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Organic aerosols are ubiquitous in the atmosphere and play a
central role in climate, air quality, and public health. The aerosol
size distribution is key in determining its optical properties and
cloud condensation nucleus activity. The dominant portion of
organic aerosol is formed through gas-phase oxidation of volatile
organic compounds, so-called secondary organic aerosols (SOAs).
Typical experimental measurements of SOA formation include
total SOA mass and atomic oxygen-to-carbon ratio. These mea-
surements, alone, are generally insufficient to reveal the extent to
which condensed-phase reactions occur in conjunction with the
multigeneration gas-phase photooxidation. Combining laboratory
chamber experiments and kinetic gas-particle modeling for the
dodecane SOA system, here we show that the presence of particle-
phase chemistry is reflected in the evolution of the SOA size dis-
tribution as well as its mass concentration. Particle-phase reactions
are predicted to occur mainly at the particle surface, and the
reaction products contribute more than half of the SOA mass.
Chamber photooxidation with a midexperiment aldehyde injection
confirms that heterogeneous reaction of aldehydes with organic
hydroperoxides forming peroxyhemiacetals can lead to a large
increase in SOA mass. Although experiments need to be conducted
with other SOA precursor hydrocarbons, current results demon-
strate coupling between particle-phase chemistry and size distribu-
tion dynamics in the formation of SOAs, thereby opening up an
avenue for analysis of the SOA formation process.
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Laboratory chamber experiments are the basis on which gas-
phase photooxidation mechanisms and subsequent formation

and evolution of secondary organic aerosols (SOAs) are evalu-
ated. Despite major advances in understanding of the mecha-
nisms of SOA formation, the long-standing question of the
relative contributions of gas- vs. particle-phase routes to SOA
formation and aging for the major classes of SOA-forming
hydrocarbons is still unresolved (1). Photooxidation of parent
hydrocarbons and subsequent multigeneration gas-phase chemis-
try produce an array of semivolatile organic compounds (SVOCs)
that partition into the particle phase (2, 3). At the same time,
particle-phase reactions involving these condensed SVOCs can
lead to formation of low-volatility compounds, such as oligomers
and other high molecular mass compounds (4–6). The extent to
which particle-phase chemistry is important in SOA formation for
each of the major classes of SOA precursors remains unclear. We
show here that the evolution of the particle-size distribution,
a measurement routinely made in chamber experiments of SOA
formation, holds a key to evaluating the importance of particle-
phase chemistry.
Current atmospheric aerosol models underpredict ambient

SOA mass (1). The missing SOAs can be partly explained by
intermediate volatility organic compounds (IVOCs) that may be
emitted initially as primary organic aerosol but evaporate upon
dilution and are subsequently oxidized in the gas phase, yielding

substantial SOA mass (7, 8). Recent modeling studies have de-
monstrated that IVOCs are expected to be a major precursor
of SOAs in megacity outflows (9). Long-chain alkanes, mainly
emitted from incomplete fuel combustion (10), constitute a sub-
stantial fraction of IVOCs. Here we use dodecane (C12H26),
a surrogate compound for IVOCs, to study the connection be-
tween the chemical mechanism of SOA formation and the evo-
lution of the size distribution.

Results and Discussion
Dodecane Photooxidation Experiments and Modeling. The photo-
oxidation of dodecane and subsequent SOA formation is studied
using the Caltech Environmental Chamber (11, 12). Dodecane at
initial concentration of 34 parts per billion (ppb) in the presence
of ammonium sulfate seed particles under dry conditions [rela-
tive humidity (RH) < 5%] was oxidized by OH radicals at low
concentrations of NOx typical of nonurban conditions. The ki-
netic multilayer model of gas-particle interactions in aerosols
and clouds (KM-GAP) (13) is used to simulate the evolution of
SOA mass, the organic atomic oxygen-to-carbon (O:C) ratio, and
particle-size distribution in the chamber experiments (Fig. 1).
The model treats the following processes explicitly: gas-phase
diffusion, reversible adsorption, bulk diffusion, and chemical
reactions in the gas and particle phases. The model also accounts
for the loss of gas-phase SVOCs to the chamber Teflon wall (14,
15) based on measurements for representative compounds in
separate experiments (SI Materials and Methods, Gas-phase wall
loss, Table S1 and S2). The physical state of the particle bulk is
assumed to be semisolid with an average bulk diffusivity of 10−12

cm2·s−1 [a typical value for a semisolid state (16) (SI Materials
and Methods)], consistent with observations that long-chain al-
kane-derived SOA particles bounce moderately on the smooth
plates of an inertial impactor indicating behavior between that of
liquid and glassy particles (17).
In the gas phase, SVOCs resulting from up to five generations

of OH oxidation are considered (Fig. 1A). Fig 1B shows the span
of O:C ratio and gas-phase saturation concentrations for the
surrogate SVOCs based on the dodecane oxidation mechanism
of Yee et al. (11). Some of the fourth generation products have
been established to be multifunctional carbonyl compounds,
aldehydes, and ketones. The aldehydes can react with hydro-
peroxide, hydroxyl, and peroxycarboxylic acid groups, forming
peroxyhemiacetal (PHA), hemiacetal, and acylperoxyhemiacetal,
respectively, in the particle phase (2, 11, 18). Ketone functional
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groups can react with hydroxyl groups, catalyzed by acids,
forming a variety of oligomers (4). These products have signifi-
cantly lower volatility than their gas-phase precursors, as shown
for PHA by the black triangles in Fig. 1B. We evaluate the po-
tential effect of particle-phase chemistry on SOA formation by
simulating two distinct scenarios. In the “multiphase” model
scenario, the formation of low-volatility products arising from
particle-phase chemistry is considered whereas, in the “gas-
phase” scenario, only gas-phase reactions are accounted for. In
the kinetic model simulations, the volatility and O:C ratio of
each surrogate product are chosen to lie in the range of those of
corresponding individual compounds, as shown by the large solid
and triangle markers in Fig. 1B for the gas and multiphase sce-
narios, respectively. Note that the O:C ratios of later generation
gas-phase and particle-phase products are both ∼0.25. Fig. 1C
shows the experimental observations of SOA mass concentration
for the cases of two limiting particle-wall loss corrections (19,
20): (i) wall-deposited particles are assumed to cease interaction
with the gas phase (lower red line), and (ii) wall-deposited par-
ticles are assumed to continue interacting with the gas phase as if
they were still suspended (upper red line). Fig. 1D shows the
measured O:C ratio (12). Both scenarios, gas-phase (dashed
lines) and multiphase (solid lines), are able to match the ob-
served SOA mass concentration and O:C ratio within the ex-
perimental uncertainties, even though the gas-phase scenario

initially underestimates SOA mass for times up to ∼10 h. This
result exemplifies the ambiguity that arises in assessing the
chemical routes to SOA formation based solely on SOA mass
and O:C ratio.
Fig. 2A shows the measured evolution of the particle-size

distribution. The mean particle diameter grows from ∼60 nm to
∼180 nm over ∼20 h. The simulated size distribution for the gas-
phase scenario is shown in Fig. 2B. In contrast to the observed
size distribution, the gas-phase scenario predicts a broad size
distribution that is a characteristic also found for quasi-equilib-
rium growth mechanism (21), in which the condensed SVOCs
equilibrate quickly with the gas phase. When SVOCs equilibrate
with the particle population, they tend, on average, to partition
to larger particles because of their greater absorption capacity
and the reduction in equilibrium vapor pressure over the surface
compared with that over smaller particles (the Kelvin effect). By
contrast, the simulated number size distribution for the multi-
phase scenario captures the characteristic narrowing of the
measured size distribution (Figs. 2 C and D, Fig. S1). The evo-
lution of the volume size distribution is also well reproduced by
the multiphase scenario (Fig. S2). Evaporation and reconden-
sation of SVOCs tend to be inhibited in this case owing to the
formation of low volatility products in the particle phase. The
narrowing of the size distribution is characteristic of kinetically
limited growth, in which the mass of condensing material is

A C

B

D

Fig. 1. Modeling secondary organic aerosol formation from dodecane photooxidation. (A) Schematic of the mass transport (blue arrows) and chemical
reactions (red arrows) in the dodecane SOA system. Multigeneration of SVOCs is considered in the gas phase. The multiphase scenario includes second-order
reactions (red double arrows) between reactive carbonyl and SVOCs forming low-volatility products in the particle phase. (B) O:C ratios for products of
dodecane oxidation vs. their predicted gas-phase saturation concentration (μg·m−3) over the pure (subcooled) liquids (Ci

0). The smaller symbols indicate
individual products predicted in the dodecane photooxidation chemical mechanism developed by Yee et al. (11). Color indicates the gas-phase generation in
which compound is formed. These compounds include reactive carbonyl compounds (fourth generation). Black symbols indicate particle-phase products. The
large solid circles and triangles indicate the surrogate SVOC compounds in the gas-phase and multiphase scenarios, respectively. Measured (red) and modeled
SOA mass concentration (C) and O:C ratio (D) with the gas-phase (dashed line) and multiphase (solid line) scenarios, respectively. The upper and lower red
lines in the C correspond to upper and lower bound wall loss corrections, respectively. The measured O:C ratio is subject to ±30% uncertainty (12).
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distributed proportional to the particle surface area (21, 22).
The second-order reaction rate coefficient between reactive
carbonyl and SVOCs (kBR), which is estimated to be 12 M−1·s−1

(2 × 10−20 cm3·s−1), is found to be the most sensitive parameter
in controlling the evolution of the particle size distribution. The
evolution of SOA mass and number size distribution obtained
with an initial dodecane concentration of 8 ppb was also modeled
well using the same parameters of the multiphase scenario
(Fig. S3).
Fig. 3 shows the simulated evolution of the mass concentration

ratio of oxidation products in the particle (Fig. 3A) and gas phase
(Fig. 3B) in the multiphase scenario. During the first several
hours, the particle phase is dominated by first- to third-genera-
tion SVOCs, which are progressively converted to higher gen-
eration SVOCs in the gas phase and low volatility products in the
particle phase. The contribution of particle-phase products to
the total SOA budget is predicted to exceed 60% after ∼5 h. The
dominance of low-volatility particle-phase products is consistent
with previous studies, in which peroxyhemiacetals were found to
be major products in SOA derived from oxidation of alkenes
(1-tetradecene) (23, 24), aromatic hydrocarbons (toluene) (25, 26),
and monoterpenes (α- and β-pinene) (27).
Fig. 3C shows the simulated radial profile of the production

rate of low-volatility products along with the evolution of particle
radius. The production rate becomes substantial, with a rate
of >2 × 1017 cm−3·s−1 in the surface layer after ∼4 h when SOA
mass starts growing (Fig. 1C). The particle-phase reactions are
predicted to occur mainly at and near the surface, consistent with
a product analysis study suggesting that PHA formation should
occur mainly at the particle surface (24). Fig. 3D shows the
measured evolution of gas-phase C6-carboxylic acid, which is
a fourth-generation product and a proxy for the expected for-
mation of aldehydes (11). Aerosol mass spectrometer (AMS)

ions at mass-to-charge ratios (m/z) of 183 and 215 are also
shown, which are representative fragments from the carbonyl
hydroperoxide (CARBROOH; C12H24O3) and its derived PHA
(11). The onset of gas-phase aldehyde, particle-phase PHA, SOA
mass growth, and production rate of low-volatility products at ∼4 h
suggests that the formation of PHA triggers initial SOA growth.

Tridecanal Injection Experiment. To evaluate the hypothesis con-
cerning the role of PHA production in SOA formation, we have
conducted an additional chamber experiment with intentional
injection of the aldehyde tridecanal (Fig. 4). Dodecane (initial
concentration of 239 ppb) was photooxidized for 4 h under low-
NOx and dry conditions in the presence of ammonium sulfate
seed particles, at which time chamber UV lights were turned off
to halt production of OH radicals, ceasing gas-phase chemistry
and SOA growth. After 6 h, injection of 9.5 ppb tridecanal into
the chamber led to a rapid increase in organic mass (measured by
the AMS) of ∼45 μg·m−3 within 1 h. Simultaneously, the tracer
ions for gas-phase CARBROOH decreased and that for particle-
phase CARBROOH-derived PHA increased. The same trend
was also observed for organic hydroperoxide and its derived
PHA (Fig. S4). Direct analysis in real time mass spectrometry
(DART-MS) spectra confirm the formation of high molecular
mass compounds such as PHA and oligomers (Fig. S5 and Table
S3). Note that the observed SOA growth cannot be explained by
physical uptake of tridecanal, as its vapor pressure is too high
(C0 = ∼105 μg·m−3).
As the observed particle growth is predicted to be essentially

a result of the particle-phase reaction, the second-order reaction
rate between tridecanal and SVOCs can be estimated to lie in
the range 0.3–12 M−1·s−1 (SI Materials and Methods, Estimation
of the particle-phase reaction rate coefficient). This range is con-
sistent with the estimated kBR of 12 M−1·s−1 derived from the

2

4

6
8

100

2

4

6
8

D
ia

m
et

er
 (n

m
)

20151050

Time (h)

543210
dN/dlogD (x104cm-3)

Gas-phase scenario

2

4

6
8

100

2

4

6
8

D
ia

m
et

er
 (n

m
)

20151050

Time (h)

543210
dN/dlogD (×104cm-3)

Multiphase scenario
7

6

5

4

3

2

1

0
dN

/d
lo

gD
p (

×1
04  c

m
-3

)
2 3 4 5 6

100
2 3 4 5 6

Diameter (nm)

       After 20 h
 Experiments
 Multiphase
 Gas phase

Initial

2

4

6
8

100

2

4

6
8

D
ia

m
et

er
 (n

m
)

20151050

Time (h)

543210
dN/dlogD (x104cm-3)

Experiments
A B

C D

Fig. 2. Evolution of particle number size distribution. Measured (with the upper-bound wall loss correction) (A) and modeled by KM-GAP with gas-phase (B)
and multiphase (C) scenarios. (D) Initial number size distribution (black) and measured (red solid line) and modeled number size distribution after 20 h in the
gas-phase (dotted line) and multiphase (dashed line) scenarios.
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KM-GAP modeling of the dodecane photooxidation experi-
ments. Note that literature values of kBR for uncatalyzed reac-
tions of various hydroperoxides and aldehydes in different
solvents range from 10−4 to 0.06 M−1·s−1 (18, 28). The value of
kBR inferred from the observations indicates that the reactions
must be catalyzed (by two orders of magnitude) by the presence

of acids (4, 18, 24) generated in the low-NOx dodecane mecha-
nism (11). This magnitude of enhancement seems reasonable, as
in the case of hemiacetal formation from acetaldehyde plus
methanol, the presence of 1 M acetic acid increases the rate
constants by a factor of ∼250 (18).

Summary and Implications. The results of the current work have
a number of implications for SOA models. Although the dy-
namics of an aerosol size distribution reflects the mechanism of
growth (22, 29), we demonstrate here that it provides a key
constraint in interpreting laboratory and ambient SOA formation.
Aldehyde injection experiments suggest that peroxyhemiacetal
formation by heterogeneous reactions between aldehydes and
organic hydroperoxides can have a major impact on SOA for-
mation. This work, although carried out specifically for the long
chain alkane dodecane, is expected to be widely applicable to
other major classes of SOA precursors. SOA consists of a myriad
of organic compounds containing carbonyl, hydroxyl, and carboxyl
groups (among other functional groups), which can generally
undergo heterogeneous/multiphase reactions forming low-vola-
tility products such as oligomers and other high molecular mass
compounds (18). The importance of such a peroxyhemiacetal
formation pathway depends on the reaction rate constants and
concentrations of reactants as well as on particle acidity and
hygroscopicity because the reactions can be acid-catalyzed (4, 30,
31) or hydration-based (32), depending on the environmental
conditions and particle composition. Heterogeneous reactivity of
SOA particles can be regulated by relative humidity and tem-
perature, which will affect particle viscosity and bulk diffusivity
(16, 33). If particle-phase chemistry is indeed central to SOA
growth in general, the size-resolved SOA formation is better
described in terms of kinetically limited condensational growth,
rather than solely by thermodynamic equilibrium partitioning
(22, 34). Analysis of field and laboratory data on size-distribution
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Fig. 3. Relative contribution and distribution of gas-phase and particle-phase reaction products. Mass concentration ratios of multigeneration dodecane
gas-phase oxidation products (colored) and particle phase products (gray) in the particle phase (A) and the gas phase (B), modeled with the multiphase
scenario. (C) Modeled radial profile of the production rate (cm−3·s−1) of particle-phase products for an initially 35-nm radius particle. The solid black line
indicates the evolution of the particle radius. (D) Temporal evolution of a C6-carboxylic acid (tracer for aldehyde/reactive carbonyl) in the gas phase
monitored by the CIMS. Two characteristic tracers of peroxyhemiacetal formation in the particle phase are measured by the AMS atm/z 183 ðC12H23O

+Þ and
m/z 215 ðC12H23O

+
3 Þ.

Fig. 4. Intentional aldehyde (tridecanal) injection experiments. SOA mass
concentration and carbonyl hydroperoxide (CARBROOH; C12H24O3) signal
monitored by CIMS at m/z 301 and CARBROOH-derived peroxyhemiacetals
monitored by the AMS at m/z 183 ðC12H23O

+Þ and m/z 215 ðC12H23O
+
3 Þ. UV

lights are switched off after 4 h, and 9.5 ppb tridecanal is injected to the
chamber at 6 h.
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dynamics and heterogeneous chemistry for various SOA pre-
cursors and environmental conditions may lead to more robust
predictions of chemical composition and particle-size distribu-
tion, with relevance to properties such as radiative forcing and
cloud condensation nuclei activity.

Materials and Methods
Chamber Experiments. Experiments were carried out in the Teflon reactors
in the Caltech Environmental Chamber. Aqueous H2O2 solution was evap-
orated into the chamber, followed by the atomization of an aqueous
ammonium sulfate solution generating seed particles, which were sub-
sequently dried. Liquid dodecane was evaporated into the chamber to
achieve 34 ppb gas-phase mixing ratio of dodecane. After an hour of
mixing, the blacklights were turned on, initiating generation of the OH
radical from H2O2 photolysis. The gas-phase composition of oxidation
products was monitored using a chemical ionization mass spectrometer
(CIMS) (11). The particle-phase chemical composition, including the atomic
oxygen-to-carbon (O:C) ratio of SOA, was measured by an Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) (12). In
addition, particle-phase chemical composition was analyzed offline using
direct analysis in real time mass spectrometry (DART-MS). Particle number
size distribution was measured using a cylindrical differential mobility

analyzer coupled to a condensation particle counter. More details are
available in SI Materials and Methods.

Kinetic Modeling. The kinetic multilayer model of gas-particle interactions in
aerosols and clouds (KM-GAP) (13) is used for simulations. For size-resolved
simulations, the bin method with full-moving size structure is used. KM-GAP
consists of a number of compartments and layers in which semivolatile spe-
cies can undergo mass transport and chemical reactions in the gas and par-
ticle phases. The required kinetic parameters for surrogate SVOCs include the
gas-phase first-order reaction rate coefficients, the surface accommodation
coefficient, the molecular desorption lifetime, gas and bulk diffusion coef-
ficients, and the second-order bulk reaction rate coefficient for the re-
action of reactive carbonyl with SVOCs (Table S1 and S2). The dynamics
of compound concentrations in the gas and particle phases and of the
aerosol size distribution were computed by solving the mass balance, transfer,
and reaction rate equations. More details are described in SI Materials
and Methods.
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KM-GAP Model and Parameters.A kinetic multi-layer model of gas-
particle interactions in aerosols and clouds (KM-GAP) (1) is used
for simulations. For size-resolved simulations, the bin method
with full-moving size structure is used, in which the number
concentration of particles in each size bin is conserved but the
single particle volumes change (2). The number of size bins is 20
in this study. Coagulation is not considered in the model, as the
coagulation timescale of more than a day significantly exceeds
the experimental timescale (3, 4). KM-GAP consists of multiple
model compartments and layers, respectively: gas phase, near-
surface gas phase, sorption layer, surface layer, and a number of
bulk layers. KM-GAP treats the following processes explicitly:
gas-phase diffusion, gas-surface transport (reversible adsorp-
tion), surface-bulk exchange, bulk diffusion, and a selection of
chemical reactions in the gas and particle phases. Note that as-
sumptions of instantaneous gas-particle partitioning and homo-
geneous mixing of the particle bulk, which are often assumed in
secondary organic aerosol (SOA) modeling studies (5), were not
applied. Surface and bulk layers can either grow or shrink in
response to mass transport, which eventually leads to particle
growth or shrinkage. Surface-bulk transport and bulk diffusion
are treated as mass transport from one bulk layer to the next
through first-order transport velocities, which are calculated
from the bulk diffusion coefficients (1). As the experiments
considered here were conducted under dry conditions, ammo-
nium sulfate is assumed to remain in the form of crystalline seed
particles on which SOA condenses. The ammonium sulfate core
is represented by one bulk layer, and the organic phase is re-
solved with 10 bulk layers. Ideal mixing is assumed within the
organic phase (mole fraction-based activity coefficients are as-
sumed to be unity), an assumption that is reasonable for an SOA
phase formed by the oxidation products of a single parent com-
pound (here dodecane) at conditions of low water content (low
relative humidity) (6). Loss of gas-phase semivolatile organic
compounds (SVOCs) to the chamber wall (4, 7) is considered
using a pseudo-first order gas-phase wall-loss coefficient kw (see
Gas-phase wall loss for determination of kw values). Particle wall
loss is not considered in the model; thus, the particle-number
concentration stays constant. The dynamics of mass concen-
trations in the gas and particle phases and of the aerosol size
distribution are computed by numerically solving the ordinary
differential equations for the mass balance of each model com-
partment (1).
Five generations of gas-phase oxidation are considered, each

generation of which is represented by a surrogate compound.
Yee et al. (8) have developed the dodecane low-NOx gas-phase
chemical mechanism based on gas-phase measurements of do-
decane photooxidation in conjunction with the Master Chemical
Mechanism (MCM, version 3.2) (9). Yee et al. (8) estimated gas-
phase saturation concentrations (μg·m−3) over the pure (sub-
cooled) liquids (Ci

0) for oxidation products predicted by a de-
tailed gas-phase chemical mechanism using the EVAPORATION
(Estimation of Vapor Pressure of Organics, Accounting for
Temperature, Intramolecular, and Nonadditivity effects) method
(10), as shown in the open color circles in Fig. 1B. Ci

0 values for
surrogate compounds are determined by varying Ci

0 over the
predicted range for each generation to fit to the measured SOA
mass. The first-order gas-phase reaction rate constants are
summarized in Table S1, which is based on the chemical mech-
anism for dodecane photooxidation developed by Yee et al. (8).
Concerning the branching ratio for formation of reactive car-

bonyl compounds in the fourth generation of gas-phase oxida-
tion, a number of compounds are predicted to contain ketone
and aldehyde groups by the chemical mechanism (8); thus, we
chose to vary the branching ratio over the range of 0.1–0.9. For
the simulations presented in Fig. 1, the value of 0.4 is taken. In
the multiphase scenario, particle-phase reactions between
SVOCs and reactive carbonyls are considered using the second-
order bulk reaction rate coefficient (kBR) as listed in Table S1.
kBR is assumed to be the same for all reactions. The kBR value
was varied to fit the model to the experimental data, resulting in
a value of kBR = 2 × 10−20 cm3·s−1.
The required kinetic parameters for the SVOCs are listed in

Table S2, which includes an estimate for the surface accommo-
dation coefficient on a free substrate (αs), the molecular de-
sorption lifetime (τd), gas and bulk diffusion coefficients (Dg,
Db), and the second-order bulk reaction rate coefficient (kBR) for
the reaction of reactive carbonyl with SVOCs. Dg is assumed to
be 0.05 cm2·s−1 (11). Note that the sensitivity studies by varying
Dg in the range of 0.02–0.2 cm2·s−1 revealed that Dg is not critical
for describing SOA mass and size distribution, indicating that
gas-phase diffusion is not the limiting step in SOA formation.
τd is assumed to be 1 μs (1). αs is often assumed to be unity in
organic aerosol modeling studies (12). Estimates of the accom-
modation coefficient of SVOC using thermodenuders have re-
sulted in values in the range of 0.28–0.46 (13). αs is estimated to
be 0.3–0.5 by kinetic modeling (1) of evaporation data of dioctyl
phthalate (14). In this study, we assume αs = 0.5. A sensitivity
study by varying αs in the range of 0.1–1 in the multiphase sce-
nario revealed that SOA mass and size distribution are not es-
pecially sensitive to the value of αs, suggesting that surface
accommodation is not the limiting step in SOA growth in the
present case.
Neither the bulk viscosity nor the bulk diffusivity of dodecane

SOA is known. Saukko et al. (15) measured a bounce behavior of
SOA particles formed from the oxidation of n-heptadecane (a
long-chain alkane). At low relative humidity (RH), particles
bounced from the plate of an inertial low-pressure impactor,
indicating that they are not a liquid (of low viscosity), but the
particles did not bounce with the behavior of solid or glassy
particles; with a bounce fraction of ∼0.5, the n-heptadecane SOA
particles are deemed to be semisolid. The typical bulk diffusivities
of multifunctional organic compounds in semisolid phases range
from 10−20 to 10−10 cm2·s−1 (16, 17). We assume here that the
SOA products from the n-dodecane oxidation have similar dif-
fusivities as the n-heptadecane SOA. Db was varied systematically
over the given range to fit to the data of SOA mass and size
distribution; the optimal value was found to be 10−12 cm2·s−1.
Note that, if the particles are assumed to be liquid with Db in the
range of 10−10 to 10−5 cm2·s−1, indeed size distribution was not
reproduced as well as in the case that the particle is assumed to
be semisolid. The most sensitive parameters in fitting SOA mass
are the gas-phase saturation concentrations (μg·m−3) for SVOCs.
The second-order bulk reaction rate coefficient kBR is the most
critical parameter in controlling the evolution of the particle
number size distribution. This finding is understood as this co-
efficient affects the average vapor pressures of the condensed
SOA species via the conversion of higher-volatility monomers to
low-volatility dimers and oligomers.

Dodecane Photooxidation Experiments. Experimental methods. Dodec-
ane photooxidation experiments were conducted in the dual 28 m3

Caltech Environmental Chambers (3, 18) as described in Yee et al.
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(8). The extended OH exposure of more than 22 h was achieved
using the experimental chamber protocol of Loza et al. (19). A gas
chromatograph with flame ionization detection (GC-FID; Agilent
6890) with an HP-5 column was used to monitor the dodecane
decay at 1 h time resolution. A chemical ionization mass spec-
trometer (CIMS) (20–22) was used for tracking the gas-phase
development of several hydroperoxide species, ketones, and
acids. The CIMS operated in both positive ionization mode for
a mass scan range of 50–200 amu [M•(H2O)n.H]+ and negative
ionization mode for a mass scan range of 50–300 amu
[M•CF3O]−, [M•F]−, where M is the analyte. NO, NOx, O3,
temperature, and RH were all monitored. NO and NOx levels
remained below 5 parts per billion (ppb), the lower detection
limit of the chemiluminescence analyzer (Horiba; APNA 360),
and photochemical simulations (8) confirmed that, at the suffi-
ciently low levels of NOx, the fate of the alkylperoxy radical
(RO2) is dominated by reaction with HO2. Initial O3 levels were
3 ppb, rising to 22 ppb by the end of the experiment. Temper-
ature remained between 296 and 298 K after irradiation began,
and RH remained below 5%.
A differential mobility analyzer (TSI Model 3081), coupled

with a condensation particle counter (TSI Model 3010), was used
for monitoring the particle-size distribution. An Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) was operated according to protocols described in Yee et al.
(8) and Craven et al. (23). Briefly, the HR-ToF-AMS (24) was
operated collecting data at 1 min resolution, switching between
a higher resolution, lower sensitivity “W” mode and a lower
resolution, higher sensitivity “V” mode. Analysis of AMS data
were performed according to analysis procedures previously de-
scribed (24–27). Chamber reactors were flushed for 24 h with
purified dry air before each experiment. Then 280 μL of 50% by
weight aqueous H2O2 solution was injected into a glass trap. The
glass trap was submerged in a warm water bath (35–38 °C), and
the solution was evaporated by flowing 5 L·min−1 of purified dry
air through the trap into the chamber. This resulted in ∼4 ppm
H2O2 concentration in the chamber. A 0.015 M aqueous am-
monium sulfate solution was atomized into the chamber until
a seed volume of ∼11 μm3·cm−3 was achieved. Next, 9 μL of
n-dodecane (Sigma-Aldrich) was injected into a glass bulb and
evaporated under gentle heating into a 5 L·min−1 flow of purified
dry air delivered to the chamber, resulting in an initial concen-
tration of 34 ppb. After 1 h of mixing, the blacklights were turned
on to initiate photooxidation.
With the same procedure, the photooxidation experiments

were also conducted with an initial concentration of dodecane of
8 ppb. The AMS was not available for the 8 ppb experiments. For
those experiments, the measured SOA mass and particle size
distribution are modeled well using the same parameters of the
multiphase scenarios for 34 ppb experiment, as shown in Fig. S3.
Particle wall loss. The upper and lower wall loss corrections bound
the amount of aerosol deposited to the Fluorinated ethylene
propylene (FEP) Teflon chamber walls during an experiment. To
estimate the mass growth rate of wall-deposited particles, the
mass growth rate of suspended particles must be determined. We
use the Aerosol Parameter Estimation (APE) model described by
Pierce et al. (28) for this purpose. The APE model uses the
General Dynamic Equation (29) to describe the condensation,
coagulation, and wall loss of an aerosol population. The model is
initialized with a suspended particle-size distribution at one time
step and solves for particle wall loss parameters and a mass
growth parameter, Fc (cm·s−1), that produce the best match to
the particle size distribution measured at the next time step. In
the present case, particle wall loss rate constants are determined
in separate particle wall loss experiments (18, 19, 30), and these
rate constants are used directly in the model.
Once the mass growth parameters are known, they are applied

to particles deposited to the walls. The aerosol General Dynamic

Equation also governs deposited particle size distribution be-
havior, and deposited particles are assumed not to undergo co-
agulation. The change in the size distribution for deposited
particles is governed by
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where nw is the deposited particle size distribution (cm−3), t is
time (s), β(Dp) is the wall loss rate constant, Dp is the particle
diameter (cm), ns is the suspended particle size distribution (cm−3),
and ω is a parameter that describes the extent of gas-particle
partitioning for deposited particles. Values for ω range from 0 to
1, with ω = 0 representing no gas-particle partitioning to deposited
particles whereas ω = 1 describes gas-particle partitioning to de-
posited particles identical to that to suspended particles. Here,
only the limits (0, 1) for values of ω are considered. To determine
the deposited particle size distribution, Eq. S1 is solved at each size
distribution time step using the value of Fc calculated from the
APE model at that time step with constant ω. The wall loss cor-
rected particle-size distribution is calculated by summing the sus-
pended and deposited number size distributions. The wall loss
corrected SOA volume concentration is calculated from the wall
loss corrected size distribution. To calculate the mass of organic
aerosol formed, the seed particle volume concentration is sub-
tracted from the wall loss corrected particle volume concentration,
and the resulting organic volume concentration is multiplied by
a mean particle density, here 1.12 g·cm−3, as determined in a sep-
arate nucleation chamber experiment (seed-free), to obtain the
organic mass concentration.
Gas-phase wall loss. Gas-phase SVOCs can be absorbed by the
Teflon film during the experiments (4, 7). The pseudo-first order
gas-phase wall loss coefficient kw is determined from dark vapor-
phase wall loss experiments. Two vapor-phase wall loss experi-
ments were run, using 3,6-octanediol and 2-dodecanone (Sigma-
Aldrich), respectively. The hydrocarbon was injected into the
reactor, and then the decay was monitored by the CIMS. A first-
order wall loss coefficient was calculated from the slope of lnC/
lnCo vs. time, where C is the signal for the hydrocarbon and Co is
the hydrocarbon signal 21 min after completion of the hydro-
carbon injection (mixing time). Then 10.7 mg of 3,6-octanediol
was weighed out into a glass bulb and gently heated while
5 L·min−1 of dry purified air flowed through to the reactor. There
was slight recondensation on the injection line, leading to in-
complete delivery to the reactor. The 3,6-octanediol signal
dropped by 39% over 14 h, leading to a first-order fit of kw = 9.6 ×
10−6 s−1. For the 2-dodecanone experiment, 15.5 μL of 2-dodec-
anone was injected to the chamber, and its signal decayed by 14%
over 22 h, resulting in kw = 2.2 × 10−6 s−1. Due to difficulties in
handling these standards for calibration on the CIMS, the sus-
pended concentration after injection could not be verified to
match the target concentration based on the injection amount.
Without a calibration factor, the presence of rapid vapor-phase
wall loss as observed in Matsunaga and Ziemann (7) cannot be
ruled out. If this behavior occurs during the injection or mixing
period before Co is defined, the true rates should be higher than
those calculated here. Therefore, we refer to the calculated kw as
pseudo-first order. If a confident calibration factor could be es-
tablished on the CIMS, care would still need to be taken to
minimize losses due to recondensation in the injection line so
that these losses are not falsely attributed to rapid vapor-phase
wall loss in the reactor.
For the KM-GAP simulations, kw of SVOCs was varied be-

tween the measured values (2.2 × 10−6 to 9.6 × 10−6 s−1) as-
suming that all five generations of SVOCs are characterized by
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the same kw value. It is found that the value of kw does not affect
the evolution of the shape of the size distribution but can lead to
a lower modeled SOA mass up to ∼30%. For the simulations of
dodecane photooxidation, kw = 5 × 10−6 s−1 is assumed.

Tridecanal Injection Experiments. Experimental methods. The tride-
canal injection experiment was run in a 24 m3 FEP teflon (2 mil)
reactor. The same gas- and particle-phase instruments as described
in the photooxidation experiments in Dodecane Photooxidation
Experiments, Experimental methods were used, except that a com-
pact-time-of-flight aerosol mass spectrometer (C-ToF-AMS) (31)
was used. Injection protocols were also the same, except loadings
were modified to speed up the chemical development and to
achieve an organic loading sufficient for offline filter analyses [Di-
rect analysis in real time mass spectrometry (DART-MS)]. Then
280 μL of aqueous H2O2 solution (50% by weight) was injected to
achieve a starting concentration of ∼5 ppm of H2O2 in the reactor.
The initial n-dodecane concentration was 239 ppb as measured by
the GC-FID. Throughout the experiment, NOx levels remained
below the lower detection limit of the analyzer, temperature ranged
over 21–22.5 °C, and RH remained below 10%.
Photooxidation occurred during the first 4 h of the experiment.

The remainder of the experiment was conducted in the dark.
After 6 h from the start of irradiation, tridecanal (Sigma-Aldrich)
was injected. Then 24.5 mg of tridecanal (assuming no line/wall
losses) was delivered to the reactor by evaporating it under gentle
heating into a flow of 5 L·min−1 of dry purified air for 30 min.
Tridecanal concentration was 9.5 (± 2.5) ppb following injection,
as measured by the GC-FID. Filter sampling took place after the
SOA mass peaked starting at hour 9. A total sample volume of
∼1.9 m3 (2 h at 16 L·min−1) was drawn onto a Teflon filter (47
mm diameter) and analyzed offline using DART-MS.
Estimation of the particle-phase reaction rate coefficient. Tridecanal
reacts with SVOCs (e.g., organic hydroperoxides) to form per-
oxyhemiacetals (PHA) in the particle phase. Thus, the change of
the bulk number concentration of PHA [PHA]b (cm−3) can be
described as follows:

d½PHA�b
dt

= kBR;Tri½SVOC�b½Tri�b; [S2]

where kBR,Tri (cm
3·s−1) is the second-order reaction rate coeffi-

cient between tridecanal and SVOCs. As the increase of the total
particle mass concentration Ctot (μg·m−3) is predicted to be dom-
inated by PHA formation in the present study, its rate of change
can be described using the particle mass concentration of PHA
CPHA

PM (μg·m−3 of air):
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where MPHA is the molar mass of PHA (∼300–400 g·mol−1) and
NA is the Avogadro constant (6.02 × 1023 mol−1). The factor 106

is for the unit conversion of g to μg. The average bulk number
concentration [Tri]b (cm

−3) and the average particle-phase mass
concentration of tridecanal CTri

PM (μg·m−3) can be roughly esti-
mated based on equilibrium gas-particle partitioning theory (32,
33) using its volatility, namely the pure component gas-phase
saturation concentration CTri

0 = 1.6 × 105 μg·m−3 (34),
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where MTri is the molar mass of tridecanal (198 g·mol−1) and
CTri

g (μg·m−3) is the gas phase mass concentration of tridecanal.
Note that this is an approximation as a concentration gradient
can exist due to slow bulk diffusion. The initial tridecanal gas-
phase number concentration was measured by the CIMS to be
9.5 (±2.5) ppb, which corresponds to CTri

g = 77 (±20) μg·m−3.
[SVOC]b can be estimated assuming an average molar mass of
SVOC (∼200–300 g·mol−1), and a certain fraction (10–100%) of
the organic particle content is reactive toward aldehydes, result-
ing in [SVOC]b ∼ 1020 to 1021 cm−3.
Based on Eq. S3, dCtot/dt is constant if [SVOC]b and [Tri]b are

constant. Indeed, Ctot increased linearly from 22 μg·m−3 at tri-
decanal injection at 6 h to 61 μg·m−3 at 6.7 h (Fig. 4 of the main
text), corresponding to dCtot/dt = 0.017 μg·m−3·s−1. Inserting
these values in Eq. S3, kBR,Tri can be estimated to be 2 × 10−22

to 2 × 10−20 cm3·s−1 (or 0.12–12 M−1·s−1). This value is in good
agreement with the second-order reaction rate coefficient be-
tween reactive carbonyl and SVOCs (kBR) estimated by KM-GAP
(12 M−1·s−1) in simulating dodecane photooxidation in which
different aldehydes and ketones may be relevant reactants.

DART-MS Analysis. Duplicate Teflon filters (PALL Life Sciences;
47 mm diameter, 1.0 μm pore size, Teflon membrane) were used
for particle collection from the chamber upon stabilization of the
aerosol volume for off-line chemical analysis. Chamber air was
pulled through two stainless steel filter assemblies containing two
filters for 2 h at rates of 16 and 23 L·min−1, respectively. In the
standard chamber filter collection procedure, the upstream filter
collected particles, and the downstream filter served to indicate
whether breakthrough had occurred or whether gaseous com-
pounds were condensing on the filters. Upon the termination of
the collection period, the filters were removed from the assembly
with precleaned stainless steel forceps and stored in 20-mL glass
vials with Teflon caps, which were sealed with Teflon tape and
stored in plastic containers in a freezer maintained at a temper-
ature of −20 °C.
Filters were analyzed by direct analysis in real-time mass

spectrometry (DART-MS) using a custom-built DART source
(J. L. Beauchamp group, Caltech) interfaced to a Thermo LTQ
ion trap mass spectrometer; positive mode ionization was used in
this analysis. DART-MS is an ambient ionization method origi-
nally developed by Cody et al. (35). It achieves positive ionization
through the generation of metastable triplet helium and its re-
action with atmospheric water. For the final proton transfer step
to occur, the analyte’s proton affinity must exceed that of water.
SOA samples collected on Teflon filters were analyzed by folding
the filter in half with clean stainless steel forceps, and placing the
folded filter so the DART stream ablated the aerosol-containing
edge. Blank filters and the breakthrough test filters were ana-
lyzed as experimental controls. Data were analyzed using the
Thermo proprietary software program, Xcalibur.
SOA samples were also extracted in a 1:1 mixture of GC grade

heptane and acetone (vol/vol) via sonication. The extracts were
dried down by a gentle stream of N2, then reconstituted in 150 μL
of 1:1 mixture of GC grade heptane and acetone (vol/vol) for
analysis by GC/MS (Varian Saturn 2200) with a programmed
temperature vaporization (PTV) inlet, DB-5MS-UI column (30
m, 0.250 mm, 0.25 μm; Agilent), and electron impact ionization
and chemical ionization with methanol. The PTV temperature
program was as follows: (i) 45 °C, 0.5 min hold; (ii) 180 °C min−1

ramp to 300 °C; and (iii) 300 °C, 46.58 min hold. The oven
temperature program was as follows: (i) 65 °C, 10 min hold; (ii)
10 °C min−1 ramp to 300 °C; and (iii) 300 °C, 15 min hold.
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Table S3 lists major peaks, defined by signal intensity > 5,000
counts form/z < 400 Da; signal intensity > 1,000 counts form/z >
400 Da. Proposed formulae are listed for the ions; matches were
assigned when the theoretical mass was within 5 mDa of the
measured mass. This mass spectrum was acquired using the
AccuToF DART-MS, which was mass-calibrated in positive
mode by using PEG-600. The ions with m/z above 400 Da that
contain nitrogen may be assigned in two ways: (i) they may be
nitrate-containing compounds, resulting from reaction with the
background levels of NOx in the chamber (<5 ppb); or (ii) they
may be PHAs or contain peroxide groups, both of which form
adducts with ammonia present in trace amounts in laboratory
air, and are measured by DART-MS as ammonium adducts
([M+17]+). The low level of NOx and the lack of smaller mass
organonitrates or alcohols suggest that the ammonium adduct
option is more likely in this case.
The mass spectra in Fig. S5 were acquired using the experi-

mental DART source in conjuction with the Thermo LTQ ion
trap mass spectrometer with unit mass resolution. Fig. S5A shows
a duplicate sample of dodecane SOA; the significant overlap
with the data in Table S3 indicates similar performance across
DART ion sources. Fig. S5B shows a sample of SOA from the
dodecane low-NOx photooxidation experiment where tridecanal
was added in the gas phase to attempt to force oligomerization

by PHA formation. The high-resolution AccuToF DART was
unavailable for use at the time of the tridecanal experiment, so
only unit mass resolution data were obtained for this sample.
From Fig. S5B, one can observe that different high molecular
weight species were formed in the tridecanal experiment, and
that the added SOA mass was not simply tridecanal condensing
onto the particles (i.e., the spectrum is not dominated by m/z
199), so it must have reacted after uptake.
Fig. S6 is an extracted ion chromatogram (EIC) that compares

the m/z 183 signal from the heptane/acetone extracted SOA
generated in the tridecanal experiment and in the dodecane
photooxidation experiment. The mass loadings for each experi-
ment were different; more mass was on the filter for the do-
decane experiment than the tridecanal experiment. The m/z 183
is the AMS tracer for PHA; because the GC/MS was run in EI
mode, it has the potential to generate similar ions as the AMS.
Fig. S6 demonstrates that, in the tridecanal experiment, different
m/z 183-producing compounds (presumably PHA) were gener-
ated. There is more variety of m/z 183-producing compounds in
the dodecane experiment EIC than in the tridecanal experiment
EIC; this observation suggests that the addition of tridecanal
drove the oligomer-forming reaction toward a few specific prod-
ucts, creating less diversity than in the dodecane experiment.
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Fig. S1. Experimental (with the upper-bound wall loss correction) and modeled number size distribution (dN/dlogD) by KM-GAP with the multiphase scenario
after (A) 4 h, (B) 8 h, (C) 12 h, (D) 16 h, and (E) 20 h.
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Fig. S2. Experimental (with the upper-bound wall loss correction) and modeled volume size distribution (dV/dlogD) by KM-GAP with the multiphase scenario
after (A) 4 h, (B) 8 h, (C) 12 h, (D) 16 h, and (E) 20 h.
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Fig. S3. Modeling SOA formation from dodecane photooxidation. Initial concentration of dodecane was 8 ppb. SOA mass and size distribution is simulated by
KM-GAP using the same kinetic parameters of the multiphase scenario used for modeling photooxidation of 34 ppb dodecane (Tables S1 and S2). (A) Measured
and modeled SOA mass. The extent of the red lines corresponds to upper and lower bound wall loss corrections. (B) Measured particle number size distribution
with upper-bound wall loss correction. (C) Modeled particle number size distribution.
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Table S1. Gas-phase and particle-phase chemistry considered in KM-GAP

Reaction Reaction rate coefficient

Gas phase
dodecane → SVOC-1 2.64 × 10−5 s−1

SVOC-1→ SVOC-2 1.71 × 10−5 s−1

SVOC-2→ SVOC-3 1.32 × 10−4 s−1

SVOC-3→ (1 - β) SVOC-4 + β reactive carbonyl 1.85 × 10−4 s−1

SVOC-4→ SVOC-5 1.85 × 10−4 s−1

Particle phase
SVOC-1 + reactive carbonyl → low volatility products 2 × 10−20 cm3·s−1

SVOC-2 + reactive carbonyl → low volatility products 2 × 10−20 cm3·s−1

SVOC-3 + reactive carbonyl → low volatility products 2 × 10−20 cm3·s−1

SVOC-4 + reactive carbonyl → low volatility products 2 × 10−20 cm3·s−1

SVOC-5 + reactive carbonyl → low volatility products 2 × 10−20 cm3·s−1

Gas-phase reactions are considered using the first-order conversion rate coefficients. In the multiphase sce-
nario, particle-phase reactions are considered using the second-order reaction rate coefficient.

Table S2. Estimated kinetic parameters for the surrogate SVOCs in the KM-GAP simulations

Parameters Description Value

αs,0 Surface accommodation coefficient on a free substrate 0.5
τd Desorption lifetime 1 μs
Db Bulk diffusion coefficient 10−12 cm2·s−1

Dg Gas diffusion coefficient 0.05 cm2·s−1
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Table S3. Major peaks in DART mass spectrum for dodecane low-
NOx SOA

m/z, Da Intensity, counts Proposed formula

127.15 6,253.34 C8H15O
+

141.16 9,527.53 C9H17O
+

155.17 9,916.25 C10H19O
+

183.19 10,1521.10 C12H23O
+

197.16 69,729.89 C12H21O2
+

199.18 52,161.82 C12H23O2
+

213.15 26,890.18 C12H21O3
+

401.36 36,11.87 C24H49O4
+

416.37 3,794.30 C24H50O4N
+

430.35 4,076.51 C24H48O4N
+

446.35 2,134.07 C24H48O6N
+

460.34 1,223.03 C24H46O7N
+
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