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ABSTRACT: Secondary organic aerosol formation via condensa-
tion of organic vapors onto existing aerosol transforms the
chemical composition and size distribution of ambient aerosol,
with implications for air quality and Earth’s radiative balance. Gas-
to-particle conversion is generally thought to occur on a continuum
between equilibrium-driven partitioning of semivolatile molecules
to the pre-existing mass size distribution and kinetic-driven condensation of low volatility molecules to the pre-existing surface area
size distribution. However, we offer experimental evidence in contrast to this framework. When catechol is sequentially oxidized by
O3 and NO3 in the presence of (NH4)2SO4 seed particles with a single size mode, we observe a bimodal organic aerosol mass size
distribution with two size modes of distinct chemical composition with nitrocatechol from NO3 oxidation preferentially condensing
onto the large end of the pre-existing size distribution (∼750 nm). A size-resolved chemistry and microphysics model reproduces the
evolution of the two distinct organic aerosol size modesheterogeneous nucleation to an independent, nitrocatechol-rich aerosol
phase.
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■ INTRODUCTION

The addition of secondary organic aerosol (SOA) from
oxidation products of volatile organic compounds (VOCs) to
pre-existing aerosol is controlled by thermodynamic equili-
brium between the gas and particle phases. This process occurs
between the limits of (1) equilibrium-driven net partitioning
and (2) gas-phase diffusion-limited condensation, hereafter
referred to as kinetic condensation, depending on the volatility
of the condensing species.1−7 In the first limit, VOCs are
oxidized to form semivolatile products that net partition to the
particle phase in order to maintain equilibrium between the gas
and particle phases.1 This equilibrium-driven condensation is
controlled by Raoult’s law and the Kelvin effect, and size-
dependent condensation is roughly proportional to the existing
mass or volume size distribution. In the second limit, VOCs
are oxidized to form low-volatility products that irreversibly
condense onto existing particles.4 This kinetic condensation
depends on the collision rate, and size-dependent condensa-
tion is roughly proportionally to the existing Fuchs-corrected
surface area size distribution.4,8 The relative contribution of
these two condensation methods, including kinetic limitations
in equilibrium net partitioning, occurs on a continuum with
these two condensation schemes as limits, impacting the final
aerosol size distribution and chemical composition. A special
case to consider is the initial condensation of low-volatility
species to the surface area, followed by saturation, evaporation,
and re-condensation to larger particle sizes.4 Through these

processes, the properties of the existing SOA affect the rates5−7

and yields9 of SOA production.
Though generally not considered for organic vapors

condensing onto organic aerosol (OA), we hypothesize a
third mechanism for gas-to-particle conversionheteroge-
neous nucleation, in which a new phase forms on pre-existing
particles. Condensation of organic vapors to a new phase is
frequently observed in the condensation of organic vapors to
existing inorganic aerosol or ions when heterogeneous
nucleation is energetically favored over homogeneous
nucleation.10 However, to the best of our knowledge,
heterogeneous nucleation of semivolatile organic vapors in
the presence of pre-existing OA has not yet been documented.
This process represents a previously unconsidered pathway for
SOA formation in the atmosphere that impacts aerosol size
distributions, with implications for aerosol radiative and health
effects, as well as atmospheric lifetime. Of more direct
relevance is the consideration of heterogeneous nucleation in
the experimental design of SOA laboratory studies of mixed
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oxidants and/or VOCs. Here, we present an experiment with
the likely development of a heterogeneously nucleated aerosol
phase with an independent chemical composition.
Wildfires emit a complex mixture of trace gases and particles

that are chemically processed (oxidized) in plumes. Biomass
burning directly emits catechol (1,2-dihydroxybenzene;
C6H6O2)

11,12 and produces catechol through the oxidation of
phenol.13,14 Oxidation of catechol by NO3, OH, and O3, the
major tropospheric oxidants, yields lower volatility species that
can either homogeneously nucleate to form new particles or
condense onto existing particles, to contribute to SOA mass.
Catechol oxidation by NO3, relevant at night or in optically
dense plumes, forms 4-nitrocatechol (1,2-dihydroxy-4-nitro-
benzene; C6H5NO4) at a near-unity molar yield (0.91 ± 0.06);
catechol oxidized by OH in the presence of NOx also makes
nitrocatechol but at a molar yield of only 0.30 ± 0.03, along
with additional condensable products.15 Even in a particle-rich
environment such as a smoke plume, SOA produced from
VOC precursors can change the chemical, physical, and optical
properties of the existing aerosol; nitrocatechol has an outsized
impact on aerosol absorption in wildfire smoke plumes for its
mass16 and more strongly absorbs solar radiation compared to
the NO3 oxidation products of other phenolic species.17

Unique to catechol among other oxygenated aromatics (e.g.,
phenol, guaiacol, and cresol), ozonolysis of catechol forms
SOA; the ozonolysis reaction is still slow (kCatechol+O3

= 13.5 ×
10−18) but is accelerated compared to the other listed species
due to the two adjacent OH groups sharing the electron
density through the conjugated bonds.18,19 The ozonolysis
reaction produces many condensable products including ring-
opened species. However, most studies have investigated this
reaction in the condensed phase or at the air−surface interface,
and exact gas-phase mechanisms and kinetics are poorly
understood. Quantum calculations of homogeneous ozonolysis
found that the catechol + O3 reaction rate is 6 orders of
magnitude slower than the experimental values, perhaps due to
wall reactions in the chamber studies that actually produce OH
that forms SOA, on which heterogeneous ozonolysis occurs on
the surface of that existing SOA.20 The mechanism by which
SOA is initially formed is not important to the proposed
heterogeneous nucleation mechanism here. Experimental gas-
phase reaction rates and SOA yields are summarized in Figure
1.
Here, we investigate the size-resolved chemical composition

of SOA formed from the sequential O3 and NO3 oxidation of
catechol in the presence of ammonium sulfate seed. We
compare the mass size distributions with results from OH
oxidation of catechol in the presence of NOx. For the O3 +
NO3 experiment only, we observe the unexpected formation of
a larger size mode composed of only nitrocatechol that is
independent of the pre-existing seed aerosol or additional O3-
derived SOA. We employ a size-resolved chemistry and
microphysics model to test the hypothesis that heterogeneous
nucleation drives the condensation of nitrocatechol to an
independent size mode rather than to the existing surface area
or mass size distribution. We additionally show evidence of
similar bimodal size distributions in the oxidation of Δ-carene
by O3 and NO3, which suggests that this heterogeneous
nucleation mechanism may be broadly relevant.

■ METHODS
The Monoterpene and Oxygenated aromatic Oxidation at
Night and under LIGHTs (MOONLIGHT) project was a
series of chamber studies to investigate the oxidation of select
VOCs under elevated NOx conditions relevant to wildfire
smoke chemistry. Studied VOCs included (a) phenolic
compounds (phenol, catechol, guaiacol, and cresol), (b)
furfural, and (c) monoterpenes (a-pinene, limonene). These
VOCs were oxidized by (i) OH in the presence of NOx or (ii)
NO3 radicals formed by the reaction of O3 with NO2 in the
absence of light. OH was produced via the photolysis of H2O2
and/or HONO under high NOx conditions. Each experiment
was performed in the presence of dry AS (NH4)2SO4 seed
particles to inhibit new particle formation and reduce
condensation of OA onto the chamber walls.
Details about the National Center for Atmospheric Research

(NCAR) Atmospheric Simulation Chamber and each experi-
ment are given in the Supporting Information. Briefly, for the
catechol + O3 + NO3 experiments, ozone and catechol were
added into the chamber, followed by (NH4)2SO4 particles (AS
seed), allowing time for mixing between injections. After a
period of mixing, NO2 was added and the experiments ran for
>4 h. The reaction of NO2 + O3 makes NO3the original
target oxidant for this experiment. For the catechol + OH/NOx
experiments, HONO was added to the chamber, followed by
catechol and (NH4)2SO4 particles. After an additional waiting
period, the UV lights were turned on and the experiment ran
for approximately 6 h.
Relevant measurements included particle size and compo-

sition by high-resolution aerosol mass spectrometry (AMS),
particle size by a scanning mobility particle sizer (SMPS),
speciated organic gas and particle concentrations by iodide-
adduct ionization with a chemical ionization mass spectrom-
etry with a filter inlet for gas and aerosol (FIGAERO-CIMS),
and oxidant measurements (O3 and NO2) by UV absorption
and chemiluminescence, respectively. Detailed descriptions of
instruments are given in the Supporting Information.

■ RESULTS AND DISCUSSION
Chamber Experiments. The time series of gas and

particle species for the sequential oxidation of catechol by O3
and NO3 in the NCAR 10 m3 environmental chamber initially
appear to be consistent with that of a typical SOA experiment

Figure 1. Reaction rate constants (OH;21 NO3,
22 and O3

23) and
aerosol molar yield15 for the relevant reactions in this experiment.
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(Figure 2). O3 and NO2 reagents were repeatedly injected, as
evident by multiple sharp increases in mixing ratios, as shown

in Figure 2a, in order to maintain excess NO3. A high-
resolution aerosol mass spectrometer measured the size-
resolved aerosol chemical composition, as shown in Figure
2b. The AMS began sampling ∼30 min after catechol
(C6H6O2), O3, and ammonium sulfate (AS) seed particles
were added to the chamber, observing an initial OA mass
concentration of 5 μg m−3 (labeled pOrg in Figure 2). OA
increased steadily until NO2 was added to produce NO3
(∼2:15 PM), at which time the SOA formation accelerated.
Catechol was rapidly consumed and nitrocatechol
(pC6H5NO4) was produced upon the introduction of NO2;
both species were measured by FIGAERO-CIMS. A particle-
phase sample prior to NO2 addition shows zero nitrocatechol
contribution while the AMS shows non-zero OA mass. The
FIGAERO-CIMS has two modes of operation: continuous gas-
phase measurement or discontinuous simultaneous gas
measurement and particle collection on a filter, interspersed
with the measurement of particles by thermal desorption.
Before nitrocatechol production, the FIGAERO-CIMS con-
tinuously measured gas-phase catechol (C6H6O2), but the
sampling cycle was changed to sample particles after
nitrocatechol production. This change caused discontinuities
in the gas-phase catechol and particle-phase nitrocatechol time
series, and the rapid decline of catechol due to its reaction with
NO3 and production of nitrocatechol was not observed with

high time resolution. The AMS measures a smaller size range
compared to the FIGAERO-CIMS, so the nitrocatechol mass
measured by the FIGAERO-CIMS is greater than OA
measured by the AMS. (See the Supporting Information for
further discussion.) Regardless, these observations of OA,
particle-phase nitrocatechol, and gas-phase catechol indicate
that catechol reacts with both ozone and NO3 to produce
SOA, but ozonolysis produces SOA at a slower rate than NO3
oxidation.
While the time series of bulk particle composition implies

standard SOA production upon the oxidation of catechol, the
chemically speciated particle size distributions show that SOA
unexpectedly separated into two distinct size modes as the
NO3 oxidation progresses. These results do not match the
previously considered limits controlling gas-to-particle con-
version: kinetic condensation to pre-existing surface area
distribution or ideal equilibrium partitioning to pre-existing
mass distribution. The size distributions of the bulk chemical
species and individual high-resolution mass spectrum ions at
maximum OA concentrations are shown in Figure 3. The AS
seed, while not monodisperse, shows a monomodal size

Figure 2. Time series of (a) gas-phase mixing ratios [O3, NOx, and
C6H6O2] and (b) bulk speciated aerosol mass concentrations from
the AMS and nitrocatechol mass from the FIGAERO-CIMS for
catechol + O3 + NO3 chamber experiment. Red and yellow traces are
pSO4 and pNH4, respectively, from the AS seed particles; the green
trace is organic (pOrg). The black trace shows particulate nitro-
catechol as measured by the FIGAERO-CIMS. The AMS measures a
smaller size range and thus smaller particulate mass than the
FIGAERO-CIMS. The blue trace, pNO3, is also associated with
nitroaromatic products. We note that (1) we did not correct for
particle wall loss and (2) we modified the sampling cycle of the
FIGAERO-CIMS when SOA formation began causing discontinuities
in C6H6O2 and pC6H5NO4 (connected by a dashed line).

Figure 3. Particle size distribution for catechol + O3 + NO3 oxidation
during peak OA concentration (4 Jun 2019; 3:30−4:30 PM) for (a)
bulk chemical species and (b) selected high-resolution ions: pNO3
components (NO+, NO2

+); the nitrocatechol molecular ion and
fragment ions (C6H5NO4

+, C6H5O3
+, and C6H5O2

+); and a smaller
oxidized organic fragment (C2H3O

+). The nitrocatechol molecular
and fragment ions are almost exclusively in the larger size mode
centered at dva = 750 nm, and absent in the smaller mode at dva = 250
nm. NO+ and NO2

+ are present in both modes but more prevalent in
the larger mode with a larger NO+/NO2

+ ratio, consistent with
nitroaromatics in the larger mode and organic nitrates in the smaller
mode.
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distribution with maximum mass at vacuum aerodynamic
diameter dva = 350 nm (Figure 3a). Meanwhile, pOrg is
bimodalwith a smaller mode centered at 250 nm and a larger
mode centered at 750 nm. The shift of the 250 nm OA mode
to slightly smaller diameters compared to the AS is consistent
with kinetic condensation to the Fuchs-corrected surface area,
implying that the volatility of this condensing SOA is low. The
smaller mode increased in mass both during the catechol
ozonolysis and after catechol was depleted. The larger mode
was absent before the NO2 injection (Figure S1) and only
formed as NO2 reacted with O3 to form NO3. In the size
distributions of individual high-resolution ions (Figure 3b), we
find that the nitrocatechol molecular ion (C6H5NO4

+; m/z
155.11) and electron ionization fragments (C6H5O3

+; m/z
125.10, C6H5O2

+; m/z 109.10) appear almost exclusively in
the larger mode. In contrast, the OA in the smaller mode is
dominated by organic fragments more typical for ozonolysis
SOAfor example, C2H3O

+ (m/z 43.04). This OA comes
from both the ozonolysis of catechol as well as ozone or nitrate
oxidation of the uncondensed products from the ozonolysis of
catechol. We will call the sum of these products “non-
nitrocatechol (nonNC)” SOA.
The majority of signal in the FIGAERO-CIMS particle mass

spectra comes from nitrocatechol, and individual ozonolysis
products are not observed in substantive quantitiesthough
we note that the AMS clearly observes these ozonolysis
products. The latter are observed as increases in pOrg prior to
the production of NO3 (Figure 2b). The question remains
whether this discrepancy is due to relative insensitivity of the
iodide reagent ion to ozonolysis products or due to the
multitude of unknown (and thus challenging to quantify)
ozonolysis products that, individually, do not appear significant
compared to the dominant NO3 oxidation product nitro-
catechol.
One interesting result of this experiment is the apparent

contribution of nitroaromatic species to the pNO3 signal in the
AMS. While there are no significant sources of inorganic
nitrate in these chamber studies, pNO3 = 2.2 μg m−3 at the
maximum OA signal, indicating that nitrocatechol likely
fragments to NO+ and NO2

+ and contributes to pNO3, similar
to contributions of organic nitrates to pNO3 observed in
chamber-generated and ambient aerosol.24 This apparent
increase in pNO3 coincides in time (Figure 2) with the
formation of nitrocatechol SOA. The size distribution (Figure
3a) also shows that both size modes contain particulate nitrate
(pNO3)but with distinct NO+ and NO2

+ fragmentation
patterns. The ratio of NO+ to NO2

+ in the AMS are often used
to distinguish organic nitrate (RONO2) from inorganic nitrate
(e.g., NH4NO3).

24 However, the electron ionization mass
spectra of nitroaromatics (RNO2, where R is a phenyl group)
also contain NO+ and NO2

+ ions. The two size modes contain
distinct NO+/NO2

+ ratios; ∼4 and ∼8 in the smaller and larger
modes, respectively. Farmer et al.24 reported an average NO+/
NO2

+ of 3.5 ± 0.3 with a range of 1.8 ± 0.5 and 4.6 ± 0.2 for a
variety of organic nitrate standards. We also note that NO+/
NO2

+ ratios of ∼10 have been reported for organic nitrates
made from monoterpenes.25,26 The apparent non-zero
contribution of nitrocatechol to the AMS pNO3 and the
NO+/NO2

+ of the various oxidation products may complicate
the use of the NO+/NO2

+ in quantifying the contribution of
organic nitrogen (both as organic nitrate and organic nitro
compounds) to pNO3 in environments with significant
amounts of nitro compounds.

The developing bifurcation of the size distribution and
formation of two chemically distinct modes is apparent in the
time series of the size-resolved ions (Figure 4). Nitrocatechol

appears rapidly after the NO2 addition and quickly grows to
750 nm in <30 min and stabilizes at that size once catechol is
depleted. After the lights are turned on at 5:20 PM, the
particles containing nitrocatechol shrink, likely due to
photolysis, evaporation, and particle wall loss. The time series
of C2H3O

+ shows that the oxidized species condensed onto the
existing seed particles throughout the experiment, dominating
the smaller mode. The seed particles containing pSO4 do not
substantively change size over the course of this experiment
except for a small shift to larger sizesconsistent with
condensational growth without seed coagulation. While we
might anticipate a distinct mode of pSO4 in the larger sizes as
nitrocatechol condenses onto seed particles, the pSO4 data are
inconclusive. The net effect is that the mean diameter of pSO4
seed shifts to slightly larger sizes throughout the experiment
but does not show clear bifurcation. We note that the observed
bifurcation of SOA occurs consistently across replicate
catechol + O3 + NO3 experiments, with similar results in
three separate experiments, and does not occur for the catechol
+ OH and other phenolics + O3 + NO3 experiments.
These bimodal distributions are validated by the SMPS data

(Figure S2). Unfortunately, the SMPS only scanned electrical
mobility diameters between 24 and 457 nm. The vacuum
aerodynamic diameter measured and reported by the AMS is
equal to the electrical mobility diameter multiplied by the

Figure 4. Time series of size distributions for the molecular ion of
nitrocatechol (C6H5NO4

+; a), fragment of oxidized organics
(C2H3O

+; b), and seed particles (pSO4; c) for the catechol + O3 +
NO3 sequential oxidation experiment. Brighter colors indicate a
higher concentration (dM/dlog dva, μg m−3) scaled to appropriate
ranges for each species. The dashed line indicates NO2 addition.
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particle density and shape factor.27 For example, for the larger
mode, a vacuum aerodynamic diameter of 750 nm corresponds
to a mobility diameter of ∼424 nm if the particle is pure AS
(density = 1.77 g cm−3; shape factor = 1). If a particle is
completely composed of organic species with a density of 1.4 g
cm−3, the 750 nm vacuum aerodynamic diameter corresponds
to a mobility diameter of 536 nm. Thus, SMPS could not
observe the peak of the larger size mode (centered between
424 and 536 nm mobility diameter) well. Nevertheless, we
observe a larger mode growing in the largest SMPS bin
immediately after nitrocatechol is first formed (Figure S2),
consistent with the AMS results in Figure 4.
In contrast to the bimodal distribution in the catechol + O3

+ NO3 experiment, oxidation of catechol by OH in the
presence of NOx shows only a single mode of OAno
bimodal distribution (Figure S3). The oxidation of catechol by
OH/NOx also produces nitrocatechol but with a smaller molar
yield of 0.30 ± 0.03, and a higher diversity of SOA products.15

The OA mode, made of nitrocatechol and other organic
species, co-condensed onto the surface area of the AS seed
particles, so the organic mass size distribution is shifted to
slightly smaller sizes than the AS (Figure S3a), consistent with
kinetic condensation to the Fuchs-corrected surface area. The
size distributions of nitrocatechol and C2H3O

+ are congruent,
indicating that nitrocatechol and other SOA products have
condensed onto the same size mode (Figure S3b). Consistent
with the lower molar yield and additional oxidation products,
nitrocatechol does not dominate the oxidation products in the
OH/NOx experiments. Like the catechol + OH/NOx experi-
ments, SOA formed during the sequential O3 + NO3 oxidation
of other aromatic compounds (phenol, guaiacol, and cresol)
maintains a monomodal distribution (not shown). For
experiments other than the sequential catechol + O3 + NO3
experiment, condensable gases formed by oxidation reactions
evenly distribute to particles across the AS surface area size
distribution, again consistent with kinetic condensation to the
Fuchs-corrected surface area. The reaction rate constants of O3
with phenol, guaiacol, and cresol are much smaller than that
with catechol, eliminating the apparently confounding factor of
pre-existing OA from ozonolysis.
Overall, our results demonstrate that nitrocatechol for-

mation and condensation to the particle phase from sequential
O3 and NO3 oxidation drives the development of a bimodal
size distribution. In the larger nitrocatechol-dominated size
mode, there is scant evidence in the mass spectra of molecules
other than nitrocatechol beyond the initial AS seed and small
amounts of OA from the initial ozonolysis SOA. In parallel,
little nitrocatechol net partitions to the particles comprising the
smaller mode (Figure 4). That is, once nitrocatechol begins to
condense onto particles, additional nitrocatechol favors net
condensation onto particles that already contain nitrocatechol.
To explain the behavior observed in the sequential O3 and
NO3 oxidation of catechol experiments, we hypothesize that a
thermodynamic (activity) or possibly kinetic (particle-phase
diffusivity) barrier prevents newly formed nitrocatechol vapors
(from the oxidation of catechol with NO3) from condensing
onto or mixing with the existing particles that contain the
already-formed ozone SOA. In this hypothesis, the nitro-
catechol mode is formed by heterogeneous nucleation of a
nitrocatechol aerosol phase on top of the existing ozone SOA
or uncoated seed in the presence of ozone SOAalthough a
small amount of pOrg and ozonolysis SOA markers are
observed at larger sizes before NO2 addition (Figure S1). The

thermodynamic or kinetic barrier allows nitrocatechol vapor
concentration to accumulate until it is supersaturated with
respect to pure nitrocatechol. Once this supersaturation hits a
nucleation threshold, the new phase is formed on the existing
particles. Because smaller particles have an additional Kelvin
(curvature) barrier, the nucleation threshold is achieved at
lower supersaturations for the larger particles relative to the
smaller particles. Once the larger particles have nucleated,
condensation to these particles balances the chemical
production of nitrocatechol, and the supersaturations required
to nucleate on smaller particles are never achieved, which
creates the two distinct particle size modes with the
nitrocatechol limited to the larger mode.

Model Studies. To investigate the heterogeneous-
nucleation hypothesis described above, we used a state-of-
the-science OA model. SOM-TOMAS, an amalgamation of the
statistical oxidation model (SOM) and the TwO Moment
Aerosol Sectional (TOMAS) model, uses a carbon−oxygen
grid and a two-moment sectional size-distribution scheme to
represent the oxidation chemistry, thermodynamic properties,
and microphysics of SOA. Details for the SOM-TOMAS
model can be found in previous publications noting that it has
been recently used to study SOA formation from biomass
burning emissions,28 biogenic VOCs,29 and unburned fuels.30

Below and in the Supporting Information, we provide details
pertaining to the modeling undertaken here.
SOA formation following the addition of NO2 to the

chamber was simulated using three model species: O3-SOA,
NC-SOA, and non-NC-SOA. O3-SOA represented the
ozonolysis products of catechol prior to NO2 addition at t =
0 in the model. NC-SOA represented the nitrocatechol formed
from the reaction of catechol with NO3, while non-NC-SOA
was a lumped species that represented all oxidation products
formed from multigenerational species reaction with O3 under
the presence of NO/NO2 or NO3. NC-SOA was assigned a
saturation concentration (C*) of 13 μg m−313 and O3-SOA
and non-NC-SOA was assumed to be nearly non-volatile (C*
= 10−6 μg m−3. Results are insensitive to C* as high as 10−2 μg
m−3). Formation rates and time periods for these gas-phase
species were optimized until the model predictions of NC-
SOA and non-NC-SOA in the particle phase matched the
corresponding AMS measurements. The AMS measurements
were estimated by apportioning the total measured SOA signal
with the following two mass fragments: NC-SOA = C6H5NO4

+

(m/z 155.022) and non-NC-SOA = C4H4O2
+ (m/z 84.021).

These suggested that the NC-SOA was preferentially formed
after the NO2 addition and subsequent non-NC-SOA was
formed from uncondensed products from catechol oxidation
by O3 once catechol was depleted.
The kinetic condensation of non-NC-SOA to the existing

OA (i.e., SOA formed prior to the addition of NO2) was
modeled using absorptive partitioning theory.1,2 A similar
approach to model NC-SOA did not reproduce the character-
istic bimodal mass size distributions from the experiment
(Figure S4). Instead, we assumed that the NC-SOA
heterogeneously nucleated as a separate phase onto the
existing aerosol. The heterogeneous nucleation was modeled

using the following function: ( )F sigmoidj
A

Bact,
SR j=

−
, where

Fact,j is the fraction of particles activated in size bin j, SRj is the

equilibrium saturation ratio( )C

C KR
g

*· for size bin j, and A and B

are adjustable parameters. A is the threshold SR that controls
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the minimum particle size that activates and B determines the
width of the sigmoid, with a larger B value producing a sharper
sigmoid (as B approaches infinity, heterogeneous nucleation
approaches a step function as a function of the SR). Cg and C*
are the gas-phase and saturation concentrations of NC-SOA in

μg m−3 and KR is the Kelvin ratio
i
k
jjj

y
{
zzzKR exp

RTd
MW

p j,
= γ

ρ
, where γ

is the surface tension (0.079 N m−1),31 ρ is the particle density
(1400 kg m−3), R is the universal gas constant (8.314 J mol−1

K−1), T is the chamber temperature (298 K), and dp,j is the
particle diameter of size bin j in m.
Results from the SOM-TOMAS simulations are shown in

Figure 5. Model predictions agreed with both the measured
mass concentrations and mass size distributions for an A value
or a threshold SR of ∼1.2 (∼20% supersaturation required for
heterogeneous nucleation). More specifically, the model
reproduced the initial increase in NC-SOA and its nucleated
condensation to form a second mode in the particle mass size
distribution. Subsequently, the model reproduced the increase
in non-NC-SOA mass and its condensation on the smaller
mode that offered a larger surface area for condensation.
Sensitivity simulations were performed with vapor or particle
wall losses, changes in C* of NC-SOA, and phase-state
assumptions for the existing OA but none of these altered the
findings presented in Figure 5.
Chemical Drivers of Heterogeneous Nucleation.

Immiscibility or activity, along with the Kelvin effect, is one
potential source of the necessary barrier to the initial uptake of
nitrocatechol, as nitrocatechol and the ozone oxidation
products may be sufficiently different in chemical properties
that nitrocatechol is not thermodynamically favored to absorb
into pre-existing ozone oxidation products. Our observations,
at low RH, are consistent with the idea that aerosol
populations can evade mixing if the chemical properties are
sufficiently different. If we take the elemental ratios to indicate
the level of oxidation and a proxy for intermolecular forces, we
see differences in the O3-derived SOA and nitrocatechol. The
initial catechol ozonolysis produced SOA with an elemental
oxygen-to-carbon ratio of O/C = 0.91 and an elemental
hydrogen-to-carbon ratio of H/C = 1.17 that ages further in
the chamber. This contrasts with the final mixed SOA products

having an overall O/C = 0.70 and H/C = 1.06. While
nitrocatechol has a relatively lower O/C of 0.67 and H/C of
1.0, oxygen atoms connected to heteroatoms should not be
considered for the carbon oxidation state, so the adjusted O/C,
only considering oxygen atoms connected to carbon and
hydrogen atoms, is 0.3. Phase separation of different organic
components has been connected to differences in the oxidation
state of those components.32,33 In comparing nitrocatechol
partitioning in the FIGAERO-CIMS, we found that ≥96% of
nitrocatechol is found in the particle phase under atmospheric
conditions, which is consistent with a previously reported value
of 96%.15 Nitrocatechol is favored to be in the particle phase
for the conditions of the experiment, but the existing OA from
the ozonolysis of catechol prevents condensation to those
particles.
In addition to immiscibility, particle-phase diffusion

limitations may also prevent the initial uptake of nitrocatechol
on experimental timescales, leading to supersaturated nitro-
catechol and heterogeneous nucleation. Viscosity measure-
ments of the catechol + O3 SOA, using a poke-flow
technique,34 as described in the Supporting Information,
show that the viscosity of the catechol + O3 SOA under dry
conditions is greater than 3 × 108 Pa s, which is greater than
the viscosity of tar pitch.35 This viscosity corresponds to a
diffusion coefficient of below 2 × 10−17 cm2 s−1 and
characteristic molecular diffusion mixing time greater than
150 h for Dp = 200 nm SOA particles, representing a clear
barrier to the incorporation of nitrocatechol by gas-particle
equilibrium partitioning.
One or both of the two limitations above (immiscibility and

particle-phase diffusivity) create a barrier to net condensation,
such that nitrocatechol becomes supersaturated and nucleates
to form an independent mode on the surface of the existing
aerosol, favored to larger particle sizes due to the Kelvin effect.
Additional nitrocatechol, through equilibrium, net partitions
exclusively on this mode containing nitrocatechol and not
necessarily the mode with the largest surface area or volume.
We suspect that heterogeneous nucleation occurred in the O3
+ NO3 experiment but not the OH/NOx experiment because
(1) the barriers (immiscibility or diffusion limitations) to
condensation into the non-NC-SOA in the O3 + NO3
experiment is higher than for the OH/NOx experiment and

Figure 5. Model-measurement comparison for (a) OA mass concentrations and (b−d) OA mass size distributions for the catechol + O3 + NO3
experiment at different time steps, where in the model, t = 0 marks the addition of NO2 to form NO3. The observed AMS particle size is the
vacuum aerodynamic diameter and the model size is converted to match.
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(2) nitrocatechol co-condenses with the multitude of other
products in the catechol + OH/NOx oxidation while
nitrocatechol is clearly the dominant product for the catechol
+ NO3 oxidation.
Future experiments targeted at isolated reactions may yield

insights into the role of phase for these reactions. Finewax et
al.15 used N2O5 as a source for NO3, and they make no note of
unexpected size distributions in their SMPS data used to
calculate aerosol volume concentrations, indicating that the
ozonolysis of catechol is critical to the results of the experiment
presented here. Direct ozonolysis of catechol without seed
would change the size distribution of the existing aerosol upon
NO3 oxidation and nitrocatechol production. Such an
experiment might help address the question of phase for
ozonolysis chemistry.
Implications for Chamber Studies and the Atmos-

phere. The observation that SOA growth bifurcates into
distinct branches with differing growth rates, thus becoming
separate particle populations centered about different diame-
ters, has also been seen in NO2 + O3 + monoterpene systems
in a smaller 400 L Teflon chamber; Draper et al.36 describes
the chamber and general methods. Specifically, for the high-
concentration chamber oxidation of Δ-carene (∼300 ppb) by
O3 (∼500 ppb) + NO2 (∼300 ppb), at RH = 30% and in the
absence of seed aerosol, two distinct particle populations were
observed (Figure 6), suggesting a similar thermodynamic or

kinetic barrier to cross-condensation of the sub-sets of
products, perhaps due to varying functionalization. In these
flow-through chamber experiments, Δ-carene was added to a
chamber containing stabilized concentrations of O3 and NO2,
producing a rapid homogeneous nucleation (new particle
formation) event followed by growth. Under these conditions,
N2O5 builds up as a NO3 radical reservoir prior to terpene
injection, so that most oxidation proceeds via NO3 oxidation.
Scanning electron microscopy and size-resolved chemical
composition revealed that these two modes are chemically
and morphologically distinct, with the larger size mode being
more oxidized and more spherical (liquid-like) than the smaller
mode. Thus, while this experiment used a flow tube and no
seed rather than a static chamber with seed, we observe a
similar bifurcation of OA.
Dual oxidation of catechol and Δ-carene by O3 and NO3

produces unexpected bimodal size distributions in completely

different experiments, indicating that different oxidation
pathways can lead to a mixture of products that segregate
into two distinct size modes. These experiments counter the
common assumptions of homogeneous mixing of SOA
products, equilibrium gas-particle partitioning, and kinetic
condensation. For the organic-on-organic heterogeneous
nucleation proposed here, VOCs are oxidized to semivolatile
products that are thermodynamically or kinetically unfavored
to condense onto existing OA. Therefore, vapor accumulates
to concentrations beyond the equilibrium vapor pressure of the
pure species until, at some threshold, the vapor nucleates a new
phase on top of the existing aerosol but does not mix into the
existing aerosol. The additional Kelvin (curvature) barrier is
lower for larger particles compared to smaller particles, so that
nucleation preferentially occurs on larger particles in the
existing size distribution. A size-resolved chemistry and
microphysics model (SOM-TOMAS) reproduced the OA
size distribution of catechol + O3 + NO3 using a heterogeneous
nucleation mechanism to form a new phase on the existing
aerosol. The model also captures the growth of the non-NC-
SOA by surface area-driven condensation of non-nitrocatechol
products. Heterogeneous nucleation of organic vapors onto
distinct OA greatly depends on the identity and properties of
the existing SOA and condensable vapor, and, likely, the
ambient conditions (e.g., temperature and relative humidity).
The formation of SOA via heterogeneous nucleation can
change size distributions in ways that will not be fully captured
by models or bulk measurements, with important implications
for their impact on air quality and climate. However, the extent
to which this happens in the atmosphere is unclear due to the
dearth of size-resolved chemical measurements of ambient
aerosols and that subtle changes in the overall size distribution
may not be easily observed given the large variety and overall
mass of the existing primary and secondary OA. Additionally,
distinct aerosol compositions needed to produce the large
supersaturations needed for this mechanism may be difficult to
achieve outside of an environmental chamber. Nevertheless,
the impact of aerosol microphysics in this system suggests that
SOA yields and rates derived from measurements of specific
precursors onto specific aerosol populations may not reflect the
full range of possible SOA yields or rates. In other words, the
differences in behavior between the catechol + O3 + NO3 and
catechol + OH/NOx reactions suggest that condensation can
depend on the identity of both the pre-existing population of
aerosol as well as the presence of co-condensed species so that
SOA yields/rates are not additive, as noted by a number of
studies9,37 Consideration of this possible method of con-
densation will be important in future experimental designto
either probe the influence of pre-existing aerosol on
condensation processes or to avoid the influence of unexpected
heterogeneous condensation. Condensation of organic vapors
onto OA via heterogeneous nucleation offers a previously
under considered pathway for condensation that does not
follow diffusion-limited equilibrium partitioning and produces
unexpected aerosol size distributions.
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Figure 6. Brechtel scanning electrical mobility spectrometer measure-
ments of particle size distributions over time in a darkened 400 L
Teflon chamber upon the oxidation of Δ-carene (∼300 ppb) by a mix
of O3 (∼325 ppb) and NO2 (∼450 ppb).
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