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Abstract. Isoprene-derived secondary organic aerosol (SOA) constituents, such as the 2-methyltetrols (2-MT)
and 2-methyltetrol sulfates (2-MTS), have been readily detected in atmospheric aerosols (PM2.5) and within
mixtures containing ammonium sulfate (AS). Despite its prevalence, the water uptake of 2-MT, 2-MTS, and their
mixtures is not well understood. In this study, we determine the physicochemical properties (e.g., surface activity,
diffusivity, phase morphology) of synthesized 2-MT and 2-MTS samples and their mixtures with AS. 2-MT and
2-MTS have been identified as surface active and viscous. Thus, dynamic surface tension (σs/a) measurements
were taken to determine organic diffusion coefficients (Ds). The droplet growth of organic /AS mixtures was
measured under subsaturated conditions using a humidified tandem differential mobility analyzer (H-TDMA)
at 88.2 % RH ±1.5 %. Droplet activation was measured under supersaturated (> 100 % RH) conditions using a
cloud condensation nuclei counter (CCNC); supersaturation (SS) ranged from 0.3 %–1.4 %. Hygroscopicity in
both regimes was parameterized by the single hygroscopicity parameter κ .

This study demonstrates how diffusion and salting-in effects influence the water uptake of synthesized,
isoprene-derived SOA mixtures. Results show that when mixed with AS, organic diffusion for 2-MTS /AS
becomes an order of magnitude faster, while 2-MT diffusivity remains unchanged. Both 2-MT /AS and 2-MTS
aerosols present a plateau in subsaturated κ values close to pure AS. However, under supersaturated conditions,
2-MTS /AS behaves ideally and well mixed and can be characterized by κ-Köhler theory. Isoprene-derived
SOAs like 2-MT and 2-MTS samples are ubiquitous, and thus, the impact from biogenic sources and its non-
ideal thermodynamic properties must be considered in aerosol–cloud interactions.
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1 Introduction

Fine aerosol particles (PM2.5) suspended within our atmo-
sphere are a major contributor to Earth’s radiative forcing
and uncertainties in global temperature projections (Inter-
governmental Panel on Climate, 2023). Aerosol–cloud radia-
tive forcing uncertainty is attributed to aerosols’ ability to
form and modify cloud properties, known as aerosol–cloud
interactions or the “aerosol indirect effect” (Köhler, 1936;
Twomey, 1959; Twomey, 1974; Albrecht, 1989; Intergovern-
mental Panel on Climate, 2023). An aerosol’s ability to al-
ter droplet formation is dependent on its hygroscopicity or
water uptake behavior under supersaturated conditions (RH
> 100 %). In the presence of water vapor, aerosols present
a surface for condensation; droplet activation depends on
aerosol particle chemical composition and size (Seinfeld and
Pandis, 1998; Petters and Kreidenweis, 2007). The aerosol
droplets can reach a point of unstable and uncontrollable
growth, thereby acting as cloud condensation nuclei (CCN)
(Köhler, 1936; Seinfeld and Pandis, 1998).

Droplet models can apply Köhler theory to estimate
aerosol droplet growth and CCN activity (Köhler, 1936). In
traditional Köhler theory, it is assumed that all aerosol so-
lutes instantaneously dissolve and contribute to water uptake
(Petters and Kreidenweis, 2007). Aerosol hygroscopicity is
thus parameterized by Köhler theory through the single hy-
groscopicity parameter κ; κ of mixed composition is often
estimated by the Zdanovskii–Stokes–Robinson (ZSR) mix-
ing rule and it is assumed that an individual solute’s contri-
bution to hygroscopicity is scaled by its volume fraction (Pet-
ters and Kreidenweis, 2007). Thus, knowing aerosol compo-
sition is critical for understanding CCN formation. However,
κ-Köhler predictions of aerosol CCN activity neglect solute
physicochemical properties that may alter droplet growth.
Previous studies have shown that droplet-altering properties
may be present within aerosols, such as the presence of com-
plex morphologies (e.g., inner core–outer layer), surface ac-
tivity, or salting-in/salting-out effects; as a result, discrepan-
cies between experimentally determined κ and κ-Köhler pre-
dictions may occur (Asa-Awuku and Nenes, 2007; Bertram
et al., 2011; Song et al., 2013; Prisle, 2021; Riemer et al.,
2019; Ott et al., 2020; Malek et al., 2023).

Field studies have observed the presence of internally
mixed aerosols containing both inorganic and organic com-
pounds (Saxena, 1995; Murphy et al., 1998; Pratt and
Prather, 2010). Inorganic aerosols, primarily composed of
salts like ammonium sulfate (AS) and sodium chloride, have
well-defined hygroscopic properties. The ionic behavior of
inorganic compounds promotes instantaneous dissolution in
water and contributes to CCN activation (Cziczo et al., 1997;
Seinfeld, 2003; Rose et al., 2008; Laskina et al., 2015).
However, fine organic aerosols (OAs) pose a greater chal-
lenge to aerosol hygroscopicity predictions. OAs constitute
20 %–50 % of atmospheric fine aerosol mass and are diverse
in composition. OAs can be directly emitted into the at-

mosphere, referred to as primary organic aerosols (POAs)
(Kanakidou et al., 2005). POAs can originate from anthro-
pogenic (e.g., biomass burning and coal combustion) and
biogenic (e.g., pollen) sources (Seinfeld and Pandis, 1998;
Kanakidou et al., 2005). In addition to POA, secondary or-
ganic aerosol (SOA) can be formed through multigenera-
tion gas-phase oxidation reactions of volatile organic com-
pounds (VOCs) or multiphase reactions of semi-volatile/low-
volatility organic compounds (SVOCs/LVOCs) (Kanakidou
et al., 2005). SOA is ubiquitous in the atmosphere, forming
a major component of fine OA mass (Zhang et al., 2007;
Srivastava et al., 2022). For example, a study by Zhang et
al. (2007) found that SOA contributed 65 % to 95 % of OA
mass in urban and remote regions. Furthermore, SOAs have
been readily detected in mixtures with inorganic compo-
nents, such as AS (Yang et al., 2009; Zhu et al., 2017); in-
deed, a study by Zhu et al. (2017) estimated 66 % of SOA as
being internally mixed with sulfate. Thus, in addition to un-
derstanding pure organic compounds, it is important to also
study organic–inorganic interactions.

Previous studies have determined that a significant con-
tributor to SOA is the aqueous-phase chemical processing
of isoprene-derived oxidation products (Claeys et al., 2004;
Kanakidou et al., 2005). Isoprene is a VOC emitted from bio-
genic sources and is considered one of the most abundant
biogenic VOCs (BVOCs). Isoprene emissions have been es-
timated to be ∼ 500 Tg C yr−1, rivaling methane emissions
(Guenther et al., 2012; Sindelarova et al., 2014). Under alkyl
peroxy radical (RO q

2)+ hydroperoxy radical (HO q
2) dominant

conditions, isoprene is photochemically oxidized by gas-
phase hydroxyl radicals ( qOH) to form large quantities of
isoprene-derived epoxydiols (IEPOX) (Paulot et al., 2009).
IEPOX is then able to partition into acidic-sulfate-containing
aerosol particles to produce isoprene-derived SOA (Surratt
et al., 2010; Lin et al., 2012; Gaston et al., 2014; Riva et al.,
2019), which consists largely of 2-methyltetrols (2-MT) and
2-methyltetrol sulfates (2-MTS).

Both 2-MT and 2-MTS were previously detected in atmo-
spheric PM2.5. For example, a study by Claeys et al. (2004)
found that 2-MT contributed 2 % of organic carbon detected
in PM2.5 collected from the Amazon rainforest. Additional
field studies have also found that 2-MTS can contribute
0.3 %–16.5 % of total organic carbon in both the Amazon
rainforest and Southeast US (Chan et al., 2010; Froyd et
al., 2010; Hettiyadura et al., 2019; Riva et al., 2019; Chen
et al., 2021; Hughes et al., 2021). The formation of both
compounds can also alter aerosol particle composition and
phase state (Zhang et al., 2019a, b). For example, 2-MT and
2-MTS have been observed to be in a semisolid or glassy
state in aerosol particles (Chen et al., 2023). Highly viscous
SOA can exist in a glassy state; SOA viscosities can range
from 102 to 1012 Pa s for ultraviscous liquids or > 1012 Pa s
for amorphous, extremely viscous compounds (Virtanen et
al., 2010; Renbaum-Wolff et al., 2013; Zhang et al., 2015).
Viscosity can influence organic solute dissolution in droplets
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by slowing diffusion through the aqueous phase (Renbaum-
Wolff et al., 2013). As a result, slower organic diffusion rates
can influence gas partitioning, particle shape, chemical ag-
ing, multiphase reactions, and aerosol droplet growth (Ri-
ipinen et al., 2011; Shiraiwa and Seinfeld, 2012; Zhang et
al., 2015). Furthermore, studies incorporating SOA viscos-
ity and phase state into larger, global-scale models have ob-
served changes to CCN and ice nuclei (IN) formation pre-
dictions (Riipinen et al., 2011; Shiraiwa et al., 2017; Wolf
et al., 2021). Thus, probing the viscosity and resulting dif-
fusion limitations may be necessary for understanding 2-MT
and 2-MTS water uptake properties (Chen et al., 2023).

Similar to other complex organic mixtures, the water up-
take ability of isoprene-derived SOA can be further com-
plicated when mixed with inorganic components, such as
AS. Previous studies have observed the presence of inter-
nally mixed SOA/AS aerosols in both the southeast US and
Amazon; in both regions a strong presence of 2-MT and 2-
MTS has been observed (Chan et al., 2010; Froyd et al.,
2010; Bondy et al., 2018; Riva et al., 2019; Wu et al.,
2019). The presence of inorganic salts in aerosol mixtures
can influence phase state based on organic physicochemical
properties (Topping, 2010; Ruehl et al., 2012; Ruehl et al.,
2016; Malek et al., 2023). Inorganic compounds can result in
water-solubility-limited and/or surface-active organics parti-
tioning to a separated phase (Ruehl et al., 2012, 2016; Freed-
man, 2017; Kang et al., 2020). As a result, the partitioned
aerosols can exhibit a phase-separated morphology (Ruehl et
al., 2012, 2016; Freedman, 2017; Kang et al., 2020; Malek
et al., 2023). However, inorganic salts may also enhance or-
ganic dissolution, known as “salting in” (Riva et al., 2019).
For instance, studies have observed increased diffusion in
viscous SOA particles through the aqueous droplet phase in
the presence of inorganic salts (Reid et al., 2018; Jeong et al.,
2022; Sheldon et al., 2023). Increased diffusion is a result
of salts disrupting the hydrogen bonding network between
neighboring organic molecules (Reid et al., 2018; Jeong et
al., 2022; Sheldon et al., 2023). Therefore, organic physico-
chemical properties (surface activity, viscosity) of SOA, such
as 2-MT and 2-MTS, must be better defined to better pre-
dict mixed SOA/AS aerosol CCN activity. To our knowledge
there are no studies to date that investigate 2-MT and 2-MTS
aerosol water uptake, water uptake of mixtures with AS, and
the potential effect of physicochemical properties on CCN
activity predictions.

In this study, we investigated the surface activity, diffusiv-
ity, droplet growth, and water uptake of 2-MT, 2-MTS, and
their mixtures with AS. 2-MT and 2-MTS surface tension
values were experimentally determined. A previous study by
Ekström et al. (2009) found 2-MT to be moderately sur-
face active. However, the surface activity of 2-MTS has
not been characterized, and potential organic surface ten-
sion depression in the presence of AS has not been ex-
plored for both organics. In tandem with surface tension
measurements, this study estimated diffusion coefficients of

both compounds to explore the effects of viscosity and dif-
fusivity on aerosol water uptake. Aerosol κ-hygroscopicity
values for pure organic and organic / AS mixtures were ex-
perimentally determined under both subsaturated conditions
(< 100 % RH) and supersaturated (> 100 % RH) conditions
to observe both droplet growth and CCN activity, respec-
tively. κ-hygroscopicity measurements were then compared
to κ-Köhler hygroscopicity theory to evaluate the efficacy of
traditional full dissolution and negligible viscosity assump-
tions in predicting the CCN activity of both compounds and
their mixtures. Lastly, atomic force microscopy (AFM) mea-
surements on mixed particles were conducted to further un-
derstand particle morphology. The following work provides
a comprehensive analysis of the wide range of physicochem-
ical properties that may influence the droplet growth of 2-MT
and 2-MTS mixed with AS.

2 Experimental methods

2.1 Experimental chemicals

For this study, ammonium sulfate (AS, (NH4)2SO4; Thermo
Fisher Scientific, > 99.0 %), was purchased and used with-
out further purification. 2-methyltetrol (2-MT) and 2-
methyltetrol sulfate (2-MTS) samples were synthesized us-
ing the published procedure of Cui et al. (2018). 2-MT was
determined to be > 98 % pure. The purity of 2-MTS was de-
termined to be ∼ 73 wt %, with remaining sample mass es-
timated to be 3 wt % AS and 24 wt % sodium methyl sul-
fate (SMS). It should be noted that from here on, the 2-MTS
sample refers to a prescribed synthesized mixture, and sub-
sequent calculations account for the estimated contributions
of AS and SMS.

2.2 Surface tension measurements

The surface tension of 2-MT, 2-MTS, and their mixtures
with AS was measured at atmospherically relevant aqueous-
phase concentrations. Due to the limited amounts of syn-
thesized sample, mixed amounts were judiciously selected
to mimic mixture ratios previously reported in the litera-
ture. Specifically, a study by Cope et al. (2021) found that
2-MT concentrations in the atmosphere reached an upper
bound of 300 mM. Therefore, stock solutions of 300 mM
2-MT and 2-MTS were prepared using deionized (DI) wa-
ter. Furthermore, it is assumed that surface tension mea-
surements at dilutions higher than 300 mM are also rele-
vant for droplet growth. A study by Bain et al. (2023) found
that aerosol surface tension can be approximated from sur-
face tension measurements of bulk mixtures composed of
< 100 mM organic component. Additionally, recent studies
(Mikhailov et al., 2024; Ferdousi-Rokib et al., 2025) also
support the application of more dilute concentration regimes
to predict droplet growth. A recent study by Mikhailov et
al. (2024) found that surface tension depression observed in
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bulk dilute surface tension measurements was reflective of
aerosol properties. Ferdousi-Rokib et al. (2025) also found
that salting-out effects can be approximated in mixtures hav-
ing < 100 mM organic component. Thus, in this work, the
stock solutions were diluted to a 3–94 mM range; each stock
solution and subsequent dilution concentrations are provided
in Tables S1–S5 in the Supplement.

Droplet surface tension (σs/a) was measured using a pen-
dant drop tensiometer with a modified profile analysis ten-
siometer (SINTERFACE Inc.); the experimental setup has
been described in Fertil et al. (2025). Briefly, the pendant
drop tensiometer generates a droplet of solution (< 10 µL)
suspended from a 0.9 mm diameter needle (Beier et al., 2019;
Fertil et al., 2025). Droplets remain suspended for 300 s to
reach equilibrium; at each time step (∼ 1 s), the droplet σs/a
was obtained from fitting the droplet curvature to the Young–
Laplace Equation (Fordham and Freeth, 1948; Spelt, 1996;
Padró et al., 2010). Surface tension measurements were run
in triplicate; prior to each measurement, the tensiometer was
flushed with DI water and∼ 2 mL of solution. Measurements
were obtained at ambient room conditions, with a temper-
ature range of 20.2–22 °C and relative humidity range of
40 %–45 % RH.

As the droplet equilibrates, surface tension changes, which
is attributed to the accumulation of solute diffusing to the
droplet surface (Joos and Rillaerts, 1981; Eastoe et al., 1998;
Chernyshev and Skliar, 2015). As the solute saturates the sur-
face, surface tension reaches equilibrium (Ross, 1945). The
accumulation of solute at the surface and resulting concen-
tration gradient within the droplet can be described by Fick’s
second law:

∂C

∂t
=Ds

∂2C

∂x2 , (1)

where concentration over time ∂C
∂t

is proportional to the sec-

ond derivative concentration over position ∂2C
∂x2 and the dif-

fusion coefficient Ds (m2 s−1). The dynamic surface tension
can be correlated with solute diffusion over time as (Joos and
Rillaerts, 1981)

σt = σ0− 2RTC
(
Dst

π

)0.5

, (2)

where σ0 is the starting surface tension, σt is the surface ten-
sion at specified time t , R is the universal gas constant, T
is temperature, and C is organic molar concentration. Here,
evaporation effects are negligible during the short suspension
times. Therefore, the organic molar concentration C is equiv-
alent to the droplet solution concentration as Eq. (2) can then
be rearranged to solve for Ds using dynamic surface tension
measurements.

2.3 Aerosol experimental methods

2.3.1 Aerosol generation

Solutions of 0.1 g L−1 total solute (2-MT, 2-MTS, and mix-
tures with AS) were prepared using ultra-purified Millipore
water (18 M�cm). Mixtures compositions are provided in
Table S6. Polydisperse aerosols were then generated by pass-
ing each aqueous solution through a constant-output Collison
Nebulizer (Atomizer, TSI 3076); the generated aerosols were
then dried to < 5 % RH using two silica gel dyers in series.
Aerosols were then analyzed for their water uptake proper-
ties under sub- and supersaturated conditions. To determine
aerosol phase morphology, atomic force microscopy (AFM)
images were also obtained. In addition to water uptake and
AFM measurements, organic density and shape factor were
measured; for details on density and shape factor measure-
ments, see Armstrong et al. (2025).

2.3.2 Water uptake measurements

A humidified tandem differential mobility analyzer (H-
TDMA) measured droplet growth under subsaturated condi-
tions. Dry, polydisperse aerosols were size-selected at 100,
150, and 200 nm by an electrostatic classifier (DMA 1,
TSI 3082; flow rate= 0.3 L min−1) and humidified using a
Nafion humidification line (PermaPure M.H. series); parti-
cles were humidified at 88.2±1.5 % RH. Selected dry diam-
eters are often assumed to be spherical, thus having a shape
factor (χ ) of 1 (DeCarlo et al., 2004). Aerodynamic aerosol
classifier (AAC) shape factor measurements confirmed 2-MT
and 2-MTS sphericity (Armstrong et al., 2025). The wet di-
ameter (Dw) was measured using a second electrostatic clas-
sifier (DMA 2, TSI 3082; flow rate= 0.3 L min−1); the ra-
tio of Dw to the dry-size-selected diameter (Dd) is equal
to the growth factor (GF). The experimental setup is pro-
vided in Fig. S1 in the Supplement. To calibrate the H-
TDMA, a 0.1 g L−1 solution of AS was aerosolized; dried
AS aerosols were size-selected at 100 and 150 nm. Dried AS
aerosol GF and instrument RH were measured, with calibra-
tion measurements repeated multiple times as reported in Ta-
ble S7. The experimental solutions were then aerosolized,
and GF was obtained for each solution; GF is used to cal-
culate the hygroscopicity parameter under subsaturated con-
ditions, κH-TDMA. In addition to subsaturated conditions, wa-
ter uptake was measured under supersaturated (SS) condi-
tions using a CCNC-100 (Droplet Measurement Technolo-
gies); the experimental setup is provided in Fig. S2. The the-
ory and operation of the CCNC have been previously de-
scribed (Roberts and Nenes, 2005; Lance et al., 2006; Rose
et al., 2008). The Scanning Mobility CCN Analysis (SMCA)
protocol was used to measure droplet activation (Moore
et al., 2010). Briefly, the dried polydisperse aerosols were
passed through an electrostatic classifier (TSI 3080) in scan-
ning mode and charged; scanning mode operated from 8–
352 nm for 135 s. The DMA operated at a sheath-to-aerosol
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flow rate ratio of 10 : 1 and aerosol sample flow rate of
0.8 L min−1. The monodisperse, size-selected aerosol stream
was then sampled by a condensation particle counter (CPC,
TSI 3776, flow rate= 0.3 L min−1) and the CCNC-100 (flow
rate= 0.5 L min−1) in parallel. The CPC counted the number
concentration of dry particles at a given particle size (con-
densation nuclei, NCN). The CCNC exposed the particles to
0.3 %–1.4 % SS, and the number concentration of particles
activated (NCCN) was measured. The instrument setup was
calibrated using AS (Rose et al., 2008), and the calibration
data are provided in Table S8 and Fig. S3.

The CPC counted the number concentration of dry parti-
cles at a given particle size (condensation nuclei, NCN). The
CCNC exposed the particles to 0.3 %–1.4 % SS and the num-
ber concentration of particles activated (NCCN) were mea-
sured. The instrument setup was calibrated using AS (Rose
et al., 2008) and the calibration data are provided in Table S8
and Fig. S3.

CCN data of AS and experimental solutions were analyzed
using the Python-based CCN Analysis Toolkit (PyCAT 1.0)
(Gohil, 2022; Gohil and Asa-Awuku, 2022). PyCAT is a
Python version of SMCA and is available on GitHub for
public use. The analysis toolkit calculated the activation ra-
tio NCCN/NCN for each dry particle size. The activation ra-
tios were fitted using a sigmoid curve and the critical diam-
eter (Dp, 50) was found, at which ∼ 50 % of the dry parti-
cles activate. A charge correction is applied in PyCAT using
the multi-charge correction algorithm previously described
(Fuchs, 1963; Wiedensohler, 1988). The obtained critical di-
ameter of each solution is then used to calculate the single
hygroscopicity parameter under supersaturated conditions,
κCCN.

2.3.3 Atomic force microscopy (AFM) morphology

Atomic force microscopy (AFM) measurements were uti-
lized to characterize aerosol phase morphology. 2-MTS, 2-
MTS /AS, and 2-MT /AS particles were collected onto sili-
con substrates (Silson Ltd) using a cascade impactor (Sioutas
Cascade Impactor, flow rate= 9 L min−1) and stored at room
temperature and relative humidity (40 %–50 % RH) prior
to analysis. Imaging followed the procedure of Zhang et
al. (2018). Briefly, particles were imaged in a 5×5 µm region
using a Dimension ICON® AFM (Bruker) in tapping mode
with resonant frequency of 150 kHz and spring constant of
5.4 N m−1.

2.3.4 Viscosity and diffusion calculation

The viscosity and the diffusion coefficients of the 2-MT and
2-MTS aerosols were calculated using a modified Vogel–
Tammann–Fulcher (VTF) equation (DeRieux et al., 2018).
The dry glass transition temperature values were determined
to be 226 and 276 K from a previous study by Zhang et
al. (2019b). The Gordon–Taylor coefficient and the fragility

coefficient were assigned values of 2.5 and 20, respectively.
The hygroscopicity values were used from the measurement
of H-TDMA of this study.

3 Traditional κ-Köhler theory

Traditionally, water uptake of aerosol particles has been cal-
culated using κ-Köhler theory (Köhler, 1936; Petters and
Kreidenweis, 2007). Köhler theory considers aerosol physic-
ochemical properties (e.g., solute density, molecular weight)
to describe the equilibrium water vapor saturation ratio at a
droplet’s surface (Seq). The equilibrium relationship encom-
passes two competing effects. The Kelvin effect describes the
increase in water vapor saturation as a result of the curvature
of the droplet; the Kelvin effect is represented by droplet sur-
face tension σs/a. The Raoult (solute) effect competes by de-
creasing vapor pressure due to the presence of solute in the
aqueous droplet; the solute effect is represented by the wa-
ter activity term, aw (Seinfeld and Pandis, 1998; Wex et al.,
2008). For compounds dissolved in water, water activity can
be parameterized by the single hygroscopicity parameter, κ ,
as follows (Petters and Kreidenweis, 2007; Sullivan et al.,
2009):

1
aw
= 1+ κ

Vs

Vw
, (3)

where Vw and Vs are the volume of water and dry solute,
respectively. Therefore, the equilibrium saturation ratio (Seq)
over the droplet is described as

Seq =

(
1+ κ

D3
d

D3
w−D

3
d

)−1

exp
(

4σs/aMw

RT ρwDw

)
, (4)

where ρw is the density of water,Mw is the molecular weight
of water, R is the universal gas constant, and T is the tem-
perature.
κ describes the ability of an aerosol to uptake water assum-

ing full dissolution and can be calculated from the intrinsic
properties of the solute as κint (Sullivan et al., 2009):

κint =
νsρsMw

ρwMs
(5)

where Ms is the molecular weight of solute, νs is the
van’t Hoff factor, and ρs is the density of the solute;
Armstrong et al. (2025) found 2-MT and 2-MTS density
to be 1.4 and 2.46 g cm−3, respectively. To estimate κ-
hygroscopicity of aerosols containing more than one com-
pound, the Zdanovskii–Stokes–and Robinson (ZSR) mixing
rule can be applied (Petters and Kreidenweis, 2007):

κZSR =
∑
i

εiκi, (6)

where εi is the volume fraction of the individual solute com-
ponent, i.

https://doi.org/10.5194/acp-25-15613-2025 Atmos. Chem. Phys., 25, 15613–15630, 2025



15618 N. Ferdousi-Rokib et al.: Hygroscopicity of isoprene-derived secondary organic aerosol mixture proxies

Experimental data can be used to derive aerosol κ . Un-
der subsaturated (< 100 % RH) conditions, GF is related
to hygroscopicity as follows (Kreidenweis and Asa-Awuku,
2014):

κH−TDMA =

(
G3

F− 1
)

RH

exp
( 4σs/aMw
RT ρwDdGF

) −G3
F+ 1, (7)

where κH-TDMA is subsaturated hygroscopicity, and RH is the
relative humidity of the H-TDMA instrument as a decimal.
Similarly, for supersaturated (> 100 % RH), the critical di-
ameter correlates to κ as follows (Petters and Kreidenweis,
2007):

κCCN =
4
(

4σs/aMw
RT ρw

)3

27D3
p,50ln2SS

, (8)

where κCCN is supersaturated hygroscopicity. It is assumed
that droplet surface tension σs/a is equivalent to that of the
surface tension of water ∼ 72 mN m−1. Köhler theory also
assumes that all solutes are well mixed within the aqueous
phase. The Köhler/ZSR model does not account for potential
viscosity and diffusivity limitations due to inorganic–organic
mixing in the aqueous phase. Therefore, in this study, κ-
Köhler values are predicted assuming both 2-MT and 2-MTS
are well mixed within the aqueous phase and fully contribute
to droplet growth. The applicability of these assumptions is
discussed in the later sections. Additionally, a list of variable
abbreviations is provided in Table S9.

4 Results

4.1 Surface tension and diffusion

4.1.1 Organic samples

Dynamic pendant drop tensiometer measurements were
taken for 2-MT and 2-MTS samples; measurements were
performed by hanging droplets < 10 µL over a period of 300
s. The droplet curvature was measured every 1 s. Average sur-
face tension values were obtained for 2-MT and 2-MTS when
droplet surface tension values remained constant (at equilib-
rium) and are listed in Table S10 and shown in Fig. 1.

In the dilute bulk measurement regime, 2-MT sample
(Fig. 1, orange squares) and 2-MTS sample (Fig. 1, pur-
ple closed circles) σs/a values are close to pure water (∼
72 mN m−1, Fig. 1, blue dashed line). For solutions< 53 mM
organic concentration, 2-MT and 2-MTS samples exhibit lit-
tle to no surface activity. Surface activity is similar to the
dilute surface tension of pure AS, a non-surface-active com-
pound, which remains ∼ 72 mN m−1 (Fig. 1, red circles,
Pruppacher and Klett, 1997). However, for organic solutions
> 53 mM, minimal surface tension depression is observed
with σs/a values between ∼ 68–70 mN m−1 (Fig. 1 and Ta-
ble S10); in comparison, AS surface tension increases with

Figure 1. Experimental average surface tension σs/a values of com-
pounds as a function of concentration. Average equilibrium sur-
face tension of synthesized 2-MT (> 98 wt % purity) and 2-MTS
(∼ 73 wt % purity) samples are shown as closed orange squares
and closed purple circles, respectively. The surface tension of the
organosulfates, including sodium ethyl sulfate (black open trian-
gles), sodium methyl sulfate (grey closed triangles), and sodium
octyl sulfate (grey closed diamonds) were obtained by Peng et
al. (2021). 2-methylglutaric acid (green closed squares) and ammo-
nium sulfate (red closed circles) σs/a were obtained from Ferdousi-
Rokib et al. (2025). Sodium dodecyl sulfate (SDS) σs/a is shown
as black diamonds. Pure water σs/a at 25 °C (∼ 72 mN m−1) is rep-
resented as a dashed blue line. Compounds can be categorized as
weak to moderately surface active (65–65 mN m−1) or surface ac-
tive (surfactants, < 65 mN m−1) for compounds that can depress
surface tension below that of pure water. Bain et al. (2023) consider
the dilute bulk measurement regime to be less than 100 mM.

concentration, as observed in Fig. 1 and with previous stud-
ies (Pruppacher and Klett, 1997; Hyvärinen et al., 2005;
Mikhailov et al., 2024). Therefore, both synthesized 2-MT
and 2-MTS sample mixtures can be classified as weakly sur-
face active. A previous study by Riva et al. (2019) observed
greater surface tension depression for IEPOX SOA / sulfate
mixtures. In particular, enhanced surface tension depression
was attributed to organic partitioning and formation of 2-MT
and 2-MTS oligomers (Riva et al., 2019).

In comparison to the surface tension of other short-chained
particulate organosulfates, such as sodium ethyl sulfate
(Fig. 1, black triangles) and sodium methyl sulfate (Fig. 1,
grey triangles), 2-MT and 2-MTS have lower dilute surface
values (Peng et al., 2021). However, similar to other surface-
active organosulfates (sodium ethyl sulfate and sodium octyl
sulfate), neither 2-MT sample nor 2-MTS sample surface
tension significantly depresses aerosol surface tension (Ta-
bles S11 and S14). For example, Mikhailov et al. (2024) ob-
served surface tension depression as low as ∼ 56 mN m−1

for dilute D-glucose / AS mixtures. Furthermore, moderately
surface-active compounds, such as 2-methylglutaric acid (2-
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MGA, Fig. 1, green squares) and sodium octyl sulfate (Fig. 1,
grey diamonds), exhibit surface tension depression in the
range of ∼ 64–68 mN m−1 for concentrations ≤ 22 mM (Ta-
bles S13–S14). Additionally, stronger surface-active organ-
ics (surfactants), such as sodium dodecyl sulfate (SDS), show
surface tension at the droplet surface can be depressed in the
dilute regime. SDS reaches σs/a of ∼ 39 mN m−1 at 9 mM
organic (Fig. 1 and Table S15). Sodium octyl sulfate, SDS,
and 2-MGA present noticeable surface tension depression
in the dilute bulk measurement regime (Fig. 1) that affect
aerosol properties (Vepsäläinen et al., 2023; Zhang et al.,
2023; Kleinheins et al., 2025). However, in comparison to
previously studied organics, 2-MT and 2-MTS σs/a sam-
ples remain close to pure water in the dilute bulk regime
(Fig. 1). Previous studies by Bain et al. (2023) and Werner et
al. (2025) emphasize the role of the surface area-to-volume
ratio dictating aerosol surface tension. Specifically, aerosol
surface tension values are best represented by surface tension
measurements of the organic in bulk solutions < 100 mM
(Bain et al., 2023; Ferdousi-Rokib et al., 2025; Werner et
al., 2025). Thus, 2-MT and 2-MTS sample mixture surface
activity is negligible for droplet activation as dilute organic
σs/a is close to that of pure water (∼ 72 mN m−1).

It should be reiterated and noted that the synthesized 2-
MTS sample is 73 % pure 2-MTS and is likely mixed with
AS and SMS. Both SMS and AS (Fig. 1, red circles; Ta-
ble S16) have surface tension values > 72 mN m−1 in the di-
lute regime. However, despite the presence of impurities in
the mixture, synthesized 2-MTS sample mixture surface ten-
sion reaches values∼ 68 mN m−1. Therefore, the presence of
these impurities may counteract possible further surface ten-
sion depression exhibited by pure 2-MTS. Future work can
better probe surface tension of the pure organic 2-MTS and
effects of SMS by applying a multicomponent surface ten-
sion model (e.g., multicomponent models of Topping et al.,
2007) to dynamic surface tension measurements.

Both 2-MT and 2-MTS are considered viscous compounds
and may diffuse slowly through the measured droplets (Reid
et al., 2018; Zhang et al., 2019a; Chen et al., 2023). As a re-
sult, equilibrium surface tension is reached after a period of
time, t . The rate of diffusion of the organic through water,
also known as the diffusion coefficient Ds, can be calculated
from dynamic surface tension measurements (Eqs. 1–2). Dif-
fusion coefficient values for synthesized 2-MT and 2-MTS
samples range between 10−9 and 10−11 m2 s−1, with diffu-
sion slowing with increasing sample concentration. Specifi-
cally, Ds for the 2-MT and 2-MTS samples is estimated to
be 10−9 to 10−11 and 10−9 to 10−10 m2 s−1, respectively
(Table S17). Additionally, the viscosity-based diffusion co-
efficient was calculated and shown in Table S19. 2-MT and
2-MTS diffusion rates are comparable to rates observed for
other previously investigated viscous components in aque-
ous solution (Curry et al., 2018; Tandon et al., 2019). For
example, methylglyoxal, a known viscous component, has
an aqueous-phase diffusion rate ∼ 10−9 m−2 s−1 (Curry et

al., 2018). In addition to the diffusion coefficients in aqueous
solution, a study by Chenyakin et al. (2017) showed aver-
age diffusion coefficients between 10−13 and 10−14 m2 s−1

for organic molecules in a sucrose–water proxy for SOA.
A study by Renbaum-Wolff et al. (2013) reported diffu-
sion coefficients ranging from 10−13 and 10−15 m2 s−1 for
α-pinene-derived SOA between 70 %–90 % RH. Indeed, 2-
MT and 2-MTS have been previously observed to be highly
viscous, resulting in slow diffusivity (Wang et al., 2011;
Chenyakin et al., 2017; Tandon et al., 2019; Zhang et al.,
2019a; Chen et al., 2023). Furthermore, at higher viscosity
and lower diffusion rates, the diffusion of solute molecules
fails to follow the Stokes–Einstein relationship describing
the self-diffusion of solute molecules through a liquid phase
(Einstein, 1905; Chenyakin et al., 2017; Tandon et al., 2019).
For viscous material, such as 2-MT and 2-MTS samples,
diffusion in water is self-limited (Chenyakin et al., 2017).
Slow diffusion correlates with the longer timescales needed
to reach equilibrium surface tension for more concentrated
sample solutions; the solute molecules are limited in their
ability to accumulate to the surface; thus, time is an impor-
tant factor in the surface tension measurements. This effect is
more prominent in the 2-MT than the 2-MTS sample, as evi-
dent in its slower diffusion rates for concentrations> 30 mM
(Table S17).

4.1.2 AS and synthesized organic mixture

Previous studies have observed that inorganic compounds,
such as AS, mixed with organics can enhance surface tension
effects (Topping, 2010; El Haber et al., 2023). Additionally,
AS can result in the partitioning of organics to the surface
(i.e., the movement of organics to the surface is commonly
referred to as salting out). To determine if partitioning effects
are present in organic /AS mixtures, synthesized 2-MT and
2-MTS samples were mixed with 500 mM AS, and dynamic
surface tension measurements were taken; mixture dynamic
surface tension measurements are shown in Fig. 2. Average
mixed surface tension values are listed in Table S10.

For mixtures of 3–9 mM 2-MT and 500 mM AS, sur-
face tension remains stable ∼ 75 mN m−1 and is higher than
the 2-MT (> 98 wt % purity) solution surface tension alone
(Fig. 2a). Higher σs/a values indicate a lack of salting-out ef-
fects and organic surface partitioning; previous surface ten-
sion studies of organic /AS mixtures observed salting–out
effects through lower σs/a values in comparison to pure or-
ganic solutions (Ferdousi-Rokib et al., 2025). Thus, for 3–
9 mM 2-MT with 500 mM AS mixtures, organic partition-
ing is not enhanced, and the droplet surface tension aligns
with pure AS σs/a (Fig. 1 and Table S16). When organic con-
centration in the mixture is increased to 94 mM, a stronger
time dependence for surface tension is observed (Fig. 2a); an
equilibrium surface tension of ∼ 71.2 mN m−1 is reached at
∼ 300 s. This lower surface tension for 94 mM 2-MT with
500 mM AS compared to the previous 2-MT /AS mixture
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Figure 2. Dynamic σs/a measurements for (a) 3–94 mM 2-MT sample / 500 mM AS and (b) 3–53 mM 2-MTS sample / 500 mM AS mix-
tures. Dynamic σs/a was recorded over a duration of 300 s. The 2-MTS sample mixtures likely contain additional contributions of AS (3 wt %)
and SMS (24 wt %), which may further influence dynamic surface tension measurements and overall sample diffusivity.

correlates with the higher concentration of organic in solu-
tion. However, the longer equilibrium time is indicative of a
slow solute diffusion in the droplet.

Previous studies have observed diffusion effects within dy-
namic surface tension measurements and estimated solute
diffusion (Eastoe et al., 1998; Bain et al., 2024). To determine
organic diffusion within AS mixtures, the Ds was calculated
using Eqs. (1)–(2). For 2-MT /AS mixtures,Ds ranged from
10−9 to 10−11, with diffusion slowing as organic concentra-
tion increases (Fig. 2a, Table S17). 2-MT organic diffusion in
AS mixtures is similar to that of the organic 2-MT solution
(with > 98 % purity) Ds values. As a result, 2-MT organic
diffusion remains relatively unaffected in the presence of AS.
The organic 2-MT molecules do not diffuse fast enough to
fully accumulate at the surface and substantially lower sur-
face tension.

Similar to 2-MT /AS mixtures, 2-MTS /AS mixture sur-
face tension was higher than 2-MTS sample solution sur-
face tension alone. 2-MTS /AS mixture σs/a values ranged
from ∼ 72.5 to 75 mN m−1 and remain close to surface ten-
sion values of pure AS. Furthermore, σs/a values remain con-
stant as the 2-MTS organic concentration increases from 3 to
53 mM; the minimal correlation between organic concentra-
tion and surface tension implies that AS dominates droplet
surface tension at the surface–air interface. In addition to be-
ing stable across organic concentrations. 2-MTS /AS σs/a
reaches equilibrium faster than 2-MT /AS; equilibrium is
achieved across the mixtures at < 100 s (Fig. 2b). Indeed,
based on the dynamic surface tension measurements, Ds
for 2-MTS within AS mixtures remains ∼ 10−9, indicating
slightly faster organic diffusivity through the droplet than
2-MT (Table S17). In the presence of AS, Ds increases
by an order of magnitude. This suggests the presence of

AS increases solubility and dispersion of 2-MTS molecules
through the droplet (Prisle et al., 2010; Toivola et al., 2017).
A similar phenomenon has been observed in glyoxal /AS
mixtures as the presence of the inorganic compound im-
proves dissolution of the organic (Kampf et al., 2013). There-
fore, the higher 2-MTS /AS surface tension values and dif-
fusivity indicate that the organic is well dispersed within the
droplet, but AS dominates droplet surface tension properties.
Both 2-MT and 2-MTS present complex viscous properties
that may affect droplet phase and potentially change in the
presence of inorganic compounds, such as AS. It is impor-
tant to note that for 2-MTS, the remaining sample mass also
contains SMS, which may further influence the estimated dif-
fusion rates (Vignes, 1966; Wallace et al., 2021). Diffusion
coefficients within aerosols may be sensitive to mixture ra-
tio, as observed by Wallace et al. (2021). Thus, the presence
of SMS may affect the 2-MTS sample /AS diffusion rates
observed in this study. Future work should explore the in-
fluence of SMS on viscous organic diffusivity by applying
this study’s methodology to a range of 2-MTS sample /SMS
mixtures with 2-MTS contribution greater than 73 wt %. Ul-
timately, diffusion effects were observed through dynamic
surface tension measurements and may influence 2-MT, 2-
MTS, and AS-mixed aerosol water uptake properties. There-
fore, additional diffusion effects on synthesized organic and
organic /AS aerosol mixtures were probed through the lens
of water uptake measurements.

4.2 Water uptake measurements

In addition to the previous measurements, the droplet growth
of 2-MT and 2-MTS samples and their respective AS mix-
tures was measured; hygroscopicity was estimated under
both subsaturated and supersaturated conditions. Mixtures
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were varied by sample wt % (Table S21); organic wt % of
2-MTS is estimated by accounting for impurities present
in the sample and their respective properties (e.g., density,
hygroscopicity, Table S20). The adjusted mass wt % for 2-
MTS /AS mixtures is listed in Table S21. For subsaturated
hygroscopicity, the H-TDMA instrument setup was used to
measure GF for all experimental solutions at 88.2 % RH.
Experimental growth factor values for 2-MT /AS and 2-
MTS /AS mixtures are listed in Tables S20–S21. For su-
persaturated hygroscopicity, the CCNC instrument setup was
used to obtain experimental Dp,50 values across multiple
supersaturation conditions (0.31 %, 0.43 %, 0.65 %, 0.88 %,
1.10 %, 1.32 %, and 1.54 % SS); the critical diameter val-
ues for 2-MT /AS and 2-MTS /AS mixtures are listed in
Tables S22–S23. For 100 wt % 2-MTS, impurity (SMS and
additional AS) and hygroscopicity are accounted for by ap-
plying the ZSR mixing rule (Eq. 6) to solve for pure organic
hygroscopicity; SMS κ was assumed to be ∼ 0.459 based on
Peng et al. (2021).

Under subsaturated conditions, both 2-MT and 2-MTS are
moderately hygroscopic, with κH-TDMA values of 0.103 and
0.276, respectively (Fig. 3a). For 2-MT /AS (Fig. 3a, orange
open squares) and 2-MTS /AS (Fig. 3a, purple open circles)
aerosol mixtures, subsaturated hygroscopicity values are
similar. For 2-MT /AS mixtures≤ 45 wt % organic, κ values
plateau close to pure AS (κint = 0.61) at a κH-TDMA ∼ 0.56.
For mixtures > 45 wt % organic, both 2-MT and 2-MTS ex-
hibit lower κH-TDMA values, ranging from 0.103–0.505 for
2-MT /AS mixtures and 0.276–0.433 for 2-MTS /AS mix-
tures. Previous studies by Malek et al. (2023) and Ferdousi-
Rokib et al. (2025) have observed a plateau in hygroscopicity
for AS-dominated organic mixtures prior to a decrease in κ
due to the presence of phase-separated morphology; as a re-
sult of phase separation, the inorganic AS remains dissolved
in the aqueous phase and drives hygroscopicity (Malek et al.,
2023). After a threshold composition is reached (45 wt % or-
ganic), more organic solute contributes to the aqueous phase,
and thus hygroscopicity is lowered.

Under supersaturated conditions, 2-MT and 2-MTS sam-
ples remain moderately hygroscopic, with κCCN being 0.269
and 0.139, respectively. For 2-MT /AS sample mixtures
(Fig. 3b, closed orange squares), supersaturated κ mimics
the same trend as subsaturated 2-MT /AS κ; for mixtures
≤ 60 wt % 2-MT, κCCN also shows a plateau at ∼ 0.53 and
then decreases with increased organic aerosol composition.
In comparison, the 2-MTS /AS sample mixtures (Fig. 3b,
purple circles) present a linear hygroscopic trend; as or-
ganic wt % increases, κCCN drops in a linear fashion resem-
bling ideal mixing and volume additivity (Petters and Krei-
denweis, 2007). Indeed, 2-MTS /AS κCCN correlates with
the hygroscopicity trend predicted by κZSR values (Eqs. 11–
12) (Fig. 3b, purple line). 2-MTS /AS supersaturated hy-
groscopicity agrees well with original Köhler theory (R2

=

0.972, Table S26), suggesting full 2-MTS dissolution and
contribution to water uptake. By contrast, 2-MT /AS mix-

tures do not agree with κ-Köhler theory (R2
= 0.787, Ta-

ble S26), with the greatest discrepancy observed in the region
between the κ experimental plateau and κZSR (Fig. 3, orange
line); additionally, subsaturated 2-MTS /AS mixtures devi-
ate from κZSR during the initial hygroscopic plateau (Fig. 3a,
purple line). Thus, for 2-MT /AS mixtures and subsaturated
2-MTS /AS aerosols, the ideal volume additive mixing rule
does not apply. This can once again be attributed to limita-
tions to organic dissolution into the aqueous phase (Malek et
al., 2023). For 2-MTS /AS sample mixtures, both subsatu-
rated and supersaturated hygroscopic trends may be further
impacted by the presence by SMS. The contributions of AS
and SMS hygroscopicity are accounted for 2-MTS sample
mixture. κ was estimated using the ZSR mixing rule, which
assumes ideal interactions between SMS, AS, and 2-MTS.
However, non-idealities (e.g., phase separation, salting in)
may result in SMS having a greater influence on hygroscop-
icity and can be the focus of future exploration.

In addition to non-ideal hygroscopic trends, it is noted that
overall, κCCN values remain lower than κH-TDMA values for
both 2-MT /AS and 2-MTS /AS sample mixtures, contrary
to the usual trend of κCCN > κH-TDMA (Petters and Kreiden-
weis, 2007). The observed difference suggests greater or-
ganic dissolution and contribution to hygroscopicity in the
supersaturated regime compared to subsaturated conditions.
This suggests potential viscosity and diffusion limitations on
hygroscopicity as RH transitions from sub- to supersaturated.
Indeed, the viscosity of the 2-MT and 2-MTS changes under
different conditions. Both compounds remain in the semi-
solid phase state before entering the CCNC and behave like
liquids in the H-TDMA, as shown in Table S18. Addition-
ally, Asa-Awuku and Nenes (2007) report diffusivity limita-
tion effects on aerosol water uptake for compounds with Ds
values ≤ 2.5× 10−10, well within the range of Ds values for
2-MT, and 2-MT sample /AS. Water uptake was shown to be
driven by the viscous organic phase slowly diffusing into the
aqueous phase (Asa-Awuku and Nenes, 2007). Thus, it is be-
lieved that both 2-MT and 2-MTS slowly dissolve and phase
separate to form a viscous phase under subsaturated condi-
tions, corresponding to slow diffusion coefficients. AS is an
inorganic compound that is assumed to instantaneously dis-
solve into the aqueous phase and thus drives hygroscopicity
when the droplet is phase separated, such as for 2-MT /AS
mixtures (Fig. 2). However, lower κ values at supersaturated
conditions can be attributed to higher water content; pre-
vious studies have found greater water content correlating
with reduced viscosity due to a plasticizing effect and result-
ing in enhanced organic mixing (O’Meara et al., 2016; Reid
et al., 2018; Jeong et al., 2022). Thus, the organic viscous
phase may experience “cracking” and greater movement of
organic molecules through the aqueous phase (Tandon et al.,
2019). Therefore, phase behavior of the organic can have a
strong influence on aerosol water uptake. Additionally, the
non-ideal hygroscopic behavior of 2-MT /AS and subsatu-
rated 2-MTS /AS mixtures versus the ideal hygroscopic be-
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Figure 3. Experimental κ-hygroscopicity measurements derived from (a) H-TDMA measurements and (b) CCNC measurements. 2-
MTS /AS sample mixture wt % was adjusted based on the presence of AS and SMS impurities (Table S21). Subsaturated hygroscopicity
(κH-TDMA) of 2-MT /AS and 2-MTS /AS sample mixtures are represented as open orange squares and open purple circles, respectively.
Supersaturated hygroscopicity (κCCN) for 2-MT /AS and 2-MTS sample /AS mixtures are represented as orange squares and purple circles,
respectively. For 100 wt % 2-MTS, κ values were adjusted to account for impurities by applying mixing rule, assuming an SMS κ of∼ 0.459
and AS κ ∼ 0.61 (Eq. 6, Table S20). κ-Köhler theory (κZSR) was used to predict hygroscopicity of 2-MT /AS (solid orange line) and 2-MTS
sample/AS (solid purple line) via Eq. (6). Organic κint was determined from 100 wt % κCCN. 2-MT κint (yellow dashed line) was determined
to be 0.269. 2-MTS κint (blue dashed line) was determined to be 0.139.

havior of supersaturated 2-MTS /AS aerosols can be probed
through imaging of the aerosol mixture phase behavior.

4.3 Phase morphology

To further understand the phase state and morphology of
2-MT and 2-MTS sample mixtures with AS, AFM images
were taken at varied organic wt % (Fig. 4). Dried synthesized
2-MTS presents itself as a viscous, spherical particle, indi-
cated by its smooth surface (Fig. S4); this agrees with both
shape factor measurement of ∼ 1 (Armstrong et al., 2025)
and diffusion coefficient values. As inorganic AS is mixed
with 2-MTS sample, phase behavior changes. At 10 wt % 2-
MTS sample (Fig. 4b), particles exhibit an engulfed core–
shell morphology. A previous study by Cooke et al. (2022)
observed a similar core–shell morphology for AS-seeded
IEPOX-derived SOA particles; the study observed an organic
shell, while the inorganic salt was observed to be present in
the shell as well as within an aqueous core (Cooke et al.,
2022). With AS dispersed on the outer shell as well as being
present in an aqueous core, the inorganic salt in the shell will
likely easily dissolve during water uptake and drive hygro-
scopicity, consistent with the results as observed in subsatu-
rated hygroscopicity measurements. However, AS within the
shell may introduce roughness in the outer edge which can
promote “cracking” in the organic phase, which can result in
full dissolution in the presence of higher water content and
ideal mixing (Tandon et al., 2019).

As 2-MTS is increased to 45 wt %, the particle morphol-
ogy shows greater inorganic phase dispersion, with AS pro-
truding through the viscous organic phase (Fig. 4c). The visu-
alized morphology and phase state of the particle agree with
behavior inferred from water-uptake and droplet measure-
ments (Sect. 4.2). In particular, ∼ 45 wt % is the observed
threshold for the plateau in 2-MTS /AS κH-TDMA values,
prior to a linear decrease in κH-TDMA values. The dispersion
of AS disrupts the organic network within the viscous phase,
giving rise to the observed roughness and promoting the salt-
ing in of 2-MTS. This phenomenon agrees with the results
of previously published literature that show viscous organics
mixed with AS, specifically, laboratory-generated SOA–AS
and citric acid–AS mixtures (Saukko et al., 2012; Abram-
son et al., 2013). Previous studies have also observed in-
creased diffusion within viscous SOA particles via a disrup-
tion of the hydrogen bonding network between the organic
molecules that can promote solute movement in the droplet
(Reid et al., 2018; Jeong et al., 2022; Sheldon et al., 2023).
For this reason, it is likely that greater organic diffusion oc-
curs above 45 wt % organic, resulting in decreasing κH-TDMA
values. Furthermore, the well-dispersed AFM morphology is
indicative of ideal mixing under supersaturated conditions,
thereby agreeing with κ-Köhler theory of droplet growth.

In comparison, 2-MT mixtures present an engulfed core–
shell morphology from 10 wt % to 45 wt % organic (Fig. 4d–
e). At 10 wt % 2-MT, the viscous organic phase dominates
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Figure 4. (a) Schematic depicting aerosol droplet composed of a viscous organic core and aqueous-phase layer and AFM images of
(b) 10 wt % 2-MTS–90 wt % AS, (c) 45 wt % 2-MTS–55 wt % AS, (d) 10 wt % 2-MT–90 wt % AS, and (e) 45 wt % 2-MT–90 wt % AS.
AFM results depict vertical particle height (left) and phase morphology (right).

the particle morphology and AS remains dispersed at the
surface edge, as shown in Fig. 4d. As organic wt % in-
creases to 45 wt %, morphology remains unchanged and the
organic phase stays intact. The intact core–shell morphology
of 45 wt % 2-MT aerosol mimics contrasts with the well-
dispersed morphology observed for 45 wt % 2-MTS aerosol
mimic. For 2-MT, the organic diffusion is limited under both
sub- and supersaturated conditions, likely due to the undis-
solved viscous organic phase (Fig. 4a). Specifically, 2-MT
viscosity causes slower dissolution compared to AS and re-
sults in the phase-separated morphology. Thus, hygroscopic-
ity of the 2-MT /AS mixture is dominated by AS dissolution
from the core and outer shell, corresponding to the hygro-
scopic plateau observed for 2-MT /AS sub- and supersatu-
rated water uptake measurements (Fig. 3). Therefore, parti-
cle morphology and viscosity influence the synthesized 2-
MT’s ability to diffuse through the aerosol droplet and can
affect aerosol water uptake process. Indeed, a previous study
by Zhang et al. (2018) described the self-limiting effect of a
core–shell morphology on IEPOX-SOA reactive uptake and
can now be observed in the 2-MT /AS water uptake pro-
cess. However, diffusion limitations can also result in the
need for longer time periods to reach an equilibrium state,
as observed by dynamic surface tension measurements. Con-
sequently, current hygroscopicity measurements that occur at
fast timescales may not capture the full water uptake process
of the synthesized organics and their mixtures. For exam-
ple, the residence of aerosols within DMT CCNC columns
is ∼ 10 s (Paramonov et al., 2015), while similar H-TDMA
instrument setups have a residence time ∼ 6.5 s (Mikhailov
and Vlasenko, 2020). However, a previous study by Chuang
(2003) found atmospheric droplet growth timescales range
between 5 and 100 s, congruent with the timescale of 2-
MT and 2-MTS dynamic surface tension change (Fig. 2 and
Chuang, 2003). Therefore, the hygroscopicity of viscous-

organic-containing aerosols, such as 2-MT and 2-MTS, must
be studied at greater residence times to observe any possible
effects on hygroscopicity; understanding whether timescale
affects CCN activity of organic–inorganic aerosol mixtures
can greatly impact current global models that may assume
instantaneous solute dissolution during the water uptake pro-
cess. Furthermore, future studies should consider whether the
hygroscopicity approximations of viscous 2-MT /AS and 2-
MTS /AS mixtures are time dependent, as time-dependent
droplet formation has been observed for biogenic aerosols
(Vizenor and Asa-Awuku, 2018). Currently, traditional κ-
Köhler theory is unable to predict the water uptake of 2-
MT /AS and subsaturated 2-MTS /AS aerosols and does not
consider solute and droplet kinetic effects. However, by ac-
counting for phase morphology and viscosity, κ predictions
may be improved.

In addition, size-dependent morphology may also affect
κ-hygroscopicity estimations. Several studies observe a rela-
tionship between particle size and aerosol phase transitions
during water uptake (Veghte et al., 2013; Cheng et al., 2015;
Altaf et al., 2016; Schmedding and Zuend, 2025). Specif-
ically, Veghte et al. (2013) and Cheng et al. (2015) observe
smaller AS–organic particles, favoring a homogeneous liquid
phase, while larger particles remain in a partially engulfed
morphology; this finding correlates with 2-MT /AS engulfed
morphology for particles imaged ≥ 390 nm (Fig. 4). Indeed,
for 2-MT /AS mixtures > 60 wt % 2-MT, κCCN decreases
with increasing dry activation diameter before plateauing
(Fig. S5). This trend may correlate to greater organic dif-
fusion as particle size and morphology changing before a
dissolution limit is reached for > 60 wt % 2-MT /AS mix-
tures. For mixtures ≤ 60 wt % 2-MT, a similar decrease in
κCCN is observed before hygroscopicity begins to increase;
this may be attributed to the engulfed morphology in larger
particles (Fig. 4d–e) promoting AS dissolution and water
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uptake contribution while 2-MT diffusion reaches a limit.
However, the water uptake measurements performed in this
study do not account for size-dependent phase morphology
in its analysis. Therefore, future work may build upon the
results of this study to better parameterize hygroscopicity
based on initial particle size and size-dependent phase mor-
phology affecting κ-hygroscopicity estimations. In particu-
lar, size-selected CCN measurements can be performed to
better probe size-dependent morphology effects on aerosol
activation. By doing so, global models can incorporate these
influential physicochemical properties into predictions of
aerosol–cloud interactions.

5 Summary and implications

In this study, we investigated the influence of solute diffu-
sivity and droplet phase morphology on the hygroscopicity
of synthesized 2-MT and 2-MTS samples and their mixtures
with AS. Mixtures with AS were varied by organic wt %.
Both 2-MT and 2-MTS were previously observed to be vis-
cous and glassy, affecting diffusivity through water. Addi-
tionally, previous studies found 2-MT to be weakly surface
active. To determine organic diffusivity and potential sur-
face activity, dynamic surface tension measurements were
taken for aqueous organic and mixed organic–inorganic so-
lutions. 2-MT and 2-MTS were found to be weakly sur-
face active. Previous studies by Bain et al. (2023) and
Mikhailov et al. (2024) determined that surface activity in
the dilute bulk concentration range correlates with depressed
aerosol surface tension. However, neither the 2-MT sam-
ple nor the 2-MTS sample is sufficiently surface active to
depress droplet surface tension at the air–surface interface.
2-MT and 2-MTS sample solutes move slowly in droplets
and have estimated diffusion rates (Ds) between 10−9 and
10−11 m2 s−1, with diffusion slowing as organic concentra-
tion is increased. When mixed with AS, 2-MT diffusivity
remains slow (10−10 m2 s−1), while 2-MTS diffusivity in-
creases by an order of magnitude (10−9 m2 s−1); 2-MTS dif-
fusion in aqueous AS mixtures is similar to other quickly
dissolving compounds, such as NaCl (Ds = 10−9, Vitagliano
and Lyons, 1956; Leaist and Hao, 1992) and can result in a
well-mixed droplet.

Organic viscosity and diffusion affect aerosol water uptake
(Asa-Awuku and Nenes, 2007; Bones et al., 2012; Tandon
et al., 2019). For 2-MT and 2-MTS samples and subsequent
mixtures under both sub- and supersaturated conditions,
droplet growth is affected by solute diffusion. Subsaturated
droplet growth was measured using a H-TDMA at 88.2 %
RH, and subsaturated hygroscopicity was parameterized by
κH-TDMA. For supersaturated conditions, a CCNC deter-
mined the activation ratio of particles at varied supersatura-
tions (0.3 %–1.4 % SS) and water uptake was parameterized
by κCCN. 2-MT /AS mixtures exhibit plateaued κH-TDMA
and κCCN values close to κint of AS (∼ 0.61). A simi-
lar plateau behavior is observed for 2-MTS /AS κH-TDMA.

However, for supersaturated conditions, 2-MTS /AS mix-
ture κCCN follows ideal mixing behavior, represented by its
proximity to κ-hygroscopicity predicted by κ-Köhler theory
and volume additive ZSR. Additionally, κH-TDMA remains
higher than κCCN; this is a result of increased water content
reducing viscosity effects and enhancing organic dissolution
under supersaturated conditions.

The κ-hygroscopicity plateau in Fig. 3 has been previ-
ously attributed to the presence of phase separation, result-
ing in the inorganic, more soluble, and ideal compound (AS)
driving water uptake (Malek et al., 2023). However, for 2-
MTS /AS, ideal hygroscopic behavior is indicative of a well-
dissolved, homogeneous droplet (Petters and Kreidenweis,
2007). To better understand phase morphology of the syn-
thesized organic / AS mixed particles, AFM measurements of
synthesized 2-MTS, 2-MTS /AS mixtures, and 2-MT /AS
mixtures were acquired. 2-MTS aerosols are smooth, spheri-
cal, viscous particles; when mixed with AS at 10 wt %, AS
remains in the aqueous core and is dispersed on the side
of the particle, introducing roughness on the aerosol outer
shell. As organic concentration increases, the AS core is bro-
ken up through the particle. The less defined core–shell mor-
phology may be the result of AS disrupting the interactions
between neighboring 2-MTS particles in the viscous net-
work; as a result, organic dissolution becomes faster as in-
dicated by greater 2-MTS diffusion rates. Thus, 2-MTS sam-
ple/AS aerosols behave similar to traditional full dissolution
assumptions. In comparison, 2-MT /AS mixture AFM im-
ages show an engulfed core–shell morphology regardless of
organic concentration. As a result, the viscous organic phase
remains intact, while aqueous AS in the core drives hygro-
scopicity. A caveat to these results is the presence of SMS,
an organosulfate, being present within the 2-MTS sample at
∼ 24 wt %. Therefore, SMS may have an effect on surface
tension, diffusivity, and hygroscopic trends observed for the
2-MTS sample /AS mixtures that is currently unknown in
this study. Future work may utilize the methodology laid out
in this work to more deeply probe the influence of SMS and
any additional mixture component on viscous organic prop-
erties and water uptake.

This study demonstrates that viscosity can dictate organic
diffusion through aqueous droplets, resulting in complex
phase morphology and water uptake properties. Furthermore,
the synthesized samples studied in this work are represen-
tative of the hygroscopic properties of IEPOX-SOA mix-
tures. A recent study by Armstrong et al. (2025) determined
that the IEPOX-SOA composition is composed of a range
of 2-MT, 2-MTS, and additional components that vary with
aerosol acidity. Thus, the synthesized samples present in
this work may present a subset of SOA aerosols generated
and this study provides insight into its potential diffusive,
hygroscopic, and phase behavior. For example, as shown
by this study’s water uptake measurements, hygroscopic-
ity from the subsaturated to supersaturated regime evolves
due to the presence of increased water content. However,
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it is also noted that the hygroscopicity measurements per-
formed in this study were on short timescales (6–10 s); in
comparison, dynamic surface tension measurements showed
droplet equilibrium being reached at 100–300 s for aqueous
2-MT, 2-MT /AS, and 2-MTS. Thus, current water uptake
measurements may not capture a potentially evolving hy-
groscopicity over time. This is critical in understanding bio-
genic aerosol influence on cloud formation; a previous study
by Chuang (2003) found that droplet formation can occur
within timescales of 5–100 s, well within evolving diffusion
times observed in this study. Therefore, future work must in-
vestigate potentially dynamic water uptake of viscous bio-
genic aerosols, such as 2-MT and 2-MTS. Furthermore, time-
dependent κ can be developed to better account for organic
diffusion within larger-scale cloud parcel and global mod-
els. In addition to time dependency, κ-hygroscopicity estima-
tions may also be affected by size dependent phase morphol-
ogy. A study by Veghte et al. (2013) found smaller aerosol
particles preferring a homogenous state, while larger parti-
cles have an engulfed core–shell morphology similar to 2-
MT /AS aerosols in this study. Therefore, particle size may
influence viscous organic / AS water uptake due to diffusion
and morphological influences. Future work may explore and
parameterize the effect of size-dependent phase-separated
morphology on aerosol activation through step size-selected
CCN measurements. Ultimately, it is crucial to understand
how the properties (viscosity, diffusivity, and phase morphol-
ogy) of biogenic aerosols, such as 2-MT and 2-MTS, alter
cloud formation. The results of this study demonstrate the
co-dependency of these properties for two isoprene-derived
compounds and thus may improve our overall understanding
of how biogenic aerosols and their mixtures affect aerosol–
cloud interactions.
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