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1. INTRODUCTION

Isoprene (2-methyl-1,3-butadiene, C5H8), the most abundant
nonmethane hydrocarbon in the atmosphere,1 is a major pre-
cursor to secondary organic aerosol (SOA).2�4 Photooxidation
of isoprene produces a number of compounds that end up in
SOA, including tracer molecules 2-methylglyceric acid (2MGA)
and 2-methyltetrols.5�10 Oligomer formation by particle-phase
accretion reactions is significant in isoprene SOA.11,12

The initial concentrations of nitrogen oxides (NO+NO2=NOx)
in chamber photooxidation experiments affects the semivolatile and
nonvolatile products produced from isoprene and, therefore, the
yield and composition of the SOA.8,13�15 Under high-NOx condi-
tions, relevant to urban environments, the chemistry of alkylperoxy
radicals (RO2) is controlled by the RO2 + NO f RO + NO2

reaction, and favors production of carbonyl compounds in the gas
phase.16 Furthermore, under high-NOx conditions, the yield of gas-

phase organic nitrates from isoprene is significant, in the range
of 8�13%.17�19 As these organic nitrates are expected to be large
(C4�C5) and bifunctional,20 they can enter the particle phase
through gas/particle partitioning, reactive uptake, and oligomeriza-
tion. In contrast, under low-NOx conditions, relevant to more
pristine environments like the Amazon basin, the RO2 + HO2 f

ROOH + O2 reaction becomes the dominant fate of RO2 radicals,
and organic nitrates are expected to have negligible yields.

The SOA yield from the photooxidation of isoprene has been
extensively investigated in laboratory chamber studies over a broad
range of NOx concentrations.21 However, the particle-phase
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ABSTRACT: Electrospray ionization high-resolution mass
spectrometry (ESI HR-MS) was used to probe molecular
structures of oligomers in secondary organic aerosol (SOA)
generated in laboratory experiments on isoprene photooxida-
tion at low- and high-NOx conditions. Approximately 80�90%
of the observed products are oligomers and up to 33% by
number are nitrogen-containing organic compounds (NOC).
We observe oligomers with maximum 8 monomer units in
length. Tandem mass spectrometry (MSn) confirms NOC
compounds are organic nitrates and elucidates plausible chemi-
cal building blocks contributing to oligomer formation. Most
organic nitrates are comprised of methylglyceric acid units. Other important multifunctional C2�C5monomer units are identified
including methylglyoxal, hydroxyacetone, hydroxyacetic acid, and glycolaldehyde. Although the molar fraction of NOC in the high-
NOx SOA is high, the majority of the NOC oligomers contain only one nitrate moiety resulting in a low average N:C ratio of 0.019.
Average O:C ratios of the detected SOA compounds are 0.54 under the low-NOx conditions and 0.83 under the high-NOx

conditions. Our results underscore the importance of isoprene photooxidation as a source of NOC in organic particulate matter.
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composition has not been studied in detail until the work of Surratt
et al. (2006).8 That study identified ∼22�34% of the high-NOx

aerosol mass as oligomers and suggested 2MGA to be a key
monomer unit forming oligomers by esterification reactions.
(Herein, we use the terms oligomers and high-MW compounds
interchangeably for constituents of isoprene SOA with molecular
weights in excess of 200 g/mol, which corresponds to at least two
monomeric products bound together.) Gas chromatography ion-
trap MS studies by Szmigielski et al. (2007) identified 2MGA as a
prominent oligomer building block.22 In addition, the nitrogen-
containing organic compounds (NOC) in isoprene SOA formed
under high-NOx were shown to be organic mononitrates. A recent
study of the photooxidation of methacrolein further confirmed
2MGA as a key monomer in SOA oligomerization reactions.23 The
overall conclusion from these studies is thatmore acidic products are
formed under high-NOx conditions with a greater contribution
from dihydroxyacids like 2MGA. However, a large fraction of the
oligomeric compounds remains uncharacterized because the highly
diverse nature of oligomer building blocks in isoprene SOA
complicates the molecular level analysis.

In this work, we use electrospray ionization high-resolutionmass
spectrometry (ESI HR-MS) to overcome this limitation and
provide additional insights into the compositional differences,
which control the physical and chemical properties of SOA formed
under the high- and low-NOx oxidation regimes. An emphasis is
placed on the organic nitrate fraction (both mono- and poly
nitrates), comparing the sample-averaged elemental ratios (H:C,
O:C, and N:C ratios) of the detected SOA compounds, and
studying a large pool of oligomer building blocks in low-NOx and
high-NOx SOA generated from the photooxidation of isoprene.

2. EXPERIMENTAL SECTION

Photooxidation of isoprene was performed in a 5 m3 Teflon
chamber under dry (RH < 2%) conditions in the absence of seed
particles. For all experiments, the chamber was flushed overnight
with dried air from an FTIR purge gas generator (Parker model
75�62). Reagents were added to the chamber by evaporation of 40
μL ofH2O2 (Aldrich, 30% by volume in water) with a stream of air,
followed by injection of 5 μL isoprene (Aldrich, 99% purity). For
high-NOx experiments, NO was introduced by adding a calibrated
volume of a primary standard (Praxair, 5000 ppm NO in N2) into
the chamber. Some NO2 was usually produced when the NO
standard was injected in the chamber. A fan mixed the reagents
within the chamber for several minutes and was then turned off to
minimize particle wall losses. In all experiments, the startingmixing
ratios of isoprene and H2O2were 250 ppb and 2 ppm, respectively.
For high-NOx experiments, the initial mixing ratios of NO and
NO2 were 600 and 100 ppb, respectively. For low-NOx experi-
ments, the initial mixing ratios of NO andNO2were <1 ppb and<3
ppb, respectively. Supporting Information (SI) Figure S1 shows
that in the high-NOx oxidation, NO decreased to below the
detection limit after approximately 40 min. In the low-NOx

oxidation,NOdecreased quickly and remained below the detection
limit throughout the oxidation period. After the concentrations of
all reagents stabilized, UV-B lamps, with emission centered at
310 nm, were turned on to initiate the photochemistry. The
photooxidation time was two hours.

The formation of SOA particles was monitored by a scanning
mobility particle sizer (SMPS model 3080, TSI Inc.), ozone was
monitored by a Thermo model 49i photometer, NO and NOy

were measured with Thermo model 42i chemiluminescence

analyzer. A proton-transfer-reaction time-of-flight mass spectro-
meter (PTR-ToF-MS, Ionicon Analytik) was used to follow the
decay of isoprene and the production of the gas-phase photo-
oxidation products. The PTR-ToF-MS was operated with a
resolving power (ratio of the peak position to its full width at
half-maximum) of around 1500 at m/z 69 (the nominal mass of
the protonated isoprene). Calibration was performed for certain
groups of compounds for the purpose of estimating their gas-
phase concentrations: alcohols (methanol and pentanol), alde-
hydes (formaldehyde), ketones (acetone and cyclohexanone),
and alkenes (isoprene and pinene). Not all VOC, especially
multifunctional compounds, are available as standards for cali-
bration. For quantification of such compounds we assumed a
PTR rate constant of 2 � 10�9 cm3 s�1 molec�1. The concen-
trations measured with PTR-ToF-MS for the uncalibrated VOC
may be off by a factor of ∼3 as the PTR rate constants for
oxygenatedVOC typically range from1� 10�9 to 5� 10�9 cm3 s�1

molec�1.24 The difference in SOA yield, production of VOC and
decay of isoprene observed using PTR-ToF-MS is in good
agreement with previous accounts of isoprene gas-phase oxidation
and are shown in Figures S1 and S2 of the SI section. The OH
concentration was higher in the high-NOx photooxidation due to
OH recycling from NO + HO2 f OH + NO2 reaction.

16 The
initial OH concentration was estimated from the decay rate of
isoprene, and it was 2 � 107 and 4 � 107 molecules cm�3 under
the low-NOx and high-NOx conditions, respectively. Figure S1 in
the SI shows the time-dependence of NO, O3, SOA yield, and
selected VOC mixing ratios in the chamber. The higher OH
concentration at high-NOx conditions leads to a faster decay of
isoprene and its first-generation products resulting in correspond-
ingly higher SOA yields. Based on the PTR-ToF-MS time profile
of the reactions, we expect a higher contribution of second-
generation oxidation products in the high-NOx oxidation SOA.

In the high-NOx reaction, the concentration ofO3 starts to build
up after a large fraction of isoprene is consumed. Based on the
reaction rates of the first generation products, for example, methyl
vinyl ketone (MVK), with O3

25 and OH,26 and the estimated
concentrations of OH and O3 in our chamber, the maximum
contribution of the O3-initiated chemistry to the total product
formation is ca. 10%. From structure-based volatility estimations,27

the O3 + isoprene products are expected to be more volatile than
OH + isoprene products. Therefore, the contribution of O3 +
isoprene to the particle-phase fraction is predicted to be minor
under the present experimental conditions. The contribution of
NO3 to the oxidation of isoprene is also expected to be minor
because its concentration is strongly suppressed by photolysis.
Furthermore,NO3-initiated oxidation is expected to producemore
polynitrates and result in a higher SOA compared to what we
observe in this study.28However, as NO3 concentration increases
after the lights are off, it may still contribute to aging of aerosol
during collection of particles from the dark chamber.

The SOA loadings after two hours of reaction were 20 and
40 μg/m3, under the low-NOx and high-NOx conditions,
respectively. Aerosols were collected onto Teflon filter sub-
strates (Millipore 0.2 μm pore size) using a multistage micro-
orifice uniform deposition impactor (MOUDI) operated at 30
standard liters per minute. The collection lasted for 3 h, which
allowed oligomerization reactions to continue in the dark. Col-
lected samples were placed in plastic holders, vacuum-sealed
in polyethylene bags, and frozen at �20 �C pending offline
analysis that took place several days after collection. Blank
samples were generated under the same experimental conditions,
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but in the absence of the UV radiation. Particle mass concentra-
tions in the background (before isoprene was injected) and in the
blank samples (2 h of VOC + H2O2 sitting in the chamber in
darkness) were both <0.01 μg/m3.

The SOA samples were analyzed using a high-resolution linear
ion trap (LTQ-) Orbitrap mass spectrometer (Thermo, inc.)
equipped with a modified electrospray ionization (ESI) source
with a fused silica capillary (50 μm ID) spray tip. SOA samples
were extracted with 10 min sonication in a mixture (1:1 v/v) of
acetonitrile and water (both Acros Organics, HPLC grade). The
estimated SOA material concentration after the extraction
was ∼100 μg/mL. The mass spectrometer was operated in the
negative ion mode, with analyte molecules being detected as [M-
H]� in the mass range ofm/z 50�2000. The spray voltage was 4
kV and the solvent flow rate was 0.5 μL/min. Background mass
spectra were taken on filters obtained from blank experiments.
The mass resolving power of the instrument was 60,000 at m/z
400. Mass calibrations with a commercial standard mixture of
caffeine, MRFA, and Ultramark 1621 (MSCAL5, Aldrich) were
performed in intervals of several hours to conserve mass accuracy
(0.5 ppm at m/z 500).

Data analysis on all samples was performed in a similar manner
to our previous works.29,30 All mass spectra were processed to
exclude peaks present in the spectra obtained from blank
experiments (no UV). The peaks were assigned elemental
formulas CcHhOoNn, using valence, parity, atomic ratio, and
isotopic constraints. Because deprotonation was assumed to be

the major ionization mechanism, formulas of neutral SOA
compounds were obtained by adding one hydrogen atom to
the ionic formulas. Typically >1000 distinct peaks were detected
in the SOA samples and 60�70% peaks were unambiguously
assigned to a molecular formula. The unassigned peaks were low
in ion abundance with the signal-to-noise <1% of the main peak.

3. RESULTS AND DISCUSSION

3.1. Mass Spectra and Elemental Ratios. Figure 1a and b
show characteristic high-resolution negative ion mode ESI mass
spectra for isoprene photooxidation SOA, with NOC peaks
marked in red. Approximately 700 compounds were assigned
for the low-NOx sample and 900 compounds were assigned for
the high-NOx sample. 80�90% of detected peaks corresponded
to high-MW compounds (>200 Da), which is significantly higher
than 22�34% reported by Surratt et al. (2006).8 In our work,
high-MW compounds may be overestimated because they tend
to be ionized with higher efficiency relative to low-MW com-
pounds. In contrast, in the work of Surratt et al. (2006), high-
MW oligomers may hydrolyze during the chromatographic
separation. Therefore, one should view the 80�90% value
reported in our study as an upper limit and the 22�34% value
reported in the Surratt et al. (2006) study as a lower limit for the
actual oligomeric content.
In this work, ions CcHh�1OoNn

� and the corresponding
neutrals CcHhOoNn with n > 0 are referred to as NOC. Mass
spectra of SOA generated under two NOx conditions are clearly
different from each other. In the low-NOx sample, the mass range
of observed molecules is approximately m/z 80�600, which is
consistent withMALDI-MS observations of Surratt et al. (2006),
and the spectrum is dominated by dimer and trimer peaks
clustered aroundm/z 200. Peaks with even nominal masses have
relatively small intensities suggesting that most ions have no
nitrogen atoms in them. The corresponding carbon numbers of
the compounds range from C2 to C29.

Figure 1. Representative high-resolution (�) ESI mass spectra of SOA
obtained from photooxidation of isoprene under dry conditions in the
(a) low- and (b) high-NOx experiments. NOC peaks are shown in red.
Panel (c) is a magnified view of the high-NOxmass spectrum, illustrating
the unambiguous resolution of peaks belonging to nitrogen-containing
molecules and those of 13C satellites around m/z 308.

Figure 2. Van Krevelen diagram of SOA obtained from photooxidation
of isoprene. Peaks corresponding to NOC observed in the high-NOx

spectra are shown with open red markers. Filled markers correspond to
nitrogen-free products observed either uniquely under low-NOx (blue)
and high-NOx (red) conditions or under both conditions (black).
Intensity weighted average elemental ratios were determined as: O:C
= 0.54, H:C = 1.61, N:C < 0.002 for low-NOx SOA, andO:C = 0.83, H:C
= 1.55, N:C = 0.019 for high-NOx SOA.



6911 dx.doi.org/10.1021/es201611n |Environ. Sci. Technol. 2011, 45, 6908–6918

Environmental Science & Technology ARTICLE

In contrast, the high-NOx mass spectrum spans a wider range
of masses indicating more extensive oligomerization under these
conditions. The mass range of observed molecules is m/z
80�900, again consistent with ESI-MS observations of Surratt
et al. (2006), with corresponding carbon numbers of C2�C35. A
number of abundant peaks in the spectrum have even nominal
masses characteristic of molecules containing an odd number of
nitrogen atoms. The mass resolving power of the Orbitrap is
sufficient to resolve the NOC peaks from the 13C satellite peaks
at the same nominal mass (Figure 1c). The mass difference
between 13C and N is 0.008 Da, and the peak width at half-
maximum is 0.005Da atm/z 300. Even though theNOC and 13C
peaks start to merge above m/z 500, we can still confidently
assign the NOC peaks in cases when the peak intensities exceed
those predicted from the natural abundance of 13C.
Figure 2 is a graphical representation of the degree of alkyla-

tion and oxidation of the isoprene SOA formed in the low-NOx

vs high-NOx samples in the form of a Van Krevelen (VK)
diagram,31,32 where the H:C ratios of the individual SOA
compounds are plotted against the O:C ratios. Elemental ratios
shown in Figure 2 are those of individual molecules that were
assigned based on HR-MS analysis. Each point on the VK
diagram may represent more than one molecule because a
number of observed SOA compounds have the same combina-
tion of H:C and O:C ratios. The low-NOx and high-NOx data
were separated into three categories: peaks observed in both data
sets, peaks observed uniquely in the low-NOx data, and peaks
observed uniquely in the high-NOx data. Compounds observed
under both conditions span a broad range of the O:C and H:C
ratios. In contrast, the elemental ratios of compounds unique to
the low-NOx SOA sample are clustered around the lowO:C ratio
region and those of the high-NOx SOA compounds tend to have
higher O:C values. The intensity-weighted average O:C ratios of
the detectable compounds, calculated in an identical manner to
our previous work,29 are 0.54 and 0.83 under low-NOx and high-
NOx conditions, respectively. The higher average O:C in the
high-NOx experiments is attributed to more extensive oxidation
in the gas-phase (the OH concentrations are higher by at least a
factor of 2 compared to the low-NOx experiments) and higher
incorporation of organic nitrates in the particles, as we will
discuss in Section 3.2. Each �ONO2 group contributes three
oxygen atoms to the molecular formula, thus resulting in higher
O:C values.
How do the O:C ratios determined in this work compare with

the existing field and laboratory measurements reported by
aerosol mass spectrometry (AMS) methods?33 One caveat in
making such comparisons is bias toward preferential detection of
oxygenated organic and organic nitrate species in the ESI
negative ion mode, which may lead to an overestimation of the
actual O:C value. However, the disparity of O:C values obtained
in positive vs negative ion mode ESI is not expected to be large.
For example, the O:C values measured for ozone-isoprene SOA
in the positive and negative ion mode ESI29 were 0.61 and 0.63,
respectively. The O:C and N:C ratios quantified by AMS are
affected by the opposite problem: they may underestimate the
true values.34,35Despite these limitations, the low-NOxO:C ratio
of 0.54 obtained in this study compares favorably to the AMS O:
C values of 0.41�0.77 measured in chamber studies34 and
0.39�0.45 measured in low-sulfate aerosol particles in the
Amazon basin.36 The lower O:C ratio obtained in the field
experiments may be attributed to the contribution from mono-
terpene oxidation products. For example, the average O:C values

are lower for alpha-pinene ozonolysis and photooxidation
SOA (0.29�0.45)37�39 and for limonene ozonolysis SOA
(0.43�0.50).40,41

The O:C ratio of the high-NOx SOA may be compared to
those from aerosols sampled in forested sites affected by urban
NOx emissions, e.g. Whistler Mountain, Canada, which is close
to major highways. The high-NOxO:C value of 0.83 obtained in
this study compares well with the O:C range of 0.43�0.81
obtained in chamber studies34 and value of 0.83 measured on
the Whistler Mountains in Canada.42 A comparison to a pre-
dominantly urban site can also be made; however, this compar-
ison is more ambiguous because of the presence of multiple SOA
precursors and contributions from primary aerosols. Neverthe-
less, the O:C value of 0.83 falls in between that of urban “fresh”
organic aerosol (OA) (0.52�0.64) and urban “aged” OA
(0.8 �1.02)43 measured in Mexico City.
3.2. Organic Nitrogen in the Aerosol Phase. A significant

fraction of SOA compounds formed under high-NOx conditions
are NOC species. Figure 3 shows the distribution of assigned
molecules containing zero-, one-, two- and three-nitrogen atoms.
Approximately 33% (by count) of all peaks in the high-NOxmass
spectrum are assigned to NOC, with 27% containing one, 5%
containing two, and less than 1% containing three nitrogen
atoms. In the high-NOx sample, the smallest NOC molecule
detected by (�) ESI-MS is the nitrate ester of 2-methylglyceric
acid (2MGA nitrate, henceforth). In contrast, only 1% of peaks
are assigned to NOC in the low-NOx samples; they likely result
from the reactions of the residual NO (<1 ppb).
Figure S3 and Table S2 in the SI section shows the high

resolution MSn data for selected NOC species observed in this
work. A distinct CID (collision induced dissociation) pattern
confirms the identity of NOC in high-NOx isoprene SOA as
hydroxy organic nitrates based on the even-electron losses of

Figure 3. The distribution of NOC compounds in SOA generated from
the low- and high-NOx photooxidation of isoprene. Most particle-phase
compounds do not contain nitrogen even when generated under high
initial NOx concentrations; however, a significant fraction of high-NOx

SOA molecules contain one (27%), two (5%), and three (1%)
nitrogen atoms.
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62.996 Da (HNO3) and 77.011 Da (CH3NO3).
8 This fragmen-

tation pattern is shown for a representative molecular ion
C13H20NO13

� in SI Figure S3. Consistent with previous ob-
servations, most of the organic nitrates are derived from 2MGA
oligomer esters.8,23,44 Additionally, a neutral fragment corre-
sponding to the dehydrated nitrate ester of a 2-methyltetrol
(C5H11NO6) was also inferred from the CID spectra as a loss of
163.047 Da (C5H9NO5). This CID pattern suggests that
2-methyltetrol nitrates are produced in the high-NOx photo-
oxidation and are incorporated into the SOA constituents
through oligomerization. Different fragmentation patterns would
be observed if the NOC compounds contained nitro groups
(—NO2), nitrites (—ONO), aliphatic amines (—NH—), imi-
nes (dN—) or N-heterocyclic compounds.45�47

In addition to the losses of N-containing fragments, loss of
102.032 Da (C4H6O3) is the most common neutral loss for all
NOC oligomers observed in MSn experiments. Based on the
present observation of product ions and previous work by Surratt
et al. (2006), the C4H6O3 neutral loss is used as a signature of
2MGA-based esters. However, it is important to note that
C4H6O3 is not unique to either isoprene SOA oligomers or to
aliphatic esters in general. C4H6O3 fragment has been also
observed in the MSn spectra of fused sugar rings 48�52 that are
structurally different than the 2MGA oligomerization products.
TheMSn fragment ions produced fromCID of selected peaks are
listed in Supporting Information Table S2; examples includem/z
119.035 Da (C4H7O4

�, deprotonated 2MGA), 189.040 Da
(C7H9O6

�, deprotonated 2MGA+ pyruvic acid), and 164.0198
Da (C4H6NO6

�, deprotonated 2MGA nitrate).
The incorporation of —ONO2 groups in 33% of the com-

pounds contributes to the increased O:C ratio in the high-NOx

data (Figure 2). The majority of the NOC have more than 10
C-atoms, and even large (C > 20) compounds have just one
nitrate group. As a result, the intensity-weighted average N:C
ratio in high-NOx SOA is relatively low (0.019). This value is
comparable to the N:C ratio of ambient OA measured by AMS
both inMexico City (∼0.02) 43—a site dominated by urban OA,
and on Whistler Mountain, Canada (∼0.03) 42

—a site affected
by both biogenic and anthropogenic emissions.
In the atmosphere, the NOC fraction in PM2.5 is significant.

53�55

More than 20%of the particulatemass observed in Atlanta, Georgia,

a site with high isoprene mixing ratios, is attributed to organic
nitrates based on single particle mass spectrometry.56 Our results
underscore the importance of isoprene photooxidation as a source
of atmospheric NOC. The mixing ratio of isoprene in an urban
atmosphere can range from 2 ppb57 to 6 ppb.58 An SOAmass yield
of 3% from the photooxidation of isoprene 2,15 will produce an
estimated 0.08�0.25μg/m3 aerosolmass. Therefore, a 33%organic
nitrate yield fromourwork, applied to the 0.08�0.25μg/m3 aerosol
mass estimated from isoprene, corresponds to 0.03�0.08 μg/m3 of
particulate organic nitrates in the atmosphere. For comparison, the
total airborne particulate organic nitrate mass measured in the
afternoon in Pasadena, CA is 0.12 μg/m3.59 The above estimation
suggests that a substantial fraction (30�70%) of these nitrates may
come from isoprene. We note, however, that the contribution of
isoprene loading in Pasadena, CA is much less than anthropogenic
VOC loading.
3.3. Oligomer Building Blocks. A unique aspect of (�)

ESI-MS is the soft ionization of very large oligomers. MSn

studies (Section 3.2) confirmed that these oligomers are
covalently bound molecules (as opposed to ionic clusters that
may be occasionally formed in ESI) as evidenced by the high
CID threshold energy necessary for fragmentation. Under our
normal experimental conditions, the ionic clusters, even when
they are formed in the ESI source, do not survive the transfer
from the LTQ to the Orbitrap. All major peaks in the mass-
spectra shown in Figure 1 correspond to deprotonated mo-
lecular ions. Oligomer esters of 2MGA 8,22,23 appear in the
mass spectra as families of peaks differing in mass units of
102.032 Da (C4H6O3 - dehydrated 2MGA). The long homo-
logous chemical families found in isoprene SOA are best
showcased with a Kendrick analysis,29,60,61 where the masses
of the observed compounds are renormalized from a 12C-
based mass adopted by the IUPAC system to another base
commonly repeated in the mass spectra, e.g. by setting the
mass of C4H6O3 to the integer value of 102 Da. The
renormalized masses are now termed the C4H6O3 Kendrick
mass (KM) and the difference between the KM and the
nominal mass is termed the Kendrick mass defect (KMD).
Homologous series of peaks differing in one C4H6O3 unit,
arising from repetitive incorporation of the monomer 2MGA
will have identical values of KMD. An assignment of any

Figure 4. Magnified view of the C4H6O3 Kendrick diagram for SOA obtained from photooxidation of isoprene under (a) low NOx and (b) high NOx

conditions. Homologous series differing in repetitive C4H6O3 units fall on the same horizontal lines with identical Kendrick mass defects. Selected
families are shown in red to highlight especially long homologous series of 2MGA esters.
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member in the series is sufficient for assigning molecular
formulas to the remaining homologous peaks.
Figure 4 shows a C4H6O3-based Kendrick diagram of isoprene

SOA formed under high- and low-NOx conditions. Based on the
KMD analysis, important molecules that produce long oligomer
ester series with 2MGA are C3H4O3 (pyruvic acid), C4H8O3,
C4H8O4 (2MGA), C4H7NO6 (2MGA nitrate), C5H6O4,
C5H8O5, C6H10O5, and C8H12O8 (likely a hemiacetal dimer of
2MGA). The lines shown in red correspond to the longest
observed homologous series, including the 2MGA nitrates
(C4H7NO6+ (C4H6O3)[0�3]) reported by Surratt et al. (2006)
for high-NOx SOA. Some of the observed NOC oligomers
include up to 8 units of C4H6O3 in high-NOx SOA. In combina-
tion, the 2MGA-based NOC oligomers contribute significantly
to the overall signal (∼7% in combined peak abundance). In
comparison, the contribution of the most prominent non-NOC
family of 2MGA oligomer esters (C4H8O4+ (C4H6O3) [0�6]) is
about ∼5%. Figure 4 also illustrates that the lengths of both
NOC and nitrogen free oligomer series are shorter in low-NOx

SOA. For example, for the C5H8O5+ (C4H6O3)n series, n ranged
up to 7 and the oligomers with n = 2,3 were the most abundant in
the high-NOx mass spectra. For the same series in the low-NOx

case, the oligomers with n = 0, 1 were the most abundant, and the
longest observed oligomer corresponded to n = 2.
We performed a mass difference analysis to sift through the

distributions of peaks and identify oligomeric units of primary
importance in SOA growth reactions. In our previous study,
we demonstrated that isoprene photooxidation SOA gener-
ated under two relative humidity conditions had different
prevailing mass differences in the spectra: under dry condi-
tions, 102.032 Da (C4H6O3) was the most prominent mass
difference from the prevalence of 2MGA oligomer esters, and
under humid conditions 15.995 Da (O-atom) was the most
prominent mass difference,30,62 which is consistent with
observations of Zhang et al. (2011).62 Because we are interested
in multifunctional oligomer building units, we limit our mass
difference analysis to units containing at least two carbon atoms.

We have examined all bases of the type C(2�10)H(2�20)O(0�10)

using both the mass difference analysis (to find the most
common mass differences) and Kendrick analysis (to identify
the most prominent chemical families). Nitrogen was not
included in the analysis for ease of comparison between the
high-NOx and low-NOx data and because of the low N:C ratio
for majority of SOA molecules. The resulting bases were
considered as oligomer building blocks if they corresponded to
an expected stable isoprene oxidation product capable of under-
going condensation or addition reactions resulting in the forma-
tion of oligomers.8,63�68 Important condensation reactions
include esterification, aldol condensation, and anhydride forma-
tion, and important addition reactions include hemiacetal formation,
oxidative ring-opening, and related reactions. Condensation
reactions between two monomers (M and M0) produce molec-
ular formulas of the type (M+M0

�H2O) and addition reactions
produce molecular formulas of the type (M +M0). With addition
reactions, the oligomer building block and the corresponding
monomer are the same. Illustrative examples of such reactions
are shown in Figure 5.
The three most important oligomer building blocks and the

corresponding monomers, sorted by their frequency of occur-
rence in the mass spectra, are shown in Table 1. The high-NOx

data is divided into two NOC and nitrogen-free components.
There is a significant degree of overlap between the oligomer
building blocks found in each type of SOA. However, the
frequencies of occurrence for the building blocks are different.
Themost prominent monomeric building blocks in the low-NOx

sample are smaller in size than those found in the high-NOx

sample. In the low-NOx sample, the top two monomers are C2

compounds derived from aldehydes, whereas in the high-NOx

sample, the top two monomers are C3�C4 compounds derived
from organic acids. It appears that low-NOx conditions generally
favor the production of aldehydes and polyols leading to the
dominance of addition-type oligomerization in aerosol, and high-
NOx conditions favor the production of multifunctional acids
making the condensation-type chemistry more important.8

Figure 5. Illustrative examples of self-oligomerization reactions of (a) 2-methylglyceric acid (2MGA) producing carbonyl esters through condensation
chemistry from repeated integration of C4H6O3 units (b) 2-methylglyceraldehyde producing linear hemiacetals through addition chemistry from
repeated integration of C4H8O3 units and (c) hydroxyacetone producing an aldol through addition chemistry from repeated integration of C3H6O2

units, followed by the formation of an aldol condensation product via loss of H2O, which results in repeated C3H4O units.
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A more complete list of important oligomer building blocks
inferred from the high-resolution (�) ESI-MS data is shown in
Table S1 of the SI. As expected, all the monomers shown in
Table 1 and SI Table S1 represent multifunctional compounds
capable of self- or cross-oligomerization such as hydroxy car-
boxylic acids, keto carboxylic acids, or hydroxy carbonyls. The
similarity in incorporation of oligomer building blocks between
the low- and high-NOx data may be due to similar low-volatility
reaction products entering and reacting with each other in the
aerosol phase and common heterogeneous uptake mechanisms
(like reactive uptake of methylglyoxal).69 Our analysis revealed
several C4�C5 oligomer building blocks that are highly oxidized
and functionalized but generally retain the carbon skeleton of
isoprene. Larger monomers have low vapor pressure (e.g., the
vapor pressure of 2MGA is estimated to be 4 � 10�5 Torr at
25 �C using the group contribution method by Pankow and
Ascher27) and enter the particle-phase by physical condensation,
after which, they partake in slow oligomerization reactions. It is
likely that these molecules are not present in the monomeric
form in particles due to their high reactivity.
Small (C2�C3) monomers in Table 1, which were observed

in a number of isoprene oxidation studies as gas-phase
products, are not expected to partition into the particle phase

in their monomeric forms. They likely participate in oligo-
merization reactions through heterogeneous (surface) uptake.
Heterogeneous reactions of glyoxal and methyglyoxal have
been extensively investigated and their gas/particle partition-
ing is much greater than can be predicted based on their
solubility in organic phase alone.70�73 Methylglyoxal in parti-
cular, may contribute to organic particulate mass through
reactions in weakly acidic instead of strongly acidic (e.g.,
sulfuric acid) media.69 Our data, correspondingly, suggest
that methylglyoxal is an important contributor to isoprene
SOA growth.
The prevalence of the mass differences C2H2O/C2H4O2,

C2H2O2, and C3H6O2 between SOA individual constituents
suggest that glycolaldehyde, hydroxyacetic acid, and hydroxya-
cetone, respectively, are also involved in oligomerization reac-
tions either in the gas phase followed by gas-particle partitioning
or by reactive uptake onto organic aerosols. These small carbonyl
compounds are present in significant quantity in the isoprene +
OH reaction.26,74,75 Glycolaldehyde was also suggested by Lim
et al. (2005) to be an important cloud-processing source of SOA
through aqueous uptake.76 However, uptake experiments of
several carbonyl compounds on inorganic seed particles by Kroll
et al. (2005) concluded that equilibrium partitioning and

Table 1. Three Most Abundant Repeating Units in Isoprene Photooxidation SOA, Ranked by the Frequency of Their Occurrence
in the Mass Spectraa

a In the high-NOx case, two separate rankings are provided for the NOC and non-NOC compounds. Literature references refer to observation of these
monomers amongst products of isoprene photooxidation.
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acid-catalyzed uptake was not significant for methylglyoxal and
hydroxyacetone.72 The disagreement between the predictions de-
rived from HR-MS with the observations by Kroll et al. (2005)72

may be due to differences in surface reactions of these molecules on
pre-existing SOA organics vs inorganic seed particles. In our
experiments, inorganic seeds were not used and the aerosol particles
were comprised entirely of organic material. Further investigation of
heterogeneous reactions of methyglyoxal, glycolaldehyde, and hy-
droxyacetone on model aerosol surfaces is warranted because they
are important isoprene photooxidation products.75,77�82

In summary, a wealth of molecular information, for example,
formation of complex organic nitrates, distribution of functional
groups in the molecules (from MSn studies), insights into the
mechanism of oligomer formation (from repeating units), can be
extracted from the HR-MS data. The average elemental compo-
sition in the form of the O:C, H:C, and N:C ratios can also be
extracted, and it is in good agreement with the information
obtained by online methods such as AMS. However, such
averaged quantities do not fully convey the heterogeneity of
the molecular structures of the SOA compounds. Detailed
molecular information provided by high-resolution mass spec-
trometry helps us better understand and predict the chemistry
and physics of SOA, for example, , how molecules in SOA react
with each other and with atmospheric radicals, how they absorb
solar radiation, and how they interact with water vapor.
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