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ABSTRACT

Trace volatile organic compounds emitted by biogenic and anthropogenic sources into the
atmosphere can undergo extensive photooxidation to form species with lower volatility. By
equilibrium partitioning or reactive uptake, these compounds can nucleate into new aerosol
particles or deposit onto already-existing particles to form secondary organic aerosol (SOA).
SOA and other atmospheric particulate matter have measurable effects on global climate and
public health, making understanding SOA formation a needed field of scientific inquiry. SOA
formation can be done in a laboratory setting, using an environmental chamber; under these
controlled conditions it is possible to generate SOA from a single parent compound and study
the chemical composition of the gas and particle phases. By studying the SOA composition, it
is possible to gain understanding of the chemical reactions that occur in the gas phase and
particle phase, and identify potential heterogeneous processes that occur at the surface of SOA
particles. In this thesis, mass spectrometric methods are used to identify qualitatively and
qualitatively the chemical components of SOA derived from the photooxidation of important
anthropogenic volatile organic compounds that are associated with gasoline and diesel fuels
and industrial activity (C,, alkanes, toluene, and o-, 7-, and p-cresols). The conditions under
which SOA was generated in each system were varied to explore the effect of NO, and
inorganic seed composition on SOA chemical composition. The structure of the parent alkane
was varied to investigate the effect on the functionalization and fragmentation of the resulting
oxidation products. Relative humidity was varied in the alkane system as well to measure the
effect of increased particle-phase water on condensed-phase reactions. In all systems,
oligomeric species, resulting potentially from particle-phase and heterogeneous processes, were
identified. Imines produced by reactions between (NH,),SO, seed and carbonyl compounds
were identified in all systems. Multigenerational photochemistry producing low- and extremely
low-volatility organic compounds (LVOC and ELVOC) was reflected strongly in the particle-

phase composition as well.
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Chapter 1

Introduction

1.1 Motivation

While the composition of the atmosphere is predominantly gaseous, the atmosphere contains aqueous
and solid phase particulate matter (aerosols) with important roles in atmospheric processes that lead to
climate and visibility effects.’ Aerosol particles have both direct and indirect effects on the atmosphere
and climate. An example of a direct effect of aerosol particles is their interaction with solar radiation:
atmospheric aerosol can absorb and scatter solar radiation, affecting the radiative transfer of energy
and influencing climate directly. The scattering of visible light by aerosol particles is commonly
recognized as the haze in urban environments, including L.os Angeles. An indirect effect of aerosol
particles is their role in cloud production: aerosols are known to act as cloud condensation nuclei
(CCN) and ice nuclei (IN), which form clouds and thereby affect the global climate.! Aerosol particles
are composed of organic and inorganic compounds, originate from anthropogenic or biogenic sources,
and can become airborne as particles (primary organic aerosol, POA; e.g. pollen) or develop in the
atmosphere as the result of chemical and physical processes (secondary organic aerosol, SOA).” The
chemical compositions of POA and SOA affect their physical properties, which in turn determine

their direct and indirect climate effects.

Organic compounds compose 20-90% by mass of ambient aerosol. Volatile organic compounds
(VOCs) in the atmosphere originate from both anthropogenic and biogenic sources; the most
abundant non-methane hydrocarbon in the atmosphere is isoprene, which is biogenic in origin.” The
atmosphere contains highly reactive radicals, predominantly OH and NO;, which drive the oxidation
of atmospheric organic compounds. As organic compounds undergo oxidation, they can decrease in
volatility through the addition of polar functional groups (e.g. carbonyl and hydroxyl groups) or
increase in volatlity through decomposition into smaller C-chain compounds. Gas/patticle
partitioning of these semi- and low-volatility compounds leads to SOA formation. Ambient aerosol is
often chemically complex due to the vatiety of ambient sources of organic compounds and the diverse
products from atmospheric photooxidation of these species.* Reduction of aerosol burdens and
prediction of CCN efficacy and climate effects require identification of major SOA sources; this effort
requires understanding of the chemistry leading to SOA formation and measurements of the chemical

composition of ambient aerosol to identify the parent organic compounds.



SOA particles exist in a chemical and physical state of flux: the constituent molecules can continue to
condense, evaporate, and be chemically transformed through reactions and photochemistry. The
dynamic nature of gas/particle partitioning dictates that compounds can freely pattition between the
phases, driven by concentration gradients and temperature. Chemical reactions and photochemical
reactions can occur within the bulk and at the surface of aerosol. Oxidation in the particle-phase can
occur at the surface or from unique bulk processes like photo-Fenton reactions. Oligomerization is a
key process in particle formation and growth; it has been shown to be important to anthropogenic and

biogenic compounds. These transformative processes occur on an atmospherically relevant timescale.

Detailed chemical characterization of SOA composition at a molecular level is typically conducted
using solvent extraction and electron impact ionization (EI) in order to conduct a mass spectromettic
analysis. These techniques are highly useful in identifying molecules by fragmentation patterns, which
indicate structural details. Analysis method artifacts arise with the use of these methods, however; less
stable compounds like peroxides, epoxides, and acid-cleavable, high-boiling oligomers are not readily
detectable in their native state. Derivatization and gas chromatographic/mass spectrometric (GC/MS)
analysis, and liquid chromatography/mass spectrometry (LC/MS) are powerful techniques for the
separation of complex mixtures and identification of components, but like all techniques, they need to
be used alongside auxiliary techniques to gain a fuller view of SOA chemical composition that includes
more fragile or low-volatility species. Recent advancements in ambient ionization methods including
direct analysis in real time mass spectrometry (DART-MS) have shown promise in measuring sensitive

compounds in complex matrices.

1.2 Research Objectives

The principal objectives of this research are to study the formation of SOA from anthropogenic
marker compounds (C,, alkanes, toluene, and o-, 7-, and p-cresol) under simulated urban and rural
atmospheric conditions using comprehensive charactetization of SOA composition using GC/MS and
DART-MS, and to explore the extent of particle-phase chemistry to SOA chemical composition,

specifically the importance of oligomer formation to SOA growth.

1.3 Approach

This section provides an overview of the research presented in the following chapters.



Chapter 2 describes the study of the effect of structure, NO, conditions, relative humidity, and acidity
on the chemical composition of SOA generated from the photooxidation of the C,, alkanes #-
dodecane, cyclododecane, and hexylcyclohexane. Alkanes are an important anthropogenic VOC in
urban areas, and known precursors to SOA. The gas-phase oxidation of alkanes is known to lead to
peroxide formation and oligomers including hemiacetals and peroxy hemiacetals.” The findings
presented in Chapter 2 originate from the offline analysis of alkane SOA collected via filtration by
solvent extraction and GC/MS analysis paired with on-filter DART-MS analysis. In the GC/MS
analysis, electron impact ionization was used along with chemical ionization by methanol to obtain
structural and molecular information about the analytes. GC/EI-MS with a high-resolution time-of-
flight mass spectrometer was used to obtain accurate mass measurements of the ion fragments.
DART-MS analysis was performed on a commercial high-resolution system to obtain accurate mass
measurements of the pseudomolecular ions and ion clusters, as well as on an experimental source
coupled to an ion trap mass spectrometer to use reactive methods to identify ion clusters and the
target analyte contained within the cluster. The products identified in this research show the influence
of particle-phase oligomerization, cyclization, and imine formation on alkane SOA chemical

composition, as well as the impact of NO, and parent alkane structure.

Chapter 3 describes the study of toluene SOA formation under low- and high-NO conditions, and
explores the influence of the cresol pathway on determining the chemical composition of toluene
SOA. Toluene is known to undergo photooxidation through a bicyclic peroxy radical intermediate as
well as through a cresol intermediate; those two major pathways account for 83% of the
photooxidative fate of toluene. Low and extremely low volatility organic compounds (LVOC and
ELVOC) are known to be important to aromatic SOA formation, as well as oligomeric species,
particularly those derived from glyoxal. In this research, the extent to which LVOC and ELVOC
comprise aromatic SOA is explored, as well as ascertaining the nature of those compounds to
determine the contributions of oligomerization and multigenerational photooxidation to the formation
of these low-volatility species and toluene SOA. To this end, toluene and o¢-, 7-, and p-cresol were
directly photooxidized under comparable conditions to allow for the comparison of SOA chemical
compositions and the estimation of the contribution of the cresol pathway to toluene SOA. In this
study, chemical analysis of SOA was conducted by using high-resolution aerosol mass spectrometry

(HR-AMS) and high-resolution direct analysis in real time mass spectrometry (DART-HR-MS). The



mass spectral datasets for toluene and o-cresol SOA produced under high-NO conditions were
qualitatively analyzed using positive matrix factorization to draw out commonalities and differences
between the different growth periods of toluene and cresol SOA. The chemical compositions
measured by offline DART-HR-MS analysis were examined in van Krevelen space to identify overall

trends in functionalization and fragmentation over the course of the photooxidation experiment.

To close, chapter 4 summarizes the main findings of this research and provides future directions for
extensions of this work. Additional applications of offline analysis of SOA to the addressing of major
chemical questions involving biogenic SOA, anthropogenic SOA, and ambient SOA are located in the

Appendices.
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Secondary Otganic Aerosol Composition from C,, Alkanes'

! This chapter is reproduced by permission from “Secondary Organic Aerosol Composition from C,,
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ABSTRACT: The effects of structure, NO, conditions, relative humidity, and aerosol
acidity on the chemical composition of secondary organic aerosol (SOA) are reported for
the photooxidation of three C,, alkanes: n-dodecane, cyclododecane, and hexylcyclohex-
ane. Acidity was modified through seed particle composition: NaCl, (NH,),SO,, and
(NH,),SO, + H,SO,. Off-line analysis of SOA was carried out by solvent extraction and
gas chromatography—mass spectrometry (GC/MS) and direct analysis in real-time mass
spectrometry. We report here 750 individual masses of SOA products identified from
these three alkane systems and 324 isomers resolved by GC/MS analysis. The chemical
compositions for each alkane system provide compelling evidence of particle-phase
chemistry, including reactions leading to oligomer formation. Major oligomeric species
for alkane SOA are peroxyhemiacetals, hemiacetals, esters, and aldol condensation
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products. Furans, dihydrofurans, hydroxycarbonyls, and their corresponding imine analogues are important participants in these
oligomer-producing reactions. Imines are formed in the particle phase from the reaction of the ammonium sulfate seed aerosol
with carbonyl-bearing compounds present in all the SOA systems. Under high-NO conditions, organonitrate products can lead to
an increase of aerosol volume concentration by up to a factor of S over that in low-NO conditions. Structure was found to play a
key role in determining the degree of functionalization and fragmentation of the parent alkane, influencing the mean molecular

weight of the SOA produced and the mean atomic O:C ratio.

B INTRODUCTION

tals. Combined experimental and modeling studies point to the

Secondary organic aerosol (SOA) formation generally proceeds
by the multigeneration gas-phase oxidation of volatile organic
compounds (VOCs) followed by condensation of the oxidized
products into the aerosol phase.' It has been well-established
that once in the particle phase, oxidation products may undergo
additional chemistry, including oligomerization reactions.” > A
dominant issue in a particular VOC system is the extent of
particle-phase chemistry in its SOA formation. Oligomerization
has in some cases been observed to occur within seconds of the
onset of particle formation and, in addition, can be sensitive to
the presence of acidic species.”*® Low-volatility, high-molecular
weight oligomers can influence the particle’s phase state.”""
The molecular characterization of the particle phase holds the
key to identifying particle-phase chemistry in SOA formation.

Cyclic, branched, and linear alkanes constitute a large
fraction of gasoline and diesel fuel.'* Moreover, alkane
combustion and photooxidation products are known to be
important contributors to urban and transportation-related
SOA."”™'* Alkane SOA composition has been reported in a
number of studies (Table 1)."57%°

These studies encompass both flow tube and environmental
chamber photooxidation of C4 to C,, alkanes with cyclic, linear,
and branched structures under high- and low-NO conditions.
Observed photooxidation products are hydroxycarbonyls,
alcohols, aldehydes, and carboxylic acids, as well as more
complex species such as furans, lactones, and peroxyhemiace-

-4 ACS Publications  © Xxxx American Chemical Society

importance of oligomer formation under low-NO oxidation of
n-dodecane.’*>*® Targeted studies showed that peroxy-
hemiacetals can be important contributors to alkane SOA
formation under low-NO conditions when both aldehydes and
hydroperoxides are present in the gas phase >*3¢
Particle-phase chemistry of carbonyl groups is known to lead
to relatively complex structures; for example, 1,4-substituted
hydroxycarbonyl compounds form cyclic hemiacetals that can
dehydrate to form dihydrofurans.®>” 1,4-hydroxycarbonyls are
found in both the gas and particle phases and when additionally
substituted may participate in further particle-phase chemistry.
Aldehydes are known to undergo imine formation in the
presence of amines, but none of the studies to date has
investigated nitrogen incorporation in the organic aerosol
phase, other than the nitration of secondary alkane sites under
high-NO conditions.”* *° Imines are an important constituent
of “brown carbon”, a broad category of chromophoric organic
material that impacts the optical properties of atmospheric
aerosol.”' Gas- and particle-phase chemical analyses employed
in these previous studies provide a foundation for interpreting
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dependence of alkane SOA composition resulting from changes
in reaction conditions or parent compound structure.

We report characterization of the chemical composition of
SOA generated in the low- and high-NO oxidation of three C,
alkanes: n-dodecane, hexylcyclohexane, and cyclododecane. We
also report the first application of direct analysis in real-time
mass spectrometry (DART-MS) to off-line filter samples to
determine SOA composition; this method allows us to identify
intact compounds, including species prone to reactive loss and
decomposition. Off-line analysis of SOA allows the application
of a variety of softer ionization conditions, preserving
functionalities not detected in aerosol mass spectrometry
(AMS). Reactive DART-MS using ion trap mass spectrometry
allowed the confirmation of hydroperoxide and peroxide
functional groups. Gas chromatography — mass spectrometry
enabled the resolution of isomeric species and provided
structural information. We address the evidence for particle-
phase chemistry in each of these three alkane systems through
detailed analysis of the particle-phase composition. By the
combination of these two mass spectrometry approaches, we
are able to report close to 100% identification and
quantification of the particle phase for each of the three alkane
systems. In all, 750 individual mass spectral features are
identified, and 324 isomers are resolved. We begin with a
description of the experimental techniques applied, followed by
a discussion of the compositions for each of the three alkane
systems. Plausible reaction mechanisms associated with the key
identified species are presented.

reference

Reisen et al.'
Baker et al.'”
Ruehl et al?
Lim et al.?*
Lim et al.?®
Lim et al>*

25
Yee et al.®®

Craven et al.>!

Yee et al.*?
Lambe et al.®
Tkacik et al.>*

Ziemann

types of products identified
hydro-peroxides, peracids, PHA
hydroperoxy carbonyls, acids, PHA

tetrahydrofurans
alkoxy hydroperoxy aldehydes, peroxyhemi-

acetals (PHA)
hydroxycarbonyls, hydroperoxycarbonyls,

ketones, aldehydes, alcohols, hydroxyketones ~Zhang et al."®
carboxylic acids

carbonyls, alcohols, lactones, hydroxyketones,
dihydrofurans, alkyl nitrates, hydroxyketones
hydroxy-nitrates, dinitrates, substituted
hydroxycarbonyls, hydroperoxides,

no speciation; O:C ratios 0.13—1.33

no speciation; O:C ratios from 0.1 to 0.5

alcohols, aldehydes

hydroxyketones

technique employed
2D-GC/ToF-MS (EI or VUV)
thermal desorption particle beam  dihydrofurans, alkyl nitrates, hydroxyketones
MS (TDPB-MS)

TDPB-MS

TDPB-MS
chemical ionization MS (CIMS),

aerosol MS (AMS)

CIMS, AMS

SPME/GC-FID
Tenax and SPME/GC-FID
2D-GC/ToE-MS

AMS
AMS

B EXPERIMENTAL SECTION

SOA formation from oxidation of three C,, alkanes (Table 2)
was studied in the dual 24 m® Teflon reactors in the Caltech
Environmental Chamber, which is described elsewhere.”%*%*
Hydroxyl radicals were generated via photolysis of hydrogen
peroxide using black lights with a peak wavelength of 350 nm.
H,0, (280 puL of 50% wt. solution, Sigma-Aldrich) was
measured with a glass syringe (Hamilton) and injected into a
glass trap, which was then immersed in a water bath (35—38
°C) while S L min™" of filtered air flowed through the trap into
the chamber. H,0, was volatilized over the course of 90 min
under these conditions, producing an initial mixing ratio of
approximately 4 ppm. An aqueous solution of ammonium
sulfate was prepared from solid ammonium sulfate (>99.9%,
Sigma-Aldrich) and water (18 MQ, Milli-Q). Ammonium

experimental conditions

stabilized Criegee intermediates
chamber-based OH oxidation
NO, conditions

oxidation
chamber-based OH oxidation with NO

chamber-based OH oxidation

oxidation
chamber-based ozonolysis, reaction of alcohols with  TDPB-MS

flow tube reactor, OH-initiated heterogeneous
flow tube reactor, OH-initiated heterogeneous
environmental chamber, OH oxidation under high-

chamber-based high-NO, OH oxidation
chamber-based high-NO, OH oxidation
chamber-based high-NO, OH oxidation
PAM flow reactor with OH oxidation

chamber-based OH oxidation

v

" E PR sulfate seed aerosol was produced by atomizing a 0.015 M
- g3 g ° 2 aqueous solution into the chamber, providing a 1520 um’
Z s £ 2 '&é o cm™ volume concentration. Atomization of aqueous solutions
2 !%; g g < of 0.015 M NaCl (Sigma-Aldrich, >99%) and (NH,),SO,
g g = i: g %m mixed with H,SO, (Sigma-Aldrich, 18 M) produced seed
Z E dj § 3 ig aerosol at similar volume concentrations in selected experi-
g 3 ¢ £ 3 2% ments (Table 3).

g § g & - Teflon filters (Pall Life Sciences, 47 mm, 1.0 ym pore size),
: 2. A B é o] on which SOA was collected, were cleaned prior to aerosol
o % E & < '§ _ua;é collection by sonication in a 50/50 (v/v) mixture of heptane
ﬁ = g 3 ﬁ g o 55 (Aldrich, Chromasolv, >99%) and acetone (EMD, Omnisolv,
g g g il g €t 3 :;F; 99.5%). The filters were dried in glass Petri dishes under a
% B EENS S = 2 :?} <8 gentle stream of UHP nitrogen on an aluminum block heated
— ;?3 PRENS g g 5 = E‘: to 35 °C. Once dry, the filters were stored in glass scintillation
2 S $2d g S g 8 2 2§ ials with Teflon-lined caps prior to use. Aerosol was collected
£ 0<S E2% L2, o S vials with ps p cted
! . =239 5 ¢ e g £E on filters in parallel at flow rates of 17 + 1 and 23 + 1 L min
o g <gg I 2% T % 8 LJE for 2 h.

= :g ‘i%g 2 7% &8 2 3 Z3% Analysis of SOA by DART-MS. Filter samples were
H S U&FF 9 OO0 U 2 & OB analyzed using two different DART-MS systems: a JEOL
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Table 2. C;, Compounds Studied

P,,” at 25 °C Kon x 10'2°
(atm) (em® molec™ s™")
Parent Compound Structure
n-Dodecane NN S N 259x 107 13.9

Hexylcyclohexane

Cyclododecane

\/\/\/O 41x10* 13.1

1.64x 10 14.7

“Using EVAPORATION.*® “Calculated using relative rate from n-dodecane ke in the University of Leeds’ Master Chemical Mechanism (MCM) M

AccuToF DART-MS and the custom-built Caltech mini-DART
source on a Thermo LTQ ion trap mass spectrometer. The
combination of both instruments provided both accurate mass
measurements and MS/MS data to confirm adduct identities.

The JEOL DART-MS was operated with the discharge
electrode set to +5 kV and subsequent electrodes set to +150
and +250 V. Helium flow was set at 1 L min™’, and the source
was heated to 200 °C. Mass calibration was performed for
accurate mass measurement in both positive and negative
modes by the analysis of a standard solution of PEG-600 in
methanol. Solids were analyzed by placing a small piece in the
DART stream with stainless steel forceps. Solutions were
analyzed by dipping a glass capillary in the solution and placing
the capillary tip in the DART stream. A 1 cm wide swath was
cut from the center of each filter using clean stainless steel
surgical scissors. The filter membrane piece was wrapped
around the tip of clean stainless steel forceps and placed in the
path of the DART stream until the ion current began to decline
after reaching a maximum, indicating that most of the available
organic material had been removed during analysis.

The mini-DART source that we employed offers flexibility in
the ionizer configuration as well as the ability to conduct MS?
experiments with the ion trap mass spectrometer. The needle
electrode was operated at a DC potential of 3—5 kV with a
current between 0.2 and 1.0 mA. The filter electrode was
maintained at a potential of +110—250 V, based on prior
studies with other DART systems.*™* The helium flow was
1.0 Lmin~', and the source temperature was 200 °C. The
outlet of the mini-DART was oriented for direct flow into the
mass spectrometer inlet at a distance of 1—3 cm; the sample,
prepared identically to those analyzed on the JEOL instrument,
was manually introduced into this space. Additional standard
analyses using the mini-DART to assess analyte response across
a broad range of vapor pressures using polypropylene glycol,
cocaine, and heroin are included in the Supporting Information.

Homologous compound standards were analyzed under
conditions identical to those of chamber SOA samples to
identify ionization artifacts and to validate interpretation of
DART mass spectra. A precleaned Teflon filter was spiked with
100 uL of a 4 ppm standard containing n-dodecane (Sigma-
Aldrich, 99+%), 2-dodecanol (Aldrich, 99%), 2-dodecanone
(Aldrich, >97%), 1,12-dodecanediol (Aldrich, 99%), and
dodecanoic acid (Sigma, >99%) in heptane/acetone (50/50,
v/v). The filter was analyzed in the same manner as the
chamber samples. For calibration of liquid samples, a clean glass
capillary was dipped into the 4 ppm standard mixture and
analyzed. Benzoyl peroxide, lauroyl peroxide, and tert-

butylperoxy benzoate were analyzed individually by dipping a
clean glass capillary into an aliquot of each neat compound then
passing it through the DART stream. For confirmation of the
presence of primary amines (in this case, ammonia), a syringe
with a 2 mM solution of 18-crown-6 in methanol was primed to
load a droplet onto the needle tip. The 18-crown-6 droplet was
cointroduced into the DART stream with the peroxide liquid
sample. Ammonium ion adducts disappear with introduction of
18-crown-6 and are replaced by proton adducts ([M + H]").
Further discussion of this procedure as well as example mass
spectra appear in the Supporting Information.

Targeted quantitative analysis by DART-MS requires the
presence of an internal standard, typically one that is
isotopically labeled so as to have the same vapor pressure
and proton affinity as the analyte.*” Choosing an internal
standard is more difficult in the case of a complex mixture of
unknown compounds with a range of vapor pressures. The
ideal internal standard for SOA analysis would be an organic
compound with a vapor pressure and proton affinity similar to
that of the projected components, be present solely in the
particle phase at a mixing ratio near that of the photochemical
products, but be nonparticipatory in particle-phase reactions.
Such an ideal standard has not been identified, so an alternative
internal standard was chosen. Dibutyl phthalate is present in
the Teflon filters used to collect the particles; it can be
considered to be in excess with respect to individual SOA
components. It is also assumed that its ion current intensity is
proportional to the DART stream spot size and other transient
ionization conditions.

Vapor pressures and proton affinities must be similar for the
internal standard and average predicted analyte. Semivolatile
compounds have vapor pressures between 10~ and 107! atm,
and compounds composing aerosol have vapor pressures below
about 107" atm.*® Dibutyl phthalate has a vapor pressure of
5.93 X 107 atm at 298 K.>' This vapor pressure is within the
range of expected analyte vapor pressures but biased toward the
semivolatile range. Dibutyl phthalate forms a proton adduct
([M + HJ*, m/z 279.1591) in positive-mode DART
ionization.*>>* Proton affinity (PA) is defined by the reaction
of M + H" — MH", where AH,,, = —PA, and PA is reported in
kilojoules per mole.>* The estimated PA for the average
predicted alkane SOA compound is on the order of ~839 kJ
mol, based on the PA values for homologous compounds (4-
methylcyclohexanone (844.9 kJ mol™"), ethyl methyl carbonate
(842.7 k] mol™"), n-propyl acetate (836.6 k] mol™"), n-dipropyl
ether (837.9 kJ mol™'), 4-heptanone (845.0 kJ mol™),
tetrahydro-2-methylfuran (840.8 kJ mol™"), and 2,5-dihydrofur-
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Table 3. Summary of Experimental Conditions

total organic volume (um®cm™)

seed volume (um?cm™3)

seed

RH (%)
(NH,),S0,

T (°C)
24.11

[VOC], (ppb)  oxidant precursor ~ [NO], (ppb)  [NO,], (ppb)  [Os], (ppb)

parent VOC

167

20
35

33
54.1

ND ND

ND

H,0,

321
359
245
342
366
339
457

n-dodecane

56
376

(NH,),50,

23.9

ND ND ND

H,0,

n-dodecane

15
14
32

5.6 (NH,),S0,
2.8

232

ND ND

97.5
7.9

ND

H,0, + NO
HZOZ

n-dodecane

74
80
138
265

MgSO, + H,S0,
NaCl

23.9

ND

ND

n-dodecane

59.7

23.6

ND

ND

H,0,

n-dodecane

15
21

2.4 NaCl

24.0

ND ND

ND

H,0,

n-dodecane

(NH,),SO,
(NH,),80,

33
4.5

24.1

ND ND ND

H,0,

hexylcyclohexane

748

16
19
14

23.1

H,0, + NO 120.1 ND ND
ND

H,0,

332

hexylcyclohexane

144
767

(NH,),50,

S.1

24.0

ND

ND

330
293

cyclododecane

(NH,),S0,

“Aerosol samples collected by filtration during final 2 h of photooxidation. ND = not detected (limit of detection is S ppb). In the fourth n-dodecane experiment, 7.9 ppb of NO was not added deliberately

and did not affect the experimental outcome significantly. Total organic volume is wall-loss corrected.

4.0

22.5

ND ND

102.1

H,0, + NO

cyclododecane

an (823.4 kJ mol™)).*® The proton affinity of dibutyl phthalate
can be estimated from its homologue, dimethyl p-phthalate
(843.2 kJ mol™').>® The difference between the estimated PA
for the internal standard, dibutyl phthalate, and the average
predicted alkane SOA compound is ~0.5%. There is good
agreement between the internal standard and predicted analyte
PA, and the assumption that the ratio of the internal standard
and analyte PA is ~1 holds for this predicted system.

A relationship between analyte concentration and ion current
must be established next. For DART-MS, the ion current
intensity I of any species is proportional to the concentration C,
vapor pressure P, and proton affinity A: I = AP,,,C. This
equation is written for both the analyte (A) and the internal
standard (IS) and then ratioed, allowing for the cancellation of
the proton affinity term. Analyte vapor pressures were
estimated by using the EVAPORATION model; imine
functional groups are not included in the EVAPORATION
model, but their vapor pressures were estimated from their
carbonyl analogues because of the first-order similarity in bond
polarity between carbon and oxygen or nitrogen.”> When
rewritten to solve for the ratio of the concentration of analyte
to the concentration of the internal standard, the equation
becomes

& _ Pvap,ISI_A

CIS Pvap,A IIS

The dominance of one or a few compound classes makes it
preferable to use the log of the ratio of concentrations of
analyte to internal standard for each compound and summed
for each compound class. The relative concentrations for each
compound class allows for comparison between functional
group abundances. To calculate the mean molecular weight for
each chamber SOA sample, these relative concentrations were
summed to obtain the total. Using the total, a percentage
contribution for each compound was obtained, and that was
used as the weighting factor for each compound in calculating
the mean molecular weight. A further discussion of this
calculation procedure appears in the Supporting Information.

From the formulas obtained by DART-ToF-MS analysis,
H:C and O:C ratios were calculated and plotted on a van
Krevelen diagram® to depict the trends in functionalization
and fragmentation for each chamber SOA sample. Typically, a
van Krevelen diagram is generated from high-resolution aerosol
mass spectrometery data, where each data point on the diagram
corresponds to the bulk SOA chemical composition at a specific
time point. Here, each data point represents a specific
compound detected by DART-MS. The van Krevelen diagram
has been developed as an interpretation of HR-MS data to
visualize the functionalization of complex organic mix-
tures.****3°~% The slope of a line drawn between or through
points in a van Krevelen diagram represents the extent of
addition or loss of C, H, or O atoms, which when interpreted
with the source HR-MS data obtained by soft ionization,
translates to the net differences in functionality between the
detected compounds.***® From this type of analysis, the
distribution of products from a chamber SOA sample can be
visualized and interpreted along the lines representing
hydration, peroxide formation or alcohol addition, ketone or
aldehyde formation, carboxylic acid formation, or nitrate
addition. The line with slope = —1, for example, can represent
both a carboxylic acid group addition or the addition of both a
carbonyl group and a hydroxyl group to the same compound;
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Figure 1. (a) Total ion chromatogram (EI-MS) of n-dodecane SOA produced under low-NO conditions with ammonium sulfate seed aerosol. The
starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180 amu. (b) Total ion chromatogram (CI-MS) of n-dodecane
SOA produced under low-NO conditions. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180 amu. (c)
Extracted ion chromatogram (EI-MS) for m/z 180. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180
amu. (d) Extracted ion chromatogram (CI-MS) for m/z 180. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight
of 180 amu. (e) Electron impact mass spectrum at 17.5 min, with m/z values labeled from the high-resolution GC/ToF-MS analysis, along with
assigned fragment formulas. (f) Chemical ionization mass spectrum at 17.5 min, with methanol as the reagent gas. (g) (+)-DART mass spectrum of
n-dodecane SOA produced under low-NO conditions with ammonium sulfate seed aerosol. The starred peak corresponds to the target analyte with a
molecular weight of 180 amu.

therefore, hydroxycarbonyl formation and carboxylic acid Analysis of SOA by GC/MS. Filter extracts were analyzed
by a Varian Saturn 2200 gas chromatograph (GC) ion trap
mass spectrometer. The GC was equipped with an autosampler,
diagram. a programmed temperature vaporization (PTV) injector

formation appear along the same line on a van Krevelen
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(Varian 1079) lined with a deactivated glass single-gooseneck
liner with a deactivated glass frit (Restek, Sky, 3.4 mm ID), and
a DB5-MSUI column (0.25 ym X 0.25 mm X 30 m). The PTV
inlet temperature program was (i) 45 °C for 0.50 min, (ii) 180
°Cmin~! to 300 °C, and (iii) hold at 300 °C for 46.58 min.
The oven temperature program was (i) 65 °C for 10 min, (ii)
10 °C min™" to final temperature of 300 °C, and (iii) 300 °C
for 15 min. Electron impact and chemical ionization (CI) mass
spectra were collected for each sample. The GC/CI-MS
analysis was conducted with methanol as the reagent gas,
generating protonated analyte species ([M + HJ*). These
protonated species are not stable and dehydrate to form [M +
H — nH,0]*. Additional analysis by GC/CI-MS/MS using
methanol as the reagent gas was conducted to obtain additional
structural information for compounds detected in CI mode.
Additional discussion of standards analysis and measures taken
to minimize method artifacts is provided in the Supporting
Information.

Samples were also analyzed on a Waters GCT Premier in
electron impact (EI) ionization mode. The GCT Premier
combines an Agilent 6890N GC with a Waters orthogonal
acceleration time-of-flight mass spectrometer (resolution 7000
fwhm). The GC was equipped with an autosampler (Agilent
7683), a split/splitless injector held at 275 °C and lined with a
deactivated glass single-gooseneck liner with a deactivated glass
wool plug (Restek, Sky, 4.0 mm ID), and a DBS-MS column
(0.25 pm X 0.25 mm X 30 m). The oven temperature program
was (i) 65 °C for 10 min, (ii) 10 °C min™" to final temperature
of 300 °C, and (iii) 300 °C for 15 min. Continuous
introduction of perfluorotributylamine (PFTBA) to the ion
source enabled accurate mass determination. Postprocessing of
centroid mass spectra was carried out by linear interpolation
between PFTBA peaks on either side of the analyte peak of
interest.

The GC/MS data set comprises unit-mass resolution data
acquired in both EI and methanol CI mode on the Varian
Saturn GC/IT-MS and high-resolution data acquired in EI
mode on the Waters GCT Premier. By using nearly identical
temperature programs and identical columns, compounds were
linked across ionization modes and instruments by retention
time. A database was assembled of retention time and mass
spectral data (ions formed under CI, EI-MS fragments, and
molecular ijons) for all samples tested. Through these
correlations of molecular responses to the different ionization
conditions and the use of high-resolution mass spectral data,
molecular formulas were obtained using the elemental
composition tool in MassLynx (Waters).

SOA samples generated under high- and low-NO conditions
with ammonium sulfate seed were analyzed by high-resolution
mass spectrometry with positive mode DART ionization
(DART-MS). For DART-MS data, all mass spectral peaks
over 1% relative intensity (approximately 1000 counts, signal-
to-noise ratio ~/7) were included in the analysis. Assignments
were made by choosing the minimum error for a formula that
fits within the expected range of elemental compositions (C,—
Csop Hi—H,45, Op—Osp Ny—Nj); the mass tolerance was 15
ppm. The DART-MS analysis was complemented by adding
the dimension of chromatographic separation (GC/MS) with
its sensitivity to structural differences. Chromatograms with
unit-mass resolution electron impact and chemical ionization,
as well as high mass resolution electron impact mass spectral
data, were acquired for each sample. Chromatographic peak
intensity was judged relative to the most intense peak present,

and all chromatographic peaks over 5% relative intensity were
included in the analysis.

B RESULTS AND DISCUSSION

Chromatographic retention times were used as identifiers for
compounds in GC/EI-MS (high- and unit-mass resolution) and
GC/CI-MS data. GC/CI-MS peaks were paired by retention
time to GC/EI-MS data acquired on the same instrument.
Retention times were repeatable to +0.01 min between
chromatographic runs. Retention time indexing enabled the
linking of molecular weight (obtained from the measured [M +
H]") to the fragmentation pattern produced by electron impact
ionization. [M + H]* unit mass values were used in conjunction
with the DART-MS data to identify intact molecules outside of
GC/MS analysis and to obtain molecular formulas from the
high-resolution DART mass spectra. Figure 1 shows the
progression of data analysis from a total ion chromatogram,
which is composed of the signal of all ions as a function of
retention time, for both EI- and CI-MS (Figure 1ab), to an
extracted ion chromatogram (Figure 1lc,d), which targets a
specific ion’s signal as a function of retention time, to the mass
spectrum of a compound at a specific time point (Figure le,f),
representing a single compound. The DART mass spectrum for
the same sample is depicted in Figure 1g.

Interpretation of GC/EI-MS Data. Unit-mass resolution
GC/EI-MS data were linked by retention time to high-mass
resolution GC/EI-MS data. The high-resolution mass spectra
were the combination of the analyte and the mass calibrant,
PFTBA, so the unit-mass resolution EI mass spectra were used
as a reference to identify analyte peaks. The accurate masses of
ions were converted to formulas through the use of Waters’
Mass Lynx software. Fragmentation patterns were interpreted
for structural information with the assistance of the National
Institute of Standards and Technology programs MS Search
and MS Interpreter.

Interpretation of GC/CI-MS Data. Methanol CI mass
spectra with a pattern of peaks spaced by 18 Da were observed
for many chromatographic peaks. These losses of water masses
are explained as the result of dehydration reactions arising from
the protonation of a hydroxylated compound; the peaks then
represent [M + H]* ions and, in the case of polyhydroxylated
compounds, [M + H — nH,0]" ions. An example mass
spectrum that demonstrates the dehydration that can occur
when a polyhydroxylated compound undergoes chemical
ionization is included in the Supporting Information.

Interpretation of DART Mass Spectra. Positive mode
DART ionization uses ambient gases to execute proton transfer
or form ion adducts with analyte molecules. Accurate mass
measurements allowed the determination of ion formulas, and
interpretation of the ion’s identity as a proton, water, or
ammonium adduct was done by interpreting MS/MS data from
the Caltech mini-DART coupled to a Thermo LTQ ion trap
mass spectrometer and by evaluating the most reasonable
structure from a given formula derived from accurate mass
measurements made with the JEOL AccuToF DART. [M +
H]" and [M + H — nH,0]" m/z values from DART-MS were
correlated with GC/CI-MS values and thereby linked with their
chromatographic retention times and electron impact mass
spectra acquired with unit-mass and high resolution. Multiple
occurrences of [M + H]* and [M + H — nH,0]* m/z values at
different retention times were interpreted as different structural
isomers (see Figure Ilc).
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Reactive DART-MS methods were used with the Caltech
mini-DART to differentiate nitrates, imines, and hydro-
peroxide-ammonium adducts. The flexible ionizer configuration
allowed for the inclusion into the DART gas stream of
1,4,7,10,13,16-hexaoxacyclooctadecane (abbrev. 18-crown-6), a
reagent that strongly complexes with primary amines. An
important analytical goal was to differentiate ammonium ion
adducts from imine or nitrate compounds by monitoring the
decrease and disappearance of even m/z compounds from the
mass spectrum upon the introduction of 18-crown-6. The
decline of ammonium ion adducts with peroxides in the
presence of 18-crown-6 is caused by the more favorable
formation of 18-crown-6 ammonium ion adducts. Proton
adducts of peroxides are then detected once the ammonium
ion-peroxide adducts are not produced in high abundance.
Spectra that illustrate this method of analysis are provided in
the Supporting Information.

SOA Composition. The experiments were targeted at
exploring the effects of structure (cyclic versus linear alkane) on
SOA composition, and for each structure, the effects of the RO,
+ HO, pathway (low NO) versus the RO, + NO pathway (high
NO). For the n-dodecane system, the additional effects of
relative humidity and seed type on SOA composition were
investigated.

n-Dodecane SOA Composition. n-Dodecane Low-NO
SOA Composition. n-Dodecane, when oxidized in the RO, +
HO, regime, forms hydroperoxides and hgrdroxyl- and carbon-
yl-bearing compounds (Figure 2).**** These functional
additions can occur sequentially on the full C;, backbone or
on smaller carbon chains if fragmentation reactions are
occurring. Products of sufficiently low volatility appear in the
particle phase.

The dominant species in n-dodecane SOA under the low-NO
regime are functionalized hemiacetals and peroxyhemiacetals,
which together constitute over 98% of the assigned SOA mass
(Figure 2a). These compounds form from particle-phase
reactions that are traditionally considered to be acid-catalyzed;
we propose that ammonium ions from the seed are involved
because of their abundance and activity (Scheme 1). Under
~4% RH conditions, ammonium sulfate seed is minimally
hydrated with physisorbed monolayers of water. Ammonium
sulfate seed has been shown for other hydrocarbon systems to
promote oligomer formation under dry conditions from
pathways that are traditionally acid-catalyzed.>*®® The presence
of these oligomers is consistent with the activity of an acid
catalyst, but we cannot unequivocally establish that ammonium
ions and surface monolayers of water are responsible for the
products we found.

Peroxyhemiacetals form from the reaction of an aldehyde or
ketone and a hydroperoxide group (Scheme 2).*° The
formation of oligomeric species such as peroxyhemiacetals
has been shown via kinetic gas-particle modeling to be
consistent with the observed evolution of the size distribution
of alkane SOA.*® Hydroperoxides and alcohols are ~8 orders of
magnitude lower in relative concentration than hemiacetals and
~6 orders of magnitude lower than peroxyhemiacetals; this
suggests that oligomer formation is favored. The mean
molecular weight for n-dodecane low-NO SOA was calculated
to be 429.01 gmol ™' (Table 4), reiterating the important role
of oligomeric species in n-alkane SOA formation.

Hydroxycarbonyls are the most abundant monomeric
species, a finding that is consistent with previous alkane studies
(Figure 2a).>**>%73 These hydroxycarbonyls, when substituted
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Figure 2. (a) n-Dodecane SOA composition under dry, low- and high-
NO conditions with (NH,),SO, seed. (b) Van Krevelen diagram for n-
dodecane SOA produced under dry, low-NO conditions with
(NH,),SO, seed. A slope of 2 can be interpreted to represent
hydration reactions. A slope of 0 can be interpreted to represent the
formation of a hydroxy or peroxy group. A slope of —1 can represent
the formation of a carboxylic acid group or the addition of a hydroxy
group and a carbonyl group on the same molecule. A slope of —2 can
represent the addition of a carbonyl group.

in a 1,4 configuration, can undergo intramolecular cyclization to
form cyclic hemiacetals, which in the presence of a suitable acid
catalyst are dehydrated to form dihydrofurans (Scheme
3).37%%5 If these dihydrofurans carry additional hydroxyl
groups on the ring, they may undergo an additional
dehydration step to form a furan. Both dihydrofurans and
furans were detected in this study, with dihydrofurans being
more prevalent than furans in the particle phase.

A carbonyl can be converted to an imine in the particle phase
in the presence of an amine or ammonium ions and ammonia,
as is the case in this study (Scheme 3).**® The imine
population is measured here to be larger than the purely
aldehyde and ketone components, suggesting that the majority
of ketones and aldehydes are converted to imines. The carbonyl
population upon which the imine formation process draws
includes hydroxycarbonyls, ketones, aldehydes, and function-
alized furans and dihydrofurans.

The van Krevelen diagram for n-dodecane low-NO SOA
(Figure 2b) indicates that hydration reactions and the
formation of alcohols, peroxides, carbonyls, and hydroxycar-
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Scheme 1. Proposed Mechanism for the Formation of Hemiacetals (m/z 431) in Dodecane SOA Formed under Low-NO

Conditions”
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“Large arrows indicate several gas-phase photooxidation steps. Proposed structures are boxed in blue. Ion clusters as measured by mass spectrometry
are boxed in red. Vapor pressures are estimated by EVAPORATION.*

Scheme 2. Proposed Mechanism for the Formation of
Peroxyhemiacetals (m/z 432) in Dodecane SOA under Low-
NO Conditions”
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“Large arrows indicate several gas-phase photooxidation steps.
Proposed structures are boxed in blue. Ion clusters as measured by
mass spectrometry are boxed in red. Vapor pressures are estimated by
EVAPORATION.®

bonyls are all key processes in directing the chemical
composition. Hydration processes occur for unsaturated

photooxidation products, such as furans and dihydrofurans,
and would most likely occur at a hydrated surface layer of a
particle or the chamber wall. At <4% RH, the gas phase would
be an unlikely place for hydration to occur. The majority of
data points trend in the space between the ketone/aldehyde
slope and the alcohol/peroxide slope; this space is bisected by
the hydroxycarbonyl slope, which is consistent with the
importance of hydroxycarbonyl-bearing compounds in the
quantitative analysis.

Some of the compounds measured here are estimated to
have relatively high volatility, a property that is consistent with
facile DART-MS detection. It is possible that these relatively
high volatility compounds are, in fact, present at a
concentration lower than that of the C,, products but undergo
more facile detection by DART-MS, even though their
concentration may be below the effective method limit of
detection for extraction-GC/MS analysis. Shiraiwa et al.3®
suggest that particle growth in the dodecane low-NO system is
driven by oligomerization and that the resultant particles are
semisolid in phase. That reasoning is consistent with the
presence of these products as oligomers that are destabilized
upon ionization and are measured as their monomers; a
semisolid nature of the aerosol phase possibly explains why
these relatively volatile compounds could remain trapped in the
particle phase as well. Additional explanation for the apparent
discrepancy could also be found in the negligible sample
preparation required for DART-MS analysis versus the
extensive sample preparation and elevated temperatures
necessary for GC/MS analysis. Both sample preparation and
elevated temperature can lead to losses of sensitive or thermally
labile compounds in GC/MS; by comparison, DART-MS
provides a more comprehensive breadth of analysis by
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Table 4. Alkane SOA Mean Molecular Weights and Mean O:C and H:C Ratios

parent VOC NO conditions % speciation
n-dodecane low 92
high 95
cyclododecane low 99
high 99
hexylcyclohexane low 9s
high 98

mean molecular weight of SOA (g mol™")

mean atomic O:C ratio mean atomic H:C ratio

429.01 0.25 193
495.33 0.47 2.07
384.52 0.18 1.61
458.38 0.35 172
310.49 1.09 1.53
418.06 0.30 1.65

Scheme 3. Proposed Mechanism for Formation of Furan (m/z 209) and Imine (m/z 208) Species in n-Dodecane SOA

Generated under Low-NO Conditions”
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preserving even highly unstable and reactive molecules for
detection.

n-Dodecane High-NO SOA Composition. Under dominant
RO, + NO gas-phase chemistry, the photooxidation proceeds
through the formation of alkoxy radicals, which undergo
decomposition to aldehydes or isomerization to form
alcohols.>****” Further oxidation of aldehydes by ozone
present under high-NO conditions produces carboxylic acids,
facilitatin; the production of esters and serving as a reaction
catalyst.® Organonitrates are also expected products in the
particle phase.”” Expected oligomers, given these starting
materials and conditions, are esters and ethers carrying other
pendant groups as well as carboxylic acid anhydrides.

Figure 2a gives an overview of the chemical composition of
n-dodecane SOA from high-NO conditions. The dominant
species are alcohols, hemiacetals, nitrate-bearing hemiacetals,
and acid anhydrides. The majority of monomers are alcohols,
hydroxycarbonyls, imines, and nitrates, with a smaller
proportion of dihydrofurans, furans, and ketones present.
Imines, dihydrofurans, and furans result from particle-phase
chemistry, as do hemiacetals and acid anhydrides (Schemes
2—4). The van Krevelen diagram (Figure 3) shows the
importance of oxygenated smaller carbon chain compounds
as well as the presence of highly substituted alcoholic species.
The atomic O:C ratio reaches 1 in this system, as opposed to

the atomic O:C ratio of 0.5 under low-NO conditions. Sub-C,,
compounds that result from fragmentation comprise aldehydes
and hydroxycarbonyls, which have vapor pressures higher than
those of compounds normally attributed to exist in the particle
phase. Shiraiwa et al.*® predict a semisolid particle phase for
dodecane low-NO SOA, which implies that higher volatility
material can be trapped between layers of less volatile material
during the particle accretion process.

The presence of a series of C;3 compounds with high degrees
of oxygenation (O:C of 0.38—0.62) can be explained as the
formation of C; oligomers from a combination of sub-Cj,
hydroxycarbonyl compounds. These monomers are multifunc-
tional, including p-hydroxycarbonyls, and therefore could
combine to form oligomers via aldol condensation or ether
or ester formation. Aldol condensation has been found to occur
in the presence of amines, so ammonia from the seed could
potentially serve to enable the condensation of aldehydes and
p-hydroxycarbonyls in the particle phase.”® Additional com-
pounds with backbones >C,, but <C,, are also consistent with
oligomerization of dissimilar monomers.

The oligomers formed under high-NO conditions are
predominantly hemiacetals, nitrate hemiacetals, with smaller
concentrations of carboxylic acid anhydrides and esters
(Scheme 4). An ester would form via an acid group from an
aldehyde, which is known to form through the chain
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Scheme 4. Proposed Mechanism for the Formation of Hemiacetals (m/z 458) in Dodecane SOA Formed under High-NO
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Figure 3. Van Krevelen diagram for n-dodecane SOA produced under
dry, high-NO conditions with (NH,),SO, seed. A slope of 2 can be
interpreted to represent hydration reactions. A slope of 0 can be
interpreted to represent the formation of a hydroxy or peroxy group. A
slope of —1 can represent the formation of a carboxylic acid group or
the addition of a hydroxy group and a carbonyl group on the same
molecule. A slope of —2 can represent the addition of a carbonyl
group. A slope of —1/3 can represent the addition of a nitrate group.

fragmentation pathway. Aldehyde ozonolysis under high-NO
conditions is known to produce carboxylic acids (Scheme 5). 6
On the basis of the retention of all 12 carbons by both
monomer units, the C,, oligomers are likely linked through

Scheme S. Proposed Mechanism for the Formation of
Carboxylic Acids in the Presence of Ozone under High-NO
Conditions, Following Ziemann et al. 2005%7
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hemiacetal groups. Lim and Ziemann®>**** have proposed the
particle-phase formation of cyclic hemiacetals or full acetals.
Hemiacetals, including those bearing nitrate groups, are present
at ~8 orders of magnitude higher concentrations than esters.
Hemiacetals are much more abundant under high-NO
conditions for n-dodecane than under low-NO conditions;
this is consistent with the large increase in alcohol formation
due to RO, + NO reactions.

It is also important to note that the organic aerosol loading
increased by a factor of 2.3 from the low-NO to the high-NO
case (Table 2) and that the mean molecular weight increased
from 429.01 to 495.33 gmol™' (Table 4). The production of
secondary nitrates under these conditions, along with drastically
increased ether formation from the large alcohol population, is
the simplest route to this increase in organic aerosol production
and increase in compounds with high molecular weights. In
comparison to hexylcyclohexane and cyclododecane, the linear
structure of n-dodecane offers no tertiary sites and ring sites for
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nitration; thus, the volume concentration enhancement is less
than for the other structures.

Cyclododecane SOA Composition. Cyclododecane
Low-NO SOA Composition. Cyclododecane low-NO SOA is
dominated by ethers and peroxyhemiacetals and contains
contributions of hydroxycarbonyls, hydroperoxides, and alco-
hols that are more significant than those in n-dodecane low-NO
SOA. The cyclododecane product distribution under low-NO
conditions clearly exhibits both functionalization and fragmen-
tation (Figure 4). The stable molecules that result from
fragmentation of cyclododecane are highly oxidized, especially
when compared to the n-dodecane products.

Yee et al* report that cyclododecane undergoes two
characteristic periods of chemical development: the early
formation of hydroperoxides, hydroxy hydroperoxides, and
dicarbonyl hydroperoxides, followed by the formation of ring-
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Figure 4. (a) Composition of cyclododecane SOA produced under
dry, low- and high-NO conditions, with (NH,),SO, seed. (b) Van
Krevelen diagram for cyclododecane SOA produced under dry, low-
NO conditions, with (NH,),SO, seed. A slope of 2 can be interpreted
to represent hydration reactions. A slope of 0 can be interpreted to
represent the formation of a hydroxy or peroxy group. A slope of —1
can represent the formation of a carboxylic acid group or the addition
of a hydroxy group and a carbonyl group on the same molecule. A
slope of —2 can represent the addition of a carbonyl group.

opened products, which include an aldehyde group. The rapid
addition of oxygenated groups observed by Yee et al,* in
conjunction with aldehyde formation associated with ring-
opening, is consistent with the observations here of elevated
functionality and fragmentation of these highly oxidized
structures. The atomic O:C ratio for cyclododecane extends
to 1.25, but the H:C ratio indicates the compound remains
saturated, reflecting the importance of hydroperoxyl and
hydroxyl groups in the oxidation of cyclododecane; for n-
dodecane, the atomic O:C ratio did not exceed 0.45.

The C,, and sub-C,, compounds (Figure 4) constitute a
mixture of hydroperoxides, hydroxy hydroperoxides, carbonyl
hydroperoxides, carbonyl hydroxy hydroperoxides, hydroxycar-
bonyls, ketones, and aldehydes. These compounds are the
building blocks of the oligomeric species that dominate the
aerosol composition, and they also are responsible for
increasing the atomic O:C ratio range occupied by cyclo-
dodecane SOA components. They constitute a sufficient
amount of the SOA mass to also decrease the mean molecular
weight as compared to that of n-dodecane low-NO SOA (Table
4).

Imines are present at a comparable concentration in
cyclododecane and n-dodecane low-NO SOA. This result is
expected because the total relative amounts of carbonyl-bearing
species are approximately equivalent and ammonia from the
aerosol seed is abundant and not limiting in either case.

Oligomers in cyclododecane low-NO SOA are, in decreasing
order by concentration, hemiacetals, esters, peroxyhemiacetals,
and carboxylic acid anhydrides. The contribution of esters in
this system is S orders of magnitude higher than that for n-
dodecane, and this can be attributed to the ring structure
breaking to form C,, dialdehydes, which can react with OH
radicals to form carboxylic acids. The presence of hemiacetals,
which arise through an acid-catalyzed reaction, suggests the
sufficiency of the ammonium ion and carboxylic acid
populations to serve as catalysts for other acid-catalyzed
processes (Scheme 6). These oligomeric species, combined
with the smaller-chain but highly oxygenated compounds,
produce a mean molecular weight of 384.52 g mol ™.

Cyclododecane High-NO SOA Composition. Cyclodode-
cane SOA produced under high-NO conditions is primarily
composed of ethers with or without pendant nitrate groups,
esters, hydroxycarbonyls, alcohols, and nitrates (Figure 4a).
The majority of the aerosol is formed of oligomeric species,
particularly hemiacetals (combined relative concentration of
~10"). The mean molecular weight for this system is 458.48 g
mol ™}, which reflects the large contributions of oligomers and
increased molecular weights from nitration.

Cyclododecane oxidized under high-NO conditions shows
the same propensity toward extensive functionalization and
fragmentation that opens the ring or breaks the C,, backbone
as under low-NO (Figure S). The high-NO composition is
characterized by an abundance of nitrated compounds that are
also extensively oxygenated. Lim and Ziemann>**”® note that
an alkoxy radical formed on a cyclododecane ring is prone to
rapid decomposition compared with the linear form because of
high ring strain and suggested that a cyclic alkyl nitrate may be
more volatile than a linear alkyl nitrate because the nitrate is
never in a terminal chain position. If the vapor pressures of the
cyclododecane nitrates were sufficiently high, they would
remain in the gas phase and continue to undergo gas-phase
OH oxidation, generating these highly functionalized com-
pounds, including the dinitrate. Cyclododecane reaches a
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Scheme 6. Proposed Mechanism for the Formation of
Hemiacetals (m/z 391) in Cyclododecane SOA under Low-
NO Conditions”
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Figure S. Van Krevelen diagram for cyclododecane SOA produced
under dry, high-NO conditions, with (NH,),SO, seed. A slope of 2
can be interpreted to represent hydration reactions. A slope of 0 can
be interpreted to represent the formation of a hydroxy or peroxy
group. A slope of —1 can represent the formation of a carboxylic acid
group or the addition of a hydroxy group and a carbonyl group on the
same molecule. A slope of —2 can represent the addition of a carbonyl
group. A slope of —1/3 can represent the addition of a nitrate group.

comparable maximum atomic O:C as n-dodecane under high-
NO conditions (Figures 4b and S). The product distribution
density is greater toward the carboxylic acid and hydrox-
ycarbonyl slozpe and the carbonyl slope, which is consistent with
past studies.””** From the van Krevelen diagram representa-
tion, the production of hydroxycarbonyls, dihydrofurans, and
furans is greatly increased under high-NO conditions as
compared to that under low-NO conditions. Furans and

dihydrofurans, along with their cyclic hemiacetal precursor,
carry side-chains with a variety of degrees of functionalization
by hydroxyl, ketone, and nitrate groups.

Cyclododecane shows a far greater propensity toward
oligomer generation under high-NO conditions than under
low-NO conditions. Nitrate hemiacetals are the dominant
species, and nitrates are the third most abundant monomeric
species in the particle phase. These oligomers comprise cyclic,
straight-chain, and furan monomer units that carry additional
oxygenated groups as well as imine groups. The organic aerosol
volume concentration for cyclododecane under high-NO
conditions was found to be a factor of S higher than that
under low-NO conditions (Table 2). The enhancement of
volume concentration and high mean molecular weight (Table
4) under high-NO conditions suggests the importance of
nitrate groups to decreasing oxidation product volatility and
increasing partitioning to the particle phase.

Hexylcyclohexane SOA Composition. Hexylcyclohex-
ane Low-NO SOA Composition. Hexylcyclohexane SOA
generated under low-NO conditions is composed predom-
inantly of hydroperoxides, peroxyhemiacetals, hemiacetals, and
hydroxycarbonyls (Figure 6a); this composition spectrum is in
contrast to those of n-dodecane and cyclododecane, with
particle-phase compositions dominated by oligomeric species.
Some of the hydroxycarbonyls and ketones are converted to
imines, as in the other alkane systems.

The concentration of hydroxycarbonyls in hexylcyclohexane
SOA is a factor of 10° higher than in n-dodecane and
cyclododecane aerosol. The imine concentration for hexylcy-
clohexane SOA is a factor of 10* higher than that for n-
dodecane and cyclododecane aerosol, as well. The increase in
imine concentration can be attributed to the larger concen-
tration of carbonyl compounds available to be converted into
imines through reaction with ammonium in the seed aerosol.

The hexylcyclohexane low-NO SOA clearly reflects the gas-
phase oxidation mechanism. The sub-C,, products are either
ring-retaining Cy or from the n-hexyl chain, which has been
cleaved from the cyclohexane ring. Cleavage of the cyclohexyl
ring from the n-hexyl chain can occur through decomposition
of an alkoxy radical formed at the tertiary carbon site. Radical
formation at the tertiary site is favored for its stability. n-Hexane
and cyclohexane products can be differentiated by the
additional degree of unsaturation of cyclohexane due to its
structure. The n-hexyl chain can be further fragmented along
with being substituted with carbonyl, hydroperoxide, or
hydroxyl groups. This substitution pattern upon these two
frameworks can be seen in the pattern visible in the van
Krevelen diagram (Figure 6b).

Oligomeric species feature prominently in the hexylcyclohex-
ane system, particularly peroxyhemiacetals (Scheme 7) and
hemiacetals, but they are not the most abundant molecules in
the resulting SOA. The peroxyhemiacetal concentration for
hexylcyclohexane is 10 times higher than that for n-dodecane
and a factor of 10° higher than that for cyclododecane. The
concentration of hemiacetals in hexylcyclohexane low-NO SOA
is equivalent to that for cyclododecane but is less than that for
n-dodecane. The increased production of peroxyhemiacetals in
hexylcyclohexane is linked with the highest concentration of
hydroperoxides out of the three systems (~10'). The
asymmetry of hexylcyclohexane produces more structurally
distinctive compounds than either n-dodecane or cyclo-
dodecane for the same set of chemical reactions. The tertiary
carbon in hexylcyclohexane becomes the most stable peroxy
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Figure 6. (a) Composition of hexylcyclohexane SOA produced under
dry, low- and high-NO conditions, with (NH,),SO, seed. (b) Van
Krevelen diagram for hexylcyclohexane SOA produced under dry, low-
NO conditions, with (NH,),SO, seed. A slope of 2 can be interpreted
to represent hydration reactions. A slope of 0 can be interpreted to
represent the formation of a hydroxy or peroxy group. A slope of —1
can represent the formation of a carboxylic acid group or the addition
of a hydroxy group and a carbonyl group on the same molecule. A
slope of —2 can represent the addition of a carbonyl group.

radical out of these three alkanes, leading to a more enduring
contribution to SOA mass. The mean molecular weight, 310.49
gmol™!, is the lowest among the three parent structures and
points to the important presence of low-volatility monomers in
the particle phase (Table 4).

Hexylcyclohexane High-NO SOA Composition. Under
high-NO conditions, alkoxy radicals drive the chemistry,
fragmentation, functionalization, and oligomerization in hex-
ylcyclohexane SOA formation (Figure 7). The uniquely stable
cyclohexyl ring allows the formation of Cg4 species that can be
fully substituted with hydroxyl groups. A C4 nitrate is also
detected, but it is likely on the straight-chain or at the tertiary
site that serves as the juncture of the cyclohexane ring and n-
hexyl chain, based on Lim and Ziemann’s conclusion that cyclic
alkyl nitrates are more volatile than straight-chain alkyl
nitrates.”>’® Nitrates are observed from Cs to C,, most of

Scheme 7. Proposed Mechanism for Formation and
Detection by DART-MS of Peroxyhemiacetals (m/z 412) in
Hexylcyclohexane SOA Generated under Low-NO
Conditions”
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which do not bear additional oxygen atoms. The lack of
additional oxygenation suggests that these nitrates condense
into the particle phase directly and do not undergo additional
cycles of oxidation. The variance in chain length suggests alkyl
chain cleavage due to alkoxy radical formation and decom-
position into an aldehyde and an alkyl radical, which becomes a
RO, radical that reacts with NO. These smaller RO, are less
prone to form a nitrate in RO, + NO.

Hexylcyclohexane SOA produced under high-NO contained
an abundance of oligomeric compounds: hydroxycarbonyl
dimers, with and without pendant nitrate groups, formed
through aldol condensation; hemiacetals with and without
pendant nitrate or imine groups; and esters with and without
pendant imine groups (Figure 6a). Esters were more abundant
in this system than for any of the other parent structures, likely
because of the ease of aldehyde and carboxylic acid formation
through the oxidation of n-hexyl chain cleavage products and
the presence of ozone due to the high-NO conditions.
Hemiacetals and aldol condensation products are present in
the particle-phase because of the existence of alcohols and -
hydroxycarbonyls (Scheme 8). The pronounced presence of
imines in the oligomer products is related to the large number
of carbonyl-bearing compounds, as seen in the van Krevelen
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Figure 7. Van Krevelen diagram for hexylcyclohexane SOA produced
under dry, high-NO conditions, with (NH,),SO, seed. A slope of 2
can be interpreted to represent hydration reactions. A slope of 0 can
be interpreted to represent the formation of a hydroxy or peroxy
group. A slope of —1 can represent the formation of a carboxylic acid
group or the addition of a hydroxy group and a carbonyl group on the
same molecule. A slope of —2 can represent the addition of a carbonyl
group. A slope of —1/3 can represent the addition of a nitrate group.

diagram (Figure 7). Dominant trends occur along the
hydroxycarbonyl slope and ketone/aldehyde slope. The

maximum atomic O:C ratio for this system (1.5) is higher

than for any of the other parent compounds under either NO
condition.

The organic aerosol volume concentration (see Table 2) is
found to increase by a factor of 2.8 from low- to high-NO
conditions, an increase that can be attributed primarily to the
presence of nitrates in the aerosol phase. The increase in
hexylcyclohexane SOA volume concentration from low- to
high-NO conditions is higher than that for n-dodecane but less
than that for cyclododecane. This trend in NO-related volume
concentration increase underlies the importance of cyclic
structure and increased secondary sites for the particle-phase
partitioning of alkyl nitrates. The mean molecular weight of
418.06 gmol ™" is the largest increase in mean molecular weight
in this study when going from low- to high-NO conditions for a
given system (Table 4). High degrees of functionalization and
oligomerization in high-NO hexylcyclohexane-derived SOA
lead to its large mean molecular weight.

B CONCLUSIONS

SOA formed in the n-dodecane, cyclododecane, and
hexylcyclohexane systems is largely the result of particle-
phase chemistry. The contribution of oligomeric comlpounds to
alkane SOA has been reported previously (Table 1)."**** We
demonstrate here the importance of peroxyhemiacetals in
generating aerosol mass from alkane photooxidation under low-
NO conditions and the relevance of ether formation across NO
conditions. These findings underscore the importance of NO-
induced chemistry and parent compound structure in

Scheme 8. Proposed Mechanism for the Formation of Hemiacetals (m/z 472) in Hexylcyclohexane SOA Formed under High-

NO Conditions®
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determining the chemical structure and functionality of SOA
oligomeric species. Under high-NO conditions, organic aerosol
volume can vary by a factor of 2.3—S, depending on the
structure of the parent C;, alkane. This variation in aerosol
mass reflects the importance of nitrate formation in the alkane
system. In addition, nitrogen incorporation from the
ammonium seed aerosol into the organic component of the
aerosol through the formation of imines is reported here for the
three alkane systems. Imine concentration is correlated with the
amount of carbonyl-bearing compounds, as expected, and is
therefore an important component of alkane SOA, which is rich
in ketones, aldehydes, and hydroxycarbonyls.

The complex compositional data presented here demonstrate
the relevance of particle-phase chemistry in alkane-derived SOA
and the importance of the ammonium ion as a source of
nitrogen incorporation into organic aerosol. The data reinforce
the understanding that, for long-chain alkanes, there exist a
large number of oxidation products, each of which is present at
a relatively low concentration. This finding is an important
consideration in generating mechanisms for SOA formation
that can eventually be included in atmospheric models.
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Additional information and example data for the DART-MS
and GC/MS analytical methods; the equations to describe the
weighted averaging procedure to obtain mean molecular
weights; quantitative compositional data; proposed structures
and calculated vapor pressures using the EVAPORATION
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http://pubs.acs.org.
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Chapter 3

Chemical Composition of Toluene and Cresol Secondary Organic Aerosol:

Effect of NO Level

! This chapter is reproduced by permission from “Chemical Composition of Toluene and Cresol
Secondary Organic Aerosol: Effect of NO” by K. A. Schilling, H. Lignell, M. M. Coggon, R. H.
Schwantes, X. Zhang, and J. H. Seinfeld. In submission to Environmental Science and
Technology, 2015.
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ABSTRACT

The NO, effect on toluene SOA formation was studied under dry low- and high-NO conditions,
and with varied seed: (NH,),SO,, Na,SO,, MgSO, + H,SO,, and NaCl. o-, 7-, and p-Cresol SOA was
produced under high-NO conditions to compare cresol and toluene SOA chemical compositions
and assess the contribution of the cresol path to toluene SOA. Online aerosol mass spectrometry
(HR-AMS, Aerodyne, Inc.) and offline direct analysis in real time mass spectrometry (DART-HR-
MS, JEOL, Inc.) were used to chemically characterize SOA. Oxygenated compounds with general
formulae C. H Os, and C H O, together constitute a relative mass fraction > 0.9 of all toluene SOA
components identified here. Oligomers are found to be important contributors to cresol-derived
SOA (relative mass fractions: ortho, 0.13; meta, 0.03; para, 0.99). C, H,,0,is the principal oligomeric
species identified in toluene SOA formed under dry low-NO conditions, with a relative mass
fraction of 3.0x10°. Under dry high-NO conditions, toluene SOA has a relative mass fraction of
0.99 = C, species, including C H,Os,, CHO,, CHNO;,, CHNO,. A relative mass fraction of
0.84 of toluene SOA is estimated to be attributable to the cresol pathway, specifically C,H,O, (0.7)
and C,HO, (0.1) species, with the remainder composed of C H O, CHNO,, CHNO;, and

C.H,O.
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Figure 1. Gas-phase mechanism for toluene oxidation proceeding by OH addition, based on the
Master Chemical Mechanism (MCM).

Aromatic compounds are well-established precursors of secondary organic aerosol (SOA), and the
gas-phase photooxidation chemistry of toluene and early aromatic oxidation products including
cresol is the subject of numerous studies.™ Toluene photooxidation occurs through four channels
leading to the formation of bicyclic peroxy radicals, cresols, epoxy muconaldehydes, and peroxy
methyl benzene radicals under low- and high-NO conditions (Fig. 1)." Here, we address toluene
photooxidation by the major channels: the bicyclic peroxy radical and cresol pathways. Mechanisms
for the minor pathways, taken from the Master Chemical Mechanism (MCM), are given in the
Supporting Information.

Low- and extremely low-volatility compounds (LVOC and ELVOC) are of substantial interest in
the study of SOA formation, and emerging technologies are enabling their detection.”” Important
related questions are the extent to which toluene and cresol SOA comprise LVOC and ELVOC, and
the extent to which LVOC and ELVOC originate from multigenerational photooxidation and
oligomerization under dry conditions. Oligomers, which include dimers up to polymers in excess of
500 amu, have been established as important compounds in aromatic SOA.*> ***” ¥ Glyoxal, a
volatile oxidation product of aromatic compounds, can form oligomers in aromatic SOA, with its

26,

contribution related to the presence of particle-phase water.”” ** Hygroscopic seed and humid
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conditions facilitate partitioning of glyoxal to the particle phase.”® In the present study, we expect
minimal contributions from glyoxal to SOA growth due to the dry experimental conditions, and if

oligomerization occurs, we anticipate other routes.
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Figure 2. Mechanism for the gas-phase oxidation of the bicyclic peroxy radical under low- and high-
NO conditions based on the Master Chemical Mechanism (MCM).”

The toluene-derived bicyclic peroxy radical pathway results primarily in ring-opening during
decomposition of the bicyclic alkoxy radical formed from reaction with NO (Fig. 2). The
decomposition products include unsaturated dicarbonyls of various chain lengths (e.g., glyoxal and
methyl glyoxal), and lactones.” Symmetric species like glyoxal are capable of forming extensive
oligomer networks, as linking groups are present on both ends of the molecule. Oligomers formed
by dissimilar compounds may not span a large molecular weight range, as the monomers may not
contain multiple functional groups capable of linking molecules. The bicyclic peroxy radical pathway

can be considered a major contributor to toluene SOA when high concentrations of aldehydes and
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aldehyde-based oligomers are found in the particle phase, especially under humid conditions and

with hygroscopic seed.
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Figure 3. Gas-phase mechanism for o-cresol oxidation proceeding by OH addition, based on the
Master Chemical Mechanism (MCM).’
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The cresol pathway leads to its own bicyclic peroxy radical and polyhydroxylated toluene species
which can retain the aromatic ring structure in subsequent oxidation steps or undergo a ring-opening
step and decompose (Fig. 3). Methyl-p-benzoquinone is estimated to form at a 32% yield from the
cresol-derived bicyclic alkoxy radical, and its continued oxidation produces both ring-retaining
species and ring-opened products that form from alkoxy radical decomposition. These unsaturated
carbonyl compounds can form lactones, furans, and oligomeric species, and resemble the later-stage
products of toluene photooxidation along non-cresol channels. Unique chemical markers for the
cresol pathway include ring-retaining polyhydroxylated and benzoquinone-based species, the
presence of which demonstrates the relevance of the cresol pathway to toluene SOA chemical
composition.

In this study, we characterize comprehensively toluene SOA composition by utilizing both online
high-resolution aerosol time-of-flight mass spectrometry (HR-AMS) and offline direct analysis in
real time high-resolution mass spectrometry (DART-HR-MS). We present chemical compositions
for SOA produced by the photooxidation of toluene under low- and high-NO conditions in the
presence of a variety of inorganic seeds: (NH,),SO,, Na,SO,, MgSO, + H,SO,, and NaCl. We also
report the chemical composition of SOA from the photooxidation of o-, -, and p-cresol under high-
NO conditions with (NH,),SO, seed aerosol. By producing and analyzing cresol-derived SOA under
the same conditions as toluene SOA, we assess the role of cresol as an SOA precursor produced
through the photooxidation of toluene. To assist in the comparison of the chemical composition of
toluene and cresol SOA, we present results from the application of positive matrix factorization to

the HR-AMS datasets for toluene and o-cresol high-NO SOA.
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EXPERIMENTAL

Environmental Chamber Photooxidation Experiments

The hydroxyl radical-initiated photooxidation of toluene, o-, 7-, and p-cresol produced SOA
under low- and high-NO conditions in the dual California Institute of Technology environmental
chambers, described elsewhere and in the Supporting Information (Table 1).”** Low-NO conditions
are defined here as NO mixing ratios < 5 ppb; high-NO conditions are defined as > 80 ppb NO.
Seed composition was varied by using different inorganic salts: (NH,),SO,, Na,SO,, MgSO, +
H,SO,, and NaCl. All cresol isomers were oxidized under similar high-NO and seed conditions to
those of toluene to enable the comparison of the resulting SOA chemical compositions, thereby
evaluating the contribution of the cresol pathway to toluene SOA formation. All experiments were
conducted at 25.0 + 0.5 °C and =< 3% relative humidity.

Table 1. Summary of Experimental Conditions.”’

Parent [VOC]p  Oxidant [NOy]o Bulk  Bulk Bulk Offline  Offline Offline

Code VOC (ppb) Precursor (ppb) Seed O:C H:C N.C OC H:C N:C

A toluene 286 H>02 ND (NHz)2S8O4 0.78 1.34 0.00 0.71 1.14 2.4x101
B toluene 313 H202+NO 96 (NHz)2SO4 0.81 1.26 0.04 0.60 1.21 0.07

C toluene 295 H202+NO 103 NaxSO4 0.80 1.30 0.03 0.67 1.23 9.4x105
D toluene 290 H202+NO 102 MgSO4+H2804  0.78 1.26 0.04 0.71 1.21 9.2x105
E toluene 319 H202+NO 91 NaCl 0.90 1.22 0.04 0.59 1.31 0.04

F o-cresol 105 H202+NO 86 (NHz4)2SO4 0.89 1.15 0.05 0.65 1.00 1.2x10+
G m-cresol 151 H202+NO 73 (NHa4)2SO4 0.73 1.19 0.03 0.86 1.99 4.1x107
H p-cresol 158 H202+NO 95 (NHa4)2SO4 0.92 1.21 0.04 0.88 1.75 7.7X107

“ND = not detected. Limit of NO and NO detection is 5 ppb. Limit of RH measurement is 3%. Bulk
elemental ratios are derived from HR-AMS measurements. Uncertainty estimates for bulk O:C and H:C are
20% and 12%, respectively. Uncertainty estimates for bulk N:C ratios are not reported. Offline elemental
ratios are derived from DART-HR-MS measurements.

bAll ions of intensity = 5% of the base peak in a DART-HR-MS mass spectrum are assigned a molecular
formula. Background ions are not included.
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Chemical Analysis of SOA by HR-AMS

Aerosol composition was recorded online using a high-resolution time-of-flight aerosol mass
spectrometer (HR-AMS, Aerodyne Research, Inc.). The HR-AMS was operated switching every 1
min between the high-resolution W-mode and the lower-resolution, higher-sensitivity V-mode. The
data were analyzed with Igor Pro (Wave Metrics, Inc.), utilizing the Squirrel 1.53G and PIKA 1.12G
analysis toolkits. Air interference corrections were made to the fragmentation table by applying
correction factors determined by in-line filter runs prior to the experiments.” Bulk SOA elemental
composition was calculated following the methods and recommendations of Aiken e 4/ and
Canagaratna et al.>”’

Positive matrix factorization analysis (PMF) was used to investigate qualitatively the differences in
aerosol compositions between toluene and o-cresol SOA produced under high-NO conditions with
(NH,),SO, seed. A detailed description of PMF application to chamber HR-AMS data can be found
in Craven e al”® Details of the PMF application procedure and support for the solutions presented
here appear in the Supporting Information.

Chemical Analysis of SOA by DART-HR-MS

SOA was collected by filtration over the final 4 h of experiments at 24 1. min™ with a Teflon
membrane filter (47 mm, 1.0 um pore size, Pall Life Sciences) and analyzed by high-resolution direct
analysis in real time mass spectrometry (DART-HR-MS, JEOL, Inc.). A DART source is a low-
temperature He plasma that generates primarily pseudomolecular ([M+H]") ions in positive mode
through proton transfer reactions between the analyte, M, and ionized ambient water vapor
(H,0").”* Samples are introduced for analysis directly into the DART stream, between the end of
the DART source and the mass spectrometer inlet. In this study, a portion of the filter membrane
was cut free from the support ring using a clean stainless steel scalpel and wrapped in a spiral around

the barrel of a clean glass Pasteur pipet. The pipet was rotated slowly in the DART stream to warm
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the glass and desorb organic material gently from the Teflon filter. Each sample was cut and
analyzed in triplicate. Intrasample peak intensity variability was < 3%. Additional analysis details,
mass spectra for each SOA sample, and tabulated interpreted mass spectral data corrected to remove
background ions are provided in the Supporting Information.

The accurate 7/3 of each ion = 5% of the base peak intensity was fit to a chemical formula,
adjusted to its neutral form, and given a proposed structure based on MCM toluene photooxidation

1-5, 7,12, 17, 19, 21, 23, 30, 41 : :
AT IR D202 0.8 The Bstimation of Vapor

and previously reported components of toluene SO
Pressure of Organics, Accounting for Temperature, Intramolecular, and Non-additivity Effects
(EVAPORATION) model was used for each proposed structure, given in Simplified Molecular-
Input Line-Entry System (SMILES) notation, to estimate the vapor pressure of the compound.®
The EVAPORATION model is compatible with molecules containing oxygen-based functional
groups and nitrates. To fit within these parameters, the vapor pressures of species proposed to be
imines and N-containing heterocycles were estimated by using their oxygenated equivalent, and the
vapor pressures of compounds containing nitro groups were estimated by substituting with a nitrate
group.

DART-generated ion signal intensity for a given species is proportional to its vapor pressure,
proton affinity, and concentration.”* Targeted quantitative DART-MS analysis is performed by co-
analyzing a compound with its isotopically labeled counterpart. In broad-spectrum quantitative
analyses, such as those in this study, an internal standard must be chosen within the expected range
of proton affinities and vapor pressures. The application of a droplet of internal standard solution to
filtered SOA may lead to undesirable side reactions and alteration of SOA composition. Dibutyl
phthalate (DBP) was chosen as an internal standard, as it is found in the Teflon filters used in this

study, and its proton affinity and vapor pressure are within the expected range of proton affinities

and vapor pressures for toluene and cresol SOA components. DBP and typical SOA components
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have proton affinities that are estimated to be comparable, leading to an analyte: standard proton
affinity ratio of approximately 1. With a proton affinity ratio of 1, analyte concentrations relative to
DBP were arrived at by multiplying the ratio of vapor pressure of DBP to the analyte vapor pressure
predicted by EVAPORATION by the ratio of the intensity of the analyte pseudomolecular ion to
the intensity of the DBP pseudomolecular ion. Mixing ratios, also called relative mass fractions here,
were calculated by dividing an analyte or analyte class by the sum of all measured SOA compounds
for that given sample. The maximum propagated uncertainty in relative mass fractions for all
species, based on 3% intensity variation, is 3xX10"; this uncertainty holds for all reported relative
mass fractions. Weighted average values for elemental ratios from offline analysis results were
obtained by summing the products of each species mixing ratio by the H:C, O:C, or N:C for each

species molecular formula (Table 1).
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RESULTS AND DISCUSSION

Quantitative Analysis of Toluene and o-, m-, and p-Cresol SOA
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Figure 4. Chemical composition of SOA produced in current toluene and cresol photooxidation
experiments as measured by offline DART-HR-MS analysis, displayed by general molecular formula
category. Table 1 contains the key with experimental details.

The composition of both high- and low-NO SOA derived from toluene is dominated by species
with the general formulae C H ,O;, and C H,O,,and N incorporation is significant only under high-
NO conditions (Fig. 4). The SOA compositions reported here are consistent with multigenerational
photooxidation through the bicyclic peroxy radical and cresol pathways as the primary routes to
toluene SOA formation under low- and high-NO conditions. Toluene low-NO SOA does not
feature significant N incorporation, indicating the expected lack of nitrate and nitro group formation

as well as the inhibition of seed-related processes like imine formation, which can occur with high
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concentrations of carbonyls in the presence of ammonium sulfate (Table 1 and Fig. 4).* Pyridine
formation, while minor, is ubiquitous in these experiments and potentially attributable to artifactual

chemistry on the chamber walls (see Supporting Information).

Under high-NO conditions, the most highly oxygenated compounds (C,H,Os,) constitute relative
mass fractions of 0.99 for toluene- and cresol-detived SOA; no clear seed effect related to O
number is observed. The next most abundant general molecular formulae are C.H O, and C.H O,
C,H,0, compounds including glyoxal, constitute < 1% by mass of toluene and o-, 7-, and p-cresol
SOA under these dry, high-NO conditions. The most abundant nitrogenous species are oxygenated
nitro compounds or nitrates, C_ HNOjs,. The bulk N:C ratios for all high-NO SOA systems studied
are consistent across seed types, supporting gas-phase reactions with NO to form nitrates and nitro
compounds as the origins of the N functionality (Table 1). The difference between the bulk and
offline N:C ratios can be attributed to uncertainty in the estimated vapor pressures of compounds
with N-containing functional groups, which fall outside the present scope of the EVAPORATION
model (e.g., imines, nitro groups). For broad-spectrum quantitation by DART-HR-MS, accurate
Vapor pressures are Necessary.

Species found in o-cresol high-NO SOA constitute a relative mass fraction of 0.84 of toluene
high-NO SOA in this study. C;HgOs, interpreted as tetrahydroxytoluene (estimated vapor
pressure 9.0x10™* atm), comprises a relative mass fraction of 0.70 in toluene high-NO SOA.
C7HgO4, corresponding to trihydroxybenzaldehyde (estimated vapor pressure 8.3x10™ atm)
contributes a relative mass fraction of 0.10 to toluene high-NO SOA. C;HeO3;, proposed to be
dihydroxybenzaldehyde, contributes a relative mass fraction of 2.5x10” to toluene high-NO
SOA. The additional 0.04 is composed of molecules with general formulae C\HyNO,, C\HyNOj3,

CH,0, and CH,O, (see Supporting Information). The particle-phase measurement of modest
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concentrations of these moderate- to high-volatility oxidation products is attributed to the

proposed trapping of condensing volatiles during the rapid accumulation of organic material in

45,46

the growth phase. Partial re-partitioning of volatile species occurs, possibly because the

expected glassy nature of SOA may trap trace amounts of volatiles.
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Figure 5. Three-factor PMF solution comparing toluene and o-cresol SOA produced under high-
NO conditions in the presence of (NH,),SO, seed. (a) Factor time trends: factor 1, distinct ions
characterizing toluene SOA (black); factor 2, ions common to both toluene and cresol SOA related
to eatly-generation cresol oxidation, multiplied by 5 for clarity (red); factor 3, ions from later-
generation toluene and cresol oxidation (green), multiplied by 2 for clarity. (b) The difference
between factor 1 (black) and factor 2 (red) mass spectral profiles. (c) Factor 3 mass spectral profile
(green).

Detailed PMF analysis of the HR-AMS spectra of toluene and cresol SOA was conducted to
assess qualitatively the chemical pathways leading to SOA formation under high-NO conditions. A

three-factor fit is the simplest solution that captures the variation of the HR-AMS data within the
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known uncertainties of HR-AMS spectra (Fig. 5a). Toluene high-NO SOA has a distinctive factor
(factor 1, shown in black); this is expected, given that no toluene is present in the cresol experiment.
A shared factor (factor 2) describes early-generation o-cresol high-NO SOA and a small fraction of
toluene high-NO SOA. The later, gradual decrease of factor 2 can be attributed to partial
repartitioning of higher-volatility early-stage oxidation products back to the gas phase. Another
shared factor (factor 3) describes the later-generation high-NO toluene and ¢-cresol SOA. Figure 5b
shows the difference spectrum obtained by subtracting the mass spectral profile of factor 1 from
that of factor 2. The difference spectrum shows enrichment in the unique toluene SOA profile
(factor 1) of marker ions for highly oxidized species (e.g. CO,") and unsaturated ketones and
aldehydes (e.g., C,H,O,", C,H,0O,", C;H.O,", C.H;O,"). Marker ions for ring-retaining aromatic
oxidized species (e.g. C;H;", C;H,O;", CH,O,") are observed in early generation o-cresol SOA
(factor 2). Factor 3 describes the late stages of multigenerational photooxidation, in which toluene
and o-cresol SOA compositions converge, and features marker ions for aromatic ring-retaining
oxidation products (e.g., C,;H,O,", C;HO,", C;H,O,") (Fig. 5¢). The measurement of a family of
shared chemical species is expected based on the MCM for toluene and cresol photooxidation (Figs.

1-3).
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Elemental Ratios as Descriptor of Toluene and Cresol Chemical Composition
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Figure 6. Species identified by DART-HR-MS analysis in the present study of toluene SOA
produced under low- and high-NO conditions with (NH,),SO, seed are displayed in van Krevelen
space. Data markers are colored by the molecular formula C number. The bulk H:C and O:C
elemental ratios derived from HR-AMS measurements are shown in grayscale for both low-NO and

high-NO conditions.

Van Krevelen diagrams depict concisely variations in the functionalization of a complex organic
mixture.”" Figure 6 displays in van Krevelen space the elemental ratios for species measured by
DART-HR-MS in the present study of toluene SOA generated under dry, low-, and high-NO
conditions in the presence of (NH,),SO, seed aerosol. Lines representing various functionalization
pathways are shown. Not all measured species have a unique coordinate in van Krevelen space, as
redundancies in H:C and O:C ratios may occur with nitrogen incorporation.

Multigenerational oxidation chemistry is evident in the polyfunctional species measured in these
experiments. The majority of compounds in both high- and low-NO toluene SOA are C;: C;H,O, in
high-NO conditions and C;HgO; under low-NO conditions. These formulae are consistent with

tetra- and pentahydroxytoluene, which are suggestive of oxidation following the cresol pathway.
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Toluene high-NO SOA in this study is also characterized by < C; compounds, which are attributed
to decomposition of toluene- and cresol-derived bicyclic peroxide intermediates (Fig. 2, 3, 0).
Carboxylate formation (or the equivalent addition of carbonyl and hydroxyl groups on different sites
within the same molecule) occurs on C, and C, backbones in toluene SOA, supporting the
contribution from ring-opening non-cresol pathways (72% yield, by MCM). Bulk SOA H:C and O:C
HR-AMS data have a slope of -2, supporting the relevance of carbonyl functionalization to toluene

SOA formation under both low- and high- NO conditions.
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Figure 7. Van Krevelen diagram depicting chemical compositions of cresol SOA produced under
high-NO conditions with (NH,),SO, seed, as measured by offline DART-HR-MS. Data markers are
colored by the molecular formula C number. The bulk SOA H:C and O:C elemental ratios derived
from HR-AMS measurements are shown in grayscale.

Figure 7 displays the chemical composition of individual o¢-, 7-, and p-cresol SOA formed under
high-NO conditions with (NH,),SO, seed. ¢- and 7-Cresol SOA span a much larger O:C range than

p-cresol SOA does, yet the final bulk O:C and H:C values for all three cresol isomers are similar
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(Table 1). The close proximity of the electron-rich hydroxyl group to the methyl group in ¢- and -
cresol may affect ring-opening pathways and further functionalization in ways that do not occur for
p-cresol.

Both offline and online SOA chemical characterization suggest repeated hydroxylation is an
important process for SOA formation from all cresol isomers (Fig. 7). This finding is consistent with
the MCM-estimated 73% of cresol undergoing further OH addition (Fig. 3). The majority of SOA
mass for all cresol isomers is attributable to C,, compounds; oligomerization through hemiacetal
formation from C, compounds and small carbonyl species may be the source of these products.
Increased H:C ratios and decreased C number are consistent with the expected decomposition
products of the bicyclic alkoxy radical formed from continued high-NO photooxidation of cresol.
These unsaturated oxidized species are measured as monomeric and oligomeric species, ranging

from C; to C,; in chain size, and in the case of o-cresol up to C,,.
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Species Carbon Number as a Descriptor of Toluene and Cresol SOA Composition
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Figure 8. Chemical composition of toluene and cresol SOA, displayed as a function of C number,
derived from offline DART-HR-MS analysis. The red line represents the C, threshold.

Toluene SOA formed under dry, low- and high-NO conditions with (NH,),SO, seed comprise
high relative mass fractions of highly oxygenated C, compounds. The abundance of C, oxidation
products in toluene SOA suggests the cresol pathway is influential in toluene SOA formation, since
fragmentation is a major early-generation mechanism for the bicylic peroxy radical, epoxy
muconaldehyde, and toluene peroxy pathways (Figs. 1-4 and 8, and Supporting Information).
C,,H, O, is the principal oligomeric species identified in toluene SOA formed under dry low-NO
conditions, with a relative mass fraction of 3.0x10°, and is potentially 2 hemiacetal formed between
a C, polyhydroxylated species and a C; carbonyl compound. Extensive oligomerization is not found
in this case possibly because of the abundance of highly oxidized, bulky, ring-retaining C,

compounds relative to the modest amount of sub-C, compounds.
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In the present study, a seed effect is observed in the increased C chain lengths (> C,) in the
presence of Na,SO,, MgSO, + H,SO,, and NaCl seeds (Fig. 8). We report here high oligomer C
numbers and relative mass fractions in toluene high-NO SOA formed in the presence of Na,SO,
(0.34) and NaCl (0.01) seeds relative to that formed in the presence of MgSO, + H,SO, (7.1x107)
and (NH,),SO, (0) seeds. Seed effects have been observed in previous studies as the shifting of
oligomer distributions in SOA to higher molecular weights as seed acidity is increased.”” The
abundance of lower molecular weight oligomers observed by Gao e 4/ did not change with
increased acidity, implying that oligomer types may have different acid sensitivities, which is
consistent with observations here.” In this study, toluene high-NO SOA has an abundance of
polyhydroxylated C, species, and these species may have potential to produce an oligomer type that
is less responsive to acidic seed. Additionally, the continuity of the oligomer C atom range (Cg, C,,
C,, etc.) suggests that oligomers may be forming between C, particle-phase compounds and small
gas-phase oxidation products. Hall and Johnston observed the independence of monomer
abundance in SOA and monomer vapor pressure and suggested reactive uptake between a monomer
colliding and reacting with the particle surface as a potential scenario for oligomer formation in
SOA.”

In this study, o-, 7~ and p-Cresol SOA contain abundant oligomeric species (relative mass
fractions: 0.13, 0.03, and 0.99, respectively). ¢- and »-Cresol-derived oligomeric species have the
general forms C H O, 5,, with < 1% of the oligomeric relative mass fraction composed of C HNO;
5. and CH O, ;. p-Cresol SOA contains one identified oligomer, C;H,,O;. The position of the
hydroxyl group in the cresol isomer is observed here to affect oligomer formation as well as

monomer composition and bulk H:C and O:C trends.
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GRAPHICAL ABSTRACT
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4.1 Conclusions

This thesis discusses insights into anthropogenic SOA formation by extensive analysis of SOA
chemical composition using complementary mass spectrometry methods. Environmental chamber
experiments enable the detailed study of SOA formation from a single parent compound. In this work,
the formation of SOA from C,, alkanes, toluene, and o-, 7-, and p-cresol was studied by applying a

combination of mass spectrometric methods to analyze the SOA chemical composition.

Gasoline and diesel fuel contain significant amounts of cyclic, branched, and linear alkanes.! Moreover,
the combustion and photooxidation products of alkanes are major contributors to urban and
transportation-related SOA.** The effects of parent alkane structure, NO, conditions, relative
humidity, and aerosol acidity on SOA formation and composition were studied in Chapter 2. The
composition of alkane SOA produced in these studies was characterized strongly by particle-phase
chemistry, including oligomerization reactions. The monomeric species participating in these reactions
are chiefly hydroxycarbonyl compounds in linear and cyclized forms (e.g., furans, dihydrofurans).
Imines are another monomeric species forming potentially from reactions of carbonyl compounds
with ammonia present in the seed aerosol. The oligomers that are formed from these monomers
include peroxyhemiacetals, hemiacetals, esters, and aldol condensation products. Peroxyhemiacetals
are the major contributor to alkane SOA mass under the low-NO conditions studied here; under high-
NO conditions, ether formation is significant to SOA formation, as is the generation of alkyl nitrates.
The NO, effect on alkane SOA composition, specifically oligomer structure and functionality, is
shown to be important in Chapter 2. Alkane structure affected the degree of functionalization and
fragmentation of the parent compound as it progressed through multigenerational photooxidation; the
final outcome of this was a variation in organic aerosol volume produced. Nitrogen incorporation
from the ammonium sulfate seed aerosol into the organic fraction by imine formation occurred for all

alkane structures studied in Chapter 2. Overall, the composition of alkane SOA is found to be
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attributable to a large number of oxidation products, each of which is present at a relatively low

concentration.

Aromatic compounds are a major component of anthropogenic and biogenic emissions; they appear
in fuels as well as in biomass burning emissions, among other sources.' Toluene is an important
industrial VOC and SOA precursor. Its gas-phase photooxidation and the photooxidation of its
early-generation product, cresol, have been studied extensively, as discussed in Chapter 3. Open
questions center on the extent to which low- and extremely-low volatility organic compounds
LVOC and ELVOC) comprise toluene SOA, and the proportions of the LVOC and ELVOC
which arise from oligomerization and multigenerational photooxidation. Given that glyoxal and
other volatile dicarbonyls are major fragmentation products in aromatic systems, the role of relative
humidity and seed hygroscopicity is important to determining the chemical composition of toluene-
and cresol-derived SOA. The experiments described in Chapter 3 were conducted under dry
conditions to promote SOA formation from other channels. Highly oxygenated compounds were
found to be the major contributors to toluene SOA under dry low- and high-NO conditions. The
NO, effect was primarily seen in the production of nitro and nitrate compounds that partitioned to
the particle phase. Heterogeneous chemistry is implied by the chemical formulae of oligomeric
species produced by toluene and all cresol isomers; the range of C number in these molecules is
continuous, suggesting small, volatile aldehydes are reacting with highly-oxygenated C, compounds
already present in the particle phase. This is different to oligomer formation in the alkane systems,
where dimerization occurred between C,, oxidized species. For toluene- and cresol-derived SOA,
the LVOC and ELVOC components arise from both multigenerational oxidation and oligomer

formation. Through comparison of SOA chemical compositions, a relative mass fraction of 0.84 of
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toluene SOA is estimated to be attributable to the cresol pathway, specifically C;H;O, (0.7) and

C,H 0O, (0.1) species, with the remainder composed of C. H O,, C HNO,, CH NO;, and C H O.

4.2 Future Work: Exploring Heterogeneous Reactions Leading to Oligomerization in
Secondary Organic Aerosol

SOA formation is commonly predicted by equilibrium partitioning models, but there is evidence in
certain chemical systems that reactive uptake can be important to SOA formation. Reactive uptake as a
phenomenon involves the collision of a gas-phase molecule with a surface, resulting in the
incorporation of that molecule into the surface because of a chemical reaction. Some examples of
reactive uptake include isoprene epoxydiols, glycolaldehyde, and glyoxal and simple carbonyl

compounds.””

There is evidence for oligomerization, in some cases, occurring in the manner of reactive uptake as
opposed to equilibrium partitioning and condensed-phase reactions.”” If monomer abundance in the
particle phase, leading to oligomerization through equilibrium reactions, was driven by equilibrium
partitioning, there would be a correlation between monomer abundance and vapor pressure. In the
case of SOA formed from a-pinene ozonolysis, Hall and Johnston used a Fourier transform ion
cyclotron resonance mass spectrometer with an electrospray ionization (ESI) interface to identify over
1000 distinct oligomer elemental formulae, and find independence between monomer abundance and
vapor pressure.'’ The classes of oligomers included in that study included aldol condensation products,
hemiacetals, ethers, esters, and carboxylic acid anhydrides; this system covers all major oligomer types
one would find, with, perhaps, the exception of the peroxyhemiacetal, which is known to be important

o . 10-11
under low-NO conditions in some cases.
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Table 4.1. Compounds measured in SOA formed from isoprene nitroxy epoxydiol uptake onto
(NH,),SO, seed aerosol by filtration and extraction in methanol for analysis by reverse-phase ultra-
high performance liquid chromatography/(-)ESI-MS. Compounds are indexed by retention time (ty).

tr Measured Calculated Error

(min) /3 (Da) m/ % (Da) (mDa)  Formula [M-HJ-
2.61 346.007 346.008 1.0 CsH12NO112S
2.61  283.0111 283.0124 1.3 CsHi1O0S
2.68  241.9962 241.9971 0.9 CsHsNOsS
2.88  304.9921 304.9927 0.6 CsHoN2O11S
295  304.9921 304.9927 0.6 CsHoN2O11S
3.02 3049916 304.9927 1.1 CsHoN»O11S
3.1 304.9916 304.9927 1.1 CsHoN>O11S
315 304.9924 304.9927 0.3 CsHoN»O11S
34 302.9757 302.9771 1.4 CsH7NO11S
352 365.9716 365.9727 1.1 CsHgN30148
3.61 318.9702 318.972 1.8 CsH7N20128
3.61  493.024 493.0248 0.8 Ci2H17N20178
3.69  390.9918 390.9931 1.3 CsH11N2014S
3.89  327.9962 327.9975 1.3 CsHioNO11S-
389  390.9919 390.9931 12 CsH11N20148°
389  448.9969 448.9985 1.6 CioH13N20168
397  349.9767 349.9778 1.1 CsHgN30138
406  349.9763 349.9778 1.5 CsHgN30138
406  138.9684 138.9701 1.7 CoH305S

414 3499771 349.9778 0.7 CsHsN30138
414 138.9686 138.9701 1.5 CoH305S
434 3729789 372.9825 3.6 CsHoN»O138

Evidence from recent experiments to study SOA formation from isoprene nitroxy-epoxydiols as well
as that presented in Chapter 3 shows that the reaction of small, gas-phase carbonyl compounds and
alcohols with particle-phase species to form oligomers is possible (Table 4.1). This is expected, based
on what is known about the reactivity of these compound types, but it would be compelling to explore
the limits of the SOA mass contribution of this kind of reactive uptake, as well as its sensitivities to

relative humidity, seed hygroscopicity, seed composition, and parent compound type.

A fundamental chamber experiment would be to atomize a solution of a functionalized alkane
sulfonate and introduce into the gas phase a compound proposed to react with that functional group.
This experiment would simply target reactive uptake without accounting for any photochemistry or

diverse range of products. An example of this type of experiment would be to use sodium dodecanal
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sulfonate as the seed aerosol and to introduce a hydroperoxide, such as cumene hydroperoxide or tert-
butyl hydroperoxide, into the chamber by blowing clean air through a tube containing the peroxide.
Peroxyhemiacetal formation should occur in the particle phase between the aldehyde functionality on
the surfactant seed and the gas-phase peroxide. The vapor pressures of cumene and tert-butyl
hydroperoxides (5.5%10°and 7.4x10” atm, respectively) are such that they should not condense onto
the particles significantly. Control experiments measuring the partitioning of cumene and tert-butyl
hydroperoxide to the chamber walls and to an inert seed such as NaCl would also need to be

conducted.

A common question in SOA compositional analysis is on the origin of high-volatility compounds
detected in offline analysis of SOA. Some have explained the modest concentrations of high-volatility
species through equilibrium partitioning: when these are present in high concentration in the gas
phase, they are driven into the particle phase, and as oxidation proceeds in the gas phase and these
species are consumed, they partition back into the gas phase and are reacted away. A small amount
remains in the particle, perhaps due to the presumed glassy nature of SOA."> Another scenatio is that
these high-volatility species are present in the particle-phase as oligomers, but revert back to their
monomeric state during sample preparation for analysis. Given the invasiveness of solvent extraction,
it is not implausible that oligomers were reverted back to monomeric species, but there is no means at
present to verify this scenatio in the suspended aerosol. A potential means of tagging the surface-
available reactive organic compounds is to conduct a photooxidation experiment on a well-known
system (e.g. dodecane or toluene), stop the photooxidation by turning off the black lights initiating OH
generation, and introduce a unique marker compound that is not known to occur naturally in the
system at a ppb-level mixing ratio. A volatile, halogen-labeled aldehyde (e.g. trifluoromethyl

butyraldehyde) would be a potential tag for hemiacetal and peroxyhemiacetal formation, as well as
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aldol condensation. The tag molecule concentration would be monitored by either GC or gas-phase
chemical ionization mass spectrometry, and any change in particle composition and volume would be
measured by online aerosol mass spectrometry and differential mobility analyzer. SOA samples would
also be collected by filtration and analyzed using noninvasive, soft ionization methods like direct
electrospray ionization (DESI) or DART coupled to a high-resolution mass spectrometer, as well as by

complementaty techniques that provide structural information (e.g. GC/MS or LC/MS).
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Appendix A

Molecular Corridors and Kinetic Regimes in the Multiphase Chemical
Evolution of Secondary Organic Aerosol?

3 Reproduced by permission from “Molecular corridors and kinetic regimes in the multiphase chemical evolution of
secondary organic aerosol” by M. Shiraiwa, T. Berkemeier, K. A. Schilling-Fahnestock, J. H. Seinfeld, and U. Poschl. A#»os.
Chem. Phys. 2014, 14, 8323-8341.
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Abstract. The dominant component of atmospheric, organicl Introduction

aerosol is that derived from the oxidation of volatile organic

compounds (VOCs), so-called secondary organic aerosol

(SOA). SOA consists of a multitude of organic compounds,organic aerosol is ubiquitous in the atmosphere and its ma-
only a small fraction of which has historically been identi- Jor component is secondary organic aerosol (SOA) (Jimenez
fied. Formation and evolution of SOA is a complex processet al., 2009). Reaction of atmospheric volatile organic com-
involving coupled chemical reaction and mass transport inPounds (VOCs) with oxidants such as OHg,@nd NQ

the gas and particle phases. Current SOA models do not enloitiate the formation of semi-volatile organic compounds
body the full spectrum of reaction and transport processes{SVOCs), which can undergo further gas-phase oxidation to
nor do they identify the dominant rate-limiting steps in SOA form low-volatility organic compounds (LVOCs) that will
formation. Based on molecular identification of SOA oxida- Preferentially partition into the particle phase (Kroll and Se-
tion products, we show here that the chemical evolution ofinfeld, 2008; Hallquist et al., 2009; Donahue et al., 2012;
SOA from a variety of VOC precursors adheres to characterMurphy et al., 2014). A fraction of the SVOCs partitions
istic “molecular corridors” with a tight inverse correlation be- into the particle phase, wherein they can be transformed into
tween volatility and molar mass. The slope of these corridors-VOCs such as dimers, oligomers, and other high molecular

corresponds to the increase in molar mass required to delass compounds (Jang etal., 2002; Kalberer et al., 2006; Er-
crease volatility by one order of magnitude (-dMlggCy). vens et al., 2011; Ziemann and Atkinson, 2012; Shiraiwa et

It varies in the range of 10-30gmdi, depending on the al., 2013a). Some portion of the LVOCs can be transformed

molecular size of the SOA precursor and the@ratio of the ~ back to (semi-)volatile compounds or G@O; by fragmen-
reaction products. Sequential and parallel reaction pathway&tion reactions triggered by OH or other oxidants at the par-
of oxidation and dimerization or oligomerization progressing ticle surface or in the particle bulk (Bertram et al., 2001;
along these corridors pass through characteristic regimes dfroll and Seinfeld, 2008; Jimenez et al., 2009). SOA parti-
reaction-, diffusion-, or accommodation-limited multiphase tioning is also affected by particle-phase state, non-ideal ther-
chemical kinetics that can be classified according to reactioAnedynamic mixing, and morphology (Chang and Pankow,
location, degree of saturation, and extent of heterogeneity 0006; Zuend and Seinfeld, 2012; Shiraiwa et al., 2013b).
gas and particle phases. The molecular corridors and kinetic SOA consists of a myriad of organic compounds, of
regimes help to constrain and describe the properties of th&hich only 10-30% have been identified (Goldstein and
products, pathways, and rates of SOA evolution, thereby faGalbally, 2007). Common techniques applied for the anal-

cilitating the further development of aerosol models for air YSis of SOA are gas chromatography/electron impact ioniza-
quality and climate. tion mass spectrometry (GC/EI-MS) and liquid chromatogra-

phy/electrospray ionization mass spectrometry (LC/ESI-MS)
(e.g., Surratt et al., 2006). Hard ionization, such as electron
impact ionization, generally causes significant fragmentation

Published by Copernicus Publications on behalf of the European Geosciences Union.



58
8324 M. Shiraiwa et al.: Molecular corridors represent the multiphase chemical evolution of SOA

of organic molecules, which makes molecular identifica- number of identified products, whereas biogenic SOA data
tion challenging, but can provide molecular structural infor- are shown in one panel due to the relatively small number of
mation. The recent advent of soft ionization methods suchdata points.
as electrospray ionization (ESI), matrix-assisted laser des- Vapor pressures and saturation mass concentrations of or-
orption ionization (MALDI), atmospheric pressure chemical ganic compounds were estimated using the “estimation of
ionization (APCI), and direct analysis in real time (DART) vapor pressure of organics, accounting for temperature, in-
ionization has facilitated the identification of the dominant tramolecular, and non-additivity effects” (EVAPORATION)
fraction of the compounds constituting SOA by preservingmodel, (Compernolle et al., 2011). The EVAPORATION
analytes as intact or nearly intact during ionization (Kalberermodel estimates vapor pressure of molecules with the follow-
et al., 2006; Williams et al., 2010; Laskin et al., 2012a, b; ing functionalities: aldehyde, ketone, alcohol, ether, ester, ni-
Chan et al., 2013; Nguyen et al., 2013; Vogel et al., 2013;trate, acid, peroxide, hydroperoxide, peroxy acyl nitrate, and
Schilling-Fahnestock et al., 2014). Taking advantage of suctperacid. Organosulfates and imidazoles are not covered and
data, here we present a new, 2-D map for SOA evolutionwere thus not included in our analysis, although they have
of molar mass vs. volatility, which can be linked to kinetic been identified in SOA from biogenic precursors and glyoxal
regimes and reaction pathways of formation and aging of(linuma et al., 2007; Surratt et al., 2008; Ervens et al., 2011).
SOA that is currently poorly constrained and a major lim-  The markers in Fig. 1 are color-coded with atomic@ra-
itation in the understanding and prediction of atmospherictio. Generally, volatility decreases and molar mass increases
aerosol effects. with chemical aging of SOA both in the gas and parti-
cle phases. Consequently, molar mass of oxidation products
tightly correlates with volatility with high coefficient of de-
2 Molecular corridors for different SOA precursors termination (K), as summarized in Table 1. The 95 % pre-
diction intervals (dashed lines in Fig. 1) can be regarded
Figure 1 shows 2-D maps of molecular weight or molar massas molecular corridors, within which additional unidenti-
(M) plotted against volatility or saturation mass concentra-fied oxidation products are likely to fall. The negative slope
tion (Cp) for organic compounds in SOA from a range of of the fit lines corresponds to the increase in molar mass
anthropogenic and biogenic precursors: dodecane (Fig. 1a, bequired to decrease volatility by one order of magnitude,
(Yee etal., 2012), cyclododecane (Fig. 1c, d), hexylcyclohex-—dM /dlogCo. It increases from~ 10 gmol! for glyoxal,
ane (Fig. 1e, ) (Schilling-Fahnestock et al., 20k4pinene  and methylglyoxal to~25gmol! for dodecane and cy-
(Fig. 1g) (Docherty et al., 2005; Claeys et al., 2007, 2009;clododecane, depending on the molecular size of the SOA
Zuend and Seinfeld, 2012; Kahnt et al., 2014; Kristensen eprecursor and the GC ratio of the reaction products, as will
al., 2014), limonene (Fig. 1h) (Jaoui et al., 2006; Kundu etbe discussed below. The mean value-afM / dlog(p aver-
al., 2012), isoprene (Fig. 1i) (Surratt et al., 2006; Surratt etage over all investigated systems is2@ g mol.
al., 2010; Lin et al., 2012, 2013), glyoxal and methylglyoxal = The composition of SOA may vary depending not only on
(Fig. 1j) (Lim et al., 2010; Sareen et al., 2010; Zhao et al.,the organic precursor, but also on the oxidant and other reac-
2012). Experimental conditions including oxidants, NO lev- tion conditions of formation and aging (Presto et al., 2005;
els, and seed particles used in earlier studies are summarize®lrratt et al., 2006; Lin et al., 2012, 2013; Kristensen et al.,
in Table Al. The experimental conditions and methods ap-2014; Loza et al., 2014; Xu et al., 2014). The atomic@®
plied in this study to analyze the formation and compositionratio tends to be higher at high NO concentrations, partly
of SOA from C12 alkanes under low and high NO condi- due to the formation of organonitrates (Nguyen et al., 2011;
tions are detailed in Appendix A and Schilling-Fahnestock Schilling-Fahnestock et al., 2014). Even though Fig. 1g, h,
et al. (2014). DART is a soft ionization technique of atmo- and i contain biogenic SOA oxidation products measured un-
spheric pressure ionization that has recently been used fader different conditions, as specified in Table A1, the molec-
the analysis of a variety of organic compounds with minimal ular corridors are relatively tight wit®?2 > 0.85. The molec-
fragmentation (Chan et al., 2013). SOA compounds identi-ular corridors of alkane SOA formed under low and high NO
fied include alcohols, ketones, aldehydes, hydroxycarbonylsgonditions are also quite similar (Fig. 1a—f). Thus, the molec-
organic hydroperoxides, and nitrates, which are generated inlar corridors of SOA formation appear to be determined pri-
the gas phase (open markers), as well as dihydrofuran, fumarily by the organic precursor, and the extent to which they
ran, ether, ester, peroxyhemiacetal, hemiacetal, dimer, andre influenced by reaction conditions warrants further stud-
imine, which are likely particle-phase products (Ziemann andies.
Atkinson, 2012) (solid markers). Through the combination of
an aerosol mass spectrometer (AMS) and DART-MS, close to
100 % identification and quantification of the particle phase3 Kinetic regimes and limiting cases
for each of the three alkane systems was achieved (Schilling-
Fahnestock et al., 2014). Thus, alkane SOA are plotted foffraditionally, SOA formation has been modeled based on in-
low and high NO conditions in separate panels due to largestantaneous gas-particle equilibrium partitioning, implicitly
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Figure 1. Molecular corridors of SOA evolution for different precursor compounds. Molar mass vs. volatility (saturation mass concentration,
Cp) at 298 K for oxidation products of dodecangalow and(b) high NO condition, cyclododecane @) low and(d) high NO condition,

and hexylcyclohexane &) low and(f) high NO condition andg) «-pinene (h) limonene (i) isoprene, andj) glyoxal and methylglyoxal.

The open and solid markers correspond to the gas- and particle-phase products, respectively, color-coded by@tatigc(@ote different

color scale foij). With a linear regression analysis, the coefficient of determinatic),(fRted lines (dotted lines) and their slopes (m), and
prediction intervals with 95 % confidence (dashed lines) are shown. The arrows on the right axis indicate average molar mass for isoprene
anda-pinene (Kalberer et al., 2006), as well as for alkanes, as measured in this study.
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Table 1. Summary of analysis of identified SOA oxidation products. Number of identified oxidation pradiuetgerage molar masdaye,
negative slope (—d M dlog(y) of fitted lines in Fig. 2 of molar mass vs. logarithm of volatility, coefficients of determinatidras well as
R? for O: C vs. logarithm of volatility.

Precursor N Mave(gmolY) —dam /dlogCy (gmol~1)  R? (molar mass) RZ(O:C)
Dodecane, low NO 116 429 25(+1) 0.90 0.22
Dodecane, high NO 106 495 24(+1) 0.84 0.29
Cyclododecane, low NO 77 384 18(+1) 0.63 0.08
Cyclododecane, high NO 122 458 24(+1) 0.78 0.08
Hexylcyclohexane, low NO 137 310 19(+1) 0.60 0.05
Hexylcyclohexane, high NO 230 418 20(+1) 0.69 0.00
a-pinene 47 400¢ 20(+1) 0.85 0.13
Limonene 17 - 19(+2) 0.87 0.38
Isoprene 29 350 15(+1) 0.87 0.09
Glyoxal, methylglyoxal 35 - 10(+1) 0.66 0.16

* Kalberer et al. (2006).

< G, Different types of kinetic behavior can be characterized
voc > svoc > LVoC - > (S)XOC by three basic criteria as detailed in the Appendix B: (1) the
Gas 6B G5B location of the chemical reaction leading to SOA formation
Phase asB GsB : or aging (gas phase, particle surface, particle bulk); (2) the
Surface usvoc S_> LVOC - > (S)\}oc saturation ratio of the reactants (ratio of ambient concentra-
GSB,, GSB,, A tion to satur_atlon concentration); and (3) the extent of spatlgl
Particle B, ' heterogeneity of the gas and particle phases (concentration
Bulk SVOC ———> LVOC - > (Sivoc gradients). The kinetic regimes and limiting cases defined

by these criteria can be visualized on a “kinetic cuboid”, in
Figure 2. Molecular processes of SOA evolution: schematic out- Which each axis corresponds to one of the three classification
line of formation and aging. Red and green arrows denote chemicaparameters, as shown in Fig. 3a. The symbols “G”, “S”, and
reactions and mass transport, respectively. Sequential and paralléB” indicate the predominant reaction location: gas phase,
reactions in the gas phase, at the particle surface, and in the partparticle surface, or particle bulk, respectively. A subscript de-

cle bulk lead to multiple generations of volatile, semi-volatile and 5tes the rate-limiting process for SOA formation and aging:
low-volatile organic compounds (VOC, SVOC, LVOC). Dotted ar- “rx” indicates chemical reaction: “bd” indicates bulk diffu-

rows denote revolatilization rgsulltlng frpm fragm.entatllon reactlonsFion; “o” indicates mass accommodation; “gd” indicates gas-
Labels on arrows relate to kinetic regimes outlined in subsequen

figure phase diffusion. Depending on atmospheric composition and
' reaction conditions, which vary widely in space and time, the
chemical evolution of organic compounds and SOA patrticles

assuming that gas-phase reactions are the rate-limiting steg@n progress through any of these regimes.

of SOA formation and growth (Pankow, 1994; Donahue et The left part of the cuboid can be regarded as a particle-
al., 2006; Hallquist et al., 2009). Recent studies, howeverphase chemistry regime, and the right side as a gas-phase
have shown that mass transport and chemical reaction in thehemistry regime. As shown in Fig. 3b, the particle-phase
particle phase may also play an important role (Fig. 2) (Er-chemistry regime (SB, including surface (S) or bulk (B) re-
vens et al., 2011: Ziemann and Atkinson, 2012: Shiraiwaaction) can be further subdivided into a reaction-diffusion
et al., 2013a). Recently, Berkemeier et al. (2013) provided'egime (SBY), where the system is limited by reaction or
a conceptual framework which enables the characterizatioliffusion in the particle-phase, and a mass-transfer regime
of heterogeneous reactions and gas uptake in atmospher©B™) limited by mass accommodation at the interface or
aerosols and clouds through a well-defined set of distinct ki-diffusion through the gas phase (Berkemeier et al., 2013).
netic regimes and limiting cases. We extended this frame-The gas-phase chemistry regime (G) comprises the tradi-
work to cover the complex interplay of gas- and particle- tional scenario of SOA formation determined by a rate-
phase reactions in the evolution of SOA and to enable a syslimiting chemical reaction in the gas phase, followed by
tematic classification of rate-limiting processes in the analy-duasi-instantaneous gas-particle partitioning of the reaction
sis and interpretation of laboratory chamber data and ambierferoducts (G), corresponding to so-called quasi-equilibrium

measurements, as well as in the comparison of experiment&lfowth (Shiraiwa and Seinfeld, 2012; Zhang et al., 2012).
results with theoretical predictions. The rest of the gas-phase chemistry regime is mass transport-

limited and corresponds to so-called non-equilibrium growth

Atmos. Chem. Phys., 14, 8328341, 2014 www.atmos-chem-phys.net/14/8323/2014/
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Figure 3. Kinetic regimes and limiting cases of SOA evolution mapped onto the axes of a cuboid representing reaction location, saturation
ratio, and mixing parametdia) Horizontal edges of the cuboid (left to right) correspond to four regimes governed by chemical reaction (“rx”,
red), bulk diffusion (“bd”, purple), mass accommodation(‘blue), or gas-phase diffusion (“gd”, grey). Each of these regimes includes three
distinct limiting cases characterized by a single rate-limiting process and a dominant reaction location (particle bulk, B; surface, S; gas phase,
G). (b) The left side of the cuboid can be regarded as a particle-phase chemistry regime (SB) and subdivided into a reaction-diffusion regime
(SBrd) and a mass transfer regime (88 The right side of the cuboid can be regarded as a gas-phase chemistry regime (G) and subdivided
into a traditional scenario of “quasi-equilibrium growth”, limited only by a gas phase reaction, followed by quasi-instantaneous gas-particle
partitioning (Gx) and a mass-transport limited regime of “non-equilibrium growth” that may be kinetically limited by gas-to-particle mass
transfer (&M) or diffusion in the particle (Gy).

(Perraud et al., 2012; Zaveri et al., 2014), which can be kinet- Many early generation gas-phase oxidation products
ically limited by gas-to-particle mass transfer (gas-phase dif-of alkanes, as well as dimers or oligomers with low
fusion and accommodation at the interfac&r retarded O:C ratio (LOC), fall into a molecular corridor close
diffusion in the particle phase ¢g). to the GHaz,4+2 line, which we designate as LOC cor-
ridor (—dM /dlogCy>~25gmol?, blue shaded area).
Aqueous-phase reaction and autoxidation products with high
o ] O:C ratio (HOC), on the other hand, tend to fall into
4 Characteristic pathways and properties a corridor near the fH,,20, line, which we designate
as HOC corridor (—dM flogCy of <~15gmot?, red
Figure 4a shows the ensemble of molecular corridors fromshaded area). The area in between is characterized by inter-
Fig. 1 with a total of 909 identified oxidation products from mediate Q C ratios and accordingly designated as I0C corri-
seven different SOA precursors. They are constrained by twgyqy (—dM /dlogCpy ~ ~ 20 g molt). Among the SOA sys-
boundary lines corresponding to the volatility mfalkanes  tems investigated in this study, the small precursor VOCs gly-
C.Hz,+2 and sugar alcohols iz, +20,. These lines illus-  oxal, methylglyoxal, and isoprene £6Cs) evolve through
trate the regular dependence of volatility on the molar masshe HOC corridor, and the terpenespinene and limonene
of organic compounds; the different slopes of 30gmdbr () through the 10C corridor. The alkanes dodecane and
CyHa,+2 and 12gmot™ for C,Hz,+20, reflect that the de-  ¢yclododecane () evolve through the LOC corridor, while

crease of volatility with increasing molar mass is stronger forhexylcyclohexane exhibits a branching between the LOC and
polar compounds (see Fig. D2 for alternative representation).
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Figure 4. Ensemble of molecular corridors and kinetic regimes of SOA evoluf@nMolar mass vs. volatility (g) at 298K for gas-

phase (open) and particle-phase (solid) oxidation products of anthropogenic precursors (dodecane, cyclododecane, hexylcyclohexane) unde
low/high NO conditions, biogenic precursors-gnene, limonene, isoprene) and aqueous-phase reaction products of glyoxal and methyl-
glyoxal. The dotted lines represent linear alkang$lg;, > (purple with O: C=0) and sugar alcohols, 2,420, (red with O: C=1).

Chemical structures of some representative products are sliloyv@haracteristic reaction pathways with most probable kinetic regimes.
Molecular corridors consists of high, intermediate and lonGZorridors (HOC, red shaded area; IOC, white area; LOC, blue shaded area).
SOA products evolve over the molecular corridor driven by three key reaction types of functionalization, oligomerization, and fragmentation,
as illustrated in the insert (note different lengths of arrows indicating different intensities of effects on volatility).

HOC corridors, suggesting the involvement of different reac-to four orders of magnitude for alkane and terpene SOA,
tion pathways. For unidentified SOA products, the molecularsee Fig. 1). Fragmentation, on the other hand, can lead to a
corridor ensemble in Fig. 4a and alternative representationsubstantial decrease of molar mass and increase in volatility
(Fig. D2a) may also be used as a look-up plot to obtain a(Bertram et al., 2001; Yee et al., 2012; Schilling-Fahnestock
rough estimate of volatility by comparison of molar mass andet al., 2014). As a result, simple gas-phase oxidation products
O:C ratio (e.g., from soft-ionization high-resolution mass are confined to the lower right area in the 2-D space. Such
spectrometry) to the data in the plot. oxidation products (> 10 pg nT3) tend to fall into the gas-
Characteristic reaction pathways and relevant kineticphase reaction limiting case,dquasi-equilibrium growth),
regimes are outlined in Fig. 4b. SOA precursor VOCs with as their gas-patrticle equilibration timescale is on the order of
high volatility and low molar mass are located in the lower seconds to minutes (Shiraiwa and Seinfeld, 2012) (see Ap-
right corner of the molecular corridor ensemble. As illus- pendices C and D).
trated in the insert in Fig. 4b, single-step functionalization Particle-phase dimerization and oligomerization involving
usually leads to a small increase in molar mass, correspondwo or more molecules usually leads to the formation of
ing to one order of decrease in volatility (Donahue et al., compounds with low volatility and high molar mass lying
2006), while dimerization and oligomerization tend to mul- in the upper left area in the 2-D space. The formation of such
tiply molar mass, and thus decrease volatility by multiple or- particle-phase products is likely limited by reaction or diffu-
ders of magnitude (Trump and Donahue, 2014) (e.g., thresion in the particle bulk (S8), as rate coefficients for dimer

Atmos. Chem. Phys., 14, 8328341, 2014 www.atmos-chem-phys.net/14/8323/2014/
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8 _A J LR et al., 2012, 2013) also progresses over the HOC corridor.
ok e | Whether multiphase chemistry of glyoxal and IEPOX is lim-

ited by mass transfer or chemical reactions may depend on
various factors including reaction rate coefficients, relative
. humidity, particle pH, and Henry’s law constant (Ervens and
Volkamer, 2010; McNeill et al., 2012; Kampf et al., 2013).
Recently, highly oxidized, extremely low volatility organic
compounds (ELVOC) have been detected in field and cham-
7 ber experiments (Ehn et al., 2012; Schobesberger et al., 2013;

3
logqo (Co /ugm ™)
o
T

61 . > Ehn et al., 2014). Such compounds may populate the upper
T T T S S M S left corner of the HOC corridor. It has been shown that such
100 200 300 400 500 compounds can be formed via autoxidation (inter- and in-

molar mass, M (g mol ) tramolecular hydrogen abstraction by peroxy radicals) in the

Figure 5. Evolution of reaction pathways over the molecular corri- 98s and particle phases (Crounse et al., 2013). When they are
dor of dodecane SOA under low NO condition. The large diamondsformed in the gas phase, the equilibration timescale of parti-
indicate the surrogate compounds used in the kinetic multi-layertioning is long due to their low volatility, and the SOA growth
model for gas-particle interactions (KM-GAP) simulations (Ap- is limited most likely by mass transfer (gas-phase diffusion
pendix D; Shiraiwa et al., 2013a), including the precursor (dode-and accommodation; @) (see Appendix C and Fig. C1)
cane, 0), 1st-5th generations of surrogate products of gas-phase ogpijerce et al., 2011; Riipinen et al., 2011; Shiraiwa and Se-
idation (1-5), gas-phase fragmentation (aldehydes, 6), and particl§pfe|d, 2012). Note that kinetic limitation by retarded bulk
pr_lasg dl_m_erlzatlon products (7).Th(_e smaller symbols indicate 'de“diffusion (Gog) is also possible for semi-volatile and low-
tified individual products (as shown in Fig. 1a). volatility products when organic particles adopt amorphous,
solid state (Virtanen et al., 2010; Cappa and Wilson, 2011;
Shiraiwa et al., 2011; Vaden et al., 2011; Kuwata and Mar-
formation are relatively low (<10M's™1) (Ziemann and tin, 2012; Perraud et al., 2012; Shiraiwa and Seinfeld, 2012;
Atkinson, 2012) and large molecules tend to diffuse slowly Renbaum-Wolff et al., 2013; Zaveri et al., 2014). Indeed, re-
(Pfrang et al., 2011; Shiraiwa et al., 2011; Abramson et al.,cent observation found that some SVOCs do not necessarily
2013; Zhou et al., 2013). An example of reaction pathwaysadhere to equilibrium partitioning (Vogel et al., 2013).
leading to dimerization is shown in Fig. 5 for dodecane SOA Formation of high molecular weight SOA compounds
(Appendix D, Shiraiwa et al., 2013a). Within the molecu- from oligomerization or autoxidation results in high aver-
lar corridor of dodecane SOA evolution, Fig. 5 illustrates a age molar mass for the biogenic systems of isoprenaxand
specific trajectory from the precursor (dodecane, 0) througtpinene (Kalberer et al., 2006), as well as the anthropogenic
multiple generations of surrogate products of gas-phase ox€1, alkanes (Fig. 1 and Table 1; Schilling-Fahnestock et al.,
idation and functionalization (multifunctional alcohols, ke- 2014). Figure 4a shows that most identified oxidation prod-
tones, and peroxides, 1-5), gas-phase fragmentation (aldehycts with molar masses higher than 300 g Madre particle-
des, 6), and particle-phase dimerization between aldehydegshase products (solid markers). Thus, the relatively high av-
and peroxides to peroxyhemiacetals (7). Numerical model reerage molar mass observed for laboratory-generated SOA
sults shown in Figs. 5 and D1 indicate that the trajectory ofpoints to the importance of particle-phase chemistry in these
chemical evolution passes through different kinetic regimessystems. Some SOA compounds with higher molar mass
i.e., from limitation by gas-phase reaction {Jsto particle-  are gas-phase oxidation products including ELVOC and es-
phase reaction and diffusion (S Note that particle-phase ter dimers observed ia-pinene oxidation (Ehn et al., 2014;
reactions may also be limited by gas-to-particle mass transfeKristensen et al., 2014), and there are also some patrticle-
(e.g., accommodation, supply of reactive gases into the parphase products with relatively low molar mass, including fu-
ticle), when they are sufficiently fast, i.e., catalyzed by acidsrans and dihydrofurans in dodecane and cyclododecane SOA
(Jang et al., 2002; linuma et al., 2004; Offenberg et al., 2009(Yee et al., 2012; Loza et al., 2014), as well as glyoxal and
Surratt et al., 2010). IEPOX products in isoprene SOA (Lim et al., 2010; Surratt
Aqueous-phase processing of glyoxal and methylglyoxalet al., 2010). Nevertheless, the clustering of identified reac-
is an efficient pathway for formation of low volatility and tion products in molecular corridors may facilitate estimation
semi-volatile HOC compounds (Liggio et al., 2005; Carlton of the relative importance of gas- vs. particle-phase routes to
et al., 2007; Lim et al., 2010; Ervens et al., 2011; Zhao etSOA formation (Fig. 1).
al., 2012). Uptake of glyoxal into the particle phase leads Molar mass and OC ratio also correlate with the glass
to hydration and acid catalysis to form hemiacetals, aldolstransition temperature of organic compounds, which tends to
imines, anhydrides, esters, and organosulfates (Lim et alrise with increasing molar mass and O ratio (Koop et al.,
2010). Reactive uptake of isoprene epoxydiols (IEPOX) and2011). As elevated glass transition temperatures are indica-
subsequent formation of oligomers (Surratt et al., 2010; Lintive of semi-solid or amorphous, solid states, SOA evolution
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represented in molecular corridors allows one to infer the In summary, presenting identified SOA products in a
regime in which particles are likely to become highly vis- molecular corridor encapsulates fundamental aspects of SOA
cous. For example, recent experiments have shown an orddormation and aging: volatility, molar mass,: QG ratio, and
of magnitude increase in the viscosity of oleic acid particlesphase state. Such a representation can be used to constrain
upon reaction with ozone owing to formation of oligomers and/or predict the properties of unidentified SOA oxidation
(Hosny et al., 2013), and model calculations indicate thatproducts. The kinetic regimes, within which SOA evolution
this may lead to the formation of surface crusts (Pfrang etis occurring along the molecular corridor, facilitate the spec-
al., 2011). ification of the rate of progression to higher generation prod-
ucts. Thus, molecular corridors may serve as a basis for com-
pact representation of SOA formation and aging in regional
and global models of climate and air quality.
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Appendix A: Product analysis of alkane SOA

Photo-oxidation and subsequent SOA formation rof ﬂz PV""P"S.I_A'
dodecane, cyclododecane, and hexylcyclohexane was cor-is  PvapA Iis

ducted in the 28 Teflon reactors in the Caltech envi- Atomic O: C rai latility | dt £
ronmental chamber (Yee et al.,, 2012; Loza et al., 2014; omic ©:% rafio vs. volatility 1S used to represent forma-

Schilling-Fahnestock et al., 2014). AqueousQd solution tlgrllfmcéaglngl of StOAI‘:.(‘]'mfneZ it al.,'2009;.cht).nahuedet 6}["’
was evaporated into the chamber as the OH source, followed )- By analogy to Figs. 1 and 4, major oxidation products

by the atomization of an agueous ammonium sulfate solutiorf'® shown in Figs. S1 and S2 in the Supplement. The mark-

generating seed particles, which were subsequently driea;?rS arelct(_)ll_(t)r—goded by mOIdar@mast.S' .Upon gas—:ohe(xjs_e otX|da—
Experiments were conducted under low NO conditions, in lon, volalility decreases and £ ralio Increases, leading to

which alkyl peroxy radicals (R§) react primarily with HQ a linear correlation in OC ratio vs. volatility for gas-phase
and under high NO conditions, in which R@act primaril7y oxidation products. Particle-phase products, however, exhibit
with NO (Loza et al., 2014) ' generally lower volatility and OC ratio as compared to gas-

SOA particles were collected on Teflon filters (Pall Life phase oxidation products. Consequently, the overall correla-

Sciences, 47 mm, 1.0 um pore size). Off-line analysis of col-t'?ggitweedn OtChratlo Tnd vola#!ht_y f?r ftrée tfull §petc_trum d
lected particles was conducted by solvent extraction and gag products has a Jow coefficient of determination an

chromatography time-of-flight mass spectrometry (GC-TOF-W_ide prediption interval (Table 1, Fig. S1 in the Supplement).
MS, GCT Premier, Waters) and GGon trap mass Spec- Figure S2 in the Supplement shows the summary o€@a-

trometry (Varian Saturn 2000, Agilent), and by direct anal- tio vs. volatility, showing that the oxidation products cover
ysis in real time (DART) time’—of—flight’and ion trap mass almost the full area in this 2-D space. Clear trend has found

spectrometry (DART-AccuToF, JEOL USA; Caltech Mini- that yplatile compound; have low mo[ar mass, yvhereas low
DART; LTQ, Thermo Fisher). Further details on experi- volatility compounds with low OC ratio have high molar

mental conditions and analytical methods can be found in"nass.

Schilling-Fahnestock et al. (2014).

The average molar mass of SOA was estimated by tak-
ing the sum of the product of the percent-relative concentra-
tion of each compound with respect to the internal standard
(dibutyl phthalate present in each filter) by each compound’s
molar mass. The relative concentration for each compound
was obtained through the relationship of ion current inten-
sity and concentration for DART-MS. In DART analysis, ion
current intensity (J is proportional to the concentration \C
vapor pressureRyap) and proton affinity (A):7 = APyaC.

This equation is written for both the analyte and the inter-
nal standard and then the ratio is calculated, which allows
for the cancellation of the proton affinity term. Analyte va-
por pressures were estimated by using proposed structures
based on HR-MS data-derived formulae and known mecha-
nisms with the EVAPORATION model (Compernolle et al.,
2011). When rewritten to solve for the relative concentration
of the analyte with respect to the concentration of the internal
standard, the equation becomes
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Table Al. Experimental conditions in studies identifying oxidation products, as included in Figs. 1 and 4.

Study Oxidants NO Seed

Dodecane OH Low/high  (NHg)2SOy

Cyclododecane This study, Schilling-Fahnestock et al. (2014) OH Low/high  4)080y

Hexylcyclohexane OH Low/high  (NB2SOy

a-pinene Docherty et al. (2005) O3 Low No seed
Claeys et al. (2007) OH High No seed
Claeys et al. (2009) OH, O3 High/low (NH4)2S0y, HoSOy, MgSOy
Kahnt et al. (2014) O3 High (NH4)2S0Oy, HoSOy
Kristensen et al. (2014) OH, O3 High (NH4)2SOy, HoSOy, MgSOy
Zuend and Seinfeld (2012) O3 Low (NH4)2SOy

Limonene Jaoui et al. (2006) OHzO High No seed
Kundu et al. (2012) Q Low No seed

Isoprene Surratt et al. (2006) OH High/low (NSO, HoSOy, no seed
Surratt et al. (2010) OH High/low (NfJ2SO4, HoSOy, no seed
Lin et al (2012) OH High No seed
Lin et al. (2013) OH Low (NH)2SOy, HoSOy, MgSOy

Appendix B: Kinetic regimes for SOA formation tribution of gas- vs. particle-phase chemistry. The gas- vs.

particle-phase contribution ratio (GPCR) can be defined as
Figure B1 shows a classification scheme for kinetic regimegatio of the production rate of the oxidation product in the
and limiting cases for SOA formation and aging. Note that gas phase (® to the total production rate in gas and particle
the term “limiting case” is reserved for a system that is gov- phases (2 + PP):
erned by a single, clearly defined limiting process; the term
“kinetic regime” designates a system that is governed by &6PCR= P9/ (P?+ PP). (B1)

few (often only one or two) clearly defined rate-limiting pro- i o )
cesses (Berkemeier et al., 2013). The classification within thé'S GPCR approaches unity, an oxidation product is produced

particle phase regime (right-hand side of Fig. 3) is explainedPlimarily in the gas phase, and as GPCR approaches zero, it
in detail by Berkemesier et al. (2013). In this study, the gas-'S Primarily produced in the particle phase.

phase regime (left-hand side of Fig. 3) extends the classifica- |f particle-phase chemistry dominates (GPER), the
tion scheme to SOA formation. The cases of limiting behay-Surface to total particle-phase 'contrlbutlon ratio (STCR) is
ior arise from three criteria that are fundamental to formationtS€d to assess the extent to which production occurs predom-
and partitioning of an oxidation product: (1) the location (gas "antly at the surface or in the bulk. STCR can be calculated
phase, particle surface, particle bulk) of the reaction Ieadindf’s'ng the production rate of the o;qdaﬂon product at the sur-
to SOA formation; (2) the species’ saturation ratio (ratio of 'ace (F) and in the particle bulkk®):

ambient concentration to saturation concentration) of the oxi-
dation products; and (3) the extent of spatial heterogeneity oiSTCR: P/ (P> + PP). (B2)

the gas and particle phases. Identifying kinetic regimes ang y,e yarticle-phase reaction primarily occurs at the surface,

limiting cases can be facilitated by an aerosol model, SUChSTCR approaches unity, and STCR approaches zero if the
as the kinetic multi-layer model for gas-patrticle interactions reaction occurs primarily in the bulk.

(KM-GAP) that explicitly resolves mass transport and chem-
ical reactions in the gas and particle phases (Shiraiwa et alg>  Criterion 2: saturation ratio
2012).
Is mass transfer of an oxidation product through the gas or
B1 Criterion 1: reaction location (gas vs. surface vs. into the particle phase limiting SOA growth? After determi-
bulk) nation of the reaction location, this criterion further classifies
the system based on the abundance of oxidation products at
Where does formation of oxidation products that contributethe particle surface versus in the near-surface bulk.
to SOA mass predominantly occur, gas phase, particle sur- Inthe gas-phase regime, the surface saturation ratio (SSR)
face or particle bulk? A two-pronged criterion can be de- can be used to judge the extent to which kinetic limitation of
veloped. The first sub-criterion evaluates the relative con-mass transport occurs in the gas phase. With this parameter,
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Figure B1. Decision tree for classification and distinction of limiting cases for multiphase chemical evolution of SOA. The classification

is based on: (1) the location of the reaction leading to its formation, (2) its saturation ratio, and (3) its mixing parameter to assess the
heterogeneity in the gas and particle phases. The resulting limiting cases are shown in the small boxes with reaction location in the gas phas
(G), at the surface (S) and in the bulk (B) and limiting processes of chemical reaction (rx), bulk diffusion (bd), mass accommodation (),
and gas-phase diffusion (gd).

the surface concentration of an oxidation product Zg,[ B3 Criterion 3: mixing parameters (MPs)

compared to its surface saturation concentration {£]In

the absence of reaction or diffusion into the bulk,qZ}is 1S SOA growth limited by diffusion in the gas or particle
determined by the gas-phase concentration of Z, [@jd the phase? Depending on the reaction location and saturation
rates of adsorption and desorptigrandky: [Z] s sat= ka / kd ratio, mixing parameters are used to assess the heterogene-
[Z]4 (POschl et al., 2007; Berkemeier et al., 2013). The SSRity of the gas-particle system. One can define the surface
is defined as the ratio of [Z]to its saturation concentration Mixing parameter (SMP), the bulk mixing parameter (BMP),

at adsorption equilibrium: the gas-phase diffusion correction factogfCand the gas-
particle mixing parameter (GPMP). SMP is defined as the
SSR= [Z]s/[Z]s sat (B3) ratio of the actual surface concentration of compourtd

the maximum possible surface concentration in the case of
The numerical interpretation of SSR is as follows: as SSRperfect particle-phase mixing. BMP is defined using an ef-
approaches zero, the surface is starved of Z, and the systefactive reacto-diffusive length (Berkemeier et al., 2013). As
is limited by mass transfer (& regime) either by gas-phase an MP approaches zero, a strong concentration gradient ex-
diffusion (Gyq limiting case) or surface accommodation,(G ists and the system is limited by diffusion; as MP approaches
limiting case). As SSR approaches unity, the surface is adunity, the system is well-mixed and limited by reaction.
equately supplied with Z and the system can be limited by |0 mass-transfer limited systems (indicated by a low SR),
production of Z in the gas phase {Gimiting case) or mass ¢, ; distinguishes between gas-phase diffusion limitation
transport into the bulk (g limiting case). and accommodation limitatiorCy ; is defined as the ratio
In the particle-phase regime, the classification step isof the concentration of compouridn the near-surface gas
based on SSR or the bulk saturation ratio (BSR) to diStin-phaSe (One mean free path away from the Surface) to that in
guish between systems in the reaction-diffusion regime otthe gas phase far from the particle (Péschl et al., 2007):
the mass-transfer regime (Berkemeier et al., 2013). The BSR 95, g
is defined analogously to SSR as the ratio of near-surfacggs" =C/C (B4)
bulk concentration of an oxidation product to its saturation As Cq; approaches zero, the compounéxhibits a strong
concentration. concentration gradient in the gas phase and the system
is classified as gas-phase diffusion limitedgy4Gimiting
case); aly; approaches unity, the system is designated as
accommodation-limited (glimiting case).
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The gas-particle mixing parameter (GPMP) measureghen interfacial transport is not limited by surface-to-bulk ex-
the extent to which the gas-particle system is in quasi-change, and thus is limited by either gas-phase diffusion or
equilibrium and is defined as the ratio of equilibrium gas- surface accommodation;df > «p, then the interfacial trans-
phase mass concentration of compour@?'eq, to gas-phase port is limited by surface-to-bulk transport (dissolution or
mass concentratiom:fJJ (far from particle), which is equiva-  bulk diffusion). For additional discussion of accommodation

lent to the ratio of particle-phase mass concentraﬁd’d\{‘, vs. surface-bulk exchange, see Appendix C in Berkemeier et

to equilibrium particle-phase mass concentratio, 'Y"eq. al. (2013).

GPMR = %%/ cd=cPM Ml (B5) , o L
Appendix C: Examples of kinetic regimes and limiting

c¥*9andc] *%can be calculated using an equilibrium par- ©3S€S

titioning theory (Pankow, 1994; Donahue etal., 2006): Here we use KM-GAP to model condensation of a semi-

g.64__ % ~PM volatile compound generated by oxidation of a parent VOC.
G =C G/ Crot, (B6) . - _

PM.eq g i We assume that the parent VOC with an initial concentration
C; " "=C Crot/ Cf, (B7)  of 101%cm3 is converted to a semi-volatile product with a

] ) ) ) first-order rate coefficient of 0.1 mit. Conversion of the
whereC}" is the effective saturation mass concentration of first generation product to higher generation products and
compound;, and Crot is the total particle mass concentra- paricle-phase reactions need not be considered. The initial
tion. In the case of ideal mixing; is equal to the gas-phase ,mper and mass concentrations of non-volatile pre-existing
sgturagon mass con%%r[}tratlon over the pure subcooled “qr)articles are taken as 36m3 and 0.1 pg m?3, respectively.
uid (7). Note thatC;"™" can be regarded as a gas-phaseéThg jnjtial particle size distribution is assumed log-normal
mass concentration just above the particle surf@ewhen \yith 2 mean diameter of 50 nm and a standard deviation of
Raoult's law is strictly obeyed an@? is in equilibrium with 1 5 The required kinetic parameters for the simulation are
the whole particle (i.e., usually the case for liquid pgrtlcles). given in Table C1. The gas-phase diffusion coefficierg)(D

The value of GPMP determines the extent to which SOA ot 4y oxidation product is varied between 0.01-0.08 sni
growth is controlled by quasi-equilibrium growthp%lr MassS (Bilde et al., 2003; Bird et al., 2007). The surface accommo-
transport limited growth.C = ¢ (or CPM=¢;""*%  gation coefficient (¢.¢) and bulk diffusion coefficient (§)
at gas-particle equilibrium. The particle still grows,Gf  are also varied to illustrate the different kinetic regimes and
changes slowly andig’eqfollows Cig instantaneously (quasi- limiting cases for SOA formation in the gas-phase regime.
equilibrium growth) (Shiraiwa and Seinfeld, 2012; Zhang et Figure C1 shows the results of such simulation. The tem-
al., 2012). IfC? > C?* compound: will diffuse from the  poral evolution of mass concentration of the parent VOC
gas to the particulate phase, driven by concentration or partialblack), the oxidation product in the gas phasé,(6olid
pressure gradient between the gas and particle phases (noblue), in the near-surface gas phasé¥@otted blue), in
equilibrium or mass transport limited growth). Thus, the nu- the particle phase (@, red), and equilibrium gas-phase
merical interpretation of GPMP is: (1) as GPMP approachesconcentration (€9 dashed blue) are shown. In the sim-
0, SOA growth is limited kinetically by mass transport; (2) as ulation presented in Fig. Cla, SOA growth is limited by
GPMP approaches unity, SOA growth is in quasi-equilibrium mass transfer, namely gas-phase diffusion and accommo-
and the system is subject to the gas-phase reaction limitatiodation (G™ regime, lying between limiting casesyéand
case G (the system is limited only by the gas-phase forma-G,) up to~10s, indicated by a low surface saturation ra-
tion rate). tio (SSR) and a low gas-phase diffusion correction factor

Note that GPMP is small for the limiting cases of>Gy, (Cqg=C9%/CY9~0.7). The gas-phase concentration gradient
and Gy. In these limiting cases, SOA growth is still sensi- vanishes within~10s (%~ C9), and asC9 continues to
tive to the gas-phase formation rate (as it determines the gasncrease due to the conversion of the parent VO&¢9fol-
phase concentration), but is limited by interfacial transport,lows the change i€'9, essentially instantaneously, a6g™
which comprises gas-phase diffusion, surface accommodaincreases. In this case, the gas-phase rate of formation of the
tion, and surface-to-bulk transport processes. Gas-phase diéxidation product controls particle growth corresponding to
fusion and surface accommodation limitation can be differ-the limiting case of & (so-called quasi-equilibrium growth)
entiated from surface-to-bulk transport limitation either by (Shiraiwa and Seinfeld, 2012; Zhang et al., 2012).

SSR or by comparing surfacedleand bulk (e) accommo- In the simulation presented in Fig. C1b with a relatively
dation coefficients, each of which is resolved by KM-GAP. low surface accommodation coefficient of #0a steep con-

as is defined as the probability of a molecule sticking to the centration gradient exhibits between the gas phase and the
surface upon collision, whereas is defined as the respec- particle surface (€~ C9>C9°9 during SOA growth. The

tive probability of a molecule to enter the bulk of the par- system is limited by accommodation {§; as SSR is low,
ticle (Poschl et al., 2007; Shiraiwa et al., 2012)adf~ ap, but Cq is 1. Figure Clc shows the corresponding results for
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Table C1.Properties and kinetic parameters of the VOC oxidation product used in the simulations for SOA growth.

Parameter (unit) Description @) (b) (c) (d)

as,0 Surface accommodation coefficient 1 10° 1 1

14 () Desorption lifetime 106 106 106 106

Co (Mg m3) Saturation mass concentration 16 108 103 1073

Dp (cm?s™1) Bulk diffusion coefficient 105 10° 1017 10°°

Dg (cm2 s 1 Gas-phase diffusion coefficient 0.01 0.05 0.05 0.01
kg (min—1 First-order gas-phase reaction rate coefficient 0.1 0.1 0.1 0.1

10° 6™, ssr~ 107
Cqm 0.7

) -3

mass concentration (ugm ) &
) -3

mass concentration (upgm ) ©

-3

mass concentration (ugm ™) O

. 3
mass concentration (ugm ) &

10-5( 1 1 (A 1 1

10° 10° 102 10° 10 107 10° 10
time (s) time (s)

Figure C1. Temporal evolution of mass concentration of the hypothesized VOC oxidation product in the gas phase (solid blue), in the
near-surface gas phase (dotted blue), in the particle phase (red), and equilibrium gas-phase concentration (dashed blue). The gas-phase m:
concentration of the parent VOC is shown by the black line. For semi-volatile oxidation product€ it 03 pg m—3, SOA growth is

limited by (a) gas-phase reaction (g, (b) accommodation (), and(c) bulk diffusion (G,g). (d) shows an exemplary simulation for

LVOCs, withC* = 10~3 [Vle] 3 exhibiting kinetic limitation in the gas-particle mass transfer regim84G

particles in an amorphous, semi-solid state with the low bulkRH, whereas surface accommodation becomes more impor-
diffusion coefficient of 1017 cn?s1. In this case, particle tant at high RH.

growth is limited by surface-to-bulk transport{g¥, as SSR Figure C1d shows the simulation for gas-phase forma-
is high and GPMP is low. Note that GPMP refers to the tion and partitioning of low volatility oxidation products
gap betweerC9 and €94 The bulk accommodation coef- (Co=10"3ugnT?3) into liquid particles. SSR is low over
ficient ap is ~ 102, which is much smaller than the sur- the course of particle growth, indicating persistence of a
face accommodation coefficieat. Sensitivity studies with  strong concentration gradient between the gas phase and the
varying Dy, reveal that, whemp <~ 10~ °cn?s 1 thetime  particle surface. The gas-phase diffusion correction factor
scales for surface-bulk exchange and bulk diffusion becomgCy) stays at 0.7 up te- 103, indicating that near-surface
longer than that of gas-phase diffusion and accommodatiogas phase concentration [£]is depleted by 30% com-
(Shiraiwa and Seinfeld, 2012). From the Stokes—Einstein repared to gas phase concentrationg[dlie to rapid uptake
lation, this value corresponds to a viscosity ofl0’ Pas, and slow gas diffusion (p=0.01 cnts1). Cg4 decreases
which is on the same order as the viscositggfinene SOA  substantially down to~0.2 only when gas-phase forma-

at 40 % RH (relative humidity) (Renbaum-Wolff et al., 2013). tion ceases at- 10°-10*s. Overall, SOA growth is limited
Thus, SOA growth can be limited by bulk diffusion at low by mass transfer (gas-phase diffusion and accommodation;
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G™ regime). When a very low-bulk diffusivity is assumed  Figure Dla and b show the temporal evolution of mass
(Dp~ 10~ cn?s~1; figure not shown), SSR is close to 1 concentration of the first and fifth generation oxidation prod-
and GPMP is very low during particle growth. Thus, the sys- ucts in the gas phase # at the particle surface {, and
tem is limited by bulk diffusion (Gg). Consequently, parti- in the particle phase (). €9 is slightly higher tharC9-2d
tioning of low volatility compounds could be limited by bulk up to~5 h due to continuous generation of oxidation prod-
diffusion, when organic particles adopt amorphous solid stataucts in the gas phase, and eventually reackiifig: C9-¢9for
(Shiraiwa and Seinfeld, 2012; Zaveri et al., 2014). both products (GPMR 1). Note that mass concentration in
the near-surface gas phase®{(is identical toC9, indicat-

ing that gas-phase diffusion is not a limiting step. The same
trend is seen for other generation products. Thus, the contri-
bution of gas-phase semi-volatile oxidation products to SOA

Here we apply the classification scheme to experimental datgormatmn 's limited by their formation in the gas phase, cor-

on SOA formation from oxidation of th€'1, alkane, dode- re;paﬁggllg_g Loatshee “rr:clitlIJT:?SC:rseefg:Dn?ed by the reaction of reac-
cane (G2Hzg) in the Caltech environmental chamber (Yee P P y

o . tive aldehydes with SVOCs in the particle phase. Simulations
ggl?évi?é?ﬁ %ﬂﬁgb rccjaos((ja?\(c::?an:f (\;\;asaaxr:?c;ﬁ?jmbgu?afe?:é ﬁ:Jggest that this reaction occurs mainly at the surface and in
: P . yam e near-surface bulk (Shiraiwa et al., 2013a). Aldehydes and
partlglgs atlow concentrations of N(_.’Iyplcal of non-urpan SVOCs are both saturated in the bulk (BSR is high). A strong
conditions. KM-GAP was used to simulate the evolution of concentration gradient of aldehydes in the bulk is predicted,

S.OA mass, _the organic 5_“0”_“0 qugen-to-carbon ((I))r_a- whereas SVOCs are predicted to be essentially homogeneous
tio, and particle-size distribution in the chamber experiments.

(Shiraiwa et al., 2013a). In the gas phase, SVOCs resultin in the bulk (BMBcy ~0.5). Bulk reaction is tightly coupled

. ’ L : %vith bulk diffusion, and the system falls into the reaction-
from up to five generations of OH oxidation are considered. ... : . .
i - djffusion regime (SB'), particularly the traditional reacto-
Some of the fourth generation products have been establishe . o
iffusive case (., (Worsnop et al., 2002; Pgschl et al.,

to be mul'glfunctlona_l carbonyl cpmpounds (alc_iehydes) that2007; Kolb et al.. 2010; Berkemeier et al., 2013).
can react in the particle phase with hydroperoxide, hydroxyl,

and peroxycarboxylic acid groups, forming peroxyhemiac-
etal (PHA), hemiacetal, and acylperoxyhemiacetal, respec-
tively (Docherty et al., 2005; Yee et al., 2012; Ziemann and
Atkinson, 2012). The observed evolution of the particle size
distribution is simulated successfully only if such particle-
phase chemistry is included (Shiraiwa et al., 2013a).

Figure 5 shows the span of molar mass and gas-phase sat-
uration concentrations over the pure subcooled quuiq%) (C
for gas-phase oxidation products and particle-phase prod-
ucts of the dodecane system. The smaller symbols indicate
individual products predicted in the dodecane photooxida-
tion chemical mechanism (Yee et al., 2012) and the large
solid circles indicate the surrogate compounds used in the
KM-GAP simulations (Shiraiwa et al., 2013a). Upon gas-
phase multi-generation oxidation, the volatility of SVOCs
decreases frony 10°ug n 23 (dodecane) te- 1 pg nT3. The
particle-phase products have significantly lower volatilities
of ~102pgnm 3.

Appendix D: Application to chamber data — dodecane
photooxidation
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Figure D1. Modeling SOA formation from dodecane photooxidation. Temporal evolution of mass concentratior{affttst and(b) five
generation products in the gas phases (solid blue), particle phases (red), and equilibrium gas-phase mass concentration (dashed blue).
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Figure D2. Alternative representation of molecular corridors (Fig. 4) displaying volatilify) @ a function of molar mass, which appears

more straightforward to use and interpret in mechanistic studies (see Fig. 5) and for direct comparison to mass spectra. Volatility decreases
as molar mass increases from left to right, and the slopeGdigalM is steeper for molecules with higher: QG ratio and polarity due to

stronger hydrogen bonding and evaporation enthalpy.
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Appendix A

Molecular Corridors and Kinetic Regimes in the Multiphase Chemical
Evolution of Secondary Organic Aerosol?

3 Reproduced by permission from “Molecular corridors and kinetic regimes in the multiphase chemical evolution of
secondary organic aerosol” by M. Shiraiwa, T. Berkemeier, K. A. Schilling-Fahnestock, J. H. Seinfeld, and U. Poschl. A#»os.
Chem. Phys. 2014, 14, 8323-8341.
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Appendix B

Size Distribution Dynamics Reveal the Importance of Particle-Phase
Chemistry in Organic Aerosol Formation*

4 Reproduced by permission from “Size distribution dynamics reveal particle-phase chemistry in organic aerosol formation”
by M. Shiraiwa, L. D. Yee, K. A. Schilling, C. L. Loza, J. S. Craven, A. Zuend, P. ]. Ziemann, and J. H. Seinfeld. Proc. Natl.
Acad. Sei. USA 2013, 110, 11746-11750.
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Appendix C

The Pasadena Aerosol Charactetization Obsetvatory (PACO): Chemical and Physical Analysis of the
Western Los Angeles Basin Aerosol’

5> Reproduced by permission from “The Pasadena Aerosol Characterization Observatory (PACO): chemical and physical
analysis of the Western Los Angeles basin acrosol” by S. P. Hersey, J. S. Craven, K. A. Schilling, A. R. Metcalf, A.
Sorooshian, M. N. Chan, R. C. Flagan, and J. H. Seinfeld. .A#os. Chen. Phys. 2011, 11, 7417-7443.
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Appendix D

Effect of Chemical Structure on Secondary Organic Aerosol Formation
from Cy2 Alkanes®

¢ Reproduced by permission from “Effect of chemical structure on secondary organic aerosol formation from Ciz alkanes”
by L. D. Yee, J. S. Craven, C. L. Loza, K. A. Schilling, N. L. Ng, M. R. Canagaratna, P. J. Ziemann, R. C. Flagan, and ]. H.
Seinfeld. Atmos. Chem. Phys. 2013, 73, 11121-11140.
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Appendix E

Secondary Organic Aerosol Formation from Low-NO, Photooxidation of Dodecane: Evolution of
Multigeneration Gas-Phase Chemistry and Aerosol Composition’

7 Reproduced by permission from “Secondary organic aerosol formation from low-NOy photooxidation of dodecane:
Evolution of multigeneration gas-phase chemistry and aerosol composition” by L. D. Yee, |. S. Craven, C. L. Loza, K. A.

Schilling, N. L. Ng, M. R. Canagaratna, P. J. Ziemann, R. C. Flagan, and ]. H. Seinfeld. . Phys. Chem. A 2012, 116, 6211-
6230.
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Appendix F

Secondary Organic Aerosol Formation from Biomass Burning Intermediates: Phenol and

Methoxyphenols®

8 Reproduced by permission from “Secondaty organic aerosol formation from biomass burning intermediates: phenol and
methoxyphenols” by L. D. Yee, K. E. Kautzman, C. L. Loza, K. A. Schilling, M. M. Coggon, P. S. Chhabra, M. N. Chan, A.
W. H. Chan, S. P. Hersey, J. D. Crounse, P. O. Wennberg, R. C. Flagan, J. H. Seinfeld. A#mos. Chem. Phys. 2013, 13, 8019-

8043.
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Appendix G

Secondary Organic Aerosol Yields of 12-Carbon Alkanes’

9 Reproduced by permission from “Secondary organic aerosol yields of 12-carbon alkanes” by C. L. Loza, J. S. Craven, L.
D. Yee, M. M. Coggon, R. H. Schwantes, M. Shiraiwa, X. Zhang, K. A. Schilling, N. L. Ng, M. R. Canagaratna, P. J.
Ziemann, R. C. Flagan, and J. H. Seinfeld. .Azwos. Chem. Phys. 2014, 14, 1423-1439.
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Appendix H

Influence of Aerosol Acidity on the Chemical Composition of Secondary Organic Aerosol from -
Caryophyllene

10 Reproduced by permission from “Influence of aerosol acidity on the chemical composition of secondary organic aerosol
from B-caryophyllene” by M. N. Chan, J. D. Surratt, A. W. H. Chan, K. Schilling, ]. H. Offenberg, M. Lewandowski, E. O.
Edney, T. E. Kleindienst, M. Jaoui, E. S. Edgerton, R. L. Tanner, S. L. Shaw, M. Zheng, E. M. Knipping, and ]. H. Seinfeld.
Atmos. Chem. Phys. 2011, 11, 1735-1751.
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Appendix I

a-Pinene Photooxidation under Controlled Chemical Conditions — Part 2: SOA Yield and
Composition in Low- and High-NO Environments'!

1 Reproduced by permission from “a-Pinene photooxidation under controlled chemical conditions — Part 2: SOA yield and
composition in low- and high-NO environments” by N. C. Eddingsaas, C. L. Loza, L. D. Yee, M. Chan, K. A. Schilling, P.
S. Chhabra, J. H. Seinfeld, and P. O. Wennberg. A#mos. Chem. Phys. 2012, 12, 7413-7427.
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Appendix ]
Analysis of Secondary Organic Aerosol Formation and Aging Using Positive Matrix Factorization of
High-Resolution Aerosol Mass Spectra: Application to the Dodecane Low-NO, System'?

12 Reproduced by permission from “Analysis of secondaty organic aerosol formation and aging using positive matrix
factorization of high-resolution aerosol mass spectra: application to the dodecane low-NOy system” by J. S. Craven, L. D.
Yee, N. L. Ng, M. R. Canagaratna, C. L. Loza, K. A. Schilling, R. L. N. Yatavelli, J. A. Thornton, P. J. Ziemann, R. C.

Flagan, and J. H. Seinfeld. .A#nos. Chens. Phys. 2012, 12,11795-11817.
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Appendix K

Role of Ozone in SOA Formation from Alkane Photooxidation"

13 Reproduced by permission from “Role of ozone in SOA formation from alkane photooxidation” by X. Zhang, R. H.
Schwantes, M. M. Coggon, C. L. Loza, K. A. Schilling, R. C. Flagan, and ]. H. Seinfeld. A#mos. Chem. Phys. 2014, 14, 1733-
1753.
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Appendix L

Organic Aerosol Formation from the Reactive Uptake of Isoprene Epoxydiols IEPOX) onto Non-
Acidified Inorganic Seeds"

14 Reproduced by permission from “Organic aerosol formation from the reactive uptake of isoprene epoxydiols IEPOX)
onto non-acidified inorganic seeds” by T. B. Nguyen, M. M. Coggon, K. H. Bates, X. Zhang, R. H. Schwantes, K. A.
Schilling, C. L. Loza, R. C. Flagan, P. O. Wennberg, and J. H. Seinfeld. Auos. Chem. Phys. 2014, 14, 3497-3510.
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Appendix M

A Chemically Relevant Artificial Fingerprint Material for the Cross Comparison of Mass Spectrometry
Techniques

15 Reproduced by permission from “A Chemically Relevant Artificial Fingerprint Material for the Cross
Comparison of Mass Spectrometry Techniques” by E. R. Sisco, J. Staymates, and K. Schilling,, Submitted to Forer.
Sei. Intl.
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Appendix N

Supporting Information from “Secondary Organic Aerosol Composition from C,, Alkanes”"

' Reproduced by permission from “Secondary Organic Aerosol Composition from C,, Alkanes” by
K. A. Schilling Fahnestock, L. D. Yee, C. L. Loza, M. M. Coggon, R. Schwantes, X. Zhang, N. F.
Dalleska, J. H. Seinfeld. J. Phys. Chem. A, Article ASAP, DOI: 10.1021/jp501779w, 9 May 2014.
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Appendix O

Supporting Information from “Chemical Composition of Toluene and Cresol Secondary Organic
Aerosol”"’

17 Reproduced by permission from “Chemical Composition of Toluene and Cresol Secondary Organic Aerosol: Effect of
NO” by K. A. Schilling, H. Lignell, M. M. Coggon, R. H. Schwantes, X. Zhang, and J. H. Seinfeld. In submission to
Environmental Science and Technology, 2015.
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Organic aerosols are ubiquitous in the atmosphere and play a
central role in climate, air quality, and public health. The aerosol
size distribution is key in determining its optical properties and
cloud condensation nucleus activity. The dominant portion of
organic aerosol is formed through gas-phase oxidation of volatile
organic compounds, so-called secondary organic aerosols (SOAs).
Typical experimental measurements of SOA formation include
total SOA mass and atomic oxygen-to-carbon ratio. These mea-
surements, alone, are generally insufficient to reveal the extent to
which condensed-phase reactions occur in conjunction with the
multigeneration gas-phase photooxidation. Combining laboratory
chamber experiments and kinetic gas-particle modeling for the
dodecane SOA system, here we show that the presence of particle-
phase chemistry is reflected in the evolution of the SOA size dis-
tribution as well as its mass concentration. Particle-phase reactions
are predicted to occur mainly at the particle surface, and the
reaction products contribute more than half of the SOA mass.
Chamber photooxidation with a midexperiment aldehyde injection
confirms that heterogeneous reaction of aldehydes with organic
hydroperoxides forming peroxyhemiacetals can lead to a large
increase in SOA mass. Although experiments need to be conducted
with other SOA precursor hydrocarbons, current results demon-
strate coupling between particle-phase chemistry and size distribu-
tion dynamics in the formation of SOAs, thereby opening up an
avenue for analysis of the SOA formation process.

gas-particle interactions | heterogeneous chemistry | intermediate volatility
organic compounds | alkane

Laboratory chamber experiments are the basis on which gas-
phase photooxidation mechanisms and subsequent formation
and evolution of secondary organic aerosols (SOAs) are evalu-
ated. Despite major advances in understanding of the mecha-
nisms of SOA formation, the long-standing question of the
relative contributions of gas- vs. particle-phase routes to SOA
formation and aging for the major classes of SOA-forming
hydrocarbons is still unresolved (1). Photooxidation of parent
hydrocarbons and subsequent multigeneration gas-phase chemis-
try produce an array of semivolatile organic compounds (SVOCs)
that partition into the particle phase (2, 3). At the same time,
particle-phase reactions involving these condensed SVOCs can
lead to formation of low-volatility compounds, such as oligomers
and other high molecular mass compounds (4-6). The extent to
which particle-phase chemistry is important in SOA formation for
each of the major classes of SOA precursors remains unclear. We
show here that the evolution of the particle-size distribution,
a measurement routinely made in chamber experiments of SOA
formation, holds a key to evaluating the importance of particle-
phase chemistry.

Current atmospheric aerosol models underpredict ambient
SOA mass (1). The missing SOAs can be partly explained by
intermediate volatility organic compounds (IVOCs) that may be
emitted initially as primary organic aerosol but evaporate upon
dilution and are subsequently oxidized in the gas phase, yielding

11746-11750 | PNAS | July 16,2013 | vol. 110 | no.29

substantial SOA mass (7, 8). Recent modeling studies have de-
monstrated that IVOCs are expected to be a major precursor
of SOAs in megacity outflows (9). Long-chain alkanes, mainly
emitted from incomplete fuel combustion (10), constitute a sub-
stantial fraction of IVOCs. Here we use dodecane (Ci,Ha),
a surrogate compound for IVOCs, to study the connection be-
tween the chemical mechanism of SOA formation and the evo-
lution of the size distribution.

Results and Discussion

Dodecane Photooxidation Experiments and Modeling. The photo-
oxidation of dodecane and subsequent SOA formation is studied
using the Caltech Environmental Chamber (11, 12). Dodecane at
initial concentration of 34 parts per billion (ppb) in the presence
of ammonium sulfate seed particles under dry conditions [rela-
tive humidity (RH) < 5%] was oxidized by OH radicals at low
concentrations of NOy typical of nonurban conditions. The ki-
netic multilayer model of gas-particle interactions in aerosols
and clouds (KM-GAP) (13) is used to simulate the evolution of
SOA mass, the organic atomic oxygen-to-carbon (O:C) ratio, and
particle-size distribution in the chamber experiments (Fig. 1).
The model treats the following processes explicitly: gas-phase
diffusion, reversible adsorption, bulk diffusion, and chemical
reactions in the gas and particle phases. The model also accounts
for the loss of gas-phase SVOCs to the chamber Teflon wall (14,
15) based on measurements for representative compounds in
separate experiments (SI Materials and Methods, Gas-phase wall
loss, Table S1 and S2). The physical state of the particle bulk is
assumed to be semisolid with an average bulk diffusivity of 1072
cm?s™! [a typical value for a semisolid state (16) (SI Materials
and Methods)), consistent with observations that long-chain al-
kane-derived SOA particles bounce moderately on the smooth
plates of an inertial impactor indicating behavior between that of
liquid and glassy particles (17).

In the gas phase, SVOCs resulting from up to five generations
of OH oxidation are considered (Fig. 14). Fig 1B shows the span
of O:C ratio and gas-phase saturation concentrations for the
surrogate SVOCs based on the dodecane oxidation mechanism
of Yee et al. (11). Some of the fourth generation products have
been established to be multifunctional carbonyl compounds,
aldehydes, and ketones. The aldehydes can react with hydro-
peroxide, hydroxyl, and peroxycarboxylic acid groups, forming
peroxyhemiacetal (PHA), hemiacetal, and acylperoxyhemiacetal,
respectively, in the particle phase (2, 11, 18). Ketone functional

Author contributions: M.S., L.D.Y., and J.H.S. designed research; M.S., L.D.Y., K.AS,, C.L.L.,
and J.5.C. performed research; M.S., LD.Y., K.AS,, C.LL, J.S.C, AZ, and P.J.Z. analyzed
data; M.S., L.D.Y,, K.AS.,, and C.L.L. wrote the supplement; and M.S., and J.H.S. wrote
the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. E-mail: seinfeld@caltech.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1307501110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1307501110


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental/pnas.201307501SI.pdf?targetid=nameddest=STXT
mailto:seinfeld@caltech.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307501110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1307501110

93

A C
reactive 100 g ' ' ' I
carbonyl «f
dodecane —> SVOC-1 —> SVOC-2 — SVOC-3 SVOC-4 — SVOC-5 m’; 2l
=2 E 3
@ ar ]
dodecane SvocC-1 SVOC-2 SVOC-3 SVOC-4 SVOC-5 g or 7
ST——S——_ ) reactive g _—7 < 1B =
carbonyl o] E O Experiments E
v o i = = Gas phase scenario ]
low volatility products or — Multiphase scenario -
B 0.1 & I I L -
04F 1T ' . ! ! ! = 0 5 10 15 20
low volatility products Time (h)
. 0 D ou4f I T T I
0.3 ° ° Qo .A . 1
o o A reactive
o ! 8 © o carbonyl 03k
o]
< o2 o 4 g
(@] °o _ o ©
® st & ° o © 02
© 2nd =
01 . 0 3rd 4 ° ,
@ Gas-phase scenario o ath 01 —— Experiments .
A i i — — Gas phase scenario
Multiphase scenario e 5th dodecane — Multiphase scenario
00 l l l l 1@ 0.0 ! ! ! L
4 ) 0 2 4 6 0 5 10 15 20
0 :
|Og Ci Time (h)
Fig. 1. Modeling secondary organic aerosol formation from dodecane photooxidation. (A) Schematic of the mass transport (blue arrows) and chemical

reactions (red arrows) in the dodecane SOA system. Multigeneration of SVOCs is considered in the gas phase. The multiphase scenario includes second-order
reactions (red double arrows) between reactive carbonyl and SVOCs forming low-volatility products in the particle phase. (B) O:C ratios for products of
dodecane oxidation vs. their predicted gas-phase saturation concentration (ug-m~3) over the pure (subcooled) liquids (C°). The smaller symbols indicate
individual products predicted in the dodecane photooxidation chemical mechanism developed by Yee et al. (11). Color indicates the gas-phase generation in
which compound is formed. These compounds include reactive carbonyl compounds (fourth generation). Black symbols indicate particle-phase products. The
large solid circles and triangles indicate the surrogate SVOC compounds in the gas-phase and multiphase scenarios, respectively. Measured (red) and modeled
SOA mass concentration (C) and O:C ratio (D) with the gas-phase (dashed line) and multiphase (solid line) scenarios, respectively. The upper and lower red

lines in the C correspond to upper and lower bound wall loss corrections, respectively. The measured O:C ratio is subject to +30% uncertainty (12).

groups can react with hydroxyl groups, catalyzed by acids,
forming a variety of oligomers (4). These products have signifi-
cantly lower volatility than their gas-phase precursors, as shown
for PHA by the black triangles in Fig. /B. We evaluate the po-
tential effect of particle-phase chemistry on SOA formation by
simulating two distinct scenarios. In the “multiphase” model
scenario, the formation of low-volatility products arising from
particle-phase chemistry is considered whereas, in the “gas-
phase” scenario, only gas-phase reactions are accounted for. In
the kinetic model simulations, the volatility and O:C ratio of
each surrogate product are chosen to lie in the range of those of
corresponding individual compounds, as shown by the large solid
and triangle markers in Fig. 1B for the gas and multiphase sce-
narios, respectively. Note that the O:C ratios of later generation
gas-phase and particle-phase products are both ~0.25. Fig. 1C
shows the experimental observations of SOA mass concentration
for the cases of two limiting particle-wall loss corrections (19,
20): (i) wall-deposited particles are assumed to cease interaction
with the gas phase (lower red line), and (ii) wall-deposited par-
ticles are assumed to continue interacting with the gas phase as if
they were still suspended (upper red line). Fig. 1D shows the
measured O:C ratio (12). Both scenarios, gas-phase (dashed
lines) and multiphase (solid lines), are able to match the ob-
served SOA mass concentration and O:C ratio within the ex-
perimental uncertainties, even though the gas-phase scenario
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initially underestimates SOA mass for times up to ~10 h. This
result exemplifies the ambiguity that arises in assessing the
chemical routes to SOA formation based solely on SOA mass
and O:C ratio.

Fig. 24 shows the measured evolution of the particle-size
distribution. The mean particle diameter grows from ~60 nm to
~180 nm over ~20 h. The simulated size distribution for the gas-
phase scenario is shown in Fig. 2B. In contrast to the observed
size distribution, the gas-phase scenario predicts a broad size
distribution that is a characteristic also found for quasi-equilib-
rium growth mechanism (21), in which the condensed SVOCs
equilibrate quickly with the gas phase. When SVOC:s equilibrate
with the particle population, they tend, on average, to partition
to larger particles because of their greater absorption capacity
and the reduction in equilibrium vapor pressure over the surface
compared with that over smaller particles (the Kelvin effect). By
contrast, the simulated number size distribution for the multi-
phase scenario captures the characteristic narrowing of the
measured size distribution (Figs. 2 C and D, Fig. S1). The evo-
lution of the volume size distribution is also well reproduced by
the multiphase scenario (Fig. S2). Evaporation and reconden-
sation of SVOC:s tend to be inhibited in this case owing to the
formation of low volatility products in the particle phase. The
narrowing of the size distribution is characteristic of kinetically
limited growth, in which the mass of condensing material is
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distributed proportional to the particle surface area (21, 22).
The second-order reaction rate coefficient between reactive
carbonyl and SVOCs (kgRr), which is estimated to be 12 M ls!
(2 x 1072 cm®s7"), is found to be the most sensitive parameter
in controlling the evolution of the particle size distribution. The
evolution of SOA mass and number size distribution obtained
with an initial dodecane concentration of 8§ ppb was also modeled
well using the same parameters of the multiphase scenario
(Fig. S3).

Fig. 3 shows the simulated evolution of the mass concentration
ratio of oxidation products in the particle (Fig. 34) and gas phase
(Fig. 3B) in the multiphase scenario. During the first several
hours, the particle phase is dominated by first- to third-genera-
tion SVOCs, which are progressively converted to higher gen-
eration SVOC:s in the gas phase and low volatility products in the
particle phase. The contribution of particle-phase products to
the total SOA budget is predicted to exceed 60% after ~5 h. The
dominance of low-volatility particle-phase products is consistent
with previous studies, in which peroxyhemiacetals were found to
be major products in SOA derived from oxidation of alkenes
(1-tetradecene) (23, 24), aromatic hydrocarbons (toluene) (25, 26),
and monoterpenes (a- and f-pinene) (27).

Fig. 3C shows the simulated radial profile of the production
rate of low-volatility products along with the evolution of particle
radius. The production rate becomes substantial, with a rate
of >2 x 10'” cm™:s™" in the surface layer after ~4 h when SOA
mass starts growing (Fig. 1C). The particle-phase reactions are
predicted to occur mainly at and near the surface, consistent with
a product analysis study suggesting that PHA formation should
occur mainly at the particle surface (24). Fig. 3D shows the
measured evolution of gas-phase Cg-carboxylic acid, which is
a fourth-generation product and a proxy for the expected for-
mation of aldehydes (11). Aerosol mass spectrometer (AMS)

11748 | www.pnas.org/cgi/doi/10.1073/pnas.1307501110

ions at mass-to-charge ratios (m/z) of 183 and 215 are also
shown, which are representative fragments from the carbonyl
hydroperoxide (CARBROOH; C;,H,405) and its derived PHA
(11). The onset of gas-phase aldehyde, particle-phase PHA, SOA
mass growth, and production rate of low-volatility products at ~4 h
suggests that the formation of PHA triggers initial SOA growth.

Tridecanal Injection Experiment. To evaluate the hypothesis con-
cerning the role of PHA production in SOA formation, we have
conducted an additional chamber experiment with intentional
injection of the aldehyde tridecanal (Fig. 4). Dodecane (initial
concentration of 239 ppb) was photooxidized for 4 h under low-
NOy and dry conditions in the presence of ammonium sulfate
seed particles, at which time chamber UV lights were turned off
to halt production of OH radicals, ceasing gas-phase chemistry
and SOA growth. After 6 h, injection of 9.5 ppb tridecanal into
the chamber led to a rapid increase in organic mass (measured by
the AMS) of ~45 pg-m~ within 1 h. Simultaneously, the tracer
ions for gas-phase CARBROOH decreased and that for particle-
phase CARBROOH-derived PHA increased. The same trend
was also observed for organic hydroperoxide and its derived
PHA (Fig. S4). Direct analysis in real time mass spectrometry
(DART-MS) spectra confirm the formation of high molecular
mass compounds such as PHA and oligomers (Fig. S5 and Table
S3). Note that the observed SOA growth cannot be explained by
physical uptake of tridecanal, as its vapor pressure is too high
(Co = ~10° pgm™).

As the observed particle growth is predicted to be essentially
a result of the particle-phase reaction, the second-order reaction
rate between tridecanal and SVOCs can be estimated to lie in
the range 0.3-12 M~'.s™! (SI Materials and Methods, Estimation
of the particle-phase reaction rate coefficient). This range is con-
sistent with the estimated kg of 12 M~1:s™! derived from the
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KM-GAP modeling of the dodecane photooxidation experi-
ments. Note that literature values of kgr for uncatalyzed reac-
tions of various hydroperoxides and aldehydes in different
solvents range from 10~ to 0.06 M~'s™' (18, 28). The value of
kgr inferred from the observations indicates that the reactions
must be catalyzed (by two orders of magnitude) by the presence
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Fig. 4. Intentional aldehyde (tridecanal) injection experiments. SOA mass

concentration and carbonyl hydroperoxide (CARBROOH; C4,H»403) signal
monitored by CIMS at m/z 301 and CARBROOH-derived peroxyhemiacetals
monitored by the AMS at m/z 183 (Ci,H30%) and m/z 215 (Ci,H303). UV
lights are switched off after 4 h, and 9.5 ppb tridecanal is injected to the
chamber at 6 h.
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of acids (4, 18, 24) generated in the low-NO, dodecane mecha-
nism (11). This magnitude of enhancement seems reasonable, as
in the case of hemiacetal formation from acetaldehyde plus
methanol, the presence of 1 M acetic acid increases the rate
constants by a factor of ~250 (18).

Summary and Implications. The results of the current work have
a number of implications for SOA models. Although the dy-
namics of an aerosol size distribution reflects the mechanism of
growth (22, 29), we demonstrate here that it provides a key
constraint in interpreting laboratory and ambient SOA formation.
Aldehyde injection experiments suggest that peroxyhemiacetal
formation by heterogeneous reactions between aldehydes and
organic hydroperoxides can have a major impact on SOA for-
mation. This work, although carried out specifically for the long
chain alkane dodecane, is expected to be widely applicable to
other major classes of SOA precursors. SOA consists of a myriad
of organic compounds containing carbonyl, hydroxyl, and carboxyl
groups (among other functional groups), which can generally
undergo heterogeneous/multiphase reactions forming low-vola-
tility products such as oligomers and other high molecular mass
compounds (18). The importance of such a peroxyhemiacetal
formation pathway depends on the reaction rate constants and
concentrations of reactants as well as on particle acidity and
hygroscopicity because the reactions can be acid-catalyzed (4, 30,
31) or hydration-based (32), depending on the environmental
conditions and particle composition. Heterogeneous reactivity of
SOA particles can be regulated by relative humidity and tem-
perature, which will affect particle viscosity and bulk diffusivity
(16, 33). If particle-phase chemistry is indeed central to SOA
growth in general, the size-resolved SOA formation is better
described in terms of kinetically limited condensational growth,
rather than solely by thermodynamic equilibrium partitioning
(22, 34). Analysis of field and laboratory data on size-distribution
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dynamics and heterogeneous chemistry for various SOA pre-
cursors and environmental conditions may lead to more robust
predictions of chemical composition and particle-size distribu-
tion, with relevance to properties such as radiative forcing and
cloud condensation nuclei activity.

Materials and Methods

Chamber Experiments. Experiments were carried out in the Teflon reactors
in the Caltech Environmental Chamber. Aqueous H,0, solution was evap-
orated into the chamber, followed by the atomization of an aqueous
ammonium sulfate solution generating seed particles, which were sub-
sequently dried. Liquid dodecane was evaporated into the chamber to
achieve 34 ppb gas-phase mixing ratio of dodecane. After an hour of
mixing, the blacklights were turned on, initiating generation of the OH
radical from H,0, photolysis. The gas-phase composition of oxidation
products was monitored using a chemical ionization mass spectrometer
(CIMS) (11). The particle-phase chemical composition, including the atomic
oxygen-to-carbon (0:C) ratio of SOA, was measured by an Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) (12). In
addition, particle-phase chemical composition was analyzed offline using
direct analysis in real time mass spectrometry (DART-MS). Particle number
size distribution was measured using a cylindrical differential mobility
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analyzer coupled to a condensation particle counter. More details are
available in SI Materials and Methods.

Kinetic Modeling. The kinetic multilayer model of gas-particle interactions in
aerosols and clouds (KM-GAP) (13) is used for simulations. For size-resolved
simulations, the bin method with full-moving size structure is used. KM-GAP
consists of a number of compartments and layers in which semivolatile spe-
cies can undergo mass transport and chemical reactions in the gas and par-
ticle phases. The required kinetic parameters for surrogate SVOCs include the
gas-phase first-order reaction rate coefficients, the surface accommodation
coefficient, the molecular desorption lifetime, gas and bulk diffusion coef-
ficients, and the second-order bulk reaction rate coefficient for the re-
action of reactive carbonyl with SVOCs (Table S1 and S2). The dynamics
of compound concentrations in the gas and particle phases and of the
aerosol size distribution were computed by solving the mass balance, transfer,
and reaction rate equations. More details are described in S/ Materials
and Methods.
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S| Materials and Methods

KM-GAP Model and Parameters. A kinetic multi-layer model of gas-
particle interactions in aerosols and clouds (KM-GAP) (1) is used
for simulations. For size-resolved simulations, the bin method
with full-moving size structure is used, in which the number
concentration of particles in each size bin is conserved but the
single particle volumes change (2). The number of size bins is 20
in this study. Coagulation is not considered in the model, as the
coagulation timescale of more than a day significantly exceeds
the experimental timescale (3, 4). KM-GAP consists of multiple
model compartments and layers, respectively: gas phase, near-
surface gas phase, sorption layer, surface layer, and a number of
bulk layers. KM-GAP treats the following processes explicitly:
gas-phase diffusion, gas-surface transport (reversible adsorp-
tion), surface-bulk exchange, bulk diffusion, and a selection of
chemical reactions in the gas and particle phases. Note that as-
sumptions of instantaneous gas-particle partitioning and homo-
geneous mixing of the particle bulk, which are often assumed in
secondary organic aerosol (SOA) modeling studies (5), were not
applied. Surface and bulk layers can either grow or shrink in
response to mass transport, which eventually leads to particle
growth or shrinkage. Surface-bulk transport and bulk diffusion
are treated as mass transport from one bulk layer to the next
through first-order transport velocities, which are calculated
from the bulk diffusion coefficients (1). As the experiments
considered here were conducted under dry conditions, ammo-
nium sulfate is assumed to remain in the form of crystalline seed
particles on which SOA condenses. The ammonium sulfate core
is represented by one bulk layer, and the organic phase is re-
solved with 10 bulk layers. Ideal mixing is assumed within the
organic phase (mole fraction-based activity coefficients are as-
sumed to be unity), an assumption that is reasonable for an SOA
phase formed by the oxidation products of a single parent com-
pound (here dodecane) at conditions of low water content (low
relative humidity) (6). Loss of gas-phase semivolatile organic
compounds (SVOCs) to the chamber wall (4, 7) is considered
using a pseudo-first order gas-phase wall-loss coefficient &, (see
Gas-phase wall loss for determination of k,, values). Particle wall
loss is not considered in the model; thus, the particle-number
concentration stays constant. The dynamics of mass concen-
trations in the gas and particle phases and of the aerosol size
distribution are computed by numerically solving the ordinary
differential equations for the mass balance of each model com-
partment (1).

Five generations of gas-phase oxidation are considered, each
generation of which is represented by a surrogate compound.
Yee et al. (8) have developed the dodecane low-NO, gas-phase
chemical mechanism based on gas-phase measurements of do-
decane photooxidation in conjunction with the Master Chemical
Mechanism (MCM, version 3.2) (9). Yee et al. (8) estimated gas-
phase saturation concentratlons (ngm™>) over the pure (sub-
cooled) liquids (C,”) for oxidation products predicted by a de-
tailed gas-phase chemical mechanism using the EVAPORATION
(Estimation of Vapor Pressure of Organics, Accounting for
Temperature, Intramolecular, and NonaddltiVlty effects) method
(10), as shown in the open color circles in Fig. 1B. C° Values for
surrogate compounds are determined by varying C over the
predicted range for each generation to fit to the measured SOA
mass. The first-order gas-phase reaction rate constants are
summarized in Table S1, which is based on the chemical mech-
anism for dodecane photooxidation developed by Yee et al. (8).
Concerning the branching ratio for formation of reactive car-
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bonyl compounds in the fourth generation of gas-phase oxida-
tion, a number of compounds are predicted to contain ketone
and aldehyde groups by the chemical mechanism (8); thus, we
chose to vary the branching ratio over the range of 0.1-0.9. For
the simulations presented in Fig. 1, the value of 0.4 is taken. In
the multiphase scenario, particle-phase reactions between
SVOCs and reactive carbonyls are considered using the second-
order bulk reaction rate coefficient (kgr) as listed in Table S1.
kgr is assumed to be the same for all reactions. The kgr value
was varied to fit the model to the experimental data, resulting in
a value of kg = 2 x 1072 cm?s71.

The required kinetic parameters for the SVOCs are listed in
Table S2, which includes an estimate for the surface accommo-
dation coefficient on a free substrate (o), the molecular de-
sorption lifetime (tq4), gas and bulk diffusion coefficients (D,
Dy), and the second-order bulk reaction rate coefficient (kgg) for
the reaction of reactive carbonyl with SVOCs. D, is assumed to
be 0.05 cm?*s™" (11). Note that the sensitivity studles by varying
D, in the range of 0.02-0.2 cm*s ™! revealed that D, is not critical
for describing SOA mass and size distribution, indicating that
gas-phase diffusion is not the limiting step in SOA formation.
T4 is assumed to be 1 ps (1). ay is often assumed to be unity in
organic aerosol modeling studies (12). Estimates of the accom-
modation coefficient of SVOC using thermodenuders have re-
sulted in values in the range of 0.28-0.46 (13). a is estimated to
be 0.3-0.5 by kinetic modeling (1) of evaporation data of dioctyl
phthalate (14). In this study, we assume o = 0.5. A sensitivity
study by varying ay in the range of 0.1-1 in the multiphase sce-
nario revealed that SOA mass and size distribution are not es-
pecially sensitive to the value of o suggesting that surface
accommodation is not the limiting step in SOA growth in the
present case.

Neither the bulk viscosity nor the bulk diffusivity of dodecane
SOA is known. Saukko et al. (15) measured a bounce behavior of
SOA particles formed from the oxidation of n-heptadecane (a
long-chain alkane). At low relative humidity (RH), particles
bounced from the plate of an inertial low-pressure impactor,
indicating that they are not a liquid (of low viscosity), but the
particles did not bounce with the behavior of solid or glassy
particles; with a bounce fraction of ~0.5, the n-heptadecane SOA
particles are deemed to be semisolid. The typical bulk diffusivities
of multifunctional organic compounds in semisolid phases range
from 107" to 107"° cm®s™ (16, 17). We assume here that the
SOA products from the n-dodecane oxidation have similar dif-
fusivities as the n-heptadecane SOA. D, was varied systematically
over the given range to fit to the data of SOA mass and size
distribution; the optimal value was found to be 107'% cm?s™.
Note that, if the particles are assumed to be liquid with Dy, in the
range of 1071 t0 10~ cm?-s™! , indeed size distribution was not
reproduced as well as in the case that the particle is assumed to
be semisolid. The most sensitive parameters in fitting SOA mass
are the gas-phase saturation concentrations (pg-m~>) for SVOCs.
The second-order bulk reaction rate coefficient kggr is the most
critical parameter in controlling the evolution of the particle
number size distribution. This finding is understood as this co-
efficient affects the average vapor pressures of the condensed
SOA species via the conversion of higher-volatility monomers to
low-volatility dimers and oligomers.

Dodecane Photooxidation Experiments. Experimental methods. Dodec-

ane photooxidation experiments were conducted in the dual 28 m®
Caltech Environmental Chambers (3, 18) as described in Yee et al.
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(8). The extended OH exposure of more than 22 h was achieved
using the experimental chamber protocol of Loza et al. (19). A gas
chromatograph with flame ionization detection (GC-FID; Agilent
6890) with an HP-5 column was used to monitor the dodecane
decay at 1 h time resolution. A chemical ionization mass spec-
trometer (CIMS) (20-22) was used for tracking the gas-phase
development of several hydroperoxide species, ketones, and
acids. The CIMS operated in both positive ionization mode for
a mass scan range of 50-200 amu [Me(H,0),.H]* and negative
ionization mode for a mass scan range of 50-300 amu
[MeCF30]~, [MeF]~, where M is the analyte. NO, NO,, Os,
temperature, and RH were all monitored. NO and NO, levels
remained below 5 parts per billion (ppb), the lower detection
limit of the chemiluminescence analyzer (Horiba; APNA 360),
and photochemical simulations (8) confirmed that, at the suffi-
ciently low levels of NOy, the fate of the alkylperoxy radical
(RO,) is dominated by reaction with HO,. Initial Oj levels were
3 ppb, rising to 22 ppb by the end of the experiment. Temper-
ature remained between 296 and 298 K after irradiation began,
and RH remained below 5%.

A differential mobility analyzer (TSI Model 3081), coupled
with a condensation particle counter (TSI Model 3010), was used
for monitoring the particle-size distribution. An Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) was operated according to protocols described in Yee et al.
(8) and Craven et al. (23). Briefly, the HR-ToF-AMS (24) was
operated collecting data at 1 min resolution, switching between
a higher resolution, lower sensitivity “W” mode and a lower
resolution, higher sensitivity “V” mode. Analysis of AMS data
were performed according to analysis procedures previously de-
scribed (24-27). Chamber reactors were flushed for 24 h with
purified dry air before each experiment. Then 280 pL of 50% by
weight aqueous H,O; solution was injected into a glass trap. The
glass trap was submerged in a warm water bath (35 -38 °C), and
the solution was evaporated by flowing 5 L-min~" of purlﬁed dry
air through the trap into the chamber. This resulted in ~4 ppm
H,O, concentration in the chamber. A 0.015 M aqueous am-
monium sulfate solution was atomized into the chamber until
a seed volume of ~11 pm>*cm™ was achieved. Next, 9 pL of
n-dodecane (Sigma-Aldrich) was injected into a glass bulb and
evaporated under gentle heating into a 5 L-min~" flow of purified
dry air delivered to the chamber, resulting in an initial concen-
tration of 34 ppb. After 1 h of mixing, the blacklights were turned
on to initiate photooxidation.

With the same procedure, the photooxidation experiments
were also conducted with an initial concentration of dodecane of
8 ppb. The AMS was not available for the 8 ppb experiments. For
those experiments, the measured SOA mass and particle size
distribution are modeled well using the same parameters of the
multiphase scenarios for 34 ppb experiment, as shown in Fig. S3.
Particle wall loss. The upper and lower wall loss corrections bound
the amount of aerosol deposited to the Fluorinated ethylene
propylene (FEP) Teflon chamber walls during an experiment. To
estimate the mass growth rate of wall-deposited particles, the
mass growth rate of suspended particles must be determined. We
use the Aerosol Parameter Estimation (APE) model described by
Pierce et al. (28) for this purpose. The APE model uses the
General Dynamic Equation (29) to describe the condensation,
coagulation, and wall loss of an aerosol population. The model is
initialized with a suspended particle-size distribution at one time
step and solves for particle wall loss parameters and a mass
growth parameter, F. (cm-s~"), that produce the best match to
the particle size distribution measured at the next time step. In
the present case, particle wall loss rate constants are determined
in separate particle wall loss experiments (18, 19, 30), and these
rate constants are used directly in the model.

Once the mass growth parameters are known, they are applied
to particles deposited to the walls. The aerosol General Dynamic
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Equation also governs deposited particle size distribution be-
havior, and deposited particles are assumed not to undergo co-
agulation. The change in the size distribution for deposited
particles is governed by

on 1 1 ony, (D,,t
o =P Du) (D) ~Fr| =y (01)+ DP%’
[s1]

where n,, is the deposited particle size distribution (cm™), ¢ is
time (s), f(D,,) is the wall loss rate constant, D, is the partlcle
diameter (cm) n, is the suspended particle size distribution (cm™),
and w is a parameter that describes the extent of gas-particle
partitioning for deposited particles. Values for o range from 0 to
1, with @ = 0 representing no gas-particle partitioning to deposited
particles whereas @ = 1 describes gas-particle partitioning to de-
posited particles identical to that to suspended particles. Here,
only the limits (0, 1) for values of w are considered. To determine
the deposited particle size distribution, Eq. S1 is solved at each size
distribution time step using the value of F, calculated from the
APE model at that time step with constant . The wall loss cor-
rected particle-size distribution is calculated by summing the sus-
pended and deposited number size distributions. The wall loss
corrected SOA volume concentration is calculated from the wall
loss corrected size distribution. To calculate the mass of organic
aerosol formed, the seed particle volume concentration is sub-
tracted from the wall loss corrected particle volume concentration,
and the resulting organic volume concentratlon is multlphed by
a mean particle density, here 1.12 g-cm™, as determined in a sep-
arate nucleation chamber experiment (seed free), to obtain the
organic mass concentration.
Gas-phase wall loss. Gas-phase SVOCs can be absorbed by the
Teflon film during the experiments (4, 7). The pseudo-first order
gas-phase wall loss coefficient &, is determined from dark vapor-
phase wall loss experiments. Two vapor-phase wall loss experi-
ments were run, using 3,6-octanediol and 2-dodecanone (Sigma-
Aldrich), respectively. The hydrocarbon was injected into the
reactor, and then the decay was monitored by the CIMS. A first-
order wall loss coefficient was calculated from the slope of InC/
InC, vs. time, where C is the signal for the hydrocarbon and C,, is
the hydrocarbon signal 21 min after completion of the hydro-
carbon injection (mixing time). Then 10.7 mg of 3,6-octanediol
was weighed out into a glass bulb and gently heated while
5 L-min~" of dry purified air flowed through to the reactor. There
was slight recondensation on the injection line, leading to in-
complete delivery to the reactor. The 3,6-octanediol signal
dropped by 39% over 14 h, leading to a first-order fit of k,, = 9.6 X
107 s7L. For the 2-dodecanone experiment, 15.5 pL of 2-dodec-
anone was injected to the chamber, and its signal decayed by 14%
over 22 h, resulting in ky, = 2.2 X 1075 s7L. Due to difficulties in
handling these standards for calibration on the CIMS, the sus-
pended concentration after injection could not be verified to
match the target concentration based on the injection amount.
Without a calibration factor, the presence of rapid vapor-phase
wall loss as observed in Matsunaga and Ziemann (7) cannot be
ruled out. If this behavior occurs during the injection or mixing
period before C,, is defined, the true rates should be higher than
those calculated here. Therefore, we refer to the calculated k., as
pseudo-first order. If a confident calibration factor could be es-
tablished on the CIMS, care would still need to be taken to
minimize losses due to recondensation in the injection line so
that these losses are not falsely attributed to rapid vapor-phase
wall loss in the reactor.

For the KM-GAP simulations, k,, of SVOCs was varied be-
tween the measured values (2.2 x 107° to 9.6 x 107° s7') as-
suming that all five generations of SVOCs are characterized by
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the same k,, value. It is found that the value of &, does not affect
the evolution of the shape of the size distribution but can lead to
a lower modeled SOA mass up to ~30%. For the simulations of
dodecane photooxidation, ky = 5 x 107° s7! is assumed.

Tridecanal Injection Experiments. Experimental methods. The tride-
canal injection experiment was run in a 24 m*> FEP teflon (2 mil)
reactor. The same gas- and particle-phase instruments as described
in the photooxidation experiments in Dodecane Photooxidation
Experiments, Experimental methods were used, except that a com-
pact-time-of-flight aerosol mass spectrometer (C-ToF-AMS) (31)
was used. Injection protocols were also the same, except loadings
were modified to speed up the chemical development and to
achieve an organic loading sufficient for offline filter analyses [Di-
rect analysis in real time mass spectrometry (DART-MS)]. Then
280 uL of aqueous H,0, solution (50% by weight) was injected to
achieve a starting concentration of ~5 ppm of H,O; in the reactor.
The initial #n-dodecane concentration was 239 ppb as measured by
the GC-FID. Throughout the experiment, NOy levels remained
below the lower detection limit of the analyzer, temperature ranged
over 21-22.5 °C, and RH remained below 10%.

Photooxidation occurred during the first 4 h of the experiment.

The remainder of the experiment was conducted in the dark.
After 6 h from the start of irradiation, tridecanal (Sigma-Aldrich)
was injected. Then 24.5 mg of tridecanal (assuming no line/wall
losses) was delivered to the reactor by evaporating it under gentle
heating into a flow of 5 L-min~" of dry purified air for 30 min.
Tridecanal concentration was 9.5 (x 2.5) ppb following injection,
as measured by the GC-FID. Filter sampling took place after the
SOA mass peaked starting at hour 9. A total sample volume of
~1.9 m* (2 h at 16 L-min™") was drawn onto a Teflon filter (47
mm diameter) and analyzed offline using DART-MS.
Estimation of the particle-phase reaction rate coefficient. Tridecanal
reacts with SVOCs (e.g., organic hydroperoxides) to form per-
oxyhemiacetals (PHA) in the particle phase. Thus, the change of
the bulk number concentration of PHA [PHA], (cm™) can be
described as follows:

d[PHA]

y b = kpr 11 [SVOC], [Tril,, [S2]

where kpg Tri (cm3 ~s_1) is the second-order reaction rate coeffi-
cient between tridecanal and SVOC:s. As the increase of the total
particle mass concentration Cy, (ug-m ™) is predicted to be dom-
inated by PHA formation in the present study, its rate of change
can be described using the particle mass concentration of PHA
Crua™ (ug-m™ of air):

dCi _dCPM, Mpua ., d[PHA],
it~ dt . Na (10°%g &™) =4

M .
A?EA (10°ug g~")kpr 1[SVOC], [Tril,,,

[S3]

where Mppa is the molar mass of PHA (~300-400 g-mol‘l) and
Ny is the Avogadro constant (6.02 x 10 mol™"). The factor 10°
is for the unit conversion of g to pg. The average bulk number
concentration [Tri], (cm™) and the average particle-phase mass
concentration of tridecanal Cri"™™ (ug-m™) can be roughly esti-
mated based on equilibrium gas-particle partitioning theory (32,
33) using its volatility, namely the pure component gas-phase
saturation concentration Cr 0 = 1.6 x 10° pg-m_3 (34),

PM
[Tri], = —CTri

> Mri/Na [84]

(10°%g g7")

Shiraiwa et al. www.pnas.org/cgi/content/short/1307501110

99

Cs.
Rt =%Cm, [S5]
Tri

where Mr; is the molar mass of tridecanal (198 g~mol‘1) and
Cryi® (pg»m_3 ) is the gas phase mass concentration of tridecanal.
Note that this is an approximation as a concentration gradient
can exist due to slow bulk diffusion. The initial tridecanal gas-
phase number concentration was measured by the CIMS to be
9.5 (+2.5) ppb, which corresponds to Cri& = 77 (20) pg-m™.
[SVOC]y can be estimated assuming an average molar mass of
SVOC (~200-300 g-mol™"), and a certain fraction (10-100%) of
the organic particle content is reactive toward aldehydes, result-
ing in [SVOC],, ~ 10%° to 10*! cm™.

Based on Eq. S3, dCy/dt is constant if [SVOC],, and [Tri};, are
constant. Indeed, Cy, increased linearly from 22 pg-m™ at tri-
decanal injection at 6 h to 61 pg-m™> at 6.7 h (Fig. 4 of the main
text), corresponding to dC/dt = 0.017 pgm=—s~. Insertin%
these values in Eq. S3, kggr 1+ can be estimated to be 2 x 1072
to 2 x 1072 ecm®s™" (or 0.12-12 M~".s™"). This value is in good
agreement with the second-order reaction rate coefficient be-
tween reactive carbonyl and SVOCs (kggr) estimated by KM-GAP
(12 M~"s7") in simulating dodecane photooxidation in which
different aldehydes and ketones may be relevant reactants.

DART-MS Analysis. Duplicate Teflon filters (PALL Life Sciences;
47 mm diameter, 1.0 pm pore size, Teflon membrane) were used
for particle collection from the chamber upon stabilization of the
aerosol volume for off-line chemical analysis. Chamber air was
pulled through two stainless steel filter assemblies containing two
filters for 2 h at rates of 16 and 23 L-min~", respectively. In the
standard chamber filter collection procedure, the upstream filter
collected particles, and the downstream filter served to indicate
whether breakthrough had occurred or whether gaseous com-
pounds were condensing on the filters. Upon the termination of
the collection period, the filters were removed from the assembly
with precleaned stainless steel forceps and stored in 20-mL glass
vials with Teflon caps, which were sealed with Teflon tape and
stored in plastic containers in a freezer maintained at a temper-
ature of —20 °C.

Filters were analyzed by direct analysis in real-time mass
spectrometry (DART-MS) using a custom-built DART source
(J. L. Beauchamp group, Caltech) interfaced to a Thermo LTQ
ion trap mass spectrometer; positive mode ionization was used in
this analysis. DART-MS is an ambient ionization method origi-
nally developed by Cody et al. (35). It achieves positive ionization
through the generation of metastable triplet helium and its re-
action with atmospheric water. For the final proton transfer step
to occur, the analyte’s proton affinity must exceed that of water.
SOA samples collected on Teflon filters were analyzed by folding
the filter in half with clean stainless steel forceps, and placing the
folded filter so the DART stream ablated the aerosol-containing
edge. Blank filters and the breakthrough test filters were ana-
lyzed as experimental controls. Data were analyzed using the
Thermo proprietary software program, Xcalibur.

SOA samples were also extracted in a 1:1 mixture of GC grade
heptane and acetone (vol/vol) via sonication. The extracts were
dried down by a gentle stream of N, then reconstituted in 150 pLL
of 1:1 mixture of GC grade heptane and acetone (vol/vol) for
analysis by GC/MS (Varian Saturn 2200) with a programmed
temperature vaporization (PTV) inlet, DB-5MS-UI column (30
m, 0.250 mm, 0.25 pm; Agilent), and electron impact ionization
and chemical ionization with methanol. The PTV temperature
program was as follows: (i) 45 °C, 0.5 min hold; (ii) 180 °C min™*
ramp to 300 °C; and (iii) 300 °C, 46.58 min hold. The oven
temperature program was as follows: (i) 65 °C, 10 min hold; (i)
10 °C min™" ramp to 300 °C; and (iii) 300 °C, 15 min hold.
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Table S3 lists major peaks, defined by signal intensity > 5,000
counts for m/z < 400 Da; signal intensity > 1,000 counts for m/z >
400 Da. Proposed formulae are listed for the ions; matches were
assigned when the theoretical mass was within 5 mDa of the
measured mass. This mass spectrum was acquired using the
AccuToF DART-MS, which was mass-calibrated in positive
mode by using PEG-600. The ions with m/z above 400 Da that
contain nitrogen may be assigned in two ways: (i) they may be
nitrate-containing compounds, resulting from reaction with the
background levels of NOy in the chamber (<5 ppb); or (if) they
may be PHAs or contain peroxide groups, both of which form
adducts with ammonia present in trace amounts in laboratory
air, and are measured by DART-MS as ammonium adducts
(IM+17]"). The low level of NO, and the lack of smaller mass
organonitrates or alcohols suggest that the ammonium adduct
option is more likely in this case.

The mass spectra in Fig. S5 were acquired using the experi-
mental DART source in conjuction with the Thermo LTQ ion
trap mass spectrometer with unit mass resolution. Fig. S54 shows
a duplicate sample of dodecane SOA; the significant overlap
with the data in Table S3 indicates similar performance across
DART ion sources. Fig. S5B shows a sample of SOA from the
dodecane low-NO, photooxidation experiment where tridecanal
was added in the gas phase to attempt to force oligomerization
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Table S1. Gas-phase and particle-phase chemistry considered in KM-GAP

Reaction Reaction rate coefficient
Gas phase
dodecane — SVOC-1 2.64 x 107° 57"
SVOC-1- SVOC-2 1.71 x 107 57"
SVOC-2— SVOC-3 1.32x 1075~
SVOC-3- (1 - p) SVOC-4 + P reactive carbonyl 1.85x 1074 s~
SVOC-4— SVOC-5 1.85x 107 s~
Particle phase
SVOC-1 + reactive carbonyl — low volatility products 2x 10720 cm3s7"
SVOC-2 + reactive carbonyl — low volatility products 2x 1072 cm3s7!
SVOC-3 + reactive carbonyl — low volatility products 2x 10720 cm3s7!
SVOC-4 + reactive carbonyl — low volatility products 2x 1072 cm3s7!
SVOC-5 + reactive carbonyl — low volatility products 2% 1072 cm3s7"

Gas-phase reactions are considered using the first-order conversion rate coefficients. In the multiphase sce-
nario, particle-phase reactions are considered using the second-order reaction rate coefficient.

Table S2. Estimated kinetic parameters for the surrogate SVOCs in the KM-GAP simulations

Parameters Description Value
a0 Surface accommodation coefficient on a free substrate 0.5

T4 Desorption lifetime 1 ps

Dy, Bulk diffusion coefficient 1072 cm2s™!
Dy Gas diffusion coefficient 0.05 cm?s™"

Shiraiwa et al. www.pnas.org/cgi/content/short/1307501110
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Table S3. Major peaks in DART mass spectrum for dodecane low-

NO, SOA

m/z, Da Intensity, counts Proposed formula
127.15 6,253.34 CgHq50™
141.16 9,527.53 CoH4,07
155.17 9,916.25 CyoH190™
183.19 10,1521.10 Cy,Ho30%
197.16 69,729.89 CqioHy10,7
199.18 52,161.82 Cy3H30,"
213.15 26,890.18 CyoHz103*
401.36 36,11.87 Ca4H904"
416.37 3,794.30 CoqHs004N™
430.35 4,076.51 CoaHagO4N*
446.35 2,134.07 Co4HagOgN™
460.34 1,223.03 Ca4Ha607N™
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Appendix C

The Pasadena Aerosol Charactetization Obsetvatory (PACO): Chemical and Physical Analysis of the
Western Los Angeles Basin Aerosol’

5> Reproduced by permission from “The Pasadena Aerosol Characterization Observatory (PACO): chemical and physical
analysis of the Western Los Angeles basin acrosol” by S. P. Hersey, J. S. Craven, K. A. Schilling, A. R. Metcalf, A.
Sorooshian, M. N. Chan, R. C. Flagan, and J. H. Seinfeld. .A#os. Chen. Phys. 2011, 11, 7417-7443.
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Abstract. The Pasadena Aerosol Characterization Observabe important in the generation of secondary aerosol and ox-
tory (PACO) represents the first major aerosol characterizaidized organic aerosol (OOA) in Los Angeles. Online anal-
tion experiment centered in the Western/Central Los Angeleysis of water soluble organic carbon (WSOC) indicates that
Basin. The sampling site, located on the campus of the Calwater soluble organic mass (WSOM) reaches maxima near
ifornia Institute of Technology in Pasadena, was positioned14:00-15:00 local time (LT), but the percentage of AMS or-
to sample a continuous afternoon influx of transported ur-ganic mass contributed by WSOM remains relatively con-
ban aerosol with a photochemical age of 1-2 h and generstant throughout the day. Sulfate and nitrate reside pre
ally free from major local contributions. Sampling spanned dominantly in accumulation mode aerosol, while afternoon
5 months during the summer of 2009, which were brokenSOA production coincides with the appearance of a dis-
into 3 regimes on the basis of distinct meteorological condi-tinct fine mode dominated by organics. Particulate;NBs
tions. Regime | was characterized by a series of low pressurand (NH4)2SOy appear to be NEtimited in regimes | and
systems, resulting in high humidity and rainy periods with Il, but a significant excess of particulate Ilen the hot,
clean conditions. Regime Il typified early summer meteorol-dry regime 1Il suggests less %o and the presence of ei-
ogy, with significant morning marine layers and warm, sunnyher organic amines or Npassociated organic acids. C-
afternoons. Regime Il was characterized by hot, dry condi-Tor-AMS data were analyzed by Positive Matrix Factor-
tions with little marine layer influence. Regardless of regime, jzation (PMF), which resolved three factors, corresponding
organic aerosol (OA) is the most significant constituent ofts 5 hydrocarbon-like OA (HOA), semivolatile OOA (SV-
nonrefractory submicron Los Angeles aerosol (42, 43, andopA), and low-volatility OOA (LV-OOA). HOA appears to
55% of total submicron mass in regimes |, II, and Ill, re- pe a periodic plume source, while SV-OOA exhibits a strong
spectively). The overall oxidation state remains relatively giymal pattern correlating with ozone. Peaks in SV-OOA
constant on timescales of days to weeks (O:C=848408,  concentration correspond to peaks in DMA number concen-
0.55+0.05, and 0.48 0.08 during regimes |, II, and Ill,  tration and the appearance of a fine organic mode. LV-OOA
respectively), with no difference in O:C between morning gppears to be an aged accumulation mode constituent that
and afternoon periods. Periods characterized by significantyay be associated with agqueous-phase processing, corre-
morning marine layer influence followed by photochemically |ating strongly with sulfate and representing the dominant
favorable afternoons displayed significantly higher aerosolyackground organic component. Periods characterized by
mass and O:C ratio, suggesting that aqueous processes Mayh SV-0O0A and LV-OOA were analyzed by filter analy-
sis, revealing a complex mixture of species during periods
dominated by SV-OOA and LV-OOA, with LV-OOA peri-

Correspondence tal. H. Seinfeld ods characterized by shorter-chain dicarboxylic acids (higher
BY (seinfeld@caltech.edu) O:C ratio), as well as appreciable amounts of nitrate- and
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sulfate-substituted organics. Phthalic acid was ubiquitous irsouthwest winds transporting emissions downwind toward
filter samples, suggesting that PAH photochemistry may behe east and northeast (Lu and Turco, 1995). Three major co-
an important SOA pathway in Los Angeles. Aerosol com- ordinated studies have been undertaken to characterize Los
position was related to water uptake characteristics, and iAngeles air quality, in addition to ongoing work to describe
is concluded that hygroscopicity is largely controlled by or- facets of Los Angeles aerosol (Table 1). The majority of pre-
ganic mass fraction (OMF). The hygroscopicity parameter vious studies in the Los Angeles Basin have been centered
averaged 0.3%0.08, approaching 0.5 at low OMF and 0.1 in the downwind, eastern part of the basin, roughly 60 km
at high OMF, with increasing OMF suppressing hygroscopiceast of downtown Los Angeles. The aerosol in this region is
growth and increasing critical dry diameter for CCN activa- predominantly aged, with local contributions as well.
tion (Dy). An experiment-averagechy of 0.14 was calcu- A major source of gaseous and particulate pollution in
lated, indicating that the highly-oxidized organic fraction of the Los Angeles area is mobile source emissions. The Los
aerosol in Los Angeles is appreciably more hygroscopic tharAngeles aerosol undergoes dramatic evolution from night-
previously reported in urban areas. Finally, PACO will pro- time/morning periods to the photochemically active after-
vide context for results forthcoming from the CalNex field noon, characterized by changes in both its microphysical
campaign, which involved ground sampling in Pasadena durproperties and composition. Overall, the submicron aerosol
ing the spring and summer of 2010. is dominated by organic aerosol (OA), which is predom-
inantly secondary in origin (SOA), and nitrate (Docherty
et al., 2008), with smaller amounts of sulfate and a minor
chloride contribution. Primary marine and secondary sulfate
1 Introduction aerosol are expected to contribute a relatively uniform load-
ing of sulfate across the Los Angeles Basin (Watson et al.,
Over half the world’s population lives in urban areas, and that]994). Marine sulfate is expected to be contributed by natu-
fraction is expected to increase in coming decades (Bremnexa| primary processes (biological, sea spray, bubble bursting),
et al,, 2009). There have been a number of recent coordiwith anthropogenic shipping-related emissions contributing
nated studies focused on characterizing particulate air qualy varied and often significant loading of sulfate (Ault et al.,
ity in major urban areas, such as Pittsburgh, PA (Pittsburgrg()lo)_
Air Quality Study, PAQS; e.g., Pekney et al., 2006; Bein  The Pasadena Aerosol Characterization Observatory ex-
et al., 2006; Wlttlg et aI., 2004; Cabada et aI., 2004; MOdeyperiment (PACO) was conducted from May_August 2009 in
et al., 2004), Los Angeles, CA (Southern California Air pasadena, CA, in the north-central/north-western portion of
Quality Study, SCAQS; e.g., Eldering et al., 1994; Watsonthe Los Angeles Basin, 16 km NE of downtown Los Angeles.
etal., 1994; Chow etal., 1994; Turpin and Huntzicker, 1991; aAerosol physics, composition, and hygroscopicity were mea-
Southern California Ozone Study 1997, SCOS97-NARSTO syred during 54 days that spanned three distinct regimes of
e.g., Croes and Fujita, 2003; Liu et al., 2000; Pastor et al.the annual meteorological cycle. A major forest fire occurred
2003; Hughes et al., 2002; Secondary Organic Aerosol ingt the end of the sampling period, starting on 26 August
Riverside, SOAR; e.g., Docherty et al., 2008; Eatough et al.and consuming over 160 000 acres of the Angeles National
2008; Denkenberger et al., 2007), Mexico City, Mexico Forest before containment on 16 October. Named the “Sta-
(Megacity Initiative: Local and Global Research Observa-tion Fire”, its southernmost extent was roughly 8 km from
tions, MILAGRO; e.g., DeCarlo et al., 2008; Stone et al., the sampling site, and emissions from the fire impacted the
2008; Aiken et al., 2009), and Beijing, China (Campaign of sampling site with periodic heavy smoke, soot, and ash. Re-
Air Quality Research in Beijing, CAREBEIJING; e.g., Mat- sylts from PACO sampling during the Station Fire will be
sui et al., 2009; Yue et al., 2009; van Pinxteren et al., 2009).presented in Subsequent work.

The Los Angeles metropolitan area, with a population of PACO represents the first prolonged experiment aimed
over 17 million people, has long been considered a laboat characterizing the aerosol near the source-rich west-
ratory for air quality. Once the quintessential example of ern/central part of the Los Angeles basin; comparisons with
classic photochemical smog, the Los Angeles area has, gsrevious studies in downwind areas will help determine the
a result of decades of aggressive emission controls, reachadte of aerosol generation from Los Angeles sources, as
a point where 8-h US National Ambient Air Quality Standard well as the nature of aerosol transformations with downwind
ozone exceedances have decreased from over 200 days/yagginsport. Further, the PACO study was well-timed to pre-
in the 1980s to 120 in 2008 (AQMD, 2010). Nonetheless, cede the 2010 CalNex field campaign (http://www.esrl.noaa.
this area remains one in which particulate matter levels congov/csd/calnex/).
tinue to regularly exceed air quality standards, with annual This paper presents an overview of the PACO experiment.
PM2 5 averages exceeding the national standard every yeaserosol number and volume distributions measured by a dif-
from 2000-2008 in Los Angeles County (CARB, 2010).  ferential mobility analyzer (DMA) exhibit distinct diurnal

The Los Angeles Basin is generally characterized agpatterns, and composition data from an Aerodyne Compact-
source-rich in its western area, with prevailing west andTime-of-Flight Aerosol Mass Spectrometer (C-ToF AMS)

Atmos. Chem. Phys., 11, 7417-7443, 2011 www.atmos-chem-phys.net/11/7417/2011/
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Table 1. Previous Los Angeles air quality studies and major findings relative to particulate matter.

Study Date Major aerosol findings
Southern California Summer/ - SOA/OA40 % in summer afternoon (Turpin and Huntzicker, 1991)
Air Quality Study fall - Primary vehicle exhaust is the major aerosol component
(SCAQS) 1987 near PACO sampling site (Watson et al., 1994)
- 20- 32 % of PMgis soﬁ— and NG; (Watson et al., 1994)
Southern California. Summer - Submicron organic mode evolves during periods of intense photochemistry,
Ozone Study 1997 coincident with maximurg @astor et al., 2003)

- NH4NO3 and organics added to submicron aerosol with photochemical age
(Pastor et al., 2003)

(SCOS97-NARSTO) - NH3 sources in eastern basin enhance particulatgNMbg (Hughes et al., 2002)
Secondary Organic Aug, - Significant diurnal changes in organic aerosol, with species more reduced in
Aerosol in River- Nov the morning and more oxidized in the afternoon (DeCarlo et al., 2006)

side (SOAR-1, 2) 2005 - Oligomers detected in aged, acidic particles (Denkenberger et al., 2007)

- SOA/OA = 70- 90 % at midday ang 45 % during morning commute;
SOAR average = 74 % (Docherty et al., 2008)

Individual studies 1999, - Complex, multi-modal GF data in Pasadena (Cocker et al., 2001)
2001- 2002 - SOA- 50 % of total PM 5 in eastern basin (Sawant et al., 2004; Na et al., 2004)

indicate that these patterns are associated largely with thern/central portion of the Los Angeles Basin, 8 km south of
production of semivolatile oxidized organic species duringthe San Gabriel Mountains and 16 km NE of downtown Los
photochemically active daytime periods. AMS-based Posi-Angeles in the San Gabriel Valley. The 210 freeway is lo-
tive Matrix Factorization (PMF) results indicate that the char- cated 1.5 km north of the site, with heavy traffic between the
acter of OA in Los Angeles is overwhelmingly oxidized and hours of 08:00 and 09:00 LT, and then again between 15:00
secondary, and the high time resolution data allow for in-and 19:00 LT. Prevailing daytime winds are from the W or
vestigation of the daily evolution of OA components. Ul- SW, minimizing the impact of primary emissions from the
tra Performance Liquid Chromatography/Electrospray lon-210 freeway at the sampling site, but overnight NW winds
ization Time-of-Flight High-Resolution Mass Spectrometry occasionally bring freeway emissions to Caltech. Other
(UPLC/ESI-TOFMS) analysis of high-volume filter samples than this periodic impact from local primary emissions, the
provides further evidence for diurnal changes in the char-Pasadena aerosol is representative of transported urban par-
acter of OA, while thermal-optical analysis of low-volume, ticulate pollution from near the source-rich downtown area
denuded filter samples reveals the magnitude of organiof the Los Angeles Basin.

and elemental carbon in morning versus afternoon sam- PACO sampling took place between May and August of
pling periods. A particle-into-liquid sampler with offline 2009, spanning the transition from spring to summer mete-
ion chromatography analysis (PILS-IC) provides quantita-orological regimes. PACO was separated into three distinct
tive water-soluble inorganic ion composition during PACO, analysis periods on the basis of meteorology, as summarized
while a PILS coupled with online total organic carbon anal- in Table 2.

ysis (PILS-TOC) measured total water soluble organic car-

bon measurements during the third regime. Finally, trends ir2.1 Meteorology

aerosol hygroscopicity indicate the degree to which changes .
in the magnitude and character of OA affect particle water 10Uy meteorological data were downloaded from the Re-

uptake. PACO results are compared with previous aerosofl0te Automatic Weather Stations (RAWS) archive from the
characterization experiments in the Los Angeles Basin, with//esteérn Regional Climate Center at the Desert Research In-

major differences attributed to regional variations in both Stitute (DRI, Reno, Nevada). Data are from the Santa Fe
source profiles and degree of aging. Dam station, approximately 16 km east of the sampling site

in the San Gabriel Valley, and are available online: http:
Iiww.raws.dri.edu/cgi-bin/rawMAIN.pl?caCSFD.

2 Methods

Sampling was conducted on the Caltech campus in Pasadena,
at 34.138N, 118.124 W. Caltech is located in the west-

www.atmos-chem-phys.net/11/7417/2011/ Atmos. Chem. Phys., 11, 74177443, 2011


http://www.raws.dri.edu/cgi-bin/rawMAIN.pl?caCSFD
http://www.raws.dri.edu/cgi-bin/rawMAIN.pl?caCSFD

111
7420 S. P. Hersey et al.: Pasadena, CA aerosol characterization

Table 2. PACO sampling regimes (2009).

Regime Dates Characteristics

Springtime 22 May - Basin impacted by a series of low pressure systems

meteorology to 12 Jun - Cutoff low brought rare springtime precipitation and cleaner atmosphere
- Persistent cloudcover, unstable atmosphere
- Low daytime temperatures, high RH, and limited photochemistry
- High visibility with low O3

Early 18 Jun - Limited impact from low pressure systems

summer/ to 7 Jul - Morning marine layer eroded several hours after sunrise

marine - Higher daytime temperatures, slightly lower RH, and photochemically
influence active afternoons

- Hazy afternoons with increasesO

Photo- 10 Jul Semi-permanent high pressure over Southern California
chemically to4 Aug - Little marine moisture and infrequent, quickly-eroded marine layer
active - High daytime temp. (often exceeding 35), very low daytime RH (5 %),

photochemically active days
- Decreased visibility, high afternoonzO

2.2 Gas-phase data efficiency (CE) of 0.5. This CE is in agreement with previ-

ous ambient studies (Huffman et al., 2005; Drewnick et al.,
Hourly Oz, NOy, and CO data were obtained from the Cali- 2003; Allan et al., 2004a). AMS data were processed with
fornia Air Resources Board’s Pasadena (South Wilson) monthe ToF-AMS Analysis Toolkit in Igor Pro 6 (Wavemetrics,
itoring site located on the Caltech campus. Data are availabléake Oswego, OR).
online at http://www.arb.ca.gov/adam/hourly/hourly1.php.

2.5 Positive matrix factorization analysis
2.3 Differential mobility analyzer

The dominant fraction of submicron nonrefractory aerosol
Particle size distribution measurements were performed withis organic in most urban areas (Zhang et al., 2007). OA
a cylindrical scanning differential mobility analyzer (TSI comprises a multitude of compounds, such that characteri-
Model 3081) upstream from a condensation particle counteration by identification of each component is not currently
(TSI Model 3760). A logarithmic scan from a mobility possible (Schauer et al., 1996). Positive Matrix Factorization
diameter of 15nm to 815nm was completed every 237 s(PMF) has been used to deconvolve AMS mass spectra in
The sheath and excess flows of 2.5 mirwere used, with  order to identify classes of organic compounds that consti-

a 10: 1 flow rate ratio of sheath-to-aerosol. tute OA (Paatero and Tapper, 1994; Paatero, 1997; Ulbrich
et al., 2009). PMF solutions represent linear, positive com-
2.4 Aerosol mass spectrometer binations of mass spectra that describe variability in data,

and AMS-based PMF results from most sites resolve factors
An Aerodyne compact time-of-flight aerosol mass spectrom-whose mass spectra have characteristics of hydrocarbon-like
eter (C-ToF-AMS; Drewnick et al., 2005; Canagaratna et al.,OA (HOA) and oxygenated OA (OOA), with other factors
2007) measured aerosol composition and size informatiorsuch as biomass burning OA (BBOA) occurring in some ar-
for 54 days during PACO. The AMS collects sub-micron par- eas (Zhang et al., 2007). OOA can often be further decon-
ticles via an aerodynamic lens into a particle sizing chamberyolved into low-volatility OOA (LV-OOA) and semivolatile
after which particles are vaporized and ionized by a heateOOA (SV-OOA), broadly representing aged, transported, and
and filament assembly. Aerosol fragments are then orthogohighly oxidized OA and fresher, local, and less oxidized OA,
nally extracted into an ion time-of-flight chamber where they respectively (Ng et al., 2010). AMS measurements, in con-
are detected and interpreted as mass spectra. Adjustmenjtnction with PMF analysis, allow for investigation of the
to the AMS fragmentation table were made regularly, basediurnal evolution of OA and rapid changes in OA occurring
on 21 filter sample periods over the course of PACGOah during photochemically intense periods. Further, the com-
etal., 2004b). Additionally, thirteen ionization efficiency cal- bination of PMF solutions with analysis of the relative abun-
ibrations were made using ammonium nitrate solutions. Thedance of mass-to-charge (m/z) ratios 43 and 44 can be used as
AMS sulfate measurement was compared to sulfate conceran aerosol aging diagnostic that allows comparison between
trations from the PILS-IC, resulting in an AMS collection locations (Ng et al., 2010).
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For the PACO dataset, bulk AMS organic aerosol was2.8 Filter sampling
prepared and then processed using the PMF2.exe algorithm
(Paatero and Tapper, 1994). Solutions from the PMF algo-Both high- and low-volume filter samples were collected dur-
rithm were compared to meteorological variables and cheming 4-h sampling periods (07:00-11:00 and 15:00-19:00 LT).
ical tracers, as well as previously published mass spectraiigh-volume (12501 mint) samples were collected with
using the PMF Evaluation Tool (PET Ulbrich et al., 2009). a Tisch TE-6001 sampler fitted with a BN fraction-
The strategic procedure for probing the PMF solution spaceater, using Whatman Quartz Microfibre Filters (cat. #1851-

is provided in Appendix A. 865). Low volume (15.9 I mint) samples were collected on
47 mm PALL Life Sciences Pallflex membrane filters, down-
2.6 PILS-IC stream from a Sunset Laboratory parallel-plate carbon filter

denuder. Sampling was carried out according to the IM-
A particle-into-liquid sampler coupled with off-line ion chro- PROVEA protocol, except that oven limitations forced fil-
matography (PILS-IC, Sorooshian et al., 2006) sampled duriters to be pre-baked at 306G before sampling. Despite the
ing 4-h periods (07:00-11:00 and 15:00-19:00LT), provid- lower pre-baking temperature, subsequent analysis of pre-
ing quantitative measurements of inorganic and organic ionsbaked filters revealeg 0.01 pg of organic carbon (OC) and
The PILS samples ambient air through a 1 um cut size im-elemental carbon (EC). After sampling, filters were wrapped
pactor and three denuders (URG and Sunset Laboratory) deén two layers of aluminum foil and stored at20°C until
signed to remove inorganic and organic gases that might biagnalysis.
aerosol measurements. Sampled air is then exposed to high Low- and high- volume samples were analyzed for OC
water supersaturation in a steam chamber, where particleand EC via thermal-optical analysis (TOA) with a Sunset
grow sufficiently large to be collected by inertial impaction OC-EC TOA analyzer, following the IMPROVE temper-
before being delivered to vials held on a rotating carouselature and calibration protocols. High volume quartz fil-
Samples were collected every 30 min, and were store@i@t 2 ters were also analyzed by Ultra Performance Liquid Chro-
until analysis by a dual IC system (Dionex ICS-2000). PILS- matography/Electrospray lonization Time-of-Flight High-
IC data from PACO are used primarily to determine collec- Resolution Mass Spectrometry (UPLC/ESI-TOFMS). One-
tion efficiency corrections for the AMS and are not presentedeighth of each filter was extracted with high-purity methanol

in detail here. under ultrasonication for 45 min. Filter extracts were filtered
through a PALL Life Sciences Acrodisc CR 25-mm syringe
2.7 PILS-TOC filter (PTFE membrane, 0.2-mm pore size) into a scintilla-

tion vial. The filtered extracts were blown dry under a gentle
Water-soluble organic carbon (WSOC) was quantified duringnitrogen stream at ambient temperature. The residue was re-
12-h periods (07:00-19:00 LT) using a PILS (Brechtel Man- constituted with 5050 v/v methanol with 0.1 % acetic acid
ufacturing Inc.) coupled to a Sievers Model 800 Total Or- and water. Blank filters were extracted and treated in the
ganic Carbon (TOC) Analyzer (PILS-TOC). Details of this same manner as the field samples. Extracts were analyzed
technique are described in detail by (Sullivan et al., 2004,by a Waters ACQUITY ultra performance liquid chromatog-
2006). Briefly, particles smaller than 2.5 pm in diameter areraphy (UPLC) system, coupled with a Waters LCT Premier
sampled by the PILS and passed immediately through an orTOF mass spectrometer equipped with an electrospray ion-
ganic carbon denuder (Sunset Laboratory Inc.) to removezation (ESI) source, allowing for accurate mass measure-
organic vapors. Particles are grown into droplets, collectedments (i.e., determination of molecular formulas) to be ob-
by inertial impaction, and delivered to a TOC analyzer for tained for each observed ion. Extracts were analyzed by
quantification of WSOC, with data reported every 6 min. To UPLC/ESI TOFMS operated in both negative and positive
account for dilution of the PILS liquid wash flow to the TOC ion modes. Details of operation protocols, including column
analyzer owing to collected drops and condensation on thénformation and chromatographic method for the UPLC/ESI-
PILS droplet impactor, a constant dilution factor of 1.15 is TOFMS are given by Surratt et al. (2008).
assumed. This factor is based on measurements with an inde-
pendent PILS system coupled to ion chromatography, atech2.9 Hygroscopicity
nique that can more precisely quantify the dilution factor.
The reported WSOC levels are the difference between thédygroscopicity measurements were carried out with the Dif-
measured and background concentrations. Contamination iferential Aerosol Sizing and Hygroscopicity Spectrometer
the MQ water was the main component of the backgroundProbe (DASH-SP, Brechtel Mfg), which is described by
levels, which were assumed to be constant between periodiSorooshian et al. (2008). Briefly, ambient particles pass
background measurements. The overall measurement uncerough a nafion dryer before size-selection by a cylindrical,
tainty is estimated to be approximately 10%. The PILS-single-classification differential mobility analyzer (DMA).
TOC was employed during the final, photochemically active The resulting monodisperse aerosol is split into five sepa-
regime of PACO, from 10 July to 4 August. rate flows — one providing a redundant measurement of total
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particle concentration at the DMA-selected size with a wa-the DASH is far more sensitive to size than RI. Overall un-
ter condensation particle counter (TSI Model 3831), and thecertainty in GF calculations is calculated to be 4.5 %.
remaining four channels consisting of parallel nafion humid-

ification chambers (Perma Pure, LLP, Model MD-070-24FS- . .

4), followed by correspondingly humidified custom optical 3 Results and discussion

particle counters (OPCs). In the OPC sample volume, parti- : o
cles pass through a focused laser beam 632 nm, World 3.1 Atmospheric conditions

Star Technologies, Model TECGL-30) and scatter light in rigyre 1a—c is a compilation of meteorological data, as
proportion to size (p) and refractive index (RI). Forward- ye|| as gas- and aerosol-phase composition for regimes |,
scattered light is collected and focused on a photomulti-;; 509 |11, respectively. Wind speed and direction dis-
plier tube, and the resulting electrical pulse is recorded byp|ay distinct diurnal patterns, with stagnant or very light
a high-speed data acquisition computer. An iterative datdyinds from the N/NE in the overnight to early morning
processing algorithm, based on laboratory calibrations withy g ;rs (20:00-06:00 LT) changing direction to come from
salts of known refractive indices, is used to determine theye W/SW shortly after sunrise (06:00-07:00 LT). Between

best fit on a solution surface relating electrical pulse heightps-00 and 16:00 LT, wind speed increases from 3—4 ki h
size, and refractive index. The hygroscopic growth factori; 13_15kmnt out of the W/SW before decreasing back

(GF = Dp,wet/ Dp.dry) is corrected for the RI change caused tq yvery light or stagnant out of the N/NE by 20:00 LT. One
by particulate liquid water at elevated RH. effect of these wind patterns is to allow local emissions to
In the current study, the DASH-SP sampled for 4-h peri- build up in the Los Angeles Basin during the nighttime and
ods (07:00-11:00 and 15:00-19:00 LT). Hygroscopicity wasearly morning hours, leading to significant carryover of aged
measured at dry sizes correspondingDigem of 150, 175,  aerosol in the background Los Angeles air, as proposed by
200, and 225nm. Multiple RH sensors in the nafion tubes(Blumenthal et al., 1978). When sea breezes develop, fresh
and OPCs controlled RHs to dry @8%0), 74 %, 85%, and emissions in source-rich areas are gradually transported from
92 %, with RH uncertainty of 1.5%. Because calculated RIthe Western Los Angeles Basin toward downwind areas in
varied little during sampling periods, GF calculations were the E/NE. Situated 16 km from downtown Los Angeles,
made with a single RI for each sampling period, representasadena can be considered as a receptor site that first re-
ing the average RI calculated for the entire period. The errorceives transported pollution between 10:00 and 11:00 LT, af-
introduced by this assumption is small, as light scattering inter roughly 4-5h of transport. During the afternoon hours

www.atmos-chem-phys.net/11/7417/2011/ Atmos. Chem. Phys., 11, 7417-7443, 2011
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(13:00-18:00LT), the sampling site receives a steady influx Lo
of air from the W/SW with photochemical age of 1-2h.
There are no significant freeways or point sources of particu-
late pollution in close W/SW proximity to the sampling site,
and so it is expected that air sampled during PACO is repre-
sentative of transported urban air in Los Angeles. A major
freeway with significant diesel and gasoline mobile sources
is located 1.5km to the north of the sampling site, and so
overnight N/NE winds may have periodically impacted the
site with primary particulate emissions. Daytime variation

in gas- and aerosol-phase composition is expected to resuli
from three sources: (1) temporal changes in emissions from
source-rich areas, (2) diurnal variations in the intensity of Lo
photochemistry, and (3) the age of transported pollution.

A clear diurnal trend is observed in RH and solar radia- |,
tion, with RH increasing to near 100 % on most nights and =~ & .
remaining at or near saturation until sunrise. The incidence ——
of nighttime and morning marine cloudcover was common
during regimes | and Il, while regime 11l was typically drier,
V\{ith_(_:lear nigh_ttime Ski?S more common. Periods of moreFig. 2. Average diurnal DMA number concentrations (cR) for
significant marine layer influence are indicated by longer pe-regimes 1, 11, and 1.
riods of saturated RH and more gradual decrease in RH (and
slower increase in solar radiation) after sunrise. Regime |
has been classified as “springtime meteorology” due to the3.2  Aerosol composition
impact of several low pressure systems in Southern Califor-
nia, bringing periodic drizzle and leading to several days ofOC and EC mass concentrations, in addition to OC:EC ra-
cloudcover and significantly diminished solar radiation (i.e. tios from representative days in each regime, are presented
6 to 12 June). Daytime RH rarely fell below 50 % during in Table 3. OC is higher in afternoon periods when com-
regime |. Regime Il exhibited the strongest summertime ma-pared with mornings in each regime (27, 18, and 4 % higher
rine layer influence, with heavy cloudcover persisting until in regimes |, 1I, and Ill, respectively), while EC is lower dur-
late morning (10:00 to 12:00LT) nearly every day before ing afternoons (7, 35, and 22 % lower in regimes |, I, and IlI,
making way for sunny, hazy afternoons with daytime RH be-respectively). Further, OC:EC ratios are significantly higher
tween 25 and 40%. Regime lll observed the least marineduring afternoon periods. These diurnal trends in OC are
layer influence, with many mornings of clear skies and day-expected, given the importance of photochemical SOA pro-
time RH typically between 10 and 30 %. Despite differencesduction, and the percentage increase in OC mass between
in meteorology, the diurnal wind patterns described abovemorning and afternoon periods is similar to that observed by
were robust, with stagnant morning winds giving way to af- the AMS (15, 17, and 10 % higher in regime 1, Il, and I,
ternoon sea breezes and pollutant transport from the W/SWrespectively). Discrepancies may arise due to the different

Gas-phase data give a sense of the atmospheric chemicsize ranges measured by the AMS and filter sampling (upper
environment during sampling. £3exhibits a strong diurnal limits of measurement are 1.0 and 2.5 um for the AMS and
pattern correlated with solar radiation and serves as a tracdilters, respectively), in addition to potential volitalization of
for photochemical activity. During periods of relatively dry semivolatile organics relating to the thermo-optical OC/EC
atmospheric conditions, thes@oncentration peak increases analysis technique. The modest increase in OC between
in magnitude over subsequent days (see 17 to 19 July and 2morning and afternoon periods during the photochemically
July to 2 August in regime lll), suggesting that either pollu- intense regime Il may indicate that significant OC existed
tants accumulate or photochemical activity increases duringn the background aerosol during this period. The decrease
periods of consistent, stable atmospheric conditions, resultin EC observed between morning and afternoon periods sug-
ing in photochemical episodes. CO and N@splay more  gests that primary organics are a more significant portion of
random behavior, exhibiting periodic peaks in concentrationthe Los Angeles aerosol in the mornings, and the relatively
indicative of plumes of fresher emissions. low concentrations of EC suggest that the dominant source

of organic aerosol in Los Angeles is secondary.

DMA data are presented in panel 8 of Fig. 1la—c. Diurnal
patterns are evident in both DMA volume and number in all
regimes. DMA volume tends to reach a maximum in the mid-
to-late morning (10:00, 11:00, 08:00LT in regime I, II, and

dN/diog(D,)

dN/diog(D,)

() [P ——

dNidiog(D,)

Hour
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Table 3. OC/EC concentrations (LgTR) for representative days from each regime.

oC EC OC:EC

Regime AM PM AM PM AM PM

I 3.88+£0.32 4.92£1.18 0.43:£0.02 0.40£0.27 9.1 12.4
I 4244046 5.0H1.62 0.80:0.31 0.52:0.40 53 9.6
Il 6.16+1.40 6.41+1.44 0.83:0.47 0.65:0.22 7.4 9.9

I, respectively), when RH is still high and particles have both magnitude and mass fraction each afternoon, particu-
presumably undergone cloud processing. The early maximégarly during the more photochemically active regimes Il and
in regime 1l underscore the absence of significant marinelll. It is noteworthy that there are no distinct trends in approx-
layer influence persisting into the late morning. On averagejmate O:C between mornings and afternoons (morning ap-
DMA number concentration reaches a maximum betweerproximate O:C = 0.44+0.08, 0.54+0.08, and 0.49+0.07 for

14:00 and 15:00LT during each regime, roughly 3h afterregimes I, I, and Ill, respectively, while afternoon approxi-
transported pollution is expected to first arrive at the sam-mate O:C = 0.44+0.08, 0.53+0.06, 0.50+0.08 for regimes
pling site (Fig. 2). This indicates that increases in fine parti-1, Il, and lll, respectively). This suggests that there is lit-

cle mass at the PACO sampling site are not the result of transtle change in overall oxidation state of Los Angeles aerosol,
port alone, but also affected by photochemical production ineven on timescales of weeks. It is unlikely that all organics
transported, polluted air from source-rich areas. There wasre uniformly oxidized at all times in Los Angeles, but rather
no significant difference in wind patterns between regimesthat there exists a continuum of OA oxidation, with more re-
so the slightly earlier peak in DMA number in regime Il duced and more oxidized ends of that continuum maintaining
suggests that marine moisture and aqueous-phase processerelatively constant ratio for extended periods of time.
(most prevalent in regime IlI) may hasten secondary aerosol ) ) o
production. Figure 2 indicates that appreciable concentra-_ 17€Nds in aerosol mass fraction are presented in 4ig.
tions of fine particles (400 nm) are present in late nights Crganics dominate the Los Angeles submicron aerosol, con-
and early mornings (particularly in regimes Il and Ill), possi- tributing 42, 43’_ and 55,% of aerosol mass In regimes 111,
bly comprised of fresh emissions, nighttime-generateg NO and lll, respectively. Diurnal trends are evident in Fig. 4,

or fine particle carryover residing in a shallow mixed layer. With organic mass fraction increasing significantly from
morning (07:00-11:00LT) to midday (11:00-15:00LT) to

With the exception of a high-volume filter sampler located gtternoon (15:00-19:00 LT) in each regime. Sulfate is a sig-
outdoors on the roof, instruments sampled from inlets con+yiticant component in marine/moisture-influenced regimes |
nected to a main sa_mlpllng line drawing in ambient air atanq |, and is a more minor component in regime 111, suggest-
a 161 per minute (Imin~) laminar flow rate. Sample flow to g that cloud processing and marine influence may be an im-
each instrument was supplemented with pumps to be isokinqriant source of sulfate aerosol in Los Angeles. Nitrate con-
netic with flow in the main sampling line, and sample lines g, ,tes equal mass fractions in each regime, with a minimum
were designed to draw from the center of flow through the;, ihe afternoon and a maximum in the morning. Ammo-
main line. Ambient air was dried by nafion driers upstream niym contributes a remarkably constant mass fraction to the
of each instrument. aerosol, despite significantly less inorganic sulfate in regime

The third and fourth panels of Fig. 1a—c show time traceslll, suggesting an ammonium surplus for aerosol sampled in
of bulk AMS aerosol mass concentration and mass fractegime Ill. The significant peak in AMS masses during the
tion, respectively, while the sixth panel shows a time traceearly morning of 5 July (regime Il) corresponds to a total sub-
of approximate O:C ratio, based on Aiken et al. (2008), asmicron mass of over 200 ugm, and resulted from a myriad
well as WSOC concentration from the PILS-TOC (regime of fireworks displays in the area surrounding the sampling
II). Organics dominated the aerosol sampled during PACO site. This plume has been removed from further analysis.
and except for short episodes in regime |, the approximateDiurnal trends in bulk composition are highlighted in the top
O:C ratio remained relatively constant during each regimepanel of Fig. 3. It is noteworthy that during the significantly
(0.44+0.08, 0.55+0.05, and 0.4&0.08 during regimes I, marine-layer-impacted regime Il, bulk organic, sulfate, ni-
Il, and lll, respectively). Organic aerosol in regime Il ap- trate, and ammonium masses are all enhanced. This is fur-
pears to be more oxidized than | and Ill, suggesting that thether evidence that aqueous processing associated with ma-
marine moisture and presumed aqueous processing may erine layer influence may be an important factor in generating
hance the rate of organic oxidation in Los Angeles. Fromaerosol mass in Los Angeles. Typically, organics increase
bulk AMS time traces it is evident that organics increase inin magnitude to a maximum near 14:00-15:00LT in each

www.atmos-chem-phys.net/11/7417/2011/ Atmos. Chem. Phys., 11, 74177443, 2011
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Fig. 3. Bulk AMS diurnal mass averages for regimes |, Il, and Ill. Bottom panel shows size-resolved PToF AMS data for a representative
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Regime AM Midday PM Night Day Average

30%

379 309 4% 0%

3 46% _a 32%  41%
< 1% e<1o/
13% 12% 12%

27%

<1/o
5/e

39% 25%  49%, 4%  50%, 9% 38%,
Il 2%
<1%
ﬁs/ 12/ A 1503”

14%

14%
1% 1%
11! 14%
2
50% 1% 2%

mOrganic mSulfate m Nitrate

| -

1%
13%
15%

43%
1%
14%

14%

170/ 550/ 1%

144 3%

1/u
53% 16%

15%

Ammonium m Chloride

Fig. 4. AMS bulk mass fractions for AM (07:00-11:00LT), mid-
day (11:00-15:00LT), PM (15:00-19:00LT), and night (19:00—

07:00LT) for regimes |, I, and III.

suggested by Kleeman et al. (1999), it appears to be predom-
inantly a background marine species. Nitrate mass is highest
in the nighttime and morning periods, likely resulting from
ozone-NQ production of HNQ@ at night and HQ-NOx pro-
duction of HNQ; after rush hour in the mornings. As men-
tioned in Sect. 3.1, there were periods of high @served
during PACO, and during several of these periods there also
appeared to be significantly elevated levels of aerosol nitrate
during nighttime sampling (e.g. 30 July to 3 August). Fur-
ther, morning peaks in aerosol nitrate varied significantly in
magnitude, suggesting that there may be significant varia-
tion in the amount of gas-phase HN@roduction from day
to day.

Ammonium mass generally follows the combined trends
of SO?[ and NG, but appears to be in excess in regime I
Defining an ammonium ratio as:

(moles of NI—[{ measured by AMS)

, (1
(moles of NH required to neutralize SP and NG @)

aerosol sampled in regimes | and Il was found to be gen-

regime, corresponding to a maximum in ozone, solar radi-erally neutralized (average ammonium rati®.96+ 0.21
ation, and DMA number — evidence of photochemical SOAand 0.94+ 0.17 for regimes | and Il, respectively), while
production. Sulfate exhibits slight enhancements during peri-aerosol from regime Il was characterized by significant am-

ods of peak photochemical activity in all three regimes, but asmonium excess (ammonium rate1.28+ 0.30).
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results suggest that aerosol phasesNB3; was ammonia- and ammonium (in addition to organics) in the morning pe-
limited during regimes | and Il, but ammonia may have beenriods, with less nitrate in afternoons. Afternoon PToF data
in excess during regime lll. Investigating molar ratios of in- from regime lll, like those from regime I, reveal fine-mode
organic species, it is apparent that the role oﬁS@ signifi- aerosol growth resulting from production of secondary or-
cantly diminished in regime lll, corresponding to the absenceganic species. Numerous studies have shown that the crit-
of marine layer influence. The ratio of NQo NH;{ remains ical species for new particle formation in the atmosphere
relatively constant across regimes (0.32, 0.29, and 0.34 ins H,SO4. The extent to which the observed fine mode
regimes |, 11, and lll, respectively), while the ratio of %O aerosol might have originated from the nucleation of gas-
to NHjlr exhibits a marked decrease in regime Il (0.42, 0.41, phase species during PACO is unclear. However, given the
and 0.24 in regimes |, Il, and Ill, respectively). The AMS has relatively large amount of pre-existing aerosol surface area,
difficulty distinguishing whether NH\H>, and Nl-gr (m/z  as well as the relatively low concentration of §@nhe pre-
15, 16, and 17, respectively) are contributed by inorganics ocursor to bSOy, it is unlikely that new particle formation
organic amines. One explanation for these trends is that amby nucleation is an important process in Los Angeles. In-
monium may be chiefly inorganic during the moister, marine-stead, the growth of fine-mode organics is proposed to oc-
layer-influenced regimes | and Il, serving primarily to neu- cur by condensation of SOA on existing ultrafine primary
tralize SCZ‘ and NG;, while there may be an influence from aerosol. This tentative conclusion is contrasted with results
organic amines in the absence of marine layer influence durfrom Pittsburgh, in which Stanier et al. (2004) found new
ing regime 1. While particulate amines have been observedparticle formation to be an important process, strongly corre-
in the particle phase, it is unclear why they would appearlated with SQ concentrations. Whether condensing on nu-
to be more prevalent in regime Ill, as amines are typically cleated sulfate or existing ultrafine primary aerosol, growth
associated with cooler, moister environments. Another ex-of fine mode particles in Los Angeles is predominantly due
planation is that the “excess” l\]{Hmay be associated with to SOA.
organic anions. An enhancement in acidic organic species, Figure 5 shows the hourly average for WSOC mass (top
which would not be unexpected in a hot, dry, photochemi-panel, representing WSOC organic mass) and % of AMS
cally active regime, may lead to a corresponding enhanceerganic accounted for by WSOC (bottom panel) for regime
ment in neutralizing NE{{. Since the AMS does not specif- |ll. A factor of 1.8 was used to convert water soluble car-
ically quantify organic anions, such an enhancement in botthon (WSOC) mass to water soluble organic mass (WSOM),
organic acids and associated NMould lead to an increased  within the range of factors presented by Turpin and Lim
ammonium ratio. (2001), and matching the factor used by Docherty et al.
The bottom panel of Fig. 3 shows size-resolved PToF-(2008) for aerosol in the Los Angeles Basin. Averaged
AMS composition for a representative morning and after- hourly data reveal a trend in WSOM, increasing from a min-
noon period in each regime, with 9 June, 19 June, and 19 Julymum in the late evening and early morning to a maximum
representing regimes |, I, and Ill, respectively. Size-resolvedat 15:00 LT, corresponding to maxima irg @oncentration,
data indicate that aerosol in regime | is typically internally- solar radiation, AMS organic, and DMA number concentra-
mixed, with the mode centered at400-500 nm. Afternoon tion. This suggests that photochemical production of SOA in
PToF data from regime | indicate that photochemical organicair transported from source-rich areas is a significant source
production typically results in organics condensing on exist-of WSOM in the Los Angeles Basin. While there is a diur-
ing accumulation mode aerosol. Regime Il is characterizechal trend in WSOM, the fraction of AMS organic accounted
by significantly higher aerosol mass and more complex sizefor by WSOM s relatively constant at 0.440.16 during
distributions. While there is a significant internally-mixed regime Ill, with a slight enhancement between 15:00 and
accumulation mode present and centered &00-700nm,  19:00 LT. This suggests that while significant WSOM is pho-
there is also significant aerosol mass at sizes smaller thatbochemically generated during the course of a day, water sol-
300nm in both morning and afternoon sampling periods,uble organics comprise a relatively constant percentage of
though the mass at smaller sizes does not comprise a digrganic aerosol in Los Angeles. WSOC has been found to
tinct mode. Afternoon PToF data from regime Il indicate that correlate well with oxidation state of organic aerosol (e.g.,
a fine mode appears coincident with photochemistry, sugKondo et al., 2007). Given the relatively constant approxi-
gesting that fine mode aerosol is predominately comprisednate O:C ratio observed in regime Ill and steady afternoon
of secondary species. Nitrate, sulfate, and ammonium arénflux of polluted air on the order of 1-2 h old, the constant
generally confined to accumulation mode aerosol in regimeVSOM:AMS organic ratio is not unexpected.
Il. Regime Il PToF data reveal an aerosol that is dominated
by organics at all sizes and is distinctly bimodal. In ad- 3.3 PMF results
dition to an internally mixed accumulation mode centered
at ~ 500—600 nm, distributions from regime Il also reveal AMS data from PACO were combined into a single continu-
a significant fine mode centered-at1l00-200 nm. The ac- ous dataset for analysis by the PMF method. PMF produced
cumulation mode tends to be comprised of sulfate, nitrate several non-unique solutions that were compared with known
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As seen in Fig. la—c, the HOA factor has the character

o~ of a periodic plume source, with low background concentra-
54l Pt tions punctuated by sudden, significant increases in concen-
83 - . tration that remain high for several hours at a time. These
R 2 z increases in HOA concentration occurred primarily during

18 regime | and are typically correlated with or just following
2 peaks in CO concentration (panel 3 in Fig. 1a—c), though the
& i R low time- and concentration-resolution of CO measurements
s rrn | . made statistical analysis difficult. HOA is typically associ-

S ated with primary organic aerosol (POA) (e.g., Ulbrich et al.,

Ty e 8o R T B WD 2009; Ng et al., 2010), and the only significant local source
of POA is expected to be the 210 freeway, 1.5 km north of the
Fig. 5. WSOC magnitude (squares) and % of AMS organic (cir- Sampling site. There appears to be a trend of HOA plumes
cles). Black markers represent the average over regime llI. coinciding with or immediately following periods of light
winds out of the N, which suggests that the HOA-like fac-
tor may represent primary freeway emissions. It is unclear
mass spectra and external time traces in order to choose fi/vhy this HOA factor does not appear during every period
nal solutions. Figure 6 presents a summary of PMF factorsef |ight winds out of the N. Low correlation between the
while panel 6 of F|g la—c represents time traces for PMF faC‘HOA factor and ozone (P—f 039) Suggests that HOA pro_
tors for regimes 1, Il, and lll, respectively. Details of the PMF qyction is not a photochemical process, and low correlations
method and solution selection are presented in Appendix A.yith inorganic AMS traces (P& 0.18, 0.15, 0.21, and 0.02
Three factors were resolved from the PMF method, for sulfate, nitrate, ammonium, and chloride, respectively)
and comparisons with previously published spectra indicatesyggest that HOA production is independent of formation of
that they correspond to a hydrocarbon-like organic aerosojnorganic aerosol, and that HOA may comprise an externally
(HOA) and semivolatile- and low-volatility-oxygenated or- mixed mode, separate from the accumulation mode aerosol
ganic aerosol (SV-OOA and LV-OOA, respectively). PMF that is typically comprised of inorganic constituents.
analysis was also performed on each regime separately, t0 The more dominant LV-OOA factor is most significantly
determine the sensitivity of solutions to the assumption that.grrelated with inorganic AMS traces (Rr0.75, 0.46, 0.65,
OA is comprised of factors with constant mass spectra. Inand 0.46 for sulfate, nitrate, ammonium, and chloride, re-
each case (HOA, SV-OO0A, and LV-OOA), the factors re- spectively). As discussed in Sect. 3.2, inorganics are most
solved in the bulk analysis displayed a high degree of cor-prevalent in accumulation mode aerosol (rather than fine
relation (Pearson’s R generally on the order of 0.94-0.99 foimode), and their loadings appear to be associated with signif-
LV-OO0A, SV-O0A, and HOA) with those resolved in analy- jcant marine layer influence in the Los Angeles Basin (e.g.,
sis of individual regimes. The HOA factor is Closely corre- regimes | and ||) The h|gh degree of correlation between LV-
lated with previously published spectra from periods domi- 0OA and inorganic constituents suggests that the LV-OOA
nated by reduced, primary organics (Zhang et al., 2005; Lanzactor represents an organic component that typically resides
etal., 2007; Ulbrich et al., 2009), and has significant signalin accumulation mode aerosol and may be associated with
atm/z41 and 57. The LV-OOA factor is closely correlated marine layer/cloud processing influence. The correlation be-
with preViOUSly'pUb”ShEd OOA-1 factors and OOA-like tween LV-OOA and ozone is re|ative|y low (Ero39), in-
factors observed in highly oxidizing environments (Zhang gicative of an aged background organic species, as opposed
et a.l., 2005; Lanz et a.l., 2007; Ulbrich et al., 20009; Alfarra to a rapid|y_produced photochemica| product that exhibits
et al., 2004). The SV-OOA factor is also correlated with 3 distinct diurnal trend. Examining time traces for LV-OOA
previously-published OOA factors, but has a higher degreqn Fig. 1a—c reveals that the LV-OOA factor exhibits rela-
of correlation with previously-published factors expected tOtjvely high background levels in the mornings and at night,
represent less-aged, less-oxidized, semivolatile oxygenateghile periodically showing moderate increases in magni-
organic aerosol, or SV-OOA (Zhang et al., 2005; Lanz et al..tyde during midday periods of photochemistry. These pe-
2007, UlbrICh et al., 2009, Bahreini et a.l., 2005, Alfarra et al., riodic photochemica' trends in LV-O0A Correspond to pe-
2004) The LV-OOA factor has a |al‘ger ratiommfz44 tom/z riods of intense photochemistry (e_g_, 18-19 ‘]u|y)’ charac-
43, an indication of a more aged, oxidized organic compo-terized by midday ozone concentrations near 80—100 ppb.
nent (Ng et al., 2010). The SV-OOA factor, on the other This suggests that while LV-OOA appears to be the ma-
hand, has a smallen/z44 tom/z43 ratio. PACO PMF fac-  jor constituent of the aged background aerosol discussed in
tors correlated closely with “standard” HOA, SV-OOA, and sect. 3.2, it can be photochemically produced on relatively
LV-OOA factors reported by Ng et al. (2011), based on anshort timescales during periods of intense photochemical ac-
average of results from 15 sites. tivity. Its strong correlation with S, consistent presence
during humid overnight and morning hours, coincidence
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Fig. 6. Mass spectra for the three factors identified in PMF analysis (HOA, SV-OOA, and LV-OOA, left) and Pearson’s R correlations of
those solution mass spectra with previously reported mass spectra (1, 2, 3, 4, 5, 6: Zhang et al., 2005; Lanz et al., 2007; Ulbrich et al., 2009;
Bahreini et al., 2005; Alfarra et al., 2004; Ng et al., 2011, respectively).

with accumulation mode aerosol, and greater prevalence itthe transport time from source-rich areas near downtown to
moisture-impacted regimes | and Il suggest that there mayhe sampling site.

be significant aqueous processing sources for LV-OOA in  Traditional PMF analysis correlates LV-OOA with sulfate,
Los Angeles. since SG~ is essentially nonvolatile, and SV-OOA with ni-
trate since NQ is more volatile. These correlations are not
necessarily based on mechanistic chemistry, but rather a sim-
ilarity in volatilities. So there is no reason, on a fundamen-

Figure 1a—c show a regular diurnal trend in SV-OOA, with
overnight minima increasing to maximum concentrations

daily at approximately 14:00-15:00LT, correlating with tal chemical basis, that NDshould correlate better with

maxima in solar radiation, AMS organic, and DMA num- . : .
ber concentration. The SV-OOA factor exhibits a reasonabIeSV'OOA than with LV-OOA. That is, the routes by which

degree of correlation with ozone (R10.53), suggesting that semivolatile organics and NPreach the particle phase are

semivolatile organics are products of short-timescale photo-d istinctly different chemically. In the Los Angeles aerosol,

: 2 . o . these distinct pathways result in a relatively poor correlation
chemical oxidation of VOCs. Correlations with inorganic , :
between SV-OOA and ND. A better correlation between in-
traces are lower than those for LV-OOA (2r0.42, 0.31, : .
. : organics and LV-OOA suggests that the pathways by which
0.45, and 0.19 for sulfate, nitrate, ammonium, and chlo- S
. ; ) ; . they reach the aerosol phase are more similar than for SV-
ride, respectively). As discussed in Se@i2, aerosol size

distributions exhibit significant enhancements in fine modeOOA in transported Los Angeles Aerosol.

aerosol in afternoon periods, with the fine mode comprised N9 et al. (2011) applied a simple method for making real-
almost entirely of organics (particularly in regimes Il and time estimates of OA components, based on an empirical
ll1). Further, SV-OOA correlates strongly with DMA num- scaling factor that relates HOA and OOA (further segregated
ber concentration (P« 0.62, vs. 0.00 and 0.33 for HOA and @S SV-OOA and LV-OOA) to signal at fragments/z 57
LV-OO0A, respectively). The regular, significant enhance-and m/z44. HOA is estimated by x (Cs7—0.1x Caa),
ments in SV-OO0A during peak photochemical periods, highwhereb for PACO was found to be 14.0, compared with
correlation with DMA number concentration combined with 13-4 (range=8.5—19.2) for Ng et al. (2011). PACO OOA
lower correlations with inorganics (which typically comprise (combined SV-OOA and LV-OOA,) is estimated by Caa,
accumulation mode aerosol), and the regular appearance dfherec was found to be 8.1 for PACO, compared with 6.6
fine organic modes during afternoons suggests that the S\Wange=2.9—9.0) by Ng et al. (2011). The PACO SV-
OOA factor is comprised of early-generation photochemical OOA and LV-OOA factors are estimated by 3344 and
products that are chiefly responsible for the growth of fine-4-8x Caa, respectively.

mode aerosol in the afternoons. Based on wind patterns dis- Figure 7 shows the mass fraction of organic accounted for
cussed in Sect. 3.1, SV-OO0A is proposed to consist of secby each organic component during each regime. OA in Los
ondary organic products on the order of 1-2 h old, based orAngeles is overwhelmingly oxidized in nature, with LV- and
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SV-OOA combined contributing 77, 92, and 86 % of OA dur- ——
ing regimes |, Il, and Ill, respectively. HOA contributed the A
largest fraction to OA during regime |, in large part due to = Residual
episodically high HOA concentrations during May and early

June. HOA is a minor factor during regimes Il and Ill. SV-

OOA is a major constituent of OA during periods of photo- I
chemistry, with the hot, dry, photochemically intense regime

Il seeing the most significant contribution of SV-OO0A to

OA. LV-OOA dominates in regimes | and I, which were both

periods of significant marine/moisture influence and cloud

processing. [l

61%

31%

3.4 Filter analysis By,
PMF factors are mathematical solutions that return constant 43%
mass spectra that are combined linearly to describe variabil- m
ity in AMS data, and it is important to compare PMF re-
sults to physical, independent characterizations of OA. For
PACO, UPLC-ESI-(+ and-)-MS analysis of high-volume 43%
filter samples was performed on 9 selected filters represent-
ing periods of high HOA, SV-OOA, and LV-OOA concen- g 7. \ass fraction of total organic accounted for by each PMF
trations, in order to distinguish chemical profiles associatetactor during regimes |, I, and IIl.
with the PMF factors. Periods distinguished as “high SV-
and LV-OOA" were chosen such that those species were the
single, dominant component of OA. PACO filter sampling extractable, identifiable fraction), which is unique to periods
did not include any periods in which HOA was the isolated, in which both HOA and LV-OOA were high in magnitude.
dominant species, as periods distinguished as “high HOA'Carboxylic acids were significant during both SV- and LV-
were also impacted by high background levels of LV-OOA. QOA periods (>15% of extractable, identifiable fraction),
Functional groups of interest in UPLC-ESI-(+)-TOF-MS though the carboxylic acids identified during SV-OOA peri-
analysis were basic nitrogen groups (i.e. amines, imines) asds tended to be longer-chain (C7-C10, as opposed to C4-C9
well as oxygen-containing moieties (i.e. carbonyls, alcohols for LV-OOA periods). Additionally, aerosol in LV-OOA peri-
ethers). The complexity of the samples made complete spesds tended to have a more complex chemical profile, with no
ciation by this technique difficult, but it was possible to iden- single class of compounds dominating the extractable frac-
tify the majority of the base peaks. Non-oxygenated nitroge-tion identified by UPLC. This suggests that while the SV-
nous compounds likely to be amines were detected in signifand LV-OOA periods contain many of the same chemical
icant concentrations and with some variety of carbon chaincompounds, LV-OOA tends to be characterized by smaller
length (C8—C16) in the high HOA + LV-OOA periods, as well organic acids (higher O:C ratio), as well as a more com-
as during morning periods in which background LV-OOA plex profile of organonitrates, organosulfates, and oxidized
dominated the organic fraction. This suggests that amineacids. As explained itJlbrich et al. (2009), aerosol par-
may be an important class of organic compounds in agedtitioning with a bilinear PMF model is inherently limited
background Los Angeles aerosol. The most prominent clas# fitting a dynamic organic component. With a dataset
of compounds in all filters was oxygenated organic speciesas large as that represented by PACO, it is not unexpected
with increased variety of oxygenated species during periodshat the organic component undergoes numerous and signif-
of significant photochemical organic production. icant changes over the course of a single regime. Thus, two
UPLC-ESI-(—)-TOF-MS offered better mass spectral res-unique, constant mass spectra used to describe variability
olution and more complete identification of base peaks tharin a bilinear model may be more accurately viewed as two
(+)-mode, allowing for more complete chemical profiles. Ph- points on a continuum of volatility, rather than two distinct
thalic acid is ubiquitous in appreciable quantities in the ex-components of differing volatility. This hypothesis is sup-
tractable fraction of Los Angeles OA. Phthalic acid has beenported by the commonality of compound classes identified by
identified as a significant product of poly-aromatic hydrocar- UPLC analysis for SV- and LV-OOA periods. The continuum
bon (PAH) photochemistryKautzman et al., 2010), so this of oxygenation is further illustrated in Fi§, a plot ofm/z44
result suggests that PAHs may be a significant class of pre¢COJ) vs. m/z43 (mostly GH3O™) proposed by Ng et al.
cursor VOCs to OA in Los Angeles. The high HOA + LV- (2010) as a mass spectral diagnostic for the age of organic
OOA samples were characterized by appreciable quantitieaerosol. It is hypothesized that LV-OOA components tend to
of nitrogen- and sulfur-containing organics (8% of the  have a higher ratio ah/z44 tom/z43 and represent a lower-

13% 1%
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ten complex, with several GF modes observed (e.g., Cocker
et al., 2001; Massling et al., 2005, 2009; Swietlicki et al.,

0.25 - *\ M.
0.20 -

015 | - 2008; Meier et al., 2009; Tiitta et al., 2010; Rose et al., 2010).

£s
Wzoogﬂ © oa ‘ The optical sizing method utilized by the DASH-SP provides
7 R rapid measurements on timescales suitable for aircraft stud-
212012000 B 0-254:{\‘\\ ies, but does not allow resolution of more than two modes
Beon] s (a nonhygroscopic and hygroscopic mode). During PACO,
£ oo & two modes were typically distinguishable: a nonhygroscopic
/3012009 | 005 mode (1< GF < 1.15 at 92 % RH) identified during morning
O DN " sampling (<30 % of aerosol), decreasing to very minor sig-
020 o’ nificance in the afternoon, in addition to a dominant hygro-

E
=¥ 015
3
@

611012009 scopic mode that will be the focus of the rest of this section.

This suggests that aerosol sampled in the morning included
an appreciable fraction of nonhygroscopic particles, with af-

0.10 —
0.05 —

0.25 - o

IO N ternoon photochemistry and SOA production resulting in an
Esonsd ol o aerosol of more uniform, unimodal hygroscopicity. Since it
= Lvooa £ o1 a% was not possible to resolve multiple growth modes, GF data
= HOA 005 represent the overall subsaturated water uptake behavior for

AR hygroscopic particles.
fis The DASH-SP measured GF at dry particle sizes of 150,
175, 200, and 225 nm. There was no statistically significant
Fig. 8. faa vs. fa3 for PACO, with color scale corresponding to difference between GF at these dry sizes, and so data were
date. Square markers represent values for HOA, SV-OOA, and LV-averaged to give GFs representative for particles between 150
OOA factors identified in PACO. and 225nm dry diameter. Particles sampled during morn-
ing periods (07:00-11:00 LT) were significantly more hygro-
o ) . . scopic at 74 and 92 % than those sampled during afternoon
volatility, more-aged organic component with a higher de- periods (15:00-19:00 LT); morning GF averaged #0413,
gree of oxidation. Results from PACO indicate that the or- 1.37+0.10, and 1.9%-0.45 at 74, 85, and 92 % RH, respec-
ganic component of Los Angeles aerosol produces a continﬁve|y, while afternoon GF averaged 1.6®.04, 1.37-0.07,
uum of fa4 values during each regime and that the most aged, .41 74+ 0.20 at 74, 85, and 92 % RH, respectively. Sup-
organic fraction may actually be characterized by a predomi'pressed GF at 74 and 92 % during afternoon sampling but

nance of longer-chain, oxidized monoacids, complex aminesgonstant GF at 85 % suggests that the hygroscopic growth
and nitrate- and sulfate- containing organics. It is concluded, ;e (GF vs. RH) for morning-sampled aerosol is one with
that for the Los Angeles aerosol, a bilinear PMF model, with 4 higher GF at lower RHs, combined with a steep ascending

mass spectra assumed to be constant over an entire regimgtion at RH- 85 %, suggestive of a predominantly inor-
is helpful in qualitatively assessing the degree of aging of the

: Jregtign anic aerosol with a small hygroscopic organic component
organic component, but represents a broad simplification otg

X X X nd little nonhygroscopic aerosol.
a dynamic organic fraction of aerosol. These GF values are significantly higher than those mea-

o sured during the 1987 SCAQS study in the eastern Los An-
3.5 Hygroscopicity geles Basin (23+0.08 for 200 nm particles at 993 % RH;
Zhang and McMurray, 1993), and are more consistent with
The intensity of scattered light is a strong function of particle the most hygroscopic mode measured in Pasadena in 1999
diameter (), and since aerosol water uptake largely deter-(1.6 at 89 % RH; Cocker et al., 2001).
mines particle size, it is a major variable determining the in-  Figure 9 shows GF at 74, 85, and 92 % plotted against or-
teraction of particles with radiation. Urban aerosol tends toganic mass fraction (OMF), with markers colored by sam-
be dominated by organic material, which is often hydropho-pling date and time. PACO data show a clear trend of
bic, leading to overall growth factors (GFBpwet/ Dp.dy)  suppressed GF with increasing organic mass fractioa=(Pr
that are smaller than those for pure inorganic aerosol. At RH-0.56, —0.78, —0.71 for 74, 85, and 92 %, respectively).
above the deliquescence RH of common inorganic aerosothe lowest GFs and highest values of organic mass fraction
constituents, the comparatively low hygroscopicity of organ-occur late in PACO, during the dry and photochemically in-
ics tends to result in an inverse correlation between organigense regime Ill characterized by significant photochemical
mass fraction and overall aerosol hygroscopicity (Shinozukaroduction of SV-OOA.
etal., 2009; Quinn et al., 2005; Hersey et al., 2009). An increasingly popular representation of aerosol hygro-
Because urban aerosol is, in part, an external mixture of orscopicity is thex parameter, developed by Petters and Krei-
ganic and inorganic components, hygroscopic behavior is ofdenweis (2007). As outlined in Shinozuka et al. (2009), one
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Following Shinozuka et al. (2009) and assuming a supersat-
uration (&) of 0.2 %, the relationship betweenand Dy be-
comes:
Dg=«"13.70nm (5)
Values ofk and critical dry diameter at 0.2 % supersaturation
were calculated based on GFs at 85% RH and dry patrticle
diameter of 200 nm. Uncertainties are estimated to be 25 %,
based on sizing uncertainties in the DASH-SP and RH vari-
ation in the instrument (Sorooshian et al., 2008). Figure 10
showsk (left axis) and critical dry diameter (right axi®q)
plotted against organic mass fraction (OMF), colored by time
and date. Kappa values range from 0.15 to 0.51, with an av-
erage of 0.310.08, while critical diameters ranged from 87
to 131 nm, with an average of 18510 nm. As with GF data,
there is a clear trend of decreasingand increasing criti-

cal dry diameter with increasing organic mass fraction, with
the lowest hygroscopicity and CCN activity occurring dur-
ing regime lll. Earlier periods characterized by more marine
influence and higher RH exhibited more hygroscopic behav-

Fig. 9. GF at 74, 85, and 92% RH plotted against organic massio- At low values of organic mass fractior, approaches

fraction, with color scale corresponding to date.

that of nitrate and sulfate salts (0.53—0.67), while approach-
ing 0.1 at high organic fracion. Cubison et al. (2008) found
that CCN concentrations in eastern Los Angeles were best

can use size-resolved GF data at sub-saturated RH to soly@odeled by treating organics (including the oxidized frac-

the equation:

3

3
Dy

D3-D3(1—«)

4o MW

S(D) =
RTpwD

()

ol 2

for k, whereS is the saturation ratio over an aqueous drople
(0.74, 0.85, or 0.92)D and Dy are the humidified and dry
diameters, respectively, is the surface tension at the inter-
face of air and pure water (0.072 JR), My, is the molecu-
lar weight of water (18 gmot), R is the gas constant (8.3
Jmol K1), T is the temperature (298K), ang is the
density of water (1 gcm?d). Because the effect of organ-
ics on surface tension is not explicitly accounted for in this
model, thex here may be regarded an “effective hygroscop-
icity parameter”, which includes both solute-induced water
activity changes and surface tension effects (Petters and Kre
denweis, 2007; Rose et al., 2010).

Using the calculated values, one may estimate critical
dry diameter (1), or the diameter above which aerosol par-
ticles activate as cloud consenation nuclei (CCN) at a give
saturation ratio (J using the following equations:

t

443
K= ————— 3
27D3In%s )
where:
40 M,
= RTp\\,IVV 4)
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n

tion) as nonhygroscopic. GF- and CCN- derivedialues

for hygroscopic organics range from 0.01 to 0.5 (Petters and
Kreidenweis, 2007), with only the most hygroscopic organ-
ics (i.e. malonic acid) approaching the high end of that range.
Results from PACO suggest that organics are moderately hy-
groscopic, withe values on the lower end of the range cited
by Petters and Kreidenweis (2007).

Shinozuka et al. (2009) presented paramaterizations for
calculating as a function of organic mass fraction for 100 nm
Dp, dry aerosol in Central Mexico and the North American
West Coast (== 0.34-0.20 OMF andx =0.47-0.43 OMF,
respectively), and these parameterizations are shown in
Fig. 10. Overall, aerosol sampled during PACO are more hy-
groscopic at a given OMF than those presented in Shinozuka
et al. (2009), and are parameterized as0.50—0.29-OMF.
i‘l_'his suggests that the organic fraction measured by Shi-
nozuka et al. (2009) inhibits hygroscopicity significantly
more than in Los Angeles. It is possible that the organics
measured in Central Mexico and off the N. American West
Coast exhibit more surface-active behavior, inhibiting hygro-
scopic activity, or that those organics are predominantly non-
hygroscopic. In order to further investigate the hygroscop-
icity of organics,x calculations were combined with AMS
data giving mass fractions of individual aerosol species in
order to estimate a value for organicskorg. If the overall
hygroscopicity parametet, is given by:

n
K=Y KiXi»
i=1

(6)
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4 Conclusions

s PACO

A A major ambient sampling experiment was conducted at
05 e o " o sl 2009 - a site in Pasadena, CA positioned to sample a constant after-
noon influx of transported Los Angeles pollution with a pho-
tochemical age of roughly 1-2 h and generally free from the
influence of local point sources. Sampling spanned 4 months
during the summer of 2009, and was characterized by three
° distinct meteorological regimes: a “springtime” period char-
acterized by clean conditions coincident with low pressure
0.15 ‘ ‘ ‘ ‘ - systems (regime 1), a typical early-summer period character-
0 o2 Organic Mass Frastion o8 ized by significant morning marine layer followed by warm,
photochemically active afternoons (regime Il), and a late-

Fig. 10.« and critical dry diameter plotted against mass fraction or- summer period chgracterlzed by little marine Iayer '”f'”e'f“?e'
ganic, with color scale corresponding to date; lines represent empir0t @nd dry conditions, and elevated photochemical activity

ical parameterizations from PACO, Central Mexico, and N. Ameri- (regime Il1).
can West Coast. Chemical analysis of aerosol revealed that OC dominates

particulate carbon in Los Angeles (OC:EC average of 8.04),

) ) _ ) and is enhanced relative to EC by an average of 47 % in
wheren is the number of chemical constituentswith mole  the afternoon, suggesting significant SOA production. High
fractiony; and hygroscopicity parametey, then the organic Ry during marine-layer-influenced morning sampling peri-

hygroscopicity parameterorg can be estimated by: ods resulted in agueous processing of aerosol particles and
high aerosol volume, while drier afternoon periods saw in-

"norg creased aerosol number and volume due to SOA production.
K= Z"i i Maxima in aerosol volume occured in the mid-late morn-
Korg= L, @) ing, reflecting a balance between RH-induced hygroscopic
Xorg growth and SOA production. Maxima in aerosol number

tended to occur near 14:00-15:00 LT, indicating that daytime
photochemistry tended to generate a fine aerosol mode.
Organics are the most significant constituent of trans-
ported Los Angeles aerosol, contributing an average of 42,
43, and 55 % of total submicron mass in regimes I, I, and
"1, respectively. Interestingly, there was no significant dif-
ference between morning and afternoon O:C ratios, suggest-
ing that the constant influx of 1-2 h old aerosol results in an
. ) . overall organic oxidation state at the sampling site varying
aerosgl transported to the PACO sampling S'te'. Assumlnglittle despite significant SOA production. Regime I, char-
i for Inorganics to b.e 0.7 (Dusek et a.l" 2010) giveg of acterized by significant morning marine layer influence fol-
0.12. Taking a mediaRorg 0f 0.14, it is clear that the or- lowed by photochemically active afternoons, displayed sig-

ganics measured during PACO are significantly more hygroTnificantly higher aerosol mass and 15-25 % higher average

scopic than those previously measured in urban areas. Th'a:C ratio, suggesting that aqueous processes may be impor-
is not unexpected, given the consistently high O:C ratios of ; ' : :

. . tant in the generation of secondary aerosol and OOA in Los
organics and the dominance of SV-OOA and LV-OOA dur g y

) . .~ Angeles. Afternoons during regime Il and Ill are character-
N9 a}ll threg regimes of PACO', Further, the PACO sampling;, ¢ 4 by the appearance of a fine organic mode, suggesting
site is relatively free from the influence of local sources of

that SOA contributes significantly to growth of fine particles.
primary aerosol, which would have the effect of reducing 1OLes signi ylod ne partces

. . . . It is unclear whether these fine particles are the result of sul-
Korg.Glven that organics .d.omlnate .aerosol In most L_”banfate nucleation and subsequent SOA growth or SOA conden-
areas, it is potentially significant to find that organics in an

. h | id h sation on existing primary aerosol.
e s s ety oo Waer s9Uble Oranc. mass (WSOM) reaches maina
for urban (;grosol near 14:00-15:00LT, c_omcu.jer?t. with markers for photo—

' chemistry and suggesting significant SOA contribution to
WSOM. Sulfate is predominantly an accumulation mode
constituent, and its magnitude appears to depend on the de-
gree of marine influence. Nitrate is similarly a predominantly
accumulation mode species, reaching maxima after morning

whereninorg is the number of inorganic constituentswith
hygroscopicity parametes; and mole fractiony;, and xorg

is the mole fraction of organics in the aerosol. Previous
publications have assumegq of 0.1 for “hygroscopic” or-
ganics, and 0 for “nonhygroscopic” organics (Dusek et al.
2010; Wang et al., 2010; Wex et al. , 2010). Assuming
for inorganics to be 0.6 ang for sea salt to be 1.3 (Wex et
al. , 2010), Eq. (7) givesqrg of 0.16 for urban background
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rush hour periods. Nighttime nitrate production is observeddescribed as a complex, dynamic mixture of compounds that
during periods in which maximum ozone levels indicated represent a continuum of oxidation. Thus, a bilinear PMF
significant photochemical events. An ammonium ratio, de-model that assumes constant mass spectra representative of
fined as the moles of ammonium measured divided by theclasses of OA is a useful tool in qualitatively assessing the
moles of ammonium required to neutralize sulfate and ni-degree of OA aging and oxidation, but is a dramatic simplifi-
trate as(NH4)2SOy, and NH;NOg3, respectively, revealed cation of a complex organic fraction.
that ammonia limits particulatéNH4)2S0O, and NH;NO3 Finally, aerosol water uptake characteristics measured by
in regimes | and Il. An ammonium ratio of 1.280.30 in the DASH-SP indicate that a bimodal distribution becomes
regime |l suggests that ammonium was in excess and thatore unimodal during periods of photochemical SOA pro-
organic amines may have been an important constituent ofluction. The degree of hygroscopicity of the main hygro-
submicron aerosol during this hot, dry, photochemically in- scopic mode is highly anti-correlated with organic mass frac-
tense sampling period with reduced marine sulfate influencetion, as indicated by decreasing GF ands well as increas-
PMF analysis of C-ToF-AMS data resolved three factors,ing critical diameter with increased organic fraction. Val-
corresponding to HOA, SV-O0A, and LV-OOA, and corre- ues forx averaged 0.320.08, approaching 0.5 at low OMF
lating well with the “standard” factors presented in Ng et al. and 0.1 at high OMF. It appears that organics in Los Ange-
(2011). The HOA factor appears to be a periodic plumeles inhibit hygroscopicity less than those measured in Cen-
source, generally appearing during or shortly after peaks irtral Mexico and off the N. American West Coast, potentially
CO concentration. SV-OOA displays a strong diurnal pat-owing to less surface-active behavior or an organic fraction
tern, correlating strongly with ozone and the appearance otomprised of more water soluble species.
a fine mode (<100 nm) in the aerosol size distribution, sug-  PACO represents the first major aerosol characterization in
gesting that these SOA products are generated on timescaldéise Western Los Angeles Basin, and comparison with SOAR
of 1-2 h and tend to comprise a fine aerosol mode. LV-OOAwill help identify spatial variation in Los Angeles aerosol and
is correlated with inorganic nitrate and sulfate and appearsletermine the nature of aerosol evolution as it is transported
to be an aged carryover organic component that resides ifrom source-rich (western) to downwind (eastern) parts of
accumulation mode aerosol, but may be generated on shottos Angeles. Further, its timing will serve to contextual-
timescales (1-2 h) under extremely oxidizing conditions. Itsize and compare forthcoming results from the CalNex field
prevalence during humid overnight and morning hours andcampaign, part of which involved ground sampling at the
enhanced importance in moisture-influenced regimes | and IPACO site.
suggest that there may be significant aqueous-phase sources
for LV-OOA. Overall the organic fraction of Los Angeles
aerosol is overwhelmingly oxidized, with LV- and SV-OOA
contributing 77, 92, and 86 % of OA in regimes |, I, and Ill, Appendix A
respectively.
Filter analysis by both (+) and (-) mode UPLC-ESI- PMF analysis
TOF-MS reveals a complex mixture of organic compounds
dominated by oxygenated species. Long (C8-C16), non-
oxygenated nitrogenous compounds likely to be amines ar®MF was initiated using 50 seed values, and then again using
detected during periods impacted by high concentrations of range of fpeak values from1 to 1 varying by 0.1. Fig-
background LV-OOA, suggesting that amines may be an im-ures Al and A2 show th@ / Qexpectedvalues for the differ-
portant constituent of aged organic aerosol in Los Angelesent solutions. The PMF results were sorted by regime, num-
Phthalic acid represents a ubiquitous, appreciable fractioder of factors, and seed (only where it caused the solution
of extractable OA, suggesting that PAH photochemistry mayto vary) and compared to previously published mass spectra
be an important pathway for SOA production in Los Ange- in the AMS online Spectral Database explained in Ulbrich
les. Organo-nitro-sulfate species are observed during periodét al. (2009). Table Al shows Pearson'salues compar-
when aerosol appears to be a mixture of aged backgrounthg the PMF mass spectral profile solutions to existing mass
species and freshly emitted particles. Carboxylic acids apspectra. Table A2 shows Pearson'salues comparing the
pear to be major contributers to both SV- and LV-OOA, with PMF time series solutions to gas phase tracers, AMS inor-
LV-OO0A tending to be associated with shorter (C4-C9) car-ganic tracers, PILS tracers, and WSOC. Figure A3 shows
boxylic acids and thereby higher O:C ratio. total residuals of all masses over time for solutions with dif-
The organic fraction of transported Los Angeles aerosolferent factor numbers. Figure A4 shows the scaled residuals
is dynamic and undergoes numerous and significant changed each mass for the presented 3 factor solution. The 2 and
on timescales of days to weeks, despite exhibiting consis4 factor solution profiles and time series contributions are
tency in the overall degree of oxidation. Many compoundsshown in Figs. A5a, b.
are common to periods identified as distinct by PMF anal-
ysis, and PACO data suggest that Los Angeles OA is best
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Fig. Al. Q/Qexp values for varying number of factors {alues). marker is the presented solution.
The circled marker is the presented solution.

factor correlates best with ozone when compared
The difference in the total residuals was noticeable be+tg the two other solutions. The tracers for

tween the 1 and 2 factor solution and the 2 and 3 factor SoHOA were limited in this study since the resolution
lution, but negllglble between the 3 and 4 factor solution. |nf0r the CO and NQ were poor and the values are very
the 2 factor solution there is evidence of an HOA-like fac- low. However, when Comparing the seed® and seed- 1

tor and OOA-like factor from the mass spectral comparison,splutions, the correlations of the HOA-like factor to CO and
but the when compared to the 3 factor solution, the time seNO, are slightly larger. Additionally, the HOA-like factor
ries correlations with AMS inorganic and certain gas phasewas compared ton/z57, which is higher for the seed 6
tracers is improved. In the 3 factor case, 3 solutions weresp|utions. The HOA correlations for the seed solutions
explored, and were representative of the 50 possible solugre slightly higher than in the seedl and seee 6 so-
tions from the PMF results. Regarding the mass spectral propytions, but this solution is not as strong mass spectrally,
file, the seed 6 solution was chosen since it has very strongnd when comparing the tracers for the two other factors.
correlations with the real mass spectra, and each of the prorhe four factor situation provided two different solutions,
files are least similar to one another (see the right hand sideepresentative of the 50 seeds. In addition to the residuals
of Table A2) when compared to the two other 3 factor so-not changing dramatically, in the mass spectral comparison,
lutions. When considering the time series comparison, theor both solutions, two of the factors have very similar
seed=6 LV-OOA like factor (factor 1) has the highest cor- yalues (factor 1 and 4 for seed 1 and factor 2 and 4 for seed
relation with the AMS inorganic species. The p-ToF data ). Also, the time series correlations are worse in the four

suggests the organic profile of LV-OOA has similar particle factor solutions, when compared the the presented 3 factor
size distributions to the AMS inorganic species (this was in-gg|ution.

vestigated in areas of known LV-OOA like factor and low
SV-OO0A like factor, since PMF was not performed on pToF
data). When the afternoon sun reaches a maximum, there is
another, smaller mode that is believed to be SV-OOA, with-
out the strong inorganic signal. Also, the seel SV-OOA
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Table Al. Mass spectral comparison of several PMF solutions.

Mass Spectra Comparison

< —~
) = g
o —~ < =)
3 = B = & E £
z s & & & - 32 _ _ s
8 —_ < x = L S N S a8
S e &8 o 2 3 2 8 88 8 <« 3
= s & g - = 2 ¢ ¢ T 2 2 £ 2 é S
= 0] @ @ @
2 -~ £ & 5§ 8§ 8 & 3 38 E £ E E F 5 =®
£ NS f] < £ = = = 2 e IS IS € £ IS < <
> o @ S =) o <) =) S S 7 7 7 7 b b b
Z 2 i g g g g g g g ) 17 7 @ = = = - N ™ <
S £ ¢ & & &2 =2 =2 § § 5 5 © © © B® B & & & &g
¥ 2 8 £ £ £ £ £ £ £ 5 £ £ £ £ £ £/ ¢ g g %
L »n [} = o o o o o =) =) N N N N N N N iy s i L
‘ 096 068 068 051 097 085 097 099 077 044 095 058 0.64 0.66 0.97 p.Sl
094 055 054 035 098 080 098 096 065 030 098 047 062 050 0.98 .76 0.64

0.77 094 097 091 067 078 066 0.78 096 0.78 057 076 051 0.90 0.61

092 050 049 029 098 0.77 098 094 060 0.25 098 044 061 042 0.98
0.74 091 095 088 063 073 062 074 093 0.76 053 071 051 0.88 0.56
0.74 095 097 093 063 079 063 076 097 079 054 075 048 092 0.58

093 066 066 049 093 079 093 093 073 042 089 056 064 055 0.92
092 051 050 030 098 078 098 095 061 026 099 045 061 044 0.98 0402 0.39
059 093 097 09 046 067 045 061 093 083 035 072 039 095 0.38 657 0.39

093 052 051 032 098 078 098 095 062 027 098 046 062 045 0.98 E75 0.41 0.90

74 0.56 0.56
656 0.94
0G6 0.94

.81 0.92 057

061 092 096 095 047 065 046 060 092 081 035 071 043 093 0.39 6011 0.73
094 081 082 068 092 089 092 097 089 058 088 067 062 080 091 820 0.73

094 057 056 037 098 081 098 097 067 032 098 049 063 054 0.98 .76 0.89 0.49 0.93
090 060 059 043 089 0.74 089 087 066 037 084 054 065 043 0.87 8®9 0.53 0.86
061 092 096 094 048 067 048 063 093 081 038 068 041 094 041 689 0.53 0.56
093 069 066 051 095 086 094 09 075 046 092 062 058 0.60 0.95 8323 0.86 0.56

090 060 059 043 089 0.74 089 087 066 037 085 054 065 043 0.88
094 057 056 037 098 081 098 097 067 032 098 049 063 054 0.98
061 092 096 094 048 067 048 063 093 081 038 068 041 094 041
093 069 066 051 095 087 094 09 076 046 092 063 058 0.60 0.95

.80 0.89 0.53 0.87
089 0.49 0.93
653 0.49 0.56
887 0.93 0.56

BAWONR|[AONR|[WONR|[WONR|WONR|[NR| R
ApADNlPRPR|lOOCOO|BED|RPRPER|RPER|R

(1) Zhang, et al., 2005; (2) Lanz et al., 2007; (3) Ulbrich, et al., 2009; (4) Bahreini et al., 2005; (5) Alfarra et al., 2004

— 1 Factor
—— 2 Factor
—— 3 Factor

3 Factor
—— 4 Factor
—— 4 Factor

JResiduals (yg/ma)

T T T T T T T
5/31/09 6/10/09 6/20/09 6/30/09 7/10/09 7/20/09 7/30/09
Date

Fig. A3. Sum of the residuals for 1, 2, 3, and 4 factor solutions.
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Table A2. Time series comparison of several PMF solutions.
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Fig. A4. Scaled residualfor the 3 factor solution (seed6).
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Fig. A5a. Mass spectral profiles for the 2 factor solution.
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Fig. A5h. Mass spectral profiles for the 4 factor solution.
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Effect of Chemical Structure on Secondary Organic Aerosol Formation
from Cy2 Alkanes®

¢ Reproduced by permission from “Effect of chemical structure on secondary organic aerosol formation from Ciz alkanes”
by L. D. Yee, J. S. Craven, C. L. Loza, K. A. Schilling, N. L. Ng, M. R. Canagaratna, P. J. Ziemann, R. C. Flagan, and ]. H.
Seinfeld. Atmos. Chem. Phys. 2013, 73, 11121-11140.
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Abstract. The secondary organic aerosol (SOA) forma- 1 Introduction

tion from four G alkanes (n-dodecane, 2-methylundecane,

hexylcyclohexane, and cyclododecane) is studied in the Cal-

tech Environmental Chamber under low-N€onditions, in Long-chain alkanes constitute a significant component of the
which the principal fate of the peroxy radical formed in unresolved complex mixture (UCM) in motor vehicle fuel
the initial OH reaction is reaction with HO Simultaneous ~ Sources and its combustion products (Schauer et al., 1999,
gas- and particle-phase measurements elucidate the effef02) and are a potential source of atmospheric secondary
of alkane structure on the chemical mechanisms underly@rganic aerosol (SOA) formation (Robinson et al., 2007).
ing SOA growth. Reaction of branched structures leads toHowever, the extent of SOA formation from atmospheric
fragmentation and more volatile products, while cyclic struc- @lkane photooxidation remains uncertain (Bahreini et al.,
tures are subject to faster oxidation and lead to less volatil2012; Gentner et al., 2012). Each fuel type (e.g., gasoline
products. Product identifications reveal that particle-phase’S- diesel) has different distributions of alkane chain length
reactions involving peroxyhemiacetal formation from sev- and structure in terms of straight-chain, branched, cyclic, and
eral multifunctional hydroperoxide species are key compo-cyclic + branched conformations (Schauer et al., 1999, 2002;
nents of initial SOA growth in all four systems. The con- Isaacman et al., 2012; Gentner et al., 2012). This variety in
tinued chemical evolution of the particle-phase is structure-Structure leads to chemical differences in the processes lead-
dependent, with 2-methylundecane SOA formation exhibit-iNg to SOA formation, which have been the subject of exten-
ing the least extent of chemical processing and cyclododeSive laboratory studies (Lim and Ziemann, 2005; Lipsky and
cane SOA achieving sustained growth with the greatest vaRobinson, 2006; Lim and Ziemann, 2009a, b, c; Presto et al.,
riety of chemical pathways. The extent of chemical devel-2009, 2010; Nakao et al., 2011; Lambe et al., 2012; Tkacik
opment is not necessarily reflected in the oxygen to carbor®t al., 2012) and modeling efforts (Jordan et al., 2008; Pye
(O:C) ratio of the aerosol as cyclododecane achieves th&nd Pouliot, 2012; Zhang and Seinfeld, 2013; Aumont et al.,
lowest O: C, just above 0.2, by the end of the experiment2012; Cappa et al., 2013).

and hexylcyclohexane the highest, approaching 0.35. Gas-phase chemical mechanisms for the OH-initiated ox-
idation of alkanes in the presence of Nfave been studied

(Atkinson, 1994, 1997; Atkinson and Arey, 2003; Atkinson
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Table 1.Cq2 compounds studied.

Compound Structure VP@ 25°C kop x1012P
(atm) (moleccm3s1)
n-dodecane 2.59x 104 13.9

2-methylundecane )\/\/\/\/\ 41x 1074 131
hexylcyclohexane O/\/\/\ 2.59x 1074 17.4

cyclododecane J 1.64x 1074 14.7

2Using EVAPORATION (Compernolle et al., 2011)
b Calculated using relative rate fromdodecanéop in MCM (Jenkin et al., 1997).

et al., 2008). Many aspects of key particle-phase reactions Increasing evidence of accretion reactions observed in lab-
for these species have also been explored (Aschmann et abyatory (Gao et al., 2004b, a; Kalberer, 2004; Surratt et al.,
2003; Dibble, 2007; Lim and Ziemann, 2009c). The prevail- 2010) and field measurements (Kalberer et al., 2006) suggest
ing level of NQ is fundamental in atmospheric oxidation that these reactions are critical for understanding SOA for-
chemistry, as it controls, among other steps, the fate of thenation chemistry (DePalma et al., 2013). PHA and peroxide
alkyl peroxy radical (R@) formed in the initial OH-organic  formation have been observed in previous laboratory studies
reaction. The designation, high- and low-N@efer to condi-  (Tobias et al., 2000; Tobias and Ziemann, 2000) and are rele-
tions in which the RQ fate is predominantly R+ NO and  vant to consider in SOA formation from biogenics (Docherty
RO, + HO», respectively. These cases represent idealizationgt al., 2005; Capouet et al., 2008; Surratt et al., 2007), and
of actual atmospheric conditions, but they allow isolation of aromatic systems (Johnson et al., 2005; Sato et al., 2007).
the mechanistic pathways leading to SOA formation in theModeling studies including Capouet et al. (2008) and John-
two cases. son et al. (2005) show that parameterizations of laboratory
We focus here on the low-NQoxidation mechanisms of SOA formation are improved if low volatility, high molecular
four Cp» alkanes (n-dodecane, 2-methylundecane, hexylcyweight product (PHA) formation is included. Modeling by
clohexane, and cyclododecane) (Table 1). The @lkane  Pye and Pouliot (2012) shows that alkanes are likely to con-
system is a prototype for relatively long alkanes, which aretribute greater SOA mass concentrations than polyaromatic
characterized by side chains and cyclic structure in additiorhydrocarbons and about half of this SOA formation could be
to a linear structure. The distribution of oxidation products from oligomers.
comprise a variety of functionalizations (hydroperoxy, hy- Most accretion reactions are not traditionally treated in
droxyl, ketone, aldehyde, carboxylic acid, and peracid). De-modeling of atmospheric chemistry, mostly because the
tailed study of the & system affords insight into the effect of chemical pathways are not well-constrained by molecular
alkane structure on the multigeneration gas-phase oxidatiotevel measurements. The current study provides measure-
and particle-phase chemistry that leads to SOA formation. ments that elucidate PHA formation pathways in these alkane
This study builds on the previous work on thelodecane systems and data that can be used for modeling particle-
low-NOy system (Yee et al., 2012; Craven et al., 2012) phase chemical processes. For example, Shiraiwa et al.
employing complementary gas- (chemical ionization mass(2013) found that the observed evolution of the particle size
spectrometry) and particle-phase measurements (Aerodyndistribution in n-dodecane oxidation under low-N@on-
high-resolution time-of-flight aerosol mass spectrometry).ditions could only be reasonably simulated when including
Those studies revealed that peroxyhemiacetals are likely makinetically-limited growth processes in the form of particle-
jor components of the organic aerosol at initial growth. This phase reactions (i.e., PHA formation). Additional controlled
was hypothesized via comparison of time trends of key gasstudies, like those described in this work, can provide a
and particle-phase ion tracers that showed initial SOA growthframework for modeling additional particle-phase reactions
to be coincident with gas-phase aldehyde formation in thethat provide insight into the controlling processes of SOA
system, which can react with an available multifunctional growth.
hydroperoxide to form a peroxyhemiacetal (PHA). Of spe-
cial interest in this study is the identification of and incorpo-
ration of multifunctional hydroperoxides in the aerosol via
such accretion reactions as well as the chemical evolution of
the aerosol as it ages.
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2 Experimental section ative mode with CEOOCKF; reagent gas, generating clus-
ter products from the analyte at PCFR0]~ and F trans-

2.1 Chamber experiments fer products at [XF]~. The cluster product tends to occur

when the analyte, X, is a hydroperoxide or weakly acidic

The experiments in this study were conducted using the exeompound. The transfer product dominates for more strongly
perimental protocols and controls as discussed in Yee et akcidic compounds. Several carboxylic acids are present in
(2012) and Craven et al. (2012). The experiments and condiboth ionizations, and are therefore reported as the sum of the
tions are given in Table 2. The-dodecane experiments are two products when used. The CIMS cannot detect ketones
the same as those presented in Yee et al. (2012) and Craveimd aldehydes in this mode unless a molecule is additionally-
et al. (2012), and are used here for additional analyses anflinctionalized with hydroperoxy or sufficient acidic groups
comparisons to the othengstructures. (e.g., hydroxy, carboxyl) that it is sensitive to. The nega-

Experiments were conducted in the dual 2B@altech  tive mode mass scan range wag 50—300. Positive mode
Environmental Chambers (Cocker et al., 2001; Keywoodionization utilizes water as the reagent gas and results in
et al., 2004). The chambers were flushed for at least 24 tion clusters of the form [X(H20),,H]™. The positive mode
with dry purified air between experiments, resulting in par- mass scan ranged from/z50 to 200. The gas-phase analy-
ticle number and volume concentratiors100cnT3 and  ses presented here assume that the CIMS sensitivity to cer-
< 0.1 un? cm~3, respectively. Particle number concentration tain functionalized species within the same mode of opera-
and size distributions were measured using a coupled differtion are comparable despite differences in structure (straight,
ential mobility analyzer (DMA, TSI model 3081) and con- branched, cyclic + branched, cyclic).
densation particle counter (TSI Model 3010). Hydroxyl radi-  Due to mid-project tuning shifts in the positive mode op-
cals were generated by photolysis of®%. Experiments be-  eration, the ions monitored were not those expected from
gan with slow injection of 280 pL of a 50 % aqueous®j the ionization of proposed products. The reported ions are
solution in a glass trap submerged in a warm water bath athose as monitored during the project, though the proposed
35-38°C, via a 5L mirm! flow of pure air. The chamber was ion assignments are reported taking the tuning shift into ac-
then seeded with atomized 0.015 M aqueous ammonium suleount. A back-calibration was performed to verify the shiftin
fate solution to achieve a target initial seed volume-df0—  peak-centering, which typically resulted in an upwards shift
15 un¥ cm~3. Subsequently, the hydrocarbon was injectedby 5amu in the range of 200-220 amu during positive mode
by delivering the appropriate liquid volume or solid mass operation. To distinguish between ions monitored in the dif-
amount for the desired chamber concentration into a glasgerent modes of the instrument a (+) or (-) is indicated in
bulb, gently heating the glass bulb, and flowing 5Lmin  front of them/zmonitored for ions monitored in positive and
of pure air over the hydrocarbon until evaporation was com-negative mode operation, respectively.
plete. An Aerodyne high-resolution time-of-flight aerosol mass

Temperature (7, relative humidity (RH), and concentra- spectrometer jeCarlo et al., 2006), hereafter referred to
tions of Gz, NO, and NQ were continuously monitored. Ex- as the AMS, was operated at 1 min resolution, switching
periments were run at temperatures ranging from 23€26 between the lower resolution (up t92100 atm/z 200),
after an initial rise from 20C upon irradiation. RH remained higher sensitivity “V-mode", and the high-resolution (up to
below 10 % for all experiments except for the cyclododecane~4300 atm/z200), lower sensitivity “W-mode”. Data anal-
36 h experiment in which RH rose to about 20 % in the lastysis and calibrations were performed according to proce-
six hours. NO levels remained below the 5 ppdover detec-  dures previously described (Allan et al., 2004; Aiken et al.,
tion limit of the analyzer (Horiba, APNA 360) and measured 2007, 2008; Canagaratna et al., 2007). HR-ToF-AMS data

NO; levels remained below 7 pplafter irradiation began. were processed with Squirrel, the ToF-AMS Unit Resolu-
tion Analysis Toolkit and PIKA (Peak Integration by Key
2.2 Gas- and particle-phase measurements Analysis, DeCarlo et al., 2006), the high-resolution anal-

ysis software tool (http://cires.colorado.edu/jimenez-group/

Hydrocarbon concentration was continuously monitored byToFAMSResources/ToFSoftware/index.html) in Igor Pro
gas chromatograph—flame ionization detection (GC-FID) byVersion 6.22A (Wavemetrics, Lake Oswego, OR). At the be-
taking 1.3 L samples of chamber air on Tenax adsorbent. Thginning of each experiment, an AMS sample was taken with
cartridge was loaded into the GC-FID (Agilent 6890N), des- a particle filter in-line to the chamber sample line to make
orbed, and injected onto an HP-5 column (1%@.53mm  corrections for air interferences (Allan et al., 2004). The ad-
ID x 1.5 um thickness, Hewlett-Packard). justments to the fragmentation table proposed by Aiken et al.

Gas-phase oxidation products were monitored using g2008) for organic mass at/z18 andm/z28 were included.
chemical ionization mass spectrometer (CIMS), consisting ofElemental ratios were calculated using the technigue outlined
a custom-modified Varian 1200 triple quadrupole mass specby Aiken et al. (2007, 2008). Thezelzf ion atm/z28 was
trometer (Crounse et al., 2006; Paulot et al., 2009; St. Clair
et al., 2010). Briefly, the instrument was operated in neg-
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Table 2. Experimental conditions.
Organic Durationof Initial HC ~ [NO]g [NOxlo [O3]lg Initial Seed Vol. A HC Peak Organft
Exp. photooxidation (h)  (pp)  (ppby)  (ppby)  (pPby)  pmPem (pphy) ug m3
1 n-dodecane 18 33.0 <LDLP <LDLP 33 12.0 32.3 51.3
2 n-dodecane 36 34.9 <LbLP <LDLP 26 11.4 33.6 62.8
3 2-methylundecane 18 27.3 <LbLP <LDLP 40 16.3 22.4  notavailatfe
4 2-methylundecane 36 28.9 <LDLP <LDLP 42 13.6 27.6 45.6
5  hexylcyclohexane 18 16.2 <LDLP <LDLP 24 10.5 15.2 34.8
6  hexylcyclohexane 36 14.9 <LbLP <LDLP 38 4.2 14.4 34.4
7 cyclododecane 18 10.1 <LbLP <LDLP 20 24.4 9.2 19%
8 cyclododecane 36 11.0 <LDLP <LDLP 31 14.1 10.6 30.8
2 Not corrected for particle wall loss
b Below lower detection limit (Bpby)
¢ AMS not sampling
d Reported for end of experiment, though growth had not peaked.
e N
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Fig. 1. General mechanism for alkanes under lowsNg@nditions. R and R are alkyl groups. Solid boxed compounds indicate proposed
structures monitored by the CIMS in the gas-phase and/or the AMS in the particle-phase. Pathway in upper right with asterisk denotes
alternative pathway for the cyclic casej(Bnd R are bonded together as R).

not fit in PIKA due to strong interference frorr12+l\and was
therefore not included in the elemental ratio calculations.

Photochemical simulations of each system were per-
formed based on that af-dodecane used in Yee et al.
(2012) to further define the level of NO. An initial NO
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level of <1 pphk; is consistent with< 10% of reactions of CARBROOH), photolysis of the hydroperoxy group (chan-
RO, being due to reaction with NO This NO concentra- nel 1a) results in formation of an aldehyde (ALD) and sev-
tion is also consistent with the trends observed foryNO eral < C1»> fragments: peracid (PACID), carboxylic acid
sensitive species such as the first generation hydroperoxidéc, CARBACID), and hydroperoxides (ROOH). The for-
and the 1,4-hydroxycarbonyl. Multifunctional nitrate species mation of thea-CARBROOH is expected to be minor, as
in the CIMS spectra were not significant, supporting that theseveral other isomers would result with the hydroperoxy
RO, + NOy channels are not significant in these experiments.group located at any of several other possible positions along
the carbon chain. It could be located beta to the ketone con-
taining carbon, as shown in channel 2, or at positions greater

3 SOA formation chemistry than 2 methylene carbons away (not explicitly shown).
Along channel 2, the carbonyl hydroperoxide (CAR-
3.1 Chemical mechanism leading to SOA formation BROOH) can undergo photolysis (channel 2a) analogous

to the reactions outlined in channel 3, or react with OH

A proposed general mechanism for the photooxidation of(channel 2b). Channels 2a and 2b both lead to higher func-
alkanes under low-NQconditions (i.e., R@ reacts exclu- tionalized products. There is potential for tri-functionalized
sively with HQ®,) is presented in Fig. 1. This scheme is basedcompounds (hot shown) to form, a hydroxy carbonyl hy-
on then-dodecane photooxidation mechanism developed irdroperoxide (OHCARBROOH) to be formed along chan-
Yee et al. (2012) generalized to thg Gstructures studied nel 2a and a dicarbonyl hydroperoxide (DICARBROOH)
here. R and R represent alkyl groups. In the casemf  along channel 2b. Additional oxidation (not shown) can lead
dodecane, Rand R are any straight-chain alkyl groups that to a tricarbonyl hydroperoxide (TRICARBROOH) and hy-
sum to GHie. For 2-methylundecane,;Rand R are also  droxy dicarbonyl hydroperoxide (OHDICARBROOH). The
alkyl groups that make up+Ei16, though one side contains carbonyl hydroperoxide (CARBROOH) has a pure liquid
a methyl branch at the number 2 carbon atom. For hexyl-vapor pressure ranging from 61102 to 6.6x 10~8 atm
cyclohexane, Ris CsHs and R is CHz. While the sites of  depending on structure, as estimated using the EVAPORA-
oxidation are shown in the mechanism to occur betwegn R TION method (Compernolle et al., 2011). This intermediate
and R, oxidation can also occur on the Rnd R groups  volatile/semivolatile organic is one of the first products that
including the GHs ring in hexylcyclohexane. In the case of can partition to the particle phase, channel 2c.
cyclododecane, Rand R are bonded together, indicated as  In channel 3, photolysis of the 1st-generation hydroperox-
R in the sidebar denoted by an asterisk. Structures in a solittle produces an alkoxy radical RO. The,Glkoxy radical
box indicate one isomer of a product identified by the CIMS will undergo 1,4-isomerization according to well-established
in the gas phase or the AMS in the particle phase. Colors oimechanisms (Atkinson, 1997; Lim and Ziemann, 2005,
boxes containing compounds are consistent with those use?009a, b). This results in the formation of a 1,4-hydroxy hy-
when comparing trends of species in later plots within a com-droperoxide (OHROOH), which has sufficiently low volatil-
pound system. Product names within the boxes will continudty to partition into the particle phase or undergo reaction
to be referenced in the following discussion, tables of identi-with OH or photolyze. Reaction with OH can result in the
fied products, and figures. formation of a carbonyl hydroperoxide (pathway not shown)

Photooxidation begins with H-abstraction by OH from the or a hydroxy carbonyl. The particular carbonyl hydroperox-
parent alkane (RH) to form an alkylperoxy radical (BO ide and hydroxy carbonyl generated would be different iso-
Under the experimental conditions, the fate of theoRai- mers of the generalized CARBROOH and OHCARB shown
cal is dominated by reaction with HBQadical (=90%) to  in the mechanism. The 1,4-hydroxy carbonyl is known to
form the 1st-generation hydroperoxide (ROOH). This cal- undergo cyclization under an acid-catalyzed process on the
culation is based on analogous photochemical simulationgarticle surface to generate a cyclic hemiacetal (CHA) and
as presented fon-dodecane in Yee et al. (2012), which dehydrate to form a dihydrofuran (DHF), which can then re-
also demonstrate that the time constant by which RRO, turn to the gas phase to become further oxidized (Aschmann
reactions become significant is greater than 9 days, nokt al., 2003; Lim and Ziemann, 2009c).
relevant for the current experiments. The hydroperoxide In the case of cyclododecane where the ring strain is
(ROOH) can then undergo reaction with OH (channels 1high enough (Benson, 1976; Lim and Ziemann, 2009a), the
and 2) or photolysis (channel 3). Along channel 1, a 2nd-alkoxy radical can decompose to generate an aldehydic alkyl
generation carbonyl (CARB) is formed, followed by contin- radical and a hydroperoxy aldehyde according to the aster-
ued oxidation to form a 3rd-generation carbonyl hydroper-isked scheme to the right-hand side (see Fig. 1). Though a
oxide (CARBROOH). This CARBROOH can also be gen- Cg ring is not considered to have ring strain (Benson, 1976;
erated via channel 2, in which ROOH undergoes reactiorLim and Ziemann, 2009a), hexylcyclohexane may also un-
with OH to generate a dihydroperoxide (DIROOH). In the dergo ring opening in an analogous process, depending on
case of channel 1 where the carbonyl hydroperoxide formghe extent and position of functionalization on the ring and its
such that the functional groups are on adjacent carbons («alkyl chain during continued oxidation. By structure activity
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Fig. 2. General mechanism for particle-phase chemistry involving PHA formation (right-hand side) and potential isomerization (left-hand

side) from higher functionalized products (solid boxed) formed along chann

el 2 in Fig.ahdRR are alkyl groups. One isomer is shown.

Dashed boxed compounds indicate PHA structures for which AMS ion tracers exist. General chemical and ion formulae for multifunctional
hydroperoxides and proposed PHA and isomerization products are shown, where n=12. Analogous products for hexylcyclohexane and

cyclododecane would have an additional degree of unsaturation.

estimations (Kwok and Atkinson, 1995), initial H-abstraction of the initial SOA growth in the case af-dodecane (Yee

by OH should primarily take place at the secondary carbonst al.,

2012). Multifunctional PHAs are represented gener-

over the branching point in an approximate 80 % to 20 % ra-ally in Fig. 1, where Y is any functional group (-hydroxyl, -
tio. Continued oxidation will tend to favor these secondary carbonyl, -hydroperoxy). The more explicit representation of
carbon sites over the branching point, though eventually fragexpected higher functionalized products along channel 2 and

mentation may be induced. their po
Several multifunctional hydroperoxides can potentially re- hand si

tential to form PHAs are represented along the right-
de of Fig. 2. One isomer is shown with the expected

act with the aldehydes generated in channel 1a to form perfunctionalization. PHA formation from DIROOH (Fig. 1,

oxyhemiacetals. The carbonyl hydroperoxide PHA (CAR-channe

| 2) and OHROOH (Fig. 1, channel 3) is not explic-

BROOHPHA) is explicitly shown in the mechanisms (Figs. 1 itly shown since these tracer ions are relatively small signals
and 2, scheme 1), and was proposed as a key componenbmpared to those of other multifunctional hydroperoxides

Atmos. Chem. Phys., 13, 11121-11140, 2013
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Fig. 3. Gas-phase trends of major species formed in the first three generations of photooxidation. Top panel: first-generation hydroperoxide
(ROOH). Middle panel: second-generation carbonyl (CARB). Bottom panel: third-generation carbonyl hydroperoxide (CARBROOH). Note
that the CARBROOH was monitored in positive mode fiedodecane and 2-methylundecane (the right side axis) and in negative mode for
hexylcyclohexane and cyclododecane (the left side axis).

in the AMS. Of note is the potential to generate a 2nd- Table 3. Selected ions monitored by the CIMS fordodecane and
generation @ hydroperoxy aldehyde in the case of cyclodo- 2-methylundecane.

decane, which is a likely candidate for participating in per-
oxyhemiacetal formation. Under channels 1 and 2, the CAR- Mode Observedn/z Chemical Formula ~ Assignment

BROOH is a 3rd-generation product, though continued reac- ) 287 CioH602 ROOH
tion with OH in these channels may compete with one gener- (4 223 GoH40 CARB
ation of OH reaction and photolysis to form the hydroperoxy (+) 204 GioH2403 CARBROOH
aldehyde. (=) 285 CioH2402 OHCARB
(=) 135/201 GH1202 C6CARBACID

3.2 Gas- and particle-phase product identification using

CIMS and AMS ) .
Table 4. Selected ions monitored by the CIMS for hexylcyclohex-

lons monitored by the CIMS and the AMS and their pro- 2" and cyclododecane.

posed compound assignments by system are presented in TaM
bles 3-7. Note that because hexylcyclohexane and cyclodo- °

de Observedn/z Chemical Formula Assignment

decane differ by one degree of unsaturation from that of (-) 285 Ci2H2402 ROOH
2-methylundecane anmatdodecane, many of the ions mon-  (+) 221 Gi2H220 CARB
itored across sytems for analogous products differ by just (-) 299 Gi2H2203 CARBROOH
2 amu. (-) 283 CioH2205 OHCARB
(-) 135/201 GH1205 CB6CARBACID

3.2.1 Gas-phase mechanism comparison

Comparisons of the several analogous gas-phase speci@ismescale for comparison of the different systems (Fig. 3).
across systems help elucidate the chemical development byhile there are slight differences in magnitude of the curves
structure. Associated CIMS signals are normalized by the topresented, gas-phase yields are not inferred from these fig-
tal reacted hydrocarbon to account for differences in initialures as slight variations in the CIMS sensitivity based on
hydrocarbon loading and represented along an OH exposurstructure may account for this effect. Time profiles of total
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Table 5. Selected ions monitored by the AMS in thedodecane and 2-methylundecane systems.

Observedn/z Exact mass ion formula

Proposed assignment

183 GioHp30™ CARBROOH + CARBROOH PHA

215 GioH2303 CARBROOH PHA

185 GioHps0™T OHROOH + OHROOH PHA

217 GioH2503 OHROOH PHA

197 GioH210F DICARBROOH + DICARBROOH PHA
229 Gi2H210; DICARBROOH PHA + CYC. OHDICARBROOH
199 GioHp307 OHCARBROOH + OHCARBROOH PHA
231 GioH230; OHCARBROOH PHA

201 GioH2505 DIROOH

211 GioH1907 TRICARBROOH + TRICARBROOH PHA
243 GioH190% TRICARBROOH PHA

213 GioH210F OHDICARBROOH + OHDICARBROOH PHA
245 GioH2102 OHDICARBROOH PHA

Table 6. Selected ions monitored by the AMS in the hexylcyclohexane system.

Observedn/z Exact mass ion formula

Proposed assignment

179 CqoH190T OHCARBROOH DHF

181 CqoHp1Ot CARBROOH + CARBROOH PHA

213 C12H2103 CARBROOH PHA

183 C1oHo30T OHROOH + OHROOH PHA

215 C1oH2303 OHROOH PHA

195 C1oH190% DICARBROOH + DICARBROOH PHA
227 C12H190; DICARBROOH PHA + CYC. OHDICARBROOH
197 CyoH21OF OHCARBROOH + OHCARBROOH PHA
229 C12H210, OHCARBROOH PHA

199 C12H2305 DIROOH

209 Ci2H1703 TRICARBROOH + TRICARBROOH PHA
211 C1oH190T OHDICARBROOH + OHDICARBROOH PHA
243 C12H190: OHDICARBROH PHA

reacted hydrocarbon and the decay efld for each system
are presented in the Supplement (Fig. S1).

posures, the hexylcyclohexane hydroperoxide peaks slightly
earlier than those of-dodecane and cyclododecane. This

The OH exposure in the system is defined as the producis consistent with a slightly faster reaction rate coefficient

of the concentration of OH (molec crR) and the hours of

for hexylcyclohexane. The 2nd-generation carbonyl (CARB)

irradiation. The OH concentration is inferred from the par- formation is compared across the systems in Fig. 3, middle
ent hydrocarbon decay using the known reaction rate copanel. The trends are also consistent with faster gas-phase
efficient with OH. The OH concentration over the course oxidation for hexylcyclohexane.

of an experiment is constant (~210° molec cnt3). To-
tal OH exposure ranges from8 x 10’ moleccnt3h to
~1 x 10® molec cnt2 h for these experiments.

Most of the intermediate hydroperoxide species are best
monitored in negative mode operation of the CIMS, but
due to the mass scan range ending at 300 amu, alternative

The 1st-generation hydroperoxides (ROOH) trends acros#ons in positive mode were used to track development of
systems are shown in Fig. 3, top panel. Under similar OH ex-some expected products. Major products such as the carbonyl

Atmos. Chem. Phys., 13, 11121-11140, 2013
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Table 7. Selected ions monitored by the AMS in the cyclododecane system.

Observedn/z  Exact mass ion formula Proposed assignment

181 GioHp O CARBROOH + CARBROOH PHA

213 GioH2104 CARBROOH PHA

183 GioHp30T OHROOH + OHROOH PHA

215 GioH2303 OHROOH PHA

195 GioH1907 DICARBROOH + DICARBROOH PHA

227 GioH190; DICARBROOH PHA

197 GioHp10F OHCARBROOH + OHCARBROOH PHA
229 GioH210; OHCARBROOH PHA

199 GioH2305 DIROOH

207 GioH1507 OH4CARBROOH

223 GioH150; CYC. OH4CARBROOH

209 GioH170T TRICARBROOH/4CARBROOH Ring Opened
225 GioH170; CYC. TRICARBROOH

211 (312H190§r OHDICARBROOH/TRICARBROOH Ring Opened

hydroperoxide (CARBROOH) for the 2-methylundecane andported ion chemical formulas are determined from the exact
n-dodecane systems were monitored atrfity 204 for this  mass ions.

reason (Table 3), while for hexylcyclohexane and cyclodode- Inthem/z<100 amu range, several of the dominag

cane CARBROOH was monitored at (#2299 (Table 4).  ions are shared across all systems, though there is greater rel-
Note that signal intensities should not be compared acrosative contribution of cycloalkyl ions compared to alkyl ions
positive and negative mode operation of the CIMS as then the case of hexylcyclohexane and cyclododecane. For ex-
sensitivities differ. The CARBROOH trends in Fig. 3 (bot- ample, there is greater signal of the ioeH:,‘L compared to

tom panel) show similar trends across systems, though thé-:eH;,r for these systems compared to thosenefodecane
signals are more noisy as this hydroperoxide is expected tand 2-methylundecane. The highest signal is attributed to the
be the first species with sufficiently low volatility to partition same ions fon-dodecane and 2-methylundecane (Figs. 4 and

into the particle phase. 5); however, the fraction is higher fordodecane than in the
2-methylundecane case. This observation is consistent with
3.2.2 Particle-phase composition more fragmentation in the 2-methylundecane oxidation, as

compared to n-dodecane. 2-methylundecane oxidation also
Mass spectra (1-2 h averages) from the AMS at the time oexhibits a higher fraction of £430" in the <100 amu range.
initial growth, a period mid-experiment, and at experiment C;H3O" has been proposed as an ion tracer for non-acid or-
end for each system, along with a difference spectrum fromganic oxygenatesQhhabra et al., 2011). This ion also tends
end and initial growth, are presented in Figs. 4—7. The ini-to dominate during hexylcyclohexane oxidation (Fig. 6) in
tial growth spectrum is taken at the point where the organicthe 40—-45amu ion cluster range, though it never dominates
aerosol mass rises above the limit of detection. The limit ofin the case of cyclododecane (Fig. 7).
detection is defined as 3 standard deviations above the signal In the cyclododecane system one ion tends to predominate
during the filter period taken before photooxidation begins.within a cluster of ions. For example4lEI;r atm/z55 domi-
The mid-experiment average spectrum is taken at the poinbates during initial aerosol growth (Fig. 7) in the 50—-60 amu
where the suspended organic aerosol is the highest, typicallyegion, whereas in tha-dodecane system, ions @z 55
coincident with the peak of one or more AMS ion tracers of andm/z 57 are present at similar mass fractions (Fig. 4) .
interest. The peak in suspended organic aerosol is consisteAt initial growth, they are reduced ions, whereas at maxi-
with the effects of particle wall loss and unlikely due to evap- mum growth, the two ions are more oxidized, and the oxi-
oration as the size distribution remains the same. The endlized ion (GHsO™) atm/z57 is higher. For cyclododecane,
spectrum is the average of the spectra during the last 1-2 h dhe m/z 55 ion also shifts from the reduced ion4ﬂ€7*) to
photooxidation. The ¢H, O, chemical formulas correspond- the more oxidized ion (§H3O") and remains predominant
ing with the dominant exact masses are labeled in the mast the 50—60 amu range throughout the oxidation. The frac-
spectra. Unit massi/zis denoted here for brevity, but the re- tion of mass at gH3O" atm/z55 is also high for the entire
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duration of the hexylcyclohexane oxidation, whereas in theion fragments decreasing in AMS signals from the parti-
other systems, the reduced iom(@{) atm/z55 is high, and  cle phase. Several ions in thel50 amu range have been
then GH3O* grows in. proposed as tracers for particle-phase chemistry (Yee et al.,
The mass spectrum from the hexylcyclohexane systen?012; Craven et al., 2012), as, though low in signal, they re-
(Fig. 6) betweem/z100 and 200 amu is less discretely struc- tain more molecular information than lower mass ions that
tured as compared to the other compounds (Figs. 4, 5, 7)are only small fragments of the original molecule. The chem-
Since hexylcyclohexane exhibits alkyl, cyclic, and branchedical processes by which thesel50amu ions are gener-
features in its structure, this may be interpreted as a uniquated may be analogous across all systems, as the structures
hybrid of chemical features in the aerosol spectrum. of the spectra in this range are generally the same. That
Overall, the difference spectra in th#z100-300 amu re- is, the prominent ions in hexylcyclohexane correspond to
gion are all positive, indicating the incorporation of higher the prominent ions in the-dodecane and 2-methylundecane
molecular weight species. The only negative differences incases, but tend to have one additional degree of unsatura-
signal are in then/z < 100 range and are the result of alkyl tion. This is consistent with the difference in degrees of
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unsaturation between the parent compounds. However, th8.2.3 Indicators of particle-phase chemistry: peroxy-
cyclododecane peaks in this highamu region tend to be hemiacetal (PHA) formation
two degrees of unsaturation lower than those-ofodecane.
This could indicate chemical processing that results in moreyee et al. (2012) and Craven et al. (2012) proposed that
carbonyl group formation for the case of cyclododecane.several ion tracers in then/z >150amu region differing
This type of functionalization is relevant for cyclododecane by 32amu could be used to track a variety of potential
along channel 3 in the gas-phase mechanism (Fig. 1), as Cyseroxyhemiacetals (PHAs) formed in the particle phase.
clododecane can ring-open early on, generating an aldehydesraven et al. (2012) established that general hydroperox-
This also means that cyclododecane can form a lower vajges (ROOH) could be monitored in the AMS at ions consis-
por pressure & aldehyde that can participate in particle- tent with anm/z[M-33]*, where M is the molecular weight
phase reactions as discussed in Lim and Ziemann (20092, byt the hydroperoxide. This ion will be hereafter referred to
whereas other systems form<Ci» aldehyde along chan- a5 R-. However, the distinct pattern of similarly trending
nel 1a (Fig. 1). R* ions and those ain/z32amu higher suggests that this
mass difference may result from the peroxide O—O bond
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of a peroxyhemiacetal. We refer to this ion as RO@r OHCARBROOH, and DICARBROOH. While the Rions
the following discussions. We note that because the typi-can come from both the hydroperoxide itself and its derived
cal vaporizer temperature in the AMS is operated a6)0 PHA, the ROO ion is considered to arise mostly from PHA.
as employed in these experiments, the signals from thes&o understand the effect of structure on PHA formation,
m/z >150amu R and ROQ ions are small. After running time trends of the fraction of the organic aerosol attributed
the experiments presented here, Craven et al. (2012) explored ROO" PHA tracer ions can be compared across parent
the effect of lowering the vaporizer temperature for the casestructures. These analyses assume that the ionization prob-
of Cy1g hydroperoxide in the particle phase and found thatability and fragmentation pattern in the AMS are relatively
greater signal from the hydroperoxide ion tracer could beconsistent for PHAs of analogous functionality. That is, the
achieved by doing so. This suggests that future studies excARBROOH PHA ionization probability is similar across
ploring hydroperoxide and peroxides in the particle phasethe four G2 alkanes studied. Also, this currently assumes
may benefit from modification of standard AMS operation. that there is only one hydroperoxide and its PHA (regardless
While small in signal for the current experiments, these ionsof the aldehyde variety) contributing to the ROO
are still crucial indicators of the particle-phase chemistry. Figure 9 shows that the relative fraction of organic aerosol
These ions are listed in tables of ions monitored in the AMSattributed to the CARBROOH PHA is approximately sim-
along with their proposed product assignments (Tables 5-7)ilar for n-dodecane and hexylcyclohexane, followed by 2-
Since these initial studies, anotherdodecane experiment methylundecane and cyclododecane (top panel). For the DI-
(Shiraiwa et al., 2013) involved intentional injection of tride- CARBROOH PHA (middle panel) and OHCARBROOH
canal in the dark after an initial period of dodecane photoox-PHA (bottom panel), a greater fraction of the organic aerosol
idation and SOA formation to induce peroxyhemiacetal for- is attributed to PHAs in hexylcyclohexane SOA, followed by
mation. Upon tridecanal injection, a corresponding decreas@&-dodecane. Smaller contributions are made for the PHAs
in signal of several hyderoperoxide species occurred in thdrom 2-methylundecane and cyclododecane.
gas phase (as monitored by the CIMS) accompanied by a Hexylcyclohexane may seem like an outlier since the
corresponding increase in the 32 amu difference ion pairs ircontribution of PHA ions generally decreases in the or-
the AMS, consistent with the proposed attribution to particle-der of branching or cyclic character (i.e;dodecane 2-
phase chemistry involving peroxyhemiacetal formation. methylundecane cyclododecane), though it is notably
The formation of fragments along channel 1a, specificallyhigher than or on the same ordermidodecane. This may
carboxylic acids tracked by the CIMS, is the key proxy for be a result of hexylcyclohexane chemistry having the unique
the presence of aldehyde in the system (since the aldehyde mix of many features typically individualized to the other
not directly measured). The presence of gas-phase acid indsystems. That is, while hexylcyclohexane is branched like 2-
cates that aldehyde is present in the system, and that peroxaethylundecane, even if C-C scission is favored at the branch
yhemiacetal formation may commence, as observed in Ye@oint, the presence of the cyclohexane ring means that gas-
et al. (2012) forn-dodecane. Hence, a key comparison of phase fragmentation can still result in preservation of tiie C
the gas- and particle-phase measurements includes the timckbone, unlike 2-methylundecane. This means certain as-
trend comparison between gas-phase acid production angects of hexylcyclohexane’s chemistry will be akin to that
particle-phase ion markers for PHA formation. In each sys-of n-dodecane, supporting continued functionalization and
tem, the CARBROOH PHA ions grow in the particle phase higher MW species. While hexylcyclohexane is also cyclic
when gas-phase aldehyde froms, as proxied by a measured nature like cyclododecane, the hexyl-chain may still afford
co-product, G carboxylic acid (C6CARBACID), in Fig. 8. it many sites of reaction without the potential of disrupting
The initial growth of organic aerosol in each of these sys-the stability of the G ring. In the case of cyclododecane, any
tems is also characterized by the respective CARBROOHeaction affects a ring-bound carbon, and as such may impact
and CARBROOH PHA tracer ions in the AMS mass spec-the resulting chemistry.
tra. In Figs. 4 and 5, GH»30™ atm/z183 and CigHggOér at Generally, the fraction of organic aerosol attributed to
m/z215 are the dominant ions at initial growthreflodecane  the cyclododecane-derived PHASs is lower compared to the
and 2-methylundecane SOA. For hexylcyclohexane (Fig. 6)other systems, indicating that there may be structural biases
and cyclododecane (Fig. 7), the ion qtzemo; atm/z213 in PHA formation. Since PHA formation relies on the in-
is characteristic of initial growth. Note that there are different termolecular reaction of two condensing species, aldehyde
right-hand axes and scales for th& Bnd ROJ  ion tracers  and a hydroperoxide, it may be that the cyclic structure of

in Fig. 8. cyclododecane hydroperoxide is less apt for this reaction,
depending on the hydroperoxy group accessibility on the
3.2.4 Effect of structure on PHA formation Ci2 ring. It may also be possible that there are competing

intramolecular reactions of more highly-functionalized hy-
Common for all four systems, three ions that enter thedroperoxides within the £ ring that are more easily fa-
particle phase early on (within 210" moleccnm®h OH cilitated. There is also trend information in Fig. 8d that
exposure) are attributed to their respective CARBROOH,shows that the R and ROO" ions for CARBROOH PHA in
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Fig. 8. Gas-phase trends of the generated carbonyl hydroperoxide (CARBROOH )sarattfoxylic acid (C6CARBACID) as monitored
by the CIMS and the CARBROOH and its derived PHA in the particle phaséafjon-dodecane(b) 2-methylundecangc) hexylcy-
clohexane, andd) cyclododecane. CARBROOH and its PHA are tracked by AMS iopsHz301 and (312H23O§,’r for n-dodecane and

2-methylundecane, and by;§H>10%" and CleZlOér for hexylcyclohexane and cylododecane.

cyclododecane do not trend together as tightly as comparethin ions by structure and their trend information informs the
to the other systems (Figa—c). The ROO ion lags slightly,  need to consider intramolecular reaction as an additional fate
indicating that PHA formation from the CARBROOH in cy- of some of the multifunctional hydroperoxides. All ion sig-
clododecane may not form immediately with the condensa-hals have been normalized by the suspended organic aerosol
tion of CARBROOH. to account for effects on the ion signal trend due to particle
While signal at the RO® ion for CARBROOH PHA can  wall loss. This normalization results in large noise at periods
also potentially be derived from the OHCARBROOH cycliz- < OH exposure of % 10” molec cn2h, owing to low and
ing, as in Fig. 2, Scheme 3, the tight correlation of the R noisy ion and organic aerosol signals before this time.
and ROOJ ions forn-dodecane and 2-methylundecane sug- The same tracer ions are present in bothntsodecane
gests less of a contribution from competing cyclization. Sinceand 2-methylundecane systems (Fig. 10a, b_l)zl‘@go:{
the R ions cannot be derived from the competitive cycliza- is of low signal in the 2-methylundecane aneblodecane
tion products, the majority of the signal at the RO®@n is AMS spectra, though there is a greater contribution from
attributed to the CARBROOH PHA form. For hexylcyclo- this ion in n-dodecane SOA. All of these ions can poten-
hexane and cyclododecane, however, there is slightly moréally be explained by multifunctional hydroperoxide com-
deviation of the R and ROO" ion trends. This may suggest pounds that can carry up to four sites of functionalization
that these structures may undergo intramolecular reactionand three degrees of unsaturation relative to the parent (See
that result in the variety of ions and chemical developmentPHA schemes in Fig. 2 for proposed multifunctional struc-
discussed in further detail below. tures and AMS ions assignments in Table 5). Generally
for these acyclic systems, the CARBROOH is initially in-
3.2.5 Indicators of competitive chemistry with peroxy- corporated, followed by the DICARBROOH (gH,105 at
hemiacetal (PHA) formation m/z197) and the OHCARBROOH (GH2305 at m/z199).
Additional chemical processing leads to incorporation of a
Here, we present the general particle-phase development ipotential OHDICARBROOH (@2H21O§“ atm/z213) and a
terms of the multifunctional hydroperoxide/PHATRand ~ TRICARBROOH (Gi2H1905 at m/z211). The GoH1907
PHA ROO" proposed ion tracers for all systems (Fig. 10). at m/z245 is possibly the OHDICARBROOH PHA ROO
In this systematic analysis going from straight-chain toion, though the signal at this/zis not sufficiently high to be
branched to cyclic structures, we find that the presence of cer-
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dihydrofuran-like structure of higher volatility. This promi-
x10%1 4 1 OHCARBROOH PHA nent route may therefore limit formation of lower volatil-
ity oxidation products during hexylcyclohexane oxidation.
The peak of the suspended organic aerosol (Fig. 10c, OH
exposure~5 x 10° molec cnT2h) does follow the peak of
this ion and those of the DICARBROOH, OHCARBROOH,
consistent with limitations of the growth. At this point the
20x10  40x10"  6.0x10  80x10'  1.0x10° rate of particle wall loss dominates over the rate of continued
growth.

Tracer ions for these products are followed by further
Fig. 9. Fraction of organic attributed to the corresponding ROO chemical processing also leading to the OHDICARBROOH
PHA tracer ion for (top) carbonyl hyderoperoxide PHA (CAR- and its PHA (C_3_2H190;’r at m/z211) and the OHDICAR-
BROOH PHA), (middle) dicarbonyl hydroperoxide (DICAR- BROOH PHA (G2H1907 atm/z243). Them/z243 ion is
BROOH), and (bottom) hydroxycarbonyl hydroperoxide (OHCAR- ot shown due to low signal. The ion @z227 C12H190j{
BROOH). corresponds to the ROOion for DICARBROOH PHA,

though the time trend does not follow that of the Rn as

closely, and may indicate another species (in combination)
plotted on the same scale as the Bns here. The DIROOH  peing responsible for the signal here. For example, in Fig. 2,
and OHROOH tracer ions are also not included for this rea-Scheme 5, the OHDICARBROOH may isomerize (left re-
son, although tracer ions are identified in the mass spectraaction) via cyclization between a carbonyl and hydroperoxy
Of note is the rE|ative|y earlier peaking (ln terms of OH ex- group to form this ion as well. It may also undergo 1,4-
posure) and lower relative contribution of these ions in thecyclization involving the hydroxy and ketone groups. This
2-methylundecane system as compared to their analogs ifresents two potentially competitive fates for the OHDI-
the n-dodecane system. This may be a result of fragmentacARBROOH, one to PHA formation (Scheme 5, right reac-
tion processes relevant for 2-methylundecane gas-phase oxon) and the other to cyclization (Scheme 5, left and bottom
idation that begin to dominate. The lower relative contri- reaction)' Cycnzation of a_|koxy hydroperoxy a|dehydes has
bution of Gi2H190g for 2-methylundecane SOA as com- heen observed to be potentially competitive with PHA forma-
pared ton-dodecane SOA is also consistent with less chem+jon in the case of cyclic alkenes ozonolysis in the presence
ical development due to gas-phase fragmentation dominatof alcohols (Ziemann, 2003). A similar cyclization reaction
ing over functionalization, as well as potentially slower gas-for the multifunctional carbonyl hydroperoxides can explain
phase oxidation since 2-methylundecane has a IGwer  the presence of additional ions not expected from PHA for-
than that ofn-dodecane. Though all of these ions for  mation.
dodecane and 2-methylundecane can be explained by speciesggr cyclododecane, at least two “waves” of chemical de-
involved in PHA formation mechanisms, we find that com- velopment exist in the particle phase (Fig. 10d). Initially; R
parison of these and additional ions in the hexylcyclohexangons associated with the CARBROOH, OHCARBROOH,
and cyclododecane system indicate that additional chemistrynd DICARBROOH grow in. Then, a series of ions with
is present. formulae of the form @HyOF, with y=19, 17, and 15,

For hexylcyclohexane, there is noticeably more simulta-grOW in consecutively. @ngog atm/z211 and @2H17O§L

neous incorporation in the aerosol phase of such species a§ m/z 209 could correspond with the OHDICARBROOH
the CARBROOH (G2H210" at m/z181), DICARBROOH

11134 L. D. Yee et al.: Effect of chemical structure on SOA formation
n-dodecane hexylcyclohexane (C12H190'2" at m/z 195), OHCARBROOH (@2H21O;' at
— 2-methylundecane —— cyclododecane m/z 197), and their respective PHAs (Fig. 10c, Table 6).
X 104 _ . . . g . . .
>0 CARBROOH PHA There is also S|gq|f|cant contribution from an ion at
4.0 C12H190™ not explained by the PHA tracer fragmentation
3.0 pattern. The presence of thaEl;90™ ion may be a result
204 of forming an analogous hydroperoxy dihydrofuran prod-
) 10] uct (Fig. 2, Scheme 3) via the OHCARBROOH undergo-
S }M ing 1,4 cyclization and dehydration. This ion is unique to
- o L B e A | H
s hexylcyclohexane SOA (in terms of degrees of unsatura-
§X10 307 DICARBROOH PHA tion achieved with little oxygen in the ion formula and
o prominence of the ion). The proposed reaction is consis-
2 tent with the hexylcyclohexane structure undergoing another
% 1,4-cyclization along its gbranch to form a bicyclic struc-
s ture (cyclohexyl and cyclic hemiacetal). The cyclic hemiac-
3 etal portion of the molecule can then dehydrate to form a
'
3
=

OH Exposure (molec cm™ hr)
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Fig. 10.Characteristic ions ifa) n-dodecangb) 2-methylundecanéc) hexylcyclohexane, an@l) cyclododecane aerosol measured by the
AMS.

and TRICARBROOH R ions, respectively. Note that the 3.2.6 AMS elemental ratios

Clelgogr ion can also result from a ring-opened TRICAR-

BROOH (same as in the linear case), but where at least he Van Krevelen diagram, originally used for showing how
one of the carbonyl groups is presumably an aldehyde. Th& : C and H: C elemental ratios change during coal formation
C12H150§r atm/z207 implies yet another step achieving one (Van Krevelen, 1950), has been recently utilized with HR-
fewer degree of saturation. This was characteristic of manylfOF-AMS data to aid in the interpretation of elemental ra-
of the ions in the cyclododecane AMS mass spectra achievtio changes in organic aerosol formation (Heald et al., 2010;
ing one additional degree of unsaturation compared to thalNg et al., 2011; Chhabra et al., 2011; Lambe et al., 2011,
of hexylcyclohexane and two compared to the non-cyclic2012). The slopes on the diagram of O:C versus H:C can
systems. This ion assignment is uncertain, though it couldProvide insight into the chemical evolution of the aerosol in
correspond with a structure containing a hydroxy, four ke-terms of functional group changes. A slope-df for ambient
tone groups, and a hydroperoxy group with the ring intactand Iaboratory data is consistent with carboxylic acid groups
(OH4CARBROOH). There may be additional cyclizations Without fragmentation (Heald et al., 2010). Ng et al. (2011)
or dehydration reactions in the particle phase and/or addishowed that, for aged ambient organic aerosol, the slope of
tional ionization patterns in the AMS that may more feasibly —0.5 is consistent with carboxylic acid addition with frag-
explain the presence of this ion. This is especially relevantmentation. Both of these results highlighted aerosol that was
when considering the ions of the formﬂﬂy()‘f" with y =19, already quite oxidized, with most of the O : C values greater
17, and 15 and =3, 4, 5. For the OH4CARBROOH, TRI- than 0.30. Lambe et al. (2012) presented SOA results from a
CARBROOH, and OHDICARBROOH, the mass spectrum potential aerosol mass (PAM) chamber in which long-chain
(Fig. 7) indicates a greater fraction of organic aerosol due toalkane SOA O:C extended from a value of O to close to
the corresponding =4 ions compared to the=5 ions. This ~ 1.4. The Van Krevelen slope from an O: C of 0 to approx-
may indicate competitive cyclization over PHA formation, as imately 0.3 was-1.3, and for O: C values greater than 0.3

shown in Schemes 4 (TRICARBROOH) and 5 (OHDICAR- the slope became less negative with a value-0f7. Lambe
BROOH) of Fig. 2. et al. (2012) attribute this change in slope to a transition from

a functionalized- to fragment-dominated regime.
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2.0 1 L L L L L L the cyclododecane AMS mass spectrum (Fig. 7) as compared

el e to the other systems.

| L 2-methylundecane SOA exhibits a lower O:C than that
dodecane, m =-1.19 (+ 0.01) .

. 4 2-methylundecane, m = -1.35 (+ 0.03) from n-dodecane, supported by the lower fraction of total
L+ hexylcyclohexane, m = -1.14 (+ 0.02) . . .y .
® cylododecane, m =-1.73 (£0.03) | |- organic aerosol attributed to oxidized ions comparea-to

dodecanen-Dodecane achieves the second highest O : C for
+ - the OH exposures in this study, and while the progression of
key >150amu ions in this system (Fig. 10a) is more gradual,

\ - there is continued oxygenation, as observed by the presence
+ carboxylic acid, or of the Gi2H1907 ion. Yee et al. (2012) also found the O: C

+ ketone/aldehyde and alcohol R R .
(slope = -1) - range to be consistent with the O : C of several of the multi-
\ functional hydroperoxides and their derived PHAs.

- The higher O : C achieved for hexylcyclohexane may be

1.9+

1.8

1.7+ +

H:C

1.6 —

15—

1.4+

+ ketone/aldehyde

(slope =-2) ' a result of the generally faster chemistry seen in both the
13+ , , , A , , - gas-phase oxidation and the particle-phase development, in

0.0 01 02 o 04 05 06 which initial key ions in the particle phase (Fig. 10c) peak
' earlier in terms of OH exposure 5 x 10’ moleccnt3h as
Fig. 11. Van Krevelen diagram for low-N@ photooxidation of ~ compared to those of the other systems. This could be a re-
n-dodecane, 2-methylundecane, hexylcyclohexane, and cyclododesult of verging on increased contribution from fragmentation
cane. processes increasing the O : C or oxygenation achieved from
continued oxidation.

The elemental ratios from the current study are shown
in Fig. 11. The experimental progression for all four sys-4 Conclusions
tems is from upper left to lower right across the Van Krev-
elen space. All of the compounds have O<0.3, except We address here the mechanisms of formation of SOA in
for the end of the hexylcyclohexane experiment. In increas-alkane systems under low-N@onditions. Special attention
ing order, the slopes arel.73,-1.35,—-1.19, and—1.14 is given to the effect of alkane structure on SOA formation
for cyclododecane, 2-methylundecane, dodecane, and hexy&nd to the molecular identifications of the oxidation prod-
cyclohexane, respectively. In the presence ofyNTkacik ucts responsible for SOA growth. Aerosol formation from
et al. (2012) found steeper slopes (approachif2j for the  the photooxidation ofi-dodecane, 2-methylundecane, hexyl-
same or comparable in structure alkane species, attributedyclohexane, and cyclododecane under lowgNOnditions
to a combination of carboxylic acid addition and added ke-is initiated by the partitioning of a 2nd-generation product,
tone and alcohol moieties. This was also achieved undethe carbonyl hydroperoxide (CARBROOH), to the particle
a much lower total OH exposure (~+610° moleccnt3h) phase. It appears that this hydroperoxide is incorporated with
than that used in the current experiments, providing con-simultaneous formation of a peroxyhemiacetal. Several other
trast between the more efficiently (in terms of OH exposure)multifunctional hydroperoxides are proposed to explain char-
achieved higher O : C ratios with fragmentation pathways inacteristic ions in the AMS mass spectra for each system, sug-
the presence of NOcompared to the proposed functional- gesting that at least three additional degrees of unsaturation
ization and accretion schemes in the low-N@gime pre- might be achieved for cyclododecane while functionalizing
sented here. In comparison to the average slopelo8 in primarily via ketone/aldehyde addition.
the O: C range 0 to 0.3 from OH-initiated oxidation of alka-  2-methylundecane exhibits the least extent of chemical
nes in the absence of Nby Lambe et al. (2012), many processing in the particle phase (in terms of the least vari-
of the systems here show comparable behavior. The facety of GHyO; ions observed in the mass spectra) relative
that many do not reach an O: C much higher than 0.3 withto the other systems, likely a result of gas-phase fragmen-
a less negative slope as observed in Lambe et al. (2012gtion that leads to a product distribution consisting of rela-
is also consistent with these experiments remaining in thdively higher volatility intermediates. Hexylcyclohexane ex-
functionalized-dominated regime, and not having yet transi-hibits rapid gas-phase oxidation and particle-phase process-
tioned to a fragment-dominated regime. ing reflected in the highest achieved O: C (verging on 0.4).

This functionalized-dominated regime is supported by theOf the systems studied, hexylcyclohexane behaves in terms
proposed chemical mechanisms and AMS ions found in eaclof SOA chemistry as a hybrid of the other systems. It ex-
system. Cyclododecane SOA has the slope closest2p  hibits the rapid formation of functionalized semi- and low-
indicating a greater contribution from ketone and aldehydevolatility species that contribute to the particle phase, but
groups. This is consistent with thelg:-|y05r ion series in  then fragmentation processes (attributable to the branching)
Fig. 10d and the relatively higher degrees of unsaturation irstart to dominate and lower the relative particle mass due to
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C12 oxygenates. Cyclization processes analogous to cyclién DePalma et al. (2013) also suggest that, for the PHA struc-
hemiacetal and higher volatility dihydrofuran formation can ture considered, the dimerization free energy is favorable for
also contribute to limitations in particle growth. formation in the gas-phase as well as in water-, methanol-,
While the> 150 amu tracer ions in the AMS help to iden- and acetonitrile-like solutions. This was found to be unique
tify potential species involved in particle-phase chemistryto the PHA structure considered, as other dimerization reac-
like PHA formation, the more oxidized and functionalized tions were not as broadly favorable among the different so-
the ion, the greater potential exists for multiple ionization andlution types. The potential for dimerization in the gas phase
fragmentation schemes in the AMS. Ideally, standards of dif-has implications for new particle formation as well. While
ferent structure but analogous functionality would be avail-the experiments employed here were seeded, and it seems
able for generating mass spectral standards that can be us#uat initial organic growth may be initiated by PHA incor-
to better interpret the mass spectra in this region. lonizatiorporation to the particle phase, it has been generally assumed
schemes need to be better elucidated to see if observed iotlsat PHA reactions occur in the particle phase. This is sup-
can be explained by particle-phase chemistry that involvegorted by simulations in Shiraiwa et al. (2013) for the case
species of cyclic structure and/or those undergoing cycliza-of n-dodecane, though it may also be that the phase of reac-
tion followed by dehydration. Such schemes were proposedion depends on the precursor system and the structure of its
here to explain additional ions in the AMS not expected oxidation products.
purely from PHA formation. This is relevant for determin-  The systematic study of thesgtructures lays a chemi-
ing the molecular identity of some of the highly oxygenated cal groundwork for understanding the dynamics of particle
(> Of{) ions that grow in the particle phase at extended OHgrowth concerted with particle-phase reactions (e.g., PHA
exposures. formation) and sustained growth via semi-volatile and low-
Evidence for additional particle-phase reactions includ-volatile product partitioning, followed by additional particle-
ing cyclization of multifunctional hydroperoxides exists. In- phase oxidation if unhampered by fragmentation processes.
tramolecular cyclization of multifunctional hydroperoxides Further study of the & system should include additional
can be competitive with the intermolecular reaction of mul- isomeric configurations of branching and cyclic + branched
tifunctional hydroperoxides with aldehydes to form PHAs. structures to better understand the spectrum of oxidation
For the functional groups presumed to be incorporated vigpathways between 2-methlyundecane and hexylcyclohexane
the gas-phase mechanisms ketone (some aldehyde for cgnd between hexylcyclohexane and cyclododecane. These
clododecane), hydroperoxy, and hydroxyl, it is very likely structural dependencies will certainly impact the mecha-
these functional groups undergo intramolecular, as well asiisms of SOA formation and SOA vyields, which can affect
intermolecular, reactions (including oligomer formation), de- the representation of SOA formation from alkanes in atmo-
pending on their relative positions on thex@ackbone. This  spheric modeling.
may be highly relevant for hexylcyclohexane in which the
alkyl branch is sufficiently long to still cyclize and result in
a bicyclic structure. Cyclododecane may ring open to formSupplementary material related to this article is
functionalized aldehydes and then cyclize again (not necesavailable online at http://www.atmos-chem-phys.net/13/
sarily returning to a & ring). 11121/2013/acp-13-11121-2013-supplement.pdf.
Environmental factors such as humidity, aerosol acidity,
and temperature are likely to play a role in controlling these
chemical transformations and ultimately impact the extent ofAcknowledgementsThis work was supported by the Office of
PHA formation. The present study was conducted under dryScience (Biological and Environmental Research), US Depart-
conditions, but future study would benefit from examining ment of Energy Grant (DE-SC 0006626), and National Science
the role of humidity as aqueous particles will affect parti- Foundation Grants AGS-1057183 and ATM-0650061. The authors

tioning of certain species. Parameterizations of 1-tetradecen@cknowledge helpful discussions with John D. Crounse and
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for an organic aerosol loading10 ug n?¥, the generated hy-

droperoxides and peroxides would be expected to be comEdited by: J. Liggio

pletely in the particle phase. Further, aldehyde contribution

to the particle phase has been found to be enhanced with

aerosol acidity (Jang et al., 2002). DePalma et al. (2013) also

found that dimers formed frora-pinene ozonolysis prod-

ucts, including a PHA, return to the monomers with increases

in temperature from 298 K to 373 K. Additional simulations
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Appendix E

Secondary Organic Aerosol Formation from Low-NO, Photooxidation of Dodecane: Evolution of
Multigeneration Gas-Phase Chemistry and Aerosol Composition’

7 Reproduced by permission from “Secondary organic aerosol formation from low-NOy photooxidation of dodecane:
Evolution of multigeneration gas-phase chemistry and aerosol composition” by L. D. Yee, |. S. Craven, C. L. Loza, K. A.

Schilling, N. L. Ng, M. R. Canagaratna, P. J. Ziemann, R. C. Flagan, and ]. H. Seinfeld. . Phys. Chem. A 2012, 116, 6211-
6230.
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ABSTRACT: The extended photooxidation of and secondary
organic aerosol (SOA) formation from dodecane (Cj,H,4)
under low-NO, conditions, such that RO, + HO, chemistry
dominates the fate of the peroxy radicals, is studied in the
Caltech Environmental Chamber based on simultaneous gas
and particle-phase measurements. A mechanism simulation
indicates that greater than 67% of the initial carbon ends up as
fourth and higher generation products after 10 h of reaction,

GC-FID 00
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NN NN ,/\v/\v)\v/\v/\v/
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-
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and simulated trends for seven species are supported by gas-phase measurements. A characteristic set of hydroperoxide gas-phase
products are formed under these low-NO, conditions. Production of semivolatile hydroperoxide species within three generations
of chemistry is consistent with observed initial aerosol growth. Continued gas-phase oxidation of these semivolatile species
produces multifunctional low volatility compounds. This study elucidates the complex evolution of the gas-phase photooxidation
chemistry and subsequent SOA formation through a novel approach comparing molecular level information from a chemical
ionization mass spectrometer (CIMS) and high m/z ion fragments from an Aerodyne high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS). Combination of these techniques reveals that particle-phase chemistry leading to
peroxyhemiacetal formation is the likely mechanism by which these species are incorporated in the particle phase. The current
findings are relevant toward understanding atmospheric SOA formation and aging from the “unresolved complex mixture,”

comprising, in part, long-chain alkanes.

B INTRODUCTION

Atmospheric chemical transformations occur through mecha-
nisms involving free radical reactions, sunlight, and reactions in
or on condensed media." The formation of secondary organic
aerosol (SOA) involves the multigeneration oxidation of a
parent organic molecule leading to product molecules that
partition between the gas and particle phases. As the parent
organic is consumed, usually by reaction with the hydroxyl
(OH) radical, subsequent products may also react with OH,
giving rise to an evolving product distribution. As products
become more functionalized with oxygen-containing moieties,
their volatility decreases, and their propensity to partition into
the particle phase increases.” In the gas-phase chemical cascade,
both functionalization and fragmentation (C—C bond scission)
reactions occur, and the interplay between these two general
types of reactions, together with the progressive decrease in
volatility accompanying the addition of oxygen atoms to the

- ACS Publications  © 2012 American Chemical Society

6211

parent backbone, defines the SOA formation process for a
particular parent organic.’ As the SOA formation process
evolves, a competition ensues between the rate of production of
lower volatility species with increasing oxygen-to-carbon (O:C)
atomic ratio and the increase in the SOA mass; as the mass of
SOA increases, the partitioning of gas-phase products with
somewhat higher volatility and somewhat lower O:C ratio is
enhanced. The mass of SOA can, in some cases, reach a
maximum and decrease as gas-phase fragmentation reactions
convert lower volatility species into higher volatility species,
leading to evaporation of the lower volatility particle-phase
species in an attempt to maintain gas-particle equilibrium. In
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short, the rate at which oxygens are added via successive gas-
phase reactions, the relative importance of fragmentation versus
functionalization reactions, and the specific decrease in volatility
attending the formation of oxidized species govern the
evolution of the SOA mass.

Long-chain alkanes represent an especially important class of
organics with respect to SOA formation. The so-called
unresolved complex mixture (UCM) is likely an important
source of unaccounted for SOA formation in the atmosphere,”*
and alkanes are a major component of that mixture.”® Low-
volatility vapors from the UCM are a source of “untraditional”
SOA, as they evaporate from primary organic aerosol emissions
upon dilution and undergo subsequent oxidation to form
SOA.* Quantifying the SOA formation from long-chain alkanes
will undoubtedly aid in closing the gap between observed
atmospheric organic aerosol and that predicted by atmospheric
models based on traditional biogenic and anthropogenic SOA
precursors. SOA formation from alkane photooxidation has
received study.””'* Alkane—OH reaction kinetics'>'* and gas-
phase chemistry in the presence of NO, exhibit a product
distribution that can lead to highly oxidized products.””'
Studies of alkane oxidation under low-NO,, conditions have also
been carried out."> Importantly, owing to the relatively long
lifetimes against OH reaction at typical ambient OH
concentrations (on the order of 12 h to several days) and to
a relatively rich information base on the kinetics and
mechanisms of alkane oxidation reactions, long-chain alkanes
represent an especially important class of compounds with
respect to SOA formation. Finally, it is crucial to develop
detailed chemical databases on the explicit pathways of SOA
formation for classes of parent organics, which can serve as
benchmarks for evaluation of empirical/statistical models of
SOA formation.

The present work represents the first report on a
comprehensive series of laboratory chamber experiments on
SOA formation from long-chain alkanes. We focus here on
SOA formation from dodecane under low-NO, conditions. The
low-NO, regime of atmospheric chemistry is particularly
important in the regional to remote atmosphere and is
especially relevant to the chemical aging that is intrinsic to
SOA formation. The key to atmospheric photooxidation
chemistry is the fate of the alkyl peroxy radical (RO,) formed
after OH attack and O, addition. RO, can react with HO,, RO,,
or NO,, the distribution of which is critical for understanding
radical propagation and sinks, as well as the pathways that lead
eventually to SOA.'®'” In atmospheric regions of low NO,
levels, the RO, radical will react preferentially with HO, and
RO,. In such regions, HO, concentrations are on the order of
10° molecules cm™>,'*"?° and the RO,—HO, reaction is
competitive with the reaction of RO, with NO,. Generally,
under such atmospheric conditions, the RO,—HO, reaction,
which leads to hydroperoxides, dominates over RO, self-
reaction. We present here the first experimental study of SOA
formation from dodecane oxidation in the regime in which the
fate of the dodecane peroxy radical is dominated by the RO, +
HO, regime of alkyl peroxy radical chemistry. The particular
focus of the present work is the multigeneration gas-phase
chemistry of dodecane oxidation that leads to SOA formation.
We employ chemical ionization mass spectrometry (CIMS) to
track the evolution of the gas-phase oxidation products. We
develop a gas-phase mechanism to describe the low-NO,
regime of chemistry. The mechanism is used to explicitly
simulate four generations of gas-phase chemistry. By combining
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CIMS and high-resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS) measurements, we are able to
simultaneously track several semivolatile oxidation products in
the gas and particle phases. Together, these measurements
provide evidence of particle-phase formation of peroxyhemia-
cetals (PHAs).

B EXPERIMENTAL SECTION

Instrumentation. Experiments were conducted in the dual
28 m* Teflon reactors in the Caltech Environmental Chamber
described elsewhere.*”?* The reactors are flushed with clean,
dry air for 24 h before a new experiment. A suite of online gas-
and particle-phase instruments was used to monitor the
development of the chemistry from dodecane photooxidation.
The dodecane decay was monitored by taking hourly samples
at 0.13 LPM of chamber air over 10 min (1.3 L total sample
volume) onto a Tenax adsorbent. This was then loaded into the
inlet of a gas chromatograph with flame ionization detection
(GC/FID, Agilent 6890N), desorbed, and then injected onto
an HP-S column (15 m X 0.53 mm ID X 1.5 um thickness,
Hewlett-Packard). Desorption was at 270 °C for 15 min onto
the column held at 30 °C. Next the oven was ramped from 30
to 280 °C at 10 °C/min and held at 280 °C for S min. The
mass response of the detector was calibrated by spiking the
Tenax cartridges with 0.5 yL of standard solution and analyzing
them following the previously described method. Standard
solutions of 25 mL volume each with concentrations ranging
from 1 mM to 11 mM of dodecane in cyclohexane were
prepared for these calibrations. The O; and NO, were
monitored using a standard UV absorption Oj; analyzer
(Horiba, APOA 360) and a chemiluminescence NO, analyzer
(Horiba, APNA 360). During the injection period and before
lights on, the temperature was around 293—294 K. After lights
on, the temperature for all experiments ranged between 296
and 298 K, and relative humidity levels remained <5%.

The gas-phase chemistry was tracked using measurements
from a CIMS, consisting of a modified Varian 1200 quadrupole
mass spectrometer to accommodate a custom ionization region.
The general operation and details of the instrument have been
discussed previously.”*~>* In negative mode operation, the use
of CF;O0CEF; reagent gas makes the instrument ideal for
measuring hydroperoxide containing compounds and acidic
species, as described in studies of CF;00CF; chemistry.® For
a more strongly acidic species [H-X], the transfer product is
formed during ionization [H-X-F]~, resulting in a nominal
mass-to-charge ratio, m/z, of [M+19]7, where M is the
molecular weight of the analyte. For less acidic species and
hydroperoxides [R], the cluster product forms [R-CF;0]7, or
m/z = [M+85]”. Carboxylic acids such as acetic and formic
acids tend to have equal contributions to the transfer and
cluster product, in which case the overall signal of a compound
is considered as the sum of the two product channels. In
positive mode operation, an analyte R can undergo proton
transfer reaction generating an ion of the form [R-H]* and/or
react with n positively charged water clusters to form a cluster
in the form of [(H,0),-R-H]". Hydroperoxide species tend to
undergo dehydration after protonation, and are thus monitored
at nominal m/z = [M-17]** Unfortunately, due to mass
tuning shifts midproject, the positive mode m/z’s reported do
not reflect the expected m/z from the clustering theory, but use
of this mode of the CIMS was essential for tracking less polar
compounds such as the carbonyl and, in some instances, where
product m/z’s were out of range for the mass scan in negative
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Table 1. Dodecane Low-NO, Experiments

hrs of initial HC [NO], [NO, ],
expt date photooxidation (ppb) (ppb) (ppb)
1/16/2011 18 342 + 1.6 <LDL <LDL
3/13/2011 36 349 + 1.6 <LDL <LDL
3/16/2011 18 330+ 1.6 <LDL <LDL

“Not corrected for particle wall loss.

[0;], initial seed vol. peak organic”
(ppb) (um’em™) AHC (ppb) (ug em™)
2.7 9.1 +£0.3 320 + 2.1 54.6
2.6 114 + 1.5 33.6 + 2.1 62.8
33 120 + 1.2 323 + 21 51.3

mode operation. The positve mode m/z’s are reported as
monitored during the experiment, but suggested assignments
were made using a back calibration of the shift of m/z, generally
upward by five atomic mass units (amu) in the m/z range of
interest from 200 to 220. While the CIMS is capable of
measuring a diverse array of chemical species, specificity is
challenged when isomers or different compounds with the same
nominal MW contribute to the same m/z signal, which has unit
mass resolution. In this study, many isomers are formed
because there are many possible locations of hydroxyl radical
attack on the starting chain. The CIMS signal at one m/z
represents the summed contribution of all the isomers.
Isomeric compounds in this study were mostly problematic
for distinguishing the acids, in that one cannot fully distinguish
the difference between a C,, peracid, C, hydroxycarboxylic acid,
and a C,,,, hydroperoxide, as discussed in the results section on
acid formation.

Particle size distribution and number concentration measure-
ments are made with a cylindrical differential mobility analyzer
(DMA; TSI Model 3081) coupled to a condensation particle
counter (TSI Model 3010). A logarithmic scan from a mobility
diameter of 10 nm to 1 gm is completed every 90 s. Sheath and
excess flows of 2.5 LPM were used, with a 5:1 flow rate ratio of
sheath-to-aerosol (i.e., a resolving power of 5). An Aerodyne
HR-ToF-AMS,*®7%° hereafter referred to as the AMS,
continuously measured submicrometer nonrefractory aerosol
composition at 1 min resolution switching between the higher
resolution, lower sensitivity W mode and the lower resolution,
higher sensitivity V mode. A detailed discussion of the AMS
method for the automated m/z calibration, mass accuracy, mass
resolution of V and W modes, the high-resolution ion fitting
algorithm, and ion signal integrations at the same integer mass
is presented in previous work.”> The AMS ions (orc%anic) are
reported with a relative ionization efficiency of 1.4.>

Experimental Protocols. To maximize total OH exposure,
a set of experiments was designed following phased instrument
sampling protocols similar to those used in the work of Loza et
al*! to capture 36 h of total photooxidation while preserving
reactor volume. In this study, the 36 h time series is achieved by
combining data from an 18 h experiment during which all
instruments are online and a 36 h experiment during which all
instruments but the AMS are offline during the first 20 h of
oxidation. Relative humidity and temperature were monitored
for the full 36 h. Thus, the concatenated time series for many
instruments (i.e, the CIMS, DMA, NO,, and O; analyzers) is
that of the 18 h experiment and the last 16 h of the 36 h
experiment. A list of the experiments used for this study are in
Table 1. The March experiments used another DMA with a
lower total effective flow rate. General consistency between the
AMS and CIMS measurements across the two 18 h
experiments is observed (see Supporting Information, Figure
S1). In the 18 h January experiment, CIMS traces for negative
mode ions at m/z > 300 were included; the mass scan was
reduced to m/z < 300 in the March experiments. The January
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experiment also provided evidence for supporting alternate
positive mode m/z’s used for monitoring select hydroperoxide
species in the March experiments, which would otherwise be
best monitored by the negative mode in the m/z range >300
(see Supporting Information, Figure S2).

Injection protocols were the same for all experiments. Two-
hundred eighty microliters of a 50% by weight solution of
hydrogen peroxide in water was measured using a glass syringe
and injected into a glass trap. The trap was submerged in a
warm water bath (~35—38 °C) while S LPM of the purified
injection air flowed through the trap and into the chamber
evaporating the hydrogen peroxide over approximately 90 min.
This results in an approximate starting hydrogen peroxide
concentration of 4 ppm. Next a 0.015 M aqueous ammonium
sulfate solution was atomized into the chambers providing ~11
um?/cm® volume concentration of seed prior to lights on, as
measured by the chamber DMA. Finally, 9 uL of dodecane
(Sigma-Aldrich, 98% purity) was injected into a glass bulb and
connected within six inches to a reactor injection port via 1/4”
o.d. polytetrafluoroethylene (PTFE) tubing. This led to a 10
inch line of 1/4” o.d. PTFE internal to the reactor from the
injection port to ensure injection would not be directly to the
reactor wall. Using a heat gun with gentle heat, the dodecane
evaporated into a flow of 5 LPM of purified injection air going
into the chamber. This injection method was performed as
close to the chamber as possible to prevent losses of the parent
hydrocarbon during line transfer. The resulting dodecane
concentration in the chamber was about 34 ppb. Each
experiment’s starting concentration is listed in Table 1. After
loading the reactors, an hour period elapsed to allow for mixing.
Then, the blacklights were turned on initiating generation of
the OH radical from H,0O, photolysis.

Experimental Controls. A thorough discussion on
characterizations of the particle-phase wall loss for longer
experiments in the Caltech Environmental Chamber appears
elsewhere.>' For this study, we estimate that by 18 and 36 h of
oxidation, approximately 15% and finally 28% of the particle
volume has been lost to the walls when comparing DMA
suspended volume and wall loss corrected particle volume. A
diagnostic dark vapor-phase wall-loss experiment was per-
formed by injecting 60 ppb 2-dodecanone into the chamber
and monitoring its decay in the dark over 22 h. Although there
was an observed loss of 14% CIMS dodecanone signal over 22
h from its initial signal after injection, one cannot eliminate the
possibility of immediate wall-loss or transfer loss during the
injection and mixing period (~7S min total). Because handling
of the standard proved difficult for establishing a confident
calibration curve for the CIMS, this could not be verified. No
appreciable formation of > Cj acids and hydroperoxide species
above the background noise from the CIMS measurements was
observed, and no aerosol volume above the limit of detection
(~0.6 um* cm™3) was produced by 22 h as measured by the
DMA. Further investigation would be necessary for the goal of
mass closure. In order to verify the fragmentation pattern of
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Figure 1. Dodecane low-NO, mechanism. This scheme explicitly shows OH attack at the C4 position; however, abstraction of other hydrogens on
secondary carbons can also occur. Reaction of dodecane with OH forms a hydroperoxide (ROOH). The hydroperoxide undergoes successive
reactions to generate the carbonyl hydroperoxide (CARBROOH, Channel 1 and Chanel 2) or photolyzes to form the hydroxy hydroperoxide
(OHROOH, Channel 3). The solid colored boxes indicate compounds or reaction pathways photochemically simulated. CIMS monitored species
have m/z noted. Dashed colored boxes indicate compounds monitored by CIMS, but not explicitly simulated in the photochemical mechanism. The
gray dashed line denotes a gas—particle interface where 1,4-hydroxycarbonyl (OHCARB)-like compounds reactively uptake onto the particle and
cyclize to form a cyclic hemiacetal (CHA).
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Table 2. Reactions Included in the Gas-Phase Photochemical Model

rxn # reaction
1 H,0, + hv - 20H
2 H,0, + OH — HO, + H,0
3 RH + OH - RO, + H,0
4 RO, + RO, + M = pRO,RO, + M
S RO, + HO, - ROOH + O,
6 HO, + HO, — H,0, + O,
7 OH + HO, - H,0 + O,
8 OH + OH — H,0,
9 ROOH + OH — CARB
10 ROOH + hv - RO + OH
11 RO + O, » OHRO,
12 OHRO, + HO, - OHROOH + O,
13 CARB + OH — CARBRO, + H,0
14 CARBRO, + HO, — CARBROOH
15 CARB + hv — pjCARB
16 CARBROOH + OH — p(CARBROOH + OH)
17 CARBROOH + hv — p(jCARBROOH), aka p(CARBROOH + hv)
18 OHROOH + OH — OHCARB
19 OHROOH + hv = pjOHROOH
20 pjOHROOH — OHCARB + HO,
21 RO, + NO — 0.56 RO + 0.44 pRONO,
22 OHRO, + NO = 0.176 OHRO + 0.824 pOHRONO,
23 CARBRO, + NO — CARBRO
24 OHRO, + RO, - pOHRO,RO,
25 CARBRO, + RO, - pCARBRO,RO,
26 RO, + NO, = pRO,NO,
27 OHRO, + NO, — pOHRO,NO,
28 CARBRO, + NO, = pCARBRO,NO,

k; = 1.8 X 1072 cm® molecule™ s~

ky = koy = 132 X 1072 cm® molecule™ s7*

k ref.

Jju,0, = 2.87 X 1076 57! JPL* + chamber irradiance data

1 JpLY
Atkinson, 1997"*

ky =5 X 107 cm® molec™ s7! Atkinson, 1997'*

1 —1

ks = 2.16 X 107" cm® molecule™ s MCM 3.2
ks = 1.5 X 107> cm® molec™ s7* JpLY’
ks = 1.1 X 107'° cm® molecule™ s7! JpLY
k; = 628 X 1072 cm® molec™ s7* JpLY
kg = 7.4 x 1072 cm® molecule™ s7! JpL¥
jroon = 230 X 1076 s7! MCM 3.2 + chamber irradiance data
ky = 2.59 X 107® cm® molecule™! s~ MCM 3.2
kyo =k, MCM 32
ki; = 149 x 107"! cm® molecule™ s7! MCM 3.2
k= k, MCM 32
jears = 332X 1077 7 MCM 3.2 + chamber irradiance data
ki3 = 9.10 X 107! cm® molecule™ 57! MCM 3.2
JrOOH MCM 3.2 + chamber irradiance data
ki, = 497 x 107" cm® molecule™ 57! MCM 3.2
Jroon MCM 3.2 + chamber irradiance data
kys = 2.83 X 107 cm® molecule™ 57! MCM 32
ki = 9.04 X 107'* cm® molecule™ s7! MCM 3.2
kyy = kyg MCM 32
kyg = kyg MCM 32
kig = ks MCM 32
by = ky MCM 32
ky; = 9.0 X 107*% cm® molecule™ s7! JpLY
ky = ky JPL37
Ky = ks, _]PL37

hydroperoxide species in the AMS spectrum, a seeded
photooxidation experiment was run with a target injection of
300 ppb octadecane (C,3Hj;) using the experimental protocols
discussed earlier. The first generation hydroperoxide
(C13H350,) immediately partitions to the particle-phase, and
a distinct AMS ion at nominal m/z = 253 (C,gHj3,) appeared
after lights on, suggesting that hydroperoxide species fragment
to form ions of the form [M-33]*, where M is the molecular
weight of the hydroperoxide species.

B DODECANE LOW-NOy GAS-PHASE MECHANISM

The OH-initiated photoxidation of n-alkanes has been studied
previously, providing a framework of well-known chemical
reactions under varying NO, conditions'*'> that can be
extended to the case of dodecane. Such reactions are also
included in the Master Chemical Mechanism 3.2 (MCM 3.2)
via Web site: http://mcm.leeds.ac.uk/ MCM.3>*3 The reactions
proposed in such previous studies in conjunction with gas-
phase measurements from this study afforded the development
of a mechanism for the photoxidation of dodecane under low-
NO, conditions where RO, + HO, chemistry dominates (see
Figure 1). Reaction pathways past the carbonyl hydroperoxide
(CARBROOH) along Channel la and Channel 2b are not
included in the MCM 3.2 for dodecane. For clarity, colored
boxed molecules with simple labels are those that were
explicitly simulated in the photochemical mechanism and are
represented in the reactions of Table 2, consistent with the
color scheme comparing CIMS measurements and simulated
output in Figure 2 (RH, ROOH, CARB, CARBROOH,
OHROOH, and OHCARB). In some cases, a group of
products was not modeled explicitly, so a reaction pathway is
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boxed and labeled (p(jCARBROOH), p(CARBROOH + hv),
and p(CARBROOH + OH)). Boxed molecules with a dashed
border indicate those that have been monitored by the CIMS
including the m/z that was monitored, but they were not
explicitly modeled in the photochemical mechanism
(CnROOH, CnCARBACID, CnACID, OHCARBROOH,
and DICARBROOH). Reaction channels are noted with
alphanumeric labels, and the labels for molecules or product
channels of interest are referred to throughout the text. OH
attack is explicitly shown at the Cg4 carbon, although it is
expected that any of the hydrogens on secondary carbons will
be similarly vulnerable to abstraction by the OH radical. Using
estimated structure activity relationship reaction rate con-
stants,>* OH abstraction of the hydrogens on the primary
carbons would only represent two percent of the overall
reaction rate of dodecane with OH. Five generations of
chemistry are represented in the reaction pathways of Figure 1,
with a generation defined as the OH-initiated or photolysis
reaction of a stable (nonradical) compound. The mechanism
provides an overview of the types of products generated from
the alkyl peroxy radical RO, exclusively reacting with HO, to
generate hydroperoxides, which then react with OH or undergo
photolysis. While a wide variety of compounds are included in
the mechanism shown in Figure 1, this mechanism is by no
means exhaustive of all possible compounds formed in terms of
functional group placement and molecular structure.
Low-NO, Conditions. Under conditions in which [HO,]
> [RO,], and in which NO, levels are very low, RO, can be
expected to react exclusively with HO,. For the experimental
conditions, the HO, is calculated by a photochemical model.
The HO, concentration (~1 X 10'® molecules cm™) exceeds
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Figure 2. Simulated (curves) and observed (open circles) time evolutions of various gas-phase species from OH-initiated photoxidation of dodecane.
Colors used match species outlined in the gas-phase mechanism. (a) Decay of dodecane parent hydrocarbon with suspended organic growth. (b)
First-generation formation of the hydroperoxide (ROOH) monitored at (—) m/z 287. (c) Second-generation formation of the ketone (CARB)
monitored at (+) m/z 223. (d) Third-generation formation of the carbonyl hydroperoxide (CARBROOH) monitored at (+) m/z 204. (e) Simulated
output of remaining carbon from further oxidation of the carbonyl hydroperoxide p(CARBROOH + OH) as (—) m/z 31S or photolysis
p(CARBROOH + hv) as (=) m/z 317. (f) Photolysis of the hydroperoxide (ROOH) leads to formation of a hydroxy hydroperoxide (OHROOH)
monitored at (+) m/z 206. (g) Formation of the hydroxycarbonyl (OHCARB) from two sources: (1) photolysis of the hydroxy hydroperoxide
(OHROOH + hv) and (2) OH reaction with the hydroxy hydroperoxide (OHROOH + OH). (h) Simulated fraction of initial carbon in the gas-

phase by generation over the course of the experiment.

that of RO, (~1 X 10°® molecules cm™) by 2 orders of
magnitude. The dominant route of RO, chemistry is reaction
with HO, to form hydroperoxide compounds. It is important to
note that what determines low-NO, or high-NO, conditions is
not merely dependent on the HO, concentration iteslf; rather,
the conditions are defined by the dynamics of NO and RO, and
the various reaction rate constants. For example, the reaction
rate constants for CH;0, with HO,, CH;0,, NO, and NO, at
298 K are 52 X 1072 cm® molecule™ s7}, 3.7 x 1078 cm?
molecule™ 57!, 6.5—7.8 X 10 ™2 cm® molecule™ s77, and 3.9 X
1072 cm® molecule™ s7, respectively."* On the basis of these
rate constants, CH;0, lifetime against reaction with these
species increases in the order of NO, HO,, NO,, and CH;0,.
However, sufficient concentrations of HO, and/or CH;0, as
compared with NO would shift the conditions to an effectively
low-NO, regime of chemistry, in which the relative
concentrations of HO, and CH;0, would then determine
whether the low-NO, regime is dominated by CH;0, + HO,
or shared with CH;0, + CH;0,.

Without any addition of NO,, a small amount of NO,,
presumably from residual nitrogen-containing acids (e.g.,
HONO or HNO;) on the chamber walls, is generated upon
irradiation. This phenomenon of “NO, offgasing”’ is a
common observation among environmental chambers.*>* In
the chamber experiments to be described, the NO concen-
tration is below the limit of detection (~ S ppb), and the NO,
generated is <5 ppb. While the total generated NO, is primarily
in the form of NO,, NO, cannot be calibrated directly with this
technique, and there are fewer calibration points at this lower
range leading to some uncertainty in the measurement. Low-
NO, conditions in the chamber are further verified by CIMS
measurements of HO,NO, pernitric acid (PNA), the formation
of which is highly sensitive to the HO,:NO, ratio. Using the
CIMS sensitivity to PNA,** the PNA concentration generated
upon lights on is <350 pptv. As discussed in the work of Paulot
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et al,** it is likely that the sensitivity to PNA is overestimated
due to ligand exchange of H,0O, with the reagent ion. Using the
expected HO, concentration generated upon irradiation, and
the equilibrium constant for HO, + NO, = HO,NO,, 1.6 X
107" em® molec™.,* the predicted NO, residual concentration
is <1.2 ppb.

To explore possible effects of residual NO,, the chemistry
was simulated with initial concentrations of NO at 0.1 ppb, 2
ppb, and constant NO at 0.1 ppb, using all reactions in Table 2.
Under these varying NO, conditions, we estimate that <1%, <
10%, and <19%, respectively, of the dodecane reacts via RO, +
NO,, reactions. Relative lifetimes of RO, against reaction with
RO,, HO,, NO, and NO, for these varying NO, conditions are
provided in the Supporting Information, Table S1. The two
species, the 1,4-hydroxycarbonyl (OHCARB, Figure 1) and the
hydroxy hydroperoxide (OHROOH, Figure 1) that would be
most affected by the presence of NO, are shown based on NO
concentration and provided in the Supporting Information,
Figure S3. At NO concentration greater than 0.1 ppb, the delay
seen in the CIMS measurement of the 1,4-hydroxycarbonyl is
not reproduced (Supporting Information, Figure S3a). The 1,4-
hydroxycarbonyl is an important intermediate in SOA
formation in the presence of NO,'>*® so the presence of
NO should enhance its production and contribute to initial
organic growth. The observed delay in the organic growth as
measured by the AMS is consistent with the absence of any
appreciable NO,, in the system. Further, the presence of NO
should accelerate formation of the hydroxy hydroperoxide
(OHROOH) (Supporting Information, Figure S3b), causing
the simulations to further deviate from the observed gas-phase
measurements. These analyses support the fact that residual
NO, does not play a significant role in the overall chemistry
represented and that the majority of alkoxy radical formation is
not a result of RO, + NO chemistry. In addition, CIMS spectra
show no evidence of nitrate compounds formed. Thus, the
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photochemical mechanism used in the remainder of this study
excludes the presence of NO,.

Hydroperoxide Photolysis. The OH-initiated reaction of
dodecane results in the formation of the peroxy radical which,
upon reaction with HO,, rapidly produces the hydroperoxide
(C,Hy60, ROOH in Figure 1). The hydroperoxide can
undergo further reaction with OH or photolyze. In the absence
of an explicit photolysis rate, following MCM 3.2, the methyl
hydroperoxide photolysis rate is used as a proxy for the
photolysis rate of hydroperoxide species. Using absorption
cross sections and quantum yields for methyl hydroperoxide
(CH,O0H)** with the actinic flux calculated from spectral
irradiance measurements in the chamber using a LICOR
spectroradiometer, the expected photolysis rate constant of
methyl hydroperoxide is calculated to be j = 2.30 X 107¢ s7".
Under these experimental conditions, the C,, hydroperoxide is
simulated in the mechanism to react with OH and undergo
photolysis in branching ratios of 86% and 14%, respectively.
The most likely route of photolysis is to sever the O—OH bond
rather than the C—OOH bond in the hydroperoxy group,*!
resulting in the formation of an alkoxy radical. In the domain of
RO, + HO, chemistry, alkoxy radicals can be generated only via
photolysis of a hydroperoxy group; there is no formation of
simple alcohols, which is the same when NO, is
present.”' "> Along Channel 3 of the mechanism in Figure
1, the hydroperoxide photolyzes to generate the alkoxy radical.
Due to the length of the carbon chain, isomerization through a
1,5-hydride shift will occur,”'""* generating a hydroxy group
and leaving a radical on a secondary carbon. Reaction of this
radical with O, followed by reaction with HO, leads to the
hydroxy hydroperoxide (C;,H,c0;) referred to as OHROOH
in Figure 1, which can undergo photolysis or further reaction
with OH. Under photolysis, the same reverse isomerization of
the resulting hydroxy alkoxy radical occurs to form a 1,4-
hydroxycarbonyl (C,,H,,0,)”"" referred to as OHCARB in
Figure 1. On the basis of the calculated photolysis rate constant
of methyl hydroperoxide as a proxy and the OH concentration
lumped reaction rate constant, koy = 9.94 X 107° s7,
generation of the 1,4-hydroxycarbonyl (OHCARB) via reaction
with OH is the preferred pathway. The 1,4-hydroxycarbonyl is
estimated to react with OH and undergo photolysis in
branching ratios of 98% and 2%, respectively, according to
the photochemical simulation. In the case of reaction with OH,
the positions of the carbonyl and hydroxy groups would be
switched from what is shown in the mechanism. This formation
mechanism of the 1,4-hydroxycarbonyl (OHCARB) is also
distinct from the predominant reverse isomerization mecha-
nism when in the presence of NO,”'"'*' Still, an even
quicker route of formation is through alkyl peroxy radical
isomerization with an extrapolated isomerization rate constant
of 0.03 s™! at 298 K, which is applicable to the conditions of
[RO,] < 6 X 10" molecules cm™ and [NO] < 3 x 10°
molecules cm™.">** Since the NO concentration is only
confidently known to be <5 ppb or 1 X 10" molecules cm™
(the lower detection limit of our NO, analyzer), the alkyl
peroxy radical isomerization route is unconfirmed.

Hydroperoxide + OH. The hydroperoxide primarily reacts
with OH, in which abstraction of the hydrogen from the
hydroperoxy-containing carbon is favored.*' This leads to
decomposition of the hydroperoxy group to form a carbonyl
(C,H,40), resulting in recycling of OH radical (Channel 1,
CARB in Figure 1). In the case in which the OH attacks
another secondary carbon along the hydroperoxide chain, a
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dihydroperoxide, C;,H,,0,, (Channel 2 in Figure 1) may be
formed. Reaction of the carbonyl or the dihydroperoxide with
OH would generate the third-generation carbonyl hydro-
peroxide (CARBROOH), with chemical formula C,,H,,0;.
OH reaction with the carbonyl generally favors attack at a
carbon beta from the existing carbonyl group;** however, a
small fraction could occur at the a position. Depending on the
relative positions of the carbonyl and hydroperoxy group,
fragmentation or functionalization will occur. In the case of
Channel 1, the carbonyl and hydroperoxy groups are on
adjoining carbons, such that when photolysis of the hydro-
peroxy group generates the alkoxy radical, scission of this C—C
bond is favored. Products along Channel 1a are referred to as
p(GCARBROOH) in reaction 17 of Table 2. Decomposition of
the carbonyl alkoxy radical leads to an acyl radical and an
aldehyde. The eventual fate of the acyl radical is reaction with
O, to generate an acyl peroxy radical, which reacts with HO, to
generate acids (Channel 1a, CnCARBACID and CnACID) and
eventually a shorter chain hydroperoxide (Channel 1a,
CnROOH). While the formation of aldehydes and acids is
reliant upon the formation of a less abundant form of the
carbonyl hydroperoxide and its photolysis, Channel 1la serves
an important role in generating aldehydes in a system with
hydroperoxide species. These aldehydes can react in the particle
phase to form PHAs, to be discussed later in the paper.

In the case of the carbonyl and hydroperoxy groups located
beta to one another (Channel 2), photolysis (Channel 2a) or
reaction with OH (Channel 2b) leads to more highly
functionalized compounds than if the C;, backbone is
fragmented as in Channel la. Products along Channel 2a are
collectively referred to as p(CARBROOH + hv) in reaction 17
(Table 2), and products along Channel 2b are referred to as
p(CARBROOH + OH) in reaction 16 (Table 2). In chemistry
analogous to the photolysis route (Channel 3) of the initial
hydroperoxide (ROOH), functionalization is achieved by gain
of a hydroxy group through isomerization, leading to a
multifunctional compound containing carbonyl, hydroxy, and
hydroperoxide groups (Channel 2a). Again, the relative
positions of these functional groups lead to hydroxy acids
formation through photolysis (Channel 2ai, CnACID) or a 1,4-
hydroxycarbonyl with an additional keto group (Channel 2aii).
Consecutive OH reaction with the carbonyl hydroperoxide
(CARBROOH) would lead to multiple keto groups forming
from the previous hydroperoxide group (Channel 2b).
However, the competitive photolysis of hydroperoxy groups
leads to the variety in functionalization as in Channel 2a.
Although the fate of the carbonyl hydroperoxide (CAR-
BROOH) is likely to channel more carbon through reaction
with OH (pCARBROOH + OH), (Channel 2b), the gas-phase
chemistry in Channel la becomes important for SOA growth
and will be discussed subsequently.

B COMPARISON OF GAS-PHASE MECHANISM AND
MEASUREMENTS

The dodecane—OH mechanism derived from the MCM
3.2%%%3 (Table 2) was used to simulate the first four generations
of chemistry. The simulated hydrocarbon decay agrees with
GC-FID measurements of dodecane in Figure 2a. The
photolysis rate for H,O, was calculated using the absorption
cross section and quantum yield*”*® with the chamber actinic
flux, analogous to the calculation done for hydroperoxide
species. The simple labels for compounds in Figure 1 are also
used in the legend entries for the photochemical mechanism
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and CIMS measurements comparisons throughout Figure 2.
CIMS traces are referred to with a polarity as “(+)” or “(—)”
preceding the m/z solely to indicate the ionization mode used,
positve or negative, respectively. Table 3 provides a summary of
the monitored CIMS ions and their suggested assignments.

Table 3. Signals Monitored by CIMS and Their Suggested
Assignments

mode m/z (s) assignment molecular formula

(=) 287 ROOH C,H,0,

(+) 223 CARB C,H,,0
(+)/(=)  204/301¢ CARBROOH C1,H,,0,
+)/(=) 206/303“ OHROOH C,H,0,

(<) 285 OHCARB Cp,H,,0,

(=) 315° DICARBROOH C;,H,,0,

(=) 3174 OHCARBROOH C,H,,0,

(=) 187 C5CARBACID C.H,,0,

(=) 135/201 C6CARBACID CeH,,0,

(=) 149/215 C7CARBACID CH,,0,

(=) 163/229 C8CARBACID CeH,0,

(-) 177/243 C9CARBACID CoH,50,

(=) 191/257 CI0CARBACID CyHy00,

(=) 205/271 C11CARBACID C;1H»,0,

(=) 203 CSACID/C6ROOH C,H,,05/C¢H,,0,

(=) 151/217 C6ACID/C7ROOH CeH,,0,/CH, 40,

(=) 165/231 C7ACID/C8ROOH C;H,,0,/CgH,50,

(=) 245 C8ACID/C9ROOH C¢H,,0,/CoH,,0,

(- 193/259  C9ACID/CIOROOH  CyH,40,/CyoH,,0,

“Denotes negative mode ions at m/z > 300 monitored in the January
18 h experiment. All other m/z’s were monitored in the January and
March experiments.

The mechanism was used primarily for evaluating time
profiles of expected products in the CIMS measurements. The
scales for the CIMS signal and the simulated output have been
adjusted for peak matching to compare the trends in Figure 2.
Reduced y” values are given for the fit of the simulated trace
and the CIMS measurements using the maximum value for the
first 18 h as the normalization parameter. The y* for the
simulated and measured 1,4-hydroxycarbonyl (OHCARB) is
for the first 18 h since the measurement decays, but the
simulation does not include a reactive sink. Vapor-phase wall
loss is not treated here in the photochemical model or in
correcting the gas-phase observations (for reasons described in
the Experimental Section), although it is likely to play a role
affecting the more highly oxidized lower volatility products
formed as in other chamber studies.***> While the gas-phase
chemistry represented in the mechanism generally describes the
gas-phase CIMS trends for many species such as the
hydroperoxide (ROOH), carbonyl (CARB), and carbonyl
hydroperoxide (CARBROOH), the hydroxy hydroperoxide
(OHROOH) may be subject to greater vapor-phase wall loss,
contributing to some of the discrepancy between the simulated
and measured trace in the begininng of the experiment. This
effect is discussed further in the following section.

Mechanism and Measurement Comparison of Hydro-
peroxide + OH. Mechanism predictions of the hydroperoxide
(ROOH) capture the trend of the CIMS measurements for the
hydroperoxide (—) m/z = 287 (Figure 2b). At its peak, the
hydroperoxide is simulated to represent about 20% of the initial
carbon. While the hydroperoxide production rate is captured by
the ROOH photochemical mechanism, the simulated loss is
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overestimated. The loss processes for the hydroperoxide
include ROOH + OH and ROOH + hv. As noted, the MCM
3.2 gives an explicit reaction rate constant for a Cj,
hydroperoxide with OH, but utilizes the photolysis rate of
CH;OO0H as a general photolysis rate for all hydroperoxide
species. Extrapolating the photolysis rate from a C; to a Cj,
hydroperoxide is a source of uncertainty in the simulated trace.
The simulated chemistry is more rapid than the measurements,
consistent with a faster than measured production rate of the
carbonyl.

The MCM 3.2 mechanism for dodecane does not include
explicit reactions for formation of the dihydroperoxide
(Channel 2), although evidence exists in the CIMS data at
(=) m/z = 319 (CF;0™ cluster) that suggests formation. The
possibility of alkyl peroxy radical isomerization®® was also
considered, but this is unlikely under these experimental
conditions because the [HO,] and [OH] are not low enough to
extend the lifetime of the alkyl peroxy radical for it to isomerize.
Because the carbonyl (CARB) is not sufficiently polar to be
detected in the negative mode ionization, it was monitored in
positive mode at (+) m/z = 223. The carbonyl measurements
also track the mechanism simulations, although with a slight lag
(Figure 2c). The carbonyl (CARB) forms quickly, simulta-
neously with the hydroperoxide generation, so its peak just after
10 h represents almost a third of the initial carbon. The
carbonyl hydroperoxide (CARBROOH) monitored at (+) m/z
= 204 also times well with the model output during growth, but
the gas-phase concentration remains low overall because of its
many reactive sinks.

Owing to the complexity of the many later generation
products, these are not represented explicitly in the mechanism,
and the simulation terminates with the remaining carbon
represented in further reaction of the carbonyl hydroperoxide.
This includes three possible routes as discussed previously and
seen in Figure 1: (1) photolysis and subsequent decomposition
if the carbonyl and hydroperoxy group are vicinal (Channel 1a),
(2) photolysis of the hydroperoxy group beta to the carbonyl
(Channel 2a), and subsequent decomposition products
(Channel 2ai) or Cy, retaining products (Channel 2aii), and
(3) continued OH reaction and functionalization of the C,,
molecule (Channel 2b). The respective photolysis of the a-
carbonyl hydroperoxide (Channel 1la) and the p-carbonyl
hydroperoxide photolysis (Channel 2a) or reaction with OH
(Channel 2b) are represented in the mechanism scheme in
Figure 1. However, the MCM 3.2 makes no distinction between
reaction rates for isomers of the carbonyl hydroperoxide, so the
sum of the a-carbonyl hydroperoxide (Channel 1) and the -
carbonyl hydroperoxide (Channel 2) are implemented in the
photochemical simulation as (CARBROOH). Thus, the
subsequent photolysis product from the a-carbonyl hydro-
peroxide (Channel 1la) and the f-carbonyl hydroperoxide
(Channel 2a), respectively, will produce the same time trend
from the photochemical simulation (Table 2, Reaction 17),
although we distinguish the alpha photolysis products (Channel
la) as p(jCARBROOH) and the beta photolysis products
(Channel 2a) as p(CARBROOH + hv) for relevant discussion
on a distinct set of products formed from photolysis of each
isomer. That is, acid formation (Figures 3b and 4b) is
considered as p(jCARBROOH), and the multifunctional
formed via Channel 2a is considered as p(CARBROOH +
hv) in Figure 2e.

Note that photolysis of the p-carbonyl hydroperoxide
(Channel 2ai) produces a hydroxy carbonyl hydroperoxide
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Figure 3. Carboxylic acids. (a) Series of suggested Cs through C;;
carboxylic acid traces and the ions measured in CIMS negative mode
ionization. (b) Representative Cg through C, carboxylic acid traces on
a unit normalized scale trend with modeled results for photolysis of
the carbonyl hydroperoxide.

(OHCARBROOH) with the carbonyl and hydroperoxide
groups vicinal. Photolysis of this multifunctional compound
shows a parallel decomposition route to Channel la leading to
hydroxy acids. Channel 2aii retains the C;, backbone, because,
although it also starts with a hydroxy carbonyl hydroperoxide
(OHCARBROOH), the carbonyl and hydroxy functional
groups are nonvicinal to the —OOH group. Analogous to the
treatment of the two carbonyl hydroperoxide (CARBROOH)
isomers, these two hydroxy carbonyl hydroperoxide (OHCAR-
BROOH) isomers are also not distinguished in the photo-
chemical simulation; they are shown as p(CARBROOH + hv).
That is, Figure 2e compares the simulated output of
p(CARBROOH + hv) to the CIMS measured ion suggested
for the multifunctional compound (presumably OHCAR-
BROOH, C;,H,,0,) at (—) m/z = 317 to represent Channel
2a. Products of the continued OH oxidation of the f-carbonyl
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Figure 4. Acids (hydroxycarboxylic/peracid) or hydroperoxides. (a)
Series of suggested C through C, peracid and hydroxy carboxylic acid,
and Cg4 through C,, hydroperoxide traces. Since the peracid and
hydroxy carboxylic acid are the same molecular weight as a
hydroperoxide with one additional carbon, the ions measured by the
CIMS may have contributions from all three species. (b) Example unit
normalized trends of Cg through C; peracids and hydroxycarboxylic
acids, and C4 through Cg hydroperoxides that trend with the product
of carbonyl hydroperoxide photolysis from the mechanism.

hydroperoxide (Channel 2b) are simulated under p-
(CARBROOH + OH), which has a distinct output from that
of the carbonyl hydroperoxide photolysis, represented identi-
cally in p(CARBROOH + hv) and p(jCARBROOH).
Production of a possible dicarbonyl hydroperoxide (presumably
DICARBROOH, C,H,,0,), monitored at (—) m/z = 315,
represents this channel in the mechanism (Channel 2b). Note
that the signals at (—) m/z = 317 and (—) m/z = 315 do not
extend the full 36 h because they were not monitored for a full
36 h as described in the Experimental Section. More detailed
treatment of Channel la is discussed subsequently relative to
acid formation.
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Mechanism and Measurement Comparison of Hydro-
peroxide Photolysis. The hydroxy hydroperoxide measure-
ments exhibit the largest deviation of all CIMS traces from the
simulated hydroxy hydroperoxide (OHROOH) (Figure 2f).
While we cannot fully account for this discrepancy at the
present time, it could be possible that (1) the hydroxy
hydroperoxide formation is in fact slower than predicted by
using the photolysis rate of a C, hydroperoxide for the Cj,
hydroperoxide and (2) the hydroxy hydroperoxide (OH-
ROOH) has sufficiently low volatility that it may be lost to
the chamber walls more quickly than other gas-phase
compounds. We observe that the chemistry in general is
actually slower than the simulation. That is, the simulated
hydroperoxide (ROOH) exhibits a faster decay than that of the
measurement (Figure 2b) and subsequent products (CARB,
CARBROOH, and OHROOH) are simulated to rise more
quickly than their individual measurements (Figure 2c,d,f).
Hence, we do expect that OHROOH’s actual rise will come
later than that simulated. If gas-to-wall partitioning is
responsibile for the discrepancy, the walls may first act as a
reservoir but subsequently release the hydroxy hydroperoxide
back to the gas-phase as it is removed by secondary reactions,
shifting the trend of the gas-phase measurement from the
simulated trend. We return to the hydroxy hydroperoxide sinks
in the SOA Growth section.

The 1,4-hydroxycarbonyl (OHCARB, Figure 2g) is gen-
erated from the hydroxy hydroperoxide (OHROOH, Figure 2f)
in greater concentration than its precursor. As discussed earlier,
the 1,4-hydroxycarbonyl may be formed via photolysis of the
hydroxy hydroperoxide (OHROOH + hv) or via hydroxyl
radical reaction with the hydroxy hydroperoxide (OHROOH +
OH). The relative contributions from these sources to 1,4-
hydroxycarbonyl (OHCARB) formation are shown in Figure
2g. The CIMS measurement of the 1,4-hydroxycarbonyl at (—)
m/z 285 follows the simulated production despite
discrepancy in the simulation and measurement for its
precursor, the hydroxy hydroperoxide (OHROOH). This
may suggest that the true time profile for OHROOH is not
captured by the measurement. The vapor pressure of
OHROOH is about 2 orders of magnitude lower than
OHCARB, so one hypothesis is that the early losses of
OHROOH are due to vapor-phase wall loss to the reactor walls
and reaction with OH to form OHCARB. Mass closure is
needed to confirm whether the measurements match the
expected OHROOH distribution among losses to the wall and
its oxidation to OHCARB, but it is possible that if the
OHROOH is converted quickly to OHCARB via reaction with
OH (lifetime ~ 2.8 h), then the trend in the CIMS
measurement for OHCARB would still agree with the
simulation early on as observed (Figure 2g). Although there
is no explicitly simulated sink for the 1,4-hydroxycarbonyl
(OHCARB), the measurement peaks sometime after 18 h. It is
expected that from the difference between the gas-phase and
mechanism trends, roughly 0.3 ppb of it exists in this sink.

Mechanism and Measurement Comparison of Acid
Formation. Acidic species are expected to form from
photolysis of a hydroperoxy group that is vicinal to another
oxygen containing carbon. Photolysis of the hydroperoxy group
results in an alkoxy radical vicinal to another oxygen containing
carbon so decomposition ensues (see Figure 1, Channels la
and 2ai). Depending on where in the molecule the C—C bond
is severed, varying carbon length carboxylic acids (Channel 1a,
CnCARBACID, C,H,,0,), peracids (Channel 1a, CnACID,
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C,H,,05), hydroxycarboxylic acids, (Channel 2ai, CnACID
C,H,,0;), and hydroxyperacids (Channel 2ai) result. Such
compounds in the CIMS may appear as both the transfer (m/z
= [M + 19]7) and the cluster product (m/z = [M + 85]7), so
the traces shown are the sum of these two ions (see Figure 3
and Figure 4). In some cases, like the C; carboxylic acid, there
were additional contributions to the cluster product ion (m/z =
253), so it is omitted. The C, carboxylic acid likely has
contributions from an unidentified mass interferent since its
time profile is slightly different than the others. The overall
time profiles and their relative abundances are consistent with
expectations that C;; acid production is least likely to form, as
tertiary H abstraction at the end carbons is slower.>* Still,
distribution by carbon number would need to be confirmed
after full mass quantification. When unit normalized, the
carboxylic acid traces (CnCARBACID) collapse to a distinct
time profile consistent with the modeled trace representing the
photolysis products of the carbonyl hydroperoxide p-
(jCARBROOH) in Figure 3b.

The formation of a peracid (Channel 1a, CnACID) of the
same carbon number as a hydroxy carboxylic acid (Channel 2ai,
CnACID) is difficult to discern, as they are isomers. Thus, these
two types of acids have been referred to generally as CnACID,
and this is separate from the carboxylic acids referred to as
CnCARBACID. Other isomers include a hydroperoxide
(Channel 1a, CnROOH) with an additional carbon. Hence,
the ions monitored are generally assigned as a C, acid ora C,,;
hydroperoxide in Figure 4. Still, it is more likely that the
majority initial contribution to these ions stems from the
peracid, as the hydroxycarboxylic acid (Channel 2ai, CnACID)
is a higher generation product. Further, resulting branching
ratios for the products of the acyl peroxy radical reaction with
HO,, as discussed in Hasson et al.*’ for the case of acetyl
peroxy radical (CH;C(0)0,), would tend to favor peracid (via
R(0)O, + HO, = R(O)OOH) and carboxylic acid formation
(viaR(0)O, + HO, - R(O)OH + O;) routes over generation
of another alkoxy radical (leading to the eventual < Cy,
hydroperoxides of Channel 1la in the dodecane case). Again,
on a unit normalized basis, these ion traces collapse onto the
unit normalized mechanism prediction for the products of
carbonyl hydroperoxide photolysis, p(JCARBROOH), consis-
tent with this identification as peracids accompanying
carboxylic acid formation (Figure 4b). While the decom-
position products (i.e., acyl radical and aldehyde) in Channel 1a
preceding acid formation are not explicitty modeled, the
reaction of the acyl radical with O, is considered instantaneous,
and the lifetime of an acyl peroxy radical with HO, is expected
to be 3.7 s under low-NO,, conditions. Thus, comparison of the
acid traces with p(jCARBROOH) is sufficiently close for
comparison to the trend in the gas-phase measurements. While
the aldehydes could not be explicitly monitored by the CIMS,
the acid traces are confirmation of aldehyde formation in the
gas-phase. The aldehyde will be seen to be an important gas-
phase intermediate, for its role in PHA formation.

Carbon Balance. Now we discuss the fate of the initial
mass of dodecane distributed among the various reaction
channels in the mechanism and compare to the gas-phase
measurements. More reactions are represented in the
mechanism scheme of Figure 1 than are implemented in the
photochemical simulation (Table 2). While the distinct product
distribution from photolysis of the two isomers of the carbonyl
hydroperoxide (CARBROOH) matters for the gas-phase
chemistry and SOA formation, the alpha isomer is not
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considered in MCM 3.2, although reactions along Channel 2a
including the formation and fate of a hydroxy carbonyl
hydroperoxidle (OHCARBROOH) are included. As is, the
photolysis rates of the carbonyl hydroperoxide (CARBROOH)
isomers would be treated the same, so p(JCARBROOH) and
p(GCARBROOH + hv) are simulated to be the same (Table 2,
Reaction 17). This prevents further explicit extension of the
photochemical simulation for products along Channel Ila
without further approximation of reaction rate coefficients.
For carbonyl hydroperoxide (CARBROOH) reaction with OH,
MCM 3.2 ends with production of the carbonyl hydroperoxy
radical (CARBRO, in reactions 13 and 14 of Table 2);
CARBRO, then goes back to the carbonyl hydroperoxide
(CARBROOH) after reaction with HO, for these experimental
conditions. That is, MCM 32 does not suggest further
oxidation of CARBROOH to a dicarbonyl or to a thrice-
functionalized chain (DICARBROOH), as supported by the
CIMS trace monitored at (=) m/z = 315 (DICARBROOH).
Effectively, this route (Channel 2b) becomes a large carbon
sink without further explicit treatment of the products. With the
limitation of measurable gas-phase species beyond this point,
extension of the photochemical simulation is not attempted,
although the further extent of oxidation is of interest, as it will
play a role in the volatilities of products and contribution to
particle growth.

The simulated fraction of initial carbon over time in the
various generations of products is shown in Figure 2h. After
sufficient time, the majority of the carbon resides in fourth and
later generation products. While fourth and later generation
products represent over half of the initial carbon, the major
development of this chemistry becomes apparent after the third
and earlier generations peak around 2.3 X 10" molecules cm™ h
of total OH exposure (~10 h). This would correspond to
almost a day of atmospheric aging, assuming an ambient OH
concentration of ~10° molecules cm™. Thus, dodecane and
other alkanes that have similarly long OH-reactive lifetimes
have the potential for generating multifunctional semivolatile
species over the course of a few days.

Although CIMS sensitivities to each individual compound
could not be determined (see Experimental Section), we used
previously determined sensitivities for compounds with similar
functionality as proxies for the sensitivity of species in this
mechanism. We used the previously measured sensitivity of
methyl hydroperoxide (CH;OOH)** for the C,, hydroperoxide
monitored at (—) m/z = 287, and the previously measured
sensitivity of hydroxyacetone (C;Hz0,)* for the acids and
multifunctional compounds. At the end of 18 h, it is estimated
that roughly 13 ppb within a factor of 2 of the simulated 31 ppb
of dodecane reacted is accounted for by the CIMS negative
mode ions measured. All CIMS traces shown in Figure 2 were
included, except the carbonyl (CARB, Figure 2c), as it could
only be monitored in positive mode, and signal intensities of
this mode are not comparable to that of negative mode.
Although the carbonyl hydroperoxide (CARBROOH, Figure
2d) and the hydroxy hydroperoxide (OHROOH, Figure 2f) are
tracked in positive mode over 36 h, we used the signals at (—)
m/z = 301 and (—) m/z = 303, respectively, from the 18 h
January experiment for a rough carbon balance at 18 h. The
acid traces shown in Figure 3a and Figure 4a were also
included, although there is likely a great deal of carbon still
unaccounted for in < Cjy acids. Other remaining carbon not
accounted for by the CIMS measurements include vapor-phase
wall loss (though it is expected to be small), aldehyde
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formation from Channel la of the mechanism, and the many
later generation products along Channel 2 that are not explicitly
monitored by the CIMS.

B SOA GROWTH

Organic growth as measured by the AMS is shown versus the
dodecane decay in Figure 2a. The AMS organic trace is not
corrected for particle wall-loss. The onset of growth occurs
coincident with the peak of the hydroperoxide, indicating
aerosol formation from higher generation oxidation products.
The total suspended particle organic peaked at approximately
63 ug m~> around hour 20, consistent with the development of
fourth-generation gas-phase chemistry. Peak particle diameter
grew from 58 nm (seed diameter) to 190 nm at the point of
maximum concentration, and then to 200 nm by the end of the
experiment as measured by the DMA. Further analyses and
consideration of heterogeneous chemistry provide more insight
into the dynamics of the aerosol growth.

Vapor Pressure Estimation. To better constrain the
expected aerosol chemical makeup, vapor pressures at 298 K
were estimated for an array of compounds listed in Table S2 of
the Supporting Information section using the EVAPORATION
(Estimation of Vapor Pressure of ORganics, Accounting for
Temperature, Intramolecular, and Nonadditivity effects)
method.* The method predicts the (subcooled) liquid pure
compound vapor pressure, pO, taking into account intra-
molecular effects from the positions of functional groups on a
compound. For example, the predicted p° for the a-carbonyl
hydroperoxide is 6.58 X 107% atm, more than twice that of the
f-carbonyl hydroperoxide, p° = 2.45 X 107* atm. Conversion of
the pure component liquid vapor pressure to a value of C;” in
units of ug m™> (also in Table S2, Supporting Information) can
be used to classifg compounds according to previously defined
volatility classes.>® These classes in order of increasing volatility
include extremely low volatility organic compounds (ELVOCs)
with C* < 3 X 107* ug m™, low volatility organic compounds
(LVOCs) with 3 x 107 < C* < 0.3 Hg m~, semivolatile
organic compounds (SVOCs) with 0.3 < C* < 300 ug m™>,
intermediate volatility organic compounds (IVOCs) with 300 <
C* < 3 X 10° yug m~>, and finally volatile organic compounds
(VOCs) with C* > 3 X 10° ug m™>. These volatility regimes
are provided for reference in Figure 5. Note that the calculated
values presented here are not the conventionally used C;*, since
values for the activity coeflicients, y, are not estimated and
experimental volatility measurements were not made. C* is
related to C?° through the activity coefficient, C;* = y,C.°.>°

0:C Values. The O:C values for each molecule are included
in the Supporting Information section, Table S2. To view the
progression of the oxidation, each compound is shown in the
O:C versus log C space (Figure 5). The marker colors indicate
the gas-phase generation of the compound. Black markers are
reserved specifically for those compounds that may participate
in heterogeneous chemistry. Each compound has a letter
assigned label, corresponding to the key used in Table S2. A
general upward trend to the left indicates lower volatility and
increasing oxygenation over time. Exceptions do occur where
there is formation of second generation compounds, like the
hydroxy hydroperoxide and the dihydroperoxide, of a higher
0:C and lower volatility compared to later generation products.
AMS measurements show that within the first 10 h of early
growth, the O:C stabilizes at 0.22, after which it steadily
increases to 0.30 by the end of the experiment. O:C
measurements are estimated to have an uncertainty of 30%,”"

dx.doi.org/10.1021/jp211531h | J. Phys. Chem. A 2012, 116, 6211-6230



The Journal of Physical Chemistry A

169

ELVOC LvVOC SvVOoC IVOC VOC
0.40
I
« Zo <
W X
0.35 i
| zag v&é y ]
0.30 zbgy torou os ]
no
1 tap ua@ " 1P 1
0254 % tbo ko |e«} = Generation -
TpHAS tc RH
© 020+ (] Gub jOf\gh st ]
© PHA3-~ 9 9%uc eV
o5 PHA2 % d@ ©-j 2nd ]
3rd
0.10 4th |
| booc 5th
0.05 - Het.
000 L DL | T T T T T T 7T LI aln T LI
6 5 4 3 2 4 0 1 2 3 4 5 6 7 8 9 10

Log C,°

Figure S. Span of O:C values versus log of the pure subcooled liquid
vapor pressures in units of ug m™> (C?°) for predicted compounds
from dodecane low-NO, photoxidation. Colored markers indicate the
product generation, and black markers indicate compounds thought to
participate in heterogeneous chemistry. Letter data labels correspond
with the compounds listed in Table S2. Regions of volatility previously
defined® are denoted along the top axis for reference. The overall
progression is upward to the left; vapor pressure drops from the
starting dodecane, “a”, at log(CY) 6.3 to log(C}) = 0.19 for
C;,H,,04 “v”, and O:C increases to a max at 0.33. AMS measured
0:C of 0.22—0.30 during the experiment. The gray dashed lines
indicate the progression of increasing carbon length on the aldehyde
that reacts with a hydroperoxy compound to form PHAs. PHA2
represents formation of the carbonyl hydroperoxide (CARBROOH)
derived PHA, y-keto-a-alkyl-a-hydroxyalky peroxide (KAHAP);
PHA3 the hydroxy hydroperoxide (OHROOH) derived PHA, §-
hydroxy-a-alkyl-o’-hydroxyalky peroxide (HAHAP); and PHAS the
hydroxycarbonyl hydroperoxide derived PHA, e-hydroxy-y-keto-a-
alkyl-a-hydroxyalky peroxide (HKAHAP). Increasing carbon length
leads to convergence to a lower O:C and lower vapor pressure
approaching the ELVOC region.

and the species shown in Figure S fall within the measured O:C
range. The fifth-generation compounds in gray markers
represent an increase in vapor pressure, owing to the formation
of the hydroxy acids (Channel 2ai) and conversion of
hydroperoxy groups to carbonyl groups. Only C,, acids are
shown to condense the space and represent the bulk aerosol
character. With estimated volatilities of expected gas-phase
products and the measured O:C range, we investigate further
the role of the semivolatiles on SOA growth.
Peroxyhemiacetal Formation. Many of the semivolatiles
in Figure S are hydroperoxide species including (1) the second-
generation hydroxy hydroperoxide (OHROOH, Channel 3;
Figure S “k”), (2) the third-generation carbonyl hydroperoxide
(CARBROOH, Channels 1 and 2; Figure S “n” and “1”), (3)
the fourth-generation hydroxycarbonyl hydroperoxide (OH-
CARBROOH, Channel 2a; Figure S, “v” and “x”), and (4) the
fifth-generation dicarbonyl hydroperoxide (DICARBROOH,
Channel 2b; Figure S, “y”). Once these semivolatiles have
partitioned into the particle phase, reaction with aldehydes
generated from decomposition of the photolyzed a-carbonyl
hydroperoxide (Channel la) can occur to form PHAs. A
general mechanism summarizing some possible reactions for
the current system is shown in Figure 6. If the first-generation
hydroperoxide (ROOH) reacts with an aldehyde, an a-alkyl-a-
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hydroxyalky peroxide (hereafter referred to as AHAP) will be
generated. If the f-carbonyl hydroperoxide (CARBROOH)
reacts with an aldehyde, a y-keto-a-alkyl-a’-hydroxyalky
peroxide is formed (hereafter referred to as KAHAP). Similarly,
if a hydroxy hydroperoxide (OHROOH) reacts with an
aldehyde, a §-hydroxy-a-alkyl-a-hydroxyalky peroxide (here-
after referred to as HAHAP) will be formed. If a dicarbonyl
hydroperoxide (DICARBROOH) reacts with an aldehyde, a &-
y-diketo-a-alkyl-o-hydroxyalky peroxide is formed (hereafter
referred to as DKAHAP). Finally, if a hydroxycarbonyl
hydroperoxide (OHCARBROOH) reacts with an aldehyde, a
&-hydroxy-y-keto-a-alkyl-a’-hydroxyalky peroxide is formed
(hereafter referred to as HKAHAP). There is also the
possibility of cyclization of the KAHAP, DKAHAP, or
HKAHAP because of the carbonyl groups, similar to the
mechanisms proposed in previous studies,”” >* although being
isomers the cyclic and noncyclic forms would be hard to
distinguish. Of course, alternative functional group placement
on the compounds presented in Figure 6 is expected, and the
compounds shown are examples.

PHA volatility will depend on the length of the aldehyde that
originally reacted with the particle-phase incorporated hydro-
peroxide. Progression of the O:C and volatility of three select
PHAs with increasing length of the aldehyde is marked by the
series of “t” through “td” markers for HAHAP, “u” through
“ud” for KAHAP, and “z” through “zd” for HKAHAP in Figure
S. The gray dotted lines are intended to guide the eye along
these progressions toward lower O:C and lower vapor pressure,
labeled “PHA2” for the KAHAP, “PHA3” for the HAHAP, and
“PHAS” for the HKAHAP for visual clarity. PHA formation
effectively converts semivolatiles into lower volatility products
that approach the ELVOC region.

Evidence of PHA Formation Comparing Gas-Phase and
Particle-Phase Mass Spectra. PHA formation is complex, as it
involves reaction of a fourth-generation aldehyde (of varying
carbon length) with second- to fifth-generation but lower vapor
pressure hydroperoxy compounds at/in the particle. Figure 7
shows that aerosol growth follows after gas-phase formation of
the carbonyl hydroperoxide (CARBROOH, Channels 1 and 2),
but more importantly it is delayed until photolysis of the
carbonyl hydroperoxide, p(jJCARBROOH). The aldehydes
could not be measured directly with CIMS because of their
nonpolar nature, but the simulated p(JCARBROOH) can be
used as a proxy for their expected formation according to
Channel la in the mechanism. The aldehydes would precede
acid formation, which is very quick after photolysis of the
carbonyl hydroperoxide, when comparing the C4CARBACID
trace with the p(jCARBROOH) trace in Figure 7. From the
trends presented in Figure 7, it appears that aerosol growth is
timed with aldehyde formation, making PHA formation a
potential mechanism for aerosol growth. This is further
supported in species-specific comparisons of the CIMS and
AMS.

Comparisons of the gas-phase mechanism predictions and
CIMS traces were made with selected ion fragments from the
HR-ToF-AMS mass spectra. The AMS utilizes vaporization and
electron impact (EI) ionization resulting in fragmentation of
aerosol species, but the prevalence of high amu (m/z > 100) in
the spectra suggests that some stable high MW ions retain more
of the original backbone and functionality of the initial product
molecule. The selected ions <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>