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ABSTRACT: Understanding how gases interact with and are incorporated into
atmospheric secondary organic aerosol particles is crucial for predicting particle effects
on climate and human health. This work examined how three gaseous organic nitrates
(ON) are taken up into viscous particles formed from the ozonolysis of α-pinene (AP).
Experiments were performed in a flow reactor at room temperature under dry
conditions, either with or without an OH scavenger present, with constant ozone and
variable AP concentrations. Each ON was introduced independently into the flow
reactor and was present during particle formation/growth. ON gas-phase
concentrations were determined by gas chromatography−mass spectrometry, and
particle phase concentrations were measured by high-resolution time-of-flight aerosol
mass spectrometry. Partition coefficients (KSOA) for each ON were independent of the
initial AP concentration, except for 2-ethylhexyl nitrate which was undetectable in the
particles at the lowest AP concentration. Measured KSOA values were larger than those
previously determined for equilibrium partitioning, which points to a potential burying
mechanism for incorporation of ON during particle growth. Estimated effective net uptake coefficients (γΟΝ) were found to increase
with initial AP concentration. Concentrations of gas-phase oxidation products (including dimers and autoxidation products)
predicted using an updated master chemical mechanism increased with AP concentration, with little change in the overall species
distribution, consistent with increased trapping/burying of ON during particle growth and thus increased values of γΟΝ. These
results provide further evidence that kinetically controlled burying can contribute significantly to particle growth, provided that the
incoming gas-phase molecules have sufficient residence time on the particle surface to become buried via subsequent gas−surface
collisions.

KEYWORDS: secondary organic aerosol, kinetically limited growth, burying mechanism, α-pinene, ozonolysis, organic nitrate,
gas−particle partitioning

■ INTRODUCTION

Oxidation of volatile organic compounds (VOCs) in the
atmosphere can result in low volatility species that either
condense together to form new particles or condense onto and
grow existing particles.1,2 These secondary organic aerosol
(SOA) particles play an important role in Earth’s radiative
budget directly through light scattering and indirectly by acting
as cloud condensation nuclei.3−8 They have also been shown
to have deleterious effects on human health.9−17 Although
great progress has been made in understanding how gases are
incorporated into particles to contribute to particle growth,
these processes are still not completely understood or
parameterized by models.18

During growth of a liquid droplet, gases diffuse into and out
of the particle quickly, establishing a relatively rapid quasi-
equilibrium.19−24 However, many SOA particles have been
shown to be more viscous in nature.25−42 Under high viscosity
conditions, diffusion into the particle is slow, and thus,
equilibrium timescales can be in the order of minutes to hours
because of kinetic limitations.43−45 Knowledge of particle-

phase diffusion coefficients and particle viscosities is therefore
required to accurately predict particle composition and
growth.29,46−50 For example, diffusion limited uptake and
evaporation of gases can lead to nonuniform particle
composition,51 including the formation of a more semisolid
outer “crust” relative to the particle core, which further
modifies gas uptake.30,46,52

The evidence that under many atmospheric conditions, SOA
particles such as those formed from α-pinene (AP) ozonolysis
are highly viscous is strong.25−42 Renbaum-Wolff et al.31 used a
poke-flow method to show that SOA particles formed from AP
ozonolysis remain highly viscous over a wide range of relative
humidities (RH), and particle impaction/bounce experi-
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ments34,35 showed that these particles maintained a high
rebound fraction up to ∼70% RH. Gong et al.53 showed that
for incorporation of levoglucosan into particles from AP
ozonolysis at low RH, the uptake was kinetically limited with a
measured diffusivity of 10−15 cm2 s−1 corresponding to an
equilibrium timescale for a 100 nm particle of ∼103 s.
Similarly, Han et al.54 found that the uptake of dicarboxylic
acids into SOA particles was hindered under high viscosity/low
RH conditions because of slow diffusion in the particle phase.
Zelenyuk et al.55 showed that when SOA particles are exposed
to polycyclic aromatic hydrocarbons (PAHs), the PAHs
remain on the surface because of very slow diffusion into the
particles, and their evaporation back to the gas phase is also
relatively fast. By comparison, when PAHs are present during
SOA formation, they remain trapped inside the SOA matrix,
and their evaporation is hindered. Evidence of species trapped
inside the SOA matrix has been reported previously in this and
other laboratories.33,41,47,55−57 The focus of the previous
studies has been on inhibited evaporation of the trapped
species, which has led to an estimation of diffusion coefficients
in the range of 10−14 to 10−17 cm2 s−1.
A previous study by Vander Wall et al.47 examined the

incorporation of three organic nitrates (ON)β-hydroxyhexyl
nitrate (HHN), β-hydroxypropyl nitrate (HPN), and 2-
ethylhexyl nitrate (2EHN)into particles formed in a flow
reactor from the ozonolysis of AP both during the particle
formation and growth process as well as af ter growth. It was
shown that partition coefficients (KSOA = [ON]SOA/[ON]gas)
were higher for ON incorporation during growth by factors of
3−15, and a kinetically-controlled burying mechanism was
proposed to explain these results. However, the effects of
different particle formation conditions are unknown.
Previous work has shown that SOA particle composition and

properties such as volatility and viscosity can vary with particle
size and mass loading.58−64 Kourtchev et al.65 found that the
contribution of oligomers to the particle composition increased
with AP concentration/particle mass loading. In the context of
a burying mechanism,47 if the oligomers formed in the gas
phase are efficient burying species, increased oligomer
formation may enhance the uptake of trace gases into the
particles. The current study examines the incorporation of the
three ON used in the previous studies46,47 into particles during
formation and growth from the ozonolysis of AP at varied
initial concentrations of AP (between 100 and 1450 ppb) with
a constant ozone concentration (250−300 ppb), and thus
variable mass loadings, either with or without an OH
scavenger. An updated version of the Master Chemical
Mechanism (MCM v3.3.1)66−68 including dimers and
autoxidation processes69 is also employed here to understand
the distribution of gas-phase products under these reaction
conditions.

■ EXPERIMENTAL SECTION
Aerosol Generation and Particle Size Distributions.

Particles were generated in a large volume, slow flow aerosol
flow reactor, as described in detail previously.70 All organic
reactants were introduced in the initial mixing section of the
reactor. Gas-phase AP (ranging from 100 to 1450 ppb) was
generated by injection of the pure liquid (Sigma-Aldrich,
>99%) from an automated syringe pump (New Era Pump
System Inc., Model NE-1000) into a stream of clean, dry air
flowing at 10 L min−1. When an OH scavenger was used,
cyclohexane (CH, Fisher Scientific, 99.9%) was injected

simultaneously with AP to produce a final CH concentration
of 100 ppm in the flow reactor. Details on the gas-phase
measurements for AP and CH are found in Supporting
Information. Ozone was generated by flowing 0.4 L min−1 O2
gas (Praxair, 99.993%) through a UV mercury pen lamp (UVP,
Inc.) and was subsequently diluted with 9.6 L min−1 of air
before being added to the first stage of the flow reactor
(upstream of the organic reactants), with final concentrations
in the flow reactor between 250 and 300 ppb O3 measured
using a photometric ozone analyzer (Advanced Pollution
Instrumentation, Inc. model 400). An additional 14 L min−1 of
air was introduced into the flow reactor to create a total flow
rate of 34 L min−1. Experiments were performed under dry
conditions (RH < 5%) without seed particles, at ambient
pressure and temperature (296−299 K).
One of three ON was introduced independently into the

flow reactor by flowing 1 L min−1 air through a glass trap
containing the individual pure liquid into a stream of air
totaling 10 L min−1 simultaneously with AP, either with or
without CH. While the alkyl nitrate 2EHN (Sigma-Aldrich,
97%) was used as purchased, two hydroxy nitrates, HPN and
HHN (82−93% purity), were synthesized as described
previously46 using the method of Cavdar and Saracoglu.71

Details on the gas-phase measurements for the ON are found
in Supporting Information. The concentrations of each ON in
the flow reactor after dilution were 5.7, 4.6, and 0.21 ppm for
2EHN, HPN, and HHN, respectively (Table 1).

The particles were sampled after 7 and 31 min reaction time,
corresponding to the first and last port of the flow reactor.
Particle size distributions were monitored using a scanning
mobility particle sizer (SMPS, TSI) equipped with a 85Kr
neutralizer, a model 3080 classifier, a 3081 long differential
mobility analyzer, and a 3776 butanol-based CPC, as well as an
aerodynamic particle sizer (APS, TSI model 3321). Size
distributions measured by both instruments were combined,
and a Weibull 5-parameter fit28,46 was used to estimate total
mass loading. Note that for AP concentrations greater than 500
ppb, the addition of the APS data and a Weibull fit was
necessary; however, the 100 ppb AP and 250 ppb AP

Table 1. Relevant Properties of the Three Organic Nitrates

ON

molecular
weight

(g mol−1)

gas-phase concentrationa in
the flow reactorb

(molecules cm−3 and ppm)

saturation vapor
pressure (Pa,

calculated using
Mollerc and

SIMPOL.1d)46,47

2EHN 175 (1.4 ± 0.1) × 1014 cm−3,
5.7 ± 0.1 ppm

14c, 18d

HPN 121 (1.1 ± 0.1) × 1014 cm−3,
4.6 ± 0.1 ppm

24 ± 16c, 16d

HHN 163 (5.2 ± 1.5) × 1012 cm−3,
0.21 ± 0.06 ppm

0.50 ± 0.21c, 0.85d

aError bars for the gas-phase concentration are ±1σ propagated from
the average of three measurements out of the trap prior to dilution
into the flow reactor. bValues were estimated by measuring the ON
concentration directly out of the trap and accounting for the factor of
34 dilution into the flow reactor. While only diluted 2EHN was able
to pass through the long sampling line to be measured directly by
GC−MS, the estimated concentration for 2EHN agreed well with the
GC−MS measurement. cValues estimated using Moller102,103 for
HPN and HHN are the average of the two isomers. Only one isomer
is present for 2EHN. Error bars are ±1σ. dSIMPOL.1104 does not
distinguish between isomers.
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conditions did not show a significant difference compared to
that using the total mass concentration reported by the SMPS
alone. Polydisperse particles were collected onto a germanium
attenuated total reflectance Fourier transform infrared crystal
at the end of the flow reactor (after 31 min reaction time)
using a custom impactor with a 50% cut-off diameter of 240
nm for visual inspection of the impaction pattern, providing
insight into the phase of the particles.27

Particulate ON Quantification and Partition Coef-
ficient Calculation. A high-resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS, Aerodyne)72−75 was used
to characterize the bulk composition of the particles. Particles
were sampled at a flow rate of ∼82 mL min−1 into the HR-
ToF-AMS inlet and were focused with an aerodynamic lens,
vaporized at 600 °C, and ionized via electron impact (EI, 70
eV) ionization. The data presented were acquired in the V-
mode without HEPA-filter dilution and were analyzed using
Igor Pro v. 6.37 (WaveMetrics, Inc.) with SQUIRREL (v.
1.62A) and PIKA (v. 1.22A), as done previously.47 Elemental
analysis was carried out using the default calibration values. To
quantify the amount of ON in the particles, the HR-ToF-AMS
mass concentrations of NO+ and NO2

+ ions were expressed as
moles ON (nON) per L of SOA as described in eq 1:

n

d

ON
volume SOA

NO NO

HROrg
RIE

RIE
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(1)

Previous studies have shown that ON fragment in EI
ionization to yield NO+ and NO2

+ as major fragments76−80

with negligible CHNO+ or CHN+ fragments.77,79 Thus, in eq
1, the mass loading of NO+ (μg m−3 air) and NO2

+ (μg m−3

air) are converted into moles m−3 of ON using the molecular
weights of NO+ and NO2

+ (30 and 46 g mol−1, respectively),
assuming that each ON will give either an NO+ or an NO2

+

fragment. The mass concentration of SOA, taken as the total
organic signal measured by the AMS, HROrg (μg m−3 air), is
expressed as a volume concentration of SOA (L m−3 air) using
its density (d = 1.2 × 103 g L−1).81 The default value for the
relative ionization efficiency (RIE) of organics (1.4) was used
for SOA, while an RIE of 1.0 was used for all ON.82

To calculate the partition coefficients, KSOA, from the HR-
ToF-MS measurements, eq 2 was used,

K
ON
ONSOA

SOA

gas
=

[ ]
[ ] (2)

where the concentration of ON in the condensed phase,
[ON]SOA (in moles L−1 SOA), from eq 1 was divided by the
gas phase concentration [ON]gas in the flow reactor (in moles
L−1 air). Gas phase concentrations (Table 1) for each nitrate
were determined by gas chromatography−mass spectrometry
(GC−MS) as discussed in Supporting Information.
Tandem Flow Tube Experiments (Uptake after

Growth). Experiments exposing ON-free particles exiting the
flow reactor to gas-phase ON af ter growth were also carried
out following the procedure in Vander Wall et al. for 2EHN.47

A schematic of the tandem flow tube setup is shown in Figure
S1. Particles were generated from 250 ppb AP and 250 ppb O3

with 100 ppm CH in the large flow reactor as described above.
At the end of the flow reactor (after 31 min reaction time), the
gases were removed using a monolith carbon denuder
(NovaCarb, MAST Carbon, Ltd.) and a portion of the particle
flow was directed through a smaller flow tube (∼0.4 L min−1).
Here, particles were exposed to concentrations of each ON
individually at either near-saturation vapor pressure using an
open reservoir containing the pure liquid placed inside the flow
tube or at lower concentrations by flowing air over a trap
containing the pure liquid located outside of the flow tube. In
the latter case, the concentration of the ON is diluted upon
entering the flow tube. The residence time in the small flow
tube was ∼7 min, a similar timescale to the reaction time in the
large flow reactor at sampling port 1. Particulate ON was
quantified by HR-ToF-AMS as described above. Note that
exposure to HHN in the small flow tube (which had a higher
surface to volume ratio than the flow reactor) was not possible
because of decomposition of the HHN on the walls of the flow
tube. However, results from 2EHN and HPN are discussed.

Kinetic Modeling. A simplified kinetic model for the
ozonolysis of AP was developed using Kintecus83 to evaluate
the extent of OH chemistry in the experiments (see Table S1).
In addition, the gas-phase product distribution was modeled
for each reaction condition with the OH scavenger using the
MCM (http://mcm.york.ac.uk/) v3.3.166−68 and the AtChem
box model.84 For further analysis into the distribution of
dimers across the reaction conditions studied here, the
mechanism was updated to include highly oxidized multifunc-
tional compounds (HOMs) and dimer formation, as well as
RO2 autoxidation, as described by Zhao et al.69 The amount of
reacted AP and ozone predicted by the MCM and the
simplified Kintecus model agreed with each other within 2%.

Effective Net Uptake Coefficients. The number of
collisions of a gas-phase oxidized organic molecule formed in
the AP−ozone reaction with the particle surface relative to that
of a gas phase ON molecule was used to lend insight into the
burying mechanism as a function of changing gas phase
concentrations and particle surface area using eq 3:

N
N

A

P A

ON

P

RT
M

P
RT
M

ON
ON gas 2 SOA

SOA gas 2 SOA
P

SOA

ON

SOA SOA

γ

γ
=

× [ ] × ×

× [ ] × ×

π

π (3)

In eq 3, PSOA is a proxy for all low volatility ozonolysis
products that are taken up to grow the particles and NON and
NPSOA are the number of molecules of ON and molecules of
PSOA taken up per cm3 air per second, respectively; γ is the
effective uptake coefficient for each ON and for PSOA; M is
their respective molar mass (MPSOA is taken as the average over
all oxidation products forming SOA as 200 g mol−1);85−87 and
ASOA is the surface area concentration of the SOA from the size
distribution measurements (cm2 m−3). The gas-phase concen-
tration of ON in the flow reactor ([ON]gas, molecules cm−3) is
based on the GC−MS-determined concentration. The
expression γPSOA × [PSOA]gas (molecules cm−3) in eq 3 is
related to the uptake of oxidation product molecules from AP
ozonolysis that form the SOA particles and is determined using
the measured SOA mass loadings determined by SMPS (M0,
μg m−3), following the conversion in eq 4,

P M
M

N
1

10
10P

P
SOA gas 0 6 A

6
SOA

SOA

γ × [ ] = ×
×

× ×
(4)
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where NA is Avogadro’s number and MPSOA is the average
molecular weight of the products composing SOA as described
above.
The ratio NON/NPSOA is also determined with eq 5 below

N
N

N
N d

ON

P M

ON ON

SOA

SOA

SOA
1

SOA
SOA

= =
[ ]

× (5)

where the [ON]SOA (mol L−1 SOA) is determined
experimentally from eq 1 using HR-ToF-AMS. It is assumed
that NPSOA is equal to NSOA.

■ RESULTS AND DISCUSSION
Particle Size Distributions. Figure 1 shows typical values

for the total number concentration (a), number-weighted
geometric mean diameter (GMD) (b), total surface area
concentration (c), and total mass concentration (d) for
particles formed from AP and O3 either with or without the
OH scavenger. Using kinetics modeling,47,83 the predicted
steady-state OH concentrations at 7 min reaction time were
(3−8) × 106 with no OH scavenger and (0.5−2) × 105 in the
presence of the OH scavenger. The corresponding particle
number distributions are shown in Figure S2 at 7 and 31 min
reaction time. In all cases, there is little evolution of the size
distributions between 7 and 31 min reaction time. This may
reflect a balancing of continued formation of particles and their
simultaneous wall loss.
When particles are formed in the presence of 100 ppm CH

as an OH scavenger (Figure 1, open circles), the total particle
number concentrations drop for all concentrations of AP
(along with the corresponding mass and surface area

concentrations), but the particle diameters do not significantly
change compared to those without the OH scavenger. This is
consistent with previous studies that showed OH scavengers
can reduce the total number of particles formed by reducing
the formation of HOMs.88−90 By suppressing the formation of
potential particle nucleating species such as HOMs, the total
particle number decreased, but under conditions where the
growth process remained the same, the particles reached the
same GMD, consistent with the results observed here.
Two trends are evident as initial AP concentration increases.

First, when experiments are performed in the absence of the
OH scavenger (closed circles), the total number concentration
increases only slightly, and the particles grow as indicated by
the increase in GMD (∼100 nm at 100 ppb AP vs ∼250 nm at
1450 ppb AP), leading to an increase in total mass and surface
area. Thus, as the concentration of AP increases in the absence
of a scavenger, the concentrations of its oxidation products that
are responsible for particle growth also increase. Second, in the
presence of CH, total number and GMD (and thus surface
area and mass) increase with the AP concentration, indicating
that both new particle formation and growth are occurring.
Figure S3 shows the particle size distributions for SOA

alone, upon addition of each ON, and after the OH scavenger
is added. The ON themselves can act as OH scavengers, and in
the case of 2EHN and HHN, their rate constants with OH are
comparable to that of CH with OH (Table S1). Of the three
ON, 2EHN has the highest OH rate constant and the largest
gas-phase concentration. These two factors result in the most
prominent change in the particle size distribution upon
addition of 2EHN to the system. Second, HPN has a similar
gas-phase concentration to 2EHN but a smaller OH rate
constant, and so the change in the particle size distribution

Figure 1. Typical particle (a) total number concentrations, (b) number-weighted GMD, (c) total surface area concentration, and (d) total mass
concentration for particles formed either without the OH scavenger (closed circles) or with the OH scavenger (open circles), at 7 min (red) and 31
min (black) reaction time, formed without ON present. Error bars are ±1σ from the average of three consecutive scans for the 100 and 250 ppb AP
conditions, and ±5% applied to the Weibull fit for the higher concentrations. Solid lines (no OH scavenger) and dashed lines (with OH scavenger)
are best fits to guide the eye.
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upon addition of HPN was less drastic than for 2EHN. Lastly,
HHN has a similar OH rate constant to 2EHN but has a much
smaller gas phase concentration, so there was no evident
change in the size distribution upon addition of HHN. The
size distributions show that the impacts of adding an ON are,
in some cases, similar to those of adding an OH scavenger,
which has implications for the ON content in the particles as
discussed later.
SOA particles from the ozonolysis of AP under dry

conditions have previously been shown to be highly viscous
or semisolid in phase.26−28,31−38,40,42,53−55 High concentra-
tions of ON have previously been shown to have a plasticizing
effect on the SOA, and equilibrium with the gas phase was
achieved upon introduction of saturation vapor pressures of
the three ON on the timescale of ∼4−20 min.46 However, the
concentrations used in the flow reactor are over 30 times
smaller and did not induce a significant plasticizing effect in
our previous study using initial conditions of 250 ppb of both
AP and O3.

47 More details on the phase of these particles are
found in Supporting Information (Figures S4 and S5).
Particulate ON Concentrations in the Absence of an

OH Scavenger. Figure 2a shows the HR-ToF-AMS-measured
concentration of condensed phase ON ([ON]SOA, moles per L
of SOA) as a function of initial AP concentration in the
absence of an OH scavenger at 7 min reaction time, calculated
using eq 1. Similar values were obtained for particles measured
at 31 min. For 2EHN in the absence of a scavenger, the
amount of ON that is observed in the particles decreases as the

initial concentration of AP increases. The OH rate constant for
2EHN (Table S1) is sufficiently high that it can react to form
lower volatility oxidation products retaining the −ONO2
moiety47 that can partition into the SOA. The initial first-
order rates of loss due to reaction with OH, estimated as k[X]0,
where X is AP or 2EHN, reveal the likelihood of 2EHN acting
as an OH scavenger at each condition. For the lowest initial
concentration of AP ([AP]0 = 100 ppb), 2EHN acts as an
efficient OH scavenger itself as its initial loss rate (k[2EHN]0 =
8.8 × 102 s−1) is almost seven times higher than that of AP
(k[AP]0 = 1.3 × 102 s−1), consistent with the change in the
particle size distribution seen in Figure S3. For the higher
concentrations of AP ([AP]0 = 1450 ppb), the initial rate of
2EHN is ∼0.5 times that of AP (k[AP]0 = 1.9 × 103 s−1).
Thus, as the initial concentration of AP increases, OH
preferentially reacts with AP instead of 2EHN, and as a result,
fewer multifunctional lower volatility oxidation products
deriving from the parent ON are formed and taken up into
the particles, consistent with the trend in Figure 2.
A similar trend is seen in Figure 2a for HHN, but to a much

lesser extent. The initial first order rate of loss due to reaction
with OH is 27 s−1 for HHN and is less than that of AP across
all the conditions in Figure 2a. At 100 ppb AP, the initial rate
of AP loss due to OH reaction is ∼5 times higher than the rate
of HHN loss, and it increases up to ∼80 times higher for ∼1.5
ppm AP. Thus, for the lowest concentration of AP, some of the
OH is still able to react with HHN to form lower volatility
oxidation products (with a retained −ONO2 functional
group47) that are incorporated into the particles. Therefore,
there is slightly more ON taken up in this condition when
compared to the higher concentrations of AP in the presence
of HHN.
For HPN, the amount of ON taken up into the particles is

unaffected by the concentration of AP (Figure 2a). The initial
rate of loss due to reaction with OH is 1.9 × 102 s−1 for HPN
(compared to 1.3 × 102 s−1 for 100 ppb AP). Consistent with
these comparable loss rates with OH, there is a change in the
particle size distributions in the presence of HPN at the
smallest AP concentration (Figure S3), reflecting a smaller
contribution of OH + AP chemistry to particle growth.
However, as discussed previously by Vander Wall et al.,47 the
products of the HPN reaction with OH are likely to be small
and more volatile and are not expected to be incorporated into
the SOA.
In summary, the measurements of condensed phase ON in

the absence of an OH scavenger indicate that under each initial
AP condition, different amounts of (unidentified) multifunc-
tional ON oxidation products retaining the −ONO2 functional
group are taken up into the particles. However, in the presence
of an OH scavenger, the parent ON is the only ON species
taken up, and thus these scavenger experiments can be used to
determine partition coefficients for the three parent ON.

Partition Coefficients and Particle Composition in
the Presence of an OH Scavenger.When an OH scavenger
is present, the contribution of ON + OH reaction products to
the particulate ON signal is small. From kinetics modeling47,83

at 7 min reaction time, less than 0.03% of HPN, 0.10% of
HHN, and 0.11% of 2EHN reacts with OH when 100 ppm CH
is present at all AP concentrations (compared to 0.3% of HPN,
1.5% of HHN, and 0.83% of 2EHN when no OH scavenger is
present), and thus the ON in the particles is attributed to the
parent ON. Figure 2b shows the measured concentrations of
the ON in SOA in the presence of CH. Under these

Figure 2. Moles of ON per liter of SOA ([ON]SOA, determined from
the HR-ToF-AMS) for particles formed in the presence of 5.7 ppm
2EHN, 4.6 ppm HPN, or 0.21 ppm HHN, (a) in the absence of the
OH scavenger and (b) in the presence of 100 ppm CH, at 7 min
reaction time. Error bars are ±2σ from the absolute uncertainty in the
AMS. Solid lines are best fits to the data points to guide the eye in (a)
and in (b) are the average moles ON per liter SOA across the reaction
conditions. Dashed lines are the expected values if equilibrium
partitioning from uptake into thin films of impacted particles held.45,46

The 2EHN signal in the particles in (b) was not detectable at 100 ppb
initial AP.
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conditions, no trends are apparent across the range of AP
concentrations, with the exception of 2EHN which is not
detected at the lower AP concentration (100 ppb). With that
exception, it is important to note that for all three nitrates, the
concentration of the nitrate taken up by the particles is higher
than that estimated from equilibrium partitioning into thin
films of impacted particles (dashed lines in Figure 2,
determined after accounting for the difference in gas-phase
ON concentration between the flow reactor and thin-film
experiments).47

Effective partition coefficients, KSOA, were calculated using
eq 2 and are shown in Figure 3 for all three ON across all

initial concentrations of AP. Also shown in Figure 3 are the
partition coefficients determined for equilibrium partitioning of
ON into thin films of impacted particles formed from 250 ppb
AP and 100 ppm CH (dashed lines).47 For all ON, there was
no distinct trend in the partition coefficient across all AP
concentrations, apart from the partitioning of 2EHN into SOA
formed from 100 ppb AP which was not detectable. The
average partition coefficients across all measurable conditions
were found to be (3.1 ± 0.4) × 105 for 2EHN, (1.7 ± 0.2) ×
106 for HPN, and (2.1 ± 0.3) × 107 for HHN (±1σ), indicated
by the solid lines in Figure 3. Note that these are significantly
higher than the values measured previously47 for equilibrium
partitioning into thin films shown by the dashed lines in Figure
3. This enhanced partitioning, interpreted as burying of ON
within SOA particles as they form, is explored as a function of
initial AP below.
Previously, Vander Wall et al.47 studied the exposure to

2EHN af ter growth of particles formed from 250 ppb AP in
the presence of CH as an OH scavenger (Figure S1). These
studies showed that the amount of 2EHN in the particles was
undetectable in the time frame of 7 min at a similar gas-phase
concentration to those used in the flow reactor. Similar results
were obtained here when particles formed under the same
conditions were exposed to ∼6.5 ppm of gas-phase HPN in the
small flow tube for 7 min, again resulting in undetectable levels
of particulate ON. This indicates that in the large flow reactor,

the detectable ON in the particles during growth was still
above the expected equilibrium partitioning value.
SOA particles from AP ozonolysis are known to become less

viscous when formed at higher initial AP concentrations or
higher mass loadings.61,91 Thus, if equilibrium partitioning
were to be reached, it would be more probable for particles
formed at the higher initial AP concentrations. However, not
only were all the average experimental partition coefficients
nearly constant and greater than the corresponding equilibrium
constants, SOA particles formed in the current study were also
observed to exhibit significant bounce patterns in the impactor,
especially at the higher initial AP concentrations (Figure S4).
Furthermore, the SOA particles with ON incorporated in them
also exhibited clear bounce patterns, including at the higher
initial AP concentrations (Figure S5). Although some changes
in the amount of bounce were seen from variation in total
impacted mass because of lower particle concentrations when
OH was scavenged and smaller particle diameters/mass
loadings at the smallest concentrations of AP, the particles
formed across all conditions studied here remain highly viscous
as discussed in Supporting Information. Additionally, Vander
Wall et al.47 showed in a previous study that the partition
coefficients for these ON incorporated into particles during
growth (at 250 ppb [AP]0) were higher than the equilibrium
partition coefficients for these nitrates into thin films of
impacted particles (i.e., af ter growth) that reached equilibrium
between ∼4 and 18 min with gas-phase concentrations near
the saturation vapor pressure.
Another possible explanation for the constant partition

coefficients as a function of initial AP concentration could be
that the relative rate of uptake for the ON and the gaseous
ozonolysis products, represented by PSOA, remains constant.
PSOA designates all products derived from the ozonolysis of AP
that contribute to particle formation and growth and is
representative of what forms the SOA. As the concentration of
AP increases, the concentration of PSOA is anticipated to
increase. Thus, the number of collisions of PSOA per cm2 of
particle surface area, and hence its net uptake, will increase
(creating higher SOA mass loading). However, the ON
collisions per cm2 of particle surface area should remain the
same because the ON gas phase concentrations remain
constant. One might expect that as more PSOA collides and is
taken up into the particles, the particulate ON signal per L of
SOA would decrease because of dilution according to eq 3
(assuming γON remains constant). This contrasts with the
observed constant ON concentration in SOA across the
studied reaction conditions and initial AP concentrations when
OH is scavenged (Figure 2b). However, if PSOA contributes to
the incorporation of ON by acting as a burying species, as the
concentration of PSOA increases, the trapping of ON in the
particles will also increase (and thus γON will increase). This
counterbalances the effects of dilution and results in a constant
particulate ON concentration.
To explore this in more detail, the effective uptake

coefficients for the ON were estimated using eqs 3−5 and
the average ON concentration per L of SOA (Figure 2b).
Figure 4 shows that the effective net uptake coefficients for the
incorporation of the ON into the particles (γON) increased
with initial AP concentrations, ranging from (2 to 5) × 10−5

for 2EHN, (0.1 to 3) × 10−4 for HPN, and (0.2 to 4) × 10−3

for HHN. In the absence of any PSOA from the ozonolysis of
AP (i.e., as [PSOA]g approaches 0 ppb), the uptake coefficient is
expected to be γON for the ON alone based solely on the

Figure 3. Partition coefficients (KSOA) for particles formed from AP
ozonolysis in the presence of 100 ppm CH as an OH scavenger and
5.7 ppm 2EHN, 4.6 ppm HPN, or 0.21 ppm HHN. Error bars are
±2σ from the absolute uncertainty in the HR-ToF-AMS. The dashed
lines show the partition coefficients measured for the equilibrium
partitioning of ∼190 ppm 2EHN, ∼ 160 ppm HPN, or ∼7 ppm HHN
into thin films of particles formed from 250 ppb AP and 100 ppm CH,
with shaded boxes showing ±1σ from the average of at least three
experiments.46 The 2EHN signal in the particles was not detectable at
100 ppb initial AP.
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number of collisions with the particle surface per cm2 (in the
absence of any enhancement due to burying), which was the
measured uptake coefficient onto thin films of impacted
particles.46,47 The values for thin film γON are (2.6 ± 1.0) ×
10−6 for 2EHN, (1.7 ± 0.9) × 10−5 for HPN, and (9.4 ± 2.1)
× 10−5 for HHN (±1σ). They are included as the y-intercept
in Figure 4 and are in good agreement with the trends in
uptake coefficients determined here. This analysis conveys the
ability of the burying mechanism to increase uptake beyond
that which is expected to occur through collisional uptake

alone. However, it ignores potential changes in gas and particle
phase composition which are examined below.
The effectiveness of burying the ON depends not only on

the concentration of PSOA but also on the nature of PSOA as a
burying species, which may vary depending on the reaction
conditions. Claflin et al.59 showed that SOA formed at low RH
under a high-[VOC] condition (1 ppm AP, 2 ppm O3) had a
different distribution of functional groups than SOA formed
under a low-[VOC] condition (10 ppb AP, 300 ppb O3), with
the latter having a higher contribution from peroxides while
most other functional groups were higher in the former
scenario. Additionally, Molteni et al.60 showed that the
distribution of highly oxygenated organic molecules (HOMs)
varied with the reaction conditions, and larger contributions
from dimers occurred at higher initial AP concentrations as
more AP reacted.
To probe this for the reaction conditions studied here, the

MCM (v3.3.1)66−68 was used to predict changes in the
product distribution. An updated mechanism69 was used that
includes dimer formation from RO2−RO2 chemistry, where
the RO2 is produced from oxidation steps within the original
MCM (e.g., Criegee intermediate decomposition in the
absence of OH) as well as autoxidation processes producing
more highly oxidized RO2 species. As the initial concentration
of AP increases and more AP is reacted away, the total amount
of products also increases, with or without the addition of
dimers to the mechanism (Figure 5a,b). The total concen-
tration of all products predicted by the MCM with dimers
added, and the concentrations of the C10−C20 products are
listed in Table 2. Across all conditions, there were only small
changes in the distribution of the products, as shown in Figure
5c. The C10−C20 products systematically comprised ∼24−27%
of the overall product distribution. The distribution of the
C14−C20 dimer species is shown in Figure S6, along with the
dimer yield (the concentration of dimers formed relative to the

Figure 4. Effective uptake coefficients (γON) for the uptake of ON
into the particles (γON) vs the product of the uptake coefficient (γPSOA)
and the concentration of PSOA (ppb). The inset shows an expanded
view for HPN and 2EHN. The open boxes at γPSOA × [PSOA]g = 0 are
the uptake coefficient measured from thin films of impacted
particles.46,47 Error bars are ±1σ propagated from the average of at
least three experiments. Lines are linear fits to the data points.

Figure 5. AP oxidation product distribution from the MCM after 7 min reaction in the presence of CH (100 ppm) separated by carbon number.
(a) Stable gas phase molecules formed based on the original MCM mechanism, (b) stable gas phase molecules formed using the updated MCM
mechanism including autoxidation processes and the formation of dimers, (c) normalized fraction of stable products without dimers (original
MCM mechanism), and (d) normalized fraction of stable products with dimers added. The updated MCM uses rate constants for the C7−C10 RO2
cross reactions of 2 × 10−12 cm3 molecule−1 s−1 for the OH-derived RO2 and 7.5 × 10−13 cm3 molecule−1 s−1 for the Criegee-derived RO2, with an
applied yield of 4% for the dimer formation reactions, and autoxidation rate constants of 1 and 3 s−1 for the Criegee-derived and OH-derived RO2,
respectively.68
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amount of AP reacted) which is ∼1% across all conditions.
These results indicate that the relative fractions of potential
burying candidates do not change significantly, consistent with
a similar bulk composition and the observed partition
coefficients across all initial AP conditions.
Although only relatively small changes were predicted in the

overall product distribution (in terms of number of carbons
per molecule), some changes in composition were predicted
from the MCM results when the level of oxidation was taken
into account. Figure S7 shows the distribution of C10HxOy
products separated by the number of oxygens for all conditions
when autoxidation/dimer formation was added into the MCM.
As the concentration of AP increases, the contribution of
more-oxygenated species such as C10HxO10 decreases (from
19% at 100 ppb AP to 11% at 1.5 ppm AP), while the
contribution of less-oxygenated C10HxO2 increases (from 1 to
16%). However, the majority (∼60%) of the C10 species
consist of C10HxO3−C10HxO5 across the conditions. Thus, the
steady increase in concentrations of products that bury the ON
is likely more important than the changes in product
distributions.
Relative Timescales of ON Burying. If the particle

growth observed in the abovementioned experiments is due to
a kinetic burying mechanism, an incoming ON molecule must
reside on the surface for sufficient time such that a colliding,
low volatility ozonolysis product (PSOA) can efficiently bury it.
The collision frequency of PSOA with the particle surface can be
estimated using gas kinetic theory and eq 6

P
RT
M

collision frequency (cm s )
2 P

2 1
SOA gas

SOA
π

= [ ] ×− −

(6)

where [PSOA]g is the subset of ozonolysis products that are
taken up to form and grow the SOA particle matrix, and MPSOA

is the average molecular weight of PSOA (assumed to be 200 g
mol−1).85,86 The [PSOA]g was estimated from the γPSOA ×
[PSOA]gas using eq 4 and the measured SOA mass loading (M0,
μg m−3), assuming a γPSOA of one. Taking the inverse of the
collision frequency as an estimate of the time between
collisions of a burying PSOA species with one cm2 of particle
surface, this time can be calculated. Using γPSOA = 1 provides a
reference base. Figure S8 shows the time between collisions of
PSOA with the particle surface based on γPSOA = 1 (which we
refer to as relative time) and normalized to that estimated for
100 ppb AP (∼8 × 10−3 s).
As expected, the relative time between collisions of a burying

species with the particles is much larger at 100 ppb AP than it
is for the other reaction conditions/initial concentrations of
AP, ∼6 times longer than that for the 250 ppb AP and higher
conditions. This means that at the lower AP concentrations,

the ON has to have a longer residence time on the surface in
order to be buried by incoming PSOA. The hydroxy nitrates
were taken up at all reaction conditions, indicating that the
average residence time for the HPN and HHN on the particle
surface was sufficiently long that they could be buried by an
incoming PSOA molecule.
HR-ToF-AMS was used to detect changes in particle

composition. The average O/C ratio of the SOA slightly
decreased from 0.46 at 100 ppb to relatively constant values of
0.43−0.42 as the AP initial concentration increased to 1450
ppb, though the overall change was small, as shown in Table 3.

Figure S9 shows the intensity ratio of CO2
+ (m/z 44) to either

C4H7
+ (m/z 55, Figure S9a) or C2H3O

+ (m/z 43, Figure S9b),
as a function of initial AP concentration, as well as the ratio of
CO2

+ to HROrg plotted against the ratio of C2H3O
+ to HROrg

(Figure S9c). CO2
+ is an indicator of more-oxygenated species

such as acids and peroxides,51,92,93 while C4H7
+ and C2H3O

+

are indicators of less-oxygenated species within the particles.94

While there was little change from 250 ppb AP and higher, the
100 ppb AP condition exhibited a larger contribution from the
more-oxygenated CO2

+ fragment.
The change in the average O/C is consistent with the MCM

predictions and other observations at variable AP concen-
trations and mass loadings. For example, Shilling et al.58

showed that for SOA particles formed from AP ozonolysis
using 1-butanol as an OH scavenger, the changes in the
particle O/C and composition were more pronounced at
smaller mass loadings, with higher O/C as the mass loading
decreased, in agreement with the results shown here. The
slightly more-oxygenated composition at 100 ppb AP could be
consistent with the decrease in the partition coefficient of
2EHN, the least-oxygenated ON studied here. 2EHN should
have a smaller affinity for these particles because of its less-
polar alkyl nature and smaller hydrogen-bonding capacity
compared to the hydroxy-nitrates,46 which may result in
insufficient surface residence time to be incorporated into the
particles by a burying species at 100 ppb AP. HHN and HPN
are more oxygenated with larger hydrogen-bonding capacities,
and thus may have a stronger interaction with the particles
such that they did not show this change at the lowest
concentration of AP.
The results here indicate that the interaction of gaseous

species with highly viscous SOA particles in the atmosphere
depends on both the nature of the gas phase and that of the
particle phase. The formation of large, low volatility species in
the gas phase can facilitate the incorporation of more volatile
molecules at amounts greater than expected based on
equilibrium partitioning through a kinetically controlled
burying mechanism. Figure 6 depicts such a mechanism for a
semisolid particle, where a gas-phase molecule (G, such as an

Table 2. Concentrations (ppb) of Stable Gas-Phase
Products Formed, Predicted by the MCM with Dimer
Formation Added

[AP]0
(ppb)

MCM predicted
C1−C20 products (ppb)

MCM predicted
C10−C20 products

(ppb)
% C10−C20 of
total (%)

100 33 7.9 24
250 79 19 24
500 147 36 25
1500 317 87 27

Table 3. Oxygen-to-Carbon Ratio Measured by AMS for
SOA Formed in the Flow Reactor in the Presence of an OH
Scavenger and the Concentrations of AP Reacted at 7 min
Reaction Timea

[AP]0 (ppb) ΔAP (ppb) O/C (±1σ)

100 45−74 0.46 ± 0.01
250 90−153 0.43 ± 0.02
500−530 75−185 0.43 ± 0.02
700−1450 155−194 0.42 ± 0.01

aError bars are ±1σ from the average of three experiments.
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ON) is adsorbed on the surface of an SOA particle for
sufficient time that it can be buried by an incoming PSOA
molecule (such as an oxidation product from AP). This
burying process is in competition with scattering or
desorption/evaporation. The burying mechanism can help
trap the ON within the particle, reducing its re-evaporation
into the gas phase and thus incorporating more within the
particle phase than would be expected based on equilibrium
partitioning.

■ CONCLUSIONS

Incorporation of several gaseous tracer molecules into viscous
AP ozonolysis SOA particles serves as a probe to identify a
burying mechanism occurring during particle growth under a
range of SOA precursor concentrations. Results from this study
show that OH radicals from the initial O3 + AP reaction can
increase the total amount of ON incorporated in the SOA
particles through the formation of lower volatility multifunc-
tional ON products. In the presence of an OH scavenger, the
partition coefficients of all three parent ON were larger than
expected from equilibrium partitioning, with no dependence
on precursor AP concentration/particle mass loading. The
exception was 2EHN, which was undetectable in the particles
at the lowest concentration of AP studied here. Effective
uptake coefficients for the incorporation of the ON into
particles (γON) increased with AP concentration and particle
mass loading. Model studies predicted that while the
distribution of gas-phase ozonolysis products did not
significantly change across the conditions studied here, the
total concentration of those products increased with the AP
concentration, as expected. The similar partition coefficients
across the conditions together with the increase in effective
uptake coefficients for the ON can be explained by a kinetically
controlled burying mechanism. The nature of the interaction
between the gas-phase molecule and the surface of the particle
will play a significant role in the uptake. At 100 ppb AP, for
example, the less polar alkyl nitrate 2EHN was not quantifiable
in the particles, indicating a smaller affinity for these particles
which were found to be smaller and more oxygenated than
particles formed at the other conditions.
Up to 90% of organic aerosol in the global troposphere is

formed from atmospheric oxidation of VOCs and subsequent
growth,94−98 and much of this SOA consists of highly viscous
particles, increasing in viscosity from the surface to the upper
troposphere.25 Burying of semivolatile compounds into

particles as they form and grow could provide an important
additional growth mechanism to air quality models in regions
with high biogenic VOC concentrations. While tropospheric
concentrations are much lower than those used in these
laboratory experiments, a large number of biogenic and
anthropogenic VOCs are available in air that also contribute
to particle growth. The majority of air quality models employ
equilibrium gas−particle partitioning to determine gas and
particle interactions, assuming the particles are low viscosity
liquids.18 However, improvements in particle growth pre-
dictions have been reported when kinetically controlled
condensation is included with equilibrium partitioning,
especially under conditions of low RH and temperature.99

The burying effect presented here over a wide range of initial
AP concentrations leads to enhancements in equilibrium
partitioning coefficients by factors of ∼4−10 under dry
conditions at varied initial AP concentrations. While the
presence of water vapor is expected to decrease particle
viscosity and thus limit the enhancement of partitioning via
this burying mechanism, it has been shown that SOA can
remain highly viscous up to ∼70% RH or higher in
laboratory27 and field34,100,101 studies. Further studies are
warranted to explore additional atmospheric conditions.
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(55) Zelenyuk, A.; Imre, D.; Berańek, J.; Abramson, E.; Wilson, J.;
Shrivastava, M. Synergy between secondary organic aerosols and long-
range transport of polycyclic aromatic hydrocarbons. Environ. Sci.
Technol. 2012, 46, 12459−12466.
(56) Kidd, C.; Perraud, V.; Finlayson-Pitts, B. J. New insights into
secondary organic aerosol from the ozonolysis of α-pinene from
combined infrared spectroscopy and mass spectrometry measure-
ments. Phys. Chem. Chem. Phys. 2014, 16, 22706−22716.
(57) Zelenyuk, A.; Imre, D. G.; Wilson, J.; Bell, D. M.; Suski, K. J.;
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