation mechanism of —caryophyllon
aldehyde from the photooxidation and ozonolysis of p—caryophyllene (Lee et al., 2006b;
Winterhalter et al., 2009). Boxes indicate compounds detected by ESI in the particle phase.
One possible structural isomer is shown. SCI is the stabilized Criegee intermediates
channel. HP is the hydroperoxide channel.

Q
% "‘ Q
Scmyoplyilon 0”’%’:&8’ RO, Atgii

°"'o S-tocapophyton
é/
W
orRoz
Boydro mny;’: phyllon B-caryophyllonlc acld

H
B-hydroxynecaryophyllonic acid \

e

Gas Phase
Q
Particle Phase
H o
° N H Ho—/oNo, OH B hyll
aldehyde ‘aldohyde b S-nocaryophyllonic ackd ?mp
‘ 254a(+) 27'3';(_) 252b() ) "2540) é;'é'(:)
__ | | / \ 1/ \
% Ho 9803 Ho P Ho PEOH
08 % ‘i:g; % ONO, " ) 4‘:;1‘
] OH 8
8334b() 8334a0) 27000 $350b(, N349b(-) i ™| sss2)
S350a()




88

Scheme 3.3: Proposed reaction pathways of p—hydroxycaryophyllon aldehyde, leading to
compounds detected by ESI in the particle phase. Formation mechanism of -
hydroxycaryophyllon aldehyde from the ozonolysis of p—caryophyllene (Winterhalter et
al., 2009). p—14-hydroxycaryophyllon aldehyde is chosen as illustration. Boxes indicate
compounds detected by ESI in the particle phase. One possible structural isomer is shown.
SCl is the stabilized Criegee intermediates channel. HP is the hydroperoxide channel.
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Scheme 3.4: Proposed reaction pathways of pB—oxocaryophyllon aldehyde, leading to
compounds detected by ESI in the particle phase. Formation mechanism of -
oxocaryophyllon aldehyde from the ozonolysis of p—caryophyllene (Winterhalter et al.,
2009). p-14-oxocaryophyllon aldehyde is chosen as illustration. Boxes indicate
compounds detected by ESI in the particle phase. One possible structural isomer is shown.
SCl is the stabilized Criegee intermediates channel.
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Scheme 3.5: Proposed reaction pathways of B-norcaryophyllon aldehyde, leading to
compounds detected by ESI in the particle phase. Formation mechanism of B—
norcaryophyllon aldehyde from the ozonolysis of p—caryophyllene (Winterhalter et al.,
2009). Boxes indicate compounds detected by ESI in the particle phase. One possible
structural isomer is shown. HP is the hydroperoxide channel.
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Chapter 4

Modeling of Secondary Organic Aerosol

Yields from Laboratory Chamber Data*

*Reproduced with permission from “Modeling of Secondary Organic Aerosol Yields from Laboratory
Chamber Data” by Chan, M. N., Chan, A. W. H., Chhabra, P. S., Surratt, J. D., and Seinfeld, J. H.
Atmospheric Chemistry and Physics, 9, 5569-5580, 2009. Copyright 2009 by Authors. This work is licensed
under a Creative Commons License.
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4.1 Abstract

Laboratory chamber data serve as the basis for constraining models of secondary organic
aerosol (SOA) formation. Current models fall into three categories: empirical two—product
(Odum), product—specific, and volatility basis set. The product-specific and volatility basis
set models are applied here to represent laboratory data on the ozonolysis of a—pinene
under dry, dark, and low-NOy conditions in the presence of ammonium sulfate seed
aerosol. Using five major identified products, the model is fit to the chamber data. From the
optimal fitting, SOA organic—to—carbon (O/C) and hydrogen—to—carbon (H/C) ratios are
modeled. The discrepancy between measured H/C ratios and those based on the oxidation
products used in the model fitting suggests the potential importance of particle—phase
reactions. Data fitting is also carried out using the volatility basis set, wherein oxidation
products are parsed into volatility bins. The product—specific model is most likely hindered
by lack of explicit inclusion of particle-phase accretion compounds. While prospects for
identification of the majority of SOA products for major volatile organic compounds
(VOCs) classes remain promising, for the near future empirical product or volatility basis

set models remain the approaches of choice.

4.2 Introduction

Laboratory chamber data are needed to determine secondary organic aerosol (SOA) yields
from volatile organic compounds (VOCs). The fundamental concept on which all

descriptions of SOA formation lie is that SOA comprises a mixture of semi-volatile
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organic compounds that partition between the gas and particle phases (Pankow, 1994a,
1994b; Odum et al., 1996; Hallquist et al., 2009). Gas—particle partitioning of each
compound is described by an equilibrium partitioning coefficient, K,

P 1
-~ (41
oM o

where G is the mass concentration per unit volume of air (ug m™) of the semivolatile
species in the gas phase, P is the mass concentration per unit volume of air (g m™) of the
semivolatile species in the particle phase, and M is the mass concentration per unit volume
of air (ug m™) of the total absorbing particle phase. The equilibrium partitioning
coefficient, Kp, (m*pg™) is inversely proportional to the saturation vapor concentration, c*
(kg m™), of the pure semivolatile compound. M refers only to the portion of the particulate
matter participating in absorptive partitioning (organic aerosol into which semivolatile
organics can partition and the aqueous portion of the particles in the case of water—soluble
organics). Note that as long as absorbing mass is present, some fraction of a given
semivolatile compound partitions into the particle phase, even if its gas—phase
concentration is below its saturation vapor concentration, c*. Oxidation of a parent VOC
leads to a variety of semivolatile products, each with its own saturation vapor
concentration. Moreover, the semivolatile oxidation products may be formed from first— or
higher—generation gas—phase reactions, and the products themselves may react further in
the gas phase to yield compounds of either lower (in the case of addition of more functional
groups) or greater (in the case in which the carbon backbone of the molecule is cleaved)

volatility.
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The fraction F of a semivolatile compound in the particle phase can be expressed in terms
of Kpor c* as

P MK, 1

TG+P 1+MK, 1+c*/M

(4.2)

As the amount of absorbing material (M) increases, compounds of greater volatility (larger
c*, smaller K) will partition increasingly into the particle phase. When c¢* = M, half of the
semivolatile mass resides in the particle phase. If M >> c*, essentially all of the
semivolatile species is in the particle phase. In the first basic model of SOA formation,
Odum et al. (1996) represented the process of SOA formation by n semivolatile products
and showed that the SOA vyield Y, defined as the mass of aerosol formed per mass of

hydrocarbon reacted, can be expressed as the following

akK. .
Y=M) —2_ (43
Z‘l+ MK, ; (4.3)

where ¢, is the mass—based stoichiometric coefficient for product i (mass of i produced per

mass of parent VOC reacted). Note that Y can exceed 1.0 as a result of the increase of
molecular mass of oxidation products. (The designation “aerosol mass fraction” is also
used for Y). Egn. (4.3) is an equilibrium model in that it relates the amount of each product
formed to the amount of VOC reacted regardless of the number of chemical steps involved.
While, in principle, n can be as large as desired, in the application of the Odum model
usually n = 2. The two products are not necessarily associated with actual products, and the

4 parameters, o, 2,, Kp1, and K., are estimated by optimal fitting of Eqn. (4.3) to the

data. OA forms when gas—phase oxidation products of a hydrocarbon precursor partition



95
between the gas and particle phases. Products with lower vapor pressures partition
preferentially to the particle phase; compounds that are more highly functionalized tend to
have lower vapor pressures. The degree of partitioning to the particle phase depends also
on the quantity of absorbing organic material in that phase into which the compounds can
condense; as the mass of absorbing material increases, compounds of higher vapor pressure
that tend not to partition to the particle phase under low mass loadings do so at the higher
mass loadings. The result is that SOA at low mass loading tends to be enriched in the least
volatile (and more oxygenated) products (Bahreini et al., 2005; Shilling et al., 2008). In
typical chamber experiments, a range of initial hydrocarbon precursor concentrations is
employed in order to determine SOA vyields as a function of the mass concentration of
organic particles generated. When chamber experiments are conducted over a range of
initial VOC concentrations, such experiments afford a view of the full spectrum of

oxidation products, thereby facilitating the formulation of chemical mechanisms.

Laboratory chamber studies are limited in duration to about 12 hours or so, as constrained
by particle deposition on the chamber walls, whereas the typical atmospheric lifetime of a
particle is considerably longer. Chamber studies capture the initial multi-hour VOC
oxidation but not that which takes place on a multi-day timescale. The sequence of
reactions and associated SOA formation that occur over the duration of a chamber
experiment can be termed as the chamber phase. (Stainer et al., 2008, have referred to this
as the “prompt” phase.) The chamber or prompt phase chemistry begins with oxidant (OH,

O3, NO3) attack on the VOC, initiating a series of reactions, which can depend critically on
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NOx level, leading to semivolatile products. Experimentally—derived SOA vyields reflect
the extent of SOA formation over the chamber phase. Reactions that occur on a timescale
longer than a chamber experiment can be termed the aging phase, during which the
following processes may occur: (1) particle-phase accretion reactions that convert
semivolatile condensed products to essentially non-volatile compounds; (2) gas—phase
oxidation reactions of chamber phase semivolatile products that are too slow to be
important during the chamber phase but are capable of producing compounds of even
lower volatility over the aging phase; and (3) gas—particle reactions that convert some
particulate material to volatile products. Over the typical timescale and spatial grid scale of
atmospheric models, SOA formation occurring on the chamber phase timescale can be
considered as taking place essentially instantaneously, suggesting that an equilibrium
partitioning model for this phase is appropriate. Over the longer aging timescale, the
equilibrium partitioning can be considered to be slowly perturbed as chemical aging takes

place.

4.3 Form of SOA Model

If a number of products accounting for a significant fraction of the total mass of SOA have
been identified, these major products can serve as SOA surrogates in a product-specific
model (Pankow et al., 2001; Seinfeld et al., 2001). Upon estimating the vapor pressures, the
values of K, of the major products can be determined. For the product-specific model,
major identified particle—phase products are chosen as SOA surrogates to represent other

chemically similar compounds, and to give a reasonable approximation of gas/particle
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partitioning of all other products (Pankow et al., 2001). The simulated SOA composition
may allow a first approximation of the properties of SOA (e.g., water uptake and cloud
condensation nuclei activity). The SOA composition changes with organic mass loading,
and the amount of hydrocarbon precursors reacted can be tracked. Using the simulated
SOA composition, one can also calculate the aerosol oxygen-to—carbon (O/C) and
hydrogen—to—carbon (H/C) ratios at different loadings. Simulated ratios for O/C and H/C

can be compared with those measured.

An alternative approach is the volatility basis set, in which the range of products is
specified in terms of volatility bins (Donahue et al., 2006; Stainer et al., 2008). The product
volatilities can be segmented into order—of—-magnitude volatility bins (expressed as values
of c*). Since SOA products are grouped into volatility bins, specific information about the
chemical composition of SOA is not required. For the volatility basis set, Stainer et al.
(2008) present a methodology for selecting the maximum and minimum values of ¢*, and

logarithmic spacing between c* values then determines the number of volatility bins.

Either treatment has the potential to reproduce the measured concentrations of major
reaction products (both gas—phase and particle-phase), even in the absence of details of
major particle—phase reactions. On the other hand, if an equilibrium state is not attained
during the chamber phase, the kinetics of gas—phase and particle—phase reactions determine
the SOA composition. In such cases, development of kinetic models in which reaction

products undergo reactions in both gas—phase and particle-phase is needed to describe the
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SOA formation (Chan et al., 2007). The goal of this chapter is to evaluate the product—
specific approach to SOA modeling, using a system that has been relatively well
characterized in the laboratory: ozonolysis of a—pinene. Because of a general lack of
complete product identification for any SOA system, as well as uncertainty about the
properties of the products, in practical terms, parameters in the model need to be

determined by optimal fitting of the model to chamber data.

4.4 Results and Discussion

Product—specific model. Ozonolysis of a—pinene is, in many respects, an excellent test
case for an SOA model. A number of experimental studies exist in the literature, and
relatively complete product identification has been carried out. Oxocarboxylic acids,
hydroxy oxocarboxylic acids, dicarboxylic acids, oxoaldehydes, and organic peroxides
are the major classes of SOA products identified (Yu et al., 1999; Docherty et al., 2005).
For the purposes of evaluating the product—specific model it is assumed that there are five
major products: pinonic acid, pinic acid, pinonaldehyde, a hydroperoxide, and terpenylic
acid (Table 4.1). These compounds are chosen to reflect the current understanding of the

gas—phase products formed in the ozonolysis of a—pinene.

The vapor pressure of a product i is estimated by using a group contribution method
developed by Pankow and Asher (2008). At a given temperature, the Kp,; of the product i

is determined by assuming that its activity coefficient, £, , is unity and the molecular
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weight of product i is taken as the mean molecular weight of the surrogate mixture, MW ,
as a first approximation. These assumptions may be reasonable as the range of molecular
weight of products is small (168 — 200 g mol™, see Table 4.1) and the amount of water
presented in the particle phase is not significant under dry conditions (< 5-40% RH).
Bilde and Pandis (2001) measured the vapor pressure of semivolatile products formed
from oxidation of biogenic monoterpenes using a laminar flow reactor with uncertainty of
+50%. They reported a vapor pressure of 1.989 x 107° atm for pinic acid of at 293 K,
which is comparable to the estimated value (4.605 x 10™° atm) using Pankow and Asher
(2008) model. At a given temperature, the estimated vapor pressures of the major
products using the Pankow and Asher (2008) model are lower than that estimated by
Jenkin (2004). Hence, the present estimated K, values of major products are larger than
those reported by Jenkin (2004). For example, Jenkin (2004) estimated a higher vapor
pressure of pinic acid of 4.7 x 107 torr (or 6.18 x 10~ atm) at 298 K compared to that

reported by Bilde and Pandis (2001) (4.213 x 107*% atm).

When the vapor pressure estimation is carried out for the a—pinene/ozone system, two
sets of two products each are estimated to have very similar K, values. For example, at
293 K, the estimated value of K, of hydroxy pinonic acid (K, = 0.2802) is very close to
that of pinic acid (K, = 0.2822), and the estimated K, of pinonic acid (K, = 0.0018) is
close to that of hydroxy pinonaldehyde (K, = 0.0017). In such a case, two products of
essentially identical vapor pressures cannot be distinguished, and a single product is

chosen to represent the two products. Pinonic acid is chosen to represent the pinonic acid,
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norpinonic acid, hydroxy pinonaldehyde, and isomers. Pinic acid is chosen to represent

pinic acid, norpinonic acid, hydroxy pinonic acid, and isomers.

The basic chamber data are considered to be in the form of particle mass concentration as
a function of VOC reacted. The actual chamber data are in the form of aerosol volume
concentration. Aerosol density needed to convert volume to mass concentration is
estimated by comparing the aerosol number distribution measured by a differential
mobility analyzer with that obtained from the Aerodyne Aerosol Mass Spectrometer
(AMS), through the theoretical relationship between mobility diameter and vacuum
aerodynamic diameter. Ng et al. (2006) have shown that for the oxidation of a number of
hydrocarbons with a single double bond, the growth curve for one experiment over the
course of the experiment (“time—dependent growth curve”) follows that of final SOA
growth over different experiments. This suggests that in this case the time—dependent

SOA growth data can also be used for model data fitting.

Data from ozonolysis of a—pinene are obtained from experiments conducted under dry,
dark, and low-NOy conditions in the presence of dry (NH,4).SO, particles (Ng et al.
2006; Pathak et al. 2007; Shilling et al. 2008). The SOA vyield data cover a range of
organic mass loading (0.5-411 pg m™) and are used for the parameterization to model the
SOA vyield relevant to the atmospheric conditions (Presto and Donahue, 2006). An
effective SOA density of 1.25 g cm™ is applied for conversion of volume to mass

concentration in determination of SOA vyield. It is noted that Shilling et al. (2009)
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reported a higher effective SOA density (1.73-1.4 g cm™) at low organic mass loading
(0.5-7 pg m™®). The SOA vyield data from Shilling et al. (2008) are adjusted to 293 K,
using a temperature correction factor suggested by Pathak et al. (2007). Generally, time-
dependent SOA vyield data reported by Ng et al. (2006) are in good agreement with the
final SOA vyield data reported by Pathak et al. (2007) and Shilling et al. (2008) but are
lower than those reported by Shilling et al. (2008) for organic mass loading less than 2 ug
m~. Measurement uncertainties may explain part of the variability in SOA yield data

reported by Ng et al. (2006) at low organic mass loading.

Data, plotted as SOA vyield, Y, versus organic mass loading, M, are shown in Figure 4.1.
The SOA vyield increases rapidly at low organic mass loading and more slowly at high
organic mass loading. Shown in Figure 4.1 are the optimal fits to the product—specific
and volatility basis set models. In order to evaluate the effect of uncertainty in the K,
values, results are shown for the estimated values of K, (termed the K, x 1 case) and the
estimated values of K, increased by a factor of 100 (termed the K, x 100 case). Previous
modeling studies on this system have also shown that an overall increase of K of all
products of a factor on the order of 10 is needed to explain the partitioning (Jenkin 2004;
Chen and Griffin, 2005). In each case, the a; values are determined by optimal fitting to
the data. Different sets of a; values produce essentially the same goodness of fit to the
overall mass yield. The sets can be discriminated between according to how well they fit
the SOA composition as compared to that measured. The a; values are chosen to give the

best fit to experimental SOA vyields and SOA composition. As shown in Figure 4.1, the
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predicted SOA yields agree well with the experimental SOA yield data in both K, x 1 and
Kp % 100 cases. The K, x 100 case gives a better estimation of SOA yields at low organic
mass loading than the K, x 1 case. However, the optimized curves underpredict the SOA
yield data reported by Shilling et al. (2008) when the organic mass loading is less than

2 ug m>.

For the K, x 1 case, the predicted SOA yields are lower than the measured ones at low
organic mass loading. The data fitting produces the unrealistic result that the mass yield
of the pinonaldehyde is unity. The sum of fitted molar yields exceeds 1. One likely
explanation is the uncertainty in the estimation of the K, of major products (vapor
pressure and activity coefficient). The estimated vapor pressure of the products using the
group contribution method is too high, and the products are estimated to be too volatile.
In order to match experimental SOA vyields, large mass yields of the products are
predicted so that a significant amount of the products is partitioned into the particle
phase. This results in unrealistically high mass yields of the products. Another likely
explanation is that other products (gas—phase and/or particle-phase) of higher K, (and
lower volatilities) are present. Particle—phase reaction products (e.g., oligomers and
esters), which are likely present, tend to have higher molecular weights and lower
volatilities (Gao et al., 2004; linuma et al., 2004; Muller et al., 2008), effectively
enhancing the K, values (Kroll et al., 2005). For example, an ester, which is formed

between pinic acid and hydroxy pinonic acid, has been detected (Mdiller et al. 2008). At
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293 K, the estimated K, of the ester is 4.96 x 10°, which is much larger than that of

hydroxy pinonic acid (K, = 0.2802) and of pinic acid (K, = 0.2822).

Volatility basis set model. The volatility basis set model is also applied to fit the
experimental SOA vyields. The estimated volatility (or c¢*) of products spans from 0.035
to 873 ug m . A volatility basis set of six volatility bins is chosen and the volatility bins
are separated by an order of magnitude (c*: 0.01, 0.1, 1, 10, 100, and 1000 pg m °). The
mass of aerosol in bin i is obtained by optimal fitting to the experimental SOA yield data.
Figure 4.1 shows that for the volatility basis set, the predicted SOA vyields agree well with
the experimental SOA vyield data, even at low organic mass loading (< 0.5 pg m ). This
suggests that products with volatility as low as ¢* = 0.01 pg m™> (or K, = 100 pg ' m°)
are present. The quantity of aerosol in the volatility bin i is in good agreement with that
of the product i with similar K, or c* (Table 4.1) in the K;x100 case. Overall, the
volatility basis set produces the smallest fitting error of SOA vyield prediction over the
whole range of the organic mass loading (mean absolute fractional error, err = 0.1572)

compared to the K, x 1 case (err = 0.1688) and the K, x 100 case (err = 0.1598).

Temperature dependence of SOA vyield. We also investigate temperature dependence of
SOA vyield using the product-specific model (only the K,x100 case that gives a better
description of SOA yields is shown). The temperature—dependent vapor pressure of the
products can be estimated using the group contribution method developed by Pankow and

Asher (2008). The temperature dependence of the structural groups (b(T)) are assumed to
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follow b(T) = B1/T + B,+B3T+B4InT. The B coefficients are obtained by optimal fitting
to a number of compounds. In the calculation of the Ky, it is assumed that the activity
coefficient is unity and the molecular weight of the product is taken as the mean
molecular weight of the surrogate mixture. The o values determined at 293 K are
assumed to be constant over the temperature range studied (273-313 K). The enthalpy of
vaporization, 4H, of the products can also be estimated by the group contribution
method. By plotting the estimated vapor pressure of the product against the temperature,
the 4H, of the product can be estimated from the slope of the line following the
Clausius—Clapeyron equation give in the following. Estimated values of 4H, of major

products are listed in Table 4.1.

Gas/particle partitioning coefficient. The gas/particle partitioning coefficient for
compound i to a condensed phase of i only is given by (Pankow, 1994a, b)

RT

K, =——- 4.4
P 10° MW, pg; @

where R = 8.2 x 10° m® atm mol™ K™, MW; = molecular weight of i (g mol™), and p;,

is the vapor pressure of pure i as a liquid (atm). When multiple condensed—phase
compounds exist

RTf

= (45
AT

where f = weight fraction of the total particulate matter that is the absorbing phase, MW

is the mean molecular weight of the absorbing organic phase (g mol™), and &, = mole-
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fraction—based activity coefficient. K ; varies as a function of T, through both its explicit
dependence on T as well as the strong dependence of p;;on T. The value of K_;is also

influenced by ¢, and MW owing to the types and amounts of condensed—phase

compounds. The vapor pressure of each component obeys Clausius—Clapeyron equation,

p?4(T) = pf,ﬂ)exp{—%(%—%ﬂ (4.6)

For a set of compounds at a given T, p;; tends to decrease with increasing AH,;.
The variation of gas—partitioning coefficient with temperature results from variation of

p.; as well as the explicit dependence on T,

Kp,i(T) _ l pE,i(To)_ l ex _AHv,i l_i (47)
Kp,i(To) - To pEI(T) - To p R T To '

Following Pankow and Chang (2008), one may choose AH,6= 100 kJ mol™ as a

“reference” value of AH ;, so that any AH, ;can be written as a multiple of the reference

v,i?

value, AH, ;= a;x100 kJ mol™. For T, = 293K, fora, =1, a 10 K decrease in T leads to

K,:(283K
pa )=(283jexp _100[ 1 1 j a1 4.8)
K,:(293K) 293 R (283 293

Thus, for a compound with AH,= 100 kJ mol™, a 10 K decrease in T leads to a factor of
4 increase inK ;. For a compound with a, = 0.5, the increase of K ;for a 10 K decrease

in T is about a factor of 2. Note that the factor (T/T,) exerts only a minor effect compared

to that from the temperature dependence of p;;.
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As shown in Figure 4.2, the predicted SOA yield increases as the temperature decreases,
as lower temperature favors the partitioning of gas—phase reaction products into the
particle phase. The model predicts a stronger temperature dependence of SOA yield than
that observed by Pathak et al. (2007). The predicted SOA vyields agree well with those
measured at 293 and 303 K. The mean absolute fractional error between the measured
and predicted SOA vyields, err is 0.1666 and 0.0895 at 293 and 303 K, respectively. On
the other hand, the predicted SOA yields are higher than those measured at 288 K (err =
0.6728) and 273 K (err = 0.6266) but slightly lower than those measured at 313 K (err =
0.1968). In the product—specific model, the temperature dependence of the vapor pressure
of major products is estimated directly using the group contribution method (Pankow and
Asher, 2008). In this approach, uncertainties in the vapor pressure estimation method will
lead to uncertainties in data fitting. Uncertainties in the vapor pressure estimation using
the group contribution method is likely one factor contributing to a relatively large

deviation between measured and predicted values at lower temperatures in present study.

SOA Composition. At a given temperature and organic massing loading, M the mass yield
of the product i, Y; can be determined as:

WK
v= Mo M 0 g
AHC ~ 1+ MK,

where the mass—based stoichiometric coefficient of the product i , ¢, is obtained from the

parameterization of SOA yield data using the product—specific model (Table 4.1). M; is

the concentration of product i in the particle phase (ug m™). The SOA yield, Y, is the sum
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of the mass yields of all products (SOA vyield, Y :zYi) at a given organic mass loading.

The ratio of mass yield of product i to total yield (Y; /Y) is the relative contribution of the

product i to the total SOA yield (or total SOA mass).

Figure 4.3 shows the predicted relative contributions of the products to the SOA vyield at
different organic mass loading for the K, x 100 case. The predicted SOA composition is
compared to the measured concentration of the corresponding classes of compounds at
one value of M. Yu et al. (1999) reported the product distribution of ozonolysis of o—
pinene at 306 K and organic mass loading of 38.8 pg m™: hydroxy pinonic acid (17.7%),
pinic acid and norpinic acid (22.5%), pinonic acid and norpinonic acid, and isomers
(36.5%), hydroxy pinonaldehyde (15.9%), and pinonaldehyde and norpinonaldehyde
(7.4%). It is noted that organic peroxides, particle—phase reaction products (e.g.,
oligomers and esters), and terpenylic acid were not reported in Yu et al. (1999). Docherty
et al. (1995) estimated that organic peroxides contributed ~ 47% of the SOA mass at high
organic mass loading. The concentration of terpenylic acid in chamber SOA has not been
reported previously (Claeys et al. 2009). A smaller effective density of 1 g cm™ was used
to calculate the SOA mass in Yu et al. (1999). This change in density will increase the
reported percentage of the products. In addition, the relative abundance of products
reported by Yu et al. (1999) may be overestimated if the organic peroxides, terpenylic
acid, or other unidentified products contribute significantly to the SOA mass at the given

organic mass loading.
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As shown in the bottom panel of Figure 4.3, for the K, x 100 case, the predicted
percentage of pinonic acid is about 51%, which is close to the sum of the percentages of
pinonic acid and norpinonic acid and isomers and hydroxy pinonaldehyde (52.4%). The
predicted percentage of pinonaldehyde is also close to that of pinonaldehyde and
norpinonaldehyde (7.4%). On the other hand, the predicted percentage of pinic acid is
about 28%, which is smaller than the sum of the percentages of pinic acid and norpinic
acid and hydroxy pinonic acid (40.2%). For organic peroxides, using a hydroperoxide as
surrogate gives ~ 7% of SOA yield, which is lower than that reported by Docherty et al.
(2005) at high organic mass loading. The percentage of terpenylic acid contributes about
5% of the SOA yield. Overall, the K, x 100 case may give a good first estimation of the
gas/particle partitioning and composition of the SOA products at the given organic mass

loading and temperature.

O/C and H/C ratios. The chemical composition of SOA formed from ozonolysis of o—
pinene has been recently characterized by an Aerodyne high-resolution time—of—flight
aerosol mass spectrometer (HR-ToF-AMS) at 298 K (Shilling et al., 2009). This
characterization provides measurement of the O/C and H/C ratios at different organic
mass loadings; these data provide additional information about the SOA composition and
impose important constraints on the SOA parameterization. As shown in Figures 4.4 and
4.5, the data show that the O/C ratio decreases as the organic mass loading increases,

while the H/C ratio increases (Shilling et al., 2009). This observation indicates, as
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expected, that the SOA is more oxygenated at low organic mass loading than at high

organic mass loading.

O/C and H/C ratios of the SOA can also be determined from the predicted SOA
composition. At a given organic mass loading, the number of moles of the product i, m;
can be calculated from its particle—phase mass concentration and molecular weight. The
number of carbon atoms, n¢;, (O/C); and (H/C); ratios of the product i are known (Table

4.1). The O/C and H/C ratios of the SOA can be determined as follows:

Zmi N '(O/C)i
0/C =1 (4.10)

Zmi N
Zmi Neji '(H /C)i

H/C=1 (4.11)

Zmi 'nc,i

At 298 K, for the K, x 1 case (Figure 4.4, upper panel), the modeled O/C ratios decrease
from 0.44 to 0.36 as the organic mass loading increases from 0.5 pg m™ to 150 pug m™.
The predicted O/C ratios are higher than those in Shilling et al. (2009), except at low
organic mass loading (< 1 pug m™). The predicted ratios decrease less rapidly as the
organic mass loading increases. For the K, x 100 case (Figure 4.4, lower panel), the
predicted O/C ratios agree quite well with those measured; predicted O/C ratios decrease
from 0.43 to 0.30 as the organic mass loading increases. On the other hand, in both K x

1 and K, x 100 cases, the predicted H/C ratios exceed those measured at these loadings

(Figure 4.5).
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The O/C ratios of selected major products range from 0.2 to 0.5, which cover the range of
the experimental O/C ratios. On the other hand, the H/C ratios of the selected major
products range from 1.5 to 1.6, which exceed the reported H/C ratios (1.38 — 1.51). Using
the experimentally identified gas—phase reaction products, the predicted H/C ratios do not
match those reported at low organic mass loading. Notably, the H/C ratios of the major
SOA products identified in the literature range from 1.5 to 1.6. In addition to
uncertainties in determination of the O/C and H/C ratios, the formation of oligomers or
organic peroxides will shift the H/C ratio without greatly affecting the O/C ratio (Shilling
et al., 2009). Formation of esters can alter the H/C and O/C ratios (Muller et al., 2008).
The discrepancy in the H/C ratios based on known gas—phase products and those
measured stresses the potential importance of particle-phase reactions on the
determination of SOA yield and composition in the ozonolysis of a—pinene under dry,

dark, and low—NO, conditions.

Figures 4.4 and 4.5 also show the temperature dependence of the O/C and H/C ratios in
the temperature range (273-313 K). For both the K, x 1 and K, x 100 cases (Figure 4.4),
the modeled O/C ratio increases when the temperature increases. On the other hand, the
modeled H/C ratio decreases when the temperature increases (Figure 4.5). At a higher
temperature, the less volatile gas—phase products, which are usually more oxygenated
(i.e., usually a higher O/C ratio and a lower H/C ratio), partition preferentially into the
particle phase than the more volatile gas—phase products. As shown in Figure 4.3 (K, x

100 case), the contribution of the pinic acid, which is the least volatile product and is
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more oxygenated, increases when the temperature increases from 293 to 306 K. On the
other hand, the relative abundance of pinonaldehyde, which is the most volatile product
and is the least oxygenated, decreases with increasing temperature. The effect of
particle—phase reactions on O/C and H/C ratios at different temperatures is not

considered.

We also report here on an a—pinene ozonolysis experiment conducted in the Caltech
laboratory chamber under dry, dark, and low-NOy conditions in the presence of dry
(NH,4),SO, particles to generate a data set comparable to that of Shilling et al. (2008,
2009). The chemical composition of the SOA was continuously monitored using an

Aerodyne HR-ToF-AMS. Details of the experiment are given below.

Measurement of O/C and H/C ratios of SOA from a—pinene ozonolysis. To provide an
additional set of data on the O/C ratio of SOA generated from a—pinene ozonolysis, an
experiment was performed in one of the dual Caltech 28 m® Teflon chambers. Details of
the facility have been described elsewhere (Cocker et al., 2001; Keywood et al., 2004).
Before the experiment, the chamber was flushed continuously with dry, purified air for at
least 24 h. Aerosol number concentration, size distribution, and volume concentrations
were measured by a differential mobility analyzer (DMA, TSI model 3081) coupled with
a condensation nucleus counter (TSI model 3760). Ammonium sulfate seed particles
were generated by atomizing an aqueous solution of 0.015 M (NH4),SO,4 with a

constant-rate atomizer. The volume concentration of the seed particles was 12 um3 cm >,
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The parent hydrocarbon, a—pinene, and an OH scavenger, cyclohexane, were then
introduced separately by injecting known volumes of the liquid hydrocarbon into a glass
bulb, subsequently carried into the chamber by an air stream at 5 L min*. The mixing
ratio of a—pinene was monitored with a gas chromatograph coupled with a flame
ionization detector (GC-FID, Agilent model 6890N). The initial mixing ratio of a—pinene
was 44 ppb. The estimated mixing ratio of cyclohexane was 37 ppm, which corresponds

to a rate of cyclohexane + OH 100 times faster than that of a—pinene + OH.

Ozone was generated with a UV lamp ozone generator (EnMet Corporation, Ml), and
monitored with a commercial ozone analyzer (Horiba Instruments, CA). Ozone injection
was stopped after the ozone concentration reached 180 ppb. The aerosol growth data
were corrected for wall deposition of particles. First—order size—-dependent wall-loss
coefficients were determined from a separate seed-only experiment. The final SOA

volume was 46 pm® cm 3, as measured by the DMA.

Real-time particle mass spectra were collected continuously by an Aerodyne high
resolution time—of-flight aerosol mass spectrometer (HR-ToF-AMS). The HR-ToF-
AMS is described in detail elsewhere (Canagaratna et al., 2007, and references therein).
The HR-ToF-AMS switched once every minute between the high resolution “W-mode”
and the lower resolution, higher sensitivity “V-mode”. The “V-mode” data were
analyzed using a fragmentation table to separate sulfate, ammonium, and organic spectra,

and to time—trace specific mass—to—charge ratios. “W-mode” data were analyzed using a
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separate high—-resolution spectra tool box known as PIKA to determine the chemical

formulas contributing to distinct mass—to—charge ratios (DeCarlo et al., 2006).

To determine elemental ratios, the computational toolbox Analytical Procedure for
Elemental Separation (APES) was used. This toolbox applies the analysis procedure
described in Aiken et al. (2007) to the high-resolution “W-mode” data. The particle—
phase signal of CO" and the organic contribution to H,O" ions were estimated as
described in Aiken et al. (2008). It is noted that chamber air is cleaned through a series of
chemical denuders and filters. Fourier transform infrared spectroscopy measurements
show that the concentration of CO; in the chamber air is nominally the same as that in
the atmosphere. Due to the relatively large SOA loadings generated in this study, the

sensitivity of the O/C calculation to the CO, concentration input is relatively small.

Figure 4.6 shows the time evolution of a—pinene concentration, organic mass loading,
and aerosol O/C and H/C ratios. Once the ozone is injected, a—pinene oxidation
commences, and the organic mass loading increases almost immediately. When a—pinene
is completely reacted, organic aerosol mass loading remains unchanged. These
observations are consistent with those reported by Ng et al. (2006). Measured O/C and
H/C ratios as a function of organic mass loading are shown in Figure 4.7. The data scatter
reflects the inherent uncertainty in measurement of O/C and H/C ratios at low organic
mass loading. Generally, the H/C ratio increases as time increases, while the O/C ratio

decreases. The trends in O/C and H/C ratios are in good agreement with those reported by
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Shilling et al. (2009). The absolute values of the O/C ratios are slightly lower than those
reported by Shilling et al. (2009), but well within the experimental uncertainty. When all
o—pinene is consumed and the SOA growth has leveled out (~ 58 ug m ), O/C and H/C
ratios and fragment mass spectrum (not shown here) remain unchanged. As discussed by
Ng et al. (2006), the first oxidation step in the ozonolysis of a—pinene (a hydrocarbon
with a single double bond) is most likely the rate—determining step in SOA formation.
Either the condensable products are the initial reaction products of the parent
hydrocarbon oxidation (first— or higher—generation products), or subsequent reactions (in
either the gas or particle phase) proceed at relatively fast rates. Thus, the instantaneous

product spectrum can be considered as that at equilibrium during the chamber phase.

To determine the extent to which an equilibrium state is achieved, the chemical
composition of SOA can be measured by the Aerodyne HR-ToF-AMS over the course
of the chamber experiments. The change in element-to—carbon ratios (e.g., O/C, H/C
ratios) can provide insight about the change in SOA composition. If the ratios or the mass
spectra do not vary with time, this may suggest that an equilibrium state is achieved
within the timescale of the chamber experiment. In that case, major experimentally
identified products (both particle-phase and gas—phase reaction products) can be chosen
as SOA surrogates in the product—specific model. In addition, the O/C, H/C, N/C, or S/C
ratios can be calculated from the detailed gas—chemistry model coupled with gas/particle
partitioning theory. Recently, Dzepina et al. (2009) suggest that the O/C ratio and

volatility can be used to compare modeled and measured SOA. The authors calculate O/C
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ratios using various models and compare these to the measured O/C ratios of ambient
Mexico City aerosol. They find that O/C ratios predicted by different models do not agree

and are generally lower than the measured ratios.

4.5 Conclusions

In this chapter, we show that although good agreement in O/C ratio between observations
and predictions can exist, a discrepancy in H/C ratio is not removed by data fitting.
Hence, in addition to the O/C ratio, other element-to—carbon ratios such as H/C are
important for modeling fitting and comparison. S/C and N/C ratios could be used once
accurate determinations can be made using the AMS. These element—to—carbon ratios can
also be calculated using detailed gas—chemistry models coupled with gas/particle
partitioning theory and can be used as additional constraints on the SOA parameterization

in chamber experiments and modeling studies.

SOA vyields from volatile organic compounds are determined from laboratory chamber
data. Gas—particle partitioning of semivolatile oxidation products forms the basis of all
current models of SOA formation. As identification of aerosol-phase products has
become feasible using advanced mass spectrometric techniques, we investigate the extent
to which a product-specific model, certain parameters of which are determined from
chamber data, can be used to represent SOA formation. In the present work we address
thi