
Chamber studies and modeling of secondary organic aerosol
formation

Thesis by

Arthur W. H. Chan

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2010

(Defended May 11, 2010)



ii

© 2010

Arthur W. H. Chan

All Rights Reserved



iii

Dedicated to Mum and Dad, who worry about everything so that I do not need to.



iv

Acknowledgements

I owe a tremendous debt of gratitude to many people, without whom this work would not have been

possible. They all made my last five years at Caltech the most memorable and most enjoyable time

of my life.

First and foremost, I would like to express the deepest gratitude to my main advisor, John

Seinfeld. John has been the greatest advisor a graduate student can ask for. What I appreciate

most is the trust and respect he has shown me, while at the same time his availability for guidance

and advice. In my first few months of research, he gave me a small modeling project to get me started.

He let me struggle with the nitty gritty details of programming and optimization in MATLAB, but

insisted that I meet with him almost every other day, making sure that I understood the science

and did not get lost in sea of code. This small project eventually became a major part of my work,

and helped me conceptualize what is going on in our chamber experiments.

After I started lab work, John placed me under Sally’s tutelage, and since then he has given

me (and the rest of the roof lab) great research direction. In the beginning he would tell us what

project to work on, and I was always amazed at how he is frequently one step ahead of everyone

else in the field. His forward “big-picture” thinking makes our work very relevant, and I have been

very fortunate to participate in these projects. John has also been very receptive to our ideas, and

whenever we have ideas for projects, he is always willing to discuss them in our “what is next on our

list” meetings. And during the experiments, he seldom checks in on us which has allowed us to work

rather independently. When we bring him results, he is always very excited and listens to what we

have to say, dropping whatever he is working on. (We often impersonate his “Oh!” when we tell

him we have results.) Whatever the results, he has always trusted us in designing and performing



v

our experiments with care and thought, and is always willing to accept our findings, even when they

go against his initial hypothesis. John has also offered a lot of advice on my career, and helped me

figure out what I want to do after I graduate. I am very lucky to work under such an enthusiastic

and patient mentor, for a supportive and trusting advisor, and with a thoughtful and dedicated

scientist. I am not surprised that so many of his students have gone on to greater achievements in

the field.

Most graduate students are lucky to have one advisor care about their research. I have been

extremely fortunate to have Rick Flagan as my co-advisor, and Paul Wennberg as my unofficial third

advisor. Rick cares not only about our work, but also our safety and our personal lives. He has made

sure that our experiments run smoothly and efficiently. I have also gone to him numerous times

to ask for advice on instrumentation and, more recently, designs of our new chambers in Robinson.

Each time he has offered many excellent ideas that I would never have thought of. Sometimes he

would show me a random piece of old equipment tucked away in our “museum” (storage room) that

solved my problems. Rick has also been a great friend, and I have always been comfortable talking

with him on a more personal level. He has never turned us down when we ask to host a group party

at his place, even when he was on crutches. We have had so much fun playing croquet at his nice

house in San Marino.

My thesis work would not have been possible without collaboration with Paul Wennberg’s group.

I am fortunate to be one of the first roof labbers to use his group’s gas-phase mass spectrometry

techniques to study chemistry of aerosol formation. More importantly, I have been able to work

with a brilliant scientist who never stops asking questions. When sometimes I was too task-oriented

and just wanted to give up and move on, he insisted that I look at the problem in more detail, and

looking back I am glad I listened to him, because it has ensured the quality of my work. He is one

of the smartest people I have met: whenever we see something interesting in an experiment, he can

instantaneously take that observation and think a few steps ahead of what further experiments we can

do, and what the implications are. I have also learned from Paul to be creative about experimental

design, and in the last few projects, his advice on running experiments has helped reveal a lot of



vi

information about the chemistry. I sincerely appreciate his interest in my work, and hopefully I have

learned a thing or two from his insight into chemical mechanisms. I am sure that in the coming

years, the Seinfeld/Flagan/Wennberg collaboration will be able to do a lot of great science, and

answer many important questions. I would also like to thank my undergraduate research advisor

at the University of Pennsylvania, Warren Seider, who has introduced me to scientific research, and

has encouraged me to pursue my interests in environmental science at Caltech. I am truly grateful

to him for paving the road for me to come to Caltech and work with such great people here.

I would also like to thank my two biggest mentors in lab, Jesse Kroll and Sally Ng, from whom

I learned everything I needed to know about anything, ranging from RO2 chemistry and aerosol

science to Swagelok fittings and chemical syntheses. I had the great opportunity to work with Jesse

Kroll on my first project, and overlapped with him at Caltech for a few months. He has introduced

to me a dynamic framework to think about organic aerosols. From working with him closely on one

of his papers and one of my own, I have learned how to write an interesting paper and to present

it coherently and logically. His interest in online videos almost parallels his interest in science,

both of which made the roof lab a source of great science and great fun. Among all the people

whom I have worked with, Sally is the one who has taught me the most. She has shown me how

to run the roof lab chambers, and that is the least important lesson I have learned from her. Her

relentless scientific pursuit (always insisting every piece of instrument be run to get the most data)

and borderline superstitious attitude have been the most impressive to me. She has also been the

most passionate about science, and would always come to lab in the morning with new ideas and

questions she thought of overnight. Always cheerful, never down, she has the most positive attitude

about everything and everyone, which is infectious upon people around her. She has taught me the

importance of returning borrowed items just as they were before they were borrowed, singing during

chemical syntheses, and asking for help when it is needed. Together, Jesse and Sally have done some

great work during the years they were here, but more importantly, they have made the roof lab the

best community one can work in.

Over my five years in the roof lab, I have worked most closely with Puneet Chhabra, Kathryn



vii

(Beth) Kautzman, and Jason Surratt. Puneet and I have been working together every step along

the way in our PhDs, from taking first year classes, to quals, starting in the roof lab, working in the

roof lab, candidacy, conferences, meetings, and much more. I have enjoyed our scientific discussions

and from them we have come up with many great ideas for chamber experiments and data analysis.

Despite my constant bashing of the AMS, he has helped me a lot with understanding experimental

results using data from his instrument. We have had so much fun in and outside of lab over the

years, and I will always cherish playing baseball, jokes about NIL, jokes about anything, his man

points, his face, tape measure wars, rotating the air filtration system, driving the NOx box to Irvine,

the racially insensitive Garden Cafe employee, and all the great memories we have shared over the

years.

It has also been a great honor to work with Jason, whose knowledge of analytical chemistry has

provided crucial information about chemical composition of aerosols. I have always appreciated his

enthusiasm and his attention to detail. We have also had many long discussions about science and

life in general, and I have learned a lot about organic and analytical chemistry from him. I would

also like to express many thanks to him for always taking the graveyard shift of shutting down the

experiments late at night or early in the morning. I wish him great success at the University of

North Carolina, where I am sure he will go on to do great things.

I had the great pleasure of working with Beth, who has been great in giving me advice on matters

ranging from GC/MS to fixing a pump to how I should plan my career. She is also extremely fun

to work with, and together with Puneet, they have made the roof lab a fun place to be in. Beth, I

wish you and Art a great and happy future on the East Coast.

I want to thank all the people in the roof lab, for sharing laughs and tears, cheers and sufferings,

and a lot of wonderful memories. It has been a great pleasure to mentor Christine Loza and Lindsay

Yee. They have been so motivated to learn new things and take on even the most menial tasks that

I really did not have to spend any extra effort or time to be their mentor. Christine has been a great

partner-in-crime in chemical synthesis and chamber operation. I will never forget how we struggled

through our MPAN and methyl nitrite syntheses. I really appreciate her persistence and her positive



viii

attitude that has helped me through my last projects. Lindsay’s exceptional organizational skills

have been invaluable to both current chamber operations and designing the new chamber facilities

in Robinson. They have shown enough promise that I feel very comfortable leaving the roof lab in

their hands. I am excited to see what they will accomplish in the next few years, especially with

the new and improved chamber facilities in Robinson that they have worked so hard on. I would

also like to thank Man Nin Chan for always being willing to do all the filter sampling and helping

with everything else in the lab. He has also been very passionate about science and has given me

many great research ideas, as crazy as they always seem. I am grateful to Varuntida (Tomtor)

Varutbangkul and Andrew Metcalf for all their help on the DMA. It is always comforting to know if

the DMA breaks, I can always go to one of them, either over email or in person, and the problems

always get fixed. I am especially grateful to Andrew for being my roommate for the last four years.

He has been, simply, the greatest roommate I have ever had, and I will never forget our great times

together. I have also been fortunate to have collaborated with Melissa Galloway and Frank Keutsch

from the University of Wisconsin.

All my other co-workers on the experimental side of the research group have been nothing short of

amazing: Armin Sorooshian, Shane Murphy, Harmony Gates, Adam Olsen, Tracey Rissman, Xerxes
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Abstract

Secondary organic aerosol (SOA), formed from atmospheric oxidation of gas-phase hydrocarbons,

comprise a large fraction of ambient particulate matter. Significant uncertainties exist in identifying

the sources and mechanisms responsible for SOA formation, making it difficult to understand its

impact on global climate and local air quality. Laboratory chambers have been a valuable tool to

study underlying chemical mechanisms of SOA formation and to quantify SOA formation from select

hydrocarbons in a controlled environment. However, a good understanding of the chemical processes

involved is required to be able to extrapolate data acquired from smog chamber studies. This thesis

presents results from experimental investigation of SOA formation from atmospherically important

compounds, and model simulations of kinetic mechanisms involved in SOA formation.

The distinguishing mechanism of SOA formation is the partitioning of semivolatile hydrocarbon

oxidation products between the gas and aerosol phases. While SOA formation is typically described

in terms of partitioning only, the rate of formation and ultimate yield of SOA can also depend on the

kinetics of both gas- and aerosol-phase processes. Here a general equilibrium/kinetic model of SOA

formation is presented to provide a framework for evaluating the extent to which the controlling

mechanisms of SOA formation can be inferred from laboratory chamber data.

Current atmospheric models systematically underpredict SOA formation, suggesting that in cur-

rent models, 1) significant SOA precursors could be missing and 2) SOA forming processes could be

misrepresented. Aerosol formation from oxidation of 2-methyl-3-buten-2-ol (MBO) and polycyclic

aromatic hydrocarbons (PAHs), two important classes of compounds previously assumed to be an

insignificant SOA source, is studied. Upon photooxidation, MBO produces glyoxal (an important

SOA intermediate), but the yields are too low to be atmospherically important. Photooxidation of
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napthalene and other 2-ring PAHs leads to substantial amounts of aerosol, and can account for a

large fraction of SOA formed from oxidation of diesel exhaust and other primary emissions.

Isoprene is a significant source of atmospheric organic aerosol; however, the oxidation pathways

that lead to SOA have remained elusive. Under remote low-NOx conditions, epoxydiols are formed

from gas-phase photooxidation of isoprene, and are found to undergo reactive uptake to lead to

low-volatility compounds, such as C5-methyltetrols and organosulfates observed in ambient partic-

ulate matter. Under urban high-NOx conditions, methacrolein, an important C4 aldehyde formed

from isoprene oxidation, is found to form SOA via reaction with NO2 to form peroxy methacryloyl

nitrate, which subsequently forms low-volatility oligoester products. As a result of radical chem-

istry of aldehydes, SOA formation from isoprene depends critically on the NO2/NO ratio, and the

implications on ambient aerosol formation are discussed.
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Introduction
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Organic material is a major component of ambient aerosols (also termed particulate matter, PM),

and can contribute up to 90% of total aerosol mass. Organic aerosol (OA) can be directly emitted

(known as Primary Organic Aerosol, or POA) or formed from oxidation of gas-phase hydrocarbon

precursors (known as Secondary Organic Aerosol, or SOA). It has been estimated that during smog

episodes, up to 80% of the organic carbon can be secondary in nature. Establishing how SOA

is formed from volatile organic compound (VOC) emissions is therefore key to understanding the

effects of biogenic and anthropogenic sources on regional air quality and global climate.

Formation of SOA is a complex process, involving gas-phase oxidation chemistry, partitioning of

oxidation products between the gas and particulate phases, and aerosol-phase chemistry. The ability

to correctly describe and predict ambient SOA growth requires an accurate model of the mechanisms

of SOA formation. Currently, SOA formation is described by an absorptive model with semivolatile

partitioning products. The equilibrium volatility distributions of oxidation products, measured

in laboratory chamber studies, are used in global and regional air quality models to empirically

represent SOA yields for a number of parent VOCs. Recent laboratory work has demonstrated that

SOA formation is more complex than the simple scheme of equilibrium semivolatile partitioning.

Aerosol-phase reactions involving dissolved semivolatile compounds are now known to be important

in SOA formation, evidence for which includes the presence of high molecular weight oligomers in

SOA and increased SOA yields under acidic conditions. It has also been shown that for a number

of hydrocarbons, low-volatility compounds are formed as a result of multiple gas-phase oxidation

steps. Atmospheric models must therefore account for the reaction kinetics in SOA formation,

as there could be a significant difference in kinetic conditions between chamber experiments and

the atmosphere. In Chapters 2 and 3, an equilibrium/kinetic model to describe SOA formation

is introduced as a framework to understand how reaction kinetics of semivolatile products in both

the gas and aerosol phases affect extrapolation of laboratory chamber data to predict ambient SOA

formation.

Recent work has also shown that current models substantially underpredict the amount of SOA

in the atmosphere, often by an order of magnitude or more. The discrepancy between modeled and
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observed SOA loading can be a result of missing sources of SOA-forming VOCs from the model or

misrepresentation of such processes. There is evidence that further oxidation of primary organic

aerosols (presumably nonvolatile) produces even more organic particulate matter, hinting that a

large pool of hydrocarbons with the potential to form significant amounts of SOA could be missing

from atmospheric models. Polycyclic aromatic hydrocarbons (PAHs) is an important class of organic

compounds previously assumed to be nonvolatile and not considered to be important SOA precursors.

In Chapter 5, aerosol formation from photooxidation of gas-phase naphthalene and other 2-ring PAHs

is investigated and the potential contribution to urban SOA formation is discussed.

Levels of nitrogen oxides (NO and NO2, collectively termed NOx) have been found to be highly

influential in SOA production for a variety of compounds. For example, isoprene, a C5 conjugated

diene and the most abundantly emitted nonmethane hydrocarbon, produces SOA at higher mass

yields (mass of SOA formed per mass of hydrocarbon reacted) under low-NOx conditions than under

high-NOx conditions. While the NOx effect has been attributed to peroxy radical chemistry, the

exact mechanism by which relative concentrations of HO2, NO and NO2 radicals affect isoprene

SOA formation remains highly uncertain. In Chapter 6, the formation mechanisms of low-volatility

compounds observed in isoprene SOA from both high- and low-NOx photooxidation are elucidated

and the reactive intermediates responsible for SOA formation are revealed. In particular, under

high-NOx conditions, peroxy methacryloyl nitrate (MPAN) is formed from reactions of acyl peroxy

radical + NO2, and produces SOA similar to those from isoprene. As a result, SOA formation can

be highly sensitive to the NO2 concentration, an effect of aldehyde chemistry that had previously not

been recognized. Chapter 7 details a systematic study of the effect of the NO2/NO ratio on SOA for-

mation from methacrolein and two other α, β-unsaturated aldehydes, acrolein and crotonaldehyde.

In addition, other structurally similar aldehydes and alcohols are studied to provide insight into the

reaction mechanism and to establish the role of similar compounds as important SOA intermediates.

2-methyl-3-buten-2-ol (MBO), for example, is a C5 unsaturated alcohol structurally similar to iso-

prene, is emitted in large quantities, and can be important for forest photochemistry. In Chapters 4

and 7, yields of potential SOA intermediates from MBO photooxidation, such as glyoxal and peroxy
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acyl nitrates (PAN), are measured under high-NOx conditions. In Chapter 4, SOA production from

MBO photooxidation under low-NOx conditions is also compared to that from isoprene photooxi-

dation under similar conditions. The goal of these studies is to probe the potential role of MBO as

a major source of ambient SOA.

To study the chemistry and quantify the yields of SOA formation, experiments were conducted in

the Caltech dual 28-m3 Teflon chambers. The laboratory chambers provide a controlled environment

to investigate systematically the effects of key variables, most notably NOx concentrations. A

suite of instruments were employed. The aerosol volume and mass concentrations were quantified

by differential mobility analyzers (DMA). Parent gas-phase hydrocarbons were quantified by gas

chromatography with flame ionization detector (GC/FID). Gas-phase composition was studied using

chemical ionization mass spectrometry, a useful tool for detecting gas-phase oxidation products and

SOA intermediates. Aerosol-phase compositon was characterized by both online and offline mass

spectrometry techniques. Knowledge of gas- and aerosol-phase products provide important clues to

understanding the pathways leading to gas-to-particle conversion of hydrocarbon oxidation products.
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Chapter 2

Reactions of semivolatile organics
and their effects on secondary
organic aerosol formation∗

∗Reproduced with permission from “Reactions of semivolatile organics and their effects on secondary organic aerosol
formation” by Jesse H. Kroll, Arthur W. H. Chan, Nga L. Ng, Richard C. Flagan, and John H. Seinfeld, Environmental
Science and Technology, 41 (10), 3545–3550, 2007. Copyright 2007 by the American Chemical Society.
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2.1 Abstract

Secondary organic aerosol (SOA) constitutes a significant fraction of total atmospheric particulate

loading, but there is evidence that SOA yields based on laboratory studies may underestimate at-

mospheric SOA. Here we present chamber data on SOA growth from the photooxidation of aromatic

hydrocarbons, finding that SOA yields are systematically lower when inorganic seed particles are

not initially present. This indicates that concentrations of semivolatile oxidation products are in-

fluenced by processes beyond gas-particle partitioning, such as chemical reactions and/or loss to

chamber walls. Predictions of a kinetic model in which semivolatile compounds may undergo re-

actions in both the gas and particle phases in addition to partitioning are qualitatively consistent

with the observed seed effect, as well as with a number of other recently observed features of SOA

formation chemistry. The behavior arises from a kinetic competition between uptake to the particle

phase and reactive loss of the semivolatile product. It is shown that when hydrocarbons react in

the absence of preexisting organic aerosol, such loss processes may lead to measured SOA yields

lower than would occur under atmospheric conditions. These results underscore the need to conduct

studies of SOA formation in the presence of atmospherically relevant aerosol loadings.

2.2 Introduction

Secondary organic aerosol (SOA), formed in the atmospheric oxidation of gas-phase organic com-

pounds and subsequent gas-particle partitioning of lower-volatility reaction products, is known to

be a major contributor to the total tropospheric particulate burden (Kanakidou et al., 2005). As

a result, our need for an accurate understanding of atmospheric aerosols and their effects requires

that models of atmospheric chemistry include processes governing the formation and fate of SOA.

Because the chemistry of SOA formation is so complex and uncertain, most descriptions of SOA

formation (e.g., de Gouw et al., 2005; Heald et al., 2005; Volkamer et al., 2006) are semi-empirical,

constrained by environmental chamber studies of SOA formation and growth.

The primary framework for including SOA formation in atmospheric chemistry models, and
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relating the amount of aerosol generated in chambers with that in the troposphere, is the treatment

of condensable species in SOA as semivolatile organics, present in appreciable amounts in both the

gas and particle phases. Work by Pankow (1994a,b) and Odum et al. (1996) demonstrated that

SOA yield Y (defined as ∆M/∆HC, the amount of aerosol formed per hydrocarbon reacted) can

be expressed in terms of the gas-particle partitioning of a collection of i semivolatile species:

Y =
∆M

∆HC
= M

∑

i

αiKp,i

1 +MKp,i
(2.1)

in which αi and Kp,i are the stoichiometric coefficient and gas-particle partitioning coefficient of

species i, respectively, and M is the mass concentration of absorbing (typically organic) aerosol

present. Therefore, SOA formation is a function of not only the amount and volatility of the

semivolatile compounds, but also the aerosol mass into which they can partition. This non-stoichio-

metric nature of aerosol yields is a known feature of SOA formation, and aerosol growth data have

been shown to be well-represented by Eq. 2.1 (typically as “yield curves”, plots of Y vs. M) (Odum

et al., 1996; Seinfeld and Pankow, 2003). This expression is also used to describe SOA formation

in the atmosphere: α’s and Kp’s for a given hydrocarbon are those determined in chamber studies,

and M is the ambient atmospheric organic aerosol mass loading, typically 1–20 µg/m3. However,

recent work suggests that this semi-empirical approach, in which SOA formation is estimated based

on experimentally-determined aerosol yields, generally predicts SOA levels that are substantially

lower (often by an order of magnitude or more) than measured values (de Gouw et al., 2005; Heald

et al., 2005; Volkamer et al., 2006). Such discrepancies suggest that the reaction conditions of

environmental chambers may promote less SOA growth than occurs in the atmosphere, though

unidentified SOA precursors may also play a role.

In this work we examine a chemical system for which SOA yields are dependent on the timing of

the onset of gas-particle partitioning. Specifically, it is shown that in the photooxidation of aromatic

compounds, aerosol growth begins sooner, and hence aerosol yields are higher, in the presence of

seed particles. Such an effect indicates that processes governing the amount of SOA formed are
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more complex than the simple formation and condensation of semivolatile compounds. Additional

reactions of semivolatile organics may occur in both the gas and particle phases, changing the

concentration and/or volatility of the organics. We examine the kinetics and partitioning of a model

semivolatile compound which may undergo reactions in the gas and particle phases, in order to

better understand the effect of such reactions on SOA growth. It is also shown that in the absence

of initial absorbing aerosol mass, SOA yields as measured in chambers may be significantly lower

than in the real atmosphere.

2.3 Experimental

SOA formation from the photooxidation of aromatic hydrocarbons was measured, using experimental

protocols described previously in detail (Cocker et al., 2001a; Keywood et al., 2004; Kroll et al., 2006).

Briefly, ∼3 ppm H2O2 (the OH precursor) and the aromatic (71–72 ppb m-xylene or 87–91 ppb

toluene, Aldrich) are added to a 28 m3 Teflon chamber; for some experiments NO and/or ammonium

sulfate seed are also added. For “NOx” experiments, initial NO and NO2 levels are 85± 4 ppb and

6±4 ppb, respectively (otherwise NOx levels are <1 ppb), and for seeded experiments, seed number

concentrations are 21, 000 ± 4, 000 particles/cm3 (otherwise concentrations are <5/cm3). Reaction

begins when the blacklights surrounding the chamber are turned on; hydrocarbon concentration is

monitored by gas chromatography-flame ionization detection, and aerosol volume by a differential

mobility analyzer. Particle volume is corrected for losses of particles to the walls (Keywood et al.,

2004). Temperature and relative humidity are the same in all experiments (initial values of 23–25 ◦C

and 4–7%, respectively). A total of eight experiments, systematically varying aromatic hydrocarbon

(toluene vs. m-xylene), ammonium sulfate seed (“seeded” vs. “nonseeded”) and NOx level (“NOx”

vs. “NOx-free”), were conducted.
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2.4 Results and Discussion

Shown in Fig. 2.1 is SOA growth from all four pairs of seeded/nonseeded experiments. Data are

presented as “growth curves”, plots of aerosol growth vs. hydrocarbon reacted. As hydrocarbon

measurements are made with much lower frequency than those of particle volume, the HC values

shown are obtained by interpolation of GC measurements, fitting the data to a double-exponential

decay (which reproduces measured hydrocarbon concentrations well, R2 > 0.95). Only the growth

near the beginning of the experiments (including the atmospherically relevant range of M) is shown;

beyond this, the shapes of the curves do not change substantially, remaining slightly curved until

all hydrocarbon is consumed (∆HC = HC(0)). Aerosol yields are generally higher than previously

reported for aromatic photooxidation (Odum et al., 1997), likely a result of the lower NOx levels

employed in this work (Song et al., 2005; Johnson et al., 2004).

We focus on the systematic differences between aerosol growth in the seeded and nonseeded cases;

the effects of the other parameters varied (hydrocarbon structure and NOx level) are beyond the

scope of this work and will be discussed in a forthcoming paper. The presence of seed is expected to

have a negligible effect on hydrocarbon oxidation, and indeed the observed decays of the hydrocarbon

(from reaction with OH) are the same in seeded and nonseeded experiments. However, in all cases the

aerosol growth exhibits a marked dependence on whether seed particles are present. In all seeded

experiments, SOA growth is observed to begin essentially immediately, whereas in all nonseeded

experiments, there is a substantial “induction period”, a period of time during which the parent

hydrocarbon reacts away but no aerosol is formed. The amount of hydrocarbon reacted during this

period in the non-seeded cases ranges from 20 µg/m3 (∼5 ppb) for the toluene/NOx-free experiment

to 120 µg/m3 (∼27 ppb) for the m-xylene/NOx experiment. Once SOA growth begins, its rate is

the same as in the seeded experiments, leading to roughly fixed differences in ∆M at a given value

of ∆HC, and hence differences in SOA yields. Such differences persist throughout the experiments,

but are most pronounced at lower (atmospherically relevant) aerosol loadings: for example, in the

m-xylene/NOx experiments, at M = 5 µg/m3 SOA yield in the seeded case is almost twice that

of the nonseeded case (assuming unit density). We note that such a difference between yields in
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seeded and nonseeded experiments was not observed in an earlier study of high-NOx photooxidation

of m-xylene from our laboratory (Cocker et al., 2001b); in that study there were few data at low

(< 25 µg/m3) aerosol loadings, the condition at which this effect is most pronounced, as well as

higher scatter in the yield results than we currently observe (Keywood et al., 2004) and possibly

differing chemistry due to higher NOx levels.

The observed effect of seed on SOA growth implies differences in effective gas-particle partitioning

coefficients (Kroll and Seinfeld, 2005): partitioning into the particle phase is stronger in the seeded

experiments than in the nonseeded ones. This difference cannot be explained by the simple model

of SOA formation described in the Introduction (and shown in Fig. 2.2a): the semivolatile species

initially formed are the same regardless of the presence of seed, and the solid seed particles cannot

promote absorptive partitioning. Instead, the distribution of reaction products must be affected by

additional processes, leading to enhancements in lower-volatility compounds in the presence of seed

particles, and/or decreases in their absence.

The former possibility is consistent with recent work suggesting that particle-phase reactions,

forming high-MW, low-volatility products, are important processes in SOA formation. The formation

of such compounds, including oligomers (Tobias and Ziemann, 2000; Tolocka et al., 2004; Kalberer

et al., 2004; Iinuma et al., 2004; Gao et al., 2004a,b; Surratt et al., 2006) and organosulfates (Liggio

et al., 2005; Liggio and Li, 2006; Surratt et al., 2007), is accompanied by the depletion of the

semivolatile reactants in the particle phase; the resulting shift in the gas-particle equilibrium leads

to more SOA formation than would be inferred on the basis of physical partitioning alone (Johnson

et al., 2004; Jang et al., 2002). Many such products are thermally stable (e.g., Tobias and Ziemann

(2000); Surratt et al. (2006); Liggio et al. (2005); Liggio and Li (2006); Surratt et al. (2007)),

suggesting their formation is irreversible, with no reversion to reactants over the timescales studied

(though experimental studies of the reversibility of SOA formation are largely lacking at present).

The irreversible formation of nonvolatile species in SOA suggests the reaction scheme shown in

Fig. 2.2b, in which the semivolatile species (Ap) reacts further in the condensed phase to form a

purely particle-phase species (Bp). The promotion of such reactions by ammonium sulfate particles
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may account for the differences in SOA growth illustrated in Fig. 2.1.

Alternately, such differences could result from reactions of semivolatile species forming products

other than SOA. Such processes serve to lower the concentration of the gas-phase species, thereby

reducing the amount that partitions into the aerosol phase. Shown in Fig. 2.2c is such a mechanism,

in which the gas-phase semivolatile organic (Ag) reacts to form X, a generic non-particle-phase

product. This may be a volatile species present only in the gas phase, formed by bond-breaking

oxidation or photolysis reactions; or it may represent organics lost to the chamber walls. Such losses

of semivolatile species have received little study in terms of their role in SOA formation, but certainly

occur in many cases. For example, it has been shown that photolysis of organic aerosol components

forms relatively volatile organics (Presto et al., 2005; Gomez et al., 2006; Park et al., 2006), which

lead to reductions in SOA mass. Similarly, glyoxal, formed in the oxidation of aromatics, is known

to efficiently partition into the particle phase (Liggio et al., 2005; Hastings et al., 2005; Kroll et al.,

2005), but it is also known to react with OH, photolyze, and be taken up onto surfaces; all these

processes are expected to compete with gas-particle partitioning and hence reduce SOA growth.

Thus additional reactions of semivolatile organics, such as those shown in Figs. 2.2b and 2.2c,

may qualitatively explain differences in SOA yields between seeded and nonseeded photooxidation

experiments (Fig. 2.1). However, neither scheme represents a reasonable mechanism by which all

semivolatile compounds will react: in one case (Fig. 2.2b) all the organic is incorporated into the

gas phase, so growth does not depend on gas-particle partitioning, and in the other (Fig. 2.2c),

at long reaction times no SOA is formed at all. Instead, most SOA-forming reactions involve a

spectrum of semivolatile products, which likely exhibit varying chemistries, including reactions in

both phases. The generalized mechanism shown in Fig. 2.2d, in which the semivolatile species A

can react by both pathways in Figs. 2.2b and 2.2c, serves as a useful model system for investigating

the role of the reactions of semivolatile organics in SOA growth, and may even roughly approximate

the behavior of a more complex mixture. In this scheme, SOA yields are dependent not only on

the volatility of the product A, but also on the rates of these additional reactions. In the following

sections, we illustrate the possible role of such chemistry on aerosol growth. The dependence of SOA
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growth on the presence of seed particles is predicted, due largely to the delayed onset of gas-particle

partitioning in the nonseeded case.

2.5 Model Description

The mechanism shown in Fig. 2.2d is considered for only a single semivolatile species; we emphasize

this is not intended to be a detailed mechanism of SOA formation, but rather a model system

for studying the role of additional chemical reactions on gas-particle partitioning. All steps in the

mechanism are represented as unimolecular processes, with rate constants kHC , kg, and kp for the

reactions HC→ Ag, Ag → X, and Ap → Bp, respectively. For simplicity, specific reaction conditions

such as oxidant level are omitted, and all reactions are assumed to be irreversible over the timescale

of the simulation; the effects of specific reaction conditions and reversible processes are beyond the

scope of this work, but are worth further study. Gas-particle partitioning is treated as in Bowman

et al. (1997), with the net rate of uptake of a species by physical partitioning given by J , its flux to

the particle surface:

J =
Np2πDpλc̄

(
[Ag]− [Ag]eq

)

1 + 8λ
αcDp

(2.2)

in which Np is the particle number density, Dp the diameter of the particle, λ the mean free path of

air (65 nm), c̄ the mean molecular speed of the species, αc the accommodation coefficient, and [Ag]

and [Ag]eq the bulk and near-surface (equilibrium) mass concentrations of the gas-phase species,

respectively. [Ag]eq is calculated by absorptive partitioning (Pankow, 1994a):

[Ag]eq =
[Ap]
KpM

=
[Ap]

Kp ([Ap] + [Bp] +M(0))
(2.3)

in which M(0) is the mass concentration of preexisting organic aerosol. For simulations of reactions

carried out in the absence of organic aerosol (i.e., chamber experiments), initial absorbing aerosol

mass loading M(0) is set to a very small but nonzero value (0.1 ng/m3). The kinetics of gas-particle

partitioning (Eq. 2) require values for Dp and Np; to simplify the modeling, three assumptions
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are made: (1) particle number concentration is fixed at 2 × 104/cm3, (2) the aerosol population is

monodisperse, and (3) the organic aerosol has unit density. Relaxation of any of these assumptions

is expected to have a minimal effect on model results.

For the simulations discussed here, the parent hydrocarbon reacts with rate kHC = 0.015 min−1,

forming A with a stoichiometric yield of 0.2, reasonable values for an SOA-forming reaction. Rates

of the reactions of species A are chosen to be comparable to hydrocarbon oxidation, with kp = kHC

and kg = 0.3kHC ; if the reactions were substantially slower, their effects would not be observed

in the timescale of chamber experiments. The semivolatile compound A is assigned a Kp of 0.1

µg−1 m3 (for a saturation vapor pressure of 10 µg/m3), of 200 m/s (corresponding to a MW of ∼150

g/mol), and αc of 0.02 (as determined for glyoxal (Schweitzer et al., 1998)). For most simulations,

only the initial conditions (HC(0), M(0), and seed volume) are varied.

2.6 Model Predictions

Figure 2.3a shows concentrations as a function of time after reaction initiation, for conditions typical

of seeded chamber experiments: initial hydrocarbon concentration is relatively high (HC(0) = 91

µg/m3), and the preexisting aerosol seed is ammonium sulfate (20 µg/m3), with negligible initial

organic mass (M(0) = 0.1 ng/m3).

Following reaction initiation, there is an induction period, a result of the absence of absorbing

aerosol into which the semivolatile organic may partition. Thus the semivolatile species increases in

concentration in the gas phase, during which time some fraction reacts away to form X. Only when

Ag approaches its saturation vapor pressure does partitioning begin and SOA mass is formed. After

∼12 hours all the hydrocarbon is reacted away, A has fully reacted to form X or Bp, and aerosol

formation is completed, with ∆M = 10 µg/m3. Thus the SOA mass yield is 11% at an organic

aerosol loading of 10 µg/m3.

SOA yields over a range of aerosol mass loadings are generally determined by varying the amount

of hydrocarbon reacted, which leads to differences in M . Calculated yields over a range of M ’s are

presented in Fig. 2.4 (curve a). The curve of yield vs. M (over the atmospherically relevant range of
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M ’s) has the qualitative shape of a typical “yield curve”, consistent with the simple partitioning of a

single semivolatile compound (Fig. 2.2a). Thus SOA growth is governed by semivolatile partitioning,

even though nonvolatile species are also formed. This yield curve (and the others in Fig. 2.4) may be

fit to the single-product partitioning expression (Eq. 2.1), to obtain effective partitioning parameters;

however, these do not match those used in the model, as SOA growth is also strongly influenced by

reaction rates (kp and kg).

The effects on SOA yields of the values of these reaction rates are illustrated by the dashed curves

in Fig. 2.4. The upper curve is the case in which kp, the particle-phase reaction rate constant,

is increased by 50%; this is consistent with laboratory measurements of enhanced SOA yields in

the presence of acidic seed particles, presumably by acid-catalyzed reactions (Tolocka et al., 2004;

Iinuma et al., 2004; Gao et al., 2004a,b; Jang et al., 2002). The lower curve shows the effect of

increasing kg, the rate constant for reaction in the gas phase, by 25%, leading to decreased aerosol

yields. This is consistent with laboratory evidence that photolysis of semivolatile compounds leads

to the formation of relatively volatile products (Presto et al., 2005; Gomez et al., 2006; Park et al.,

2006). In the case where such gas-phase reactions dominate (kg > kp) and the condensable product is

reasonably nonvolatile (high Kp), SOA mass can actually decrease via this volatilization mechanism;

such behavior has been observed recently in SOA formation from isoprene oxidation under NOx-

free conditions (Kroll et al., 2006). These gas phase reactions reduce SOA growth by reducing

the concentration of the semivolatile species in the gas phase; similarly, an increase in the rate of

formation of the semivolatile species, which increases its gas-phase concentration, will increase the

SOA yield. The role of hydrocarbon oxidation rate on SOA formation from aromatic photooxidation

will be explored in forthcoming work.

Shown in Fig. 2.3b is the reaction profile for the “nonseeded” case, with conditions the same

as those in Fig. 2.3a, only without any ammonium sulfate seed present. Nucleation dynamics are

not explicitly included in this model, as very small particles (Dp < 5 nm), composed of the trace

preexisting organic mass (0.1 ng/m3), are assumed to be present. The hydrocarbon oxidation (and

hence formation of the semivolatile species) is the same as in the “seeded” case, but because of the
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much lower particle surface area, there is a mass transfer limitation to gas-particle partitioning. Thus

A accumulates in the gas phase, even exceeding its saturation vapor pressure, and partitioning (SOA

formation) does not occur until later in the reaction. Such an increase in the induction period was

predicted by Bowman et al. (1997), but in that work the semivolatile organic underwent partitioning

only (as in Fig. 2.2a), so only the rate of SOA growth was affected. However, in the present case, the

reaction Ag → X competes with partitioning, so that longer induction periods lead to more depletion

of the semivolatile compound, and less SOA is formed.

As shown in Fig. 2.4 (curve b), yields in the nonseeded case are consistently lower than those in

the seeded case, over a range of values of M . Thus, this mechanism is qualitatively consistent with

the seed effect observed in aromatic photooxidation (Fig. 2.1). Fitting the SOA growth data to this

kinetic model is beyond the scope of this work, but simple comparisons are possible; for example, the

fact that in the seeded case no induction period is observed, even though one is predicted, suggests

that aromatic oxidation products are less volatile (higher Kp) than simulated in the model. The

modeled differences between the seeded and nonseeded cases in Fig. 2.4 are relatively modest, but

would be larger under conditions of more aerosol formation during the induction period (higher Kp,

higher kp, etc.), or a longer induction period (higher saturation ratio S prior to aerosol growth).

Therefore reactions of semivolatile compounds may have a large influence on SOA yields, and

their importance is governed in part by the timing of the onset of gas-particle partitioning. In the

seeded case (Fig. 2.3a) this induction period is a result of the initial lack of organic aerosol mass

into which the semivolatile organics may partition; in the unseeded case (Fig. 2.3b), it is longer

due to the mass-transfer limitation arising from the initially small aerosol surface area. However,

in the atmosphere, organic aerosol is generally present, so such effects are not expected. Shown in

Fig. 2.3c is a simulation using more realistic tropospheric conditions: a small amount of hydrocarbon

(HC(0) = 1 µg/m3) reacted in the presence of background organic aerosol (M(0) = 10 µg/m3).

These initial conditions are different than those of chamber experiments (Fig. 2.3a,b), in which large

amounts of hydrocarbon are reacted with no organic aerosol present; however all other parameters

are left unchanged. Because absorbing aerosol is already present, there is no induction period and
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gas-particle partitioning of the semivolatile species begins immediately. As a result, a smaller fraction

of A reacts to form X in the early stages of the reaction. Final aerosol growth (∆M) is 0.14 µg/m3,

for SOA yield of 14% at an organic mass loading of 10.1 µg/m3; this yield is significantly higher

than that of the “seeded” case (Fig. 2.3a) at nearly the same value of M .

Aerosol yields over a range of organic aerosol loadings are shown in Fig. 2.4, curve c. Unlike for

chamber studies (curves a–b), M is varied by changing not HC(0) (which is fixed at 1 µg/m3), but

instead the preexisting organic aerosol loading M(0). Over the range of M ’s shown, SOA yields in

the atmospheric case are significantly higher than those in the chamber case, owing to differences

in initial partitioning conditions. Such differences in yields are significant (at M = 5 µg/m3, yield

in the “atmosphere” case is about twice that in the “unseeded” case), and are comparable to those

from changing reaction conditions (dashed curves).

2.7 Implications

We have presented experimental data showing that SOA yields from the photooxidation of aromatic

hydrocarbons are enhanced when ammonium sulfate is present. Such an effect is inconsistent with a

mechanism of SOA formation that involves only the formation and partitioning of semivolatile species

(Fig. 2.2a). Instead, there must be additional processes (chemical reactions and/or surface losses)

that affect the concentrations of semivolatile organics; the effect on SOA yields of such reactions,

particularly those occurring in the gas phase, have so far received little attention. We propose as

a model system the mechanism shown in Fig. 2.2d, in which a semivolatile species may undergo

reactions in both the gas phase (reducing its concentration and hence reducing SOA formation) and

the particle phase (promoting SOA formation). The kinetics of this mechanism indicate this seed

effect arises from loss of the semivolatile compound during the induction period, which is longer

in the nonseeded experiment as a result of mass-transfer limitations. The additional reactions of

semivolatile species may also account for a number of other recent experimental observations, such

as nonvolatile species in SOA, increased SOA yields with acidic seed, and photochemical loss of SOA

mass. An important implication of these reactions is that SOA yields may be quite dependent on
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detailed reaction conditions. In particular, in laboratory studies of SOA formation, an induction

period prior to gas-particle partitioning, during which time gas-phase semivolatile species may be

depleted by chemical reaction or wall loss, may lead to lower SOA formation than occurs under

atmospheric conditions. Such an effect may contribute to the discrepancies between modeled and

measured SOA in the atmosphere (de Gouw et al., 2005; Heald et al., 2005; Volkamer et al., 2006).

Our results suggest that chamber experiments need to be carried out as much as possible un-

der atmospherically realistic conditions, in terms of not only chemistry (oxidant levels, NOx levels,

etc.) but also partitioning (preexisting aerosol). The aromatic photooxidation results presented

here indicate that the presence of inorganic seed aerosol can be important for initiating gas-particle

partitioning, as lack of aerosol surface area may inhibit uptake of organics; our modeling results sug-

gest the presence of organic aerosol, which allows for immediate absorptive partitioning of organics,

may be important as well. Running experiments under conditions similar to those of Fig. 2.3c is

infeasible, but the presence of even a small amount of organic seed aerosol (a few µg/m3) would elim-

inate the induction period, substantially reducing differences between “chamber” and “atmospheric”

conditions. The loading of preexisting organic seed is a parameter that has not been explored in

chamber experiments of SOA formation thus far, and certainly warrants future study.

This seed effect, and the effect of additional reactions of semivolatile species in general, is expected

to be most important for reactions that form semivolatile compounds with relatively high vapor

pressures (low Kp’s), and hence which exhibit significant induction times. For reactions which

occur relatively rapidly (high kHC) and involve relatively low-volatility condensable compounds

(high Kp’s), SOA growth begins very early in the reaction. For these reactions, such as α-pinene

ozonolysis (Ng et al., 2006; Presto and Donahue, 2006), the induction period is negligible, and

gas-particle partitioning occurs throughout the experiment at atmospherically relevant levels.

The induction periods described here are a result of the buildup of semivolatile products in the

gas phase prior to gas-particle partitioning; induction periods may arise from other effects as well.

Examples include photooxidation reactions carried out under high-NOx conditions, in which SOA

formation does not begin until [NO] falls to ppb levels (e.g., Kroll et al. 2006; Johnson et al. 2004),
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and reactions involving multiple rate-limiting steps to SOA formation (Bowman et al., 1997; Ng

et al., 2006). In both cases the delay is in the formation of the semivolatile species rather than

in gas-particle partitioning, and so may occur under atmospheric conditions. The sources of (and

relationships between) different induction periods need to be understood in order for chamber yield

measurements to accurately represent atmospheric conditions.

We emphasize that the mechanism shown in Fig. 2.2d, while possibly valid for some semivolatile

organics, is not intended as a general scheme describing the chemistry of all condensable compounds.

Most SOA-forming reactions involve a very large number of semivolatiles, which may react via any

number of mechanisms, including those shown in Fig. 2.2. This mechanism is instead used as a model

system illustrating the potential influence of reactions of semivolatile species on SOA formation, and

the resulting dependence of SOA yields on reaction and partitioning conditions. Such reactions

are often not treated explicitly in models of SOA formation, but certainly occur for a wide range

of compounds: most organics are susceptible to reaction with OH, and loss to chamber walls is a

potential sink for species that are efficiently taken up to the aerosol phase. If these processes are fast

on the timescale of chamber experiments, they may have a substantial impact on SOA growth, and

on the relationship between chamber studies and real atmospheric conditions. Only by explicitly

including such reactions in models of SOA formation, or by making SOA yield measurements under

oxidative and partitioning conditions relevant to the atmosphere, can such effects be taken fully into

account.

Acknowledgments

This research was funded by the U. S. Environmental Protection Agency Science to Achieve Re-

sults (STAR) Program grant number RD-83107501-0, managed by the EPA’s Office of Research

and Development (ORD), National Center for Environmental Research (NCER), and by the U.S.

Department of Energy Biological and Environmental Research Program DE-FG02-05ER63983; this

work has not been subjected to the EPAs required peer and policy review and therefore does not

necessarily reflect the views of the Agency and no official endorsement should be inferred.



19

Bibliography

Bowman, F. M., Odum, J. R., Seinfeld, J. H., and Pandis, S. N.: Mathematical model for gas-particle

partitioning of secondary organic aerosols, Atmos. Environ., 31, 3921–3931, 1997.

Cocker, D. R., Flagan, R. C., and Seinfeld, J. H.: State-of-the-art chamber facility for studying

atmospheric aerosol chemistry, Environ. Sci. Technol., 35, 2594–2601, 2001a.

Cocker, D. R., Mader, B. T., Kalberer, M., Flagan, R. C., and Seinfeld, J. H.: The effect of water

on gas-particle partitioning of secondary organic aerosol: II. m-xylene and 1,3,5-trimethylbenzene

photooxidation systems, Atmos. Environ., 35, 6073–6085, 2001b.

de Gouw, J. A., Middlebrook, A. M., Warneke, C., Goldan, P. D., Kuster, W. C., Roberts, J. M.,

Fehsenfeld, F. C., Worsnop, D. R., Canagaratna, M. R., Pszenny, A. A. P., Keene, W. C.,

Marchewka, M., Bertman, S. B., and Bates, T. S.: Budget of organic carbon in a polluted atmo-

sphere: Results from the New England Air Quality Study in 2002, J. Geophys. Res.-Atmos., 110,

D16305, doi:10.1029/2004JD005623, 2005.

Gao, S., Keywood, M., Ng, N. L., Surratt, J., Varutbangkul, V., Bahreini, R., Flagan, R. C., and

Seinfeld, J. H.: Low-molecular-weight and oligomeric components in secondary organic aerosol

from the ozonolysis of cycloalkenes and α-pinene, J. Phys. Chem. A, 108, 10 147–10 164, 2004a.

Gao, S., Ng, N. L., Keywood, M., Varutbangkul, V., Bahreini, R., Nenes, A., He, J. W., Yoo, K. Y.,

Beauchamp, J. L., Hodyss, R. P., Flagan, R. C., and Seinfeld, J. H.: Particle phase acidity and

oligomer formation in secondary organic aerosol, Environ. Sci. Technol., 38, 6582–6589, 2004b.

Gomez, A. L., Park, J., Walser, M. L., Lin, A., and Nizkorodov, S. A.: UV photodissociation

spectroscopy of oxidized undecylenic acid films, J. Phys. Chem. A, 110, 3584–3592, 2006.

Hastings, W. P., Koehler, C. A., Bailey, E. L., and De Haan, D. O.: Secondary organic aerosol

formation by glyoxal hydration and oligomer formation: Humidity effects and equilibrium shifts

during analysis, Environ. Sci. Technol., 39, 8728–8735, 2005.



20

Heald, C. L., Jacob, D. J., Park, R. J., Russell, L. M., Huebert, B. J., Seinfeld, J. H., Liao, H., and

Weber, R. J.: A large organic aerosol source in the free troposphere missing from current models,

Geophys. Res. Lett., 32, L18809, doi:10.1029/2005GL023831, 2005.
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Chapter 3

Kinetic modeling of secondary
organic aerosol formation: effects
of particle- and gas-phase reactions
of semivolatile products∗

∗Reproduced with permission from “Kinetic modeling of secondary organic aerosol formation: effects of particle-
and gas-phase reactions of semivolatile products” by A. W. H. Chan, J. H. Kroll, N. L. Ng, John H. Seinfeld,
Atmospheric Chemistry and Physics, 7 (15), 4135–4147, 2007. Copyright 2007 by Authors. This work is licensed
under a Creative Commons License.
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3.1 Abstract

The distinguishing mechanism of formation of secondary organic aerosol (SOA) is the partitioning

of semivolatile hydrocarbon oxidation products between the gas and aerosol phases. While SOA

formation is typically described in terms of partitioning only, the rate of formation and ultimate

yield of SOA can also depend on the kinetics of both gas- and aerosol-phase processes. We present

a general equilibrium/kinetic model of SOA formation that provides a framework for evaluating

the extent to which the controlling mechanisms of SOA formation can be inferred from laboratory

chamber data. With this model we examine the effect on SOA formation of gas-phase oxidation of

first-generation products to either more or less volatile species, of particle-phase reaction (both first-

and second-order kinetics), of the rate of parent hydrocarbon oxidation, and of the extent of reaction

of the parent hydrocarbon. The effect of pre-existing organic aerosol mass on SOA yield, an issue

of direct relevance to the translation of laboratory data to atmospheric applications, is examined.

The importance of direct chemical measurements of gas- and particle-phase species is underscored

in identifying SOA formation mechanisms.

3.2 Introduction

Particulate matter formed by condensation of oxidation products of volatile organic compounds

(VOCs), termed secondary organic aerosol (SOA), can contribute a significant fraction of airborne

particulate matter (Seinfeld and Pandis, 2006). Environmental chamber studies are the principal

means by which the aerosol-forming potential of VOCs is established. SOA formation is a complex

process, involving gas-phase oxidation chemistry, partitioning of oxidation products between the gas

and particle phases, and aerosol-phase chemistry. While it is possible, in principle, to simulate SOA

formation using explicit, detailed gas-phase chemical mechanisms coupled to gas-particle equilibrium

(Johnson et al., 2006; Griffin et al., 2002a,b; Pun et al., 2002), those mechanisms currently used

in regional and global atmospheric chemical transport models are generally semi-empirical, the

parameters of which are derived from laboratory chamber studies. The cornerstone of SOA formation
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is the generation of semivolatile oxidation products that undergo absorptive partitioning between

the gas and particulate phases (Seinfeld and Pankow, 2003; Pankow, 1994a,b; Donahue et al., 2006).

A consequence of the absorptive partitioning is that SOA formation depends not only on the amount

and volatility of these oxidation products, but also on the amount and nature of the aerosol mass

into which the compounds partition.

A widely-used semi-empirical mechanism for SOA formation is the Odum model (Odum et al.,

1996, 1997), in which oxidation of the parent VOC leads to semivolatile first-generation products,

and in which the SOA yield, Y , of a particular VOC, defined as the ratio of mass of SOA formed,

∆Mo, to the mass of hydrocarbon reacted, ∆HC, is given by

Y =
∆Mo

∆HC
= Mo

n∑

i=1

αiKp,i

1 +Kp,iMo
(3.1)

where αi is the mass-based stoichiometric coefficient of semivolatile product i, Kp,i is its gas-particle

partitioning equilibrium constant, and Mo is the total mass concentration of the absorbing (aerosol)

medium. Equation 3.1 has traditionally been used to describe the yield of SOA as a function of total

organic aerosol loading, Mo, after the parent hydrocarbon has been entirely consumed. In a typical

experimental study, a set of data of Y versus Mo, the characteristic “yield curve” for a particular

VOC, is fitted to Eq. 3.1, by varying αi and Kp,i (typically n=2), in which each product has a

different volatility (see “Odum Model” in Fig. 3.1), is sufficient in describing the experimental SOA

yield for most VOCs. It is important to note that the model underlying Eq. 3.1 is an equilibrium

rather than kinetic model in that it relates the mass of aerosol formed, ∆Mo, to ∆HC without regard

to the rate at which the parent hydrocarbon is oxidized. This model has been used to empirically

represent SOA yields for more than 50 different parent VOCs (see Seinfeld and Pankow (2003)).

Aerosol-phase reactions involving condensed semivolatile compounds are known to be important

in SOA formation, evidence for which includes the presence of high molecular weight oligomers in

SOA (Gao et al., 2004a,b; Tolocka et al., 2004; Kalberer et al., 2004) and increased SOA yields under

acidic conditions (Gao et al., 2004a,b; Iinuma et al., 2004; Jang et al., 2002; Czoschke et al., 2003).
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Kroll and Seinfeld (2005) showed that if a semivolatile product undergoes a reversible, unimolecular

reaction with an equilibrium constant, Krxn, in the aerosol phase, the corresponding gas-particle

partitioning equilibrium constant Kp in the Odum model can be replaced by a total gas-particle

partitioning equilibrium constant (K∗), which includes contribution from particle-phase processes.

The thermal stability of some aerosol-phase reaction products, such as peroxyhemiacetals (Tobias

and Ziemann, 2000), esters (Surratt et al., 2006; Liggio et al., 2005) and organosulfates (Liggio et al.,

2005; Liggio and Li, 2006; Surratt et al., 2007), implies that aerosol-phase reactions forming these

species may be irreversible, with products not reverting to reactants over timescales relevant to the

atmosphere. It has also been shown that for a number of hydrocarbons, low-volatility compounds

are formed as a result of multiple gas-phase oxidation steps. Examples for such compounds include

terpenes with multiple double bonds (Ng et al., 2006), aromatic compounds (Ng et al., 2007), and

long-chain alkanes (Lim and Ziemann, 2005).

As noted, the most important fundamental aspect of SOA formation is the equilibrium distribu-

tion of semivolatile oxidation products between the gas and particle phases. An essential question

is – can one infer from experimental data the extent to which various kinetic processes, such as

aerosol-phase reaction and gas-phase reaction of oxidation products, influences SOA formation? For

example, it has been shown that the characteristic behavior of how the amount of SOA generated,

∆Mo, evolves as the parent hydrocarbon is consumed, ∆HC, the “time-dependent SOA growth

curve” reflects both kinetic and equilibrium processes (Kroll and Seinfeld, 2005; Ng et al., 2006;

Sato et al., 2004). The goal of the present work is to present a hierarchy of general models of SOA

formation that include both equilibrium and kinetic processes. Given a set of experimental data,

the models would allow one to evaluate the extent to which the observed SOA formation data are

consistent with particular controlling mechanisms and thereby suggest avenues for more in-depth

study.
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3.3 Model Description

The set of kinetic models is given in Fig. 3.1. The overall kinetic model is shown, together with

special cases, denoted (a)–(f). In each case, the parent hydrocarbon is oxidized to a first-generation

product denoted Ag
1 (with pseudo-first-order rate constant kHC and mass stoichiometric coefficient

α1). The models are developed considering only one oxidation product; they can readily be extended

to a spectrum of oxidation products (Donahue et al., 2006). If there is initial organic material present

(Mo(0)>0), and A1 is semivolatile (as it is for all cases except case (d)), Ag
1 immediately partitions

into the particulate phase as Ap
1 with a partitioning coefficient K1; otherwise, Ag

1 partitions only

after it reaches its saturation concentration in the gas phase. Instantaneous partitioning equilibrium

can be assumed, since the characteristic timescale for gas-particle transport is typically much faster

than that for oxidation of the parent hydrocarbon (Bowman et al., 1997). Aerosol-phase reaction

is represented by irreversible conversion of Ap
1 to Bp

1 . As noted, Kroll and Seinfeld (2005) have

considered the case of reversible aerosol-phase reaction. The aerosol-phase reaction can also be

represented as a bimolecular reaction; this is included in cases (e) and (f). The first-generation

semivolatile product Ag
1 can be further oxidized in the gas phase, represented by first-order reaction

of Ag
1 with a rate constant kg to form a second-generation semivolatile product or a volatile product,

Ag
2. Ag

2 itself may then partition as Ap
2 , which itself may also react irreversibly in the aerosol phase

to form Bp
2 .

The qualitative kinetic behavior of the general system depends on the magnitudes of the various

rate constants relative to the intrinsic HC oxidation rate constant kHC , as reflected by the ratios

βg (=kg/kHC), βp1 (=kp1/kHC), and βp2 (=kp2/kHC). In general, the quantities, kHC and Mo(0),

are known. The most general form of the kinetic model admits a number of special cases, (a)–(f)

depending on the relative values of the parameters.
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3.4 General Model Behavior

The purpose of this subsection is to examine the qualitative nature of SOA formation as would be

observed experimentally if the mechanism of SOA formation adheres to each of the cases in Fig. 3.1.

This will allow us to assess the sensitivity of the dynamic SOA formation processes to the particular

mechanism involved.

3.4.1 Odum model

Figure 3.2 shows the characteristic time-dependent growth curve of SOA (∆Mo) versus HC reacted

(∆HC) for the Odum model (assuming two semivolatile products). At low ∆HC and Mo(0)=0, no

aerosol forms until the condensable products exceed their saturation concentrations. Because this

is strictly an equilibrium model, aerosol growth follows the same curve regardless of the initial HC

concentration (HC(0)). Aerosol formation is governed only by the timescale of HC oxidation.

3.4.2 Case (a): First-generation product only with aerosol-phase reaction

Case (a) in Fig. 3.1 includes irreversible reaction of the first-generation semivolatile product in

the aerosol phase. When particle-phase reaction is slow compared to HC oxidation (βp1=0.1, see

panel (a) of Fig. 3.3), only after most of the HC has been consumed does Ap
1 react to form an

appreciable amount of Bp
1 , drawing the partitioning equilibrium toward the aerosol phase. This

behavior is evidenced by significant growth (the vertical portion) after HC is essentially consumed.

If the aerosol-phase reaction is irreversible, the semivolatile product is entirely converted to Bp
1 ,

and the final SOA yield is simply ∆Mo=α1 ∆HC. This gives rise to two distinct regions in the

growth curve: the first associated with the early gas-particle partitioning and the second associated

with the slower aerosol-phase reaction. If the aerosol-phase reaction is fast relative to HC oxidation

(βp1=10, see panel (a) of Fig. 3.3), as soon as Ap
1 is formed it is quickly converted to Bp

1 . Ag
1

continues to condense to maintain partitioning equilibrium, leading to rapid aerosol formation. Ag
1

is eventually entirely depleted because its rate of loss through Ap
1 exceeds the rate of supply from

the HC oxidation. Again, if the aerosol-phase reaction is irreversible, all of oxidation product A1
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must eventually be converted to the nonvolatile aerosol-phase reaction product Bp
1 , regardless of

the value of βp1. As a result, for this mechanism the final SOA yield is independent of the initial

hydrocarbon concentration, and the yield curve (∆Mo/∆HC) is independent of the organic aerosol

mass concentration.

The amount of initial organic material present, Mo(0), also affects the shape of the growth

curve, as shown in panel (b) of Fig. 3.3. As Mo(0) increases, the partitioning equilibrium is shifted

in favor of Ap
1 . Initial SOA formation occurs earlier, so that at any particular value of ∆HC, the

larger the value of Mo(0), the greater the amount of aerosol formed. Once the initial hydrocarbon

is consumed, the amount of SOA formed is the same regardless of Mo(0), although the paths by

which ∆Mo approach the final yield are quite different; this is an important observation relative to

comparison of experimentally-determined SOA yields when the initial hydrocarbon is not entirely

reacted.

3.4.3 Case (b): First-generation product with unimolecular aerosol-phase

reaction and with gas-phase conversion to a volatile second-generation

product

Case (b) has been considered in Kroll et al. (2007). Irreversible loss of gas-phase semivolatile

product can occur either by chemical reaction (further oxidation) or physical processes (scavenging,

wall loss). Aerosol formation depends on the competition between the formation of Bp
1 and Ag

2. The

final yield is governed not only by the partitioning between Ag
1 and Ap

1 , but also by the relative rates

of gas-phase loss of first-generation product and aerosol-phase reaction. The SOA yield differs for

different amounts of initial organic material present, despite the same total organic aerosol loading;

consequently, the SOA yield could be underestimated in chamber experiments owing to the induction

period associated with the absence of organic or inorganic seed particles (Kroll et al., 2007).

Figure 3.4 shows growth curves for kinetic model case (b). If the rate of the aerosol-phase reaction

substantially exceeds that of the gas-phase loss (βp1=10), the growth curve is similar to that in case

(a), and most Ag
1 condenses and forms Bp

1 . As βp1 decreases, the final yield decreases, as more of
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the oxidation product A1 is ultimately converted to Ag
2. At βp1=0.1, the aerosol-phase reaction is

sufficiently slow that Ap
1 repartitions to the gas phase and is lost to Ag

2, and, as a result, total SOA

mass reaches a maximum and decreases. Case (b) also provides a possible representation for the

“acid catalysis” effect when competing gas-phase reactions are present, in which acidity can increase

the overall (“final”) SOA yield by catalyzing the rate of the aerosol-phase reaction.

Since SOA formation in case (b) depends on both the gas-particle partitioning equilibrium be-

tween Ag
1 and Ap

1 and the relative rates of gas-phase loss and aerosol-phase reaction, the initial

amount of organic material affects the relative amounts of Ap
1 and Ag

1, and thus the relative rates

of gas-phase and aerosol-phase reactions. Kroll et al. (2007) showed that less gas-phase semivolatile

oxidation product is lost irreversibly with the introduction of seed particles because the induction

period for SOA growth is shorter, leading to higher SOA yields, despite constant total organic aerosol

loading.

3.4.4 Case (c): First- and second-generation semivolatile products with

no aerosol-phase reaction

Case (c) includes the contribution of semivolatile compounds formed from further gas-phase reaction

of the first-generation product. If gas-phase conversion of Ag
1 to Ag

2 is relatively slow (e.g., βg=0.1),

the second-generation aerosol product Ap
2 does not form in an appreciable amount until most of

the HC has been consumed. As βg increases, formation of Ap
2 occurs earlier and in the limit of

βg>>1 approaches instantaneous partitioning. Panel (a) of Fig. 3.5 shows the dependence of ∆Mo

on ∆HC for βg=0.1, 1, and 10 (at K2/K1=10). At βg=0.1, relatively little aerosol is formed until

a significant amount of Ag
2 forms, because the second-generation product is less volatile. Eventually

all the aerosol ends up as Ap
2 , and the ultimate yield is independent of the value of βg. A vertical

portion at the end of the growth curve indicates that most of the SOA is second-generation product

formed after the parent HC is consumed. If K2<K1, the first-generation product is less volatile.

As the reaction proceeds, Ap
1 evaporates and reacts to form the second-generation product, which

is more volatile. As in case (b), the total mass of SOA can decrease over the course of the HC
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oxidation (panel (b) of Fig. 3.5). Note that regardless of the values of K1 and βg, the final SOA

yield is identical for the same HC(0). This is because all the HC reacted must eventually be in the

form of Ag
2 or Ap

2 , and hence the final SOA yield is determined only by the partitioning between Ag
2

and Ap
2 .

3.4.5 Case (d): Volatile first-generation product and semivolatile second-

generation product

When the first-generation product Ag
1 is completely volatile, SOA growth results only from the

second-generation product (K1=0), and the kinetics of this system admit an analytical solution

which describes the time-dependent growth curve of the system:

∆Mo =





Ap2,eq if Ap2,eq > 0

0 otherwise
(3.2)

where

Ap2,eq =

[
1
K2
−A2 +Mo(0)

]
+

√[
1
K2
−A2 +Mo(0)

]2
+ 4A2Mo(0)

2

A2 =





α1∆HC − α1HC(0)
βg−1

[(
1− ∆HC

HC(0)

)
−
(

1− ∆HC
HC(0)

)βg
]

if βg 6= 1

α1∆HC − α1HC(0)
(

1− ∆HC
HC(0)

)
ln
(

1− ∆HC
HC(0)

)
if βg = 1

A2 represents the sum of Ap
2 and Ag

2, and Ap
2,eq is the concentration of Ap

2 if the gas- and particle-

phases are in partitioning equilibrium. The analytical solution allows us to see more clearly the

dependence of the SOA growth curve on the kinetic and equilibrium parameters: a lower HC(0)

requires a longer time to reach the same ∆HC, which gives a higher amount of A2 (and hence,

higher SOA growth) for the same ∆HC. The dependence of SOA growth on the extent of reaction,

∆HC/HC(0), will be discussed in more detail.
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3.5 Effect of Kinetic Conditions on SOA Growth

3.5.1 Molecularity of aerosol-phase reaction and experimental timescales

Up to this point we have assumed for convenience that the aerosol-phase reaction, e.g., Ap
1→Bp

1 ,

is kinetically first-order. If aerosol-phase reactions are bimolecular, such as in the formation of

oligomers in the aerosol phase (Ap
1+Ap

1→Bp
1), the rate of the reaction is intrinsically second-order

with respect to the aerosol-phase compound. We show in the Appendix that in this case the rate

constant still has the units of inverse time. Thus the ratio of the aerosol-phase reaction rate constant

to the HC oxidation rate constant (βp1) is still a useful parameter for representing the relative rate

of aerosol-phase reaction. Case (e) in Fig. 3.1 describes the case in which the first-generation

semivolatile product undergoes only a second-order aerosol-phase reaction.

For the same set of parameters {kHC , βp1, K1}, in the case of second-order reaction the aerosol-

phase reaction rate in case (e) decreases significantly as the concentration of Ap
1 approaches zero. As

a result, the semivolatile compound A1 may not be completely consumed within typical timescales of

a chamber experiment, and the observed yield is lower than the theoretical yield of α1 (Fig. 3.6). This

effect is greater when HC(0) is lower because the aerosol-phase reaction rate decreases nonlinearly

with respect to concentration. Unlike case (a), the SOA yield is not constant; it decreases as Mo

decreases. The system exhibits partitioning behavior similar to that seen in the Odum equilibrium

model, but such behavior is not a direct result of the amount of the organic material present; rather,

it occurs because of the slower aerosol-phase reaction at lower hydrocarbon concentrations.

Figure 3.6 also shows SOA yield curves from simulation of case (e) under typical ambient and

chamber conditions. The ambient SOA yield (“atmosphere”) for this case, in which the aerosol-

phase reaction is bimolecular, is lower than that measured in chamber experiments (“chamber”).

This occurs because the rate of the bimolecular aerosol-phase reaction is proportional to both the

total concentration of semivolatile compound in the system (µg/m3 air) and xA, the fraction of

the condensed semivolatile compound in the organic phase (µg A/µg organics) (see Appendix). In

a typical chamber experiment, the organic aerosol generally is entirely SOA, so the fraction of the
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condensable species in the organic phase is high. In contrast, the absorbing aerosol in the atmosphere

arises mainly from preexisting organic material, so SOA components will be substantially diluted.

Hence, bimolecular aerosol-phase reactions may occur at a higher rate in chamber experiments,

where relatively higher VOC concentrations are used (Kalberer et al., 2004; Paulsen et al., 2006).

For the same set of parameters {kHC , βp1, K1}, the rate of a first-order unimolecular aerosol-

phase reaction is faster than that of a bimolecular aerosol-phase reaction. It is therefore likely that

under atmospheric conditions, the SOA yield for case (a), in which the aerosol-phase reaction is

unimolecular, is higher than that in case (e), where the aerosol-phase reaction is bimolecular.

Case (f) includes gas-phase loss of the first-generation semivolatile product, in addition to the

bimolecular aerosol-phase reaction. Since there is a competition between gas-phase loss of Ag
1 and

aerosol-phase reaction of Ap
1 , the final SOA yield depends directly on the relative rates of these

reactions. The SOA yield for such a system would be lower in the atmosphere, where the fraction of

Ap
1 in the organic phase, xA, is small and the bimolecular aerosol-phase reaction is slow (Fig. 3.7).

Since the gas-phase loss is first-order, the SOA yield would be overestimated when applying chamber

measurements to the atmosphere. On the other hand, for the same set of parameters {kHC , βp1, βg,

K1}, aerosol growth in case (b), in which the aerosol-phase reaction is unimolecular, is higher than

that in case (f), where the rate of the bimolecular aerosol-phase reaction becomes much slower as

Ap
1 is consumed and the fraction of Ap

1 in the organic phase (xA) approaches 0.

3.5.2 Rate of hydrocarbon oxidation

Ng et al. (2007) and Kroll et al. (2005) reported SOA yields from the photooxidation of m-xylene

and isoprene, respectively, that were higher than previously measured (Odum et al., 1996; Pandis

et al., 1991). In these experiments, HONO is used as an OH precursor, which rapidly photolyzes to

produce substantially higher concentrations of OH radicals than are generally formed from HC/NOx

irradiations. While it is possible that this increases the rate of further gas-phase oxidation to

produce less volatile compounds observable within chamber timescales, here we show that the rate

of hydrocarbon oxidation can cause substantial differences in SOA yield even without further gas-
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phase oxidation steps (in case (b)).

Figure 3.8 shows the growth curves for case (b) with increasing hydrocarbon oxidation rate kHC .

The rates of the other process kg and kp1 are kept constant; this assumes they are independent

of OH concentration. At higher kHC , the total concentration of A1 is higher at any given time.

Owing to the nonlinear nature of absorptive partitioning, the gas-particle equilibrium is shifted

in favor of the particle phase when more organic material is present (Pankow, 1994a,b). In other

words, higher total concentrations of semivolatile compound A1 leads to not only a higher absolute

concentration of Ap
1 , but also a larger ratio of Ap

1 to Ag
1 at any given time. This increases the rate

of aerosol-phase reaction relative to the gas-phase loss, which increases SOA growth. Such a “rate

effect” is the result of competition between gas-phase loss to nonreactive volatile compounds and

aerosol-phase reaction which lowers the vapor pressure of semivolatile compounds. Therefore, there

is a kinetic dependence of SOA growth on the rate of oxidation, and this highlights the need to carry

out chamber experiments under atmospherically relevant rates of oxidation.

3.5.3 Extent of reaction

In the Odum model, it is assumed that the SOA yield at a particular ∆HC is independent of the

extent of reaction, since SOA growth is governed only by the amount of semivolatile formed. As

a result, the growth curves under different HC(0) overlap. As shown in Fig. 3.9, when secondary

reactions are present in the gas- or aerosol-phase (cases (a) and (c)), aerosol growth for different

HC(0) does not follow the same curve. The growth is higher for a lower HC(0) at the same ∆HC,

because it takes longer at lower HC(0) than at higher HC(0) to consume the same amount of

hydrocarbon, ∆HC, allowing more time for the gas- or aerosol-phase reaction of the first-generation

semivolatile product, producing a less volatile product. Such dependence of SOA growth on HC(0)

(higher growth for lower HC(0) at the same ∆HC) is also shown in Eq. 3.2, for the special case

where the first generation product is completely volatile (case (d)). This dependence of SOA growth

on initial hydrocarbon concentration has been observed in some systems (Ng et al., 2006, 2007; Sato

et al., 2004). As a result, when measuring SOA yield in the chamber, it is desirable to consume the
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parent hydrocarbon to the fullest extent for the measurement to be atmospherically relevant.

3.5.4 Effect of particle-phase reaction vs. further gas-phase reaction

From the overall kinetic model, one may be able to infer the relative importance of kinetic processes

in a particular system by studying the behavior of the SOA growth curve exhibited by that system. In

the general model in Fig. 3.1, both irreversible aerosol-phase reaction and further gas-phase reaction

leading to products with even lower volatility are considered (ignoring the aerosol-phase reaction of

Ap
2). Figure 3.10 shows the growth curves of systems in which the further gas-phase reaction that

leads to an essentially nonvolatile compound is dominant (βg=1, βp1=0.01) and another system

in which the aerosol-phase reaction is more important than further gas-phase reaction (βg=0.01,

βp1=1). If the initial amount of organic material, Mo(0), is small (as illustrated in panel (a) of

Fig. 3.10), most of the semivolatile compound A1 stays in the gas phase as Ag
1. In the case in which

the gas-phase reaction of A1 is relatively fast, the semivolatile compound A1 reacts to form A2,

which is essentially nonvolatile, and the delay in SOA growth is therefore short. On the other hand,

if the gas-phase reaction of A1 is relatively slow, the SOA growth is small until there is sufficient

partitioning to form Ap
1 . There is a significant delay between formation of semivolatile A1 in the

gas phase and condensation and further reaction in the aerosol phase to form the nonvolatile Bp
1 .

Although the final yield is the same for these two cases (both final products Bp
1 and Ap

2 are assumed

to be nonvolatile), the growth in the latter case occurs later than that in the former case. However, if

there is a significant amount of background organic material (such that partitioning occurs quickly)

or if the secondary reactions (gas- and aerosol-phase reactions of A1) are sufficiently rate-limiting

compared to the oxidation of the parent hydrocarbon, the difference between the two growth curves

becomes smaller and they cannot easily be distinguished from each other, as illustrated in panels

(b) and (c) of Fig. 3.10.
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3.6 Application to SOA-forming Systems

3.6.1 Fitting experimental data to the kinetic model

To evaluate the extent to which it is possible to fit a unique set of kinetic and equilibrium parameters

for the models in Fig. 3.1 to experimental data, the models were used to generate synthetic SOA

growth data, which were then used as a basis for recovering the parameters used to generate the

data via optimization. With the exception of case (d), in which SOA growth results only from

condensation of one semivolatile compound, the “true” parameters could not be easily recovered

and the minimized errors between simulated and modeled SOA growth do not necessarily represent

the global minimum. In these cases, SOA growth results from either a first-generation product

(Ap
1) or a product from further gas- or aerosol-phase reaction (Bp

1 or Ap
2). Since the measured SOA

growth represents the sum of all aerosol-phase products (∆Mo), some of the parameters (such as K1

and βp1) are not independent and multiple sets of parameters can describe the same SOA growth

curve. When the same test was performed using both measured SOA growth (total ∆Mo) and the

concentration of a gas-phase product (e.g., Ag
1), the true parameters were recovered.

Even in the case in which sufficient gas-phase data are not available in order to estimate a unique

set of parameters, kinetic modeling can be used to provide a theoretical framework for interpreting

trends in SOA growth data from chamber experiments and gain insight into the mechanisms of SOA

formation. From the qualitative nature of time-dependent growth curves, one can infer information

about the kinetic mechanisms important to SOA growth and the relative rates of reaction, as shown

in the following subsections.
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3.6.2 α-Pinene ozonolysis

SOA growth data for α-pinene ozonolysis are shown in Fig. 3.11 (Ng et al., 2006). The growth

curves from each experiment (with varying HC(0)) can be fitted to a single growth curve of two

partitioning products, which is characteristic of a system that behaves like the equilibrium Odum

model. Although aerosol-phase reactions exist in the α-pinene/O3 system (Gao et al., 2004a,b;

Tolocka et al., 2004; Iinuma et al., 2004), the behavior in Fig. 3.11 suggests that any aerosol-phase

reactions are essentially reversible for this system (Kroll and Seinfeld, 2005; Grieshop et al., 2007).

Since the growth curves at different initial hydrocarbon concentrations overlap, the first step of

hydrocarbon oxidation is rate-limiting (Ng et al., 2006), such that the extent of reaction has no effect

on the yield at any given ∆HC. The data are consistent with an aerosol-phase equilibrium that is

established quickly, and the values of the overall partitioning coefficients include the contribution

from partitioning and aerosol-phase reaction equilibrium constants (Kroll and Seinfeld, 2005).

3.6.3 Isoprene photooxidation under low-NOx conditions

In studies of isoprene photooxidation under low-NOx conditions, photochemical loss of SOA mass

after initial formation of SOA is observed (Kroll et al., 2006), indicative of loss of semivolatile

compounds by photolysis or further oxidation reactions (Fig. 3.12). SOA formation likely occurs

from condensation of hydroperoxides (Miyoshi et al., 1994; Kroll et al., 2006; Surratt et al., 2006),

formed from reaction of RO2 with HO2 radicals, and the growth behavior exhibited in this system

is likely due to a mechanism similar to case (b) of the kinetic model.

Figure 3.12 shows that the time-dependent SOA growth data are consistent with case (b) of the

kinetic model. Fitting of the data shows that the gas-phase loss of semivolatile products is about

one order of magnitude slower than formation of the semivolatile product (kg=kHCβg≈0.003 min−1).

The formation of products in the aerosol phase, evidenced by decrease in peroxide concentrations and

increase in high-MW product concentrations over time (Kroll et al., 2006; Surratt et al., 2006), is even

slower (kp1=kHCβp1≈0.0003 min−1); the net result is that the condensed semivolatile compounds

evaporate as gas-phase semivolatiles react and the total SOA mass decreases over time.
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3.6.4 m-Xylene photooxidation under low-NOx conditions

Figure 3.13 shows SOA growth during photooxidation of m-xylene under low-NOx conditions (Ng

et al., 2007). The divergence of the growth curves at different HC(0) suggests that the mechanism

contains multiple reaction steps to form SOA, and the oxidation of m-xylene is not entirely rate-

determining. Similar divergence has been observed in the photooxidation of toluene (Ng et al., 2007;

Sato et al., 2004). Measured SOA growth in each experiment is consistent with the general behavior

of case (d), the parameters of which have been adjusted to fit the experimental growth curves, with

values: α1=0.383, βg=6.45, K2=7.01 m3/µg. Because of the low NOx levels in these experiments, the

two most likely first-generation products are organic peroxides formed from reaction of the bicyclic

peroxy radical with HO2, and dimethylphenols formed from reaction of the cyclohexadienyl radical

with O2 (Calvert et al., 2002). The relative magnitudes of rate constants derived from fitting of

the data to case (d) (βg=6.45) are in rough agreement with literature values for photooxidation of

m-xylene and dimethylphenols (kOH+m−xylene = 2.31× 10−11 cm3/molec·s, kOH+2,4−dimethylphenol =

9.1× 10−11 cm3/molec·s, for a calculated βg of 3.9) (MCM v 3.1, http://mcm.leeds.ac.uk/MCM/),

but the mass yield of dimethylphenols from m-xylene photooxidation as predicted by the Master

Chemical Mechanism v 3.1 is only 20%, suggesting that there are likely other channels that lead to

SOA formation.

3.7 Implications

An idealized kinetic model is presented here that is a compact representation of different mecha-

nisms of SOA formation, such as heterogeneous reaction, chemical loss of total SOA over time, and

delayed SOA formation. The analysis reveals a number of important features of SOA formation

that are not generally appreciated. When gas-phase formation of semivolatile compounds occurs

via multiple steps, the kinetics of SOA growth may differ under different initial hydrocarbon con-

centrations, HC(0), even with the same amount of hydrocarbon reacted, ∆HC. In addition, if the

SOA formation mechanism involves a competition between irreversible gas-phase loss of semivolatile
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products to volatile compounds and irreversible aerosol-phase reaction to form additional particle-

phase products, the SOA yield depends on the amount of initial organic material, even at constant

total organic aerosol loading. Also, the rate of hydrocarbon oxidation can affect the SOA yield. As

a result, to predict the amount of SOA formed from hydrocarbon oxidation, one must measure SOA

yield under atmospherically relevant kinetic and equilibrium conditions, such as extent of reaction,

seed level, and rate of hydrocarbon oxidation.

Simulation of bimolecular reactions in the aerosol phase, such as oligomerization reactions, shows

that these reactions can be kinetically unfavorable under atmospheric conditions, and the relative

importance of these reactions could be overestimated in chamber experiments. The rate of such

reactions is limited by the fraction of SOA formed from VOC oxidation in the organic phase; in

ambient aerosols, this fraction is smaller than in typical chamber experiments. On the other hand,

pseudo-unimolecular reactions, such as formation of organosulfates on seed aerosols containing large

amounts of sulfate (Liggio et al., 2005; Liggio and Li, 2006; Surratt et al., 2007), could be relatively

more important in contributing to total SOA growth. This observation again suggests that to

correctly represent atmospheric SOA formation, chamber experiments should be conducted with an

appropriate amount of seed such that preexisting organic material occupies a significant fraction

of the final organic phase volume. Experiments exploring the effects of parameters such as seed

composition and concentration on SOA yields will be useful in understanding the mechanisms of

SOA growth relevant to the atmosphere.

In summary, the dominant feature of SOA formation is the gas-phase generation of semivolatile

oxidation products that undergo equilibrium partitioning between the gas and particle phases. The

rate at which SOA actually forms depends on the timescales of competing processes, such as multiple

generations of gas-phase reactions and particle-phase reactions of semivolatile organics, which may

occur over several generations; the ultimate amount of SOA that is produced can depend on the

quantity of pre-existing aerosol. From the analysis presented here it is clear that, while different

controlling mechanisms can lead to differing SOA growth behavior, it is not generally possible to

infer the precise mechanism of SOA formation solely on the basis of the SOA growth data (∆Mo
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versus ∆HC). We note that the fits to the data do not necessarily indicate the accuracy of a given

mechanism. For example, it may not be possible to deduce from growth data alone the relative

split between products that undergo semivolatile partitioning versus further gas-phase reaction or

whether two products are formed in series or in parallel. While kinetic models presented here show

how reaction rates may have a profound influence on SOA formation from a given hydrocarbon, to

distinguish between reaction mechanisms that lead to similar overall SOA growth behavior requires

detailed chemical measurements of gas- and aerosol-phase species.

Appendix: Second-order aerosol-phase reaction involving semi-

volatile products

The reaction rate per unit volume of condensed phase species A that undergoes self-reaction can be

expressed as:

1
Vo(t)

dNA
dt

= −2k
(
NA
Vo(t)

)2

(3.3)

where NA is the number of moles of species A in the organic phase, Vo(t) is the volume of the organic

phase, and k is the second-order rate constant (m3/mol s). We can express this reaction rate per

unit volume of air V (m3) as:

d (NA/V )
dt

= −2k
(
NA
V

)2(
V

Vo(t)

)
(3.4)

Assuming that the mass density of the organic phase is constant, the reaction rate expressed in

terms of the rate of change of the mass of A in the organic phase, mA (µg), is:

1
MWA

d (mA/V )
dt

=
2kρo

MWA
2Mo(t)

(mA

V

)2

(3.5)

where MWA is the molecular weight of A (µg/mol), ρo is the mass density of the organic phase

(µg/m3 of the organic phase), and Mo is the total mass concentration of the organic phase (µg/m3
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of air). Upon rearranging, the reaction rate can be expressed as:

rA =
dcA
dt

= −
(

2kρo
MWA

)
cA

2

Mo
= −k′ cA

2

Mo
(3.6)

where cA is the mass concentration of A (µg/m3 of air). The rate constant, k′= 2kρo

MWA
, has units of

s−1. Alternatively, the rate of the bimolecular aerosol-phase reaction is:

rA = −k′cA
(
cA
Mo

)
= −k′cAxA (3.7)

where xA is the mass fraction of species A in the organic phase. The rate is therefore dependent on

both the total concentration of A in the system (µg/m3 of air) and the fraction of A in the organic

phase (µg A/µg organics).
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Figure 3.3: Characteristic growth curves for the formation of first-generation product with only
aerosol-phase reaction (case (a)), with α1=0.3. Panel (a): Growth curves for a fast (red), medium
(green), and slow (blue) aerosol phase reaction. Panel (b): Effect of changing initial amount of
organic material Mo(0) for βp1=0.1.
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Figure 3.4: Characteristic growth curves for the formation of first-generation product with uni-
molecular aerosol-phase reaction and with gas-phase conversion to a volatile second-generation prod-
uct (case (b)). The curves shown here are for fast (red), medium (green) and slow (blue) aerosol-
phase reactions and βg=1, α1=0.3.
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Figure 3.5: Characteristic growth curves for the formation of first- and second-generation
semivolatile products with no aerosol-phase reaction (case (c)), with α1=0.3. Panel (a): Growth
curves for slow, medium, and fast further oxidation of first-generation semivolatile compound
(K1=0.01 m3/µg, K2=0.1 m3/µg). Panel (b): Growth curves of case (c) when K1>>K2, K1=K2,
and K1<<K2 for βg=0.1 and K2=0.1 m3/µg. SOA growth for K1>>K2 (blue) decreases after all
the HC has been reacted because the first-generation semivolatile product is further oxidized to a
more volatile compound in a slow reaction step.
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atmospheric conditions. The values of the parameters are α1=0.3, K1=0.1 m3/µg, βp1=1. For
the chamber simulations, no organic material is assumed to be initially present (Mo(0)=0) and a
relatively large amount of hydrocarbon is reacted (HC(0)=10 to 100 µg/m3). The total simulation
time for the “chamber” case is 1 day. For the “atmosphere” simulation, most of the aerosol loading
is assumed to be from background organic material (Mo(0) up to 28 µg/m3), and a relatively small
amount of parent hydrocarbon is reacted (HC(0)=1 µg/m3). Since the typical lifetime of SOA in
the atmosphere is less than 1 week, we use 3 days as the total simulation time for the “atmosphere”
case.
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conditions. For the chamber simulations, Mo(0)=0, HC(0)=200 to 700 µg/m3. For the simulations
of atmosphere, Mo(0) up to 35 µg/m3, HC(0)=1 µg/m3. The values for the kinetic parameters are
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the aerosol-phase reaction rate are comparable (βg=1, βp1=1). The total simulation time is 1 day
for the “chamber” case, and 3 days for the “atmosphere” case.
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Figure 3.9: Growth curves under different initial hydrocarbon concentrations, HC(0). Panel
(a): Growth curves of case (a) with a relatively slow aerosol-phase reaction of semivolatile prod-
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Figure 3.10: Growth curves for the overall kinetic model, including both gas-phase reaction to
form low volatility products and aerosol-phase reaction (ignoring the aerosol-phase reaction of Ap

2).
The blue curves represent cases in which the gas-phase reaction is faster than the aerosol-phase
reaction (βg>>βp1), and the red curves represent cases in which the aerosol-phase reaction is faster
than the gas-phase reaction (βg<<βp1). Panel (a): Growth curves of the overall kinetic model with
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same model with a large amount of initial organic material (Mo(0)=10 µg/m3). Panel (c): Growth
curves of the same model with the same amount of initial organic material as that depicted in panel
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Chapter 4

Photooxidation of
2-methyl-3-buten-2-ol (MBO) as a
potential source of secondary
organic aerosol∗

∗Reproduced with permission from “Photooxidation of 2-Methyl-3-Buten-2-ol (MBO) as a Potential Source of
Secondary Organic Aerosol” by Arthur W. H. Chan, Melissa M. Galloway, Alan J. Kwan, Puneet S. Chhabra, Frank
N. Keutsch, Paul O. Wennberg, Richard C. Flagan, John H. Seinfeld, Environmental Science and Technology, 43
(13), 4647–4652, 2009. Copyright 2009 by the American Chemical Society.
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4.1 Abstract

2-Methyl-3-buten-2-ol (MBO) is an important biogenic hydrocarbon emitted in large quantities by

pine forests. Atmospheric photooxidation of MBO is known to lead to oxygenated compounds, such

as glycolaldehyde, which is the precursor to glyoxal. Recent studies have shown that the reactive

uptake of glyoxal onto aqueous particles can lead to formation of secondary organic aerosol (SOA).

In this work, MBO photooxidation under high- and low-NOx conditions was performed in dual

laboratory chambers to quantify the yield of glyoxal and investigate the potential for SOA formation.

The yields of glycolaldehyde and 2-hydroxy-2-methylpropanal (HMPR), fragmentation products of

MBO photooxidation, were observed to be lower at lower NOx concentrations. Overall, the glyoxal

yield from MBO photooxidation was 25% under high-NOx and 4% under low-NOx conditions. In the

presence of wet ammonium sulfate seed and under high-NOx conditions, glyoxal uptake and SOA

formation were not observed conclusively, due to relatively low (< 30 ppb) glyoxal concentrations.

Slight aerosol formation was observed under low-NOx and dry conditions, with aerosol mass yields

on the order of 0.1%. The small amount of SOA was not related to glyoxal uptake, but is likely

a result of reactions similar to those that generate isoprene SOA under low-NOx conditions. The

difference in aerosol yields between MBO and isoprene photooxidation under low-NOx conditions

is consistent with the difference in vapor pressures between triols (from MBO) and tetrols (from

isoprene). Despite its structural similarity to isoprene, photooxidation of MBO is not expected to

make a significant contribution to SOA formation.

4.2 Introduction

Large quantities of biogenic volatile organic compounds (BVOCs) are emitted into the atmosphere

and have been linked to production of tropospheric ozone and formation of secondary organic aerosol

(SOA) (Chameides et al., 1988; Kanakidou et al., 2005). While much of the study on the atmo-

spheric chemistry of BVOCs has focused on isoprene and monoterpenes because of their abundant

emissions (Guenther et al., 1995), it has been demonstrated that local photochemistry involving



66

oxygenated species, such as 2-methyl-3-buten-2-ol (MBO, CH3-C(OH)(CH3)-CH=CH2), can be im-

portant (Spaulding et al., 2003). MBO, which is structurally similar to isoprene, is emitted in large

quantities by a few specific species of pine (Goldan et al., 1993; Harley et al., 1998; Baker et al.,

1999). Up to 6 ppb of MBO has been measured in pine forests (Spaulding et al., 2003); in some

cases, local mixing ratios of MBO can exceed those of isoprene by a factor of 6 to 8 (Goldan et al.,

1993). Estimates of global MBO and isoprene emissions are 9.6 and 430 Tg per year, respectively

(Fu et al., 2008; Guenther et al., 2006). Although global emissions of MBO are small compared

to those of isoprene, MBO can affect local production of ozone and HOx radicals in forested areas

(Steiner et al., 2007).

The principal atmospheric sink of MBO is reaction with OH radicals, the major products of which

include acetone, glycolaldehyde, 2-hydroxy-2-methylpropanal (HMPR), and formaldehyde (Fantechi

et al., 1998a; Ferronato et al., 1998; Alvarado et al., 1999; Reisen et al., 2003). Further reaction of

glycolaldehyde leads to formation of glyoxal (Niki et al., 1987; Bacher et al., 2001; Magneron et al.,

2005; Butkovskaya et al., 2006), which has also been shown to be reactively taken up onto aqueous

particles and contribute to SOA growth (Liggio et al., 2005b; Kroll et al., 2005b; Volkamer et al.,

2007; Carlton et al., 2007). Previous product studies have shown that photooxidation of MBO yields

∼60% glycolaldehyde under high-NOx conditions (Ferronato et al., 1998; Alvarado et al., 1999; Reisen

et al., 2003; Carrasco et al., 2007). Under low-NOx conditions, published glycolaldehyde yields vary

between 28% and 79% (Fantechi et al., 1998a; Carrasco et al., 2007).

Slight aerosol formation has been observed from reactions of MBO with O3 (Carrasco et al., 2007)

and NO3 (Noda and Ljungstrom, 2002), with aerosol yields (mass of SOA per mass of MBO reacted)

less than 1%. In one study, photooxidation of MBO under high-NOx conditions did not result in SOA

formation (Carrasco et al., 2007). In each of these studies, inorganic seed particles were not present

to promote condensation of semivolatile compounds, which might have led to underestimation of

SOA formation as compared to ambient conditions (Kroll et al., 2007). Photooxidation of isoprene

produces C5-tetrols, which are found in both field and chamber samples (Surratt et al., 2006; Claeys

et al., 2004; Edney et al., 2005; Böge et al., 2006), and can react heterogeneously to form oligomers
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(Surratt et al., 2006) or sulfate esters (Surratt et al., 2007). MBO is structurally similar to isoprene,

but the extent to which MBO photooxidation leads to SOA growth is uncertain. Therefore, in

addition to quantifying the yields of glycolaldehyde and glyoxal from MBO photooxidation under

high- and low-NOx conditions, another goal of this study is to evaluate the potential for SOA

formation from photooxidation of MBO.

4.3 Experimental Section

Experiments were carried out in the Caltech indoor dual 28-m3 Teflon chambers, previously described

in detail (Cocker et al., 2001; Keywood et al., 2004). A summary of the experimental conditions is

given in Table 4.1. In Experiments 1 and 2, the rates of glyoxal photolysis and OH reaction were

measured. Glyoxal was prepared using the method described in Kroll et al. (2005b). Cyclohexane

(EMD, Omnisolv) was added to act as an OH scavenger during glyoxal photolysis (Experiment 1),

or as a reference compound to determine the rate constant of the glyoxal-OH reaction (Experiment

2). In Experiment 2, photolysis of nitrous acid (HONO) was used as the OH precursor, prepared

by adding 1 wt% aqueous NaNO2 dropwise into 10 wt% sulfuric acid, and introduced into the

chamber using an air stream. Photooxidation of MBO was carried out under high- and low-NOx

conditions. While MBO is typically not emitted in areas with high NOx concentrations, a higher

glyoxal yield is expected, making it easier to study glyoxal uptake on aerosol. In the high-NOx

experiments (Experiments 3–5), HONO was used as the OH precursor. A known volume of liquid

MBO (Aldrich, 98%) was first injected into a glass bulb and vaporized into the chamber. HONO

was then introduced as described in the previous section. The amount of HONO introduced was

between 175 ppb and 310 ppb. Additional NO (Scott Marrin, Inc.) was added such that the total

measured NOx concentration was ∼900 ppb. 10% of the available blacklights were used to irradiate

the chambers and initiate photooxidation. For low-NOx experiments (Experiments 6 and 7), H2O2

served as the OH precursor. Prior to injection of MBO, H2O2 was introduced by bubbling air through

an aqueous H2O2 solution (Fluka). 50% of the blacklights were used owing to the relatively weak

absorption of H2O2 with these blacklights. During irradiation, reactants (MBO and OH precursors)
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were not added over the course of the experiment. In Experiments 5–7, seed particles were introduced

into the chamber to act as a condensation substrate; this addition was achieved by atomization of

a dilute (0.015 M – 0.03 M) aqueous ammonium sulfate solution using a constant rate atomizer.

In Experiment 5, the chamber was humidified (RH = 66%) by passing air through two large water

bubblers in series, one of which was heated to ∼ 30◦C.

Concentrations of MBO and cyclohexane were monitored using gas-chromatograph with flame

ionization detector (GC-FID, Agilent 6890N). A custom modified Varian 1200 Chemical Ionization

Mass Spectrometer (CIMS) was used to monitor the concentrations of various gas-phase species

(Crounse et al., 2006). In brief, the reagent ion CF3O− clusters with protonated compounds, forming

ions at m/z MW + 85 (HX · CF3O−), or, with more acidic species, at m/z MW + 19 (HF ·X−).

As a calibration standard for glycolaldehyde (m/z 145), a dilute solution of glycolaldehyde dimer

(Aldrich, ≥98%) in methanol was vaporized into a 60-L FEP Teflon bag. The sensitivities of the

CIMS instrument to HMPR (m/z 173), dihydroxynitrate (fragments at m/z 184, 230, 250), and

C5-triol (m/z 205) relative to glycolaldehyde are assumed to be equal to their relative rates of

collision with the CF3O− ion (Paulot et al., 2008), and their dipole moments and polarizabilities

were estimated with the B3LYP/6-31G(d) method. The uncertainty in this calculation is assumed

to be 20%.

Gas-phase glyoxal was detected via Laser-Induced Phosphorescence (LIP) using the University of

Wisconsin - Madison LIP Instrument (Huisman et al., 2008). This instrument utilizes a White-type

multipass cell with gated photon counting. The technique is highly sensitive, permitting specific,

direct, in situ measurement of glyoxal with a 1-min limit of detection of 12 pptv. For the high

glyoxal concentrations typical of chamber studies, a 2 rather than 32 multi-pass configuration was

used to ensure that photon counting rates stayed within the linear detector response range.

The aerosol size distribution, number concentration, and volume concentration were measured

using a differential mobility analyzer (DMA, TSI 3081) coupled with a condensation nucleus counter

(CPC, TSI 3760). The aerosol volume was corrected for wall loss by applying size-dependent coef-

ficients determined from inert particle wall loss experiments (Keywood et al., 2004). An Aerodyne
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High-Resolution Time-of-Flight Aerosol Mass Spectrometer (ToF-AMS) was used to obtain real-

time aerosol mass spectra (DeCarlo et al., 2006). Temperature, relative humidity, O3, NO, and NOx

were also continuously monitored.

4.4 Results

4.4.1 MBO photooxidation

Figure 4.1a shows the time evolution of MBO, glycolaldehyde, HMPR, and glyoxal in a typical high-

NOx photooxidation experiment. MBO decay was rapid in the first 2 h, but slowed after HONO

was depleted. The reaction profile of MBO photooxidation under low-NOx conditions is shown in

Fig. 4.1b. The photolysis of H2O2 is much slower than that of HONO, resulting in a slower decay

of MBO.

The molar yields of glycolaldehyde (αglyc), HMPR (αHMPR), dihydroxynitrate (αnitrate), and

C5-triol (αtriol) from MBO, and the molar yield of glyoxal from glycolaldehyde (αgly) are summarized

in Table 4.2. The observed product concentrations of glycolaldehyde and HMPR were corrected for

further reaction with OH radicals. The glyoxal concentrations were corrected for photolysis and OH

reaction. The photolysis rate constant of glyoxal was determined from Experiment 1 to be 0.034

h−1 with 10% lights, and 0.17 h−1 with 50% lights. The OH rate constant of glyoxal was measured

in Experiment 2 to be 1.25 × 10−11 cm3 molec−1 s−1. In Experiment 7, because glycolaldehyde

measurements were not available, αglyc was instead estimated from glyoxal and MBO measurements,

assuming a value of 0.26 for αgly.

Experimental protocols were varied to confirm the yields. In Experiment 5, the lights were turned

off after 10 min of irradiation. The concentrations of MBO and glycolaldehyde were allowed to sta-

bilize before irradiation resumed. 56 ppb of MBO was consumed, forming 38 ppb of glycolaldehyde,

20 ppb of HMPR, and a negligible amount (0.6 ppb) of glyoxal. This implies a glycolaldehyde yield

of 68% and an HMPR yield of 36%. In Experiment 4, after HONO was depleted, the concentrations

of all species remained stable for > 1 h. More HONO was added, and glyoxal increased by 7 ppb.
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Simultaneously, a decrease of 28 ppb of glycolaldehyde was observed. Combining this net decrease

with a glycolaldehyde source of ∼ 7 ppb from oxidation of the remaining MBO (11 ppb MBO re-

acted × 68% glycolaldehyde yield) leads to an inferred total of 35 ppb glycolaldehyde reacted. αgly

is therefore determined to be 20%, not correcting for photochemical loss of glyoxal.

4.4.2 Secondary organic aerosol formation

A blank experiment was first performed under high-NOx and humid conditions in the absence of

MBO. The background level of organic growth observed by the AMS was found to be 0.1 µg m−3.

The measured SOA volume concentration and organic mass concentration for each experiment are

also listed in Table 4.2. There was no discernible change in aerosol volume in all high-NOx experi-

ments. In low-NOx photooxidation of MBO, the amount of SOA growth reached a maximum after

3 h of irradiation and then decreased significantly. This loss of SOA was not a result of particle wall

deposition, as the organic/sulfate ratio displayed a similar trend (see Fig. 4.2).

4.5 Discussion

4.5.1 Gas-phase mechanism of MBO photooxidation

Figure 4.3 shows the oxidation mechanism of MBO (Fantechi et al., 1998a; Ferronato et al., 1998;

Alvarado et al., 1999; Reisen et al., 2003; Carrasco et al., 2007). Glycolaldehyde is a product of OH

addition to the 4-position to form the peroxy radical, followed by formation of the alkoxy radical

and decomposition. Under high-NOx conditions, as MBO is oxidized, RO2 and HO2 radicals react

rapidly with NO to produce NO2, which photolyzes to form O3. The concentration of O3 increased

to a maximum of 70 ppb after 6 h, at which point the rate of MBO ozonolysis became comparable to

that of photooxidation (Fantechi et al., 1998b). The ozonolysis reaction, however, is not expected to

be significant, as the decay of MBO after 6 h was less than 2 ppb h−1. Under low-NOx conditions,

ozone formation was negligible.

The average yields of glycolaldehyde, HMPR, and dihydroxynitrate under high-NOx conditions
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determined from this study are in agreement with the literature (Ferronato et al., 1998; Alvarado

et al., 1999; Reisen et al., 2003; Carrasco et al., 2007). In Fig. 4.4, the yields of glycolaldehyde

and HMPR from different studies are shown as a function of the ratio of hydrocarbon to total NO

(RONO + NO, R = H in our case), which determines the relative rate of RO2+RO2 to that of

RO2+NO. Although the data are somewhat scattered, there appears to be a downward trend of

glycolaldehyde and HMPR yields with increasing MBO:NO ratio. At high MBO:NO ratios, the self-

reaction of RO2 radicals can still form RO (which decomposes to form glycolaldehyde or HMPR),

but a larger fraction of RO2 forms the C5-triol and C5-dihydroxycarbonyl. As the MBO:NO ratio

increases, RO2+RO2 becomes increasingly important, favoring cross reactions to form C5-triol and

C5-dihydroxycarbonyl over formation of glycolaldehyde and HMPR. The glycolaldehyde and HMPR

yields are considerably lower under low-NOx conditions (0.29 and 0.12 respectively) than under high-

NOx conditions (0.66 and 0.36 respectively). Fantechi et al. (1998a) also observed a glycolaldehyde

yield of 0.28 under NOx-free conditions, but Carrasco et al. (2007) reported a much higher yield of

0.79. The decreasing trend of glycolaldehyde yield with decreasing NOx concentrations suggest a

lower yield of glycolaldehyde under low-NOx conditions is more likely.

The average glyoxal yield from glycolaldehyde obtained is 0.34 and is higher under high-NOx

conditions. Since there is no peroxy radical intermediate in the formation of glyoxal from glycolalde-

hyde, the branching ratio of the glyoxal-forming channel (and hence product yield of glyoxal) should

not depend on NOx conditions. However, the yields obtained here span a wide range of values, from

0.26 to 0.42. The glyoxal yield is higher than those previously obtained (Magneron et al., 2005;

Butkovskaya et al., 2006). It is unclear if the loss processes (photolysis and OH reaction) of glyoxal

were taken into account. Ignoring these processes, the glyoxal yield from the present study would

be 0.20, which agrees with the value obtained by Magneron et al. (2005).

4.5.2 SOA formation: High NOx

Relatively low SOA yields (<0.2%) from MBO photooxidation under both high- and low-NOx con-

ditions were observed in this study. By comparison, the SOA yield of isoprene photooxidation is
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0.2–3% under high-NOx conditions (Kroll et al., 2005a) and 1–5% under low-NOx conditions (Kroll

et al., 2006). Under high-NOx conditions, the major channel that leads to isoprene SOA formation

is further oxidation of methacrolein to 2-methylglyceric acid, which can oligomerize (Surratt et al.,

2006; Edney et al., 2005). The second oxidation step of MBO, which has only one double bond,

is quite different from that of isoprene. Oxidation of HMPR, the analog of methacrolein in the

MBO system, occurs via OH abstraction of the aldehydic hydrogen atom, producing stable volatile

compounds, including acetone and formaldehyde (Carrasco et al., 2006).

It has been shown that glyoxal can serve as a monomer unit for higher-MW species, which have

sufficiently low volatility to remain in the aerosol phase (Liggio et al., 2005b,a; Hastings et al., 2005).

In Experiment 5, the chamber RH and seed aerosol were at levels sufficient for glyoxal hydration

(Kroll et al., 2005b; Hastings et al., 2005), and 0.4 µg m−3 of organic growth was observed by

the AMS. Previous experiments have suggested that in the absence of irradiation, glyoxal uptake

is likely reversible, with an effective Henry’s Law constant of 2.6 × 10−7 M atm−1 (Kroll et al.,

2005b). Assuming an average gas-phase glyoxal concentration of 25 ppb and seed aerosol volume

concentration of 68 µm3 cm−3 in Experiment 5, this corresponds to an organic growth of 0.4 µg m−3.

While the amount of observed organic growth is consistent with calculated uptake, the AMS mass

spectra do not show peaks representative of glyoxal oligomers: m/z 77, 88, 105, 117 and 135 (see

Fig. 4.5) (Liggio et al., 2005a). Instead, the spectra are consistent with those observed in the blank

experiment, in which the chambers were irradiated under similar conditions (seed, NOx, humidity)

in the absence of MBO. In the blank experiment, since MBO was not introduced, the organic growth

likely resulted from background contamination in the chambers. The concentrations of MBO in this

work were chosen to match those in previous experiments of isoprene photooxidation, but as a result

the gas-phase glyoxal concentration observed in Experiment 5 (< 30 ppb) was lower than those

studies in which significant glyoxal uptake was observed (Kroll et al., 2005b; Volkamer et al., 2008),

and the small amount of SOA formed was indistinguishable from that of the background in the

chamber. In Kroll et al. (2005b), at a glyoxal concentration of 25 ppb and ammonium sulfate seed

volume concentration of 78 µm3 cm−3, aerosol growth was below detection limit.
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4.5.3 SOA formation: Low NOx

Under low-NOx conditions, the aerosol mass yields were on the order of 0.1%. No glyoxal uptake

was expected due to the low RH in these experiments. The AMS spectrum obtained during the

peak of organic growth is shown in Fig. 4.5. The relatively strong signals at m/z 43 (C2H3O+) and

59 (C3H7O+) and weak signal at m/z 44 (CO+
2 ) suggest that the condensed-phase organics are only

partially oxidized. The identities of these fragments are confirmed by the exact mass under high-

resolution mass spectrometry, and are clearly not related to glyoxal or its oligomers. The amount of

SOA reaches a maximum and decreases, and the decrease in organic mass is more rapid than that

in sulfate mass. The loss in organic mass does not correlate in time with the 5 ◦C temperature rise

owing to blacklight irradiation, ruling out temperature effects. Similar photochemical loss has been

observed in SOA from low-NOx photooxidation of isoprene (Kroll et al., 2006), and was attributed

to reactions of condensed-phase organic peroxides, leading to formation of higher volatility products

(Surratt et al., 2006; Kroll et al., 2006). The similarity in the trend of MBO low-NOx aerosol growth

suggests that the loss mechanisms are likely similar.

Under low-NOx conditions, formation of C5-tetrols has been proposed to be the major pathway

leading to isoprene SOA formation (Surratt et al., 2006; Claeys et al., 2004; Edney et al., 2005; Böge

et al., 2006), with a maximum aerosol yield (at peak growth) of 2–10% (Kroll et al., 2006). In the

MBO system, C5-triol is formed from the RO2+RO2 reactions as a first-generation product, with

an observed gas-phase molar yield of 0.12. With only 3 hydroxyl groups, the C5-triol formed from

MBO photooxidation is more volatile than the C5-tetrol from isoprene photooxidation by a factor

of ∼170 (Pankow and Asher, 2008), which is consistent with the difference in aerosol yields between

the two systems. Despite its structural similarity to isoprene, photooxidation of MBO is therefore

not expected to make a significant contribution to ambient SOA formation, even in areas where

MBO emissions are dominant.
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Table 4.1: Experimental conditions.

# Compound Initial conc (ppb) OH source Lights Initial NO (ppb) Seed conc a (µm3cm−3) T (K) RH (%)
1 glyoxal 640 none 50% <2 0 298 3
2 glyoxal 735 HONO 10% 283 0 294 5
3 MBO 288 HONO 10% 304 0 295 4
4 MBO 255 HONO 10% 422 13 295 4
5 MBO 239 HONO 10% 539 68 293 66

n/a blank – HONO 10% 635 63 294 60
6 MBO 299 H2O2 50% <2 14 298 6
7 MBO 289 H2O2 50% <2 17 298 6

a Ammonium sulfate seed



81

Table 4.2: Experimental results.

# NOx αglyc αHMP R αnitrate αtriol αglyc ∆Vorg ∆Morg Aerosol Mass Yield
3 High 0.64±0.02 0.35±0.07 0.10±0.04 0 0.33 0 0 –
4 High 0.70±0.02 0.41±0.08 0.11±0.04 0 0.26 < 0.5 <0.1 <0.001
5 High 0.65±0.02 0.34±0.07 0.08±0.04 0 0.29 < 0.5 0.4 <0.001
6 Low 0.26±0.05 0.12±0.02 0 0.12±0.04 0.26 1.5±1.0 0.6 0.0014
7 Low 0.32±0.06c n/ac n/ac n/ac n/ac 1.0±1.0 0.9 0.001

a As measured by DMA at the peak of organic growth
b As measured by AMS at the peak of organic growth
c CIMS measurements not available; αglyc estimated from glyoxal and MBO measurements, assuming a value of 0.26 for
αgly .
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Figure 4.1: Time profiles of MBO (blue), glycolaldehyde (red), HMPR (green), and glyoxal (black)
in (a) Experiment 4 (high-NOx) and (b) Experiment 6 (low-NOx). Markers represent experimental
data points, and lines represent best fits (see Table 4.2).
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Chapter 5

Secondary organic aerosol
formation from photooxidation of
naphthalene and
alkylnaphthalenes: implications for
oxidation of intermediate volatility
organic compounds (IVOCs)∗

∗Reproduced with permission from “Secondary organic aerosol formation from photooxidation of naphthalene and
alkylnaphthalenes: implications for oxidation of intermediate volatility organic compounds (IVOCs)” by A. W. H.
Chan, K. E. Kautzman, P. S. Chhabra, J. D. Surratt, M. N. Chan, J. D. Crounse, A. Kürten, P. O. Wennberg, R. C.
Flagan, and J. H. Seinfeld, Atmospheric Chemistry and Physics, 9 (9), 3049–3060, 2009. Copyright 2009 by Authors.
This work is licensed under a Creative Commons License.
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5.1 Abstract

Current atmospheric models do not include secondary organic aerosol (SOA) production from gas-

phase reactions of polycyclic aromatic hydrocarbons (PAHs). Recent studies have shown that pri-

mary emissions undergo oxidation in the gas phase, leading to SOA formation. This opens the

possibility that low-volatility gas-phase precursors are a potentially large source of SOA. In this

work, SOA formation from gas-phase photooxidation of naphthalene, 1-methylnaphthalene (1-MN),

2-methylnaphthalene (2-MN), and 1,2-dimethylnaphthalene (1,2-DMN) is studied in the Caltech dual

28-m3 chambers. Under high-NOx conditions and aerosol mass loadings between 10 and 40 µg m−3,

the SOA yields (mass of SOA per mass of hydrocarbon reacted) ranged from 0.19 to 0.30 for naph-

thalene, 0.19 to 0.39 for 1-MN, 0.26 to 0.45 for 2-MN, and constant at 0.31 for 1,2-DMN. Under

low-NOx conditions, the SOA yields were measured to be 0.73, 0.68, and 0.58, for naphthalene, 1-

MN, and 2-MN, respectively. The SOA was observed to be semivolatile under high-NOx conditions

and essentially nonvolatile under low-NOx conditions, owing to the higher fraction of ring-retaining

products formed under low-NOx conditions. When applying these measured yields to estimate SOA

formation from primary emissions of diesel engines and wood burning, PAHs are estimated to yield

3–5 times more SOA than light aromatic compounds over photooxidation timescales of less than

12 h. PAHs can also account for up to 54% of the total SOA from oxidation of diesel emissions,

representing a potentially large source of urban SOA.

5.2 Introduction

Organic aerosol (OA) accounts for a large fraction of urban particulate matter (Seinfeld and Pankow,

2003; Zhang et al., 2007), and thus has important implications for health, climate, and visibility.

OA has traditionally been classified into two categories: primary organic aerosol (POA), which

is directly emitted as particulate matter, and secondary organic aerosol (SOA), which is formed

from atmospheric oxidation of volatile organic compounds (VOCs). POA has been assumed to be

nonvolatile and chemically inert in atmospheric models, and is emitted primarily from anthropogenic
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sources, such as diesel and gasoline engines, wood burning and cooking operations (Schauer et al.,

1996). On the other hand, SOA, formed from gas-phase oxidation of biogenic and anthropogenic

volatile precursors, is an important source of OA both on global and local scales (Goldstein and

Galbally, 2007; Docherty et al., 2008). Nonetheless, the amount of OA observed in urban sites is

consistently higher than that for which volatile SOA precursors can account (de Gouw et al., 2005;

Heald et al., 2005; Volkamer et al., 2006).

This POA/SOA classification has recently been called into question; during laboratory chamber

photooxidation of diesel and biomass burning emissions, volatile SOA precursors, which consist

primarily of light aromatic compounds such as benzene, toluene, and xylene, can account for only

a small fraction of the SOA produced (Robinson et al., 2007; Grieshop et al., 2009a,b). Robinson

et al. (2007) proposed that gas-phase reactions of low-volatility compounds likely contribute to a

large fraction of the SOA formed, as oxidation of these low-volatility organic vapors produces aerosol

that closely resembles OA observed in field measurements (Weitkamp et al., 2007; Sage et al., 2008;

Grieshop et al., 2009a). While some of these compounds, including long chain n-alkanes, polycyclic

aromatic hydrocarbons (PAHs), and large olefins, exist exclusively in the gas phase, they have lower

volatilities than traditional SOA precursors and are typically ignored in current atmospheric models.

These compounds, which have saturation concentrations between 103 and 106 µg m−3, are termed

intermediate volatility organic compounds (IVOCs) (Donahue et al., 2009).

PAHs have been identified as a major component in emissions from diesel engines and wood

burning sources (Schauer et al., 1999a, 2001). While PAHs with fewer than 4 aromatic rings exist

primarily in the gaseous phase, photooxidation of these compounds has been shown to yield high

molecular weight (MW) oxygenated compounds (Sasaki et al., 1997; Bunce et al., 1997; Wang et al.,

2007), which can partition into the particle phase and lead to significant SOA formation (Mihele

et al., 2002). Moreover, nitronaphthalene, an oxidation product of naphthalene, and other nitro

PAHs have been observed in urban particulate matter (Arey et al., 1989). The oxidation of PAHs

in the gas phase will likely have significant impacts on both the quantity and the properties of SOA

formed in urban atmospheres. In this study, we present results on SOA formation from gas-phase
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photooxidation of naphthalene, 1-methylnaphthalene (1-MN), 2-methylnaphthalene (2-MN), and

1,2-dimethylnaphthalene (1,2-DMN). The SOA yields, the mass of SOA formed per mass of PAH

reacted, are then used to evaluate the importance of PAHs as effective SOA precursors.

5.3 Experimental

Experiments were carried out in the Caltech dual 28-m3 Teflon chambers. Details of the facilities

have been described previously (Cocker et al., 2001; Keywood et al., 2004). Before each experiment,

the chambers were flushed with dried purified air for >24 h, until the particle number concentration

was <100 cm−3 and the volume concentration was <0.1 µm3 cm−3.

In most experiments, an inorganic seed aerosol was used to provide a surface for condensation

of semivolatile oxidation products. Seed aerosol was generated by atomization of a 0.015 M aqueous

ammonium sulfate solution. The aerosol size distribution, number and volume concentrations were

measured with a differential mobility analyzer (DMA, TSI, 3081) coupled with a condensation nuclei

counter (TSI, CNC-3760). The volume concentration was corrected for particle wall loss by applying

size-dependent first-order loss coefficients, obtained in a separate seed-only experiment (Keywood

et al., 2004).

After atomization of inorganic seed, the parent hydrocarbon was then injected into the cham-

ber; the injection method varied depending on its phase under room temperature conditions. For

naphthalene and 2-MN, the hydrocarbon was introduced into the chamber by flowing purified air

through an FEP tube packed with the solid PAH at 1 L min−1. For 1-MN and 1,2-DMN, a known

volume of the liquid PAH was injected into a heated glass bulb, and the vapor was carried into

the chamber with 5 L min−1 of purified air. The parent hydrocarbons studied and their stated

purities are as follows: naphthalene (Sigma-Aldrich, 99%), 1-methylnaphthalene (Fluka, ≥97%), 2-

methylnaphthalene (Fluka, ≥95%), and 1,2-dimethylnaphthalene (Aldrich, 95%). The hydrocarbon

was measured using a gas chromatograph with flame ionization detector (GC/FID, Agilent 6890N),

equipped with an HP5 15 m × 0.53 mm ID column ×1 µm thickness column. The GC response was

calibrated by dissolving a known mass of the parent PAH in dichloromethane, and vaporizing a small
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volume of that solution into a 38L Teflon chamber.

For high-NOx experiments (initial [NO] >300 ppb), nitrous acid (HONO) was used as an OH

precursor. Nitrous acid was prepared by adding 10 mL of 1 wt% aqueous NaNO2 dropwise into

20 mL of 10 wt% sulfuric acid in a glass bulb. A stream of purified air was then passed through the

bulb, sending HONO into the chamber. This process also forms NO and NO2 as side products. The

injection of HONO was stopped when [NO2] reached about 80 ppb in the chamber. Additional NO

was added until total [NO] was about 400 ppb. NO2 was monitored by a gas chromatograph with

luminol detector (University of California, Riverside, CA), in which NO2 and PAN were separated by

gas chromatograph and detected by chemiluminescence of reaction with luminol (Burkhardt et al.,

1988). Reaction of HONO with luminol is unlikely, and thus would not interfere with the NO2 signal.

A commercial chemiluminescence NO/NOx analyzer (Horiba, APNA 360) was used to monitor NO

and total NOy. For low-NOx experiments, hydrogen peroxide (H2O2) was used as an OH precursor.

Prior to atomization of the ammonium sulfate seed, H2O2 was introduced by bubbling purified air

through a 50% aqueous H2O2 solution for 2.5 h at 5 L min−1.

After allowing for all concentrations to stabilize, irradiation was initiated. The temperature of

the chamber reached 299 K, and the RH of the experiments was between 5 and 8%. Figure 5.1

lists the structures of the parent hydrocarbons and their OH reaction rate constants (kOH). The

experimental conditions prior to beginning of irradiation and the results are summarized in Table 5.1.

Photooxidation of 1,2-DMN under low-NOx conditions was not studied. Owing to its fast OH

reaction rate, 1,2-DMN will likely be consumed near its ambient sources, where NOx concentrations

are likely to be high.

A proton transfer reaction mass spectrometer (PTR-MS), a custom modified Varian 1200 system,

was used to monitor the concentrations of various gas-phase species. Details of the instrument are

given in Ng et al. (2007a). In brief, positively charged water clusters, (H2O)n·H+, react via proton

transfer with the analyte, A, to form the positively charged ion, A·(H2O)x·H+, where 0≤x≤n.

Species were predominantly observed at m/z=M+1, where M is the molecular mass of the species.

Hydrates, A·(H2O)·H+, were also observed for 2-formylcinnamaldehyde and phthalic anhydride.
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Real-time aerosol mass spectra were obtained using an Aerodyne high-resolution time-of-flight

aerosol mass spectrometer (HR-TOF-AMS) (DeCarlo et al., 2006). These data were also used to

calculate the density of SOA by comparing the particle mass distribution obtained using the particle

time-of-flight mode and the volume distribution obtained by the DMA in nucleation (seed-free)

experiments (Bahreini et al., 2005).

5.4 Results

5.4.1 Concentrations of NO and NO2

Figure 5.2 shows mixing ratios of NO and NO2 in a typical high-NOx experiment (6/16). Following

the onset of irradiation, photolysis of HONO produces OH and NO. The level of NO remained above

400 ppb, and no ozone formation was observed. Also, owing to the high NO levels, the reaction of

RO2 radicals (produced in the OH oxidation) with NO likely dominated over that with HO2 or RO2

radicals.

Following the addition of OH to the aromatic ring, the aromatic-cyclohexadienyl radical can

react with NO2 to form nitronaphthalenes or with O2 to form peroxy radicals (Atkinson et al.,

1987; Nishino et al., 2008). The relative rates of these reactions depend on the concentration of

NO2, which remained between 50 and 100 ppb in all high-NOx experiments, as measured by the

GC/NO2-PAN analyzer. This level is typical of urban polluted conditions, and suggests that the

branching ratios in these experiments are relevant for regions where PAHs are commonly emitted.

Nishino et al. (2008) reports that the reaction rates of OH-naphthalene adduct with NO2 and O2

are equal at [NO2] ≈60 ppb.

In the low-NOx experiments, NO and NO2 concentrations were below limits of detection (2 ppb).

Ozone was formed at a rate of 2.5 ppb h−1, likely due to reactions of NOy contaminants on the

chamber walls. Based on the low reaction rate constants of aromatic compounds with O3, such

reactions are not expected to be significant.
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5.4.2 Gas-phase composition

The gas-phase photooxidation products of naphthalene have been identified in previous studies

(Sasaki et al., 1997; Bunce et al., 1997; Wang et al., 2007; Nishino et al., 2009). Oxidation products

identified in the current work by PTR-MS are consistent with those previously observed. Gas-phase

mass spectra measured by PTR-MS during photooxidation of naphthalene under high- and low-NOx

and the proposed structures for the ions observed are shown in Figs. 5.3 and 5.4, respectively.

5.4.3 Aerosol formation

Figure 5.2 shows the mixing ratio of naphthalene and the mass concentration of SOA formed in the

experiment on 6/16. Under high-NOx conditions, owing to the efficient photolysis of HONO, the

average OH concentrations are on the order of 1.5×107 molec cm−3, as estimated from the parent

hydrocarbon decay. After 100 min of irradiation, HONO was depleted and, for naphthalene, further

SOA formation was insignificant. Due to the relatively slow reaction rate of naphthalene with OH,

only 85% of the initial naphthalene had been consumed before HONO was depleted. In one high-NOx

experiment with an initial naphthalene concentration of 17 ppb (6/20), 4 ppb remained after HONO

was depleted. More HONO was added to consume the remaining naphthalene, resulting in further

aerosol formation. For the other PAHs, less than 7% of the initial concentration remained unreacted.

Under low-NOx, a continuous supply of OH radicals was generated from the slow photolysis of H2O2,

and the parent hydrocarbon concentration was below detection limits at the end of the experiment.

The average OH concentrations for these experiments were on the order of 3×106 molec cm−3.

The SOA mass concentrations and yields for all experiments are summarized in Table 5.1. To

calculate the mass concentration of SOA, the volume concentration measured by the DMA was

multiplied by its respective SOA density, obtained in separate nucleation experiments. Values for

the densities are summarized in Table 5.2.
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5.5 Aerosol Formation

5.5.1 Relative rates of oxidation steps

Figure 5.5 shows the time-dependent growth curves, mass concentration of SOA formed, ∆Mo, as

a function of mass of hydrocarbon reacted, ∆HC, for all experiments. For naphthalene under both

high- and low-NOx conditions, the growth curves overlap; the lack of a vertical portion indicates

that SOA formation likely results either from first-generation products, or from higher generation

products that are formed rapidly (Ng et al., 2006; Chan et al., 2007). In the high-NOx experiment

in which a second HONO addition was conducted (6/20), SOA growth from the second injection of

HONO was identical to that in another experiment with a higher initial hydrocarbon concentration.

These observations suggest that the first oxidation step is rate-limiting, and the trend in aerosol

growth for naphthalene can be represented by a single growth curve.

On the contrary, the growth curves for methylsubstituted naphthalenes display a vertical portion

(hook) at higher ∆HC. In photooxidation of 1-MN and 2-MN under both high- and low-NOx, and

that of 1,2-DMN under high-NOx, delayed aerosol growth was observed after a large fraction (>90%)

of the parent PAH had been consumed. In addition, the degree of divergence for different growth

curves is greater for 1,2-DMN, which has a larger number of methyl groups. While one cannot rule

out the possibility of forming low-volatility compounds from photolysis of aromatic carbonyls and

hydroperoxides, the delay in aerosol growth relative to the first oxidation step can also be explained

by the relative rates of reaction. Figure 5.6 shows the oxidation mechanisms for naphthalene and

1-methylnaphthalene that lead to the major dicarbonyl product. As the aromatic ring becomes more

substituted, the reaction rate of OH with the parent PAH increases (Phousongphouang and Arey,

2002). Further reaction of the dicarbonyl can occur by OH addition to the olefinic double bond,

or by abstraction of aldehydic hydrogen atom. OH addition to the olefinic double bond is likely

unaffected by substitution of methyl groups, and H-abstraction is slower for the methyl-substituted

dicarbonyl product because of one fewer aldehyde group. As a result, the relative rate of the second

step is slower for methyl-substituted naphthalenes, resulting in divergence of growth curves and
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delayed SOA growth relative to the oxidation of the parent PAH. Since further oxidation of gas-

phase intermediates will likely lead to even lower volatility products and more SOA formation, the

observed yields measured in these experiments represent a lower limit for PAH oxidation in the

atmosphere.

5.5.2 NOx dependence of SOA growth

In this study, the SOA yields under high- and low-NOx conditions are 25–45% and 55–75%, re-

spectively, at a total organic aerosol loading, Mo, of 15 µg m−3. This is consistent with previous

studies that have shown that SOA formation is less efficient under high-NOx conditions (Kroll et al.,

2006; Presto et al., 2005; Ng et al., 2007b), owing to formation of alkoxy radicals, followed by their

decomposition. Large hydrocarbons, such as sesquiterpenes and long-chain alkanes, are exceptions

to this behavior since isomerization of alkoxy radicals is more favorable (Ng et al., 2007a; Lim and

Ziemann, 2005). Although the PAHs studied here also have relatively high MW, isomerization is not

possible owing to the structure of the aromatic ring. As a result, fragmentation dominates under

high-NOx conditions, leading to compounds that are more volatile.

The higher volatility of high-NOx SOA is evidenced by the dependence of SOA yields on Mo.

Under high-NOx, aerosol growth was not observed until 20 µg m−3 of the parent hydrocarbon had

been reacted, indicating that gas-phase oxidation products are relatively volatile. Also, with the

exception of 1,2-DMN, the final SOA yields increase with increasing Mo. This is characteristic of

semivolatile partitioning, in which higher organic aerosol loading induces more partitioning into the

aerosol phase. Under low-NOx, aerosol growth was observed almost immediately, as products have

a much lower saturation concentration. The SOA yields are more or less constant, suggesting the

SOA formed under low-NOx conditions is essentially nonvolatile in the range of Mo studied here.

The gas-phase PTR mass spectra obtained under high- and low-NOx photooxidation of naph-

thalene are shown in Fig. 5.3. These spectra are taken at the same fraction of naphthalene reacted,

and thus the extents of reaction are similar. Figure 5.4 summarizes the proposed compounds for the

major ion peaks based on previous gas-phase mechanistic studies (Bunce et al., 1997; Sasaki et al.,
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1997; Wang et al., 2007). Under high-NOx, 2-formylcinnamaldehyde, phthdialadehyde, and phthalic

anhydride represent the largest peaks in the mass spectrum. We refer to these compounds as “ring-

opening” products. Formation of these ring-opening compounds is consistent with the formation

of alkoxy radicals via RO2+NO followed by decomposition of the alkoxy radicals. In a subsequent

study, we will also show that phthalic acid, the hydrated form of phthalic anhydride, is the major

product identified in the aerosol phase.

Under low-NOx conditions, these ring-opening products are formed in the absence of NO, as

RO2+RO2 can also form alkoxy radicals, but the relative abundance is smaller than under high-NOx

conditions. Reaction of RO2 with HO2 radicals produces hydroperoxides, but owing to the lack of

structural information from the PTR-MS, one cannot distinguish between the protonated hydroper-

oxide (C10H10O3 ·H+) and the water cluster of protonated 2-formylcinnamaldehyde (C10H8O2 ·H2O·

H+). However, the relative abundance of other “ring-retaining” products, such as epoxides, naph-

thols, and quinones, is greater, likely because formation of the alkoxy radical is no longer dominant.

Since these compounds and their oxidation products likely have a higher MW than ring-opening

products, their volatilities are lower, resulting in the overall low volatility of SOA formed and es-

sentially constant yields under low-NOx conditions. It is also possible that the relatively lower

concentrations of ring-opening products under low-NOx are a result of longer UV exposure time.

The OH concentrations are a factor of 5 lower under low-NOx conditions. A longer irradiation

time is needed to achieve the same fraction of naphthalene reacted, resulting in greater loss of

2-formylcinnamaldehyde by photolysis (Nishino et al., 2009).

5.5.3 Aerosol formation and yields

A widely-used semi-empirical model for SOA formation is based on the gas-particle equilibrium

partitioning of semivolatile products (Odum et al., 1996, 1997), in which the SOA yield, Y , of a

particular VOC, defined as the ratio of mass of SOA formed, ∆Mo, to the mass of hydrocarbon

reacted, ∆HC, is given by

Y =
∆Mo

∆HC
= Mo

n∑

i=1

αiKp,i

1 +Kp,iMo
(5.1)
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where αi is the mass-based stoichiometric coefficient of semivolatile product i, Kp,i is its gas-particle

partitioning equilibrium constant, and Mo is the total mass concentration of the absorbing (aerosol)

medium. In this study, since no organic aerosol seed was used, the total organic mass is equal to

the mass of SOA formed (Mo=∆Mo). The final SOA yields for all experiments have been fitted

to Eq. (5.1) for naphthalene, 1-MN and 2-MN photooxidation under high-NOx conditions, shown

in Fig. 5.7. For naphthalene, a two-product model was used; for 1-MN and 2-MN, one product is

sufficient to describe the experimental data. For 1,2-DMN under high-NOx, and all other PAHs

under low NOx, the SOA yields are constant. The fitting parameters are summarized in Table 5.3.

The SOA yields for naphthalene and alkylnaphthalenes quantified in this study are on the order of

25–45% under high-NOx conditions, which are about three times those for light aromatics under

similar photooxidation conditions (Ng et al., 2007b).

5.6 Estimation of SOA Production from Light Aromatics,

PAH, and Long-Chain n-Alkanes

Using the compounds studied here as surrogates for PAHs, we estimate the contribution of PAH

photooxidation to urban SOA formation from different anthropogenic sources.

5.6.1 Diesel exhaust

Diesel exhaust is an important source of POA in the urban atmosphere (Schauer et al., 1996). As

noted above, diesel exhaust, upon photooxidation, is also an SOA source (Robinson et al., 2007).

The gas-phase component of diesel emissions consists primarily of light aromatics, PAHs, and long-

chain n-alkanes (Schauer et al., 1999a). For compound i emitted in the gas phase, the amount of

SOA formed from photooxidation of that compound, ∆Mo,i, expressed in units of µg km−1, over a

time ∆t, can be estimated by

∆Mo,i = [HCi](1− e−kOH,i[OH]∆t)× Yi (5.2)
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where HCi is the amount of gas-phase emission of compound i in µg km−1, kOH,i is its reaction rate

constant with OH radicals, [OH] is the concentration of OH radicals (taken to be 2×106 molec cm−3)

and Yi is its SOA yield. To obtain a specific value of Yi, we assume a total organic aerosol loading

of 15 µg m−3. Emissions of each compound (and hence the amount of SOA formed), measured in

µg per km driven, are taken from Schauer et al. (1999a). OH reaction rate constants are taken

from literature where available (Atkinson and Arey, 2003; Phousongphouang and Arey, 2002), or

estimated from structure activity relationships (Kwok and Atkinson, 1995) or extrapolated from

similar compounds. The high-NOx SOA yields measured here are used in this analysis. For purpose

of comparison, we use the SOA yields for benzene, toluene, and m-xylene measured under similar

photooxidation conditions (OH precursor, concentrations of NOx and light intensity) (Ng et al.,

2007b). SOA yields for n-alkanes were estimated based on modeling of gas-phase radical chemistry

and gas-particle partitioning (Lim and Ziemann, 2005; Jordan et al., 2008).

Table 5.4 summarizes the contribution of each VOC identified to the total SOA formed from

gas-phase photooxidation of these three classes of compounds. Although the gas-phase emissions

are dominated by light aromatics, these compounds are estimated to account for only 14% of the

SOA formed in the first 3 h of photooxidation. This estimate is consistent with laboratory results of

photooxidation of diesel exhaust (Robinson et al., 2007), in which the “known” gas-phase precursors,

consisting primarily of single-ring aromatics, account for at most 15% of the SOA formed. In addition

to their relatively low SOA yields, the rate of oxidation of these compounds is slow, and hence only

a small fraction is reacted over 3 h. On the contrary, although PAH emissions are a factor of 4 lower

than those of light aromatics, their relatively fast reaction with OH radicals and high SOA yields

lead to significant SOA production in the first 3 h, accounting for 4 times the amount formed from

light aromatics. The contribution of PAH to SOA is still significant after 12 h of oxidation, at which

point the SOA from PAH is about twice that from light aromatics.

To estimate the SOA production from diesel exhaust over longer timescales (>12 h), we assume

that the reaction time is sufficiently long that all of the hydrocarbon has been consumed by reaction

with OH radicals (ignoring nighttime chemistry and deposition of gas-phase hydrocarbons). This
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also allows for the air mass to be transported away from the sources, where the NOx levels are lower

and aromatic compounds are expected to produce SOA at higher mass yields (Henze et al., 2008; Ng

et al., 2007b). To account for the difference in SOA formation from light aromatics between high-

and low-NOx pathways, we use the branching ratios calculated by Henze et al. (2008) for benzene,

toluene, and m-xylene. Because naphthalene has a similar OH rate as m-xylene, we use the same

branching ratio for naphthalene. For all other PAHs, we assume they all react under high-NOx

as a conservative estimate. For n-alkanes, since their low-NOx yields are not known, they are not

included in this part of the analysis. We caution readers that this is a zeroth order to compare SOA

formation of light aromatics and PAHs over longer timescales. Multi-generation oxidation chemistry

and aerosol aging will play an as yet undetermined role beyond the timescale over which these SOA

yields were measured. Nonetheless, over very long timescales, the contribution of PAHs to overall

SOA production is about half that of light aromatics (see Table 5.4).

Another important class of primary compounds is n-alkanes, which have been shown to have

significant aerosol yields under high-NOx conditions if the number of carbons is greater than 8 (Lim

and Ziemann, 2005). In this calculation, SOA production from long-chain n-alkanes ranging from

C12 to C20 is estimated to be higher than from light aromatics by a factor of 1.5 for the first 3 h.

Only a small fraction of the compounds present in diesel emissions are speciated in Schauer et al.

(1999a), but considering only these three classes of compounds, PAHs are estimated to account

for up to 54% of the SOA formed in the first 12 h of diesel exhaust photooxidation, representing a

potentially large source of atmospheric SOA.

5.6.2 Wood burning

Wood burning has also been shown to produce a significant amount of SOA that cannot be ac-

counted for by known volatile precursors (Grieshop et al., 2009b). Gas-phase emissions of aromatic

compounds from fireplace wood burning are detailed in Schauer et al. (2001), in which 90% of the

emissions (by mass) were identified. The gas-phase composition of wood combustion emissions de-

pends on temperature, type of fuel, and method of burning (open vs. fireplace), and quantifying
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SOA from such sources can be difficult. Nonetheless, we repeat the previous analysis, and Table 5.5

summarizes the estimated SOA production from light aromatics and PAHs from fireplace burning

of pine wood. Again, despite their relatively low emissions, the high SOA yields and rapid rate of

oxidation of PAHs result in higher SOA formation over shorter timescales. The amount of SOA

from PAHs is estimated to be more than 4 times that from light aromatics after 12 h of oxidation,

suggesting a potentially large source of SOA from oxidation of wood burning emissions. Assuming

the SOA yields do not change, PAHs contribute a comparable amount of SOA to light aromatics

over very long timescales.

5.6.3 Other anthropogenic sources

For gasoline exhaust, the emissions of PAHs relative to light aromatics are low such that their

contribution to SOA formation is likely insignificant (Schauer et al., 2002a). For other sources,

such as meat and seed oil cooking, the emissions of light aromatics and PAHs are insignificant

(Schauer et al., 1999b, 2002b). One class of compounds not addressed in this analysis is n-C10-

C14 aldehydes, which are emitted in significant quantities from each of the sources considered here.

To the authors’ knowledge, SOA yields for these compounds have not been quantified and could

potentially contribute to urban SOA formation.

We stress that the analysis presented here constitutes a first-order estimate of SOA production

from PAHs. The calculations are based on emissions measured from single sources, rather than on

overall emissions inventories. Future work will address the prediction of SOA formation based on

atmospheric emissions inventories of gas-phase PAHs.

5.7 Implications

In this study, we have investigated the formation of SOA from gas-phase photooxidation of four 2-

ring PAHs (naphthalene, 1-MN, 2-MN, and 1,2-DMN) under high- and low-NOx conditions. Under

high-NOx and at organic aerosol loadings between 10 and 40 µg m−3, SOA yields ranged from 0.19

to 0.30 for naphthalene, 0.19 to 0.39 for 1-MN, and 0.26 to 0.45 for 2-MN. The SOA products were
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found to be semivolatile, consistent with the gas-phase products being dominated by ring-opening

compounds. Under low-NOx conditions, the SOA yield was found to be constant in the range

of Mo studied, and was measured to be 0.73, 0.68, and 0.58, for naphthalene, 1-MN, and 2-MN,

respectively. More ring-retaining products were found in the gas phase under low-NOx conditions,

contributing to the low volatility of the SOA and constant SOA yields. The SOA formed from

high-NOx photooxidation of 1,2-DMN was also nonvolatile under these loadings.

When applying these measured yields to a simple model of SOA formation from primary emis-

sions, SOA from PAH oxidation is found to contribute a significant amount. Traditionally thought

to be the most important anthropogenic SOA precursors, light aromatics are estimated to produce

3–5 times less SOA than from PAHs, based on the emissions inventories employed here. PAHs

represent a potentially large source of urban SOA, accounting for up to 54% of SOA formed from

diesel exhaust, and up to 80% of SOA from fireplace wood burning. Over longer timescales, PAHs

are expected to contribute a nonnegligible amount of SOA. Long-chain n-alkanes are also expected

to produce a smaller but significant fraction of SOA from diesel exhaust.

To properly account for SOA formation from anthropogenic sources, photooxidation of low-

volatility precursors, such as PAH and n-alkanes, should be included in atmospheric SOA models,

likely increasing the amount of predicted anthropogenic SOA significantly. Other IVOCs, such as

aliphatic aldehydes and large olefins, could also be an important source of SOA, but further study

is required to evaluate their potential to form SOA. In a forthcoming study, we will examine the

mechanism of PAH oxidation and the composition of the SOA generated from the experiments

reported here to assess the atmospheric relevance of these results.
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Table 5.1: Experimental conditions and results.

Date (2008) Compound [HC]0, ppb [NO]0, ppb [NO2]0, ppb V0
a, µm3 cm−3 ∆HC, µg m−3 ∆Mo, µg m−3 Yield

6/12 naphthalene 7.5 b c 12.9 39.5±2.5 29.0±2.6 0.73±0.11
6/14 naphthalene 4.4 b c 14.2 22.8±2.1 17.0±1.7 0.74±0.15
6/17 naphthalene 6.0 b c 13.9 31.2±2.1 22.9±2.2 0.73±0.12
6/19 naphthalene 2.7 b c 14.5 14.4±2.0 10.2±1.5 0.71±0.21
6/13 naphthalene 12.1 411 83 14.5 58.6±2.0 10.9±1.5 0.19±0.03
6/16 naphthalene 21.2 304 73 13.6 92.7±2.1 27.7±3.0 0.30±0.04
6/18 naphthalene 9.5 351 73 15.2 39.6±2.0 8.0±1.2 0.20±0.04
6/20 naphthalene 17.0 411 66 15.4 65.0±1.6 13.6±1.7 0.21±0.03

83.9±2.1f 22.8±2.2f 0.27±0.03f

7/16 2-MN 7.5 b c 13.2 58.6±3.4 35.0±3.1 0.60±0.09
7/22 2-MN 4.4 b c 14.6 31.5±3.0 18.6±1.8 0.59±0.11
7/24 2-MN 6.0 b c 12.9 22.5±3.3 13.1±1.5 0.58±0.15
7/27 2-MN 2.7 b c 13.3 43.3±3.0 24.6±2.1 0.57±0.09
7/21 2-MN 21.2 398 52 14.1 28.0±3.4 7.4±0.9 0.26±0.06
7/23 2-MN 9.5 376 51 14.2 47.3±3.5 18.8±1.9 0.40±0.07
7/25 2-MN 17.0 d 55 12.9 70.7±3.4 31.6±2.6 0.45±0.06
7/29 2-MN 7.5 d 61 13.4 60.0±3.6 24.3±2.2 0.40±0.06

8/2 1-MN 7.3 b c 11.4 42.9±3.9 30.5±2.5 0.71±0.12
8/5 1-MN 9.9 b c 13.1 57.4±3.4 37.6±3.0 0.66±0.09
8/8 1-MN 2.8 b c 13.8 15.7±3.4 10.7±1.1 0.68±0.22
8/17 1-MN 5.9 b c 14.0 35.2±3.6 24.0±2.4 0.68±0.14
8/4 1-MN 10.5 d 77 13.6 51.8±3.0 16.5±1.6 0.32±0.05
8/7 1-MN 5.3 333 55 13.5 30.1±3.4 5.6±0.9 0.19±0.05
8/9 1-MN 14.6 388 62 14.7 79.6±3.6 30.9±2.6 0.39±0.05
8/11 1-MN 16.8 401 56 14.6 91.0±3.6 34.9±3.1 0.38±0.05

9/10 1,2-DMN 34.8 392 51 14.7 215.7±6.8 66.9±5.3 0.31±0.03
9/12 1,2-DMN 12.3 397 60 14.9 76.8±4.4 23.1±2.3 0.30±0.05
9/14 1,2-DMN 4.1 377 55 14.2 25.4±3.3 7.8±1.4 0.31±0.10

a Vo: volume concentration of ammonium sulfate seed;
bbelow detection limit of 2 ppb;
cNO2 concentration was not measured by gas-chromatograph in these experiments due to H2O2

interference with NO2 signal, but inferred to be <2 ppb from NO/NOx analyzer;
dNO concentration not measured, but expected to be similar to that of other high-NOx experiments;
eNucleation experiments not shown; with the exception of seed concentration, conditions were similar
to those of experiments shown here;
fAfter second addition of HONO.
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Table 5.2: Effective SOA densities (g cm−3), obtained in nucleation experiments.

high-NOx low-NOx

naphthalene 1.48 1.55
1-MN 1.4 1.43
2-MN 1.35 1.3

1,2-DMN a –

a Not measured; assumed to be 1.4.
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Table 5.3: SOA yield parameters.

α1 K1, m3µg−1 α2 K2, m3µg−1 Yield at Mo=15 µg m−3

high-NOx

naphthalene 0.21 0.59 1.07 0.0037 0.26
1-MN 0.50 0.11 – – 0.33
2-MN 0.55 0.13 – – 0.38
1,2-DMN 0.31 a – – 0.31

low-NOx

naphthalene 0.73 a – – 0.73
1-MN 0.68 a – – 0.68
2-MN 0.58 a – – 0.58

a Constant yield.
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Table 5.4: Estimated SOA production from gas-phase oxidation of diesel exhaust (Schauer et al.,
1999a).

[HCi], kOH, Y ∆t=3 h ∆t=12 h Y ∆t=∞
µg km−1 cm3 molec−1 s−1 (high-NOx) ∆Mo,i, µ g km−1 ∆Mo,i, µ g km−1 (low-NOx) ∆Mo,i, µg km−1

light aromatics
benzene 2740 1.22×10−12a 0.19f 14 53 0.37f 778
toluene 3980 5.63×10−12a 0.10f 47 158 0.3f 700
ethylbenzene 470 7.00×10−12a 0.10g 7 22 0.3g 83
xylene 2330 1.36×10−11a 0.06h 35 96 0.36h 321
o-xylene 830 2.31×10−11a 0.06h 19 43 0.36h 114
n-propylbenzene 100 1.43×10−11a 0.10g 3 7 0.3g 18
p-ethyltoluene 520 1.18×10−11a 0.10g 12 34 0.3g 92
m-ethyltoluene 210 1.86×10−11a 0.10g 7 17 0.3g 37
1,3,5-TMB 260 5.67×10−11a 0.06h 11 15 0.36h 36
1,2,4-TMB 880 3.25×10−11a 0.06h 27 49 0.36h 121
Total 182 496 2300

PAHs
naphthalene 617 2.30×10−11a 0.26 62 136 0.73 234
2-methylnaphthalene 611 4.86×10−11b 0.38 152 231 k 231
1-methylnaphthalene 378 4.09×10−11b 0.33 73 120 k 120
C2-naphthalenes 542 6.00×10−11c 0.31 122 167 k 167
C3-naphthalenes 240 8.00×10−11d 0.31 61 74 k 74
C4-naphthalenes 97.3 8.00×10−11d 0.31 25 30 k 30
other PAHs 886.7 8.00×10−11d 0.31 226 275 k 275
Total 721 1033 1131

n-alkanes
dodecane 503 1.32×10−11a 0.02i 2 5
tridecane 477 1.51×10−11a 0.03i 4 10
tetradecane 629 1.79×10−11a 0.05i 10 23
pentadecane 398 2.07×10−11a 0.08i 11 25
hexadecane 711 2.32×10−11a 0.12i 34 75
heptadecane 614 2.85×10−11e 0.20i 55 110
octadecane 601 3.51×10−11e 0.30j 96 172
nonadecane 411 4.32×10−11e 0.42j 105 168
eicosane 271.8 5.31×10−11e 0.56j 104 151
Total 420 740

aAtkinson and Arey (2003);
bPhousongphouang and Arey (2002);
cAverage of all dimethylnaphthalanes in Phousongphouang and Arey (2002);
dExtrapolated from dimethylnaphthalenes, assumed to be same for all other PAHs;
eEstimated from structure-reactivity relationships (Kwok and Atkinson, 1995);
fNg et al. (2007b);
gAssumed to be the same as toluene;
hAssumed to be the same as m-xylene;
iEstimated from modeling of gas-phase chemistry and gas/particle partitioning (Jordan et al., 2008);
jExtrapolated from smaller n-alkanes;
kAssume all reacted under high-NOx.
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Table 5.5: Estimated SOA production from gas-phase oxidation of emissions from fireplace burning
of pine wood (Schauer et al., 2001)

[HCi], kOH, Y ∆t = 12h Y ∆t =∞
mg kg−1 cm3 molec−1 s−1 (high-NOx) ∆Mo,i, mg kg−1 (low-NOx) ∆Mo,i, mg kg−1

light aromatics
benzene 383 1.22×10−12 0.19 7.5 0.37 108.8
toluene 158 5.63×10−12 0.10 6.3 0.3 27.8
ethylbenzene 22.9 7.00×10−12 0.10 1.1 0.3 4.0
xylene 60 1.36×10−11 0.06 2.5 0.36 8.3
o-xylene 18.1 2.31×10−11 0.06 0.9 0.36 2.5
Total 18.2 151.4

PAHs
naphthalene 227 2.30×10−11 0.26 50.0 0.73 86.0
2-methylnaphthalene 15 4.86×10−11 0.38 5.7 – 5.7
1-methylnaphthalene 10.6 4.09×10−11 0.33 3.4 – 3.4
C2-naphthalenes 13.8 6.00×10−11 0.31 4.3 – 4.3
other PAHs 63.7 8.00×10−11 0.31 19.7 – 19.7
Total 80.9 119.0
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Compound Structure
OH rate constant,

cm3 molec-1 s-1

naphthalene 2.44  10-11

1-methylnaphthalene
(1-MN) 4.09  10-11

2-methylnaphthalene
(2-MN) 4.86  10-11

1,2-
dimethylnaphthalene

(1,2-DMN)
5.96  10-11

Figure 5.1: Structure of PAHs studied and OH rate constants (Phousongphouang and Arey, 2002).
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Figure 5.2: Reaction profile during a typical high-NOx experiment. The mass concentration of
SOA has been corrected for particle wall loss.
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Figure 5.3: PTR-MS spectra under high- and low-NOx conditions. The fractions of naphthalene
reacted are 0.66 and 0.67, respectively. The red peaks indicate ions associated with ring-opening
products, and the blue peaks indicate those associated with ring-retaining products. The proposed
structures for these ion peaks are given in Fig. 5.4.
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SM-RTPSM-RTP

m/z (+) m/z (+)

benzoic acid 123 naphthol 145

phthaldialdehyde 135 1,4-
naphthoquinone 159

hydroxybenzoic
acid 139 2,3-epoxy-1,4-

quinone 175

phthalic anhydride 149, 167 4-hydroxy-2,3-
epoxy-carbonyl 177a

formylbenzoic acid 151

2-formyl-
cinnamaldehyde 161, 179

formylcinnamic acid 177a

a 2 proposed isomers for m/z 177

Name Proposed
Structure Name Proposed

Structure

Ring-opening products Ring-retaining products
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Figure 5.4: Proposed compounds and structures for ion peaks observed by PTR-MS. The ring-
opening gas-phase products are marked red and the gas-phase ring-retaining products are marked
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Chapter 6

Reactive intermediates revealed in
secondary organic aerosol
formation from isoprene∗

∗Reproduced with permission from “Reactive Intermediates Revealed in Secondary Organic Aerosol Formation
from Isoprene” by Jason D. Surratt, Arthur W. H. Chan, Nathan C. Eddingsaas, Man N. Chan, Christine L. Loza,
Alan J. Kwan, Scott P. Hersey, Richard C. Flagan, Paul O. Wennberg and John H. Seinfeld, Proceedings of the
National Academy of Sciences of the United States of America, 107, 6640–6645, 2010.. Copyright 2010 by the
National Academy of Sciences.
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6.1 Abstract

Isoprene is a significant source of atmospheric organic aerosol; however, the oxidation pathways that

lead to secondary organic aerosol (SOA) have remained elusive. Here, we identify the role of two

key reactive intermediates, epoxydiols of isoprene (IEPOX = β-IEPOX + δ-IEPOX) and methacry-

loylperoxynitrate (MPAN), that are formed during isoprene oxidation under low- and high-NOx

conditions, respectively. Isoprene low-NOx SOA is enhanced in the presence of acidified sulfate

seed aerosol (mass yield 28.6%) over that in the presence of neutral aerosol (mass yield 1.3%).

Increased uptake of IEPOX by acid-catalyzed particle-phase reactions is shown to explain this en-

hancement. Under high-NOx conditions, isoprene SOA formation occurs through oxidation of its

second-generation product, MPAN. The similarity of the composition of SOA formed from the pho-

tooxidation of MPAN to that formed from isoprene and methacrolein (MACR) demonstrates the

role of MPAN in the formation of isoprene high-NOx SOA. Reactions of IEPOX and MPAN in the

presence of anthropogenic pollutants (i.e., acidic aerosol produced from the oxidation of SO2 and

NO2, respectively) could be a substantial source of “missing urban SOA” not included in current

atmospheric models.

6.2 Introduction

Isoprene (2-methyl-1,3-butadiene, C5H8) is the most abundant non-methane hydrocarbon emitted

into the Earth’s atmosphere, with emissions estimated to be 440–660 TgC yr−1 (Guenther et al.,

2006). The atmospheric hydroxyl (OH) radical-initiated oxidation of isoprene, so-called photooxi-

dation, plays a key role in establishing the balance of hydrogen oxide (HOx = OH + HO2) radicals

in vegetated areas (Lelieveld et al., 2008; Paulot et al., 2009b) and influences urban ozone formation

in populated areas blanketed with biogenic emissions (Chameides et al., 1988). Formation of low-

volatility compounds during isoprene oxidation has been estimated to be the single largest source

of atmospheric organic aerosol (i.e., SOA) (Claeys et al., 2004; Henze et al., 2008; Hallquist et al.,

2009; Carlton et al., 2009).
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The photooxidation of unsaturated volatile organic compounds (VOCs) proceeds through forma-

tion of a hydroxy peroxy (RO2) radical, the fate of which depends on the concentration of nitrogen

oxides (NOx = NO + NO2). Higher SOA yields from isoprene are observed under low-NOx (or

NOx-free) conditions; in this regime, RO2 radicals react primarily with HO2, a pathway that tends

to produce lower-volatility oxidation products than that involving the reaction of RO2 with NO

(Kroll et al., 2006; Presto et al., 2005; Kroll and Seinfeld, 2008). Under high-NOx conditions, RO2

radicals react with NO to produce alkoxy (RO) radicals, or as a minor pathway, organic nitrates

(RONO2). For small VOCs (≤ C10), like isoprene, these RO radicals generally fragment into smaller

more volatile products, resulting in small amounts of SOA (Kroll et al., 2006; Presto et al., 2005;

Kroll and Seinfeld, 2008). Despite the fact that SOA from isoprene has been extensively studied

(Carlton et al., 2009), the chemical pathways to its formation under both low- and high-NOx con-

ditions have remained unclear. In this study we examine the mechanism of isoprene SOA formation

in these two limiting regimes.

6.3 Results and Discussion

6.3.1 Isoprene SOA formation under low-NOx conditions: Role of aerosol

acidity

Formation of SOA from the photooxidation of isoprene under low-NOx conditions is enhanced in the

presence of acidified sulfate seed aerosol over that in the presence of neutral aerosol (Surratt et al.,

2006); this is not observed under high-NOx conditions since the aerosol phase is likely acidic enough

due to the formation and presence of nitric acid (HNO3) (Lim and Ziemann, 2009) and/or organic

acids (Surratt et al., 2006). The effect of increasing aerosol acidity on both gas- and aerosol-phase

composition provides a critical clue to the chemical mechanism of SOA formation from isoprene under

low-NOx conditions. Enhancement of isoprene SOA mass with increasing aerosol acidity observed in

laboratory chamber studies (Surratt et al., 2006; Edney et al., 2005; Surratt et al., 2007b), including

increased mass concentrations of the 2 methyltetrols (Edney et al., 2005; Surratt et al., 2007b),
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organosulfates of isoprene (i.e., hydroxy sulfate esters) (Surratt et al., 2007b), and high-MW SOA

constituents (Surratt et al., 2007b), has been explained by acid-catalyzed particle-phase reactions.

Although a linear correlation between the SOA mass formed and measured aerosol acidity (i.e.,

nmol H+ m−3) has been found under dry conditions (∼30% RH) (Surratt et al., 2007b), the actual

acid-catalyzed particle-phase reactions responsible for these observed enhancements in isoprene SOA

formation remain unclear, especially since previously proposed reactions, like that of organosulfate

formation by alcohol sulfate esterification (Surratt et al., 2007a; Gómez-González et al., 2008; Surratt

et al., 2008), appear to be kinetically unfavorable at atmospheric conditions (Minerath and Elrod,

2009).

Shown in Fig. 6.1A–F are the chemical ionization mass spectrometry (CIMS) (see Materials and

Methods) time traces for selected ions corresponding to the important gas-phase products formed

from the photooxidation of 49 and 40 ppb of isoprene in the presence of neutral and highly acidified

sulfate seed aerosol, respectively. The SOA mass yields from isoprene were 1.3% and 28.6% for the

neutral and highly acidified sulfate seed aerosol experiments, respectively. Under the conditions of

these experiments, the RO2 radicals formed react primarily with HO2. In addition to the formation

of hydroxycarbonyls, methyl-butenediols, hydroxyhydroperoxides (ISOPOOH), MACR, and methyl

vinyl ketone (MVK), all of which are first-generation gas-phase oxidation products (Fig. 6.1A–D),

we also observed the formation of second-generation IEPOX, as indicated in Fig 6.1F (i.e., 9 ppb

and 0.6 ppb of IEPOX were measured in the neutral and acidic cases, respectively). Although the 2-

methyltetrols (Fig. 6.1E) can be produced from RO2 radical-cross reactions, their formation through

this route is of minor significance (∼0.2 ppb) in these experiments owing to the dominant RO2 + HO2

pathway. The hydroxycarbonyls (∼0.8 ppb) and methyl-butenediols (∼0.8 ppb) are first-generation

products also formed from RO2 radical-cross reactions; however, part of the CIMS signal associated

with the methyl-butendiols (Fig. 6.1B) arises from later-generation oxidation products with the

elemental composition C4H6O3, likely a C4-hydroxydicarbonyl and/or C4-acid. Hydroxynitrates

of isoprene were also observed (< 0.1 ppb). Their formation results from background NO in the

chamber. Thus a fraction of the MACR and MVK produced results from RO2 + NO reactions (∼3%
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of RO2 radicals reacted with NO).

IEPOX (i.e., δ-IEPOX) was proposed to form from the photooxidation of isoprene under low-NOx

conditions in order to tentatively explain the formation of chemically characterized SOA constituents

(Paulot et al., 2009b; Wang et al., 2005). Gas-phase IEPOX (β-IEPOX and δ-IEPOX) was recently

shown to form in substantial yields (upwards of 75%) from the further oxidation of ISOPOOH (∼12

ppb measured in both the neutral and acidic cases in Fig. 6.1C) by OH under low-NOx conditions

(Paulot et al., 2009b). The substantial reduction of gas-phase IEPOX in the presence of highly

acidified sulfate seed aerosol (Fig. 6.1F) confirms the role of IEPOX in the enhancement of isoprene

SOA mass under lower-NOx conditions at increased aerosol acidity.

Isoprene low-NOx SOA was analyzed off line by gas chromatography/electron ionization-quad-

rupole mass spectrometry (GC/EI-MS) with prior trimethylsilylation and ultra performance liquid

chromatography/electrospray ionization-time-of-flight mass spectrometry operated in the negative

ion mode (UPLC/(–)ESI-TOFMS) (see Methods and Materials). Particle-phase IEPOX is charac-

terized here for the first time. The GC/EI-MS mass spectra of the trimethylsilyl (TMS)-derivatives

of IEPOX associated with the two chromatographic peaks in Fig. 6.1G are shown in Fig. 6.6. Ex-

tracted ion chromatograms (EICs) of selected ions corresponding to particle-phase IEPOX, as well

as the previously characterized C5-alkene triols (Wang et al., 2005), 2 methyltetrols (Claeys et al.,

2004), hemiacetal dimers (Surratt et al., 2006), organosulfate derivatives of the 2 methyltetrols

(Surratt et al., 2006; Gómez-González et al., 2008), and organosulfate derivatives of the hemiacetal

dimers (Surratt et al., 2007a) are shown in Fig. 6.1G–L, respectively. Mass spectra in the present

study for the previously characterized low-NOx SOA constituents shown in Fig. 6.1H–L correspond

to those collected in prior work (Claeys et al., 2004; Surratt et al., 2006, 2007a; Wang et al., 2005),

and are shown in Fig. 6.6 and Fig. 6.7. The abundances of all low-NOx SOA constituents shown

in Fig. 6.1G–L are enhanced significantly in the presence of acidified sulfate seed aerosol. Using a

suitable surrogate standard (i.e., meso-erythritol to quantify the 2-methyltetrols), we estimate that

the mass concentrations of these compounds increased from 0.1 µg m−3 for the neutral case to 5.1

µg m−3 for the highly acidic case, corresponding to ∼ 10 to 20%, respectively, of the total SOA mass
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formed.

6.3.2 Identification of IEPOX as the intermediate responsible for acid-

enhanced isoprene SOA

We hypothesize that particle-phase reactions of IEPOX play a significant role in the formation of

the other major low-NOx SOA constituents shown in Fig. 6.1H–L, as well as in the enhancement

of total SOA mass. To test this hypothesis, we synthesized 2,3-epoxy-1,4-butanediol (BEPOX) (see

Materials and Methods), which is the butadiene derivative of IEPOX, and conducted reactive uptake

experiments in the presence of both neutral and highly acidified sulfate seed aerosol. BEPOX is used

in these experiments instead of IEPOX, as precursors for IEPOX are not commercially available.

In these dark and dry (<10% RH) experiments, no OH precursor (e.g., H2O2) or NOx was present;

thus, only reactive uptake of BEPOX onto seed aerosol occurred. Two variations of these reactive

uptake experiments were carried out: (1) BEPOX was added first, followed by the injection of seed

aerosol; or (2) seed aerosol was added first, followed by the injection of BEPOX. CIMS time traces

corresponding to version (1) of the BEPOX reactive uptake experiments are shown in Fig. 6.2A.

The only parameter varied was the acidity of the sulfate seed aerosol. BEPOX is rapidly removed

from the gas phase within the first hour after the acidified sulfate seed aerosol is injected into the

well-mixed chamber. Upon the injection of neutral sulfate seed aerosol, BEPOX disappears from

wall loss only and not reactive uptake. Once the injection of gas-phase BEPOX ended (indicated

at time zero in Fig. 6.2A), it decayed at similar rates before either the neutral or highly acidified

sulfate seed aerosol was injected. The clear conclusion is that BEPOX loss to the highly acidic seed

aerosol results from acid-catalyzed particle-phase reactions.

SOA formed in the acidified BEPOX reactive uptake experiments shown in Fig. 6.2A was collected

for off-line chemical analyses by GC/EI-MS and UPLC/(–)ESI-TOFMS (Fig. 6.8). In addition to

sharing similar retention times (RTs), the mass spectrum of the TMS-derivative of the particle-

phase BEPOX (Fig. 6.8) corresponds exactly to that of the synthesized BEPOX standard (see

Fig. 6.9). The major chromatographic peak observed in the EIC of m/z 248 (Fig. 6.8) is attributable
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only to particle-phase BEPOX, whereas the two later-eluting minor peaks represent background

contributions. The other major SOA constituents characterized from the reactive uptake of BEPOX

are also exact analogues of isoprene SOA formed under low-NOx conditions (i.e., differing by a mass

of 14 Da, which corresponds to a CH2 group); these include: C4-alkene triols, tetrols (i.e., threitol

and erythritol), dimers, organosulfate derivatives of the tetrols, and organosulfate derivatives of the

dimers (Fig. 6.8). Equivalent to the low-NOx isoprene SOA (Fig. 6.1G–L), these BEPOX SOA

constituents were significantly enhanced under increased seed aerosol acidity, consistent with the

rapid removal of gas-phase BEPOX onto the highly acidified sulfate seed aerosol. The tetrols (i.e.,

threitol and erythritol) were quantified by GC/EI-MS and their summed mass was found to increase

from 43 ng m−3 to 1.3 µg m−3 from neutral to highly acidic conditions.

In version (2) of the BEPOX reactive uptake experiments, within the first hour after the ad-

dition of BEPOX, the sulfate aerosol mass concentration decayed more rapidly (by ∼58% of its

initial loading) in the highly acidic case than that which could be explained by wall loss alone,

indicating depletion of the inorganic sulfate through chemical reaction with BEPOX (Fig. 6.10). A

similar observation made in isoprene SOA formation (Surratt et al., 2006) is consistent with the

reactive uptake of IEPOX forming organosulfates of isoprene. The SOA mass generated after the

injection of gas-phase BEPOX increased from 0.9 to 15.8 µg m−3 from neutral to acidified sulfate

seed aerosol. Importantly, organosulfates of BEPOX (i.e., organosulfate derivatives of the tetrols

and dimers, as well as higher order organosulfates shown in Fig. 6.11) were also characterized in

these experiments (Fig. 6.8). We conclude from these observations that conversion of inorganic sul-

fate into organosulfates occurs by the acid-catalyzed ring opening of the epoxydiols followed by the

subsequent nucleophilic addition of inorganic sulfate.

Reactive uptake onto acidified sulfate seed aerosol also occurs when BEPOX and IEPOX are

formed from butadiene and isoprene photooxidation, respectively. 100 ppb of butadiene and 50 ppb

of isoprene were initially irradiated in the absence of seed aerosol (Fig. 6.2B and 6.2C, respectively).

Once sufficient gas-phase levels of both BEPOX and IEPOX formed, seed aerosol was injected. For

the butadiene experiment (Fig. 6.2B), only highly acidified sulfate seed aerosol was injected. Because
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hydroxyhydroperoxides and BEPOX, gas-phase oxidation products of butadiene, are isomers both

detected by the CIMS technique at m/z 189, characteristic daughter ions produced from m/z 189

were used to differentiate between these two compounds. The daughter ions at m/z 63 and 169

are uniquely characteristic of the hydroxyhydroperoxide and BEPOX, respectively (Paulot et al.,

2009b). Upon the injection of acidified sulfate seed aerosol, BEPOX was the only oxidation product

rapidly removed from the gas-phase mixture (decayed by ∼75% within the first hour after seed

aerosol was injected). The SOA constituents from butadiene shown in Fig. 6.2B are precisely those

shown in Fig. 6.8. In the case of isoprene photooxidation (Fig. 6.2C), as observed for the BEPOX

reactive uptake and butadiene photooxidation (Fig. 6.2A and 6.2B, respectively), gas-phase IEPOX

disappeared significantly only in the presence of acidified sulfate seed aerosol (Fig. 6.2C). Moreover,

the constituents characterized in the SOA formed from the latter experiment are precisely those

shown in Fig. 6.6G–L.

6.3.3 Mechanism of isoprene SOA formation under low-NOx conditions

An updated chemical mechanism for SOA formation from isoprene under low-NOx conditions is

shown in Fig. 6.3. The gas-phase formation of IEPOX has been fully characterized by Paulot et al.

(2009b). Here we have established that the reactive uptake of IEPOX occurs by the acid-catalyzed

ring opening of this epoxydiol, followed by the subsequent addition of the following nucleophiles:

(1) H2O; (2) inorganic sulfate; (3) a 2-methyltetrol already formed in the aerosol; and (4) a hydroxy

sulfate ester already present in the aerosol. Unreacted particle-phase IEPOX observed in the isoprene

SOA is likely a result of equilibrium gas-to-particle partitioning. Although the formation of 2-

methyltetrols has been detected from the further oxidation of methyl-butenediols under conditions in

which RO2 + RO2 reactions dominate (at large isoprene mixing ratios, i.e., 8–12 ppmC) (Kleindienst

et al., 2009), the atmospheric formation of the 2-methyltetrols will occur primarily via the further

reaction of IEPOX as shown in Fig. 6.3, since the HO2 concentration exceeds that of all RO2 radicals

(Ren et al., 2003) and because rate coefficients of RO2 + RO2 reactions are usually smaller than

those for RO2 + HO2 reactions (Atkinson et al., 2006). The organosulfates of isoprene are shown
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conclusively to form from the reactive uptake of IEPOX, rather than by the previously proposed

alcohol sulfate esterification mechanism (Surratt et al., 2008). This conclusion is consistent with

recent work by Iinuma et al. (2009), who showed organosulfates of α- and β-pinene form through

the reactive uptake of α- and β-pinene oxides, only in the presence of acidified sulfate seed aerosol.

Additionally, recent work has shown that organosulfate formation is kinetically favorable only for

epoxides and not for alcohols at atmospherically relevant conditions (Minerath and Elrod, 2009).

Although the C5-alkene triols were observed in these experiments, their exact formation mecha-

nism remains unclear. We cannot rule out the possibility that these compounds are produced from

the trimethylsilylation step prior to GC/EI-MS analysis, as a TMS-derivative of the synthesized BE-

POX standard was found to have a contribution from C4-alkene triols. Preliminary results suggest

that these compounds are more abundant than the tetrols under high RH conditions. Enhanced C5-

alkene triol concentrations have been observed when transitioning from the dry to wet seasons in the

Amazon (Wang et al., 2005). Finally, the dimers previously observed in both laboratory-generated

isoprene SOA and organic aerosol collected from the Amazon are likely not a result of hemiacetal

formation (Surratt et al., 2006); rather these dimers are shown to form from polymerization of

IEPOX by acid-catalyzed ring opening of IEPOX.

6.3.4 Isoprene SOA formation under high-NOx conditions: Role of MPAN

The majority of the high-NOx SOA yield from isoprene has previously been traced to the oxida-

tion of a major (25% yield (Tuazon and Atkinson, 1990a)) first-generation oxidation product of

isoprene, MACR (Kroll et al., 2006; Surratt et al., 2006). Providing further evidence of the role

of MACR, the chemical composition of the SOA produced in the oxidation of MACR is similar

to that found in studies of the oxidation of isoprene, especially 2-methylglyceric acid (2-MG), a

C4-dihydroxycarboxylic acid, which undergoes esterification to produce low-volatility oligoesters

(Surratt et al., 2006; Szmigielski et al., 2007). Both 2-MG and its corresponding diester have been

observed in ambient aerosol samples (Hallquist et al., 2009).

The preservation of the four-carbon backbone in the SOA produced, following the oxidation of
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MACR, provides significant constraints on the gas-phase mechanism that yields the SOA precursor.

Oxidation of MACR by OH proceeds both via addition to the double bond (∼55%) and abstraction

of the aldehydic hydrogen (45%) (Tuazon and Atkinson, 1990b; Orlando et al., 1999). Preservation

of the carbon backbone generally precludes formation of RO radicals as they rapidly decompose

to form hydroxyacetone (via OH addition) and methylvinyl radicals (via aldehydic abstraction)

(Orlando et al., 1999). This suggests that, following abstraction of the aldehydic hydrogen by OH,

formation of MPAN is likely key to SOA production. MPAN is formed from MACR with a maximum

yield of ∼45% (Tuazon and Atkinson, 1990b; Bertman and Roberts, 1991). Following addition of

OH to the double bond, the only known gas-phase mechanism that prevents C-C fragmentation in

the presence of NOx is the channel leading to the formation of a hydroxynitrate (Hallquist et al.,

2009; Tuazon and Atkinson, 1990b; Paulot et al., 2009a). Thus, to oxidize both the double bond and

the aldehydic hydrogen, one route to C4 preservation leads to the formation of the hydroxynitrate of

MPAN. Alternatively, the addition of OH to MPAN might lead to the formation of bridged oxygen

compounds if the alkyl radical (or subsequent RO2 or RO radicals) rearrange unimolecularly and

decompose by breaking off the weak peroxynitrate moiety forming peroxy or epoxy carbonyls.

To test the hypothesis that the formation of MPAN is key for SOA formation, MACR was

oxidized by OH (formed via HONO photolysis) in the presence of a very high concentration of NO

(>500 ppb). Under these conditions, the peroxyacyl radical formed following H abstraction (and

addition of O2) reacts primarily with NO to form formaldehyde, CO, and CO2 rather than with NO2

to form MPAN (Tuazon and Atkinson, 1990a; Bertman and Roberts, 1991). Although formation of

hydroxynitrate was observed from the addition channel (∼10–15% of hydroxyacetone), little SOA

was produced (mass yield <2%). SOA yields (2.9% from 257 ppb MACR) were higher when 290

ppb of NO was added, and highest (5.1% from 285 ppb MACR) when 350 ppb of additional NO2

(instead of NO) was injected. As shown in Fig. 6.12, the relative aerosol-phase concentrations of

oligoesters are also enhanced under higher [NO2]/[NO] ratios, consistent with the trends observed

in SOA yields from MACR photooxidation. The RTs and molecular formulas match those of the

oligoester products formed in isoprene high-NOx SOA. NO levels remained above 120 ppb during the
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course of all the experiments, and thus RO2 + HO2 and RO2 + RO2 reactions are not competitive.

HONO levels, as measured by CIMS, were within 15% among these experiments. The observed

increase in SOA at higher NO2 levels is also unlikely to be a result of condensation of nitric acid

from OH + NO2 reactions, as addition of gas-phase nitric acid did not lead to additional aerosol

growth. The observed effect of [NO2]/[NO] ratio on oligoester formation and overall aerosol yields

in MACR photooxidation suggests the importance of peroxynitrate formation via an RO2 + NO2

pathway. In the chamber, the lifetime of MPAN against thermal decomposition is about 100 min

(Roberts and Bertman, 1992), and can be effectively much longer under higher [NO2]/[NO] ratios,

as the peroxyacyl radicals formed following thermal decomposition react preferentially with NO2

reforming MPAN.

6.3.5 Identification of MPAN as a key intermediate in formation of SOA

from isoprene and MACR

To verify the hypothesis that the route to high-NOx SOA formation from isoprene goes through

MPAN, experiments were carried out with synthesized MPAN (see Materials and Methods). When

MPAN was injected into the chamber in the presence solely of ammonium sulfate seed, SOA was

not observed. Significant aerosol growth was observed only upon photooxidation of MPAN (with

photolysis of HONO used as the OH source). Moreover, as shown in Fig. 6.4, the composition of

SOA formed from MPAN oxidation was similar to that from high-NOx photooxidation of MACR

and isoprene. In particular, 2-MG and its corresponding oligoesters are identified in all three aerosol

samples using both GC/EI-MS and UPLC/(–)ESI-TOFMS. Detailed chemical characterization of

2-MG and its corresponding oligoesters (Surratt et al., 2006; Szmigielski et al., 2007) and simi-

lar analysis of the current samples confirm the presence of these products in aerosol formed from

MPAN oxidation (Fig. 6.4 and Table 6.1). Other aerosol components found in isoprene SOA, such

as compounds with a C5-hydroxynitrate backbone, are not found in MACR or MPAN SOA, but

their contribution to total aerosol mass is likely small, and their formation mechanisms have been

tentatively established (Surratt et al., 2008). We confirmed that 2-MG and its corresponding oli-
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goesters are formed as a result of MPAN oxidation and not an impurity (i.e., methacrylic acid) (see

Supporting Information).

Additional experiments provide insight into the mechanism by which 2-MG is formed from the

OH reaction of MPAN. Oxidation of 2-methyl-3-buten-2-ol (MBO), structurally similar to isoprene,

but lacking the second double bond, leads to no aerosol formation. This suggests that formation

of 2-MG requires OH reaction with the double bond of MPAN. OH addition to the MPAN dou-

ble bond, followed by addition of O2, leads to formation of an RO2 radical; under the chamber

conditions, reaction with NO is most likely, leading to formation of either an RO radical or a C4-

hydroxynitrate-PAN. Owing to the 2-position of the alkoxy group, this C4-alkoxy radical is unlikely

to undergo traditional H-atom transfer isomerization, and therefore decomposes rapidly to break the

C4-backbone. One possibility is that 2-MG is formed through the C4-hydroxynitate-PAN channel

(see Fig. 6.5). Dommen et al. (2006) observed lower-volatility isoprene SOA (which is consistent with

the formation of oligomers) to form under dry rather than humid conditions, which is consistent with

a mechanism that involves decomposition of the C4-hydroxynitrate-PAN into 2-MG and allows for

subsequent esterification of 2-MG into the observed oligoesters. We do not, however, have conclusive

chemical evidence to support the hypothesis that the C4-hydroxynitrate-PAN is the main precursor

to the isoprene high-NOx SOA. Indeed, there is some evidence that this is not the route. A signal,

comparable in magnitude to the hydroxynitrate of MACR (at m/z 234) and highly correlated to the

time trace of SOA formation, is observed at m/z 311 – a mass consistent with the cluster of CF3O−

with the C4-hydroxynitrate-PAN. Assuming the same CIMS response factor as glycolaldehyde, the

signal at m/z 311 is consistent with all of the C4-hydroxynitrate-PAN being accounted for in the

gas phase (assuming the yield of the C4-hydroxynitrate from MPAN is comparable to the yield of

the hydroxynitrate from MACR), and as a result, this compound could not be the SOA precursor.

Thus, it is possible that some unknown C4-preserving chemical reaction is occurring when MPAN is

oxidized by OH (e.g., similar to the formation of IEPOX under low-NOx conditions, the OH-MPAN

radical adduct intramolecularly rearranges into a highly-strained epoxide before O2 adds).

The OH reaction rate constants of saturated peroxyacyl nitrates (PANs) are sufficiently small
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(< 1×10−13 cm3 molec−1s−1) that the major sink for these compounds in the atmosphere is thermal

decomposition to the peroxyacyl radical followed by reaction with NO and subsequent decomposi-

tion to CO2. By contrast, the OH reaction of MPAN is competitive with thermal decomposition

(Orlando et al., 1999). Here we confirm that MPAN is the key intermediate in the isoprene and

MACR systems in the formation of 2-MG and its corresponding low-volatility oligoesters in the

aerosol phase. If a PAN-type compound is involved in the formation of aerosol-phase products, the

aerosol yields should depend on the [NO2]/[NO] ratio, as this ratio determines whether the perox-

yacyl radicals produced via thermal decomposition reform PANs or react with NO and decompose.

With urban [NO2]/[NO] ratios typically around 7, SOA mass yields from isoprene and MACR pre-

viously measured at [NO2]/[NO] ratios around 1 could be underestimated (Carlton et al., 2009).

Experimentally, such high [NO2]/[NO] ratios are not achieved using HONO as an OH source, as NO

is produced from both the synthesis of HONO and photolysis of HONO with UV irradiation.

6.4 Atmospheric Implications

The importance of IEPOX and MPAN in forming isoprene SOA under low- and high-NOx condi-

tions, respectively, provides significant insights into heretofore-unidentified aerosol precursors. In

the presence of anthropogenic pollutants, such as NO2 and acidic aerosol produced from the oxi-

dation of SO2, SOA mass yields from isoprene under high- and low- NOx conditions, respectively,

increase substantially. As isoprene is estimated to be the largest single contributor to global SOA,

these results may help to resolve two existing dilemmas in atmospheric chemistry: (1) radiocarbon

(14C) data consistently indicate that well over half of the ambient SOA is of modern (biogenic) ori-

gin (7, 33)(Hallquist et al., 2009; Schichtel et al., 2008), whereas correlations between water-soluble

organic carbon and anthropogenic tracers, such as CO, suggest that much of the SOA is actually

of anthropogenic origin (Weber et al., 2007; de Gouw et al., 2005); and (2) comparisons between

measured and predicted SOA based on known precursors suggest that there is a substantial amount

of “missing urban SOA” not included in current models (de Gouw et al., 2005; Heald et al., 2005;

Volkamer et al., 2006). Revising the chemistry of isoprene in regional and global SOA models could
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lead to a decrease in this discrepancy; however, the measurement and parameterization of aerosol

acidity requires additional work.

6.5 Materials and Methods

6.5.1 Experimental details

The experiments were carried out in the Caltech dual 28-m3 FEP Teflon chambers (Keywood et al.,

2004). Seed aerosol is generated using a constant rate atomizer. Dilute solutions (concentrations

of 0.06M or lower) of ammonium sulfate and magnesium sulfate with sulfuric acid are used for

neutral and highly acidic seed aerosol, respectively. The particle number and volume concentrations

are corrected for particle wall loss using size-dependent coefficients determined from loss of inert

particles. Isoprene, MACR, or MBO is added to the chamber by vaporizing a known volume of

the hydrocarbon in a glass bulb. In the reactive uptake experiments (see Table 6.2 and Supporting

Information), BEPOX is injected into the chamber by vaporizing a small (∼30 mg) amount of the

solid at ∼60◦C in a small glass vial and introducing the vapor into the chamber in a stream of N2.

The amount injected into the chamber is estimated by measuring the mass loss of BEPOX after

injection. MPAN is injected in a similar manner in a −10◦C ice-salt bath. At −10◦C, dodecane has

a negligible vapor pressure, and as a result, not expected to be introduced into the chambers. In

low-NOx photooxidation experiments (see Table 6.2 and Supporting Information), the photolysis of

H2O2 is used to generate OH radicals. In order to prevent partitioning of H2O2 into the seed aerosol,

all low-NOx experiments were conducted under dry conditions (<10% RH). At the relatively high

mixing ratios of H2O2, significant HO2 radical levels are produced by the OH + H2O2 reaction, which

is favored at the slow chamber photolysis rate of H2O2. In high-NOx photooxidation experiments,

the photolysis of nitrous acid (HONO) is used as the OH precursor (see Table 6.3 and Supporting

Information).
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6.5.2 Gas-phase measurements

The concentrations of isoprene, MACR, and MBO are monitored by a gas chromatograph equipped

with a flame ionization detector (GC/FID, Agilent 6890N). NO/NOx and O3 are monitored by

commercial chemiluminescence monitors (Horiba, APNA 360 and APOA 360, respectively). A

custom-modified Varian 1200 CIMS was used to continuously monitor gas-phase species (see Paulot

et al. (2009b) and Supporting Information).

6.5.3 Aerosol-phase measurements

Aerosol size distributions and volume concentrations are measured using a differential mobility

analyzer (DMA, TSI 3081) with a condensation nuclei counter (CPC, TSI 3760). Aerosol samples

are collected onto Teflon filters for off-line chemical characterization by both GC/EI-MS with prior

trimethylsilylation and UPLC/ESI-TOFMS. Filter handling and extraction protocols in high purity

methanol have been described previously for aerosol samples analyzed by the UPLC/(–)ESI-TOFMS

technique (Surratt et al., 2008). Details of the sample preparation and operation protocols for

the GC/EI-MS technique can be found in the Supporting Information. Selected SOA samples

formed from the reactive uptake of BEPOX on either neutral or acidified sulfate seed aerosol were

continuously sampled by a particle-into-liquid sampler (PILS) with subsequent offline analysis by

ion chromatography (IC) (Sorooshian et al., 2006).

6.5.4 Materials

Isoprene (Aldrich, 99%), MACR (Aldrich, 95%), and MBO (Aldrich, 98%) are obtained from com-

mercial sources. BEPOX is synthesized following the procedure derived by Skinner et al. (1958)

(see Supporting Information). MPAN is synthesized from methacrylic anhydride (Aldrich, 94%) in

dodecane (Sigma-Aldrich, 99+%, anhydrous) based on the method of Nouaime et al. (1998) with a

few modifications (see Supporting Information). The purity of the product is confirmed by gas-phase

FTIR spectroscopy (see Supporting Information).
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6.7 Supporting Information

6.7.1 Experimental details of chamber operation

6.7.1.1 Low-NOx Experiments

280 µL of 50% H2O2 solution (Aldrich) is injected into a glass bulb, vaporized in a 30◦C water bath,

and introduced into the chamber in an air stream, resulting in an estimated chamber concentration

of 4 ppmv. 50% of the available blacklights are used to irradiate the chambers.

6.7.1.2 High-NOx experiments

HONO is prepared by adding 1 wt% aqueous NaNO2 dropwise into 10 wt% sulfuric acid, and

introduced into the chamber using an air stream (Chan et al., 2009). NO or NO2 are injected

into the chambers from gas cylinders (Scott Marrin). 10% of the available blacklights are used to
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irradiate the chambers.

6.7.2 Procedures to confirm purity of MPAN

The purity of the MPAN sample was quantified by comparison of gas-phase FTIR spectra with those

published in other studies (see MPAN synthesis below). The major impurity, methacrylic acid, does

not contribute to SOA. We oxidized methacrylic acid under the same conditions used in the MPAN

study and SOA formation was not observed. At the NO levels (>10 ppb) in the photooxidation

experiments, RO2 + HO2 and RO2 + RO2 reactions do not compete with RO2 + NO or RO2 + NO2

reactions, and aerosol-phase formation of 2-MG from isoprene cannot be attributed to gas-phase RO2

radical-cross reactions of methacrylic acid.

6.7.3 Details of the CIMS technique

6.7.3.1 Operating conditions

The CIMS was operated in negative ion mode where CF3O− is used as the reagent ion, and in

positive ion mode of proton transfer mass spectrometry (PTR-MS) (Crounse et al., 2006). In

negative ion mode, CF3O− selectively clusters with compounds with high fluorine affinities to form

a complex detected at m/z = MW+85, while highly acidic molecules will mainly form the transfer

product detected at m/z = MW+19 (Crounse et al., 2006). To distinguish between hydroxyisoprene

hydroperoxide and isoprene epoxydiols (both of which are both detected at m/z 203), an MS/MS

technique was used (Paulot et al., 2009b). In the first quadrupole the parent ion is selected, and

in the second quadrupole a small amount of N2 is present to act as a collision partner producing

collision-induced daughter ions, which are subsequently selected in the third quadrupole. Depending

on the nature of the ion, different collision-induced daughter ions can be formed. Two daughter ions

of particular interest are at m/z 63 and m/z 183. The daughter ion at m/z 63 is selective for

the hydroperoxide group, while the isoprene epoxydiols fragment in sufficient yield at m/z 183. In

PTR-MS mode, residual H2O in N2 is reacted with N2
+ ions to form H+ · (H2O)n reagent ions.
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6.7.3.2 Correction of the MS/MS daughter ion signal associated to IEPOX

ISPOOH and IEPOX are isomers, and as a result, are both detected at m/z 203. As noted above,

using the MS/MS technique of the CIMS, these isomers can be separated from each other due to

their production of different characteristic daughter ions. It has also been shown that IEPOX does

not interfere with the daughter ion at m/z 63 associated to ISOPOOH. IEPOX is known to fragment

in good yield to m/z 183; however, ISOPOOH also fragments to this ion to a lesser extent. In order

to determine the extent that ISOPOOH fragments to m/z 183 in the second quadrupole, a large

number of the daughter ions from the parent ion at m/z 203 were analyzed and it was determined

that only two compounds were present at this ion (i.e., ISPOOH and IEPOX). Next, the data from

an experimental run where ISPOOH was only present in the gas phase was analyzed to determine

the amount of the daughter ion at m/z 183 that was from ISOPOOH. It was found that 20% of

the daughter ion at m/z 183 was from ISOPOOH and this amount was subtracted from all MS/MS

spectra of m/z 183 so that only IEPOX was displayed. This corrected signal was also used to

determine the concentration of IEPOX.

6.7.4 Filter extraction and operation protocols for the GC/EI-MS tech-

nique

Filter extractions for aerosol samples analyzed by the GC/EI-MS technique are similar to the

UPLC/(–)ESI-TOFMS technique; however, following the removal of the methanol extraction sol-

vent with ultra-high purity N2, the dried residue was trimethylsilylated by the addition of 100 mL of

BSTFA + trimethylchlorosilane (99:1 (v/v), Supleco) and 50 mL of pyridine (Sigma-Aldrich, 98%,

anhydrous), and the resultant mixture was heated for an hour at 70 ◦C. This latter step converted

all isoprene SOA constituents containing carboxyl and hydroxyl functions into volatile trimethylsi-

lyl (TMS) derivatives. GC/EI-MS analyses of the TMS derivatives were performed with a system

comprised of a Hewlett Packard (HP) 5890 Series 2 Plus chromatograph, interfaced to a HP 5972

Series mass selective detector. A Restek RTX-5MS fused-silica capillary column (5% diphenyl, 95%

dimethyl polysiloxane, 0.25 mm film thickness, 30 m x 0.25 mm i.d.) was used to separate the TMS
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derivatives before MS detection. 1 mL aliquots of each sample were injected in the splitless mode

onto the column by a HP 7673 Series GC injector and autosampler. Helium was used as the carrier

gas at a flow rate of 0.8 mL min−1. The 65.17 min temperature program of the GC was as follows:

isothermal hold at 60 ◦C for 1 min, temperature ramp of 3 ◦C min−1 up to 200 ◦C, isothermal hold

at 200 ◦C for 2 min, temperature ramp of 20 ◦C min−1 to 310 ◦C, and isothermal hold at 310 ◦C

for 10 min. The MS scan was performed in the m/z 50–500 range. A solvent delay time of 7.5 min

was employed. The ion source was operated at an electron energy of 70 eV. The temperatures of

both the GC inlet and detector were at 250 ◦C.

6.7.5 Materials

6.7.5.1 BEPOX synthesis

In general, an aqueous solution of 2-butene-1,4-diol (Fluka, purum, ≥ 98.0%) is reacted with H2O2

catalyzed by tungstinic acid, followed by removal of H2O and other impurities. NMR of the final

product reveals purity greater than 95% and the product is used as is.

6.7.5.2 MPAN synthesis

Methanesulfonic acid (Fluka, puriss., ≥ 99.0%) is used in place of sulfuric acid as suggested by

Williams et al. (Williams et al., 2000) to improve the purity of the product. No column purification is

carried out. Instead, the MPAN solution is purified by 20–25 successive washes with deionized water

(Millipore, 18.2 MΩ · cm). Spectra of the MPAN sample showed strong peaks at 1065, 1297, 1740,

1807 cm−1, which are associated with MPAN (Bertman and Roberts, 1991). No peaks associated

with methacrylic anhydride and methacrylic acid are observed in spectra obtained from the MPAN

sample.
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Table 6.1: High-NOx MPAN SOA Constituents.

Table S1.  High-NOx MPAN SOA Constituents

[M – H]– 

ion

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit Structurea

221 221.0661 C8H13O7
– 1.6 0.3

323 323.0979 C12H19O10
– 0.1 22.6

425 425.1290 C16H25O13
– -0.5 48.0

266 266.0507 C8H12NO9
– -0.5 32.8

368 368.0831 C12H18NO12
– 0.2 11.4

470 470.1149 C16H24NO15
– 0.3 56.3

572 572.1510 C20H30NO18
– 4.7 1.0
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249 249.0616 C9H13O8
– 0.6 2.7

351 351.0912 C13H19O11
– -1.5 46.9

453 453.1248 C17H25O14
– 0.4 63.7

263 263.0740 C10H15O8
– -2.7 4.7

365 365.1061 C14H21O11
– -2.3 54.9

467 467.1434 C18H27O14
– 3.3 23.7

311 311.0333 C8H11N2O11
– -3.0 58.9

413 413.0664 C12H17N2O14
– -1.6 71.9

a For simplicity, only one isomer is shown.
b This oligoester series involves the esterification with formic acid.

c This oligoester series involves the esterification with acetic acid.
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Table 6.2: Summary of experimental conditions for low-NOx experiments.

HCa,b

[HC]0 

(ppb)

OH       

precursor

Seed         

Aerosolc

Seed volume 

(µm3 cm-3)

RH       

(%)

SOA volume 

(µm3 cm-3)d

SOA mass          

(µg m-3)e injection order

BEPOX 9 none neutral f 4 f f BEPOX then seed

isoprene 40 H2O2 highly acidic 14.5 6 21.3 31.8 all reactants present at start

isoprene 49 H2O2 neutral 16.5 12 1.1 1.7 all reactants present at start

BEPOX 7 none highly acidic f 5 f f BEPOX then seed

3-butene-1,2-diol 100g none highly acidic f 12 f f butenediol then seed

BEPOX f none neutral 9.7 7 0.4 0.9 seed then BEPOX

BEPOX f none highly acidic 17.9 9 10.2 15.8 seed then BEPOX

butadiene 100g H2O2 highly acidic f 11 f f 2.5 hours oxidation then seed
a HC = hydrocarbon; BEPOX = 2,3-epoxy-1,4-butanediol
b Temperatures = 294-299 K.
c neutral = (NH4)2SO4; highly acidic = MgSO4 + H2SO4

d not corrected for wall loss

e corrected for wall loss, assuming density of 1.4

f not available owing to order of injection

g estimated based on amount injected
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Table 6.3: Summary of experimental conditions for high-NOx experiments.

 

HCa,b

[HC]0          

(ppb)

OH             

precursor

additional 

NOx

[NO]0       

(ppb)

[NO2]0    

(ppb) [NO2]0/[NO]0

RH    

(%)

seed            

(µm3 cm-3)

SOA volume 

(µm3 cm-3)c

SOA mass     

(µg m-3)d

methacrolein 277 HONO +NO 725 365 0.5 9 11.4 5.2 10.1

methacrolein 285 HONO +NO2 296 692 2.3 9 12.3 12.8 24.5

methacrolein 257 HONO +NO 527 407 0.8 9 12.1 8.5 14.4

MPAN e HONO none 177 260 1.5 9 7.6 66.4 118

MBO 218 H2O2 +NO+NO2 198 177 0.9 10 11.1 <2 <2

methacrylic acid 100 HONO none 313 461 1.5 9 12.3 <2 <2

isoprene 523 HONO none 312 510 1.6 9 10.8 41.7 65.2
a HC = hydrocrabon; MPAN = methacryloylperoxynitrate; MBO = 2-methyl-3-buten-2-ol
b Temperatures = 295-296 K
c not corrected for wall loss
d corrected for wall loss, assuming density of 1.4
e not measured



148

30 31 32

A
b

s
o

lu
te

 A
b

u
n

d
a

n
c
e

0 4 8 12 0 4 8 12

0 4 8 12

0 120 4 8 120 4 8 12

A

0 4 8 120 4 8 12

0 4 8 120 4 8 12

0 120 12

18 19 20 22 23 24 25 26

HO

OH

OH

B

E

C

F

G IH

Experimental Time (hours)

N
o

rm
a

liz
e

d
 C

IM
S

 S
ig

n
a

l 
(a

rb
. 
u

n
it
s
)

OOH

OH

OH

OH

OH

OH
HO

OH

50 51 52 53 54

J

Low-NOx Gas-Phase Products

Low-NOx Particle-Phase Products

GC/EI-MS Time (min)

210

K

0 1 2 3 4 5 6

L

EICs of m/z 262 EICs of 

m/z 219
EICs of 

m/z 231

EICs of 

m/z 335

EICs of m/z 215 EICs of m/z 333

GC/EI-MS Time (min)GC/EI-MS Time (min)

GC/EI-MS Time (min) UPLC/(–)ESI-TOFMS 

Time (min)

UPLC/(–)ESI-TOFMS 

Time (min)

(–)MS m/z 185 (–)MS m/z 187 (–)MS
2
 m/z 63

(–)MS
2
 m/z 183(–)MS m/z 221

OH

OH

OH

HO

OSO3
-

OH

OH

HO

OSO3

-

O

HO

OH

OHHO

HO

OH

O

HO

OH

OHHO

HO

OH

OH

O

OH

HO

O +

4 8

D (+)MS m/z 89

OH

OH

O

OH

HO

O

+

 0 4 8 120 4 8 120 4 8 12

+
O

O

+ C4H6O3
O

HO

 0 4 8 12

Figure 6.1: Comparison of important gas- and particle-phase products produced from isoprene
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Figure 6.6: GC/EI-MS mass spectra for isoprene low-NOx SOA constituents formed in the highly
acidified sulfate seed aerosol experiment chemically characterized in Fig. 6.6G–J. (A1–A2) Mass
spectra corresponding to the IEPOX compounds characterized for the first time in low-NOx isoprene
SOA. (B1–B3) Mass spectra corresponding to the three isomers of the C5-alkene triols. (C1–C2)
Mass spectra corresponding to the diasteroisomeric 2-methyltetrols. (D1) Averaged mass spectrum
corresponding to all 6 major isomers of the previously charaterized hemiacetal dimers.
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Figure 6.8: (A1–F1) Particle-phase constituents formed from the dark reactive uptake of BEPOX
in the presence of either neutral (blue lines) or highly acidic (red lines) sulfate seed aerosol. (A2–
F2) Corresponding mass spectra for each chemically characterized particle-phase constituent shown
in A1–F1. For simplicity, the mass spectra shown are only those of the most abundant isomers
(chromatographic peaks) found in the EICs of A1–F1. All particle-phase constituents shown in A1–
F1 are more abundantly formed from the uptake of the BEPOX in the presence of highly acidic sulfate
seed aerosol, which is consistent with the low-NOx isoprene SOA constituents shown in Fig. 6.6. The
particle-phase products characterized here were also observed in photooxidation of butadiene under
low-NOx conditions and in the presence of highly acidified sulfate seed aerosol. These data further
confirm the role of IEPOX in forming low-NOx isoprene SOA under acidic conditions.
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Figure 6.9: (A) GC/MS EICs of m/z 248 from 50 mg of BEPOX dissolved in 0.5 mL of 0.1 M
H2SO4 in water (green line) and a reactive uptake experiment of BEPOX in the presence of highly
acidified sulfate seed aerosol (black line). The two chromatographic peaks differ only slightly in
terms of retention time owing to the samples being analyzed by the GC/EI-MS technique on separate
days. (B) Corresponding mass spectrum for the chromatographic peak shown in A for the 50 mg
BEPOX standard dissolved in 0.5 mL of 0.1 M H2SO4 in water (green line). The mass spectrum
corresponding to the chromatographic peak shown in A for the reactive uptake experiment of BEPOX
in the presence of highly acidified sulfate seed aerosol (black line) is presented in Fig. 6.8A2. This
comparison shows that some of the BEPOX remains unreacted in the particle phase and could have
resulted there due to semi-volatile partitioning.
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allowed for the determination and verification for the presence of the latter compounds by providing
elemental composition (i.e., molecular formula) information. The elemental compositions for each
ion are denoted in red. Numbers marked above the chromatographic peaks are the retention times
for these compounds.
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Figure 6.12: UPLC/(–)ESI-TOFMS EICs associated with three major classes of oligoesters pre-
viously observed in isoprene high-NOx SOA (Surratt et al., 2006; Szmigielski et al., 2007). For
simplicity, only one structural isomer is shown in each of these EICs. These EICs were obtained
from three different experiments in which the photooxidation of the same mixing ratio of MACR was
conducted with varying levels of initial [NO2]/[NO] ratio. Increasing the initial [NO2]/[NO] ratio for
these high-NOx MACR experiments shown here results in the enhancement of both the previously
characterized high-NOx SOA constituents and the high-NOx SOA masses. These enhancements are
due to the formation and further reaction of MPAN under high-NO2 conditions.
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Chapter 7

Role of aldehyde chemistry and
NOx concentrations in secondary
organic aerosol formation∗

∗This chapter is prepared for journal submission as “Role of aldehyde chemistry and NOx concentrations in
secondary organic aerosol formation” by A. W. H. Chan, M. N. Chan, J. D. Surratt, P. S. Chhabra, C. L. Loza, J. D.
Crounse, L. D. Yee, R. C. Flagan, P. O. Wennberg, J. H. Seinfeld. Copyright 2010 by Authors.
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7.1 Abstract

Aldehydes are an important class of products from atmospheric oxidation of hydrocarbons. Isoprene

(2-methyl-1,3-butadiene), the most abundantly emitted atmospheric non-methane hydrocarbon, pro-

duces a significant amount of secondary organic aerosol (SOA) via methacrolein (a C4-unsaturated

aldehyde) under urban high-NOx conditions. Previously, we have identified peroxy methacryloyl ni-

trate (MPAN) as the important intermediate to isoprene and methacrolein SOA in this NOx regime.

Here we show that as a result of this chemistry, NO2 enhances SOA formation from methacrolein

and two other α, β-unsaturated aldehydes, specifically acrolein and crotonaldehyde, a NOx effect

on SOA formation previously unrecognized. Oligoesters of dihydroxycarboxylic acids and hydrox-

ynitrooxycarboxylic acids are observed to increase with increasing NO2/NO ratio, and previous

characterizations are confirmed by both online and offline high-resolution mass spectrometry tech-

niques. Molecular structure also determines the amount of SOA formation, as the SOA mass yields

are the highest for aldehydes that are α, β-unsaturated and contain an additional methyl group on

the α-carbon. Aerosol formation from 2-methyl-3-buten-2-ol (MBO232) is insignificant, even un-

der high-NO2 conditions, as PAN (peroxy acyl nitrate, RC(O)OONO2) formation is structurally

unfavorable. At atmospherically relevant NO2/NO ratios, the SOA yields from isoprene high-NOx

photooxidation are 3 times greater than previously measured at lower NO2/NO ratios. At suffi-

ciently high NO2 concentrations, in systems of α, β-unsaturated aldehydes, SOA formation from

subsequent oxidation of products from acyl peroxyl radicals + NO2 can exceed that from RO2 +

HO2 reactions under the same inorganic seed conditions, making RO2 + NO2 an important channel

for SOA formation.

7.2 Introduction

Organic matter is ubiquitous in atmospheric aerosols and accounts for a major fraction of partic-

ulate matter mass (Zhang et al., 2007a). Most particulate organic matter (POM) is secondary in

origin, comprising condensable oxidation products of gas-phase volatile organic compounds (VOCs)
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(Hallquist et al., 2009). Despite the importance of secondary organic aerosol (SOA), its sources and

formation processes are not fully understood. Global modeling studies predict that oxidation of

biogenic hydrocarbons dominates the global SOA burden owing to high emissions and efficient SOA

production (Chung and Seinfeld, 2002; Kanakidou et al., 2005; Henze and Seinfeld, 2006). This is

supported by observations of high levels of modern (hence biogenic) carbon in ambient particulate

organic matter, even in urban centers such as Nashville, TN, Tampa, FL, and Atlanta, GA (Lewis

et al., 2004; Lewis and Stiles, 2006; Weber et al., 2007). However, field observations have repeatedly

shown that SOA formation is highly correlated with anthropogenic tracers, such as CO and acetylene

(de Gouw et al., 2005, 2008).

A considerable body of laboratory chamber studies have investigated the dependence of SOA

yields (mass of SOA formed per mass of hydrocarbon reacted) on NOx level, which can vary greatly

between urban and remote areas. For photooxidation and ozonolysis of monoterpenes (Hatakeyama

et al., 1991; Ng et al., 2007a; Zhang et al., 2007b; Presto et al., 2005), monocyclic (Song et al., 2005;

Hurley et al., 2001; Ng et al., 2007b) and polycyclic aromatic compounds (Chan et al., 2009b), SOA

yields are larger under low-NOx conditions; for sesquiterpenes, the reverse is true (Ng et al., 2007a).

SOA formation from photooxidation of isoprene exhibits especially complex behavior depending on

the NOx level (Kroll et al., 2006). The effect of NOx level on SOA formation has generally been

attributed to the relative reaction rates of peroxy radicals (RO2) with NO and HO2 and the difference

in volatilities of the products from the respective pathways (Kroll and Seinfeld, 2008). Under high-

NOx conditions, RO2+NO dominates and leads to formation of fragmentation products or organic

nitrates, which are generally volatile (Presto et al., 2005). On the contrary, the RO2+HO2 pathway,

which is competitive only when [NO] � 1 ppb, produces less volatile hydroxyhydroperoxides and

peroxy acids, leading to higher SOA yields (Johnson et al., 2005). RO2+NO2 reactions have not

been considered as important for SOA formation due to the short lifetime of peroxy nitrates (< 1

s); the notable exceptions are acyl peroxy nitrates (PANs) and pernitric acid (PNA). As a result,

the so-called “high-NOx” yields (corresponding to urban NOx levels) have typically been measured

under high-NO conditions. For example, the overall SOA mass yield for isoprene photooxidation
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ranges from 1–5% under low-NOx conditions (Kroll et al., 2006) to 0.2–3% under high-NOx (high-

NO) conditions (Kroll et al., 2005a; Dommen et al., 2006). Owing to the large emissions of isoprene

(Guenther et al., 2006), isoprene has been estimated to be the single largest source of SOA globally

(Henze and Seinfeld, 2006; Carlton et al., 2009).

In a recent study of the mechanism of SOA formation from isoprene, it was shown that aerosol-

phase 2-methylglyceric acid (2-MG) and its oligoesters are produced from methacrolein oxidation

through the peroxy methacryloyl nitrate (MPAN) channel, as the SOA from MPAN oxidation is

similar in composition to that from high-NOx oxidation of isoprene and methacrolein (Surratt et al.,

2010). Since MPAN is formed from the reversible reaction of methacryloyl peroxy radicals with NO2,

SOA formation can be highly sensitive to the NO2 concentration, an effect of gas-phase aldehyde

chemistry that had previously not been recognized. Given the large emissions and the substan-

tial fraction of isoprene reacting under high-NOx conditions (a recent modeling study predicts that

globally up to two-thirds of isoprene reacts under high-NOx conditions (Paulot et al., 2009)), it is

essential to understand more generally how gas-phase aldehyde chemistry and both NO and NO2

affect SOA yield and composition. Here we present the results of a systematic study of the effect

of NO2/NO ratio on SOA formation from methacrolein and two other α, β-unsaturated aldehydes,

acrolein and crotonaldehyde. In addition, other structurally similar aldehydes and alcohols are stud-

ied to provide insight into the reaction mechanism and to establish the role of PAN-type compounds

as important SOA intermediates.

7.3 Experimental Section

7.3.1 Experimental protocols

Experiments were carried out in the Caltech dual 28-m3 Teflon chambers. Details of the facilities have

been described previously (Cocker et al., 2001; Keywood et al., 2004). Before each experiment, the

chambers were flushed with dried purified air for> 24 h (∼ 4–6 air changes), until the particle number

concentration < 100 cm−3 and the volume concentration < 0.1 µm3 cm−3. In all experiments,
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inorganic seed particles were injected by atomization of a 0.015 M aqueous ammonium sulfate

solution. The parent hydrocarbon was then introduced into the chamber by injecting a known

volume of the liquid hydrocarbon into a glass bulb, and the vapor was carried into the chamber with

5 L min−1 of purified air.

To study the sensitivity of aerosol yields and composition to relative concentrations of NO and

NO2, different OH precursors were used. Use of nitrous acid (HONO) and methyl nitrite (CH3ONO)

as OH precursors allows for SOA yield measurements over a wide range of NO2/NO ratios. For high

NO experiments, OH radicals were generated from photolysis of HONO. HONO was prepared by

adding 15 mL of 1 wt% aqueous NaNO2 dropwise into 30 mL of 10 wt% sulfuric acid in a glass bulb.

A stream of dry air was then passed through the bulb, sending HONO into the chamber. During

this process, NO and NO2 formed as side products and were also introduced into the chamber.

To achieve high NO2 concentrations, CH3ONO was employed as the OH precursor. CH3ONO

was vaporized into an evacuated 500 mL glass bulb and introduced into the chamber with an air

stream of 5 L min−1. The mixing ratio of CH3ONO injected was estimated to be 200–400 ppb,

based on the vapor pressure in the glass bulb measured using a capacitance manometer (MKS).

In all experiments, varying amounts of NO and NO2 were also added from gas cylinders (Scott

Marrin) both to ensure high-NOx conditions and to vary the NO2/NO ratio. For the C5 unsaturated

aldehydes and methylbutenols (MBO), only high NO2 experiments were conducted. Abbreviations,

structures, and OH rate constants (Atkinson and Arey, 2003; Magneron et al., 2002; Tuazon et al.,

2005; Fantechi et al., 1998) of the compounds studied are listed in Table 7.1, and initial conditions

of the experiments are summarized in Table 7.2.

7.3.2 Materials

The parent hydrocarbons studied and their stated purities are as follows: isoprene (Aldrich, 99%),

methacrolein (Aldrich, 95%), acrolein (Fluka, ≥99%), crotonaldehyde (Aldrich, 98%, predominantly

trans), trans-2-pentenal (Alfa Aesar, 96%), 4-pentenal (Alfa Aesar, 97%), trans-2-methyl-2-butenal

(Aldrich, 96+%), 3-methyl-2-butenal (Sigma-Aldrich, 97%), 2-methyl-3-buten-1-ol (Aldrich, 98%),
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and 2-methyl-3-buten-2-ol (Aldrich, 98%). CH3ONO was synthesized following the method described

by Taylor et al. (1980). 9 g of NaNO2 was added to a mixture of 50 mL of methanol and 25 mL of

water. 25 mL of 50 wt% sulfuric acid solution was added dropwise into the solution. The CH3ONO

vapor was carried in a small stream of ultra high purity N2 through a concentrated NaOH solution

and an anhydrous CaSO4 trap to remove any sulfuric acid and water, respectively. The CH3ONO

was then collected in a cold trap immersed in a dry ice/acetone bath (–80◦C) and stored under

liquid N2 temperature.

7.3.3 Measurements

Aerosol size distribution, number and volume concentrations were measured with a differential mo-

bility analyzer (DMA, TSI, 3081) coupled with a condensation nuclei counter (TSI, CNC-3760).

The volume concentration was corrected for particle wall loss by applying size-dependent first-order

loss coefficients, obtained in a separate seed-only experiment, using methods described in Keywood

et al. (2004). Aerosol volume concentrations are converted to mass concentrations assuming a den-

sity of 1.4 g cm−3 (Kroll et al., 2005a). Concentrations of isoprene, methacrolein, methyl vinyl

ketone (MVK), acrolein, and crotonaldehyde were monitored using a gas chromatograph with flame

ionization detector (GC/FID, Agilent 6890N), equipped with an HP-PLOT Q column (15 m × 0.53

mm ID × 30 µm thickness, J&W Scientific). For 2M2B, 3M2B, 2-pentenal, 4-pentenal, MBO231

and MBO232 experiments, the GC/FID was equipped with an HP-5 column (15 m × 0.53 mm

ID × 1.5 µm thickness, Hewlett Packard). A commercial chemiluminescence NO/NOx analyzer

(Horiba, APNA 360) was used to monitor NO and NOx. Both HONO and CH3ONO produce in-

terference on the NO2 signal from the NOx monitor. Concentrations of NO and NO2 are estimated

by photochemical modeling (see Appendix). Temperature, RH, and ozone (O3) were continuously

monitored.

A custom-modified Varian 1200 triple-quadrupole chemical ionization mass spectrometer (CIMS)

was used to continuously monitor gas-phase species over each experiment. Details of the operation

of the CIMS can be found in a number of previous reports (Crounse et al., 2006; Paulot et al.,
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2009). The CIMS was operated in negative ion mode, in which CF3O− is used as the reagent ion,

and in positive ion mode of proton transfer mass spectrometry (PTR-MS). In the negative mode,

the reagent ion CF3O− clusters with the analyte, R, forming ions at mass-to-charge ratios (m/z)

MW + 85 (R · CF3O−), or, with more acidic species, at m/z MW + 19 (HF · R−−H). In the positive

mode, positively charged water clusters, n(H2O)H+, react via proton transfer with the analyte,

R, to form the positively charged ion, R·n(H2O)· H+. In some cases, tandem mass spectrometry

(MS/MS) was used to separate isobaric compounds. In brief, the parent ions selected in the first

quadrupole undergo collision-induced dissociation (CID) in the second quadrupole. The parent ions

of isobaric compounds can exhibit different CID patterns and yield different daughter ions. Hence,

with the third quadrupole acting as a second mass filter for the daughter ions, this allows for separate

measurement of these isobaric compounds (see Supplementary Material). The significance of this

separation will be discussed in a later section.

Real-time particle mass spectra were collected continuously by an Aerodyne High Resolution

Time-of-Flight Aerosol Mass Spectrometer (DeCarlo et al., 2006; Canagaratna et al., 2007), hereby

referred to as the AMS. The AMS switched once every minute between the high resolution “W-

mode” and the lower resolution, higher sensitivity “V-mode”. The “V-mode” data were analyzed

using a fragmentation table to separate sulfate, ammonium, and organic spectra and to time-trace

specific mass-to-charge ratios. “W-mode” data were analyzed using a separate high-resolution spec-

tra toolbox known as PIKA to determine the chemical formulas contributing to distinct m/z ratios

(DeCarlo et al., 2006).

Aerosol samples were also collected on Teflon filters and analyzed by offline mass spectrometry.

Detailed sample collection and extraction protocol are described in Surratt et al. (2008). Filter

extraction using 5 mL of high-purity methanol (i.e., LC-MS Chromasolv Grade) was performed

by 45 min of sonication. The filter extracts were then analyzed by a Waters ACQUITY ultra

performance liquid chromatography (UPLC) system, coupled with a Waters LCT Premier TOF

mass spectrometer equipped with an ESI source operated in the negative (–) mode, allowing for

accurate mass measurements (i.e., determination of molecular formulas) to be obtained for each
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observed ion. Operation conditions and parameters for the UPLC/(–)ESI-TOFMS measurement

have been described by Surratt et al. (2008).

7.4 SOA Formation

The importance of isoprene as an SOA source was suggested by identification of 2-methyltetrols and

2-methylglyceric acid (2-MG) in both ambient POM (Claeys et al., 2004; Edney et al., 2005; Ion et al.,

2005; Kourtchev et al., 2005) and laboratory aerosol generated from isoprene photooxidation (Edney

et al., 2005; Surratt et al., 2006; Szmigielski et al., 2007; Kleindienst et al., 2009). Methacrolein, a

first-generation oxidation product of isoprene, has been shown to produce SOA upon further oxida-

tion (Kroll et al., 2006; Surratt et al., 2006) and has been identified as the precursor to aerosol-phase

2-MG and its corresponding oligoester products (Surratt et al., 2006; Szmigielski et al., 2007). A

recent study shows aerosol formation from methacrolein oxidation proceeds via subsequent oxida-

tion of MPAN (Surratt et al., 2010). Here we focus our attention on photooxidation of methacrolein

under high-NOx conditions to establish the effect of relative NO and NO2 concentrations on SOA

yields and composition. Acrolein, crotonaldehyde, 2-methyl-2-butenal (2M2B), 3-methyl-2-butenal

(3M2B), 2-pentenal, and 4-pentenal differ from methacrolein by one or two methyl groups, and

studying their SOA formation provides insight into the mechanism of formation of low-volatility

products. Furthermore, aerosol formation from photooxidation of 2-methyl-3-buten-2-ol (MBO232),

an atmospherically important unsaturated alcohol (Harley et al., 1998), and structurally similar

2-methyl-3-buten-1-ol (MBO231) is studied to investigate the role of PAN-like compounds in SOA

formation.

7.4.1 Methacrolein

Figures 7.1 and 7.2 show typical concentration profiles of various gas-phase species in methacrolein/

HONO (high NO) and methacrolein/CH3ONO (high NO2) photooxidation experiments, respectively.

In all experiments, NO concentrations remain above 50 ppb during SOA growth, at which condi-

tions RO2+HO2 or RO2+RO2 reactions are not competitive with those of RO2 with NO and NO2.
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Products of these reactions, such as methacrylic acid and methacrylic peracid, are not observed by

CIMS. Instead, hydroxyacetone and methacrolein nitrate, products from RO2+NO reactions, are

observed. During these experiments, RO2 and HO2 produced from methacrolein oxidation react

with NO to produce NO2, which photolyzes to form ozone. As a result, ozone concentrations reach

a maximum of up to 126 ppb. Despite relatively high levels of ozone, reaction rates of methacrolein

and peroxy methacryloyl nitrate (MPAN) with ozone are still slow compared to those with OH,

as efficient photolysis of HONO or CH3ONO leads to OH concentrations > 3 × 106 molec cm−3,

estimated from the methacrolein decay. For high-NO experiments, the initial decay of methacrolein

slows down after 5 h, consistent with the HONO signal (CIMS (–) m/z 66) approaching zero. In

these experiments, more than 70% of the inital methacrolein is consumed before SOA growth ceases.

In the high-NO2 experiments, more than 90% of the initial methacrolein is consumed before SOA

growth ceases.

Mass concentrations of SOA versus the concentration of methacrolein reacted, so-called “time-

dependent growth curves”, are shown in Fig. 7.3. As reported previously, under high-NO conditions

(with HONO as the OH precursor), when additional NO is added before irradiation, aerosol forma-

tion (mass yield of 1.9 %) from photooxidation of 277 ppb of methacrolein is suppressed (Surratt

et al., 2010). In contrast, SOA yields are higher when no additional NO is added (3.0% from 257

ppb methacrolein), and the highest when 350 ppb of additional NO2 (instead of NO) is injected

(5.2% from 285 ppb methacrolein) (Surratt et al., 2010). In all high-NO experiments, the NO2/NO

ratio remains low (< 2), owing to presence of NO impurity in HONO synthesis and production of

NO during HONO photolysis. The observed dependence of SOA yields on NO2/NO ratio is not a

result of condensation of nitric acid from OH + NO2, as the experiments were conducted under dry

(< 10% RH) conditions. In confirmation of this conclusion, addition of gas-phase nitric acid in one

experiment (09/07/31) did not lead to additional aerosol growth.

In the high-NO2 experiments, CH3ONO was used as the OH precursor and lower NO concentra-

tions are expected, owing to relatively pure CH3ONO synthesis and no net production of NO from

CH3ONO photolysis (see Appendix). Higher SOA yields are observed at higher NO2/NO ratios; cor-
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respondingly, much lower concentrations of methacrolein are required to produce the same amount

of SOA (see Fig. 7.3). Also, owing to the high concentrations of CH3ONO injected, more than 90%

of the initial methacrolein is consumed before CH3ONO is depleted. For example, when 255 ppb

of initial methacrolein is oxidized using CH3ONO as OH precursor (09/09/12), the SOA yields are

more than 5 times larger than when a similar amount of methacrolein is reacted using HONO as OH

precursor. This rules out a larger extent of reaction as the cause of the high observed SOA yields.

HO2 concentrations quantified from the pernitric acid signal on the CIMS ((–) m/z 98) and modelled

NO2 concentrations do not exceed 60 ppt in all experiments. At organic loadings between 10–20

µg m−3, SOA mass yields of methacrolein/high-NO2 and methacrolein/high-NO photooxidation are

roughly 0.19 and 0.03, respectively.

7.4.2 Acrolein and crotonaldehyde

Figures 7.4 and 7.5 show SOA growth curves for acrolein and crotonaldehyde photooxidation, re-

spectively. The SOA yields of these compounds are lower than those of methacrolein, with maximum

yields of roughly 0.08 at the highest loadings (> 100 µg m−3). These compounds exhibit a similar

dependence of SOA growth on NO2/NO ratio to that of methacrolein: SOA formation is suppressed

with addition of NO, and enhanced with addition of NO2. SOA yields are highest in the high-NO2

experiments. Oxidation products analogous to those found in the methacrolein system, such as

glycolaldehyde and hydroxynitrates, are observed in the gas phase at similar yields.

7.4.3 Other aldehydes and methylbutenols (MBO)

The growth curves for 2M2B and 3M2B photooxidation are shown in Fig. 7.6. Significant SOA

growth is observed for 2M2B (277 ppb) photooxidation under high-NO2 conditions, with mass

yields exceeding 0.35. Similar to methacrolein, 2M2B contains a methyl group in the α-position.

Interestingly, photooxidation of 3M2B under similar NOx conditions and hydrocarbon loadings (207

ppb), produces less SOA (mass yield < 0.01). 3M2B is a structural isomer of 2M2B with the methyl

group in the β-position. The trend in SOA yields between 2M2B and 3M2B is consistent with that
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observed for methacrolein and crotonaldehyde, their C4 analogs. The SOA yields from 2-pentenal,

a straight-chain α, β-unsaturated aldehyde, are higher than those from 4-pentenal, in which the

olefinic bond is not adjacent to the aldehyde group (see Fig. 7.6).

We also carried out MBO232 and MBO231 photooxidation under high-NO2 conditions. Both

MBO’s are structurally similar to isoprene and, upon high-NOx photooxidation, produce an aldehyde

(i.e., hydroxy-methylpropanal, HMPR) analogous to methacrolein. Previous results have shown that

aerosol formation from MBO232 photooxidation under high-NO conditions is low (Carrasco et al.,

2007; Chan et al., 2009a), and here we do not observe SOA growth even at high NO2/NO ratios.

Gas-phase compounds such as glycolaldehyde and HMPR are observed at yields consistent with

those published in previous product studies (Carrasco et al., 2007; Chan et al., 2009a). On the

other hand, MBO231, a structural isomer with the hydroxyl group in the 1-position, produces a

significant amount of SOA (0.8 – 4.2%) upon oxidation under high-NO2 conditions, comparable

to that of isoprene under similar conditions (see Fig. 7.6). Under high-NO conditions, no SOA is

formed. To first order, the dependence of SOA yields from MBO231 on NO2/NO ratio is consistent

with that observed in unsaturated aldehydes.

7.5 Chemical Composition of SOA

7.5.1 Offline chemical analysis

In previous work, offline chemical analysis of SOA from photooxidation of isoprene, methacrolein,

and MPAN by UPLC/(–)ESI-TOFMS has been presented (Surratt et al., 2010). The same com-

pounds are detected in the methacrolein experiments in this work under both high-NO and high-NO2

conditions, and are summarized in Table 7.3. Four series of oligoester products from 2-methylglyceric

acid (2-MG) and C4-hydroxynitrooxycarboxylic acid are identified in the SOA. The compounds in

the 2-MG oligoester series differ by 102 Da, corresponding to esterification of a 2-MG monomer

unit (Surratt et al., 2006). The accurate masses of the identified ions confirm their elemental com-

positions, and their structures are proposed based on detailed characterization by tandem MS and
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GC/MS analyses with prior trimethylsilylation (Szmigielski et al., 2007).

All ions detected by UPLC/(–)ESI-TOFMS in acrolein and crotonaldehyde SOA are listed in

the Tables 7.4 and 7.5. It is noteworthy that the identities of detected aerosol-phase products are

the same regardless of the OH precursor used. The ions detected in acrolein SOA differ from those

found in methacrolein SOA by one methyl group for every monomer unit, and those detected in

crotonaldehyde SOA have the same exact mass and elemental composition as those in methacrolein

SOA. Detected [M-H]− ions in SOA from 2M2B and 2-pentenal can also be found in Tables 7.6 and

7.7. No filter sample was collected for 3M2B owing to low aerosol loading. Aerosol-phase products of

methacrolein, acrolein, crotonaldehyde, 2M2B, and 2-pentenal are structural analogs of each other,

and the structures for the deprotonated ions are proposed based on those characterized previously

in isoprene and methacrolein SOA (Surratt et al., 2006; Szmigielski et al., 2007). Interestingly, SOA

produced from 4-pentenal is composed of entirely different products, and hence no structures are

proposed at this time. The significance of this result will be discussed in a later section.

While the identities of the detected aerosol-phase compounds are independent of the OH precur-

sor, the relative amounts vary greatly and exhibit a strong correlation with NO2/NO ratio. Figure 7.7

shows the extracted ion signals for the oligoester products detected by UPLC/(–)ESI-TOFMS in the

methacrolein high-NO experiments. The amount of identified aerosol-phase components shows the

same dependence on NO2/NO ratio as the total amount of SOA growth. In general, the abundance

of each compound decreases when NO is added and increases when NO2 is added.

7.5.2 Online AMS measurements

AMS V-mode organic spectra of SOA from high-NO2 photooxidation of isoprene and methacrolein

are shown in Fig. 7.8. The mass fragments above m/z 200 likely contain more than 5 carbon atoms,

and display a repetitive pattern, indicative of oligomer formation. In addition, 102 Da differences

between major peaks were also observed, consistent with previous AMS and LC/MS results (Surratt

et al., 2006). Elemental formulas based on accurate mass measurements are determined from high-

resolution W-mode data for a number of the major ion peaks observed, as shown in Fig. 7.9. They
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correspond to loss of an O2− group from many of the ions detected by UPLC/(–)ESI-TOFMS,

confirming their molecular identities (see Table 7.3). The agreement between online and offline

high-resolution mass spectrometry confirms that the oligoesters identified are indeed present in the

SOA, and that the observations by offline aerosol analysis are not the result of filter sampling

artifacts. AMS organic spectra of SOA from oxidation of acrolein and crotonaldehyde show similar

features, and accurate mass measurements of a number of the major peaks correspond to the products

analogous to the methacrolein system (see Tables 7.4 and 7.5).

7.6 Effect of NO2/NO Ratios on SOA Yield and Composition

The effect of NOx concentrations on SOA formation has been the subject of a number of studies

(Hatakeyama et al., 1991; Hurley et al., 2001; Presto et al., 2005; Song et al., 2005; Ng et al., 2007a;

Zhang et al., 2007b; Ng et al., 2007b; Chan et al., 2009b). For most systems, SOA yields have been

shown to be inversely correlated with NOx concentrations. Under high-NOx conditions, RO2 radicals

from hydrocarbon oxidation react primarily with NO, resulting in relatively high-volatility organic

nitrates and fragmentation products. Vapor pressure calculations show that hydroxyhydroperoxides

and carboxylic acids, which dominate the products formed from RO2+HO2 reactions, have relatively

low volatilities (Johnson et al., 2005). As a result, the “NOx effect” on SOA formation has been

described as a competition of the chemistries for RO2 between HO2 (the high-yield pathway) and NO

(the low-yield pathway), such that the ratio of HO2 to NO is critical in determining the branching

ratio between these two pathways (Kroll and Seinfeld, 2008; Henze et al., 2008). An exception to

this effect is the sesquiterpenes, for which, under high-NOx conditions, alkoxy radicals preferentially

isomerize to form low-volatility multifunctional products (Ng et al., 2007a).

Aerosol yields from isoprene photooxidation are also sensitive to HO2/NO ratios, with higher

yields measured under HO2-dominated conditions (using H2O2 as OH source) (Kroll et al., 2006)

than under NO-dominated conditions (using HONO or NOx cycling as OH source) (Kroll et al.,

2005b; Pandis et al., 1991; Dommen et al., 2006). Addition of NO also suppresses SOA growth

in low-NOx experiments, indicating that the RO2+NO pathway yields more volatile products, and
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hence less SOA (Kroll et al., 2006). However, under the experimental conditions in the present study,

RO2+HO2 reactions are not expected to be significant. Rather, the dependence of SOA yield on

the NO2/NO ratio is consistent with analysis of SOA composition, which is consistent with MPAN,

a product of the acyl peroxy radical + NO2 reaction, being the intermediate in SOA formation.

Based on the proposed mechanism shown in Fig. 7.10, the acyl peroxy radical formed from ab-

straction of the aldehydic hydrogen atom of an unsaturated aldehyde reacts with either NO or NO2.

The reversible reaction of RO2 with NO2 forms a PAN-type compound (MPAN for methacrolein),

which, in the absence of competing reactions, reaches thermal equilibrium. The irreversible reaction

of RO2 with NO leads to fragmentation into CO2 and a vinyl radical, which subsequently forms

volatile gas-phase products, such as formaldehyde and CO (Orlando et al., 1999). At [OH]= 2× 106

molec cm−3, the reaction of MPAN with OH has a rate comparable to that of thermal decomposi-

tion (Orlando et al., 2002), and leads to formation of aerosol products. Hence, the SOA formation

potential for this system depends critically on the NO2/NO ratio. High NO2/NO ratios shift the

thermal equilibrium towards the unsaturated PAN, and SOA formation increases as the fraction

of PAN reacting with OH radicals increases. At low NO2/NO ratios, acyl peroxy radicals react

predominantly with NO, leading to relatively volatile products.

Previous measurements of isoprene SOA yields under high-NOx conditions have been carried out

using photolysis of HONO (Kroll et al., 2005a) or the recycling of HOx and NOx to generate OH

(so-called classical photooxidation) (Pandis et al., 1991; Dommen et al., 2006). Low SOA yields

were observed as NO concentrations remained high during the experiments. In fact, SOA growth

occurred only after NO concentrations decreased to less than 10 ppb (Kroll et al., 2005a; Dommen

et al., 2006). It was proposed that after NO has been consumed, aerosol formation commences as

the RO2+HO2 pathway becomes competitive. However, such a mechanism is inconsistent with the

major differences in composition observed between high- and low-NOx SOA products. High-NOx

SOA from isoprene photooxidation is dominated by esterification products of C4-carboxylic acids,

whereas under low-NOx conditions, SOA is dominated by peroxides and C5-tetrols (Surratt et al.,

2006). It is more likely that the decrease in NO concentration (and increase in NO2 concentration)
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leads to a transition from an RO2+NO dominated regime to an RO2+NO2 dominated regime,

resulting in significant SOA formation via the MPAN route.

At NO2/NO ratios (between 3 and 8) higher than in previous studies (and more relevant to urban

conditions), SOA yields from isoprene are approximately 3 times larger than previously measured.

The yields even exceed those under low-NOx conditions at the same organic aerosol loadings, as

shown in Fig. 7.11. This is, in fact, consistent with observations from Kroll et al. (2006) that at very

low NOx concentrations, addition of NO actually increases SOA yield. It is likely that under very low

NO concentrations, the NO2/NO ratio increases rapidly, as NO is quickly converted to NO2. SOA

yields are therefore higher than those in the absence of NO, as RO2 (from methacrolein)+NO2 forms

SOA more efficiently than RO2 (from isoprene)+HO2. However, further increasing NO decreases the

NO2/NO ratio. RO2 (from methacrolein)+NO becomes more dominant, forms volatile products,

and leads to a decrease in SOA yield. It must be noted that the effect of RO2 radical chemistry on

SOA formation is complex and can be unique to different systems (Kroll and Seinfeld, 2008). Also,

the acidity of the inorganic seed can increase SOA yields significantly: Surratt et al. (2010) shows

that SOA yields from isoprene low-NOx photooxidation can be as high as 0.29. Detailed knowledge

of the chemical mechanism is required to predict the effect of NOx conditions on SOA production.

7.7 Role of PAN in SOA Formation

7.7.1 Unsaturated aldehydes

One can infer from the shapes of the growth curves the relative timescales of the reaction steps

of SOA formation. In all high-NO2 experiments, a greater extent of reaction is achieved than in

high-NO experiments, and SOA formation continues after the parent hydrocarbon is completely

consumed; this behavior is characterized by a vertical portion (“hook”) at the end of the SOA

growth curve. The presence of this vertical portion indicates that SOA formation results from

further reaction of first-generation products, which is the rate-limiting step in the mechanism (see

Figs. 7.3–7.5). This observation is consistent with our previous results showing that first-generation
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products of methacrolein, such as hydroxyacetone and MPAN, are themselves still volatile (Surratt

et al., 2010). SOA is instead formed from the further OH reaction of MPAN, which has a comparable

rate coefficient to that of methacrolein (Orlando et al., 2002).

Formation of dihydroxycarboxylic acids (e.g., 2-MG), hydroxynitrooxycarboxylic acids, and cor-

responding oligoesters appears to be important SOA formation pathways for the five α, β-unsaturated

aldehydes studied here (methacrolein, acrolein, crotonaldehyde, 2M2B, and 2-pentenal). All of the

SOA constituents detected by offline UPLC/(–)ESI-TOFMS in these systems are structural analogs

of each other, as confirmed by the online AMS operated in the high-resolution W-mode. Based on

similarities in SOA growth trends and composition, we expect that the formation of SOA products

proceeds via pathways similar to those elucidated in Surratt et al. (2010) (see Fig. 7.10). Although

oxidation of these aldehydes can lead to α-dicarbonyls, such as glyoxal and methylglyoxal, which can

undergo reactive uptake under humid conditions (Liggio et al., 2005; Kroll et al., 2005b; Volkamer

et al., 2009), these compounds are not expected to contribute significantly to SOA formation under

dry conditions. In addition, the AMS spectra for acrolein and crotonaldehyde SOA do not show

peaks that are characteristic of glyoxal and its oligomers, as described in Liggio et al. (2005) and

Galloway et al. (2009).

While MPAN is clearly the intermediate in SOA formation from methacrolein, the exact mecha-

nism by which MPAN leads to such aerosol-phase products as 2-MG and hydroxynitrooxycarboxylic

acids has not been established. From the oligoesters observed in the aerosol phase, it appears that the

C4 backbone of MPAN remains intact. Following OH addition to the double bond, the only known

gas-phase pathway that would preserve the carbon backbone is formation of hydroxynitrates. (Frag-

mentation of the MPAN-alkoxy radical would break up the C4 backbone and yield smaller products.)

The nitrooxy functional groups could then be hydrolyzed to hydroxyl groups (Sato, 2008) to form

2-MG and high-MW oligoesters (Route 3 in Fig. 7.10). However, gas-phase abundances of C4- (for

methacrolein and crotonaldehyde) or C5- (for 2M2B, 3M2B and 2-pentenal) hydroxynitrate-PAN,

the supposed SOA intermediate in all these systems, do not correlate with the amount of aerosol

formed. Substitution of the α-carbon atom by methyl groups (from crotonaldehyde to methacrolein,
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or from 3M2B to 2M2B) leads to an increase in the amount of SOA formed by more than a factor of

4, but no increase in gas-phase signal of the hydroxynitrate-PAN is observed (see Fig. 7.12), implying

that it is unlikely the SOA-forming channel.

Another possible mechanism is that after OH addition to the double bond in MPAN, the OH-

adduct undergoes intramolecular rearrangement before addition of O2, leading to formation of 2-MG

and oligoesters (Route 1 in Fig. 7.10). Such isomerization can be competitive with O2 addition, as

the O-O bond in the peroxy nitrate moiety is weak. In one experiment (09/12/17), the chambers

were flushed with nitrogen to lower the oxygen content to 2%, thereby slowing down addition of O2

by a factor of 10. Compared to another experiment with 21% O2 (09/12/16), no increase in aerosol

formation is observed, suggesting that SOA formation likely involves O2 addition to the MPAN-OH

adduct, though it is also possible that the intramolecular rearrangement reaction is sufficiently fast

that O2 addition is not competitive at these O2 levels.

From the trends of SOA formation observed in the unsaturated aldehyde systems, it appears that

the chemical environment of the carbon atom adjacent to the aldehyde group plays an important

role in determining the extent of SOA formation. Low-volatility oligoesters are formed only when

the α- and β-carbon atoms are unsaturated; SOA yields of 4-pentenal, for which the olefinic bond

is in the 4-position, are lower than those of 2-pentenal, and the SOA products are not analogous to

those found in SOA from α, β-unsaturated aldehydes (see Fig. 7.13). SOA formation is correlated

with the fraction of OH addition to the β-carbon atom, which forms a radical at the α site: SOA

yields of crotonaldehyde and 2-pentenal (in which OH addition to the β-carbon is favored) exceed

those of 3M2B (in which OH addition to the α-carbon is favored), even though 3M2B has an

equal or higher molecular weight. This suggests that an interaction responsible for producing low-

volatility species occurs between the peroxy nitrate functional group and the α-carbon (likely a

radical species) that our experiments are not able to precisely reveal. We hypothesize that the

peroxy radical undergoes self cyclization to form a highly reactive dioxketone intermediate, which

subsequently reacts with H2O or HNO3 heterogeneously to form the low-volatility products observed

in the SOA (see Fig. 7.10). This intermediate is likely short-lived, and further work is required to
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identify this species and its role in SOA formation.

One possible explanation for the higher SOA yields observed from methacrolein and 2M2B is

that for these compounds SOA formation is favored by steric hinderance. With an additional methyl

group on the α carbon, steric repulsion causes the methyl group to move away from the neighbouring

peroxy nitrate functional group by rotation of the C-C bond. As a result, the intramolecular reaction

leading to SOA formation can be enhanced, consistent with the relatively higher SOA yields. For

the other α, β-unsaturated aldehydes, this interaction is likely not favored, as the hydrogen atom

on the α-carbon is in plane with the peroxy nitrate group in the most stable rotational conformer

(see Fig. 7.14). The interaction between the peroxy nitrate group and the added functional group

is reduced, corresponding to lower SOA formation. Thermodynamic calculations of the relative

stabilities of the conformers are required to confirm this hypothesis.

7.7.2 Methylbutenols (MBO)

MBO232 is a biogenic hydrocarbon potentially important in forest photochemistry (Harley et al.,

1998). The SOA yields of MBO232 photooxidation have been shown to be negligible, under both

high- and low-NOx conditions (Carrasco et al., 2007; Chan et al., 2009a). In this study, SOA

formation from MBO232 photooxidation is below detection limit, even at high NO2/NO ratios

(which would favor any PAN formation). This is likely linked to the lack of PAN products from

MBO232 oxidation. The fate of the alkoxy radical formed from OH-initiated oxidation of MBO232

is shown in Fig. 7.15. Scission of the C-C bond adjacent to the tertiary carbon is favored, leading to

high yields of glycolaldehyde (> 60%). Formation of 2-hydroxymethylpropanal (2-HMPR) following

scission of the C-C bond adjacent to the primary carbon is not the favored route, and hence the yields

of 2-HMPR are relatively low (< 40%). Furthermore, OH oxidation of 2-HMPR proceeds by OH

abstraction of the aldehydic hydrogen, but owing to the neighbouring hydroxyl group, decomposition

to acetone and CO is favored over addition of O2 to form an acyl peroxy radical. Carrasco et al.

(2006) found no PAN formation from photooxidation of 2-HMPR, despite high NO2/NO ratios.

MBO231 photooxidation produces, in contrast, substantial amounts of SOA, at mass yields of
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0.8 – 4.2%. In MBO231, the hydroxyl group is in the 1-position and is not adjacent to the double

bond. Decomposition of the analogous alkoxy radical therefore proceeds by scission of the C-C bond

adjacent to the primary carbon, favoring the formation of 1-HMPR; observed HMPR (CIMS (–)m/z

173) concentrations in MBO231 photooxidation were twice as high as those in MBO232 photooxi-

dation. Also, following abstraction of the aldehydic hydrogen from 1-HMPR, addition of O2 to form

an acyl peroxy radical is favored over decomposition to CO. Under high-NO2 conditions, the acyl

peroxy radical can react with NO2 to form a C4-hydroxy-PAN (see Fig. 7.15). Tandem mass spec-

trometry was used to distinguish gas-phase C4-hydroxy-PAN from the isobaric C5 dihydroxynitrate,

both observed at (–)m/z 250 (see Supplementary Material for details). The C5 dihydroxynitrate is a

first generation oxidation product of both MBO231 and MBO232 formed from RO2+NO at 10–15%

yields (Chan et al., 2009a). In high-NO photooxidation of MBO231 and high-NO2 photooxidation

of MBO232, no C4-hydroxy-PAN was observed in the gas phase, corresponding to negligible aerosol

formation. In high-NO2 photooxidation of MBO231, C4-hydroxy-PAN is a major gas-phase product,

and SOA formation is significant. The identification of C4-hydroxy-PAN is further supported by the

ratios of ion signals of m/z 250 to m/z 251, its 13C isotopologue, which indicate that the signal at

m/z 250 was dominated by a C4 compound during MBO231 high-NO2 photooxidation, and by a C5

compound during MBO232 photooxidation. Hence, the low SOA yields from MBO232 are due to

the lack of PAN formation, illustrating the potentially important role of PAN compounds as SOA

intermediates.

7.8 Conclusions

In this work, we systematically investigate the effect of relative NO and NO2 concentrations on SOA

formation from aldehyde photooxidation under high-NOx conditions. A strong positive correlation

of SOA yields with NO2/NO ratio is observed for methacrolein (a major oxidation product of

isoprene responsible for SOA formation) and two related α, β-unsaturated aldehydes, acrolein and

crotonaldehyde. Oligoester products from dihydroxycarboxylic acids and hydroxynitrooxycarboxylic

acids are also observed to depend on NO2/NO ratio, confirming that PAN chemistry plays an
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important role in formation of these low-volatility products. Offline high-resolution aerosol mass

spectrometry reveals that analogous oligoester products are major constituents in SOA formed from

all α, β-unsaturated aldehyes studied here. By comparing SOA formation from structurally similar

aldehydes, we establish that SOA formation is favored when the α-carbon is substituted by a methyl

group and the olefinic bond is in the 2-position, such as in methacrolein and 2M2B. The experimental

data suggest that SOA formation proceeds via an intramolecular reaction involving the peroxy nitrate

functional group, following the addition of O2 to the MPAN+OH adduct. No aerosol formation is

observed from MBO232, an atmospherically important unsaturated alcohol, even at high NO2/NO

ratios, as PAN formation is structurally unfavorable.

Understanding the overall effect of NOx on SOA yields is important, as SOA yields can vary

greatly depending on NOx conditions. In most photooxidation systems, addition of OH, followed by

O2, to an olefinic bond results in formation of a hydroxyperoxy radical. The competition between

the RO2+HO2 pathway (which forms low-volatility hydroperoxides) and the RO2+NO pathway

(which forms volatile organic nitrates and fragmentation products) determines the SOA yields. In

the isoprene-high-NOx system, owing to the MPAN chemistry, aerosol formation proceeds via OH

abstraction of the aldehydic hydrogen from methacrolein. As a result, a competition exists between

the reaction of the acyl peroxy radical with NO2, leading to the formation of MPAN and SOA, and

with NO to form volatile fragmentation products. The present work shows the importance of the

RO2+NO2 pathway of unsaturated aldehyde photooxidation as a route leading to SOA formation.

This could have important implications on SOA formation from other atmospheric compounds,

especially those with conjugated double bonds. For example, photooxidation of aromatic compounds

(Calvert et al., 2002) can lead to α, β-unsaturated aldehydes, which can form significant amounts

of low-volatility products via a PAN intermediate. At atmospherically relevant NO2/NO ratios,

SOA yields from isoprene are 3.1–7.4% at organic aerosol loadings of 3–47 µg m−3; these values

are 3 times higher than those previously measured under high-NO conditions. The yields exceed

even those measured under low-NOx conditions. An implication of these results is that atmospheric

SOA formation from aldehydes may be significantly underestimated in current models, since an
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appreciable fraction of SOA is generated in areas where NO2/NO ratios are high.

Radiocarbon (14C) studies have repeatedly shown that ambient organic aerosol is dominated by

biogenic carbon, suggesting that biogenic hydrocarbons are an important source of SOA. However,

field measurements have shown that organic aerosol levels tend to be correlated with anthropogenic

tracers such as CO and acetylene. From satellite observations one can infer that while the source

of carbon in many regions is most likely biogenic, the aerosol formation from biogenic hydrocarbons

is significantly enhanced by anthropogenic activities (i.e., NOx and SOx emissions (Goldstein et al.,

2009)). The present work moves in the direction of reconciling these two seemingly contradictory

observations of biogenic carbon versus anthropogenic enhancement. Here we show that the SOA

yields from photooxidation of isoprene under atmospherically relevant NO2/NO ratios are signif-

icantly larger than those previously measured under lower NO2/NO ratios. Moreover, the SOA

yields under these conditions are larger than those under low-NOx conditions, suggesting that SOA

formation from isoprene, the most abundantly emitted non-methane biogenic hydrocarbon, can be

more efficient in urban high-NOx plumes than in remote regions.

Appendix: Photochemical modeling to estimate NO and NO2

concentrations

Owing to interference with the NO2 signal by HONO and CH3ONO in the chemiluminescence NOx

monitor, we estimate NO and NO2 concentrations during chamber experiments by photochemical

modeling. In experiments in which HONO is the source of OH, the photolysis rate of HONO is

estimated from the first-order decay of the m/z 66 signal on the CIMS, which corresponds to the

HF ·ONO− ion. The initial mixing ratio of HONO was estimated based on the decay of parent

hydrocarbon and known rate constants (Atkinson and Arey, 2003; Magneron et al., 2002). Previous

comparison to a GC/NO2 analyzer allows us to determine the HONO interference on the NO2 signal,

and hence the amount of NO and NO2 produced during HONO synthesis (Chan et al., 2009b).

The initial mixing ratio of NO2 is therefore the sum of the concentrations of NO2 impurity from
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HONO synthesis (calculated by multiplying the NO2 signal after HONO injection by a known factor)

and additional NO2 injected (the increase in NO2 signal from direct injection.) For unsaturated

aldehydes, the photochemical model includes the following reactions:

HONO + hν → OH + NO

hydrocarbon + OH → 0.5 RO2 + 0.5 R′O2

RO2 + NO → 0.9 fragmentation products + 0.9 NO2 + 0.1 RONO2

R′O2 + NO → fragmentation products + NO2

R′O2 + NO2 → MPAN

MPAN → R′O2 + NO2

RO2 denotes the peroxy radical produced by OH addition to the C=C double bond, followed by

O2. R′O2 denotes the acyl peroxy radical produced by OH abstraction of the aldehydic hydrogen,

followed by O2 addition. These two channels (OH addition and abstraction) have a branching ratio

of 1:1 for methacrolein (Tuazon and Atkinson, 1990). Other reactions involving O3, HOx, and NOx

are also included in the mechanism. For MBO231 and MBO232, the reactions described in Chan

et al. (2009a) are used. The calculated NO2/NO ratios averaged over the first 200 min of irradiation

(the period during which SOA formation occurred) are listed in Table 7.2.

For the high-NO2 experiments, CH3ONO was used as the OH precursor:

CH3ONO + hν → CH3O + NO

CH3O + O2 → HCHO + HO2

HO2 + NO → OH + NO2

The photolysis rate of CH3ONO was estimated by the first-order decay of the CH3ONO signal on

GC/FID. The initial mixing ratio of CH3ONO was determined from the measured vapor pressure

of CH3ONO in the injection bulb. The modeled decay of the hydrocarbon is consistent with that
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observed by GC/FID. FTIR analysis shows no NO or NO2 impurities are produced during CH3ONO

synthesis ([NO2] was less than 0.6% of [CH3ONO]). In the photochemical calculations, the initial

NO and NO2 concentrations are determined from the increase in NO and NO2 signals from direct

injection. The calculated NO2/NO ratios averaged over the first 100 min of irradiation are listed in

Table 7.2.
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7.9 Supplementary Material: Negative Chemical Ionization

Tandem Mass Spectrometry

Tandem mass spectrometry (MS/MS) in the negative mode of the chemical ionization mass spec-

trometer has been used in previous studies to separate isobaric compounds (Paulot et al., 2009;

Surratt et al., 2010). Details of MS/MS operation are described in Paulot et al. (2009). In brief,

the parent ions selected in the first quadrupole enter the second quadrupole, where a small flow of

nitrogen is added until the pressure reaches 2.5× 10−3 hPa. Selected parent ions undergo collision-

induced dissociation (CID), and the parent ions of isobaric compounds can exhibit different CID

patterns and yield different fragment (daughter) ions. Hence, with the third quadrupole acting as

a second mass filter for the daughter ions, this allows for separate measurement of these isobaric

compounds. For example, first-generation hydroxy-hydroperoxide and second generation epoxydiol



183

from isoprene low-NOx photooxidation both have a molecular weight of 118, and are detected as

cluster ions at m/z 203. The hydroxy-hydroperoxide, known as ISOPOOH, has a significant yield

of the daughter ion m/z 63, most likely FCO−2 , while the epoxydiol, known as IEPOX, is detected

at daughter m/z 183, representing a neutral loss of HF from the cluster ion. The individual con-

tribution to the parent ion signal can therefore be separated based on known daughter ions (Paulot

et al., 2009).

In the MBO231 and MBO232 experiments, both dihydroxynitrate and hydroxy-PAN are formed

during high-NOx photooxidation. Both compounds have molecular weights of 165, and are detected

as the cluster ion at m/z 250. During MBO231 photooxidation, significant daughter ion signals

are observed at m/z’s 62, 184, and 230. Both daughter m/z 184 and 230 are formed promptly

and the time trends of their signals correlate very well with each other, and likely arise from the

same compound. Their signals reach a maximum after 60 minutes of irradiation, and decrease

rapidly until the OH precursor is depleted (see Fig. 16 in main text). In all experiments, more OH

precursor was injected after 300 minutes of irradiation. Upon further addition of OH precursor, the

ion signals at daughter m/z’s 184 and 230 drop by more than 40%. The time trends are consistent

with the first-generation C5-dihydroxynitrate, formed from RO2 + NO. The CID likely proceeds via

the following reactions, resulting in neutral losses of HF and CF2O to form daughter m/z’s 230 and

184, respectively:

R · CF3O− + M → CF2O · R−−H (m/z 230) + HF + M

R · CF3O− + M → HF · R−−H (m/z 184) + CF2O + M

Negative m/z 230 and 184 were also observed in the single MS mode, under both high-NO and high-

NO2 conditions (observed in this work and in Chan et al. (2009a)), suggesting that the fragmentation

can also occur without induced collisions in the second quadrupole.

The daughter ion at m/z 62 displayed a distinctly different time trend: the signal increased

monotonically until the OH precursor was depleted. In high-NO photooxidation of MBO231, upon
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further addition of HONO, the signal of daughter m/z 62 increased slightly. This is characteristic of

a second-generation product formed later in the reaction mechanism. In MBO231 photooxidation,

the signal of m/z 62 was significantly lower in high-NO experiments than in high-NO2 experiments,

and was insignficant in MBO232 photooxidation. These observations are all consistent with m/z

62 being a characteristic daughter ion for the second-generation C4-hydroxy-PAN, as formation of

PAN is favored by high NO2/NO ratio. It is likely that the weak PAN functional group fragments

to form NO−3 ion (m/z 62), but the fragmentation pathway is currently unclear.
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Table 7.1: Hydrocarbons studied.

Name Structure OH rate constant, cm3 molec-1 s-1

isoprene 1  10-10 a

methacrolein 2.9  10-11 a

acrolein 2.0  10-11 b

crotonaldehyde (cis 

and trans) 3.5  10-11 b

2-methyl-2-butenal 

(2M2B)
unknown

3-methyl-2-butenal 

(3M2B) 6.2  10-11 c

2-pentenal unknown

4-pentenal unknown

2-methyl-3-buten-2-ol 

(MBO232)
unknown

2-methyl-3-buten-1-ol 

(MBO231) 3.9  10 -11 d

a Atkinson and Arey (2003)
b Magneron et al. (2002)
c Tuazon et al. (2005)
d Fantechi et al. (1998)

O

O

O

O

O

O

O
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Table 7.2: Experimental conditions and results.

Date a Compound [HC]0, OH precursor NOx addition [NO]0
b, [NO2]0

b, NO2/NOc V0
d, ∆Mo

e, SOA Yield

(YY/MM/DD) ppb ppb ppb µm3 cm−3 µg m−3

09/07/14 methacrolein 277 HONO +NO 725 365 0.5 11.4 10.1 0.019
09/07/16 methacrolein 285 HONO +NO2 296 692 1.7 12.3 24.5 0.052
09/07/19 methacrolein 257 HONO – 527 407 0.7 12.1 14.4 0.030

09/07/31f methacrolein 232 HONO +NO 653 394 0.5 11.7 13.3 0.030
09/09/12 methacrolein 255 CH3ONO +NO+NO2 222 799 10.0 13.9 276.3 0.392
09/09/15 methacrolein 67 CH3ONO +NO+NO2 164 549 5.8 14.8 39.9 0.211
09/09/17 methacrolein 20 CH3ONO +NO+NO2 170 602 3.6 16.0 10.8 0.194
09/09/19 methacrolein 48 CH3ONO +NO+NO2 167 582 4.7 13.2 28.8 0.213
09/09/21 methacrolein 32 CH3ONO +NO+NO2 176 657 4.2 14.4 22.4 0.242
09/12/16 methacrolein 32 CH3ONO +NO+NO2 243 444 2.7 13.9 6.8 0.079
09/12/17g methacrolein 32 CH3ONO +NO+NO2 233 518 2.7 16.2 6.7 0.075
09/08/08 isoprene 523 HONO – 312 510 7.7 10.8 65.2 0.044
09/09/23 isoprene 228 CH3ONO +NO+NO2 293 825 8.4 16.0 47.4 0.074
09/09/24 isoprene 94 CH3ONO +NO+NO2 271 735 5.0 14.8 16.0 0.061
09/09/25 isoprene 153 CH3ONO +NO+NO2 316 859 6.1 18.7 27.2 0.064
09/09/27 isoprene 44 CH3ONO +NO+NO2 259 715 4.0 15.8 5.2 0.042
09/09/30 isoprene 33 CH3ONO +NO+NO2 289 768 3.4 18.4 2.9 0.031
09/08/15 acrolein 676 HONO – 214 389 2.5 13.2 21.3 0.022
09/08/16 acrolein 540 HONO +NO 550 359 0.8 11.2 4.4 0.006
09/08/17 acrolein 611 HONO +NO2 233 630 2.0 13.2 9.9 0.015
09/09/28 acrolein 220 CH3ONO +NO+NO2 313 830 5.5 19.2 16.6 0.035
09/08/18 crotonaldehyde 293 HONO – 214 371 2.3 12.1 14.0 0.019
09/08/19 crotonaldehyde 297 HONO +NO 600 416 1.1 12.3 9.0 0.013
09/08/20 crotonaldehyde 361 HONO +NO2 245 625 2.6 12.2 12.9 0.017
09/09/29 crotonaldehyde 74 CH3ONO +NO+NO2 248 664 3.8 16.4 9.2 0.044
09/12/26 2-pentenal 174 CH3ONO +NO+NO2 230 548 6.7 13.9 18.1 0.03
09/12/27 4-pentenal 191 CH3ONO +NO+NO2 243 488 6.5 15.8 8.2 0.012
09/12/28 2M2B 277 CH3ONO +NO+NO2 240 706 9.3 13.8 376.7 0.391
09/12/29 3M2B 207 CH3ONO +NO+NO2 268 747 8.7 16.1 5.6 0.008
09/12/31 MBO231 589 CH3ONO +NO+NO2 308 493 13.2 16.8 87.6 0.042
10/02/22 MBO231 329 CH3ONO +NO+NO2 351 768 7.8 14.5 21.9 0.019
10/02/24 MBO231 300 HONO +NO 642 514 1.8 14.2 <2 <0.002
10/02/25 MBO231 378 CH3ONO +NO+NO2 346 793 5.5 17.5 10.7 0.008
10/01/01 MBO232 492 CH3ONO +NO+NO2 251 442 11.4 14.8 <2 <0.002
10/02/23 MBO232 388 CH3ONO +NO+NO2 345 809 8.4 17.1 <2 <0.002

a All experiments carried out at temperatures of 293–295K and RH of 9–11%
b As measured by chemiluminescence NOx monitor. Note interference on NO2 signal from HONO and CH3ONO
c Estimated by photochemical modeling (see Appendix)
d V0: volume concentration of ammonium sulfate seed
e ∆Mo: mass concentration of SOA
f Gas-phase nitric acid added during experiment
g Low O2 experiment
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Table 7.3: SOA constituents detected by UPLC/(–)ESI-TOFMS and AMS in methacrolein ex-
periments. All ions were detected in both high-NO and high-NO2 experiments, unless otherwise
noted.

[M – H]– a

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit

# of 2-MG 

Monomer 

Units (n) Structure [M – OH]+ b

AMS 

Suggested 

Ion Formula c

1 103 C4H7O3
+

221 221.0661 C8H13O7
– 1.6 0.3 2 205 C8H13O6

+

323 323.0979 C12H19O10
– 0.1 22.6 3 d --

425 425.1290 C16H25O13
– -0.5 48.0 4 d --

527 e 527.1609 C20H31O16
– -0.3 3.7 5 d --

266 266.0507 C8H12NO9
– -0.5 32.8 1 d --

368 368.0831 C12H18NO12
– 0.2 11.4 2 d --

470 470.1149 C16H24NO15
– 0.3 56.3 3 d --

572 572.1510 C20H30NO18
– 4.7 1.0 4 d --

1 131 C5H7O4
+ g

249 249.0616 C9H13O8
– 0.6 2.7 2 233 C9H13O7

+

351 351.0912 C13H19O11
– -1.5 46.9 3 d --

453 453.1248 C17H25O14
– 0.4 63.7 4 d --

555 e 555.1610 C21H31O17
– 4.9 3.0 5 d --

1 145 C6H9O4
+

263 263.0740 C10H15O8
– -2.7 4.7 2 247 C10H15O7

+

365 365.1061 C14H21O11
– -2.3 54.9 3 d --

467 467.1434 C18H27O14
– 3.3 23.7 4 d --

569 569.1711 C18H27O14
– -0.7 20.0 5 d --

311 311.0333 C8H11N2O11
– -3.0 58.9 0 d --

413 413.0664 C12H17N2O14
– -1.6 71.9 1 d --

515 e 515.1039 C16H23N2O17
– 4.2 3.6 2 d --

Other 

Oligoesters 458 e 458.0558 C12H16N3O16
– 2.7 3.3 n/a d --

a Observed by UPLC/(-)ESI-TOFMS

b Observed by AMS V mode
c Suggested by AMS high-resolution W mode
d Not observed by AMS, most likely due to fragmentation of nitrate group, or below detection limit
e Detected in high-NO2 experiments only
f This oligoester series involves the esterification with formic acid.

g C6H11O3
+ also detected

h This oligoester series involves the esterification with acetic acid.

Oligoester 

Series 4h

Oligoester 

Series 5

Oligoester 

Series 1

Oligoester 

Series 2

Oligoester 

Series 3f

not detected

not detected

not detected

HO

O

OH

O

O
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n-1

H
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Table 7.4: SOA constituents detected by UPLC/(–)ESI-TOFMS and AMS in acrolein/high-NO2

experiments.

[M – H]– a

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit

# of Acid 

Monomer 

Units (n) Structure [M – OH]+ b

AMS 

Suggested 

Ion Formula c

105 105.0199 C3H5O4
– 1.1 2.1 1 89 C3H5O3

+

193 193.0341 C6H9O7
- -0.7 3.9 2 177 C6H9O6

+

281 281.0493 C9H13O10
- -1.6 42.9 3 d --

369 369.0697 C12H17O13
- 2.8 8.5 4 d --

457 457.0860 C15H21O16
- 3.0 95.9 5 d --

238 238.0172 C6H8NO9
- -2.7 8.7 1 d --

326 326.0359 C9H12NO12
- 1.6 23.8 2 d --

414 414.0539 C12H16NO15
- 1.9 51.7 3 d --

502 502.0673 C15H20NO18
- -0.7 8.8 4 d --

590 590.0826 C18H24NO21
- -1.5 21.4 5 d --

678 678.1011 C21H28NO24
- 1.0 12.1 6 d --

766 766.1182 C24H32NO27
- -3.8 16.7 7 d --

854 854.1367 C27H36NO30
- 4.5 7.9 8 d --

133 133.0142 C4H5O5
- 0.5 5.4 1 117 C4H5O4

+

221 221.0283 C7H9O8
- -1.4 30.1 2 d --

309 309.0453 C10H13O11
- -1.9 0.1 3 d --

397 397.0617 C13H17O14
- -0.1 11.4 4 d --

485 485.0775 C16H21O17
- -0.4 55.5 5 d --

147 147.0313 C5H7O5
- -0.9 2.3 1 131 C5H7O4

+

235 235.0457 C8H11O8
- -0.7 1.8 2 219 C8H11O7

+

323 323.0627 C11H15O11
- 1.3 14.4 3 d --

411 411.0823 C14H19O14
- 4.8 12.6 4 d --

499 499.0945 C17H23O17
- 1.0 42.9 5 d --

587 587.1115 C20H27O20
- 1.9 2.1 6 d --

675 675.1276 C23H31O23
- 2.0 4.0 7 d --

763 763.1435 C26H35O26
- 1.8 2.3 8 d --

851 851.1621 C29H39O29
- 4.4 6.4 9 d --

283 283.0031 C6H7N2O11
– -1.9 12.2 n/a d --

a Observed by UPLC/(-)ESI-TOFMS
b Observed by AMS V mode
c Suggested by AMS high-resolution W mode
d Not observed by AMS, most likely due to fragmentation of nitrate group, or below detection limit
e This oligoester series involves the esterification with formic acid.
f This oligoester series involves the esterification with acetic acid.
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Table 7.5: SOA constituents detected by UPLC/(–)ESI-TOFMS and AMS in crotonaldehyde/high-
NO2 experiments.

[M – H]– a

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit

# of Acid 

Monomer 

Units (n) Structure [M – OH]+ b

AMS 

Suggested 

Ion Formula c

119 119.0342 C4H7O4
- -0.2 1.7 1 103 C4H7O3

+

221 221.0657 C8H13O7
– -0.4 18.6 2 205 C8H13O6

+

266 266.0484 C8H12NO9
– 1.3 22.5 1 d --

368 368.0819 C12H18NO12
– -1.0 30.3 2 d --

470 470.1104 C16H24NO15
– -3.4 34.9 3 d --

572 572.1486 C20H30NO18
– 2.3 5.1 4 d --

674 674.1761 C24H36NO21
- -1.9 10.7 5 d --

776 776.2100 C28H42O24
- 0.3 10.6 6 d --

878 878.2444 C32O48NO27
- 3.0 12.1 7 d --

1 131 C5H7O4
+

249 249.06 C9H13O8
– -1.0 1.4 2 233 C9H13O7

+

351 351.0937 C13H19O11
– 1.3 1.4 3 d --

453 453.1255 C17H25O14
– 1.1 2.6 4 d --

555 555.1592 C21H31O17
– 3.1 1.5 5 d --

657 657.1909 C25H37O20
– 3.1 0.6 6 d --

161 161.0461 C6H9O5
– 0.4 2.2 1 145 C6H9O4

+

263 263.0754 C10H15O8
– -2.1 7.5 2 d --

365 365.1087 C14H21O11
– 1.5 15 3 d --

467 467.1401 C18H27O14
– -4.1 5.7 4 d --

569 569.1672 C22H33O17
– -4.6 20.6 5 d --

671 671.2040 C26H39O20
– 0.5 0.6 6 d --

Oligoester 

Series 5

a Observed by UPLC/(-)ESI-TOFMS
b Observed by AMS V mode
c Suggested by AMS high-resolution W mode
d Not observed by AMS, most likely due to fragmentation of nitrate group, or below detection limit
e This oligoester series involves the esterification with formic acid.
f This oligoester series involves the esterification with acetic acid.
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not detected
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Table 7.6: SOA constituents detected by UPLC/(–)ESI-TOFMS in 2M2B/high-NO2 experiments.

[M – H]–

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit

# of Acid 

Monomer 

Units (n) Structure

133 133.0509 C5H9O4
– 0.8 11.5 1

249 249.0983 C10H17O7
- 0.6 18.0 2

365 365.1466 C15H25O10
- 1.8 16.3 3

481 481.1909 C20H33O13
- -1.2 64.5 4

294 294.0819 C10H16NO9
- -0.6 90.8 1

410 410.1299 C15H24NO12
- -3.8 12.2 2

526 526.1761 C20H32NO15
- -1.1 3.2 3

641 642.2224 C25H40NO18
- -2.1 27.0 4

1

277 277.0919 C11H17O8
- -0.4 20.5 2

393 393.1385 C16H27O11
- -1.2 25.8 3

509 509.1856 C21H33O14
- -1.4 3.1 4

1

291 291.1083 C12H19O8
- 0.3 56.5 2

407 407.1536 C17H27O11
- -1.7 5.0 3

523 523.2034 C22H35O14
- 0.7 18.1 4

Oligoester 

Series 5

a This oligoester series involves the esterification with formic acid.
b This oligoester series involves the esterification with acetic acid.

Oligoester 

Series 4b

not detected

not detected

not detected

Oligoester 

Series 1
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Table 7.7: SOA constituents detected by UPLC/(–)ESI-TOFMS in 2-pentenal/high-NO2 experi-
ments.

[M – H]–

UPLC/ESI-

TOFMS 

Measured 

Mass

TOFMS 

Suggested    

Ion Formula

Error 

(mDa) i-Fit

# of Acid 

Monomer 

Units (n) Structure

133 133.0499 C5H9O4
– -0.2 1.1 1

249 249.0992 C10H17O7
- 1.8 12.7 2

365 365.1447 C15H25O10
- -0.1 9.4 3

294 294.0839 C10H16NO9
- 1.4 5.2 1

410 410.1311 C15H24NO12
- 1.2 1.9 2

526 526.1762 C20H32NO15
- -1.0 5.9 3

641 642.2251 C25H40NO18
- 0.6 24.3 4

1

277 277.0922 C11H17O8
- -0.1 12.5 2

393 393.1411 C16H27O11
- 1.4 14.0 3

1

291 291.1080 C12H19O8
- 0.0 18.5 2

407 407.1555 C17H27O11
- 0.2 10.5 3

523 523.2032 C22H35O14
- 0.5 11.5 4

Oligoester 

Series 5

a This oligoester series involves the esterification with formic acid.
b This oligoester series involves the esterification with acetic acid.

Oligoester 

Series 4b

not detected

not detected

Oligoester 

Series 1
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Series 2

Oligoester 

Series 3a

not detected
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Figure 7.1: Concentration profiles of gas-phase species during a typical methacrolein/high-NO
experiment (7/16). In this experiment, additional NO2 was injected prior to irradiation. Concen-
trations of NO and NO2 shown here are calculated from a photochemical model (see Appendix).
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Figure 7.2: Concentration profiles of gas-phase species during a typical methacrolein/high-NO2

experiment (9/15). Additional NO (100 ppb) and NO2 (200 ppb) were injected prior to irradia-
tion. Concentrations of NO and NO2 shown here are calculated from a photochemical model (see
Appendix). As a result of the higher OH concentrations from CH3ONO than from HONO, more
methacrolein was reacted and the concentrations of methacrolein nitrate relative to those of hydrox-
yacetone were lower than those in high-NO experiments, owing to a more rapid consumption by
OH.
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are computed from photochemical modeling (see Appendix). In the high-NO experiments (NO2/NO
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amounts of NO or NO2. In the high-NO2 experiment, (black triangles), CH3ONO was used as the
OH precursor.
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methacrolein photooxidation, NO2/NO ratios are computed from photochemical modeling (see Ap-
pendix). In the high-NO experiments (NO2/NO < 3), HONO was used as the OH precursor, and
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as the OH precursor.
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in methacrolein/high-NO2 experiments. Knowledge of the accurate masses allow assignments of
molecular formulas, corresponding to the loss of O2− groups from compounds detected by offline
analysis, suggesting that detection of compounds listed in Table 7.3 is not a result of sampling
artifacts. m/z 131 contains two different ions, only one of which is consistent with compounds
detected by offline UPLC/(–)ESI-TOFMS analysis.



209

OH/O2
O

R2 O O

NO

O

R2 O R2

+ CO2

NO2

-NO2

O

R2
OONO2

O2NO

or

oligoesters

-H2O

O

R2

R1 R1

R1 R1

O

R2 OONO2

R1 R1

OH

O

R2
OHHO

R1

OH

O

R2
OHO2NO

R1

OH

volatile gas-phase products

favored under low NO2/NO

favored under high NO2/NO

SOA

OH O

R2 OONO2

R1

OH
O2 O

R2 OONO2

R1

OH

O
O

NO

1

2

3
O

R2 O

R1

OH

O

+ O2 + NO2

H2O or 

HNO3

Figure 7.10: Proposed mechanism to form aerosol-phase products from α, β-unsaturated aldehy-
des. The pathways highlighted in red are favored under high NO2/NO ratios and lead to aerosol
formation. The pathways highlighted in blue are favored under low NO2/NO ratios and lead to
fragmentation into volatile products. Aerosol formation from OH-reaction of unsaturated PANs can
proceed via 3 possible routes (routes 1–3), and detailed investigation of each route is discussed in
the main text.



210

0.08

0.06

0.04

0.02

0.00

S
O

A
 M

as
s 

Y
ie

ld

403020100

 isoprene, high NO (Kroll et al., 2005)
 isoprene, high NO2
 methacrolein, high NO2 (x0.25)
 isoprene, low NOx (Kroll et al., 2006)

Mo, µg m-3

Figure 7.11: SOA mass yields from isoprene photooxidation under neutral seed conditions as a
function of organic loading. The solid markers indicate SOA yields measured in this study, using
CH3ONO as the OH precursor under high NO2/NO ratios (between 3 and 8). The SOA yields
for methacrolein (solid red triangles) have been multiplied by 0.25 to account for the gas-phase
product yield of methacrolein from isoprene high-NOx oxidation. The SOA yields measured under
high-NO2/NO conditions are higher than both high-NO (open red circles) and low-NOx conditions
(open blue circles) under neutral seed conditions. With an acidified seed, SOA yields can be as high
as 0.29 (Surratt et al., 2010).



211

40

30

20

10

0

S
O

A
 m

a
s
s
 c

o
n

c
, 
µ

g
 m

-3

3002001000

Time, min

O

OONO2HO

O2NO

1.0

0.8

0.6

0.4

0.2

0.0

C
o

n
c
e

n
tr

a
ti
o

n
, 
p

p
b

3002001000

Time, min

O

OONO2HO

O2NO

(a) CIMS m/z 311

(b) SOA

methacrolein

photooxidation

crotonaldehyde

photooxidation

Figure 7.12: Time trends of (a) gas-phase CIMS m/z 311 and (b) SOA growth during high-
NO2 photooxidation of methacrolein (red) and crotonaldehyde (purple). m/z 311 corresponds to
the unit mass of CF3O− adduct of C4-hydroxynitrate-PAN. The observed gas-phase signals of C4-
hydroxynitrate-PAN in both experiments are within 20% of each other, but the amount of SOA
formed from methacrolein photooxidation is about a factor of 4 higher. A similar difference was
observed between 2M2B and 3M2B photooxidation. This suggests that C4- and C5-hydroxynitrate-
PANs are not precursors to low-volatility aerosol-phase products.



212

40000

30000

20000

10000

0

86420

30000

20000

10000

0

86420

200000

150000

100000

50000

0

8642

40000

30000

20000

10000

0

8642

T
o

ta
l 
Io

n
 S

ig
n

a
l,
 a

rb
. 
u

n
it
s

Retention Time, min

O

O

O

O(d)

(c)

(b)

(a)
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elemental composition of detected [M-H]− ions are listed in Tables 7.5 to 7.7. Compounds detected
in crotonaldehyde, 2M2B, and 2-pentenal SOA are likely similar. (SOA products from C5 2M2B and
2-pentenal are less polar than those from crotonaldehyde, a C4 compound, and therefore have longer
retention times in reverse-phase chromatography.) The chemical composition of 4-pentenal SOA is
significantly different from those all 3 other aldehydes, and no oligoester products are detected,
suggesting a different SOA formation mechanism.
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Figure 7.14: Rotational conformers of hypothesized SOA intermediate in methacrolein and cro-
tonaldehyde mechanism. For methacrolein, the methyl group on the α-carbon presents significant
steric hinderance, which favors the conformer M2. This increases the interaction between the peroxy
radical and the peroxy nitrate group, leading to significant SOA formation. For crotonaldehyde, the
hydrogen atom presents much smaller steric hinderance, favoring the conformer C2. As a result,
the peroxy radical is out of plane with the PAN group, and the reaction to form SOA can be less
favorable.
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Figure 7.15: Mechanism of MBO231 and MBO232 photooxidation under high-NOx conditions.
The dashed lines indicate possible locations of C-C bond scission under decomposition of alkoxy
radicals. For MBO232, 2-HMPR formation is relatively small, as scission of the C-C bond with
the 4-carbon is not favored. In addition, the acyl radical from H-abstraction of 2-HMPR rapidly
decomposes to CO and acetone. As a result, PAN formation is unlikely. For MBO231, 1-HMPR
formation is favored from the decomposition of the alkoxy radical. Furthermore, OH reaction of
1-HMPR leads to an acyl peroxy radical, which reacts with NO2 to form a C4-hydroxy-PAN.
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Figure 7.16: Gas-phase ion signals of C4-hydroxy-PAN and C5-dihydroxynitrate from photooxida-
tion of MBO231 and MBO232, as observed by negative chemical ionization-tandem mass spectrom-
etry of m/z 250. Neutral losses of HF or CF2O are associated with the C5-dihydroxynitrate under
CID of the parent ion m/z 250, leading to daugher ions of 230 and 184, respectively. The daughter
ion m/z 62, most likely NO−3 , is associated with the C4-hydroxy-PAN. (See Supplementary Material
for more details.) After 300 minutes of irradiation, more OH precursor was added to further react
oxidation products. PAN formation was observed only from MBO231 oxidation and is positively
correlated with NO2/NO, similar to unsaturated aldehydes.



216

Chapter 8

Conclusions
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SOA formation arising from hydrocarbon oxidation is a complex and dynamic process. In this

thesis, a combination of modeling and experimental work is used to study the oxidation reactions

of volatile hydrocarbons leading to low-volatility products, as knowledge of these reactions is key to

extrapolating experimental findings to understanding ambient aerosol formation.

In Chapters 2 and 3, the current equilibrium partitioning model is extended to include gas- and

particle-phase reactions and to establish a kinetic framework for atmospheric SOA models. Using

a simplified kinetic model, we illustrate the importance of conducting experiments under relevant

kinetic conditions. For example, the induction period associated with subsaturation of semivolatile

species can lead to systematic underprediction of SOA yields, as a result of reactive loss in the gas

phase. Model predictions are qualitatively consistent with the observed effects of kinetic parameters,

such as oxidation rate, preexisting seed particles, and extent of reaction. Distinguishing between

reaction mechanisms that lead to similar overall SOA growth behavior requires detailed chemical

measurements of gas- and aerosol-phase species, and studies of SOA formation need to be conducted

under atmospherically relevant kinetic and equilibrium conditions.

To be able to accurately model ambient SOA formation, the potential sources of SOA also need

to be better characterized. While it is shown in Chapter 4 that photooxidation of 2-methyl-3-

buten-2-ol (MBO) does not produce significant amounts of aerosol, low-volatility precursors, such

as PAHs, can be further oxidized in the gas phase, leading to even more aerosol formation (see

Chapter 5). Upon photooxidation, naphthalene and other 2-ring PAHs produce aerosol at substantial

mass yields. SOA formation is highly dependent on NOx conditions, as lower yields and higher

volatilities of SOA are observed for high-NOx photooxidation. This is linked to the ring-opening

fragmentation reactions which dominate the fate of peroxy radicals, resulting in greater formation of

relatively volatile products as observed by gas-phase mass spectrometry. Together with n-alkanes,

PAHs are estimated to account for a substantial fraction of SOA formed from oxidation of diesel

exhaust and wood burning emissions. To properly account for SOA formation from anthropogenic

sources, photooxidation of low-volatility precursors, such as PAH and n-alkanes, should therefore be

included in atmospheric SOA models, likely increasing the amount of predicted anthropogenic SOA
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significantly. Other low-volatility precursors, such as aliphatic aldehydes and large olefins, could also

be an important source of SOA, and further study is required to evaluate their potential to form

SOA. Better characterization of the emissions of these compounds is also required, as they could

potentially contribute a large fraction of SOA.

In this thesis, the processes involved in SOA formation are also studied in detail. In particular,

the effect of seed acidity and NOx can dramatically influence the product distribution observed

from hydrocarbon oxidation. In Chapter 6, under low-NOx conditions, the mechanism by which

seed acidity promotes SOA growth is revealed to be acid catalysis of ring-opening reactions of

epoxydiols, leading to low-volatility products such as 2-methyltetrols and organosulfates. Under

high-NOx conditions, SOA formation from isoprene proceeds through the MPAN channel. Further

oxidation of methacrolein, a first-generation product from isoprene high-NOx photooxidation, leads

to methacryloyl peroxy radicals, which subsequently reacts with NO2 to form MPAN. Oxidation of

MPAN leads to low-volatility acids, nitrates, and oligoesters observed in isoprene high-NOx SOA.

In Chapter 7, the implications of aldehyde chemistry and the “NOx effect” on SOA yields are

further explored. It is revealed that the molecular structure of isoprene and methacrolein is conducive

to formation of low-volatility products, as the conjugated double bonds and the additional methyl

group favor the chemistry to form SOA. In most photooxidation systems, there exists a competition

between the RO2+HO2 pathway (which leads to relatively high SOA yields) and the RO2+NO

pathway (which forms more volatile products) that determines SOA yields. In the isoprene-high-

NOx system, owing to the MPAN chemistry, the present work shows the importance of the RO2+NO2

pathway of unsaturated aldehyde photooxidation as a route leading to SOA formation. In Chapters 4

and 7, MBO, a C5 unsaturated alcohol, is found not to be a significant source of SOA, which can be

explained by relatively low glyoxal and PAN yields from high-NOx photooxidation. Under low-NOx

conditions, the low SOA yields from MBO are consistent with the lack of a second double bond to

further functionalize the carbon backbone, leading to relatively volatile oxidation products.

The chemistry elucidated in this thesis has important implications on SOA formation from other

atmospheric compounds, especially those with conjugated double bonds. For example, photooxi-
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dation of aromatic compounds can lead to α, β-unsaturated aldehydes, which can form substantial

amounts of low-volatility products via a PAN intermediate. At atmospherically relevant NO2/NO

ratios, SOA yields from isoprene can be up to 3 times higher than those previously measured under

high-NO conditions. The yields exceed even those measured under low-NOx conditions. Atmo-

spheric SOA formation from aldehydes may therefore be significantly underestimated in current

models, since an appreciable fraction of SOA is generated in areas where NO2/NO ratios are high.

Further work is required to quantitatively establish the dependence of SOA yields on relative con-

centrations of NO, NO2, and HO2 such that the effects of oxidation chemistry can be properly

represented in atmospheric models.
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Appendix A

Secondary organic aerosol
formation from m-xylene, toluene,
and benzene∗

∗Reproduced with permission from “Secondary organic aerosol formation from m-xylene, toluene, and benzene”
by N. L. Ng, J. H. Kroll, A. W. H. Chan, P. S. Chhabra, R. C. Flagan, and J. H. Seinfeld, Atmospheric Chemistry
and Physics, 7 (14), 3909–3922, 2007. Copyright 2007 by Authors. This work is licensed under a Creative Commons
License.
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Abstract. Secondary organic aerosol (SOA) formation from
the photooxidation of m-xylene, toluene, and benzene is in-
vestigated in the Caltech environmental chambers. Exper-
iments are performed under two limiting NOx conditions;
under high-NOx conditions the peroxy radicals (RO2) react
only with NO, while under low-NOx conditions they react
only with HO2. For all three aromatics studied (m-xylene,
toluene, and benzene), the SOA yields (defined as the ra-
tio of the mass of organic aerosol formed to the mass of
parent hydrocarbon reacted) under low-NOx conditions sub-
stantially exceed those under high-NOx conditions, suggest-
ing the importance of peroxy radical chemistry in SOA for-
mation. Under low-NOx conditions, the SOA yields for m-
xylene, toluene, and benzene are constant (36%, 30%, and
37%, respectively), indicating that the SOA formed is effec-
tively nonvolatile under the range of Mo(>10µgm−3) stud-
ied. Under high-NOx conditions, aerosol growth occurs es-
sentially immediately, even when NO concentration is high.
The SOA yield curves exhibit behavior similar to that ob-
served by Odum et al. (1996, 1997a, b), although the values
are somewhat higher than in the earlier study. The yields
measured under high-NOx conditions are higher than previ-
ous measurements, suggesting a “rate effect” in SOA forma-
tion, in which SOA yields are higher when the oxidation rate
is faster. Experiments carried out in the presence of acidic
seed aerosol reveal no change of SOA yields from the aro-
matics as compared with those using neutral seed aerosol.

1 Introduction

Aromatic hydrocarbons contribute an important fraction
(∼20–30%) of total volatile organic compounds in the urban
atmosphere (Calvert et al., 2002). Atmospheric oxidation of

Correspondence to: J. H. Seinfeld
(seinfeld@caltech.edu)

aromatic hydrocarbons leads to the production of ozone as
well as low-volatility species which then partition into the
condensed phase, forming secondary organic aerosol (SOA).
The anthropogenic contribution to global SOA formation

is currently estimated to be small, roughly about 10% (Tsi-
garidis and Kanakidou, 2003). Ambient measurements sug-
gest that SOA formation in the atmosphere is higher than that
predicted by current models (Heald et al., 2005, 2006; de
Gouw et al., 2005; Volkamer et al., 2006). In addition, it
has been suggested that SOA formation from anthropogenic
sources is substantially higher than currently thought (de
Gouw et al., 2005; Volkamer et al., 2006).
Gas-phase chemistry of aromatic hydrocarbons is domi-

nated by reaction with the OH radical (Calvert et al., 2002).
Despite considerable study of the oxidation chemistry of aro-
matic hydrocarbons, the basic underlying mechanisms of
SOA formation and growth from aromatic precursors re-
main poorly understood. There have been few studies on the
molecular composition of SOA from aromatic hydrocarbons
(Forstner et al., 1997; Jang and Kamens, 2001; Kleindienst et
al., 2004). The carbon balance is poorly constrained; gener-
ally, only about 50% of the reacted carbon has been identified
as products (Calvert et al., 2002).
SOA formation from individual precursors is typically

studied in laboratory chamber experiments. Aerosol yields
from the photooxidation of aromatic hydrocarbons have been
shown to be highly sensitive to the NOx level (Hurley et al.,
2001; Johnson et al., 2004, 2005; Song et al., 2005); gen-
erally, a higher SOA yield is observed under low-NOx con-
ditions. This general dependence of SOA formation on the
NOx level has been proposed to be the result of differences
in concentrations of different oxidants (OH, O3, and NO3)
(Hurley et al., 2001), or in changes in peroxy radical chem-
istry (Hatakeyama et al., 1991; Johnson et al., 2004, 2005;
Presto et al., 2005; Kroll et al., 2006). In addition, particle-
phase reactions have been found to be important processes in
SOA formation (Kalberer et al., 2004; Gao et al., 2004a, b;
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Tolocka et al., 2004), and the presence of sulfuric acid seed
has been shown to lead to increased SOA yields in a number
of systems (Jang et al., 2002; Iinuma et al., 2004; Gao et al.,
2004a, b; Edney et al., 2005). Odum et al. (1996, 1997a, b)
performed an extensive study on aromatic SOA formation.
In light of the recent findings on the NOx dependence and
effect of seed aerosol acidity on SOA yields, it is important
that SOA formation from aromatics be restudied to establish
fully the NOx dependence and effect of particle acidity on
SOA formation.
Most chamber experiments of SOA formation by aromat-

ics involve the irradiation of aromatic/NOx mixtures (Izumi
and Fukuyama, 1990; Odum et al., 1996, 1997a, b; Hurley et
al., 2001; Johnson et al., 2004; Song et al., 2005). In these
classical photooxidation experiments, the NO and NO2 con-
centrations (hence NO/NO2 ratio) constantly change, making
it difficult to isolate the effect of NOx on SOA formation. For
example, the decreasing NO concentration over the course of
the experiment may lead to a switch from “high-NOx” condi-
tions to “low-NOx” conditions for the peroxy radical chem-
istry (Johnson et al., 2004). Another potential complication
in interpreting SOA data is that a delay in aerosol forma-
tion from the onset of photooxidation has been frequently
observed in aromatic systems; in particular, aerosol does not
form until the concentration of NO approaches zero. When
extrapolating to urban areas where the NOx level is usually
high, this would suggest that aromatics (and other hydrocar-
bons) do not produce SOA in the atmosphere. The observa-
tion that SOA does not form until [NO] approaches zero is
not universal, however; in a study of toluene photooxidation
by Stroud et al. (2004), aerosol growth is observed even at
NO concentrations of 1–3 ppm. Thus the NOx dependence
of SOA yields, which is a crucial parameter for atmospheric
modeling, is very poorly understood.
In this work, SOA formation from the photooxidation of

m-xylene, toluene, and benzene is investigated. A main goal
of this study is to establish the NOx dependence of SOA for-
mation for these aromatic hydrocarbons. In the experiments,
SOA formation under two NOx conditions is studied: (1)
high-NOx experiments in which HONO is used as the OH
precursor and the NOx level at the inception of photooxi-
dation is ∼1 ppm; and (2) low-NOx experiments in which
H2O2 is used as the OH precursor and no NOx is introduced
into the chambers. The background NOx concentration is
<1 ppb, which is within the uncertainty of the NOx moni-
tor. By performing experiments at these extreme NOx lim-
its, the oxidation conditions (initiating oxidant and fate of
peroxy radicals) can be maintained relatively constant over
the course of the experiment, allowing for the evaluation of
the effect of NOx level on SOA formation. Additionally, the
effect of seed aerosol acidity on SOA formation is studied
under both high- and low-NOx conditions. The SOA yield
parameters obtained at the two NOx limits allow one to pa-
rameterize the NOx dependence of SOA formation for use in
atmospheric models (Presto et al., 2006).

2 Experimental section

Experiments are performed in Caltech’s indoor, dual 28m3
Teflon environmental chambers. Details of the facilities
have been given elsewhere (Cocker et al., 2001; Keywood
et al., 2004). Before each experiment, the chambers are
flushed continuously with dry purified air for ∼24 h. Each
chamber has a dedicated Differential Mobility Analyzer
(DMA, TSI model 3081) coupled with a condensation nu-
cleus counter (TSI model 3760) for measuring aerosol size
distribution, number concentration, and volume concentra-
tion. All aerosol growth data are corrected for wall loss, in
which size-dependent coefficients determined from inert par-
ticle wall loss experiments are applied to the aerosol volume
data (Keywood et al., 2004). Generally, the wall loss coef-
ficients range from 10−4 to 10−2 particlesmin−1. Tempera-
ture, relative humidity (RH), O3, NO, and NOx are continu-
ously monitored. Half of the available black lights are used
in the experiments. The initial temperature of the chamber
is ∼20◦ C. Heating from the lights leads to a temperature
increase of approximately 5◦ C inside the chamber over the
course of the experiment. The analytical instruments are lo-
cated outside the chamber enclosure and are at the tempera-
ture of the surrounding room (∼20–22◦ C). The air may cool
slightly as it is sampled from the chamber into the instru-
ments, and the measured aerosol likely corresponds to the
gas-particle partitioning at the temperature of the instruments
rather than the chamber enclosure. Such small temperature
differences are unlikely to affect results significantly.
Seed particles are introduced into the chamber to act as a

substrate onto which the gas-phase products may condense.
In an earlier work, we have shown that without seed parti-
cles, there is an “induction period” in which hydrocarbon is
reacted but no aerosol is formed, which has the effect of bias-
ing SOA yield measurements low (Kroll et al., 2007). There-
fore, for all experiments in this study seed particles are used
to eliminate this effect. Seed particles are generated by at-
omizing an aqueous solution with a constant-rate atomizer.
The nonacid seed consists of 0.015M (NH4)2SO4, while
the acidic seed contains a mixture of 0.015 M (NH4)2SO4
and 0.015M H2SO4. Since all experiments are performed at
RH∼5%, which is lower than the crystallization RH (35%)
of ammonium sulfate, the nonacid seed is likely a solid (Se-
infeld and Pandis, 2006). The initial particle number con-
centration is about 30 000 particles cm−3, with a geomet-
ric mean diameter of about 50 nm. Initial aerosol seed vol-
ume is about 15µm3 cm−3. After introduction of the seed
aerosol, a known volume of the parent hydrocarbon is in-
jected into a glass bulb, and introduced into the chambers
by an air stream. The concentration (mixing ratio) of the
parent hydrocarbon is monitored with a Hewlett Packard gas
chromatograph (model 5890) with flame ionization detection
(GC-FID).
In most of the high-NOx experiments nitrous acid

(HONO) serves as the OH precursor. It is introduced into the
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Table 1. Aromatic hydrocarbons studied.

Parent 
Hydrocarbon Structure Formula (MW) kOH

a (cm3 molec-1 s-1) 

m-xylene 

 

C8H10 (106) 2.31 x 10-11 

toluene 

 

C7H8 (92) 5.63 x 10-12 

benzene 

 

C6H6 (78) 1.22 x 10-12 

a: Rate constants were obtained from Calvert et al. (2002).  
 a: Rate constants were obtained from Calvert et al. (2002).

Table 2. Initial conditions and data for high-NOx (HONO) experiments.

Expt.
No.

Parent
Hydrocarbon

T
(K)

RH
(%)

NO
(ppb)

NO2
(ppb)

Seed �HC
(ppb)

�Mo

(µg/m3)
SOA Yield
(%) a

1 m-xylene 297 5.5 470 473 (NH4)2SO4 70.9 18.2±1.8 5.9±0.4
2 m-xylene 298 5.7 451 494 (NH4)2SO4 28.1 4.3±1.2 3.5±0.7
3 m-xylene 298 5.9 432 511 (NH4)2SO4 132.5 46.4±3.7 8.0±0.3
4 m-xylene 297 5.1 431 514 (NH4)2SO4 106.1 36.7±2.8 8.0±0.2
5 toluene 298 3.8 421 524 (NH4)2SO4 30.1 9.1±1.3 8.0±0.7
6 toluene 298 4.3 414 532 (NH4)2SO4 56.7 23.8±2.2 11.1±0.4
7 toluene 298 4.9 388 559 (NH4)2SO4 80.2 38.7±3.3 12.8±0.4
8 toluene 298 4.4 373 568 (NH4)2SO4 50.7 20.9±1.9 10.9±0.5
9 benzene 297 5.2 83 86 (NH4)2SO4 39.4 35.4±2.7b 28.1±0.9

a: Stated uncertainties (1σ ) are from scatter in particle volume measurements.
b: Assuming an SOA density of 1.4 g cm−3.

chamber after injection of the seed aerosol and parent hydro-
carbon. HONO is prepared by dropwise addition of 15mL of
1% NaNO2 into 30mL of 10% H2SO4 in a glass bulb. The
bulb is then attached to the chamber and a stream of dry air
is passed through the bulb into the chamber. NO and NO2,
formed as side products in the preparation of HONO, are also
introduced into the chamber, and are measured by a com-
mercial NOx monitor (Horiba APNA-360, Irvine, CA). Ad-
ditional NO from a 500 ppm gas cylinder (Scott Marrin, Inc.)
is introduced into the chamber after the addition of HONO
to achieve a total NOx level in the chamber of about 1 ppm
(upper limit of the NOx monitor). In some high-NOx ex-
periments, only NO and NO2 (from gas cylinders) are added
to the chamber. To differentiate these experiments from the
high-NOx experiments in which HONO is used as the OH
precursor, we refer to these experiments as classical photoox-
idation experiments. The majority of the high-NOx experi-

ments in this study are performed with HONO; only a few
classical photooxidation experiments are performed for com-
parison purposes.
For low-NOx experiments, H2O2 is used as the OH pre-

cursor. The background NOx level in the chamber during the
experiment is < 1 ppb. H2O2 is introduced into the chamber
(prior to introduction of seed particles and parent hydrocar-
bon) by bubbling air through a 50% H2O2 solution for 2.5 h
at 5 L/min. The air stream then passes through a particle fil-
ter to remove any droplets. The concentration of H2O2 in
the chamber is not measured; based on the rate of hydrocar-
bon decay and literature values of σH2O2 and kOH+H2O2, we
estimate [H2O2] to be ∼3–5 ppm (Kroll et al., 2006).
Once the seed, parent hydrocarbon, and NOx concentra-

tions stabilize, reaction is initiated by irradiating the chamber
with blacklights. Output from the lights is between 300 and
400 nm, with a maximum at 354 nm. At these wavelengths

www.atmos-chem-phys.net/7/3909/2007/ Atmos. Chem. Phys., 7, 3909–3922, 2007
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Table 3. Initial conditions and data for low-NOx (H2O2) experiments.

Expt. No. Parent
Hydrocarbon

T
(K)

RH
(%)

Seed �HC
(ppb)

�Mo

(µg/m3)
SOA Yield
(%)a

1 m-xylene 298 5.1 (NH4)2SO4 32.5 53.0±4.2 37.7±0.8
2 m-xylene 298 5.2 (NH4)2SO4 16.1 24.6±2.2 35.2±1.8
3 m-xylene 298 5.1 (NH4)2SO4 8.0 12.8±1.7 36.7±2.6
4 m-xylene 297 6.2 (NH4)2SO4 26.1 40.5±3.4 35.7±1.0
5 toluene 297 6.8 (NH4)2SO4 32.1 37.4±2.8 30.8±1.7
6 toluene 297 6.2 (NH4)2SO4 63.9 73.1±5.6 30.2±0.7
7 toluene 298 5.2 (NH4)2SO4 10.0 11.5±1.6 30.4±4.1
8 toluene 298 5.9 (NH4)2SO4 23.8 26.7±2.5 29.8±1.6
9 benzene 298 6.6 (NH4)2SO4 64.7 76.4±5.8b 36.9±0.9

a: Stated uncertainties (1σ ) are from scatter in particle volume measurements.
b: Assuming an SOA density of 1.4 g cm−3.

Table 4. Initial conditions and data for acid/nonacid experiments.

Expt.
No.

Parent
Hydrocarbon

T
(K)

RH
(%)

NOx
Conditiona

Seed �HC
(ppb)

�Mo

(µg/m3)
SOA Yield
(%)b

1 m-xylene 297 4.3 Low NOx (NH4)2SO4 60.2 101.3±7.8 38.6±0.5
2 m-xylene 297 4.5 Low NOx (NH4)2SO4+H2SO4 58.8 103.5±8.0 40.4±0.6
3 m-xylene 297 5.0 High NOx (NH4)2SO4 68.9 78.9±5.6c 26.3±0.5
4 m-xylene 298 4.2 High NOx (NH4)2SO4+H2SO4 68.5 78.3±5.4c 26.3±0.4
5 toluene 298 5.9 Low NOx (NH4)2SO4 37.9 41.0±3.0 28.7±0.6
6 toluene 299 4.6 Low NOx (NH4)2SO4+H2SO4 38.9 43.2±3.2 29.5±0.7
7 toluene 296 4.9 High NOx (NH4)2SO4 60.0 43.8±3.6c 19.3±0.4
8 toluene 298 4.9 High NOx (NH4)2SO4+H2SO4 58.2 38.3±3.2c 17.4±0.5

a: Low NOx (H2O2 only); high NOx (H2O2+about 100 ppb NO added).
b: Stated uncertainties (1σ ) are from scatter in particle volume measurements.
c: Assuming SOA densities are the same as those determined for HONO experiments (see Table 5).

Table 5. Estimated effective SOA densities.

Parent
Hydrocarbon

NOx Condition Effective
Density (g cm−3)a

m-xylene Low NOx 1.33±0.10
m-xylene High NOx 1.48±0.10
toluene Low NOx 1.45±0.10
toluene High NOx 1.24±0.10

a: Stated uncertainties (1σ ) are from repeated measurements of am-
monium sulfate seed densities.

HONO efficiently photolyzes to OH and NO. By contrast
H2O2 absorbs only weakly in this wavelength range, requir-
ing the use of ppm concentrations of H2O2 to achieve rea-
sonable levels of OH.
The parent aromatics studied (shown in Table 1) and their

stated purities are as follows: m-xylene (Aldrich, anhydrous,
99+%), toluene (Aldrich, anhydrous, 99.8%), and benzene
(Aldrich, anhydrous, 99.8%). Experimental conditions and
results for high-NOx and low-NOx experiments are given in
Tables 2 and 3, while those for studying the effect of seed
acidity on SOA growth are given in Table 4. In calculat-
ing SOA yield (defined as the ratio of the mass of organic
aerosol formed to the mass of parent hydrocarbon reacted),
knowledge of the SOA density is required. By comparing
volume distributions from the DMA and mass distributions
from an Aerodyne quadrupole Aerosol Mass Spectrometer
(AMS), the effective densities for the SOA formed can be
estimated (Bahreini et al., 2005). The estimated densities of
the SOA formed from different systems are given in Table 5.
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Fig. 1. Typical reaction profile of a high-NOx experiment in which
HONO is used as the OH precursor (initial conditions: 89.3 ppb of
m-xylene, 470 ppb NO, and 473 ppb NO2).

3 Results

3.1 High-NOx conditions

Figure 1 shows a typical reaction profile under high-NOx
conditions in which HONO is used as the OH precursor. In
this experiment, 89 ppb of m-xylene is reacted, and initial
NO and NO2 concentrations are 470 ppb and 473 ppb, re-
spectively. The efficient photolysis of HONO generates high
concentrations of OH (∼3×107 molecules cm−3 initially),
leading to a rapid hydrocarbon decay. This decay slows
down after ∼1 h, suggesting that the HONO is consumed
and OH radicals are instead generated through recycling via
NOx/HOx chemistry. Aerosol growth occurs essentially im-
mediately, even when [NO] is high (100’s of ppb). With the
high NO concentration, formation of ozone (and hence NO3
radicals) is suppressed.
Concentration (mixing ratio) profiles from two classical

photooxidation experiments with different initial NOx con-
centrations are shown in Fig. 2. Figure 2a shows the reaction
profile from the photooxidation of 101.6 ppb m-xylene, with
initial NO and NO2 concentrations of 97 ppb and 26 ppb,
respectively. The hydroxyl radical source in classical pho-
tooxidation experiments is likely from the photolysis of
HONO, which is formed from the heterogeneous reaction of
NO2 on the chamber wall. The m-xylene-OH reaction leads
to formation of RO2 radicals, which react with NO rapidly,
converting NO to NO2. Ozone is formed from the photol-
ysis of NO2, with its concentration increasing rapidly when
[NO] falls below ∼50 ppb. Only when the NO concentra-
tion approaches zero does aerosol growth begin, consistent
with other classical photooxidation experiments (Izumi and
Fukuyama, 1990; Hurley et al., 2001; Johnson et al., 2004;
Martin-Revı́ejo and Wirtz, 2005; Song et al., 2005). The
difference between high-NOx experiments and classical pho-
tooxidation experiments will be discussed in Sect. 4.2. Fig-
ure 2b shows the reaction profile for the photooxidation of
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Fig. 2a. Reaction profile of a typical classical photooxidation ex-
periment (initial conditions: 101.6 ppb m-xylene, 97 ppb NO, and
26 ppb NO2).

Figure 2 (b): 
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Fig. 2b. Reaction profile of a classical photooxidation experiment
in the presence of ∼1 ppm NOx (initial conditions: 94.8 ppb m-
xylene, 878 ppb NO, and 65 ppb NO2). A negligible amount of
ozone is formed during the experiment, and no SOA is formed.

94.8 ppb m-xylene, with initial NO and NO2 concentrations
of 878 ppb and 65 ppb, respectively. The NO concentration
decreases over the course of the experiment, but does not fall
below 100 ppb, even after 20 h. A negligible amount of ozone
is formed during the experiment, and no SOA is formed.
For m-xylene and toluene, a series of high-NOx experi-

ments (HONO experiments) with varying initial hydrocarbon
concentrations are carried out. The time-dependent “growth
curves” (organic aerosol �Mo as a function of hydrocarbon
reacted �HC) over the course of the experiment, for four
m-xylene experiments, with initial hydrocarbon concentra-
tions ranging from 42 to 172 ppb, are shown in Fig. 3. In
these experiments, 67–79% of the initial m-xylene is con-
sumed. Most of the parent hydrocarbon is consumed in the
first hour and the maximum aerosol yield is reached. After
that hydrocarbon continues to decay slowly and there is little
or no SOA growth, as a result the aerosol yield decreases.
Only SOA growth data up to the maximum aerosol yield are
shown.

www.atmos-chem-phys.net/7/3909/2007/ Atmos. Chem. Phys., 7, 3909–3922, 2007

225



3914 N. L. Ng et al.: Secondary organic aerosol formation from aromatics
Figure 3: 
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Fig. 3. Time-dependent growth curves form-xylene photooxidation
under high-NOx conditions. The concentrations in the legend refer
to the amount of m-xylene reacted in each experiment.

Figure 4: 
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 Fig. 4. Time-dependent growth curves for toluene photooxidation
under high-NOx conditions. The concentrations in the legend refer
to the amount of toluene reacted in each experiment.

The time-dependent growth curves for four toluene exper-
iments are shown in Fig. 4. The initial toluene concentra-
tion ranges from 88 to 270 ppb. Since the toluene-OH reac-
tion rate constant is ∼4 times lower than that of m-xylene-
OH, more initial toluene is needed relative tom-xylene; only
about 30–37% of the initial toluene injected is consumed
at the point of maximum aerosol yield. Photooxidation of
toluene under high-NOx conditions results in slightly more
SOA growth than for m-xylene.
Because benzene reacts slowly with OH radicals

(k=1.22×10−12 cm3 molecule−1 s−1, Calvert et al., 2002), it
is not feasible to carry out photooxidation experiments over
a range of initial benzene concentrations unless high levels
(ppm) of benzene are used. Thus only a single benzene pho-
tooxidation experiment at high NOx was carried out; at an
initial benzene concentration of 337 ppb, only 12% is reacted
at the point of maximum aerosol yield. The time-dependent
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 Fig. 5. Time-dependent growth curves for benzene photooxidation
under high- and low-NOx conditions. Under high-NOx conditions,
the initial benzene concentration is 337 ppb (12% reacted). Under
low-NOx conditions, the initial benzene concentration is 395 ppb
(16% reacted) and the system has a constant yield of 37%.

growth curve from benzene under high-NOx conditions (as
well as under low-NOx conditions) is shown in Fig. 5. Hy-
drocarbon decay slows down at �HC ≈90µgm−3, suggest-
ing that HONO is almost completely consumed. After that,
OH is generated mainly via NOx/HOx chemistry, and hydro-
carbon decays at a slower rate resulting in the more closely
spaced data points. The slower hydrocarbon oxidation rate
after the consumption of HONO may affect the kinetics of
SOA growth and contribute to the slight change in the shape
of the growth curves.

3.2 Low-NOx conditions

Under low-NOx conditions, aerosol growth is observed im-
mediately after initiation of irradiation. The parent hy-
drocarbon decays at a much slower rate than under high-
NOx conditions, due to the slow production of OH radi-
cals by H2O2 photolysis and lack of OH regeneration by
NOx/HOx cycling. As OH radicals are continually pro-
duced, the OH concentration is constant throughout the ex-
periment (∼3×106 molecules cm−3). Ozone formation of
∼10–15 ppb is observed, possibly owing to residual material
released from the chamber walls.
Time-dependent growth curves for four m-xylene low-

NOx experiments are shown in Fig. 6, with initial m-xylene
concentrations ranging from 9 to 37 ppb. About 83–89% of
the initial hydrocarbon injected is consumed at the point at
which the SOA yield reaches its maximum. From Fig. 6 it
is clear that the SOA yield from m-xylene photooxidation
is constant under low-NOx conditions, at 36%. Since the m-
xylene SOA yield is much higher under low-NOx conditions,
a smaller amount of initial parent hydrocarbon is needed to
produce the same amount of SOA than under high-NOx con-
ditions. Comparable time-dependent growth curves for four
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Figure 6: 
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 Fig. 6. Time-dependent growth curves form-xylene photooxidation
under low-NOx conditions. The concentrations in the legend refer
to the amount of m-xylene reacted in each experiment. The system
exhibits a constant yield of 36%.
Figure 7: 
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Fig. 7. Time-dependent growth curves for toluene photooxidation
under low-NOx conditions. The concentrations in the legend refer
to the amount of toluene reacted in each experiment. The system
exhibits a constant yield of 30%.

toluene low-NOx experiments are shown in Fig. 7. The ini-
tial toluene concentration ranges from 21 to 140 ppb. With
the slower reactivity of toluene relative to m-xylene, only
about 45–48% of the initial toluene is consumed. As withm-
xylene, the aerosol yield (30%) is substantially higher than
under high-NOx conditions.
The time-dependent growth curve for benzene photooxi-

dation is shown in Fig. 5. Similar to m-xylene and toluene,
benzene photooxidation under low-NOx conditions results in
a constant SOA yield (37%).

3.3 SOA yield parameters

SOA yield has traditionally been described by a semi-
empirical model based on absorptive gas-particle partition-
ing of two semivolatile products (Odum et al., 1996, 1997a,
b):
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Fig. 8. Yield curves for toluene andm-xylene under high-NOx con-
ditions. The parameters for fitting the yield curves are, toluene:
α1=0.058, Kom,1=0.430, α2= 0.113, andKom,2= 0.047; m-xylene:
α1=0.031, Kom,1=0.761, α2=0.090, and Kom,2=0.029.

Y=Mo

�
α1Kom,1

1+Kom,1Mo
+ α2Kom,2
1+Kom,2Mo

�
(1)

in which Y is the aerosol yield, Mo is the organic aerosol
mass present (equal to �Mo in chamber experiments with
no absorbing organic mass present initially), αi is the mass-
based gas-phase stoichiometric fraction for semivolatile
species i, and Kom,i is the gas-particle partitioning coeffi-
cient for species i. With this two-product model, Eq. (1) can
be fit to experimental yield data to determine values for αi

and Kom,i , and the resulting plot (Y versus Mo) is generally
referred to as a “yield curve”.
For m-xylene and toluene, the final SOA yield for each

high-NOx (HONO) experiment is calculated, and the data
are fitted to Eq. (1) to obtain the SOA yield parameters. The
high-NOx yield curves for m-xylene and toluene are shown
in Fig. 8. For all three aromatics (m-xylene, toluene, and ben-
zene), the low-NOx experiments result in a constant aerosol
yield (the slope of the “growth curve”), implying the SOA
formed can be represented by a single product with very low
volatility. Under these conditions the yield curve is simply
a horizontal line, and the constant yield corresponds to α1
in Eq. (1). SOA growth parameters for the three compounds
under high-NOx and low-NOx conditions are summarized in
Table 6.

3.4 Acid/nonacid seed experiments

Several m-xylene and toluene photooxidation experiments
are performed in the presence of acid seed to study the ef-
fect of seed acidity on SOA growth. Growth curves for
toluene photooxidation under acidic and nonacid conditions
are shown in Fig. 9. Regardless of the NOx level, the time-
dependent growth curves from the acid and nonacid exper-
iments are essentially indistinguishable. Therefore, there is
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Table 6. Aerosol yield parameters.

Parent
Hydrocarbon

NOx Condition α1 Kom,1
(m3 µg−1)

α2 Kom,2
(m3 µg−1)

m-xylene Low NOx 0.30 N/A N/A N/A
m-xylene High NOx 0.031 0.761 0.090 0.029
toluene Low NOx 0.36 N/A N/A N/A
toluene High NOx 0.058 0.430 0.113 0.047
benzene Low NOx 0.37 N/A N/A N/A
benzene High NOx 0.072 3.315 0.888 0.009

N/A: not applicable
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Fig. 9. Time-dependent growth curves for toluene photooxidation
in the presence of neutral seed versus acidic seed.

no evidence that the presence of acidic seed enhances SOA
growth in the photooxidation of toluene; similar results are
observed for m-xylene.

4 Discussion

4.1 Effect of NOx on SOA yields

Experiments have been performed under two limiting NOx
conditions: (1) high-NOx experiments in which HONO is
used as the OH precursor; and (2) low-NOx experiments in
which H2O2 is used as the OH precursor. For all hydrocar-
bons, considerably more SOA is formed under low-NOx than
high-NOx conditions (Figs. 3–7). Under high-NOx condi-
tions, the SOA yields from m-xylene and toluene photooxi-
dation are about 10%; they are 36% and 30%, respectively,
under low-NOx conditions. Similar NOx dependences have
been observed in other SOA-forming systems (Hatakeyama
et al., 1991; Zhang et al., 1992; Hurley et al., 2001; Johnson
et al., 2004; Song et al., 2005; Presto et al., 2005; Kroll et al.,
2006). Since O3 and NO3 are not formed appreciably under
either set of conditions, oxidation is dominated by OH radi-

cals for all experiments, so this NOx effect cannot be a result
of differences in relative oxidant levels (Hurley et al., 2001).
Instead the NOx level likely governs the fate of the organic
peroxy radicals formed subsequent to the hydrocarbon-OH
reaction, which in turn controls the volatility of molecular
products and hence the amount of SOA formed.
Shown in Fig. 10 is the simplified mechanism of the ini-

tial steps of toluene-OH reaction, leading to the formation of
condensable products. One mechanism by which NOx levels
may affect the products formed in the oxidation of aromatic
hydrocarbons is by reaction with the aromatic-OH adduct.
The aromatic-OH adduct reacts predominately with O2 un-
der atmospheric conditions. Under very high levels of NOx
(ppm levels), the adduct+NO can still be neglected (Koch et
al., 2006) while the adduct+NO2 reaction increases in im-
portance, leading to nitrogen-containing ring-retaining prod-
ucts such as nitrobenzene and nitrotoluene (Atkinson et al.,
1989; Atkinson and Aschmann, 1994; Koch et al., 2006).
The presence of a high concentration of NOx in the chamber
also has an impact on the formation yields of phenol-type
compounds, possibly due to the reactions of the aromatic-
OH adduct with NO and NO2. For example, the phenol yield
from benzene photooxidation starts to decrease dramatically
for [NO2] >100 ppb (Volkamer et al., 2002). In the current
work, photooxidation of m-xylene and toluene is carried out
in the presence of ∼500 ppb each of NO and NO2; while for
photooxidation of benzene the initial NO2 concentration is
<100 ppb. At these NOx levels, the reaction of the aromatic-
OH adduct with NO2 is not expected to be significant (Volka-
mer et al., 2002; Koch et al., 2006), so such reactions cannot
be responsible for the observed effect of NOx on SOA yield.
Reaction of the aromatic-OH adduct with O2 results in

the formation of peroxy radicals. Theoretical studies have
shown that the peroxy radicals preferentially cyclize to form
bicyclic radicals, which then react with O2 to form bicyclic
peroxy radicals (Andino et al., 1996; Lay et al., 1996; Suh et
al., 2003; Fan et al., 2006), even in the presence of ppm lev-
els of NO (Zhao et al., 2005; Fan et al., 2006). Because of the
high energy barrier, the isomerization of bicyclic radicals to
form epoxide radicals is unlikely for toluene; only a small of
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fraction of expoxy carbonyls are observed in m-xylene pho-
tooxidation, suggesting that the epoxide radical channel is
not important either (Suh et al., 2003; Zhao et al., 2005).
As is typical for RO2 radicals, the fate of the bicyclic per-
oxy radicals depends mainly on the relative concentrations
of NO, HO2, and RO2. At the two limiting NOx conditions
of this study, the peroxy radical chemistry is straightfor-
ward; under high-NOx conditions, RO2 reacts virtually en-
tirely with NO, as NO concentration is high throughout the
entire experiment, while under low-NOx conditions, RO2 re-
acts predominantly with HO2. Based on the Master Chem-
ical Mechanism version 3.1 (MCM v 3.1, http://www.chem.
leeds.ac.uk/Atmospheric/MCM/mcmproj.html), a simple
kinetic simulation shows that under low-NOx condi-
tions, the RO2+RO2 reaction accounts for less than 1%
of the RO2 reacted because of the relative reaction
rate constants (kRO2+RO2=8.8×10−13 cm3 molecule−1 s−1,
kRO2+HO2=2.3×10−11 cm3 molecule−1 s−1) as well as the
high HO2 concentration. Thus the larger SOA yields ob-
tained under low-NOx conditions imply that the products
formed via the RO2+HO2 partition much more readily into
the aerosol phase than those formed via the RO2+NO reac-
tion. This conclusion is the same as that reached by pre-
vious studies (Hatakeyama et al., 1991; Johnson et al., 2004,
2005; Presto et al., 2005; Kroll et al., 2006). That SOA yields
are constant under low-NOx conditions implies that the SOA
formed by this channel is effectively nonvolatile under the
range of Mo(>10µgm−3) studied. It is possible that under
lower SOA loadings the yields may decrease as some of the
products partition back into the gas phase.
In the classical photooxidation experiments carried out in

this study and by other researchers (Izumi and Fukuyama,
1990; Hurley et al., 2001; Johnson et al., 2004; Martin-
Revı́ejo and Wirtz, 2005; Song et al., 2005), an “induc-
tion period”, a delay between the onset of oxidation and
SOA formation, was observed. This too is a likely re-
sult of the role of NOx in peroxy radical chemistry, and
hence in product volatility and SOA formation. As il-
lustrated in Fig. 2a, only when [NO] approaches zero
does aerosol growth commence. As [NO] approaches
zero (from the RO2+NO and HO2+NO reactions), the
RO2+HO2 reaction starts to compete with the RO2+NO
reaction. The fraction of RO2 which reacts with HO2,
kRO2+HO2[HO2]/(kRO2+NO[NO]+kRO2+HO2[HO2]), can be
calculated based on the rate reaction rate constants
(kRO2+HO2=2.3×10−11 cm3 molecule−1 s−1; kRO2+NO
=8.5×10−12 cm3 molecule−1 s−1) (MCM v 3.1). For in-
stance, at ∼1 ppb of NO, it only requires 42 ppt of HO2 for
10% of the RO2 to react via RO2+HO2. Thus it is likely that
initial SOA formation results from the RO2+HO2 reaction,
consistent with the simulations of SOA formation from clas-
sical photooxidation experiments of toluene (Johnson et al.,
2004). To further study the role of peroxy radical chemistry
in the “induction period”, in one of the experiments addi-
tional NO was injected after its initial consumption. SOA

growth slows down immediately. This provides strong evi-
dence that the presence of NO suppresses the formation of
relatively nonvolatile hydroperoxides (and hence further re-
actions of hydroperoxides) from the RO2+HO2 reaction and
results in a lower SOA yield (Johnson et al., 2004, 2005).
The time-dependent growth curves for benzene photooxi-

dation under high- and low-NOx conditions exhibit the same
trend as that of m-xylene and toluene, in which more SOA
is formed under low-NOx conditions. Martin-Revı́ejo and
Wirtz (2005) studied the formation of SOA from benzene
photooxidation under different NOx conditions. However,
as the NOx dependence of SOA formation was not system-
atically studied, it is difficult to draw a definite conclusion
on the effect of NOx on SOA yields from their data. Ad-
ditionally, the experimental conditions are somewhat differ-
ent; in particular, the experiments in that study were per-
formed in the absence of seed aerosol while in the current
work ammonium sulfate seed aerosol is employed. Kroll et
al. (2007) find that SOA yields from the photooxidation of
aromatic hydrocarbons are lower when inorganic seed parti-
cles are not present initially. The absence of seed particles
results in a period in which the hydrocarbon is reacted but
no aerosol is formed. The length of the “seed induction pe-
riod” (and hence the amount of hydrocarbon reacted in this
period,�HC) is likely to be affected by the NOx levels. Thus
the aerosol yields (�Mo/�HC) obtained by Martin-Revı́ejo
and Wirtz (2005) under different NOx conditions may be af-
fected by this “seed induction period” and cannot be directly
compared.

4.2 Effect of oxidation rate

Under high-NOx conditions, using HONO as an OH source,
we observe SOA formation even when [NO] is several hun-
dreds of ppb (Fig. 1). This is in contrast to results from
classical photooxidation experiments, in which essentially no
SOA is generated at high NOx levels, as observed both in
the present study (Fig. 2b) and in work by other researchers
(Johnson et al., 2004; Song et al., 2005).
The observation of SOA at high NOx levels suggests that

products from the RO2+NO reactions, such as organic ni-
trates, are indeed condensable; however they apparently do
not partition into the aerosol phase appreciably in the classi-
cal photooxidation experiments. A major difference between
the HONO experiments (Fig. 1) and classical oxidation ex-
periments (e.g. Fig. 2) is OH level, and hence oxidation rate.
HONO photolysis is an efficient source of OH in the wave-
length range of our blacklights; thus there is a burst of OH
once the lights are turned on, resulting in a rapid rate of m-
xylene oxidation. In the classical photooxidation experiment,
OH is generated mainly from recycling through NOx and
HOx cycles, and OH concentrations are generally far lower
than in the HONO experiments. The large difference in SOA
formation in these two cases suggests that SOA yields are
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Figure 10: 
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Fig. 10. A simplified SOA formation mechanism for toluene pho-
tooxidation. X represents the generic non particle-phase product
from all gas-phase loss processes.

Figure 11: 
 

0.10

0.08

0.06

0.04

0.02

0.00

Yi
el

d 

6050403020100
Mo (µg/m3)

 This work
 Odum et al. (1996)

 

Fig. 11. Comparison ofm-xylene high-NOx yield curve obtained in
the current work to that from Odum et al. (1996). The yield curve
from Odum et al. (1996) has been corrected for the temperature
(25◦ C) of this study and density (1.48 g cm−3) of the SOA.

dependent on the oxidation rate, with faster oxidation rates
resulting in higher SOA yields.
This “rate effect” may arise as a result of loss of

semivolatiles through processes other than the simple forma-
tion and partitioning of semivolatile organics. The loss of
semivolatiles has been proposed as one of the mechanisms

for higher SOA yields observed from aromatic photooxida-
tion in the presence of seed aerosols as compared to nucle-
ation experiments (Kroll et al., 2007). In the mechanism
shown in Fig. 10, X represents the generic non particle-
phase product of all gas-phase loss processes. Possibili-
ties include loss of organic species to the chamber walls,
photolysis, and further reactions to form volatile products.
With a rapid oxidation rate, the gas-phase concentration of
semivolatiles (formed, for example, from the RO2+NO re-
action) increases quickly, and the high concentrations of
semivolatiles ensure that aerosol growth ensues even in the
presence of semivolatile loss processes (i.e. paths not form-
ing SOA). On the other hand, in classical photooxidation ex-
periments, the slower formation of semivolatiles in the pres-
ence of semivolatile sinks will lead to lower SOA growth. If
the dominant loss of semivolatiles is deposition to the cham-
ber walls, then conditions in which the effect of wall loss
is minimized (i.e. when the reaction is fastest) are expected
to be most representative of atmospheric SOA formation.
Recently, the effect of particle- and gas-phase reactions of
semivolatile products on SOA formation has been examined
in a modeling study by Chan et al. (2007), in which the exper-
imental data presented in this work (among other literature
data) are fitted to simple kinetic models. Given the impor-
tance of the loss of semivolatiles, these loss processes merit
further investigation and experimental evidence.
This rate effect also can explain higher SOA yields in the

high-NOx experiments (HONO) compared to the classical
photooxidation experiments (Odum et al., 1996), illustrated
in Fig. 11. Several classical photooxidation experiments with
similar NOx levels as in Odum et al. (1996) were performed
in the present study, with SOA yields comparable to those
of Odum et al. (1996). The aerosol yields from Odum et
al. (1996) were obtained at a temperature of 35–40◦ C with
an assumed SOA density of 1 g cm−3. In Fig. 11, the yield
curve fromOdum et al. (1996) has been adjusted based on the
temperature (25◦ C) and SOA density (1.48 g cm−3) obtained
in this study. The enthalpy of vaporization employed to con-
vert the SOA yields from the higher temperature in Odum et
al. (1996) to the lower temperature in this study is assumed to
be 42 kJmol−1 (Chung and Seinfeld, 2002), which is in the
range of limited experimental data (Offenberg et al., 2006).
The NOx concentrations (several hundreds of ppb) used by
Odum et al. (1996) are lower than those in the current ex-
periments (∼1 ppm). The higher SOA yields obtained here
suggest that the enhancement in SOA yield from a faster ox-
idation rate is greater than the suppression in SOA yield at a
higher NOx concentration.
Significant SOA formation from the rapid oxidation of

aromatics under high (ppm) levels of NOx has also been ob-
served by Stroud et al. (2004), using isopropyl nitrite as an
OH source to oxidize toluene. Such results could not be re-
produced in the simulations of Johnson et al. (2004), which
predicted no SOA formation in the presence of such high
NOx levels, as the RO2+NO reaction products were found
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to be too volatile to partition substantially into the aerosol
phase. However, the present work suggests that products
of the RO2+NO reaction are in fact condensable, but con-
tribute to aerosol mass only when oxidation reactions are
fast, minimizing the effect of other loss processes. This un-
derscores the need for a better understanding of the behavior
of semivolatile organics in the atmosphere, in terms of both
physical properties (partitioning coefficients) and chemical
reactions (reactive loss processes).
Finally, we note that the pair of high-NOx experiments

(Fig. 1 and Fig. 2b) also provides insight into the extent to
which the hydrocarbon/NOx (HC/NOx) ratio characterizes
the NOx level in chamber experiments. Song et al. (2005),
for example, report a series of classical photooxidation ex-
periments to study the effect of HC/NOx ratio on SOA for-
mation from m-xylene. It was found that aerosol yields
increase with increasing HC/NOx ratio (i.e. more aerosol
growth at lower NOx levels), which is consistent with the
present study. However, the experiments in Fig. 1 and 2b
have essentially similar HC/NOx ratios but exhibit very dif-
ferent SOA growth. Therefore, while the HC/NOx ratio may
be a useful metric for photochemistry for experiments with
similar oxidation conditions, it is less useful when compar-
ing systems with very different oxidative conditions, as both
oxidation rate and fate of peroxy radicals may differ. Given
the importance of the peroxy radical in SOA formation, the
NO/HO2 ratio would be the more appropriate measure of dif-
ferent NOx levels (Kroll et al., 2006), although continuous
measurement of HO2 is not currently feasible.

4.3 General mechanism of SOA formation

Despite uncertainties in the detailed chemical mechanism of
aromatic photooxidation beyond the initial peroxy radical
chemistry, we can gain insights into the general SOA for-
mation mechanism and growth kinetics from the shapes of
the growth curves under both high-NOx and low-NOx con-
ditions (Figs. 3–7). Such curves allow for the identification
of the rate-determining steps in SOA formation (Ng et al.,
2006). In cases where the initial oxidation step determines
the rate of SOA formation (condensable products are first-
generation, or are formed extremely rapidly after the initial
oxidation), SOA is formed at the same rate of hydrocarbon
oxidation, and aerosol growth ceases once the parent hydro-
carbon is consumed. In this case, time-dependent growth-
curves from experiments with different initial hydrocarbon
concentrations would overlap, as is the case for α-pinene
ozonolysis (Ng et al., 2006). On the other hand, when there
are further rate-limiting steps to the formation of condensable
products, there is a time lag between hydrocarbon oxidation
and SOA formation and the growth curve exhibits a vertical
section at the end, as is the case for the ozonolysis and pho-
tooxidation of compounds with multiple double bonds (Ng
et al., 2006).

Figures 3–7 show the time-dependent growth curves for
m-xylene, toluene, and benzene photooxidation under high-
NOx and low-NOx conditions. In all cases, SOA growth is
observed immediately after photooxidation commences, re-
sulting in a smooth growth curve from the onset of oxidation.
Some hydrocarbon remains unreacted by the end of these ex-
periments. In experiments in which all the hydrocarbon is re-
acted (not shown), no vertical section in the growth curve is
observed, indicating there is no further SOA formation after
the complete consumption of the parent hydrocarbon. This
indicates that the first oxidation step (oxidation of the parent
hydrocarbon) governs the rate of SOA formation.
However, unlike with α-pinene ozonolysis (Ng et al.,

2006), the time-dependent growth curves from experiments
with different initial aromatic hydrocarbon concentrations
do not overlap, and aerosol growth is not the same for a
given amount of hydrocarbon reacted (�HC). Instead, SOA
growth at a given value of �HC depends on the initial hy-
drocarbon concentration (HC0): experiments with higher
HC0 reach a given �HC in a shorter time than those with
smaller HC0. At smaller HC0, during the longer time re-
quired to reach the same �HC, the first generation prod-
ucts have more time to be oxidized to form condensable
products. Therefore, the divergence in growth curves at dif-
ferent initial hydrocarbon concentrations indicates that even
though the first step is the rate-limiting in SOA formation,
subsequent oxidation steps also occur prior to SOA forma-
tion. As discussed in Ng et al. (2006), if subsequent oxi-
dation steps are essentially instantaneous relative to the ini-
tial oxidation step, then SOA formation can be treated as a
single step and all the growth curves will overlap. In the
present study, the growth curves diverge only slightly, indi-
cating that although the second oxidation step in not instan-
taneous, it is still substantially faster than the initial oxida-
tion step. The formation of SOA by multiple oxidation steps,
in which the later steps are substantially faster than the ini-
tial oxidation, is consistent with available kinetic data and
current understanding of the photooxidation of aromatic hy-
drocarbons. In general, first-generation products of aromatic
photooxidation react about an order of magnitude faster
with OH than do their parent hydrocarbons (Calvert et al.,
2002). For example, whereas the benzene-OH rate constant
is 1.22×10−12 cm−3 molecule−1 s−1, the rate constant of the
reaction of OH with phenol, a major first-generation reaction
product, is 2.7×10−11 cm−3 molecule−1 s−1 (Calvert et al.,
2002). Our study does not exclude the possibility of forma-
tion of SOA from the condensation of first-generation prod-
ucts; however, it suggests that second (or further) generation
products contribute significantly to SOA growth.
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4.4 Effect of seed acidity

To our knowledge, there are no published data on the effect
of seed aerosol acidity on SOA formed from the photooxi-
dation of aromatic VOCs. As shown in Fig. 9, seed particle
acidity does not enhance the SOA yield under different NOx
conditions. The composition of the acid and nonacid seed
particles, as well as the RH (∼5%), are the same as those
previously employed in the study of isoprene SOA forma-
tion (Surratt et al., 2007); yet, an enhancement in SOA yield
is observed for isoprene experiments but not for the aromat-
ics. The chambers are maintained at RH ∼5% in this study
and so the nonacid seed particles are dry, whereas for acidic
seed particles some water might be present. If aerosol water
is essential for the acidity effect, its absence might explain
the lack of an observed effect in the current study. The de-
pendence of SOA growth on RH is beyond the scope of this
work but warrants future investigation.

5 Implication for SOA growth from aromatic hydrocar-
bons

We report a series of chamber experiments investigating the
NOx dependence and effect of seed aerosol acidity on SOA
formation from the photooxidation of aromatic compounds.
High-NOx experiments are performed with HONO as the OH
precursor at initial NOx of ∼1 ppm. By performing exper-
iments with HONO, SOA is formed under truly high-NOx
conditions, as the NO concentration remains high through-
out the entire experiment. In low-NOx experiments, H2O2
is used as the OH precursor and the initial NOx is <1 ppb.
For each of the aromatic hydrocarbons studied (m-xylene,
toluene, and benzene), the SOA yields under low-NOx con-
ditions are significantly larger than those under high-NOx
conditions; this is likely a result of the competition between
RO2+NO and RO2+HO2 reactions, similar to what has been
observed in other studies (Hatakeyama et al., 1991; Johnson
et al., 2004, 2005; Presto et al., 2005; Kroll et al., 2006).
In assessing the contribution of aromatic compounds to

total ambient SOA, it is important that laboratory condi-
tions are representative of those in the atmosphere. The aro-
matic SOA yield parameters (αi and Kom,i) currently em-
ployed in atmospheric models are those obtained by Odum
et al. (1996, 1997a, b) almost a decade ago by irradiation
of hydrocarbon/NOx mixtures. With the profound depen-
dence of NOx on SOA formation, it is necessary that the
effect of NOx on SOA yields be included in atmospheric
models. For instance, compounds like benzene are mainly
emitted in source-rich regions; with its slow reactivity, how-
ever, benzene can be transported to areas with a lower NOx
level before it react substantially, resulting in a higher SOA
yield than if it reacted in the immediate vicinity of its sources.
By performing experiments at two extreme NOx conditions,
we are able to obtain SOA yield parameters under high- and

low-NOx conditions, allowing for the parameterization of the
NOx dependence for atmospheric models, based upon the
reactivity of organic peroxy radicals. Other than the NOx
effect, the loss of semivolatiles also affects the SOA yields
measured. The depletion of semivolatiles by chemical reac-
tion or wall loss may lead to lower SOA formation in the
chambers than occurs in the atmosphere. Due to the slower
oxidation rate in the classical photooxidation experiments
conducted by Odum et al. (1996, 1997a, b), it is likely that
their SOA yield parameters underestimate SOA formation
from aromatic hydrocarbons in the atmosphere.
Finally, detailed analysis of the chemical composition of

aromatic SOA will assist in unraveling the detailed aromatic
SOA formation mechanism under both high and low-NOx
conditions. In a forthcoming publication, the chemical com-
position of aromatic SOA will be explored. Since a wide
array of sulfate esters are observed only when acidified inor-
ganic seed aerosols are employed (Surratt et al., 2007), the
chemical composition of the SOA formed in nonacid/acid
seed experiments may also provide insights into the lack of a
seed acidity effect on SOA yields in the present study.
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Appendix B

Effect of NOx level on secondary
organic aerosol (SOA) formation
from the photooxidation of
terpenes∗

∗Reproduced with permission from “Effect of NOx level on secondary organic aerosol (SOA) formation from the
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Abstract. Secondary organic aerosol (SOA) formation from
the photooxidation of one monoterpene (α-pinene) and two
sesquiterpenes (longifolene and aromadendrene) is investi-
gated in the Caltech environmental chambers. The effect of
NOx on SOA formation for these biogenic hydrocarbons is
evaluated by performing photooxidation experiments under
varying NOx conditions. The NOx dependence of α-pinene
SOA formation follows the same trend as that observed pre-
viously for a number of SOA precursors, including isoprene,
in which SOA yield (defined as the ratio of the mass of or-
ganic aerosol formed to the mass of parent hydrocarbon re-
acted) decreases as NOx level increases. The NOx depen-
dence of SOA yield for the sesquiterpenes, longifolene and
aromadendrene, however, differs from that determined for
isoprene and α-pinene; the aerosol yield under high-NOx
conditions substantially exceeds that under low-NOx condi-
tions. The reversal of the NOx dependence of SOA forma-
tion for the sesquiterpenes is consistent with formation of
relatively low-volatility organic nitrates, and/or the isomer-
ization of large alkoxy radicals leading to less volatile prod-
ucts. Analysis of the aerosol chemical composition for longi-
folene confirms the presence of organic nitrates under high-
NOx conditions. Consequently the formation of SOA from
certain biogenic hydrocarbons such as sesquiterpenes (and
possibly large anthropogenic hydrocarbons as well) may be
more efficient in polluted air.

Correspondence to: J. H. Seinfeld
(seinfeld@caltech.edu)

1 Introduction

Atmospheric oxidation of certain volatile organic com-
pounds (VOCs) leads to the formation of low volatility
species that partition into the condensed phase and form sec-
ondary organic aerosol (SOA). Biogenic hydrocarbons, such
as isoprene (C5H8), monoterpenes (C10H16), and sesquiter-
penes (C15H24), are important contributors to the total atmo-
spheric burden of SOA owing to their large global emissions
and high reactivity with hydroxyl radicals (OH), ozone (O3),
and nitrate radicals (NO3) (Guenther et al., 1995; Griffin et
al., 1999a; Geron et al., 2000; Owen et al., 2001; Atkinson
and Arey, 2003; Seinfeld and Pankow, 2003; Kanakidou et
al., 2005).
Over the last two decades, numerous laboratory chamber

experiments have been conducted to study aerosol formation
from biogenic hydrocarbons. Level of odd nitrogen (NOx)
has been found to be highly influential in SOA production for
a variety of compounds. Recent studies on isoprene photoox-
idation, α-pinene ozonolysis, and benzene, toluene, and m-
xylene photooxidation have demonstrated that aerosol yields
are generally highest at low levels of NOx (Hatakeyama et
al., 1991; Kroll et al., 2006; Presto et al., 2005; Song et al.,
2005; Ng et al., 2007). These observations are consistent
with competitive chemistry of peroxy radicals between NO
and HO2, with the RO2+HO2 reaction producing products
of lower volatility than the RO2+NO reaction (Hatakeyama
et al., 1991; Johnson et al., 2004, 2005; Kroll et al., 2005,
2006; Presto et al., 2005; Ng et al., 2007). For example,
in α-pinene ozonolysis, Presto et al. (2005) observed rela-
tively volatile organic nitrates under high-NOx conditions,
while less volatile products, such as 10-hydroxypinonic acid,
were more abundant under low-NOx conditions. Although a
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decreasing SOA yield with increasing NOx level has been
established for relatively small hydrocarbons (10 carbons
or fewer), it is unknown whether larger molecules, such as
sesquiterpenes, exhibit a similar NOx dependence of SOA
yield.
In the present study, we focus on two sesquiterpenes,

longifolene and aromadendrene, and compare the NOx-
dependence of their SOA formation with that of α-pinene.
Longifolene reacts very slowly with ozone (Atkinson and
Arey, 2003), making it ideal for the study of OH photooxi-
dation. Moreover, both longifolene and aromadendrene have
only one double bond, thus one can infer more easily the
general mechanisms of SOA formation than when multiple
double bonds are present (Ng et al., 2006). Experiments are
conducted under limiting NOx conditions (high-NOx condi-
tions in which HONO is used as the OH precursor, and low-
NOx conditions in which H2O2 is used as the OH precursor),
as well as with intermediate levels of NOx.

2 Experimental section

Experiments are performed in Caltech’s dual 28m3 Teflon
environmental chambers. Details of the facilities are given
elsewhere (Cocker et al., 2001; Keywood et al., 2004).
Before each experiment, the chambers are flushed con-
tinuously with dry purified air for ∼24 h. Each cham-
ber has a dedicated Differential Mobility Analyzer (DMA,
TSI model 3081) coupled with a condensation nucleus
counter (TSI model 3760) for measuring aerosol size dis-
tribution, number concentration, and volume concentration.
All aerosol growth data are corrected for wall loss, in which
size-dependent coefficients determined from inert particle
wall loss experiments are applied to the aerosol volume data
(Keywood et al., 2004). Temperature, relative humidity
(RH), O3, NO, and NOx are continuously monitored. The
initial temperature of the chamber is ∼20◦C. Heating from
the lights leads to a temperature increase of approximately
5◦C inside the chamber over the course of the experiment.
The analytical instruments are located outside the chamber
enclosure and are at the temperature of the surrounding room
(∼20–22◦C). The air may cool slightly as it is sampled from
the chamber into the instruments, and the measured aerosol
likely corresponds to the gas-particle partitioning at the tem-
perature of the surrounding room rather than the chamber
enclosure. Such small temperature differences are unlikely
to affect results significantly.
Seed particles are introduced into the chamber to act as

substrates onto which the gas-phase semivolatile products
may condense. Seed aerosols are generated from a 0.015M
aqueous ammonium sulfate solution with a constant-rate
atomizer, producing initial particle number concentrations
of ∼25 000 particles cm−3, with a geometric mean diame-
ter of ∼50 nm, and an initial aerosol seed volume of ∼10–
15µm3 cm−3. After introduction of the seed aerosol, a

known volume of the parent hydrocarbon is injected into
a glass bulb, and then introduced into the chambers by an
air stream. For experiments with α-pinene and longifo-
lene, the concentration (mixing ratio) of the parent hydrocar-
bon is monitored with a Hewlett Packard gas chromatograph
(model 5890) with flame ionization detection (GC-FID). The
concentration of longifolene in several experiments is also
measured with a Proton Transfer Reaction Mass Spectrome-
ter (PTR-MS), a custom-modified Varian 1200 system (see
Appendix A). Owing to the difficulties in measuring aro-
madendrene with GC-FID, its concentration is measured
solely with the PTR-MS. The PTR-MS is calibrated only for
aromadendrene.
In the high-NOx experiments nitrous acid (HONO) serves

as the OH precursor. HONO is prepared by dropwise addi-
tion of 15mL of 1% NaNO2 into 30mL of 10% H2SO4 in
a glass bulb. After injection of the seed aerosol and parent
hydrocarbon, the bulb is then attached to the chamber and a
stream of dry air is passed through the bulb, sending HONO
into the chamber. NO and NO2, formed as side products in
the preparation of HONO, are also introduced into the cham-
ber, and are measured by a commercial NOx monitor (Horiba
APNA-360, Irvine, CA). Additional NO from a 500 ppm gas
cylinder (Scott Marrin, Inc.) is introduced into the chamber
after the addition of HONO to achieve a target NOx level in
the chamber of about 1 ppm (upper limit of the NOx moni-
tor).
For low-NOx experiments, H2O2 serves as the OH precur-

sor. The background NOx level in the chamber during such
experiments is ≤2 ppb. H2O2 is introduced into the chamber
(prior to introduction of seed particles and parent hydrocar-
bon) by bubbling air through a 50% H2O2 solution for 2.5 h
at 5 L/min. The concentration of H2O2 in the chamber is not
measured; based on the rate of hydrocarbon decay and liter-
ature values of σH2O2 and kH2O2, we estimate [H2O2] to be
∼3–5 ppm (Kroll et al., 2006). The air stream then passes
through a particle filter to remove any droplets. Variable NO
experiments are also carried out, in which a known concen-
tration of NO is introduced into the chamber after the addi-
tion of H2O2. This allows for the study of SOA formation
under intermediate NOx conditions. It is noted that for these
intermediate NOx experiments, NO goes to zero during the
experiment and so there is a switch from high- to low-NOx
conditions over the course of the experiment.
Once the seed, parent hydrocarbon, and NOx concentra-

tions stabilize, reaction is initiated by irradiating the cham-
ber with blacklights. Output from the lights is between 300
and 400 nm, with a maximum at 354 nm. Half of the avail-
able black lights are used in the experiments. At these wave-
lengths HONO efficiently photolyzes to OH and NO. By con-
trast, H2O2 absorbs only weakly in this wavelength range,
requiring the use of ppm mixing ratios of H2O2 to achieve
target levels of OH.
A comprehensive range of measurements are employed

to study the chemical composition of the SOA formed.
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Table 1. Parent hydrocarbons used in this study.

12 N. L. Ng et al.: NOx dependence of SOA formation from terpenes

Table 21. Parent hydrocarbons used in this study.

Parent Hydrocarbon Structure Formula (MW) kOH (cm3 molec-1 s-1) 

-pinene

 

C10H16 (136) 5.3 x 10-11 a 

longifolene 

 

C15H24 (204) 4.8 x 10-11 a 

aromadendrene 

 

C15H24 (204) 1.5 x 10-10 b 

a Rate constants were obtained from Atkinson et al. (2003).  
b Rate constant was estimated from the rate of aromadendrene decay (experiment 1 in Table 4), 
 assuming an OH concentration of 3 x 106 molecule cm-3 and that aromadendrene reacts with OH 
only. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Rate constants were obtained from Atkinson et al. (2003).
b Rate constant was estimated from the rate of aromadendrene
decay (experiment 1 in Table 4), assuming an OH concentration
of 3×106 molecule cm−3 and that aromadendrene reacts with OH
only.

Table 22. Initial conditions and results for α-pinene experiments.

Expt.
No.

NOx Condition NO (ppb) NO2

(ppb)
T (K) RH

(%)
∆HC (ppb)a ∆Mo

(µg/m3)b
SOA Yield
(%)c

1 H2O2 0 0 298 5.3 13.8±0.2 29.3±2.4 37.9±3.2
2 H2O2 0 1 298 6.2 47.5±0.8 121.3±9.4 45.8±3.6
3 H2O2+NO 198 0 296 6.4 13.1±0.2 15.6±1.4 21.2±2.0
4 HONO 475 463 299 3.3 12.6±0.2 4.5±0.9 6.6±1.4
5 HONO 390 578 298 3.7 46.6±0.8 40.8±3.8 15.8±1.5

a Stated uncertainties (1σ) include scatter in GC measurements and
GC calibration errors.
b Stated uncertainties (1σ) are from scatter in particle volume mea-
surements.
c Stated uncertainties are propagated from errors in ∆HC and ∆Mo.

a Rate constants were obtained from Atkinson et al. (2003).
b Rate constant was estimated from the rate of aromadendrene decay (experiment 1 in Table 4), assuming an OH concentration of
3×106 molecule cm−3 and that aromadendrene reacts with OH only.

Real-time particle mass spectra are obtained with an Aero-
dyne quadrupole Aerosol Mass Spectrometer (Q-AMS)
(Jayne et al., 2000). A particle-into-liquid sampler (PILS,
Brechtel Manufacturing, Inc.) coupled with ion chromatog-
raphy is employed for quantitative measurements of water-
soluble ions in the aerosol phase (Sorooshian et al., 2006).
For offline chemical analysis, aerosol samples are collected
on Teflon filters (PALL Life Sciences, 47-mm diameter, 1.0-
µm pore size, Teflo membrane) starting at the point when
aerosol volume reaches its maximum value. Depending on
the total chamber volume concentration of aerosol, the fil-
ter sampling time is 2–4 h, which results in ∼1.5–6m3 of
total chamber air sampled. Teflon filter extraction proto-
cols in HPLC-grade methanol have been described previ-
ously (Surratt et al., 2006). The resultant filter extracts
are then analyzed by high performance liquid chromatog-
raphy/electrospray ionization-quadrupole mass spectrometry
(HPLC/ESI-MS) and electrospray ionization-ion trap mass
spectrometry (ESI-ITMS); details of the protocols are de-
scribed elsewhere (Surratt et al., 2006). Filter extracts are
also analyzed by a Waters ACQUITY ultra performance liq-
uid chromatography (UPLC) system, coupled with a Waters
LCT Premier time-of-flight (TOF) mass spectrometer (MS)
equipped with an electrospray ionization (ESI) source (see
Appendix B), allowing for exact mass and tandem MS mea-
surements.

The parent hydrocarbons studied and their stated puri-
ties are as follows: α-pinene (Aldrich, 99+%), longifolene
(Aldrich, >99%), and aromadendrene (Aldrich, >97%). Ta-

ble 1 lists the structures of the parent hydrocarbons and the
rate constants of the compounds for reaction with OH radi-
cals (kOH). Experimental conditions and results for each of
the parent hydrocarbons studied are given in Tables 2, 3, and
4. In calculating SOA yield, knowledge of the SOA den-
sity is required. By comparing volume distributions from the
DMA and mass distributions from the Q-AMS, effective den-
sities for the SOA formed can be estimated (Bahreini et al.,
2005; Alfarra et al., 2006). The estimated densities of the
SOA formed from different parent hydrocarbons are given in
Table 5.

3 Aerosol yields

3.1 α-pinene photooxidation

Under high-NOx conditions, the efficient photolysis of
HONO generates relatively high concentrations of OH
(∼2×107 molecules cm−3 initially), leading to rapid α-
pinene decay. Aerosol growth occurs essentially immedi-
ately, even when [NO] is high (100’s of ppb). With the high
NO concentration throughout the entire experiment, forma-
tion of ozone and NO3 is suppressed.
Under low-NOx conditions, aerosol growth is also

observed immediately after initiation of irradiation. The
α-pinene decays at a slower rate than under high-NOx
conditions, owing to the relatively slow production of OH
radicals by H2O2 photolysis. Ozone formation is observed at
an increasing concentration over time (∼30 ppb at the peak
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Table 2. Initial conditions and results for α-pinene experiments.

Expt. NOx Condition NO NO2 T RH �HC �Mo SOA Yield
No. (ppb) (ppb) (K) (%) (ppb)a (µg/m3)b (%)c

1 H2O2 0 0 298 5.3 13.8±0.2 29.3±2.4 37.9±3.2
2 H2O2 0 1 298 6.2 47.5±0.8 121.3±9.4 45.8±3.6
3 H2O2+NO 198 0 296 6.4 13.1±0.2 15.6±1.4 21.2±2.0
4 HONO 475 463 299 3.3 12.6±0.2 4.5±0.9 6.6±1.4
5 HONO 390 578 298 3.7 46.6±0.8 40.8±3.8 15.8±1.5

a Stated uncertainties (1σ ) include scatter in GC measurements and GC calibration errors.
b Stated uncertainties (1σ ) are from scatter in particle volume measurements.
c Stated uncertainties are propagated from errors in �HC and �Mo.

Table 3. Initial conditions and results for longifolene experiments.

Expt. NOx Condition NO NO2 T RH �HC �Mo SOA Yield
No. (ppb) (ppb) (K) (%) (ppb) b (µg/m3)c (%)d

1 H2O2 0 0 298 5.8 4.5±0.2 28.5±2.4 75.7±7.0
2 H2O2 0 2 297 6.0 8.4±0.4 52.5±4.2 74.4±6.7
3 H2O2 0 2 297 6.3 19.4±0.8 117.1±9.3 72.1±6.5
4 H2O2 0 2 299 5.7 24.8±1.1 148.4±11.6 71.8±6.4
5 H2O2+NO 70 31 a 297 6.2 3.8±0.2 35.8±2.9 111.7±10.2
6 H2O2+NO 209 26 a 297 8.0 4.7±0.2 43.4±3.5 110.2±10.0
7 H2O2+NO 316 0 298 6.4 4.1±0.2 43.4±3.5 127.2±1.5
8 H2O2+NO 394 0 297 6.1 4.8±0.2 50.0±4.1 124.9±11.5
9 H2O2+NO 564 0 297 6.2 3.9±0.2 51.6±4.1 157.0±14.1
10 HONO 428 550 298 3.7 9.7±0.4 68.3±5.1 84.0±7.1
11 HONO 469 502 298 3.7 19.6±0.9 141.9±10.3 86.8± 7.3
12 HONO 394 577 299 3.2 26.6±1.2 213.6±15.3 96.3±8.0

a NO2 formed due to NO reacting with residual ozone in the chamber.
b Stated uncertainties (1σ ) include scatter in GC measurements and GC calibration errors.
c Stated uncertainties (1σ ) are from scatter in particle volume measurements.
d Stated uncertainties are propagated from errors in �HC and �Mo.

of aerosol growth), possibly from residual material released
from the chamber walls. Based on the reaction rate constants
of α-pinene+O3 (kozone=8.4×10−17 cm3 molecule−1 s−1,
Atkinson et al., 2003) and α-pinene+OH
(kOH=5.3×10−11 cm3 molecule−1 s−1, Atkinson et
al., 2003), and an inferred OH concentration of
3×106 molecules cm−3 (estimated from longifolene
low-NOx experiments, see Sect. 3.2), it is estimated that an
ozone source of ∼0.1 ppb/min would be required to produce
the observed α-pinene decay. It is estimated that only about
35% of the α-pinene reacts by ozonolysis at the point of
maximum growth. Therefore, while α-pinene ozonolysis
accounts for some of the SOA yield under low-NOx con-
ditions, it is unlikely that the observed yield differences
between high- and low-NOx conditions (described below)
arise solely from the presence of ozone.

Figure 1 shows the time-dependent growth curves (organic
aerosol generated, denoted as �Mo, as a function of hy-
drocarbon reacted, �HC) for α-pinene under different NOx
conditions. The curves are referred to as “time-dependent
growth curves” as each curve represents aerosol growth data
for a single experiment over the course of the experiment
(Ng et al., 2006). As hydrocarbon measurements are made
with a lower frequency than those of particle volume, the α-
pinene concentrations shown are obtained by fitting the GC
measurements to an exponential decay. In all cases, the ini-
tial mixing ratio of α-pinene is about 15 ppb, all of which
is consumed by the end of the experiment. It is clear that
the aerosol growth under low-NOx (H2O2) conditions sub-
stantially exceeds that under high-NOx (HONO) conditions,
while the intermediate NOx (“H2O2+NO”) experiment ex-
hibits an aerosol yield between those of the two extremes.
The time-dependent growth curve of the intermediate NOx
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Table 4. Initial conditions and results for aromadendrene experiments.

Expt.
No.

NOx Condition NO
(ppb)

NO2
(ppb)

T
(K)

RH
(%)

�HC
(ppb)a

�Mo
(µg/m3)b

SOA Yield
(%)

1 H2O2 0 0 299 5.5 5.7±1.2 19.7±2.0 41.7±10
2 H2O2+NO 120 0 298 9.3 5.3±1.2 23.1±2.2 52.0±12.4
3 H2O2+NO 195 0 298 7.7 6.0±1.4 29.3±2.6 58.8±14.4
4 H2O2+NO 517 0 299 7.4 3.2±0.7 22.6±2.2 84.7±20.0

a Stated uncertainties (1σ ) include scatter in PTR-MS measurements and PTR-MS calibration errors.
b Stated uncertainties are derived from scatter in particle volume measurements.

Table 5. Estimated effective SOA densities.

Parent Hydrocarbon NOx Condition Effective Density (g cm−3)a

α-pinene Low-NOx 1.32±0.10
α-pinene Intermediate NOx 1.32±0.10
α-pinene High-NOx 1.33±0.10
longifolene Low-NOx 1.29±0.10
longifolene Intermediate NOx 1.30±0.10
longifolene High-NOx 1.40±0.10
aromadendrene Low-NOx 1.20±0.10
aromadendrene Intermediate NOx 1.35±0.10

a Stated uncertainties (1σ ) are from repeated measurement of am-
monium sulfate seed densities.

experiment exhibits a vertical section at the end, indicating
that further reactions are contributing to aerosol growth af-
ter α-pinene is consumed. We return to this observation in
Sect. 5.2.2.

3.2 Longifolene photooxidation

For longifolene, a series of high-NOx (HONO) experiments
and low-NOx (H2O2) experiments with varying initial hydro-
carbon concentrations are carried out. The time-dependent
growth curves for 3 high-NOx and 3 low-NOx experiments,
with initial longifolene mixing ratios ranging from ∼10 to
30 ppb, are shown in Fig. 2. In contrast to α-pinene photooxi-
dation, longifolene aerosol yields under high-NOx conditions
exceed those under low-NOx conditions. Under high-NOx
conditions, the maximum SOA yield is about ∼100–130%
and is reached in∼10min after initiation of the experiments,
with the yield decreasing after that point. It is noted that SOA
yield is defined on a mass basis so oxidation (addition of O
or N atoms) can lead to yields larger than 100%. Under low-
NOx conditions, SOA yield continues to increase over the
course of the experiment, reaching a maximum when all the
longifolene is consumed. The final SOA yields of each longi-
folene low-NOx experiment lie on a straight line that passes
through the origin, indicating that under low-NOx conditions
SOA yield is constant (∼75%) under the range of�Mo stud-
ied. It is possible that under lower SOA loadings the yields

Figure 1: 
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Fig. 1. Time-dependent growth curves for α-pinene photooxidation
under different NOx conditions (Experiments 1, 3 and 4 in Table 2).

may decrease as some of the products partition back into the
gas phase. Based on the observed longifolene decay and kOH
for longifolene, the chamber OH concentration under low-
NOx conditions is estimated to be ∼3×106 molecules cm−3.
The effect of NOx on longifolene aerosol formation is

further illustrated by the time-dependent growth curves in
Fig. 3. In both experiments H2O2 is used as the OH pre-
cursor and the initial longifolene mixing ratio is 4–5 ppb; in
one experiment no extra NO is added, while in the other ex-
periment about 300 ppb of NO is introduced into the cham-
ber after the addition of H2O2. Aerosol growth in the pres-
ence of ∼300 ppb NO is substantially higher. A series of ex-
periments with the same initial longifolene concentration but
different initial NO concentrations (∼100–600 ppb) are also
carried out. Figure 4 shows the final aerosol yield as a func-
tion of the initial NOx concentration. The amount of aerosol
formed is highly dependent on the level of NOx present ini-
tially; with ∼600 ppb NO, the ultimate aerosol yield is twice
that at low-NOx conditions.
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Fig. 2. Time-dependent growth curves for longifolene photooxida-
tion under high- and low-NOx conditions (Experiments 2, 3, 4, 10,
11, and 12 in Table 3). The mixing ratios in the legend refer to the
amount of longifolene reacted in each experiment. The final SOA
yields of each low-NOx experiment lie on a straight line that passes
through the origin, indicating that under low-NOx conditions SOA
yield is constant, at ∼75%.
Figure 3: 
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Fig. 3. Time-dependent growth curves for longifolene photooxida-
tion with H2O2 as the OH precursor. Aerosol growth in the presence
of ∼300 ppb NO (Experiment 7 in Table 3) significantly exceeds
that without NO (Experiment 1 in Table 3).

3.3 Aromadendrene photooxidation

Figure 5 shows the final aerosol yield as a function of ini-
tial NOx concentration for aromadendrene photooxidation.
The OH precursor used in these experiments is H2O2 and
the initial aromadendrene mixing ratio is ∼5 ppb. It is clear
that aromadendrene aerosol yield also increases with NOx
concentration; as with longifolene, with ∼500 ppb NO, the
aerosol yield is approximately double that at low-NOx con-
ditions.
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Fig. 4. SOA growth as a function of initial NOx concentration, for a
fixed longifolene concentration (4–5 ppb). Results shown are from
Table 3.Figure 5: 
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Fig. 5. SOA growth as a function of initial NOx concentration, at a
fixed initial aromadendrene concentration (∼5 ppb). Results shown
are given in Table 4.

4 Chemical composition of SOA

In this section, the measurements of the chemical composi-
tion of α-pinene and longifolene SOA are presented. The
aromadendrene experiments are performed mainly to verify
the observed NOx dependence for longifolene, in which SOA
yield is higher under high-NOx conditions, and so detailed
analysis of the chemical composition of aromadendrene SOA
is not pursued.

4.1 Aerosol Mass Spectrometer (Q-AMS) measurements

Figures 6 and 7 show the AMS high-NOx versus low-NOx
spectrum signal for α-pinene and longifolene photooxida-
tion, respectively. Each mass fragment is normalized by
the total signal. For both hydrocarbons, SOA at high NOx
conditions exhibit relatively strong signals at m/z 30 and
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Fig. 6. AMS high-NOx spectra signal versus low-NOx spectra sig-
nal for α-pinene photooxidation. Each mass fragment is normalized
by the total signal. The solid black line is the 1:1 line. The spectra
are taken when all hydrocarbon has been consumed.

46, and to a much smaller extent m/z 14. The signals at
these mass to charge ratios likely correspond to NO+

2 (46),
NO+(30), and N+(14) fragments from nitrates in the aerosol.
The significance of these fragments will be further discussed
in Sect. 5.1.
Changes in AMS spectra over the course of the experi-

ment for longifolene under high- and low-NOx conditions
are shown in Figs. 8 and 9, respectively. The corresponding
growth curves for these experiments are shown in Fig. 2 (the
pair of experiments with ∼30 ppb of longifolene injected).
The top panel shows the fractional contribution of each mass
fragment to the total organic and nitrate signal during the
growth phase of the experiment (the first∼100µgm−3 longi-
folene reacted); the middle panel shows the fractional contri-
butions at the point when all of the hydrocarbon is consumed
(�HC∼200µgm−3); the bottom panel shows the percentage
change of each mass fragment between these two phases.
Under high-NOx conditions, changes in mass fractions of
different fragments during aerosol growth are minimal, in-
dicating that the aerosol composition is not changing signif-
icantly over time. Under low-NOx conditions, however, the
mass fraction of m/z 44 (corresponding to the CO+

2 ion, in-
dicative of highly oxidized organics) increases by 93% dur-
ing the reaction, while those for higher mass to charge ratios
are observed to decrease. The mass fractions of m/z 44 and
higher mass to charge ratios continue to change even after the
aerosol growth levels off, suggesting the presence of further
chemistry (either gas-phase or particle-phase) even after all
the initial hydrocarbon is consumed.
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Fig. 7. AMS high-NOx spectra signal versus low-NOx spectra sig-
nal for longifolene photooxidation. Each mass fragment is normal-
ized by the total signal. The solid black line is the 1:1 line. The
spectra are taken when all hydrocarbon has been consumed.

4.2 Offline chemical analysis

All ions detected by the UPLC/ESI-TOFMS instrument from
α-pinene and longifolene photooxidation are listed in Ta-
bles 6 and 7, respectively. The tables list the exact masses
and their likely molecular formulas corresponding to each
of the [M–H]− ions detected (in which M is the molecu-
lar weight of the compound). The error between the mea-
sured mass and theoretical mass is reported in two different
ways, ppm and mDa. For most of the ions observed, the
error between the measured and theoretical masses is less
than±2mDa and±5 ppm, allowing for generally unambigu-
ous identification of molecular formulae. Solvent blanks and
control filters are also run on the UPLC/ESI-TOFMS instru-
ment; none of the listed ions is observed in these control sam-
ples. The ions listed in Tables 6 and 7 are also detected by
HPLC/ESI-MS and ESI-ITMS, confirming that these com-
pounds are not the result of artifact formation in a specific
mass spectrometer.
Acidic compounds, such as carboxylic acids and sulfate

esters, readily ionize under (–)ESI-MS techniques (Gao et
al., 2004; Surratt et al., 2006; Surratt et al., 2007). Hydroxy-
lated compounds, as well as ketones and aldehydes, however,
are generally not ionizable unless carboxylic acid and/or sul-
fate ester moieties are also present within the same molecule.
Therefore, it is expected that all ions listed in Tables 6 and 7
are acidic compounds. For the SOA formed in the presence
of NOx (HONO and “H2O2+NO” experiments), even-mass
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Fig. 8. Change in AMS spectrum over the course of longifolene photooxidation under high-NOx conditions. Top panel: Fractional con-
tribution of each mass fragment to the total organic and nitrate signal during the growth phase of the experiment. Middle panel: fractional
contribution of each mass fragment to the total organic and nitrate signal when all hydrocarbon is consumed. Bottom panel: Percentage
change of each mass fragment between the growth phase and the end of the experiment.
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 Fig. 9. Change in AMS spectrum over the course of longifolene photooxidation under low-NOx conditions. Top panel: Fractional contri-

bution of each mass fragment to the total organic and nitrate signal during the growth phase of the experiment. Middle panel: fractional
contribution of each mass fragment to the total organic and nitrate signal when all hydrocarbon is consumed. Bottom panel: Percentage
change of each mass fragment between the growth phase and the end of the experiment.
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Figure 10: 
 

7.80 8.00 8.20 8.40 8.60 8.80 9.00 9.20 9.40 9.60

374

374
346

390 374390

374
390

 

Longifolene (HONO)

Longifolene (H2O2 + NO)

Longifolene (H2O2)

A
b

so
lu

te
 A

b
u

n
d

a
n

ce

Time (min)

374

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. UPLC/ESI-TOFMS extracted ion chromatograms (EICs) (=m/z 346+374+390) for longifolene photooxidation. The even [M–H]−
ions listed above the chromatographic peaks correspond to organic nitrates detected in longifolene SOA. No organic nitrates are detected in
the H2O2 experiment (low-NOx condition). The HONO experiment (high-NOx condition) has the widest array of organic nitrates detected
(as shown in Table 7), as well as the largest chromatographic peaks; m/z 372 is the only exception, and is most abundant in the intermediate
NOx experiment. These EICs are directly comparable as the volume of chamber air sampled is approximately the same (2m3).

[M–H]− ions are observed in ESI mass spectra, indicating
the compound has an odd number of nitrogen atoms, likely
within organic nitrate functional groups. Nitrated organics
were previously observed in isoprene SOA formed under
high-NOx conditions (both HONO and H2O2+NO) (Surratt
et al., 2006), and are further confirmed by the tandem MS
data, which reveals a loss of 63Da (HNO3). For α-pinene,
only one acidic organic nitrate (m/z 322) is detected in the
HONO experiment and none are detected in H2O2 and inter-
mediate NOx experiments. Masses of many ions detected
in the α-pinene experiments have been observed in previ-
ous laboratory work (Glasius et al., 1999, 2000; Larsen et
al., 2001) and field studies (Gao et al., 2006). For longi-
folene, a much wider array of acidic organic nitrates is de-
tected by the UPLC/ESI-TOFMS instrument in both HONO
and intermediate NOx experiments. For both α-pinene and
longifolene, compounds with more carbons than the parent
hydrocarbon are observed. Tandem MS data for these C12,
C16, and C17 acidic organic nitrates reveal a common neutral
loss of 60Da, which possibly corresponds to an acetic acid
monomer. Surratt et al. (2006) and Szmigielski et al. (2007)
recently showed that particle-phase esterification occurs in
isoprene SOA formed under high-NOx conditions. The ob-
served neutral loss of 60Da for these acidic organic nitrates
suggests that these compounds may be dimers formed by
particle-phase esterification.
Figure 10 shows the extracted ion chromatograms (EICs)

of m/z 346, 374, and 390 from longifolene oxidation under
different NOx conditions. These m/z values correspond to

acidic organic nitrates, as confirmed by the exact mass data
(Table 7) as well as the loss of 63Da in the tandem MS data.
The chromatographic peaks are much larger in the highest
NOx experiment than those in the intermediate NOx exper-
iment (except m/z 372, not shown); no chromatographic
peaks are observed under low-NOx (H2O2) conditions. In
addition, for several [M–H]− ions (e.g. m/z 374 and 390)
there are several structural isomers present. Additionally, the
intensity of non-nitrogen-containing ions (e.g.m/z 223, 239,
253, 255, 267, 269, and 283), are generally larger under low-
NOx conditions.

5 Discussion

5.1 Effect of hydrocarbon size on NOx dependence

It has been established that NOx levels exert a major influ-
ence on SOA formation (Hatakeyama et al., 1991; Pandis
et al., 1991; Zhang et al., 1992, 2006; Hurley et al., 2001;
Johnson et al., 2004, 2005; Song et al., 2005; Presto et al.,
2005; Kroll et al., 2005, 2006; Ng et al., 2007). For pho-
tooxidation of isoprene, SOA yields increase as the NOx
level decreases (Kroll et al., 2006). The proposed mecha-
nism for this observed NOx dependence is the competitive
chemistry of organic peroxy radicals between NO and HO2,
in which the semivolatile products formed via the RO2+HO2
path are less volatile than those formed via the RO2+NO
route (Hatakeyama et al., 1991; Johnson et al., 2004, 2005;
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Table 6. α-Pinene acidic SOA components detected by UPLC/ESI-
TOFMS.

Experiment Measured TOFMS suggested Error Error Retention
[M - H]− ion (m/z) molecular formula (mDa) (ppm) Time (min)

H2O2

157.0497 C7H9O−
4 -0.4 -2.5 5.09

169.0873 C9H13O−
3 0.8 4.7 6.89

171.0654 C8H11O−
4 -0.3 -1.8 5.61

183.1027 C10H15O−
3 0.6 3.3 7.50

185.0821 C9H13O−
4 0.7 3.8 6.85

199.0983 C10H15O−
4 1.3 6.5 6.17

199.0982 C10H15O−
4 1.2 6.0 6.29

199.0976 C10H15O−
4 0.6 3.0 6.34

215.0923 C10H15O−
5 0.4 1.9 5.99

215.0930 C10H15O−
5 1.1 5.1 7.18

231.0885 C10H15O−
6 1.6 6.9 6.80

H2O2 + NO

157.0499 C7H9O−
4 -0.2 -1.3 5.08

171.0655 C8H11O−
4 -0.2 -1.2 5.60

183.1025 C10H15O−
3 0.4 2.2 7.49

185.0812 C9H13O−
4 -0.2 -1.1 6.86

197.0814 C10H13O−
4 0.0 0.0 8.09

199.0971 C10H15O−
4 0.1 0.5 6.36

203.0557 C8H11O−
6 0.1 0.5 5.50

215.0925 C10H15O−
5 0.6 2.8 6.23

229.0718 C10H13O−
6 0.6 2.6 6.17

231.0856 C10H15O−
6 -1.3 -5.6 6.79

HONO

171.0649 C8H11O−
4 -0.8 -4.7 5.60

183.1022 C10H15O−
3 0.1 0.5 7.49

185.0457 C8H9O−
5 0.7 3.8 6.63

187.0606 C8H11O−
5 0.0 0.0 5.65

197.0819 C10H13O−
4 0.5 2.5 8.09

203.0546 C8H11O−
6 -1.0 -4.9 5.50

213.0781 C10H13O−
5 1.8 8.4 5.26

231.0883 C10H15O−
6 1.4 6.1 6.80

259.1182 C12H19O−
6 0.0 0.0 5.85

322.1148 C12H20NO−
9 1.0 3.1 7.62

Presto et al., 2005; Kroll et al., 2006; Zhang et al., 2006; Ng
et al., 2007). A similar yield dependence on NOx is observed
here for photooxidation of α-pinene (Fig. 1). For an initial α-
pinene concentration of ∼15 ppb, the SOA yield under low-
NOx conditions is about a factor of 3 higher than that un-
der high-NOx conditions. The observed NOx dependence is
consistent with that of previous studies on α-pinene photoox-
idation (Hatakeyama et al, 1991) and α-pinene ozonolysis
(Presto et al., 2005).
The observed NOx dependence of SOA yield for the

sesquiterpenes, however, is different from that of isoprene
and α-pinene (as well as other hydrocarbons with 10 or fewer
carbons, such as aromatic species). For longifolene and aro-
madendrene, aerosol yield increases with increasing NOx
concentration (Figs. 2–5). This reversal of the NOx depen-
dence of SOA formation could be the result of a number of
factors. Figure 11 shows a simplified reaction mechanism in-
volving peroxy radical chemistry. At the two limiting NOx
conditions of this study, the peroxy radical chemistry is rela-
tively well-defined; under high-NOx conditions, peroxy rad-
icals react virtually entirely with NO, while under low-NOx
conditions, RO2 reacts predominantly with HO2. One of the
possible explanations for the higher SOA yield under high-
NOx conditions is the formation of large alkoxy radicals that
isomerize rather than fragment. Isomerization is plausible if

Table 7. Longifolene acidic SOA components detected by
UPLC/ESI-TOFMS.

Experiment Measured TOFMS suggested Error Error Retention
[M - H]− ion (m/z) molecular formula (mDa) (ppm) Time (min)

H2O2

223.1344 C13H19O−
3 1.0 4.5 8.92

237.1500 C14H21O−
3 0.9 3.8 9.06

239.1651 C14H23O−
3 0.4 1.7 10.50

253.1445 C14H21O−
4 0.5 2.0 9.36

249.1499 C15H21O−
4 0.8 3.2 9.25

249.1501 C15H21O−
4 1.0 4.0 10.14

255.1611 C14H23O−
4 1.5 5.9 9.88

255.1622 C14H23O−
4 2.6 10.2 8.99

267.1602 C15H23O−
4 0.6 2.2 8.88

267.1606 C15H23O−
4 1.0 3.7 9.01

267.1611 C15H23O−
4 1.5 5.6 9.28

267.1601 C15H23O−
4 0.5 1.9 9.70

269.1392 C14H21O−
5 0.3 1.1 7.71

283.1561 C15H23O−
5 1.6 5.7 7.35

313.2018 C17H29O−
5 0.3 1.0 9.20

H2O2 + NO

223.1337 C13H19O−
3 0.3 1.3 8.92

239.1649 C14H23O−
3 0.2 0.8 10.49

265.1442 C15H21O−
4 0.2 0.8 8.93

269.1401 C14H21O−
5 1.2 4.5 7.72

316.1396 C14H22NO−
7 0.0 0.0 9.88

329.1972 C17H29O−
6 0.8 2.4 9.35

372.1664 C17H26NO−
8 0.6 1.6 10.58

374.1829 C17H28NO−
8 1.4 3.7 9.14

374.1829 C17H28NO−
8 1.4 3.7 9.35

390.1775 C17H28NO−
9 1.1 2.8 9.46

HONO

223.1334 C13H19O−
3 -0.1 -0.4 8.92

241.1453 C13H21O−
4 1.3 5.4 7.55

253.1431 C14H21O−
4 -0.9 -3.6 8.02

269.1394 C14H21O−
5 0.5 1.9 7.18

269.1408 C14H21O−
5 1.9 7.1 7.71

342.1930 C17H28NO−
6 1.3 3.8 9.65

344.1348 C15H22NO−
8 0.3 0.9 8.25

346.1502 C15H24NO−
8 0.2 0.6 8.34

360.1674 C16H26NO−
8 1.6 4.4 8.89

372.1667 C17H26NO−
8 -0.6 -1.6 10.61

374.1809 C17H28NO−
8 -0.6 -1.6 8.89

374.1816 C17H28NO−
8 0.1 0.3 9.13

374.1808 C17H28NO−
8 -0.7 -1.9 9.35

390.1773 C17H28NO−
9 0.9 2.3 8.49

390.1778 C17H28NO−
9 1.4 3.6 9.21

435.1619 C17H27N2O−
11 0.4 0.9 9.56

the alkoxy radical has four or more carbon atoms and can
form a 6-membered transition state (Baldwin et al., 1977;
Carter and Atkinson, 1985). The isomerization pathway
leads to the formation of large hydroxycarbonyls, multifunc-
tional products that are likely low in volatility. The relative
importance of isomerization increases with the size of alkoxy
radicals (Atkinson, 1994, 1997a, b; Atkinson et al., 1995,
1999), and larger compounds could exhibit increasing SOA
yields under high-NOx conditions as a consequence of this
mechanism. For example, Lim and Ziemann (2005) mea-
sured SOA yields up to∼50% for C15 alkanes in the presence
of ppm levels of NOx. They proposed multiple isomerization
steps leading to the formation of multifunctional compounds
including nitrooxy, hydroxyl, and carbonyl groups, and it is
suggested that the hydroxycarbonyls formed may isomerize
to form furan species that can undergo further reactions (Lim
and Ziemann, 2005). Gas-phase products that are consis-
tent with the isomerization mechanism have been observed
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in α-pinene photooxidation but this pathway does not appear
to dominate SOA formation under high-NOx conditions (As-
chmann et al., 1998, 2002), possibly due to the higher volatil-
ity of these species.
Higher SOA yields observed under high-NOx conditions

for sesquiterpenes may, secondly, be a result of the forma-
tion of relatively nonvolatile organic nitrates, evidence for
which appears in both Q-AMS data and filter sample data.
In AMS data, m/z 30 (NO+) and m/z 46 (NO+

2 ) signals are
commonly associated with nitrate species (organic and inor-
ganic nitrates). For both α-pinene and longifolene, the ratio
of the sum of the intensities of ions at m/z 30 and m/z 46 to
the total ion intensity is higher under high-NOx conditions:
under low-NOx conditions, the ratio is very small (2%), un-
der high-NOx conditions, the ratio is about 15–25%. The
ratio of m/z 30 to total mass and the ratio of m/z 46 to to-
tal mass show the same trend, indicating m/z 30 and m/z 46
are correlated. It is possible that the signal at m/z 30 could
be the result of a non-nitrogen containing organic fragment
ion; however, given the observed correlation between m/z

30 andm/z 46 and their small signals under low-NOx condi-
tions, it appears that there is little interference from organics
at these signals. Under high-NOx conditions, ∼10µgm−3 of
inorganic nitrates, as measured by the PILS/IC, are present
in the aerosol. Such nitrates may arise from the partitioning
or reactive uptake of gas-phase HNO3 into the aerosol phase.
Assuming no non-nitrate contribution tom/z 30 andm/z 46,
the total nitrate content of the SOA is estimated as the sum
of the signals at each fragment. It is found that the calcu-
lated nitrate content (∼20µgm−3) exceeds that measured by
PILS/IC, suggesting the presence of organic nitrates.
The filter sample data provide a more direct comparison

on the amount of organic nitrates formed in α-pinene and
longifolene photooxidation under different NOx conditions.
For both α-pinene and longifolene, no acidic nitrates are ob-
served under low-NOx conditions, consistent with the lack
of NOx and the prevailing RO2+HO2 reaction in this case.
Organic nitrate yield from the RO2+NO reaction increases
with increasing carbon number (Atkinson et al., 1987; Carter
and Atkinson, 1989; O’Brien et al., 1998; Arey et al., 2001;
Aschmann et al., 2001; Zhang et al., 2004), and with the
larger carbon skeleton the organic nitrates formed will be
less volatile, this is consistent with the much wider array
and larger quantities of acidic nitrates detected in longifolene
photooxidation under high-NOx conditions compared to the
α-pinene experiments. Hence for photooxidation of larger
compounds such as sesquiterpenes, the nitrate formation
channel may play an important role in SOA formation under
high-NOx conditions. With the formation of large molecu-
lar weight compounds with nitrate groups, mass-based SOA
yields from longifolene photooxidation under high-NOx con-
ditions actually exceed 100%.
Lacking appropriate analytical techniques for the detec-

tion of non-acidic nitrates, the contribution of these species
under high-NOx conditions cannot be assessed. In α-pinene
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Fig. 11. General schematic of gas-phase peroxy radical chemistry
in SOA formation.

photooxidation, hydroxynitrates have been identified in the
gas phase using mass spectrometry (Aschmann et al., 1998,
2002). In SOA formation from alkanes under high-NOx con-
ditions, Lim and Ziemann (2005) found that, while SOA
from oxidation of C10 alkane contains no δ-hydroxynitrates,
nitrates contribute ∼40% of the SOA mass for reactions of
the C15 alkane. It seems likely that higher levels of hydrox-
ynitrates are present in longifolene SOA than in α-pinene
SOA.

5.2 General mechanisms of aerosol growth

5.2.1 Loss of semivolatiles

Substantial insight into the general mechanism of SOA for-
mation and growth kinetics can be gained by examining
“growth curves”, showing the amount of SOA formed per
hydrocarbon reacted (Ng et al., 2006, 2007). Figure 2 shows
the time-dependent growth curves from longifolene photoox-
idation under high- and low-NOx conditions. The high-NOx
growth curves have a “convex” shape, indicating that aerosol
growth slows down as longifolene approaches complete reac-
tion. Similar behavior for longifolene growth was observed
previously in our laboratory (Ng et al., 2006); the authors
suggested that this atypical growth behavior may have been
spurious, as a result of inaccuracies in PTR-MS measure-
ments, owing to interference from product ions, or changes in
the aerosol density over the course of the experiment. In this
study, in those experiments in which the longifolene concen-
tration is monitored by both GC-FID and PTR-MS, the shape
of PTR-MS hydrocarbon decay agrees with that measured by
GC-FID. The density of the aerosol is estimated during oxi-
dation by comparing Q-AMS and DMA data. It is found that
the SOA density decreases slightly (<5%) over the course of
the experiment, however, such a small decrease in density is
within experimental uncertainty and cannot account for the
observed atypical growth behavior.
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Fig. 12. A kinetic scheme depicting the competition be-
tween gas-particle partitioning and irreversible loss of the gas-
phase semivolatiles. X represents the product of generic loss
of semivolatile species Ag by chemical reaction, and/or loss
to chamber walls. k�

OH is the pseudo-first-order rate constant
(k�
OH=kOH[OH]) for photooxidation of the parent hydrocarbon; kg

is the first-order rate constant of loss of semivolatiles.

Deceleration in SOA growth can arise from the loss of
semivolatiles by photolysis, further reaction with OH to
form volatile products, or irreversible loss to chamber walls.
Such processes reduce the amount of gas-phase semivolatiles
species that partition into the aerosol phase. The effect on
SOA growth of gas-phase reaction forming more volatile
species has been examined in a recent modeling study (Chan
et al., 2007). Figure 12 shows a kinetic scheme depicting
the competition between gas-particle partitioning and irre-
versible loss of the gas-phase semivolatiles. X represents the
product of generic loss of semivolatile species Ag; k�OH is
the pseudo-first-order rate constant (k�OH=kOH[OH]) for re-
action of the parent hydrocarbon; and kg is the first-order rate
constant of loss of semivolatiles. When fitting the observed
aerosol growth with this simple kinetic model, it is estimated
that kg is about 5 times larger than k�OH. At the estimated OH
concentration of ∼2×107 molecules cm−3 under high-NOx
conditions, k�OH for longifolene is ∼9.6×10−4 s−1. A ma-
jor difference in SOA composition under high- and low-NOx
conditions is the presence of organic nitrates under high-
NOx conditions. Thus the loss of organic nitrates (among
other gas-phase species) may play a role in the observed de-
celeration in aerosol growth. The reaction rate constants of
small alkyl nitrates with OH are generally of the order of
10−13cm3 molecule−1 s−1 (hence pseudo-first-order reaction
rate of∼10−6 s−1) and their photolysis rates have been mea-
sured to be ∼1×10−6 s−1 (Talukdar et al., 1997; Finlayson-
Pitts and Pitts, 2000). Although the OH reaction rate and
photolysis rate of organic nitrates are much slower than the
oxidation rate of longifolene, both rates are expected to in-
crease with carbon number (Talukdar et al., 1997; Finlayson-
Pitts and Pitts, 2000; Treves and Rudich, 2003). Hence, it is
possible that gas-phase reaction of C15 organic nitrates may
be occurring at an appreciable rate. Further study on the OH
reaction rate constant and photolysis rate of larger nitrates
would be useful in evaluating the importance of gas-phase
nitrate chemistry in aerosol formation.

Such a deceleration in SOA growth is not observed in
longifolene low-NOx experiments. This is in contrast to the
rapid decrease in aerosol volume observed in isoprene pho-
tooxidation under low-NOx conditions, in which photolysis
and/or further reactions of organic hydroperoxides may be
occurring (Kroll et al., 2006). There is evidence for further
reactions with longifolene low-NOx SOA as well: the AMS
m/z 44 (CO+

2 )mass fraction increases over the course of the
experiment (Fig. 9), indicating the SOA is being further ox-
idized. Unlike with isoprene photooxidation, however, the
compounds formed from the further oxidation of longifolene
products are likely sufficiently nonvolatile to remain in the
particle phase. The photochemistry of larger and more com-
plex hydroperoxides merits further investigation.

5.2.2 SOA formation from higher generation products

In Figs. 1 and 3, the growth curves of α-pinene and longi-
folene photooxidation exhibit a “hook” at the end of the in-
termediate NOx experiments, indicting that aerosol growth
continues after the complete consumption of the parent hy-
drocarbon. Organic mass measured by the Q-AMS increases
even after all the hydrocarbon is consumed, indicating that
this additional aerosol growth is not a result of condensation
of inorganic nitrate. Continued aerosol growth can arise from
further gas-phase reactions of reactive oxidation products,
such as aldehydes and furans, etc, or from further particle-
phase reactions. In the intermediate NOx experiments, the
NO concentration goes to zero within 20min after the com-
mencement of photooxidation, owing to the rapid reaction
of NO and peroxy radicals (HO2 and other peroxy radicals).
As a result, a transition from high-NOx to low-NOx condi-
tions occurs over the course of the experiment, and the fi-
nal aerosol formed is potentially a mixture of the products
formed under both conditions. It is possible that particle-
phase reactions, such as the formation of peroxyhemiacetals
from hydroperoxides and aldehyde species, may be con-
tributing to the further aerosol growth observed in the inter-
mediate NOx experiments (Johnson et al., 2004, 2005).

6 Implications

A series of chamber experiments investigating the NOx de-
pendence of SOA formation from the photooxidation of one
monoterpene and two sesquiterpenes is reported here. SOA
formation from monoterpenes such as α-pinene is found to
have a similar NOx dependence as isoprene (as well as other
hydrocarbons with 10 or fewer carbons, such as aromatic
species), in which the aerosol yields are substantially higher
under low-NOx conditions. The NOx dependence of SOA
formation from the two sesquiterpenes is, however, markedly
different; for longifolene and aromadendrene, aerosol yields
are at their maximum under high-NOx conditions. The
reason for this reversal of the NOx dependence, while not
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unequivocally established here, may be the result of produc-
tion of highly nonvolatile organic nitrates, the existence of
which is suggested by both Q-AMS and filter sample data,
and/or isomerization of alkoxy radicals to form low-volatility
multifunctional organics.
The increase in SOA yield from photooxidation of the

larger biogenic hydrocarbons under high-NOx conditions
could have implications in terms of the effect of anthro-
pogenically influenced air masses on biogenic SOA forma-
tion. In the recent study of de Gouw et al. (2005), it is
suggested that over the western Atlantic the majority of the
measured organic aerosol is from secondary anthropogenic
sources, a conclusion that is somewhat at odds with the radio-
carbon measurements that indicate high fractions of “mod-
ern” (presumably biogenic) carbon (e.g. Klinedinst and Cur-
rie, 1999; Weber et al., 2007). If the production of SOA
from biogenic hydrocarbons is enhanced in the presence of
NOx, observations of enhanced SOA correlated with anthro-
pogenic sources can occur, even for organic carbon of bio-
genic origin. Large anthropogenic hydrocarbons may ex-
hibit a similar NOx behavior as that of the sesquiterpenes
studied, as suggested by the substantial SOA yields from the
OH-initiated reaction of large alkanes in the presence of ppm
levels of NOx (Lim and Ziemann, 2005). If the NOx behav-
ior observed for longifolene and aromadendrene extends to
other sesquiterpenes as well as larger alkanes, the contribu-
tion to the total SOA from these compounds in polluted air
may actually be higher than previously estimated (Griffin et
al., 1999a, b; Carreras-Sospedra et al., 2005; de Gouw et al.,
2005).
In this study, we have investigated the NOx dependence

of SOA formation from photooxidation of only the monoter-
pene α-pinene and two sesquiterpenes, each containing one
double bond. SOA formation from compounds with two or
more double bonds can exhibit characteristics that suggest
significant contributions from multiple generation products
(Ng et al., 2006) and this may have impacts on the NOx de-
pendence. It is clear that the effect of NOx on SOA yields
from the complete suite of atmospherically relevant aerosol-
forming hydrocarbons should be evaluated thoroughly.

Appendix A

Description of PTR-MS technique

For PTR-MS sampling, a constant flow of ∼2.5 standard
liters per minute (slm) is drawn from the chamber through
PFA tubing. The residence time in the inlet tubing is roughly
1 s. A small portion of the flow, 93 standard cubic centime-
ters per minute (sccm), is pulled through a glass critical ori-
fice into a 2.54-cm diameter glass flow tube, in which this
sample flow is diluted with dry N2 (1.6 slm) to maintain the
flow tube pressure at 35mbar. This dilution minimizes con-
founding effects owing to large concentrations of hydrogen

peroxide and other compounds typically used or produced in
chamber experiments.
In the flow tube, analyte ionization occurs in a manner

similar to that described by Crounse et al. (2006) for neg-
ative ionization. N2 (400 sccm) flows through an ion source
cup composed of a cylindrical silver foil lined with 210 Po and
sealed with gold. α bombardment from the 210 Po, coupled
with trace water present in the N2, leads to the formation of
positively charged clusters, e.g. (H2O)nH+. The electric po-
tentials of the ion source components are set such that these
positively charged clusters then pass through a 6.35mm aper-
ture into the 35mbar flow tube, flowing perpendicular to the
sample flow. The clusters then react via proton transfer with
the analyte (e.g. aromadendrene) in the sample flow to form
aromadendrene-H+ and higher order water clusters.
Across the flow tube from the ion source, a pinhole aper-

ture (diameter 0.34mm) allows a portion of the ions and
neutral gas (∼30 sccm) to flow into the mass spectrometer,
a Varian 1200 tandem mass spectrometer. The spectrometer
was modified by removing the electron impact source and ex-
tending the hexapole ion guide that leads to the quadrupole
mass analyzer to the pinhole aperture. For these measure-
ments, the mass spectrometer was operated exclusively in
one-dimensional mass spectrometry mode.
In order to simplify the mass spectra, a DC potential of

−10V (relative to the pinhole aperture) is applied to the
hexapole. This offset pulls ions into the hexapole, where
the pressure is relatively high owing to the neutral gas flow
(chiefly N2) through the pinhole. The ions therefore undergo
high energy collisions with the neutral gas molecules which
dissociate water clusters of analyte A:

A · (H2O)n · H++N2 → A · H++nH2O+N2 (A1)

Thus, species are predominantly observed at m/z=M+1,
where M is the molecular mass of the species. Hydrates,
A·(H2O)m·H+, particularly m=1, are also observed for some
species, though not for aromadendrene or longifolene.
Each day, the PTR-MS sensitivity towards aromadendrene

was determined by sampling standard mixtures of aromaden-
drene in teflon bags filled with 50 L zero air. The sensitiv-
ity was determined to be linear from 0 ppb to at least 5 ppb.
Also, because of the large amounts of H2O2 utilized in the
experiments, the sensitivity as a function of H2O2 was de-
termined, with [H2O2] measured by operating the Varian
1200 in negative ionization mode, exploiting the reaction of
CF3O− with H2O2 (Crounse et al., 2006). Thus, the sen-
sitivity determined from H2O2-free standards was corrected
for sampling from the chamber when H2O2 was present.
The uncertainty of aromadendrene measurements using

PTR-MS is estimated to be ∼±22%, based on the scatter of
replicate data and background measurements and uncertain-
ties in the H2O2 correction.
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Appendix B

Description of UPLC/ESI-TOFMS technique

Filter extracts (in 1:1 (v/v) solvent mixture of methanol and
0.1% aqueous acetic acid solution) are analyzed by a Wa-
ters ACQUITY ultra performance liquid chromatography
(UPLC) system, coupled with a Waters LCT Premier time-
of-flight (TOF) mass spectrometer (MS) equipped with an
electrospray ionization (ESI) source. The ESI source on
this instrument contains two individual sprays; one spray is
for the eluent and the other is for the lock-mass correction.
Optimum ESI conditions are found using a 2.5 kV capillary
voltage, 40V sample cone voltage, 350◦C desolvation tem-
perature, 130◦C source temperature, 20 L h−1 cone gas flow
rate, and a 650 L h−1 desolvation gas flow rate. Data are
collected from m/z 50–1000 in the negative (–) ionization
mode using the TOFMS operated in the W geometry reflec-
tron mode. The W reflectron mode offers the highest mass
resolution, which is approximately 12 000, and allows for ex-
act mass measurements to be conducted on detected SOA
components. The chromatographic separations are carried
out on a Waters ACQUITY HPLC HSS (high strength silica)
column (2.1×100mm, 1.8µm particle size) at 45◦C using a
gradient elution scheme. The eluent composition is (A) 0.1%
acetic acid in water and (B) 0.1% acetic acid in methanol;
both eluents are high purity solvents (LC-MS ChromaSolv
Grade, Sigma-Aldrich). In the 12-min gradient elution pro-
gram used, the concentration of eluent B is 0% for the first
2min, increased to 90% from 2 to 10min, held at 90% from
10 to 10.2min; and then decreased back to 0% from 10.2
to 12min. The flow rate of the eluent is 0.3mLmin−1 and
the sample injection volume is 2µL. At the beginning of
each analysis period, the TOFMS is calibrated using a 1:1
(v/v) solvent mixture of acetonitrile and 0.1% phosphoric
acid aqueous solution. During each chromatographic run,
2 ng/µL of leucine enkphalin (MW=555) is used for the
lock-mass spray for lock-mass correction to obtain accurate
masses for each SOA component eluting from the column.
The lock-mass syringe pump is operated at 20 uLmin−1. In
addition to the lock-mass spray, the dynamic range enhance-
ment feature of this mass spectrometer is applied to prevent
dead time, which affects mass accuracy, from occurring. As
confirmation of the UPLC/ESI-TOFMS technique, a stan-
dard sample containing known isoprene and α-pinene sulfate
esters previously characterized by Surratt et al. (2007) are
analyzed. The known elemental compositions (i.e. molec-
ular formulas) of the previously characterized sulfate esters
(Surratt et al., 2007) are in excellent agreement with their
measured exact masses (i.e. within ±2mDa or ±2 ppm). In
addition to exact mass measurements, further insights into
the structures of the SOA components are obtained by gen-
erating tandem MS data, which are generated by increasing
the first aperature voltage on the TOFMS from 10V to 25V.
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Organosulfates of isoprene, R-pinene, and !-pinene have recently been identified in both laboratory-generated
and ambient secondary organic aerosol (SOA). In this study, the mechanism and ubiquity of organosulfate
formation in biogenic SOA is investigated by a comprehensive series of laboratory photooxidation (i.e., OH-
initiated oxidation) and nighttime oxidation (i.e., NO3-initiated oxidation under dark conditions) experiments
using nine monoterpenes (R-pinene, !-pinene, d-limonene, l-limonene, R-terpinene, γ-terpinene, terpinolene,
∆3-carene, and !-phellandrene) and three monoterpenes (R-pinene, d-limonene, and l-limonene), respectively.
Organosulfates were characterized using liquid chromatographic techniques coupled to electrospray ionization
combined with both linear ion trap and high-resolution time-of-flight mass spectrometry. Organosulfates are
formed only when monoterpenes are oxidized in the presence of acidified sulfate seed aerosol, a result consistent
with prior work. Archived laboratory-generated isoprene SOA and ambient filter samples collected from the
southeastern U.S. were reexamined for organosulfates. By comparing the tandem mass spectrometric and
accurate mass measurements collected for both the laboratory-generated and ambient aerosol, previously
uncharacterized ambient organic aerosol components are found to be organosulfates of isoprene, R-pinene,
!-pinene, and limonene-like monoterpenes (e.g., myrcene), demonstrating the ubiquity of organosulfate
formation in ambient SOA. Several of the organosulfates of isoprene and of the monoterpenes characterized
in this study are ambient tracer compounds for the occurrence of biogenic SOA formation under acidic
conditions. Furthermore, the nighttime oxidation experiments conducted under highly acidic conditions reveal
a viable mechanism for the formation of previously identified nitrooxy organosulfates found in ambient
nighttime aerosol samples. We estimate that the organosulfate contribution to the total organic mass fraction
of ambient aerosol collected from K-puszta, Hungary, a field site with a similar organosulfate composition as
that found in the present study for the southeastern U.S., can be as high as 30%.

1. Introduction

The atmospheric oxidation of volatile organic compounds
(VOCs) leads to secondary organic aerosol (SOA) formation
through low-volatility products that partition into the aerosol
phase. SOA can contribute a significant fraction to the organic
mass found in tropospheric fine particulate matter (PM2.5, with
aerodynamic diameter < 2.5 µm);1 high concentrations of PM2.5

are known to have adverse health effects2 and play a role in
global climate change.3 Of the known SOA precursor classes
of VOCs, biogenic volatile organic compounds (BVOCs), which

include isoprene (2-methyl-1,3-butadiene, C5H8) and monoter-
penes (C10H16), contribute significantly to the global SOA
budget1,4,5 owing to their high reactivities with atmospheric
oxidants, such as hydroxyl radicals (OH), ozone (O3), and nitrate
radicals (NO3), and their large global emission rates.6

Laboratory work has shown that several factors need to be
considered in order to understand and predict SOA formation
mechanisms from BVOCs; these include the NOx level,4,7-15

acidity of inorganic seed aerosol,16-26 relative humidity (RH),27-29

and temperature.30-32 Enhancements in laboratory-generated
SOA from isoprene and R-pinene have recently been observed
at increased acidity of preexisting sulfate seed aerosol.17-24,33

Acid-catalyzed particle-phase reactions,16-20 some of which lead
to the formation of high molecular weight (MW) species through
oligomerization, have been proposed to explain these observed
enhancements. Detailed chemical analysis of laboratory-gener-
ated aerosol has revealed several types of particle-phase
reactions contributing to SOA formation, including peroxy-
hemiacetal formation,34,35 acetal/hemiacetal formation,16,36 hy-
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† Department of Chemistry, California Institute of Technology, Pasadena.
‡ University of Antwerp.
§ Department of Chemical Engineering, California Institute of Technology.
⊥ Environmental Protection Agency.
# Alion Science and Technology.
¶ Ghent University.
+ Department of Environmental Science and Engineering, California

Institute of Technology.

J. Phys. Chem. A 2008, 112, 8345–8378 8345

10.1021/jp802310p CCC: $40.75  2008 American Chemical Society
Published on Web 08/19/2008

253



dration followed by polymerization,16 aldol condensation,16,36

and organic esterification.33,37-40 Many of these reactions have
been observed when particle-phase acidity is derived from
sulfuric acid; however, recent work has shown that photochemi-
cally generated organic acids are a sufficient source of acidity,
especially under dry conditions.28,33,37,41 The importance of
particle-phase reactions to ambient SOA formation remains
uncertain as currently there is no chemical evidence for their
respective products, and with the exception of organic esteri-
fication, many of these reactions are not thermodynamically
favorable under ambient conditions.42-44 Additionally, some of
these reactions may not be kinetically favorable in the atmo-
sphere, as recently shown by Casale et al.45 for aldol condensa-
tion reactions of aliphatic aldehydes.

Organosulfate formation (i.e., sulfate esters and/or sulfate
derivatives) has recently been shown to occur in laboratory-
generated SOA produced from the oxidation of several BVOCs,
including isoprene,23,24,46 R-pinene,23,26,46,47 limonene,25 and
!-pinene,26 and by the reactive uptake of known volatile
aldehydes, such as glyoxal48 and pinonaldeyde,49,50 in the
presence of acidified sulfate seed aerosol. In addition, mass
spectrometric evidence exists for organosulfates and nitrooxy
organosulfates in ambient aerosol; however, direct evidence as
to the sources and mechanism of formation for these compounds
is lacking.47,51,52 Recent work from the Caltech laboratory, as
well as the U.S. Environmental Protection Agency (EPA) and
University of Antwerp laboratories, has shown that organosulfate
formation occurs from isoprene and R-pinene in both laboratory-
generated SOA and ambient aerosol collected from the south-
eastern U.S.23 and K-puszta, Hungary.46 This work has identified
ambient tracer compounds for the occurrence of biogenic SOA
formation under acidic conditions as well as a relevant particle-
phase reaction. Additionally, Iinuma et al.26 have reported
organosulfate formation from !-pinene in ambient aerosol and
identified new organosulfates of monoterpenes likely containing
two double bonds (e.g., limonene); however, laboratory experi-
ments that confirm the initially proposed structures for the latter
compounds were lacking. Interestingly, Iinuma et al.26 showed
that previously identified monoterpene nitrooxy organosulfates
were detected only in nighttime samples, suggesting the
importance of nighttime chemistry (i.e., NO3 radical oxidation
chemistry) to SOA formation. Despite these recent advances in
identifying organosulfate formation in SOA, the ubiquity and
abundance of organosulfates in ambient aerosol remain unclear.
In addition, formation mechanisms and sources of several
previously detected organosulfates in ambient aerosol are
unknown.

In the present work, we investigate in detail the mechanism
of organosulfate formation in biogenic SOA on the basis of a
series of laboratory oxidation experiments under varying
particle-phase acidities and oxidative conditions. Laboratory
photooxidation (i.e., OH-initiated oxidation) experiments were
conducted using nine monoterpenes: R-pinene, !-pinene, d-
limonene, l-limonene, R-terpinene, γ-terpinene, !-phellandrene,
∆3-carene, and terpinolene. In addition, laboratory nighttime
oxidation (i.e., NO3-initiated oxidation) experiments were
conducted using three monoterpenes (R-pinene, d-limonene, and
l-limonene). Filters were collected from all of the laboratory
experiments for off-line chemical composition analysis. Fur-
thermore, archived isoprene SOA and ambient filter samples
collected from prior studies33,47 were reexamined for organo-
sulfates using highly sensitive and advanced mass spectrometric
techniques. Both high-performance liquid chromatography
(HPLC) combined with electrospray ionization (ESI)-linear ion

trap mass spectrometry (LITMS) and ultra performance liquid
chromatography (UPLC) combined with ESI high-resolution
time-of-flight mass spectrometry (TOFMS), which provide
tandem MS (i.e., structural elucidation) and accurate mass
measurements (i.e., elemental composition/molecular formulas),
respectively, were employed to characterize the detailed chemi-
cal structures of the organosulfates; particular attention was
focused on those compounds detected in both laboratory-
generated SOA and ambient aerosol collected from the South-
eastern Aerosol Research and Characterization (SEARCH)
network in the southeastern U.S. during the June 2004 campaign.
In a previous study from our laboratories, many of the chemical
structures of the compounds detected during the June 2004
campaign remained uncharacterized because of the use of less-
advanced mass spectrometric techniques as compared to those
in the current study; it was found that many of these compounds
were likely secondary in nature and resulted from terpene
oxidation.47 As will be presented, many of these previously
uncharacterized products, as well as newly identified com-
pounds, are found to be organosulfates of isoprene and of
prevalent monoterpenes, including R-pinene, !-pinene, and
limonene-like monoterpenes (i.e., monoterpenes, such as myrcene
and ocimene, containing at least two or more double bonds,
with the requirement of one of these double bonds being in a
terminal position).

2. Experimental Section
2.1. Chamber Experiments. Organosulfate formation was

studied in SOA generated from the following nine monoterpe-
nes: R-pinene (98+%, Sigma-Aldrich), !-pinene (98%, Lan-
caster), d-limonene (puriss. p.a. terpene standard for GC,g99%,
Fluka), l-limonene (puriss. p.a. terpene standard for GC, g99%,
Fluka), R-terpinene (purum g95%, Fluka), γ-terpinene (puriss.
p.a. terpene standard for GC, g98.5%, Fluka), terpinolene
(purum g97%, Fluka), ∆3-carene (puriss. p.a. terpene standard
for GC, g98.5%, Fluka), and !-phellandrene/d-limonene stan-
dard mixture (40:60 v/v, generously provided by Professor
Roger Atkinson of the University of California, Riverside).53

To establish better understanding of organosulfate formation
in limonene SOA, the further oxidation of limonaketone (4-
acetyl-1-methylcyclohexene, C9H14O, Sigma-Aldrich, library
of rare chemicals), which is a known first-generation gas-phase
product from limonene,54 was conducted in a single photooxi-
dation experiment. In addition to these monoterpenes, organo-
sulfate formation was reexamined in isoprene SOA; archived
isoprene SOA samples were available from both the Caltech
and EPA chamber experiments and were used for the high-
resolution MS analysis to confirm previous identifications.
Details of the experimental conditions employed for the
generation of isoprene SOA can be found elsewhere;4,13,23,33 it
should be noted that the EPA isoprene SOA came from the
EPA-199 stage 2 photooxidation experiment, in which experi-
mental conditions (i.e., 1598 ppb of initial isoprene, 475 ppb
of initial NOx, and 200 ppb of SO2) were previously outlined
in Surratt et al.23 and were used solely for the tandem MS
analysis of organosulfates of isoprene. Table 1 lists the chemical
structures of isoprene and of the monoterpenes studied, as well
as the rate constants of these VOCs for reaction with OH, O3,
and NO3.55 Table 2summarizes the experimental conditions and
results for the suite of monoterpene oxidation experiments
conducted.

All monoterpene experiments were performed in the Caltech
dual 28 m3 Teflon environmental chambers. Details of the
facilities have been described elsewhere.56,57 Before each

8346 J. Phys. Chem. A, Vol. 112, No. 36, 2008 Surratt et al.
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experiment, the chambers were flushed continuously for at least
24 h. The aerosol number concentration, size distribution, and
volume concentration were measured by a differential mobility
analyzer (DMA, TSI model 3081) coupled with a condensation
nucleus counter (TSI model 3760). All aerosol growth data were
corrected for wall loss, in which size-dependent particle loss
coefficients were determined from inert particle loss experi-
ments.57 The temperature, relative humidity, and concentrations
of O3, NO, and NOx were continuously monitored.

Seed particles were generated by atomizing an aqueous
solution with a constant-rate atomizer. The neutral seed consisted
of 15 mM (NH4)2SO4, while the acidic seed contained a mixture

of 15 mM (NH4)2SO4 and 15 mM H2SO4, and the highly acidic
seed contained a mixture of 30 mM MgSO4 and 50 mM H2SO4.
The initial particle number concentration was about 20 000
particles cm-3, with a geometric mean diameter of ∼55 (for
the neutral and acid seed) or ∼70 nm (for the highly acidic
seed). The initial seed volume was ∼15 µm3 cm-3. After
introduction of the seed aerosol, a known volume of the parent
hydrocarbon was injected into a glass bulb and introduced into
the chambers by an air stream. The mixing ratio of the
hydrocarbon was monitored with a gas chromatograph (Agilent
model 6890N) coupled with a flame ionization detector (GC-
FID).

TABLE 1: Biogenic Volatile Organic Compounds Studied

a Rate constants were obtained from Atkinson and Arey55 (and references therein). b No ozonolysis experiments were conducted; however,
rates are reported here to show that under the conditions of the chamber experiments, OH and NO3 radicals dominate the initial oxidation of
the BVOCs during photooxidation and nighttime oxidation experiments, respectively. c The rate constant for limonaketone was measured by
Donahue et al.54 d R-Pinene and d-/l-limonene were the only three BVOCs for which reactions with NO3 radicals were studied.
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255



T
A

B
L

E
2:

Su
m

m
ar

y
of

E
xp

er
im

en
ta

l
C

on
di

ti
on

s
an

d
O

rg
an

os
ul

fa
te

F
or

m
at

io
n

fr
om

M
on

ot
er

pe
ne

O
xi

da
ti

on
C

ha
m

be
r

E
xp

er
im

en
ts

hy
dr

oc
ar

bo
n

in
iti

al
[H

C
]

(p
pb

)
ox

id
an

t
pr

ec
ur

so
ra

se
ed

ty
pe

b
in

iti
al

[N
O

]
(p

pb
)

in
iti

al
[N

O
2]

(p
pb

)
in

iti
al

[O
3]

(p
pb

)
Tc

(°
C

)
R

H
c

(%
)

to
ta

l
SO

A
vo

lu
m

ec

(µ
m

3 c
m

-
3 )

[M
-

H
]-

de
te

ct
ed

or
ga

no
su

lf
at

e
io

ns
(m

/z
)

R-
pi

ne
ne

41
H

2O
2

ne
ut

ra
l

<
2

<
2

2
31

.2
3.

8
82

no
ne

de
te

ct
ed

R-
pi

ne
ne

46
H

2O
2

hi
gh

ly
ac

id
ic

<
2

<
2

2
26

.4
5.

5
14

5
23

7,
27

9d ,
28

1,
29

7
R-

pi
ne

ne
47

H
2O

2/
N

O
ne

ut
ra

l
30

3
4

3
25

.6
7.

2
10

4
no

ne
de

te
ct

ed
R-

pi
ne

ne
61

H
2O

2/
N

O
ac

id
ic

48
8

12
2

27
.1

4.
3

15
1

27
9d ,

34
2

R-
pi

ne
ne

53
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

50
7

5
3

25
.7

5.
7

18
9

22
3,

22
7d ,

23
7,

24
9d ,

26
5,

27
9d ,

29
4d ,

31
0d ,

34
2

R-
pi

ne
ne

81
H

O
N

O
ne

ut
ra

l
46

3
44

7
2

23
.8

<
4.

5
78

no
ne

de
te

ct
ed

R-
pi

ne
ne

78
H

O
N

O
ac

id
ic

50
9

46
8

2
29

.1
3.

4
62

26
5,

27
9d ,

31
0d ,

34
2

R-
pi

ne
ne

10
4

H
O

N
O

hi
gh

ly
ac

id
ic

52
2

42
9

<
2

25
.2

4.
5

96
24

7,
24

9d ,
26

5,
27

9d ,
29

4d ,
31

0d ,
34

2
R-

pi
ne

ne
∼

10
0

N
O

2
+

O
3/

da
rk

ne
tu

ra
l

<
2

17
0

45
20

.3
6.

3
52

no
ne

de
te

ct
ed

R-
pi

ne
ne

∼
10

0
N

O
2
+

O
3/

da
rk

hi
gh

ly
ac

id
ic

<
2

21
2

47
21

.0
5.

8
10

7
24

7,
24

9d ,
27

9d ,
29

4d ,
31

0d ,
33

9,
35

5
d-

lim
on

en
e

93
H

O
N

O
ac

id
ic

49
9

47
9

3
27

.1
4.

0
92

25
1,

28
1,

31
2,

33
0,

38
9

d-
lim

on
en

e
91

H
2O

2/
N

O
hi

gh
ly

ac
id

ic
50

4
<

2
2

27
.2

5.
0

34
0

23
9d ,

24
9,

25
1,

26
7,

27
9,

29
6d ,

31
2,

32
6,

32
8,

37
3d

d-
lim

on
en

e
∼

10
0

N
O

2
+

O
3/

da
rk

hi
gh

ly
ac

id
ic

<
2

14
0

54
19

.0
5.

8
52

5
31

2,
32

8
l-

lim
on

en
e

86
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

50
8

12
2

27
.8

4.
4

18
6

23
9d ,

24
9,

25
1,

26
7,

27
9,

28
1,

29
6d ,

31
2,

32
6,

33
0,

37
3

l-
lim

on
en

e
∼

50
N

O
2
+

O
3/

da
rk

hi
gh

ly
ac

id
ic

<
2

18
6

38
21

.4
5.

4
37

3
23

9d ,
27

9,
31

2,
32

8,
38

9
!-

ph
el

la
nd

re
ne

ld
-l

im
on

en
e

m
ix

tu
re

∼
10

0
(t

ot
al

)
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

42
8

<
2

<
2

26
.9

3.
7

16
9

23
9d ,

25
1,

26
7,

29
6d ,

32
6,

23
8,

37
3

lim
on

ak
et

on
e

∼
15

0
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

<
2

49
4

<
2

26
.8

5.
9

38
4

24
9,

25
1,

26
7,

29
6d ,

31
2

R-
te

rp
in

en
e

14
1

H
O

N
O

ac
id

ic
48

9
47

9
4

26
.6

3.
8

57
26

5,
28

1,
28

3,
29

7,
37

3
R-

te
rp

in
en

e
12

3
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

50
5

10
<

2
26

.5
4.

9
15

3
25

3,
26

5,
27

9,
28

1,
28

3,
29

4,
29

7,
31

0,
34

2,
37

3
γ-

te
rp

in
en

e
85

H
2O

2/
N

O
hi

gh
ly

ac
id

ic
49

7
8

3
26

.4
8.

3
14

2
27

9,
31

0,
37

3
te

rp
in

ol
en

e
34

H
2O

2/
N

O
hi

gh
ly

ac
id

ic
48

3
17

<
2

25
.5

8.
6

10
1

24
9,

26
5,

28
1,

28
3,

29
4,

29
7,

32
6,

37
3

!-
pi

ne
ne

62
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

46
9

<
2

3
26

.2
5.

9
23

2
24

9d ,
26

3,
27

9d ,
28

1,
28

3,
29

4d ,
31

0d ,
32

6,
34

2
∆

3 -
ca

re
ne

∼
10

0
H

2O
2/

N
O

hi
gh

ly
ac

id
ic

49
6

<
2

<
2

26
.6

3.
7

12
3

34
2e

a
H

2O
2

an
d

H
O

N
O

se
rv

e
as

O
H

ra
di

ca
l

so
ur

ce
s

in
ph

ot
oo

xi
da

tio
n

ex
pe

ri
m

en
ts

.
T

he
N

O
2
+

O
3

re
ac

tio
n

se
rv

es
as

th
e

N
O

3
ra

di
ca

l
so

ur
ce

in
da

rk
ex

pe
ri

m
en

ts
.

b
A

to
m

iz
in

g
so

lu
tio

n
co

m
po

si
tio

ns
:

ne
ut

ra
l
)

15
m

M
(N

H
4)

2S
O

4;
ac

id
ic

)
15

m
M

(N
H

4)
2S

O
4
+

15
m

M
H

2S
O

4;
hi

gh
ly

ac
id

ic
)

30
m

M
M

gS
O

4
+

50
m

M
H

2S
O

4.
c

A
ve

ra
ge

d
ov

er
th

e
co

ur
se

of
fil

te
r

sa
m

pl
in

g.
d

A
t

le
as

t
on

e
of

th
e

is
om

er
s

ha
s

th
e

sa
m

e
R

T
an

d
ex

ac
t

m
as

s
as

co
m

pa
re

d
to

th
os

e
of

th
e

co
rr

es
po

nd
in

g
io

n
de

te
ct

ed
in

th
e

fie
ld

sa
m

pl
es

co
lle

ct
ed

fr
om

th
e

so
ut

he
as

te
rn

U
.S

.
(s

ee
T

ab
le

8S
,

Su
pp

or
tin

g
In

fo
rm

at
io

n)
.

e
U

nl
ik

e
T

ab
le

s
1S

-
6S

(S
up

po
rt

in
g

In
fo

rm
at

io
n)

,
no

se
pa

ra
te

ta
bl

e
fo

r
th

is
m

on
ot

er
pe

ne
is

pr
ov

id
ed

,
ow

in
g

to
th

e
fa

ct
th

at
th

er
e

w
as

on
ly

on
e

or
ga

no
su

lf
at

e
is

om
er

ob
se

rv
ed

.
R

T
)

6.
59

m
in

;
m

ea
su

re
d

m
as

s
)

34
2.

05
29

;
m

D
a

er
ro

r
)

3.
3

m
D

a;
pp

m
er

ro
r
)

9.
6

pp
m

;
el

em
en

ta
l

co
m

po
si

tio
n
)

C
10

H
16

N
O

10
S-

.

8348 J. Phys. Chem. A, Vol. 112, No. 36, 2008 Surratt et al.

256



In the monoterpene photooxidation experiments, aerosol was
generated under either high-, intermediate-, or low-NOx condi-
tions. Of the monoterpenes investigated, R-pinene was the only
compound studied over all NOx conditions, thus providing a
model system for organosulfate formation from monoterpenes.
The experimental protocols are similar to those in previous NOx-
dependence studies.14,15 In the high-NOx experiments, nitrous
acid (HONO) was used as the source of oxidant (OH). HONO
was prepared by dropwise addition of 15 mL of 1 wt% NaNO2

into 30 mL of 10 wt% H2SO4 in a glass bulb and introduced
into the chambers with an air stream. Additional NO from a

500 ppm gas cylinder (Scott Marrin, Inc.) was added until the
total concentration of NOx was ∼1 ppm (upper limit of NOx

monitor). This relatively high concentration was used in the
high-NOx experiments to prevent a switch in NOx regimes (i.e.,
high- to low-NOx conditions) during the course of oxidation.
In the low-NOx experiments, hydrogen peroxide (H2O2) served
as the OH precursor. Prior to the introduction of seed particles
and the parent hydrocarbon, about 3-5 ppm of H2O2 was
introduced into the chambers by bubbling a 50% aqueous H2O2

solution for 2.5 h at 5 L min-1. In most experiments, 300-500
ppb of NO was introduced into the chamber after addition of
H2O2. In these experiments, the concentration of NO drops to
zero rapidly during the experiment, resulting in a switch from
high- to low-NOx conditions. These latter experiments are
designated as intermediate-NOx experiments (denoted as H2O2/
NO in the text). In all of the photooxidation experiments, the
reaction was initiated by irradiating the chamber with black-
lights, after the concentrations of the seed, parent hydrocarbon,
and NOx stabilized.

To study the nighttime chemistry of selected monoterpenes
(i.e., R-pinene, d-limonene, and l-limonene), oxidation by nitrate
radicals (NO3) was performed in the dark. O3 at a level of 200
ppb, generated with a UV lamp ozone generator (EnMet
Corporation, MI), was injected into the chambers at 5 L min-1

after introduction of the seed particles. Approximately 600 ppb
of NO2 was then added. When the O3 concentration dropped to
∼45 ppb, the parent hydrocarbon was introduced into the
chambers, marking the beginning of the experiment. On the basis
of the concentrations of NO2 and O3 employed, it is estimated
that about 500 ppt of NO3 radical was initially present; on the
basis of the applicable rate constants, NO3 initially dominates
the oxidation of the monoterpenes rather than O3. The initial
concentration of the hydrocarbon was estimated from the volume
of hydrocarbon injected.

2.2. Chamber Filter Sample Collection and Extraction
Protocols. Duplicate Teflon filters (PALL Life Sciences, 47 mm
diameter, 1.0 µm pore size, teflo membrane) were collected from
each of the monoterpene chamber experiments for off-line
chemical analysis. The flow rate for filter collection was ∼17
and 23 L min-1 for the first and second filter samplers,
respectively. The difference between flow rates for the two filter
samplers was found not to affect the chemical characterization
results as the total mass sampled on the duplicate filters was
approximately the same for each experiment. Filter sampling
was initiated when the aerosol volume reached its maximum
(constant) value, as determined by the DMA. Depending on
the total volume concentration of aerosol in the chamber, the
duration of filter sampling was 2-3.5 h, which resulted in
∼1.6-4.6 m3 of total chamber air sampled.

Teflon filters used for the high-resolution mass spectrometry
(MS) analysis were extracted in 5 mL of high-purity methanol
(LC-MS CHROMASOLV-grade, Sigma-Aldrich) by 45 min
of sonication. Methanol extracts were blown dry under a gentle
N2 stream at ambient temperature. Dried residues were then
reconstituted with 500 µL of a 1:1 (v/v) solvent mixture of 0.1%
aceticacidinwater(LC-MSCHROMASOLV-grade,Sigma-Aldrich)
and 0.1% acetic acid in methanol (LC-MS CHROMASOLV-
grade, Sigma-Aldrich). Blank Teflon filters were extracted and
treated in the same manner as the samples; none of the
organosulfates detected in the filter samples collected from the
chamber experiments were observed in these blanks, indicating
that organosulfates were not introduced during sample storage
and/or preparation. Furthermore, to ensure that organosulfate
formation was not an artifact simply formed from the collection

Figure 1. UPLC/(-)ESI-TOFMS base peak chromatograms (BPCs)
for filter extracts of PM2.5 aerosol collected from the SEARCH network
during the June 2004 campaign. Chromatographic peaks are marked
with corresponding [M - H]- ion. Besides the m/z 97 (i.e., inorganic
sulfate) peak and peaks marked with an asterisk, which correspond to
known SOA acidic products (i.e., m/z 187, azelaic acid; m/z 203,
3-methyl-1,2,3-butanetricarboxylic acid; m/z 171, norpinic acid; m/z
185, pinic acid), all other peaks correspond to organosulfates or nitrooxy
organosulfates formed from the oxidation of isoprene and/or monot-
erpenes. The source of the m/z 239 organosulfates remains unknown.
Although most of the chromatographic peaks correspond to organo-
sulfates, this does not mean that all of the organic mass on the filters
is from these compounds. Due to the use of methanol as the extraction
solvent, the type of chromatographic column, and the mobile phase
system employed, some of the organic mass on the filter will not be
extracted and/or observed by the UPLC/(-)ESI-TOFMS technique due
to some of the organic mass not being eluted from the column or not
being detected in the negative ion mode.
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of seed aerosol onto filter media, blank filters were collected
under dark conditions from the Caltech chamber containing
typical experimental well-mixed concentrations of the VOC (i.e.,
individual runs of isoprene and R-pinene), seed aerosol, and
the OH precursor (i.e., H2O2 or HONO) and were extracted and

analyzed by our high-resolution MS technique. The chamber
air mixture was sampled on these blanks for the same duration
as a sample filter. Besides the observation of inorganic sulfate,
no organosulfates characterized in the present study or significant
contaminants were observed by the high-resolution MS tech-

Figure 2. UPLC/(-)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 294. The RTs, accurate masses, and mDa errors between the theoretical
masses of the TOFMS suggested molecular formulas, and the accurate masses of the detected m/z 294 ions are listed above each chromatographic
peak. All of the chromatographic peaks highlighted in the figure share the same elemental composition of C10H16NO7S-. In order to form the m/z
294 nitrooxy organosulfates in the monoterpene photooxidation experiments, the presence of both NOx (i.e., intermediate-NOx or high-NOx levels)
and highly acidified sulfate seed aerosol is required (Table 2). Additionally, the m/z 294 nitrooxy organosulfates can form from the nighttime
(NO3-initiated) oxidation of R-pinene; however, the presence of highly acidified sulfate seed aerosol is also required (Table 2). Although the
!-pinene experiment produced one of the m/z 294 isomers observed in the ambient aerosol, in subsequent figures, the tandem MS data reveal that
R-pinene is the only monoterpene examined in this study that appears to be the sole source of these compounds in ambient aerosol collected from
the southeastern U.S. Besides the suite of monoterpenes examined in this study, other known highly emitted monoterpenes (e.g., myrcene and
ocimene)79,80 in the southeastern U.S. should be examined in future experiments to determine their potential for forming the m/z 294 nitrooxy
organosulfates in organic aerosol.

Figure 3. MS2/MS3 data obtained for m/z 294 compounds from an R-pinene/NO3/highly acidic seed experiment with RTs of (a) 37.6, (b) 43.6, and
(c) 45.3 min. These compounds are denoted in the text and Scheme 1 by 1(295), 2(295), and 3(295), respectively.
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nique from these blank filters, consistent with the lack of
observed aerosol growth under dark conditions. Additionally,
it is worth mentioning that our initial study on organosulfate
formation also included several quality control tests to ensure
that organosulfate formation occurred only during SOA forma-
tion.23 All Teflon filters used for high-resolution MS analysis
were examined within 1-2 days of the filter extraction/sample
preparation. Following their initial analysis, sample extract
solutions were stored at -20 °C. Several samples were
reanalyzed a month after their initial extraction and showed no
signs of degradation due to hydrolysis, a result consistent with
previous work.26 Additionally, it should be noted that a prior
systematic study has shown that extractions of aliphatic sulfate
esters and sulfonic acids in deionized water do not release any
detectable inorganic sulfate by ion chromatography.58

Teflon filters used for linear ion trap mass spectrometry
analysis were extracted two times for 30 min in an ultrasonic
bath with 20 mL of methanol. The extracts were combined and
concentrated in a rotary evaporator at 35 °C to approximately
1 mL, filtered through a Teflon filter (0.45 µm), evaporated to
dryness under a N2 stream at ambient temperature, and
reconstituted in 300 µL of a solvent mixture of methanol/water
(2:1; v/v). Quality control tests were made to ensure that the
filtration step did not introduce artifacts or interferences.

2.3. Ambient Aerosol Sample Collection and Extraction
Protocols. Details of the SEARCH network, which includes
descriptions of each site, sample collection protocols, and gas-
and particle-phase measurements conducted, can be found
elsewhere.59,60 In the present study, archived quartz fiber filters
collected from the June 2004 campaign47 were analyzed and
were collected from the following three sites: Birmingham,
Alabama (BHM, urban site), Centerville, Alabama (CTR, rural
site), and Atlanta, Georgia (JST, Jefferson Street, downtown
urban site). Quartz fiber filter extraction and sample preparation
procedures have been described elsewhere;47 however, it should

be noted that solid-phase extraction (SPE) was not employed
in the current study to desalt the ambient filter samples before
MS analysis. This was not done because of the risk of removing
early eluting organosulfates of isoprene in C18 reversed phase
LC, therefore preventing their detection by MS.

2.4. Ultra Performance Liquid Chromatography/Electro-
spray Ionization Time-of-Flight High-Resolution Mass Spec-
trometry (UPLC/ESI-TOFMS). Both chamber and field
sample extracts were analyzed by a Waters ACQUITY ultra
performance liquid chromatography (UPLC) system, coupled
to a Waters LCT Premier XT time-of-flight mass spectrometer
(TOFMS) equipped with an electrospray ionization (ESI) source.
The ESI source on this instrument contains two individual
orthogonal sprays; one spray is for the column eluent, and the
other is for lock-mass correction. Optimum ESI conditions were
found using a 2.5 kV capillary voltage, 40 V sample cone
voltage, 350 °C desolvation temperature, 130 °C source tem-
perature, 20 L h-1 cone gas flow rate, and 650 L h-1 desolvation
gas flow rate. Data were collected from m/z 50 to 1000 in the
negative (-) ionization mode with the TOFMS instrument
operated in the W geometry reflectron mode. The W reflectron
mode offers the highest mass resolution, which is approximately
12 000, and allows for accurate mass measurements to be
conducted on detected organosulfates, resulting in the determi-
nation of elemental compositions for these compounds. All
organosulfates were detected as their deprotonated molecules
([M - H]-). The chromatographic separations were carried out
using a Waters ACQUITY UPLC HSS (high-strength silica)
column (2.1 × 100 mm, 1.8 µm particle size) at 45 °C. The
mobile phases consisted of (A) 0.1% acetic acid in water (LC-
MS CHROMASOLV-grade, Sigma-Aldrich) and (B) 0.1%
acetic acid in methanol (LC-MS CHROMASOLV-grade,
Sigma-Aldrich). The applied 12 min gradient elution program
was as follows: The concentration of eluent B was 0% for the
first 2 min, increased to 90% from 2 to 10 min, held at 90%

Figure 4. MS2/MS3 data obtained for m/z 294 compounds from a SEARCH sample (BHM 6/20/04) with RTs of (a) 37.4, (b) 43.4, and (c) 45.1
min. These compounds are denoted in the text and Scheme 1 by 1(295), 2(295), and 3(295), respectively.
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from 10 to 10.2 min, and then decreased back to 0% from 10.2
to 12 min. The flow rate and sample injection volume were 0.3
mL min-1 and 2 µL, respectively.

The Waters ACQUITY UPLC HSS column was selected to
separate organosulfates in this study because of its increased
retention of water-soluble polar organosulfates as compared to
the Waters ACQUITY BEH C18 column. The latter column is
essentially analogous to that of the C18 HPLC column previously
employed by Surratt et al.23,24 Both C18 columns failed to
separate inorganic sulfate from many of the organosulfates of
isoprene previously identified in these studies. On the Waters
ACQUITY UPLC HSS column, a separation was achieved
between inorganic sulfate (detected as m/z 97 and its adduct
m/z 195), which elutes first from the column (Figure 1, RT 0.79
min), and the organosulfates of the 2-methyltetrols previously

identified by Surratt et al.23,24 (Figure 1, RT 0.91 min).
Separation was achieved as a result of trifunctionally bonded
(T3) C18 alkyl residues on this column, which prevent stationary
phase collapse when a 100% aqueous mobile phase is used,
thus resulting in better retention of water-soluble polar organic
compounds. The newly acquired separation between inorganic
sulfate and organosulfates of isoprene further confirms that these
latter compounds are not artifacts formed in the electrospray
ionization source during MS analysis due to coelution.

At the beginning of each analysis period, the TOFMS
instrument was calibrated using a 1:1 (v/v) solvent mixture of
acetonitrile and 0.1% phosphoric acid aqueous solution. During
each chromatographic run, 2 ng µL-1 leucine enkephalin (MW
) 555) was used for the lock-mass spray for lock-mass
correction to obtain accurate masses for each SOA component
eluting from the column. The lock-mass syringe pump was
operated at 20 µL min-1. In addition to using the lock-mass
spray, the dynamic range enhancement feature of this mass
spectrometer was applied to prevent dead time, which decreases
mass accuracy, from occurring. Data were acquired and
processed using the MassLynx version 4.1 software. As a
confirmation that the accurate mass measurement was reliable
from the UPLC/(-)ESI-TOFMS technique, a standard sample
containing known isoprene and R-pinene organosulfates previ-
ously characterized by Surratt et al.23 was analyzed. The known
elemental compositions (i.e., molecular formulas) of the previ-
ously characterized organosulfates23 were in excellent agreement
with their measured exact masses (i.e., within (2 mDa or (2
ppm, which is excellent for small molecules). In addition to
accurate mass measurements, further insights into the structures
of the organosulfates were obtained by generating tandem MS
data, which was done by increasing the first aperature voltage
on the TOFMS instrument from 10 to 25 V; however, it should
be noted that the tandem MS data generated from the linear
ion trap instrument, as will be described in the next section,
was the preferred method for this type of analysis. The tandem
MS analysis conducted on the UPLC/ESI-TOFMS instrument
served only as a further confirmation of the presence of a sulfate
or nitrooxy group.

2.5. High-Performance Liquid Chromatography/Electro-
spray Ionization Linear Ion Trap Mass Spectrometry
(HPLC/ESI-LITMS). Selected chamber and field sample
extracts were also analyzed by a Thermo Fisher Surveyor plus
HPLC system (pump and autosampler) coupled to a Thermo
Fisher LXQ linear ion trap analyzer equipped with an electro-
spray ionization source. Data were acquired and processed using
Xcalibur version 2.0 software. A Waters Atlantis dC18 column
(3 µm; 2.1 × 150 mm; 3 µm particle size) was employed, which
is similar to the Waters ACQUITY UPLC HSS column used
for UPLC/ESI-TOFMS analysis, except that the stationary phase
contained difunctionally instead of trifunctionally bonded C18

alkyl chains. The mobile phases consisted of acetic acid 0.1%
(v/v) (A) and methanol (B). The applied 45 min gradient elution
program was as follows: The concentration of eluent B was
kept at 3% for 2 min, then increased to 90% in 18 min, kept at
90% for 10 min, then decreased to 3% in 5 min, and kept at
3% for 10 min. The injection volume and flow rate were 5 µL
and 0.2 mL min-1, respectively.

The linear ion trap was operated under the following
conditions: sheath gas flow (nitrogen), 50 arbitrary units;
auxiliary gas flow (nitrogen), 5 arbitrary units; source voltage,
-4.5 kV; capillary temperature, 350 °C; and maximum ion
injection time, 200 ms. For MS2 and MS3 experiments, an
isolation width of 2 m/z units and a normalized collision energy
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level of 35% were applied. The [M - H]- signal optimization
was done by introducing a 50 µg mL-1 malic acid standard
solution.

3. Atmospheric Significance of Organosulfates

In the subsequent sections, the detailed chemical characteriza-
tion of several high-mass organosulfates detected in ambient
fine aerosol collected from the southeastern U.S. will be
presented; however, before presenting our detailed chemical
characterization results, we estimate the total contribution of
organosulfates to aerosol collected during summertime condi-
tions from an independent European field site to demonstrate
the potential significance of these compounds to ambient organic
aerosol formation. Although authentic and/or suitable surrogate
standards are not currently available to quantify the characterized
organosulfates by the UPLC/(-)ESI-TOFMS and HPLC/(-)ESI-
LITMS techniques employed in the present study, an upper-
limit estimate of the contribution from organosulfates to the
particulate organic matter (OM) can be derived from the analysis
of aerosol samples for total sulfur and water-soluble sulfate.
Water-soluble sulfate is commonly measured by ion chroma-
tography (IC), and organosulfates do not appear in this type of

measurement, consistent with previous work.23 Total sulfur can
be measured by X-ray emission techniques, such as X-ray
fluorescence (XRF) or particle-induced X-ray emission spec-
trometry (PIXE), and this measurement will include the sulfur
from water-soluble sulfate and other inorganic sulfur species
(e.g., sulfite), the insoluble sulfur that may be associated with
primary biogenic particles,61 and also the sulfur of the organo-
sulfates. Subtracting the IC sulfate sulfur from the XRF or PIXE
sulfur can thus provide an upper limit for the sulfur that is
associated with organosulfates. XRF, PIXE, and IC analyses
have an associated uncertainty on the order of 5% or more;
therefore, the uncertainty that is associated with the difference
can be substantial. Even though such data sets were not available
for the SEARCH samples analyzed in the present study, one
can estimate the maximum amount of sulfur associated with
organosulfates for PM10 samples that were collected during a
2003 summer field campaign at the forested site of K-puszta in
Hungary,62,63 where organosulfates found in the K-puszta aerosol
are generally the same as those characterized in the present study
and are likely present in substantial concentrations.46 The
difference between the PIXE sulfur data and the IC sulfate sulfur
data for the 63 PM10 samples ranged from 32 to 850 ng m-3

and was, on average, 330 ng m-3, which represents 20% of the
average PIXE total PM10 sulfur concentration (Maenhaut,
unpublished results). The average concentration of particulate
organic carbon (OC) in the PM10 samples of the campaign was
5.8 µg m-3, which, using an OC-to-OM conversion factor of
1.8 that was adopted for the site,63 corresponds to 10.4 µg m-3

of OM. The mass percentages of sulfur in some common BSOA
organosulfates, that is, those of the characterized 2-methyltetrols
and the nitrooxy organosulfates from R-pinene SOA with a MW
of 295, are 14.8 and 10.8%, respectively. Using the latter
percentage, the 330 ng m-3 of nonsulfate sulfur mentioned above
would correspond to 3.1 µg m-3 of OM for the 2003 summer
campaign at K-puszta and thus represents about 30% of the total

Figure 5. Proposed formation mechanism for the three major isomers of the m/z 294 nitrooxy organosulfates observed in ambient aerosol from the
oxidation of R-pinene. Numerals 1-3(295) correspond to the isomeric structural assignments based upon the explanations shown in Scheme 1 for
the observed product ions formed in the tandem MS experiments. For isomers 1 and 2(295), it remains unclear how the NO3-initiated oxidation
produces these compounds in the presence of highly acidified sulfate seed aerosol. Footnote a: Aschmann et al.74,75 observed a hydroxynitrate of
this MW in the gas phase from the OH-initiated oxidation of R-pinene in the presence of NO.

Figure 6. MS2 (m/z 296) TICs obtained from (a) a d-limonene/H2O2/
NO/highly acidic seed experiment and (b) a SEARCH sample (BHM
6/20/04).
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PM10 OM. Despite the uncertainties associated with this
estimate, it is clear that organosulfates may be responsible for
a sizable fraction of ambient OM. In addition to our estimates,
Lukács et al.64 recently showed that organosulfates in water-
soluble fine aerosol, also collected from the K-puszta field site
during the 2006 summer campaign, contribute 6-12% to the
total sulfur concentration. Due to the likely importance of these
estimates, it is essential that the detailed chemical characteriza-
tion of organosulfates be conducted as this will lead to improved
understanding of their formation pathways in ambient organic
aerosol. In the following sections, we first present the results
of our laboratory chamber experiments in order to reveal
conditions under which organosulfate formation is favorable.

Even though our chamber experiments employ higher VOC
mixing ratios, higher levels of seed aerosol acidity, and drier
conditions than typically observed in the atmosphere, it will be
shown that many of the laboratory-generated organosulfates are
also detected in the ambient aerosol collected from the
southeastern U.S. Those organosulfates detected in both labora-
tory-generated and ambient organic aerosol will then be the
focus of our detailed chemical characterization efforts. Since
most of these compounds are characterized for the first time, a
substantial amount of analytical detail is provided.

4. Laboratory-Generated Organosulfates
4.1. Monoterpene Oxidation Experiments. Experimental

conditions and results of the monoterpene oxidation experiments
are summarized in Table 2. As in recent work,23,46 only two
types of organosulfates are considered in the present study (i)
sulfate esters formed from the particle-phase esterification of a
semivolatile product containing one or more hydroxyl groups
by sulfuric acid and (ii) sulfate derivatives formed from a
semivolatile product containing an aldehyde or a keto group
and sulfuric acid. The latter organosulfates require gem-diol
formation followed by esterification with sulfuric acid.

As stated previously, organosulfates were identified by using
both UPLC/(-)ESI-TOFMS and HPLC/(-)ESI-LITMS tech-
niques. Accurate mass measurements for all of the organosulfate
ions listed in Table 2 are provided in Tables 1S-6S (Supporting
Information); however, as noted in Table 2, no separate table
for accurate mass measurements is provided for the ∆3-carene
experiment owing to the fact that only one organosulfate isomer
was identified at m/z 342 using the UPLC/(-)ESI-TOFMS
technique. The differences between the theoretical masses of
the TOFMS suggested molecular formulas and the measured
masses found in Tables 1S-6S (Supporting Information) are
minimal and are generally well within acceptable errors (i.e.,
approximately (1-2 mDa and/or (5 ppm error). The accurate
mass data shown in these tables indicate that these ions have
molecular formulas containing at least one sulfur atom and, on
the basis of the degree of oxidation indicated by their respective
molecular formulas, suggest the presence of a sulfate group.
Additionally, some of these ions were also found to contain at
least one nitrogen atom, thus being identified as nitrooxy
organosulfates. In addition to the accurate mass data, MS2

spectra for all of the organosulfate ions listed in Table 2 showed
prominent m/z 97 (HSO4

-) product ions, as well as m/z 80
(SO3

-•) product ions in some cases, both of which have been
previously shown to serve as indicator ions for the presence of
a sulfate group.23-26,51,65,66 MS2 product ion spectra for all
nitrooxy organosulfates yield a neutral loss of 63 u (HNO3; nitric

Figure 7. MS2/MS3 data obtained for the three m/z 296 compounds from a d-limonene/ H2O2/NO/highly acidic seed experiment with RTs of 24.1,
25.4, and 28.3 min. The compounds are denoted by 1-3(297) in the text and Scheme 2.
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acid), further confirming the presence of a nitrooxy group. On
the basis of these accurate mass and tandem MS results, all of
the [M - H]- ions listed in Table 2 were classified only as
organosulfates and/or nitrooxy organosulfates.

Detailed study of organosulfate formation in laboratory-
generated SOA produced from the photooxidation (i.e., OH-
initiated oxidation) and/or nighttime oxidation (i.e., NO3-initiated
oxidation) of monoterpenes has been limited. Previous work,
in collaboration with the EPA laboratory, observed organosul-
fates, as well as nitrooxy organosulfates, from the photooxidation
of R-pinene in the presence of NOx and SO2.23 Limited
experiments were conducted in this prior study; specifically, a
series of experiments in which mixtures of hydrocarbons
(toluene, isoprene) containing R-pinene were irradiated in the
presence of NOx and, for selected experiments, in the presence
of SO2. Organosulfates of R-pinene were observed in this prior

study only when both R-pinene and SO2 were present; particle-
phase acidity was generated from the photochemical conversion
of SO2 to condensable H2SO4. Owing to the complexity of this
previous study (i.e., the use of hydrocarbon mixtures to
investigate organosulfate formation from R-pinene), organosul-
fate formation in R-pinene SOA was investigated in much
greater detail in the present work.

A number of R-pinene experiments were conducted, in which
both the acidity of the sulfate seed aerosol and the oxidation
conditions employed were varied (Table 2). Organosulfates were
formed only when R-pinene was oxidized (under light or dark
conditions) in the presence of acidic and/or highly acidic sulfate
seed aerosol; higher acidity led to a wider array of organosulfate
products detected, consistent with prior work.23-26 In the
photooxidation experiments, organosulfate formation occurred
at all NOx levels examined, a result previously observed in

Figure 8. Proposed formation mechanism for the three major m/z 296 nitrooxy organosulfates observed from the photooxidation of limonene/
limonaketone in the presence of NOx and highly acidified sulfate seed aerosol. Numerals 1-3(297) correspond to the isomeric structural assignments
based upon the explanations shown in Scheme 2 for the observed product ions formed in the tandem MS experiments. Footnote a: Lee et al.82

observed an organic nitrate species of this MW in the gas phase from the photooxidation of limonene in the presence of NOx as the [M + H]+ ion
using PTR-MS.

Figure 9. UPLC/(-)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 249 for the following: (a) R-pinene/NO3/highly acidic seed experiment;
(b) R-pinene/ H2O2/NO/highly acidic seed experiment; (c) !-pinene/H2O2/NO/highly acidic seed experiment; (d) SEARCH sample collected from
the CTR field site on 6/11/2004. The RTs, accurate masses, and mDa errors between the theoretical masses of the TOFMS suggested molecular
formulas, and the accurate masses of the detected m/z 249 ions are listed above each chromatographic peak. All of the chromatographic peaks
highlighted in the figure share the same elemental composition of C10H17O5S-. R-/!-Pinene were the only monoterpenes found in this study to
produce the m/z 249 organosulfates with the same RTs, accurate masses, and elemental compositions as those observed in the SEARCH field
samples.
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isoprene SOA.23 Additionally, nitrooxy organosulfates were
observed only under either intermediate- or high-NOx conditions
(denoted as H2O2/NO and HONO, respectively). This thorough
investigation of organosulfate formation from R-pinene served
as a model system for the experimental design of other
monoterpenes examined in this study. In particular, since no
organosulfate formation from R-pinene was observed under
neutral sulfate seed aerosol conditions, which is consistent with
previous work,25,26 all other monoterpene experiments were
conducted only under acidic and/or highly acidic conditions.
For the remaining monoterpene experiments, intermediate-NOx

conditions were employed (in most cases) to favor the formation
of both organosulfates and nitrooxy organosulfates, as previously
observed in isoprene SOA.23 As shown in Tables 1S-6S
(Supporting Information), organosulfates and nitrooxy organo-
sulfates of all monoterpenes studied under these conditions were
detected. Tentative structures and likely precursor oxidation
products for many of these organosulfates are given in these
tables; however, in subsequent sections, detailed chemical
characterization will focus only on those ions detected in both
laboratory-generated and ambient aerosol.

4.2. Isoprene Oxidation Experiments. Recent work from
our laboratories has examined the detailed chemical composition
of isoprene SOA formed under differing combinations of NOx

levels and sulfate seed aerosol acidities.23,24,33,37 In these previous

studies, organosulfates of isoprene were observed at all NOx

levels and in the presence of sulfate seed aerosol. Interestingly,
organosulfates of isoprene were observed in the presence of
neutral sulfate seed aerosol,23 differing from the behavior of
the monoterpenes examined in the present study; however,
isoprene produced a wider array of organosulfates with enhanced
acidity of the sulfate seed aerosol. Chemical characterization
of these products was conducted using less-advanced mass
spectrometric approaches as compared to the present study. No
high-resolution (-)ESI-MS data were obtained in the initial
study by Surratt et al.23 As a further confirmation of the initial
identifications made in the latter study, Table 7S (Supporting
Information) shows the accurate mass measurements obtained
in the present study for previously observed organosulfates of
isoprene formed in the Caltech isoprene chamber experiments.
With the exception of the nitrooxy organosulfates of isoprene
detected at m/z 244, in conjunction with recent detailed tandem
MS analysis,23,46 the [M - H]- ion formulas, as determined
from the accurate mass data, correspond exactly to the depro-
tonated forms of the previously proposed isoprene organosulfate
structures, hence now providing a more complete characteriza-
tion of these chamber-generated SOA products. As for the
monoterpene organosulfates, only those organosulfates of iso-
prene detected in both laboratory-generated and ambient aerosol
will be further discussed and thoroughly characterized in

Figure 10. MS2 spectra obtained for the two m/z 249 compounds with RTs of 31.2 and 32.2 min from (a, b) a !-pinene/H2O2/NO/highly acidic
seed experiment and (c, d) a SEARCH sample (BHM 6/20/04). The compounds are denoted by 1(250) and 2(250) in the text, Figure 12, and
Scheme 3.

Figure 11. MS2 spectra obtained for the two m/z 249 compounds with RTs of 24.4 and 29.3 min from (a, b) a R-pinene/H2O2/NO/highly acidic
seed experiment and (c, d) a SEARCH sample (CTR 6/11/04). The compounds are denoted by 3(250) and 4(250) in the text, Figure 12, and Scheme
3. The ion at m/z 205 is due to an interference.
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subsequent sections; particular attention is focused on those ions
detected for the first time in ambient aerosol.

5. Organosulfates in Ambient Aerosol

Figure 1 shows the UPLC/(-)ESI-TOFMS base peak ion
chromatograms (BPCs) for 24 h integrated ambient aerosol
samples collected from three different sites, and on three
different days, across the southeastern U.S. during the summer
of 2004. Several of the chromatographic peaks in these BPCs
are labeled with their respective [M - H]- ion. Comparison of
these BPCs demonstrates that the chemical composition of PM2.5

in this region is rather constant during summertime polluted
conditions, consistent with our initial investigation of this
region.47 It should be noted that not all organosulfates detected
are labeled in this figure; Table 8S (Supporting Information)

shows the accurate mass data for all organosulfates detected in
each analyzed field sample.

In our previous study, the chemical composition of aerosol
collected from this region was investigated; however, very few
organic components identified in Figure 1 (and Table 8S,
Supporting Information) were fully characterized, and in some
cases, they were not even detected, owing to the use of less-
sensitive mass spectrometric approaches.47 Besides the identi-
fication of known terpenoic acids (denoted with an asterisk in
Figure 1), such as norpinic (MW 172), pinic (MW 186), and
pinonic (MW 184) acids, as well the commonly observed MW
204 compound found in ambient aerosol,47,67-70 which was
recently characterized as 3-methyl-1,2,3-butanetricarboxylic
acid,71 only one organosulfate (i.e., m/z 294) was identified in
this previous study.47 In addition to characterizing m/z 294 as a
nitrooxy organosulfate of R-pinene,23 recent work has reported
that ions at m/z 215 and 260 shown in Figure 1 (as well as m/z
199, not shown) are organosulfates of isoprene;23,46 specifically,
it was found that m/z 215, 260, and 199 corresponded to
organosulfates of the 2-methyltetrols, nitrooxy organosulfates
of the 2-methyltetrol mononitrates, and organosulfates of
2-methylglyceric acid, respectively. It should be noted that both
the 2-methyltetrols and 2-methylglyceric acid have been previ-
ously identified as tracer compounds for the occurrence of SOA
formation in ambient aerosol from isoprene phootooxidation.21,72

In the following sections, detailed mass spectrometric evidence
is presented, characterizing most of the previously uncharac-
terized and partially characterized organic components observed
in the field samples (Figure 1) as organosulfates of monoterpenes
and isoprene. Except for the organosulfates of glyoxal (i.e., m/z
155) and methylglyoxal (i.e., m/z 169), which could form from
the oxidation of both anthropogenic and biogenic VOCs in the
presence of acidified sulfate seed aerosol, all other organosul-
fates characterized in this study appear to be unique tracer
compounds for the occurrence of biogenic SOA formation under
acidic conditions.

5.1. Organosulfates of Monoterpenes in Ambient Aerosol.
5.1.1. m/z 294. [M - H]- ions at m/z 294 have been observed
using (-)ESI-MS techniques in ambient PM2.5 collected from
several regions of the U.S.23,47 as well as Europe26,46,51,73 and

Figure 12. Proposed formation mechanism for the four m/z 249
organosulfates observed in ambient aerosol from the OH-initiated
oxidation of !-pinene and R-pinene. Numerals 1-2(250) correspond
to the isomeric structural assignments for the m/z 249 !-pinene
organosulfates, which are based upon the explanations for the observed
product ions formed in the tandem MS experiments (Figure 10). Iinuma
et al.26 also observed the formation of isomer 1(250) from a !-pinene
ozonolysis acid seed experiment and detected this same isomer in a
Norway-spruce-dominated forest in Bavaria, Germany. Numerals
3-4(250) correspond to the isomeric structural assignments for the m/z
249 R-pinene organosulfates, which are based upon the explanations
for the observed product ions formed in the tandem MS experiments
(Figure 11).

Figure 13. MS2 (m/z 227) TICs obtained from (a) an R-pinene/H2O2/
NO/highly acidic seed experiment and (b) a SEARCH sample (BHM
6/20/04).

SCHEME 3
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have been only partially characterized as nitrooxy organosulfates
using high-resolution and tandem MS. It should be noted that
it is critical that the latter MS techniques be used in combination
when establishing the chemical identity of an unknown com-
pound measured by (-)ESI-MS as many isobaric compounds
(i.e., compounds of the same molecular mass but of different
elemental composition) exist in ambient organic aerosol, and
as a result, low-resolution MS instruments (e.g., quadrupole and
ion trap mass analyzers) will not allow the determination of
the mass difference between isobaric compounds.

By using a surrogate standard, the total m/z 294 nitrooxy
organosulfate aerosol mass concentration (i.e., sum of three
major isomers observed) was previously estimated to range from
27 to 140 ng m-3 for all days and field sites analyzed from the
southeastern U.S.,47 resulting in this ion being the most abundant
organic species detected by (-)ESI-MS for this region. How-
ever, it is noted that the latter is only true when the filters are
extracted in methanol. There may be other more-abundant
organic components in ambient aerosol collected from this
region not extractable by methanol, as well as not observed in
the (-)ESI-MS analysis due to not being eluted from the
chromatographic column previously employed or not being
detected in the negative ion mode.

(-)ESI-TOFMS accurate mass data for the m/z 294 ions
indicated that the [M - H]- ion formula is C10H16NO7S-,26,47

consistent with the accurate mass data shown in Table 8S
(Supporting Information). On the basis of these ion formulas,
it was suggested that monoterpenes (C10H16) serve as a likely
source for these ambient nitrooxy organosulfates.26,47 Surratt et
al.23 recently reported that the m/z 294 nitrooxy organosulfates
detected in southeastern U.S. aerosol could arise from the
photooxidation of R-pinene in the presence of NOx and SO2

(i.e., acidified sulfate seed aerosol); however, it was noted in
this prior study, as well as in that of Iinuma et al.,26 that other
monoterpenes might also contribute to the formation of these
compounds. Interestingly, previous studies have found that these
compounds were more abundant in nighttime samples collected

from Europe, indicating that an additional formation mechanism
is possible (i.e., NO3-initiated oxidation).26,46 No such distinction
between daytime and nighttime chemistry could be made in
previous studies from the SEARCH campaign,23,47 nor in the
present study, owing to the fact that the samples were collected
over a 24 h integrated period.

Figure 2 compares the UPLC/(-)ESI-TOFMS extracted ion
chromatograms (EICs) of m/z 294 obtained from one represen-
tative SEARCH field sample (CTR 6/11/04) and four selected
monoterpene oxidation experiments, including R-pinene/H2O2/
NO/neutral seed, R-pinene/H2O2/NO/highly acidic seed, R-pinene/
NO3/highly acidic seed, and !-pinene/H2O2/NO/highly acidic
seed experiments, respectively. It is noted that the m/z 294
compounds were detected for all days in which samples were
collected from each SEARCH field site (Table 8S, Supporting
Information), consistent with our previous field study.47 Al-
though isomeric m/z 294 nitrooxy organosulfates were also
formed in the R-terpinene and terpinolene photooxidation
experiments conducted under highly acidic conditions (Tables
3S and 5S, Supporting Information), these two monoterpenes
are not considered as possible sources for these nitrooxy
organosulfates found in the SEARCH samples since the
retention times (RTs) of their single isomers do not correspond
to those of the ambient samples. The photooxidation and
nighttime oxidation of R-pinene in the presence of highly acidic
seed aerosol is shown in Figure 2 to produce three m/z 294
nitrooxy organosulfates with the same RTs and accurate masses
as those observed in the SEARCH samples (RTs of 8.19, 8.80,
and 8.99 min; Figure 2a). As shown in Figure 2b, the
photooxidation of R-pinene in the presence of neutral sulfate
seed aerosol does not produce m/z 294 compounds, which was
also the result for the R-pinene/NO3/neutral seed experiment
(Table 2). Additionally, Figure 2e shows that the !-pinene/H2O2/
NO/highly acidic seed experiment produced one m/z 294
nitrooxy organosulfate isomer with the same RT and accurate
mass found in the field samples; however, tandem MS data will
be discussed subsequently in order to confirm whether R-pinene,
as well as !-pinene, are, in fact, the monoterpene precursors
required for the formation of these compounds in ambient
aerosol.

Figures 3 and 4 show MS2/MS3 data obtained with the HPLC/
(-)ESI-LITMS technique for the three m/z 294 compounds
formed in the R-pinene/NO3/highly acidic seed experiment and
MS2/MS3 data for the three m/z 294 compounds present from a
selected SEARCH sample (CTR 6/20/04), respectively. MS2

data similar to those for the R-pinene/NO3/highly acidic seed

Figure 14. MS2/MS3 data for the m/z 227 compounds from (a) an R-pinene/H2O2/ NO/highly acidic seed experiment with a RT of 4.3 min and (b)
a SEARCH sample (BHM 6/20/04) with a RT of 4.1 min.
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experiment were also obtained in the case of the R-pinene/H2O2/
NO/highly acidic seed experiment (see Figure 1S, Supporting
Information); in addition, similar MS2 data were also recorded
for two other field samples (JST 6/26/04 and BHM 6/20/04;
data not shown). Comparison of these data establishes that the
NO3 and H2O2/NO highly acidic sulfate seed experiments yield
the same m/z 294 nitrooxy organosulfates as those present in
the field samples and originate from either the nighttime
oxidation or photooxidation of R-pinene, with the latter in the
presence of NOx.

Isomeric structural assignments, taking into account that these
compounds originate from the oxidation of R-pinene, and
explanations for the formation of product ions produced in the
tandem MS data supporting these structural assignments are
outlined in Scheme 1 [where numerals 1-3(295) indicate the
protonated compounds proposed]; however, in the absence of
reference compounds, these attributions should be regarded as
tentative. The m/z 294 MS2 product spectra of compounds 2
and 3(295) are very similar, suggesting positional isomers with
sulfate and nitrate groups at different positions. The m/z 294
MS2 spectra for compounds 2 and 3(295) contain an abundant
m/z 231 ion due to the loss of 63 u (HNO3), which shows a
different fragmentation behavior for the two compounds; in the
case of compound 2(295), multiple product ions are formed upon
MS3 of the m/z 231 ion, while in the case of compound 3(295),
m/z 151 is the only product ion. The abundant m/z 203 ion in
the m/z 294 f m/z 231 MS3 spectrum of compound 2(295)
corresponds to the loss of 28 u (CH2dCH2). This can be

explained by a retro-Diels-Alder (RDA) fragmentation and
points to a nitrooxy group at the secondary carbon position of
the 2,2-dimethylcyclobutane ring. On the other hand, the m/z
142 ion in the m/z 294 MS2 spectrum of compound 3(295) points
to neighboring OSO3

- and ONO2 groups and thus supports the
proposed structure shown in Scheme 1. In regards to compound
1(295), it is noted that the m/z 294 MS2 spectrum is remarkably
similar to those shown in Figure 2S (Supporting Information)
for !-pinene SOA; however, the product ions at m/z 247, 220,
and 96 exhibit different relative abundances, consistent with
isomeric differences, and indicate that !-pinene is not respon-
sible for the formation of these nitrooxy organosulfates in
ambient aerosol. This conclusion is further supported by the
MS3 data, which reveal more distinct differences between
compound 1(295) and the two m/z 294 compounds present in
!-pinene SOA. The m/z 247 ion (loss of HNO2) in the m/z 294
MS2 spectrum of compound 1(295) is consistent with a primary
nitrooxy group, while the base peak at m/z 96 (SO4

-•) points to
a sulfate group at a tertiary position. The absence of a m/z 151
ion suggests that a hydrogen required for loss of HNO3 is not
available at a neighboring position within compound 1(295).
The abundant m/z 220 ion can be explained by the combined
loss of CO and a NO2

• radical (74 u); however, a simple
mechanism for this fragmentation could not be formulated.

On the basis of the interpretation of both the accurate mass
and tandem MS data, Figure 5 shows the proposed formation
mechanism for the three major isomers of the m/z 294 nitrooxy
organosulfates observed in ambient aerosol. As previously
shown for pinonaldehyde,49,50 a known first-generation gas-phase
product from R-pinene oxidation, it is proposed that isomeric
hydroxynitrate gas-phase products of MW 215 from R-pinene
reactively uptake onto acidified sulfate seed aerosol through
esterification of the hydroxyl group with sulfuric acid, yielding
the characterized nitrooxy organosulfates shown in Scheme 1.
Prior work done by Aschmann et al.74,75 has detected a
hydroxynitrate species of MW 215 in the gas phase produced
from an R-pinene photooxidation experiment conducted in the
presence of NO when using an atmospheric pressure ionization
tandem mass spectrometer and, as a result, supporting the

Figure 15. UPLC/(-)ESI-TOFMS extracted ion chromatograms (EICs) of m/z 279 for the following: (a) R-pinene/H2O2/NO/highly acidic seed
experiment; (b) R-pinene/NO3/highly acidic seed experiment; (c) !-pinene/H2O2/NO/highly acidic seed experiment; and (d) a SEARCH sample
collected from the CTR field site on 6/11/2004. The RTs, accurate masses, and mDa errors between the theoretical masses of the TOFMS suggested
molecular formulas, and the accurate masses of the detected m/z 279 ions are listed above each chromatographic peak. All of the chromatographic
peaks highlighted in the figure share the same elemental composition of C10H15O7S-.

Figure 16. MS2 (m/z 279) TICs obtained from (a) an R-pinene/H2O2/
NO/highly acidic seed experiment and (b) a SEARCH sample (CTR
6/11/04). The compounds with RTs of 19.1 (or 18.9) and 19.9 min are
denoted by 1(280) and 2(280) in the text and Scheme 5.
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feasibility of our proposed reaction mechanism; in addition, Jay
and Stieglitz76 also observed hydroxynitrates from the NO3-
initiated oxidation of R-pinene using gas chromatography(GC)/
mass spectrometry(MS) and FTIR analysis. Despite the structure
for the hydroxynitrate gas-phase precursor of compound 3(295)
being the only isomer conforming to known RO2 chemistry,
other structural isomers of the hydroxynitrate likely correspond
to the detailed chemical structures shown in Scheme 1. In order
to form compounds 1 and 2(295) from the photooxidation of
R-pinene in the presence of NOx, we propose that the !-hy-
droxyalkyl radical that forms after the initial OH radical addition
to the double bond isomerizes the radical by H-abstraction to
another carbon within the R-pinene skeleton (or undergoes a
hydrogen rearrangement), followed by the immediate reaction
with O2 to form the respective hydroxyperoxy radicals shown
in Figure 5. Similar isomerization behavior has been proposed
by Jay and Stieglitz76 for !-nitrooxyalkyl radicals formed from
the NO3-initiated oxidation of R-pinene; however, it remains
unclear at this time how such an isomerization would yield the
hydroxynitrates needed to produce compounds 1 and 2(295)
under nighttime oxidation conditions, even though the MS data
clearly show that both nighttime and daytime chemistry of
R-pinene produce the same three isomers of the m/z 294 nitrooxy
organosulfates. Conversely, we only discuss and propose the
formation of compounds 1 and 2(295) from the photooxidation
pathway in Figure 5. Upon the formation of the hydroxyperoxy
radicals from the isomerization of the initial !-hydroxyalkyl
radical and subsequent addition of O2, under intermediate- and/

or high-NOx conditions, the former radicals react with NO to
yield the hydroxynitrate precursors shown for compounds 1 and
2(295). Alternatively, previous work has shown that large
hydroxyalkoxy (RO) radicals, produced from the reaction of
the RO2 radical with NO, readily isomerize rather than
fragment,12,74,75 especially if the RO radical has at least four or
more carbons and can form a six-membered transition state.77,78

The isomerization of the RO radical was not considered in the
present study, owing to the fact that if the initial RO radical of
R-pinene isomerizes, as previously observed by Aschmann et
al.,74,75 this results in the formation of a dihydroxyalkyl radical.
The latter radical immediately reacts with O2 to form a
dihydroxyperoxy radical, and in the presence of NO, it forms a
dihydroxynitrate gas-phase product of MW 231, thus failing to
explain the formation of compounds 1 and 2(295) from the
photooxidation of R-pinene.

Recent emission data show that R-pinene is the most abundant
monoterpene emitted from loblolly pine (Pinus taeda L.), which
is one of the most predominant timber species found in
southeastern U.S. forests, followed by !-pinene, myrcene,
d-limonene, and !-phellandrene.79,80 Considering our chemical
characterization results and the known emission rates from
loblolly pine, it appears that the m/z 294 nitrooxy organosulfates
that we observe in the SEARCH field samples arise solely from
either the photooxidation of R-pinene in the presence of NOx

or the nighttime oxidation of R-pinene, both of which require
the presence of acidified sulfate seed aerosol. It should be noted
that future laboratory chamber experiments of myrcene and

Figure 17. MS2/MS3 data for (a) the first- (19.1 min) and (b) second-eluting (19.9 min) m/z 279 compounds from the R-pinene/H2O2/NO/highly
acidic seed experiment.

Figure 18. MS2/MS3 data for (a) the first- (19.1 min) and (b) second-eluting (19.9 min) m/z 279 compounds from the !-pinene/H2O2/NO/highly
acidic seed experiment.

8360 J. Phys. Chem. A, Vol. 112, No. 36, 2008 Surratt et al.

268



ocimene are needed in order to determine their potential
contribution to the m/z 294 nitrooxy organosulfates found in
ambient aerosol, especially considering that new emission data
for the U.S. indicate that these two monoterpenes are emitted
abundantly from deciduous (broadleaf) and coniferous (needle)
trees.81 Additionally, it would be worthwhile to analyze night-
time-segregated filter samples collected from the SEARCH
network to evaluate the importance of nighttime chemistry to
the formation of the m/z 294 nitrooxy organosulfates.

5.1.2. m/z 296. Previous field studies have reported [M -
H]- ions at m/z 296 when using (-)ESI-MS techniques to
characterize organic aerosol collected from both the southeastern
and southwestern U.S.47,52 Despite the recent identification of
a m/z 296 compound as a nitrooxy organosulfate in southwestern
U.S. aerosol,52 the source and formation mechanism of this
compound remained unclear in both regions previously studied.
Figure 3S (Supporting Information) compares the UPLC/
(-)ESI-TOFMS EICs of m/z 296 obtained from three selected
monoterpene oxidation experiments, which includes the d-li-
monene/H2O2/NO/highly acidic seed, !-phellandrene + d-
limonene mixture/H2O2/NO/highly acidic seed, and limonaketone/
H2O2/NO/highly acidic seed experiments, to that of one
representative SEARCH field sample (JST 6/26/04). Although
not shown, it should be noted that the l-limonene/H2O2/NO/
highly acidic seed experiment also produced three m/z 296
compounds with the same RTs and accurate masses as those
highlighted in Figure 3S (Supporting Information) for the
d-limonene experiments. From all of the monoterpene oxidation
experiments conducted, d-/l-limonene and !-phellandrene, as
well as limonaketone (C9H14O), which is a known first-
generation oxidation product of limonene,54,82 were the only
precursors in this study to produce m/z 296 compounds;
specifically, the photooxidation of these BVOC precursors in
the presence of NOx and highly acidified sulfate seed aerosol

produced these compounds. Interestingly, no m/z 296 com-
pounds formed in the NO3/highly acidic seed experiments of
d- and l-limonene, which is likely attributable to the large
nucleation events observed at the start of these experiments;
specifically, the NO3-initiated oxidation of these monoterpenes
led to a large number of particles being formed by nucleation
and, as a result, likely prevented the formation of the m/z 296
compounds by not allowing for the reactive uptake of the gas-
phase semivolatile products onto the acidified sulfate seed
aerosol. Accurate mass data for all chromatographic peaks
highlighted in Figure 3S (Supporting Information) indicate that
the [M - H]- ion formulas for both the laboratory-generated
(Figure 3Sa-c, Supporting Information) and ambient m/z 296
compounds (Figure 3Sd, Supporting Information) are
C9H14NO8S-.

Figure 6 shows the m/z 296 MS2 TICs obtained using the
HPLC/(-)ESI-TOFMS technique for the d-limonene/H2O2/NO/
highly acidic seed experiment and a SEARCH sample (BHM
6/20/04). As observed in the UPLC/(-)ESI-TOFMS EICs of
m/z 296 (Figure 3S, Supporting Information), the RTs for the
three m/z 296 compounds in d-limonene SOA were slightly
shifted to longer times when compared to that for the ambient
m/z 296 compounds. It is noted that the signals observed
between 36 and 48 min in Figure 6b are due to 34S/18O isotopic
contributions of m/z 294 R-pinene SOA nitrooxy organosulfates
that are very abundant in the ambient sample. The MS2/MS3

data for the three m/z 296 compounds from d-limonene SOA
(Figure 6a) eluting at 24.1, 25.4, and 28.3 min are given in
Figure 7a-c, respectively. It can be seen that the m/z 296 MS2

and m/z 296f m/z 233 MS3 spectra are remarkably similar for
the three compounds in d-limonene SOA. Tentative structures
based on the interpretation of both the MS2/MS3 (Figure 7) and
accurate mass data for the three m/z 296 compounds observed
in d-limonene SOA and explanations for the observed product
ions supporting these structural assignments are given in Scheme
2 [where numerals 1-3(297) indicate the protonated compounds
proposed]. The m/z 233 ion is explained by the loss of HNO3

(63 u), indicating that a hydrogen is available for HNO3 loss in
the three compounds. The two first-eluting compounds [1 and
2(297)] also reveal a weak m/z 142 ion, indicating that the sulfate
and nitrooxy groups are spatially close. Furthermore, in addition
to m/z 97 [HSO4

-], it can be seen that the m/z 296 f m/z 233
MS3 spectra show a m/z 81 ion corresponding to HSO3

-. It is
worth noting that this ion is not formed from the corresponding
m/z 294 R-pinene derivatives, where instead m/z 80 [SO3

-•] is
generated upon fragmentation of m/z 231.

In order to further support the proposed structures shown in
Scheme 2 and gain insight into the formation mechanism of
these compounds in d-limonene SOA, a limonaketone/H2O2/
NO/highly acidic seed experiment was conducted. As shown
in Figure 3S (Supporting Information), this experiment
(Figure 3Sc, Supporting Information) produced three m/z 296
compounds with the same RTs and accurate masses as those
observed in the d-limonene and !-phellandrene + d-limonene
experiments (Figures 3Sa and 3Sb, respectively, Supporting
Information). Additionally, comparison of the MS2/MS3 data
collected for the three m/z 296 compounds observed in both
the d-limonene (Figure 7) and limonaketone (Figure 4S,
Supporting Information) H2O2/NO/highly acidic seed experi-
ments show comparable mass spectral properties and, as a result,
conclusively indicate that the further oxidation of limonaketone
in the presence of NOx and highly acidified sulfate seed aerosol
produces these m/z 296 nitrooxy organosulfates in d-limonene
SOA. On the basis of the interpretation of both the accurate

SCHEME 5
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mass and tandem MS data, Figure 8 shows the proposed
formation mechanism for the three major m/z 296 nitrooxy
organosulfates observed in the laboratory-generated d-limonene
SOA. As proposed for the m/z 294 R-pinene derivatives, the
m/z 296 compounds are formed from the reactive uptake of
isomeric hydroxynitrate gas-phase products by esterification of
the hydroxyl groups with sulfuric acid. Notably, previous gas-
phase measurements using proton-transfer reaction (PTR)-MS
for d-limonene/NOx photooxidation experiments observed an
organic nitrate species of MW 217 in the gas phase,82 thus
further supporting the proposed reaction mechanism. Com-
pounds 1 and 2(297) are likely stereoisomers (i.e., enantiomers)
formed directly from the reactive uptake of the hydroxynitrate
that results from the reaction of the RO2 radical of limonaketone
with NO; however, analogous to the proposed formation
mechanism of compounds 1 and 2(295) in R-pinene SOA,
compound 3(297) likely forms from the hydroxynitrate that
results from isomerization (i.e., hydrogen rearrangement) of the
!-hydroxyalkyl radical of limonaketone.

The three m/z 296 compounds observed in the ambient sample
(Figure 3Sd, Supporting Information, and Figure 6b) were
initially considered as d-limonene SOA products since their
elemental compositions (i.e., C9H14NO8S-) were exactly the
same as those observed in the limonene SOA experiments
(Figure 3Sa-c, Supporting Information). Despite some differ-
ences in the RTs, careful inspection of the MS2/MS3 data shown
in Figure 5S (Supporting Information) revealed notable differ-
ences in the mass spectral properties of the ambient m/z 296
compounds as compared to those in the d-limonene SOA
experiments (Figure 7). The trace m/z 296 compound eluting

at 24.0 min in Figure 6b corresponds with the second-eluting
m/z 296 compound from d-limonene SOA [2(297)]. Comparison
of their respective MS2/MS3 spectra (Figure 7b and Figure 5Sb,
Supporting Information) supports this conclusion; the MS2

spectrum obtained for the trace m/z 296 compound in the
ambient sample reveals some additional interfering ions (i.e.,
at m/z 237, 179, and 137) compared to that of d-limonene SOA,
but the m/z 296 f m/z 233 MS3 spectra compare reasonably
well, suggesting that the precursor of this compound is likely
d-limonene. However, the two other major m/z 296 compounds
from the ambient sample have RTs at 22.4 and 27.5 min that
are different from those of the d-limonene SOA compounds.
The third-eluting compounds from both samples have slightly
different RTs (difference of only 0.8 min), but their MS2/MS3

data are virtually similar, suggesting a very close structural
relationship. These results allowed us to conclude that the m/z
296 compounds observed in the ambient samples could originate
from limonene-like monoterpene precursors; specifically, these
precursors require the presence of two or more double bonds,
with at least one of these double bonds located at a terminal
position, whereupon oxidation of this bond type under inter-
mediate-/high-NOx conditions, allows for the formation of a C9

ketone/aldehyde precursor. Importantly, it should be noted that
the other monoterpenes with two double bonds (i.e., R-/γ-
terpinene and terpinolene), neither of which are at a terminal
position, which were examined in the present study (Table 2),
did not produce m/z 296 compounds.

As previously noted, emissions of myrcene have been
measured to be substantial during summertime conditions from
loblolly pine (Pinus taeda L.).79,80 Even though R- and !-pinene
are the most abundant monoterpenes emitted from this prevalent
timber species found in the southeastern U.S., prior studies have
shownthatmyrcene isemittedmoreabundantly than limonene,79,80

making myrcene a likely candidate for the source of the major
m/z 296 compounds found in ambient aerosol collected from
this region. It would be worthwhile to evaluate whether myrcene,
as well as ocimene (a known isomer of myrcene that is
abundantly emitted from broadleaf trees),81 serves as the
precursor for the m/z 296 compounds observed in ambient
aerosol by conducting further laboratory investigations. In
addition, it should be kept in mind that there are still unknown
terpene-like compounds in the atmosphere that show substantial
OH reactivity and remain to be identified.83

5.1.3. m/z 249. Figure 9 compares the UPLC/(-)ESI-TOFMS
EICs of m/z 249 obtained from three selected monoterpene
oxidation experiments, which include R-pinene/NO3/highly

Figure 19. MS2/MS3 data for the first- (18.9 min) and second-eluting (19.7 min) m/z 279 compounds from the SEARCH sample (CTR 6/11/04).

Figure 20. MS2 (m/z 310) TICs obtained from (a) an R-pinene/H2O2/
NO/highly acidic seed experiment, (b) a !-pinene/H2O2/NO/highly
acidic seed experiment, and (c) a SEARCH sample (BHM 6/20/04).
The compounds with RTs of 27.0 and 34.5 min from the ambient
sample are denoted by 1 and 2(311) in the text and Scheme 6.
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acidic seed, R-pinene/H2O2/NO/highly acidic seed, and !-pinene/
H2O2/NO/highly acidic seed experiments, to that of one
representative SEARCH field sample (CTR 6/11/04). Accurate
mass data for all chromatographic peaks highlighted in this

figure indicate that the [M - H]- ion formula for both the
laboratory-generated (Figure 9a-c) and ambient m/z 249
compounds (Figure 13d) is C10H17O5S-. Even though other
monoterpenes shown in Tables 1S-6S (Supporting Information)
also produced m/z 249 compounds (i.e., d-/l-limonene and
terpinolene), R- and !-pinene were the only monoterpenes in
this study to produce these compounds with the same RTs as
those detected in filter samples collected from the SEARCH
network (Table 8S, Supporting Information), and as a result,
detailed tandem MS experiments were conducted in order to
confirm that R-pinene and/or !-pinene were the source of these
compounds in ambient aerosol collected from the southeastern
U.S.

Figure 10 shows the MS2 spectra for the two m/z 249
compounds from the !-pinene/H2O2/NO/highly acidic seed
experiment and a SEARCH sample (BHM 6/20/04), which have
exactly the same RTs (i.e., 24.4 and 29.3 min using the HPLC/
ESI-LITMS technique). In addition, Figure 11 shows the MS2

spectra for the two m/z 249 compounds from the R-pinene/H2O2/
NO/highly acidic seed experiment and a SEARCH sample (CTR
6/11/04), which also have exactly the same RTs (i.e., 31.2 and
32.2 min using the HPLC/ESI-LITMS technique). It should be
noted that the two ambient m/z 249 compounds with the same
RTs as those found in the R-pinene SOA were not detected in
every field sample using the UPLC/(-)ESI-TOFMS technique
(Table 8S, Supporting Information); in fact, only trace amounts
were observed for those samples containing these compounds,
differing from the relatively large signals observed for the
!-pinene m/z 249 organosulfates in ambient aerosol. It can be
seen that the m/z 249 MS2 spectra of the compounds from both
the !-pinene and ambient samples with the same RTs perfectly

Figure 21. MS2/MS3 data for the m/z 310 compounds with RTs of (a) 27.0 min and (b) 34.5 min from the SEARCH sample (BHM 6/20/04).

SCHEME 6

Figure 22. MS2 (m/z 373) TIC obtained from a SEARCH sample
(BHM 6/20/04). The compounds with RTs of 31.9 and 32.6 min are
denoted by 1(374) and 2(374) in the text and Scheme 7.
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agree. Plausible isomeric structures are given in Figure 12 and
Scheme 3 [where numerals 1-4(250) indicate the protonated
compounds proposed]; the second-eluting !-pinene compound
2(250) is assigned to the isomer with a terminal hydroxyl group
based on the loss of a hydrogen molecule giving rise to m/z
247 and subsequent loss of SO3 (80 u) yielding m/z 167 in its

m/z 249 MS2 spectrum. The fragmentation behavior of both
!-pinene isomers [i.e., compounds 1 and 2(250)] is distinctly
different with regard to the formation of m/z 97 [HSO4

-]; while
m/z 97 is virtually absent from the m/z 249 MS2 spectrum of
the second-eluting isomer 2(250), the formation of m/z 97 is
favored in the first-eluting isomer 1(250), resulting in the base
peak. The R-pinene isomers [i.e., compounds 3 and 4(250)] also
reveal a quite different fragmentation behavior. The m/z 249
MS2 spectrum of the first-eluting R-pinene isomer shows m/z
249 as base peak and product ions at m/z 231 and 151 due to
the loss of water and the combined loss of water and SO3,
respectively. As in the case of the !-pinene isomers, notable
abundance differences are observed for m/z 97 [HSO4

-]; while
m/z 97 is virtually absent from the m/z 249 MS2 spectrum of
the first-eluting isomer 3(250), the formation of m/z 97 is favored
in the second-eluting isomer 4(250).

In addition to the tentatively proposed structures, Figure 12
shows the proposed reaction scheme for the formation of the
m/z 249 organosulfates observed in ambient aerosol collected
from the southeastern U.S. The oxidation of R- and !-pinene is
expected to occur primarily through reaction with OH radicals,
owing to the fact that H2O2 was employed as the OH radical
source in both photooxidation experiments; however, as shown
in Figure 9a, R-pinene + NO3 cannot be ruled as a source for
compounds 3 and 4(250) until nighttime-segregated samples
from the southeastern U.S. are analyzed. On the basis of the
latter result, !-pinene + NO3 may also contribute to the
formation of compounds 1 and 2(250); thus, this route cannot
be excluded as a possible source at this time. Even though
negligible amounts of O3 were initially present at the start of
each experiment, O3 formation occurs during the course of the
experiments, resulting from the photochemical conversion of
NO to NO2. In the case of !-pinene, even at ∼500 ppb of O3,
which is the maximum mixing ratio of O3 when !-pinene is
still present, the reaction rate of !-pinene + OH is still nine
times that of !-pinene + O3. As previously observed in isoprene

Figure 23. MS2/MS3 data for the m/z 373 compounds with RTs of (a) 31.9 min and (b) 32.6 min from a SEARCH sample (BHM 6/20/04).

SCHEME 7

Figure 24. MS2 (m/z 244) TICs obtained from (a) an isoprene/NOx/
SO2 EPA photooxidation experiment and (b) a SEARCH sample (CTR
6/11/04).
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photooxidation experiments,4,13,33 the NO mixing ratio needs
to approach zero before significant levels of O3 form; however,
by this time, most of the hydrocarbon is typically reacted away
by OH radicals.

Although we propose that the OH radical oxidation is
primarily responsible for the formation of the m/z 249 organo-
sulfates in southeastern U.S. aerosol, Iinuma et al.26 have shown
that !-pinene ozonolysis in the presence of acidified sulfate seed
aerosol can also produce compound 1(250) in PM2.5 aerosol
from a German Norway-spruce-dominated forest; specifically,
similar tandem MS and accurate mass data were obtained for
compound 1(250) of this study, suggesting that O3 may play a
role in forming these compounds under polluted conditions.
Instead of forming the m/z 249 organosulfates by reactive uptake
of pinanediol gas-phase intermediates, as shown in Figure 12,
Iinuma et al.26 have proposed that these compounds also form
by the reactive uptake of !-pinene oxide when the oxidation of
!-pinene is initiated by O3. Interestingly, this prior study found
that R-pinene ozonolysis in the presence of acidic seed particles
exhibited a distinctly different behavior; specifically, this
experiment did not produce a corresponding organosulfate at
m/z 249, which was attributed to R-pinene + O3 likely following
a ring-opening primary ozonide pathway rather than a ring-
retaining oxirane pathway (like that for !-pinene) owing to the
fact that the R-pinene primary ozonide structure is relatively
strained.

Similar to previous work done with glyoxal and pinonal-
dehyde,48-50 it would be worthwhile to perform reactive uptake
experiments using the pinanediol and epoxide intermediates only
in the presence of acidified sulfate seed aerosol, as this could
help establish the reaction mechanism responsible for the
formation of these organosulfates in ambient aerosol. Consider-
ing that the R-pinene/NO3/highly acidic seed experiment (Figure
9a) also produced the m/z 249 R-pinene organosulfates detected
in ambient aerosol (Figure 9d), as well as R-pinene oxide being
detected in the gas phase at measurable yields under nighttime
oxidation conditions,84-86 it will be crucial to analyze nighttime-
segregated filter samples collected from the SEARCH network
in order to evaluate the importance of this reaction pathway to
the formation of these compounds in ambient aerosol. Addition-
ally, !-pinene/NO3/highly acidic seed experiments should be
conducted in the future, owing to the fact that measurable
quantities of !-pinene oxide have also been observed in the gas
phase from !-pinene + NO3 reactions.87 Further work should
also investigate the source for the differences in the relative
abundances of the m/z 249 R- and !-pinene organosulfates.

5.1.4. m/z 227. Figures 13 and 14 show m/z 227 MS2 TICs
obtained from the R-pinene/H2O2/NO/highly acidic seed experi-
ment and a SEARCH sample (BHM 6/20/04) and MS2/MS3

data for the m/z 227 compounds from the R-pinene SOA sample
and m/z 227 compounds eluting at the same RT from the
ambient sample, respectively. In a prior study by Gómez-
González et al.,46 polar early-eluting m/z 227 compounds from
K-puszta aerosol with comparable RTs as those found in the
present study were identified as sulfate esters of 2- and
3-hydroxyglutaric acid, as shown in Scheme 4 [where numerals
1 and 2(228) indicate the protonated forms of 3- and 2-hy-
droxyglutaric acids, respectively], of which 3-hydroxyglutaric
acid was attributed to an R-pinene SOA product88 and 2-hy-
droxyglutaric acid was proposed to be an oxidation product of
unsaturated fatty acids. It can be seen in the m/z 227 f m/z
147 MS3 spectrum of the R-pinene SOA product (Figure 14a)
that both m/z 129 and m/z 85 are produced, which are
characteristic product ions of deprotonated 2- and 3-hydroxy-

Figure 25. MS2/MS3 data for the m/z 244 compounds from (a) an isoprene/NOx/SO2 EPA photooxidation experiment and (b) a SEARCH sample
(CTR 6/11/04).

Figure 26. MS2 (m/z 305) TICs obtained from (a) from an isoprene/
NOx/SO2 EPA photooxidation experiment and (b) a SEARCH sample
(CTR 6/11/04). The compounds with RTs of 15.7 and 19.0 min in the
ambient sample are denoted by 2(306) and 4(306) in the text and
Scheme 9.
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glutaric acid,46 respectively; these data indicate that the m/z 227
R-pinene SOA product is a mixture of sulfated 2- and 3-hy-
droxyglutaric acids. Furthermore, the UPLC/(-)ESI-TOFMS
accurate mass data indicated that the elemental composition of
both the laboratory-generated and ambient m/z 227 compounds
is C5H7O8S-, confirming that these compounds are likely formed
from either 2- or 3-hydroxyglutaric acids in ambient aerosol.

The m/z 227 MS2/MS3 data obtained from the SEARCH
sample (BHM 6/20/04) are comparable with those reported from
K-puszta aerosol.46 It is noted that m/z 129 dominates the m/z
227 f m/z 147 MS3 spectrum (Figure 14b), indicating that
sulfated 2-hydroxyglutaric acid is the prevalent isomer in the
SEARCH sample. This suggests that 2-hydroxyglutaric acid has
precursors other than R-pinene, possibly unsaturated fatty acids
as proposed in our prior study.46 Besides the R-pinene/H2O2/
NO/highly acidic seed experiment, none of the other monoter-
penes studied in the present work produced laboratory-generated
m/z 227 organosulfates (see Tables 2 and Tables 1S-6S,
Supporting Information); however, owing to substantial emission
rates of myrcene and ocimene in the southeastern U.S. during
summertime conditions,79-81 future laboratory experiments are
needed to determine their potential for the formation of m/z 227
organosulfates found in ambient aerosol. Additionally, from our

experimental work, it appears that the formation of the m/z 227
R-pinene organosulfates in ambient aerosol requires the presence
of NOx, consistent with recent work showing that the 3-hy-
droxyglutaric acid precursors, and likely 2-hydroxyglutaric acid,
form from the further oxidation of cis-pinonic acid by OH
radicals in the presence of NO.88,89

5.1.5. m/z 279. Even though recent work identified a m/z 279
compound as an organosulfate in southwestern U.S. aerosol,52

the source and formation mechanism of this compound remained
unclear. Our initial characterization of organic aerosol collected
from the SEARCH network did not observe an ion at m/z 279,
likely owing to the lower sensitivity of the (-)ESI-MS
techniques employed.47 Figure 15 compares the UPLC/(-)ESI-
TOFMS EICs of m/z 279 obtained from three selected monot-
erpene oxidation experiments, which include R-pinene/H2O2/
NO/highly acidic seed, R-pinene/NO3/highly acidic seed, and
!-pinene/H2O2/NO/highly acidic seed experiments, to that of
one representative SEARCH field sample (CTR 6/11/04).
Accurate mass data for all chromatographic peaks highlighted
in this figure indicate that the [M - H]- ion formula for both
the laboratory-generated (Figure 15a-c) and ambient m/z 279
compounds (Figure 15d) is C10H15O7S-. Although other monot-
erpene oxidation experiments (i.e., d-/l-limonene and R-/γ-
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terpinene) produced m/z 279 SOA compounds with the same
elemental compositions as those observed in ambient aerosol,
R- and !-pinene were the only monoterpenes in this study to
produce these compounds with the same RTs as those detected
in all SEARCH filter samples (Table 8S, Supporting Informa-
tion), and as a result, detailed tandem MS experiments were
conducted in order to confirm that R- and !-pinene were the
source of these compounds.

Figures 16-19 show m/z 279 MS2 TICs from an R-pinene/
H2O2/NO/highly acidic seed experiment and a SEARCH sample
(CTR 6/11/04) and MS2/MS3 data for the two first-eluting m/z
279 compounds from the R-pinene and !-pinene SOA samples
and the two m/z 279 compounds eluting at the same RTs in the
ambient sample, respectively. It can be seen that the m/z 279
MS2 spectra are distinctly different for the two first-eluting
R-pinene SOA products (Figure 17); m/z 97 [HSO4

-] is the base
peak in the case of the first-eluting compound 1(280), while

m/z 199 due to loss of SO3 dominates the m/z 279 MS2 spectrum
of the second-eluting isomer 2(280). Different possible isomeric
structures corresponding to sulfated hydroxypinonic acids can
be suggested for the m/z 279 compounds. In this respect, it is
worth mentioning that 10-hydroxypinonic acid (MW 200) has
been reported by Larsen et al.90 as a photooxidation product
formed through reaction of the OH radical of both R- and
!-pinene but that multiple isomers of MW 200 were observed
in each case. In addition, three isomeric hydroxypinonic acids
with hydroxyl groups at the 1-, 4-, and 10-positions have been
considered as R-pinene SOA products formed under photooxi-
dation and ozonolysis conditions by Winterhalter et al.91 It can
be seen that the MS2/MS3 data of the R-pinene SOA compounds
(Figure 17) and those eluting at the same RTs of the ambient
sample (Figure 19) are fairly similar. However, comparison of
the MS2/MS3 data of the R-pinene SOA compounds (Figure
17) with those of the !-pinene SOA compounds with exactly

Figure 27. MS2/MS3 data obtained for the five first-eluting m/z 305 compounds from an isoprene/NOx/SO2 EPA photooxidation experiment. It is
noted that MS2/MS3 data obtained for the three last-eluting m/z 305 compounds from the same isoprene experiment (Figure 26a) are shown in
Figure 8S (Supporting Information).
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the same RTs reveals some differences which are, at present,
not understood; more specifically, the m/z 279f m/z 199 MS3

spectra are similar in the case of the !-pinene compounds, in
contrast to those obtained for the R-pinene compounds. On the
basis of the interpretation of the MS2/MS3 data and the known
elemental composition of the m/z 279 ions determined from the
accurate mass measurements, tentative structures and explana-
tions for the observed product ions are proposed in Scheme 5
[where numerals 1 and 2(280) indicate the protonated com-
pounds proposed] for the two m/z 279 organosulfates found in
southeastern U.S. organic aerosol. Additional research is
required to confirm the chemical structures of the m/z 279
compounds and understand the MS behaviors of these compounds.

5.1.6. m/z 310. Figures 20 and 21 show m/z 310 MS2 TICs
obtained from the R- and !-pinene/H2O2/NO/highly acidic seed
experiments and a representative SEARCH sample (BHM 6/20/
04) and MS2/MS3 data for the two major m/z 310 compounds
from the ambient sample, respectively. MS2/MS3 data for the
m/z 310 compounds eluting at similar RTs from the R- and
!-pinene SOA samples are given in Figure 6S (Supporting
Information). Interestingly, in addition to R- and !-pinene, the
R- and γ-terpinene/H2O2/NO/highly acidic seed experiments also
produced m/z 310 compounds (Tables 3S and 4S, Supporting
Information); however, their RTs did not correspond to any of

the ambient m/z 310 compounds and, as a result, were not
considered as possible sources for these compounds. It is worth
noting that the MS2/MS3 data for the selected compounds from
the R- and !-pinene SOA, as well as those from the ambient
sample, are strikingly different. On the basis of these data, it
may be concluded that the m/z 310 compounds from the ambient
sample originate from BVOC precursors other than R- and
!-pinene, even though both the laboratory and ambient m/z 310
compounds share a common elemental composition of
C10H16NO8S- (Tables 1S, 6S, and 8S, Supporting Information).
In the following discussion, we will consider only the two m/z
310 compounds from the ambient sample. The m/z 310 MS2

spectrum of the first-eluting compound 1(311) contains m/z 247
due to loss of HNO3, consistent with the presence of a nitrooxy
group, while the m/z 310f m/z 247 MS3 spectrum reveals m/z
97 [HSO4

-] and m/z 80 [SO3
-•], characteristic features of a

sulfate group. Another characteristic fragmentation is the loss
of 76 u (m/z 234), corresponding to a CH2-ONO2 radical and
pointing to a terminal CH2-ONO2 group. The m/z 310 MS2

spectrum of the second-eluting major compound 2(311) shows
m/z 142, indicating that the sulfate and nitrooxy groups in the
molecule are proximate. Other diagnostic ions include m/z 263
due the combined loss of H and NO2 radicals, and m/z 245,
219, and 193 due to a subsequent loss of H2O, C3H8, and C5H10,

Figure 28. MS2/MS3 data obtained for the five m/z 305 compounds from a SEARCH sample (CTR 6/11/04).
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respectively. Taking into account the fragmentation behaviors
and the elemental compositions, tentative structures are proposed
for the m/z 310 compounds from the ambient sample in Scheme
6 [where numerals 1 and 2(311) indicate the protonated
compounds proposed]. The major nitrooxy organosulfate com-
pound 2(311) can be related to p-menth-6-en-2-one, a known
constituent of the essential oil of many plants, e.g., Eucalyptus
species.92 Additionally, as suggested for the m/z 294, 296, and
279 organosulfates, photooxidation experiments of myrcene and
ocimene in the presence of NOx and acidified sulfate seed
aerosol may provide additional insights into the sources of the
m/z 310 compounds, especially owing to their high emission
strengths from coniferous and deciduous trees during sum-
mertime conditions in the U.S.79-81

5.1.7. m/z 373. Iinuma et al.26 previously determined that
the elemental composition of [M - H]- ions at m/z 373 detected
in ambient aerosol collected from a forested site in Europe by
(-)ESI-MS techniques is C10H17N2O11S-. This prior study
observed these compounds only in nighttime samples. On the
basis of the mass spectral behaviors of these previously detected
compounds, tentative structures were proposed containing two
nitrooxy groups, and monoterpenes containing two double bonds
(e.g., limonene) were suggested as the BVOC precursors;
however, no laboratory experiments were conducted to confirm
these structures.

Figure 7S (Supporting Information) compares the UPLC/
(-)ESI-TOFMS EICs of m/z 373 obtained from two monoter-
pene experiments conducted in the present study, which include
the d-limonene/H2O2/NO/highly acidic seed and !-phellandrene
+ d-limonene/H2O2/highly acidic seed experiments, to that of
one representative SEARCH field sample (BHM 6/20/04).
Accurate mass data for all chromatographic peaks highlighted
in this figure indicates that the [M - H]- ion formula for both
the laboratory-generated (Figure 7Sa-b, Supporting Information)

and ambient m/z 373 compounds (Figure 7Sc, Supporting
Information) is C10H17N2O11S-. In addition to d-limonene and
!-phellandrene, the photooxidation of all other monoterpenes
containing two double bonds, which included R-terpinene,
γ-terpinene, and terpinolene (Tables 3S-5S, respectively,
Supporting Information), also produced m/z 373 compounds
with the same elemental compositions as those observed in the
ambient samples (Table 8S, Supporting Information); however,
none of these compounds have the same RTs as those found in
the ambient samples, indicating that some other monoterpene
not examined in the present study is likely the source. Unlike
the photooxidation experiments, it is worth noting that the
d-limonene/NO3/highly acidic experiment did not produce m/z
373 compounds, likely resulting from the large nucleation event
observed at the start of the experiment and, as a result,
preventing the reactive uptake of gas-phase precursors. From
our set of laboratory data (Tables 2 and 1S-6S, Supporting
Information), it now appears that monoterpenes with one double
bond do not contribute to the formation of these compounds in
ambient aerosol.

To gain insight into the source of the compounds, Figures
22 and 23 show m/z 373 MS2 TICs obtained from a representa-
tive SEARCH sample (BHM 6/20/04) and the MS2/MS3 data
for the two major compounds 1 and 2(373) found in the ambient
aerosol, respectively; it should be noted that both the HPLC/
(-)ESI-LITMS and UPLC/(-)ESI-TOFMS techniques observed
these two major late-eluting m/z 373 compounds (Figures 22
and 7Sc, Supporting Information). In agreement with the
findings of Iinuma et al.,26 the m/z 373 MS2 spectra are very
similar for the two compounds, revealing m/z 310 (loss of
HNO3) as the base peak. Subsequent fragmentation of m/z 310
proceeds through a second loss of HNO3, affording m/z 247. In
the case of compound 2(373), the m/z 373 f m/z 310 MS3

spectrum also shows an ion at m/z 234 due to the loss of a
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CH2-ONO2 radical (76 u) and m/z 233 due to subsequent loss
of a hydrogen radical. Furthermore, the weak m/z 142 ion
suggests that the sulfate and nitrooxy groups in the m/z 310
precursor ion are spatially close. Taking into account this
fragmentation behavior and the elemental compositions deter-
mined from the accurate mass measurements (Table 8S,
Supporting Information), a tentative structure with a myrcene
skeleton is proposed in Scheme 7 [where numerals 1 and 2(374)
indicate the protonated compounds proposed] for the m/z 373
compounds from the ambient sample. Since myrcene is one of
the five major monoterpenes that are emitted from the loblolly

pine (Pinus taeda L.),79,80 a species native to the southeastern
U.S., it would be worthwhile to evaluate whether myrcene serves
as a precursor for the m/z 373 compounds. Additionally, other
monoterpenes with multiple double bonds, such as ocimene,
should also be evaluated in future laboratory experiments.

5.1.8. Uncharacterized Organosulfates Detected at m/z 239,
281, 283, 324, 326, 342, and 387 in SEARCH Samples Likely
Attributable to Monoterpenes. In addition to the ions already
characterized in this study, close examination of Table 8S
(Supporting Information) reveals that many other [M - H]-

ions detected in the field samples by the UPLC/(-)ESI-TOFMS
technique have elemental compositions containing 9 or 10
carbon atoms, which indicate monoterpenes as a potential
source. The [M - H]- ion formulas determined from the UPLC/
(-)ESI-TOFMS accurate mass data were C10H17O7S-,
C9H15O8S-, C10H14NO9S-, C10H16NO9S-, C10H16NO10S-, and
C10H15N2O12S- for m/z 281, 283, 324, 326, 342, and 387,
respectively. Although both m/z 239 isomers observed in the
SEARCH samples have an elemental composition of
C7H11O7S-, which does not clearly support a monoterpene
source, the early eluting isomer has the same RT and elemental
composition as that of the d-limonene SOA m/z 239 compound;
however, additional research and characterization is needed in
order to confirm d-limonene as the source of this early eluting
compound. Notably, Lee et al.82 observed a gas-phase product
of MW 142 from the photooxidation of d-limonene in the
presence of NOx and suggested that this product corresponds

Figure 29. Proposed formation mechanism for the two major m/z 305 nitrooxy organosulfate isomers observed in ambient aerosol (Figure 26b)
from either the photooxidation of isoprene in the presence of NOx or the NO3-initiated oxidation of isoprene under dark conditions, with both in
the presence of acidified sulfate seed aerosol. Numerals 2 and 4(306) correspond to the isomeric structural assignments based upon the explanations
shown in Scheme 9 for the observed product ions formed in the tandem MS experiments. Footnote a: Ng et al.93 observed a hydroxynitrate species
of this MW in the gas phase from the NO3-initiated oxidation of isoprene under dark conditions as the [M + CF3O-] ion using chemical ionization
MS.

Figure 30. MS2 (m/z 334 and 332) TICs obtained from (a, c) an
isoprene/NOx/SO2 EPA photooxidation experiment and (b, d) a
SEARCH sample (CTR 6/11/04), respectively.
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to a C7-diketone aldehyde. As indicated in Table 2S (Supporting
Information), the laboratory-generated limonene m/z 239 orga-
nosulfate is proposed to form as the sulfate derivative of this
MW 142 product; specifically, the aldehyde function forms a
gem-diol followed by esterification with sulfuric acid.

The m/z 281 compounds observed in the SEARCH samples
have the same elemental composition of the single isomer
previously observed in SOA produced from the ozonolysis of
d-limonene in the presence of acidic seed aerosol;25 however,
it was found in the present study that the m/z 281 compounds
produced in the d-limonene SOA (Table 2S, Supporting
Information) do not have the same RTs as those in the ambient
samples (Table 8S, Supporting Information). Further work is
needed to confirm whether limonene or a limonene-like precur-
sor is the source of these compounds. Although other monot-
erpenes, including R-pinene (i.e., only the H2O2/highly acidic
seed experiment), l-limonene, R-terpinene, terpinolene, and
!-pinene, examined in this study produced m/z 281 compounds
with the same elemental compositions as those observed in the
ambient aerosol, these monoterpenes are not considered as the
source of these compounds owing to the differences in the RTs.

The m/z 283 organosulfate was detected only on one day (6/
17/04) from the BHM SEARCH site (Table 8S, Supporting
Information). Although the R-terpinene/H2O2/NO/highly acidic
seed experiment produced one m/z 283 compound with the same
elemental composition (i.e., C9H15O8S-) as the compound
observed in the ambient sample, this monoterpene was not
considered as a source for this compound owing to the

differences in the RTs. Additionally, the !-pinene and terpi-
nolene experiments produced m/z 283 compounds; however,
these monoterpenes were also ruled out as potential sources for
this compound in the ambient aerosol due to the differences in
the elemental compositions. On the basis of the current
laboratory findings (Tables 1S-6S, Supporting Information),
monoterpenes with more than one double bond, such as myrcene
and ocimene, are candidate precursors of this compound.

Despite the absence of m/z 324 nitrooxy organosulfates in
the current set of monoterpene experiments (Table 2), several
of the monoterpenes, including d-limonene, l-limonene, terpi-
nolene, and !-pinene, were found to produce m/z 326 nitrooxy
organosulfates. The accurate mass data for all of these labora-
tory-generated m/z 326 compounds indicate that these ions have
an elemental composition of C10H16NO9S-, consistent with the
ambient compounds (Table 8S, Supporting Information); how-
ever, the oxidation of these monoterpenes did not produce these
compounds with the same RTs and corresponding tandem MS
data. As for the m/z 283 compound, our laboratory data suggest
that an unidentified monoterpene is the likely source for the
m/z 326 nitrooxy organosulfates.

Figure 31. MS2/MS3 data obtained for the m/z 333 compounds from an isoprene/NOx/SO2 EPA photooxidation experiment eluting at (a) 3.8 and
(b) 4.2 min.

Figure 32. MS2/MS3 data obtained for m/z 333 compounds from a
SEARCH sample (CTR 6/11/04) eluting at 4.8 min.

Figure 33. MS2/MS3 data obtained for m/z 331 compounds from an
isoprene/NOx/SO2 EPA photooxidation experiment eluting at 5.0 min.
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Iinuma et al.26 previously detected m/z 342 compounds in
aerosol collected from a forested site in Germany with the same
elemental compositions (i.e., C10H16NO10S-) as those observed
in the SEARCH field samples. Interestingly, this prior study
observed the m/z 342 nitrooxy organosulfates only in nighttime

samples. None of the monoterpene (i.e., R-pinene, d-limonene,
and l-limonene) nighttime oxidation experiments in the present
study produced m/z 342 compounds; however, the photooxi-
dation of R-pinene, !-pinene, and R-terpinene in the presence
of NOx and highly acidic seed aerosol did produce m/z 342

Figure 34. MS2/MS3 data obtained for m/z 331 compounds from a SEARCH sample (CTR 6/11/04) eluting at (a) 4.1 and (b) 5.1 min.
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compounds with the same elemental compositions as those
observed in the ambient samples. Although the latter experi-
ments produced m/z 342 compounds, the monoterpenes exam-
ined in the present study are not considered as sources for these
compounds in ambient aerosol owing to the differences in the
RTs and in the tandem MS data. Further experimental work is
needed in order to confirm and identify the source of the m/z
342 nitrooxy organosulfates, especially since these compounds
have relatively large signals and many isomeric forms in the
ambient aerosol.

Similar to the m/z 342 compounds, the m/z 387 compound
was previously observed using (-)ESI-MS techniques in our
initial characterization of ambient PM2.5 collected from the
southeastern U.S.; however, the formation mechanism and
structure of this compound were also not determined. As shown
in Figure 1, the m/z 387 compound was abundantly detected
on some days in the ambient aerosol. Although none of the
monoterpene oxidation experiments formed a m/z 387 nitrooxy
organosulfate, it is likely that this compound is formed from a
monoterpene (e.g., myrcene) not examined in the current study
since its elemental composition (i.e., C10H15N2O12S-) deter-
mined from the accurate mass measurements (Table 8S,
Supporting Information) suggests a monoterpene part.

5.2. Organosulfates of Isoprene in Ambient Aerosol.
5.2.1. m/z 244. Figures 24 and 25 show m/z 244 MS2 TICs
obtained from an isoprene/NOx/SO2 EPA photooxidation experi-
ment and a SEARCH sample (CTR 6/11/04) and MS2/MS3 data
for the m/z 244 compounds from both samples, respectively.
As shown in Tables 7S and 8S (Supporting Information), both
the Caltech isoprene/H2O2/NO/acidic seed and isoprene/HONO/
neutral seed experiments also produced m/z 244 compounds with
the same RTs and elemental compositions (i.e., C5H10NO8S-)
as those observed in the SEARCH samples. Even though not
previously detected in ambient aerosol, Surratt et al.23 previously
proposed that these laboratory-generated compounds formed
from the esterification of a hydroxyl group contained within a
2-methylglyceric acid nitrate with sulfuric acid. This previous
proposal now appears incorrect owing to the elemental com-
positions determined from the accurate mass data collected in
the present study (Tables 7S and 8S, Supporting Information)
as well as the MS2/MS3 data not supporting such a structure.

It can be seen that the m/z 244 MS2 spectra shown in Figure
25 reveal some differences; the spectrum obtained for the
ambient sample is more complex, however. In both cases, m/z
226 and 197, due to the loss of water and the combined loss of
hydrogen and NO2 radicals, respectively, are the most abundant
product ions. Furthermore, it can be noted that the m/z 244 f
m/z 197 MS3 spectra are similar and, moreover, show the same
product ions as the m/z 260 f m/z 197 MS3 spectra obtained
for nitrooxy organosulfates of 2-methyltetrols in the prior study
by Gómez-González et al.46 This leads us to propose nitrooxy
organosulfate structures of C5-alkane triols for the m/z 244
compounds. On the basis of the interpretation of the MS2/MS3

data and the known elemental composition of the m/z 244 ions
determined from the accurate mass measurements, tentative
structures and explanations for the observed product ions are
proposed in Scheme 8 [where numerals 1 and 2(245) indicate
the protonated compounds proposed]. In the case of the isoprene
SOA sample, the mass spectral behavior of the m/z 244
compound can be addressed with a structure of a nitrooxy
organosulfate of 2-methyl-1,2,3-butanetriol 1(245). In regards
to the m/z 244 MS2 spectrum of the ambient sample, it can be
noted that an ion at m/z 211 is present, corresponding to the
combined loss of water and a methyl radical. This suggests that

the ambient sample contains one or more additional m/z 244
isomeric compounds; the structure of a nitrooxy organosulfate
of 3-methyl-1,2,4-butanetriol 2(245) allows us to explain quite
readily m/z 211 in the m/z 244 MS2 spectrum, as well as the
abundant m/z 149 ion in the m/z 244f m/z 226 MS3 spectrum.
The formation of C5-alkane triols through photooxidation of
isoprene has, to our knowledge, not yet been documented in
the literature.

5.2.2. m/z 305. Figures 26-28show m/z 305 MS2 TICs
obtained from an isoprene/NOx/SO2 EPA photooxidation experi-
ment and a SEARCH sample (CTR 6/11/04) and MS2/MS3 data
for the m/z 305 compounds from both samples, respectively.
The m/z 305 compounds correspond to 2-methyltetrols contain-
ing one sulfate and two nitrooxy groups; hence, many stereo-
and positional isomers are possible, as shown by the number
of chromatographic peaks in Figure 26. Recent work of the
Caltech laboratory has shown that the NO3-initiated oxidation
of isoprene under dark conditions, in the presence of either
nonacidified or highly acidified sulfate seed aerosol, also
produces m/z 305 compounds.93 The further oxidation of a C5-
hydroxynitrate, a known first-generation gas-phase product, by
NO3 was shown to yield a dihydroxydinitrate that subsequently
reacts in the particle phase by esterification with sulfuric acid.
Interestingly, UPLC/(-)ESI-TOFMS accurate mass measure-
ments made in this prior study indicated that the elemental
composition of these ions is C5H9N2O11S-,93 consistent with
the accurate mass measurements made for the m/z 305 com-
pounds found in both the SEARCH (Table 8S, Supporting
Information) and Caltech isoprene SOA samples (Table 7S,
Supporting Information), and, as a result, shows that either the
photooxidation (in the presence of NOx) or nighttime oxidation
of isoprene in the presence of sulfate seed aerosol leads to the
formation of these compounds.

While eight isomeric m/z 305 compounds are detected in the
laboratory SOA sample (Figure 26a), only the five first-eluting
isomers are seen in the ambient samples. In the following
discussion, we will address only the structures of two of the
five major m/z 305 isomers from the ambient sample, namely,
those with RTs of 15.7 min [2(306)] and 19.0 min [4(306)].
Possible structures for these compounds are proposed and
supported in Scheme 9 [where numerals 2 and 4(306) indicate
the protonated compounds proposed]; insufficient MS structural
information was available in the case of the three other isomers.
Four of the major m/z 305 compounds from the ambient sample
have m/z 242 as the base peak in their respective MS2 spectra
(Figure 28), corresponding to the loss of HNO3 (63 u). In regards
to compound 2(306), the ion at m/z 165 due to the combined
loss of CH3 and ONO2 radicals (77 u) in the m/z 305 f m/z
242 MS3 spectrum is consistent with a nitrooxy group and a
methyl substituent at neighboring positions. The ion at m/z 139
in the m/z 305 MS2 spectrum of compound 4(306) points to a
sulfated nitrooxy diol part and a terminal sulfate group.
Furthermore, the m/z 305f m/z 242 MS3 spectrum reveals ions
at m/z 142, indicating that the sulfate and nitrooxy group in the
m/z 242 precursor ion are proximate, at m/z 195, due to the
combined loss of a hydrogen and a NO2 radical (47 u), and, at
m/z 179 and 165, which can be attributed to further loss of CH4

and CH2O, respectively, from m/z 195.
On the basis of the interpretation of both the accurate mass

and tandem MS data, Figure 29 shows the proposed formation
mechanism for the two characterized m/z 305 nitrooxy orga-
nosulfates [i.e., compounds 2 and 4(306)] observed in the
ambient aerosol. In conjunction with our previous analysis of
SOA produced from the NO3-initiated oxidation of isoprene
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under dark conditions in the presence of sulfate seed aerosol,93

it now appears that both the photooxidation (in the presence of
NOx) and the nighttime oxidation of isoprene could yield these
products in ambient aerosol; however, nighttime-segregated
samples need to be analyzed from the SEARCH network in
order to determine which pathway is more important for ambient
aerosol. As for many of the ions already discussed, these
nitrooxy organosulfates should form from the particle-phase
esterification of one of the hydroxyl groups contained within a
dihydroxy dinitrate with sulfuric acid.

5.2.3. m/z 333 and 331. Figures 30-34 show m/z 333 and
331 MS2 TICs obtained from an isoprene/NOx/SO2 EPA
photooxidation experiment and a SEARCH sample (CTR 6/11/
04) and MS2/MS3 data for m/z 333 and 331 compounds from
both samples. Surratt et al.23 tentatively identified the m/z 333
compounds as the sulfated form of hemiacetals formed between
2-methyltetrols and a C5-dihydroxycarbonyl, that is, 1,2-
dihydroxy-3-methylbutane-4-one. It can be seen that the m/z
333 compounds elute as broad peaks in both samples, which is
as expected since many stereo- and positional isomers are
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possible. In this respect, it is worth mentioning that six partly
resolved hemiacetal dimers could be observed by GC/MS with
prior trimethylsilylation for SOA from an isoprene photooxi-
dation experiment at low-NOx.33 Again, as in the case of the
m/z 244 and 305 compounds discussed above, isomeric differ-
ences can be noted between the m/z 333 compounds from
isoprene SOA and the ambient sample. The m/z 333 MS2 spectra
for the middle sections of the peaks with RTs of 3.8 and 4.9
min from isoprene SOA reveal clear differences for the relative
abundances of the product ions at m/z 215 and 197, indicating
that the sulfate group is primarily located in the 2-methyltetrol
and C5-dihydroxycarbonyl part for the isomeric mixtures with
RTs of 3.8 and 4.9 min, respectively. Possible structures for
m/z 333 compounds are given and supported in Scheme 10
[where numerals 1 and 2(334) indicate the protonated com-
pounds proposed]; accurate mass measurements of both the
Caltech laboratory-generated and SEARCH m/z 333 compounds
indicates that these ions share the same elemental composition
of C10H21O10S- and, as a result, further confirm the proposed
structures. The m/z 333 f m/z 215 MS3 spectrum obtained for
the m/z 333 isomeric mixture eluting at 3.8 min is exactly the
same as the m/z 215 MS2 spectrum reported in the prior study
by Gómez-González et al.46 for sulfated 2-methyltetrol isomers,
demonstrating that the sulfate group in the m/z 333 compounds
is located in the 2-methyltetrol part. It is noted that the m/z 333
f m/z 197 MS3 spectrum of the m/z 333 compounds eluting at
4.9 min is strikingly similar to the m/z 244 f m/z 197 MS3

spectrum of the m/z 244 compounds. This led us to revise the
structure of the C5-dihydroxycarbonyl part as 2,3-dihydroxy-
2-methylbutane-1-one. It is worth mentioning that the C5-
dihydroxycarbonyl part, tentatively attributed to 1,2-dihydroxy-
3-methylbutane-4-one in the prior study by Surratt et al.,33 was
based on MS data of trimethylsilyl derivatives obtained in a
preceding study for the corresponding nonsulfated products with
MW 254. It was verified here that the latter MS data are also
consistent with the new revised C5-dihydroxycarbonyl structure.
The m/z 333f m/z 197 MS3 spectrum reveals m/z 97 [HSO4

-]
as base peak and product ions at m/z 179, 167, 153, and 139,
which are all readily explained with the revised sulfated C5-
dihydroxycarbonyl structure.

In regards to the m/z 331 compounds, it can be seen that the
m/z 331 MS2 spectra (Figures 33 and 34) show features that
are similar to those of the m/z 333 compounds, that is, the
presence of m/z 215 and 197, of which the latter ion shows
exactly the same fragmentation behavior as that for the m/z 333
compounds. In addition, a product ion at m/z 195 can be
observed in the m/z 331 MS2 spectra; however, the fate of this
ion is not the same for isoprene SOA and the ambient sample.
While m/z 331 fragments to m/z 123 in isoprene SOA (Figure
33), fragmentation to m/z 137 occurs for the ambient sample
(Figure 34b). Possible structures for the m/z 331 compounds
from isoprene SOA (RT of 5 min) [1(332)] and the ambient
sample (RT of 5.1 min) [2(332)], taking into account their
fragmentation behaviors, are given in Scheme 11 [where
numerals 1-3(332) indicate the protonated compounds pro-
posed]. The proposed C5-hydroxydicarbonyl part in the m/z 331
compound from the ambient sample likely has a precursor that
is different from isoprene. The m/z 331 compound with a RT
of 4.1 min [3(332)] from the ambient sample shows m/z 133 as
a base peak in its MS2 spectrum, an ion that was elucidated in
the prior study by Gómez-González et al.46 and attributed to a
sulfate derivative of 4,5-dihydroxypentanoic acid, which is
believed to originate from the photooxidation of 4-pentenal,
which in turn may result from the oxidative decay of unsaturated

fatty acids. The m/z 331 f m/z 133 MS3 spectrum perfectly
agrees with the m/z 133 MS2 spectrum reported for sulfated
4,5-dihydroxypentanoic acid in the cited study. A possible
structure for the first-eluting m/z 331 compound [3(332)] in the
ambient sample is presented in Scheme 11.

5.2.4. Other Organosulfates of Isoprene Detected at m/z
155, 169, 211, 213, and 260. Similar to previously characterized
organic aerosol collected from K-puszta, Hungary, and an
isoprene/NOx/SO2 EPA photooxidation experiment,46 the [M -
H]- ions at m/z 155 and 169 detected in the SEARCH (Table
8S, Supporting Information) and the Caltech laboratory-gener-
ated isoprene SOA samples (Table 7S, Supporting Information)
are attributed to organosulfates (i.e., sulfate derivatives) of
glyoxal and methylglyoxal, respectively. The accurate mass
measurements obtained for the m/z 155 and 169 compounds in
the latter two samples indicate that the elemental compositions
of these ions are C2H3O6S- and C3H5O6S-, respectively. MS2

product ion spectra (not shown) for both of these organosulfates
show a major product ion at m/z 97 [HSO4

-], consistent with
prior work46 and the neutral nature of the nonsulfated part of
these compounds, as well as further confirming our character-
ization. It is worth mentioning that Gómez-González et al.46

observed two chromatographic peaks for m/z 155 glyoxal
organosulfates; the first-eluting compound coeluted with inor-
ganic sulfate and was explained by reaction of glyoxal and
inorganic sulfate in the electrospray ionization source, while
the second-eluting compound was attributed to the R-hydrox-
ysulfate ester of glyoxal present in the sample. In addition, this
prior study also considered the noncovalent adduct formed
between glyoxal and sulfuric acid; theoretical calculations
indicate that the organosulfate of glyoxal exists in the R-hy-
droxysulfate ester (i.e., sulfate derivative) form rather than the
noncovalent adduct form. As shown in Figure 1, chromato-
graphic separation was achieved between inorganic sulfate and
the organosulfate of glyoxal in the present study, providing
further confirmation that the organosulfate of glyoxal is not an
artifact or noncovalent adduct formed in the electrospray
ionization source. Our previous characterization of organic
aerosol collected from the June 2004 SEARCH campaign failed
to detect the organosulfates of glyoxal and methylglyoxal, owing
to the solid-phase extraction (SPE) technique employed to desalt
the filter samples before MS analysis.47 Interestingly, from our
detailed investigation of organosulfate formation in both iso-
prene and monoterpene SOA (Tables 2 and Tables 1S-7S,
Supporting Information), it appears that isoprene is the only
BVOC in this study to yield organosulfates of glyoxal and
methylglyoxal; this is an important finding, owing to the fact
that recent global estimates indicate that isoprene oxidation is
the most important precursor for both dicarbonyls (i.e., con-
tributing 47% of glyoxal and 79% of methylglyoxal globally).94

As shown in Table 7S (Supporting Information), only the
photooxidation of isoprene under intermediate (H2O2/NO)- and/
or high (HONO)-NOx conditions in the presence of sulfate seed
aerosol produces the organosulfates of glyoxal and methylgly-
oxal, suggesting that this pathway is responsible for a large
fraction of these compounds found in ambient aerosol. Oxidation
of anthropogenic VOCs, such as aromatic compounds and
acetylene, are also known to be a significant source of glyoxal
and methylglyoxal94 and, as a result, may potentially contribute
to the organosulfate formation of both of these compounds.
Laboratory chamber experiments are needed in order to establish
whether organosulfates of glyoxal and methylglyoxal form from
the oxidation of aromatics in the presence of acidified sulfate
seed aerosol.

Organosulfate Formation in Biogenic SOA J. Phys. Chem. A, Vol. 112, No. 36, 2008 8375

283



Organosulfates at m/z 211 and 213 have previously been
observed in ambient aerosol collected from K-puszta, Hungary;
however, chemical structures were elucidated only for the m/z
213 organosulfates, resulting in the source of the m/z 211
remaining unknown.46 In this prior study, the m/z 213 com-
pounds were attributed to isomeric organosulfates of 4,5-
dihydroxypentanoic and 2,3-dihydroxypentanoic acids, and it
was suggested that 4-pentenal, a likely gas-phase product from
the oxidative decay of unsaturated fatty acids, and 2-pentenal,
a photolysis product of the plant leaf volatile Z-3-hexenal, were
the VOC precursors for these organosulfates. Notably, we find
that both the Caltech isoprene/H2O2/acidic seed photooxidation
experiment and the SEARCH samples contain m/z 213 orga-
nosulfates (Tables 7S and 8S, respectively, Supporting Informa-
tion) with the same elemental composition (i.e., C5H9O7S-) as
those previously observed by Gómez-González et al.46 for
K-puszta aerosol. In addition to sharing the same elemental
composition, the m/z 213 organosulfates detected in both the
Caltech isoprene/H2O2/acidic seed experiment and the SEARCH
samples were found to have the same RTs, suggesting that
isoprene is a likely source for these compounds. It should be
noted that the m/z 213 compounds were not detected by Gómez-
González et al.46 in the aerosol collected from an isoprene/NOx/
SO2 EPA photooxidation experiment. It appears that the
photooxidation of isoprene under low-NOx (or NOx-free) condi-
tions in the presence of acidified sulfate seed aerosol produces
m/z 213 organosulfates in ambient aerosol; however, work is
needed in order to further characterize these products as well
as identify their detailed formation mechanism. Although the
source for the m/z 211 compounds remained unknown in
K-puszta aerosol analyzed by Gómez-González et al.,46 the
Caltech isoprene/H2O2/acidic seed experiment (Table 7S, Sup-
porting Information) produced a m/z 211 organosulfate with the
same elemental composition (i.e., C5H7O7S-) and RT as that
of one of the isomeric m/z 211 compounds detected in the
SEARCH samples (Table 8S, Supporting Information). Interest-
ingly, the three remaining, later-eluting isomeric m/z 211
organosulfates observed in the SEARCH samples were not
detected in the Caltech isoprene photooxidation experiments,
suggesting that some other VOC precursor, such as unsaturated
fatty acids, are responsible for the formation of these com-
pounds. It is noted that isoprene was the only BVOC in this
study to produce the m/z 211 and 213 organosulfates in the
laboratory-generated BSOA.

Although m/z 260 compounds have been previously detected
and thoroughly characterized as isomeric organosulfates of the
2-methyltetrol mononitrates in K-puszta aerosol46 and in iso-
prene SOA,23,46 these compounds were not previously detected
in the initial analysis of aerosol collected from the SEARCH
network,47 owing to the use of less-advanced mass spectrometric
techniques. As shown in Tables 7S and 8S (Supporting
Information), the accurate mass measurements indicate that these
compounds have an elemental composition of C5H10NO9S-,
confirming the initial characterization of these compounds in
SOA as well as identifying isoprene as the VOC precursor.

6. Conclusions

The presence of organosulfates and nitrooxy organosulfates
of both monoterpenes and isoprene in ambient samples is
confirmed. With the exception of the organosulfates of glyoxal
and methylglyoxal, our results indicate that all of the organo-
sulfates characterized in this study should be considered as
unique tracers for the occurrence of biogenic SOA formation
under acidic conditions. Owing to the fact that glyoxal and

methylglyoxal are also oxidation products from anthropogenic
VOCs (such as aromatics, e.g., toluene), oxidation experiments
of these VOCs under acidic conditions are needed in order to
confirm whether they serve as additional sources of organosul-
fates of glyoxal and methylglyoxal in ambient fine aerosol.

Laboratory studies of isoprene and monoterpene oxidation
have tended to employ levels of seed aerosol acidity that exceed
those expected in ambient aerosol. These studies have estab-
lished seed aerosol acidity either by adding sulfuric acid to
ammonium sulfate solutions or by oxidizing gas-phase SO2,
resulting in sulfate aerosol mass. These approaches leave it
unclear as to whether organosulfate formation is dependent upon
either the sulfate aerosol mass concentration or acidity. In this
regard, Surratt et al.23 found that organosulfates and nitrooxy
organosulfates of isoprene form in the presence of nonacidified
sulfate seed aerosol; however, it was found that as the sulfuric
acid concentration increased in the atomization solution, so did
the number of organosulfate and nitrooxy organosulfate prod-
ucts. Further work is required to elucidate the extent to which
the sulfate aerosol mass concentration, level of acidity, and ionic
strength affect the organosulfate formation potential from
isoprene and monoterpenes in ambient aerosol. Furthermore, it
has been suggested that organosulfate formation occurs on the
acidic surface (and not in the bulk) of a fine ambient aerosol
particle as a result of condensation of semivolatile organic
vapors and subsequent reaction with sulfuric acid and gives rise
to a refractory organic film.64,95 It would be worthwhile to
confirm in further studies with suitable analytical techniques
(e.g., transmission electron microscopy) the occurrence of
organosulfates on the surface of ambient fine aerosols.
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Appendix D

Secondary organic aerosol (SOA)
formation from reaction of isoprene
with nitrate radicals (NO3)

∗

∗Reproduced with permission from “Secondary Organic Aerosol (SOA) formation from reaction of isoprene with
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Abstract. Secondary organic aerosol (SOA) formation from
the reaction of isoprene with nitrate radicals (NO3) is inves-
tigated in the Caltech indoor chambers. Experiments are per-
formed in the dark and under dry conditions (RH<10%) us-
ing N2O5 as a source of NO3 radicals. For an initial isoprene
concentration of 18.4 to 101.6 ppb, the SOA yield (defined
as the ratio of the mass of organic aerosol formed to the mass
of parent hydrocarbon reacted) ranges from 4.3% to 23.8%.
By examining the time evolutions of gas-phase intermedi-
ate products and aerosol volume in real time, we are able to
constrain the chemistry that leads to the formation of low-
volatility products. Although the formation of ROOR from
the reaction of two peroxy radicals (RO2) has generally been
considered as a minor channel, based on the gas-phase and
aerosol-phase data it appears that RO2+RO2 reaction (self
reaction or cross-reaction) in the gas phase yielding ROOR
products is a dominant SOA formation pathway. A wide
array of organic nitrates and peroxides are identified in the
aerosol formed and mechanisms for SOA formation are pro-
posed. Using a uniform SOA yield of 10% (corresponding
to Mo

∼=10µg m−3), it is estimated that ∼2 to 3 Tg yr−1 of
SOA results from isoprene+NO3. The extent to which the re-
sults from this study can be applied to conditions in the atmo-
sphere depends on the fate of peroxy radicals in the nighttime
troposphere.

Correspondence to: J. H. Seinfeld
(seinfeld@caltech.edu)

1 Introduction

Isoprene is the most abundant non-methane hydrocarbon
emitted into the atmosphere with a global emission of
∼500 Tg yr−1 (Guenther et al., 1995; Guenther et al., 2006).
In the troposphere, isoprene reacts with hydroxyl radicals
(OH), ozone (O3), and nitrate radicals (NO3). Owing to
its high concentration and reactivity with OH radicals, iso-
prene plays an important role in the photochemistry occur-
ring within the atmospheric boundary layer. Recently, it has
been shown that the photooxidation of isoprene leads to the
formation of low volatility species that condense to form
SOA (Claeys et al., 2004; Edney et al., 2005; Kroll et al.,
2005; Dommen et al., 2006; Kroll et al., 2006; Surratt et
al., 2006); SOA yields as high as ∼3% have been observed
(Kroll et al., 2005; Kroll et al., 2006). Global SOA produc-
tion from isoprene photooxidation has been estimated to be
about 13 Tg yr−1 (Henze et al., 2007).
Although emission of isoprene from vegetation is trig-

gered by sunlight and increases with light intensity and tem-
perature (e.g. Sharkey et al., 1996), the isoprene mixing
ratio has been observed to peak in early evening in sev-
eral field studies, with a measured mixing ratio up to a few
ppb (Curren et al., 1998; Starn et al., 1998; Stroud et al.,
2002; Steinbacher et al., 2005). After sunset, the isoprene
mixing ratio drops rapidly, and it has been suggested that
the reaction with nitrate radicals, NO3, is a major contrib-
utor to isoprene decay at night (Curren et al., 1998; Starn
et al., 1998; Stroud et al., 2002; Steinbacher et al., 2005).
Typical NO3 radical mixing ratios in boundary layer con-
tinental air masses range between ∼10 to ∼100 ppt (Platt
and Janssen, 1995; Smith et al., 1995; Heintz et al., 1996;
Carslaw et al., 1997). However, concentrations as high as

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

288



4118 N. L. Ng et al.: SOA formation from isoprene-NO3 reaction

several hundred ppt have been observed over northeastern
USA and Europe (Platt et al., 1981; von Friedeburg et al.,
2002; Brown et al., 2006; Penkett et al., 2007). Given
the rapid reaction rate between isoprene and NO3 radicals
(kNO3=7×10−13 cm3 molecule−1 s−1 at T =298K, IUPAC),
it is likely that NO3 radicals play a major role in the night-
time chemistry of isoprene.
The kinetics and gas-phase products of the isoprene-NO3

reaction have been the subject of several laboratory and the-
oretical studies (Jay and Stieglitz, 1989; Barnes et al., 1990;
Skov et al., 1992; Kwok et al., 1996; Berndt and Böge, 1997;
Suh et al., 2001; Zhang et al., 2002; Fan et al., 2004). In
many studies, C5-nitrooxycarbonyl is identified as the major
first-generation gas-phase reaction product (Jay and Stieglitz,
1989; Skov et al., 1992; Kwok et al., 1996; Berndt and Böge,
1997). Other compounds such as C5-hydroxynitrate, C5-
nitrooxyhydroperoxide, and C5-hydroxycarbonyl have also
been identified (Kwok et al., 1996); C5-hydroxynitrate has
also been measured in ambient air with concentrations in the
lower ppt range at a few ngm−3 (Werner et al., 1999). Ac-
cording to the experimental study by Barnes et al. (1990),
the yield for nitrate-containing compounds from the reaction
of isoprene and NO3 radicals can be as high as 80%. A re-
cent modeling study in conjunction with observations from
the ICARTT field campaign suggests that ∼50% of the total
isoprene nitrates production occurs via reaction of isoprene
and NO3 radicals (Horowitz et al., 2007).
Little is known beyond the formation of the first-

generation products of the reaction of NO3 with isoprene.
The isoprene nitrates and other first-generation products still
contain a double bond, and it is likely that the further oxida-
tion of these species will lead to low volatility products that
can contribute to SOA formation at nighttime.
In this work, SOA formation from the reaction of isoprene

with NO3 radicals is investigated. Laboratory chamber ex-
periments are performed in the dark using N2O5 as a source
of NO3 radicals. Aerosol yields are obtained over a range of
initial isoprene concentrations (mixing ratios). By examining
the time evolutions of aerosol volume and different interme-
diate gas-phase products, we are able to constrain the chem-
istry that leads to the formation of low-volatility products.
Mechanisms for SOA formation are proposed and chemical
composition data of the SOA formed are also presented.

2 Experimental section

Experiments are carried out in the Caltech dual 28m3 Teflon
chambers. A detailed description of the facility is provided
elsewhere (Cocker et al., 2001; Keywood et al., 2004). Be-
fore each experiment, the chambers are flushed continuously
for over 24 h. Aerosol number concentration, size distri-
bution, and volume concentration are measured by a Dif-
ferential Mobility Analyzer (DMA, TSI model 3081) cou-
pled with a condensation nucleus counter (TSI model 3760).

All aerosol growth data are corrected for wall loss, in which
size-dependent particle loss coefficients are determined from
inert particle wall loss experiments (Keywood et al., 2004).
Temperature, relative humidity (RH), O3, NO, and NOx are
continuously monitored. Experiments are performed in the
dark at room temperature (20–21◦C) and under dry condi-
tions (RH<10%).
In most experiments, seed aerosols are introduced into

the chamber to act as a substrate onto which the gas-phase
products may condense. Seed aerosols are generated by
atomizing an aqueous solution with a constant-rate atom-
izer. The seed solution consists of 0.015 M (NH4)2SO4. In
a few experiments, acidic seed is used, consisting of 0.03
M MgSO4 and 0.05MH2SO4. The initial particle number
concentration is ∼20 000 particles cm−3, with a geometric
mean diameter of ∼50 nm. The initial seed volume is 10–
12µm3 cm−3. In some experiments, no seed particles are
added and aerosols are formed via nucleation. After in-
troduction of the seed aerosols (in seeded experiments), a
known volume of isoprene (Aldrich, 99%) is injected into
a glass bulb and introduced into the chamber by an air
stream. The mixing ratio of isoprene is monitored with
a gas chromatograph equipped with a flame ionization de-
tector (GC-FID, Agilent model 6890N). The column used
is a bonded polystyrene-divinylbenzene based column (HP-
PLOT Q, 15m×0.53 mm, 40µm thickness, J&W Scien-
tific). The oven temperature is held at 60◦C for 0.5 min,
ramped at 35◦C min−1 to 200◦C, and held constant for
3.5 min.
The thermal decomposition of N2O5 serves as a source

of NO3 radicals in these experiments. N2O5 is prepared and
collected offline by mixing a stream of nitric oxide (≥99.5%,
Matheson Tri Gas) with a stream of ozone in a glass bulb
(Davidson et al., 1978):

NO+ O3 → NO2 + O2 (1)

NO2 + O3 → NO3 + O2 (2)

NO2 + NO3 ↔ N2O5 (3)

Ozone is generated by flowing oxygen through an ozonizer
(OREC model V10-0, Phoenix, AZ) at ∼1 Lmin−1. The
mixing ratio of ozone is measured by a UV/VIS spectrom-
eter (Hewlett Packard model 8453) to be ∼2%. The flow
rate of nitric oxide into the glass bulb is adjusted until the
brown color in the bulb disappears. The N2O5 is trapped
for 2 h in an acetone-dry ice bath (approximately at –80◦C;
cold enough to trap N2O5 but not O3, as condensed O3
can explode upon warming and is extremely dangerous) as
a white solid, and stored between experiments under liquid
nitrogen temperature. Once the seed and isoprene concen-
trations in the chamber stabilize, reaction is initiated by va-
porizing N2O5 into an evacuated 500mL glass bulb and in-
troduced into the chamber with an air stream of 5 Lmin−1.
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The amount of N2O5 injected is estimated based on the va-
por pressure in the glass bulb, which is measured using a ca-
pacitance manometer (MKS); this amount corresponds to an
initial mixing ratio of ∼1 ppm in the chamber. The thermal
decomposition of N2O5 forms NO2 and NO3 radicals. Im-
purities in the N2O5 starting material are quantified by FTIR
spectroscopy (Nicolet model Magna 550). N2O5 is vaporized
into an evacuated pyrex cell (18 cm in length and 300 cm3)
with CaF2 windows. Spectra are collected immediately upon
addition over the 1000 cm−1 to 4000 cm−1 window allow-
ing for quantification of NO2 (1616 cm−1 band) and HNO3
(3550 cm−1 band) impurities.
A custom-modified Varian 1200 Chemical Ionization

Mass Spectrometer (CIMS) is used to continuously monitor
the concentrations of various gas-phase intermediates and
products over the course of the experiments. The CIMS in-
strument is operated mainly in negative mode using CF3O−

as a reagent ion, which selectively clusters with compounds
having high fluorine affinity (e.g., acidic compounds and
many hydroxy- and nitrooxy- carbonyls), forming ions at
m/z MW+85. In some experiments, the CIMS instrument is
also operated in the positive mode using H2O as a reagent
ion forming ions at m/zMW+1. The ionization schemes are
as follows:

Negative chemical ionization: CF3O−+HB–>CF3O−·HB
Positive chemical ionization: H3O++D–>D·H++H2O
(where D has a proton affinity >H2O)

The term “product ion” is used throughout this manuscript
to describe the ionized products formed through the above
chemical reaction schemes. Typically, we scan from m/z 50
to 400. More details about the CIMS technique are given
in Crounse et al. (2006) and Ng et al. (2007a). Because
authentic standards are not available for the major products,
sensitivities are not experimentally determined. We esti-
mate the collision rate of CF3O− with these products (which
determines the sensitivity) with the empirical method of Su
and Chesnavich (1982), which bases its predictions on an
analyte’s dipole moment and polarizability. Dipole mo-
ments and polarizabilities are calculated with the Spartan06
quantum package, and are based on molecular structures
optimized with the B3LYP/6-31G(d) method. Further details
on estimating CIMS sensitivities based on quantum calcula-
tions are described in Paulot et al. (2008). As isomers would
have different polarities and hence different sensitivities,
in estimating the concentrations it is assumed that the NO3
attack at C1-position to C4-position is 5.5:1 (See Sect. 4.1).
Aerosol physical and chemical properties are monitored

by many instruments. Real-time particle mass spectra are
obtained with an Aerodyne quadrupole Aerosol Mass Spec-
trometer (Q-AMS) (Jayne et al., 2000). A Particle-Into-
Liquid Sampler (PILS, Brechtel Manufacturing, Inc.) cou-
pled with ion chromatography (IC) is employed for quantita-
tive measurements of water-soluble ions in the aerosol phase

(Sorooshian et al., 2006). Duplicate Teflon filters (PALL Life
Sciences, 47-mm diameter, 1.0-µm pore size, teflo mem-
brane) are collected from a selected number of experiments
for offline chemical analysis. Filter sampling is initiated
when the aerosol volume reaches its maximum value. De-
pending on the total volume concentration of aerosol in the
chamber, the filter sampling time is 2–4 h, which results in
∼2–5m3 of total chamber air sampled. Teflon filters used for
high-resolution electrospray ionization-time-of-flight mass
spectrometry (ESI-TOFMS) analysis are extracted in 5 mL
of high-purity methanol (LC-MS CHROMASOLV-Grade,
Sigma-Aldrich) by 45 min of sonication. Methanol sample
extracts are then blown dry under a gentle N2 stream (with-
out added heat) once the filters are removed and archived
at –20◦C. Dried residues are then reconstituted with 500mL
of a 1:1 (v/v) solvent mixture of 0.1% acetic acid in water
(LC-MS CHROMASOLV-Grade, Sigma-Aldrich) and 0.1%
acetic acid in methanol (LC-MS CHROMASOLV-Grade,
Sigma Aldrich). All resultant filter extracts are analyzed by a
Waters ACQUITY ultra performance liquid chromatography
(UPLC) system, coupled to a Waters LCT Premier XT time-
of-flight mass spectrometer (TOFMS) equipped with an ESI
source that is operated in the negative (–) ionization mode.
Detailed operating conditions for the UPLC/(–)ESI-TOFMS
instrument have been described previously (Ng et al., 2007a).
A Waters ACQUITY UPLC HSS column is selected to sep-
arate the SOA components because of its increased retention
of water-soluble polar organics; separation is achieved as a
result of trifunctionally-bonded (T3) C18 alkyl residues on
this column, which prevent stationary phase collapse when
a 100% aqueous mobile phase is used and result in better
retention of water-soluble polar organic compounds. In ad-
dition to the UPLC/(–)ESI-TOFMS analysis, all remaining
Teflon filters are extracted and analyzed for total peroxide
content (sum of ROOR and ROOH) by using an iodometric-
spectroscopic method (Docherty et al., 2005; Surratt et al.,
2006).
To study the mechanism of SOA formation, in several ex-

periments the experimental protocols are slightly modified:
(1) An excess amount of isoprene (relative to N2O5 concen-
tration) is injected into the chamber to prevent the further re-
action of first-generation gas-phase products, allowing these
products to be detected more readily; (2) After the addition
of isoprene, pulses of N2O5 are introduced into the cham-
ber to study the evolution of different intermediate gas-phase
products; (3)With isoprene well mixed in the chamber, N2O5
is introduced slowly to maximize the self-reaction of peroxy
radicals (see Sect. 4.2). This is achieved by first injecting
N2O5 into a 65 L Teflon bag; then an air stream of 1 Lmin−1

is passed through the Teflon bag to introduce N2O5 into the
chamber over a 7 h period. We refer to this as the “slow
N2O5 injection experiment”; and (4) With N2O5 well mixed
in the chamber, isoprene is introduced slowly to maximize
the reaction between peroxy radicals and nitrate radicals (see
Sect. 4.2). This is achieved by first injecting isoprene into a
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Fig. 1. Time profiles of aerosol volume, inorganic nitrate measured
by PILS/IC, and nitrate signals from Q-AMS in a blank experiment
(∼1 ppm N2O5, ammonium sulfate seed, no isoprene).
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Fig. 2. Reaction profile of the oxidation of an initial mixture con-
taining 203.4 ppb isoprene (573µg/m3).

65 L Teflon bag, and then introduced into the chamber with
an air stream of 1 Lmin−1 for 7 h. We refer to this as the
“slow isoprene injection experiment”.
Experimental conditions and results are given in Table 1.

In calculating SOA yield (defined as the ratio of the organic
aerosol mass formed to the mass of parent hydrocarbon re-
acted), knowledge of the SOA density is required. By com-
paring volume distributions from the DMA and mass distri-
butions from the Q-AMS, the effective density for the SOA
formed can be estimated (Bahreini et al., 2005; Alfarra et al.,
2006).

3 Results

3.1 Blank experiments

Blank experiments are performed to ensure that the aerosol
growth observed is from the reaction of isoprene with NO3
radicals. In these experiments, ∼1 ppmN2O5 is introduced

Figure 3. 
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Fig. 3. SOA yield data and yield curve for isoprene-NO3 reaction.
Also shown are SOA yields from the slow N2O5 injection experi-
ment and slow isoprene injection experiment.

into chamber after the addition of ammonium sulfate seed
aerosol (with no isoprene present). As shown in Fig. 1,
aerosol volume increases by ∼2µm3 cm−3 within an hour
after the introduction of N2O5. About 2.5µg m−3 of inor-
ganic nitrate is measured by PILS/IC, which agrees well with
the amount of nitrates detected by Q-AMS. FTIR analysis in-
dicates the presence of ∼10% HNO3 and 4% NO2 impurity
in the N2O5 prepared, thus the nitrates measured by PILS/IC
and Q-AMS likely arise from the partitioning or reactive up-
take of gas-phase HNO3 into the aerosol phase, or HNO3
produced from heterogeneous hydrolysis of N2O5. As in the
Q-AMS analysis, no organic species are detected in the filter
samples collected from these blank experiments.

3.2 Aerosol yields

A series of experiments with different initial isoprene con-
centrations are carried out (these are referred to as “typical
yield experiments” hereafter). The initial isoprene concen-
tration ranged from 18.4 to 203.4 ppb. Figure 2 shows the re-
action profile of the oxidation of an initial mixture containing
203.4 ppb isoprene. Since the chamber is NOx-free at the be-
ginning of the experiment, once N2O5 is introduced into the
chamber the equilibrium in Reaction (3) favors the forma-
tion of NO3. This generates a relatively high concentration
of NO3 radicals and results in rapid isoprene decay. Aerosol
growth is observed and aerosol volume continues to increase
even after all the isoprene is consumed. Owing to the rapid
isoprene decay and the relatively long time between each GC
measurement (12 min), the isoprene decay over time is cap-
tured only in experiments in which the initial isoprene con-
centration is >100 ppb. Based on the observed isoprene de-
cay in these experiments and the isoprene-NO3 rate constant
kNO3, the average NO3 concentration in the chamber is esti-
mated to be ∼140 ppt.
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Table 1. Initial conditions and results for yield experiments.

Date T (K) RH (%) �HC (ppb)a �Mo (µg/m3)b SOA Yield (%)

8/9/07 294 5.1 101.6± 0.6 68.1± 1.1 23.8± 0.5
8/10/07 293 4.7 30.2± 0.1 11.5± 0.4 13.5± 0.5
8/11/07 294 5.4 67.1± 0.1 39.3± 1.2 20.8± 0.7
8/12/07 293 6.0 51.7± 0.2 26.7± 0.6 18.2± 0.5
8/13/07 294 5.7 18.4± 0.1 2.2± 0.2 4.3± 0.5
8/14/07 294 5.5 21.8± 0.1 4.8± 0.4 7.8± 0.6
10/4/2007c 293 5.5 39.5± 0.1d 7.9± 0.3 7.1± 0.6
10/25/2007e 294 6.4 42.0± 0.1 16.6± 0.6 14.1± 0.7

a Stated uncertainties (1σ ) are from scatter in isoprene measurements.
b Stated uncertainties (1σ ) are from scatter in particle volume measurements.
c Slow isoprene injection experiment.
d Concentration estimated based on a separate calibration experiment (see Sect. 3.2); the uncertainty in the measured isoprene concentration
is assumed to be the same as in the slow N2O5 injection experiment.
e Slow N2O5 injection experiment.

The SOA yield of each experiment (Table 1) is shown
in Fig. 3. The density of the SOA is determined to be
1.42 g cm−3. The amount of inorganic nitrate detected by
PILS/IC in each experiment ranges from 1.6 to 2.6µgm−3,
which is approximately equal to that measured in the blank
experiments. In calculating SOA yield, the organic aerosol
mass is corrected for the amount of inorganic nitrate mea-
sured in each experiment. For convenience, SOA yields can
be parameterized by a semi-empirical model based on ab-
sorptive gas-particle partitioning of two semivolatile prod-
ucts (Odum et al., 1996, 1997a,b):

Y = �Mo

�
α1Kom,1

1+ Kom,1Mo
+ α2Kom,2
1+ Kom,2Mo

�
(4)

in which Y is the aerosol yield, �Mo is the organic aerosol
mass produced, Mo is the organic aerosol mass present
(equal to �Mo in chamber experiments with no absorbing
organic mass present initially), αi is the mass-based gas-
phase stoichiometric fraction for semivolatile species i, and
Kom,i is the gas-particle partitioning coefficient for species
i. With this two-product model, Eq. (4) is fit to the ex-
perimental yield data (data with �Mo<100µgm−3) and
the yield parameters obtained are: α1=0.089, α2=0.203,
Kom,1=0.182m3 µg−1, and Kom,2=0.046m3 µg−1. For an
organic aerosol mass of ∼10µgm−3, the aerosol yield is
∼10%.
Also shown in Fig. 3 are aerosol yields from the slow

isoprene/N2O5 injection experiments. Since the PILS/IC
is not employed in these experiments, in calculating SOA
yields it is assumed that the amount of inorganic nitrate
formed in these slow injection experiments is roughly the
same as that in other experiments. For the slow isoprene in-
jection experiment, no isoprene is observed by GC-FID, indi-
cating that once the isoprene enters the chamber, it is quickly
consumed by reaction with NO3. The time profile of isoprene

Figure 4. 
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Fig. 4. Time-dependent growth curves for the slow N2O5 injection
experiment and slow isoprene injection experiment (last two exper-
iments in Table 1).

injection is obtained in a separate experiment, in which the
same amount of isoprene is added into the chamber without
N2O5 present. Assuming the amount of isoprene injected
into the chamber is the same as the isoprene reacted, the
amount of isoprene reacted over the course of the slow iso-
prene experiment can be deduced. As seen in Fig. 3, the SOA
yield from the slow N2O5 injection experiment is roughly the
same as those in the other yield experiments; the yield from
the slow isoprene injection experiment, however, is lower.
The time-dependent “growth curves” (organic aerosol,

�Mo, as a function of hydrocarbon reacted, �HC) over the
course of the slow N2O5 injection experiment and the slow
isoprene injection experiment are shown in Fig. 4. As hy-
drocarbon measurements are made with a lower frequency
than particle volume, the isoprene concentrations shown are
obtained by interpolating GC-FID measurements. In both
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Figure 5. 
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Fig. 5. Time profiles of the major gas-phase products (m/z 230,
232, and 248) and the corresponding aerosol growth from the excess
isoprene experiment.

experiments about 40 ppb of isoprene is consumed, the only
difference being the order of isoprene/N2O5 injection. From
Fig. 4 it is clear that as the reaction proceeds, more aerosol
is formed in the slow isoprene injection experiment for the
same amount of isoprene reacted. However, the final SOA
yield under the slow N2O5 injection conditions is higher due
to continued aerosol formation even after the complete con-
sumption of isoprene. The presence of a “hook” at the end
of the growth curve for the slow N2O5 injection experiment
indicates that further reactions are contributing to aerosol
growth after isoprene is consumed (Ng et al., 2006). Higher
generation products also contribute to the aerosols formed in
the slow isoprene injection experiment; however, their con-
tributions are not readily observed in the growth curve owing
to the way the experiment is conducted. This is further dis-
cussed in Sect. 4.3.

3.3 Gas-phase measurements

The CIMS technique measures the concentrations of differ-
ent gas-phase products over the course of the experiments.
A series of experiments is carried out to study the mecha-
nisms of SOA formation by varying the relative amount of
isoprene and N2O5 injected and monitoring the time evolu-
tion of the intermediate products. Shown in Fig. 5 are the
time profiles of three major gas-phase products and the cor-
responding aerosol growth from the excess isoprene experi-
ment. In this experiment, ∼120 ppb of N2O5 is first injected
into the chamber, followed by the introduction of ∼800 ppb
isoprene. The initial concentration of isoprene is estimated
based on the volume of the isoprene injected and the cham-
ber volume. Once isoprene is injected, a number of prod-
uct ions are formed immediately, with m/z 230, 232, and
248 being the most dominant ones. Several minor product
ions atm/z 185, 377, and 393 are also observed (not shown).
With the presence of excess isoprene, it is expected that the
three major products detected are first-generation products.

Figure 6. 
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Fig. 6. Time evolution of various gas-phase products in the stag-
gered N2O5 injection experiment (Isoprene is first injected into the
chamber, followed by the addition of 3 pulses of N2O5: ∼120, 50,
and 210 ppb). The top panel shows the isoprene decay and aerosol
formation; the middle panel shows the time profiles of the three ma-
jor first-generation products (m/z 230, 232, and 248); the bottom
panel shows the time profiles of three minor products (m/z 185,
377, and 393). (The likely identities for these products are shown
in Fig. 11).

Their further reaction is suppressed, as indicated by the rel-
atively constant concentrations of the product ions once they
are formed. At the end of the experiment, 725 ppb of iso-
prene is measured by GC-FID. A small amount of aerosol is
formed instantaneously, likely from the condensation of rel-
atively nonvolatile first-generation products, or from further
generation products that are formed at a relatively rapid rate.
To study further the evolution of the gas-phase products,

an experiment is performed in which pulses of N2O5 are in-
troduced into the chamber (with isoprene present) (Fig. 6).
The top panel shows the isoprene decay and aerosol forma-
tion; the middle panel shows the time profiles of the three
major first-generation products (m/z 230, 232, and 248); the
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Fig. 7. A typical AMS spectrum for SOA formed in typical yield
experiments.
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Fig. 8. AMS spectra signal from the slow N2O5 injection exper-
iment versus a typical yield experiment. Each mass fragment is
normalized by the total signal. The solid red line is the 1:1 line.
Note that the higher masses (m/z>165) are dominated by noise.

bottom panel shows the time profiles of three minor prod-
ucts (m/z 185, 377, and 393). In this experiment, 179 ppb
of isoprene is first injected into the chamber, followed by the
addition of 3 pulses of N2O5 (∼120, 50, 210 ppb). The obser-
vations after the addition of the first pulse of N2O5 are similar
to the excess isoprene experiment described above. With the
addition of ∼120 ppb N2O5, 97 ppb of isoprene is reacted
away,m/z 230, 232, and 248 are formed with concentrations
of 49.8 ppb, 26.1 ppb, and 17.3 ppb, respectively. Because of
the lack of authentic standards, the concentrations are uncer-
tain. Similar to the data in Fig. 5, the concentrations of these
product ions stay relatively constant owing to the presence
of excess isoprene. The minor products atm/z 185, 377, and
393, are formed with the concentrations 1.4 ppb, 0.9 ppb, and
0.9 ppb, respectively. Because the sum of the ion concentra-
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Fig. 9. AMS spectra signal from the slow isoprene injection ex-
periment versus a typical yield experiment. Each mass fragment is
normalized by the total signal. The solid red line is the 1:1 line.
Note that the higher masses (m/z>165) are dominated by noise.

tions derived from our estimated sensitivities is equal to the
reacted isoprene, our estimated sensitivity must represent a
lower limit for the actual sensitivity of the CIMS technique to
these compounds. It is noted that the m/z 393 ion is formed
with a relatively slower rate than all other product ions. A
small amount of aerosol is observed. At t=15:40, a second
pulse of N2O5 (∼50 ppb) is introduced into the chamber and
the remaining 82 ppb isoprene is completely consumed. As
seen from Fig. 6, the concentrations of all intermediate prod-
ucts increase accordingly and more aerosol is produced. The
last pulse of N2O5 (∼210 ppb) is added at t=19:00. Since
all isoprene has been consumed, the additional NO3 radicals
react mainly with the first-generation products, as indicated
by the decay of m/z 230, 232, and 248, 185, 377, and 393
ions. Of all of the observed products, it appears that m/z

232 and 377 ions are the most reactive with NO3 radicals,
and their decays in excess NO3 are strongly correlated with
aerosol growth. The rest of the product ions display rela-
tively slower decay kinetics. The decay of the major prod-
uct ion at m/z 230 does not appear to correlate with aerosol
growth, as the concentration of the m/z 230 ion continues
to decrease throughout the experiment but there is no fur-
ther aerosol growth. Since the CIMS instrument has only 0.5
AMU resolution and it cannot distinguish products of similar
or identical molecular weight, it is likely that many of ob-
served ions comprise isomers formed from the NO3 attack at
different positions. The fact that many of the observed prod-
uct ions show two distinct decay time scales indicates that
these isomers have substantially different reactivity towards
NO3 radicals.
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3.4 Chemical composition of SOA

3.4.1 Aerosol Mass Spectrometer (Q-AMS) measurements

Figure 7 shows the AMS spectrum of SOA formed in the
typical yield experiments. Each mass fragment is normal-
ized by the total signal. The SOA exhibits relatively high
signals at m/z 30, 43, and 46. The signals at m/z 30 and 46
likely correspond to NO+(30) and NO+

2 (46) fragments from
the nitrates in the aerosol. The spectrum shown in Fig. 7 is
obtained when aerosol volume reaches its maximum value;
the spectrum obtained several hours after aerosol volume
peaks shows minimal changes in the mass fractions of dif-
ferent fragments, indicating that the aerosol composition is
not changing significantly over time.
Figure 8 shows the mass spectrum of the slow N2O5 in-

jection experiment versus a typical yield experiment; Fig. 9
shows the mass spectrum of the slow isoprene injection ex-
periment versus a typical yield experiment. As shown in both
figures, the mass fragments fall on the 1:1 line, suggesting a
similar SOA composition under the three different experi-
mental conditions. At higher mass to charge ratios the plots
drift below the one-to-one line and it appears that the typical
experiments have stronger signals at higherm/z’s. However,
the signals at these masses (>165) are strongly dominated
by noise and cannot be interpreted as differences between
the spectra.

3.4.2 Offline chemical analysis

Figure 10 shows the representative UPLC/(–)ESI-TOFMS
base peak ion chromatograms (BPCs) for different types of
experiments conducted. The numbers denoted above the se-
lected chromatographic peaks correspond to the most abun-
dant negative ions observed in their respective mass spec-
tra. Comparison of the BPCs shown in Fig. 10 indicates that
the compositions of the SOA are quite similar for the typ-
ical yield experiment, slow isoprene injection experiment,
and the acid seed experiment, suggesting a common SOA
formation pathway. The SOA composition from the excess
isoprene experiment, however, is different from these exper-
iments. This will be discussed further in Sect. 4.4.
Accurate mass measurements for all ions observed by the

UPLC/(–)ESI-TOFMS technique for a typical yield exper-
iment are listed in Table 2. The error between the mea-
sured mass and theoretical mass is reported in two different
ways, ppm and mDa. Overall, the error between the mea-
sured and theoretical masses is found to be less than±2mDa
and ±5 ppm, allowing for generally unambiguous identifi-
cation of molecular formulae. None of the listed ions is
observed in solvent blanks and control filters. By combin-
ing the elemental SOA composition (i.e. TOFMS suggested
ion formula) data and the gas-phase data from CIMS, struc-
tures for each of the SOA components are also proposed. As
shown in Table 2, the types of compounds formed included

nitrooxy-organic acids, hydroxynitrates, nitrooxy-organic
peroxides (e.g. nitrooxy-hydroxyperoxides), and nitrooxy-
organosulfates. It should be noted that the data presented in
Table 2 are also applicable to all other types of experiments
conducted in this study; however, none of the organosulfates
are observed in the nucleation experiments, consistent with
previous work (Liggio et al., 2005; Liggio et al., 2006; Sur-
ratt et al., 2007a,b; Iinuma et al., 2007a,b). Surprisingly, pre-
viously characterized organosulfates of the 2-methyltetrols
and the 2-methyltetrol mono-nitrates detected atm/z 215 and
m/z 260 (not listed in Table 2), respectively, which are pro-
duced from the photooxidation of isoprene in the presence of
acidified sulfate seed aerosol (Surratt et al., 2007a,b; Gómez-
González et al., 2007), are also observed in the acid seed
experiment shown in Fig. 10, suggesting that nighttime oxi-
dation of isoprene in the presence of acidic seed may also be
a viable pathway for these known ambient tracer compounds.
Owing to the implementation of reverse-phase chromatog-

raphy, the SOA components that are more hydrophilic elute
from the column the earliest, while the more hydrophobic
components elute the latest. It is clear from Table 2 that com-
pounds with the same carbon number and general function-
ality (i.e. carboxylic acid, alcohol, or organosulfate), but dif-
fering number of nitrooxy groups, exhibit distinctly different
chromatographic behaviors. The presence of more nitrooxy
groups appears to increase the retention time of the SOA
compound. For example, it is found that m/z 194 organic
acid compound (C5H8NO−

7 ) containing one nitrooxy group
elutes earlier than that of the m/z 239 organic acid com-
pounds (C5H7N2O−

9 ) containing two nitrooxy groups. Simi-
larly, them/z 305 organosulfate (C5H9N2O11S−) elutes ear-
lier than that of them/z 349 organosulfate (C5H8N3O13S−).
SOA components that are either nitrooxy-organic acids or

nitrooxy-organosulfates are detected strongly as the [M–H]−
ion, consistent with previous work (Surratt et al., 2006; Sur-
ratt et al., 2007a,b; Gao et al., 2004a,b; Gao et al., 2006),
whereas the hydroxynitrates and nitrooxy-hydroxyperoxides
are detected as both the [M–H]− and [M–H + C2H4O2]−
ions, with the latter acetic acid adduct ion, in most cases,
being the base peak ion (i.e. dominant ion). The acetic
acid adduct ions for the hydroxynitrates and the nitrooxy-
hydroxyperoxides are formed owing to the presence of acetic
acid in the UPLC mobile phase. Previous studies have
shown that non-acidic hydroxylated species (such as the 2-
methyltetrols) and organic peroxides formed from the pho-
tooxidation of isoprene (Claeys et al., 2004; Edney et al.,
2005; Surratt et al., 2006) are either undetectable or yield
weak negative ions when using (–)ESI-MS techniques. How-
ever, it appears that the co-presence of nitrooxy groups in the
hydroxylated SOA components allow for these compounds
to become acidic enough to be detected by the UPLC/(–)ESI-
TOFMS technique, or allow for adduction with acetic acid.
Further confirmation for the presence of organic peroxides
in the isoprene SOA produced from NO3 oxidation is pro-
vided by the iodometric-spectroscopic measurements shown

Atmos. Chem. Phys., 8, 4117–4140, 2008 www.atmos-chem-phys.net/8/4117/2008/

295



N. L. Ng et al.: SOA formation from isoprene-NO3 reaction 4125

                              

 

 

                                

 

 

                             

 

 

                             

 

 
   

 
        

  
  

   

     
 

  
  

 10987650 1 42 3
Time (min)

R
el

at
iv

e 
A

bu
nd

an
ce

0

100

0

100

0

100

0

100

Figure 10.  

97

97

97

97 215

305 305

305 305

305 305

305 305 285

285

285

285

350

350 350

350350

350

333
333

333333

333
333

466

466

466

466

370

446

446

446

430

430

430

554

509
449

449

449

449260

 (a) Typical Experiment 

 (b) Slow Isoprene Injection Experiment 

 (c) Excess Isoprene Experiment

 (d) Acid Seed Experiment

285285

330

446

449

285

285

430
554

285

446
554

449

430

333

430

350

Fig. 10. UPLC/(-)ESI-TOFMS base peak ion chromatograms (BPCs) for the following isoprene-NO3 oxidation experiments: (a) 200 ppb
isoprene+1 ppm N2O5+seed aerosol generated from 15mM (NH4)2SO4 atomizing solution; (b) 300 ppb isoprene+1 ppm N2O5+seed
aerosol generated from 15mM (NH4)2SO4 atomizing solution; (c) 1.2 ppm isoprene+700 ppb N2O5+seed aerosol generated from 15mM
(NH4)2SO4 atomizing solution; (d) 200 ppb isoprene+1 ppmN2O5+seed aerosol generated from 30mMMgSO4+50mMH2SO4 atomizing
solution. The numbers indicated above the selected chromatographic peaks correspond to the most abundant negative ion, which is either the
[M–H]− or [M–H+C2H4O2]− ion.

in Table 3. Based upon the UPLC/(–)ESI-TOFMS measure-
ments shown in Table 2, an average molecular weight of
433 for the organic peroxides is assumed for the calculations
shown in Table 3. The contribution of organic peroxides
to the SOA mass concentration is found to be fairly repro-
ducible for duplicate typical experiments (i.e., 8/22/07 and
10/24/07). The amount of organic peroxides in the excess
isoprene experiment is below detection limits. Owing to the
lack of authentic standards, there are large uncertainties asso-
ciated with the quantification of these products in the aerosol
phase. This is further discussed in Sect. 4.4.

4 Gas-phase chemistry and SOA formation

4.1 Formation of various gas-phase products

As seen from Figs. 5 and 6, the three major first-generation
products formed from isoprene-NO3 reaction are the m/z

230, 232, and 248 ions. Since the CIMS technique uses

CF3O− (anionic mass 85Da) as the reagent ion, compounds
are detected at a m/z value of their molecular weight (MW)
plus 85. The product ions at m/z 230, 232, and 248
likely correspond to C5-nitrooxycarbonyl (MW 145), C5-
hydroxynitrate (MW 147), and C5-nitrooxyhydroperoxide
(MW 163). These products have been observed in previous
studies (Jay and Stieglitz, 1989; Skov et al., 1992; Kwok
et al., 1996; Berndt and Böge, 1997) and their formation
from the isoprene-NO3 reaction is relatively straightforward
(Fig. 11). The reaction proceeds by NO3 addition to the C=C
double bond, forming four possible nitrooxyalkyl radicals
depending the position of the NO3 attack. Previous stud-
ies suggest that NO3 radicals predominantly attack isoprene
in the 1-position, with a branching ratio (C1-position/C4-
position) varying between 3.5 and 7.4 (Skov et al., 1992;
Berndt and Boge, 1997; Suh et al., 2001). As mentioned
before, the average branching ratio (5.5:1) is used in estimat-
ing the sensitivities of the compounds measured by CIMS. In
Fig. 11, only the nitrooxyalkyl radical formed from the C1

www.atmos-chem-phys.net/8/4117/2008/ Atmos. Chem. Phys., 8, 4117–4140, 2008
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Table 2. SOA products identified using UPLC/(–)ESI-TOFMS.

Retention Time Measured TOFMS Suggested Error Measured TOFMS Suggested Error Proposed
(min) [M–H]− Ion (m/z) [M–H]− Ion Formula (mDa, ppm) [M–H+C2H4O2]− [M–H+C2H4O2]− (mDa, ppm) Structurea

Ion (m/z) Ion Formula

3.68b 194.0310 C5H8NO−
7 0.9, 4.6 c

4.52b 239.0137 C5H7N2O−
9 –1.5, –6.3

5.09d 304.9946 C5H9N2O11S− 1.9, 6.2
5.24b 239.0152 C5H7N2O−

9 0.0, 0.0
5.43d 304.9944 C5H9N2O11S− 1.7, 5.6
6.07 225.0350 C5H9N2O−

8 –0.9, –4.0
6.12 225.0342 C5H9N2O−

8 –1.7, –7.6
6.60 225.0375 C5H9N2O−

8 1.6, 7.1 285.0676 C7H13N2O−
10 0.6, 2.1

7.75d 349.9775 C5H8N3O13S− –0.3, –0.9
7.85d 349.9764 C5H8N3O13S− 0.2, 0.6
8.00d 349.9784 C5H8N3O13S− –0.4, –1.1
8.48d 466.0268 C10H16N3O16S− 1.7, 3.6
8.54d 466.0264 C10H16N3O16S− 1.3, 2.8
8.72d 466.0237 C10H16N3O16S− –1.4, –3.0
8.76e 270.0199 C5H8N3O−

10 –1.1, –4.1 330.0393 C7H12N3O−
12 –2.8, –8.5

8.81d 466.0237 C10H16N3O16S− –1.4, –3.0
8.85e 270.0204 C5H8N3O−

10 –0.6, –2.2 330.0379 C7H12N3O−
12 –4.2, –12.7

9.15 370.0734 C10H16N3O−
12 0.9, 2.4 430.0940 C12H20N3O−

14 –0.5, –1.2
9.19 386.0678 C10H16N3O−

13 –0.5, –1.3 446.0888 C12H20N3O−
15 –0.6, –1.3

9.24 370.0732 C10H16N3O−
12 –0.2, –0.5 430.0937 C12H20N3O−

14 –0.8, –1.9
9.25 386.0683 C10H16N3O−

13 -0.2, -0.5 446.0893 C12H20N3O−
15 –0.1, –0.2

9.37 449.0637 C10H17N4O−
16 –0.3, –0.7 509.0854 C12H21N4O−

18 0.3, 0.6
9.41 386.0684 C10H16N3O−

13 0.1, 0.3 446.0903 C12H20N3O−
15 0.9, 2.0

9.45 449.0653 C10H17N4O−
16 1.3, 2.9 509.0853 C12H21N4O−

18 0.2, 0.4
9.90f 494.0537 C10H16N5O−

18 4.7, 9.5 554.0669 C12H20N5O−
20 –3.3, –6.0

9.98f 494.0518 C10H16N5O−
18 2.8, 5.7 554.0676 C12H20N5O−

20 –2.6, –4.7

a Structural isomers containing nitrate, sulfate, or hyroxyl groups at other positions are likely; for simplicity, only one isomer is shown.
b These compounds appear to be very minor SOA products due to very small chromatographic peak areas, confirming that the further
oxidation of the nitrooxycarbonyl and hydroxycarbonyl first-generation gas-phase products do not yield significant quantities of SOA.
c A blank cell indicates that the detected SOA product had no observable acetic acid adduct ion (i.e. [M–H+C2H4O2]−).
d These organosulfate SOA products were observed only in experiments employing either (NH4)2SO4 (i.e. neutral) or MgSO4 +H2SO4
(i.e. acidic) seed aerosol. These organosulfate SOA products were also observed in the excess isoprene experiments.
e In addition to the acetic acid adduct ion, these compounds also had a significant adduct ion at [M–H+HNO3]− (m/z 333), indicating that
these compounds are likely not very stable due to the fragmentation of one of the NO3 groups during the MS analysis.
f These compounds were only weakly detected in the excess isoprene experiments.

attack is shown. The nitrooxyalkyl radicals then react with
O2 to form RO2 radicals, which react further with HO2, RO2,
or NO3 radicals under the experimental conditions in this
study. The reaction of RO2 radicals and HO2 radicals leads to
the formation of C5-nitrooxyhydroperoxide (m/z 248). The
reaction of two RO2 radicals (self reaction or cross reaction)
has three different possible channels:

RO2 + RO2 → 2RO+ O2 (5a)

→ ROH+ RCHO+ O2 (5b)

→ ROOR+ O2 (5c)

The second channel results in the formation of C5-
nitrooxycarbonyl (m/z 230) and C5-hydroxynitrate (m/z

232). According to channel (5b), these two products should
be formed with a 1:1 ratio; however, C5-nitrooxycarbonyl
can also be formed from alkoxy radicals (alkoxy radicals
formed through RO2+RO2 reaction or RO2+NO3 reaction).
In Fig. 6, 49.8 ppb of C5-nitrooxycarbonyl and 26.1 ppb of
C5-hydroxynitrate are formed after the addition of the first
pulse of N2O5, indicating ∼24 ppb of C5-nitrooxycarbonyl
is formed from the reaction of alkoxy radicals. The branch-
ing ratios for the reaction of small peroxy radicals have been
investigated in previous studies. It is found that the branch-
ing ratio for channel (5a) for methylperoxy and ethylperoxy
radicals is ∼0.3–0.4 and ∼0.6, respectively (Lightfoot et al.,
1992; Wallington et al., 1992; Tyndall et al., 1998). It is
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Table 3. Peroxide content of SOA formed by NO3 oxidation of isoprene.

Experiment Seededa/ [Isoprene] [N2O5] SOA Volume Total SOA Peroxide Aerosol Contriubtion of
Date Nucleation (ppb) (ppm) Growth Observedb Mass Concentrationc Mass Concentration Peroxides to the SOA Mass

(µm3/cm3) (µg/m3) (µg/m3) Concentration Observed (%)

8/22/07 AS 200 1 102 145 46 32
8/30/07 AMS 200 1 123 174 40 23
10/22/07d AS 1200 0.7 70 100 b.d.l.e f

10/23/07 nucleation 200 1 125 177 31 17
10/24/07 AS 200 1 111 158 47 30
10/27/07g AS 300 1 110 156 47 30

a AS=ammonium sulfate seed, AMS=acidified magnesium sulfate seed.
b Averaged over the course of filter sampling.
c Assuming a SOA density of 1.42 g/cm3. This was based on DMA and Q-AMS measurements.
d Excess isoprene experiment.
e Below detection limits.
f No observable contribution of organic peroxides to the SOA mass concentration.
g Slow injection of isoprene in this experiment to enhance the RO2+NO3 reaction pathway.
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Fig. 11. Proposed mechanisms for the formation of various gas-phase intermediate product ions observed by CIMS. Multiple structural
isomers are possible. In this figure, RO�
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The numbers in the parentheses refer to the molar yields of the products. It is noted that the sensitivity form/z 393 is not calculated; instead,
it is assumed that the sensitivity (and hence the sum of the molar yields of the two isomers shown, since m/z 377 and m/z 393 are formed
with the same concentration) to be the same as that for m/z 377.

likely that the isoprene peroxy radicals react via this pathway
to form alkoxy radicals and contribute to the “extra” 24 ppb
of C5-nitrooxycarbonyl. This observation is indicative that
most RO2 radicals react with other RO2 radicals instead with
NO3 or HO2 radicals.
Other than C5-nitrooxycarbonyl, C5-hydroxynitrate, and

C5-nitrooxyhydroperoxide, three other minor products (m/z

185, 377 and 393 ions) are also observed as intermediate
products. The proposed mechanisms for the formation of

these gas-phase products are also shown in Fig. 11. Al-
though channel (5c) in the RO2+RO2 reaction is found to
be minor for small peroxy radicals such as methylperoxy
and ethylperoxy radicals (Kan et al., 1980; Niki et al., 1981,
1982; Wallington et al., 1989; Tyndall et al., 1998; Tyndall
et al., 2001), the product ion at m/z 377 could be the cor-
responding ROOR product formed from the self reaction of
isoprene peroxy radicals. The product ion at m/z 185 likely
corresponds to the C5-hydroxycarbonyl. It has been observed
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Figure 12. 
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Fig. 12. Time profiles of the major gas-phase products (m/z 230,
232, and 248) and the corresponding aerosol growth from the
slow N2O5 injection experiment. Note that this experiment has a
higher initial isoprene concentration (∼200 ppb) compared to the
one shown in Fig. 4.

in previous studies and it likely arises from the isomeriza-
tion of nitrooxyalkoxy radicals through a 6-member transi-
tion state to form a hydroxynitrooxy alkyl radical, which then
decomposes to form NO2 and C5-hydroxycarbonyl (Kwok et
al., 1996). Such isomerization has also been proposed to oc-
cur in the photooxidation of isoprene (Paulson and Seinfeld,
1992; Carter and Atkinson, 1996; Dibble, 2002). It is pos-
sible that the hydroxynitrooxy alkyl radical formed proceeds
to react with O2 to form a peroxy radical, which then reacts
with the isoprene peroxy radical to form the product ion at
m/z 393. The product ion at m/z 393 shows a slower rate of
formation (Fig. 6) compared to other product ions suggest-
ing that it might also be formed from the further oxidation
of a first-generation product. 2-methyl-2-vinyl-oxirane has
been observed from isoprene-NO3 reaction in previous stud-
ies at 20 mbar in helium (Berndt and Böge, 1997) and 20 Torr
in argon (Skov et al., 1994), respectively. When operated in
positive mode with H3O+ as the reagent ion (products are ob-
served at m/z=MW+1), CIMS shows a protonated molecule
at m/z 85. Although the epoxide yield is found to be <1%
of the total reacted isoprene at atmospheric pressure (Skov
et al., 1994), the signal at m/z 85 can arise in part from the
epoxide. The further oxidation of the epoxide results in the
formation of an epoxide peroxy radical, which can react with
the isoprene peroxy radical to form the peroxide at m/z 393.
It is noted that a product ion atm/z 246 is detected in CIMS,
which could arise from the corresponding carbonyl product
formed from the reactions of two epoxide peroxy radicals, or
from the fragmentation of the epoxide alkoxy radicals. Un-
likem/z 393, which decays after the addition of the last pulse
of N2O5, m/z 246 stays relatively constant suggesting that
it is not being further oxidized by NO3 radicals. To exam-
ine further the possibility of peroxide formation (m/z 377
and 393) in the gas phase, an experiment is conducted us-
ing 1,3-butadiene as the parent hydrocarbon. The analogous
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Fig. 13. Time profiles of the major gas-phase products (m/z 230,
232, and 248) and the corresponding aerosol growth from the slow
isoprene injection experiment. Note that this experiment has a
higher initial isoprene concentration (∼200 ppb) compared to the
one shown in Fig. 4.

product ions for the 1,3-butadiene system, i.e. m/z 349 and
365, are observed in CIMS, providing further indication that
the formation of ROOR products from two RO2 radicals is
occurring in the gas phase. Further details of the gas-phase
chemistry of isoprene and 1,3-butadiene will be forthcoming
in a future manuscript.

4.2 Effect of peroxy radical chemistry on SOA yield

The SOA yield ranges from 4.3% to 23.8% for an initial iso-
prene concentration of 18.4 to 101.6 ppb in the typical yield
experiments. While the SOA yield from the slow N2O5 in-
jection experiment is roughly the same as that in the typical
yield experiments, the SOA yield from the slow isoprene in-
jection experiment is lower (Fig. 3). In both cases, ∼ 40 ppb
of isoprene is consumed, the main difference being the rela-
tive importance of RO2+RO2 reaction versus RO2+NO3 re-
action in each system. In the slow N2O5 injection experi-
ment, a relatively small amount of NO3 is available in the
chamber. Once RO2 radicals are formed, it is expected that
they would react primarily with other RO2 radicals instead
of NO3 radicals owing to the presence of a relatively higher
isoprene concentration in the chamber. On the other hand,
the slow isoprene injection experiment favors RO2+NO3 re-
action owing to the presence of excess N2O5 in the chamber.
Thus the higher SOA yield observed in the slow N2O5 injec-
tion experiment suggests the products formed via RO2+RO2
reaction partition more readily into the aerosol phase, or the
RO2+RO2 reaction forms products that further react and con-
tribute significantly to aerosol growth. The fact that the SOA
yield from the slow N2O5 injection experiment is roughly
the same as in the typical yield experiments implies that
RO2+RO2 reaction dominates in typical yield experiments.
The time profile for the three major first-generation gas

phase products and SOA growth from the slow N2O5 injec-
tion experiment and slow isoprene injection experiment are
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shown in Figs. 12 and 13, respectively. It is noted that this
pair of experiments has a higher initial isoprene concentra-
tion (∼200 ppb) compared to the pair of experiments shown
in Fig. 4. In both cases, once the first-generation products
are formed they can react further with NO3 radicals, mak-
ing it difficult to estimate the formation yields of these prod-
ucts based on the measured concentrations. The extent to
which these products react further is expected to be higher
in the slow isoprene injection experiment owing to the pres-
ence of excess NO3 in chamber; this is consistent with the
relatively lower concentrations of first-generation products
observed. As mentioned before, it is possible that the CIMS
signal at the observed m/z comprises isomers formed from
the NO3 attack at positions other than the C1 carbon. Such
isomers have slightly different structures but they could ex-
hibit a very different reaction rate towards NO3 radicals. For
instance, studies have shown that the reaction rates of NO3
radicals with unsaturated alcohols and unsaturated carbonyl
compounds can vary by several orders of magnitude depend-
ing on the position of the substituted methyl group (Noda et
al., 2002; Canosa-Mas et al., 2005). It is possible that the mi-
nor products formed from NO3 attack at other positions react
much slower with NO3 radicals, hence the concentrations of
the observed product ions do not decay to zero towards the
end of the experiment. At the end of the experiment, about
8 ppb and 3 ppb of C5-hydroxynitrate is left in the slow N2O5
injection experiment and slow isoprene injection experiment,
respectively. Assuming the amount of reactive isomers and
unreactive (or relatively slow reacting) isomers are formed
in the same ratio in the slow N2O5 injection experiment and
the slow isoprene injection experiment, we can deduce that a
relatively higher concentration of reactive C5-hydroxynitrate
(as well as the two other first-generation products) is formed
in the slow N2O5 injection experiment. This is consistent
with the larger extent of RO2+RO2 reaction (which forms
C5-hydroxynitrate) and the higher SOA yield observed in
the slow N2O5 injection experiment, as it appears that C5-
hydroxynitrate is an effective SOA precursor (Fig. 6).

4.3 Growth curves: multiple steps in SOA formation

By examining the time-dependent growth curves (organic
aerosol, �Mo, as a function of hydrocarbon reacted, �HC)
we can gain insights into the general mechanisms of SOA
formation (Ng et al., 2006, 2007a,b). Figure 4 shows the
time-dependent growth curves for the slow N2O5 injection
experiment and the slow isoprene injection experiment, re-
spectively. For the slow N2O5 injection experiment, the ini-
tial aerosol growth likely arises from the condensation of
first-generation products as the presence of excess isoprene
in the chamber suppresses their further oxidation. If higher
generation products do contribute to SOA formation, they
would have to be formed at relatively fast rates. After iso-
prene is consumed, aerosol mass continue to increase and
results in a “hook” in the growth curve. This indicates that

secondary products (or higher generation products) also con-
tribute significantly to SOA formation. The same observation
can be made if we examine the reaction profile of a typical
yield experiment (Fig. 2): there is further SOA growth after
all isoprene is reacted away, indicating that the further oxi-
dation of first generation products are contributing to SOA
formed. These observations are consistent with the fact that
the decay of first-generation products observed in CIMS (es-
pecially the m/z 232 and m/z 377 ions) is strongly anticor-
related with further SOA growth (Fig. 6). On the other hand,
the slow isoprene injection experiment does not allow us to
differentiate the contribution of first- and second-generation
products to SOA formation. With the presence of excess NO3
radicals in the chamber, the first-generation products formed
in the slow isoprene injection experiment would be further
oxidized once they are formed. The SOA growth observed
throughout this experiment is from the partitioning of these
highly oxidized and nonvolatile products. Hence, at the be-
ginning of the experiment, for the same amount of�HC, the
amount of SOA formed in this experiment is higher than that
in the slow N2O5 injection experiment, in which the aerosol
growth is probably from the condensation of relatively more
volatile first-generation products. Both the AMS data and
filter sample data (Figs. 8, 9, and 10) show a very similar
composition for the final SOA formed in slow N2O5 injec-
tion experiment and the slow isoprene injection experiment,
suggesting a common SOA forming channel. Based on the
previous discussion on the effect of peroxy radical chemistry
on SOA yields, it is likely that the RO2+RO2 reaction is the
SOA-forming channel in both cases; such a reaction occurs
to a large extent in the slow N2O5 injection experiments and
results in the formation of more SOA.

4.4 Proposed mechanisms of SOA formation

The combination of CIMS gas-phase data and elemental
SOA composition data provides substantial insights into the
mechanisms of SOA formation. Shown in Figs. 14–17 are
the proposed SOA formation mechanisms from the further
oxidation of the various gas-phase products measured by
CIMS. The compounds in the boxes are the SOA products
detected by UPLC/(-)ESI-TOFMS. Owing to multiple chro-
matographic peaks observed in the UPLC/(–)ESI-TOFMS
extracted ion chromatograms (EICs) for the negative ions
of the proposed SOA products, structural isomers are likely;
however, for simplicity we show only one possible isomer
for each product formed from a particular reaction pathway.
Many of the SOA products detected are formed from the fur-
ther oxidation of first- or higher-generation products, which
is consistent with the observation of continual SOA growth
after the complete consumption of isoprene (hence a “hook”
in the growth curve). With the large number of nitrate-
substituted compounds detected by UPLC/(–)ESI-TOFMS
technique, it is also not surprising that AMS shows strong
signals at m/z 30 (NO+) and m/z 46 (NO+

2 ).
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Fig. 14. Proposed mechanism for SOA formation from the formation and decay of the C5-hydroxynitrate gas-phase product formed from the
isoprene + NO3 reaction. Boxes indicate UPLC/(–)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate
mass data provided by the UPLC/(-)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic
peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation
gas-phase product was previously observed by Jay and Stieglitz (1989), Skov et al. (1992), Kwok et al. (1996), and Berndt and Böge (1997);
this gas-phase product was detected as the [M+CF3O]− ion by the CIMS instrument. b These particle-phase compounds were detected
as both their [M–H]− and [M–H+C2H4O2]− ions; the acetic acid adduct ([M–H+C2H4O2]−) ion was, in most cases, the molecular ion
(i.e. dominant ion). cThese organosulfate compounds were detected as their [M–H]− ions and were observed only in ammonium sulfate and
acidified magnesium sulfate seeded experiments.

Shown in Figs. 14 and 15 are the proposed SOA formation
pathways from the further oxidation of the m/z 232 (i.e. C5-
hydroxynitrate) and 377 gas-phase product ions (as detected
by CIMS). The decay of these two products has been found
to be strongly correlated with aerosol growth (Fig. 6), which
is consistent with the large number of SOA products formed
from their further oxidation. The further oxidation of these
two gas-phase products also yields SOA compounds of the
same molecular weight (compounds of MW 371 and 450).
Although m/z 393 is a minor gas-phase product, the fur-
ther oxidation of this compound leads to formation of sev-
eral SOA products (Fig. 16). As mentioned before, there are
two possible formation routes for m/z 393, and the further
oxidation of both products is shown in Fig. 16. The further
oxidation of the m/z 393 ion appears to yield SOA products
that are specific only to this gas-phase product: these include
the SOA products of MW 387 and 467.

Figure 17 shows the proposed SOA formation mecha-
nisms from three other gas-phase products (m/z 185, m/z

230, and m/z 277); the further oxidation of these prod-
uct ions leads to relatively minor SOA products. Although
C5-nitrooxycarbonyl (m/z 230) is the most abundant gas-
phase product detected by CIMS, its further oxidation is
not well correlated with aerosol growth (Fig. 6). The fur-
ther oxidation of m/z 230 yields an SOA product at MW
240. This organic acid product is found to be quite mi-
nor when examining the peak area in its corresponding ex-
tracted ion chromatogram (EIC). It is noted that no SOA
products are detected from the further oxidation of the C5-
nitrooxyhydroperoxide (m/z 248) (also a major gas-phase
product); it is possible that these hydroperoxide products
are not acidic enough to be detected by the UPLC/(–)ESI-
TOFMS technique, or degrade during sample workup and/or
analysis procedures. It has been shown that hydroxycarbonyl
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Fig. 15. Proposed mechanism for SOA formation from the formation and decay of the CIMS m/z 377 gas-phase product formed from the
isoprene+NO3 reaction. Boxes indicate UPLC/(–)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate
mass data provided by the UPLC/(–)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic
peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation gas-
phase product was detected as the [M + CF3O]− ion by the CIMS instrument. b These particle-phase compounds were detected as both their
[M–H]− and [M–H+C2H4O2]− ions; the acetic acid adduct ([M-H+C2H4O2]−) ion was, in most cases, the molecular ion (i.e. dominant
ion).

plays a key role in SOA formation from the reaction of lin-
ear alkenes with NO3 radicals (Gong et al., 2005), however,
in the isoprene-NO3 system, the further oxidation of the mi-
nor gas-phase product C5-hydroxycarbonyl (m/z 185) leads
to the formation of only one minor aerosol product at MW
195. Some evidence for the formation of a C5-dinitrate first-
generation gas-phase product is indicated from the CIMS
and UPLC/(–)ESI-TOFMS data. This first-generation gas-
phase product has been observed previously by Werner et
al. (1997). The CIMS shows a weak signal at m/z 277,
which could be associated to the dinitrate product; we do
not know, however, whether the negative ion efficiently clus-
ters with such compounds. Further evidence for the dini-
trate gas-phase product is provided by the UPLC/(–)ESI-
TOFMS detection of an SOA product at MW 495, which
could result from the further oxidation of a C5-dinitrate pre-
cursor. The precursor compound before the last oxidation
step shown in this mechanism in Fig. 17 may exist in the
particle phase; however, this compound is not likely to be de-
tected by the UPLC/(–)ESI-TOFMS technique owing to the
lack of acidic hydrogens from neighboring hydroxyl and/or
carboxyl groups.

The SOA products highlighted in Figs. 14–17 are ob-
served in all major experiments conducted; however, not
all of these products are strongly detected in the excess
isoprene experiment (Fig. 10c). With the presence of ex-
cess isoprene, further oxidations of first-generation prod-
ucts should be minimal and no significant SOA formation
is expected. The reaction rate of isoprene and NO3 radi-
cals is kNO3=7×10−13 cm3 molecule−1 s−1. To our knowl-
edge, the reaction rate of the first-generation products and
NO3 radicals has not been studied. The structure of m/z

232 (C5-hydroxynitrate) is similar to 3-methyl-2-buten-1-ol
(MBO321), except that the γ -carbon has one nitro group and
one methyl group substitution instead of two methyl group
substitutions. The reaction rate coefficient of MBO321 and
NO3 radicals is kNO3=1×10−12 cm3 molecule−1 s−1. It is
found that the reaction rate with NO3 radicals increases with
increasing number of methyl groups at the γ -carbon (Noda
et al., 2002), which is in accordance with the stabilization
theory for leaving groups discussed in Atkinson (1997) and
Noda et al. (2000). With reference to this, we would ex-
pect the reaction rate of C5-hydroxynitrate and NO3 rad-
icals to be slower than that of MBO321 due to the pres-
ence of the electron withdrawing nitro group. Hence, it
is likely that the reaction rate of isoprene and NO3 radi-
cals and C5-hydroxynitrate and NO3 radicals are roughly
in the same range. The relative production rate of first-
and second-generation products will then be the ratio of the
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Fig. 16. Proposed mechanism for SOA formation from the formation and decay of the CIMS m/z 393 gas-phase product formed from the
isoprene+NO3 reaction. Boxes indicate UPLC/(-)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate
mass data provided by the UPLC/(–)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic
peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation
gas-phase product was detected as the [M+H]+ ion by the CIMS instrument; this gas-phase product was previously observed by Berndt
and Böge (1997) and could also be 2-(1-methyl-vinyl)oxirane. b This gas-phase product was detected as the [M+CF3O]− ion. c These
particle-phase compounds were detected as both their [M–H]− and [M–H+C2H4O2]− ions; the acetic acid adduct ([M–H+C2H4O2]−) ion
was, in most cases, the molecular ion (i.e. dominant ion). d This organosulfate compound was detected as its [M–H]− ion and was observed
only in the ammonium sulfate and acidified magnesium sulfate seeded experiments.

concentrations of isoprene and first-generation products, and
aerosol can be formed either from the condensation of rel-
atively non-volatile first-generation products (e.g. m/z 393)
or higher generation products that are formed relatively fast
in the gas-phase. It appears from the UPLC/(–)ESI-TOFMS
data that enough RO2+RO2 chemistry is occurring to yield
many of the products shown in Figs. 14–17. When compar-
ing the UPLC/(–)ESI-TOFMS BPCs (Fig. 10) of all experi-
ments, it is clear that the m/z 430 and m/z 446 are the dom-
inant ions in the excess isoprene experiment, while m/z 333
is the dominant chromatographic peak in other experiments.
The chromatographic peak at m/z 430 corresponds to the
acetic acid cluster ion for the compound at MW 371, which
can be formed from the further oxidation of CIMS m/z 232

and 377 ions (Figs. 14 and 15). The chromatographic peak
at m/z 446 corresponds to the acetic acid cluster ion for the
compound at MW 387, which is formed from the further ox-
idation of CIMS m/z 393 (Fig. 16). The detection of these
two SOA products (MW 371 and MW 387) suggests that fur-
ther oxidation of m/z 232, 377, and 393 is occurring in the
excess isoprene experiment and contributing to SOA growth.
Studies have shown that NO3 uptake on organic surfaces
(even to saturated organic surfaces) be quite rapid (Moise et
al., 2002; Knopf et al., 2006; Rudich et al., 2007). Hence, it
is also possible that CIMS m/z 393 (a first-generation prod-
uct according to one of the formation routes) is nonvolatile
enough that it partitions into the aerosol phase and its further
oxidation proceeds heterogeneously. Chromatographic peaks
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is shown for simplicity. a These first-generation gas-phase products were previously observed by Skov et al. (1994) and Kwok et al. (1996);
these gas-phase products were detected as the [M+CF3O]− ion by the CIMS instrument. b These are minor SOA products, confirming that
the further oxidation of the C5-nitrooxycarbonyl and C5-hydroxycarbonyl first-generation products do not yield significant amounts of SOA.
c This first-generation gas-phase product was previously observed by Werner et al. (1999); this gas-phase product was also detected as the
[M + CF3O−]− ion by the CIMS instrument. d This particle-phase compound was detected as both its [M–H]− and [M–H+C2H4O2]− ions;
the acetic acid adduct ([M–H+C2H4O2]−) ion was the molecular ion (i.e. dominant ion).

such as m/z 333 (associated with MW 271 compound), 449
(MW 450 compound) and 554 (MW 495 compound) are not
as strong in the excess isoprene experiment owing to the fact
there is not enough NO3 in the system to allow for the for-
mation of these highly oxidized compounds.

From the UPLC/(–)ESI-TOFMS (Table 2) and PILS/IC
measurements, it appears that organic acids are not a major
contributor to SOA formation from the oxidation of isoprene
by NO3 radicals. The UPLC/(–)ESI-TOFMS technique de-
tects only two minor organic acids at MW 195 and 240. Ad-
ditionally, the PILS/IC technique does not detect large quan-
tities of any small organic acids. The sum of formate, ac-
etate, glycolate, lactate, oxalate, and pyruvate are usually be-

tween 0.01–0.50µgm−3. These observations are different
from the SOA produced in the photooxidation of isoprene
(under high- and low-NOx conditions), in which a large num-
ber of organic acids, such as 2-methylglyceric, formic, and
acetic acid, are observed (Surratt et al., 2006; Szmigielski et
al., 2007). In the photooxidation experiments, the level of or-
ganic acids detected under low-NOx conditions is lower than
under high-NOx conditions. The low-NOx isoprene SOA
was previously found to also have a significant amount of
organic peroxides, as detected in the current study (Table 3);
however, organic peroxides detected previously in low-NOx
isoprene SOA were not structurally elucidated through MS
techniques performed in the present study (Table 2, Figs. 14–
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17), possibly owing to the lack of nitrooxy groups which
seem to induce acidity and/or increase the adductive abili-
ties of organic peroxides with acetic acid during the ESI-MS
analysis. Overall, it appears that the isoprene-NO3 SOA is
much more similar to the previously studied low-NOx iso-
prene SOA. More specifically, it appears that both contain
a large amount of organic peroxides, organosulfates (if con-
ducted in the presence of sulfate seed aerosol), and neutral
hydroxylated compounds, such as the hydroxynitrates ob-
served in Fig. 14 (e.g. MW 226 and 271 products).
As discussed earlier, the formation yields of ROOR from

the reaction of two peroxy radicals is very low for small
peroxy radicals (Kan et al., 1980; Niki et al., 1981, 1982;
Wallington et al., 1989; Tyndall et al., 1998, 2001). However,
according to both gas- phase and aerosol-phase data in this
study, it appears that the RO2+RO2 reaction (self reaction
or cross-reaction) in the gas phase yielding ROOR products
is an important SOA formation pathway. Such reaction has
been proposed to form low-volatility diacyl peroxides in the
SOA formed from cyclohexene ozonolysis (Ziemann, 2002).
In the case of self-reaction of peroxy radicals, the molecular
weight of the product is essentially doubled, providing an ef-
ficient way to form products of low volatility. Based on the
iodiometric spectroscopic method the contributions of per-
oxides (ROOH+ROOR) to the total SOA formed is 17–32%
(Table 3). We can estimate the mass yield of peroxides based
on their percentage contribution to total SOA and the SOA
yield for each of the experiments in Table 3. It is found that
the mass yield of peroxides range from∼6–10%. For the two
experiments (i.e., 8/22/07 and 10/24/07) that are carried out
under similar conditions as those in the yield experiments,
the mass yield of peroxide is 8%.
Based on the shape of the Odum yield curve (Fig. 3), it

is expected that the products are semivolatile. Hence, the
relatively large contribution of nonvolatile peroxides in the
aerosol phase appears to be inconsistent with the observed
yield curve behavior. It is evident from the UPLC/(–)ESI-
TOFMS data that there exists a wide array of peroxides in the
aerosol composition, however, we need to caution that there
are large uncertainties associated with the quantification of
peroxides owing to the lack of authentic standards. Based on
the standard deviations of the measurements, the uncertainty
is at least 10%, yet if we take into account the following fac-
tors it is expected that the true uncertainty would be larger. In
estimating the percentage contribution of peroxides, an av-
erage molecular weight of 433 for peroxides is used. The
peroxides formed would largely depend on the branching ra-
tio of various reactions and this number may not reflect the
molecular weights of the wide array of peroxides formed.
Also, the iodiometric spectroscopic method does not allow
the distinction between ROOH and ROOR products. Hence,
the contribution of the low volatility ROOR products may
not be as high as estimated. ROOH standards were run in the
ESI-TOFMS to examine the possibility of ROOH further re-
acting in the mass spectrometer to form ROOR and no ROOR

products were detected. As mentioned before, it appears that
the presence of nitrooxy groups in ROOR products aids their
detection in the MS. Since the ROOH standards used do not
have a nitrooxy group, unfortunately we cannot rule out the
possibility that ROOR products are formed but just not being
detected. Finally, it is worth noting that the initial isoprene
concentrations in the yield experiments are much lower than
those experiments in which SOA composition is measured.
In performing the yield experiments, the initial isoprene con-
centrations are kept relatively low so as to be closer to at-
mospheric levels. Because of the lower initial isoprene con-
centration (hence lower aerosol loading), the partitioning of
various products would be different and it is likely that level
of peroxides would be lower in the yield experiments. Nev-
ertheless, the higher concentration experiments are necessary
to produce enough aerosols for filter analysis and to map out
the complete spectrum of oxidation products.
To fully elucidate the relationship between the actual prod-

ucts identified and those inferred from fitting the yield data
would require a modeling study that is beyond the scope of
this work. However, we emphasize that there are large uncer-
tainties associated with the quantification of peroxides and it
is likely that their contributions to total SOA can be overesti-
mated. Indeed, if the mass yield for these nonvolatile perox-
ides were lower (for instance, ∼2%), this would agree well
with the observed yield curve behavior. The measurement of
peroxides certainly warrants further study. This work serves
as a good example in showing that caution must be taken
when interpreting experiments with low aerosol yields, espe-
cially when a relatively minor pathway may be responsible
for forming the aerosols.

5 Approximate estimate of global production of SOA
from isoprene+NO3

The global chemical transport model GEOS-Chem (v. 7-
04-11) (http://www-as.harvard.edu/chemistry/trop/geos/) is
used to estimate, roughly, global SOA formation from the
isoprene+NO3 reaction. The current version of GEOS-Chem
treats mechanistically SOA formation from isoprene+OH,
monoterpenes and sesquiterpenes, and aromatics; here we
will estimate SOA formation from isoprene+NO3 by using
an approximate, uniform SOA yield of 10% (corresponding
toMo

∼=10µgm−3 in Fig. 3). It is noted that this yield is quite
uncertain and the importance of peroxy radical self reactions
in this study suggest that the SOA yield in the atmosphere
will be highly sensitive to the nature of the nighttime peroxy
radical chemistry. Here, we seek to obtain only a “back-of-
the-envelope” estimate.
Two global isoprene emissions are available in GEOS-

Chem: GEIA (Global Emission Inventory Activity) (Guen-
ther et al., 1995) and MEGAN (Model of Emissions and
Gases from Nature) (Guenther et al., 2006). Both models
require, as input, meteorological data such as temperature
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to calculate the amount isoprene emitted. For the present
estimate, the meteorological fields employed by Wu et
al. (2007), generated by the Goddard Institute for Space
Studies (GISS) General Circulation Model III, are used. Me-
teorological conditions correspond approximately to those of
year 2000.
Table 4 presents the annual emissions of isoprene as pre-

dicted by each of the emission models, together with the
amount of isoprene predicted to react via OH, O3, and NO3,
the global burden, and lifetime. We note that there is a sig-
nificant difference between the annual isoprene emissions
predicted by the earlier and newer emission models. Iso-
prene+OH accounts for 300 to 400 Tg yr−1 of isoprene con-
sumption. Henze et al. (2007) predict that annual SOA pro-
duction from isoprene+OH is about 13 Tg yr−1 (based on
the MEGAN inventory and GEOS-4 meteorological fields,
which are assimilated fields from actual year 2004). Note
that SOA production from isoprene+OH, or any other path-
way for that matter, is sensitive to the production of SOA
from other hydrocarbon precursors since gas-aerosol parti-
tioning depends on the total organic aerosol mass.
If we take as a rough estimate a 10% SOA yield from

the isoprene+NO3 pathway from the results in Table 4, 2
to 3 Tg yr−1 of SOA results from isoprene+NO3. This rate
of production would make SOA from isoprene+NO3 as sig-
nificant as that from sesquiterpenes, biogenic alcohols, and
aromatics, each of which is estimated to produce about 2
to 4 Tg yr−1 of SOA based on yields measured in chamber
studies (Henze et al., 2007). As a reference, the global SOA
production is estimated to be 10–70 Tg yr−1 (Kanakidou et
al., 2005). Recently, Goldstein et al. (2007) provided several
alternative approaches to estimate global SOA production:
510–910 TgC yr−1 based on the global mass balance of VOC
removal, 225–575 TgC yr−1 based on SOA deposition plus
oxidation, 140–540TgC yr−1 based on comparison with the
sulfate budget, and 223–615 TgC yr−1 required to maintain
the assumed global mean vertical SOA distribution. If we
assume mass carbon/mass organics=0.5, the lower limit for
SOA production from these estimates would be 280 Tg yr−1,
which is much larger than that estimated from chamber SOA
yields. Still, the 3 Tg yr−1 of SOA estimated for the iso-
prene + NO3 system is worth noticing. Owing to efficient
photodissociation, NO3 achieves its highest concentrations
at night. By contrast, isoprene emissions are assumed to be
zero at night in both emission models. Consequently, the
isoprene+NO3 reaction occurs only at night, involving iso-
prene that remains unreacted after each daytime period.
We caution that the estimates above are obtained at the

crudest level of approximation, in which a globally uniform
SOA yield of 10% from isoprene+NO3 is applied. As we
note from Table 4, there is also as substantial difference
between predictions of the two available isoprene emission
models; the more recent MEGAN model represents an im-
proved level of understanding over the earlier GEIA model.
Predictions of SOA formation from the isoprene+NO3 path-

Table 4. Global estimation of isoprene using GEOS-Chem.

Emission Model

GEIAa MEGANb

Isoprene emission (Tg/y) 507 389
Global isoprene burden (Tg) 1.7 1.7
Isoprene lifetime (days) 1.2 1.6
Isoprene reacted (Tg/y) by
Isoprene+OH 407 304
Isoprene+O3 69 62
Isoprene+NO3 29 21

a Modification of GEIA for GEOS-Chem are described at Bey et
al. (2001c). Original GEIA reference is Guenther et al. (1995).
b Guenther et al. (2006).

way are, of course, highly dependent on ambient NO3 radical
concentrations. Nitrate radical concentrations predicted in
the current simulations vary from about 0.1 ppt in remote re-
gions of South America to 20 ppt or more in the southeastern
USA (in August). Future work will address the simulation
of SOA formation from isoprene+NO3 following the micro-
physical treatment in GEOS-Chem.

6 Implications

We report a series of chamber experiments investigating the
formation of secondary organic aerosols from the reaction of
isoprene with nitrate radicals. For an initial isoprene con-
centration of 18.4 to 101.6 ppb, the SOA yield ranges from
4.3% to 23.8% (typical yield experiments). The SOA yield
from the slow N2O5 injection experiment (RO2+RO2 reac-
tion dominates) is much higher than that from the slow iso-
prene injection experiment (RO2+NO3 dominates), implying
that RO2+RO2 is a more effective channel of forming SOA.
The SOA yield from the slow N2O5 experiment is roughly
the same as that in the typical yield experiments, suggest-
ing that SOA yields obtained in this study likely represent
conditions in which peroxy-peroxy radical reactions are fa-
vored. Using a uniform SOA yield of 10% (corresponding
to Mo

∼=10µgm−3), ∼2 to 3 Tg yr−1 of SOA results from
isoprene+NO3, which is about 1/4 of the amount of SOA
estimated to be formed from isoprene+OH (∼13 Tg yr−1)
(Henze et al., 2007).
The extent to which the results from this study can be ap-

plied to conditions in the atmosphere depends on the rela-
tive importance of the various reaction pathways of peroxy
radicals in the nighttime atmosphere: RO2+RO2, RO2+NO3,
RO2+NO, and RO2+HO2. However, the fate of peroxy radi-
cals in the atmosphere is uncertain owing to the large uncer-
tainties in the reaction rate constants and ambient concentra-
tions of the radicals (Skov et al., 1992; Kirchner and Stock-
well, 1996; Bey et al., 2001a, b; Vaughan et al., 2006). For
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instance, a modeling study by Kirchner and Stockwell (1996)
suggests that the RO2+NO3 reaction is the dominant path-
way at night; 77% and 90% of the total RO2 at night is pre-
dicted to react with NO3 in polluted atmosphere and rural
air (mixed with aged air), respectively. The other pathways
are not as important; while RO2+RO2 can account for about
8–23% of the total RO2 reaction, RO2+HO2 only accounts
for 6–10%, and RO2+NO is minimal (0–1%) (Kirchner and
Stockwell, 1996). These results are at odds with the study
by Bey et al. (2001a,b), which suggests that NO3 radicals
are not involved significantly in the propagation of RO2 rad-
icals (<5%). Instead, RO2+NO (77%) and RO2+RO2 (40%)
are dominant in the mixed layer in the urban and rural ar-
eas, respectively. Although there is no definite conclusion
as which reaction pathway dominates in the nighttime atmo-
sphere, both studies seem to suggest that RO2+HO2 is rela-
tively not as important. In this work, we investigated situa-
tions in which either RO2+RO2 or RO2+NO3 dominates. In
both cases the RO2+HO2 reaction is expected to be a minor
channel and thus this is in line with the modeling studies. Al-
though RO2+NO is not considered in this study, this reaction
produces the same alkoxy radical as in the RO2+NO3 reac-
tion. It is likely that it would result in similar products as
those in the case where the RO2+NO3 reaction dominates.
Currently, only the reaction rate constants for small, rela-
tively simple RO2 radicals with NO3 radicals have been re-
ported (e.g. Biggs et al., 1994; Daele et al., 1995; Canosa-
Mas et al., 1996; Vaughan et al., 2006) and they are roughly
in the range of (1–3)×10−12 cm3 molecule−1 s−1. With the
oxidation of various volatile organic compounds by O3 and
NO3 under nighttime conditions, it is expected that multi-
functional peroxy radicals would be prevalent; the reaction
rates of these complex peroxy radicals warrant future study.
Furthermore, more field measurements on the concentrations
of various radicals would also help to constrain the relative
importance of the different reaction pathways.
In this study, we have shown that the formation of ROOR

from the reaction of two peroxy radicals is an effective SOA-
forming channel based on gas-phase data and elemental SOA
composition data. If the results from this study can be ap-
plied to other systems (i.e., the reaction of NO3 radicals
with other volatile organic compounds), the organic perox-
ides could possibly be formed in all systems; they may not
have been identified previously owing to the lack of suitable
analytical techniques such as accurate mass measurements
from high resolution MS. Since the formation of ROOR from
two peroxy radicals has always been considered as a minor
channel, the reaction has not been widely studied. Ghigo et
al. (2003) ruled out the direct formation of products (RO,
ROH, RCHO) from the tetroxide intermediate ROOOOR.
Instead, they proposed that the tetroxide breaks up into a
weakly bound complex of two RO radicals and O2, which
then fall apart or undergoes intersystem crossing to form
the corresponding alcohol and carbonyl products. The for-
mation of ROOR was not discussed in Ghigo et al. (2003)

owing to little experimental evidence for the production of
ROOR. However, the observation of ROOR formation in this
study suggests that this reaction does occur and is poten-
tially important for aerosol formation. As pointed out by
Dibble (2008), the mechanism proposed by Ghigo (2003)
would seem to allow for easy production of ROOR from the
RO-RO-O2 complex. Therefore, it appears that there are at
least two possible pathways for ROOR formation: it can ei-
ther be formed through the RO-RO-O2 complex as suggested
by Dibble (2008), or there may exist a direct pathway for
ROOR formation from ROO+ROO. Certainly more work is
needed regarding the formation, detection, and quantification
of ROOR products.
It is also worth noting that while most NO3 chemistry oc-

curs at night, it can also be important during the day at spe-
cific locations. Recently, a study by Fuentes et al. (2007)
suggested substantial formation of NO3 radicals can take
place in forested environments with moderate to high levels
of BVOC production, resulting in a significant oxidation of
isoprene and terpenes by NO3 radicals. For instance, approx-
imately 60% of the terpenes react with NO3 radicals within
the canopy. Clearly, more study is needed to evaluate the im-
portance of NO3 chemistry of biogenic hydrocarbons under
different environments and time of the day.
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Appendix E

Glyoxal uptake on ammonium
sulphate seed aerosol: reaction
products and reversibility of
uptake under dark and irradiated
conditions∗

∗Reproduced with permission from “Glyoxal uptake on ammonium sulphate seed aerosol: reaction products and
reversibility of uptake under dark and irradiated conditions” by M. M. Galloway, P. S. Chhabra, A. W. H. Chan, J.
D. Surratt, R. C. Flagan, J. H. Seinfeld, and F. N. Keutsch, Atmospheric Chemistry and Physics, 9 (10), 3331–3345,
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Abstract. Chamber studies of glyoxal uptake onto ammo-
nium sulphate aerosol were performed under dark and irra-
diated conditions to gain further insight into processes con-
trolling glyoxal uptake onto ambient aerosol. Organic frag-
ments from glyoxal dimers and trimers were observed within
the aerosol under dark and irradiated conditions. Glyoxal
monomers and oligomers were the dominant organic com-
pounds formed under the conditions of this study; glyoxal
oligomer formation and overall organic growth were found
to be reversible under dark conditions. Analysis of high-
resolution time-of-flight aerosol mass spectra provides ev-
idence for irreversible formation of carbon-nitrogen (C-N)
compounds in the aerosol. We have identified 1H-imidazole-
2-carboxaldehyde as one C-N product. To the authors’
knowledge, this is the first time C-N compounds resulting
from condensed phase reactions with ammonium sulphate
seed have been detected in aerosol. Organosulphates were
not detected under dark conditions. However, active pho-
tochemistry was found to occur within aerosol during ir-
radiated experiments. Carboxylic acids and organic esters
were identified within the aerosol. An organosulphate, which
had been previously assigned as glyoxal sulphate in ambient
samples and chamber studies of isoprene oxidation, was ob-
served only in the irradiated experiments. Comparison with a
laboratory synthesized standard and chemical considerations
strongly suggest that this organosulphate is glycolic acid sul-
phate, an isomer of the previously proposed glyoxal sulphate.

Correspondence to: F. N. Keutsch
(keutsch@wisc.edu)

Our study shows that reversibility of glyoxal uptake should
be taken into account in SOA models and also demonstrates
the need for further investigation of C-N compound forma-
tion and photochemical processes, in particular organosul-
phate formation.

1 Introduction

Organic aerosol has been detected in substantial concentra-
tions in urban and rural atmospheres (Zhang et al., 2007).
Secondary organic aerosol (SOA) contributes significantly to
particulate matter, though current models considerably un-
derestimate SOA formation (de Gouw et al., 2005; Heald
et al., 2005; Volkamer et al., 2006). In order to understand
the possible health and climate effects of particulate mat-
ter, it is critical that the physical and chemical models of
SOA formation be improved. Glyoxal (GL) is produced by
a wide variety of biogenic and anthropogenic volatile or-
ganic compounds (VOCs), many of which are SOA precur-
sors, and is considered a tracer for SOA formation. One cur-
rent model estimates global GL production of 45 Tg/yr, with
roughly half due to isoprene photooxidation (Fu et al., 2008),
and another estimates 56 Tg/yr of global GL production with
70% being produced from biogenic hydrocarbon oxidation
(Myriokefalitakis et al., 2008). In addition to acting as a
tracer for SOA formation, GL has been suggested as a direct
contributor to SOA (Sorooshian et al., 2006; Volkamer et al.,
2007, 2009; Carlton et al., 2007; Ervens et al., 2008; Fu et al.,
2008). A study comparing observed and modelled GL has
suggested that GL could contribute at least 15% of the SOA

Published by Copernicus Publications on behalf of the European Geosciences Union.
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in Mexico City (Volkamer et al., 2007), while a study using
the GEOS-Chem model found the modelled GL contribution
to SOA to be 2.6 TgC/year out of a total of 29 TgC/year (Fu
et al., 2008).
Despite existing research aimed at elucidating SOA forma-

tion by GL, further quantification of SOA yields as a func-
tion of conditions such as relative humidity, irradiation, gas-
phase GL mixing ratio, and seed aerosol composition and pH
are required in order to allow for the application of laboratory
findings to ambient conditions. On a more fundamental level,
it is desirable to achieve a detailed understanding of the pro-
cesses contributing to SOA formation from GL as a function
of the above conditions. GL is also promising as an inter-
esting model system for compounds that can yield SOA via
purely physical absorption processes and via complex con-
densed phase processes, such as oligomerization, organosul-
phate formation, condensation, and photochemical reactions.
The standard models that have been employed to ex-

plain organic gas-particle partitioning have generally as-
sumed physical absorption processes (Pankow, 1994a,b;
Odum et al., 1996). On this basis, GL, the smallest dicar-
bonyl, should have virtually no SOA yield because of its high
vapour pressure (220 Torr at 20◦C, Kielhorn et al., 2004).
However, GL partitions strongly to aqueous condensed-
phase systems, which is reflected in a surprisingly high ef-
fective Henry’s law constant,K∗

H,aq=3.6×105 M/atm for sea-
water (Zhou and Mopper, 1990) and 4.19×105 M/atm in wa-
ter (Ip et al., 2009). The effective Henry’s law constant of
GL is higher than that of atmospherically relevant monocar-
boxylic acids including glyoxylic acid, K∗

H,aq=1×104 M/atm
(Ip et al., 2009), the acid that results from oxidation of one
of the aldehyde groups in GL. Glycolic acid, an isomer of
glyoxal monohydrate, also has a lower effective Henry’s law
constant of 2.83×104 M/atm (Ip et al., 2009). The high ef-
fective Henry’s law constant of GL has been explained by
the hydration of the aldehyde groups, producing an effec-
tively lower vapour pressure species in aqueous solution. In
addition to the physical absorption processes, particle-phase
chemical reactions have been identified as a possible driv-
ing force for uptake. Carbonyl containing species are known
to participate in aldol, acetal, and esterification reactions,
which form low volatility compounds that add to SOA mass.
Field and laboratory studies have also yielded evidence for
the formation of high molecular weight products within SOA
(Gross et al., 2006; Reinhardt et al., 2007; Denkenberger
et al., 2007) and it is well known that GL will polymerize in
the presence of water (Whipple, 1970; Loeffler et al., 2006).
These properties of GL, together with its production via

oxidation of many VOCs, have inspired chamber investi-
gations into GL partitioning onto a variety of seed parti-
cles (Jang et al., 2002; Liggio et al., 2005a,b; Kroll et al.,
2005; Corrigan et al., 2008; Volkamer et al., 2009). Lig-
gio et al. (2005b) have demonstrated reactive uptake of GL
onto several different types of seed aerosol using an Aero-

dyne aerosol mass spectrometer (AMS). This study sug-
gested that GL uptake onto ammonium sulphate (AS) aerosol
is irreversible and enhanced with acidified seed. However,
Kroll et al. (2005) observed negligible acid effect and re-
versible GL uptake onto AS seed aerosol that is possibly
controlled by ionic strength. The authors concluded that GL
uptake obeys a modified effective Henry’s Law at equilib-
rium (K∗

H,AS=2.6×107 M/atm; using a density of 1 g/cm3 to
convert volume growth to organic mass and normalizing by
the seed volume). Both Liggio et al. (2005b) and Kroll et al.
(2005) observed hydration and oligomerization of GL within
aerosol and, in addition, Liggio et al. (2005b) proposed ir-
reversible formation of the organosulphate of GL (GL sul-
phate) to explain certain peaks in the AMS mass spectra.
Volkamer et al. (2009) demonstrated that acetylene is an SOA
precursor and estimated that almost all particle phase organic
growth was due to its oxidation product, GL. SOA yields
were shown to correlate with the liquid water content (LWC)
of the AS seed. Therefore, the authors introduced a mod-
ified definition of molarity, calculating GL concentrations
with respect to LWC fraction of the seed volume, which gave
K∗∗
H,AS=1.65×108 M/atm. Evaluating the data from Kroll

et al. (2005) in this manner gives K∗∗
H,AS=1.07×108 M/atm.

However, in addition to the larger effective Henry’s law con-
stant in the study of Volkamer et al. (2009), this uptake in the
presence of OH radicals and UV light was achieved in 90 s
compared to many hours under dark conditions in the work
by Kroll et al. (2005).
The difference between the Henry’s law constant of wa-

ter and AS aerosol is substantial and the reasons for this
are not well understood. Recently, Ip et al. (2009) found
that the effective Henry’s Law increases with increasing sul-
phate concentration. At a sodium sulphate ionic strength
of 0.03mol/L (M), K∗

H=2.40×107 M/atm. This is 50 times
higher than K∗

H,aq and 12 times higher than with a sodium
chloride ionic strength of 0.05M. Ip et al. (2009) concluded
that the presence of sulphate has a greater effect on the ef-
fective Henry’s Law than ionic strength alone. Increasing
the ionic strength of sulphate to 0.225M increases the K∗

H to
the point that it could not be measured, a value suggested to
be ≥109 M/atm. This sulphate concentration is still substan-
tially lower than that in the AS aerosol studies, but the sug-
gested effective Henry’s law constant is substantially larger
than for the AS aerosol. It is possible that with increasing
sulphate concentration and thus decreasing LWC, K∗

H of GL
first increases up to a maximum and then decreases again.
A similar effect was found by Ip et al. (2009) for sodium
chloride solutions. This indicates that the amount of GL par-
titioning to the condensed phase is dependent on more than
just the LWC over the entire range of sulphate concentra-
tions. The mechanism that is at work is still unknown, and
the importance of this observation over the more limited sul-
phate concentration range of ambient aerosol is unclear.
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High MW Products:
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Organosulphates
C-N compounds

Oxidation Products:
(Oxalate, formate, 
glyoxylate, glycolate,…)

Oxidation 
Products

h
OH

Gas Phase

Fig. 1. Processes contributing to GL uptake on AS seed aerosol.
GL=GL monomer; GL·H2O=monohydrate; GL·2H2O=dihydrate;
high molecular weight (MW) products include GLn, organosul-
phates, and carbon-nitrogen containing compounds; oxidation prod-
ucts include oxalate, formate, glyoxylate, and glycolate and their
oxidation products.

Bulk studies have also provided valuable insight into the
aqueous GL system. Carlton et al. (2007) performed photo-
chemical reactions of GL and hydrogen peroxide and demon-
strated that SOA yield from GL depends on photochemical
processing. Recent work by Nozière et al. (2009) showed
that GL reacts to form high molecular weight compounds and
postulated that the ammonium ion is a catalyst for condensed
phase GL reactions such as oligomerization. In a different
study, Shapiro et al. (2009) showed that light absorbing com-
plexes were observed in solutions containing AS and GL but
not in sodium sulphate or sodium chloride solutions, indicat-
ing that nitrogen is central to the formation of light absorbing
complexes.
In light of these investigations, it is clear that particle-

phase chemistry plays a crucial role in the gas/particle par-
titioning of GL, though the processes controlling uptake are
still not clear. In this study, we examine the uptake processes
onto wet AS seed aerosol using a variety of instrumentation
in dark conditions and in the presence of light. Figure 1
shows the major processes that could be contributing to GL
uptake. The processes that have been identified by previous
studies are:

1. GL-hydrate formation is fast and reversible (Schweitzer
et al., 1998). Hydration equilibria up to GL·2H2O, the
dominant form of GL in dilute aqueous solutions, are
included in K∗

H,aq (Zhou and Mopper, 1990). Some

OSO3
-

OHO O

HO OSO3
-

Glyoxal sulphate Glycolic acid sulphate

Fig. 2. Proposed structures for m/z 155; glyoxal sulphate and gly-
colic acid sulphate.

studies have demonstrated correlation of organic growth
with water content of aerosol (Volkamer et al., 2009),
whereas others have shown growth at extremely lowwa-
ter content and noted that GL·nH2O concentrations ap-
pear to be independent of gas-phase GL concentrations
(Corrigan et al., 2008).

2. Glyoxal oligomers (GLn) have been detected by time-
of-flight and quadrupole AMS studies of aerosol growth
from GL uptake in chamber experiments (Kroll et al.,
2005; Liggio et al., 2005b); no definitive evidence for
GLn in field samples has been found, likely due to ana-
lytical challenges. GLn formation is reversible and slow
(many minutes to hour timescales) in aqueous GL/H2O
solutions (Whipple, 1970; Fratzke and Reilly, 1986),
and there are indications from a previous study that it
is reversible in AS aerosol (Kroll et al., 2005).

3. The proposed GL sulphate (C2H3SO−
6 , Fig. 2) is of

much interest as it has been detected via filter sampling
methods in field samples (Surratt et al., 2007, 2008;
Gómez-González et al., 2008) and in chamber studies
of isoprene oxidation under intermediate- to high-NOx
conditions (Surratt et al., 2008). The formation condi-
tions for C2H3SO−

6 as well as its contribution to K∗
H,AS

are unclear. Irreversible formation of C2H3SO−
6 would

not contribute to K∗
H,AS, however, reversible formation

would have an effect on K∗
H,AS.

In this study we aim to investigate the processes con-
tributing to overall GL uptake as well as which of these
processes are effectively reversible, meaning reversible over
aerosol lifetimes. These questions are important for evaluat-
ing applicability of laboratory studies to ambient conditions
and net SOA yields from GL. If most GL uptake is effec-
tively reversible, the organic aerosol will revolatilize at lower
GL gas-phase concentrations upon transport away from GL
sources or at night. Net SOA yields from a specific process
will be higher if that process is irreversible.
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Table 1. Experimental conditions of dark experiments.

Seeda [GL]b RH Temp LWCc Seed volumed, V �V MGL
e

ppbv K µm3/cm3 µm3/cm3 µg/cm3

1 AS 131 65% 294 43% 84.0 18.8 31.8
2 AS 67 56% 293 37% 67.0 10.7 18.1
3 AS 182 56% 293 37% 87.0 40.4 68.3
4 AS 400f 70% 293 47% 146.0 35.0 59.2
5 AS/SA 400f 70% 293 49% 94.0 104.0 176
6 MgSO4/SA 400f 70% 293 67% 149.0 114.0 193
7 AS none 70% 294 47% 77.0g – – – –

a AS=ammonium sulphate, SA=sulphuric acid
b 20% uncertainty on gas phase glyoxal values
c Calculated using ISORROPIA (Nenes et al., 1998)
d As measured by the DMA and corrected for wall loss
e Calculated assuming ρ=1.69 g/cm3
f Estimated
g Not wall loss corrected

Table 2. Experimental conditions of irradiated experiments.

Seeda [GL]b RH RH Temp Temp LWCc LWCc Seed volumed, V �V

ppbv Initial Final Initial, K Final, K Initial Final µm3/cm3 µm3/cm3

8 AS 86.2 66.0% 42.6% 293.0 299.4 43.7% 28.4% 81.0 -14.0
9 AS/Fe 128 64.6% 42.5% 292.8 299.3 43.0% 28.4% 78.9 -13.5
10 AS 127 55.7% 37.9% 292.8 299.4 36.7% 25.2% 87.0 -12.0
11 AS none 59.6% 54.7% 293.1 294.4 39.4% 36.0% 62.3e – –

a AS=ammonium sulphate, Fe=Fe2(SO4)3
b 20% uncertainty on gas phase glyoxal values
c Calculated using ISORROPIA (Nenes et al., 1998)
d As measured by the DMA and corrected for wall loss
e Not wall loss corrected

2 Experimental procedures

Experiments were performed in Caltech’s indoor, dual 28m3
Teflon environmental chambers (Cocker et al., 2001; Key-
wood et al., 2004). The experimental conditions are sum-
marized in Tables 1 and 2. Each chamber has a dedicated
Differential Mobility Analyzer (DMA, TSI model 3081) cou-
pled with a condensation nucleus counter (TSI model 3760)
for measuring aerosol size distribution, and number and vol-
ume concentration. Temperature, relative humidity (RH),
O3, NO, and NOx were continuously monitored. AS seed
particles were generated by atomization of a 0.015M aque-
ous AS solution using a constant rate atomizer. Acidic seed
particles were generated by atomization of a 0.015M aque-
ous AS solution containing 0.015M sulphuric acid. GL was
prepared by heating a mixture of solid GL trimer dihydrate
(Sigma, minimum 97%) and phosphorus pentoxide (P2O5)

to∼160◦C under vacuum. The monomer was collected in an
LN2 trap as a yellow solid and stored overnight at −20◦C.
Before each experiment, the frozen monomer was allowed
to vaporize into a 500mL glass bulb and introduced into the
chamber using a gentle air stream. The chamber was kept
at ∼60%RH. The concentration of an inert tracer, cyclohex-
ane, was monitored using a gas-chromatograph with flame
ionization detector (GC-FID, Agilent 6890N).
Dark experiments typically began by introducing gas-

phase GL into a dark chamber and allowing the concentration
to equilibrate over ∼10 h. Approximately 160 ppbv (part-
per-billion by volume) of cyclohexane was also added as a
tracer for dilution. Once the gas-phase GL concentration
reached a steady state, AS seed was introduced and the re-
sulting organic growth was monitored by both the DMA and
a high resolution time-of-flight AMS (HR-ToF-AMS, hereby
referred to as AMS). After organic growth levelled off, the
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chamber air mass was diluted with clean hydrocarbon-free
air to investigate the reversibility of uptake. The amount of
dilution was calculated by monitoring the cyclohexane con-
centration with the GC-FID. In some experiments, AS seed
was added first and then GL, though the results are the same.
Experiments with irradiation began similarly to dark ex-

periments but when the addition of GL or AS seed was com-
plete, the chamber lights were turned on. No external OH
or NOx source was added, and no dilution was performed in
irradiated experiments.
Two blank experiments (Exp. 7 and 11) were conducted in

which wet AS seed was atomized into a humid chamber with-
out GL present. A negligible organic signal was measured in
the absence of radiation, most likely due to background or-
ganics from the chamber walls. Under irradiation, miniscule
organic growth was observed.

2.1 Teflon filter collection and offline chemical analysis

Teflon filters (PALL Life Sciences, 47mm diameter, 1.0µm
pore size, teflo membrane) were collected from each experi-
ment for offline chemical analysis. Filter sampling was ini-
tiated when the aerosol volume reached its maximum (con-
stant) value, as determined by the DMA. Depending on the
total volume concentration of aerosol in the chamber, the
duration of filter sampling was 3.6–4.1 h, which resulted in
∼5.1–5.8m3 of total chamber air sampled. Collected fil-
ters were extracted in high-purity methanol, dried, and then
reconstituted with 250µL of a 1:1 (v/v) solvent mixture of
0.1% acetic acid in water and 0.1% acetic acid in methanol
(Surratt et al., 2008). All filter extracts were analyzed by
a Waters ACQUITY ultra performance liquid chromatogra-
phy (UPLC) system, coupled to a Waters LCT Premier XT
time-of-flight mass spectrometer (TOFMS) equipped with an
electrospray ionization (ESI) source. The ESI source was
operated in both negative (−) and positive (+) ion mode;
acidic GL SOA components were detected in the negative
ion mode, whereas C-N compounds (e.g. imidazoles) were
detected in the positive ion mode. All other operating condi-
tions for this technique have been fully described elsewhere
(Surratt et al., 2008).
Blank Teflon filters were extracted and treated in the same

manner as the samples; none of the SOA products detected
on the filter samples collected from the GL chamber exper-
iments were observed in these blanks, indicating that these
SOA components were not introduced during sample stor-
age and/or preparation. Furthermore, to ensure that the SOA
components observed were not an artefact formed from the
collection of gaseous GL onto filter media, a blank filter was
collected under dark conditions from the chamber contain-
ing a well mixed concentration of GL (∼2 ppmv) and ana-
lyzed with UPLC/ESI-HR-TOFMS. This blank was sampled
for the same duration as a sample filter. No SOA components
characterized in the present study or significant contaminants
were observed, consistent with the lack of observed aerosol

growth in the absence of light and AS seed aerosol. All fil-
ters used for UPLC/ESI-HR-TOFMS analysis were exam-
ined within 1–2 days of the filter extraction/sample prepara-
tion. Following their initial analysis, sample extract solutions
were stored at −20◦C. Selected samples were reanalyzed a
month after initial extraction and showed no signs of degra-
dation.

2.2 Aerodyne aerosol mass spectrometer

Real-time particle mass spectra were collected continu-
ously by the AMS, which is described in detail elsewhere
(DeCarlo, 2006; Canagaratna et al., 2007, and references
therein). The AMS switched once every minute between
a high resolution “W-mode” and a lower resolution, higher
sensitivity “V-mode”. The “V-mode” data were analyzed us-
ing a fragmentation table to separate out sulphate, ammo-
nium, and organic spectra and to time-trace specific mass-to-
charge ratios. “W-mode” data were analyzed using a sepa-
rate high-resolution spectra toolbox known as PIKA to de-
termine the chemical formulas contributing to distinct mass-
to-charge ratios (DeCarlo, 2006). Since GL easily fragments
to produce CH2O+, the fragmentation table was corrected so
that the organic signal at m/z 30 was equal to its total sig-
nal minus the contribution from air. The nitrate contribution
was changed to approximately 1.3 times the nitrate signal at
m/z 46 as this was the 30/46 ratio during ammonium nitrate
calibrations.
To determine elemental ratios, the computational tool-

box known as Analytical Procedure for Elemental Separation
(APES) was used. This toolbox applies the analysis proce-
dure described in Aiken et al. (2007) to the high-resolution
“W-mode data”. The particle-phase signal of CO+ and the
organic contribution to HxO+ ions were estimated as de-
scribed in Aiken et al. (2008).

2.3 Madison laser-induced phosphorescence instru-
ment

Gas-phase GL was detected with high specificity via Laser-
Induced Phosphorescence (LIP) using the Madison LIP In-
strument described in Huisman et al. (2008). This instrument
utilizes a White-type multipass cell in a 2-pass configuration
with gated photon counting and is highly sensitive, permit-
ting specific, direct, in situ measurement of GL with a one-
minute limit of detection (3σ ) of 6 pptv (part-per-trillion by
volume) per minute in a 32-pass configuration.

3 Results

3.1 Glyoxal uptake in the absence of light

For a typical experiment, gas-phase GL was present in the
chamber and equilibrated with the chamber walls prior to the
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Table 3. GL fragments observed via AMS and suggested structures
from which the fragments are formed.

m/z Fragment Formula Suggested Structure

29 CHO+

58 C2H2O+
2 OH

O H

77 C2H5O+
3 OHHO

HO OH

88 C3H4O+
3

O

O

O

105 C3H5O+
4

HO

HO

O

O

117 C4H5O+
4

HO

HO

O

O

135 C4H7O+
5

HO

HO

O

O OH

145 C5H5O+
5

175 C6H7O+
6

introduction of AS seed particles. Organic growth began im-
mediately upon particle addition, and reached a maximum
after approximately 10 h; over this time period, sulphate and
ammonium decreased due to particle wall losses. A repre-
sentative unit-mass AMS spectrum is shown in Fig. 3. The
fragments of interest to this study are summarized in Tables 3
and 4. The most significant fragments arem/z 44, 58, 68, 135,
145, and 175. The observed fragments are in general accord
with those observed by Liggio et al. (2005a), though certain
masses such as m/z 192 and 193 have lower signals in this
study. Proposed precursor structures for the fragment masses
marked in Fig. 3 are listed in Table 3. The fragment chemical
formulae are unequivocally confirmed by the high-resolution
spectra obtained in “W-mode”, verifying many of the assign-
ments made by Liggio et al. (2005a). Masses listed in Table 3
which are larger than or equal to m/z 77 represent ion frag-
ments of oligomers; as an example, the high-resolution peak
for m/z 135 is shown in Fig. 4a. In the high resolution spec-
tra, the only fragment ion found to contain both sulphur and
carbon is m/z 79 (CH3SO+

2 ); however, the signal intensity is
similar to that in the blank experiment (Exp. 7). Filter sample
analysis did not detect any organosulphates under dark con-
ditions in neutral (Exp. 4) or acidic seed (Fig. 5c, Exp. 5 and
6), as can be seen in the comparison between experiments
carried out under irradiated conditions (Fig. 5a, Exp. 10) and
experiments performed in the dark (Fig. 5b, Exp. 3).

Fig. 3. Representative unit-mass AMS spectrum. Distinct GL and
GL oligomer marker peaks are shown. The compound from which
each fragment was formed is listed in Table 3.

a

b

c

Fig. 4. High-resolution (“W-mode”) AMS peaks allow unequivocal
assignment of a C4H7O+

5 formula to them/z 135, C5H5O
+
5 formula

to the m/z 145, and C6H7O+
6 formula to the m/z 175 fragment ions.
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Fig. 5. UPLC/ESI-TOFMS extracted ion chromatograms (EICs) of
m/z 155 for selected GL experiments. The comparison of these EICs
reveals that glycolic acid sulphate only forms under irradiated con-
ditions when using AS seed aerosol. Comparison of the retention
time (RT) and mass (m/z) of the compound detected in panel (a)
and the glycolic acid sulphate standard, (d), unequivocally shows
that glycolic acid sulphate is being formed in the presence of light,
but not in neutral, (b), or acidic, (c), dark experiments.

After particle growth has stopped, the chamber was diluted
with clean air (Exp. 1 and 3) to investigate the reversibility
of GL uptake. Upon dilution, the concentrations of tracer,
gas-phase GL, and particle-phase organic, sulphate, and am-
monium decreased. To remove the effect of the decrease in
overall particle volume due to wall loss and to dilution, the
organic and several marker signals are normalized to sul-
phate. This normalized signal is proportional to the con-
densed phase concentration of each species. The normal-
ized organic signal and GL markers at m/z 58 and m/z 105
decrease after dilution by 15–25% and 18–30%, respectively.
The gas-phase GL concentration decreased by 25–40% of the
initial concentration and the overall organic signal decreased
relative to the tracer signal. Figure 6 shows this for a typical
dilution experiment (Exp. 3).
Several fragments were observed by the AMS to have

different temporal characteristics (and thus uptake kinetics)
than the total organic or GLn signal. Relatively strong signals
occurred at m/z 41, 68, 69, and 70. Weaker signals, approxi-
mately 5–10 times lower in magnitude, were also detected at
other masses, the largest fragment occurring at m/z 96. The
signal at m/z 68 increased immediately upon seed injection
and grew steadily, even after no further change in total or-
ganic growth was observable within the uncertainty of that
measurement. Furthermore, during dilution, the signal con-
tinued to increase when normalized to the sulphate signal.
These compounds contribute only ∼0.5% of total organic
mass measured by the AMS, but the sensitivity for these
compounds or the GLn has not been calibrated, and it is un-
likely such a calibration can be achieved for the oligomers.
Dilution has very little effect on the relative growth ofm/z 68,
implying that the reactions are irreversible with respect to the
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Fig. 6. The time traces of total organic, m/z 58, 105, and 68 frag-
ment ions normalized by the sulphate ion signal along with gas
phase GL concentrations for a dilution experiment (Exp. 3). Dilu-
tion begins at the black vertical line. Upon dilution, the normalized
organic and GL (m/z 58 and 105) marker signals decrease by 30%,
and 17%, respectively, which is less than the 25% reduction in gas-
phase GL concentrations. However, the system has clearly not equi-
librated and thus further loss of particle-phase GL is expected. In
contrast to the reversible behaviour of total organic and GL and GL
oligomer growth, the growth of the m/z 68 (imidazole) marker has
markedly different characteristics, indicating irreversible uptake.

lifetime of chamber aerosol. The high-resolution spectra ob-
tained with the AMS in “W-mode” show unequivocally that
these fragments originate from compounds containing car-
bon and nitrogen, as discussed below. Filter sample analy-
sis also showed the presence of several nitrogen containing
species in positive mode, including a species with m/z 97.

3.2 Glyoxal uptake in the presence of light

The AMS spectra in irradiated experiments initially resem-
bled those of dark uptake experiments, with many of the
same marker fragments prominent, but then changed quickly.
As under non-irradiated conditions, gaseous GL partitioned
immediately to the AS seed under UV light. The organic
signal increased quickly upon addition of AS aerosol, but
began to decrease soon after irradiation began. Upon reach-
ing a maximum, the GL marker signal decayed faster than
wall loss and the maximum is reached earlier than in the ex-
periments under dark conditions. No dilution was performed
in the irradiated experiments. The fractional contribution of
m/z 44 and m/z 68 increased upon irradiation (Fig. 7). The
irradiation resulted in a temperature increase of ∼5◦C and a
drop in relative humidity (see Table 2). As a result, the liq-
uid water content (LWC) was lowered and the total aerosol
volume decreased, which made it impossible to determine
the mass of GL taken up into the aerosol from the DMA
data. The fragment with m/z 44 can be confidently assigned
as CO+

2 , and in AMS spectra is considered an indicator of
the oxidation state of organic aerosol. Its increase in ir-
radiated experiments points to the fact that the amount of
oxidized organic species is increasing in these experiments.
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Fig. 7. The sulphate normalized GL and GL oligomer marker sig-
nals m/z 58 and 105 increase rapidly on introduction of seed aerosol
under irradiated conditions, but decrease rapidly without any dilu-
tion taking place, which is in marked difference to the dark exper-
iments. The m/z 44, and in particular, 68 marker signals increase
steadily during these experiments, indicating oxidation of the or-
ganic fraction of the aerosol and continued imidazole formation.

In agreement with this, numerous highly oxidized organic
species were detected via the UPLC/ESI-HR-TOFMS anal-
ysis, including glyoxylic, glycolic, and formic acids. Filter
sample analysis also showed the presence of a sulphur con-
taining compound with m/z 155. No OH source was added
in these experiments but a small amount of OH is potentially
being produced via photolysis of GL, resulting in formation
of the carboxylic acids. In one experiment, Fe was added to
the seed (Exp. 9). The results closely resembled those of the
other irradiated experiments (Exp. 8 and 10). Although car-
boxylic acids are formed, the O:C ratio of the organic frac-
tion of the aerosol is not increasing but rather decreasing. In
contrast the H:C and N:C ratios both increase in these exper-
iments. The ammonium fraction of the aerosol is excluded in
the calculation of N:C ratio.

4 Discussion

4.1 Organosulphate formation

The fragment ions m/z 145 and 175, which were previously
assigned the formulas CH5O6S+ and C2H7O7S+, respec-
tively by Liggio et al. (2005a), were unequivocally deter-
mined to be C5H5O+

5 and C6H7O
+
6 , respectively (Fig. 4a and

b) with the AMS in “W-mode”. The detection of these frag-
ments demonstrates the existence of trimers or larger GLn
in the aerosol. Liggio et al. (2005a) suggested that these
fragments correspond to fragmentation products of GL sul-
phates formed from a proposed aqueous reaction of sulphate
or bisulphate with GL. If this proposed mechanism were cor-
rect, it would be the only evidence prior to the work pre-
sented here for the formation of GL sulphates in chamber
aerosol resulting from GL uptake. The current study is in
the unique position to unambiguously determine the chemi-

cal formulas of both fragment ions due to the employment of
the high-resolution “W-mode”, which is not possible with a
quadrupole AMS. No sulphate esters were detected by the
UPLC/ESI-HR-TOFMS analysis of filter samples in non-
irradiated conditions with neutral or acidic seed (Fig. 5b and
5c ). This evidence suggests that GL sulphate does not form
in dark GL uptake experiments with AS seed.
Our results do not rule out that sulphates were formed in

the study by Liggio et al. (2005b), and our irradiated exper-
iments clearly demonstrate that organosulphates can form.
Figure 5a shows that m/z 155, which corresponds to glycolic
acid sulphate (C2H3SO−

6 , see below), is measured in filter
samples obtained during irradiated experiments (Exp. 8 and
10). The AMS did not detect this sulphate, most likely due
to a high degree of fragmentation. The same organosulphate
(as judged by elution time and formula) C2H3SO−

6 has previ-
ously been detected in filter samples from isoprene photoox-
idation experiments conducted in the Caltech chamber (Sur-
ratt et al., 2008) under intermediate- and high-NOx condi-
tions, which favour GL production, but only with acidic seed.
Ambient organic aerosol collected from K-puszta, Hungary
(Gómez-González et al., 2008) and from the southeastern
US (Surratt et al., 2008) has also been found to contain this
C2H3SO−

6 organosulphate. In the previous work this sul-
phate was proposed to be GL sulphate. In all of these studies
the filter extraction was performed in methanol. As sulphate
is a better leaving group than methoxy, it appeared likely that
the initially proposed GL sulphate would not be observed
with the methanol extraction method, as it should dissoci-
ate. Thus, isomers of C2H3SO−

6 were investigated and gly-
colic acid sulphate was chosen as a likely candidate since this
sulphate should be more stable in methanol and as a different
glycolic acid ester was proposed as one of the products of the
light induced experiments in the work presented here, which
suggests that a pathway for glycolic acid production exists.
We subsequently synthesized the glycolic acid sulphate and
verified that the mass and elution time of the standard and
the C2H3SO−

6 sulphate observed in this and previous studies
were identical using UPLC/ESI-HR-TOFMS (Fig. 5d). This
analysis shows that previous assignments of glyoxal sulphate
that were obtained via filter extraction involving methanol or
related solvents, such as in the chamber and ambient aerosol
studies mentioned above, should be revisited as carbonyl sul-
phates are not stable under these conditions. However, this
does not rule out the existence of carbonyl sulphates under
the conditions present in aerosol.
This is the first report of glycolic acid sulphate measured

in chamber filter samples of GL uptake, and one of the
few organosulphates to be positively identified in ambient
aerosol. Acid catalysis has been traditionally been implicated
in the formation of organosulphates. However, this study
shows no sulphate formation under acidic conditions in the
absence of light (Exp. 5 and 6) and recent studies have ques-
tioned this pathway for lower tropospheric conditions and in-
stead proposed an epoxide pathway (Minerath et al., 2008;
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Table 4. Fragments containing both carbon and nitrogen ob-
served and suggested chemical formulas. The masses detected by
UPLC/(+)ESI-TOFMS were detected in the protonated form.

m/z Fragment formula

Strong ions 41 C2H3N+
68 C3H4N+

2
69 C3H3NO+
70 C3H4NO+

Weak ions 46 CH4NO+
52 C3H2N+
53 C3H3N+
57 C2H3NO+
68 C3H2NO+
96 C4H4N2O+

ESI 97 C4H5N2O+
115 C4H7N2O+

2
129 C5H9N2O+

2
159 C6H11N2O+

3
173 C7H13N2O+

3
184 C7H10N3O+

3

Minerath and Elrod, 2009). In contrast, the glycolic acid
sulphate formation observed in this work requires a light in-
duced pathway as it is only observed in the presence of light
(Exp. 8 and 10), even in neutral seed aerosol. Although the
identification of C2H3SO−

6 as glycolic acid sulphate recon-
ciles the expected chemical stability to methanol extraction,
it is unclear how glycolic acid or its sulphate are formed,
although the increasing m/z 44 marker shows that there is
active oxidative chemistry occurring in the presence of UV
light. However, glycolic acid is not an oxidation product of
GL but rather a disproportionation product. We are currently
investigating the pathway for glycolic acid sulphate forma-
tion, which is unlikely to involve an epoxide.

4.2 Carbon-nitrogen containing compound formation

Although no significant AMS fragments containing both sul-
phur and carbon are found, several fragments in the high-
resolution spectra are found to contain nitrogen together with
carbon, hydrogen and occasionally oxygen (Table 4). In ad-
dition, filter samples analyzed with UPLC/ESI-HR-TOFMS
in positive mode showed compounds containing carbon and
nitrogen (C-N compounds), listed in Table 4. The identifi-
cation of the species corresponding to the chemical formulae
listed in Table 4 is ongoing but we have achieved a positive
identification of three masses in the AMS spectra; the strong
signals at m/z 41 (C2H3N) and 68 (C3H4N2, Fig. 8a), and a
weaker signal at m/z 96 (C4H4N2O, Fig. 8b). The carrier of
m/z 97 from the filter samples also had the formula C4H4N2O
(after the subtraction of a proton) in high-resolution positive

a

b

Fig. 8. High-resolution (W-mode) AMS peaks allow unequivocal
assignment of a C3H4N+

2 formula to the m/z 68, C4H4N2O
+ for-

mula to the m/z 96 fragment ions.

mode ESI and had the same elution time as a standard
of 1H-imidazole-2-carboxaldehyde (Sigma-Aldrich). The
AMS fragments are also consistent with 1H-imidazole-2-
carboxaldehyde. The high-resolution masses observed with
UPLC/ESI-HR-TOFMS and the AMS, the AMS fragmen-
tation pattern and the observed elution time provide strong
support for the assignment of the carrier of this signal to
1H-imidazole-2-carboxaldehyde. In further support of this
finding, the general Debus mechanism for imidazole forma-
tion (see following paragraph) predicts the formation of 1H-
imidazole-2-carboxaldehyde as shown in Fig. 9. Other C-N
containing products were observed, but have not been pos-
itively identified. The production of a very stable aromatic
compound such as an imidazole may be the thermodynamic
driving force behind this reaction and explains why carbon-
nitrogen containing fragments are observed in the AMS. This
is in contrast to the case of organic nitrates, which fragment
easily via loss of the nitrogen moiety.
Since no NOx was present or added to the chamber before

GL addition, the only source of labile nitrogen is ammonium
from AS. Therefore, the C-N ions likely arise from fragmen-
tation of products of a reaction between GL and ammonium.
Although the ammonium ion is not a nucleophile and is not
expected to react with GL, there will be a non-negligible con-
centration of ammonia in equilibrium with ammonium at the
pH found in AS aerosol. The reaction of GL and ammonia
is an established organic reaction for synthesis of imidazole
and was described in 1858 (Debus, 1858). In view of recent
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Fig. 9. Proposed formation mechanism of 1H-imidazole-2-
carboxaldehyde and observed m/z 68 and 96 fragment ion.

literature describing the observation of light absorbing com-
plexes and higher molecular weight compounds from reac-
tion of bulk solutions containing AS and GL (Nozière et al.,
2009; Shapiro et al., 2009), it is interesting to note the ob-
servations by Debus (1858). Debus (1858) describes forma-
tion of a brown solution as well as two colourless products;
imidazole (C3H4N2) and C6H6N4, most likely 2,2’-bi-1H-
imidazole, which is available commercially as a coloured
compound. Thus the reaction of GL with ammonia has a
long history. In addition to reaction with ammonia, the re-
action of GL with AS in bulk solution is well established.
In fact, a method for reaction of GL with formaldehyde and
AS in bulk aqueous solution with 69% yield has been pub-
lished and patented (Schulze, 1973). The author states the
yield of imidazole is surprisingly high, which could be a re-
sult of catalytic activity by ammonium (proposed recently
by Nozière et al., 2009) in addition to being a reactant, al-
though this is complicated by the pronounced effect of an-
ions on GL (Ip et al., 2009). A similar method for the pro-
duction of 2,2’-bi-1H-imidazole in bulk aqueous solution via
reaction of GL in AS with 43–54% yield has also been pub-
lished and patented (Cho et al., 2003). Thus, reaction of GL
with AS in bulk solutions to form coloured compounds has
a well established history. Other studies have addressed the
effect of added gas-phase ammonia (Na et al., 2006, 2007),
organic amines (Angelino et al., 2001; Murphy et al., 2007;
Silva et al., 2008), and amino acids (De Haan et al., 2009)
on SOA formation as well as bulk phase reactions between
AS and GL (Nozière et al., 2009; Shapiro et al., 2009) and
amino acids and GL (De Haan et al., 2009), but to the au-
thors’ knowledge, imidazole compounds have not been pre-
viously detected in AS seed aerosol chamber studies. The
mass spectrum published by Liggio et al. (2005a) does not
show a peak at m/z 68. However, subsequent to the initial
publication of our work, De Haan et al. (2009) identified
substituted imidazole compounds formed from the reaction
of GL and amino acids in both the bulk phase and in solid

phase aerosols. We report the first observation of the forma-
tion of C-N containing compounds from reaction of a car-
bonyl in AS seed aerosol, but this finding is not surprising
given the recent findings by De Haan et al. (2009) and the
well established chemistry reported for bulk solutions.
Little experimental data are available on the physical

properties of 1H-imidazole-2-carboxaldehyde, though it is
predicted to have a vapour pressure of 1.43×10−3 Torr
(SciFinder Scholar, 2008). Under mildly acidic conditions,
this molecule would be protonated, lowering the vapour pres-
sure and making it a viable candidate for an SOA constituent.
The pKB of imidazole is 7, so 50% will be protonated in neu-
tral solutions. Thus at the pH of AS (∼5) most of the imida-
zole will be protonated and the low volatility is evidenced by
the fact that the carrier of the m/z 68 signal does not reparti-
tion to the gas phase in the dilution or irradiated experiments.
The imidazole and other C-N compounds only contribute a
small amount to the total organic mass. It is possible that re-
action of other α-dicarbonyls and aldehydes could increase
this contribution. However, as mentioned above, some of the
reaction products of GL and AS are strongly light absorb-
ing (Shapiro et al., 2009) and even amounts that do not add
significantly to SOA mass could affect aerosol optical prop-
erties. As the imidazole is formed irreversibly, it could be
used as a tracer for atmospheric carbonyl-nitrogen reactivity
with implications for changing aerosol optical properties.

4.3 Overall organic growth and glyoxal oligomer forma-
tion

Analysis of the AMS spectra collected indicates strong ev-
idence for GLn within the aerosol (see Fig. 3). It is im-
portant to note that fragments with one or two carbons do
not necessarily arise only from GL monomers in the parti-
cle phase. They can also be fragmentation products of larger
oligomers; thus C1 and C2 fragments are a result of frag-
mentation of at least a monomer, C3 and C4 fragments are
the result of fragmentation from at least a dimer, and so on.
The GL and GLn mass fragments stop growing in parallel
with overall organic growth and show analogous behaviour
to total organic growth upon dilution. Organic growth in our
study reached a plateau, providing evidence for a steady-state
point, which could either be due to a depletion of a reactant in
an intrinsically irreversible process or because equilibrium,
with a corresponding modified effective Henry’s law con-
stant, is achieved. The dilution experiments, in which the
chamber air mass was diluted with GL-free air, provide key
evidence that this plateau is not caused by the depletion of
a reactant. The dilution process itself reduces the gas-phase
GL concentration and aerosol number density and thus to-
tal aerosol volume but does not change the composition of
the aerosol phase. However, if the aerosol-phase composi-
tion was achieved via equilibrium with the gas-phase GL,
reduction of the gas-phase GL concentration via dilution dis-
turbs this equilibrium. As a result the aerosol-phase organic
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content immediately after dilution is higher than the equilib-
rium value for the reduced gas phase concentration would
predict. The system will respond by re-partitioning GL to
the gas-phase. In our dilution experiments, which reduce
the gas-phase GL concentration by 25–40% (Fig. 6), the or-
ganic:sulphate ratio decreases by 15–25%, which shows that
organic aerosol content decreases relative to sulphate, imply-
ing a loss of GL from the aerosol phase. This shows that GL
uptake onto AS aerosol is reversible; GL will partition from
the aerosol to gas phase in the event of lowered gas phase
concentrations in the case of reversible uptake. The fact that
the aerosol phase organic content decreased a little less than
the gas-phase GL concentration is expected from the (slow)
kinetics.
For the dark GL uptake experiments, only C-N com-

pounds, GL and GLn were identified, while no organosul-
phate was found. C-N compounds are clearly formed irre-
versibly since no loss from the aerosol was seen upon di-
lution. The fact that they only contribute a small part of
the organic AMS signal and that overall organic growth as
well as GL and GLn growth are reversible, suggests strongly
that overall growth is dominated by GL and GLn. The stud-
ies by Liggio et al. (2005a,b) were conducted on timescales
(∼4 h) in which equilibrium was not yet achieved in our stud-
ies. We have therefore compared our organic growth during
the first 4 h with that of Liggio et al. (2005a,b) for exper-
iments at similar relative humidities of 49% (Liggio et al.,
2005a,b) and 55% (this study) and gas-phase GL concentra-
tions of 5.1 ppbv (Liggio et al., 2005a,b) and ∼70 ppbv (this
study). The organic/sulphate ratio after 4 h in the work by
Liggio et al. (2005a) is ∼16, which is more than an order of
magnitude larger than in this study (∼0.35), and we expect
that the difference would have been even larger if we had
employed the lower GL mixing ratios of the work by Lig-
gio et al. (2005a,b). Although the first two hours of our data
can be interpreted with a linear slope the curvature of 2–4 hrs
in the study presented here shows a decreasing uptake rate
in agreement with the fact that equilibrium is achieved after
about 10 h. It is hard to interpret a clear curvature in the work
by Liggio et al. (2005a). The average aerodynamic diameter
of the seed aerosol in the study by Liggio et al. (2005a) is
initially smaller and thus the uptake rate per volume of seed
aerosol is expected to be faster than in this study, but it is un-
likely that this alone can explain the discrepancy. In a more
recent study, Volkamer et al. (2009) showed that photochem-
ical uptake was higher within 90 s than over several hours
in our study and the study of Kroll et al. (2005). The pres-
ence of OH in the study by Volkamer et al. (2009) represents
a significant difference, which could explain the large dif-
ference in uptake rate. However, we also currently cannot
determine a particular reason why the non-irradiated studies
potentially show two different types of uptake (irreversible
and reversible) at different rates, information that is critical
if understanding of these processes is to be applied to ambi-
ent studies.

Although the primary focus of this work are the con-
densed phase reactions of GL and the reversibility of up-
take onto AS aerosol, effective Henry’s Law values for
GL were also calculated. Kroll et al. (2005) assumed a
unit density of 1 g/cm3 and used the seed volume to cal-
culate aerosol GL concentrations. In this manner the au-
thors obtained a value of K∗

H,mod=2.6×107 M/atm. How-
ever, the densities of GL trimer dihydrate (in our lab) and
GL aerosol derived from drying aerosolized 40% w/w GL
solutions (D. De Haan, personal communication, 2009) have
since been measured. These densities were determined to
be 1.67 g/cm3 and 1.71 g/cm3, respectively. Therefore, the
density of GL used in this work is ρ=1.69 g/cm3, which
is likely a lower limit due to partial molar volume effects
in solution. Using this density, we calculate an effective
Henry’s Law value of 3.4×107 M/atm for the data from
Kroll et al. (2005) and a value between 4.2×107 M/atm and
7.0×107 M/atm from this study. The study by Volkamer
et al. (2009) used a density of ρ=2 g/cm3 and used the frac-
tion of seed volume corresponding to LWC to calculate a
modified GL concentration. In this manner they obtained a
value of K∗∗

H,mod=1.65×108 M/atm. Using this method and
density, we calculate a value between 1.51×108 M/atm and
2.52×108 M/atm for our study, reflecting the experimental
uncertainty. However, it should be noted that the two stud-
ies were conducted under different conditions, as the study
Volkamer et al. (2009) had an OH source present, and thus
the corresponding Henry’s Law constants cannot be directly
compared. More work is needed to determine the effect of
GL concentration, AS and LWC on the effective Henry’s
Law constant of GL.

4.4 Glyoxal uptake under irradiated conditions

We present the first analysis of organic reaction products
formed during irradiated GL uptake with AS seed aerosol.
Within the framework of Fig. 1, the light induced reactions
that are occurring should add additional product channels in
the condensed phase, so a higher uptake would be expected
under irradiated conditions. No OH source was added in our
study and thus conditions are not identical to those employed
by Volkamer et al. (2009). However, there is a marked differ-
ence in the fate of GL in the particle phase for the irradiated
conditions compared to dark conditions in our study, even
without an added OH source: an organosulphate and organic
acids are formed. As discussed earlier, the organosulphate
formation is a result of a light induced mechanism, as can
be seen in the lack of organosulphate formed even in highly
acidic aerosol under non-irradiated conditions.
The relative signal strength of m/z 44, an indicator of oxi-

dized organic aerosol in the AMS spectra, shows that a sub-
stantial amount of oxidized organics are formed over the du-
ration of the irradiated experiments. This is supported by
the organic acids found in filter sample analysis: formic,
glyoxylic and glycolic acids, the latter a disproportionation
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product of GL, all of which have smaller Henry’s law con-
stants than GL. The formic acid and glycolic acid are ob-
served as an ester, a higher molecular weight condensation
product. Although no OH source was added, the observa-
tion of glyoxal oxidation products strongly indicates that the
irradiation resulted in radical chemistry. Whether this chem-
istry occurred via OH or some other radical mechanism can-
not be ascertained. If oxidation to more volatile products,
such as glyoxylic acid, is not significantly faster than con-
densation (e.g. the formic-glycolic acid ester, or oxidation to
oxalic acid, which can form SOA), the net SOA yield under
irradiated conditions should be higher than under dark con-
ditions as additional product channels are available. These
additional product channels also make Henry’s law analysis
of uptake inapplicable. In contrast to the study of Volkamer
et al. (2009), which generally found increased uptake and
uptake rate but had an OH source, overall organic growth
was reduced under irradiated conditions in this study as com-
pared to dark conditions. Enhanced loss of particle-phase GL
in the presence of light was observed, but while it is possi-
ble that rapid oxidation to higher volatility compounds, such
as formic and glyoxylic acid, and subsequent partitioning of
these to the gas phase is competing with the formation of GLn
and reaction of the oxidation products to higher molecular
weight compounds, it is also possible that increasing temper-
ature upon irradiation causes significant amounts of GL to
repartition to the gas phase. This is supported by the fact that
the O:C ratio started to decrease once the chambers were ir-
radiated. As the chambers heated, GL (O:C=1:1, H:C=1:1)
and possibly high volatility glyoxal oxidation products are
revolatilized to the gas phase, leaving behind irreversibly
formed compounds such as imidazoles (O:C=1:4, N:C=1:2
and H:C=1:1) and low volatility carboxylic acids. This loss
of GL, together with the lack of loss of imidazole, explains
the increase in the N:C ratio and an increase in the H:C ra-
tio, both of which are seen in these experiments. It is im-
portant to note that heating the chambers does not result in
efflorescence of the aerosol, as this would trap the GL within
the aerosol and increase oligomer formation (Loeffler et al.,
2006), which is not observed. GL photolysis in the gas phase
is also possible; however, since the walls act as a substan-
tial reservoir of GL that is at steady state with the gas phase,
this is less likely. In fact, during the irradiated GL uptake ex-
periment shown in Fig. 7, the gas-phase GL concentrations
remained constant at ∼150 ppbv throughout the experiment.
A quantitative comparison of SOA yields between dark and
irradiated conditions is not possible for this work due to the
different experimental conditions.

4.5 Implications to ambient aerosol

GL and other α-dicarbonyls, such as methylglyoxal, are
common oxidation products of both biogenic and anthro-
pogenic VOCs. The concentration of these α-dicarbonyls is

typically highest during the day and thus SOA formation un-
der irradiated conditions should be more important than un-
der dark conditions. However, for a detailed understanding
of the processes depicted in Fig. 1 and their contribution to
SOA formation under ambient conditions, it is desirable to
address these processes separately, therefore an analysis of
GL uptake under both dark and irradiated conditions is help-
ful. While uptake and aerosol phase chemistry of GL and
other α-dicarbonyls may differ, understanding GL is instruc-
tive as a model for understanding the chemistry involved in
other systems for model and experimental studies. Our study
shows that GL uptake involves both reversible processes,
such as growth via GL monomer and oligomers, and irre-
versible processes, such as C-N compound formation and ox-
idation reactions under irradiated conditions. The reversible
processes are likely less relevant to ambient SOA formation
as they will repartition GL to the gas phase upon decreasing
GL gas-phase concentrations, such as night time or transport
away from GL sources. However, they provide a pathway for
uptake of GL into the particle phase, allowing the irreversible
processes to proceed. The majority of organic growth in the
chamber studies under dark conditions occurs via GL up-
take with subsequent oligomer formation, but ambient GL
concentrations are substantially lower (2–3 orders of magni-
tude), so it is less likely the organic character of the aerosol
will involve multiple GL molecules such as oligomers and
1H-imidazole-2-carboxaldehyde. However, it is likely that
reactions with other aldehydes will occur. Aldehydes and
α-dicarbonyls are ubiquitous, and the discovery of this new
C-N reaction pathway allows for the potential production of
many different imidazole compounds. While methylglyoxal
is the most abundant α-dicarbonyl, GL is likely the most im-
portant α-dicarbonyl for formation of imidazoles due to the
fact that the Henry’s law constant for GL is larger than that
for methylglyoxal (K∗

H,aq,MGL=3.2×104 M/atm), and thus it
partitions more strongly to aqueous aerosol. However, Mat-
sunaga et al. (2004) detected higher levels of methylglyoxal
than GL in ambient particulate matter, indicating that the
high gas phase mixing ratios of methylglyoxal may make
it an important contributor to SOA formation. As the un-
derlying reasons for the large difference between K∗

H,aq and
K∗
H,mod are not known, it is difficult to estimate the Henry’s

law constant for methylglyoxal for AS seed aerosol. Kroll
et al. (2005) did not observe any organic growth for methyl-
glyoxal, but the growth from imidazoles, which proceeds via
an α-dicarbonyl monomer, might have been below the detec-
tion threshold. Even small amounts of the newly discovered
light absorbing compounds, in particular C-N compounds, in
aerosol can influence the optical properties of the aerosol due
to their strong absorptive properties (Shapiro et al., 2009). In
this context it is interesting to note that Barnard et al. (2008)
found enhanced absorption of “brown carbon” aerosol in
Mexico City that added about 40% absorption to that of
black carbon. Imidazoles are an ideal tracer for these C-N
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compounds, due to the ubiquitous nature of their precursors,
as described above. This study suggests that methods should
be developed to allow analysis of field aerosol samples with
respect to this class of compound, and potentially also for
compounds derived from methylglyoxal, which is typically
present in higher concentrations in areas in which biogenic
VOC chemistry dominates (Spaulding et al., 2003). This
study also shows that irradiated conditions produce oxidation
products of GL even in the absence of an added OH source.
However, the monomers found in this study, such as formic
acid, glycolic acid and glyoxylic acids, have lower Henry’s
law constants than GL and thus will not necessarily increase
SOA yields. An exception would be the production of ox-
alic acid and higher molecular weight compounds, such as
organosulphates, which would increase SOA yields.

5 Conclusions

This study provides new insights into processes that can con-
tribute to SOA formation from GL and the degree of re-
versibility of these processes. Reversibility is judged with
respect to the experimental timescales, which were as long
as 26 h after initiation of organic growth. We demonstrate
that:

1. GL does not form a sulphate (i.e. organosulphate of GL)
that can be detected using methods based on filter ex-
traction. It is likely that carbonyl sulphates are in gen-
eral not stable enough to be identified with filter extrac-
tion methods. Previous assignments of such compounds
should be revisited,

2. C2H3SO−
6 , which has been found in ambient samples,

corresponds to glycolic acid sulphate. It is not formed
under dark conditions with neutral or acidic AS seed
aerosol and was only observed in irradiated experi-
ments. The glycolic acid sulphate was identified by
comparison with a laboratory synthesized standard,

3. carbon-nitrogen containing compounds form irre-
versibly with AS seed aerosol,

4. overall GL uptake and GL oligomer formation in the
particle phase are reversible for neutral AS seed aerosol
in the dark for the experimental conditions of this study,

5. there is clear evidence for active photochemistry for GL
uptake under irradiated conditions, including formation
of glyoxylic acid, glycolic acid, formic acid, and gly-
colic acid sulphate.

Further studies are required to evaluate imidazoles as trac-
ers of carbonyl-ammonium chemistry that produces strongly
light absorbing aerosol products. Studies are ongoing to elu-
cidate the formation of condensed-phase oxidation products
and, in particular, glycolic acid sulphate and the contribution
of these compounds to SOA.
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Gómez-González, Y., Surratt, J. D., Cuyckens, F., Szmigielski, R.,
Vermeylen, R., Jaoui, M., Lewandowski, M., Offenberg, J. H.,
Kleindienst, T. E., Edney, E. O., Blockhuys, F., Van Alsenoy, C.,
Maenhaut, W., and Claeys, M.: Characterization of organosul-
fates from the photooxidation of isoprene and unsaturated fatty
acids in ambient aerosol using liquid chromatography/(-) elec-
trospray ionization mass spectrometry, J. Mass. Spectrom., 43,
371–382, doi:10.1002/jms.1329, 2008.

Gross, D. S., Galli, M. E., Kalberer, M., Prevot, A. S. H., Dom-
men, J., Alfarra, M. R., Duplissy, J., Gaeggeler, K., Gascho, A.,
Metzger, A., and Baltensperger, U.: Real-time measurement of
oligomeric species in secondary organic aerosol with the aerosol
time-of-flight mass spectrometer, Anal. Chem., 78, 2130–2137,
doi:10.1021/ac060138l, 2006.

Hastings, W. P., Koehler, C. A., Bailey, E. L., and DeHaan, D.
O.: Secondary organic aerosol formation by glyoxal hydra-

tion and oligomer formation: humidity effects and equilibrium
shifts during analysis, Environ. Sci. Technol., 39, 8728–8735,
doi:10.1021/es050446l, 2005.

Heald, C. L., Jacob, D. J., Park, R. J., Russell, L. M., Hue-
bert, B. J., Seinfeld, J. H., Liao, H., and Weber, R. J.:
A large organic aerosol source in the free troposphere miss-
ing from current models, Geophys. Res. Lett., 32, L18809,
doi:10.1029/2005GL023831, 2005.

Huisman, A. J., Hottle, J. R., Coens, K. L., DiGangi, J. P., Gal-
loway, M. M., Kammrath, A., and Keutsch, F. N.: Laser-
induced phosphorescence for the in situ detection of glyoxal
at part per trillion mixing ratios, Anal. Chem., 80, 5884–5891,
doi:10.1021/ac800407b, 2008.

Ip, H. S. S., Huang, X. H. H., and Yu, J. Z.: Effective Henry’s law
constants of glyoxal, glyoxylic acid, and glycolic acid, Geophys.
Res. Lett., 36, L01802, doi:10.1029/2008GL036212, 2009.

Jang, M. S., Czoschke, N. M., Lee, S., and Kamens, R.
M.: Heterogeneous atmospheric aerosol production by acid-
catalyzed particle-phase reactions, Science, 298, 814–817,
doi:10.1126/science.1075798, 2002.

Keywood, M. D., Varutbangkul, V., Bahreini, R., Flagan, R. C.,
and Seinfeld, J. H.: Secondary organic aerosol formation from
the ozonolysis of cycloalkenes and related compounds, Environ.
Sci. Technol., 38, 4157–4164, doi:10.1021/es035363o, 2004.

Kielhorn, J., Pohlenz-Michel, C., Schmidt, S., and Mangelsdorf,
I.: Concise International Chemical Assessment Document 57:
Glyoxal, 57, 2004.

Kroll, J. H., Ng, N. L., Murphy, S. M., Varutbangkul, V., Fla-
gan, R. C., and Seinfeld, J. H.: Chamber studies of sec-
ondary organic aerosol growth by reactive uptake of sim-
ple carbonyl compounds, J. Geophys. Res., 110, D23207,
doi:10.1029/2005JD006004, 2005.

Liggio, J., Li, S., and McLaren, R.: Heterogeneous reactions
of glyoxal on particulate matter: Identification of acetals
and sulphate esters, Environ. Sci. Technol., 39, 1532–1541,
doi:10.1021/es048375y, 2005a.

Liggio, J., Li, S., and McLaren, R.: Reactive uptake of gly-
oxal by particulate matter, J. Geophys. Res., 110, D10304,
doi:10.1029/2004JD005113, 2005b.

Loeffler, K. W., Koehler, C. A., Paul, N. M., and De Haan, D.
O.: Oligomer formation in evaporating aqueous glyoxal and
methyl glyoxal solutions, Environ. Sci. Technol., 40, 6318–6323,
doi:10.1021/es060810w, 2006.

Matsunaga, S., Mochida, M., and Kawamura, K.: Variation on
the atmospheric concentrations of biogenic carbonyl compounds
and their removal processes in the Northern Forest at Moshiri,
Hokkaido Island in Japan, J. Geophys. Res., 109, D04302,
doi:10.1029/2003JD004100, 2004.

Minerath, E. C. and Elrod, M. J.: Assessing the potential for diol
and hydroxy sulfate ester formation from the reaction of epoxides
in tropospheric aerosols, Environ. Sci. Technol., 43, 1386–1392,
doi:10.1021/es8029076, 2009.

Minerath, E. C., Casale, M. T., and Elrod, M. J.: Kinetics feasibility
study of alcohol sulfate esterification reactions in tropospheric
aerosols, Environ. Sci. Technol., 42, 4410–4415, 2008.

Murphy, S. M., Sorooshian, A., Kroll, J. H., Ng, N. L., Chhabra, P.,
Tong, C., Surratt, J. D., Knipping, E., Flagan, R. C., and Seinfeld,
J. H.: Secondary aerosol formation from atmospheric reactions
of aliphatic amines, Atmos. Chem. Phys., 7, 2313–2337, 2007,

Atmos. Chem. Phys., 9, 3331–3345, 2009 www.atmos-chem-phys.net/9/3331/2009/

326



M. M. Galloway et al.: Glyoxal uptake on ammonium sulphate seed aerosol 3345

http://www.atmos-chem-phys.net/7/2313/2007/.
Myriokefalitakis, S., Vrekoussis, M., Tsigaridis, K., Wittrock, F.,
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Abstract. Laboratory chamber data serve as the basis for
constraining models of secondary organic aerosol (SOA) for-
mation. Current models fall into three categories: empiri-
cal two-product (Odum), product-specific, and volatility ba-
sis set. The product-specific and volatility basis set models
are applied here to represent laboratory data on the ozonol-
ysis of α-pinene under dry, dark, and low-NOx conditions
in the presence of ammonium sulfate seed aerosol. Us-
ing five major identified products, the model is fit to the
chamber data. From the optimal fitting, SOA oxygen-to-
carbon (O/C) and hydrogen-to-carbon (H/C) ratios are mod-
eled. The discrepancy between measured H/C ratios and
those based on the oxidation products used in the model fit-
ting suggests the potential importance of particle-phase re-
actions. Data fitting is also carried out using the volatility
basis set, wherein oxidation products are parsed into volatil-
ity bins. The product-specific model is most likely hindered
by lack of explicit inclusion of particle-phase accretion com-
pounds. While prospects for identification of the majority of
SOA products for major volatile organic compounds (VOCs)
classes remain promising, for the near future empirical prod-
uct or volatility basis set models remain the approaches of
choice.

1 Introduction

Laboratory chamber data are needed to determine secondary
organic aerosol (SOA) yields from volatile organic com-
pounds (VOCs). The fundamental concept on which all de-
scriptions of SOA formation lies is that SOA comprises a
mixture of semivolatile organic compounds that partition be-

Correspondence to: J. H. Seinfeld
(seinfeld@caltech.edu)

tween the gas and particle phases (Pankow, 1994a,b; Odum
et al., 1996; Hallquist et al., 2009). Gas-particle partitioning
of each compound is described by an equilibrium partition-
ing coefficient, Kp,

Kp = P

GM
∼ 1

c∗ (1)

where G is the mass concentration per unit volume of air
(µgm−3) of the semivolatile species in the gas phase, P is
the mass concentration per unit volume of air (µgm−3) of
the semivolatile species in the particle phase, and M is the
mass concentration per unit volume of air (µgm−3) of the
total absorbing particle phase. The equilibrium partition-
ing coefficient, Kp (m3 µg−1), is inversely proportional to
the saturation vapor concentration, c∗ (µgm−3), of the pure
semivolatile compound (see Appendix A). M refers only to
the portion of the particulate matter participating in absorp-
tive partitioning (organic aerosol into which semivolatile or-
ganics can partition and the aqueous portion of the parti-
cles in the case of water-soluble organics). Note that as
long as some absorbing mass is present, some fraction of
a given semivolatile compound partitions into the particle
phase, even if its gas-phase concentration is below its sat-
uration vapor concentration, c∗.
Oxidation of a parent VOC leads to a variety of

semivolatile products, each with its own saturation vapor
concentration. Moreover, the semivolatile oxidation products
may be formed from first- or higher generation gas-phase re-
actions, and the products themselves may react further in the
gas phase to yield compounds of either lower (in the case of
addition of more functional groups) or greater (in the case
in which the carbon backbone of the molecule is cleaved)
volatility.
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The fraction F of a semivolatile compound in the particle
phase can be expressed in terms of Kp or c∗ as

F = P

G + P
= MKp

1+ MKp

= 1
1+ c∗/M

(2)

As the amount of absorbing material (M) increases, com-
pounds of greater volatility (larger c

∗, smaller Kp) will par-
tition increasingly into the particle phase. When c

∗=M , half
of the semivolatile mass resides in the particle phase. If
M�c

∗, essentially all of the semivolatile species is in the
particle phase.
In the first basic model of SOA formation, Odum et al.

(1996) represented the process of SOA formation by n

semivolatile products and showed that the SOA yield Y , de-
fined as the mass of aerosol formed per mass of hydrocarbon
reacted, can be expressed as

Y = M

�

i

αiKp,i

1+ MKp,i

(3)

where αi is the mass-based stoichiometric coefficient for
product i (mass of i produced per mass of parent VOC re-
acted). Note that Y can exceed 1.0 as a result of the in-
crease of molecular mass of oxidation products (the designa-
tion “aerosol mass fraction” is also used for Y ). Equation (3)
is an equilibrium model in that it relates the amount of each
product formed to the amount of VOC reacted regardless of
number of chemical steps involved. While, in principle, n

can be as large as desired, in the application of the Odum
model usually n=2. The two products are not necessarily
associated with actual compounds, and the 4 parameters, α1,
α2,Kp,1, andKp,2, are estimated by optimal fitting of Eq. (3)
to the data.
SOA forms when gas-phase oxidation products of a hy-

drocarbon precursor partition between the gas and particle
phases. Products with lower vapor pressures partition pref-
erentially to the particle phase; compounds that are more
highly functionalized tend to have lower vapor pressures.
The degree of partitioning to the particle phase depends also
on the quantity of absorbing organic material in that phase
into which the compounds can condense; as the mass of ab-
sorbing material increases, compounds of higher vapor pres-
sure that tend not to partition to the particle phase under low
mass loadings do so at the higher mass loadings. The re-
sult is that SOA at low mass loading tends to be enriched in
the least volatile (and most oxygenated) products (Bahreini
et al., 2005; Shilling et al., 2008). In typical chamber exper-
iments, a range of initial hydrocarbon precursor concentra-
tions is employed in order to determine SOA yields as a func-
tion of the mass concentration of organic particles generated.
When chamber experiments are conducted over a range of
initial VOC concentrations, such experiments afford a view
of the full spectrum of oxidation products, thereby facilitat-
ing the formulation of chemical mechanisms.
Laboratory chamber studies are limited in duration to

about 12 h or so, as constrained by particle deposition on the

chamber walls, whereas the typical atmospheric lifetime of a
particle is considerably longer. Chamber studies capture the
initial multi-hour VOC oxidation but not that which takes
place on a multi-day time scale. The sequence of reactions
and associated SOA formation that occur over the duration of
a chamber experiment can be termed as the chamber phase.
(Stanier et al. (2008) have referred to this as the “prompt”
phase.) The chamber or prompt phase chemistry begins with
oxidant (OH, O3, NO3) attack on the VOC, initiating a series
of reactions, which can depend critically on NOx level, lead-
ing to semivolatile products. Experimentally-derived SOA
yields reflect the extent of SOA formation over the chamber
phase. Reactions that occur on a time scale longer than a
chamber experiment can be termed the aging phase, during
which the following processes may occur: (1) particle-phase
accretion reactions that convert semivolatile condensed prod-
ucts to essentially non-volatile compounds; (2) gas-phase ox-
idation reactions of chamber phase semivolatile products that
are too slow to be important during the chamber phase but
are capable of producing compounds of even lower volatil-
ity over the aging phase; and (3) gas-particle reactions that
convert some particulate material to volatile products. Over
the typical time scale and spatial grid scale of atmospheric
models, SOA formation occurring on the chamber phase time
scale can be considered as taking place essentially instanta-
neously, suggesting that an equilibrium partitioning model
for this phase is appropriate. Over the longer aging time
scale, the equilibrium partitioning can be considered to be
slowly perturbed as chemical aging takes place.

2 Form of SOA model

If a number of products accounting for a significant fraction
of the total mass of SOA have been identified, these major
products can serve as SOA surrogates in a product-specific
model (Pankow et al., 2001; Seinfeld et al., 2001). Upon es-
timating the vapor pressures, the values of Kp of the major
products can be determined. For the product-specific model,
major identified particle-phase products are chosen as SOA
surrogates to represent other chemically similar compounds,
and to give a reasonable approximation of gas/particle parti-
tioning of all other products (Pankow et al., 2001). The sim-
ulated SOA composition may allow a first approximation of
the properties of SOA (e.g., water uptake and cloud conden-
sation nuclei activity). The SOA composition changes with
organic mass loading, and the amount of hydrocarbon precur-
sors reacted can be tracked. Using the simulated SOA com-
position, one can also calculate the aerosol oxygen-to-carbon
(O/C) and hydrogen-to-carbon (H/C) ratios at different load-
ings. Simulated ratios for O/C and H/C can be compared
with those measured.
An alternative approach is the volatility basis set, in which

the range of products is specified in terms of volatility bins
(Donahue et al., 2006; Stanier et al., 2008). The product
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volatilities can be segmented into order-of-magnitude volatil-
ity bins (expressed as values of c

∗). Since SOA products
are grouped into volatility bins, specific information about
the chemical composition of SOA is not required. For the
volatility basis set, Stanier et al. (2008) present a methodol-
ogy for selecting the maximum and minimum values of c

∗,
and logarithmic spacing between c

∗ values then determines
the number of volatility bins.
Either treatment has the potential to reproduce the mea-

sured concentrations of major reaction products (both gas-
phase and particle-phase), even in the absence of details of
major particle-phase reactions. On the other hand, if an equi-
librium state is not attained during the chamber phase, the
kinetics of gas-phase and particle-phase reactions determine
the SOA composition. In such cases, development of kinetic
models in which reaction products undergo reactions in both
gas-phase and particle-phase is needed to describe the SOA
formation (Chan et al., 2007).
The goal of this work is to evaluate the product-specific

approach to SOA modeling, using a system that has been rel-
atively well characterized in the laboratory: ozonolysis of α-
pinene. Because of a general lack of complete product iden-
tification for any SOA system, as well as uncertainty about
the properties of the products, in practical terms, parameters
in the model need to be determined by optimal fitting of the
model to chamber data.

3 Ozonolysis of α-pinene

3.1 Product-specific model

Ozonolysis of α-pinene is, in many respects, an excellent
test case for an SOA model. A number of experimental
studies exist in the literature, and relatively complete prod-
uct identification has been carried out. Oxocarboxylic acids,
hydroxy oxocarboxylic acids, dicarboxylic acids, oxoalde-
hydes, and organic peroxides are the major classes of SOA
products identified (Yu et al., 1999; Docherty et al., 2005).
For the purposes of evaluating the product-specific model it
is assumed that there are five major products: pinonic acid,
pinic acid, pinonaldehyde, a hydroperoxide, and terpenylic
acid (Table 1). These compounds are chosen to reflect the
current understanding of the gas-phase products formed in
the ozonolysis of α-pinene.
The vapor pressure of a product i is estimated by using a

group contribution method developed by Pankow and Asher
(2008). At a given temperature, the Kp,i of the product i

is determined by assuming that its activity coefficient, ζi , is
unity, and the molecular weight of product i is taken as the
mean molecular weight of the surrogate mixture, MW , as a
first approximation. These assumptions may be reasonable
as the range of molecular weights of products is small (168–
200 gmol−1, see Table 1) and the amount of water present
in the particle phase is not significant under dry conditions

(<5%–40%RH). Bilde and Pandis (2001) measured the va-
por pressure of semivolatile products formed from oxida-
tion of biogenic monoterpenes using a laminar flow reac-
tor with uncertainty of ±50%. They reported a vapor pres-
sure of 1.989×10−10 atm for pinic acid at 293K, which is
comparable to the estimated value (4.605×10−10 atm) using
the Pankow and Asher (2008) model. At a given tempera-
ture, the estimated vapor pressures of the major products us-
ing the Pankow and Asher (2008) model are lower than that
estimated by Jenkin (2004). Hence, the present estimated
Kp values of major products are larger than those reported
by Jenkin (2004). For example, Jenkin (2004) estimated
a higher vapor pressure of pinic acid of 4.7×10−4 torr (or
6.18×10−7 atm) at 298K compared to that reported by Bilde
and Pandis (2001) (4.213×10−10 atm).
When the vapor pressure estimation is carried out for

the α-pinene/ozone system, two sets of two products each
are estimated to have very similar Kp values. For ex-
ample, at 293K, the estimated value of Kp of hydroxy
pinonic acid (Kp=0.2802) is very close to that of pinic
acid (Kp=0.2822), and the estimated Kp of pinonic acid
(Kp=0.0018) is close to that of hydroxy pinonaldehyde
(Kp=0.0017). In such a case, two products of essentially
identical vapor pressures cannot be distinguished, and a sin-
gle product is chosen to represent the two products. Pinonic
acid is chosen to represent the pinonic acid, norpinonic acid,
hydroxy pinonaldehyde, and isomers. Pinic acid is chosen
to represent pinic acid, norpinic acid, hydroxy pinonic acid,
and isomers.
The basic chamber data are considered to be in the form

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

periments conducted under dry, dark, and low-NOx con-
ditions in the presence of dry (NH4)2SO4 particles (Ng
et al., 2006; Pathak et al., 2007; Shilling et al., 2008). The
SOA yield data cover a range of organic mass loading (0.5–
411µgm−3) and are used for the parameterization to model
the SOA yield relevant to atmospheric conditions (Presto and
Donahue, 2006). An effective SOA density of 1.25 g cm−3

is applied for conversion of volume to mass concentration
in determination of SOA yield. It is noted that Shilling

www.atmos-chem-phys.net/9/5669/2009/ Atmos. Chem. Phys., 9, 5669–5680, 2009

331



5672 M. N. Chan et al.: SOA modeling

Table 1. Major products chosen to represent the ozonolysis of α-pinene under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles. a Vapor pressure is determined at 293K using a model developed by Pankow and Asher (2008). Kp is
determined at 293K with the assumption of activity coefficient of the products equal to one and the molecular weight of product i is used
as mean molecular weight in organic absorbing phase, as a first approximation. b (Claeys et al., 2009) c The enthalpy of vaporization, �Hv

(kJmol−1) of the product is estimated by plotting the estimated vapor pressure of the product against temperature. The �Hv of the product
can be estimated from the slope of the line following the Clausius-Clapeyron equation.
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     Product-Specific Model Volatility Basis Set 
      (Kp  1 case)  (Kp  100 case)  

Product 
 

Chemical 
structure 

O/C H/C Hv c Kp 
a (c*)   Kp 

 (c*) 
 

  Kp (c*)   from Product-Specific 
Model  (Kp  100 case) 

Pinic acid 
C9H14O4  

(MW: 186)   
OH

O

O

OH  

0.444 1.556 99.89 0.2822 
(3.544) 

0.2308 28.22  
(0.0354) 

0.0563 100 (0.01) 

  

0.0707 0.0563 
(Pinic acid: c* = 0.0354) 

Terpenylic acid b 
C8H12O4  

(MW: 172) 

O

O

OH

O
 

0.5 1.5 76.73 0.0332 
(30.12) 

0.0172 3.32    
(0.3012) 

0.0132 10 (0.1) 0.0110 0.0131 
(Terpenylic acid: c* = 0.3012) 

Hydroperoxide 
C10H16O4  

(MW: 200) 

O

O

OOH

 

0.4 1.6 83.99 0.0029 
(344.8) 

0.0181 0.29      
(3.448) 

0.0173 1 (1) 0.0120 0.0172 
(Hydroperoxide: c* = 3.448) 

Pinonic acid 
C10H16O3  

(MW: 184)  
O

O

OH  

0.3 1.6 81.72 0.0018 
(555.6) 

0.6883 0.18      
(5.556) 

0.1573 0.1 (10) 0.1603 0.1573 
(Pinonic acid: c* = 5.556) 

         0.01 (100) 0.0210 - 

Pinonaldehyde 
C10H16O2  

(MW: 168) 
O

O
 

0.2 1.6 69.53 1.145  10-5 

(87334) 
1 1.145  10-3 

(873.34) 
0.9380 0.001 (1000) 0.9554 0.9380 

(Pinonaldehyde: c* = 873.34) 

Shilling et al. (2008) but are lower than those reported by
Shilling et al. (2008) for organic mass loadings less than 2
µg m−3. Measurement uncertainties may explain part of the
variability in SOA yield data reported by Ng et al. (2006) at
low organic mass loading.

Data, plotted as SOA yield, Y , versus organic mass load-
ing, M , are shown in Fig. 1. The SOA yield increases rapidly
at low organic mass loading and more slowly at high organic
mass loading. Shown in Fig. 1 are the optimal fits to the
product-specific and volatility basis set models. In order to
evaluate the effect of uncertainty in Kp values, results are
shown for the estimated values of Kp (termed Kp × 1 case)
and the estimated values of Kp increased by a factor of 100
(termed Kp × 100 case). Previous modeling studies on this
system have also shown that an overall increase of Kp of all
products of a factor on the order of 102 is needed to explain
the partitioning (Jenkin, 2004; Chen and Griffin, 2005). In
each case, the αi values are determined by optimal fitting
to the data. Different sets of αi values produce essentially
the same goodness of fit to the overall mass yield. The sets
can be discriminated according to how well they fit the SOA
composition as compared to that measured. The αi values
are chosen to give the best fit to experimental SOA yields
and SOA composition. As shown in Fig. 1, the predicted
SOA yields agree well with the experimental SOA yield data
in both Kp×1 and Kp×100 cases. The Kp×100 case gives a
better estimation of SOA yields at low organic mass loading
than the Kp × 1 case. However, the optimized curves under-
predict the SOA yield data reported by Shilling et al. (2008)
when the organic mass loading is less than ∼ 2 µg m−3.

For the Kp × 1 case, the predicted SOA yields are lower
than the measured ones at low organic mass loading. The
data fitting produces the unrealistic result that the mass yield
of the pinonaldehyde is unity. The sum of fitted molar yields
exceeds 1. One likely explanation is the uncertainty in the
estimation of the Kp of major products (vapor pressure and
activity coefficient). The estimated vapor pressure of the
products using the group contribution method is too high,
and the products are estimated to be too volatile. In or-
der to match experimental SOA yields, large mass yields
of the products are predicted so that a significant amount
of the products is partitioned into the particle phase. This
results in unrealistically high mass yields of the products.
Another likely explanation is that other products (gas-phase
and/or particle-phase) of higher Kp (and lower volatilities)
are present. Particle-phase reaction products (e.g., oligomers
and esters), which are likely present, tend to have higher
molecular weights and lower volatilities (Gao et al., 2004;
Iinuma et al., 2004; Müller et al., 2008), effectively enhanc-
ing the Kp values (Kroll and Seinfeld, 2005). For example,
an ester, which is formed between pinic acid and hydroxy
pinonic acid, has been detected (Müller et al., 2008). At 293
K, the estimated Kp of the ester is 4.96×105, which is much
larger than that of hydroxy pinonic acid (Kp = 0.2802) and
of pinic acid (Kp = 0.2822).

3.2 Volatility basis set model

The volatility basis set model is also applied to fit the ex-
perimental SOA yields. The estimated volatility (or c∗) of
products spans from 0.035 to 873 µg m−3. A volatility basis

et al. (2009) reported a higher effective SOA density (1.73–
1.4 g cm−3) at low organic mass loading (0.5–7µgm−3).
The SOA yield data from Shilling et al. (2008) are adjusted
to 293K, using a temperature correction factor suggested by
Pathak et al. (2007). Generally, the time-dependent SOA
yield data reported by Ng et al. (2006) are in good agree-
ment with the final SOA yield data reported by Pathak et al.
(2007) and Shilling et al. (2008) but are lower than those
reported by Shilling et al. (2008) for organic mass loadings
less than 2µgm−3. Measurement uncertainties may explain
part of the variability in SOA yield data reported by Ng et al.
(2006) at low organic mass loading.
Data, plotted as SOA yield, Y , versus organic mass load-

ing,M , are shown in Fig. 1. The SOA yield increases rapidly
at low organic mass loading and more slowly at high organic
mass loading. Shown in Fig. 1 are the optimal fits to the
product-specific and volatility basis set models. In order to
evaluate the effect of uncertainty in Kp values, results are
shown for the estimated values of Kp (termed Kp×1 case)
and the estimated values of Kp increased by a factor of 100
(termed Kp×100 case). Previous modeling studies on this
system have also shown that an overall increase of Kp of all
products of a factor on the order of 102 is needed to explain
the partitioning (Jenkin, 2004; Chen and Griffin, 2005). In
each case, the αi values are determined by optimal fitting
to the data. Different sets of αi values produce essentially
the same goodness of fit to the overall mass yield. The sets
can be discriminated according to how well they fit the SOA
composition as compared to that measured. The αi values
are chosen to give the best fit to experimental SOA yields

and SOA composition. As shown in Fig. 1, the predicted
SOA yields agree well with the experimental SOA yield data
in bothKp×1 andKp×100 cases. TheKp×100 case gives a
better estimation of SOA yields at low organic mass loading
than the Kp×1 case. However, the optimized curves under-
predict the SOA yield data reported by Shilling et al. (2008)
when the organic mass loading is less than ∼2µgm−3.
For the Kp×1 case, the predicted SOA yields are lower

than the measured ones at low organic mass loading. The
data fitting produces the unrealistic result that the mass yield
of the pinonaldehyde is unity. The sum of fitted molar yields
exceeds 1. One likely explanation is the uncertainty in the
estimation of the Kp of major products (vapor pressure and
activity coefficient). The estimated vapor pressure of the
products using the group contribution method is too high,
and the products are estimated to be too volatile. In or-
der to match experimental SOA yields, large mass yields
of the products are predicted so that a significant amount
of the products is partitioned into the particle phase. This
results in unrealistically high mass yields of the products.
Another likely explanation is that other products (gas-phase
and/or particle-phase) of higher Kp (and lower volatilities)
are present. Particle-phase reaction products (e.g., oligomers
and esters), which are likely present, tend to have higher
molecular weights and lower volatilities (Gao et al., 2004;
Iinuma et al., 2004; Müller et al., 2008), effectively enhanc-
ing the Kp values (Kroll and Seinfeld, 2005). For example,
an ester, which is formed between pinic acid and hydroxy
pinonic acid, has been detected (Müller et al., 2008). At
293K, the estimated Kp of the ester is 4.96×105, which is
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much larger than that of hydroxy pinonic acid (Kp=0.2802)
and of pinic acid (Kp=0.2822).

3.2 Volatility basis set model

The volatility basis set model is also applied to fit the ex-
perimental SOA yields. The estimated volatility (or c

∗) of
products spans from 0.035 to 873µgm−3. A volatility ba-
sis set of six volatility bins is chosen and the volatility bins
are separated by an order-of-magnitude (c∗: 0.01, 0.1, 1, 10,
100, and 1000µgm−3). The mass of aerosol in bin i is ob-
tained by optimal fitting to the experimental SOA yield data.
Figure 1 shows that for the volatility basis set, the predicted
SOA yields agree well with the experimental SOA yield data,
even at low organic mass loading (<0.5µgm−3). This sug-
gests that products with volatility as low as c

∗=0.01µgm−3

(orKp=100µg−1 m3) are present. The quantity of aerosol in
the volatility bin i is in good agreement with that of the prod-
uct i with similar Kp or c

∗ (Table 1) in the Kp×100 case.
Overall, the volatility basis set produces the smallest fitting
error of SOA yield prediction over the whole range of organic
mass loading (mean absolute fractional error, err=0.1572)
compared to the Kp×1 case (err=0.1688) and the Kp×100
case (err=0.1598).

3.3 Temperature dependence of SOA yield

We also investigate temperature dependence of SOA yield
using the product-specific model (only the Kp×100 case
which gives a better description of SOA yields is shown).
The temperature-dependent vapor pressure of the products
can be estimated using the group contribution method devel-
oped by Pankow and Asher (2008). The temperature depen-
dence of the structural groups (b(T )) are assumed to follow
b(T )=B1/T +B2+B3T +B4 ln T . TheB coefficients are ob-
tained by optimal fitting to a number of compounds. In the
calculation of the Kp, it is assumed that the activity coeffi-
cient is unity and the molecular weight of the product is taken
as the mean molecular weight of the surrogate mixture. The
α values determined at 293K are assumed to be constant over
the temperature range studied (273–313K). The enthalpy of
vaporization, �Hv of the products can also be estimated by
the group contribution method. By plotting the estimated va-
por pressure of the product against the temperature, the�Hv

of the product can be estimated from the slope of the line fol-
lowing the Clausius-Clapeyron equation (see Appendix A).
Estimated values of �Hv of major products are listed in Ta-
ble 1.
As shown in Fig. 2, the predicted SOA yield increases

as the temperature decreases, as lower temperature favors
the partitioning of gas-phase reaction products into the par-
ticle phase. The model predicts a stronger temperature de-
pendence of SOA yield than that observed by Pathak et al.
(2007). The predicted SOA yields agree well with those
measured at 293 and 303K. The mean absolute fractional
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Fig. 1. SOA yield from ozonolysis of α-pinene at different organic
mass loading, M . Data represent experiments conducted under dry,
dark, and low-NOx conditions in the presence of dry ammonium
sulfate particles (Ng et al., 2006; Pathak et al., 2007; Shilling et al.,
2008). Top panel: organic mass loading: 0 – 411 µg m−3; Bottom
panel: organic mass loading: 0 – 20 µg m−3. SOA yield data
are adjusted to 293 K, using a temperature correction factor. Lines
show the model fit with the parameters given in Table 1.

set of six volatility bins is chosen and the volatility bins are
separated by an order-of-magnitude (c∗: 0.01, 0.1, 1, 10, 100,
and 1000 µg m−3). The mass of aerosol in bin i is obtained
by optimal fitting to the experimental SOA yield data. Fig-
ure 1 shows that for the volatility basis set, the predicted SOA
yields agree well with the experimental SOA yield data, even
at low organic mass loading (< 0.5 µg m−3). This suggests
that products with volatility as low as c∗ = 0.01 µg m−3 (or
Kp = 100 µg−1m3) are present. The quantity of aerosol in the
volatility bin i is in good agreement with that of the product i
with similar Kp or c∗ (Table 1) in the Kp×100 case. Overall,
the volatility basis set produces the smallest fitting error of
SOA yield prediction over the whole range of organic mass
loading (mean absolute fractional error, err = 0.1572) com-

pared to the Kp × 1 case (err = 0.1688) and the Kp × 100
case (err = 0.1598).

3.3 Temperature dependence of SOA yield

We also investigate temperature dependence of SOA yield
using the product-specific model (only the Kp × 100 case
which gives a better description of SOA yields is shown).
The temperature-dependent vapor pressure of the products
can be estimated using the group contribution method devel-
oped by Pankow and Asher (2008). The temperature depen-
dence of the structural groups (b(T )) are assumed to follow
b(T ) = B1/T + B2 + B3T + B4ln T . The B coefficients
are obtained by optimal fitting to a number of compounds. In
the calculation of the Kp, it is assumed that the activity co-
efficient is unity and the molecular weight of the product is
taken as the mean molecular weight of the surrogate mixture.
The α values determined at 293 K are assumed to be con-
stant over the temperature range studied (273–313 K). The
enthalpy of vaporization, ∆Hv of the products can also be
estimated by the group contribution method. By plotting the
estimated vapor pressure of the product against the tempera-
ture, the ∆Hv of the product can be estimated from the slope
of the line following the Clausius-Clapeyron equation (see
Appendix A). Estimated values of ∆Hv of major products
are listed in Table 1.

As shown in Fig. 2, the predicted SOA yield increases
as the temperature decreases, as lower temperature favors
the partitioning of gas-phase reaction products into the par-
ticle phase. The model predicts a stronger temperature de-
pendence of SOA yield than that observed by Pathak et al.
(2007). The predicted SOA yields agree well with those
measured at 293 and 303 K. The mean absolute fractional
error between the measured and predicted SOA yields, err
is 0.1666 and 0.0895 at 293 and 303 K, respectively. On
the other hand, the predicted SOA yields are higher than
those measured at 288 K (err = 0.6728) and 273 K (err =
0.6266) but slightly lower than those measured at 313 K
(err = 0.1968).

In the product-specific model, the temperature dependence
of the vapor pressure of major products is estimated directly
using the group contribution method (Pankow and Asher,
2008). In this approach, uncertainties in the vapor pres-
sure estimation method will lead to uncertainties in data fit-
ting. Uncertainties in the vapor pressure estimation using the
group contribution method is likely one factor contributing to
a relatively large deviation between measured and predicted
values at lower temperatures in the present study.

Fig. 1. SOA yield from ozonolysis of α-pinene at different organic
mass loading,M . Data represent experiments conducted under dry,
dark, and low-NOx conditions in the presence of dry ammonium
sulfate particles (Ng et al., 2006; Pathak et al., 2007; Shilling et al.,
2008). Top panel: organic mass loading: 0–411µgm−3; bottom
panel: organic mass loading: 0–20µgm−3. SOA yield data are
adjusted to 293K, using a temperature correction factor. Lines show
the model fit with the parameters given in Table 1.

error between the measured and predicted SOA yields, err,
is 0.1666 and 0.0895 at 293 and 303K, respectively. On the
other hand, the predicted SOA yields are higher than those
measured at 288K (err=0.6728) and 273K (err=0.6266) but
slightly lower than those measured at 313K (err=0.1968).
In the product-specific model, the temperature dependence

of the vapor pressure of major products is estimated directly
using the group contribution method (Pankow and Asher,
2008). In this approach, uncertainties in the vapor pressure
estimation method will lead to uncertainties in data fitting.
Uncertainty in the vapor pressure estimation using the group
contribution method is likely one factor contributing to a rel-
atively large deviation between measured and predicted val-
ues at lower temperatures in the present study.
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Fig. 2. Temperature dependence of SOA yield of ozonolysis of α-
pinene obtained from experiments conducted under dry, dark, and
low-NOx conditions in the presence of dry ammonium sulfate par-
ticles. Data (293 K) are the final SOA yields from Ng et al. (2006),
Pathak et al. (2007) and Shilling et al. (2008). Data from Shilling
et al. (2008) have been adjusted to 293 K. Data at other tempera-
tures are obtained from Pathak et al. (2007). The lines show the
model fit at different temperatures for the Kp × 100 case.

4 SOA Composition

At a given temperature and organic mass loading, M the
mass yield of the product i, Yi can be determined as:

Yi =
Mi

∆HC
=

MKp,i

1 + MKp,i
αi (4)

where the mass-based stoichiometric coefficient of the prod-
uct i, αi, is obtained from the parameterization of SOA yield
data using the product-specific model (Table 1). Mi is the
concentration of product i in the particle phase (µg m−3).
The SOA yield, Y , is the sum of the mass yields of all prod-
ucts (SOA yield, Y =

�
i Yi, at a given organic mass load-

ing. The ratio of mass yield of product i to total yield (Yi /Y )

is the relative contribution of the product i to the total SOA
yield (or total SOA mass).

Figure 3 shows the predicted relative contributions of the
products to the SOA yield at different organic mass loading
for the Kp × 100 case. The predicted SOA composition is
compared to the measured concentration of the correspond-
ing classes of compounds in chamber experiments. Yu et al.
(1999) reported the product distribution of ozonolysis of α-
pinene at 306 K and organic mass loading of 38.8 µg m−3:
hydroxy pinonic acid (17.7%), pinic acid and norpinic acid
(22.5%), pinonic acid and norpinonic acid, and isomers
(36.5%), hydroxy pinonaldehyde (15.9%), and pinonalde-
hyde and norpinonaldehyde (7.4%). It is noted that organic
peroxides, particle-phase reaction products (e.g., oligomers
and esters), and terpenylic acid were not reported in Yu et al.
(1999). Docherty et al. (2005) estimated that organic perox-
ides contribute∼ 47% of the SOA mass at high organic mass
loading. The concentration of terpenylic acid in chamber
SOA has not been reported previously (Claeys et al., 2009).
A smaller effective density of 1 g cm−3 was used to calcu-
late the SOA mass in Yu et al. (1999). This change in density
will increase the reported percentage of products. In addi-
tion, the relative abundance of products reported by Yu et al.
(1999) may be overestimated if the organic peroxides, ter-
penylic acid, or other unidentified products contribute signif-
icantly to the SOA mass at the given organic mass loading.

As shown in the bottom panel of Fig. 3, for the Kp × 100
case, the predicted percentage of pinonic acid is about 51%,
which is close to the sum of the percentages of pinonic acid
and norpinonic acid and isomers and hydroxy pinonaldehyde
(52.4%). The predicted percentage of pinonaldehyde is also
close to that of pinonaldehyde and norpinonaldehyde (7.4%).
On the other hand, the predicted percentage of pinic acid is
about 28%, which is smaller than the sum of the percent-
ages of pinic acid and norpinic acid and hydroxy pinonic
acid (40.2%). For organic peroxides, using a hydroperox-
ide as surrogate gives ∼7% of SOA yield, which is lower
than that reported by Docherty et al. (2005) at high organic
mass loading. The percentage of terpenylic acid contributes
about 5% of the SOA yield. Overall, the Kp × 100 case may
give a good first estimation of the gas/particle partitioning
and composition of the SOA products at the given organic
mass loading and temperature.

5 O/C and H/C ratios

The chemical composition of SOA formed from ozonoly-
sis of α-pinene has been recently characterized by an Aero-
dyne high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS) at 298 K (Shilling et al., 2009). This
characterization provides measurement of the O/C and H/C
ratios at different organic mass loadings; these data provide
additional information about the SOA composition and im-
pose important constraints on the SOA parameterization. As

Fig. 2. Temperature dependence of SOA yield of ozonolysis of α-
pinene obtained from experiments conducted under dry, dark, and
low-NOx conditions in the presence of dry ammonium sulfate par-
ticles. Data (293K) are the final SOA yields from Ng et al. (2006),
Pathak et al. (2007) and Shilling et al. (2008). Data from Shilling
et al. (2008) have been adjusted to 293 K. Data at other tempera-
tures are obtained from Pathak et al. (2007). The lines show the
model fit at different temperatures for the Kp×100 case.

4 SOA composition

At a given temperature and organic mass loading, M , the
mass yield of the product i, Yi can be determined as:

Yi = Mi

�HC
= MKp,i

1+ MKp,i

αi (4)

where the mass-based stoichiometric coefficient of the prod-
uct i, αi , is obtained from the parameterization of SOA yield
data using the product-specific model (Table 1). Mi is the
concentration of product i in the particle phase (µgm−3).
The SOA yield, Y , is the sum of the mass yields of all prod-

ucts (SOA yield, Y= �
i
Yi , at a given organic mass loading.

The ratio of mass yield of product i to total yield (Yi /Y ) is the
relative contribution of the product i to the total SOA yield
(or total SOA mass).
Figure 3 shows the predicted relative contributions of the

products to the SOA yield at different organic mass loading
for the Kp×100 case. The predicted SOA composition is
compared to the measured concentration of the correspond-
ing classes of compounds in chamber experiments. Yu et al.
(1999) reported the product distribution of ozonolysis of α-
pinene at 306K and organic mass loading of 38.8µgm−3:
hydroxy pinonic acid (17.7%), pinic acid and norpinic acid
(22.5%), pinonic acid and norpinonic acid, and isomers
(36.5%), hydroxy pinonaldehyde (15.9%), and pinonalde-
hyde and norpinonaldehyde (7.4%). It is noted that organic
peroxides, particle-phase reaction products (e.g., oligomers
and esters), and terpenylic acid were not reported in Yu et al.
(1999). Docherty et al. (2005) estimated that organic perox-
ides contribute ∼47% of the SOA mass at high organic mass
loading. The concentration of terpenylic acid in chamber
SOA has not been reported previously (Claeys et al., 2009).
A smaller effective density of 1 g cm−3 was used to calculate
the SOA mass in Yu et al. (1999). This change in density
will increase the reported percentage of products. In addi-
tion, the relative abundance of products reported by Yu et al.
(1999) may be overestimated if the organic peroxides, ter-
penylic acid, or other unidentified products contribute signif-
icantly to the SOA mass at the given organic mass loading.
As shown in the bottom panel of Fig. 3, for the Kp×100

case, the predicted percentage of pinonic acid is about 51%,
which is close to the sum of the percentages of pinonic acid
and norpinonic acid and isomers and hydroxy pinonaldehyde
(52.4%). The predicted percentage of pinonaldehyde is also
close to that of pinonaldehyde and norpinonaldehyde (7.4%).
On the other hand, the predicted percentage of pinic acid is
about 28%, which is smaller than the sum of the percent-
ages of pinic acid and norpinic acid and hydroxy pinonic
acid (40.2%). For organic peroxides, using a hydroperox-
ide as surrogate gives ∼7% of SOA yield, which is lower
than that reported by Docherty et al. (2005) at high organic
mass loading. The percentage of terpenylic acid contributes
about 5% of the SOA yield. Overall, the Kp×100 case may
give a good first estimation of the gas/particle partitioning
and composition of the SOA products at the given organic
mass loading and temperature.

5 O/C and H/C ratios

The chemical composition of SOA formed from ozonoly-
sis of α-pinene has been recently characterized by an Aero-
dyne high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS) at 298K (Shilling et al., 2009). This
characterization provides measurement of the O/C and H/C
ratios at different organic mass loadings; these data provide
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additional information about the SOA composition and im-
pose important constraints on the SOA parameterization. As
shown in Figs. 4 and 5, the data show that the O/C ratio de-
creases as the organic mass loading increases, while the H/C
ratio increases (Shilling et al., 2009). This observation indi-
cates, as expected, that the SOA is more oxygenated at low
organic mass loading than at high organic mass loading.
O/C and H/C ratios of the SOA can also be determined

from the predicted SOA composition. At a given organic
mass loading, the number of moles of product i, mi can
be calculated from its particle-phase mass concentration and
molecular weight. The number of carbon atoms, nC,i , (O/C)i
and (H/C)i ratios of the product i are known (Table 1). The
O/C and H/C ratios of the SOA can be determined as follows:

O/C =
�

i
mi · nC,i · (O/C)i�

i
mi · nC,i

(5)

H/C =
�

i
mi · nC,i · (H/C)i�

i
mi · nC,i

(6)

At 298K, for the Kp×1 case (Fig. 4, upper panel),
the modeled O/C ratios decrease from ∼0.44 to ∼0.36
as the organic mass loading increases from 0.5µgm−3 to
150µgm−3. The predicted O/C ratios are higher than those
in Shilling et al. (2009), except at low organic mass loading
(<1µgm−3). The predicted ratios decrease less rapidly as
the organic mass loading increases. For the Kp×100 case
(Fig. 4, lower panel), the predicted O/C ratios agree quite
well with those measured; predicted O/C ratios decrease
from 0.43 to 0.30 as the organic mass loading increases. On
the other hand, in both Kp×1 and Kp×100 cases, the pre-
dicted H/C ratios exceed those measured at these loadings
(Fig. 5).
The O/C ratios of selected major products range from 0.2

to 0.5, which cover the range of the experimental O/C ra-
tios. On the other hand, the H/C ratios of the selected major
products range from 1.5 to 1.6, which exceed the reported
H/C ratios (1.38–1.51). Using the experimentally identified
gas-phase reaction products, the predicted H/C ratios do not
match those reported at low organic mass loading. Notably,
the H/C ratios of the major SOA products identified in the
literature range from 1.5 to 1.6. In addition to uncertainties
in determination of the O/C and H/C ratios, the formation
of oligomers or organic peroxides will shift the H/C ratio
without greatly affecting the O/C ratio (Shilling et al., 2009).
Formation of esters can alter the H/C and O/C ratios (Müller
et al., 2008). The discrepancy in the H/C ratios based on
known gas-phase products and those measured stresses the
potential importance of particle-phase reactions on the deter-
mination of SOA yield and composition in the ozonolysis of
α-pinene under dry, dark, and low-NOx conditions.
Figures 4 and 5 also show the temperature dependence

of the O/C and H/C ratios in the temperature range (273–
313K). For the both Kp×1 and Kp×100 cases (Fig. 4),
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Fig. 3. Relative contributions of the modeled products to the SOA
yield at different organic mass loadings for Kp×100 case at differ-
ent temperatures (solid lines). Top panel: 293 K; Bottom panel:
306 K; Class A data point refers to the sum of the percentages of
pinonic acid, norpinonic acid and isomers, and hydroxy pinonalde-
hyde (Yu et al., 1999); Class B data point refers to the sum of the
percetages of pinic acid, norpinic acid, and hydroxy pinonic acid
(Yu et al., 1999); Class C data point refers to the sum of the per-
centages of pinonaldehyde and norpinonaldehyde (Yu et al., 1999).

shown in Figs. 4 and 5, the data show that the O/C ratio de-
creases as the organic mass loading increases, while the H/C
ratio increases (Shilling et al., 2009). This observation indi-
cates, as expected, that the SOA is more oxygenated at low
organic mass loading than at high organic mass loading.

O/C and H/C ratios of the SOA can also be determined
from the predicted SOA composition. At a given organic
mass loading, the number of moles of product i , mi can
be calculated from its particle-phase mass concentration and
molecular weight. The number of carbon atoms, nC,i, (O/C)i
and (H/C)i ratios of the product i are known (Table 1). The

O/C and H/C ratios of the SOA can be determined as follows:

O/C =
�

i mi · nC,i · (O/C)i�
i mi · nC,i

(5)

H/C =
�

i mi · nC,i · (H/C)i�
i mi · nC,i

(6)

At 298 K, for the Kp × 1 case (Fig. 4, upper panel),
the modeled O/C ratios decrease from ∼ 0.44 to ∼ 0.36 as
the organic mass loading increases from 0.5 µg m−3 to 150
µg m−3. The predicted O/C ratios are higher than those in
Shilling et al. (2009), except at low organic mass loading
(< 1 µg m−3). The predicted ratios decrease less rapidly
as the organic mass loading increases. For the Kp×100 case
(Fig. 4, lower panel), the predicted O/C ratios agree quite
well with those measured; predicted O/C ratios decrease
from 0.43 to 0.30 as the organic mass loading increases. On
the other hand, in both Kp × 1 and Kp × 100 cases, the pre-
dicted H/C ratios exceed those measured at these loadings
(Fig. 5).

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

Figures 4 and 5 also show the temperature dependence of
the O/C and H/C ratios in the temperature range (273 – 313
K). For the both Kp × 1 and Kp × 100 cases (Fig. 4), the
modeled O/C ratio increases when the temperature increases.
On the other hand, the modeled H/C ratio decreases when the
temperature increases (Fig. 5). At a higher temperature, the
less volatile gas-phase products which are usually more oxy-
genated (i.e., usually a higher O/C ratio and a lower H/C ra-
tio) partition preferentially into the particle phase. As shown
in Fig. 3 (Kp × 100 case), the contribution of pinic acid,
which is the least volatile product and is more oxygenated,
increases when the temperature increases from 293 to 306
K. On the other hand, the relative abundance of pinonalde-
hyde, which is the most volatile product and is the least oxy-
genated, decreases with increasing temperature. The effect
of particle-phase reactions on O/C and H/C ratios at different
temperatures is not considered.

Fig. 3. Relative contributions of the modeled products to the SOA
yield at different organic mass loadings for Kp×100 case at dif-
ferent temperatures (solid lines). Top panel: 293K; bottom panel:
306K; Class A data point refers to the sum of the percentages of
pinonic acid, norpinonic acid and isomers, and hydroxy pinonalde-
hyde (Yu et al., 1999); Class B data point refers to the sum of the
percetages of pinic acid, norpinic acid, and hydroxy pinonic acid
(Yu et al., 1999); Class C data point refers to the sum of the per-
centages of pinonaldehyde and norpinonaldehyde (Yu et al., 1999).

the modeled O/C ratio increases when the temperature in-
creases. On the other hand, the modeled H/C ratio decreases
when the temperature increases (Fig. 5). At a higher tem-
perature, the less volatile gas-phase products which are usu-
ally more oxygenated (i.e., usually a higher O/C ratio and
a lower H/C ratio) partition preferentially into the particle
phase. As shown in Fig. 3 (Kp×100 case), the contribu-
tion of pinic acid, which is the least volatile product and is
more oxygenated, increases when the temperature increases
from 293 to 306K. On the other hand, the relative abundance
of pinonaldehyde, which is the most volatile product and is
the least oxygenated, decreases with increasing temperature.
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Fig. 4. O/C ratio of SOA formed from the ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles as a function of organic mass loading,
M , at different temperatures. Top panel: Kp × 1 case; Bottom
panel: Kp × 100 case; Blue open circles represent measured O/C
ratios reported by Shilling et al. (2009) at 298 K.

We also report here on an α-pinene ozonolysis experiment
conducted in the Caltech laboratory chamber under dry, dark,
and low-NOx conditions in the presence of dry (NH4)2SO4

particles to generate a data set comparable to that of Shilling
et al. (2008, 2009). The chemical composition of the SOA
was continuously monitored using an Aerodyne HR-ToF-
AMS. Details of the experiment are given in Appendix B.
Figure 6 shows the time evolution of α-pinene concentra-
tion, organic mass loading, and aerosol O/C and H/C ratios.
Once the ozone is injected, α-pinene oxidation commences,
and the organic mass loading increases almost immediately.
When α-pinene is completely reacted, organic aerosol mass
loading remains unchanged. These observations are consis-
tent with those reported by Ng et al. (2006).

Measured O/C and H/C ratios as a function of organic
mass loading are shown in Fig. 7. The data scatter reflects

Fig. 5. H/C ratio of SOA formed from the ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles as a function of organic mass loading,
M , at different temperatures. Top panel: Kp × 1 case; Bottom
panel: Kp × 100 case; Blue open circles represent measured H/C
ratios reported by Shilling et al. (2009) at 298 K.

the inherent uncertainty in measurement of O/C and H/C ra-
tios at low organic mass loading. Generally, the H/C ratio
increases as time increases, while the O/C ratio decreases.
The trends in O/C and H/C ratios are in good agreement with
those reported by Shilling et al. (2009). The absolute values
of the O/C ratios are slightly lower than those reported by
Shilling et al. (2009), but well within the experimental uncer-
tainty. When all α-pinene is consumed and the SOA growth
has leveled out (∼ 58 µg m−3), O/C and H/C ratios and frag-
ment mass spectrum (not shown here) remain unchanged. As
discussed by Ng et al. (2006), the first oxidation step in the
ozonolysis of α-pinene (a hydrocarbon with a single double
bond) is most likely the rate-determining step in SOA forma-
tion. Either the condensable products are the initial reaction
products of the parent hydrocarbon oxidation (first-or higher
generation products), or subsequent reactions (in either the

Fig. 4. O/C ratio of SOA formed from the ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry am-
monium sulfate particles as a function of organic mass loading,M ,
at different temperatures. Top panel: Kp×1 case; bottom panel:
Kp×100 case; Blue open circles represent measured O/C ratios re-
ported by Shilling et al. (2009) at 298K.

The effect of particle-phase reactions on O/C and H/C ratios
at different temperatures is not considered.
We also report here on an α-pinene ozonolysis experiment

conducted in the Caltech laboratory chamber under dry, dark,
and low-NOx conditions in the presence of dry (NH4)2SO4
particles to generate a data set comparable to that of Shilling
et al. (2008, 2009). The chemical composition of the SOA
was continuously monitored using an Aerodyne HR-ToF-
AMS. Details of the experiment are given in Appendix B.
Figure 6 shows the time evolution of α-pinene concentra-
tion, organic mass loading, and aerosol O/C and H/C ratios.
Once the ozone is injected, α-pinene oxidation commences,
and the organic mass loading increases almost immediately.
When α-pinene is completely reacted, organic aerosol mass
loading remains unchanged. These observations are consis-
tent with those reported by Ng et al. (2006).
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particles to generate a data set comparable to that of Shilling
et al. (2008, 2009). The chemical composition of the SOA
was continuously monitored using an Aerodyne HR-ToF-
AMS. Details of the experiment are given in Appendix B.
Figure 6 shows the time evolution of α-pinene concentra-
tion, organic mass loading, and aerosol O/C and H/C ratios.
Once the ozone is injected, α-pinene oxidation commences,
and the organic mass loading increases almost immediately.
When α-pinene is completely reacted, organic aerosol mass
loading remains unchanged. These observations are consis-
tent with those reported by Ng et al. (2006).

Measured O/C and H/C ratios as a function of organic
mass loading are shown in Fig. 7. The data scatter reflects
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Fig. 5. H/C ratio of SOA formed from the ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles as a function of organic mass loading,
M , at different temperatures. Top panel: Kp × 1 case; Bottom
panel: Kp × 100 case; Blue open circles represent measured H/C
ratios reported by Shilling et al. (2009) at 298 K.

the inherent uncertainty in measurement of O/C and H/C ra-
tios at low organic mass loading. Generally, the H/C ratio
increases as time increases, while the O/C ratio decreases.
The trends in O/C and H/C ratios are in good agreement with
those reported by Shilling et al. (2009). The absolute values
of the O/C ratios are slightly lower than those reported by
Shilling et al. (2009), but well within the experimental uncer-
tainty. When all α-pinene is consumed and the SOA growth
has leveled out (∼ 58 µg m−3), O/C and H/C ratios and frag-
ment mass spectrum (not shown here) remain unchanged. As
discussed by Ng et al. (2006), the first oxidation step in the
ozonolysis of α-pinene (a hydrocarbon with a single double
bond) is most likely the rate-determining step in SOA forma-
tion. Either the condensable products are the initial reaction
products of the parent hydrocarbon oxidation (first-or higher
generation products), or subsequent reactions (in either the

Fig. 5. H/C ratio of SOA formed from the ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry am-
monium sulfate particles as a function of organic mass loading,M ,
at different temperatures. Top panel: Kp×1 case; bottom panel:
Kp×100 case; Blue open circles represent measured H/C ratios re-
ported by Shilling et al. (2009) at 298K.

Measured O/C and H/C ratios as a function of organic
mass loading are shown in Fig. 7. The data scatter reflects
the inherent uncertainty in measurement of O/C and H/C ra-
tios at low organic mass loading. Generally, the H/C ratio
increases as time increases, while the O/C ratio decreases.
The trends in O/C and H/C ratios are in good agreement with
those reported by Shilling et al. (2009). The absolute values
of the O/C ratios are slightly lower than those reported by
Shilling et al. (2009), but well within the experimental uncer-
tainty. When all α-pinene is consumed and the SOA growth
has leveled out (∼58µgm−3), O/C and H/C ratios and frag-
ment mass spectrum (not shown here) remain unchanged. As
discussed by Ng et al. (2006), the first oxidation step in the
ozonolysis of α-pinene (a hydrocarbon with a single double
bond) is most likely the rate-determining step in SOA forma-
tion. Either the condensable products are the initial reaction
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Fig. 6. Time evolution of α-pinene concentration, organic mass
loading, and O/C and H/C ratios during ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles. Experiment conducted in the Caltech
laboratory chamber. Conditions given in Appendix B.

Fig. 7. O/C and H/C ratios of SOA formed from the ozonolysis of
α-pinene under dry, dark, and low-NOx conditions in the presence
of dry ammonium sulfate particles as function of organic mass load-
ing, M . Experiment conducted in the Caltech laboratory chamber.
Conditions given in Appendix B.

gas or particle phase) proceed at relatively fast rates. Thus,
the instantaneous product spectrum can be considered as that
at equilibrium during the chamber phase.

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

Recently, Dzepina et al. (2009) suggest that the O/C ratio

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

In the present study, we show that although good agree-
ment in O/C ratio between observations and predictions can
exist, a discrepancy in H/C ratio is not removed by data fit-
ting. Hence, in addition to the O/C ratio, other element-to-
carbon ratios such as H/C are important for modeling fit-
ting and comparison. S/C and N/C ratios could be used
once accurate determinations can be made using the AMS.
These element-to-carbon ratios can also be calculated using
detailed gas-chemistry models coupled with gas/particle par-
titioning theory and can be used as additional constraints on
the SOA parameterization in chamber experiments and mod-
eling studies.

6 Discussion

SOA yields from volatile organic compounds are determined
from laboratory chamber data. Gas-particle partitioning of
semivolatile oxidation products forms the basis of all cur-
rent models of SOA formation. As identification of aerosol-
phase products has become feasible using advanced mass
spectrometric techniques, we investigate the extent to which
a product-specific model, certain parameters of which are de-
termined from chamber data, can be used to represent SOA
formation. In the present work we address this question us-
ing data on SOA formation in the α-pinene/ozone system.
While the product specific model can be fitted to available
chamber data, fitting of the product-specific model required
increasing estimated equilibrium partitioning coefficients by
two orders of magnitude, and the predicted fractional contri-
butions of the selected products to SOA are unreasonable in
several respects and no better than a fitting of the data to a
volatility basis set representation.

The performance of the product-specific model is most
likely hindered by lack of explicit inclusion of particle-phase
accretion compounds that are almost certainly present but
have yet to be identified in this system. Prospects for iden-
tification of the majority of SOA products for major VOC
classes remain promising. However, for the near future, em-
pirical product Odum-type or volatility basis set models re-
main the approaches of choice.

Appendix A. The Gas-Particle Partitioning Coefficient

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

Kp,i =
RT

106MWipo
L,i

(7)

Fig. 6. Time evolution of α-pinene concentration, organic mass
loading, and O/C and H/C ratios during ozonolysis of α-pinene un-
der dry, dark, and low-NOx conditions in the presence of dry am-
monium sulfate particles. Experiment conducted in the Caltech lab-
oratory chamber. Conditions given in Appendix B.

products of the parent hydrocarbon oxidation (first-or higher
generation products), or subsequent reactions (in either the
gas or particle phase) proceed at relatively fast rates. Thus,
the instantaneous product spectrum can be considered as that
at equilibrium during the chamber phase.
To determine the extent to which an equilibrium state is

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

and volatility can be used to compare modeled and measured
SOA. The authors calculate O/C ratios using various models
and compare these to the measured O/C ratios of ambient
Mexico City aerosol. They find that O/C ratios predicted by
different models do not agree and are generally lower than
the measured ratios.
In the present study, we show that although good agree-

ment in O/C ratio between observations and predictions can
exist, a discrepancy in H/C ratio is not removed by data fit-
ting. Hence, in addition to the O/C ratio, other element-to-
carbon ratios such as H/C are important for modeling fit-
ting and comparison. S/C and N/C ratios could be used
once accurate determinations can be made using the AMS.
These element-to-carbon ratios can also be calculated using
detailed gas-chemistry models coupled with gas/particle par-
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Fig. 6. Time evolution of α-pinene concentration, organic mass
loading, and O/C and H/C ratios during ozonolysis of α-pinene
under dry, dark, and low-NOx conditions in the presence of dry
ammonium sulfate particles. Experiment conducted in the Caltech
laboratory chamber. Conditions given in Appendix B.

Fig. 7. O/C and H/C ratios of SOA formed from the ozonolysis of
α-pinene under dry, dark, and low-NOx conditions in the presence
of dry ammonium sulfate particles as function of organic mass load-
ing, M . Experiment conducted in the Caltech laboratory chamber.
Conditions given in Appendix B.

gas or particle phase) proceed at relatively fast rates. Thus,
the instantaneous product spectrum can be considered as that
at equilibrium during the chamber phase.

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

Recently, Dzepina et al. (2009) suggest that the O/C ratio

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

In the present study, we show that although good agree-
ment in O/C ratio between observations and predictions can
exist, a discrepancy in H/C ratio is not removed by data fit-
ting. Hence, in addition to the O/C ratio, other element-to-
carbon ratios such as H/C are important for modeling fit-
ting and comparison. S/C and N/C ratios could be used
once accurate determinations can be made using the AMS.
These element-to-carbon ratios can also be calculated using
detailed gas-chemistry models coupled with gas/particle par-
titioning theory and can be used as additional constraints on
the SOA parameterization in chamber experiments and mod-
eling studies.

6 Discussion

SOA yields from volatile organic compounds are determined
from laboratory chamber data. Gas-particle partitioning of
semivolatile oxidation products forms the basis of all cur-
rent models of SOA formation. As identification of aerosol-
phase products has become feasible using advanced mass
spectrometric techniques, we investigate the extent to which
a product-specific model, certain parameters of which are de-
termined from chamber data, can be used to represent SOA
formation. In the present work we address this question us-
ing data on SOA formation in the α-pinene/ozone system.
While the product specific model can be fitted to available
chamber data, fitting of the product-specific model required
increasing estimated equilibrium partitioning coefficients by
two orders of magnitude, and the predicted fractional contri-
butions of the selected products to SOA are unreasonable in
several respects and no better than a fitting of the data to a
volatility basis set representation.

The performance of the product-specific model is most
likely hindered by lack of explicit inclusion of particle-phase
accretion compounds that are almost certainly present but
have yet to be identified in this system. Prospects for iden-
tification of the majority of SOA products for major VOC
classes remain promising. However, for the near future, em-
pirical product Odum-type or volatility basis set models re-
main the approaches of choice.

Appendix A. The Gas-Particle Partitioning Coefficient

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

Kp,i =
RT

106MWipo
L,i

(7)

Fig. 7. O/C and H/C ratios of SOA formed from the ozonolysis of
α-pinene under dry, dark, and low-NOx conditions in the presence
of dry ammonium sulfate particles as function of organic mass load-
ing, M . Experiment conducted in the Caltech laboratory chamber.
Conditions given in Appendix B.

titioning theory and can be used as additional constraints on
the SOA parameterization in chamber experiments and mod-
eling studies.
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semivolatile oxidation products forms the basis of all cur-
rent models of SOA formation. As identification of aerosol-
phase products has become feasible using advanced mass
spectrometric techniques, we investigate the extent to which
a product-specific model, certain parameters of which are de-
termined from chamber data, can be used to represent SOA
formation. In the present work we address this question us-
ing data on SOA formation in the α-pinene/ozone system.
While the product specific model can be fitted to available
chamber data, fitting of the product-specific model required
increasing estimated equilibrium partitioning coefficients by
two orders of magnitude, and the predicted fractional contri-
butions of the selected products to SOA are unreasonable in
several respects and no better than a fitting of the data to a
volatility basis set representation.
The performance of the product-specific model is most

likely hindered by lack of explicit inclusion of particle-phase
accretion compounds that are almost certainly present but
have yet to be identified in this system. Prospects for iden-
tification of the majority of SOA products for major VOC
classes remain promising. However, for the near future, em-
pirical product Odum-type or volatility basis set models re-
main the approaches of choice.
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Appendix A

The gas-particle partitioning coefficient

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

Kp,i = RT

106MWip
o

L,i

(A1)

where R=8.2×10−5 m3 atmmol−1 K−1, MWi=molecular
weight of i (gmol−1) and p

o

L,i
is the vapor pressure of pure

i as a liquid (atm). When multiple condensed-phase com-
pounds exists

Kp,i = RTf

106MWζip
o

L,i

(A2)

where f =weight fraction of the total particulate matter that
is the absorbing phase,MW is the mean molecular weight of
the absorbing organic phase (gmol−1), and ζi=mole-fraction
based activity coefficient. Kp,i varies as a function of T ,
through both its explicit dependence on T as well as the
strong dependence of p

o

L,i
on T . The value of Kp,i is also

influenced by ζi andMW owing to the types and amounts of
condensed-phase compounds.
The vapor pressure of each component obeys the Clausius-

Clapeyron equation,

p
o

L,i
(T ) = p

o

L,i
(To) exp

�
−�Hv,i

R

�
1
T

− 1
To

��
(A3)

For a set of compounds at a given T , po

L,i
tends to decrease

with increasing �Hv,i .
The variation of gas-partitioning coefficient with temper-

ature results from variation of p
o

L,i
as well as the explicit

dependence on T ,

Kp,i(T )

Kp,i(To)
=

�
T

To

�
p

o

L,i
(To)

p
o

L,i
(T )

=
�

T

To

�
exp

�
−�Hv,i

R

�
1
T

− 1
To

��
(A4)

Following Pankow and Chang (2008), one may choose
�Hv=100 kJmol−1 as a “reference”�Hv,i value, so that any
�Hv,i can be written as a multiple of the reference value,
�Hv,i=ai×100 kJmol−1. For To=293K, for a=1, a 10K
decrease in T leads to
Kp,i(283)
Kp,i(293)

=
�
283
293

�
exp

�
−100

R

�
1
283

− 1
293

��

= 4.1 (A5)
Thus, for a compound with �Hv=100 kJmol−1, a 10K

decrease in temperature leads to a factor of 4 increase inKp,i .
For a compound with ai=0.5, the increase ofKp,i for a 10K
decrease in T is ∼ a factor of 2. Note that the factor (T /To)

exerts only a minor effect compared to that from the temper-
ature dependence of po

L,i
.

Appendix B

Measurement of O/C and H/C ratios of SOA from
α-pinene ozonolysis

To provide an additional set of data on the O/C ratio of SOA
generated from α-pinene ozonolysis, an experiment was per-
formed in one of the dual Caltech 28-m3 Teflon chambers.
Details of the facility have been described elsewhere (Cocker
et al., 2001; Keywood et al., 2004). Before the experiment,
the chamber was flushed continuously with dry, purified air
for at least 24 h. Aerosol number concentration, size distri-
bution, and volume concentrations were measured by a dif-
ferential mobility analyzer (DMA, TSI model 3081) coupled
with a condensation nucleus counter (TSI model 3760). Am-
monium sulfate seed particles were generated by atomizing
an aqueous solution of 0.015M (NH4)2SO4 with a constant-
rate atomizer. The volume concentration of the seed particles
was 12µm3 cm−3.
The parent hydrocarbon, α-pinene, and an OH scavenger,

cyclohexane, were then introduced separately by injecting
known volumes of the liquid hydrocarbon into a glass bulb,
subsequently carried into the chamber by an air stream at
5 Lmin−1. The mixing ratio of α-pinene was monitored with
a gas chromatograph coupled with a flame ionization detec-
tor (GC-FID, Agilent model 6890N). The initial mixing ratio
of α-pinene was 44 ppb. The estimated mixing ratio of cy-
clohexane was 37 ppm, which corresponds to a rate of cyclo-
hexane +OH 100 times faster than that of α-pinene +OH.
Ozone was generated with a UV lamp ozone generator

(EnMet Corporation, MI), and monitored with a commercial
ozone analyzer (Horiba Instruments, CA). Ozone injection
was stopped after the ozone concentration reached 180 ppb.
The aerosol growth data were corrected for wall deposition
of particles. First-order size dependent wall loss coefficents
were determined from a separate seed-only experiment. The
final SOA volume was 46µm3 cm−3, as measured by the
DMA.
Real-time particle mass spectra were collected contin-

uously by an Aerodyne High Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-ToF-AMS). The HR-ToF-
AMS is described in detail elsewhere (Canagaratna et al.
(2007) and references therein). The HR-ToF-AMS switched
once every minute between the high resolution “W-mode”
and the lower resolution, higher sensitivity “V-mode”. The
“V-mode” data were analyzed using a fragmentation table
to separate sulfate, ammonium, and organic spectra and to
time-trace specific mass-to-charge ratios. “W-mode” data
were analyzed using a separate high-resolution spectra tool-
box known as PIKA to determine the chemical formulas con-
tributing to distinct mass-to-charge ratios (DeCarlo et al.,
2006).
To determine elemental ratios, the computational toolbox

Analytical Procedure for Elemental Separation (APES) was
used. This toolbox applies the analysis procedure described
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in Aiken et al. (2007) to the high-resolution “W-mode” data.
The particle-phase signal of CO+ and the organic contribu-
tion to HxO+ ions were estimated as described in Aiken et al.
(2008). It is noted that chamber air is cleaned through a series
of chemical denuders and filters. Fourier transform infrared
spectroscopy measurements show that the concentrations of
CO2 in the chamber air is nominally the same as that in the
atmosphere. Due to the relatively large SOA loadings gener-
ated in this study, the sensitivity of the O/C calculation to the
CO2 concentration input is relatively small.
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Appendix G

Chemical composition of gas- and
aerosol-phase products from the
photooxidation of naphthalene∗

∗Reproduced with permission from “Chemical composition of gas- and aerosol-phase products from the photooxi-
dation of naphthalene” by K. E. Kautzman, J. D. Surratt, M. N. Chan, A. W. H. Chan, S. P. Hersey, P. S. Chhabra,
N. F. Dalleska, P. O. Wennberg, R. C. Flagan, and R. H. Seinfeld, Journal of Physical Chemistry A, 114 (2), 913–934,
2010. Copyright 2010 by the American Chemical Society.
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The current work focuses on the detailed evolution of the chemical composition of both the gas- and aerosol-
phase constituents produced from the OH-initiated photooxidation of naphthalene under low- and high-NOx

conditions. Under high-NOx conditions ring-opening products are the primary gas-phase products, suggesting
that the mechanism involves dissociation of alkoxy radicals (RO) formed through an RO2 + NO pathway, or
a bicyclic peroxy mechanism. In contrast to the high-NOx chemistry, ring-retaining compounds appear to
dominate the low-NOx gas-phase products owing to the RO2 + HO2 pathway. We are able to chemically
characterize 53-68% of the secondary organic aerosol (SOA) mass. Atomic oxygen-to-carbon (O/C), hydrogen-
to-carbon (H/C), and nitrogen-to-carbon (N/C) ratios measured in bulk samples by high-resolution electrospray
ionization time-of-flight mass spectrometry (HR-ESI-TOFMS) are the same as the ratios observed with online
high-resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS), suggesting that the chemical
compositions and oxidation levels found in the chemically-characterized fraction of the particle phase are
representative of the bulk aerosol. Oligomers, organosulfates (R-OSO3), and other high-molecular-weight
(MW) products are not observed in either the low- or high-NOx SOA; however, in the presence of neutral
ammonium sulfate seed aerosol, an organic sulfonic acid (R-SO3), characterized as hydroxybenzene sulfonic
acid, is observed in naphthalene SOA produced under both high- and low-NOx conditions. Acidic compounds
and organic peroxides are found to account for a large fraction of the chemically characterized high- and
low-NOx SOA. We propose that the major gas- and aerosol-phase products observed are generated through
the formation and further reaction of 2-formylcinnamaldehyde or a bicyclic peroxy intermediate. The chemical
similarity between the laboratory SOA and ambient aerosol collected from Birmingham, Alabama (AL) and
Pasadena, California (CA) confirm the importance of PAH oxidation in the formation of aerosol within the
urban atmosphere.

1. Introduction

A large fraction (80-90% in some locations) of atmospheric
organic aerosol is secondary in origin.1 The formation of
secondary organic aerosol (SOA) results from the formation of
low-vapor-pressure products in the oxidation of volatile organic
compounds (VOCs), where the resultant low-vapor-pressure
oxidation products partition between the gas and aerosol phases.
Many VOCs, such as monoterpenes (e.g., R-pinene) and single-
ringed aromatic hydrocarbons (e.g., toluene), are known to
produce SOA. However, the mass of SOA observed in many
locations cannot be accounted for by known precursor VOC,
suggesting that many sources of SOA are not yet identified or
well characterized.2-4 Recent identification of isoprene oxidation
as a significant source of SOA,5-12 the role of NOx in forming
SOA from the oxidation of aromatics13-15 and other hydrocar-
bons,16-18 the effects of aerosol acidity and heterogeneous
chemistry (e.g., oligomer19-27 and organosulfate formation24,28-32),
and the contribution of glyoxal to SOA formation24,33-35 have
provided significant insights into potential missing and poorly
characterized sources of SOA. Additionally, Robinson et al.36

have shown that primary organic aerosol (POA), previously
considered as nonvolatile, contains gas-phase components of
intermediate volatility that themselves are sources of SOA.

Although it is traditionally assumed that small volatile
aromatic organic compounds, such as toluene and benzene, are
the primary precursors for anthropogenic SOA, it has recently
been shown that substantial contributions to SOA formation may
also come from compounds of lower volatility,36 such as
polycyclic aromatic hydrocarbons (PAHs). PAHs account for
a significant portion of the semivolatile gas-phase emissions
from diesel fuels,37 with substantial emissions also being
produced from gasoline engines,38 wood burning,39,40 and
cooking sources.41,42 Photooxidation of PAHs has been shown
to produce high-MW, low-vapor-pressure, oxygenated com-
pounds.40,43-47 The nitro PAHs, specifically nitronaphthalenes,
have been observed in ambient particulate matter48 and are of
particular importance due to their expected role as carcin-
ogens.49-52

We have previously reported SOA yields, defined as the ratio
of mass of SOA formed, ∆Mo, to the mass of hydrocarbon
reacted, ∆HC, from the photooxidation of naphthalene, 1-me-
thylnaphthalene (1-MN), 2-methylnaphthalene (2-MN), and 1,2-
dimethylnaphthalene (1,2-DMN) as a function of organic mass
loading under both high- and low-NOx conditions.15 Yields for
high-NOx conditions were observed between 0.19 and 0.30 for
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naphthalene, 0.19 and 0.39 for 1-MN, 0.26 and 0.45 for 2-MN,
and constant at 0.31 for 1, 2-DMN, at aerosol mass loadings
between 10 and 40 µg m-3. Under low-NOx conditions, yields
were found to be 0.73, 0.68, and 0.58, for naphthalene, 1-MN,
and 2-MN, respectively. Gas-phase products were tentatively
identified, and trends involving ring-opening versus ring-
retaining oxidation mechanisms were established. Calculations
of SOA formation from these PAHs demonstrated that these
precursors may contribute significantly to the amount of urban
SOA. The suite of instruments associated with the Caltech dual
indoor environmental chamber facility (Table 1), by which the
data to be presented were obtained, permits a thorough analysis
of the generation of SOA commencing with the oxidation of
the gas-phase hydrocarbon to the formation of SOA. Here we
describe the detailed evaluation of the chemical composition
of both the gas- and aerosol-phase constituents produced from
the photooxidation of naphthalene, the most abundant PAH in
the urban atmosphere.48

2. Experimental Section
2.1. Chamber Experiments. All experiments were carried

out in the Caltech dual 28 m3 Teflon chambers. Details of the
facilities have been described previously.53,54 Before each
experiment, the chambers were flushed with dried purified air
for >24 h, until the particle number concentration was <100
cm-3 and the volume concentration was <0.1 µm3 cm-3. In most
experiments, ammonium sulfate seed aerosol was used to
promote condensation of low volatility oxidation products. The
seed aerosol was generated by atomization of a 0.06 M aqueous
ammonium sulfate solution. The hydrocarbon was introduced
into the chamber by flowing purified air through an FEP tube
packed with solid naphthalene at 1 L min-1.

For high-NOx experiments (NO > 350 ppb initially) nitrous
acid (HONO) was used as the OH precursor. HONO was
prepared by adding 10 mL of 1 wt % aqueous NaNO2 dropwise
into 20 mL of 10 wt % sulfuric acid in a glass bulb. A stream

of dry air was then passed through the bulb, sending HONO
into the chamber. During this process, NO and NO2 formed as
side products and were also introduced into the chamber. NO/
NOx was measured with a commercial chemiluminescence NOx

monitor (Horiba, APNA-360). In some experiments, NO2 was
monitored by a gas chromatograph with luminol detector
(University of California, Riverside, CA) in which NO2 and
peroxyacyl nitrate (PAN) were separated by gas chromatography
and detected by chemiluminescence of reaction with luminol.55

Reaction of HONO with luminol is unlikely, and thus no interfer-
ence with the NO2 signal is expected. The NO2 measurement from
the NOx monitor is higher due to interferences from HONO. The
injection of HONO was stopped when the mixing ratio of NO2

reached about 80 ppb in the chamber as measured by the Riverside
NO2 monitor. Additional NO was added until total NO was about
400 ppb. For all experiments, the concentrations of NO and NO2

remained approximately constant over the course of photooxidation,
and ozone (O3) concentrations remained insignificant. For low-
NOx experiments, hydrogen peroxide (H2O2) was used as the OH
precursor. Prior to atomization of the ammonium sulfate seed, H2O2

was introduced by bubbling purified air through a 50% aqueous
H2O2 solution for 2.5 h at 5 L min-1 resulting in a mixing ratio of
2-8 ppm of H2O2.

The aerosol number concentrations, size distributions, and
volume concentrations were measured by a differential mobility
analyzer (DMA, TSI model 3081) coupled with a condensation
nuclei counter (TSI, CNC-3760). After allowing for all con-
centrations to stabilize, irradiation was initiated. The temperature
(T), relative humidity (RH), and concentrations of O3, NO, and
NOx were continuously monitored. Table 2 summarizes the
experimental conditions for the series of naphthalene oxidation
experiments conducted.

2.2. Gas-Phase Measurements.
2.2.1. Gas Chromatography/Flame-Ionization Detection

(GC/FID). The concentration of naphthalene was continuously
monitored by GC/FID. Chamber air was sampled into a 10 mL

TABLE 1: Instruments Employed in Chamber Experimentsa

instrumentation measurement time resolution detection limit/range

hygrometer (capacitance probe) temperature online 10-50 °C
Vaisala HMP233 humidity online 5-95%
chemiluminescent NOx analyzer NO, NO2 concentrations online 2 ppb
luminol NOx analyzer concentration of NO2 separated

from PAN by GC
online 5 ppb

O3 analyzer ozone concentration online 2 ppb
differential mobility analyzer (DMA) aerosol number concentration,

size distribution, and
volume concentration

4 min 0.2 µm3cm-3, 15-780 nm

gas chromotography/flame ionization
detector (GC/FID)

parent hydrocarbon concentration 12 min ∼1 ppbb

chemical ionization mass spectrometry (CIMS) gas-phase oxidation products ∼9 min ∼0.1 ppbb,
unit mass resolution

gas chromotography/electron ionization-time-
of-flight mass spectrometry
(GC/EI-TOFMS)

gas-phase oxidation products,
structural indentification

semionline, off-line 0.5 ppbb,
resolution ∼7000

ultra performance liquid chromatography/
electrospray ionization-time-of-flight mass
spectrometry(UPLC/ESI-TOFMS)

particle-phase products,
structural identification

off-line 1 ng m-3 b,
resolution ∼12 000

high performance liquid chromatography
electrospray ionization-ion trap mass
spectrometry (HPLC/ESI-ITMS)

particle-phase products,
structural identification

off-line 1 ng m-3 b,
unit mass resolution

high-resolution time-of-flight aerosol
mass spectrometry (HR-ToF-AMS)

particle-phase composition online 0.03 µg m-3,
50-600 nm

particle into liquid sampler-ion
chromotography (PILS-IC)

water-soluble aerosol composition online ∼0.1 µg m-3 b

a Instruments employed at the Caltech dual chamber environmental facility. b Detection limits dependent on identity of target species.
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injection loop and injected onto a HP5 15 m × 0.53 mm ID ×
1 µm thickness column installed on a 6890N Agilent GC. The
GC was temperature-programmed as follows; initial temp 60
°C, hold 1 min, ramp 35 °C min-1 to 140 °C, ramp 20 °C min-1

to 200 °C, hold 2 min. The GC response was calibrated by
dissolving a known mass of the naphthalene in dichloromethane,
and then vaporizing a known volume of that solution into a 38
L Teflon chamber.

2.2.2. Chemical Ionization Mass Spectrometry (CIMS).
Monitoring of gas-phase oxidation products was carried out in
real time by the use of a CIMS instrument. The details of this
instrument are described elsewhere.17,56,57 Briefly, a 2.5 standard
liters per minute (slm) aliquot of air is drawn from the
experimental chamber through a 1.6 m long 0.25 in. Teflon tube.
300 standard cubic centimeters per minute (sscm) of this flow
is introduced into the CIMS instrument and ionized by a reagent
ion. The resultant ions are filtered using a quadrupole mass
spectrometer with unit mass resolution. The instrument can
operate in both negative mode, using CF3O- as a reagent ion,
and in positive proton transfer reaction (PTR)-MS mode.
Negative mode is found to be more selective toward detection
of polar molecules, particularly acids, whereas positive mode
detects a broader range of organic compounds. Mass scans were
performed covering masses 55-450 amu for negative mode,
and 56-350 amu for positive mode, with a total scan time of
∼9 min. Mass scans were continuously repeated over the course
of each experiment.

2.2.3. Gas Chromatography/Electron Impact Time-of-Flight
Mass Spectrometry (GC/EI-TOFMS). The GC/EI-TOFMS
instrument (Waters, GCT Premier) is outfitted with a standard
6890N Agilent GC for introduction of volatile samples. The
ion source employed here is a traditional 70 eV positive (+)EI
source. The ions produced are continuously accelerated across
the source to 40 eV and perpendicularly extracted into the TOF
mass analyzer at a rate >25 kHz. The ions then pass through a
single reflectron with an effective path length of 1.2 m. Ions
are subsequently detected by a chevron stack of microchannel
plates. The arrival times of the ions are recorded by a time-to-
digital converter at a rate of 3.6 GHz, providing high mass
accuracy (∼7000). All data are acquired and analyzed using
MassLynx software version 4.1.

Various components have been added to aid with sample
introduction into the GC/EI-TOFMS instrument. A preconcen-
trator (Entech Instruments, model 7100A) is used to draw,
concentrate, and focus gas-phase samples into discrete peaks
on the GC column. The preconcentrator extracts air from the
environmental chamber and then cryogenically traps and
concentrates VOCs in the sample. We have used two different
trapping methods with the preconcentrator. The first method,
microscale purge and trap (MPT), is a three-stage procedure to
efficiently concentrate gas samples. The initial trap, which is

filled with glass beads, is used to remove water vapor from the
sample and removes bulk atmospheric gases (e.g., O2 and N2).
The initial concentration step is then followed by trapping of
VOCs with a Tenax adsorbent trap, and the sample is subse-
quently flushed into the cryofocusing module where the sample
is focused and rapidly injected onto the GC column. The second
method, cold trap dehydration (CTD), uses only the Tenax trap
and cryofocusing modules. Although CTD is less effective at
removing moisture from humid samples, it is the preferred
method of sample concentration for water-soluble compounds
such as aldehydes. This method also provides superior handling
of samples with high CO2 levels. Both the MPT and CTD
methods have been found to be effective for sampling volatile
and semivolatile compounds, although for the highly oxidized
products of interest here, the preconcentrator is believed to be
the controlling factor for the ultimate detection limit of these
latter products. All modules in the preconcentrator have an upper
temperature range of 200 °C. Similarly, the transfer line between
the preconcentrator and GC can be heated only to a maximum
of 150 °C. The upper temperature limit of the preconcentrator
makes detection of low-vapor-pressure oxidized compounds
challenging.

The concentrations of naphthalene (<40 ppb) employed in
the chamber experiments outlined in Table 2 preclude detection
of the gas-phase oxidation products by the GC/EI-TOFMS
technique as implemented at Caltech. Thus, additional high-
concentration experiments were carried out in a separate 3 m3

Teflon chamber to identify gas-phase products from the pho-
tooxidation of naphthalene under high- and low-NOx conditions
using the GC/EI-TOFMS instrument. The initial mixing ratio
of the naphthalene in these experiments was ∼40 ppm, and the
concentration of HONO in high-NOx experiments was ∼10 ppm.
For low-NOx experiments initial mixing ratios of H2O2 were
∼30-80 ppm. Two methods were used to monitor the formation
of gas-phase oxidation products; first, 1000 mL samples were
drawn from the 3 m3 Teflon chamber and introduced directly
into the three-step preconcentrator. After preconcentration, the
sample was injected onto the GC DB-5MS column (30 m ×
0.25 mm ID × 0.25 µm thickness) and temperature-programmed
as follows: initial temp 40 °C, hold 2 min, ramp 5 °C min-1 to
300 °C. This method has limited time resolution due to the
preconcentration and GC steps. In order to improve the time
resolution, Tenax tube samples were collected. Air from the 3
m3 Teflon chamber was drawn through Tenax TA glass tubes
(Supelco, 6 mm × 11.5 cm) at a rate of 0.455 L min-1 using a
critical orifice. Each tube sampled chamber air for 20 min.
Subsequently, the tubes were desorbed at 300 °C into the
preconcentrator and analyzed as described above. Gas-phase
products were identified by NIST library searching the mass
spectra,58 and authentic standards were used when possible. No

TABLE 2: Experimental Conditions from Chamber Experiments

initial naphthalene
(ppb)

oxidant
precursora

initial
NO2 (ppb)

initial
NO (ppb)

initial O3

(ppb) T (°C)b RH (%)b
initial seed

volume (µm3/cm3)
end volume
(µm3/cm3)

1 60 H2O2 0 0 6 26 6 14 143
2 25 H2O2 0 3 4 26 19 26 50
3 20 H2O2 0 2 2 24 10 11 38
4 20 H2O2 0 1 1 24 13 11 40
5 48 HONO 166 401 3 28 5 16 65
6 30 HONO 245 455 1 25 7 15 51
7 35 HONO 289 487 3 25 10 15 50
8 30 HONO 260 480 3 26 17 11 n.a.

a H2O2 is used for low-NOx conditions; HONO is used for high-NOx conditions. b Reported value is averaged over the course of the
experiment.
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differences were observed between the preconcentrator MPT
and CTD methods.

2.3. Particle-Phase Measurements.
2.3.1. Chamber Filter Sample Collection, Extraction, and

Off-Line Detailed Chemical Characterization Protocols. A
detailed description of the aerosol filter sample collection and
extraction protocol has been previously published.59 Briefly,
aerosol samples are collected on Teflon filters (PALL Life
Sciences, 47-mm diameter, 1.0-µm pore size, teflomembrane).
Filter samplers employed for aerosol filter sample collection
used a front and back-up filter sampling approach, where back-
up filters were collected in order to examine if aerosol
breakthrough was occurring on the front filter or whether
evaporation of semivolatiles from the front filter was occurring
during filter sampling. In all experiments outlined in Table 2,
no SOA constituents were found on the back-up filters, and as
a result, all detailed chemical characterizations are reported only
for the front filters. Filter sampling was initiated when the
aerosol volume reached its maximum (constant) value, as
determined by the DMA. Depending on the total volume
concentration of aerosol in the chamber, the duration of filter
sampling was 1.8-2.1 h, which resulted in 2.0-2.9 m3 of total
chamber air sampled. Teflon filter extraction protocols in high-
purity methanol (LC-MS CHROMASOLV-Grade, Sigma-Al-
drich) have been described previously.59 Additional filter
extractions using 5 mL of high-purity acetonitrile (LC-MS
CHROMASOLV-Grade, Sigma-Aldrich) were also performed
by 45 min of sonication to ensure detection of SOA constituents
not soluble in methanol. No additional compounds were
recovered using the less-polar acetonitrile solvent. Thus, all
results from the off-line ESI-MS measurements are reported only
for the methanol filter extractions. The resultant filter extracts
were then analyzed by a Waters ACQUITY ultra performance
liquid chromatography (UPLC) system, coupled with a Waters
LCT Premier TOF mass spectrometer equipped with an ESI
source, allowing for accurate mass measurements (i.e., deter-
mination of molecular formulas) to be obtained for each
observed ion. Operation protocols, including column information
and employed chromatographic method, for the UPLC/ESI-
TOFMS technique have been described in detail previously.59

Selected naphthalene low- and high-NOx methanol filter
extracts were also analyzed by a Thermo Finnigan Surveyor
high performance liquid chromatography (HPLC) system (pump
and autosampler) coupled to a Thermo Finnigan LCQ ion trap
mass spectrometer (ITMS) equipped with an ESI source,
allowing for tandem MS measurements (i.e., generation of
product ions) to be obtained. The combination of accurate mass
and tandem MS measurements significantly aided in detailed
structural characterization efforts. Data were acquired and
processed using Xcalibur version 1.3 software. A Waters
Atlantis T3 column (3 µm particle size; 2.1 × 150 mm) was
employed, which is similar to the Water ACQUITY UPLC HSS
column used for the UPLC/ESI-TOFMS analysis. The mobile
phases consisted of 0.1% acetic acid in water (A) and 0.1%
acetic acid in methanol (B). The applied 45 min gradient elution
program was as follows: the concentration of eluent B was kept
at 3% for 4 min, then increased to 100% in 21 min, holding at
100% for 10 min, then decreased to 3% in 5 min, and kept at
3% for 5 min. The injection volume and flow rate were 10 µL
and 0.2 mL min-1, respectively. The ion trap mass analyzer
was operated under the following conditions: sheath gas flow
(N2), 65 arbitrary units; auxiliary gas flow (N2), 3 arbitrary units;
source voltage, -4.5 kV; capillary voltage, -14.5 V; tube lens
offset, 7 V; capillary temperature, 200 °C; and maximum ion

injection time, 200 ms. Two scan events were used during each
chromatographic run; scan event 1 was the full scan mode in
which data were collected from m/z 120 to 600 in the negative
ionization mode and scan event 2 was the MS2 mode in which
product ions were generated from significant base peak ions
observed in scan event 1. For MS2 experiments, an isolation
width of 2.5 m/z units and a normalized collision energy level
of 35% were applied. The [M - H]- ion signal optimization
was carried out by introducing a 1 mg mL-1 malic acid standard
solution. Due to the on-axis ESI source that is characteristic of
the LCQ ITMS instrument, a solvent delay time of 3.5 min
(which diverted the column effluent from the ESI source to
waste) was employed to prevent clogging by nonvolatile salts
at the entrance of the capillary.

Measurements of total peroxide content from the extracted
filter samples were acquired by the UV-vis iodometric spec-
troscopy method.19 Filter samples used for this analysis were
extracted and prepared differently from the filter samples used
in the UPLC/ESI-TOFMS and HPLC/ESI-ITMS analyses.11

Standard calibration curves were generated using a series of
benzoyl peroxide solutions. The structure of the benzoyl
peroxide, a peroxy group linking two benzene rings, was judged
to be an excellent surrogate for the naphthalene system.
Calibrations and measurements were performed on a Hewlett-
Packard 8452A diode array spectrophotometer. Peroxides in the
form of HOOH, ROOH, and ROOR are quantified by measuring
the absorbance at 470 nm of the reaction product I3

- produced
under anaerobic, dark, and acidic conditions by the following
reaction scheme:

Detection of I3
- at 470 nm is 10 nm to the red from the peak

of the characteristic absorbance of I3
- and has been chosen to

avoid interferences with other organic compounds absorbing
in this region. Extractions from three high-NOx and three low-
NOx filters were performed to ensure reproducibility across
experiments. No contribution of H2O2 to this measurement
is expected due to the dry conditions employed in the present
experiments, as well as owing to previous quality control
experiments demonstrating that no H2O2 could be measured on
filter samples collected from a nonirradiated chamber mixture
containing only gaseous H2O2, VOC, and ammonium sulfate
seed aerosol. These latter quality control filter samples were
collected for the same duration as filter samples collected from
SOA chamber experiments.

Of particular concern to the UV-vis measurements is the
presence of nitronaphthalenes and nitrobenzenes in high-NOx

filter samples, which in solution have a color similar to the I3
-

produced from the reaction of I- with the peroxides in solution.
1000 ppm standard solutions of nitronaphthalenes (i.e., 4-nitro-
1-naphthol and 2-nitro-1-naphthol), nitrobenzenes (i.e., 2-ni-
trophenol and 3-hydroxy-4-nitrobenzoic acid), and epoxides (i.e.,
R-pinene oxide, 2-methyl-2-vinyloxirane, and 2,3-epoxy-1,4-
diol) were prepared and tested to confirm that no interferences
were present from these compounds in the UV-vis measure-
ment. From the analyses of the 1000 ppm standards, it was found
that the nitronaphthalenes and nitrobenzenes were the only
classes of compounds to absorb weakly at 470 nm, and as a
result, we reanalyzed the nitronaphthalene and nitrobenzene
standards at a concentration more relevant to the high-NOx SOA

ROOH + 2I- + 2H+ f I2 + H2O + ROH

ROOR + 2I- + 2H+ f I2 + 2ROH

I2 + I- f I3
-
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samples characterized in the current study. Since the highest
concentration of the nitronaphthalenes and of the nitrobenzenes
was measured at ∼5 ppm by the UPLC/(-)ESI-TOFMS
technique (Tables 2S-4S, Supporting Information), the absor-
bance of a 5 ppm standard mixture of the nitronaphthalenes
(i.e., 4-nitro-1-naphthol and 2-nitro-1-naphthol) and of the
nitrobenzenes (i.e., 2-nitrophenol and 3-hydroxy-4-nitrobenzoic
acid) was measured by the UV-vis technique. It was found
that the absorbance of this standard mixture, which possessed
a yellowish color characteristic of nitroaromatics in solution,
was insignificant at this SOA-relevant concentration.

Non-nitro containing benzene standards (i.e., phthalic acid
and trans-cinnamic acid) were also prepared and analyzed.
These compounds did not contribute to the absorbance measure-
ment at 470 nm, consistent with the lack of color observed in
their respective standard solutions. As a result of these measure-
ments, it was assumed that the absorbance (peroxide) measure-
ments acquired for the high- and low-NOx SOA samples were
not affected by chemical artifacts. Finally, blank Teflon filters
were also extracted and prepared in the same manner as the
filter samples collected from chamber experiments; these blank
filters produced no significant absorbance at 470 nm, indicating
that the filter medium did not interfere with the peroxide
measurements.

2.3.2. High-Resolution Time-of-Flight Aerosol Mass Spec-
trometry (HR-ToF-AMS). Real-time aerosol mass spectra were
obtained using an Aerodyne HR-ToF-AMS.60 The HR-ToF-
AMS was operated in both a lower resolution, higher sensitivity
“V-mode”, and a high-resolution “W” mode, switching between
modes once every minute. The V-mode data were analyzed to
extract sulfate, ammonium, and organic spectra.61 Calculation
of the SOA densities were achieved by comparing the particle
mass distributions obtained using the particle ToF mode and
the volume distributions obtained by the DMA in nucleation
(seed-free) experiments.62 O/C, N/C, and H/C ratios were
determined from W mode data using the APES toolbox and
applying the procedures outlined in Aiken et al.63,64 The particle-
phase signal of CO+ and the organic contribution to HxO+ ions
were estimated as described in Aiken et al.64

2.3.3. Particle-into-Liquid Sampler/Ion Chromatography
(PILS/IC). The PILS/IC instrument is designed to measure
aerosol water-soluble ions and is based on the original design
of Weber et al.65 The current instrument has been modified to
utilize syringe pumps to introduce the samples from the impactor
into vials for later analysis by IC.66 Chamber air, sampled
through a 1 mm cut-size impactor, is passed through three
denuders (URG and Sunset Laboratories) to remove gas-phase
species. The aerosol is mixed with steam in a condensation
chamber and grows by condensation of supersaturated water
vapor to diameters >1 µm. Droplets grow sufficiently large to
be collected by impingement on a quartz impactor, are washed
to the bottom of the impactor, then collected and stored in
airtight vials. Vials are analyzed off-line by IC (ICS-2000 with
25 µL sample loop, Dionex Inc.); columns used in the IC and
the chromatographic methods employed have been previously
described in detail by Sorooshian et al.66 Vials were collected
prior to each experiment to establish background levels of
individual species, including Na+, NH4

+, K+, Mg2+, Ca2+,
SO4

2-, Cl-, NO2
-, NO3

-, oxalate, pyruvate, formate, and
phthalate. Chromatographic peaks were identified and quantified
using authentic standards; standards used in the current work
are: teraphthalic acid, benzoic acid, trans-cinnamic acid, 5-hy-
droxy isophthalic acid, 1,2,4-benzene tricarboxylic acid, 4-formyl-
cinnamic acid, 2-hydroxy isophthalic acid, 3-hydroxy benzoic

acid, 4-hydroxybenzoic acid, 3-formyl benzoic acid, 3-hydroxy-
4-nitrobenzoic, 2-nitrophenol, 2-nitro-1-napthol, 4-nitro-1-
napthol, and salicylic acid. Additionally, the presence of
dicarboxylic acids of C2 (oxalic), C3 (malonic), C4 (succinic),
C5 (glutaric), and C6 (adipic) compounds were investigated using
authentic standards.

2.4. Ambient Aerosol Samples: Filter Collection Protocols
and Off-Line Chemical Analysis. Selected archived quartz fiber
filters collected from Birmingham, AL during the Southeastern
Aerosol Research and Characterization (SEARCH) 2004 campaign
were reanalyzed by the UPLC/(-)ESI-TOFMS technique, as
described above for the naphthalene SOA chamber filters. Details
of the SEARCH network, which includes descriptions of each site,
aerosol filter sample collection protocols, gas- and particle-phase
measurements conducted, can be found elsewhere.67,68 Birmingham,
AL (denoted as BHM in the SEARCH network) is an urban site
consisting of both industrial and residential settings. Quartz fiber
filter extractions and sample preparation procedures have been
described previously.69 However, solid-phase extraction (SPE) was
not employed in the current study to avoid possible loss of early
eluting naphthalene SOA products.

In addition to the ambient aerosol filters samples collected
from Birmingham, AL, quartz fiber filters were also collected
in Pasadena, CA, during June and July, 2009 using the same
high-volume filter sampling approach as used by the SEARCH
network. These samples are a part of the Pasadena Aerosol
Characterization Observatory (PACO), an ambient sampling
study located on the campus of Caltech. Selected PACO filter
samples collected on June 3, June 19, and July 14, 2009, were
analyzed by the UPLC/(-)ESI-TOFMS technique as described
above. These filters represent 4 h integrated morning (7-11
a.m.) and 4 h integrated afternoon (3-7 p.m.) sampling periods.
June 19 and July 14 were chosen for this chemical analysis
due to the high total organic mass aerosol loadings as measured
by a compact time-of-flight AMS instrument (maximum of
21.12 and 11.72 µg m-3, respectively, assuming a collection
efficiency of 0.5), O3 mixing ratios (71 and 56 ppb, respectively),
and daytime temperature (29 and 34 °C, respectively). June 3
was chosen as a relatively clean day for comparison with June
19 and July 14, and had a maximum total organic mass aerosol
loading of 5.66 µg m-3 (assuming a collection efficiency of
0.5), O3 mixing ratio of 19 ppb, and daytime temperature of 20
°C. Further results and details from the PACO 2009 campaign
will be presented in a forthcoming publication. Here, the
chemical characterization data obtained from the ambient filters
were compared to that of the naphthalene SOA chamber
experiments to identify potential ambient SOA tracer compounds
that can be used in source apportionment studies.

2.5. Chemicals. Most of the reagents used in this study were
purchased from Sigma Aldrich and their stated purities are listed
in Table 1S (Supporting Information). Additionally, 2-formylcin-
namaldehyde was synthesized by ozonolysis of naphthalene using
the technique of Larson et al.,70 but was not purified. Identification
of both E- and Z- isomers was confirmed by NMR measurements.

3. Results
3.1. High-NOx Conditions.
3.1.1. Chemical Characterization of High-NOx Gas-Phase

Oxidation Products. Table 3 lists the gas-phase products
detected by the CIMS instrument in positive and negative ion
modes and structures identified by the GC/EI-TOFMS technique.
These data are compared to aerosol measurements made by the
UPLC/ESI-TOFMS technique, thus establishing the connection
between the gas and particle phases. When the CIMS is operated

Photooxidation of Naphthalene J. Phys. Chem. A, Vol. 114, No. 2, 2010 917

346



TABLE 3: Summary of Chemically Characterized Gas- and Particle-Phase Products Produced from the Photooxidation of
Naphthalene
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TABLE 3: Continued

a CIMS does not permit structural identification. All proposed structures are derived from either GC/TOFMS, UPLC/TOFMS, or previously
identified structures found in the literature. H denotes products observed only under high-NOx conditions. B denotes products observed under
both NOx conditions. b Accurate masses are determined by [M - H]- or [M + H]+ mode. Reported masses are thus 1 H+ from the true mass.
c High-NOx case (HNOx). d Low-NOx case (LNOx). e For simplicty only one isomer is shown. Number of observed isomers can be determined
by the number of entries in the accurate mass column.
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in positive mode, compounds with proton affinities higher than
that of water extract a proton and are subsequently detected by
quadrupole MS; this mode is used for detecting a wide variety
of organic compounds. The masses seen in positive mode will
generally be detected as [M + H]+ ions and are denoted in the
CIMS [M + H]+ column shown in Table 3. The negative mode
of operation is highly selective toward acidic and polar
molecules. The analyte clusters with CF3O- forming an [M +
CF3O]- cluster ion, or subsequently loses CF2O to form the
[M + F]- ion. Generally, identification of an [M + F]- ion
corresponds with detecting carboxylic acids, while [M + CF3O]-

ions may also include hydroxy carbonyls. Owing to the unit-
mass resolution of the CIMS technique, structural assignments
are based on the results from the GC/EI-TOFMS and from
previous results on the photooxidation of naphthalene. Products
identified, along with suggested structures and accurate mass
measurements obtained by the GC/EI-TOFMS technique are
presented in Table 3.

The (+)CIMS mass spectrum from a typical high-NOx

experiment is shown in Figure 1. 2-Formylcinnamaldehyde (at
m/z 161), phthaldialdehyde (at m/z 135), and phthalic anhydride
(at m/z 167) represent the largest peaks. We refer to these
compounds as “ring-opening” products and indicate their
presence in Figure 1 by the red mass spectral peaks. These
observed compounds are consistent with those of other studies
that report products of naphthalene and will be discussed
subsequently. Closed-ring or “ring-retaining” compounds, such
as isomeric naphthols (at m/z 145), 1,4-naphthoquinone (at m/z
159), 2,3-epoxy-1,4-naphthoquinone (at m/z 175), and isomeric
nitronaphthols (at m/z 190), are also tentatively identified, as
indicated by blue mass spectral peaks in Figure 1.

In the CIMS positive mode, the most abundant gas-phase
product identified is a compound detected at m/z 161 (Figure
1). This compound is also observed in the GC/EI-TOFMS data
and is positively identified as 2-formylcinnamaldehyde based
on a mass spectral comparison with a synthesized standard (as
shown in Figure 2S, Supporting Information). The present
amounts of this compound are significantly less than found in
other studies71,72 due to losses in the preconcentrator. The time
trace for 2-formylcinnamaldehyde under typical high-NOx

conditions in Figure 2 indicates that 2-formylcinnamaldehyde
grows rapidly once oxidation is initiated, then decays relatively
slowly. From the (-)CIMS measurements, we learn that, after
about 2 h of irradiation, all the HONO is consumed; naphthalene
concentrations stabilize and generation of 2-formylcinnamal-
dehyde ends. 2-formylcinnamaldehyde then decays at a rate of
0.06 h-1 due to photolysis. After 6 h of irradiation, ∼70% of
the initially formed 2-formylcinnamaldehyde remains.

Results from the GC/EI-TOFMS technique demonstrate the
presence of both the 1- and 2-nitronaphthalene isomers in the
gas phase. 1-Nitronaphthalene has been positively identified
using an authentic reference standard (Sigma-Aldrich, 99%) in
conjunction with NIST library matching. 2-Nitronaphthalene is
identified based on NIST library matching, accurate mass
measurements, and comparison of the mass spectrum with the
1-nitronaphthalene isomer. Nitronaphthols are also identified
based on NIST library matching. The 4-nitro-1-naphthol au-
thentic standard was run for comparison, but did not match the
retention time of the assigned peak. We expect that this is
another structural isomer of 4-nitro-1-naphthol, most likely either
1-nitro-2-naphthol or 2-nitro-1-naphthol, both of which have
been identified in previous studies.72,73 Naphthoquinone and 2,3-
epoxy-1,4-naphthoquinone are also observed. In addition to these
ring-retaining compounds, benzoic acid and phthaldialdehyde
are also observed by the GC/EI-TOFMS technique. Chromato-
grams for selected photooxidation products observed by the GC/
EI-TOFMS method are shown in Figure 1S (Supporting
Information).

The two methods of sample collection described in Section
2.2.3 yield similar results. Directly introducing the sample into
the preconcentrator yielded greater intensities for the nitronaph-
thalene products; however, the gas-phase product of MW 160
(2-formylcinnamaldehyde) was detected with reduced efficiency
using this method. Although the second Tenax tube method
detected the gas-phase product of MW 160 with greater
efficiency, phthaldialdehyde was not detected. Detection of all
other oxidation products was comparable using these two
sampling techniques.

3.1.2. Chemical Characterization of High-NOx SOA. The
chemical composition of naphthalene SOA was probed with the
battery of techniques described earlier. HR-ToF-AMS particle-
phase data were acquired under a wide range of initial
naphthalene mixing ratios. The naphthalene mixing ratios for
which aerosol measurements from other instruments were
acquired are 20-30 ppb. Hydrocarbon mixing ratios, along with
the calculated density and observed aerosol atomic O/C, N/C,
and H/C ratios are presented in Table 4. Errors in accuracy
associated with AMS compositional ratios are reported as
(30%, (22%, and (10% of the measured O/C, N/C, and H/C
ratios, respectively, in accordance with findings from Aiken et
al.64 Densities of 1.48 g cm-3 were found for high-NOx SOA.

Under high-NOx conditions, ∼53% of the overall SOA mass
is chemically characterized by off-line chemical analyses of
aerosol filter samples using both the UPLC/(-)ESI-TOFMS and
total peroxide content measurement techniques. An UPLC/

Figure 1. (+)CIMS mass spectrum taken at 70% reacted naphthalene
under high-NOx conditions. Red data indicate ring-opening products.
Ring-retaining products are indicated in blue.

Figure 2. Time trace of 2-formylcinnamaldehyde obtained by the
(+)CIMS technique.
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(-)ESI-TOFMS base peak ion chromatogram (BPC) obtained
for a typical high-NOx naphthalene SOA experiment is shown
in Figure 3. Peaks found under both the high- and low-NOx

conditions are denoted in black, while those SOA constituents
found only in the high-NOx case are denoted in green. Due to
the use of (NH4)SO4 seed aerosol, bisulfate (detected as m/z
97) was found to elute first from the reverse-phase C18 column.
A complete listing of the high-NOx SOA constituents identified
and quantified by the UPLC/(-)ESI-TOFMS technique is
provided in Tables 2S-4S (Supporting Information). As shown
in Tables 2S-4S (Supporting Information) and Table 3,
∼24-28% of the high-NOx naphthalene SOA is chemically
characterized at the molecular level by the UPLC/(-)ESI-
TOFMS technique. These chemical characterizations are further
supported by the tandem MS measurements provided by the
HPLC/(-)ESI-ITMS technique; major product ions produced
for each of the major characterized high-NOx SOA constituents
are also listed in Tables 2S-4S (Supporting Information). All
SOA constituents were quantified by calibration with either an
authentic or surrogate standard. Dominant contributions to the
high-NOx SOA mass come from phthalic acid and hydroxy
benzoic acids. Standard deviations for each UPLC/(-)ESI-
TOFMS identified product were calculated across experiments
(experiments 2-5 in Table 2). The fraction of SOA mass
assigned to each product has a standard deviation of less than
3%, and the average standard deviation for the entire product
range was ∼2%, indicating the high level of reproducibility of
these experiments.

As shown by the time trace in Figure 4, analysis by the PILS/
IC technique confirms that phthalic acid is a significant
component of the high-NOx SOA (Retention Time (RT) ) 13.88

min), increasing from 0 to 5.23 µg m-3 over the course of the
experiment (Experiment 7 in Table 2). Figure 5 shows the ion
chromatograms for a high-NOx chamber sample on the bottom
panel. The top panel shows a chromatogram from a 2 ppm
standard of phthalic acid. The chromatographic peak with RT
of 15.27 min also shows trends of increasing concentration with
photochemical age and is not present in background vials,
suggesting that this peak corresponds to a SOA constituent;
however, this compound could not be identified using available
standards. No other water-soluble SOA constituents are observed
by the PILS/IC technique, indicating that small organic acids
do not account for the unidentified fraction of the SOA mass.
This is in contrast to data from the photooxidation of single-
ringed aromatic compounds, such as benzene, toluene, and
m-xylene, for which small organic acids comprise a substantial
portion of the overall SOA mass (unpublished data). Small
organic acids have also been observed in SOA generated from
the photooxidation of 1,3,5-trimethylbenzene.74

On the basis of results from the UPLC/(-)ESI-TOFMS
method, N-containing compounds account for ∼3% of the total
high-NOx SOA mass formed. Most of the N-containing com-
pounds were quantified using calibration curves generated by
either 2-nitro-1-naphthol or 4-nitro-1-naphthol standards. Using
4-nitro-1-naphthol in the quantification of these products yields
concentrations that are an order of magnitude reduced from
calibrations utilizing the 2-nitro-1-naphthol isomer. Final quan-
titative results reported here are determined by use of the more
conservative mass concentrations. Quantification of these chemi-
cally characterized SOA constituents yields an N/C ratio of 0.04.
This ratio should be considered as a lower limit for the N/C
ratio, because some of the N-containing compounds that are

TABLE 4: Summary of Experimental Conditions and Results from the HR-ToF-AMS Instrument

[naphthalene] (ppb) NOx seed vol (µm3/cm3) end vol (µm3/cm3) density (g/cm3) SOA mass (µg/m3) O/C ratio N/C ratio H/C ratio

5 low 10.64 18.48 1.55 12.15 0.61 ( 0.18 0 0.97 ( 0.1
20 low 10.48 41.48 1.55 48.06 0.72 ( 0.22 0 0.88 ( 0.09
60 low 13 143 1.55 201.5 0.6 ( 0.18 0 0.82 ( 0.08
5 high 12.25 16.23 1.48 6.18 0.55 ( 0.17 0.01 ( 0.02 1.03 ( 0.1
25 high 12.82 39.18 1.48 40.87 0.55 ( 0.17 0.01 ( 0.02 0.90 ( 0.1
30 high 0 26.3 1.48 40.76 0.45 ( 0.15 0.01 ( 0.02 0.90 ( 0.1
40 high 14.67 63.11 1.48 75.08 0.51 ( 0.15 0.01 ( 0.01 0.81 ( 0.08

Figure 3. UPLC/(-)ESI-TOFMS base peak ion chromatogram (BPC) of a representative naphthalene high-NOx SOA sample (Experiment 6).
Chromatographic peaks designated with black [M - H]- ions are also observed in the naphthalene low-NOx SOA samples. Chromatographic peaks
designated with green [M - H]- ions are only observed in the naphthalene high-NOx SOA samples. Chromatographic peaks designated with an
asterisk, *, were also observed on a blank filter, and they are not considered high-NOx SOA constituents. Major chromatographic peaks that remain
uncharacterized in this study are designated as: U.
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likely formed are not directly detectable by the UPLC/(-)ESI-
TOFMS technique unless the molecule also contains a functional
group with an acidic proton that can be abstracted. For example,
the UPLC/(-)ESI-TOFMS method detects six isomers of
nitronaphthol, as shown in Table 3; however, the 1- and
2-nitronaphthalene compounds identified in the gas phase by
the GC/EI-TOFMS technique are not detected, even though the
nitronaphthalenes are reported to exist primarily in the particle
phase.46 Given that the 1- and 2-nitronaphthalene isomers are
reported to account for 0.3-7%43,45,72 of the gas-phase yield,
and may partition into the particle phase,46 the detection of these
nonacidic nitronaphthalenes in the aerosol phase would likely
increase the N/C ratio. We also expect that the formation of
PANs, for example from phthaldialdehyde, may play a signifi-
cant role in SOA formation in the atmosphere. However, owing
to the large NO to NO2 ratio employed in these experiments,
and to the difficulty in detecting nonacidic N-containing
compounds, PANs are not observed in either the gas-or aerosol-
phase.

Bulk HR-ToF-AMS measurements yield measurements of
N-containing compounds producing N/C ratios ranging from
0.01-0.044. We place upper and lower bounds on the N/C ratio
using calculations with and without the addition of compounds
that possess NO+ and NO2

+ mass spectral peaks, respectively.
Under high-NOx conditions, OH and NO2 can react to form nitric
acid. Nitric acid can then react with ammonium from the
ammonium sulfate seed to produce inorganic nitrates. This
process should be of minimal importance for the experiments
performed here owing to the dry experimental conditions;
however, for the lower-limit calculations, we exclude com-
pounds that have contributions from NO+ and NO2

+ mass
spectral peaks from the N/C calculation to prevent biasing the
chemical composition calculations with the formation of these
inorganic nitrates. These lower-limit calculations include only
the measurement of organic nitrate (NO3) functional groups,
yielding an atomic N/C ratio of 0.01. Only one organic nitrate
is identified by the UPLC/(-)ESI-TOFMS method, supporting
the minimal contribution from this class of compounds.
However, inclusion of “NO family” ions with mass spectral
peaks corresponding to NO+ and NO2

+ is necessary to account
for the NO2 groups observed in compounds such as nitronaph-
thalene, but may introduce artifacts from inorganic nitrates.
Inclusion of the NO and NO2 groups increases the atomic N/C
ratio to 0.044, thus providing an upper bound of the N/C ratio.
Inclusion of these compounds into the composition calculations
also shifts the O/C ratios from 0.51 ( 0.17 (Table 4) to 0.57 (
0.17. Again, the upper-bound of 0.044 ( 0.01 for the N/C is in
good agreement with the lower bound of 0.036 obtained from
the UPLC/(-)ESI-TOFMS data as discussed above.

In general, the procedures for compositional analysis deter-
mined from high-resolution AMS data are still relatively new,
and further studies of the technique are necessary to fully
understand the data acquired using this complex instrument. For
example, calibrations of compositional ratios performed here
are based on AMS data from Aiken et al.,63 which likely possess
a different molecular composition than that of the current
experiments. To achieve more accurate ratios, the ionization
efficiency of each oxidation product by atomizing standards into

Figure 4. Time trace of phthalic acid acquired from Experiment 6
using the PILS/IC technique.

Figure 5. Chromatograms obtained by the PILS/IC technique. The top panel shows a 2 ppm standard of phthalic acid. The bottom panel shows
a representative chromatogram of a PILS sample collected under high-NOx conditions in the presence of ammonium sulfate seed (Experiment 7).
Peak assignments are: a-chloride, b-nitrite, c-nitrate, d-sulfate, e-phthalic acid, f-unidentified peak (see text).
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the AMS instrument need to be investigated or alternatively, a
much larger database of structures would need to be assembled.
More work needs to be performed to fully characterize the
appropriateness of the compositional ratios acquired by this
technique, particularly for the N-containing compounds which
have received less attention.

The high-NOx naphthalene SOA chemically characterized
through the filter sampling methods exhibits an average atomic
O/C ratio of 0.48. This ratio is largely consistent with the
measurements from the HR-ToF-AMS technique, from which
an overall O/C ratio of 0.51 ( 0.17 is detected. Atomic H/C
ratios of 0.83 calculated from the filter data are also in agreement
with the HR-ToF-AMS value of 0.9 ( 0.10, and as stated above,
the N/C ratios are also in relative agreement. The implications
of the agreement of the O/C, H/C, and N/C ratios between these
two analytical techniques is that the 53% of the total SOA mass
that has been chemically characterized is an excellent repre-
sentation of the chemical composition and oxidation level of
the entire high-NOx naphthalene SOA.

The total peroxide measurement based on the iodometric
spectroscopic method indicates that under high-NOx conditions
∼28% of the total SOA mass can be attributed to organic
peroxides (i.e., ROOH and/or ROOR). Contributions of organic
peroxides are calculated by determining the molar concentration
of peroxides in the solution. The measured concentration of
peroxides obtained by absorption at 470 nm is converted to µg
m-3 using the known solution volume, molar-weighted average
mass, and the volume of chamber air sampled. The molar-
weighted average MW is determined by multiplying the MW
of each product by the product mole fraction and summing over
the individual products. For the high-NOx system, we have taken
a molar-weighted average mass of the chemically characterized
SOA constituents listed in Tables 2S-4S (Supporting Informa-
tion) and assumed this to be the average MW of the unknown
organic peroxide structures. The assumption that this average
MW would be representative for the unknown organic peroxides
is supported by the similar O/C, N/C, and H/C ratios found
using both the chemically characterized filter data and the total
aerosol HR-ToF-AMS measurements. For the high-NOx case,
the molar-weighted average mass is determined to be 172 amu.
As will be discussed subsequently, we believe this is a
conservative estimate of the average peroxide mass. If the actual
average mass of the peroxides is indeed higher than the assumed
mass of 172 amu, then the contribution from peroxides to the
total SOA mass would increase. It should be noted that the
iodometric spectroscopic method provides no detailed chemical
characterization of the quantified organic peroxide content.

3.2. Low-NOx Conditions.
3.2.1. Chemical Characterization of Low-NOx Gas-Phase

Oxidation Products. A representative (+)CIMS mass spectrum
obtained for naphthalene photooxidation under low-NOx condi-
tions is shown in Figure 6. This mass spectrum was taken at
the same fraction of naphthalene reacted as that for the high-
NOx experiment previously shown in Figure 2, and thus the
extents of reaction are similar. Whereas the tentatively identified
products are the same as those observed under high-NOx

conditions, the relative intensities of the identified compounds
are substantially different. In the low-NOx case, the intensities
of the ring-retaining products (e.g., naphthol, naphthoquinone,
and epoxyquinone), as denoted by blue mass spectral peaks in
Figure 6, are all significantly greater than those found under
high-NOx conditions. Nevertheless, the m/z 161 signal continues
to dominate the overall (+)CIMS mass spectrum. When
compared with data from both the high-NOx experiments and

from injection of the synthesized standard, it is found that the
GC retention times, mass spectra, and exact masses (i.e.,
chemical formulas) obtained using the GC/EI-TOFMS technique
match, thus confirming that the compound observed at m/z 161
in the (+)CIMS mass spectrum under low-NOx conditions is
2-formylcinnamaldehyde.

3.2.2. Chemical Characterization of Low-NOx SOA. An
UPLC/(-)ESI-TOFMS BPC obtained for a typical low-NOx

naphthalene SOA experiment is shown in Figure 7. Detailed
comparison of this chromatogram and the high-NOx BPC (Figure
3) demonstrates that the aerosol compositions are quite similar.
All of the chromatographic peaks are also observed in the
naphthalene high-NOx SOA samples. No N-containing SOA
constituents are observed under low-NOx conditions due to the
lack of NO and NO2 addition reactions. Under low-NOx

conditions, we have been able to chemically characterize ∼68%
of the SOA mass, as compared to the ∼53% identified in the
high-NOx regime. The increase in speciation is the result of a
substantial enhancement in the concentration of the acidic
species under low-NOx conditions, with consistent peroxide
contributions under both NOx conditions. As shown in Table 3
and in Supporting Information, the fractions of total SOA mass
attributed to phthalic acid and hydroxy phthalic acid, for
example, increase by factors of 2 and 3, respectively. Similar
increases are observed for benzoic acid, hydroxy benzoic acid,
cinnamic acid, and dihydroxy cinnamic acid. The ring-retaining
compounds are present in low-NOx SOA samples, but we cannot
remark on their relative abundance compared to the high-NOx

case, owing to the fact that standards are often not available,
and these components were not quantified. Detection efficiencies
for these nonacidic ring-retaining compounds are lower than
those of the acidic ring-opening compounds. Hydroxy cinnamic
acid (see Table 3, MW 164) was the only additional compound
identified specific to the low-NOx regime. The atomic O/C
compositional ratio from filter sampling methods is 0.50, and
the H/C ratio is 0.82. O/C and H/C ratios determined from the
HR-ToF-AMS technique are 0.64 ( 0.19 and 0.89 ( 0.1,
respectively.

The total organic peroxide contribution was determined in
the same manner as that carried out for the high-NOx experi-
ments as detailed in Section 3.1.2. The molar-weighted average
mass was determined to be slightly higher than that of the high-

Figure 6. (+)CIMS mass spectrum taken at 70% reacted naphthalene
under low-NOx conditions. Red data indicate ring-opening products.
Ring-retaining products are indicated in blue.
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NOx SOA at 174 amu due to the increased contribution from
larger acids, for example, hydroxy phthalic acid (MW 182 and
observed by the UPLC/(-)ESI-TOFMS technique at m/z 181).
The total peroxide contribution under low-NOx conditions is
calculated to be ∼26.2% of the total SOA mass. This is similar
to the 28% contribution found in the high-NOx case. As in the
high-NOx case, we believe this to be a lower limit of the total
peroxide contribution to the SOA mass.

4. Discussion
4.1. High-NOx Conditions.
4.1.1. High-NOx Gas-Phase Chemistry. The gas-phase mech-

anism of naphthalene photooxidation has been the subject of
considerable study. Our present findings can be viewed within
the context of this prior work. We concentrate first on the high-
NOx case, an atmospherically interesting situation owing to the
coemissions with other anthropogenic sources and the relatively
short lifetime of naphthalene in the urban atmosphere.43,75-78

Proposed formation mechanisms of the major high-NOx naph-
thalene gas-phase products are provided in Scheme 1. The gas-
phase photooxidation products detected are boxed, and the MWs
of the identified products are highlighted in red. The mechanism
presented here does not incorporate all of the chemically
characterized products; a complete list of identified products
can be found in Tables 2S-4S (Supporting Information). The
majority of the gas-phase mechanism has been previously
established.43,45,47,72,79,80 Qu et al.81 have performed theoretical
calculations exploring the OH oxidation of naphthalene in the
presence of O2 and NOx, and have detailed much of the gas-
phase reaction dynamics. As determined by Wang et al.,47 68%
of the OH addition occurs at the C1 position to form the
hydroxycyclohexadienyl radical. The 1-hydroxycyclohexadienyl
radical lies 10 kcal mol-1 lower in energy than the 2-isomer.81

The preference for addition at the 1-site is supported by the
fact that 2-nitronaphthalene is ∼2 times more abundant than
the 1-nitronaphthalene isomer.80 The addition, the 1-site also
determines the formation of the epoxide, although 2-formyl-
cinnamaldehyde could be formed from either the 1- or 2-hy-
droxycyclohexadienyl radical.

The OH-naphthalene adduct reacts with either NO2 or O2.

GC/FID data combined with GC/MS-negative ion chemical

ionization (NCI) data from other chamber studies80 suggest that
the NO2 and O2 reactions with the OH-naphthalene adduct may
be of equal importance for NO2 mixing ratios in the range of
60 ppb. The NO2 mixing ratio used in the present high-NOx

experiments is ∼80 ppb, so these pathways should be of roughly
equal importance in the present experiments. A detailed descrip-
tion of the importance of the NO/NO2 in these experiments is
previously discussed in Section 3.2.1.

The N-containing compounds (i.e., nitronaphthalenes and
nitronaphthols) formed through the NO2 reaction pathway are
of particular interest due to their mutagenic properties.50,51 In
extensive studies of the nitronaphthalene isomers, along with
other nitroarene compounds, Arey and co-workers43,48,73,80,82 have
found that both 1- and 2-nitronaphthalene isomers form during
daytime conditions by OH reaction of naphthalene, but actually
concentrations of these compounds reach a maximum at night
due to N2O5 chemistry.48 The major loss process for 1- and
2-nitronaphthalene under atmospheric conditions is photolysis,
with photolytic lifetimes on the order of 2 h.73 Photolysis is
approximately an order of magnitude more important than OH
reaction, for which the reaction rate coefficients are 5.4 × 10-12

cm3 molecule-1 s-1 and 5.6 × 10-12 cm3 molecule-1 s-1 for
the 1- and 2-nitro isomers, respectively. Arey et al.73 also suggest
that 1-nitronaphthalene is the precursor to the 1,4-naphtho-
quinone product, which is formed through a photolysis pathway,
denoted in Scheme 1 by an open arrow. These OH rates are
consistent with the work of Bunce et al.45 for which lifetimes
of 20-34 h against OH reaction for the 1-nitronaphthalene and
2-nitronaphthalene isomers, respectively, were calculated using
the same OH concentration, but neglecting the photolysis
pathway.

Formation of ring-opening compounds is consistent with
decomposition of the alkoxy (RO) radicals formed from the RO2

+ NO pathway,72 which leads to 2-formylcinnamaldehyde (MW
160) and observed by the (+)CIMS technique at m/z 161, the
precursor to the majority of the ring-opening products found in
Scheme 2. 2-formylcinnamaldehyde is detected as both E- and
Z- isomers and is the major gas-phase product observed under
high-NOx conditions.45,71,72 Sasaki et al.72 suggested a combined
yield for the cinnamaldehyde E- and Z- isomers of 35%.
Although two further compounds with MW 160 are identified,

Figure 7. UPLC/(-)ESI-TOFMS base peak ion chromatogram (BPC) of a representative naphthalene low-NOx SOA sample (Experiment 3). All
major chromatographic peaks are marked with their corresponding [M - H]- base peak ions. Chromatographic peaks designated with an asterisk,
*, were also observed on a blank filter, and they are not considered high-NOx SOA constituents. Major chromatographic peaks that remain
uncharacterized in this study are designated as: U.
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based on peak intensity, the authors suggest that the E- and
Z-2-formylcinnamaldehyde structures account for ∼92% of the
products with MW 160. The remaining two compounds with
MW 160 have yet to be identified, although data suggest that
one of these compounds is an aldehyde isomer, whereas the
other compound most likely contains a carbonyl group. The
latter structure may be the hydroxy carbonyl identified as MW
160 shown in Scheme 1. We note that dihydroxynaphthalene
compounds would also be consistent with this mass.

An alternate route to the formation of 2-formylcinnamalde-
hyde proposed by Qu et al.81 involves a hydride shift from the
alcohol group on the naphthol peroxy intermediate to form a
hydroperoxy intermediate. Subsequent loss of OH and breaking
of the C1-C2 bond yields the 2-formylcinnamaldehyde. The
authors calculate that this reaction is exothermic by 24.88 kcal
mol-1. The two mechanisms for the formation of 2-formylcin-
namaldehyde are shown in Scheme 3. The first mechanism
would result in the formation of NO2 and HO2, whereas the
second mechanism would result in the formation of OH. It is
not possible to confirm one mechanism over the other from our
data, and both mechanisms remain as plausible routes to the
formation of the major 2-formylcinnamaldehyde oxidation
product. 2-Formylcinnamaldehyde undergoes further reaction
as shown in Scheme 2 to form ring-opening products, including
phthalic anhydride, phthalic acid, and phthaldialdehyde.

In addition to the pathway for ring-opening products through
the 2-formylcinnamaldehyde product, the bicyclic peroxy radical
may play a crucial role in the formation of not only ring-opened
products, but the formation of peroxide and epoxide compounds
as well. This alternate pathway will be discussed in Section
4.1.2. An alternate pathway to the formation of ring-opening
products is supported by the decay time for 2-formlycinnama-
ldehyde. As shown in Figure 2, 70% of the 2-formylcinnama-
ldehyde remains at the completion of the experiment. Given
that, under high-NOx conditions, the SOA mass yield for
naphthalene is ∼30%,15 and 2-formylcinnamaldehyde is sug-
gested as the major gas-phase product (30-60%),72,83 one would
expect to see a greater decay in 2-formylcinnamaldehyde in
order to produce the observed aerosol yields. This is suggestive
that another route to the ring-opening products may play a role
in the formation of high-NOx SOA.

Previous studies present evidence that photolysis plays a
significant role in the loss processes for the 2-formylcinnama-
ldehyde isomers, competing with the various reaction pathways.
Wang et al.47 have detailed the various loss processes for
2-formylcinnamaldehyde and report a ratio of OH reaction to
photolysis of 1.8 under blacklamp photolysis conditions with
corrections for wall-loss. A further study by Nishino et al.71

reexamined the competing pathways of 2-formylcinnamaldehyde
OH-reaction versus photolysis. Nishino et al. suggest a yield

SCHEME 1: Proposed High-NOx Mechanism for the Formation of Ring-Retaining Products and
2-Formylcinnamaldehyde (MW 160)a

a Observed products are boxed. MWs are shown in red, and the phase of the observed product (gas, g, or particle, p) is denoted in the lower right
corner.
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of 58-61% for the combined E- and Z- isomers of 2-formyl-
cinnamaldehyde with the OH-reaction and photolysis decay
pathways being of equal importance under experimental
conditions.

In addition to the aforementioned products we have identified
a range of C7 and C9 compounds (benzoic acid, etc) in low
abundance. While some of these compounds have been previ-
ously observed,45 a mechanism leading to them has not yet been
proposed. We suggest two possible mechanisms as minor routes.
Photolytic loss of the formyl group from 2-formlycinnamalde-
hyde followed by a hydride shift to the benzene ring and further
oxidation by O2 and HO2 seems to be a plausible mechanism
for forming compounds in this class.

Alternatively, as shown in Scheme 4, C7 and C9 compounds
could be formed through O2 addition to the radical formed on

the formyl group by H-abstraction by OH radical to form a RO2

radical that subsequently reacts with NO to form an alkoxy
radical. Loss of a CO2 moiety followed by a hydride shift and
oxidation of the radical carbonyl to form an acid would generate
the observed product with MW 148 denoted in Scheme 2.
Similarly, the corresponding peroxyacid would likely be formed
in conjunction with the acid (MW 148) during the O2 addition,
and may go on to further react in the aerosol phase.

4.1.2. High-NOx SOA Chemistry. Two previous studies have
addressed the chemical composition of SOA formed from the
photooxidation of naphthalene.46,84 We present here detailed
quantitative analysis on the chemical composition and potential
reaction pathways relevant to naphthalene high-NOx SOA
formation. The compounds identified from the UPLC/(-)ESI-
TOFMS analysis of filter samples yield atomic O/C, N/C, and

SCHEME 2: Proposed Mechanism for the Formation of Ring-Opening Products from the Further Reaction of
2-Formylcinnamaldehydea

a Observed products are boxed. MWs are shown in red, and the phase of the observed product (gas, g, or particle, p,) is denoted in the lower right
corner.

SCHEME 3: Suggested Mechanism for the Formation of 2-Formylcinnamaldehydea

a Mechanism 2 from ref 81 begins with the formation of the peroxide assuming the same initial steps as demonstrated in mechanism 1.
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H/C ratios that are in agreement with bulk measurements from
HR-ToF-AMS samples. This indicates that the chemical nature
of the characterized SOA constituents is a good representation
of the bulk aerosol formed from the photooxidation of naph-
thalene under high-NOx conditions. The chemical mechanisms
shown in Schemes 1 and 2 demonstrate how the gas-phase
oxidation products are likely to evolve by further oxidation to
form the components identified in the aerosol phase. The “g”
and “p” superscripts associated with each product denote the
phase of the component. A minor fraction of the SOA mass is
attributed to the N-containing compounds such as nitronaphthols.
The chemically characterized portion of the aerosol, which we
assume to be representative of the bulk aerosol based on detailed
composition measurements, is primarily composed of single-
ring (ring-opening) acids (e.g., formylcinnamic acid and further
oxidized compounds from phthalic acid).

We have performed calculations determining the average
number of carbonyls/molecule for the SOA in order to compare
with previous FTIR measurements. Dekermenjian et al.84

reported an average of 3.2 carbonyl/molecule based on the
assumption that the average molecule possesses a 10 carbon
backbone. As shown in Table 3, many of the compounds with

significant yield possess C8 structures, thus calling into question
the appropriateness of assuming a 10-carbon backbone. In order
to determine the average number of carbonyls/molecule we have
counted the number of carbonyl groups on each identified
product, and weighted this number by mole fraction, to establish
that the average structure possesses ∼1.25 carbonyls/molecule.
We believe the average we report here is an accurate representa-
tion of the degree of molecular oxidation, as it is based on
identified structures for which the bulk composition is known.
In comparison, the chemical composition determined by FTIR
will be strongly dependent on the length of the carbon backbone,
the accuracy of the composition calibrations, and the form of
the carbonyl group (e.g., acidic, aldehydic, or ketone).85

Organic peroxides are found to contribute ∼28% of the total
high-NOx SOA mass. We propose that a mechanism for the
formation of these compounds may occur through the formation
of a bicyclic peroxy radical as shown in Scheme 5. Analogous
reaction pathways have been examined in single-ringed aromatic
hydrocarbons (SAH). For toluene, benzene, and m-xylene it was
proposed that isomerization of the primary RO2 radical to form
the bridged bicyclic structure is faster than the competing
reaction with NO2, and a reaction with NO to form the RO

SCHEME 4: Possible Mechanism for the Formation of C7 and C9 Compounds

SCHEME 5: Proposed Reaction Mechanisms for Bicyclic Peroxide Structure
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radical may only occur after O2 addition.86 The simplest bicyclic
structure from naphthalene, which has molar mass of 192 amu,
is shown below in Scheme 5. Thus, structures related to the
bicyclic RO2 radical would yield masses of 192 or higher, and
the contributions from peroxides based on the average yield-
weighted calculations detailed in Section 3.1.2 would be
underestimated. If one uses the single-ringed aromatic com-
pounds as exemplary of the PAH products, then a reasonable
mechanism for both peroxides and ring-opening products can
be determined as shown in Scheme 5. The initial naphthalene-
OH adduct can either undergo hydrogen abstraction through
reaction with O2 to form naphthol or can react with O2 to form
the RO2 radical. For benzene, master equation calculations
suggest that formation of the phenolic compound accounts for
55-65% of the reaction mechanism, and the formation of the
bicyclic peroxy radical is the other major pathway.87 Resonance
fluorescence studies for several aromatic species have also
shown that the OH-aromatic adduct reacts preferentially with
O2 over both NO2 and NO to form either the alcohol or the
bicyclic peroxide structure, and reaction with NO can only occur
after the initial addition of O2.86 Reactions of the aromatic-
peroxy adduct with NO to form the alkoxy radical are found to
be of minor importance for the SAH.86,88 The bicyclic peroxy
radical that forms from the aromatic-OH reaction with O2 can
isomerize to yield an epoxide; however, this route has been
suggested based on master equation calculations87 for benzene,
and based on ab initio calculations86 for toluene, to be of minor
importance in the atmosphere, although the epoxide formed from
this type of mechanism has been detected in the experiments
reported here. For benzene, the pathway to the bicyclic RO2

structure has a 10 kcal mol-1 barrier and is exothermic by ∼69
kcal mol-1. Comparatively, the barrier to epoxide formation is
74 kcal mol-1 and the reaction is exothermic by 59 kcal mol-1.87

Once the bicyclic RO2 radical forms, the radical termination
steps can lead to a carbonyl, an organic nitrate, or an RO radical,
with the latter undergoing !-fission followed by cleavage of
the bridge O-O bond to form ring-opening products. For the
SAH, the primary fate of the bicyclic radical is isomerization
to form the epoxide or reaction with O2 to lead to ring-opening
products. We include the route through reaction of the alkoxy
radical with O2 to form the carbonyl merely for completeness,
but this should be a very minor channel.

Both the mechanism through the bicyclic structure (Scheme
5) and the mechanism shown for the formation of phthal-
dialedhyde in Scheme 2 are supported by the observed concur-

rent growth of glyoxal.47 However, reaction through the bicyclic
mechanism generates phthaldialdehyde and glyoxal as first
generation products, while further reaction through 2-formyl-
cinnamaldehyde (Scheme 2) leads to second-generation glyoxal
and phthaldialdehyde. The bicyclic structure to form ring-opened
products has been extensively studied for the single-ringed
aromatics,89 but to the best of our knowledge, has only been
suggested in the pathway to epoxide formation for the PAH
compounds. Given that about 70% of the 2-formylcinnamal-
dehyde was found to remain at the completion of the chamber
experiments, formation of the ring-opening products through
an alternate pathway may be of significance. Further mechanistic
studies on the reaction pathways of bicyclic structures related
to PAHs could yield important insights into the further gas-
phase reactions of this class of compounds.

In addition to the ring-opening and ring-retaining structures
previously outlined, an organic sulfonic acid (R-SO3), which
was characterized as hydroxylbenzene sulfonic acid using an
authentic standard, is observed here in naphthalene SOA
produced under both high- and low-NOx conditions in the
presence of neutral ammonium sulfate seed aerosol. Compari-
sons of these mass spectra are displayed in Figure 8. Product
ions observed at m/z 93 and 109 are due to neutral losses of
SO2 and SO3, respectively. These neutral losses are characteristic
of aromatic sulfonates.90 The product ion observed at m/z 80 is
due to the production of SO3

-, which is also a characteristic
ion of aromatic sulfonates.91,92 The hydroxylbenzene sulfonic
acids lack the presence of a m/z 97 ion (i.e., HSO4

-) in their
MS2 spectra, which is a characteristic product ion of organo-
sulfate functional groups (-ROSO3).29,32,59 The absence of this
peak clearly suggests that the product identified cannot be an
organosulfate. In combination with the accurate mass measure-
ments and similar retention times, the comparison of these MS2

spectra further supports the identification of hydroxylbenzene
sulfonic acids in naphthalene low- and high-NOx SOA formed
in the presence of ammonium sulfate seed. The formation of
this product requires reaction with the ammonium sulfate seed,
as the seed is the only source of sulfur in the system; however,
the mechanism by which an organic sulfonic acid would be
produced remains unclear. Methyl sulfonate has been reported
in marine layer aerosol due to the oxidation of dimethyl
sulfide.93-95 The presence of sulfonate compounds known as
of linear alkylbenzene sulfonates (LAS) has been observed in
river and seawater96 as well. LAS compounds, which are used
as surfactants in the manufacturing of cleaning products,97 are

Figure 8. (-)ESI-ITMS MS2 of m/z 173 collected via direct infusion analysis from (a) a 20 ppm 4-hydroxybenzene sulfonic acid standard and
from (b) a naphthalene high-NOx SOA sample (Experiment 6). Due to the generation of these MS2 spectra via direct infusion, isobaric m/z 173 ions
were analyzed simultaneously from the high-NOx SOA sample. As a result, red ions highlighted in (b) are not due to the hydroxybenzene sulfonic
acid. Product ions observed at m/z 93 and 109 are due to neutral losses of SO2 and SO3, respectively, which are neutral losses characteristic of
aromatic sulfonates. The product ion observed at m/z 80 is due to the production of SO3

-, which is also a characteristic ion of aromatic sulfonates.
The hydroxybenzene sulfonic acids lack the presence of a m/z 97 ion (i.e., HSO4

-) in their MS2 spectra, which is a characteristic product ion of
organosulfate functional groups (-ROSO3).

928 J. Phys. Chem. A, Vol. 114, No. 2, 2010 Kautzman et al.

357



found in these aquatic systems due to incomplete removal from
wastewaters. Most recently, Altieri et al.98 have observed the
presence of LAS directly in precipitation samples. The presence
of sulfonates in the environment due to pollution sources does
not yield insights into the generation of these compounds in
our chamber studies. Nevertheless, the photooxidation of PAHs
(e.g., naphthalene) in the presence of sulfur-containing aerosols
might yield an additional source of sulfonates found in the
environment.

4.2. Low-NOx Conditions.
4.2.1. Low-NOx Gas-Phase Chemistry. Although the major

gas-phase products observed under low-NOx conditions are
similar to those under high-NOx conditions, the intensities of
the resultant compounds differ dramatically. Scheme 6 shows
the proposed mechanism for the formation of the identified
products under low-NOx conditions. Under low-NOx conditions,
the ring-opening products can be formed mechanistically through
RO2 + RO2 or RO2 + HO2 pathways. Given the high
concentrations of HO2 prevalent in these chamber studies, the
RO2 + RO2 route is calculated to be of minor importance
compared to RO2 + HO2 reactions. A simple kinetic simulation
similar to those performed for SAH,13 indicates that in order
for RO2 + RO2 mechanisms to be competitive with RO2 + HO2

reactions, RO2 + RO2 rate constants would need to be at least
a factor of 10 larger than RO2 + HO2 rate constants based on
relative concentrations of RO2 and HO2 found in the chamber.
From the master chemical mechanism (MCM) version 3.1 it is
found that k(RO2+HO2) are generally on the order of 2.0 × 10-11

cm3 molecule-1 s-1, whereas k(RO2+RO2) are no more than 1.0 ×

10-12 cm3 molecule-1 s-1, indicating that RO2 + HO2 pathways
should dominate over RO2 + RO2 reactions under our experi-
mental conditions.

We also acknowledge that a different pathway for the 1,4-
naphthoquinone product under low-NOx conditions may be
possible. In their study of the OH-initiated photooxidation of
naphthalene, Qu et al.81 predict that the quinone is formed by
addition of HO2 to 1-naphthol followed by reaction with O2 to
form the 1,4-carbonyl peroxy naphthalene intermediate. Two
subsequent reactions with HO2 yield 1,4-naphthoquinone and
OH radical. The overall reaction is exothermic by -58.49 kcal/
mol. This type of HO2 mechanism has not been well established,
and reaction rates have not been reported, thus determining the
atmospheric importance of such a mechanism is not possible,
although it is energetically plausible.

4.2.2. Low-NOx SOA Composition Chemistry. Under low-
NOx conditions ∼68% of the SOA mass has been identified, of
which 26.2% is associated with organic peroxide compounds,
and the remaining 42% is chemically characterized at the
molecular level in Table 3 (and Tables 5S-7S) with dominant
contributions coming from acids. Under low-NOx conditions a
significant enhancement in the formation of acids is observed.
As shown in Table 3, the contribution of hydroxyphthalic acid
to the overall SOA mass increases from 3% in high-NOx

condition to 9% for the low-NOx case. The increase in the
concentration of acidic species is expected in the low-NOx case
as RO2 + HO2 chemistry dominates over the formation of
alkoxy radicals in the absence of NO. However, the formation
of alkoxy radicals through an RO2 + HO2 route still leads to

SCHEME 6: Proposed Low-NOx Mechanism for the Formation of Ring-Retaining Products and
2-Formylcinnamaldehyde (MW 160) under Low-NOx Conditionsa

a Observed products are boxed. MWs are shown in red, and the phase of the observed product (gas, g, or particle, p) is denoted in the lower right
corner.
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the presence of ring-opening species, as does the bicyclic
mechanism shown in Scheme 5. The 28% of SOA mass
attributed to organic peroxides, along with the enhancement of
acidic species, indicates the importance of RO2 + HO2 reactions.
The further reaction of bicyclic RO2 radicals may contribute
significantly to the generation of ring-opening products, the
epoxide, and organic peroxide species. O/C ratios from the filter
sampling method are slightly higher than in the high-NOx data
(0.50 vs 0.48, respectively), as is expected given the enhance-
ment of acidic species. AMS data shows that the O/C ratios
and H/C ratios are also slightly higher in the low-NOx

experiments, though still within error bars when compared to
the high-NOx experiments. These higher compositional ratios
obtained from the AMS technique appear to not only be an effect
of increasing acid concentration, but also of aging. Owing to
the lower OH concentration achieved in the low-NOx experi-
ments, longer reaction times are required to reach a constant
aerosol volume, thus more oxidation may occur in the aerosol,
though the observed affect is small.

4.3. Atmospheric Significance of Naphthalene SOA: Iden-
tification of Potential Ambient SOA Tracers in Urban
Atmospheres. Urban aerosol filter samples collected in Bir-
mingham, AL and in Pasadena, CA, were examined for the
presence of naphthalene SOA constituents chemically character-
ized in the present study (Table 3). The UPLC/(-)ESI-TOFMS
data obtained from the urban aerosol samples are compared to
the laboratory-generated high-NOx naphthalene SOA. Upon
detailed comparison of the UPLC/(-)ESI-TOFMS BPCs ob-
tained from both the laboratory-generated and ambient organic
aerosol samples, it becomes evident that several of naphthalene
high-NOx SOA constituents characterized in the present study
are observed in the urban aerosol samples. Figure 9 shows the
UPLC/(-)ESI-TOFMS extracted ion chromatograms (EICs) of
m/z 165 obtained from an urban aerosol sample collected from
Pasadena, CA, a 10 ppm phthalic acid authentic standard, and
a typical naphthalene high-NOx photooxidation experiment,
respectively. The comparison of these 3 EICs suggests that
phthalic acid may be a potential ambient naphthalene SOA tracer

Figure 9. UPLC/(-)ESI-TOFMS EICs of m/z 165 from (a) ambient samples collected in Pasadena, CA, (b) a 10 ppm phthalic acid standard, and
(c) naphthalene high-NOx experiments (Experiment 6).

Figure 10. UPLC/(-)ESI-TOFMS EICs of m/z 181 from (a) ambient samples collected in Pasadena, CA and (b) naphthalene high-NOx experiments
(Experiment 6).
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that could be used in a SOA source apportionment methods.99,100

Additionally, Figure 3S (Supporting Information) shows the
UPLC/(-)ESI-TOFMS EICs of m/z 165 obtained for a typical
naphthalene high-NOx SOA sample, a 10 ppm phthalic acid
standard, and an urban aerosol sample collected from Birming-
ham, AL. The use of phthalic acid as a potential tracer
compound for naphthalene photooxidation is tempting due to
the large quantities (∼14 ng m-3) found in the ambient aerosol
sample collected from Birmingham, AL. In comparison, 2-me-
thyltetrols, which are ambient tracer compounds for isoprene
SOA, have been measured between 200 pg m-3 and 365 ng
m-3 during the summer in aerosol samples collected from many
forested locations.101 Since isoprene is the most abundant
nonmethane hydrocarbon emitted into the atmosphere annually,
the mass concentrations of phthalic acid found in urban aerosol
samples analyzed in the present study are of some significance.
In fact, phthalic acid and other dicarboxylic acids have been
previously proposed as tracers.102,103 However, because phthalic
acid/anhydride is known to be formed from a wide variety of
sources including sewage sludge104,105 and plastic processing,106

its use as a tracer is of questionable value.

Figure 10 shows the UPLC/(-)ESI-TOFMS EICs of m/z 181
obtained in a typical naphthalene high-NOx SOA sample and
in an urban aerosol sample collected from Pasadena, CA. The
chromatographic peaks eluting at 5.45 min have the same
elemental compositions (i.e., molecular formulas) as determined
by the accurate mass measurements. This strongly indicates that
the hydroxy phthalic acid product characterized in Table 3 can
be used as an ambient tracer compound for naphthalene SOA;
however, it cannot be ruled out that, as with phthalic acid, other
sources may contribute to the formation of hydroxy phthalic
acid in ambient aerosol. As a result, we cannot suggest that
hydroxy phthalic acid be used solely as an ambient tracer
compound for naphthalene SOA.

Another naphthalene high-NOx SOA constituent found in the
urban aerosol samples is 4-nitro-1-naphthol (MW 189). Figure
11 shows the UPLC/(-)ESI-TOFMS EICs of m/z 188 obtained
for an urban aerosol sample collected from Pasadena, CA, a 1
ppm 4-nitro-1-naphthol authentic standard, and a typical naph-
thalene high-NOx SOA sample. The comparison of these EICs
clearly demonstrates the presence of this naphthalene high-NOx

SOA compound in ambient aerosol. Additionally, Figure 4S

Figure 11. UPLC/(-)ESI-TOFMS EICs of m/z 188 from (a) ambient samples collected in Pasadena, CA, (b) a 1 ppm standard of 4-nitro-1-
naphthol, and (c) naphthalene high-NOx experiments (Experiment 6).

Figure 12. UPLC/(-)ESI-TOFMS EICs of m/z 182 from (a) ambient samples collected in Pasadena, CA and (b) naphthalene high-NOx experiments
(Experiment 6).
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(Supporting Information) shows the UPLC/(-)ESI-TOFMS
EICs of m/z 188 obtained for a typical naphthalene high-NOx

SOA sample, a 1 ppm 4-nitro-1-naphthol authentic standard,
and an urban aerosol sample collected from Birmingham, AL,
respectively. Concentrations of 4-nitro-1-naphthol from the
Birmingham, AL site were found to be 1.6 ng m-3, and the
concentration of 4-nitro-1-naphthol collected from Pasadena,
CA during summertime polluted conditions was 228 pg m-3.
This compound could prove to be an excellent ambient tracer
for anthropogenic PAH chemistry. Apparent from the chamber
studies, and Birmingham, AL and Pasadena, CA ambient aerosol
samples, this compound, found at concentrations comparable
to those of other common tracers (i.e., 2-methyltetrol), appears
not to have been reported from alternate biogenic or anthropo-
genic sources. The added concern of N-containing naphthalene
compounds, such as the 4-nitro-1-naphthol found in these
ambient aerosol samples, as possible carcinogens makes these
compounds of particular interest.

Comparison of the UPLC/(-)ESI-TOFMS EICs of m/z 182
found in Figure 12 demonstrate that the hydroxy nitrobenzoic
acid with MW 183 characterized in the naphthalene high-NOx

SOA (Table 3) is also present in aerosol samples collected from
Pasadena, CA. We note that this single-ring aromatic SOA
constituent may also form in the atmosphere due to the
photooxidation of SAHs (e.g., toluene). However, we have
verified that naphthalene is a valid precursor to the presence of
this compound in SOA. Since other SAHs and PAHs likely
contribute to the formation of this compound in urban aerosol,
it is likely not reasonable to use this compound solely as a
naphthalene SOA tracer.

As a result of our detailed comparison of the laboratory-
generated naphthalene high-NOx SOA and the urban aerosol
samples, we recommend that 4-nitro-1-naphthol might serve as
a suitable ambient tracer for naphthalene SOA. It is worth
mentioning that other compounds not highlighted here in this
discussion were also observed in both the laboratory-generated
and ambient aerosol, but these were concluded to be unsuitable
ambient tracer compounds for naphthalene SOA; these include
the following [M - H]- ions identified in Table 3: m/z
137,149,154, 179, 193, and 209.

5. Conclusions

We report extensive studies on the gas- and particle-phase
constituents produced from the OH-initiated photooxidation of
naphthalene under both high- and low-NOx conditions. These
studies provide significant insights into the chemical mechanisms
that lead to SOA formation. For the high-NOx case, 53% of the
SOA mass is chemically identified, of which organic peroxides
constitute 28%. The comparison of O/C and H/C ratios between
the off-line molecularly characterized analyses are in agreement
with measurements from online bulk measurements suggesting
that the chemically characterized portion of the aerosol is
representative of bulk aerosol components. Additionally, hy-
droxybenzene sulfonic acid is observed in the aerosol phase
for both the low- and high-NOx cases, although a mechanism
for the generation of this product is not established. Under low-
NOx conditions, ∼68% of the SOA mass has been chemically
identified, of which 26.2% is associated with organic peroxides.
A significant enhancement in the formation of acids is observed
relative to the high-NOx case.

Naphthalene high-NOx SOA constituents characterized in the
present study are compared with urban aerosol samples collected
from Birmingham, AL and Pasadena, CA, confirming the
presence of SOA from naphthalene photooxidation in the urban

atmosphere. In particular, phthalic acid, hydroxy phthalic acid,
4-nitro-1-naphthol and hydroxy nitrobenzoic acid are observed
in both the laboratory-generated high-NOx SOA and the urban
organic aerosols. Of these compounds, 4-nitro-1-naphthol ap-
pears to be a valid ambient organic tracer for naphthalene high-
NOx SOA.

Acknowledgment. This research was funded by the Office
of Science (BER), US Department of Energy Grant No. DE-
FG02-05ER63983, US Environmental Protection Agency STAR
Research Assistance Agreement No. RD-83374901 and US
National Science Foundation grant ATM-0432377. The Elec-
tronic Power Research Institute provided support for the
SEARCH network field samples. The GC/TOF and CIMS
instruments used in this study were purchased as part of a major
research instrumentation grant from the National Science
Foundation (ATM-0619783). Assembly and testing of the CIMS
instrument was supported by the Davidow Discovery Fund. The
Waters UPLC/(-)ESI-TOFMS (LCT Premier XT TOFMS) was
purchased in 2006 with a grant from the National Science
Foundation, Chemistry Research Instrumentation and Facilities
Program (CHE-0541745). We thank J. Stockdill for synthesis
of 2-formylcinnamaldehyde. We would also like to thank E. S.
Edgerton of Atmospheric Research & Analysis (ARA), Inc.,
for providing the high-volume filter sampler, as well as
providing detailed information on its operation procedures, used
in the sampling of fine aerosols during PACO. This publication
has not been formally reviewed by the EPA. The views
expressed in this document are solely those of the authors and
EPA does not endorse any products mentioned in this publication.

Note Added in Proof. We proposed the formation of ring-
opening products by a bicyclic peroxy intermediate in the text
and in Scheme 5. After this work was submitted the following
paper came to our attention: Nishino, N.; Arey, J.; Atkinson R.
EnViron. Sci. Technol. 2009, in press. Nishino et al. also suggest
the formation of phthaldialdehyde and glyoxal by the route in
Scheme 5.

Supporting Information Available: Table 1S lists the
chemicals employed in this study along with their purities.
Tables 2S-7S display identification, quantification and (-)ESI-
ITMS MS2 information for experiments 2-8. EICs for selected
photooxidation products observed using the GC/EI-TOFMS
technique are shown in Figure 1S. Figure 2S compares mass
spectra for 2-formylcinnamladehyde (MW 160) from injection
of the standard and from chamber studies. Figures 3S and 4S
compare ambient data collected in Birmingham, AL and samples
collected in Pasadena, CA, with authentic standards. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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