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■ INTRODUCTION
Atmospheric aerosols have adverse effects on human health and
air quality and influence Earth’s climate.1 A substantial fraction
are secondary organic aerosols (SOA) formed in the atmosphere
by oxidation of volatile organic compounds (VOCs).2 Recent
work has shown that SOA formed from biogenic VOCs can be
substantially enhanced in polluted air.3,4 Modeling studies
indicate that more than half of biogenic SOA, of which isoprene
is amajor contributor, could bemoderated by controlling anthro-
pogenic emissions.5,6 Several probable explanations for the anthro-
pogenic enhancement of biogenic SOA have been suggested: (i)
enhanced gas to particle partitioning of semivolatile oxidation
products onto pre-existing anthropogenic primary and secondary
particles,5 (ii) enhanced uptake of reactive species by acidic
aerosols,7 (iii) oxidation by the nitrate radical (NO3),

8 and (iv)
influence of nitrogen oxide (NOx =NO+NO2) concentrations on
both SOA yields and enhancing oxidant (i.e., hydroxyl radical;
OH) concentrations.5,9

Isoprene is emitted from vegetation and is the single largest
source of VOCs to the atmosphere with global emissions of
∼500 Tg C yr−1.10 In the atmosphere, isoprene reacts predo-
minantly with OH11 forming SOA with a yield of 1−4% under low
NOx (NOx <0.1 ppb),

12 1−6%under highNOx (NOx >1ppb),
13,14

and up to 29% in the presence of highly acidic seed aerosols,15 mak-
ing it an important source of SOA. In smog chamber experiments,
SOA yields were observed to be dependent on NOx concen-
trations, the VOC/NOx ratio, the NO2/NO ratio and aerosol
acidity,7,9,13,15 consistent with an anthropogenic−biogenic coupling.
Isoprene epoxydiols (IEPOX), oxidation products of the

isoprene hydroxyl hydroperoxides (ISOPOOH), and the meth-
acrylic acid epoxide (MAE), an oxidation product of peroxyme-
thylacrylic nitric anhydride (MPAN), have been identified as key
gas-phase intermediates to isoprene SOA formation from the
hydroperoxyl (HO2) and nitrogen oxides (NO/NO2) pathways,
respectively.16,17 The MPAN precursor, MACR, has also been
shown to formvia theHO2 channel although the reported yield was
an order of magnitude less than the NO/NO2 channel.

18 Reactive
uptake of IEPOX through acid-catalyzed ring-opening reactions
has been shown to form known SOA components from the HO2

pathway, including the 2-methyltetrols, C5-alkene triols, 3-methyl-
tetrahydrofuran-3,4-diols, IEPOX-derived organosulfates, and
oligomers comprising IEPOX monomers.15,19−21 Further oxida-
tion of MPAN by OH forms MAE, which undergoes acid catalyzed
reactive uptake to form known SOA components from theNO/NO2
pathway, 2-methylglyceric acid (2-MG), MAE-derived organo-
sulfates and oligoesters composed of 2-MGmonomers.15,17,20,22−24

The role of MPAN has been confirmed by the compositional
consistency of SOA formed in laboratory smog chamber photo-
oxidation of isoprene, methacrolein (MACR), andMPAN and as
a result of the strong dependence of the isoprene high-NOx SOA
yield on the NO2/NO ratio that favors MPAN formation.13,15

Understanding SOA formation from MPAN is important as
2-MG and its derivatives are considered major SOA products of
the NO/NO2 channel and only form through MPAN oxidation.
Formation of other products from isoprene oxidation may occur
under high NOx conditions, e.g., glyoxal (yield∼2%) and methyl
glyoxal, which can contribute to SOA through aqueous phase
processing, though the importance of this chemistry remains
uncertain.25−27

Figure 1 shows the mechanism, elucidated by recent laboratory
work, for formation of the IEPOX-15,16 and MAE-derived
organosulfates13,15,17 from the HO2 and NO/NO2 pathways,
respectively. The organosulfates formed from IEPOX and MAE
only form through ring-opening epoxide chemistry, due to
kinetic limitations of the sulfate alcohol esterification reaction,28

and have been speculated to be among the products responsible
for the enhancement of SOA under acidic conditions.7,15

Although they are not the only products, they can be utilized
as SOA tracers of this acid catalyzed ring-opening chemistry,
because with sulfate concentrations of typical atmospheric
aerosols, they are major ring-opening products (20−40%)29
and are expected to be stable in the particle phase due to their low
hydrolysis rates and low vapor pressures.30

The importance of aerosol acidity for enhancing ambient
biogenic SOA formation remains uncertain due to the stronger
acidities used in dry laboratory studies relative to those observed
in the ambient atmosphere.31 However, highly acidic seed aerosols
are hygroscopic, which does not preclude a role for particle phase

ABSTRACT: Atmospheric photooxidation of isoprene is an important source of
secondary organic aerosol (SOA) and there is increasing evidence that anthro-
pogenic oxidant emissions can enhance this SOA formation. In this work, we use
ambient observations of organosulfates formed from isoprene epoxydiols
(IEPOX) and methacrylic acid epoxide (MAE) and a broad suite of che-
mical measurements to investigate the relative importance of nitrogen oxide (NO/
NO2) and hydroperoxyl (HO2) SOA formation pathways from isoprene at a
forested site in California. In contrast to IEPOX, the calculated production rate of
MAE was observed to be independent of temperature. This is the result of the
very fast thermolysis of MPAN at high temperatures that affects the distribution of
the MPAN reservoir (MPAN / MPA radical) reducing the fraction that can react
with OH to form MAE and subsequently SOA (FMAE formation). The strong
temperature dependence of FMAE formation helps to explain our observations of
similar concentrations of IEPOX-derived organosulfates (IEPOX-OS; ∼1 ng m−3) and MAE-derived organosulfates (MAE-OS; ∼1 ng m−3)
under cooler conditions (lower isoprene concentrations) and much higher IEPOX-OS (∼20 ng m−3) relative to MAE-OS
(<0.0005 ng m−3) at higher temperatures (higher isoprene concentrations). A kinetic model of IEPOX and MAE loss showed
that MAE forms 10−100 times more ring-opening products than IEPOX and that both are strongly dependent on aerosol water
content when aerosol pH is constant. However, the higher fraction of MAE ring opening products does not compensate for the
lower MAE production under warmer conditions (higher isoprene concentrations) resulting in lower formation of MAE-derived
products relative to IEPOX at the surface. In regions of high NOx, high isoprene emissions and strong vertical mixing the slower MPAN
thermolysis rate aloft could increase the fraction of MPAN that forms MAE resulting in a vertically varying isoprene SOA source.
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water in the reactive uptake process. The presence of liquid water
in ambient aerosol may mitigate the necessity for very strong
aerosol acidities.
It is important to understand the roles of aerosol acidity,

aerosol water, and NOx concentrations on isoprene SOA
formation in the ambient atmosphere to further improve their
representation in atmospheric models. In this study we use
ambient observations of the IEPOX- and MAE-derived organo-
sulfates along with a comprehensive suite of chemical measure-
ments obtained during the Biosphere Effects on Aerosols and
Photochemistry Experiment (BEARPEX) to investigate the
relative importance of the NO/NO2 and HO2 pathways for SOA
formation from isoprene under atmospheric conditions.

■ EXPERIMENTAL SECTION

Filter Collection. Ambient aerosol samples (PM2.5, aerosol
with aerodynamic diameters of ≤2.5 μm) were collected for two
continuous 5-day periods in 2007 (20th − 25th September) and
2009 (26th − 31st July) during BEARPEX. The sampling inlet
was located at 9.3 m on themain north tower above the canopy of
a ponderosa pine (Pinus ponderosa L.) plantation owned by Sierra
Pacific Industries adjacent to the University of California −
Blodgett Forest Research Station (UC-BFRS; 38.90°N, 120.63°W,
1315 m elevation above sea level).32 The site is located midway
between Sacramento, CA, and Carson City, NV, in the Sierra
Nevada Mountains and was established as an atmospheric
measurement site in 1997.33 As a result of strong orographic
forcing, the daily pattern of winds impacting the Blodgett Forest site
are nearly constant in speed and direction all year long.34 Upslope
flow brings anthropogenic pollution from Sacramento and the
San Joaquin Valley over a 30 km wide band of isoprene emitting
oak trees located on the foothills several hours upwind, making
the Blodgett Forest site an ideal location to study the influence
of anthropogenic emissions on biogenic SOA formation from
isoprene.35 Further details of the filter collection methodology are
given in the Supporting Information.
Filter Analyses. Aliquots (100 cm2) of all filters were solvent

extracted and analyzed by ultraperformance liquid chromatog-
raphy coupled to electrospray ionization high-resolution time-
of-flight mass spectrometry (UPLC/ESI-HR-TOFMS) at the
California Institute of Technology.36 The IEPOX- and MAE-
derived organosulfates were detected as deprotonated ions in
the negative ion mode using reverse-phase chromatography and

were calibrated to the response of an authentic standard of 1,3,4-
trihydroxybutan-2-yl hydrogen sulfate (BEPOX-derived organo-
sulfate), which is an appropriate standard for these compounds
because differences in ESI response factors for compounds
of similar functionality and retention time are expected to be
less than a factor of 2−3 based on prior studies (e.g., ref 37).
Calibration curves are shown in the Supporting Information
(Figure S1). The IEPOX- and MAE-derived organosulfates
coelute in the LC system (retention times of 0.95 and 0.96 minutes,
respectively) and were separated by extracting the specific
deprotonated molecular ions, 215.0225 ± 0.02 and 198.9912 ± 0.02
for the IEPOX- and MAE-derived organosulfates, respectively.
The three IEPOX- derived organosulfate isomerswere not chromato-
graphically separated from each other and are reported as a sum in
thiswork. Similarly, the twoMAE-derived organosulfate isomerswere
not chromatographically separated and are also reported as a sum.

Other Measurements. A broad suite of environmental
parameters, including temperature, relative humidity, photo-
synthetically active radiation, and ozone, were made during
both campaigns.33 Isoprene and MACR were measured by gas
chromatography mass spectrometry (GC/MS) in 200738 and gas
chromatography flame ionization detection (GC/FID) in
2009.39,40 The GC/MS and GC/FID calibration scales were
shown to be similar following intercomparisons to proton transfer
reaction mass spectrometry (PTRMS) measurements made
in both years (Figure S2, Supporting Information). Gas-phase
IEPOX and ISOPOOH were measured in 2009 using a chemical
ionization triple quadrupole mass spectrometer (CIMS).16

IEPOX and ISOPOOH were also measured in 2007 using a
single quadrupole CIMS that could not distinguish between them
and they were not calibrated due to a lack of authentic standards
at that time. The IEPOX data in 2009 is the sum of both IEPOX
isomers because they are detected as a combined signal with the
CIMS technique. MPAN was measured using a thermal dissocia-
tion CIMS instrument.41 Gas phase nitric acid (HNO3) was
measured by CIMS in 2007 and laser induced fluorescence (LIF)
in 2009.42,43 NO2 was measured at several heights during both
campaigns using LIF44,45 and in this workmeasurements from the
9.3 m height were used. In 2009, NO was also measured using
a custom-built chemiluminescence instrument.46,47 OH was
measured by laser induced fluorescence (LIF) at low pressure
and HO2 was converted to OH through its reaction with NO
prior to detection by LIF.48 Total OH reactivity was measured by

Figure 1. Reaction mechanism, elucidated by recent laboratory work, for the formation of the IEPOX- and MAE-derived organosulfates from isoprene
photooxidation for the HO2 and NO/NO2 channels, respectively.

13−16 For simplicity, only single isomers and not all reaction pathways are shown.
Approximate yields for major products are shown in parentheses.
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observing the decay rate of OH when exposed to ambient air.49

Further details of the OH measurements are given in the
Supporting Information.
Particle number and size distributions were measured during

both campaigns using scanning mobility particle sizers (SMPS;
TSI model 3936). In 2007, chemically speciated measurements
of total organics, sulfate, nitrate, ammonium, and chloride were
made using a high resolution aerosol time-of-flight mass
spectrometer (AMS-HR-TOFMS, Aerodyne Research Inc.).50

In 2009, no AMS was deployed, but Teflon filters were collected
three times a day for 6 (day) or 12 h (night) and analyzed for
total organic aerosol and functional group classes by Fourier
transform infrared spectroscopy (FTIR).51 Aliquots of the high
volume filters were analyzed at the University of Aarhus for
inorganic ions (ammonium, nitrate, sulfate, and chloride) using a
Metrohm ion chromatograph equipped with a Metrosep A Supp
5 column for anions. There was very good agreement between the
AMS and the sum of the FTIR and IC measurements following an
intercomparison to SMPS measurements (Figure S3, Supporting
Information) indicating that they can be directly compared to
contrast the aerosol loadings between the two campaigns.
Acyl Peroxy Nitrate (APN) Steady State Model. A steady

state model of acyl peroxy radicals52 constrained by measure-
ments of methacrolein, OH, HO2, NO, NO2, and temperature
from both BEARPEX campaigns was employed. In 2007, NO
was not measured and concentrations were inferred by assuming
a photostationary state relationship between NO2, ozone, and
total peroxy radicals (HO2+RO2). The RO2 concentrations were
estimated through a separate steady state relationship between
HO2, NO and the total alkyl radical formation determined from
the OH reactivity measurements. In 2007, the steady state
equations for NO and RO2 were solved iteratively until values of
NO and RO2 were obtained within convergence criteria of <1%.
Further details are given in the Supporting Information.
The fraction of MPAN that reacts with OH to form MAE (the
NO/NO2 SOA formation channel) relative to the total loss of the
MPA radical to reaction with NO, HO2, and RO2 (FMAE formation)
describes the fate of the MPAN reservoir species and is given by

=

+

+

+

+

+

+

+

+

F k

k

k

k

k

( [MPAN][OH])

/( [MPAN][OH])

( [MPA][NO]

[MPA][HO ]

[MPA][RO ])

MAE formation MPAN OH

MPAN OH

MPA NO

MPA HO2 2

MPA RO2 2 (1)

Extended Aerosol Inorganics Model (E-AIM). The pH
and liquid water content (LWC) of the aerosol phase were
calculated using the Extended Aerosol Inorganics Model (E-AIM
model II, http://www.aim.env.uea.ac.uk/aim/aim.php)53,54

constrained by measurements of temperature, relative humidity,
particle phase nitrate, sulfate, and ammonium. All solid forma-
tion was suppressed in the model and no organic compounds
were included. Although predicting aerosol pH can be highly
uncertain,55 Ellis et al. (manuscript in preparation, 2013) showed
this uncertainty could be substantially reduced by measuring
both aerosol ions and gas phase ammonia. Similar to this method,
we use gas phase nitric acid in place of gas phase ammonia to
constrain the gas to particle partitioning and thus minimize the
uncertainty in the calculated aerosol pH. Several studies have
suggested that inclusion of organic species in the calculation of
aerosol LWC changes predicted values by less than 20%.56,57

In one study inclusion of organic acids in the E-AIM calculation
had very little effect on the predicted LWC (<3%).58 Inputs of
free H+ concentrations were calculated based on the charge
balance from the sulfate, nitrate, and ammonium measurements.
Total nitrate in the system was determined by summing the gas
phase nitric acid and particle phase nitrate measurements, which
the model was then free to partition. A comparison of the
modeled and observed gas phase nitric acid demonstrates that
the partitioning is well represented by the model (within 10% in
2007 and 50% in 2009) (Figure S4, Supporting Information).

■ RESULTS AND DISCUSSION

Overview of the BEARPEX Campaigns. Table 1 shows a
comparison of the relevant meteorological and core chemical

measurements for both the BEARPEX filter collection periods.
In 2007, the filter sampling took place during the fall season and
was characterized by cooler and wetter conditions and reduced
photochemistry (lower ozone and OH reactivity) relative to the
summer sampling in 2009. Total daytime HOx concentrations
and the HO2/OH were higher in 2009 while NO concentra-
tions were ∼40% lower, resulting in a higher HO2/NO ratio
(factor of ∼2) favoring formation of ISOPOOH over MACR
in 2009 compared with 2007. Figure 2 shows the observed

Table 1. Comparison of daytime (10:00−16:00)
Meteorological and Core Chemical Measurements for the
Two 5 Day Filter Collection Periods Onlya

species
BEARPEX 2007

(September 20th− 25th)
BEARPEX 2009

(July 26th − July 31st)

measured
temperature (°C) 11 (9 − 16) 28 (27 − 29)
relative humidity (%) 63 (40 − 94) 29 (26 − 34)
O3 (ppb) 41 (38 − 51) 55 (50 − 65)
NO (ppt) 98 (71 − 140)b,c 64 (53 − 74)
NO2 (ppt) 330 (160 − 500)b,c 260 (210 − 350)
OH (×106 molecules cm−3) 2.8 (2.2 − 4.6) 3.0 (1.6 − 4.3)c

HO2 (×10
8 molecules cm−3) 1.6 (0.9 − 3.2) 3.8 (1.9 − 8.2)c

OH reactivity (s−1) 3.2 (3.1 − 3.6) 27 (23 − 31)
isoprene (ppb)d 0.05 (0.03 − 0.10) 1.6 (1.4 − 2.0)
ISOPOOH (ppb) not quantitative 0.78 (0.53 − 1.1)
IEPOX (ppb) not quantitative 1.0 (0.77 − 1.4)
MACR (ppb)d 0.03 (0.01 − 0.09) 0.33 (0.23 − 0.43)
MPAN (ppt) 31 (13 − 58) 35 (25 − 52)c

organic aerosol (μg m−3)e 2.1 (1.8 − 2.9) 3.4 (2.2 − 4.7)
sulfate aerosol (μg m−3)e 0.32 (0.15 − 0.42) 0.55 (0.42 − 0.74)

calculated
aerosol sulfate (M) 2.7 (1.6 − 3.2) 1.3 (0.6 − 1.7)
aerosol pH 4.5 (4.2 − 4.9) 4.4 (4.1 − 4.7)
aerosol LWC (μg m−3) 0.6 (0.1 − 0.9) 0.2 (0.1 − 0.3)
aThe calculated sulfate molarity, aerosol pH and aerosol liquid water
content (LWC) are also shown. Data shown are medians (interquartile
range). bEstimated from steady state analysis: [NO] = (JNO2[NO2])/
((kHO2+NO[HO2]+kRO2+NO[RO2]+kNO+O3[O3])).

cData were missing
for the specific periods of the filter collections due to instrumental
problems and so the given values are for the full campaigns with the
2007 data restricted to the later cooler period from September 13th −
October 10th that was more representative of filter sampling
conditions.32 dGC/MS (2007) and GC/FID (2009), intercompared
via PTRMS (Figure S2, Supporting Information). eAMS (2007) and
FTIR+IC (2009), intercompared via SMPS (Figure S3, Supporting
Information).
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concentrations of isoprene, MACR, ISOPOOH, IEPOX, and the
IEPOX- andMAE-derived organosulfates. MAE has only recently
been identified17 and as such no MAE measurements were made
during either campaign.
IEPOX and ISOPOOH concentrations in 2009 showed similar

diurnal profiles to isoprene and were of a similar magnitude
(∼1 ppb) with afternoon maxima consistent with the arrival of
photochemically processed isoprene from the oak tree source
several hours upwind. The diurnal profile of the uncalibrated
IEPOX+ISOPOOH signal was less well correlated with isoprene
in 2007 as a result of more meteorological variability compared
to 2009, which was very consistent day to day (see Figure S5,
Supporting Information). Isoprene concentrations were on
average a factor of 30 higher during the 2009 filter sampling
period relative to 2007 consistent with the higher observed
temperatures in 2009 and the known dependences of isoprene
emissions.59 Similar to isoprene, the IEPOX-derived organo-
sulfate concentrations were also higher in 2009 (factor of 10) and
contributed∼1% of the total organic and ∼3% of the total sulfate
aerosol mass, which is substantial for a single group of tracers.
MPAN concentrations in 2007 showed a similar diurnal trend

toMACR and were present at average concentrations of∼30 ppt
during daytime. There were no coincidentMPANmeasurements
with filter sampling in 2009, but measured concentrations
prior to filter collection, when conditions were similar, indicate
MPAN was also present at concentrations of ∼30 ppt. While
MPAN concentrations were similar, the MACR concentrations

increased by a factor of 10 between 2007 and 2009. The lower
MPAN/MACR ratio in 2009 was the result of the higher thermal
dissociation rate at higher temperatures that controls the dis-
tribution of the MPAN reservoir by lowering the ratio of MPAN
to the MPA radical, as will be shown in the next section. In
2007 concentrations of the MAE-derived organosulfates were
of similar magnitude to the IEPOX-derived organosulfates
(∼1 ng m−3). However, in strong contrast to the large observed
increase in the IEPOX-derived organosulfates, the MAE-derived
organosulfates were not observed above the detection limit in
2009 (<0.0005 ng m−3; detection limit determined experimen-
tally from injections of known amounts of the BEPOX-derived
organosulfate) indicating differences controlling the formation of
SOA from the NO/NO2 and HO2 pathways.

Role of MPAN Thermal Lifetime for Limiting Isoprene
SOA Formation from the NO/NO2 Pathway. The lifetime
of MPAN is dependent on the temperature, the NO/NO2 ratio
and the OH concentration.52,60 Under warmer temperature
conditions (>20 °C) thermal decomposition to the precursor
peroxymethacryoyl (PMA) radical and NO2 is very fast relative
to reformation. As a result the loss of MPAN is dominated by
reaction of the PMA radical with NO, HO2, and RO2, which does
not generate known NO/NO2 channel SOA products. Under
cooler conditions (<15 °C), MPAN thermal decomposition is
much slower compared to the reformation reaction of the PMA
radical with NO2 and in this situation the reaction with OH can
compete with thermal decomposition as a loss pathway for

Figure 2. Time series of the IEPOX- and MAE-derived organosulfates (IEPOX OS and MAE OS) and their gas phase precursors, IEPOX and MPAN,
for BEARPEX 2007 (left panels) and 2009 (right panels). IEPOX and its precursor ISOPOOH were not calibrated or separated in 2007 and are shown
as a sum. ISOPOOH was measured in 2009 and is also shown. There were no coincident MPAN measurements with filter collection in 2009. Isoprene
and methacrolein (MACR) are shown for both campaigns. Note the differences in y-axis for isoprene (factor of 10), IEPOX-derived organosulfate
(factor of 10), and methacrolein (factor of 4) between.
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MPAN (Figures S6 and S7, Supporting Information). To
investigate the role the MPAN thermal lifetime has on limiting
SOA formation from the OH oxidation of MPAN, we
employed a steady state model of acyl peroxy nitrates (APN
model) as described in previous work by LaFranchi et al.,52

constrained by measurements made during both BEARPEX
campaigns.
Figure 3a shows the relationship between the observed

ambient temperature, measurements of the HO2/OH ratio, and
the ratio of MPAN loss to reaction with OH (the SOA forma-
tion pathway) to the MPA loss to reaction with NO, HO2, and
RO2 (FMAE formation) determined from the APN model. Figure 3b
shows the APN modeled ratio of MPAN to MPA and the
measured NO2/NO ratio as a function of the observed tem-
perature. This figure shows the changing distribution of the
MPAN/MPA reservoir as a function of the varying thermal
dissociation rate of MPAN. The MPAN/MPA ratio is important
for determining the availability of MPAN for reaction with
OH and is lower at warmer temperatures and appears almost
independent of the NO2/NO, which would be consistent with
the dominance of the thermal decomposition reaction over
reformation at higher temperatures.
Low ratios of FMAE formation represent conditions when loss of

MPAN reservoir species were dominated by reaction of theMPA
radical with NO, HO2, and RO2 with values of zero indicating all
loss forms gas phase products that do not lead to known SOA
products from the NO/NO2 channel. Higher FMAE formation ratios
are driven by the significance of the MPAN + OH reaction and
represent conditions that were more favorable for SOA forma-
tion from MAE, with values of unity indicating all MPAN loss is
from reaction with OH to form MAE and subsequently SOA.
Higher ratios of FMAE formation coincide with higher MPAN/MPA
ratios (Figure 3b) and lower HO2/OH ratios (Figure 3a), which
both favor the MPAN+OH channel.

Figure 3c shows the temperature dependence of observed
isoprene concentrations for both BEARPEX campaigns, which
shows that the smallest FMAE formation coincides with the highest
concentrations of isoprene. The combination of these factors
leads to an almost constant production rate of MAE with
temperature, which is in contrast to the strong temperature
dependence of the IEPOX production rate (Figure 4).
Altogether, similar concentrations of the MAE-derived organo-
sulfates might have been expected during both campaigns.
However, the negligible concentrations in 2009 indicate there
are additional factors that limit the formation of the MAE-
derived organosulfate and possibly also SOA from the NO/NO2
channel.

Role of Aerosol Acidity, Liquid Water Content and
Other Processes in Controlling SOA Formation. No
correlations were observed between the observed concentrations
of the IEPOX- and MAE-derived organosulfates and aerosol pH
or liquid water content (LWC), calculated from the E-AIM
model (Figure S8, Supporting Information). On average, the pH
of the aerosol was 3−5 during both BEARPEX campaigns while
the LWC was a factor of 3 higher in 2007 and reached values
close to 10 μg m−3 on several occasions. In 2009, the LWC was
consistently <1 μg m−3. The observation of these organosulfate
compounds in aerosol with a pH of ∼4−5 confirms earlier
theoretical work that ring-opening epoxide chemistry is kineti-
cally favorable at atmospherically relevant aerosol acidities.61

The lack of a correlation between aerosol pH and LWC and the
observed organosulfate concentrations is in contrast to laboratory
experiments, which observed strong dependences of these com-
pounds on aerosol pH and LWC29 but is consistent with recent
ambient observations in the southeast US.62 However, it is likely
that the limited range in these parameters during both campaigns
was not sufficient to observe these dependences or that they were
formed away from the site and as such would be less correlated
with locally measured parameters.

Figure 3. (a) Temperature dependent fractional loss of the MPAN
reservoir (MPAN+MPA radical) to reaction with OH relative to loss to
NO, HO2, and RO2, (FMAE formation) determined for daytime from
the APN steady state model. Symbols are colored by the measured
HO2/OH ratio. (b) Temperature dependence of daytimeMPAN/MPA
radical ratio from the APN steady state model colored by the observed
NO2/NO ratio. (c) Measured isoprene concentrations (ppb) as a
function of temperature for both BEARPEX campaigns.

Figure 4. (a) Observed concentrations of the IEPOX- (IEPOX-OS;
filled diamonds) and MAE-derived organosulfates (MAE-OS; filled
circles) as a function of temperature. Temperatures were the median
values during filter collection and the error bars represent the
interquartile range of the observed temperature during each filter
collection. (b) Calculated production rates (ng m−3 h−1) of MAE (open
circles) and IEPOX (open diamonds) for both BEARPEX campaigns as
a function of temperature. Solid lines are best fit lines.
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Coincident measurements of gas phase IEPOX and the IEPOX-
derived organosulfates in 2009 show that IEPOX was present
in substantial excess (∼700 times for IEPOX on a molar basis).
Laboratory data has shown the branching ratio between the
IEPOX-derived organosulfates and the 2-methyl tetrols (the
hydrolysis products of IEPOX ring-opening) to range between
5% and 40% for 0.1 to 3 M sulfate solutions.29 The calculated
sulfate molarity of the aerosol, determined from the aerosol
sulfate and aerosol volume data, was 1.3 M in 2009 (2.7 M in
2007) (Table 1) representing a sulfate ester yield of 30% in 2009
(40% in 2007). Even after scaling the IEPOX-derived organo-
sulfate concentrations to take account of these additional ring-
opening products, gas phase IEPOX was still present in
substantial excess (∼200 times on a molar basis). This would
be consistent with modeling work that showed gas phase
oxidation and dry deposition of IEPOX were more important
sinks than aerosol formation with less than 1% of the IEPOX
ending up as particle phase ring-opening products.29

MPAN measurements were made coincidentally with the
MAE-derived organosulfates in 2007. Assuming a yield of 20%
for MAE from MPAN oxidation17 and a sulfate ester yield of
40% for the MAE-derived organosulfates suggests that MAE
was present with lower excess relative to its organosulfate
derivatives (∼10 times on a molar basis) than IEPOX. This lower
excess of estimated gas phase MAE compared to IEPOX suggests
that reactive uptake of MAE may be more efficient or more
competitive with gas phase oxidation and/or dry deposition than
IEPOX.
To evaluate the relative contributions of the different loss

mechanisms (OH oxidation, dry deposition and ring-opening
product formation) for IEPOX andMAE in this environment we
use the kinetic model described by Eddingsaas et al.,29 constrained
by the measured temperature and OH concentrations and the
calculated ranges in the aerosol pH and LWC for BEARPEX. We
use the kinetics simulation software Kintecus63 to follow the decay
of IEPOX and MAE for 100 h to ensure complete loss of MAE
(IEPOX was completely removed in 30 h).
In the model, loss of IEPOX and MAE are represented by four

reactions (shown here for MAE):

+ → kMAE OH MAEg ox ox (2)

→ kMAE MAEg dd dd (3)

↔ =k k kMAE MAE /g a eq par vol (4)

+ →+
+kMAE H MAEa rop H (5)

where MAEg is gas phase MAE, MAEox are gas phase oxidation
products of MAE, MAEdd is dry deposition of MAE, MAEa is
aerosol phase MAE, MAErop is condensed phase ring-opening
products of MAE, kox is the gas phase oxidation rate constant,
kdd is the dry deposition rate constant, kpar is the rate constant
for aerosol partitioning, kvol is the rate constant for vaporization
back to the gas phase, and kH+ is the acid catalyzed epoxide ring-
opening rate constant.
The OH reaction rate of MAE has not been measured, so we

estimate it using the EPA’s AOPWIN program.64 The AOPWIN
program overpredicted the IEPOX+OH rate constant by 35% so
we scaled the MAE+OH rate from AOPWIN by this amount to
give an estimate of 1.0× 10−12 cm3molecules−1 s−1 (at 298 K), an
order of magnitude slower than the IEPOX + OH reaction.16

The same value was used by Lin et al.17 to model MAE oxida-
tion in smog chamber experiments giving confidence in its

assignment. Using the average measured OH concentrations from
BEARPEX, the lifetimes of IEPOX and MAE to OH loss were
estimated to be 7 and 90 h, respectively. The deposition rate (kdd)
was determined by deposition velocity divided by boundary layer
height. Consistent with the work of Eddingsaas et al.,29 we assume
the same deposition velocity for IEPOX and MAE as hydrogen
peroxide (1−5 cm s−1; providing an upper limit for this
process)65,66 and reported estimations of the median boundary
layer height (600−700m) during BEARPEX67 giving a deposition
rate of ∼4 × 10−5 s−1.
Due to the high volatilities of IEPOX (subcooled vapor pre-

ssure 4.9 × 10−6 atm; C0 = 4.0 × 104) and MAE (9.2 × 10−5 atm;
C0 = 7.5 × 105), gas to particle partitioning into the organic
fraction of the aerosol are negligible for both species under
typical organic mass loadings (1−10 μg m−3) in the atmosphere.
Vapor pressures were estimated using the group contribution
method.68 However, partitioning of water-soluble organics into
the aerosol aqueous phase can occur and are governed by the
Henry’s law constant (kH

cp). A kH
cp of 1.3 × 108 M atm−1 has

been estimated for IEPOX.28 The Henry’s law constant for MAE
has not been measured so we estimate it here using EPA’s
HENRYWIN program.64 The estimate can be refined by
comparison with analogous compounds whose kH

cp values have
beenmeasured, e.g., 2-methyl propanoic acid (8.9× 107M atm−1)69

giving an estimate of 7.5 × 106 M atm−1, a factor of 20 lower
than IEPOX.
Eddingsaas et al.29 estimated a ring-opening rate constant

(kH+) of 5 × 10−2 M−1 s−1 for IEPOX and showed that the
presence of electron withdrawing groups on the α- and
β-carbon(s) to the epoxide slowed down the ring-opening
reaction rate by removing electron density from the epoxide
oxygen. MAE is different from IEPOX in that it has one less
electron withdrawing group. Assuming that carboxylic acid
groups behave the same as hydroxyl groups, the ring-opening
rate constant for MAE would be ∼5 M−1 s−1, about 2 orders of
magnitude faster than IEPOX.29

Figure 5 shows a comparison of these loss processes for
MAE and IEPOX for BEARPEX 2007 and 2009. As a result of
the lower OH rate constant, loss of MAE is dominated by dry
deposition, whereas for IEPOX dry deposition and reaction
with OH are approximately equivalent. As a result the fraction of
MAE that forms ring-opening products is more dependent on
the deposition velocity than IEPOX (Figure S9, Supporting
Information). In addition, MAE forms one to two orders of
magnitude more ring-opening products than IEPOX, depending
on the deposition velocity of MAE, and the fraction of ring-
opening products (Frop) is larger in 2007 as a result of the higher
aerosol LWC (Figure S9, Supporting Information). The lower
Frop for IEPOX in 2009 is compensated by the large increase in
gas phase IEPOX (∼2 orders of magnitude), while the estimated
MAE concentrations are similar leading to less MAE ring-
opening products in 2009 (Figure 5). This is consistent with our
observations, although the magnitude of the change in Frop for
MAE between 2007 and 2009 is much less than our observations.
This may be the result of lower organosulfate formation as a
fraction of ring opening products in 2009 due to lower sulfate
molaities and would suggest a stronger dependence of the
branching ratio for the MAE-derived organosulfates on sulfate
relative to IEPOX. The modeling work presented here is by no
means complete and is only meant to provide a means of
illustrating the differences between IEPOX and MAE. Further
work is needed to observe and quantify MAE in the atmosphere
and to better define key parameters (e.g., Henry’s Law constant,

Environmental Science & Technology Article

dx.doi.org/10.1021/es4011064 | Environ. Sci. Technol. 2013, 47, 11403−1141311409



OH rate constant, deposition velocity, and the ring-opening
kinetics) that define the fate of MAE (and IEPOX) in the
atmosphere.
Atmospheric Implications. Previous work has estimated

that isoprene SOA is the largest fraction of total OA in the
summertime when isoprene emissions and photochemistry
are close to their annual maxima.70 The strong anti-correlation
between the temperature dependence of isoprene concentra-
tions and the fraction of the MPAN reservoir that forms MAE
(FMAE formation) leads to an MAE production rate that is
independent of isoprene concentrations. Even the larger fraction
of MAE forming condensed phase ring-opening products (Frop)
cannot compensate for the lower MAE production rate, relative
to IEPOX, at high isoprene concentrations. This indicates that
isoprene SOA formation from the HO2 channel via IEPOX is
more important than formation from the NO/NO2 channel via
MAE at the surface. This is supported by observations of higher
concentrations of IEPOX-derived SOA tracers relative to MAE-
derived SOA tracers at ground sites in summer.62,70

However, the strong temperature dependence of the fate of
the MPAN reservoir (FMAE formation) coupled with the known
altitudinal dependence of temperature and observations and
models showing elevated OH and NO2 above the boundary
layer71−74 suggests that SOA formation from MAE could be
enhanced aloft. Advection of MACR out of the boundary layer
and into a cooler temperature regime with available OH andNO2
would generate MPAN in under conditions that favor MAE
formation and SOA from the NO/NO2 pathway leading to a
vertically varying isoprene SOA source. This notation is
supported by (i) a recent aircraft study that observed a
substantial enhancement in isoprene SOA aloft in the presence
of anthropogenic NOx,

3 and (ii) discrepancies between satellite
retrievals of aerosol optical thickness and surface organic aerosol
measurements in the southeast US that imply there must be

an altitudinal dependence in the SOA source.4 Additionally,
recent observations of 2-MG (the analog of the MAE-derived
organosulfate) in the remote North Pacific Ocean and Arctic
suggests that the likely longer thermal lifetime of MPAN
aloft may also have implications for the long-range transport
and subsequent formation of SOA in remote regions of the
atmosphere.75
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