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ABSTRACT: The morphology of liquid−liquid phase separated
aerosols has a strong impact on their rate of gas and water uptake,
and the type and rate of heterogeneous reactions in the
atmosphere. However, it is extremely challenging to experimen-
tally distinguish different morphologies (core−shell or partial
wetting) of aerosols and to quantify the extent of wetting between
the two phases. The aim of this work is to quantitatively predict
the morphology of liquid−liquid aerosols from fundamental
physical properties of the aerosol phases. We determine the
equilibrium structure of liquid−liquid phase separated aerosols
through free energy minimization and predict that the contact angle between the two liquids in the aerosol depends on the
composition but not the amount of each phase. We demonstrate that for aerosols of diameter larger than ∼100 nm, the
equilibrium contact angle can be accurately predicted from the surface tensions of each liquid with the vapor and between the
two liquids through an expression that is identical to Young’s equation. The internal structure of smaller, ultrafine aerosols
depends also on the value of the line tension between the two liquids and the vapor. The thermodynamic model accurately
predicts the experimental morphology, core−shell or partial wetting, of all aerosols for which surface tensions are provided in the
literature, and provides contact angles that cannot be accurately determined with state of the art experimental methods. We find
that the contact angle of model atmospheric aerosols is rarely higher than 30°. We validate the thermodynamic predictions
through molecular simulations of nonane−water droplets, and use the simulation data to compute line tension values that are in
good agreement with theory and the analysis from experimental data in water−nonane droplets. Our finding of a simple
analytical equation to compute the contact angle of liquid−liquid droplets should have broad application for the prediction of the
morphology of two-phase atmospheric aerosols and its impact in their chemistry.

1. INTRODUCTION

Atmospheric aerosols have great impact on global climate by
reflecting and absorbing solar radiation,1,2 in their role as cloud
condensation3−10 and ice11−15 nuclei, and as the locus of
atmospheric chemical reactions.16−20 The effect of aerosols on
climate is influenced by both their chemical composition and
morphology.21−23 Two-phase aerosols can adopt different
morphologies: core−shell (total wetting of one phase by the
other) or partial wetting (asymmetric structures, with one
phase partially engulfed by the other). The morphology of
amorphous organic aerosols in the upper troposphere
influences both the water uptake and heterogeneous ice
nucleation on these particles.14 The morphology also has an
impact on N2O5 gas uptake by aqueous aerosols24−31 and
heterogeneous chemistry of HNO3 with sea spray aerosols.17,32

The morphology of aerosols is required to represent their
physical properties, hygroscopicity and the kinetics of
heterogeneous chemical reactions in climate models.33 To
create accurate representations for these climate models, it is
important to determine to which extent each phase of the
aerosol is exposed to the atmosphere.
There is a growing realization that aerosols particles that

contain both organics and inorganics can undergo liquid−liquid
phase separation when exposed to water vapor.21,23,34−62 This
phase separation alters the morphology of the aerosol particles.
Because of their relevance to the atmospheric aerosols, most

studies36−38,46,50,51,53,55,63 focus on organics phase-separated
from aqueous solutions containing inorganic salts. Inorganic
salts promote liquid−liquid phase separation by salting-
out.64−66 However, a large number of organics separate from
an aqueous phase even in the absence of salts.42,67

The structure of large (submicron and above) droplets has
been studied using optical microscopy, optical tweezers, Raman
spectroscopy, cryo-transmission electron microscopy (cryo-
TEM), aerosol mass spectrometer (AMS) and scanning
electron microscopy (SEM).63 The contact angle between the
two liquids, which measures the extent of wetting, cannot be
derived from these experiments. Moreover, except for experi-
ments with optical tweezers, the aerosols are usually deposited
on a hydrophobic substrate. It has been shown that the
hydrophobicity of the substrate may alter the equilibrium
structure of the droplets.68 Hence, the structure observed in
these studies may not always correspond to the one the
aerosols adopt in the atmosphere.
The elucidation of the internal structure of smaller,

nanoscopic aerosols is even more challenging. However, recent
advances have been made by the use of supersonic
nozzles.67,69,70 Wyslouzil and co-workers produced nonane−
water nanodroplets through supersonic nozzle expansion, and
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investigated their structure through small-angle X-ray scattering
(SAXS) and Fourier transform infrared (FTIR) spectroscopy.67

Modeling of the SAXS data was used to estimate the contact
angles between water and nonane that represent the data
gathered from the ensemble of binary nanodroplets.70 Because
of the inherent difficulty in determining the size of the particles
and the contact angle between the two phases from the same
data, the latter was estimated, with a very large uncertainty, to
be between 40° and 120°.67 Our goal in the present work is to
predict the general morphology and values of the specific
contact angles of two-phase liquid−liquid aerosols from
thermodynamic properties of the liquids.
Spreading coefficients have been used to predict whether the

equilibrium morphology of organic/aqueous droplets is core−
shell, partial wetting, or nonwetting.71 The spreading
coefficients are defined by S2 = γWV − γOV − γWO and S3 =
γWO − γOV − γWV,

71 where W, O and V represent the aqueous,
organic phase and vapor phases, respectively, and γ is the
surface tension between the two phases designated by the
subscript. When S2 > 0 and S3 < 0, the core−shell structure is
adopted. When S2 < 0 and S3 < 0, the preferred structure
involves partial wetting of the phase with highest liquid−vapor
surface tension by the one with the lowest liquid−vapor surface
tension. When S2 < 0 and S3 > 0, the formation of a liquid−
liquid interface does not compensate for the loss of the two
liquid−vapor surfaces and the two liquid droplets remain
separate. Reid et al.36,38,42 used values of spreading coefficients
computed from bulk solutions to predict the morphology of
aerosols containing both hydrophobic and hydrophilic
components, and concluded that the partial wetting structure
is predominant. Song et al.46,55 used the same approach to
predict the morphology of organic/ammonium sulfate/water
systems, and found that the prevalent structure for liquid−
liquid phase separated particles is core−shell, a conclusion also
reached by Bertram et al.41 and Ciobanu et al.37 Although
spreading coefficient can be used to distinguish partial wetting
from core−shell morphologies, they cannot be used to quantify
the extent of partial wetting, the contact angle between the two
phases in the aerosol.
Kwamena et al.38 used an iterative approach to predict the

morphology of liquid−liquid phase-separated particles by
minimizing the surface free energy with respect to the degree
of insertion between the two liquids and the curvature of the
liquid−liquid interface. This method can converge to the
optimum structure numerically, but it does not provide an
analytical equation to determine the morphology. Torza and
Mason proposed that the equilibrium morphology of two-phase
droplets could be analytically computed assuming that the
interfacial forces, with magnitude given by the surface tensions
and with direction tangential to the liquid−liquid and liquid−
vapor interfaces at the point of three-phase contact, add up to
zero.71 Buajarern et al.36 examined the morphology of two-
phase droplets using that methodology and concluded that the
equilibrium configuration of two-phase liquid droplets depends
on the three surface tensions and the volume ratio between the
two phases. In this work we reconsider this issue through
thermodynamic modeling and molecular simulations of liquid−
liquid separated droplets.
Several physical factors could affect the morphology of the

liquid−liquid phase separated aerosols: the amount of each
phase, temperature, and properties of the liquid phases such as
surface tensions, line tension, and the dependence of the
Laplace pressure on the degree of wetting. In this work, we

develop a thermodynamic model to investigate which of these
factors are important in determining the equilibrium morphol-
ogy of aerosols, and quantify the extent of wetting in the two
phase liquid−liquid aerosols of arbitrary composition and size.
We derive simple relations for the contact angle between the
two phases in the droplet as a function of the surface tensions
and validate the thermodynamic predictions with molecular
simulations of two-phase liquid aerosols.

2. THERMODYNAMIC MODELING OF THE
MORPHOLOGY OF LIQUID−LIQUID AEROSOLS

2.1. Free Energy of Two-Phase Aerosols Is a Function
of Their Internal Structure. We first develop a thermody-
namic model that allows us to minimize the free energy of two-
phase liquid droplets with respect to the shape of the domains
of its two phases. Here we call the phases water (W) and
organic (O), but they can be any pair of liquid phases
sufficiently large to have a homogeneous interior (e.g., for
water, at least 100 molecules72). The difference in free energy
between the equilibrium two-phase droplets and the corre-
sponding amount of bulk W and O liquid is given by

∫ ∫
γ γ γ τ πΔ = + + +

+ +
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where γWV, γOV and γWO are, respectively, the W−vapor, O−
vapor, and W−O surface tensions; AWV, AOV and AWO represent
the areas of the W−vapor, O−vapor and W−O interfaces; 2πRb
is the length of the three-phase contact line between W, O and
vapor, and τ is the corresponding line tension. τ can be either
positive or negative and typically has a magnitude of the order
of 10−12 N.73−76 pW and pO are the interior pressures of the W
and O droplets, which are the sum of exterior pressure and the
Laplace pressure drop across the interfaces of the W and O
liquids. The internal pressures depend on the curvature of these
phases. p0 is the reference pressure at which the free energies of
the bulk W and O phases are determined. In what follows, the
liquid with the higher liquid−vapor surface tension is called W.
To evaluate the free energy, we need to determine how the

areas and line of contact in eq 1 change with the degree of
wetting. This depends on the curvature of the WO interface.
This interface can be flat only when the Laplace pressures on
the two phases are identical, i.e., when they have the same ratio
of the surface tension of the liquid−vapor interface to the
radius of the phase, γOV/RO = γWV/RW. In all other cases, the
aerosol will have a curved WO interface. In this work, we
consider that W forms a sphere that is partially wetted by O.
This has been called the idealized “Russian doll”67,77 (RD) or
lens on a sphere model, and is shown in Figure 1. The actual
WO interface could have a curvature intermediate between the
spherical cap of the idealized RD and a flat surface, determined
by the competition between elastic and capillary forces in the
droplet.78 As all models with intermediate curvature of the WO
surface have almost the same liquid−vapor contour, in what
follows we first find the contact angle between W and O that
minimizes the free energy of the RD model, and then discuss
how the contact angle would change if the WO surface were
allowed to deform.
The free energy with respect to the separate bulk phases can

be derived from eq 1 and the geometry of the model. Using rW
and rO for the radii of the spherical section of W and O, and hW
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and hO for the height of the overlapped spherical caps (Figure
1), we write ΔG of the RD model:

∫

∫
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The contact angle θ between two phases (Figure 1) is the angle
formed by rW and rO with the segment d that measures the
distance between the centers of each phase:

θ = + − + − −− r r r r h h r rcos ( ( ) )/(2 ))1
W

2
O

2
W O W O

2
W O

(3)

To find the optimum structure of the two-phase droplets, we
minimize the free energy of the model with respect to θ. There
are three types of contributions to the free energy in eq 1
arising from the surface tensions, the line tension, and the
Laplace pressures. These contributions have different scaling
with the radii of the phases, r. The γA terms are proportional to
r2. The line tension is roughly proportional to r, and the
Laplace pressure term is proportional to r−1. For all droplets,
we assume that the volume of each liquid and the Laplace
pressures are independent of the degree of insertion d between
the two phases. The Laplace terms then are constants and can
be neglected. In section 3 we validate this assumption with
molecular simulations of two-phase droplets.

2.2. Contact Angle in Large Liquid−Liquid Aerosols.
Whenever a WO interface is formed, it costs a W−vapor
interface and an O−vapor interface of the same area. We first
derive the boundary of partial wetting with respect to surface
tension ratios γOV/γWV and γWO/γWV in the limit of large
droplets, for which the line tension contribution can be
neglected (recall that we call the phase with higher surface
tension W). When γWO > γWV + γOV, the total free energy
increases with the appearance of WO interface and the two
phases will remain as separate droplets (nonwetting case).
When γWO < γWV − γOV, the formation of WO interface always
decreases the total free energy, and W will be fully covered by
O. Partial wetting droplets are formed between these two
boundaries, when γWV − γOV < γWO < γWV + γOV. The
boundaries of nonwetting, partial wetting and total wetting for
large droplets depend only on the surface tension ratios γOV/
γWV and γWO/γWV and are shown in Figure 2. The boundaries
obtained by free energy minimization are the same as derived
by Torza and Mason71 using spreading coefficients.

The contact angle θ between the two phases in the droplet
quantifies the extent of wetting: θ = 180° corresponds to
nonwetting, and θ = 0° to core−shell. These are the only two
limits that can be derived from the comparison of spreading
coefficients. The thermodynamic model of this work, however,
can predict the equilibrium contact angle of aerosols as a
function of the surface tensions and, for nanodroplets, also the
line tension. We compute the contact angle in the limit of large
droplets by minimization of the free energy of the aerosols with
respect to θ considering only the first three terms in the right
hand side of eq 2.
Our analysis indicates that θ depends on the three surface

tensions but is independent of the volume of each phase. The

Figure 1. Internal structure of two-phase droplets with partial wetting
morphology. (A) Liquid−vapor contour of two-phase droplets with
contact angle θ between the W and O phases of radii rW and rO,
respectively, and distance d between the centers of the two spherical
caps that define each liquid phase. The angle formed by the tangents
to the WV and WO surfaces is 180° − θ. Core−shell droplets have
contact angle 0°, nonwetting droplets a contact angle of 180°, and
partially wetting droplets a value in between. (B) Internal structure of
the idealized Russian doll (RD) model, where hW and hO are the height
of the overlapped spherical caps, and AWV, AOV and AWO represent the
areas of the W−vapor, O−vapor and W−O interfaces, respectively.

Figure 2. Morphology map for liquid−liquid phase separated Russian
doll model droplets as a function of the ratio of surface tensions in the
large droplet limit. The circles represent data for model aerosols
reported in the literature (see Table 1). Gray regions correspond to
total wetting (θ = 0°) or nonwetting (θ = 180°). The white area
corresponds to the partial-wetting region. Red lines correspond to
constant θ (values shown at the top of each line) computed with eq 4.
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contact angle that minimizes the free energy of large idealized
RD droplets is

θ γ γ γ= −cos ( )/WV WO OV (4)

which is identical to Young equation79 for the contact angle of a
liquid droplet on a solid substrate, cos θ = (γsv − γsl)/γlv, if we
consider the liquid with the highest liquid−vapor surface
tension, W, plays the role of the nondeformable solid phase.
The same mathematical solution was originally derived by
Fletcher,80 and later extended by other authors,81−83 for
heterogeneous nucleation on convex spherical substrates. We
refer to these studies for mathematical steps in the derivation of
eq 4. The lines of constant θ in the partial wetting region of the
morphology map for large droplets form a fan-shaped
distribution (Figure 2).
Young equation is the solution for the elastocapillary

equilibrium in large droplets when one phase (W of the RD
model) does not deform under the action of capillary forces,
while the other phase (O of the RD model) can be deformed
without eliciting elastic stress. If the two phases can deform
without elastic resistance, the condition of equilibrium in large
droplets requires the balance of the three surface tensions at the
contact line.84,85 To achieve this balance, the WO and WV
interfaces adopt different curvatures. Neumann’s triangle
describes the relation of the angles between the phases in
terms of the surface tensions when the contribution from elastic
forces and line tension are negligible.78,84 The contact angle
between W and O that results from the geometry of
Neumann’s triangle is given by

θ γ γ γ γ γ= + − × ×cos ( )/(2 )WV
2

OV
2

WO
2

WV OV (5)

Liquids have low shear moduli,86 hence eq 5 may provide a
more accurate description of the contact angle in liquid−liquid
droplets than eq 4. Nevertheless, as we illustrate in next
paragraph, the contact angles predicted by these two limiting
elastocapillary scenarios are very close.
Table 1 summarizes the morphology and contact angles we

predict for liquid−liquid phase separated aerosols using surface
tensions reported in the literature and eqs 4 and 5. For all
aerosols, the morphologies predicted by the thermodynamic
model, core−shell (CS) or partial wetting (PW) are in
agreement with the experiments. θY predicted from Young’s
relation is always slightly larger than θN predicted from

Neumann’s construction. However, if the uncertainty in the
surface tensions were 1 mJ/m2, then the difference between the
predicted θY and θN would be smaller than their error bars.
Recent advances in the determination of surface tensions for
micron and submicron-sized aerosols using AFM,90 would
make possible to predict the morphology of complex
atmospheric particles without the need of producing the
same mixtures in bulk quantities.
Most two-phase liquid aerosols are located in the narrow area

along the total wetting boundary with contact angle smaller
than 30°. Only two model aerosols, hexadecane/water and
decane/NaCl at 49% RH, have θ between 30° and 60°. These
aerosols either have a very hydrophobic O phase or a high salt
concentration. Based on the hydrophobicity of these phases, we
expect the contact angle θ to be smaller than 60° in most, if not
all, liquid−liquid phase separated atmospheric aerosols.
Surfactants, such as myristic acid, palmitic acid, stearic acid,

phospholipids and glycolipids, naturally occur in atmospheric
aerosols.91−95 The presence of surfactants in the aqueous phase
decreases γWO faster than γWV, turning the morphology of
aerosols from partial wetting to core−shell. An example of this
transformation is seen in Figure 2 and Table 1: decane/water
droplets have a core of water partially covered with the alkane,
while decane/SDS/water droplets are core−shell.38 In general,
the presence of salts increases γWO faster than γWV. Hence, the
surface tension ratios move toward the bottom right of the
morphology map (Figure 2), approaching the nonwetting
region. For example, when decane/NaCl(aq) droplets are
equilibrated at low relative humidity, the extent of partial
wetting decreases.38 In conclusion, analysis of extensive
literature data presented in Table 1 shows that two-phase
aerosols of atmospherically relevant compositions are located
near the boundary between partial wetting and total wetting in
the morphology map. Our analysis reconciles the apparently
inconsistent claims of researchers that found partial wetting or
core−shell structures when investigating the structure of model
aerosols38,46 and provides simple analytical relations to
compute the contact angle between the liquid phases in the
aerosols from knowledge of the surface tensions of these
liquids.

2.3. Line Tension Corrections to the Contact Angle of
Two-Phase Nanodroplets. In the previous discussion, we
addressed the structures in the limit of large droplets, for which
the contribution of the line tension between W and O phases,

Table 1. Morphology and Contact Angle of Aerosols Predicted from Surface Tensions

label composition
γOV

(mJ/m2)
γWO

(mJ/m2)
γWV

(mJ/m2) morphologyh
θY
i

(deg)
θN
j

(deg)

P/W pentane/water 15.9a 50.9a 72.4b CS 0 0
N/W nonane/water 22.7a 52.4a 72.4b PW 28 24
HD/W hexadecane/water 27.2a 55.2a 72.4b PW 51 42
M/Wc mercury/water 72.75c 415d 486.5d PW 11 10
C6+C7/AS/We dicarboxylic acids with 6 and 7 carbons/ammonium sulfate/

water
40.7 0.5 41.6 CS 0 0

PEG-400/AS/Wf polyetheylene glycol400/ammonium sulfate/water 42.6 1.1 51.2 CS 0 0
OL/Wg octanol/water 27.1 8.5 72.8 CS 0 0
OA/Wg oleic acid/water 32.5 44.9 72.8 PW 31 23
D/Wg decane/water 23.4 51.3 72.8 PW 23 19
D/SDS/Wg decane/sodium dodecyl sulfate/water 23.4 10.0 40.0 CS 0 0
D/NaCl/99% RHg decane/NaCl at 99% RH 23.4 52.4 73.2 PW 27 23
D/NaCl/49% RHg decane/NaCl at 49% RH 23.4 79.7 91.9 PW 59 52
aref 87 T = 295 K. bref 88 T = 295 K. cref 88 T = 293 K. dref 89 T = 293 K. eref 46 T = 293 K. fref 46 T = 298 K. gref 38. hCS indicates core−shell
and PW partial wetting. iContact angle θY computed from Young relation (eq 4), jContact angle θN computed from Neumann’s relation (eq 5).
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τ2πRb, is negligible with respect to the surface terms. We now
consider the contribution of the line tension τ to the free
energy of nanodroplets. τ can be positive or negative. A positive
τ increases the repulsion between the two phases, and the total
free energy decreases by approaching either the core−shell (θ =
0°) or nonwetting (θ = 180°) morphologies. As a result, a
positive τ narrows the domain of partial wetting. On the other
hand, a negative τ increases the attraction between the two
phases resulting in widening of the domain of partial wetting.
Figure 3 shows the morphology map for nanodroplets of 50

and 5 nm radii. For both droplet sizes, positive τ narrows the
partial wetting region and negative τ expands it. The effect,
however, is dramatic only for the 5 nm droplets: surface
tensions that would lead to total wetting in the large droplet
limit result in partial wetting if τ = −20 pN. Positive τ = 20 pN
affects those 5 nm droplets near the boundary and convert
them to core−shell. For the 50 nm droplets, on the other hand,
changes in boundaries with respect to τ are tiny. We conclude
that the internal structures of aerosols with radii as small as 50
nm are already like those of their large counterparts.
Young equation is an exact solution for the contact angle of

the idealized RD model in the limit of large droplets, when the
line tension term can be neglected. To further quantify the
extent of partial wetting for nanodroplets, we add the line
tension to the free energy of the Russian doll model eq 2 and
investigate how θ depends on τ. The relation that results is an
extension of Young’s equation:

γ γ γ θ
θ
θ

τ− + × +
− ×
× ×

=
R R
R R

cos
cos
sin

0WO WV OV
W O

W O
(6)

which has been previously derived in refs81,82 for the
mathematically equivalent problem of nucleation of a liquid
on a curved surface.

Figure 4 shows θ(τ) obtained by numerical solution of eq 6
for several sizes of water−nonane droplets at 308 K. The

contact angle of nanodroplets can sharply collapse to 0°, total
wetting, with positive τ. Phase compositions that result in
partial wetting morphology for large droplets, may produce
core−shell nanodroplets under the impact of positive τ.
Similarly, if θ for a large droplet were close to 180°, a case
we consider highly improbable in atmospheric aerosols,
repulsion between the two phases induced by positive τ
would force the nanodroplet to turn into two separated
droplets, i.e., an externally mixed aerosol.
Nonane−water nanodroplets have been produced and

studied in supersonic nozzles starting with a stagnation
temperature of 308 K, and cooled to ∼230 K during the
expansion.67,70,96 The contact angles predicted from the
experimental surface tensions88,97,98 at 308 K are 23° and
19.4° in the Young and Neumann regimes, respectively, and
quite insensitive to temperature (e.g., with the surface tension
values at 283 K, Young equation predicts θ = 26°, and with
surface tensions extrapolated to 233 K, it predicts θ = 29°).
Modeling of the SAXS spectra of nonane−water droplets
assuming a Russian doll model with nonane and water phases
of radii 11 and 5 nm, respectively, indicates that θ could be
between 40° and 120°.67 It should be noticed that the SAXS
signal depends both on the contact angle and the radii of the
droplets,70 and the aerosols generated by the nozzle are
polydisperse.67 The difficulty of deriving the contact angle and
size of two-phase droplets while accounting for the
polydispersity of the droplets accounts for the uncertainty in
θ. Theoretical considerations indicate that τ between n-alkanes
and water must be smaller than 5 pN.74 We find that a value of
line tension τ close to −30 pN at 233 K (−28 pN at 308 K) is
needed to produce θ = 40 ± 1° for rn = 11 nm and rw = 5 nm
nonane−water droplets, assuming (as in the literature67,70) that
they have an idealized Russian doll internal structure. In next
section, we use simulations to validate the assumptions of the
thermodynamic model and to compute the line tension
between nonane and water from molecular simulations with
the OPLS and mW models, respectively. We find it to be −21
pN at 295 K, in good agreement with the value needed to

Figure 3. Morphology map for different sizes of Russian doll model
droplets. Boundaries of the partial wetting region for droplets with
radii of each phase 5 nm (dashed red and dashed green lines), 50 nm
(solid red and solid green lines), and in the large-droplet limit (solid
black lines). Green lines correspond to line tension τ = 20 pN, and red
lines to τ = −20 pN. Dots are the same as in Figure 2.

Figure 4. Sensitivity of the contact angle θ of water−nonane
nanodroplets to the line tension. In the case considered in this figure,
the contact angle for large droplets is 23° (dashed line). Each color
represents θ of droplets with different radii of nonane and water
domains: black corresponds to rn = 7 nm and rw = 3 nm, red to rn = 10
nm and rw = 5 nm, blue to rn = 22 nm and rw = 10 nm, and green to rn
= 48 nm and rw = 23 nm. As expected, θ of the smaller nanodroplets is
the most sensitive to the line tension.
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reconcile the contact angle predicted from the experimental
surface tensions and the one deduced from the modeling of
SAXS data.

3. MOLECULAR SIMULATIONS VALIDATE
THERMODYNAMIC PREDICTIONS

To verify the accuracy of the predictions of the thermodynamic
model discussed in Section 2, we perform simulations of two-
phase nonane−water droplets, as their internal structure has
been the focus of recent experimental67 and simulation70

studies. We first verify that they adopt the partial wetting
Russian Doll morphology. We then compute the contact angles
of the nanodroplets as a function of the size of each phase,
validate our assumption that even for nanodroplets the impact
of Laplace pressure terms on the contact angle is negligible, and
determine the line of tension for the molecular model.
3.1. Simulation Methods. Molecular dynamics (MD)

simulations are performed with LAMMPS.99 The equations of
motion are integrated with the velocity Verlet algorithm using a
time step of 5 fs and periodic boundary conditions. Nonane is
modeled with the united-atom (UA) OPLS alkane force field,
which represents each −CH3 and −CH2 groups by single
particles that interact through Lennard−Jones potentials.100,101
Water is modeled with the monatomic water model mW, which
represents each water molecule as a single particle that interacts
through short-ranged two- and three-body interactions that
mimic tetrahedral hydrogen-bonding interactions.102 The mW
model has been extensively validated for the simulation of
liquid water, droplets, hydrophobic interactions, interfacial
properties, and phase transitions.72,102−124 The liquid−vapor
surface tension of mW water is 66 mN/m at 295 K,110

comparable to the 68.8 mN/m reported for the best fully
atomistic nonpolarizable model of water, TIP4P/2005,119 and
within 10% of the experimental value (Table 2).

The OPLS nonane−vapor surface tension, has not been
previously reported in the literature. We compute it from the
pressure tensor components normal (pn) and tangential (pt) to
the interface,125 γ = (Lz/2)[⟨pn⟩ − ⟨pt⟩], averaged over 50 ns
NVT simulations with slabs containing 114 nonane molecules.
We find that the surface tension of OPLS nonane (Table 2) is
within 1.3% of the experimental value. We parametrize the
nonane−water interactions by matching the nonane−water
surface tension γnw to the experimental value at 295 K (Table
2). γnw is determined from 50 ns NVT simulations with slabs
containing 114 nonanes in contact with 1024 water molecules.
In the parametrization, methyl and methylene groups are
considered to interact identically with water through a Lennard-
Jones potential. The size σwm = 0.35 nm of water−methylene
interaction is the average of SPC/E126 water−water distance
σww and OPLS alkane methylene−methylene distance σmm.

100

We tune water−methylene interaction εwm for nonane−water

interface to reproduce γnw. The strength between water-
methylene that reproduces the experimental nonane-water
surface tension (Table 2) is εwm= 0.17 kcal/mol.

3.2. Structures of Droplets in Simulation Agree with
Thermodynamic Predictions. We perform simulations of
two-phase liquid droplets of OPLS nonane and mW water with
the aim of verifying whether the morphologies of these ultrafine
aerosols are consistent with the predictions of a thermodynamic
model derived under the assumption that (i) the change in
Laplace pressure with respect to contact angle is negligible and
(ii) the contribution from the line tension is only important in
small nanodroplets. The contact angle derived from the surface
tensions of the OPLS nonane and mW water models at 295 K
using Young’s equation is 49 ± 9°. This is the solution of the
free energy minimization of the RD model when both the line
tension and the Laplace pressure contributions are neglected.
The error bar accounts for the uncertainty in the surface
tensions (Table 2). The contact angle predicted from the
surface tensions of the molecular models is different from the θ
= 23° predicted from the experimental surface tension at the
same temperature, although only the surface tension of water in
the simulations deviates, by less than 10%, from the
experimental value. This indicates that accurate surface tensions
are essential to predict the exact contact angle of atmospheric
aerosols. Our goal here is not to reproduce the experimental
contact angles, but to validate the thermodynamic model by
comparing the contact angle predicted from the surface
tensions of the OPLS nonane and mW water with the one
determined from a structural analysis of binary droplets
simulated with the same molecular models.
The simulated droplets contain between 2000 and 32 000

molecules. The droplets are first equilibrated for 50 ns in
canonical simulations at 295 K, starting from separated slabs of
water and nonane. The morphology is computed from the
density distribution averaged over 1000 configurations recorded
over 2.5 ns after equilibration. The locus of the interfaces is
defined by the surface at which the density drops to half of the
bulk density. The edges of both liquid phases are fit to spherical
caps, from which the contact angle θ is computed through eq 3.
All water−nonane droplets are well represented by the

Russian doll morphology (Figure 5), in agreement with
previous simulations of PYS nonane-SPC/E water drop-
lets.70,127 The largest droplets here have radii of 10 nm, so all
these droplets are small enough that we must consider the
impact of the line tension on θ. Nevertheless, the contact angles
of all the droplets are within 7° of θ = 49° given by the
thermodynamic prediction of the RD model in the large droplet
limit (Table 3); i.e., the effect of the line tension is within the
uncertainty that results from propagating the error of the
surface tensions in Table 2. As the line tension τ for this system
is not available, we find the value of τ that best reproduces the
simulation results by first computing the equilibrium contact
angle as a function of τ for each droplet and then finding the
range of τ values that reproduces θ within ±1° from the
simulation result. The optimum τ is −21 pN (Table 3). τ
derived for the molecular model is consistent with the τ
estimated in section 2 from the contact angle derived from
SAXS data67 and also with the range calculated for water-alkane
interfaces in the theory of Cahn.74 As the contribution of the
line tension scales with the radius R of the phase and those of
the Laplace pressure with R−1, the ability to recover the contact
angle in the simulations with only the surface tension and line
tension terms validate our assumption that the change in

Table 2. Surface Tensions of Nonane-Vapor γnv, Nonane−
Water γnw, and Water−Vapor Surface Tension γwv in the
Molecular Simulations and in Experiments

surface tensiona simulations experiment

γnv (mJ/m
2) 23 ± 0.9 22.7b

γnw (mJ/m
2) 51 ± 1.2 52.4b

γwv (mJ/m
2) 66 ± 0.7c 71.99d

aγnv and γnw at 295 K and γwv at 298 K. bref 87. cref 119. dref 88.
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Laplace pressure with the contact angle has a negligible
contribution to the equilibrium morphology of aerosols, even in
the case of nanoparticles for which the Laplace pressure itself is
not negligible.
The small deviations from a perfect spherical geometry in the

density profiles of Figure 5 suggest that water and nonane are
deformable under the effect of the capillary forces. We now
assume that we can disregard the elastic forces and rely on
Neumann’s construction to compute the line tension. The
generalization of Neumann’s triangle to include line tension is a
quadrilateral construction in which the line tension adds a new

component to the interfacial forces in the direction of the
radius of the contact line.128 We calculate the direction of the
surface tension forces as the tangent to the simulation density
profiles (Figure 5) at the line of three-phase contact. Due to the
small size of the droplets, the surfaces curve at short distances
from the three-phase contact line. We use 0.05 nm segments to
estimate the tangents, and Neumann’s quadrilateral construc-
tion of ref128 to estiomate the line tension for each droplet.
This results in a highly dispersed set of positive and negative
values for τ. As there is a single value of τ for each combination
of phases, we conclude that the tangents extracted from the
simulation profiles of these small droplets are not sufficiently
accurate to estimate τ in the Neumann limit.
To further validate the thermodynamic predictions, we

compute the contact angle of droplets with 4000 waters and
4000 nonanes in which we modify the water−nonane surface
tension γnw by tuning the water-methylene attraction εwm
(Table 4). As expected, the contact angle becomes smaller

with decreasing free energy cost of the liquid−liquid interface
(Figure 6). When γnw < γwv − γnv, total wetting is observed in

the simulations, as predicted by the thermodynamic model. The
contact angle predicted by free energy minimization of the RD
model neglecting the line tension (eq 4) is indistinguishable,
within its error bar, from the angle measured in the simulations.
The simulation results validate the use of Young equation to
predict the morphology of two-phase large liquid droplets, with

Figure 5. Morphology of nonane-water aerosols from molecular
simulations with the OPLS and mW water models. Droplets in A, B
and C panels have almost identical total volume but different
water:nonane ratio. Left: snapshots of the droplets with water shown
with pink points and nonane with cyan sticks. Right: the
corresponding density profiles for water (blue) and nonane (red) as
a function of the distances to the center of mass (CM) in the axes
parallel and perpendicular to line that joins the center of mass of the
two liquids. Yellow and green lines show the fits of these density
profiles to spherical caps, and purple and blue lines the profiles
predicted for perfect Russian doll morphology (water in purple and
nonane in blue) with the contact angle predicted by eq 4, which does
not account for the line tension correction.

Table 3. Contact Angle θ in Nonane-Water Droplets at 295
K from the Simulations and from Thermodynamic
Prediction with τ = −21 pNa

Nnonane/Nwater

θ from RD fit
(deg)

predicted θ from RD thermo model with
τ = −21 pN (deg)

1000/1000 56 ± 2 55 ± 6
4000/4000 53 ± 1 53 ± 6
16000/16000 52 ± 1 52 ± 6
2000/22000 47 ± 1 46 ± 7
1000/31000 44 ± 1 43 ± 10

aLarge-droplet limit θ = 49° eq 4.

Table 4. Contact Angles at 295 K Computed from
Simulations with Various Water−Nonane Interaction
Strengths εwm and Predicted from Surface Tensions by
Young Equation

εwm
(kcal/mol)

γwn
(mJ/m2) θ from eq 4 (deg)

θ from simulations
(deg)

0.15 60 ± 1.2 75 ± 6 75 ± 1
0.17 51 ± 1.2 49 ± 9 53 ± 1
0.18 48 ± 1.2 38 ± 12 41 ± 1
0.20 40 ± 1.2 0 (core−shell) 0 (core−shell)

Figure 6. Snapshots of water−nonane droplets with tuned εwm
interactions strength (Table 4) to produce a set of water−nonane
surface tensions γwn: (A) 60 mJ/m2, (B) 51 mJ/m2, (C) 48 mJ/m2,
(D) 40 mJ/m2. All droplets are at 295 K and contain 4000 water (pink
points) and 4000 nonane (cyan lines) molecules. The contact angles
measured in the molecular simulations (shown by the labels of each
snapshot) are in excellent agreement with those predicted by eq 4 (see
Table 4).
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the line tension generally acting as a small correction term that
is significant only for small nanodroplets.

4. CONCLUSIONS
The morphology of mixed-phase atmospheric aerosols can have
a significant effect on their rate of water and gas uptake and the
type and rate of heterogeneous reactions they promote. It is
difficult, however, to predict whether aerosols of a given global
composition will undergo liquid−liquid phase separa-
tion.21,23,34−61 Moreover, when phase-separation occurs it is
very challenging to accurately determine the morphologies of
the aerosols in experiments.63 Atmospheric aerosols between
100 nm and 2.5 μm are the longest lived in the atmosphere.129

In this work we demonstrate that the extent of wetting in
complex liquid−liquid phase separated atmospheric aerosols
larger than ∼100 nm diameter can be accurately predicted from
knowledge of the liquid−vapor and liquid−liquid surface
tensions of the pair of liquids. We derive the equilibrium
morphology of aerosols that contain two liquid phases by
minimization of the free energy of the idealized Russian doll
(RD) or lens on a sphere model as a function of the contact
angle between the two liquids. Molecular simulations of a wide
range of liquid−liquid separated droplets verify that RD is a
very good model for their internal structure. We demonstrate
that Young relation provides the exact solution of the contact
angle between the two phases in lens on a sphere droplets. We
propose that optimization of the exact degree of curvature of
the liquid−liquid interface can be attained by considering
Neumann’s triangle construction. The latter is the solution for
the elastocapillary equilibrium when elastic forces are negligible
and the morphology of the droplet is completely determined by
capillary forces. Young equation, on the other hand,
corresponds to the limit in which one of the phases has
significant shear modulus and cannot be deformed. The contact
angles predicted by Young (eq 4) and Neumann (eq 5)
relations, however, are always very close (Table 1). The validity
of these equations for liquid−liquid separated aerosols implies
that the contact angle depends on the composition of the
liquids but not on the amount of each phase in the droplet, and
it provides an easy, analytical method, for predicting the
morphology of complex aerosols.
To accurately predict the morphology of small nanodroplets,

we account for the effect of the line tension τ on the free
energy. Our results indicate that τ can alter the morphologies of
common liquid nanodroplets between partial wetting and
core−shell structure. Line tension effects can be pronounced in
droplets of about 10 nm diameter, particularly for those close to
the limits between core−shell and partial wetting or nonwetting
and partial wetting, but become negligible already for ∼100 nm
diameter aerosols. We validate the thermodynamic predictions
with molecular simulations of water−nonane droplets, for
which we compute a line tension in agreement with estimates
from theory and analysis of experimental data.
We build morphology maps (Figures 2 and 3) in which we

locate aerosols for which the surface tensions have been
determined in experiments. Interestingly, we find that all
liquid−liquid separated model atmospheric aerosols studied to
date are located near the boundary between partial wetting and
total wetting, with contact angles rarely larger than 30°. Even
aerosols made of long chain alkanes and water are very close to
the boundary between partial wetting and total wetting: alkanes
are not hydrophobic enough to result in demixing into two
one-phase droplets. We do not expect any liquid−liquid

separated atmospheric aerosols close to the boundary of the
nonwetting domain. Our findings should have broad
application for elucidating the kinetics of water and gas uptake
of aerosols, and for constructing a predictive model for liquid
aerosols in the atmosphere.
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