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ABSTRACT: The incidence of charged particles on the nucleation and the stability of
aqueous aggregates and aerosols was reported more than a century ago. Many studies have
been conducted ever since to characterize the stability, structure, and nucleation barrier of
ion−water droplets. Most of these studies have focused on the free-energy surface as a
function of cluster size, with an emphasis on the role of ionic charge and radius. This
knowledge is fundamental to go beyond the rudimentary ion-induced classical nucleation
theory. In the present article, we address this problem from a different perspective, by
computing the vapor pressures of (H2O)nLi

+ and (H2O)nCl
− aggregates using molecular

simulations. Our calculations shed light on the structure, the critical size, the range of
stability, and the role of ion−water interactions in aqueous clusters. Moreover, they allow
one to assess the accuracy of the classical thermodynamic model, highlighting its strengths
and weaknesses.

■ INTRODUCTION

In a physical chemistry context, the term nucleation alludes to the
growth of a new phase from an old one. Nucleation of a liquid
from the vapor, or of a solid from the liquid, is accompanied by a
decrease in both the enthalpy and the entropy of the nucleating
system (whereas the opposite is true for the reverse processes).
For a certain chemical potential at which the new phase should be
stable, there is a free-energy barrier that needs to be overcome to
reach the final state. This barrier depends on a surface tension
contribution that predominates for small nuclei but becomes
negligible for systems above a critical size. These processes are
often characterized through the free-energy curves as a function
of nucleus size.1

Nucleation of solids or liquids from a vapor phase may proceed
either heterogeneously (assisted by a preexisting nucleus or
phase) or homogeneously (in the absence of such an assistance).
Homogeneous nucleation is a highly activated phenomenon. In
the atmosphere, where this process is of high relevance for
aerosol formation and growth, nucleation is always heteroge-
neous. The role of the particles present during the nucleation
from the vapor was first pinpointed in 1881 by Aitken,2 through
the study of mist formation. A few years later, Wilson showed
that nucleation rates depended on the nature of these particles.3

Nowadays, it is known that the mechanisms of aerosol formation
and growth rely on two, three, or possibly more mutually
interacting agents, such as sulfur dioxide, volatile organic
compounds (VOCs), atmospheric ions, ammonia, amines,
organic acids, iodine oxides, and so forth (see ref 4 and citations
therein).
Classical nucleation theory (CNT)1,5 describes the change in

Gibbs free energyΔG associated with the transfer of nmolecules
from the vapor phase to a cluster of radius r, according to
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where P and P* are the vapor pressures of the aggregate and of
the bulk fluid at the same temperature T, γ is the surface tension,
and k is the Boltzmann constant.4 The so-called ion-induced
nucleation (IIN) theory takes into account the effect of an anion
or cation of charge q by including the interaction of a charged
particle of radius r0 with a dielectric medium contained in a
sphere of radius r
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where ϵ and ϵ0 are the relative permittivities of the bulk and
vacuum phases, respectively.6 A fewmodifications to classical IIN
theory have been proposed to take into consideration the nature
of the ions.7−9 The role played by the specific properties of a
given ion has been underscored by several simulation studies
performed to understand the IIN process. These works have
assessed the importance of ionic sign,10,11 size,12 and polar-
izability13 to conclude that all of these factors, neglected in the
IIN nucleation model, must be considered to some extent in
order to get a quantitative description of this phenomenon.
In this work, we address the problem of aqueous clusters and

aerosols containing monovalent ions from a different perspec-
tive, by computing their vapor pressures as a function of size
using computer simulations. To this end, we apply the grand
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canonical screening (GCS) approach, recently developed to
compute vapor pressures at interfaces of any kind or shape.14

This method has been exhaustively validated against Gibbs
Ensemble Monte Carlo and has proved accurate in the
calculation of vapor pressures of pure liquids,14 aggregates,14,15

and solutions.16 Using this strategy, in the present article, we
establish the range of stability of the aggregates, their critical size,
their structure, and the ability of classical thermodynamic
theories to describe them.

■ METHODOLOGY
Water is described with the rigid SPC/E model,17 whereas the
ions are represented as point charges with Lennard-Jones
potentials,18 with σ and ϵ parameters of 2.337 Å and 0.67 kJ/mol
for Li+ and 3.785 Å and 0.52 kJ/mol for Cl−. Additionally, we
have performed simulations with the mW coarse-grained model,
which represents the water molecule as a single particle
interacting through anisotropic short-range forces.19 The Li+

and Cl− ions are represented within the mW-S force field as the
same particle S and without introducing electrostatic inter-
actions.20 This model quantitatively reproduces the behavior of
LiCl ions in their effect on water structure, melting temperature
of ice, vapor pressure of the solution, and a crossover between
crystallization and vitrification as a function of salt concen-
tration.16,20−22

The vapor pressure of the ion-containing droplets is computed
with the GCS approach,14 recently applied to study pure water
nanodroplets15 and aqueous solutions.16 To calculate the vapor
pressure of a droplet using this method, independent grand
canonical (GC) simulations are performed at different chemical
potentials, μ. In each one of these runs, the number of particles
may rise or drop, depending on whether the magnitude of μ is,
respectively, above or below the equilibrium value μeq. If μ > μeq,
condensation occurs leading to a raise of the droplet radius,
which in turn, because of the reduction of surface curvature,
diminishes the magnitude of μeq. In this way, μeq moves gradually
away from μ, and the droplet continues to grow until the
simulation box is completely filled. Conversely, if μ < μeq,
evaporation takes place and the equilibrium pressure increases
with surface curvature, accelerating the process to the final state.
For pure droplets, the evaporation proceeds until all particles
have disappeared. For binary systems, the final state depends on
the interaction between the particles; in some cases, a stable
configuration corresponding to a minimum in the free-energy
surface may be reached that prevents complete loss of solvent
molecules. With the procedure described so far, an upper and a
lower bound can be established for the equilibrium chemical
potential μeq corresponding to the critical size, which is directly
connected to the relative vapor pressure if ideality of the gas is
assumed. Additionally, in the case of ion-containing clusters, this
method provides the size of the free-energy minimum structure
for a given μ, if such a minimum exists.
Molecular dynamics simulations were performed using the

LAMMPS program23,24 for the calculation of droplet radii and
the densities presented in Figure 4. Whereas this information
could be also extracted from the GC computations described
below, the analysis is simpler for a constant number of particles.
The equations of motion were integrated using the Verlet
algorithm with a time step of 1 fs (SPC/E) or 5 fs (mW). The
temperature was controlled with the Nose−́Hoover thermostat
at 298 K with a relaxation time of 0.25 ps.
For the calculation of vapor pressures, grand canonical Monte

Carlo (GCMC) simulations at 298 K were carried out with

version 7.1.0 of the MCCCS Towhee code.25,26 The calculations
were performed in periodic boundary conditions in a box of 60 ×
60 × 60 Å3, using a long-range cutoff of 15 Å for the Coulomb
contribution, which is enough to include all interactions between
the molecules in the largest aggregate, excluding at the same time
the interactions between periodic images. Three kinds of moves
are possible with equal probability: rotation, displacement, or
insertion/deletion. If the third kind turns out, then the algorithm
proceeds to randomly choose between particle deletion or
insertion with equal probability. The magnitudes of displace-
ments and rotations were adjusted on the fly to fit a 50%
acceptance ratio. The acceptance criterion for the exchange of
water molecules is based on the chemical potential μ, which is

related to the vapor pressure by μ μ= +θ ϕ
θT k T( ) ln P P

PB
( ) ,

where ϕ is the fugacity coefficient. In the Towhee code, the total,
absolute chemical potential of a component i is defined and
computed as follows26
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where W is the difference in total energy after inserting a test
particle i on the system, V is the volume, N(i) is the number of
particles, and Λ(i) is the thermal de Broglie wavelength. The
brackets, ⟨ ⟩, denote an average on the insertion moves. This
“methodological” definition of the chemical potential allows its
calculation through an insertion methodthe Towhee code
employs Rosenbluths weights. This definition of chemical
potential leaves the reference state μθ as an unknown constant,
and therefore, the pressure is not directly available. Nevertheless,
Towhee can compute the chemical potential μtotal(i)

NPT (or
simply μNPT) through the formula above in an additional Monte
Carlo simulation in the isothermal−isobaric (NPT) ensemble
performed at a known PNPT. Writing down the chemical
potentials in both ensembles, we have
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Combining these two equations, we obtain the following formula
for the pressure in the GCMC simulation
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which can be used to retrieve the pressure PGCMC for any given
μGCMC. Assuming the ideal gas approximation, or if PGCMC and
PNPT are very close, the ratio between the fugacity coefficients can
be taken to be 1 in eq 3. In particular, the ideal gas approximation
is frequently adopted in GC simulations of H2O near ambient or
evaporation conditions.14,27−30

■ RESULTS AND DISCUSSION
Figure 1 presents the logarithm of the saturation ratio S as a
function of the inverse radius, for aqueous clusters at 298 K (S =
P/P*, with P and P* the vapor pressure of the aggregate and that
of bulk water, respectively). The solid curves show the results
obtained with the SPC/E model and the GCS approach for pure
water clusters (black) and for aqueous clusters containing a
single Cl− (green) or Li+ (red) ion. The black dashed line
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corresponds to the relative pressure predicted by the Kelvin
equation for water droplets

γ
=

*
=S

P
P

V
rRT

ln ln
2 m

(4)

where γ is the surface tension of the bulk liquid, Vm is the molar
volume, R is the ideal gas constant, and r is the radius from the
center of mass to the equimolar surface (for details on the
calculation of the equimolar radius, see ref 14). It can be seen that
all curves obey the Kelvin equation for radii above ∼8 Å (0.125
Å−1), or only ∼80 H2O molecules. In the case of pure water, the
Kelvin equation with the Tolman correction31

γ δ
δ*

= · −
+
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P
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r
r
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provides a good description of the vapor pressure up to a radius
as small as 5 Å, below which a discrepancy starts to be manifest.
The observed trend corresponds to a negative Tolman length, δ
≈−0.3 Å. This negative deviation implies that the surface tension
increases as the droplet becomes nanoscopic, in qualitative
agreement with previous estimates for the SPC/E model.32 The
validity of classical thermodynamics for pure water droplets at
such small length scales has been analyzed by us in a recent study
using the mW coarse-grained potential.15 The present results
obtained with the atomistic SPC/E model also show the
applicability of the Kelvin equation down to the same range.
The behavior of the clusters containing a single ion is

qualitatively different; the curves show a maximum at S ≈ 3−3.5
and n ≈ 30, indicating that above this pressure the clusters will
not be stable against the bulk phase. At a given pressure or
chemical potential lying below this maximum (and above P*),
the aggregate will present two stable or metastable forms; the
left-hand branch, at large radii (1/r < 0.15 Å−1), corresponds to
maxima in the free-energy surface, that is, metastable points with
respect to the chemical potential, which reflect the critical cluster
size. The right section of the curve, on the other hand, represents
free-energy minima. These two extremes can be appreciated in
Figure 2, which is a depiction of the free energy as a function of
size for the (H2O)nLi

+ cluster at two different saturation ratios.
This figure portrays the number of molecules at the minima and
maxima on the free-energy surface, as resulting from the GCS
approach.
For n > 80, the left-hand branch of the curves for the Li+ and

Cl− clusters in Figure 1 essentially reproduces the behavior of

pure water droplets. In other words, when the size of the
aggregate is above 80 molecules (r > 8 Å), the effect of the ion on
the vapor pressure, and presumably on the free energy, becomes
negligible. On the other hand, it can be seen that the critical size is
extremely sensitive to the chemical potential. Figure 2 highlights
that a change of just 15% in the pressure more than doubles the
critical cluster size, from 198 to 499 molecules.
The evaporation of water clusters, or clusters of any other pure

liquid, can be regarded as an autocatalytic process; as they lose
mass and shrink, the increase in surface curvature raises their
vapor pressure, which accelerates the whole sequence downhill in
the free-energy landscape toward complete disintegration. In the
presence of an ion, however, the evaporation process may get
trapped in a minimum consisting of a few solvent molecules
surrounding the charged particle. Our GC simulations
spontaneously lead to these minima if the starting configuration
lies to the left of the critical cluster size. The number of water
molecules forming these free-energy minimum structures
depends on the chemical potential; for Li+, it varies from 9 at S
= 0.7 to 13 at S = 2.5. For Cl−, these numbers are slightly smaller
at low pressures (n ≈ 7 for S = 0.7) but may be larger than those
for Li+ clusters at higher saturation ratios. These values are very
close to those found by Bin Chen and coauthors with the TIP4P
model for ions of 3 and 4 Å diameter.13

The stability of these binary aggregates results from the
balance between two opposing driving forces: on one hand, the
hydration energy of the electrolyte, and on the other, the surface
curvature. A rising saturation ratio tends to reduce the critical
radius because higher curvature raises the vapor pressure and at
the same time promotes an increase in the size of the minimum,
driven by the hydration free energy (the sensitivity of this size
with respect to pressure is relatively minor, as reflected in the
slope of the right-hand branch in Figure 1). Because of these
opposite trends, as the pressure goes up, the minimum and the
maximum approach each other to eventually merge at S ≈ 3.
Above this saturation ratio, the free-energy curve turns out to be
monotonically decreasing, that is, clusters containing a Li+ or Cl−

ion become unstable with respect to the solution.
In the framework of IIN theory, it is assumed that the radius of

the droplet is proportional to n1/3 ρ π= =V n r( / )4
3

3 . Figure 3

shows the dependence of the equimolar radius on the number of
molecules, indicating that this assumption is tightly observed for
all of the aqueous clusters examined in this work down to n≈ 50.
Interestingly, this linear relation remains valid for clusters of only
20 molecules in the case of pure water and even less in that of the
water−Li+ aggregate. For Cl−, the radius exhibits a positive

Figure 1. Logarithm of the relative vapor pressure as a function of the
inverse radius of the droplets. Black, red, and green lines represent
results obtained with the SPC/E model for pure water, water−Cl−, and
water−Li+ aggregates, respectively. The black dashed and dotted lines
show the predictions of the Kelvin equation, with and without the
Tolman correction.

Figure 2. Schematic representation of the excess Gibbs energy as a
function of the number of water molecules for (H2O)nLi

+ aggregates at
two different saturation ratios.
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deviation when n < 50. This deviation originates from the
hydration structure of the anion, which involves a shell of water
molecules with the hydrogen atoms facing the negative charge,
leaving an excluded volume that results in a larger radius for the
same number of molecules, in comparison with pure water or
water−Li+ clusters. This effect is clearly visible in the contour
maps collected in Figure 4, showing for all three systems the
time-averaged density projected on 2D for n = 12. It can be seen
that also in the case of pure water the hydrogen bond network
favors a hollow region in the central part of the cluster. In recent
work,15 we have identified this particular feature in (H2O)9
aggregates using both the mW model and first-principles DFT
simulations. This arrangement seems exacerbated in the
presence of Cl−, while it is disarticulated by the lithium cation,
which facilitates a more compact configuration where the oxygen
atoms are oriented toward the charge. Figure 5 displays two
typical structures for Li and Cl clusters extracted from molecular
dynamics trajectories, illustrating the distinctive arrangements of
the solvent around the ion in each case. This difference in the
radii of the clusters explains, to some extent, the separation of the
curves corresponding to chloride and lithium aggregates in the
limit of small sizes in Figure 1. In addition, for a given number of
H2O molecules, the stability of small water−Cl− clusters appears
in general marginally higher than that of water−Li+ clusters. This
is depicted in Figure 6. The lower vapor pressure of the chloride
aggregates is seemingly inconsistent with the higher hydration
energy of Li+, around 30−50% larger than that of Cl− according
to experimental estimates.33 The explanation is likely to be found
in the hydrogen bond network arising in the solvation shell; the

strong interaction of water molecules with Li+ may restrain the
flexibility of the shell, precluding the optimization of the
hydrogen bonds and further stabilization of the system.
The IIN considers the interaction of a charged particle with a

uniform dielectric medium enclosed in a sphere of radius r,
neglecting the molecular structure of the solvent and the nature
of the ion (eq 2). Derivation of eq 2 with respect to r leads to an
expression for the logarithm of S as a function of the droplet
radius, known as the Kelvin−Thomson equation
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This formula is plotted in Figure 7, together with the results from
the GC simulations. Interestingly, the IIN model gives a fair
account of the saturation ratio up to r≈ 7 Å, beyond which it
starts to fail. For (H2O)nCl

− clusters, the discrepancies are on the
order of 15−25%; however, for the lithium−water clusters, the
deviation becomes significant, especially in the limit of small

Figure 3. Equimolar radius of the cluster as a function of the cube root of
the number of water molecules, n. The dotted line represents the linear

relationship =
πρ( )r n3

4

1/3
1/3, with ρ = 0.0334 Å−3.

Figure 4. Two-dimensional contour maps showing the density of oxygen atoms, for aqueous aggregates at 298 K. Units for the color scale bar are Å−3.
The densities were averaged over time windows of 25 ns. In (H2O)12Li

+ and (H2O)12Cl
−, the ions reside on average in the center of mass.

Figure 5. Instantaneous configurations of (H2O)12Li
+ (left) and

(H2O)12Cl
− (right) extracted from molecular dynamics simulations at

298 K. The dashed lines depict hydrogen bonds between water and the
ion.

Figure 6. Logarithm of the relative vapor pressure as a function of the
number of water molecules for water−Cl− and water−Li+ clusters.
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droplets, where the theory underestimates the vapor pressure by
a factor of 3 or 4. Assumptions of the IIN, for example, that the
cluster is a continuous medium of homogeneous density and
permittivity with an ion at the center, start to be too crude for
clusters of just 30 or 20 molecules. The more acceptable
agreement obtained for the vapor pressure of chloride−water
clusters is likely to be related to a smaller interaction energy; the
IIN model, which represents the system as a charged particle
embedded in a homogeneous dielectric, will fail more
dramatically for the case of large hydration energies capable of
exacerbating the structure of the solvation shell and inducing
strong specific interactions with the solvent.
Recently, we successfully employed the mW coarse-grained

model to investigate the vapor pressure of lithium and sodium
chloride solutions.16 This model has shown that, despite the lack
of electrostatics, it could provide a good description of the
activity coefficients and therefore of the relative vapor pressure of
these electrolyte solutions, thanks to a parametrization strategy
based on reproducing some fundamental features of the solution,
such as solvation structure and effective association between ions.
The success of the models appears at odds with a severely
underestimated hydration free energy (−22.2 kcal/mol for the S
particle against ∼−120 and ∼−80 kcal/mol for experimental Li+

and Cl−, respectively), which turns out to be compensated by the
underestimation of the vaporization free energy of the salt.16 In
the present case, however, the activity coefficient of the bulk does
not reflect the behavior in the aggregate, and a too weak
hydration free energy leads to too high vapor pressures. This is
depicted in Figure 7, where it is shown that the saturation ratios
of the mW ion-containing aggregates hardly deviate from those
of pure water clusters. As a matter of fact, the coarse-grained
mW-S model is unable to produce stable aggregates. Figure 8
presents the number of water molecules as a function of the
Monte Carlo step for GC simulations based on the atomistic
SPC/E and coarse-grained mW-S force fields. The figure shows
for every model the results of two simulations, one above and one
below the equilibrium chemical potential. Whereas in the case of
the SPC/E model, the system reaches a stable, free-energy
minimum structure, for the mW simulations, the number of
particles drops to zero, leaving the bare ion in the simulation box.

■ CONCLUDING REMARKS
The present atomistic SPC/E simulations indicate that the
Kelvin equation can be applied to describe the saturation ratio of

water clusters as small as 1 nm diameter, in agreement with
previous coarse-grained results.15 Moreover, our computations
suggest that curvature in small SPC/E aggregates produces an
increase in the surface tension, consistent with the data reported
by Sedlmeier and Netz.32

Clusters containing a single Li+ or Cl− ion may be stable or
metastable up to saturation ratios of ∼3−3.5, above which they
become unstable against the bulk phase. The presence of
monovalent ions does not seem to significantly affect the
thermodynamics of clusters exceeding 80 water molecules. These
coexist with smaller, stable structures containing typically less
than 20 water molecules, which constitute minima in the free-
energy surface. We have characterized these structures as a
function of pressure to find that the number of water molecules
in lithium and chloride clusters is about the same, going from
∼13 molecules at S = 2.5 to ∼8 at S = 0.7. In the limit of small
aggregates, (H2O)nCl

− systems can be significantly larger than
(H2O)nLi

+ systems due to the organization of water molecules
around the central ion. This difference tends to disappear
altogether for n > 50. Within this range, the vapor pressure of
lithium aggregates is slightly larger, which may be explained in
terms of a suboptimal hydrogen bond arrangement of water
around the Li+ ion. The higher hydration energy of the cation in
comparison with that of Cl− must induce a more compact and
rigid solvation shell with a lower stability. Thus, the vapor
pressure results from a delicate balance between the interaction
of the H2O molecules with themselves and with the ion.
Despite its crude assumptions, the classical IIN theory

provides a reasonable guess of the radius corresponding to the
maximum supersaturation attainable. However, it tends to
underestimate the vapor pressure of the clusters. This under-
estimation does not seem so dramatic for moderate hydration
energies but may be withering for small droplets and high ion−
water interactions, reaching in some cases a factor of 3 or more.
This highlights the importance of refined models or molecular
simulations in describing the thermodynamics and nucleation of
aerosols in the presence of ions.

Figure 7. Logarithm of the relative vapor pressure as a function of the
inverse radius of the droplets. Legends are the same as those in Figure 1.
Here, the triangles identify the results obtained with the mW coarse-
grained model, for clusters of pure water (black) and with a single ion
(red). The blue dashed line shows the prediction of classical IIN theory.

Figure 8. Number of water molecules as a function of the Monte Carlo
step in SPC/E and mW GC simulations of clusters containing an ion.
The curves with positive slope correspond to a chemical potential above
the equilibrium value, and vice versa. ThemWmodel does not produce a
stable aggregate but evaporates completely. For the atomistic model, the
curves for evaporation and condensation correspond to S = 2.90 and
3.69, respectively. For the coarse-grained simulations, these values are
2.90 and 2.98.
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