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ABSTRACT: With a large global emission rate and high
reactivity, isoprene has a profound effect upon atmospheric
chemistry and composition. The atmospheric pathways by
which isoprene converts to secondary organic aerosol (SOA)
and how anthropogenic pollutants such as nitrogen oxides and
sulfur affect this process are subjects of intense research
because particles affect Earth’s climate and local air quality. In
the absence of both nitrogen oxides and reactive aqueous seed
particles, we measure SOA mass yields from isoprene
photochemical oxidation of up to 15%, which are factors of
2 or more higher than those typically used in coupled chemistry climate models. SOA yield is initially constant with the addition
of increasing amounts of nitric oxide (NO) but then sharply decreases for input concentrations above 50 ppbv. Online
measurements of aerosol molecular composition show that the fate of second-generation RO2 radicals is key to understanding the
efficient SOA formation and the NOx-dependent yields described here and in the literature. These insights allow for improved
quantitative estimates of SOA formation in the preindustrial atmosphere and in biogenic-rich regions with limited anthropogenic
impacts and suggest that a more-complex representation of NOx-dependent SOA yields may be important in models.

■ INTRODUCTION
Global forests emit 500 to 750 Tg of isoprene per year, the largest
flux of biogenic or anthropogenic nonmethane hydrocarbons to
the atmosphere.1 Isoprene-derived secondary organic aerosol
(iSOA) is predicted to comprise a significant fraction of the
organic aerosol (OA) burden over large regions of the globe.2−5

Isoprene also influences the oxidative capacity of the tropo-
sphere, particularly in pristine forested regions,6,7 due to its high
reactivity toward atmospheric radicals and its effect on the fate of
reactive nitrogen oxides, with consequences for the abundance
and lifetime of greenhouse gases such as methane and
tropospheric ozone, and likely indirect effects on particle
formation, growth,8 and SOA yield from other VOCs.9 There
is thus great interest in resolving the atmospheric fate of
isoprene-derived carbon.
Recently, there has been significant interest in determining

whether anthropogenic pollutants,8,10 such as NOx and sulfur
oxides, may enhance iSOA formation and thereby increase the

climate effects of aerosol particles, which directly interact with
solar radiation and alter the reflectivity and life cycle of clouds.
The magnitude of this anthropogenic forcing of a natural aerosol
formation process has been difficult to quantify with certainty,11

in part because the iSOA formation potential under preindustrial
“pristine” conditions is poorly known. The net anthropogenic
aerosol forcing of climate is determined by referring to year 1750
conditions, when NOx and sulfur emissions were approximately
4 and 6 times lower, respectively, than they are today.12 Thus,
assessing the anthropogenic aerosol forcing is inherently tied to
accurately quantifying natural aerosol sources under preindus-
trial conditions.10 This need, in turn, requires a mechanistic-level
understanding of the iSOA formation pathways.
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In the atmosphere, isoprene reacts with hydroxyl radicals
(OH) to form reactive organic peroxy radical intermediates
(ISOPO2). The short-lived (∼100 s in forests)13 ISOPO2
intermediates ultimately react with hydroperoxyl radicals
(HO2), nitric oxide (NO), or other organic peroxy radicals
(RO2). The HO2 pathway, estimated to account globally for one-
half of the reactive fate of ISOPO2

11 and possibly more in the
preindustrial atmosphere, produces a hydroxy hydroperoxide
(ISOPOOH); see Figure 1. In remote regions and in the
preindustrial atmosphere, where both NO and HOx concen-
trations are low, the ISOPO2 radical also isomerizes to produce
hydroperoxyaldehyde species.11,14

Most recent experiments have focused on iSOA formed from
the multiphase acid-catalyzed chemistry of ISOPOOH-derived
epoxydiols (IEPOX).12,15−19 However, measurements of iSOA
yield under low-NOx conditions in the absence of reactive
aqueous seed particles should be revisited, particularly in light of
recent findings of significant wall artifacts.20 These conditions
likely represent much of the preindustrial atmosphere and
remote pristine regions in the present day, where isoprene is
oxidized far from anthropogenic emissions. Moreover, most
previous experiments studying photochemical iSOA formation
were conducted under conditions in which the oxidant field and,
thus, product branching is continuously changing and where the
important iSOA-forming products are apparently lost to the walls
of the reaction chamber and, thus, undetected.20 In addition,
most models that do include a NOx dependence of SOA yields
classify them as either high-NOx or NOx-free, while studies have
suggested that NOx dependence for iSOA is more complex.5,21,22

Addition of NOx has been shown to change the relative
branching ratios of isoprene RO2 radicals reacting with HO2 and
NO, but the dynamic NOx dependence of iSOA yield is not
mechanistically well-understood and therefore difficult to
accurately parametrize for inclusion in models. These issues
suggest a continued need for additional studies of iSOA
formation.
Here, we report results from a series of laboratory studies in

which we systematically investigate photochemical iSOA
formation as a function of the branching between isoprene-
derived peroxy radical reactions with hydroperoxyl (HO2) and
nitric oxide (NO) radicals. Our experiments were operated in the
continuous-flow mode, which provides an alternative approach
to most previous studies. We measure iSOA yields that are
significantly higher than most literature values and that are
dependent on both H2O2 and NO concentrations. We also show

that this approach can have lower wall-loss effects (due to
equilibration) and simplifies the kinetic interpretation of the
experimental results by investigating steady-state periods. That
is, iSOA yields are obtained for a predetermined extent of aging,
set by oxidant concentrations and chamber residence time, as
opposed to batch-mode experiments in which products are
continuously passing through several photochemical gener-
ations, which might have significantly different iSOA production
and loss terms. We use a box model based on a detailed chemical
mechanism to investigate the oxidant fields and thus infer
production pathways of online-measured gas- and condensed-
phase compounds. Our results demonstrate a pathway for
efficient iSOA formation independent of IEPOX chemistry and
may be important in regions of the atmosphere far removed from
anthropogenic influence.

■ EXPERIMENTAL SECTION

Chamber Experiment Overview. Experiments were
conducted in the Pacific Northwest National Laboratory
(PNNL) 10.6 m3 Teflon environmental chamber.23 The
chamber was flushed with purified air from AADCO pure air
generators until the particle concentration was less than 1 particle
cm−3 before the start of continuous-mode experiments. Isoprene,
and/or NO in purified air were injected from calibrated gas
cylinders with flows regulated by MKS mass flow controllers.
H2O2 was introduced into the chamber by passing pure air
through a gently heated glass bulb, with the H2O2 solution
(Sigma-Aldrich, 50 wt % in H2O) continuously injected into the
bulb using a syringe pump. Relative humidity was controlled at
50%, by passing pure air at a variable flow rate through pure water
(18.2 MΩ cm, < 5ppbv TOC). (NH4)2SO4 seed particles were
first produced by an atomizer, passed through a diffusion dryer,
then size-selected to a mobility diameter of 50 nm using a DMA,
and injected into the chamber; number concentrations of seed
particles ranged between 1800 and 3000 cm−3. UV black lights
(Q-Lab, UVA-340) were turned on to initiate photooxidation.
We continuously monitored the UV intensity with a radiometer
and measured a stable UV flux equivalent to an NO2 photolysis
rate of JNO2

= 0.16 min−1, which corresponds to a H2O2

photolysis rate of approximately 2.8 × 10−3 min−1. Total flow
rate through the chamber was 34 Lpm, resulting in a 5.2 h
chamber residence time. For each experiment, steady-state
periods were at least 18 h after the start of each experiment. The
injections of isoprene, H2O2, UV lights, or a combination of these

Figure 1. Simplified reaction mechanism of ISOPOOH, a first-generation isoprene photooxidation product, with the described ISOP(OOH)2 pathway
based on our observations included. SOA formation from IEPOX chemistry (bottom pathway)12,15 was not observed in these experiments (see Figure
S7).
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were periodically halted to perform blank experiments. A
summary of experimental conditions is listed in Table 1.
Instruments. A suite of online instruments was used to

characterize both the gas- and particle-phase composition. The
evolution of isoprene concentrations throughout each experi-
ment were determined by an Ionicon quadrupole proton-
transfer-reaction mass spectrometry (High-Sensitivity PTR-
QMS 500, Ionicon Analytik, Austria).24 Many isoprene photo-
oxidation products, of both the gas and the particle phases, were
monitored by the University of Washington high-resolution
time-of-flight chemical-ion-mass-spectrometry coupled with a
filter-inlet for gases and aerosols (FIGAERO HR-ToF-
CIMS).25,26 Particle-phase mass and chemical composition
were measured with an Aerodyne high-resolution time-of-flight
mass spectrometer (HR-ToF-AMS).27,28 Number and volume
concentrations of the aerosols formed in the chamber were
measured with a TSI scanning mobility particle sizer (SMPS
Model 3081). An NO−NO2−NOx analyzer (Thermo Environ-
mental models 42c and 42i) was used to measure concentration
of NO and NOx. The detection limit of the instrument is 0.4
ppbv (1 min averaging time) and, for most conditions, the
steady-state NO concentration with the lights on (i.e., during
experiments) was below the instrument detection limit.
Therefore, steady-state NO concentrations were calculated
using a photochemical model described below. We note that
input NO concentrations were well-defined as NO was delivered
from a calibrated gas cylinder using mass flow controllers and
concentrations were verified during periods when lights were
turned off. A UV absorption O3 analyzer (Thermo Environ-
mental Instruments model 49C) allowed for the measurement of
O3 concentration. Detailed descriptions of HR-ToF-CIMS and
HR-ToF-AMS can be found in the Supporting Information as
well as in previous publications.25,26,28−30

ISOPOOH Experiment. In addition to forming SOA from
isoprene photooxidation, a series of experiments was conducted
using an authentic isoprene 4-hydroxy-3-hydroperoxy (4,3-
ISOPOOH) standard, one of the two main atmospherically
important ISOPOOH isomers.31 The 4,3-ISOPOOH was
dissolved in water, placed in a glass bulb, and gently warmed
pure air was passed through the bulb to carry ISOPOOH into the

chamber. Reaction conditions were similar to those used in the
isoprene oxidation experiments; RH was 50%, and 50 nm solid
ammonium sulfate seed (∼2400 cm−3) was present. ISOPOOH
concentrations were monitored with the FIGAERO HR-ToF-
CIMS. Condensed-phase products were detected by both the
FIGAERO HR-ToF-CIMS and HR-ToF-AMS.

IEPOX Experiment. Several literature reports have shown
that IEPOX uptake onto reactive aqueous seed particles can
produce SOA in substantial yield.15,19 To confirm that
heterogeneous uptake of IEPOX to seed particles was not
driving SOA formation in the present isoprene and ISOPOOH
photooxidation experiments, we performed an experiment using
an authentic IEPOX standard. Synthesized trans-β-IEPOX
dissolved in ethyl acetate was placed in a glass bulb, and pure
air was passed through the bulb and into the chamber.
Conditions in the chamber were again identical to those in the
isoprene experiments. IEPOX concentrations were monitored
with the FIGAERO HR-ToF-CIMS and with PTR-MS (as a
fragment at m/z 69). Condensed-phase products were detected
by both the FIGAERO HR-ToF-CIMS and HR-ToF-AMS.

University of Washington Chemical Mechanism
Model. The University of Washington Chemical Mechanism
(UWCM) box model was used to model the chamber system.
Note that the model was run to guide interpretation of the
observed chemistry and SOA yields, but the SOA yield values we
report do not depend on model calculations in any way. The
mechanism and its previous applications are described in detail
elsewhere.32 Briefly, the UWCM incorporates the University of
Leeds Master Chemical Mechanism v3.233 with customized
updates to address new understanding regarding glycolalde-
hyde,34 methyl glyoxal,35 methyl vinyl ketone, and methacrolein
reactions36 and isoprene RO2 isomerization,

37 as well as updates
to ISOPOOH chemistry presented here. These include
formation of dihydroxy dihydroperoxides (ISOP(OOH)2)
from ISOPOOH-derived peroxy radicals as well as their
associated loss processes, including hydrogen abstraction and
photolysis of hydroperoxide groups. The branching between
ISOPOOH-derived peroxy radicals and IEPOX formation, the
bimolecular reaction rate constants of the ISOPOOH-derived
peroxy radicals, unimolecular isomerization rates, are technically

Table 1. Table of Isoprene Photooxidation Experimental Conditions and Resultsa

experiment
no.

input [isoprene]
(ppbv)

input [H2O2]
(ppmv)

input [NO]
(ppbv)

chamber [isoprene] at steady
state (ppbv)

Δ [isoprene]
(ppbv)

[HO2]
b

(ppbv)
f RO2HO2

c

(%)
aerosol massd

(μg/m3)
yieldd

(%)

low-NOx conditions
1 183 5 0 41.1 141.9 0.19 99.3 19.5 4.8
2 76 15 0 13.4 62.2 0.53 99.8 22.1 12.5
3 26 15 0 4.6 21.7 0.55 99.9 9.1 14.7
4 26 5 0 4.7 21.7 0.30 99.9 4.6 7.5
5 26 10 0 4.5 21.8 0.44 99.9 6.7 10.8
6 26 15 0 4.4 22.0 0.55 99.9 7.7 12.4
7 26 10 0 4.4 22.0 0.44 99.9 5.1 8.2

high-NOx conditions
8 26 10 2 4.0 22.4 0.44 96.9 6.6 10. 5
9 26 10 5 3.6 22.7 0.44 93.6 6.2 9.6
10 26 10 10 3.2 23.1 0.44 89.7 7.6 11.6
11 26 10 20 3.4 22.9 0.44 84.1 6.5 10.0
12 26 10 50 1.9 24.4 0.43 74.1 1.9 2.7

aInput concentrations refer to the concentrations of the reactants that would be in the chamber if there were no loss mechanisms, including any
chemistry. b[HO2] was determined using the UWCM model. cThe fraction of second-generation RO2 reacting with HO2, calculated from eq 1,
assuming kisom = 0.002 s−1 based on Crounse et al. (2011).11 dBoth SOA aerosol mass concentration and SOA yield are corrected for particle wall
losses. Corrections for gas-phase wall loss are not applied as they are not significant in these experiments.
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unknown. We use typical values of bimolecular rate constants for
general RO2 radicals found in the MCM and tune the branching
ratio and isomerization rates to achieve agreement with the
measured concentrations of ISOP(OOH)2. The model was set
up to incorporate conditions in the chamber such as the relative
humidity, resonance time, photolysis frequencies, and temper-
ature. Photolysis frequencies of H2O2 were tuned to match
isoprene decays, and NO2 photolysis frequencies were set to
match measured values. Inputs specified for each experiment
were the NO, isoprene, and H2O2 injection rates into the
chamber.

■ RESULTS AND DISCUSSION

iSOA Formation under Low-NOx Conditions. Figure 2
shows the results of the photochemical oxidation of 26−183
ppbv (input concentration) of isoprene in the absence of added
NO (Table 1). Yields of iSOA were calculated based on
measured steady-state organic aerosol mass loading and the
amount of isoprene reacted, with only a particle wall loss
correction applied (see the Supporting Information). We
observed steady-state yield values up to 15% at a loading of 9
μg m−3. Our yield values are generally higher for most conditions
compared to those reported previously. In the presence of solid
aerosol seeds, the iSOAmass yield has been reported to be <10%
and usually <6%.15,19,38−40 Higher transient yields, up to ∼9%,
were observed in some batch mode experiments, but particle
mass decreased as the experiment progressed, and the final yield
values (e.g., yield after most isoprene has reacted) are more
widely reported and incorporated into models.38 We observed a
dependence of the iSOA yield on the relative amounts of
isoprene and H2O2 being continuously injected into the system,
with higher H2O2-to-isoprene ratios generating higher iSOA
yields (Figure 2B) under otherwise identical conditions.
The FIGAERO HR-ToF-CIMS measurements showed that

compounds with a highly oxygenated and saturated carbon
composition, such as C5H12O6, contributed to ∼30−50% of the
iSOA on average (Figure 2B). We identify the dominant
C5H12O6 compound as isoprene dihydroxydihydroperoxides
(ISOP(OOH)2 for short). Though these specific species have
not been previously identified in iSOA particles,6 previous
studies have detected a high content of unresolved peroxides in
OA under low-NOx conditions,

38,41 ranging from 25% and 60%
by mass in seeded and unseeded experiments, respectively. More
recently, several studies have reported the detection of C5H12O6

as an isoprene oxidation product in both the gas and the particle
phases, but an accurate estimation of SOA mass yield from
isoprene were lacking in those experiments.42−44 In our
experiments, the yield of particle-phase C5H12O6 and related
components scaled with H2O2 concentration, and therefore HO2
concentration, in a similar manner to the overall iSOA yield (see
Figure 2B), consistent with a later-generation product.
In the currently accepted isoprene oxidation mechanism, the

reaction of ISOPOOH with OH forms IEPOX, with molar yield
exceeding 75%.6,45 IEPOX formation is in direct competition
with the addition of molecular oxygen to the nascent carbon
radical, which can also form a peroxy radical already containing
both hydroxy and hydroperoxide functional groups. From the
measured iSOA mass yield and the speciation of aerosol
components, we infer that of order 10% of OH additions by
number to the remaining carbon−carbon double bond in
ISOPOOH result in the formation of the multifunctional organic
peroxy radical, which, under the HO2-dominant conditions of
our experiment, go on to form a dihydroxydihydroperoxide,
ISOP(OOH)2, and related products, as shown in Figure 1. When
this pathway is dominant, the iSOA mass yield can readily
approach 15% due to the larger molar mass of ISOP(OOH)2
relative to isoprene and to the additional Raoult’s Law
partitioning or reactive uptake of other semivolatile products
to the particle phase without requiring the presence of reactive
seed particles. Although we measured ISOP(OOH)2 to be the
most abundant single component in the particle phase, a myriad
of other compositions were also detected under low NOx
conditions, including C5H12O5 and C5H10O5 (see Figure 3),
suggesting that partitioning and reaction of other products are
also important contributors to iSOA. Although our conclusions
are not dependent upon mass closure, applying estimates of the
HR-ToF-CIMS instrument detection efficiency to these and
other compositions results in the sum of all detected species
agreeing with the AMS measured total organic aerosol mass to
well within the ±50% uncertainty of the FIGAERO HR-ToF-
CIMS calibration (Figure 4B). This suggests the HR-ToF-CIMS
captured a significant fraction of the total iSOA mass.
Starting with ISOPOOH instead of isoprene as the precursor,

Krechmer et al. (2015) and Riva et al. (2016) observed some of
the same products in the gas phase and the particle phase,
respectively, and proposed the same reaction pathway.42,43

Although the Riva study did not provide an estimate of the mass
yield of iSOA, the Krechmer study estimated an iSOA yield of
4.2% by applying significant corrections to their measurements

Figure 2. (A) iSOA yield as a function of mass loading for this and previous isoprene photooxidation experiments,38,46 with error bars indicating
uncertainties related to measurements and particle-phase wall loss correction; (B) dependence on the H2O2-to-isoprene ratio shown for the mass yield
of SOA and C5H12O6.
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to account for gas-phase wall losses. The Krechmer et al. yield
agrees reasonably with our observations, considering that their
reported uncertainty is a factor of 2.543 and the fact that
semivolatile partitioning and multiphase organic reactions are
likely more important to iSOA yields when isoprene is used as
the precursor (our experiment) rather than ISOPOOH
(Krechmer experiments), given the broader array of products
present. We also performed ISOPOOH photooxidation experi-
ments, and these same later-generation components are
observed in the particle phase, but our observations showed
the major condensed-phase compound is C5H12O6 rather than
the C5H10O5 and C5H12O5 implied by the Krechmer study
(Figure S5). The differences are likely due to the relatively
constant oxidation field in our continuous-mode experiments,
our use of higher HO2 levels than Krechmer et al., and the direct
detection of aerosol molecular composition as opposed to that
estimated from gas-phase abundance. The differences in
oxidation field, reactant concentration, and aging time likely
also explain the higher iSOA yield in these experiments
compared to literature values (i.e., the Kroll study38 and the
Chen study46), as displayed in Figure 2. In addition, we directly
observed significant differences in the condensed-phase product
distribution when comparing our own isoprene and ISOPOOH
experiments (Figures 3 and S5, respectively), which again

suggests differences between the yield values for our isoprene
experiments and the Krechmer ISOPOOH experiments could be
caused by the use of different precursors. On the basis of our
direct measurements of the aerosol composition, we therefore
propose that the iSOA yield in the absence of both NO and
aqueous seed particles is triggered in large part by the
ISOPOOH-derived multifunctional organic peroxy radical
chemistry.

Role of NOx in iSOA Formation. As noted at the outset, a
key question is whether anthropogenic emissions enhance iSOA
formation efficiency. We probed this question and also gained
insights into the proposed ISOP(OOH)2 formation pathway by
systematically increasing the NO concentration in the chamber
while holding all other conditions constant. To our knowledge,
we resolve, for the first time, the detailed molecular changes in
iSOA composition as a function of NOx using online methods.
These experiments lead to a reduction in measured ISOP-
(OOH)2 and iSOA yields and the production of organic nitrates
(Figures S6), such as C5H11O7N, which was detected also in
ambient aerosol.47 The dependence of the iSOA yield and
ISOP(OOH)2 and related components on the input NO-to-
isoprene ratio is shown in Figure 4. As NO increased, the
abundance of ISOP(OOH)2 decreased monotonically, while a
series of organic nitrates increased in both the gas and the particle
phases. Interestingly, the iSOA yield was nearly constant at low
NO until a threshold NO level was reached (input NO-to-VOC
ratio of∼0.38). With further increases in NO concentrations, the
iSOA yield decreased from ∼12% to ∼3%, accompanied by a
decrease in themore highly oxygenated organic nitrates. Both the
saturated composition of the C5H11O7N organic nitrate, i.e., H +
N = 2(C + 1), and its nonmonotonic dependence on NO
concentrations are consistent with the source being the second
generation peroxy radical formed from ISOPOOH discussed
above, supporting the overall importance of the non-IEPOX
peroxy radical pathway.
Using the UWCM model, the above behaviors can be

interpreted in terms of the fraction of RO2 reacting with HO2

and NO, which were calculated as follows:

Figure 3.Mass fractions of the total in the particle-phase detected by the
FIGAERO HR-ToF-CIMS in the low-NOx experiments. The “other”
group is composed of numerous compounds that make up, at most, a
few percent of the total mass.

Figure 4. NO-to-isoprene ratio dependence of (A) SOA yield estimated from AMS, with results from previous studies as references,22,38,40,48,53,54 and
(B) approximate concentrations of the sum of non-N-containing C5 compounds (green) and of alkyl nitrate compounds (blue) determined from
FIGAEROHR-ToF-CIMS, plotted with the sum of both quantities and the AMS-measured total OA mass concentration. The error bars in (A) include
uncertainty from both measurements and particle-phase wall loss corrections, and the shaded area in (B) indicates the ±50% uncertainty in FIGAERO
HR-ToF-CIMS mass determination.
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where kRO2NO, kRO2HO2
, and kRO2RO2

are the generic RO2 rate
constants obtained from the MCM,33 and kisom is the
unimolecular RO2 isomerization rate,11 which is unknown for
the ISOPOOH-derived organic peroxy radicals. Although kisom
may be important for setting the absolute values of f RO2HO2

and

f RO2NO, the relative behavior of the systematic addition of NO is
independent of kisom. Shown in Figure S8, the decrease in
ISOP(OOH)2 and iSOA is correlated with a decrease in the
model predicted fraction of RO2 reacting with HO2, which
reaches a value of∼0.75 at the highest steady-state mixing ratio of
NO achieved in the chamber (∼0.5 ppbv). The nonlinear effect
of NOx we observed can be explained by NO suppressing
ISOPOOH formation, which is the source of the C5H11O6
peroxy radical while, also enhancing the formation rate of highly
oxygenated nitrates (Figure 4).
The combined effect of suppressed ISOP(OOH)2 formation

and the lower branching of RO2 + NO to form multifunctional
organic nitrates suggest that, all else being similar, anthropogenic
increases in NOx emissions have suppressed iSOA formation
from the ISOP(OOH)2 pathway in the present day atmosphere.
Correlated changes in NOx and OH abundance, which might
have offsetting effects on iSOA concentrations (but not
necessarily yields) require a more detailed chemical transport
model treatment, which is beyond the scope of this paper. A
nonlinear dependence of iSOA upon NOx was observed in
previous chamber studies,21,38,48 but the chemistry is likely
different in some cases because employing HONO as an OH and
NO source strongly suppresses ISOPOOH chemistry and thus
also the formation of the second-generation organic nitrates
observed here.22 RO2 cross-reactions can be important depend-
ing upon the amount of isoprene reacting, but for the majority of
these experiments, it was calculated by the UWCM to be a
smaller fraction than reaction with HO2 and NO (≪1%).
Our estimates of the production of the dihydroxy hydro-

peroxyl peroxy radical (C5H11O6) from ISOPOOH + OH are
derived from this model in comparison with the measured gas +
aerosol abundance of the associated products (e.g., C5H12O6,
C5H12O5, C5H11O7N, and so on); see, e.g., Figure S8. Requiring
10% of ISOPOOH +OH to produce the C5H11O6 peroxy radical
(summed over all isomers) in the model adequately simulated
the observed abundance and behavior of total (gas + particle)
concentrations of C5H12O6, presumed to be ISOP(OOH)2. This
version of the model does not simulate gas-particle partitioning
or vapor wall loss of oxidation products. Oxidation products that
would partition to the particle phase and possibly be protected
from further oxidation reactions are therefore underestimated by
the model. In addition, these data do not provide robust
constraints on the isomerization rate of the proposed C5H11O6
radicals; as such, there remains appreciable theoretical
uncertainties associated with these calculations as well as those

from measurement calibration. Nonetheless, the positive
identification and measurement of a significant lower-limit
fraction of iSOA mass being consistent with ISOP(OOH)2
suggests the clear importance of this chemical pathway.

Contribution of IEPOX SOA to Observed iSOA Yield.
Acid-catalyzed multiphase chemistry, especially of the isoprene
epoxydiols (IEPOX), has been shown to be an important
component of isoprene chemistry in the atmosphere.6,15,49

Surratt et al. reported 30% iSOA mass yields in the presence of
aqueous acidic seed particles (data not shown in Figure 2).15 By
using solid ammonium sulfate seed particles in our isoprene
photooxidation experiments, we greatly suppressed the
importance IEPOX chemistry. To confirm that these pathways
were suppressed, we injected synthetic trans-β-IEPOX (>99%
purity), which is the predominant isomer,45 into the chamber in
the presence of a high concentration of solid ammonium sulfate
seed particles. No iSOA formation was detected (see Figure S7)
despite the large concentrations of IEPOX (∼15 ppbv) and seed
particle surface area (∼4.5 × 107 nm2/cm3). These results are
consistent with literature reports showing that IEPOX requires
reactive aqueous seed particles to generate SOA, while the seed
particles were solid in our experiments. The iSOA in our
photochemical experiments was thus formed with a high
efficiency but from a mechanism that does not require acidity
or aqueous inorganic ions.

Vapor Wall Loss in Continuous-Flow Chambers.
Previous studies have shown that SOA yield measurements are
often significantly biased low due to losses of semivolatile
compounds to chamber walls.20,50,51 Zhang et al. (2014) showed
that aerosol mass yield in toluene photooxidation experiments
increases with seed surface area in batch-mode experiments and
suggested that a factor of 1.1−4.2 should be applied to chamber-
measured SOA yields.20 Constrained by α-pinene ozonolysis
products observed in a short residence time (45 min)
continuously stirred chamber, Ehn et al. (2014) also reported
an increase in SOA corresponding to higher particle surface
area.51 Shilling et al. postulated that vapor-wall losses were lower
in continuous-flow experiments relative to batch-mode experi-
ments but did not conduct experiments that explicitly addressed
this issue.52

To address gas-phase wall loss uncertainties, we systematically
increased the injected ammonium sulfate seed surface area with
other chamber conditions constant and representative of
experiments described above (Δisoprene = 20 ppbv, 10 ppmv
H2O2, 50% RH). This strategy has been previously described in
the literature and is meant to increase the condensational sink
rate to the aerosol phase to overcome condensational loss to the
chamber walls.20,51 We first added a second complete seed
injection system identical to the first, which has the effect of
doubling the monodisperse seed surface area while holding other
factors, such as the size distribution, constant. As shown in Figure
5, we observed no increase in yield. We then further increased the
seed surface area by decreasing the DMA sheath flow from 10 to
3 LPM, which decreased the DMA resolution (broadening the
seed size distribution considerably) but increased the through-
put. Finally, we bypassed the DMA and injected dry, polydisperse
seed particles to further increase the seed surface area.
Quantification of SOA deposited on the quasi-monodisperse
and polydisperse seed is uncertain due to an increase in particle
bounce from the AMS vaporizer and a decrease in particle
transmission through the AMS lens; however, we saw no
evidence for gas-phase wall loss (Figure 5). Details on collection
efficiency corrections are given in the Supporting Information. If
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partitioning to the chamber walls were a significant sink of SOA-
forming species, we would expect to see SOA particle yield
increase with increasing seed surface area,20 which is clearly not
the case for our data. Therefore, we conclude that net vapor-
phase wall losses are minimal under our experimental conditions,
and therefore, corrections for gas-phase wall loss are unnecessary.
Such corrections would in theory only increase our iSOA yields,
which are generally larger than most previous measurements
without a correction. We hypothesize that the continued
exposure of the chamber walls to semivolatile reaction products
in continuous-mode experiments allows the gas phase to
equilibrate with both the suspended particles and the walls,
such that the net loss of gases to the walls is minimized for this
chemical system. Fully understanding wall−gas interactions in
continuous-flow chambers, the difference between continuous-
flow chambers and batch chambers, and wall losses for other
chemical systems requires further research.
In summary, we conducted continuous-flow chamber experi-

ments and measured significant SOA yields of up to 15% from
isoprene photooxidation under HO2-dominated conditions and
in the absence of heterogeneous IEPOX chemistry. Using a
combination of gas- and particle-phase measurements, we
identified a dihydroxy dihydroperoxide ISO(POOH)2 and
other multifunctional hydroperoxides as key condensing species
and presented a chemical mechanism explaining their formation.
We note that these experiments were designed to probe
chemistry under HO2-dominant conditions; therefore, HO2
concentrations in the chamber are approximately 5−10 times
higher than those typically found in the ambient atmosphere.7,14

Lower HO2 concentrations and longer aging times would likely
reduce yield from this mechanism in the ambient atmosphere,
and thus, iSOA yields presented herein should be regarded as
upper limits. We investigated the effect of NO concentrations on
this mechanism and found a complex relationship between SOA
yield and NOx. SOA yield was approximately constant with the
addition of NO until a threshold was reached, after which
additional NO dramatically reduced SOA yield. Gas- and
particle-phase measurements showed that second-generation
reaction products were again key to SOA formation, with
decreasing yields explained by lower production of both second-
generation multifunctional organic nitrates and second-gener-
ation multifunctional peroxides. Finally, we increased seed

particle surface area while holding other reaction conditions
constant and found no appreciable impact on SOA yield,
implying that the net loss of gas-phase species to the chamber
walls is minimized under these conditions.
Our results therefore point to a reaction pathway leading to the

efficient formation of iSOA in the absence of NOx and reactive
seed particles, of which ISOP(OOH)2 and its related peroxy
radicals could be regarded as molecular tracers. This pathway,
although a minor branch in competition with IEPOX formation,
is a significant pathway in iSOA formation due to the production
of low-volatility multifunctional hydroperoxide products.
Accounting for shifts in the production and loss mechanisms
of the second-generation isoprene photooxidation products,
which have a strong sensitivity to ambient NO concentrations,
will be important for determining iSOA in the preindustrial era or
in remote regions with limited anthropogenic impacts with
consequences for the calculation of a robust estimate of an
anthropogenic forcing of aerosol−climate effects. Their
abundance and particle-phase reactivity should thus be the
focus of future laboratory and field experiments to better
constrain their atmospheric fate and response to anthropogenic
forcing.
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Campuzano-Jost, P.; Jimenez, J. L.; Xu, L.; Ng, N. L.; Guo, H.; Weber, R.
J.; Wild, R. J.; Brown, S. S.; Koss, A.; de Gouw, J.; Olson, K.; Goldstein,
A. H.; Seco, R.; Kim, S.; McAvey, K.; Shepson, P. B.; Starn, T.; Baumann,
K.; Edgerton, E. S.; Liu, J.; Shilling, J. E.; Miller, D. O.; Brune, W.;
Schobesberger, S.; D’Ambro, E. L.; Thornton, J. A. Highly function-
alized organic nitrates in the southeast United States: Contribution to
secondary organic aerosol and reactive nitrogen budgets. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113 (6), 1516−1521.
(48) Xu, L.; Kollman, M. S.; Song, C.; Shilling, J. E.; Ng, N. L. Effects of
NOx on the Volatility of Secondary Organic Aerosol from Isoprene
Photooxidation. Environ. Sci. Technol. 2014, 48 (4), 2253−2262.
(49) Gaston, C. J.; Riedel, T. P.; Zhang, Z.; Gold, A.; Surratt, J. D.;
Thornton, J. A. Reactive Uptake of an Isoprene-Derived Epoxydiol to
Submicron Aerosol Particles. Environ. Sci. Technol. 2014, 48 (19),
11178−11186.
(50) Matsunaga, A.; Ziemann, P. J. Gas-Wall Partitioning of Organic
Compounds in a Teflon Film Chamber and Potential Effects on
Reaction Product and Aerosol Yield Measurements. Aerosol Sci. Technol.
2010, 44 (10), 881−892.
(51) Ehn, M.; Thornton, J. A.; Kleist, E.; Sipila, M.; Junninen, H.;
Pullinen, I.; Springer, M.; Rubach, F.; Tillmann, R.; Lee, B.; Lopez-
Hilfiker, F.; Andres, S.; Acir, I.-H.; Rissanen, M.; Jokinen, T.;
Schobesberger, S.; Kangasluoma, J.; Kontkanen, J.; Nieminen, T.;
Kurten, T.; Nielsen, L. B.; Jorgensen, S.; Kjaergaard, H. G.; Canagaratna,
M.; Maso, M. D.; Berndt, T.; Petaja, T.; Wahner, A.; Kerminen, V.-M.;
Kulmala, M.; Worsnop, D. R.; Wildt, J.; Mentel, T. F. A large source of
low-volatility secondary organic aerosol. Nature 2014, 506 (7489),
476−479.
(52) Shilling, J. E.; Chen, Q.; King, S. M.; Rosenoern, T.; Kroll, J. H.;
Worsnop, D. R.; McKinney, K. A.; Martin, S. T. Particle mass yield in
secondary organic aerosol formed by the dark ozonolysis of alpha-
pinene. Atmos. Chem. Phys. 2008, 8 (7), 2073−2088.
(53) Dommen, J.; Metzger, A.; Duplissy, J.; Kalberer, M.; Alfarra, M.
R.; Gascho, A.; Weingartner, E.; Prevot, A. S. H.; Verheggen, B.;
Baltensperger, U. Laboratory observation of oligomers in the aerosol
from isoprene/NOx photooxidation. Geophys. Res. Lett. 2006, 33 (13),
L13805.
(54) Zhang, H.; Surratt, J. D.; Lin, Y. H.; Bapat, J.; Kamens, R.M. Effect
of relative humidity on SOA formation from isoprene/NO photo-
oxidation: enhancement of 2-methylglyceric acid and its corresponding
oligoesters under dry conditions. Atmos. Chem. Phys. 2011, 11 (13),
6411−6424.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b01872
Environ. Sci. Technol. 2016, 50, 9872−9880

9880

http://dx.doi.org/10.1021/acs.est.6b02511
http://dx.doi.org/10.1021/acs.est.6b01872

