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Abstract

Although secondary organic aerosol (SOA) makes up a substantial fraction of the
organic mass observed in tropospheric fine particulate matter, there remain significant
uncertainties in the true impact of atmospheric aerosols on climate and health due to the
lack of full knowledge of the sources, composition, and mechanisms of formation of
SOA. This thesis demonstrates how the detailed chemical characterization of both
laboratory-generated and ambient organic aerosol using advanced mass spectrometric
techniques has been critical to the discovery of previously unidentified sources (i.e., role
heterogeneous chemistry) of SOA.

The focal point of this thesis is given to the detailed chemical characterization of
isoprene SOA formed under both high- and low-NOy conditions. Until recently, the
formation of SOA from isoprene, the most abundant non-methane hydrocarbon emitted
into the troposphere, was considered insignificant owing to the volatility of its oxidation
products. In conjunction with the chemical characterization of gas-phase oxidation
products, we identify the role of two key reactive intermediates, epoxydiols of isoprene
(IEPOX) and methacryloylperoxynitrate (MPAN), that are formed during isoprene
oxidation under low- and high-NOy conditions, respectively. Increased uptake of [IEPOX
by acid-catalyzed particle-phase reactions is shown to enhance low-NOy SOA formation.
The similarity of the composition of SOA formed from the photooxidation of MPAN to
that formed from isoprene and methacrolein demonstrates the role of MPAN in the
formation of isoprene high-NOx SOA. More specifically, the further oxidation of MPAN

leads to SOA by particle-phase esterification reactions. Reactions of [IEPOX and MPAN
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in the presence of anthropogenic pollutants could be a substantial source of “missing
urban SOA” not included in current SOA models.

Increased aerosol acidity is found to result in the formation of organosulfates,
which was a previously unrecognized source of SOA. By comparing the tandem mass
spectrometric and accurate mass measurements collected for both the
laboratory-generated and ambient aerosol, previously uncharacterized ambient organic
aerosol components are found to be organosulfates of isoprene, a-pinene, B-pinene, and
limonene-like monoterpenes, demonstrating the ubiquity of organosulfate formation in
ambient SOA. We estimate that the organosulfate contribution to the total organic mass

fraction in certain locations could be substantial (upwards of 30%).
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for details about this alternative pathway, see reference 14. 2-methyltetrol
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times of the m/z 215 EICs are the same as well as the mass spectra associated
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experiments involving isoprene in the presence of AS seed aerosol, AAS
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(-)LC/ESI-MS extracted ion chromatograms for m/z 294. The retention
times of the m/z 294 compounds were the same as well as the mass spectra
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possibly formed...........ooiiiii 130
Organic carbon concentration as a function of aerosol acidity. The range of
ambient [H' ], shown here include both average and maximum values
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eastern U.S. “Lioy et al. (27). "Koutrakis et al. (28). “Liu et al. (29).

Lewandowski €t al. (37).....cowee e, 156
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Extracted ion chromatograms (m/z 165, 321, and 409) for the isoprene / NO
photooxidation steady-state experiment. Note that the absolute scales on the
three panels are the same. Peak identifications: (1) 2-methylglyceric acid;
(IS) cis-ketopinic acid internal standard; (2) 2-methylthreitol; and (3) 2-

methylerythritol. Internal standard peak areas are within 10% of each

Extracted ion chromatograms (m/z 407, 495, and 597) for isoprene / NO
photooxidation steady-state experiment. Compounds detected as
trimethylsilyl derivatives: MW 422 (+); MW 510 (*) (compound tentatively
identified by Surratt et al. (/7) as a 2-methylglyceric acid dimer); MW 612
(#). Note that the absolute scales on the three panels are the same......... 158
Estimated concentrations of several particle-phase SOA
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(-)MALDI-TOFMS spectra show that increasing particle-phase acidity leads
to increased abundances and MWs of isoprene SOA products. Each of the
filter samples is based on 20.16 m® of sampled chamber air; therefore, owing
to the same amount of sample extract applied to the target plate and same
amount of chamber air sampled, these spectra are directly comparable. Note
that the absolute scales on the three panels are the same....................... 160
UPLC/(—)ESI-TOFMS base peak chromatograms (BPCs) for filter extracts of
PM,; s aerosol collected from the SEARCH network during the June 2004
campaign. Chromatographic peaks are marked with corresponding [M — H]™

ion. Besides the m/z 97 (i.e. inorganic sulfate) peak and peaks marked with
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an asterisk, which correspond to known SOA acidic products (i.e. m/z 187,
azelaic acid; m/z 203, 3-methyl-1,2,3-butanetricarboxylic acid; m/z 171,
norpinic acid; m/z 185, pinic acid), all other peaks correspond to
organosulfates or nitrooxy organosulfates formed from the oxidation of
isoprene and/or monoterpenes. The source of the m/z 239 organosulfates
remains unknown. Although most of the chromatographic peaks correspond
to organosulfates, this does not mean that all of the organic mass on the
filters is from these compounds. Due to the use of methanol as the extraction
solvent, the type of chromatographic column and the mobile phase system
employed, some of the organic mass on the filter will not be extracted and/or
observed by the UPLC/(—)ESI-TOFMS technique due to some of the organic
mass not being eluted from the column or not being detected in the negative
18] 01514 10 4 [ P 257
UPLC/(—)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 294. The
RTs, accurate masses, and mDa errors between the theoretical masses of the
TOFMS suggested molecular formulae and the accurate masses of the
detected m/z 294 ions are listed above each chromatographic peak. All the
chromatographic peaks highlighted in the figure share the same elemental
composition of C;oH;sNO7S". In order to form the m/z 294 nitrooxy
organosulfates in the monoterpene photooxidation experiments, the presence
of both NOy (i.e., intermediate-NOy or high-NOy levels) and highly acidified
sulfate seed aerosol is required (Table 5.2). Additionally, the m/z 294

nitrooxy organosulfates can form from the nighttime (NOs-initiated)
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oxidation of a-pinene; however, the presence of highly acidified sulfate seed
aerosol is also required (Table 5.2). Although the -pinene experiment
produced one of the m/z 294 isomers observed in the ambient aerosol, in
subsequent figures the tandem MS data reveal that a-pinene is the only
monoterpene examined in this study that appears to be the sole source of
these compounds in ambient aerosol collected from the southeastern U.S.
Besides the suite of monoterpenes examined in this study, other known
highly emitted monoterpenes (e.g., myrcene and ocimene)”* in the
southeastern U.S. should be examined in future experiments to determine
their potential for forming the m/z 294 nitrooxy organosulfates in organic
ACTOSOL. et 259
MS?*/MS’ data obtained for m/z 294 compounds from an
a-pinene/NOs/highly acidic seed experiment with RTs (a) 37.6, (b) 43.6 and
(c) 45.3 min. These compounds are denoted in the text and Scheme 5.1 by
1(295), 2(295) and 3(295), respectively........ccoviiiiiiiiiiiiiiiie, 260
MS*MS? data obtained for m/z 294 compounds from a SEARCH sample
(BHM 6/20/04) with RTs (a) 37.4, (b) 43.4 and (c) 45.1 min. These
compounds are denoted in the text and Scheme 5.1 by 1(295), 2(295) and
3(295), 1ESPECHIVELY ..ttt ettt 261
Proposed formation mechanism for the three major isomers of the m/z 294
nitrooxy organosulfates observed in ambient aerosol from the oxidation of a-
pinene. Numerals 1-3(295) correspond to the isomeric structural

assignments based upon the explanations shown in Scheme 5.1 for the
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observed product ions formed in the tandem MS experiments. For isomers 1
and 2(295), it remains unclear how the NOs-initiated oxidation produces
these compounds in the presence of highly acidified sulfate seed aerosol. “
Aschmann et al.”*" observed a hydroxynitrate of this MW in the gas-phase
from the OH-initiated oxidation of a-pinene in the presence of NO.........262
MS? (m/z 296) TICs obtained from (a) a d-limonene/H,O,/NO/highly acidic
seed experiment and (b) a SEARCH sample (Birmingham, Alabama
6/20/04) ..o 263
MS?*/MS? data obtained for the three m/z 296 compounds from a d-limonene/
H,0,/NO/highly acidic seed experiment with RTs 24.1, 25.4 and 28.3 min.
The compounds are denoted by 1-3(297) in the text and Scheme 5.2........264
Proposed formation mechanism for the three major m/z 296 nitrooxy-
organosulfate isomers observed from the photooxidation of
limonene/limonaketone in the presence of NOy and highly acidified sulfate
seed aerosol. Numerals 1-3(297) correspond to the isomeric structural
assignments based upon the explanations shown in Scheme 5.2 for the
observed product ions formed in the tandem MS experiments. “ Lee et al.*
observed an organic nitrate species of this MW in the gas-phase from the

photooxidation of limonene in the presence of NO as the [M + H]" ion using

UPLC/(—)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 249 for
the following: (a) a-pinene/NOs/highly acidic seed experiment; (b) a-

pinene/H,0,/NO/highly acidic seed experiment; (¢) 8-
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pinene/H,0,/NO/highly acidic seed experiment; (d) SEARCH sample
collected from the CTR field site on 6/11/2004. The RTs, accurate masses,
and mDa errors between the theoretical masses of the TOFMS suggested
molecular formulas and the accurate masses of the detected m/z 249 ions are
listed above each chromatographic peak. All the chromatographic peaks
highlighted in the figure share the same elemental composition of
Ci0H1705S-. a-/pB-Pinene were the only monoterpenes found in this study to
produce the m/z 249 organosulfates with the same RTs, accurate masses, and
elemental compositions as those observed in the SEARCH field samples..266
MS? spectra obtained for the two m/z 249 compounds with RTs 31.2 and
32.2 min from (a, b) a B-pinene/H,O,/NO/highly acidic seed experiment and
(c, d) a SEARCH field sample (BHM 6/20/04). The compounds are denoted
by 1(250) and 2(250) in the text, Figure 5.12 and Scheme 5.3................267
MS? spectra obtained for the two m/z 249 compounds with RTs 24.4 and
29.3 min from (a, b) an a-pinene/H,0,/NO/highly acidic seed experiment
and (c, d) a SEARCH field sample (CTR 6/11/24). The compounds are
denoted by 3(250) and 4(250) in the text, Figure 5.12 and Scheme 5.3. The
ion at m/z 205 is due to an interference...............coooiiiiiii i, 268
Proposed formation mechanism for the four m/z 249 organosulfates
observed in ambient aerosol from the OH-initiated oxidation of $-pinene
and a-pinene. Numerals 1-2(250) correspond to the isomeric structural
assignments for the m/z 249 B-pinene organosulfates, which are based upon

the explanations for the observed product ions formed in the tandem MS
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experiments (Figure 5.10). Tinuma et al.”® also observed the formation of
isomer 1(250) from a f3-pinene ozonolysis acid seed experiment, and
detected this same isomer in a Norway spruce-dominated forest in Bavaria,
Germany. Numerals 3—4(250) correspond to the isomeric structural
assignments for the m/z 249 a-pinene organosulfates, which are based upon
the explanations for the observed product ions formed in the tandem MS
experiments (Figure 5.11).......ooiiiiii e, 269
MS? (m/z 227) TICs obtained from (a) an a-pinene/H,O/NO/highly acidic
seed experiment and (b) a SEARCH sample (BHM 6/20/04)................ 270
MS?*/MS? data for the m/z 227 compounds from (a) an o-pinene/H>0-/
NO/highly acidic seed experiment with RT 4.3 min and (b) a SEARCH
sample (BHM 6/20/04) with RT 4.1 min...........cooooiiiiiiiiiiiiiiin, 271
UPLC/(—)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 279 for
the following: (a) a-pinene/H,O,/NO/highly acidic seed experiment; (b) -
pinene/NOs/highly acidic seed experiment; (¢) B-pinene/H,O0,/NO/highly
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detected m/z 373 ions are listed above each chromatographic peak. All the
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H] ions are of the same oligoester series (Table 6.1). m/z 97, 199, and 215
correspond to sulfate, an organosulfate of 2-MG (16), and an organosulfate
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GC/EI-MS mass spectra for isoprene low-NOy SOA constituents formed in
the highly acidified sulfate seed aerosol experiment chemically characterized
in Figure 6.1G—J. (A1-A2) Mass spectra corresponding to the [EPOX
compounds characterized for the first time in low-NOy isoprene SOA. (B1-
B3) Mass spectra corresponding to the three isomers of the Cs-alkene triols.
(C1-C2) Mass spectra corresonding to the diasteroisomeric 2-methyltetrols.
(D1) Averaged mass spectrum corresponding to all 6 major isomers of the
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Figure 6.8.

Figure 6.9.

xlvii

(A1-F1) Particle-phase constituents formed from the dark reactive uptake of
BEPOX in the presence of either neutral (blue lines) or highly acidic (red
lines) sulfate seed aerosol. (A2-F2) Corresponding mass spectra for each
chemically characterized particle-phase constituent shown in A1-F1. For
simplicity, the mass spectra shown are only those of the most abundant
isomers (chromatographic peaks) found in the EICs of A1-F1. All particle-
phase constituents shown in A1-F1 are more abundantly formed from the
uptake of the BEPOX in the presence of highly acidic sulfate seed aerosol,
which is consistent with the low-NOy isoprene SOA constituents shown in
Figure 6.1. The particle-phase products characterized here were also
observed in photooxidation of butadiene under low-NOy conditions and in
the presence of highly acidified sulfate seed aerosol. These data further
confirm the role of IEPOX in forming low-NOy isoprene SOA under acidic
CONAITIONS .« ettt ettt et et eea e 352
(A) GC/MS EICs of m/z 248 from 50 mg of BEPOX dissolved in 0.5 mL of
0.1 M H,S0Oy4 in water (green line) and a reactive uptake experiment of
BEPOX in the presence of highly acidified sulfate seed aerosol (black line).
The two chromatographic peaks differ only slightly in terms of retention time
owing to the samples being analyzed by the GC/EI-MS technique on separate
days. (B) Corresponding mass spectrum for the chromatographic peak
shown in A for the 50 mg BEPOX standard dissolved in 0.5 mL of 0.1 M
H,SO4 in water (green line). The mass spectrum corresponding to the

chromatographic peak shown in A for the reactive uptake experiment of
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BEPOX in the presence of highly acidified sulfate seed aerosol (black line) is
presented in Figure 6.842. This comparison shows that some of the BEPOX
remains unreacted in the particle phase and could have resulted there due to
semi-volatile partitioning. .........c.vviiiiiriiie i 354
Figure 6.10. PILS/IC time traces of sulfate aerosol mass concentrations observed in
experiments examining the reactive uptake of BEPOX in the presence of
either neutral or highly acidified sulfate seed aerosol. In addition, a
PILS/IC time trace is shown for the peak area of a tentatively assigned
organosulfate compound observed only in the SOA formed from the
reactive uptake of BEPOX in the presence of highly acidified sulfate seed
aerosol. In both the neutral and highly acidified sulfate aerosol
experiments, the seed aerosol was injected first and allowed to stabilize.
Time zero indicates when the BEPOX was injected. The sulfate aerosol
mass concentration decayed by ~58% of its initial loading 1 h after the
BEPOX was injected in the presence of highly acidified sulfate seed
aerosol. The sulfate aerosol mass concentration remained relatively
constant after the injection of BEPOX in the presence of neutral sulfate
seed aerosol. The large decay of sulfate mass in the highly acidified sulfate

seed aerosol experiment indicates that it is lost due to reaction with

Figure 6.11. UPLC/(—)ESI-TOFMS EICs of organosulfates formed from the reactive
uptake of BEPOX in the presence of highly acidified sulfate seed aerosol.

EICs of m/z 409 to 825 indicate the formation of high-order (MW)
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organosulfates. Accurate mass measurements for each observed ion
allowed for the determination and verification for the presence of the latter
compounds by providing elemental composition (i.e., molecular formula)
information. The elemental compositions for each ion are denoted in red.
Numbers marked above the chromatographic peaks are the retention times
for these compounds........c.oviiiiii i 356

Figure 6.12. UPLC/(—)ESI-TOFMS EICs associated with three major classes of
oligoesters previously observed in isoprene high-NOx SOA (12, 26). For
simplicity, only one structural isomer is shown in each of these EICs.
These EICs were obtained from three different experiments in which the
photooxidation of the same mixing ratio of MACR was conducted with
varying levels of initial [NO,]/[NO] ratio. Increasing the initial
[NO;]/[NO] ratio for these high-NOx MACR experiments shown here
results in the enhancement of both the previously characterized high-NOy
SOA constituents and the high-NOx SOA masses. These enhancements are
due to the formation and further reaction of MPAN under high-NO,
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