
Author's personal copy

High-resolution mass spectrometry analysis of secondary
organic aerosol generated by ozonolysis of isoprene

Tran B. Nguyen a, Adam P. Bateman a, David L. Bones a, Sergey A. Nizkorodov a,*,
Julia Laskin b, Alexander Laskin c

aDepartment of Chemistry, University of California, Irvine, Irvine, CA 92697, USA
bChemical and Materials Sciences Division, Pacific Northwest National Laboratory, Richland, WA 99352, USA
c Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA 99352, USA

a r t i c l e i n f o

Article history:
Received 14 October 2009
Received in revised form
13 December 2009
Accepted 16 December 2009

Keywords:
Biogenic aerosol
SOA
Gas-particle partitioning
Peroxides
Carbonyls
Organic carbon
Oligomers

a b s t r a c t

The chemical composition of secondary organic aerosol (SOA) generated from the ozonolysis of isoprene
(C5H8) in the presence of an OH scavenger was examined using high-resolution electrospray ionization
mass spectrometry (ESI-MS) in the mass range m/z ¼ 50e1000. The chemical composition of SOA is
complex, with more than 1000 assigned peaks observed in the positive and negative ion mode spectra.
Only a small fraction of peaks correspond to known products of isoprene oxidation, such as pyruvic acid,
glycolic acid, methylglyoxal, etc. The absolute majority of the detected peaks correspond to highly
oxidized oligomeric constituents of SOA, with an average O:C molar ratio of 0.6. The corresponding
organic mass (OM) to organic oxygen (OO) ratio is 2.4. Approximately 8% of oxygen atoms in SOA are in
the form of peroxides, as quantified with an iodide test. Double bond equivalency (DBE) factors, rep-
resenting the sum of all double bonds and rings, increase by 1 for every 1e2 additional carbon atoms in
the molecule. The number of unoxidized C]C double bonds is estimated to be less than 10%; the
remaining DBE is due to C]O carbonyl groups. Kendrick analysis suggests that the prevalent oligomer
building blocks are small carbonyls with a C1eC2 skeleton. Formaldehyde (CH2O) is identified as the most
common repetitive building block in the observed oligomeric compounds.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Isoprene (C5H8) is the most abundant non-methane hydro-
carbon in the troposphere with emissions exceeding 500 Tg
annually (Guenther et al., 2006). Its oxidation reactions with the
hydroxyl radical (OH), nitrate radical (NO3) and ozone (O3) are
estimated to contribute approximately 50% to the global
secondary organic aerosol (SOA) budget, with OH being the
primary oxidant (Henze and Seinfeld, 2006; Paulot et al., 2009).
Ozonolysis of isoprene is an important daytime and intra-canopy
pathway for SOA formation (Fuentes et al., 2007). The ozonolysis
of isoprene has been the subject of a large number of studies
(Grosjean et al., 1993; Gutbrod et al., 1997; Hasson et al., 2001;
Kamens et al., 1982; Kleindienst et al., 2007; Lewin et al., 2001;
Neeb and Moortgat, 1999; Paulson et al., 1992, 1998). However, the
detection of oxidation products was usually limited to gas-phase
products using gas chromatographic (GC) and/or infrared (IR)
spectroscopic analysis. Major products identified in previous

studies included volatile and semivolatile compounds such as
methyl vinyl ketone (MVK), methacrolein (MACR), propene,
methylglyoxal, acetaldehyde, acetone, and formaldehyde.

Condensed-phase and multi-phase chemistry can make
a significant contribution to the yield of SOA from isoprene oxida-
tion. Important oxidative processes for isoprene (and its volatile and
semivolatile products) occurring in the aerosol phase include acid-
catalyzed heterogeneous reactions leading to humic-like products
(Limbeck et al., 2003), formation of tetrols and polyfunctional acids
in the presence of peroxides (Boege et al., 2006; Claeys et al., 2004;
Edney et al., 2005; Surratt et al., 2006, 2007), and cloud processing
of isoprene oxidation products (Altieri et al., 2006, 2008; Ervens
et al., 2008; Liggio et al., 2007; Lim et al., 2005). It is speculated that
these semivolatile products are further oxidized in the particle
phase to form lower-volatility species, further promoting their
affinity for the particle phase and providing a sink for the vast
majority of semivolatile compounds. Therefore, the composition of
particle-phase oxidation products is very complex and requires
sophisticated analysis tools for its determination.

The objective of this study is to investigate the non-volatile and
semivolatile components of SOAgenerated fromthe dark ozonolysis
of isoprene (designated isoprene/O3 SOA for the remainder of
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the paper) using high-resolution electrospray ionization mass
spectrometry (ESI-MS). ESI is a soft ionization method, which
facilitates the analysis of complex mixtures of organic compounds.
Primary ionization mechanisms in the positive and negative ion
modes, typically convert analyte molecules M into [M þ Na]þ

(sodiation), [M þ H]þ (protonation) and [M � H]� (deprotonation)
ions, respectively, without significant fragmentation. It was previ-
ously shown that ESI coupled to a detectorwith highmass-resolving
power makes it possible to observe and differentiate highly func-
tionalized compounds in complex SOA samples, which are hard to
detect by chromatographic techniques (Bateman et al., 2009; Laskin
et al., 2009; Reemtsma et al., 2006; Reinhardt et al., 2007; Smith
et al., 2009; Walser et al., 2008; Wozniak et al., 2008). This work
takes advantage of the high-resolution capability and soft ionization
method to characterize the molecular composition of a number of
previously unrecognized components in isoprene/O3 SOA.

Recent modeling and laboratory studies have provided evidence
that H2O2 and organic peroxides are important components of
biogenic SOA, especially in SOA produced by ozone reactions (Bonn
et al., 2004; Docherty et al., 2005; Gaeb et al., 1995; Hasson et al.,
2003; Jenkin, 2004; Mochida et al., 2007; Neeb et al., 1997; Sauer
et al., 1998; Surratt et al., 2006). The fraction of water-soluble
peroxides in isoprene/O3 SOA was measured in this work with
an iodometric test. In combination with the high-resolution
mass spectrometry data, these measurements make it possible to
estimate the fraction of the organic oxygen mass residing in the
peroxidic form.

2. Experimental

2.1. Mass spectrometry

Isoprene/O3 aerosol was generated by an ozone-initiated oxida-
tion of isoprene in a cubic inflatable 5m3 Teflon reaction chamber in
the dark at ambient temperature. Ozone was produced by flowing
ultra-high purity (99.994%) oxygen through a commercial ozone
generator. The reaction was carried out in purified dry air. Ozone
concentration was measured with a photometric ozone monitor
during the experiment. The 500 ppb and 1 ppm initial concentra-
tionsof isoprene (Aldrich, 99%purity)were chosen toyield sufficient
quantity of aerosol necessary for ESI-MS analysis. The ratio of ozone
to isoprene was limited to unity to avoid over-oxidation (Kamens
et al., 1982). The typical SOA mass concentrations for the 500 ppb
and 1ppmexperimentswere 15 mgm�3 and 40 mgm�3, respectively.
The reaction time and ozone to isoprene ratio were not sufficient to
completely oxidize the first-generation products MVK, MACR, and
methacrylic acid (MAA), given that their reactivity with ozone is
almost an order of magnitude lower than that of isoprene (Atkinson
and Carter, 1984). An excess of cyclohexane (45 ppm, Fisher, >99%
purity)was addedas anOHscavenger.Without anOHscavenger, it is
estimated that up to 50% of the oxidation products are formed
through the OH-initiated oxidation (Kleindienst et al., 2007). No
seed particles were used for these experiments and initial particle
formation occurredwithin 30min. Themixturewas allowed to react
for 1 h, after which, the particles were collected by pulling chamber
air through a Teflon-coated filter (Millipore, 0.2 mm pore) at a flow
rateof 20 standard liters perminute (SLM). Thefilterswereextracted
with 10 min sonication in 1 mL of acetonitrile (EMD 99.8% purity),
a solvent found to interfere negligibly with the ESI-MS analysis of
SOA in comparison to methanol (Bateman et al., 2008). The extracts
were not pre-concentrated to avoid thermal decomposition and/or
polymerization effects. Assuming all SOA on the filterwas dissolved,
the extracts had typical concentrations of 10e100 mg mL�1. Blank
experiments were conducted using the same experimental proce-
dure except isoprene was not injected into the chamber. Mass

spectra from blank experiments contained reproducible peaks
attributed to contamination from the filter and acetonitrile solvent.
These peaks were subtracted from the sample mass spectra during
the data analysis stage.

Extracted SOA samples were analyzed using a high-resolution
LTQ-Orbitrap� mass spectrometer (Thermo Electron Corporation,
Inc.) equipped with a modified electrospray ionization source.
Samples were injected through a pulled fused silica capillary tip
(50 mm i.d.) at a sample flow rate of 0.3e0.5 mL min�1, using a spray
voltage of 4.0 kV. The system was operated in both positive and
negative ion modes with a resolving power of 60,000 (m/Dm atm/z
400) and a mass range ofm/z 50e1000. Them/z axis was calibrated
using a standard calibration solution composed of caffeine MRFA
and Ultramark 1621 (calibration mix MSCAL 5, SigmaeAldrich, Inc).
ESI mass spectra were recorded for extracts from each filter,
including samples and blanks.

2.2. Data analysis

Mass spectra were analyzed as follows. Peaks with a signal-to-
noise ratio of 4 and higher, as defined by the Decon2LS program
developed at the Pacific Northwest National Laboratory (PNNL)
[http://ncrr.pnl.gov/software/], were selected for analysis. This
effectively removed peaks with relative intensities below 0.5%. The
resulting peak tables were then processed with a Labview 7.0 code
that assigned peaks based on their measured m/z values within
a specified tolerance (m/z � 0.001) and constraints imposed on the
elemental ratios (0 � O:C � 3.0, 0.8 � H:C � 2.5) and parities (odd
m/z only) in the molecular formulas (Kind and Fiehn, 2007; Mor-
ikawa and Newbold, 2003). Because no NOx was introduced into
the chamber and because of the inertness of acetonitrile with
respect to SOA compounds (Bateman et al., 2008), we did not
expect to find any nitrogen-containing species in the mass spectra.
Intensities of peaks with even nominal m/z values were consistent
with 13C isotopic substitution and such peaks were therefore
excluded from the analysis. Approximately 30% of the total peaks
could not be assigned, most of which had relative abundance of less
than 5%. The fraction of unassigned peaks was higher at higher m/z
values, as expected. In order to verify and supplement the auto-
matic assignments, we analyzed the most prominent Kendrick
families of peaks with CH2, O, and CH2O repetitive units.

Most peaks observed in the positive ion mode correlated to
sodiated, [M þ Na]þ, and protonated, [M þ H]þ, molecules (a small
number of peaks correlated to ions containing two sodium atoms).
Peaks observed in the negative ion mode corresponded to depro-
tonated species, [M � H]�. Molecular formulas of the correspond-
ing neutral molecules, M, were calculated by subtracting the exact
atomic weights of Na and H atoms from [M þ Na]þ and [M þ H]þ,
respectively, and adding themass of the proton to themeasuredm/z
of the [M � H]� species. All molar ratios, double bond equivalency
factors, and chemical formulas presented in this paper refer to the
neutral molecules.

2.3. Peroxide test

The peroxide test was performed as described by Docherty et al.
(2005). Briefly, isoprene/O3 SOA samples were prepared as
described above and collected on pre-weighed filters. The loaded
filters were weighed to �2 mg accuracy with Sartorius ME5-F filter
balance, and extracted in nanopure water (18.0 MU cm�1). The
extract was filtered using a syringe filter. As this test is sensitive
only to water-soluble peroxides, solubility of SOA is an important
variable in this method. In several separate experiments, SOA was
collected on CaF2 windows by impaction and extracted inwater and
in several organic solvents. SOA appeared to be fully soluble in polar
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solvents like water, acetonitrile, and methanol (there was no visible
residue on the window or colloidal particles in the solution) and
poorly soluble in nonpolar solvents chloroform and toluene. This
implies that isoprene/O3 SOA is dominated by polar, water-soluble
species. The peroxide test should therefore measure the total
peroxide content in isoprene/O3 SOA. The reaction of H2O2 or
water-soluble organic peroxides with excess potassium iodide (KI)

3ILðaqÞ D H2O2ðaqÞ D 2HDðaqÞ / IL3 ðaqÞ D 2H2O (1)

produces I3� ion with a characteristic absorption spectrum in the
visible range. Aqueous samples were allowed to react for 1 h before
being analyzed with a Shimadzu UV-Visible dual-beam spectro-
photometer (UV-2450, Shimadzu Corp.) in 1.0 cm quartz cells at
three wavelengths, 420 nm, 450 nm, and 470 nm. Reaction of
aqueous H2O2 (Fluka, ACS certified at 3.4%w/w)with 0.6M solution
of KI (EMD, 99.0%) served as the calibration. Although Docherty
et al. (2005) used benzoyl peroxide for the calibration purposes,
H2O2 is a more convenient calibrant for this study because the SOA
is water soluble.

3. Results and discussion

3.1. Mass spectra

The mass spectra of isoprene/O3 SOA at both initial reactant
concentrations of 500 ppb and 1 ppm are shown in Fig. 1

(positive ion mode) and Fig. 2 (negative ion mode). Background
peaks attributed to solvent and filter impurities, as well as peaks
with signal-to-noise ratio below 4, are excluded from these plots.
There are more than 1500 peaks in the positive ion mode spectra
and more than 1000 total peaks in the negative ion mode spectra.
In both detection modes, the majority of the observed peaks are
assignable to specific formulas by the method described above.

In contrast to the mass spectra of limonene/O3 SOA, which
contain well-defined clusters of peaks corresponding to mono-
meric, dimeric, trimeric and tetrameric products (Walser et al.,
2008), the mass spectra of isoprene/O3 SOA cannot be clearly
divided into obvious oligomeric subgroups. The peak intensity
distribution varies between the negative and positive ion mode
spectra, with the positive mode spectra exhibiting a larger number
of peaks in the high m/z region. Expected first-generation isoprene
oxidation products (C1eC5) from oxidation with ozone or incom-
pletely-scavenged OH radicals, are observed in both modes.
However, the dominance of C6eC40 compounds observed in the
positive ion spectra cannot be explained solely by the gas-phase
oxidation of isoprene, suggesting a high degree of oligomerization
in the aerosol.

The major visual differences between the positive and negative
ion mode spectra can be explained by the mechanism of ESI.
Sodiation and protonation become more efficient with increasing
molecular size of the oligomer (Meot-Ner, 2003; Reinhold et al.,
1998), which effectively shifts the intensity distribution in the

Fig. 1. Representative high-resolution mass spectra of isoprene/O3 SOA in the positive
ion mode. No peaks were detected above m/z ¼ 1000. The initial concentrations of
isoprene are shown in the boxes.

Fig. 2. Representative high-resolution mass spectra of isoprene/O3 SOA in the negative
ion mode. No peaks were detected above m/z ¼ 450. The initial concentrations of
isoprene are shown in the boxes.
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positive ion mode spectra to higher m/z values with respect to the
negative ion mode spectra. Therefore oligomeric molecules may be
overrepresented in the positive ion mode spectra and underrep-
resented in the negative ion mode spectra. This effect is clearly
visible in Figs.1 and 2. The fraction of oligomeric products produced
by the limoneneþ O3 reaction is similarly higher in the positive ion
mode spectra (Walser et al., 2008). These detection biases mean
that each ionization mode provides complementary information
and both types of spectra should be used in analysis.

The complexity of mass spectra arising from the oxidation of the
C5 skeleton of isoprene is truly unexpected, given the number of
constraints imposed on this system: the OH oxidation channel was
inhibited with a scavenger, there was no NOx in the chamber, and
the reaction took place in the dark, preventing any photochemistry.
Therefore, most of the observed peaks must have resulted from
secondary reactions involving the first-generation products.
Because ozonolysis of an isolated isoprene molecule can only
produce C1eC4 compounds, it is clear that a high level of oligo-
merization has occurred either in the aerosol phase or in the
extraction solution prior to ESI/MS analysis.

3.2. Van Krevelen vs. DBE representation of mass spectra

Van Krevelen (VK) diagrams are useful for the visualization and
analysis of high-resolution electrospray mass spectra of complex
organic mixtures (Kim et al., 2003). VK diagrams take advantage of
the exact elemental assignments to recast mass-spectral data in
terms of oxygen-to-carbon (O:C), hydrogen-to-carbon (H:C), and
other appropriate molar ratios. In this work, we use an approach to
the visualization of mass-spectral data, which slices the VK
diagrams into segments corresponding to different values of the
double bond equivalency (DBE) factors, also known as the degree of
unsaturation. DBE adds an additional layer of information to
product identification because it is equal to the number of double
bonds and/or rings in a closed-shell organic molecule (Meija, 2006;
Pellegrin, 1983). For a molecule that consists of h hydrogen atom,
c carbon atoms, o oxygen atoms, and no other kinds of atoms, DBE is
calculated as follows:

DBE ¼ 1� h=2þ c (2)

Fig. 3 shows a VK diagram for isoprene/O3 SOA in both positive
and negative modes. The sizes of the symbols are logarithmically
scaled by the corresponding peak intensities and color coded by
the DBE values. Because of ionization biases discussed earlier,
peak intensities are not necessarily representative of actual
concentrations of individual compounds. However, they serve as
a good indication of the general distribution of peaks in the mass
spectra. The supporting information section contains a three-
dimensional version of the same plot, Fig. S1. The VK diagrams
corresponding to the positive and negative ion modes provide
complimentary information because the lists of molecular
formulas derived from the positive and negative ion mode spectra
do not fully overlap.

VK diagrams can be used to qualitatively identify different
composition domains in natural organic samples (Heaton et al.,
2009; Kim et al., 2003). The upper left portion of the diagram with
high H:C ratio (w2), low O:C ratio (<1), and a DBE of 1 corresponds
to smaller aliphatic (C2eC5) aldehydes and alcohols. The upper
right portion of the diagram with high H:C (w2), high O:C (1e2),
and low DBE (1e2) represents small (C1eC2) aliphatic oxygenated
compounds (e.g. carboxylic acids, esters, and peroxides). Oligo-
meric SOA constituents with high DBE values cluster in the center
of the diagram (H:C w 1.5, O:C w 0.6). Highly oxidized (O:C > 1)
oligomeric compounds are detected only in the negative ion mode

and appear at the lower right region, with DBE values exceeding 4.
This region likely represents multifunctional acids, which are
known to constitute a sizable fraction of total organic mass (Saxena
and Hildemann, 1996).

The lower left corner of the VK diagram contains the most
unusual and least characterized products of isoprene ozonolysis,
which have low H:C ratios, low O:C ratios, and large DBE values
greater than 10. Some of these compounds contain unsaturated
C]C bonds or rings built entirely from carbon atoms as evi-
denced by their positive aromaticity indexes (AI). The definition
of AI specifically excludes C]O bonds and cyclic ethers from
contributing to the degree of unsaturation (Koch and Dittmar,
2006),

AI ¼ ð1þ c� o� h=2Þ=ðc� oÞ (3)

where AI values are defined as zero for c e o � 0. Koch and Dittmar
(2006) recommended a thresholds of AI > 0.5 for aromatic
compounds and AI > 0.67 for condensed aromatic compounds.

Fig. 3. Van Krevelen diagrams for positive and negative ion mode spectra. Sizes of
points are weighted by an adjusted mass-spectral intensity scale and color-mapped by
DBE values. Values next to the color code are the DBE values. A 3D version of this plot
can be found in the supporting information section.
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Fig. 4 compares the positive ion mode data for isoprene/O3 SOA
and limonene/O3 SOA extracts (Bateman et al., 2009). Both types of
SOA contain molecular formulas with positive values of AI (in the
case of isoprene/O3 SOA, w10% of formulas detected in the positive
ion mode and w6% of formulas detected in the negative ion mode
had AI > 0). It is important to note that while a positive value of AI
suggests there may be aromatic characteristics in the compound, it
does not necessitate this. As the majority of the observed positive
AI values are below the suggested thresholds for aromatic or
condensed aromatic structures (Fig. S2 in the supporting informa-
tion section), the positive AI values likely arise from non-aromatic
C]C bonds that were incompletely oxidized by ozone or formed
through secondary oligomerization processes such as aldol
condensation.

Fig. 4 demonstrates that O:C ratios in isoprene/O3 span
a considerably larger range than O:C ratios in limonene/O3 SOA
(Bateman et al., 2009; Walser et al., 2008). The large difference in
the appearance of the VK plots for limonene/O3 and isoprene/O3
SOA demonstrates that one cannot ascribe a unique region of the
VK plot to SOA as has been attempted, for example, by Wozniak
et al. (2008). This difference is in part due to the disparity in the
number of unsaturated carbon atoms in the precursors. Limonene
(C10H16) contains four sp2 and six sp3 hybridized carbon atoms.
Isoprene (C5H8) also contains four sp2 hybridized atoms but only
one sp3 hybridized carbon atom. One of the double bonds in
limonene is endocyclic, in contrast to isoprene, which only has
vinylic double bonds. Addition of ozone to an endocyclic double
bond generally leads to ring-opening without loss of carbon atoms
from the molecule. On the contrary, ozonolysis of vinylic bonds
leads to a loss of atoms from the carbon skeleton. Assuming that
ozonolysis adds 1e2 oxygen atoms to each non-terminal sp2 carbon
atom, and removes all terminal sp2 carbon atoms, the O:C ratios
should range from 0.3e0.7 to 0.7e1.3 in limonene/O3 and isoprene/
O3 SOA, respectively. This is consistent with the observed increase
in the average O:C values from 0.45 for limonene/O3 SOA to 0.62
for isoprene/O3 SOA.

3.3. Oligomers in isoprene/O3 SOA

A large fraction of observed peaks in both ionization modes
appear at high m/z values (m/z > 200, Figs. 1 and 2). These
compounds must result from fairly extensive oligomerization, as

the largest monomeric products of isoprene ozonolysis have
masses below 150 amu. The large fraction of products observed in
the oligomeric form is not unprecedented. For example, a signifi-
cant fraction of oligomeric compounds were found in the ozonol-
ysis of limonene (Hearn and Smith, 2006; Heaton et al., 2007;
Walser et al., 2008), ozonolysis and photooxidation of a-pinene
(Baltensperger et al., 2005; Gao et al., 2004a,b; Heaton et al., 2007;
Heaton et al., 2009; Reinhardt et al., 2007; Tolocka et al., 2004),
photooxidation of isoprene (Dommen et al., 2006; Surratt et al.,
2006), trimethylbenzene (Gross et al., 2006; Kalberer et al., 2004),
toluene (Sato et al., 2007), and in aqueous mixtures of simple
isoprene oxidation products (Altieri et al., 2006, 2008; Loeffler
et al., 2006; Perri et al., 2009). The fraction of higher molecular
weight species generally increases with increasing initial precursor
concentrations. However, oligomers have been observed in labo-
ratory-generated SOA with initial VOC loadings approaching
atmospheric levels (Shilling et al., 2009) and in ambient SOA
(Tolocka et al., 2004).

Possible monomeric units have been routinely deduced from
mass spectrometric evidence (Altieri et al., 2006, 2008; Perri et al.,
2009; Reinhardt et al., 2007; Surratt et al., 2006), by examining the
distribution of Dm/z separations between various product peaks.
From these methods, carboxylic acids (pyruvic acid, oxalic acid,
glycolic acid, 2-methylglyceric acid, and glyoxylic acid) and
aldehydes have been suggested as possible monomeric units of
oligomers found in isoprene SOA. Kendrick representation of high-
resolution mass spectrometric data (Hughey et al., 2001) can
similarly be used to search for potential oligomeric units. The
standard IUPAC scale sets the atomic mass of 12C to exactly 12 amu.
Kendrick redefined the mass scale by choosing a different base,
most commonly by setting the molar mass of CH2 group to exactly
14 amu (Kendrick,1963). Any combination of atoms can serve as the
base for calculating Kendrick mass (KM). The Kendrick mass defect
(KMD) is then defined as the difference between the nominal mass
and KM. For example, if formaldehyde is used as the base, KMCH2O
and KMDCH2O are obtained by setting the molar mass of CH2O to
exactly 30 amu.

KMCH2O ¼ mass�
�
massCH2O

�

massCH2O
(4)

KMDCH2O ¼ ½mass� � KMCH2O (5)

Square brackets refer to the nominal mass obtained by rounding
the mass to the nearest integer. When KMDCH2O values are plotted
versus the nominal m/z values, homologous series of compounds
differing only by the number of CH2O units fall on horizontal lines
and are clearly distinguishable as shown in Fig. 5. Identification of
the elemental composition of one compound in the homologous
series enables assignment of all peaks in the series. We have relied
on this method to either confirm or reject ambiguous assignments
of peaks at high m/z values.

The choice of formaldehyde as the Kendrick base in this work is
not arbitrary. A computer program was used to systematically
evaluate different Kendrick bases for their ability to give series with
the largest average number of homologous compounds. The Ken-
drick bases that yielded the longest families were CH2O, O, CH2,
C2H4O, C, C3H4O2, and CO, in descending order. Using this analysis
we identified CH2O as the most common building block of
isoprene/O3 SOA. In contrast, CH2 and O were the best Kendrick
bases for identification of homologous series in limonene/O3 SOA
(Walser et al., 2008).

The prominence of the Kendrick base CH2O suggests that form-
aldehyde acts as one of the monomeric building blocks for oligo-
meric growth. Kendrickbases C2H4O, andC3H4O2maycorrespond to

Fig. 4. Comparison of Van Krevelen diagrams for limonene/O3 (filled circles) and
isoprene/O3 (open circles) SOA based on data from the positive ion mode mass spectra.
Points in the bottom left corner of the diagram are characterized by positive aroma-
ticity index (AI) values, which indicate the presence of unoxidized C]C bonds.
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neutral compounds like acetaldehyde and methylglyoxal, respec-
tively, acting as monomer building blocks. For example, the esteri-
ficationprocesshasbeen shown toadd repetitiveC3H4O2units in the
oligomerization of condensed-phase compounds (Altieri et al.,
2008; Barsanti and Pankow, 2005; Corrigan et al., 2008; Kroll et al.,
2005; Liggio and Li, 2008; Loeffler et al., 2006; Surratt et al., 2006;
Tolocka et al., 2004). Aldehydes like formaldehyde, acetaldehyde,
and methylglyoxal were also recognized as possible oligomeric
building blocks in the analysis of high-resolution mass spectra of
ozonolysis of alpha and beta pinene (Heaton et al., 2009). These
three compounds are important by-products of isoprene gas-phase
ozonolysis and can be produced in substantial yields via multiple
reaction pathways (Finlayson-Pitts and Pitts, 2000; Grosjean et al.,
1993; Paulson et al.,1992). Because of the high initial concentrations
of reactants in our experiments, the aldehydes are present in suffi-
cient quantities in the chamber to participate in reversible and
irreversible uptake into the particle phase. Such uptake of semi-
volatile compounds (e.g. glyoxal, methylglyoxal, etc.) has been
shown to occur withmuch greater efficiency than predicted by gas-
to-particle partition theory (Barsanti and Pankow, 2004, 2005;
Corrigan et al., 2008; Liggio et al., 2005a,b; Schweitzer et al., 1998).
This is not to say that all oligomeric compounds in isoprene/O3 SOA
have resulted from polymerization of aldehydes. More likely, these
simple aldehydes contributed to SOA via gas-to-particle uptake
reactionswith hydroxyl and carbonyl functional groups of involatile
molecules that had alreadycondensed in SOA.Mechanisms for these
uptake processes include hydration, aldol condensation, hemiacetal
formation, esterification, etc. (Altieri et al., 2008; Barsanti and
Pankow, 2005; Corrigan et al., 2008; Kroll et al., 2005; Liggio and Li,
2008; Loeffler et al., 2006; Surratt et al., 2006; Tolocka et al., 2004).

The distribution of DBE values in SOA products can be used to
impose further constraints on the oligomerization mechanism.
Fig. 6 shows the average values of O:C ratio, H:C ratio, and c (the
number of carbon atoms in themolecule) calculated for each subset
of DBE values for both positive and negative ion mode spectra.
There is a linear correlation between DBE and the average values of
c. The slopes of the<c>vs. DBE dependence are 1.8 (R2¼ 0.961) and
1.7 (R2 ¼ 0.968) in the negative and positive ion mode, respectively.
This is consistent with a C1 to C2 molecule acting as the oligomer
building block, wherein each oligomerization step adds either
a new double bond or a ring in the molecule.

3.4. Low-molecular weight species in isoprene/O3 SOA

The high resolution of the LTQ-Orbitrap� mass spectrometer
makes it possible to unambiguously identify molecular formulas of
a number of SOA constituents. For sufficiently small m/z values,
tentative structural assignments are also possible. Table 1 shows
the most likely assignments of several prominent low-m/z peaks
based on their accurate masses. Not all assignments in Table 1 are
unique; for example, structural isomers methylglyoxal and acrylic
acid cannot be distinguished based on their mass alone. The
compounds detected in highest abundance were pyruvic acid
(C3H4O3) and glycolic acid (C2H4O3), both important aqueous-phase
higher-generation products of isoprene oxidation (Carlton et al.,
2006; Ervens et al., 2008). Gas-phase measurement of pyruvic acid
by Grosjean et al. (1993) produced a relatively small yield of 0.02.
The high abundance of pyruvic acid observed in this work suggests
that its total yield (gas-phase þ particle-phase) should be consid-
erably larger. Model simulations show that glycolic acid is a prom-
inent product in the aqueous-phase oxidation of isoprene and its
carbonyl products under a variety of atmospheric conditions. It is
speculated to be the intermediate species for the formation of other
hygroscopic acids (Lim et al., 2005).

Several organic acids appearing in Table 1 are not first-genera-
tion products of isoprene ozonolysis. Theymay arise from oxidation
of the first-generation products by incompletely-scavenged OH
radical and other reactive species formed in the decomposition of
Criegee intermediates. Criegee intermediates with a CeH bond in
the alpha position have a small activation barrier to H migration
(on the order of 10 kJ mol�1) to form an energetically favored

Fig. 5. A magnified portion of the Kendrick mass defect plot of isoprene/O3 SOA with
CH2O as the Kendrick base. Families M(CH2O)n with n ¼ 0,1,2,3. appear on the same
horizontal line. Dashed lines serve as visual guides. The red and blue colors are used to
distinguish between Kendrick families in close proximity. Adjacent points differ by the
mass of one CH2O molecule. The first member of each family (M) is labeled.

Fig. 6. Correlation between the average number of C atoms, O:C ratio, H:C ratio and
DBE in the isoprene/O3 SOA. For all molecules with the same DBE values, the weighted-
average elemental ratios and their uncertainties (one standard deviation) were
calculated from Eqs. (6) and (7).
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Table 1
Tentative assignments of low-molecular weight species observed in the positive and negative ion mode ESI-MS spectra of isoprene/O3 SOA. These compounds likely exist in
SOA in the form of esters or aldol condensates, which reversibly decompose upon extraction of SOA in the solvent for ESI-MS analysis. The relative abundance column shows
the corresponding peak intensities in percentages relative to the largest peak in the mass spectrum.

Tentative assignment Molecular structure Detection mode Relative abundance (%) Chemical formula Exact neutralmass

Formic Acid [þ] 2.6 CH2O2 46.0055

Acetic Acid/ [�] 2.6/7.5a C2H4O2 59.0133

Glycolic Acid [�] 17.9 C2H4O3 76.0160

Acrylic acid/Methylglyoxal [�] 2.9/1.2 C3H4O2 71.0133

Pyruvic Acid [�] 16.1/3.1 C3H4O3 87.0082

Malonic Acid [�] 1.2 C3H4O4 104.0110

Propanoic Acid [�] 3.2 C3H6O2 74.0368

Lactic Acid [�] 2.2 C3H6O3 90.0317

Methacrolein/Methylvinylketone [�] 7.2/0.75 C4H6O 69.0340

Methacrylic acid [�] 7.1/3.2 C4H6O2 85.0290

Acetic anhydride [�] 3.7/2.7 C4H6O3 101.0239

Succinic Acid [�] 3.3/6.0 C4H6O4 117.0188

Malic Acid [�] 2.9/1.9 C4H6O5 133.0137

a Positive/Negative ion mode abundances, respectively.
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hydroperoxide (Gutbrod et al., 1997). This hydroperoxide decom-
poses to form a hydroxyl radical and an alkyl or alkoxy radical. The
OH yield in ozonolysis of isoprene through the hydroperoxide
channel was determined to be 19e27% (Atkinson et al., 1992;
Gutbrod et al., 1997; Kroll et al., 2001; Neeb and Moortgat, 1999;
Paulson et al., 1998). Pathways for the formation of some of the
assigned products via the hydroperoxide channel are depicted in
Fig. S3 in the supporting information section.

Some of the compounds listed in Table 1 are not expected to
partition into the aerosol phase because they are too volatile.
However, we are able to observe molecules like MACR and MVK in
the mass spectra, which are known volatile products of isoprene
ozonolysis in NOx-free experiments (Grosjean et al., 1993; Kamens
et al., 1982; Paulson et al., 1992). Acetic acid, another important gas-
phase product of isoprene ozonolysis (Orzechowska and Paulson,
2002; Wilkins et al., 2001), also shows up in the mass spectra. The
detection of these volatile compounds in ESI-MS spectra may be an
artifact of the collection and detection process. As chamber air is
pulled through the filter, collected organic matter on the filter may
uptake “sticky” semivolatile compounds (McDow and Huntzicker,
1990; Park et al., 2003; Van Cauwenberghe et al., 1980). For
example, it has been demonstrated that glyoxal, a relatively volatile
oxidation product of biogenic VOCs, has a measured uptake coef-
ficient several orders of magnitude higher than can be predicted by
typical gas-particle partitioning theory (Corrigan et al., 2008). Once
partitioned into the aerosol phase, semivolatile compounds may
undergo reversible acid-catalyzed processes, such as esterification
or aldol condensation. Following extraction of the SOA sample into
acetonitrile solution, the equilibria are shifted, releasing the semi-
volatile species in the solution. As a result, these semivolatiles are
detected by ESI-MS even though they were not necessarily present
in the airborne SOA in an unbound form. Similarly, the monomer
acids described previously (pyruvic acid, glycolic acid, etc.) may be
present in the SOA in the oligomeric form and observed in ESI-MS
after reversible decomposition processes.

3.5. Elemental and mass ratios between C, H, and O atoms

Organic aerosol samples are routinely analyzed to determine the
total mass of organic carbon (OC) and elemental carbon (EC) in the
sample. The total organicmass (OM) can then be estimated fromOC
by multiplying it by a prescribed OM:OC ratio, which ranges from
about 1.4 to 2.3 depending on the type of organics present in the
aerosol (Pang et al., 2006; Turpin and Lim, 2001). The ratio of the
mass of organic oxygen (OO) to OC is another useful metric in
classifying different types of organic aerosol (Pang et al., 2006). In
the case of fully soluble SOA samples, the OM:OC ratio can be
directly calculated from high-resolution ESI mass spectra data once
assumptions about relative detection sensitivities are made. It is
convenient to first define the averagemolar ratio hO : Ci as the total
number of oxygen atoms divided by the total number of carbon
atoms in the sample. The average hH : Ci ratio can be defined in
a similar way.

hO : Ci ¼
X

i

xioi=
X

i

xici (6)

hH : Ci ¼
X

i

xihi=
X

i

xici (7)

Here, hi, ci, and oi are the numbers of H, C, and O atoms in the ith
compound, CciHhi

Ooi , and xi is the intensity of the corresponding
peak in the mass spectrum. Equations (6) and (7) rely on the
assumption that all SOA compounds can be detected by the ESI-MS
method with equal sensitivity, which is certainly a simplification
(Bateman et al., 2009). However, theseweighted-average ratios still
provide useful qualitative information about the degree of oxida-
tion of SOA constituents formed from different precursors. These
ratios can be converted into the OM:OC, OO:OC and OM:OO ratios
after scaling by proper atomic weights. For organic samples con-
taining only hydrogen, oxygen, and carbon atoms, as is the case for
isoprene/O3 SOA or limonene/O3 SOA, these ratios are (Bateman
et al., 2009):

OM
OO

¼ 1þ 12
16

1
hO : Ci þ

1
16

hH : Ci
hO : Ci (8)

OM
OC

¼ 1þ 16
12

hO : Ci þ 1
12

hH : Ci (9)

OO
OC

¼ 16
12

hO : Ci (10)

The calculated values of all these ratios for isoprene/O3 SOA and
limonene/O3 SOA are listed in Table 2.

Despite the differences in intensity distribution and detection
range of the positive and negative ion mode spectra (Figs. 1 and 2),
the values of OM:OC, OO:OC and OM:OO ratios derived from these
spectra are quite similar. This level of agreement is perhaps fortu-
itous as positive ion mode spectra are dominated by various olig-
omeric species, whereas negative ion mode spectra are dominated
bymolecules with carboxylic acid functional groups (see discussion
in Section 3.1). We want to point out, however, that the average
elemental ratios are remarkably insensitive to the method of their
calculation. For example, for data from the positive ion mode
spectra of isoprene/O3 SOA, the average O:C ratio calculated from
Equation (6) is 0.61. The ratio becomes 0.58 if all the weights in
Equation (6) are set to 1. If the weights are arbitrarily set to (m/z)�1

to approximately account for the higher ionization efficiency of
higher molecular weight species the average O:C ratio becomes
0.57. Finally, the unweighted average of all individual O:C ratios
shown in Fig. 3(a) is 0.60. Similar types of calculations for data from
the negative ion mode spectra result in the following values for the
average O:C ratios: 0.63, 0.65, 0.64, 0.68, respectively. This lack of
sensitivity of the average O:C ratio to the method of its calculation
was also observed in the case of a-pinene SOA (Heaton et al., 2009)
and increases our degree of confidence in the elemental and mass
ratios listed in Table 2.

The data in Table 2 reveals that the degree of oxidation in
isoprene/O3 SOA is quite high, with OO accounting for more than
40% of SOA mass (OM:OOw2.4). A substantial fraction of this
oxygen is likely present in the form of organic peroxides (see next
section). The fraction of carbonyls and carboxyls should also
be substantial as evidence by the large DBE values (Fig. 3).

Table 2
Molar- and mass- weighted elemental ratios in isoprene/O3 SOA calculated from Eqs. (6)e(10). Calculations are done separately for data from the positive and negative ion
mode mass spectra of isoprene/O3 SOA. Data from our earlier study of limonene/O3 SOA (Bateman et al., 2009) are provided for comparison.

<O:C> <H:C> OM/OC OM/OO OO/OC

Isoprene/O3 SOA (þ) Ion Mode 0.61 (�0.20) 1.53 (�0.28) 1.94 (�0.27) 2.38 (�0.59) 0.82 (�0.27)
Isoprene/O3 SOA (�) Ion Mode 0.63 (�0.26) 1.51 (�0.25) 1.97 (�0.35) 2.34 (�0.73) 0.84 (�0.35)
Limonene/O3 SOA (þ) Ion Mode 0.45 (�0.09) 1.58 (�0.11) 1.73 (�0.11) 2.88 (�0.42) 0.60 (�0.11)
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In comparison, limonene/O3 SOA is characterized by a smaller OO
content, with OM:OOw2.9, for the reasons described in Section 3.2.

3.6. Peroxides in isoprene/O3 SOA

Organic peroxides measured in this experiment were assumed
to be stable on the timescale it took to generate, collect, and
extract the sample (approximately 3 h). The measured amount of
peroxidic groups, normalized with respect to the SOA mass, was
1.0(�0.1) � 10�6 mol mg�1. As most SOA constituents have
multiple functional groups and high O:C ratios, it is convenient to
report the percentage of organic oxygen residing in peroxy groups
(fperoxy) as a measure of the peroxide content of SOA:

fperoxyð%Þ ¼ mwO2nperoxy
mSOA

� OM
OO

� 100% (11)

Here nperoxy is the molar amount of peroxy groups measured by the
iodometric test, mSOA is the mass of SOA sample, and mwO2 is the
molecular weight of the peroxy group (32 g mol�1). Using the OM:
OO ratio from Table 1 (w2.4), we found that peroxy groups
accounted for fperoxy ¼ 8 � 2% of OO atoms in isoprene/O3 SOA.
This number has to be treated as approximate because of the
uncertainties involved in the estimation of the OO:OM ratio, and
because of the restriction of the peroxide test to water-soluble SOA
compounds. Nevertheless, the fraction of peroxides in the isoprene/
O3 SOA is quite substantial. This result agrees reasonably well
to measurements done by Hasson et al. (2001), who reported
approximately 6 wt% total hydroperoxide yield in their isoprene/O3
SOA formed under dry conditions. Docherty et al. (2005) reported
very high peroxide fractions, 47, 85, 34 and 98wt%, in the ozonolysis
of a-pinene, b-pinene, D3carene, and sabinene, respectively. In their
calculations, Docherty et al. (2005) assumed an average organic
peroxidemolarmass of 300gmol�1. Ifwewere touse this valuewith
our data, we would get a similarly high organic peroxide yield, in
excess of 30%.We believe that expressing the peroxide fraction from
Eq. (11) is more practical as it does not have to rely on the assumed
molecularweight of a representative SOA species, and it accounts for
the polyfunctional nature of SOA compounds.

4. Summary

Results of this high-resolution mass spectrometric study are
consistent with the following qualitative picture of SOA formation
in the isoprene/O3 system. During the initial stages of oxidation,
ozone reacts with isoprene via established gas-phase reaction
pathways producing a number of low-molecular weight products,
including formaldehyde, formic acid, methylglyoxal, methacrolein,
methylvinylketone, methyacrylic acid, etc. As these first-generation
products build up in the reaction chamber they undergo further
oxidation or react with Criegee intermediates (see Fig. S4 in the
supporting information section). This leads to the appearance of
second-generation products that are subsequently partitioned into
the particle phase. The second-generation products can grow
further by gas-to-particle reactive uptake of the first-generation
products, especially small aldehydes and carboxylic acids.

Multiple clues about the chemistry leading to SOA formation
are encoded in the distribution of the molecular formulas from
SOA species; this is the sort of information that high-resolution
mass spectrometry can provide directly. For example, the large
values of double bond equivalency factors (DBE) shown in Fig. 3
are indicative of the prevalence of carbonyl and carboxyl func-
tionalities in the SOA species. Observation of SOA species with
positive aromaticity index values (Fig. 4 and S2) indicates that
a small fraction (w10%) of the products still retain unsaturated C]

C bonds. The increase in the average value of DBE with the number
of carbon atoms in the molecular skeleton (Fig. 6) reveals that the
most common building blocks for the SOA oligomers contain 1e2
carbon atoms. The prominence of the CH2O Kendrick base (Fig. 5)
suggests an efficient gas-to-particle reactive uptake of formalde-
hyde by the SOA species. The direct observation of a number of
highly volatile species in the mass spectra of the SOA extracts
(Table 1) suggests that this uptake is at least partly reversible.
Finally, the values of the elemental and mass ratios are consistent
with highly oxidized SOA species, with an estimated average O:C
ratio of about 0.6 (Table 2) and maximal O:C ratio exceeding 1 for
some of the molecules (Fig. 3). These results clearly demonstrate
that the isoprene/O3 SOA is a complicated and dynamic mixture of
highly oxygenated organic compounds.
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