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Chapter 2

Chemical Composition of Secondary Organic Aerosol Formed from the

Photooxidation of Isoprene*
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2.1 Abstract

Recent work in our laboratory has shown that the photooxidation of isoprene (2-
methyl-1,3-butadiene, CsHsg) leads to the formation of secondary organic aerosol (SOA).
In the current study, the chemical composition of SOA from the photooxidation of
isoprene over the full range of NOy conditions is investigated through a series of
controlled laboratory chamber experiments. SOA composition is studied using a wide
range of experimental techniques: electrospray ionization — mass spectrometry, matrix-
assisted laser desorption ionization — mass spectrometry, high-resolution mass
spectrometry, online aerosol mass spectrometry, gas chromatography / mass
spectrometry, and an iodometric-spectroscopic method. Oligomerization was observed to
be an important SOA formation pathway in all cases; however, the nature of the
oligomers depends strongly on the NOy level, with acidic products formed under high-
NOxy conditions only. We present, to our knowledge, the first evidence of particle-phase
esterification reactions in SOA, where the further oxidation of the isoprene oxidation
product methacrolein under high-NOy conditions produces polyesters involving 2-
methylglyceric acid as a key monomeric unit. These oligomers comprise ~ 22-34% of
the high-NOx SOA mass. Under low-NOy conditions, organic peroxides contribute
significantly to the low-NOx SOA mass (~ 61% when SOA forms by nucleation and ~
25-30% in the presence of seed particles). The contribution of organic peroxides in the
SOA decreases with time, indicating photochemical aging. Hemiacetal dimers are found
to form from Cs alkene triols and 2-methyltetrols under low-NOy conditions; these
compounds are also found in aerosol collected from the Amazonian rainforest,

demonstrating the atmospheric relevance of these low-NOy chamber experiments.
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2.2 Introduction

Secondary organic aerosol (SOA) is formed in the troposphere from the oxidation
of volatile organic compounds (VOCs), where the resultant low vapor pressure oxidation
products partition between the gas and aerosol phases. Recent laboratory experiments
have established that SOA formation can also result from the heterogeneous reactions
between particle associated substances and relatively volatile species resulting in the
formation of high molecular weight (MW) products via oligomerization
(polymerization).'”  Until recently, the formation of SOA from the photooxidation of
isoprene, the atmosphere’s most abundant non-methane hydrocarbon, was considered
insignificant.®” This was largely due to the known volatility of first-generation gas-phase
oxidation products, such as methacrolein (MACR), methyl vinyl ketone (MVK), and
formaldehyde, from isoprene oxidation in the presence of NOy, and a previous chamber

8 Recent

study that concluded that isoprene oxidation does not lead to SOA formation.
field observations of certain organic aerosol compounds, diastereoisomeric 2-
methyltetrols (2-methylerythritol and 2-methylthreitol) and 2-methylglyceric acid,
attributable to isoprene oxidation, and the experimental observation that isoprene under
highly acidic conditions can lead to the formation of polymeric, humic-like substances
through heterogeneous reactions, re-opened the issue of SOA formation from isoprene.””
13 Subsequent to their ambient identification, Edney et al.'* and Boge et al." detected 2-
methyltetrols in SOA formed from laboratory chamber studies of isoprene.

Recent work in our laboratory has shown that SOA formation from isoprene

. . . 16.1 . . .
oxidation can be significant.'™'” Extensive experiments were carried out under both low-

and high-NOy conditions using either nitrous acid (HONO) or hydrogen peroxide (H,0O,)
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as the OH radical source. Photooxidation experiments were also conducted using
isoprene first-generation gas-phase oxidation products as the VOC precursor. While no
aerosol growth was observed from MVK oxidation, SOA formation was observed from
MACR at high-NOy conditions. High molecular-weight (MW) species were observed to
form from isoprene oxidation under both low- and high-NO, conditions.'” Moreover,
SOA yields were observed to exhibit a dependence on the NOy level. This dependence
appears to be attributed to differences in organic peroxy radical (RO,) chemistry. At high
[NO] (i.e. high-NOy conditions), RO, radicals react mainly with NO to produce small
alkoxy radicals (RO) that likely fragment into smaller organics, which are expected to be
too volatile to partition appreciably to the aerosol phase, or form organic nitrate species
(RONOy). In the absence of NOy (i.e. low-NOy conditions), RO, radicals instead react
with HO, radicals (present in the chamber experiments in large quantities from the OH +
H,0; reaction) to form organic hydroperoxides, which have been experimentally shown
to be important SOA components from other VOC precursors.'®' Hydroperoxides have
been suggested to be involved in polymerization in the aerosol phase via reactions with
aldehydes to form peroxyhemiacetals.'®"

Although it is now established that OH-initiated oxidation of isoprene leads to
SOA, detailed understanding of the chemical reaction pathways leading to the production
of isoprene SOA is lacking. Results from chamber studies have elucidated the
importance of the further oxidation of MACR as a primary route for SOA formation from
isoprene under high-NOy conditions. Known RO, chemistry at low-NOy conditions leads
to the initial gas-phase oxidation products, likely hydroxyhydroperoxides, of isoprene,

which upon further oxidation leads to SOA production. Nonetheless, detailed evaluation
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of the mechanism of SOA formation from the oxidation of isoprene has not yet been
carried out.

In the present work, a suite of offline analytical techniques is used in conjunction
with online aerosol mass spectrometry to investigate the detailed chemical composition
of SOA from isoprene oxidation. SOA is produced from the photooxidation of isoprene
under varying NOy conditions and is collected onto filters for offline chemical analyses.
Offline mass spectrometry (MS) techniques are used to detect organic species from
aerosol filter samples, including oligomeric components of isoprene SOA (as detected in
prior studies only by online time of flight aerosol mass spectrometry (TOF-AMS)
measurements). Tandem MS and gas chromatography (GC)/MS derivatization
techniques are employed to structurally elucidate oligomeric components. Organic
peroxides are detected and quantified from low-NOy isoprene SOA using a conventional
iodometric-spectroscopic method. Tracer compounds for isoprene oxidation in the
ambient atmosphere, as found in the Amazonian rainforest, are detected here for the first
time in the low-NOy chamber experiments. The low-NOy conditions are most relevant to
understanding SOA formation in highly vegetated, remote regions.” In some cases, such
as the southeastern US, where atmospheric transport of pollutants from urban areas can
influence SOA formation®, conditions closer to those of the high-NOy experiments may

be applicable.

2.3 Experimental Section
2.3.1 Chamber Experiments

Experiments were carried out in Caltech’s dual indoor 28 m’ Teflon smog

21,22 16,17

chambers. Experimental protocols are similar to those described previously, SO
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will be described only briefly here. Most experiments were carried out with hydrogen
peroxide (H,0,) as the hydroxyl radical (OH) precursor; in some cases, HONO was used
instead to demonstrate that the particular OH source has no effect on the outcome of the
experiments. For some experiments, ammonium sulfate seed particles were introduced
into the chamber (at volume concentrations of 20-30 um®/cm’) by atomization of a 0.015
M ammonium sulfate solution. A known concentration of isoprene (or any other
precursor, such as MACR) was then introduced by sending air over a measured volume
of the pure compound (Aldrich, 99.8%) into the chamber. For H,O,/high-NOy
experiments, NO was also introduced into the chamber from a gas mixture (500 ppm gas
cylinder in N, Scott Specialty Gases). In low-NOy experiments, NO was not added and
NOy concentrations were < 1 ppb. When the isoprene (monitored by gas chromatography
— flame ionization detection (GC-FID)), NOy, and seed concentrations became constant
inside the chamber, irradiation by UV lights (centered at 354 nm) was started, initiating
the reaction.

SOA volume growth (mm’/cm’) was monitored with a differential mobility
analyzer (DMA). For quantification of SOA products collected on filter samples, the
DMA volumes were used for each experiment to determine the total SOA mass collected.
Filter sampling commenced when the particle growth had terminated, i.e. when the
aerosol volume had reached its maximum value. Depending on the total volume
concentration of aerosol in the chamber, the filter sampling time was 2 to 4 h, which

typically resulted in 3—7 m® of total chamber air sampled.
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2.3.2 Filter Extractions

Collected Teflon filters (PALL Life Sciences, 47-mm diameter, 1.0-mm pore size,
teflo membrane) were extracted in 5 mL of HPLC-grade methanol by 40 min of
sonication. The filters were then removed from the methanol sample extracts and
archived at —20°C. Each extract was blown dry under a gentle N, stream (without added
heat) and then reconstituted with 1 mL of a 50:50 (v/v) solvent mixture of HPLC-grade
methanol and 0.1% aqueous acetic acid solution. The reconstituted extracts were then
stored at —20°C until analysis was performed. In most cases, filter extracts were
chemically analyzed within 1-2 days after filter extraction. Lab control filters were
extracted and treated in the same manner as samples. Aliquots of each of these filter
extracts were analyzed by the four mass spectrometry techniques to follow.

In order to ensure that H,O, was not condensing onto filter media and introducing
artifacts in the chemical analyses, several blank filters were collected under dark
conditions from the chamber containing typical experimental well-mixed concentrations
of isoprene, NO, and ammonium sulfate seed aerosol, sampled for the same duration (~
2-4 h) as a sample filter. No significant chemical artifacts or contaminants were
observed in the analytical techniques from these blank filters, consistent with the lack of
observed aerosol growth under dark conditions.

2.3.3 Liquid Chromatography / Electrospray Ionization — Mass Spectrometry
(LC/ESI-MS)

A Hewlett-Packard 1100 Series HPLC instrument, coupled with a single

quadrupole mass analyzer and equipped with an electrospray ionization (ESI) source, was

used to identify and quantify relatively polar, acidic SOA components. Data were
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collected in both positive (+) and negative (—) ionization modes; the quantitative analysis
presented here is limited to the negative ionization mode. An Agilent Eclipse C;s column
(3.0 x 250 mm) was used to separate the organic species before detection. The eluents
used were 0.1% aqueous acetic acid (A) and methanol (B). In the 40-min gradient
elution program used, the concentration of eluent B increased from 5% to 90% in 35 min,
and then decreased to 5% in 5 min. The total flow rate of the eluent used in the LC/MS
analysis was 0.8 mL min™. Optimum electrospray conditions were found using a 60 psig
nebulizing pressure, 3.5 kV capillary voltage, 13 L min"' drying gas flowrate, and a
330°C drying gas temperature. During the full scan mode of analysis, the cone voltage
was set at 60 V, avoiding fragmentation of most species and allowing their detection as
deprotonated molecules ([M — H]). During the upfront collision-induced dissociation
(CID) mode of analysis, the cone voltage was set to 110 V, resulting in partial
fragmentation of the [M — H] ions. By comparing these two sets of MS data (upfront
CID mode to the full scan mode of analysis) and by examining the fragmentation patterns
of the species, some structural information on the analyzed species was obtained. This
was particularly useful in confirming results from other MS/MS techniques used and for
the identification of oligomeric components.

Using a set of six acidic species (meso-erythritol, citramalic acid, 2-hydroxy-3-
methylbutyric acid, pimelic acid, pinic acid, and suberic acid monomethyl ester) as
surrogate standards, this method was also used to quantify the amount of polar acidic
species. Filter extraction efficiency was established by standard additions of these
surrogate standards to blank filters. On average, the extraction efficiency for each

standard was ~ 60% with an estimated error bar of ~ < 15% over the concentration range
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used to generate the LC/MS calibration curves. This average extraction efficiency was
included in the calculations to quantify identified isoprene SOA products.

As we will note shortly, to investigate the probable importance of a C4 hydroxy
dialdehyde species formed under high-NOy conditions, selected sample extracts were
derivatized using the Girard Reagent P (1-(carboxymethyl)pyridium chloride hydrazide,
MW=187) to increase sensitivity for aldehydic species in the (+)LC/MS mode. The
Girard Reagent P (GirP) reacts with aldehydes and ketones to form water-soluble
hydrazones with a permanently charged pyridine moiety, and water is eliminated in this
reaction.”® The organic unit that adds to aldehydes and ketones has a mass of 152 Da. A
series of aldehyde standards, glyoxal (MW=58), succinic semialdehyde (MW=102), and
glutaraldehyde (MW=100), were derivatized using the GirP and analyzed with
(+)LC/MS. These small polar aldehyde standards typically go undetected using (+)ESI
techniques such as in LC/MS; however, upon derivatization they were detected as the
singly charged [M - H,O + 152(GirP)]" ions (glyoxal was also detected as doubly
charged [M - 2H,O + 152(GirP)]*" ion), where M is the MW of the aldehyde species.
These compounds eluted between 1 to 2 min from the LC column, including a derivatized
compound corresponding to the proposed C,4 hydroxy dialdehyde species (MW = 102 and
[M - H,0 + 152(GirP)]" = 236).

2.3.4 ESI — Ion Trap Mass Spectrometry (ESI-ITMS)

Aliquots of the filter extracts were also analyzed by a ThermoElectron LCQ ion
trap mass spectrometer equipped with an ESI source, via direct infusion. This instrument
does not provide chromatographic separation, precluding quantification. Instead, the

instrument was used for the qualitative detection of product species. In addition, specific
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ions of interest were isolated from the rest of the sample ion matrix and further
fragmented to produce product ion mass spectra, aiding in structural elucidation.

Data were collected in both positive and negative ionization modes. As the same
species were detected in both modes ([M — H] and [M + Na]" ions), we only present here
the data collected under negative ionization; the data collected under positive ionization
serve as confirmation of the negative ionization data.

2.3.5 Matrix Assisted Laser Desorption Ionization -Time of flight Mass

Spectrometer (MALDI-TOFMS)

Another aliquot of the filter extract was analyzed on an Applied Biosystems
Voyager-DE Pro MALDI-TOFMS instrument. After 6 puL of each extract had been dried
on the steel target plate, the plate was gently brushed with graphite particles, which
served as the matrix. The samples were analyzed in the linear mode, in both positive and
negative ionization modes. 400-500 laser shots were summed to obtain a representative
mass spectrum of each sample. This method was mainly used to assess the molecular
weight (MW) range of the aerosol, to detect oligomeric signatures, and to confirm the
MWs of species identified by the ESI techniques.

2.3.6 High Resolution ESI-MS

Extracts were also analyzed by a Waters LCT Premier Electrospray time-of-flight
mass spectrometer with W geometry in the Department of Chemistry at the University of
California, Irvine, operated in the negative ionization mode. Samples were analyzed by
flow injection. The calibration was carried out using sodium formate clusters with co-
injection of fmoc-amino acids of appropriate mass spiked into the analytical sample for

lock-mass corrections to obtain accurate mass for the oligomeric ions with m/z 266, 323,
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365, 368, 467, and 470. These ions were only detected in the high-NOy experiments and
elemental compositions were determined with reasonable accuracy (within +/- 5 ppm),
and were consistent with other analytical observations (such as ESI-MS/MS and GC/MS
derivatization data).

2.3.7 Aerodyne Time of Flight Aerosol Mass Spectrometer (TOF-AMS)

During most chamber experiments, real-time particle mass spectra were collected
continuously by an Aerodyne Time of Flight Aerosol Mass Spectrometer (TOF-AMS),
and averaged spectra were saved every 5 min. The design and capabilities of the TOF-
AMS instrument are described in detail elsewhere.”* Briefly, chamber air enters the
instrument through a 100-mm critical orifice at a flowrate of 1.4 cc/s. Particles with a
vacuum aerodynamic diameter between 50 and 800 nm are efficiently focused by an
aerodynamic lens, passed through a chopper, and then impacted onto a tungsten
vaporizer. The chopper can be operated in three modes: (1) completely blocking the
beam to gather background mass spectra; (2) out of the beam’s path to collect ensemble
average mass spectra over all particles sizes; (3) chopping the beam to create size-
resolved mass spectra. The vaporizer is typically run at ~ 550°C to ensure complete
volatilization of the SOA and the inorganic seed; during several runs the vaporizer
temperature was lowered to ~ 160°C to reduce thermally-induced fragmentation of
oligomers. Once vaporized, molecules undergo electron ionization at 70 eV and are
orthogonally pulsed every 19 ms into the time of flight mass analyzer.

2.3.8 Gas Chromatography / Mass Spectrometry (GC/MS)

Extracts of selected filters were analyzed for polar organic compounds by GC/MS

using a method that was adapted from that reported by Pashynska et al.*> The sample

workup consisted of extraction of all or half of the filter with methanol under ultrasonic
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agitation and derivatization of carboxyl and hydroxyl functions into trimethylsilyl (TMS)
derivatives. The extract was divided into two parts; one part was trimethylsilylated while
the other part was stored in a refrigerator at 4°C for eventual further analysis. GC/MS
analyses were performed with a system comprising a TRACE GC2000 gas
chromatograph, which was coupled to a Polaris Q ion trap mass spectrometer equipped
with an external ionization source (ThermoElectron, San Jose, CA, USA). A Heliflex®
AT™-5MS fused-silica capillary column (5% phenyl, 95% methylpolysiloxane, 0.25 pm
film thickness, 30 m x 0.25 mm 1.d.) preceded by a deactivated fused-silica precolumn (2
m x 0.25 mm i.d.) (Alltech, Deerfield, IL, USA) was used to separate the derivatized
extracts. Helium was used as carrier gas at a flow rate of 1.2 mL min~'. The temperature
program was as follows: isothermal hold at 50°C for 5 min, temperature ramp of 3°C
min~" up to 200°C, isothermal hold at 200°C for 2 min, temperature ramp of 30°C min
up to 310°C; and isothermal hold at 310°C for 2 min. The analyses were performed in
the full scan mode (mass range: m/z 50 — 800), and were first carried out in the electron
ionization (EI) mode and subsequently in the chemical ionization (CI) mode. The ion
source was operated at an electron energy of 70 eV and temperatures of 200°C and 140°C
in the EI and CI modes, respectively. The temperatures of the GC injector and the
GC/MS transfer line were 250°C and 280°C, respectively. For chemical ionization,
methane was introduced as reagent gas at a flow rate of 1.8 mL min'. We present here
mainly the data collected in the EI mode; the data collected in the CI mode are used if
insufficient MW information is obtained in the EI mode.

Selected extracts were also subjected to a hydrolysis/ethylation and/or a

methoximation procedure prior to trimethylsilylation. The purpose of the
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hydrolysis/ethylation procedure was to confirm the presence of ester linkages, while that
of the methoximation procedure was to evaluate the presence of aldehyde/keto groups, in
oligomeric SOA. The hydrolysis/ethylation procedure involved reaction of the extract
residues with 40 pL of analytical-grade ethanol and 8 pL of trimethylchlorosilane
(Supelco, Bellafonte, PA, USA) for 1 h at 60°C. Details about the methoximation
procedure can be found in Wang et al.'?

2.3.9 Gas Chromatography — Flame Ionization Detection (GC-FID)

Quantitative determination of the 2-methyltetrols (i.e. 2-methylthreitol and 2-
methylerythritol), the Cs alkene triols [i.e. 2-methyl-1,3,4-trihydroxy-1-butene (cis and
trans) and 3-methyl-2,3,4-trihydroxy-1-butene] and 2-methylglyceric acid, in selected
filters, was performed by GC-FID with a GC 8000 Top instrument (Carlo Erba, Milan,
Italy). The sample workup was the same as that for GC/MS analysis except that filter
parts were spiked with a known amount of erythritol (Sigma, St. Louis, MO, USA) as an
internal recovery standard; it was assumed that the GC-FID responses of the
trimethylsilyl derivatives of the analytes and the internal recovery standard were similar.
The GC column and conditions were comparable with those used for GC/MS; the column
was a CP-Sil 8 CB capillary column (5% diphenyl, 95% methylpolysiloxane, 0.25 um
film thickness, 30 m x 0.25 mm 1.d.) (Chrompack, Middelburg, The Netherlands) and the
temperature program was as follows: isothermal hold at 45°C for 3 min, temperature
ramp of 20°C min~"' up to 100°C, isothermal hold at 100°C for 10 min, temperature ramp
of 5°C min™' up to 315°C; and isothermal hold at 315°C for 20 min. Measurement of the

2-methyltetrols in the low-NOx SOA samples was performed after the unstable products
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tentatively characterized as 2-methyltetrol performate derivatives had decayed to
2-methyltetrols, i.e. after leaving the reaction mixture for two days at room temperature.
2.3.10 Total Aerosol Peroxide Analysis

The total amount of peroxides in the low-NOy isoprene SOA was quantified using
an iodometric-spectrophotometric method adapted from that used by Docherty et al.' to
analyze peroxides formed by a-pinene-ozonolysis. The method employed here differed
only in the choice of extraction solvent: we used a 50:50 (v/v) mixture of methanol and
ethyl acetate, rather than pure ethyl acetate. Calibration and measurements were
performed at 470 nm on a Hewlett-Packard 8452A diode array spectrophotometer. A
standard calibration curve was obtained from a series of benzoyl peroxide solutions.
Benzoyl peroxide was the standard used for quantification of organic peroxides formed
from low-NOy experiments, as its MW is close to the average MW determined from the
mass spectrometry techniques, in particular the MALDI-TOFMS measurements. The
molar absorptivity determined from the standard curve was ~ 852, in excellent agreement
with that determined by Docherty et al. and with the value of 845 determined with the
original method development paper.'®?® As a confirmation that the technique was
reproducible, we extracted and analyzed in the same fashion, three a-pinene-ozonolysis
filters collected from our laboratory chambers. We measured ~ 49% of the SOA mass,
produced from a-pinene ozonolysis, to be organic peroxides, in excellent agreement to
that of Docherty et al.’s measurement of ~ 47% for the same system. A few high-NOy
isoprene filter samples were also analyzed by this method, but resulted in the detection of
no organic peroxides (below detection limits of this technique).

2.3.11 Particle-Into-Liquid Sampler Coupled to Ion Chromatography (PILS/IC)
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The PILS/IC (particle-into-liquid sampler coupled to ion chromatography) is a
quantitative technique for measuring water-soluble ions in aerosol particles. The PILS
developed and used in this study’’ is based on the prototype design®™ with key
modifications, including integration of a liquid sample fraction collector and real-time
control of the steam injection tip temperature. Chamber air is sampled through a
I-micrometer cut-size impactor and a set of three denuders (URG and Sunset
Laboratories) to remove inorganic and organic gases that may bias aerosol measurements.
Sample air mixes with steam in a condensation chamber where rapid adiabatic mixing
produces a high water supersaturation. Droplets grow sufficiently large to be collected
by inertial impaction before being delivered to vials held on a rotating carousel. The
contents of the vials are subsequently analyzed oft-line using a dual IC system (ICS-2000
with 25 mL sample loop, Dionex Inc.) for simultaneous anion and cation analysis. The
background levels of individual species (Na*, NH,", K", Mg”", Ca*", SO,*, CI', NO5,
NOj', oxalate, acetate, formate, methacrylate, pyruvate) concentrations for analyzed filter
samples, presented as the average concentration plus three times the standard deviation
(0), are less than 0.28 mg m”™.

2.4 Results

As noted, experiments were conducted at high- and low-NOy conditions. High-
NOxy conditions were achieved through the addition of substantial NOy (~ 800 to 900 ppb
NOxy) to the reaction chamber, leading to isoprene:NOy molar ratios of ~ 0.56 to 0.63.
Under low-NOy conditions no NOy is added to the chamber, where NOy mixing ratios of
<1 ppb (small amounts of NOy likely desorb from chamber walls) were observed. The

low-NOy condition simulates a remote (NOy-free) atmosphere; for example, at typical
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isoprene and NOy mixing ratios observed in the Amazonian rainforest (~ 4 to 10 ppb and
0.02 to 0.08 ppb, respectively),”” the isoprene:NOjy ratios that result are ~ 50 to 500,
comparable to the isoprene:NOy ratio of the present experiments (~ 500).
2.4.1 High-NOy Condition

Table 2.1 lists nine high-NOx chamber experiments that were conducted to
generate SOA for aerosol filter sampling. All experiments were conducted with 500 ppb
of isoprene or MACR in order to produce sufficient aerosol mass for all offline analytical
measurements. In most of the experiments conducted, H,O, served as the OH radical
precursor; in this manner, initial oxidation of isoprene is dominated by OH. It is
estimated that ~ 3-5 ppm of H,0O, was used in each of these experiments based upon
isoprene decay during irradiation.'” All of these experiments were conducted at low
relative humidity (RH < 5%) in order to limit the uptake of H»O, into the particle phase.
In the high-NOy experiments using H,O; as an OH source, ~ 800 to 900 ppb of NO was
injected into the chamber. With the HONO source, lower initial NO concentrations were
achieved, as the source of NO was HONO photolysis and a NOy side-product from the
HONO synthesis. Nucleation (seed-free) and ammonium sulfate seeded experiments
were also conducted in order to examine if the presence of seed aerosol has an effect on
the chemistry observed. In Experiment 6, acidified ammonium sulfate seed (0.015 M
(NH4)2SO4 + 0.015 M H,SO4) was used to investigate the possible effect of acid catalysis
on oligomerization reactions, which has been previously observed to occur for other
VOC precursors, such as a-pinene and 1,3,5-trimethylbenzene.'”>>° No discernable

increase in SOA mass is observed for this acid-seeded experiment (Experiment 6) when
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comparing to its corresponding dry-seeded and nucleation (seed-free) experiments
(Experiments 5 and 9).

To illustrate the overall chemical composition typically observed under high-NOy
conditions, shown in Figure 2.1a is a first-order (—)ESI-IT mass spectrum obtained via
direct infusion analysis of an isoprene SOA sample collected from Experiment 1. Prior
work in our laboratory has shown that most organics detected in the negative ion mode

occur as the deprotonated molecules ([M — H] ions),>>*

making (—)ESI sensitive for the
detection of polar acidic species. As can be seen in Figure 2.1a, many such species are
detected. Observable 102 Da differences between many of the [M — H] ions and the
detection of high-MW species (up to MW ~ 470) indicate the presence of oligomeric
species with more than the 5 carbons of the parent isoprene. Organic nitrate species are
detected in this spectrum as even-mass [M — H] ions (m/z 266, 368, and 470).

Figure 2.1b shows, by comparison, a first-order (—)ESI-IT spectrum, also obtained
via direct infusion analysis, for a MACR high-NOy sample (Experiment 3). Many of the
ions detected correspond exactly to those observed from isoprene oxidation (Figure 2.1a).
It should be noted that when the MACR, H,0,, and dry ammonium sulfate seed aerosol
are well-mixed in the chamber under dark conditions, no aerosol growth is observed,
confirming that photooxidation is required to produce SOA. The SOA components
formed in this MACR experiment (as shown in Figure 2.1b) extend out to higher MWs
than those of isoprene, which is likely a result of the amount of MACR precursor

available in this experiment and also owing to the removal of one oxidation step (the

oxidation of isoprene).
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SOA products detected in Figures 2.1a and Figure2.1b are confirmed by
additional mass spectrometry techniques. Figure 2.2 shows a mass spectrum collected
using the MALDI-TOFMS instrument in the positive ion mode for a high-NOy, seeded
isoprene photooxidation experiment (Experiment 9). SOA components observed here are
detected mainly as the sodiated molecules ([M + Na]" ions), which is consistent with our
experiences in analyzing polymeric standards, such as aqueous glyoxal, with a graphite
matrix. In Figure 2.2, only species that correspond to ions detected in the (—)ESI-IT
spectra are highlighted. For example, for the [M — H] ion series detected in (—)ESI-IT
spectra at m/z 161, 263, 365, and 467, a corresponding [M + Na]" ion series is detected at
m/z 185, 287, 389, and 491, respectively, using MALDI-TOFMS. It should be noted that
the (+)-ESI-IT spectra also detected the same ions ([M + Na]") as those of the MALDI
technique, confirming that the species observed in Figures 2.1 and 2.2 are not a result of
1onization artifacts specific to individual techniques.

The LC/MS results obtained in the negative ionization mode are used to quantify
the SOA components common to all high-NOy isoprene SOA (as detected in Figures 2.1
and 2.2). Figures 2.3a and 2.3b show total ion chromatograms (TICs) for an isoprene
photooxidation experiment (Experiment 2) and a MACR photooxidation experiment
(Experiment 4), respectively, both carried out at high NOy in the absence of seed aerosol.
These TICs show that many of the SOA products formed in each system are the same
since the retention times (RTs) are comparable and the m/z values of the molecular ion
species ([M — H]") associated with each chromatographic peak are the same. Shown in
Figure 2.3c-e are extracted ion chromatograms (EICs) for three organic nitrate species

([M — H] at m/z 266, 368, and 470) common to both isoprene and MACR high-NOy
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photooxidation experiments. For each chamber experiment, EICs were used instead of
TICs for the quantification of each [M — H] ion detected in order to deconvolute any
coeluting species. Figure 2.4a shows a mass spectrum recorded for the largest
chromatographic peak (RT = 15.7 min) from the EIC of m/z 368 (Figure 2.3d). The m/z
759 ion that is also detected in this mass spectrum is a cluster ion corresponding to [2M +
Na — 2H]; such cluster ions are commonly observed in (-)LC/ESI-MS conditions. In
Figure 2.4b is a resultant upfront CID mass spectrum taken for this same
chromatographic peak, showing many product ions from the dissociation of m/z 368. The
product ion m/z 305 corresponds to a neutral loss of 63 Da, which is likely nitric acid
(HNO3). Another product ion m/z 291 corresponds to neutral loss of 77 Da, likely from
the combined losses of a methyl (CH3) radical and a nitrate (NO3) radical (or CH;0NO,).
The neutral loss of 102 Da results in the product ion m/z 266; these types of product ions
are used to aid in the structural elucidation of SOA components, and will be discussed
subsequently. Owing to the lack of available authentic oligomeric standards,
quantification was carried out by using a series of calibration curves generated from
surrogate standards (listed in the Experimental section) covering the wide range of RTs
for all detected species. Each surrogate standard contained a carboxylic acid group, the
likely site of ionization for detected SOA components, except for the meso-erythritol
standard. Due to the initial high percentage of aqueous buffer present in the LC/MS
gradient, we were able to detect small polar organics, such as 2-methylglyceric acid. In
order to quantify this compound, the polyol meso-erythritol, detected as the [M — H +
acetic acid]™ ion, was used. Unlike meso-erythritol, 2-methyltetrols (and other polyols)

were not detected using the (-)LC/MS technique. All surrogate standards were within ~
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+/-= 1.5 min of the RTs of the detected SOA components. Table 2.2 shows the LC/MS
quantification results for high-NOx SOA. Four types of oligomers are quantified here.
For ease of comparison, experiments corresponding to the same VOC and OH precursor
type are grouped together under the same column heading.

SOA components observed thus far are not artifacts formed on filters and are
observed over varying isoprene concentrations, as confirmed by online particle mass
spectrometry. Figure 2.5 shows mass spectra collected from three high-NOy chamber
experiments using the Aerodyne TOF-AMS instrument. In these experiments, the TOF-
AMS instrument was operated at ~ 160°C to lessen the degree of thermal fragmentation
of the high-MW SOA components. Figure 2.5a shows a TOF-AMS spectrum collected
for a 50 ppb isoprene, high-NOy nucleation experiment (not included in Table 2.1 due to
insufficient aerosol mass for offline chemical analysis techniques). Even at these
isoprene concentrations, high-MW species are detected in the SOA produced.
Differences of 102 Da are noted in this spectrum, again indicating the presence of
oligomers. The oligomers present here confirm the species detected by the (-)ESI and
(+) MALDI techniques (Figures 2.1 and 2.2, respectively), where the observed TOF-
AMS 1ons result from a loss of a hydroxyl (OH) radical from the molecular ion (i.e. a-
cleavage of a hydroxyl radical from a carboxylic acid group). ESI detects these
oligomers as the [M — H]™ ion and MALDI as the [M + Na]" ion, so ions measured in the
TOF-AMS instrument are lower by 16 and 40 units, respectively. For example, ions of
m/z 145, 187, 247, and 289 measured by the TOF-AMS instrument (Figure 2.5),
correspond to m/z 161, 203, 263, and 305, respectively, using (-)ESI (Figure 2.1). Four

different series of oligomers are highlighted in this spectrum, where ions of the same
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oligomeric series are indicated in a common color. Figure 2.5b corresponds to a MACR
high-NOy, dry seeded experiment, in which a filter sample was collected (Experiment 3),
showing the same oligomeric signature to that of the low concentration (50 ppb) isoprene
experiment. Figure 2.5¢ corresponds to an isoprene high-NOy, HONO experiment
(Experiment 8). Again, many ions at the same m/z values are detected, as those of
Figures 2.5a and 2.5b, suggesting the chemical components of the SOA are the same in
these samples. Though probably present, oligomeric compounds formed under
conditions similar to those of Figure 2.5¢ were not detected in the original study of SOA
formation from this laboratory,'® as a less sensitive quadrupole AMS was used; such
high-MW species were reported in a subsequent study using the TOF-AMS."” These
online chemical results confirm that the 102 Da differences observed in the offline
analytical techniques (ESI and MALDI) are not a result of sample workup or ionization
artifacts. Also, these online chemical results suggest that seeded versus nucleation
experiments do not lead to significant differences in the chemistry observed, in
agreement with the ESI analyses. The OH precursor (HONO or H,0,) also does not have
a substantial effect on the chemistry observed (i.e. similar products formed, however,
abundances may vary), an observation that is also consistent with the offline mass
spectrometry analyses.

PILS/IC measurements were carried out for Experiments 1 (nucleation) and 2 (dry
seeded). In both experiments the acetate anion was the most abundant organic anion
detected (14.72 mg/m’ in Experiment 1 and 23.47 mg/m’ in Experiment 2) followed by
the formate anion (1.18 mg/m’ in Experiment 1 and 2.90 mg/m’ in Experiment 2). It

should be noted that these two ions elute off the IC column immediately after sample
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injection, and there is a possibility that other early-eluting monocarboxylic acid species
co-eluted with these two species leading to an overestimate of their mass. In addition,
the extent to which the acetate and formate levels quantified here represent decay
products from oligomers detected in the particle phase is uncertain. It is likely that a
significant fraction of this mass results from the decomposition of oligomers at the
sample collection conditions (high water concentrations and temperatures) in the PILS
instrument and possibly by the use of potassium hydroxide (KOH) as the eluent for anion
analyses in the IC instrument.

GC/MS with TMS derivatization (restricted to carboxyl and hydroxyl groups) was
employed to determine the functional groups present within SOA components formed
under high-NOy conditions. Figure 2.6a shows a GC/MS TIC of a high-NOy isoprene
nucleation experiment (Experiment 5). 2-methylglyceric acid (2-MG), detected

10,11,13,14
O.ILI3.14 (was found to elute from the

previously in ambient and laboratory filter samples,
GC column at 29.08 min. The corresponding EI mass spectrum for this peak is shown in
Figure 2.6b. The chemical structure of trimethylsilylated 2-MG, along with its respective
MS fragmentation, is also shown in this mass spectrum. Using GC-FID to quantify the
amount of 2-MG present in this same sample, it was found that 3.8 mg/m’ was formed,
which accounted for ~ 3.7% of the SOA mass. This was consistent with LC/MS
measurements of 2-MG from other high-NOy isoprene nucleation experiments (such as
2.7% of the SOA mass for Experiment 1). A di-ester peak was observed to elute from the
GC column at 51.59 min. The corresponding EI mass spectrum for this chromatographic

peak is shown in Figure 2.6¢ along with its proposed chemical structure and MS

fragmentation pattern.
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2.4.2 Low-NOy Condition

Table 2.3 lists nine low-NOyx chamber experiments. All experiments were
conducted with H,O, as the OH radical precursor with no added NOy. Ozone formation
is attributed mainly to residual NOy emitted by the chamber walls; these O;
concentrations observed likely have negligible effect on the gas-phase chemistry due to
the slow reactivity of O3 towards isoprene. Experiments were conducted with 50% of the
light banks in the chamber except for Experiments 10 and 11, in which 100% of the light
banks were used and resulted in the higher temperatures observed. All experiments were
conducted with 500 ppb of isoprene except for Experiment 17, in which 100 ppb of
isoprene was used. Nucleation (seed-free) and seeded (ammonium sulfate and acidified
ammonium sulfate) experiments were conducted in order to examine if the presence of
seed aerosol has an effect on the chemistry observed. Assuming a density ~ 1.25 g/cm’
(derived from the comparison of DMA aerosol volume and TOF-AMS aerosol mass
measurements), acid seeded (0.015 M (NH4),SO4 + 0.015 M H,SO4) experiments formed
the largest amounts of SOA mass (~259 mg/m’ for Experiment 14) compared to the
corresponding nucleation (~72.5 mg/m’ for Experiment 12) and ammonium sulfate
seeded experiments (~72.8 mg/m’ for Experiment 15). Lower mixing ratios of isoprene
(Experiment 17) in the presence of acid seed also resulted in larger amounts of SOA
when compared to the nucleation and ammonium sulfate seeded experiments.

No particle-phase organics were detected using (-) and (+)ESI techniques.
Analysis of fil