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ABSTRACT: Particle phase state is a property of atmospheric aerosols that
has important implications for the formation, evolution, and gas/particle
partitioning of secondary organic aerosol (SOA). In this work, we use a size-
resolved chemistry and microphysics model (Statistical Oxidation Model
coupled to the TwO Moment Aerosol Sectional (SOM-TOMAS)), updated to
include an explicit treatment of particle phase state, to constrain the bulk
diffusion coefficient (Db) of SOA produced from α-pinene ozonolysis. By
leveraging data from laboratory experiments performed in the absence of a
seed and under dry conditions, we find that the Db for SOA can be constrained
((1−7) × 10−15 cm2 s−1 in these experiments) by simultaneously reproducing
the time-varying SOA mass concentrations and the evolution of the particle size distribution. Another version of our model that used
the predicted SOA composition to calculate the glass-transition temperature, viscosity, and, ultimately, Db (∼10−15 cm2 s−1) of the
SOA was able to reproduce the mass and size distribution measurements when we included oligomer formation (oligomers
accounted for about a fifth of the SOA mass). Our work highlights the potential of a size-resolved SOA model to constrain the
particle phase state of SOA using historical measurements of the evolution of the particle size distribution.

1. INTRODUCTION

Secondary organic aerosol (SOA) accounts for a substantial
fraction of the submicron atmospheric aerosol burden and,
consequently, has impacts on climate, air quality, and human
health.1,2 The particle phase state is an important property that
likely affects the abundance and properties of atmospheric
SOA since it has been shown to exert control on the
equilibration timescale,3 multiphase chemistry,4,62 long-range
transport of organic pollutants,5,6,62 and formation of ice
clouds.7−9,62 However, there are large uncertainties in
quantifying the evolving phase state of SOA and this has
made it challenging to accurately represent the SOA phase
state and its impacts in atmospheric models.
Anthropogenic and biogenic SOA formed from the

oxidation of volatile organic compounds (VOCs) can be
semisolid or viscous under a wide range of atmospheric
conditions (0 < RH < 90% and T < 298 K).10 As a model
system, the SOA formed from the oxidation of α-pinene has
been extensively probed to study its phase state.11−18 The
particle phase state is often quantified using the dynamic
viscosity (ν; Pa·s) or the bulk diffusion coefficient (Db; cm

2

s−1); they are related to each other via the Stokes−Einstein
equation ( =

π ν
D kT

ab 6
, where k is the Boltzmann constant, T is

the temperature, and a is the effective molecular diameter).
The consensus seems to be that α-pinene-derived SOA is
unlikely to behave like a liquid when formed and sampled
under relatively dry conditions (RH < 30%) but the estimated

phase state range for this SOA spans over 6 orders of
magnitude; ν = 106−1012 Pa·s or Db = 10−15−10−21 cm2

s−1.11,13,14,16,18−20 Some of the uncertainty in the estimated
particle phase state can be attributed to differences in the
techniques used to probe the SOA. For instance, some have
collected the SOA onto a media (e.g., filters, microscopy grids)
and examined the flow properties of raw or reconstituted
particles to estimate the viscosity.13,16 Others have inferred
viscosity of suspended particles by studying the bounce
fraction on impaction plates12,15 and the time for particles to
coalesce.13,14 Finally, a handful of studies have estimated Db,
instead of viscosity, by investigating the growth/evaporation
kinetics of particles.17,18,21,22 Additional uncertainties in
previous estimates are also likely related to differences in the
SOA composition that result from different formation
conditions (e.g., chamber versus flow tube, fresh versus
aged) and mass concentrations.16 Regardless, current estimates
for ν and Db for α-pinene-derived SOA under dry conditions
translate to a mixing and equilibration timescale that spans
from a few minutes to several years. There appears to be a need
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for novel techniques and approaches that can aid in reducing
the large uncertainty in the phase state of SOA.
The phase state of SOA can influence the evolution of the

particle size distribution. For SOA mass condensing into a
liquidlike aerosol, vapors should partition into the entire
particle volume regardless of the particle size. For con-
densation into a semisolid aerosol, vapors should mostly
partition into the entire volume for the smaller particles but
closer to the edge for the larger particles as the timescales for
mixing are proportional to the square of the particle size

(τ =
π

R

Ddiff
p
2

2
b
, where Rp is the particle radius). Hence, for the

same amount of condensing SOA mass, a semisolid aerosol
should promote faster diameter growth of nucleation (1−10
nm) and Aitken (10−100 nm) mode particles relative to
accumulation (100−1000 nm) mode particles compared to a
liquidlike aerosol and produce a narrowing of the particle size
distribution with SOA formation.23 This effect has been
observed in a handful of studies. For example, in SOA formed
from n-dodecane in a laboratory experiment, Shiraiwa et al.3

found that, in addition to modeling the multiphase chemistry,
they had to assume a semisolid SOA (Db of 10

−12 cm2 s−1) to
explain the observed narrowing in the particle size distribution
with time. Similarly, Zaveri and co-workers17,18 found that α-
pinene-derived SOA was likely to be semisolid because only a
Db between 10−15 and 10−14 cm2 s−1 in their aerosol model
could reproduce observations of the rapid growth of Aitken
mode particles with isoprene-derived SOA. We should note
that the volatility of the condensing species (C*, effective
saturation concentration)24 can have a similar, but less
pronounced, effect on the particle size distribution.25−27 In
instances where the phase state affects the evolution of the
particle size distribution, these data, which are routinely
measured in laboratory experiments, could be leveraged to
constrain the phase state of SOA in both idealized (e.g., single
VOC) and realistic (e.g., VOC mixtures, combustion
emissions) model systems.
In this work, we include a treatment of the particle phase

state in a detailed chemistry, thermodynamics, and micro-
physics model for SOA (i.e., Statistical Oxidation Model
coupled to the TwO Moment Aerosol Sectional (SOM-
TOMAS)) and apply this model to study the phase state of
SOA formed from α-pinene ozonolysis. We show that routine
environmental chamber data can be used to constrain the bulk
diffusion coefficient (Db) of SOA, requiring only measure-
ments of the time-evolving SOA mass concentration and
particle size distribution. Our work demonstrates that the
particle phase state of SOA can be inferred from historical
laboratory data and complement future laboratory studies and
field observations of the particle phase state.

2. MATERIALS AND METHODS
2.1. Environmental Chamber Data. We modeled the

SOA formation from a set of α-pinene ozonolysis experiments
that are described in detail in Nah et al.28 These experiments
were chosen for several reasons. First, these experiments were
characterized for vapor loss and size-dependent losses of
particles to the chamber walls, inputs necessary to predict the
time-varying suspended particle data. Second, they included
both seeded and unseeded experiments; the unseeded
experiment proved particularly useful because the modeled
evolution of the particle size distribution varied substantially
with the use of different Db values and this effect was used to

constrain the Db (explained later). Third, the phase state of α-
pinene-derived SOA has been extensively studied in the past
and thus the results from this work could be compared with
historical data.11,13,14,16−19,29

The experiments of Nah et al.28 were performed in the 13
m3 Georgia Tech Environmental Chamber (GTEC) facility,
with full details provided in previous work.30 In all experi-
ments, 50 ppbv of α-pinene was added to a clean chamber
along with 22 ppm of cyclohexane, which served as an OH
scavenger and ensured that the α-pinene reacted only with O3.
Experimental conditions featured low NOx concentrations (<1
ppbv), a temperature of 25 °C, and relative humidity of <5%.
Experiments were performed either with 100 or 500 ppbv of
O3, which reacted immediately with α-pinene under dark
conditions. For each O3 level, one experiment was performed
with no seed particles which resulted in homogeneous
nucleation and growth of the freshly formed particles. Two
other experiments were performed with low (∼1000 μm2

cm−3) and high (∼3000 μm2 cm−3) initial dry ammonium
sulfate seed concentrations, where SOA condensed onto the
seeds. The instrumentation used to measure the gas- and
particle-phase species is summarized in Table S1.

2.2. SOM-TOMAS Model and Updates for Highly
Oxygenated Organic Molecules (HOM) Formation. We
used the Statistical Oxidation Model coupled to the TwO
Moment Aerosol Sectional model (SOM-TOMAS) to simulate
the SOA formation from α-pinene ozonolysis in environmental
chamber experiments. Detailed descriptions of the SOM31,32

and TOMAS33,34 models can be found in previous
publications. More recently, the SOM-TOMAS model was
used to model SOA formation in chamber experiments
performed on unburned biofuels35 and emissions from biomass
burning.36

The SOM tracks the chemical evolution of the VOC and its
oxidation products using a two-dimensional, carbon (NC) and
oxygen (NO) number grid. The properties of each model
species (e.g., reactivity (kOH), volatility (C*)) are para-
meterized based on their NC and NO. The SOM has five
adjustable parameters that govern the oxidation chemistry and
thermodynamic properties of the model species: (i−iv) pf,1−
pf,4, the yields of four functionalized products that add one,
two, three, and four oxygen atoms to the carbon backbone,
respectively; (v) ΔLVP, the decrease in the C* of the model
species per addition of an oxygen atom. We did not model
fragmentation reactions because O3 was the only oxidant
present in the chamber experiments. The TOMAS model
tracks the evolution of the aerosol number distribution and
species-resolved mass distribution and simulates kinetic
condensation/evaporation and coagulation. New particle
formation in the nucleation experiments was specified based
on the experimental data (Section S1 and Figure S1) and the
SOM-TOMAS model was used to simulate vapor and size-
dependent particle wall losses similar to that in previous work
(Section S2). In this work, we used 60 size sections in TOMAS
spanning dry diameters of 3−2000 nm.
Reaction intermediates formed during α-pinene ozonolysis

(i.e., peroxy radicals) can autooxidize under low NOx
conditions to rapidly form highly oxygenated organic
molecules (HOM).37 HOM have extremely low C* values
(<10−4 μg m−3) and high O/C ratios (∼1) and are known to
contribute to new particle formation and growth.38−40 To
account for this, we added an autooxidation pathway to the
SOM-TOMAS model, where the α-pinene reaction with O3
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directly led to the formation of HOM with a fixed molar yield
( fHOM) and a C* of 10−4 μg m−3; species with volatilities this
low are effectively nonvolatile. Based on the work of Jokinen et
al.,39 we used a molar yield of 3.4%, or equivalently a mass
yield of 7.9%, to model HOM formation from α-pinene
ozonolysis. We ensured that the sum of pf,1 through pf,4 and
fHOM was exactly equal to 1.
This version of the SOM-TOMAS model, which included

functionalization reactions and formation of HOMs, was
updated to account for the influence of the particle phase
state on kinetic gas/particle partitioning (Section 2.4). In this
version, the Db for the SOA was specified a priori and,
hereafter, this is referred to as the prescribed-Db version.
2.3. Endogenous-Db Model and Updates for Particle

Phase Reactions. We developed a separate endogenous-Db
version of the SOM-TOMAS model in which the Db was
calculated based on the simulated, evolving chemical
composition of SOA. The Db was calculated following the
semiempirical framework developed by Shiraiwa and co-
workers,29,41−43 the equations for which are described in the
Supporting Information (Section S3). Briefly, the molecular
weights and O/C ratios of the condensed model species were
used to estimate the glass-transition temperature (Tg) for the
model species and these Tgs were weighted by their mass
fraction to calculate the average Tg,org for the SOA mixture.
Using a fragility parameter set to 10, we estimated the viscosity
(ν) using Angell44 and then Db from ν using the fractional
Stokes−Einstein relation.45 A single time-evolving Db value
was calculated for all SOA and applied to all particle size
sections. A separate model was developed that calculated a
size-dependent Db and was used to perform sensitivity
simulations.
High-molecular-weight oligomers have been frequently

observed in SOA from α-pinene ozonolysis46,47 and are likely
to exert a strong influence on the particle phase state. To
account for the influence of oligomers on Db, we included an
oligomerization scheme in the endogenous-Db model, with
reversible oligomer formation and dissociation, characterized
by a forward reaction rate (kf, cm

3 molecule−1 s−1) and reverse
reaction rate (kr, s

−1), respectively. Only dimer formation and
dissociation were included, assumed to represent general
oligomer formation. Serving as monomers, the four function-
alized oxidation products, in all combinations, were allowed to
form dimers and we assumed that the dimers decomposed
back into the same monomer pair that the dimer was formed
from. Depending on the ΔLVP, the monomers included both
semivolatile and low-volatility species. HOM were excluded
from oligomerization reactions since there is little evidence for
HOM participating in additional particle phase reactions.37 kf
was specified and kr was treated as an adjustable parameter.
This oligomerization scheme was similar to that described in
Trump and Donahue48 and the equations are as follows

∑= · · − ·
O

t
k M M k O

d

d
i j

k

i

k j i j i j
,

f , , r ,

max

(1)

∑= · − · ·
M

t
k k M M

d

d
Oi j

i j
k

i

i j k j
,

r , f , ,

max

(2)

where M and O are the monomer and dimer concentrations in
the particle phase in molecules per cm3 of particle volume,
respectively; i and k are the species and j is the size bin. We
also calculated the first-order loss rate of the condensing

species in the particle phase to oligomerization reactions, ki,j
c

(s−1). ki,j
c is calculated assuming that the dimer mass is in

pseudo-steady state with the monomer mass

∑= · − ·k k M k
O

Mi j
k

i

k j
i j

i j
,
c

f , r
,

,

max

(3)

2.4. Representing the Influence of Particle Phase
State on Gas/Particle Partitioning. In the SOM-TOMAS
model, the influence of Db on the kinetic gas/particle
partitioning of SOA was implemented using the diffusion-
reactive framework of Zaveri et al.23 Depending on the first-
order chemical loss rate (ki,j

c ) of the model species in the
particle phase, the differential equations used to model the
condensation and evaporation of a species i, for a polydisperse
size distribution, can take on different forms. For a slow
particle phase reaction (ki,j

c < 0.01 s−1)

∑ π= − · · · − *C
t

R N K C
C

C S
d
d

4 ( )
SOA

i

j
j j i j i

i j

j
i j

g
p 2 p

,
g ,

pi

k
jjjjjj

y

{
zzzzzz

(4)

π= · · · − *
C

t
R N K C

C
C S

d

d
4 ( )

SOA
i j

j j i j i
i j

j
i j

,
p

p 2 p
,

g ,
pi

k
jjjjjj

y

{
zzzzzz (5)

where Ci
g is the gas-phase concentration of the species i in μg

m−3, Ci,j
p is the particle phase concentration of the species i in

size bin j in μg m−3, Rj
p is the radius of the particle in size bin j

in m, Nj
p is the particle number concentration in size bin j m−3,

Ki,j is the overall gas-side mass transfer coefficient for species i
in size bin j in m s−1, SOAj is the total SOA mass concentration
in size bin j in μg m−3, Ci* is the effective saturation
concentration of species i in μg m−3, and Sj is the Kelvin ratio
(Section S4). Ki,j is calculated as follows:

ρ
= +

*
K k k

C1 1 1

i j i j i j

i

, ,
g

,
p

p

i

k

jjjjjjj
y

{

zzzzzzz (6)

=
·

k
D FS

Ri j
i i j

j
,
g

g
,

p
(7)

=
−

−
k

D
R

q q

Q

coth 1

1i j
j

i j i j

i j
,
p b

p
, ,

,

i

k

jjjjjjj
y

{

zzzzzzz (8)

=q R
k

Di j j
i j

,
p ,

c

b (9)

=
−

Q
q q

q
3

coth ( ) 1
i j

i j i j

i j
,

, ,

,
2

i

k

jjjjjjj
y

{

zzzzzzz
(10)

where ki,j
g is the gas-side mass transfer coefficient for species i in

size bin j in m s−1, ki,j
p is the particle-side mass transfer

coefficient in m s−1, ρp is the SOA density in kg m−3, FSi,j is the
Fuchs−Sutugin correction factor (Section S4), qi,j is a unitless
diffusion-reaction parameter for species i in size bin j, and Qi,j is
the ratio of the average bulk concentration of species i to its
concentration at the particle surface at steady state for size bin
j. We should note that eq 8 shows the formulation of ki,j

p for a
well-mixed particle where diffusion of the condensing species
occurs across the entire particle radius. However, to simulate
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the seeded experiments, we derived an updated formula for ki,j
p

where the diffusion of the condensing species occurred across
an organic shell around an ammonium sulfate core (derivation
in Section S5). For a fast particle phase reaction (ki,j

c > 0.01
s−1)

∑ π= − · · · − *C
t

R N k C
C

Q
C S

d
d

4 ( )
SOA

i
g

j
j j i j i

i j

j i j
i j

p 2 p
,
g g ,

p

,

i

k

jjjjjjj
y

{

zzzzzzz
(11)

π= · · · − *
C

t
R N k C

C

S Q
C S

d

d
4 ( )

OA
i j
p

j j i j i
g i j

j i j
i j

, p 2 p
,
g ,

p

,

i

k

jjjjjjj
y

{

zzzzzzz (12)

For a liquidlike aerosol when Db is greater than 10−10 cm2

s−1, eqs 4, 11 and 5, 12 resemble the condensation/evaporation
equation expressed in the continuum regime.49

2.5. Simulations. The following three sets of simulations
were performed to constrain the Db of the SOA formed from
α-pinene ozonolysis. First, the SOM parameters (pf,1−4 and
ΔLVP with f HOM = 3.4%) were fit to reproduce the time-
varying SOA mass concentrations in the nucleation experi-
ments for a prescribed-Db value, that ranged between 10−6 and
10−19 cm2 s−1. Predictions of the SOA O/C and particle size
distribution from these simulations were compared with
measurements. Second, to determine an optimal fit, the
SOM parameters (pf,1−4 and ΔLVP with fHOM = 3.4%) and
Db were fit to simultaneously reproduce the time-varying SOA
mass concentrations and particle size distribution in the
nucleation experiments. Third, using the optimal SOM
parameters determined in the second set of simulations, we
simulated the nucleation experiments using the endogenous-Db
model. kf was fixed at either 10−24 cm3 molecule−1 s−1 (faster
reaction) or 10−25 cm3 molecule−1 s−1 (slower reaction), and kr
was adjusted to reproduce the time-varying SOA mass
concentrations. In essence, we determined a kf−kr pair to
optimize oligomer formation that then approximately
produced the same Db as that determined in the optimal fit.
Finally, the endogenous-Db model was used to study the
impact of a size-dependent Db on the evolution of the particle
size distribution. For the first two sets, the simulations and
their evaluations were done separately for the 100 and 500

ppbv O3 experiments. The first set was also applied to simulate
SOA formation in the seeded experiments. All model
predictions were compared to measurements for the
suspended aerosol since the model inherently accounted for
size-dependent losses of particles and losses of vapors to the
chamber walls.

3. RESULTS

Results from application of the prescribed-Db version of the
SOM-TOMAS model to the α-pinene ozonolysis nucleation
experiment with 500 ppbv O3 are presented in Figure 1. A
unique set of SOM parameters (pf,1−4 and ΔLVP with f HOM =
3.4%) was developed for each prescribed-Db that reproduced
the time-varying SOA mass concentrations (Figure 1a; solid
lines); the SOM parameters from these fits are tabulated in
Table S2. However, the use of different Db values produced a
significantly different evolution of the particle number size
distribution. In Figure 1b, we compare the predicted and
measured number size distribution at 3 h after the start of the
ozonolysis experiment. The simulations showed that the use of
a higher Db (>10

−14 cm2 s−1) produced a broader distribution
while a lower Db (<10−15 cm2 s−1) produced a narrower
distribution. As the Db values were varied between 10−14 and
10−15 cm2 s−1, the simulations produced a distribution that
progressively transitioned between the broad and narrow
number size distributions observed at the two extremes (Figure
S2). These results can be explained by understanding the size-
resolved dynamics of SOA condensation that changed with the
different prescribed-Db values.
Smaller particles exhibit shorter timescales for bulk particle

phase diffusion and hence condensation of SOA onto
nucleation and Aitken mode sizes was not significantly affected
by changes in Db. For instance, for a 10 nm particle, τdiff varies
between 2.5 and 25 s for Db values between 10−14 and 10−15

cm2 s−1, respectively. In contrast, larger particles exhibit longer
timescales for bulk diffusion, which resulted in accumulation of
the species at the particle surface and limited additional
condensation for accumulation mode particles with the use of a
lower Db. For a 200 nm particle, τdiff varies between 17 min
and 3 h for Db values between 10−14 and 10−15 cm2 s−1,
respectively. Furthermore, the use of a lower Db resulted in

Figure 1. Results from the SOM-TOMAS model for (a) SOA mass concentration, (b) number size distribution at 3 h, and (c) O/C ratio
compared to measurements for a range of prescribed-Db (cm

2 s−1) values. Results are for the 500 ppbv O3, nucleation experiment. The dashed red
line shows model predictions from the optimal fit when constrained to both the SOA mass concentration and number size distribution. The O/C
data are only shown 30 min after the start of the experiment because the O/C measurements are fairly uncertain in the first 30 min when the SOA
mass concentrations are quite low. The gray bands in (b) and (c) depict ± 1σ.
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enhanced formation of lower-volatility species, which were
necessary to reproduce the observed SOA formation under
bulk diffusion limitations (Figure S3). Lower-volatility species,
regardless of the Db, condense irreversibly on all particle sizes
with the diameter growth rate having no dependence on
particle size in the kinetic regime and slowing with increasing
size in the transition regime. Overall, a lower Db resulted in a
relatively faster diameter growth rate for the smaller particles
compared to the larger particles and this produced the distinct
number size distributions shown in Figure 1b. This finding is
generally consistent with previous theoretical and experimental
studies that have observed a similar narrowing in the number
size distribution with the use of a lower Db and/or lower C* of
the condensing species.17,18,23,26,50−52

The prescribed-Db simulations indicated that a Db value
between 10−15 and 10−14 cm2 s−1, a range that reflects a
semisolid particle phase state, might reproduce the observed
evolution in the number size distribution. When the SOM-
TOMAS model was used to fit both the SOM and Db to the
time-varying SOA mass concentrations and number size
distribution, the fitting produced a Db of 3.4 × 10−15 cm2

s−1; model predictions based on this fit are shown as a dashed
red line in Figure 1. Similar comparisons as shown in Figure 1b
at other times (e.g., 0.5, 1, and 5 h) are presented in the
Supporting Information(Figure S4), and these support the
findings presented here.
Simulations based on parameters for the different Db values

did not seem to produce large differences in the SOA O/C
ratio (Figure 1c), and the predictions were well within the
bounds of the measurements. Model predictions with Db
values equal to or smaller than the optimal value (3.4 ×
10−15 cm2 s−1) reproduced the general trend in the observed
SOA O/C ratio: an initial decrease and a gradual flattening
over time. We concluded that the SOA O/C data did not
contain information that could be used to constrain the Db
further and hence the O/C data were not used as part of the
fitting process. However, model predictions of the SOA O/C
were found to be sensitive to HOM production. Simulations
performed without the formation of HOM, but with fits that
reproduced the time-varying SOA mass concentrations,

resulted in an average SOA O/C of 0.39 between 2 and 5 h.
Although still within the uncertainty range in the measure-
ments, this was lower than the mean measured SOA O/C of
0.44 during the same time period. This suggests the need for
HOM to be explicitly accounted for in models to ensure
accurate predictions of SOA O/C.
Previous work has found that condensation of lower-

volatility material (C* < 10−4 μg m−3), including HOM, can
produce a similar narrowing in the particle size distribu-
tion,3,25,26 as seen in Figure 1b with the use of a lower Db. We
investigated if the observations could only be explained by the
production of low-volatility material (HOM in this case), but
assuming a liquidlike SOA. For a Db of 10−6 cm2 s−1, we
determined SOM parameters (pf,1−4, ΔLVP) for several
predefined values of f HOM (3.4, 7, 10, and 20%) that
reproduced the time-varying SOA mass concentrations. We
found that while an increase in the production of HOM
produced slight variations in the number size distribution at 3
h, none of the model predictions compared well with the
observations (Figure S5). Further, the use of a larger fHOM
resulted in a relatively weaker comparison for the SOA mass
concentration and O/C ratio. For the largest f HOM (20%), the
model formed SOA too rapidly and overpredicted the SOA O/
C. These simulation results suggest that the SOA volatility was
much less influential than the phase state in controlling the
evolution of the particle size distribution and provided further
evidence that α-pinene-derived SOA was semisolid with a Db
between 10−14 and 10−15 cm2 s−1.
In Figure 1, we chose not to present results from simulations

performed with Db values between 10−6 and 10−14 cm2 s−1

because the model predictions for SOA mass concentration
and number size distribution were nearly identical for any Db
between those bounds. Differences in model predictions of the
number size distribution started to appear at Db values lower
than 10−14 cm2 s−1. While the literature has defined organic
material with a Db of 10

−14 cm2 s−1 and up to a Db of 10
−10 cm2

s−1 as semisolid,53 these Db values appeared to mimic the
model response with a Db strictly in the liquid range (>10−10

cm2 s−1). This result suggests that the SOA condensation in
nucleation experiments may not necessarily be limited by the

Figure 2. Results from the endogenous-Db version of the SOM-TOMAS model for (a) SOA mass concentration, (b) number size distribution at 3
h, and (c) O/C ratio compared to measurements. (d) Model predictions of the time-varying Db. Results are for the 500 ppbv O3, nucleation
experiment. Both the slower-reacting (orange lines) and faster-reacting (purple lines) cases use the SOM parameters from the optimal Db fit in
Figure 1 (pf,1−4, ΔLVP, f HOM = 3.4%) but with different oligomer formation and dissociation rates. The O/C data are only shown 30 min after the
start of the experiment because the O/C measurements are fairly uncertain in the first 30 min when the SOA mass concentrations are quite low.
The gray bands in (b) and (c) depict ± 1σ.
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particle phase state even when the SOA Db is near the upper
end (10−10−10−14 cm2 s−1) of the semisolid range (10−10−
10−18 cm2 s−1). The “critical” Db where the number size
distribution evolution began to change (10−14 cm2 s−1, in this
case) was likely to be lower in the nucleation experiment
because the kinetics of SOA condensation was primarily driven
by growth of nucleation and Aitken mode particles that are less
susceptible to the effects of bulk diffusion. If the experiments
were to be performed with absorbing seed particles in the
accumulation mode that had the same Db as the condensing
SOA, the critical Db would have very well been much higher
(>10−14 cm2 s−1).
The SOM-TOMAS model was applied to another α-pinene

ozonolysis nucleation experiment performed at lower initial O3
concentrations (100 ppbv; Figure S6). The findings from this
application were very similar to those discussed above and an
optimal Db of 4.4 × 10−15 cm2 s−1 was determined based on
simultaneously fitting the SOA mass concentration and the
evolution of the number size distribution. We explored the
sensitivity in the optimal Db by performing simulations and fits
with the vapor wall loss rate, size-dependent particle wall loss
rate, and f HOM, all doubled and halved. This sensitivity analysis,
presented in Figures S7−S9 for the 500 ppbv O3 experiment,
suggested that the optimal Db was tightly constrained between
1.4 × 10−15 and 7.1 × 10−15 cm2 s−1 for the uncertainty in
these three inputs.
The technique used to constrain Db in the nucleation

experiments did not work with the seeded experiments due to
the invariability in the predicted number size distribution with
different prescribed-Db values. We attributed this to the
relatively uniform SOA coating thickness around the
ammonium sulfate core in these particular seeded experiments.
The simulation results are shown in Figures S10−S12, and the
results are described in Section S6.
The results from application of the endogenous-Db version

of the SOM-TOMAS modelwhere Db was calculated from
predictions of the SOA compositionto the α-pinene
ozonolysis nucleation experiment with 500 ppbv O3 are
presented in Figure 2. To note, we used the optimal SOM
parameters from Figure 1 and determined a kf−kr pair that
reproduced the time-varying SOA mass concentrations. This,
in essence, optimized the oligomer production to approx-

imately reproduce the same SOA Db as the optimal Db
identified in Figure 1.
The fitting resulted in kr values of 1.1 × 10−3 s−1 and 1.6 ×

10−2 s−1 for the slower and faster oligomerization schemes,
respectively, and produced very similar predictions in the SOA
O/C (Figure 2c) that agreed well with the measurements.
Increasing the kf to values larger than 10−24 cm3 molecule s−1

produced too low of an initial Db (<10
−19 cm2 s−1) from a large

oligomer fraction to condense any oxidation products apart
from the HOM. A kf value lower than 10−25 cm3 molecule s−1

(and down to ∼0) produced too high of an initial Db (>10
−13

cm2 s−1) from very few oligomers to agree with the evolution
in the number size distribution. The model-measurement
comparison for the SOA mass concentration and the number
size distribution seemed to bound the kf−kr ranges, which were
generally found to be consistent with those reported in the
literature.54−56 The oligomer mass concentrations and
temporal profiles were consistent between the slower and
faster schemes and the oligomers were between 15 and 21% of
the total SOA by the end of the experiment. This oligomer
mass fraction, although slightly on the lower side, was
consistent with previously measured oligomer fractions in α-
pinene ozonolysis SOA in chamber and flow tube experiments
(30−75%).18,46 In contrast to the results shown in Figure 1,
where Db was prescribed and remained constant throughout
the experiment, Db, shown in Figure 2d, changed with time but
remained between 10−15 and 10−14 cm2 s−1. The average
model-predicted Db values during the first two hours of the
simulations were 2.4 × 10−15 and 1.5 × 10−15 cm2 s−1 for the
slower and faster oligomerization schemes, respectively. In
summary, by knowing the SOA Db from earlier simulations and
using the semiempirical approach proposed by Shiraiwa and
co-workers,29,41−43 we were able to constrain the formation of
high-molecular-weight oligomers that were contributing to the
semisolid phase state of SOA. This finding would need to be
validated in the future with explicit measurements of oligomers
in SOA.
Additional simulations were performed with the size-

dependent, endogenous-Db model to study its impacts on
SOA formation and the particle size distribution; the
simulation results are shown in Figure S13. For the kf−kr
pairs that reproduced the SOA mass concentrations, we found
that these simulations failed to reproduce observations of the

Table 1. Estimates of Db from This Work Compared to Historical Estimates under Dry Conditions for α-Pinene-Derived
SOAa

reference oxidant SOA formed in RH (%)
max. SOA mass conc.

(μg m−3) Db (cm
2 s−1) Db estimated using

this work O3 13 m3 chamber at <5%
RH

<5 60−80 1−7 × 10−15 evolution of the particle size
distribution

Zaveri et al.18 OH 10.6 m3 chamber at
32% RH

32 110 2.5 × 10−15 growth of SOA on different sized
particles

Abramson et al.19 O3 0.1 m3 chamber at
∼0% RH

∼0 NMb 2.5 × 10−17 evaporation of pyrene trapped inside
SOA

Zhou et al.20 O3 flow tube at <5% RH ∼0 NMb 2 × 10−14 oxidation of benzo[a]pyrene trapped
inside SOA

Renbaum-Wolff et
al.11

O3 flow tube at <5% RH 0−30 50 <10−17 flow properties of large SOA particles

Pajunoja et al.13 O3 6 m3 chamber at 35%
RH

<20 3−15 >3 × 10−21 coalescence time of individual
particlesOH <3 × 10−21

Zhang et al.14 O3 flow tube at <5% RH <5 70 6 × 10−18 change in particle shape factor
Grayson et al.16 O3 flow tube at <5% RH 0.5 14 000 2 × 10−15−7 × 10−14 flow properties of large SOA particles

chamber at <5% RH 0.5 121 6 × 10−17−5 × 10−15

aWhen not directly available, the Db was estimated from the viscosity using the Stokes−Einstein equation. bNM = not mentioned.
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particle size distribution. For the slower kf simulation, the size-
dependent Db favored SOA condensation onto smaller particle
sizes and resulted in a very narrow particle size distribution.
For the faster kf simulation, the SOA seemed to condense on
all sizes to produce a very broad particle size distribution.
Although the slower and faster kf simulations might give the
impression that they bound the model’s particle size
distribution response, the model responded nonlinearly to all
intermediate kf and kr values (not shown) with the actual
response being sensitive to the size- and time-dependent
HOM, monomer, and dimer composition. In this work, we
were unable to model the size-dependent Db while reconciling
both the mass and size distribution measurements. Future
work, informed by more recent studies,63,64 should aim to
study this aspect in more detail.

4. DISCUSSION
We used a chemistry, thermodynamics, and microphysics
model to simulate the formation of fresh SOA formed from α-
pinene ozonolysis in two nucleation experiments.28 We
discovered that we were able to explain the SOA production
and the evolution in the particle size distribution only if we
assumed a semisolid SOA with a Db between 1 × 10−15 and 7
× 10−15 cm2 s−1. This Db was compared with historical Db
values estimated for α-pinene-derived SOA formed and/or
sampled under dry conditions (RH < 30%) in Table 1. The Db
range estimated in this work agreed with the value estimated
by Zaveri et al.18 (2.5 × 10−15 cm2 s−1) who used a similar
thermodynamic approach to constrain Db, based on the
varying growth rates observed for particles of different sizes.
However, the Db values in our work were found to be near the
upper end of the observational range in Table 1 (10−21−10−14
cm2 s−1), which was primarily inferred from measurements of
viscosity. Furthermore, the Stokes−Einstein equation that
allows for calculation of Db from viscosity has been shown to
underestimate Db for highly viscous material.45 Hence, our
work tentatively suggests that the Db for α-pinene-derived SOA
inferred from the thermodynamic behavior might be much
larger than that estimated in the literature based on its
viscosity. While we demonstrate a novel technique to constrain
Db using historical chamber data, additional work is needed to
reconcile the large differences in Db and viscosity previously
observed for this model system. Future work to constrain the
particle phase state could be further complicated by recent
observations of liquid−liquid phase separation at high relative
humidity43 and the formation of surface crusts with chemical
aging.6

Water uptake at subsaturated and more atmospherically
relevant conditions is known to have a plasticizing effect57 that
has been shown to dramatically alter the phase state of
SOA.15,58,59 Water vapor can also influence the oxidation
chemistry to change the molecular composition of SOA and
thus its phase state.12 In two recent papers that compiled phase
state data for SOA from different precursors,10,29 a change in
RH from <5 to ∼90% decreased the SOA viscosity by 7−10
orders of magnitude. DeRieux et al.29 showed that the
semiempirical framework used in this work to calculate
viscosity from the SOA composition was generally able to
reproduce the observed changes in viscosity with RH for SOA
derived from α-pinene, isoprene, and toluene. The Db for α-
pinene-derived SOA was estimated in this work based on
chamber experiments performed under dry conditions (RH <
5%). Hence, the models developed in this work, including the

endogenous-Db version, need to be used to explore the phase
state of SOA in experiments performed under wet conditions.
Since particle size distribution data are routinely collected
during laboratory experiments, our methods could easily be
extended to historical unseeded data and potentially to seeded
data.
The phase state has also been shown to affect the kinetics of

SOA evaporation when perturbed with dilution, heating, or
removing vapors in equilibrium with the SOA.21,22,46−48,60 To
study the kinetics of SOA evaporation, we performed
additional simulations with the SOA found at the end of the
nucleation experiments. In these evaporation simulations, we
instantaneously removed any vapors in the simulated chamber
(but not particles) and studied the multihour evolution of the
remaining SOA with the SOM-TOMAS model, where the Db
was prescribed (3.4 × 10−15 cm2 s−1) and or calculated
endogenously from the chemical composition. The results
from these simulations are shown in Figure 3, where we

compare the normalized evolution of remaining SOA volume
with historical data for SOA studies under dry conditions
(different experiments than used for our simulations).22,47 The
model with the prescribed-Db overestimated both the rate and
net loss of SOA while the endogenous models appeared to
bracket the observational range. As the Db value for the SOA
was roughly similar between all three simulations, these results
suggest that models need to account for oligomers, in addition
to representing the phase state and volatility distribution
accurately, to reproduce the observed evaporation kinetics.
Furthermore, this supports the general approach used in this
work to first determine a Db using a prescribed-Db model and
then using an endogenous-Db model to constrain oligomer
formation and dissociation. It is important to note that the
SOA observations in Figure 3 were collated from several
different studies with substantial differences in experimental
details. Regardless, observations of the evaporation of SOA
with dilution or heating could provide additional constraints
on the SOA composition and properties when used in
conjunction with detailed process-based models.61

Particle phase state is rarely, if at all, explicitly accounted for
in aerosol modules present in atmospheric models to simulate
the formulation and evolution of SOA or organic aerosol. This
work suggests that a semisolid SOA, which is likely to be

Figure 3. Simulated evaporation of the end-of-experiment SOA for
the SOM-TOMAS model with Db = 3.4 × 10−15 cm2 s−1 and the
endogenous-Db version of the model with slower and faster
oligomerization rates. The observational range is adapted from the
following studies: Sato et al.,47 Grieshop et al.,60 Vaden et al.,21 Yli-
Juuti et al.,22 and D’Ambro et al.46
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encountered at higher latitudes and altitudes,41 can have
substantive effects on the evolution of the aerosol size
distribution and subsequently exert an influence on aerosol−
climate and aerosol−health interactions. We advocate for an
explicit treatment of particle phase state in atmospheric
models.
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(37) Bianchi, F.; Kurteń, T.; Riva, M.; Mohr, C.; Rissanen, M. P.;
Roldin, P.; Berndt, T.; Crounse, J. D.; Wennberg, P. O.; Mentel, T. F.;
Wildt, J.; Junninen, H.; Jokinen, T.; Kulmala, M.; Worsnop, D. R.;
Thornton, J. A.; Donahue, N.; Kjaergaard, H. G.; Ehn, M. Highly
Oxygenated Organic Molecules (HOM) from Gas-Phase Autoxida-
tion Involving Peroxy Radicals: A Key Contributor to Atmospheric
Aerosol. Chem. Rev. 2019, 119, 3472−3509.
(38) Ehn, M.; Thornton, J. A.; Kleist, E.; Sipila,̈ M.; Junninen, H.;
Pullinen, I.; Springer, M.; Rubach, F.; Tillmann, R.; Lee, B.; Lopez-
Hilfiker, F.; Andres, S.; Acir, I.-H.; Rissanen, M.; Jokinen, T.;
Schobesberger, S.; Kangasluoma, J.; Kontkanen, J.; Nieminen, T.;
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Lehtipalo, K.; Makhmutov, V.; Mathot, S.; Molteni, U.; Onnela, A.;
Perak̈yla,̈ O.; Piel, F.; Petaj̈a,̈ T.; Praplan, A. P.; Pringle, K.; Rap, A.;
Richards, N. A. D.; Riipinen, I.; Rissanen, M. P.; Rondo, L.; Sarnela,
N.; Schobesberger, S.; Scott, C. E.; Seinfeld, J. H.; Sipila,̈ M.; Steiner,
G.; Stozhkov, Y.; Stratmann, F.; Tome,́ A.; Virtanen, A.; Vogel, A. L.;
Wagner, A. C.; Wagner, P. E.; Weingartner, E.; Wimmer, D.; Winkler,
P. M.; Ye, P.; Zhang, X.; Hansel, A.; Dommen, J.; Donahue, N. M.;
Worsnop, D. R.; Baltensperger, U.; Kulmala, M.; Carslaw, K. S.;
Curtius, J. Ion-Induced Nucleation of Pure Biogenic Particles. Nature
2016, 533, 521−526.
(41) Shiraiwa, M.; Li, Y.; Tsimpidi, A. P.; Karydis, V. A.; Berkemeier,
T.; Pandis, S. N.; Lelieveld, J.; Koop, T.; Pöschl, U. Global
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