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Atmospheric aerosols exert a substantial influence on climate,
ecosystems, visibility, and human health. Although secondary
organic aerosols (SOA) dominate fine-particle mass, they comprise
myriad compounds with uncertain sources, chemistry, and interac-
tions. SOA formation involves absorption of vapors into particles,
either because gas-phase chemistry produces low-volatility or semi-
volatile products that partition into particles or because more-
volatile organics enter particles and react to form lower-volatility
products. Thus, SOA formation involves both production of low-vola-
tility compounds and their diffusion into particles.Most chemical trans-
port models assume a single well-mixed phase of condensing organics
and an instantaneous equilibrium between bulk gas and particle
phases; however, direct observations constraining diffusion of semi-
volatile organics into particles containing SOA are scarce. Here we
perform unique mixing experiments between SOA populations includ-
ing semivolatile constituents using quantitative, single-particle mass
spectrometry to probe any mass-transfer limitations in particles con-
taining SOA. We show that, for several hours, particles contain-
ing SOA from toluene oxidation resist exchange of semivolatile
constituents at low relative humidity (RH) but start to lose that
resistance above 20% RH. Above 40% RH, the exchange of ma-
terial remains constant up to 90% RH. We also show that dry
particles containing SOA from α-pinene ozonolysis do not ap-
pear to resist exchange of semivolatile compounds. Our inter-
pretation is that in-particle diffusion is not rate-limiting to mass
transfer in these systems above 40% RH. To the extent that these
systems are representative of ambient SOA, we conclude that dif-
fusion limitations are likely not common under typical ambient
boundary layer conditions.
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Different types of organic aerosols can phase-separate, most
notably nonpolar primary organic aerosol (POA) and rela-

tively polar secondary organic aerosols (SOA). Asa-Awuku et al.
(1) reported limited miscibility between motor oil POA and SOA
derived from β-caryophyllene, and Robinson et al. (2) showed
that particles of squalane POA and SOA derived from toluene
photooxidation persisted as an external mixture for more than
3 h after being combined into a single well-mixed Teflon cham-
ber. Theory supports high activity coefficients for these dissimilar
mixtures (3), yet detailed calculations of phase partitioning
thermodynamics suggest that, at least within a single more or less
similar type (e.g., α-pinene SOA), the constituents are well mixed
over a broad relative humidity (RH) range (4).
Even if thermodynamics favors a single, relatively ideal organic

phase, diffusive limitations within particles may impede mixing driven
by absorption and heterogeneous chemistry. So-called “glassy” or-
ganic aerosols associated with highly viscous states were first consid-
ered in the context of water uptake into particles at low temperature
in the free troposphere (5). Much of the research into viscous organic
particles has been based on rheological properties, specifically, direct
measurements of their viscosity or their tendency to bounce. Virtanen
et al. (6) reported that SOA formed from biogenic precursors
adopt an amorphous solid state based on particle bounce in an

aerosol impactor. Power et al. (7) measured viscosity of aerosol
particles according to their relaxation time after being induced to
coalesce. Renbaum-Wolff et al. (8) and Song et al. (9) examined
supermicron SOA samples using the mobility of embedded tags
and poke-flow measurements to determine the viscosity of SOA
formed from α-pinene and toluene over a wide humidity range.
However, highly viscous states can span orders of magnitude in
terms of diffusivity in the condensed phase (10), and thus the
mere presence of a viscous or semisolid state provides limited
information on diffusivity, the property that control the time-
scales for uptake of semivolatile organic vapors into particles.
Some more direct measurements of mass transfer among par-

ticles containing SOA have been reported. Abramson et al. (11)
derived chemical diffusion by trapping large hydrophobic mole-
cules inside particles containing SOA. Perraud et al. (12) reported
that, under extremely dry conditions, the adsorbed organic nitrates
became buried in SOA particles. However, they did not rule out
the possibility that the “trapped” species reacted with the SOA
and thus remained in the condensed phase. Bones et al. (13) and
Price et al. (14), using optical tweezers, explored the limitation of
water transport in aerosols containing organic materials. Li et al.
(15) inferred liquid to nonliquid state transition of particles con-
taining SOA by looking at ammonia reactive uptake. However,
water and ammonia are very different from semivolatile organic
vapors (SVOC) produced during SOA formation in terms of
molecular size and reactivity, and thus, presumably, diffusivity.
Evaporation is another potential probe of diffusion limita-

tions. For instance, Vaden et al. (16) found that SOA evapora-
tion is slower than predicted by a dynamical model, and also that
coatings inhibit evaporation, and concluded that particles con-
taining SOA do not exist in a liquid state. However, Saleh et al.
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(17) used a sudden temperature jump to induce a small diameter
change in particles containing SOA derived from α-pinene and
reported that particles reequilibrated with a timescale less than
tens of minutes, which indicated an effective mass accommodation
coefficient α> 0.1. This finding highlights a challenge. At least
three interconnected factors can influence evaporation behavior:
diffusion limitations within particles, mass accommodation at the
particle surface, and the volatility itself. Furthermore, interactions
among these factors have important implications for the dynamics
of SOA particle populations (18, 19).
Although glassiness can inhibit water uptake into particles,

water can also soften particles containing SOA by lowering the
glass transition temperature of the mixture (20). Studies have
shown that increased humidity can change particles containing
SOA from highly viscous semisolids to liquids (8, 18), with derived
diffusion constants increasing by more than eight orders of mag-
nitude. However, the extent to which low diffusivity in particles
containing SOA actually inhibits vapor absorption—the ability of
particles to take up vapors when they are exposed to semivolatile
compounds—remains underexplored and highly uncertain.
Our first goal is to test whether diffusivity of SVOC in some

particles containing SOA can be low enough to inhibit semivolatile
organic vapor absorption into the particles, but also whether water
(humidity) can increase that diffusivity by plasticizing highly vis-
cous particles. Our second goal is to determine the relative hu-
midity where any diffusion barrier subsides. Our third goal is to
measure the fraction of common SOA types that is functionally
semivolatile, meaning that vapors can exchange between different
particles in several hours or less at atmospherically relevant con-
centrations. We use the timescale and extent of vapor exchange to
infer diffusivity, observed by the change in chemical composition
of distinct particle compositions brought into the same volume,
which we refer to as “contact” in the figures. Using experiments
employing isotopically labeled external mixtures described by
Robinson et al. (21), we focus on the vapor sorption behavior of
particles containing SOA generated by photooxidation of toluene
and ozonolysis of α-pinene, which are commonly used as repre-
sentative precursors for anthropogenic and biogenic SOA, re-
spectively. Single-particle mass spectral measurements allow us to
distinguish the aerosol sample after two populations have been
brought together in the same chamber and to quantitatively assess
the degree of semivolatile exchange between those populations.
This exchange is the fundamental process governing the approach
to equilibrium in aerosol populations (22), so these experiments
directly measure that equilibration.

Results
We performed experiments probing the vapor exchange of SOA
(O:C ≈ 0.6, modal mobility diameter between 300 nm and
600 nm) derived from oxidation of H8 toluene (H-toluene SOA)
and D8 toluene (D-toluene SOA) at various RH and 22° C. We
prepared one toluene SOA population in a 10 m3 chamber (the
“chamber” population) and another in a 100-L sampling bag (the
“probe” population), illustrated in Fig. S1. We subsequently
combined the two populations in the chamber and explored their
mixing behavior using a light-scattering single-particle aerosol
mass spectrometer (LSSP-AMS; Aerodyne Inc.) (23). After com-
bination, the chamber particle population had a suspended mass
concentration of ∼100 μg·m−3, and the probe population had a
mass concentration of ∼40 μg·m−3. We collected single-particle
data at unit mass resolution and will discuss signals at a given mass
to charge ratio, where sx is the raw signal at m/z = x. Fig. 1 shows
results from the single-particle mode, and Fig. S2 shows time se-
quence data from bulk measurements.

Toluene SOA Mixing in a Dry Chamber. We first present an exper-
iment conducted under continuously dry conditions (the cham-
ber RH remained less than 7% throughout the experiment). We

show time sequences from AMS bulk measurements of H-tolu-
ene SOA, D-toluene SOA, and their unique fragment signals
(s43, mostly C2H3O

+, and s46, mostly C2D3O
+) in Fig. S2A and

the SOA mass spectra in Fig. S3. We produced the H-toluene
SOA in the main chamber, and, at time = 0, we transferred
D-toluene SOA produced in the sampling bag (the probe pop-
ulation) into the main chamber.
In Fig. 1A, we show the analysis of each particle in this dry

experiment. For the 2.5 h following combination of the two pop-
ulations into the same experimental volume, most of the particles
have deuterium content near unity or zero, meaning the large
majority of particles remain either mostly deuterated or mostly
hydrogenated. As we describe in Materials and Methods, the ap-
proximate deuterium content is fD = s46=ðs43 + s46Þ. Using fD as a
numerical filter, we separate the individual particle mass spectra
into two groups: particles that were originally pure H-toluene
SOA and particles that were originally pure D-toluene SOA. We
then add the spectra in 30-min bins, which gives sufficient signal
for quantitative analysis. After this step, we calculate the mass
percentage of the probe material (in this case, the D-toluene
SOA) in both the chamber and probe populations, which we
plot with connected, closed circles in Fig. 1. These aggregated
values inform our quantitative assessment (SI Materials and
Methods).
During the dry experiment, we transferred the D-toluene SOA

probe particles (a minor constituent) into the main chamber con-
taining H-toluene SOA (particles and vapors). Those probe par-
ticles sorbed some vapors from the H-toluene SOA, stabilizing at
less than 10% H content immediately after being injected into the
main chamber. The H-toluene SOA chamber particles remained
completely devoid of D-toluene SOA throughout the experiment.
Note that, if the small amount of mixing were due to coagulation,
we would expect to observe the reverse effect, where relatively high
concentrations of the newly introduced D-toluene SOA probe
particles could potentially strike some (already highly dilute)
H-toluene SOA particles; there is no sign of this, and thus we
conclude that a small fraction of H-toluene SOA vapors absorbed
or adsorbed onto the D-toluene particles. However, after this small
initial uptake, there was no further exchange of vapors between the
two populations; they remained chemically distinct from each other
with essentially constant composition thereafter.
Because we generated the two SOA populations from identi-

cal precursors (except that one is isotopically labeled), they
should be completely miscible thermodynamically. Thus, the
evident lack of mixing could have two causes: high viscosity (low
diffusivity) in the particles or simply a dearth of semivolatile
vapors available for exchange. Robinson et al. (21) previously
showed, in a procedurally identical mixing experiment of SOA
derived from toluene and α-pinene (with α-pinene SOA as the
probe population), that vapors from toluene SOA substantially
infiltrated α-pinene SOA particles (Fig. S4), with those particles
reaching a 35% toluene SOA mass fraction promptly after en-
tering the main chamber at RH less than 5% (21). This indicates
that the toluene SOA aerosol produced in the main chamber
included semivolatile vapors that would have sorbed into the
probe particles if possible. The 10% sorption of semivolatiles to
the probe particles in the dry chamber may have been surface
adsorption or may reveal limited diffusion into a thin disrupted
surface layer. However, at least 3 times more material can sorb
into the probe particles at higher RH. Therefore, the lack of
mixing is likely due to low diffusivity in particles comprised of
toluene SOA.

Toluene SOA Mixing in Damp, Moist, and Wet Chambers. Next we
present experiments conducted at elevated RH. We performed
exactly the same mixing experiments described in Toluene SOA
Mixing in a Dry Chamber, but, shortly after bringing the two SOA
populations into contact, we raised the chamber RH to different
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levels by adding water vapor to the chamber. We show the bulk data
in Supporting Information. In Fig. 1 B–D, we show single-particle
data from experiments in a damp chamber with 20% RH, a moist
chamber with 43% RH, and a wet chamber with up to 90% RH,
respectively. Similar to the dry-chamber case, in the wet-chamber
experiment, we used D-toluene SOA particles as the probe pop-
ulation; however, in the damp-chamber and moist-chamber cases,
we used H-toluene SOA as the probe particles so that we obtained
“blank” spectra at t< 0 h for both SOA populations.
In Fig. 1B, we see the onset of slow vapor exchange in the damp

chamber. The probe population started to progressively absorb va-
por from the chamber population at 20% RH, indicating that even a
modest amount of water can sufficiently soften particles comprising
toluene SOA to reduce diffusion limitations within them. At 43%
RH, the probe population (H-toluene SOA) reached roughly 30%
chamber SOA content (D-toluene SOA) in about 0.5 h. The
chamber population, which remained completely pure in the dry
experiment, took up 10% of the probe material. From the data in
Fig. 1D, we see similar mixing at 43% and 90% RH. A large fraction
of the D-toluene probe particles gained a significant fraction from
H-toluene SOA, reaching roughly 30% H-toluene SOA content

after 3 h, and, concurrently, the chamber particles absorbed ∼10%
probe SOA content.
In Fig. 2, we show the extent of mixing in the two populations

2.5 h after water injection as a function of RH. The pink and gray
stars correspond to the stars in Fig. 1. This graph shows that
mixing after 2.5 h becomes facile between 20% and 40% RH,
reaching asymptotic values above 40% RH.

Toluene SOA Mixing with α-Pinene SOA. When Robinson et al. (21)
added α-pinene SOA to a chamber containing D-toluene SOA at
low RH, the α-pinene SOA probe particles took up a significant
fraction of D-toluene SOA; however the D-toluene SOA particles
showed no evidence of α-pinene products (Fig. S4). The rapid
absorption of toluene SOA into the α-pinene SOA probe particles
indicates two things. First, even at low RH, the toluene SOA
system contains a substantial semivolatile fraction (and thus the
reversal of accretion products after condensation is not the prin-
cipal cause of the RH dependence we observe in the toluene SOA
system). Second, unlike the toluene-derived SOA, the α-pinene-
derived SOA does not have a diffusive limitation to uptake of
semivolatile organics, even under dry conditions. However, the
question remains whether the α-pinene SOA simply did not
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Fig. 1. Light-scattering single-particle data for mixing experiments of SOA formed from H-toluene SOA and D toluene with various RH profiles. The green
curves show RH. At t = 0 h, we introduced SOA particles produced in a secondary bag (the probe population) into the main chamber prefilled with another
SOA population (the chamber population). Each symbol corresponds to a single particle, plotted according to the approximate deuterium content. The
symbol color indicates the similarity to the chamber SOA population in each experiment. There is no evidence that particle composition varies significantly
within a population; instead, the small-number statistics make individual particle signals noisy (including 0 and 100% signals). We thus aggregate signals
every 30 min to derive the probe SOA content in each particle population (y axis on the right; H-toluene SOA for B and C, and D-toluene SOA for A and D),
shown with connected symbols. The pink and gray stars represent the percentage of probe SOA content in each particle population 2.5 h after water in-
jection. (A) Dry chamber (7% RH). Particles remained mostly purely deuterated or hydrogenated with no significant mass exchange through the entire ex-
periment. (B) Damp chamber (20% RH added after particle contact). Slow mixing into probe particles and some mixing into chamber particles is evident.
(C) Moist chamber (43% RH). Rapid mixing up to a mass fraction of 0.3 in the probe particles. (D) Wet chamber (90% RH). Identical mixing to C well before
maximum RH.
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contain a significant fraction of semivolatile condensable vapors,
or whether diffusion into the toluene SOA was simply slow at low
RH. Therefore, we repeated the mixing experiment between
α-pinene SOA and toluene SOA (21), but we added water vapor
to the chamber.
In Fig. 3, we show the RH effect for this system. As with the

toluene SOA system, when RH increased, the toluene SOA
particles in the chamber absorbed a substantial fraction of
semivolatile vapors, this time from α-pinene SOA. Thus, the lack
of absorption of α-pinene SOA into toluene SOA particles
reported by Robinson et al. (21) was evidently due to low dif-
fusivity at low RH. Fig. 3 shows that the fraction of toluene SOA
in the α-pinene SOA particles reached a steady state of 20 to
30% under the same conditions as the experiments with iso-
topically labeled toluene SOA; this is slightly reduced uptake
compared with the pure toluene SOA isotopic exchange. It may
be that the α-pinene and toluene SOA systems form a slightly
nonideal solution, or this difference may be due to experimental
variability. However, this finding is broadly consistent with tol-
uene-SOA and α-pinene SOA forming a nearly ideal solution, in
agreement with Hildebrandt et al. (24).
Robinson et al. (21) observed a somewhat higher uptake of

toluene SOA vapor into particles containing α-pinene SOA (Fig.
S3), but the overall mass loading of SOA was also roughly 3
times higher in those experiments than in ours. As shown by Ye
et al. (25), the “semivolatile” fraction of SOA measured with
probe particles (in that case, polyethylene glycol) increases as
more precursor is oxidized and the activity of the semivolatile
species consequently rises. Regardless, the influence of RH on
vapor uptake by particles consisting of toluene-derived SOA is
obvious in Fig. 3.

Discussion
Presuming that these systems are completely miscible, the com-
positions of all particles should converge to a single internal
mixture. However, our observations clearly show that the pop-
ulations do not completely mix over hours, even when RH is
>90%. This lack of complete mixing could have one of two
causes: diffusion limitations within (glassy, viscous) particles or a
fraction of the SOA with very low volatility that thus does not
have time to move from one population to the other.
Low measured viscosity of toluene SOA particles at 90% RH

almost certainly corresponds to high diffusivity, allowing complete

mixing within a fraction of a second (8, 10) Furthermore, the
volatility distribution of toluene-derived SOA spans a very wide
range (26, 27). We thus conclude that the 30% mixing at elevated
RH is due to a preponderance of low-volatility material in the
toluene SOA (70% by mass) that does not have time to exchange
during these experiments. We observe the same extent of mixing
between 40% and 90% RH, where viscosity changes by five orders
of magnitude (9), and so we conclude that in-particle diffusion for
300- to 600-nm toluene SOA particles is likely not rate limiting for
mass exchange above 40% RH. However, the suppressed mixing
evident in Fig. 2 at lower RH is consistent with decreased diffu-
sivity within the drier, more viscid particles limiting mass transfer
to the bulk of the individual particles at low RH.
Semivolatile organics can partition onto Teflon chamber walls,

which can lead to an underestimation of SOA yields (28, 29). Loss
of semivolatile organics in our smaller 100-L bag could be espe-
cially significant. If some vapors were denuded from the probe
aerosol population by the high surface-area-to-volume ratio of the
100-L preparation bag, this would limit semivolatile vapors from
the probe aerosol. However, our results at elevated RH show that
our probe aerosol population did contain a significant semivolatile
fraction, because semivolatile probe material transferred, to a
significant extent, into the chamber particles. Furthermore, to the
extent that the 100-L sample preparation bag denuded some of
the semivolatile constituents from the probe aerosol population, it
is likely that this rendered the particles more glassy; the residual
material must have been less volatile, and thus some combination
of higher molecular weight and more polar, both of which increase
the glass transition temperature (20). Even in the presence of
potentially absorptive Teflon walls, our results confirm that a
significant fraction (30% or more) of the SOA constituents are
semivolatile and can move from one particle population to an-
other for several hours in our chamber.
The mixing we observe at elevated RH is consistent with the

findings of Renbaum-Wolff et al. (8), who found that, at elevated
RH, the viscosity of α-pinene SOA decreased by orders of magnitude.
Furthermore, Bateman et al. (30) observed a transition from bouncy
to sticky behavior of both α-pinene and toluene SOA at elevated RH,
consistent with a state change from a semisolid to liquid phase. We
observe the onset of mixing at 20%RH for toluene SOA. The mixing
appears to be unimpeded above 43% RH, much lower than the 70%
RH viscosity threshold (8, 30). Particles can appear to be solid or
semisolid and still have relatively rapid diffusion of semi-
volatile organics (7).
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Fig. 2. The extent of mixing for toluene-derived SOA vs. RH, 2.5 h after
water vapor injection. Extent of mixing is the mass fraction of isotopically
labeled probe material in chamber particles. The pink and gray stars corre-
spond to the stars in Fig. 1. Vapor exchange begins to occur (in 2.5 h) at 20%
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D-toluene SOA.
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We also observe a pronounced difference between toluene-
derived SOA and α-pinene-derived SOA at low RH, consistent with
the high viscosity reported by Song et al. (9). At elevated RH, in
addition to plasticizing particles containing SOA, water
could also induce chemistry or change the activity coeffi-
cients of semivolatile compounds. However, our results
suggest that the latter two effects play a minor role, because
we observed very similar extent of mixing at 43% and 90%
RH (Fig. 2). Furthermore, in the mixing experiment between
SOA from α-pinene and from toluene under dry conditions,
the α-pinene SOA takes up a substantial fraction of vapors
from toluene SOA. This indicates that diffusion plays the
leading role limiting SVOC uptake into toluene-derived
particles at low RH in our experiments. In addition, a
complementary study on similar systems measuring evapo-
ration rates from an oscillating microbalance also shows that
evaporation rates from toluene SOA are suppressed at low RH but
remain constant for α-pinene SOA, which is consistent with our
findings and inter-pretation (31).
Uptake of small molecules is also related to diffusivity. Price et al.

(14) observed diffusion of D2O into α-pinene-derived SOA discs
over a wide range of water activities and temperatures. They ob-
served low diffusivity of water only at very low temperature and
water activity; their warmest samples at 7 °C showed a minimum
diffusivity of 10−13 m2·s−1 at a water activity of 0.1, corresponding to
equilibration of order 1 s. Li et al. (15) observed a relatively sharp
transition in NH3 reactive uptake into toluene-derived SOA be-
tween 20% and 40% RH. They also observed a more gradual in-
crease in NH3 uptake into α-pinene-derived SOA between dry
conditions and 40% RH. Both experiments suggest that diffusion
limitations vanish above roughly 40% RH, and both suggest that
diffusion is somewhat slower in toluene-derived SOA than in
α-pinene-derived SOA when diffusion limitations exist. However,
the mixing experiments show little evidence for mixing limitations in
α-pinene-derived SOA under any conditions, whereas the ammonia
uptake is sensitive to RH below 30% RH. Just as with rheological
properties, reactive uptake is also not the same as phase equili-
bration, and small molecules may behave very differently from
larger semivolatile organic compounds. If anything, we would ex-
pect diffusion to be more difficult for the larger semivolatile species.
However, in α-pinene-derived SOA, we see no signs of diffusive
limitations even under dry conditions, whereas reactive uptake of
NH3 is suppressed.
The extent of mixing at high RH also constrains the volatility

distribution of the SOA. As shown in Donahue et al. (32), the
timescale for evaporation of Cp = 10 μg·m−3 compounds from
500-nm particles is roughly 1 h, so these isotopic mixing exper-
iments constrain the fraction of this SOA with Cp ≥ 10 μg·m−3,
provided that diffusion within the particles is faster than 1 h.
Compounds with Cp K 1 μg·m−3 would not exchange in K 10 h
under any circumstances. Taken together, these experiments
indicate that roughly 30% of toluene SOA is effectively semi-
volatile, with Cp ≥ 10 μg·m−3 when the total SOA loading is
roughly 30 μg·m−3. This finding indicates an effective semi-
volatile activity of 0.30 in both phases (the activity is the fraction
in the particles and the saturation ratio in the gas phase). If
the semivolatile material consisted of a single product with
Cp = 30 μg·m−3, that would imply a particle concentration of
9 μg·m−3, a vapor concentration of 9 μg·m−3 (thus the 0.30 ac-
tivity in each phase), and an equilibrium partitioning fraction
of 0.5, consistent with equilibrium partitioning theory when
Cp =COA (33). Our data also suggest that the remaining 70% of
the toluene SOA had a sufficiently low volatility to show limited
exchange in several hours. Based on the characteristic evapora-
tion timescales (32), this fraction has a volatility Cp ≤ 1 μg·m−3.

In most of the atmospheric boundary layer worldwide, the rel-
ative humidity is usually higher than our damp chamber (20% RH)
(34, 35), where diffusion limitations in particles comprising tolu-
ene-derived SOA start to subside. We observe exchange of semi-
volatile vapors into submicron particles comprising toluene-derived
SOA in 30 mins or less for RH of 40% or above. This mixing
timescale is, in most circumstances, shorter than the timescale for
significant meteorological and chemical changes in the atmo-
sphere. Therefore, diffusion limitations within particles compris-
ing SOA species comparable to those we have studied here should
not significantly hinder equilibration of semivolatile organic com-
pounds. Furthermore, this timescale is also similar to or shorter
than the time step used in many chemical transport models, in which
gas−particle phase equilibration is assumed (36, 37). The systems we
investigated—α-pinene SOA and toluene SOA—are widely used as
SOA surrogates for the monoterpene family from biogenic sources
and the alkyl-aromatics family from anthropogenic sources in
chemical transport models (36, 38–40). These are major SOA
sources. However, diffusion and mixing within SOA particles formed
from intermediate volatile organic compounds (IVOC) remains to
be tested; as with sesquiterpenes, IVOCs are higher molecular
weight precursors that may be important sources of SOA (41, 42),
and so there remains the possibility that these species, or mixtures of
them, may produce particles with lower diffusivity than those we
have studied here.

Conclusions
The experiments we describe here directly test the timescale for
mixing of semivolatile compounds into particles containing sec-
ondary organic aerosol, over timescales (several hours) relevant
to atmospheric transport and diurnal cycling. Our work dem-
onstrates how laboratory SOA mixing experiments using single-
particle mass spectrometer measurements can effectively probe
the mixing behavior of particles containing SOA under realistic
conditions. We have shown that SOA derived from toluene does
indeed resist uptake of semivolatile vapors, but only at very low
relative humidity. This in-particle diffusion is not rate-limiting to
mass transfer above 40% RH in our system.
A major reason for the interest in low diffusivity within at-

mospheric particles is that this could slow down the equilibration
of semivolatile SOA mass. Our experiments directly probe
semivolatile mass exchange over the full range of atmospheric
RH. We have also shown that toluene SOA contains about 30%
semivolatile material (Cp J 10 μg·m−3), whereas the remaining
70% has a volatility Cp K 1 μg·m−3. If these results extend to
atmospheric organic aerosols, which are often much more oxi-
dized than the laboratory-generated SOA particles in this study
(43), then diffusion limitations are unlikely to prevent relatively
rapid equilibration of semivolatile organics in the planetary
boundary layer on timescales above an hour or so.

Materials and Methods
We describe the methods in detail in Supporting Information. In brief, we
followed the methods of Robinson et al. (21) to prepare SOA populations in
separate smog chambers and then combined the populations into one
chamber. We used single-particle aerosol mass spectrometry (23) to group the
particles based on their original content, aggregated individual particle signals
to obtain sufficient signal-to-noise, and analyzed these aggregated spectra to
determine the fractions of each original SOA type in the two populations.
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