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Abstract

The radial number density profiles of halide and
alkali ions in aqueous clusters with equimolar
radius / 1.4 nm, that correspond to /255 H2O
molecules, have been extensively studied by
computations. However, the surface abundance
of Cl– , Br– and I– relative to the bulk interior
in these smaller clusters may not be representa-
tive of the larger systems. Indeed, here we show
that the larger the cluster is, the lower the rela-
tive surface abundance of chaotropic halides is.
In droplets with equimolar radius of ≈ 2.45 nm
that corresponds to ≈ 2000 H2O molecules, the
polarizable halides show a number density max-
imum in the droplet’s bulk-like interior. A sim-
ilar pattern is observed in simulations of the
aqueous planar interface with halide salts at
room temperature. At elevated temperature
the surface propensity of Cl– decreases grad-
ually, while that of I– is partially preserved.
The change of the chaotropic halide location
at higher temperatures relative to room tem-
perature may considerably affect photochem-
ical reactivity in atmospheric aerosols, vapor-
liquid nucleation and growth mechanisms, and
salt crystallization via solvent evaporation. We
argue that the commonly used approach of nul-
lifying parameters in a force field in order to
find the factors that determine the ion location
does not provide transferable insight to other

force fields.

Introduction

Aqueous droplets containing alkali and
halide ions are omni-present in atmospheric
aerosols1–8 and man-made sprays often used in
technology and as ionization methods in ana-
lytical chemistry. It is important to know the
ions’ relative abundance in the interface be-
cause as expected, water molecules and ions
in this region are more readily available for
chemical reactions including catalysis9,10 with
incoming species and evaporation than the bulk
interior.3,11,12 In addition, ions can serve as nu-
cleation centers in the vapor or in the liquid-ice
phase transition, and in this role their surface
affinity may affect the nucleation mechanisms
and rates.13,14 Hereafter, we will use the term
“cluster” and “droplet” interchangeably.

The variation in a droplet’s size that may
lead to systems with different physical and
chemical properties has been a focus of many
studies. Studies of vapor-water planar inter-
faces4,7,15–29 may provide insight into the chem-
istry in the interface of neutral macroscopic
clusters (droplets) or solid particles.12,30–56 Nev-
ertheless, an ion without neutralizing counteri-
ons in a droplet is subject to different forces
from those in a planar interface because the
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spherical geometry enters the boundary condi-
tions in the electostatic equations as we discuss
in the next paragraphs.

There is also a significant amount of theoreti-
cal and experimental research that investigates
the local minima in the potential energy surface
and free energy of solvation of a single alkali
or halogen ion embedded in clusters.57–82 The
topic is still investigated in order to reconcile
differences between computations and experi-
ments and achieve detailed modeling mainly in
the smallest clusters via the use of high level
quantum chemistry calculations.83–87

The location of halide and alkali ions in aque-
ous clusters, has been considered a resolved
matter in the literature. Studies over several
decades have reached consensus that the num-
ber density of a single Cl– , Br– , I– is enhanced
in the surface region, and that of F– and alkali
ions shows a broad maximum in the droplet’s
center of mass.4,21,58,62,63,67,88–93 However, the
number density profiles of the halide ions as
a function of droplet size and their proxim-
ity to the ion distributions in the planar in-
terface is still unexplored. Moreover, studies
of the number density and solvation of ions in
nanodroplets at cold temperatures or elevated
temperatures relative to room temperature are
still limited.73,74,91 The studies at elevated tem-
perature are more relevant nowadays for at-
mospheric processes since the temperature in
Earth shifts toward higher values.

All the computational studies so far have been
performed for clusters composed of a few tens
of H2O molecules, or for clusters with approxi-
mately 190 - 255 H2O molecules using polariz-
able and non-polarizable models. Perera et al.91

studied clusters with 238 H2O molecules, Stu-
art and Berne,89 up to 255 H2O molecules using
OPLS (optimized potential for liquid state) and
a charge fluctuating model, Caleman et al.92

≈ 200 H2O molecules using a Drude oscillator-
based polarizable model.94 Stuart and Berne at-
tempted to find the cluster size at which a sole
Cl– ion would transfer in the interior by ex-
trapolating from clusters of up to ≤ 255 H2O
molecules.89 However, the extrapolation could
not make a clear prediction and the question
remained open. To explain the ion surface

propensity, factors that have been examined are
the ion and water polarization, charge and ion
size.56,88 Stuart and Berne established that Cl–

is located near the surface when a polarizable
water model is used and in the cluster interior
when a non-polarizable model is used.89 Wick
and Xantheas reported simulations of ions in a
slab geometry using a polarizable force field.90

They considered the factors of size and polariz-
ability for I– and Cl– . They found anisotropy
in the solvation structure of the ions, which cor-
related with polarizability.

Our reference point for the location of a point
charge in a droplet is that the number density
peaks at the droplet’s center of mass (COM).
This number density profile is predicted by an
analytical model that we developed,74,95 which
finds that a point charge in a spherical droplet
(where shape fluctuations have been consid-
ered) is always subject to a harmonic potential
centered at the droplets’ COM. We named this
effect electrostatic confinement (EC).

In EC, the energy, ∆E1, related to the dis-
tance of the ion from the droplet’s COM is given
by

∆E1(‖r‖) = K(ε)
Q2

R3
‖r‖2 (1)

where

K(ε) =
ε− 1

4πε0ε(ε+ 2)
(2)

Q, R and ε are the charge of the ion, the droplet
radius and the relative dielectric constant of the
solvent, respectively, ε0 is the vacuum permit-
tivity and ‖r‖2 = X2

COM +Y 2
COM +Z2

COM (where
XCOM, YCOM, ZCOM are the coordinates of the
droplet’s COM). The center of the droplet is
placed on the ion.

The EC is more evident for an ion with a
charge of at least ±3e (where e is the elemen-
tary positive charge) found in a droplet with a
relatively small radius. For the EC to become
evident the radius size will be equal or mod-
erately larger than the radius at the Rayleigh
limit.96–98 The Rayleigh limit is defined as the
point where the electrostatic forces balance the
surface forces in a droplet. In small droplets
the geometric confinement may compete with
EC, and then the single ion number density
becomes uniform within the droplet’s interior.
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Even though, EC is always present, chemical
factors such as charge transfer may mask its
effect. A simple view of the location of F–

and alkali ions shows consistency with EC pos-
sibly due to their small size. The polarizable
halides are more complicated because of their
large size and polarization. Onsager-Samaras
(OS) theory45,99–101 is often used for explain-
ing the repulsion of the ions from the interface.
The fundamental electrostatic treatment of the
problem is almost the same in the EC and OS
theory, with the difference that in OS the lin-
earized Poisson-Boltzmann equation is used vs.
the non-linearized equations used in EC. Stud-
ies in aqueous planar interfaces have demon-
strated the deviation from OS, and thus, the
need for atomistic modeling or additional terms
in the analytical theory. A molecular-level ap-
proach considers the following free energy con-
tributions that may determine the ion loca-
tion:45,100,102 (a) The hydrophobic effect that
arises from the ion size. This effect leads to a
free energy penalty to create a cavity within the
H2O network. This factor favors the ion solva-
tion in the subsurface and surface. (b) The ion
solvation due to charge and its sign. An ion in
the interface may be partially solvated, which
leads to a free energy penalty relative to the
completely solvated state. This factor favors
the ion location in the subsurface and interior.
(c) The interaction of the ion with the surface
potential28,103–106 of H2O. The polarity of the
H2O molecules in the interface in combination
with the orientation of the H2O molecules sur-
rounding the ion may lead to the ion attraction
or repulsion in the vapor-liquid interface. The
explicit electronic polarization of the ions and
H2O may reinforce factors (b) and (c). In this
manuscript we hypothesize that as the droplet
size or temperature increases the halide num-
ber density shifts toward the droplet interior
because of reduced interaction between the po-
larizable ion and the surface potential.

Systems and simulation

methods

Molecular dynamics (MD) simulations of
charged aqueous droplets containing a sole an-
ion F– , Cl– , Br– and I– were performed. For
comparison, simulations have also been per-
formed with Cs+.

The majority of the simulations in this
study have been performed with the polariz-
able model94 SWM4-NDP with the CHARMM-
Drude force field.110 The ion parameters are
shown in Table S1 in SI. Hereafter, the model
will be denoted as “Drude”. The systems
and characteristics of their structure using the
Drude model are described in Table 1.

For comparison, three non-polarizable pa-
rameter sets were also used. The non-
polarizable models are: (a) the TIP4P/2005
water model111 with the ion parameters from
OPLS-AA,112,113 denoted hereafter as OPLS;
(b) exactly the same model as in (a), but the
charge of the ions are scaled by a factor of 0.75
suggested by Kirby and Jungwirth,114 denoted
hereafter as OPLS‡; and (c) TIP4P/2005111

water model with the Madrid-2019-Extended
ion parameters,115,116 where the ions are scaled
by a factor of 0.85, denoted hereafter as M19.
The charge-scaling models intend to provide a
mean field treatment of polarizability.

The majority of the simulations have been
performed for aqueous droplets ranging in size
between N = 200 (Re = 1.1 nm, where Re

denotes the equimolar radius) to N = 2000
(Re = 2.45 nm). Only for Cl– and I– simu-
lations using the Drude model were performed
in a 6000 H2O droplet (Re = 3.55 nm).

The MD simulations were performed in
the canonical ensemble using NAMD version
2.14.117 The droplet was placed in a spheri-
cal cavity of 10 nm radius using the spherical
boundary condition as implemented in NAMD
in order to maintain a vapor pressure equilib-
rium. The Newton’s equation of motion for
each atomic site was integrated using the ve-
locity Verlet algorithm with a time step of 1.0
fs for the Drude oscillator modeled systems,
and 2.0 fs for the nonpolarizable systems. The
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Table 1: Systems and their structure characteristics using the “Drude” model. The
first and second columns show the number, N , of H2O molecules and the temperature,
T of the droplet, respectively. The third and fourth columns show the equimolar
radius, Re, and the radius Rb of the bulk-like interior, respectively. The fifth column
shows the number, Ni, of H2O molecules in the droplet’s bulk-like interior. In the sixth
column the droplet interior density, ρi, is estimated from Fig. 1. In the seventh column,
the droplet’s pressure, P , is estimated using the Young-Laplace equation with surface
tension value94 67 ± 4 dyn/cm for SMW4-NDP at T = 298.15 K. At T = 325 K and
350 K, P is estimated using the experimental value of surface tension, 67.5 dyn/cm and
64.0 dyn/cm, respectively. The error bars in P arise from the error bar in the surface
tension. The eighth column shows the calculated bulk H2O density, ρPBC, using MD
with periodic boundary conditions (PBC). The experimental H2O density,107,108 ρexp,
at the same conditions is shown in parentheses. By using MD with PBC we estimated
the bulk density of SWM4-NDP at 300 K and P = 1.0 bar to be equal to 0.994 ± 0.02
g/cm3. The error bars are one standard deviation. For comparison, Ref109 reports
density 1.0038 g/cm3 (experimental: 0.9971 g/cm3) at 298.15 K and P = 1.0 bar.

N T (K) Re (nm) Rb (nm) Ni ρi (g/cm3) P (bar) ρPBC (ρexp) (g/cm3)
200 300 1.1 0.6 31 1.028 ± 0.007 1212 ± 73 1.036 ± 0.01 (1.045)
776 300 1.75 1.1 190 1.021 ± 0.003 766 ± 45 1.022 ± 0.02 (1.028)
776 325 1.80 1.2 242 1.000 ± 0.003 771.4 1.005 ± 0.02 (1.018)
776 350 1.75 1.2 237 0.977 ± 0.004 731.4 0.982 ± 0.02 (1.004)
2000 300 2.45 1.8 830 1.015 ± 0.003 547 ± 33 1.014 ± 0.02 (1.020)
6000 300 3.55 2.9 3452 1.010 ± 0.003 378 ± 23 1.009 ± 0.02 (1.013)

duration of production runs are shown in Ta-
ble S2 and Table S3 in SI, for the Drude and
non-polarizable models, respectively. In the
Drude model, a mass of 0.4 amu was trans-
ferred from the host atom to the Drude particle.
The trajectories were visualized using VMD
1.9.4a47.118 All the forces were computed di-
rectly without any cutoffs. For the polarizable
systems, NAMD utilizes a dual Langevin ther-
mostat to freeze the Drude oscillators while
maintaining the warm degrees of freedom at
the desired temperature. The systems were
thermalized at 300 K for the warm degrees of
freedom and at 1 K for the Drude oscillators.
The damping coefficient for the Langevin ther-
mostat was set to 1/ps.

In the analysis of the droplet structure, we
used three diagnostics: (a) The mass density
of H2O, ρ, measured in spherical shells around
the droplet’s center of mass (COM); (b) The
density arising from the Voronoi volume;119 (c)
The distance of the fifth closest neighbor to the
oxygen site of water as described in Ref.74 The
Voronoi volume and the associated density were

computed in the following way: The Voronoi
volumes119 for all the oxygen sites were com-
puted. Within each spherical shell of radius r
and r + dr measured from the droplet’s COM,
the number of O sites in the shell N (r) and
the total volume V(r) of the Voronoi cells for O
sites was found. The average density as deter-
mined by the Voronoi cell volumes is defined as
ρV (r) = m〈N (r)/V(r)〉, where 〈· · · 〉 indicates
an average over the configurations sampled in
the simulations, and m is the mass of a water
molecule.

In addition to the droplet simulations, bulk
simulations with periodic boundary conditions
(PBC) for SWM4-NDP H2O were performed at
high pressure in order to compare the radial
distribution functions (RDFs) and mass density
with those at the droplet’s bulk-like interior.
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Results and Discussion

Halide surface affinity as a func-
tion of droplet size and tempera-
ture

Figure 1 (a) and (b) show typical snapshots of
a droplet with N = 200 and N = 2000, re-
spectively, where the bulk-like interior (red),
and exterior (blue), that includes the subsur-
face and surface are distinguished. Figure 1 (c)
and (d) show three diagnostics of H2O struc-
ture for N = 200 and N = 2000, respec-
tively: the mass density ρ measured in spher-
ical shells around the droplet’s center of mass
(COM), the denisty ρV using the Voronoi vol-
ume and d5, which is the distance of the closest
fifth H2O molecule from the oxygen site of a
H2O molecule. The same diagnostics but for
N = 776 and N = 6000 at T = 300 K, and
N = 776 at 325 K, and 350 K are shown in
Fig. S1 (a)-(d) in SI. These diagnostics vary
in the same way regardless of the halide ion
used. The droplet’s bulk-like interior size and
density extracted from those are summarized
in Table 1. All the diagnostics show that the
H2O density starts to decrease at a distance
Rb shown in Table 1. The decrease in den-
sity for r > Re is due to the shape fluctua-
tions as shown in Fig. 1 (a) and (b). The den-
sity profile, ρ, masks the decrease in density
due to shape fluctuations. These fluctuations
become evident by using the instantenous sur-
face106,120–123 methods. Nevertheless, as it is
discussed in the next paragraphs, the aim in
this part of the study is the equilibrium con-
stant of the ion residence time between the ex-
terior and the droplet’s bulk-like interior. This
equilibrium constant does not depend on the
exact definition of the surface.

One of the questions that we examine is
whether the structure of the droplet interior
may play a role in the location of the ions. The
bulk-like interior density values, ρi (sixth col-
umn in Table 1), have been further examined
by performing bulk simulations of SWM4-NDP
with PBC under the pressure P estimated by
using the Young-Laplace equation124 at a cer-
tain Re. The ρi and ρPBC values are within

the standard deviation. Under the higher P =
1212 bar-766 bar the RDFs of SWM4-NDP
with PBC shown in Fig. 2, have a less deep
first minimum than in the lower pressure. This
may reflect the fact that due to the high pres-
sure, d5 in N = 200 (as shown in Fig. 1 (c)) is
slightly shorter than that in the larger droplets.
The small change in the H2O coordination at
this high pressure has been associated with in-
creased H2O fluidity.125,126 In droplets of N =
6000 where the pressure is ≈ 378 bar, the inte-
rior RDF becomes the same as that at pressure
1.0 bar. Thus, the bulk-like interior structure
differs with droplet size, and this in turn may
change the interplay of H2O-H2O and H2O-ion
enthalpies that affect the halide location. We
think that at room temperature the higher pres-
sure in the interior will not play a significant
role in expelling the ions into the subsurface as
shown by the fact that the bulk-like interior ac-
commodates F– and to some extent Cl– in a
similar manner as in the larger droplets where
the pressure is lower. This argument is also sup-
ported by additional tests that are described in
the next section. This is to be contrasted with
the bulk-like interior in supercooled droplets
from where the kosmotropic alkali and F– may
be expelled toward the subsurface. Similarly to
the room temperature droplets, Cl– can be still
accommodated to some extent in the bulk-like
interior of the supercooled droplets.74

Figure 3 (a)-(d) shows the ion number density
profiles computed from the droplet’s COM us-
ing the Drude model at T = 300 K in droplets
of various sizes. Cs+, the largest of the al-
kali metal ions is used here for comparison in
N = 200 and N = 776. For the larger droplets,
Cs+ is expected to also reside in r < Rb. The
raw data histograms are shown in Fig. S2 in
SI and typical segments of the trajectories in
Fig. S3-S6 in SI. The potentials of mean force
(PMFs) along the distance of the ion from the
droplet’s COM for Cl– , Br– and I– are shown
in Fig. S7 in SI. The PMFs were computed by
−kBT ln(P (r)) where kB is the Boltzmann con-
stant and P (r) is the number density shown in
Fig. 3 (a)-(d). All the number density profiles
(Fig. 3 (a)-(d)), except for F– and Cs+, show a
minimum at ≈ Rb, which corresponds to a bar-
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Figure 1: (a) Snapshot of N = 200 with a sole I– . The red and blue colored regions show the H2O
molecules at distance, r, from the droplet’s COM < Rb and r > Rb, respectively. Beyond Re, the
shape fluctuations are observed. The I– ion is represented by the green colored sphere, which is
enlarged relative to H2O molecules for visualization purpose. (b) Same as (a) but for N = 2000.
(c) ρV , ρ, and d5 for N = 200 at T = 300 K. (d) Same as (c) but for N = 2000. At r < Rb, ρV and
d5 profiles are constant before they start to decrease. Details are discussed in the text.

rier in the PMF (Fig. S7 in SI). This minimum
is sharper for Br– and I– and slightly broader
for Cl– .

The segments of the trajectories in Fig. S3-S6
in SI show that the frequency of the incursions
into the bulk like interior increase from I– to
Br– to Cl– . The larger the droplet, the more
frequently I– resides in r < Rb. In general, the
larger the droplet, the longer the duration of the
incursion. An incursion may last 0.4-0.5 ns in
N ≤ 776 to 1.6 ns in N = 2000 and N = 6000.

As it is already known, Br– and I– have a
clear surface propensity relative to the other
halogen and alkali ions.4,58,62,63,67,89–92 F– and
Cs+ have a number density that peaks at r <
Rb, but F– still shows a surface propensity
higher than Cs+ as shown by its decaying tail
at Rb < r < Re.

In previous works Cl– has only been studied
in clusters with N < 255, where a strong sur-
face propensity has been found.4,58,62,63,67,89–92

The droplet size where Cl– can found in the in-
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Figure 2: RDFs (g(r)) using the Drude model
for (a) gOO, and (b) gOH at P = 1 bar and
T = 300 K, P = 766 bar and T = 300 K, and
P = 1212 bar and T = 300 K. The inset zooms
in 0.3 nm ≤ r ≤ 0.6 nm.

terior has not been reported in earlier studies.
The surface propensity of Cl– decreases with in-
creasing droplet size, and in the largest droplets
of Re = 3.55 nm, the interior location of Cl– is
favored relative to the exterior.

Table 2 shows the ion’s percentage residence
time in the exterior. Using these data, we com-
pute the equilibrium constant of the exterior
over interior residence time shown in Table 3.
The probability to encounter the ion into the
bulk-like interior depends on the volume. To do
a democractic comparison, we compare, within
the same droplet size, the ratio of the percent-
age residence time shown in Table 2, among
Cl– , Br– and I– at r > Rb. We find that the

[Cl– ]/[I– ] ratio decreases from 0.92 in N = 200
to 0.72 in N = 2000. In N = 6000 this ratio
decreases considerably to 0.53. The [Cl– ]/[Br– ]
ratio also decreases from 0.93 in N = 200 to
0.75 in N = 2000.

The difference in the ∆∆A between the ex-
terior and bulk-like interior for certain droplet
sizes modeled by SWM4-NDP is reported in Ta-
ble 4. The free energy difference decreases with
the droplet size, which implies that the inter-
play of the molecular factors that determine the
ion location may change with the size.

Table S4 in SI shows the integrated number
density of the ions at r > Rb. In Ref.92 a H2O-
ion model very near to the Drude is used to
compute the free energy differences as a func-
tion the ion-droplet COM distance forN ≈ 200.
In Ref.92 the interior is defined in the interval
(0,7.5 Å) and the exterior (surface and subsur-
face) is defined in the interval (7.5 Å,11 Å),
while in our study for approximately the same
system size we use the value of 6.0 Å, which
is the minimum of the number density profiles
(maximum in the PMF in Fig. S7 in SI). We
note that we define the equilibrium constant
(Table 3) differently from that in Ref.92 If we
estimate the equilibrium constant as in Ref.92

taking as the droplet exterior r > 7.5Å, then
KX

eq = 2.02, 8.9 and 14.4 for Cl– , Br– , I– , re-
spectively, which compares reasonably well with
the values 1.6, 7.0 and 13.0 reported in Ref.92 In
Ref.92 comparison of the equilibrium constant
for N ≈ 200 are made with X-ray photoelectron
spectroscopy (XPS) experiments for planar in-
terfaces. We think that it may not be obvious a
priori that the planar interface ion distribution
will be comparable with the ion distribution in
N = 200. A droplet with N = 200 differs from
the larger droplets in the thickness of the in-
terfacial region, which includes the subsurface
and surface127 where |Re−Rb| equals 0.5 nm for
N = 200 vs 0.65 nm for the larger clusters. In
N = 200, the ions are nearer the bulk-like inte-
rior and the peaks of I– and Cl– are nearer to
one another than in the larger droplets. Specif-
ically, the distance of the maximum of the Cl–

number density from Rb is 2.8 Å in N = 200,
and converges to the value of 4.5 Å in the larger
droplets. Similarly, the distance between the
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Table 2: Percentage of ion residence time in the exterior of the droplet (∆text (%)) for
X– = F– , Cl– , Br– , I– in various models at T = 300 K. The dividing surface between
interior and exterior is r = Rb. Rb is defined at 6 Å, 11 Å, 18 Å, 29 Å for N = 200,
776, 2000 and 6000, respectively. The dash lines in the Table indicate that simulations
have not been performed for these systems. The long simulation time in the larger
systems prevents us to perform simulations of Br– in N = 6000 and F– in N = 2000 and
N = 6000. It is expected that F– will be found in the interior even for N = 2000 and
N = 6000.

Model N ∆text (%), F– ∆text (%), Cl– ∆text (%), Br– ∆text (%), I–

200 52.3 ± 1.9 91.4 ± 1.3 98.7 ± 0.5 99.6 ± 0.3
Drude 776 49.5 ± 3.6 81.8 ± 1.4 95.7 ± 1.7 99.0 ± 0.5

2000 – 67.9 ± 1.5 90.3 ± 3.4 94.9 ± 1.7
6000 – 46.6 ± 4.1 – 86.4 ± 8.4

OPLS 776 39.1 ± 1.0 46.5 ± 1.7 48.7 ± 0.9 64.5 ± 1.3
OPLS‡ 776 48.2 ± 0.5 80.5 ± 1.1 88.1 ± 0.6 99.4 ± 0.2
M19 776 53.0 ± 0.6 67.7 ± 1.0 74.9 ± 0.8 88.7 ± 0.9

Table 3: Equilibrium constant KX
eq (X = F, Cl, Br, I) computed by the ratio of the ion

residence time at the exterior (r > Rb) over the interior region. The boundary between
the exterior and the interior is defined at Rb shown in Table 1. The dash lines in the
Table indicate that simulations have not been performed for these systems because
the outcome is expected. Details are discussed in the text.

Model N KF
eq KCl

eq KBr
eq KI

eq

200 1.1 ±0.08 10.6 ±2.3 75.9 ±29 249
Drude 776 0.98 ±0.14 4.4 ±0.4 22.3 ±9.2 99

2000 – 2.1 ±0.2 9.3 ±3.6 18.6 ±6.5
6000 – 0.83 ±0.2 – 6.1 ±4.5

OPLS 776 0.64 ±0.03 0.87 ±0.06 0.3 ±0.03 1.9 ±0.06
OPLS‡ 776 0.93 ±0.02 4.1 ±0.3 7.4 ±0.12 166 ±55
M19 776 1.13 ±0.03 2.1 ±0.1 3.0 ±0.13 7.8 ±0.7
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Figure 3: Number density profiles in units of concentration measured from the droplet’s center of
mass (COM) of an embedded sole ion in an aqueous system comprised (a) N = 200, (b) N = 776,
(c) N = 2000, and (d) N = 6000. Rb and Re mark the bulk radius and the equimolar radius,
respectively. In (a) and (b), the location of the Drude particle is shown in dotted lines. Standard
deviation obtained by block averaging over five equally spaced blocks is shown for Cl– only in (a)
- (d) and also for I– in (d). The standard deviations for the other ions are of the same magnitude
as for Cl– . The bin size used is 0.5 Å. Simulation length of the systems is shown in Table S3 in SI.
The histogram of the ion distance from the COM using the raw data are shown in Fig. S2 in SI.

Table 4: ∆∆A (kJ/mol) for F– , Cl– , Br– ,
and I– using the KX

eq from Table 3 for
SWM4-NDP.

N F– Cl– Br– I–

200 −0.23 −5.9 −10.8 −13.8
776 0.05 −3.8 −7.7 −11.5
2000 −1.9 −5.6 −7.3
6000 0.48 −−− −4.5

Cl– and I– number density maxima increases
from 0.4 Å in N = 200 to 1.0 Å in the larger
droplets. At N ≈ 776 there is a convergence in
the thickness of the surface and subsurface re-
gion and in the location of the exterior maxima
of the ion number density profiles.

We compare the number density of the single
ion with the ion distributions in a planar inter-
face. The half thickness of the planar interface
that is simulated in Ref.21,40 is ≈ 1.75 nm. This
thickness includes the shape fluctuations. In
the droplets studied here, Re ranges between
1.10 nm (N = 200) to 3.55 nm (N = 6000).
The linear dimension of the droplet is longer
than Re by ≈ 4 Å when shape fluctuations are
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included. Thus, a droplet of N ≈ 800−900 H2O
is nearer a 3×3×3 nm3 slab simulated with pe-
riodic boundary conditions (PBC) in Ref.21,40

In the planar interface,21,40 there is a high con-
centration of ion pairs (1.0 M-1.2 M) and over-
all the interface is neutral. The location of
Na+ and X– may be correlated because of ion
pairing, a factor that might also affect the ion
depth distribution. Comparison with Figure 10
in Ref.21 shows that overall, there are similari-
ties in the trend of the halide location between
a planar interface and a N ' 776 nanodroplet.
We note that in our simulations for Cl– and I–

it is the nanodroplets with N = 2000 that start
to show a similar trend to the planar interface
(Fig. 10 in Ref.21) by showing a maximum in
the bulk-like interior. It is noted that the dis-
tance between the number density maxima in
the interior and surface for Cl– and I– are at
a much longer distance in the N = 6000 nan-
odroplet relative to the slab. For instance, the
distance for I– is 28 Å relative to the slab that
it is 13 Å. Possibly the difference arises from
the finite thickness of the slab.

The temperature effect in the number den-
sity profiles of the ions is shown in Fig. 4. All
the polarizable halides gradually lose their sur-
face affinity with the temperature increase. Cl–

completely loses its surface affinity at 350 K,
while I– and Br– still keep some surface pref-
erence. The shift of the ion number density
toward the bulk interior may be attributed to
decreased strength of interaction between the
polarized surface and the ion due to increased
thermal motion that in turn reduces the degree
of the surface orientation of the H2O molecules.
The surface and ion polarization are discussed
in the next section. There may be other factors
that also contribute in the loss of the surface
preference such as easier accommodation of the
larger ions in the interior because of more labile
H-bonding and higher dielectric constant in the
interior that leads to better solvation.

Factors that affect the surface
affinity of halide ions

Several works have analyzed the factors that
determine the ion location, by estimating the
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Figure 4: Ion number density profile of a
droplet comprised 776 H2O molecules and a sole
ion (a) Cl– , (b) Br– , (c) I– at 300 K, 325 K and
350 K.
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relative size of H2O-H2O and H2O-ion en-
thalpies62,63,89,92 (∆H) for clusters with N /
200. In Ref.,92 for N ≈ 200, the enthalpic con-
tribution arising from the sum of the H2O-H2O
and H2O-ion average potential energies were
estimated92 by constraining the ion’s position
along the distance from the droplet’s COM. It
was found92 that ∆H (difference between the
exterior enthalpy and the interior) ranges from
≈ −30 kJ/mol for I– to ≈ −5 kJ/mol for
F– . Entropic contributions were computed92

by subtracting the enthalpic contributions from
the computed PMF profiles. It was found92

that in N ≈ 200, F– resides in the interior be-
cause of a dominant entropic contribution while
the other halides reside near the surface because
of a dominant enthalpic contribution. We think
that by computing the H2O-H2O and H2O-ion
average potential energies we cannot clearly de-
termine whether the strength of the water net-
work prevents the ions entering the cluster in-
terior especially in smaller (N / 800) clusters.
The reason for that is that the presence of the
ion in the bulk-like interior in N = 200 affects
the entire H2O interior network since the ion’s
second hydration shell extends up to near 6.0 Å
for the various ions (Fig. S8 in SI), which is al-
most equal to Rb (Table 1). Even in N = 776
the effect of the ion in the structure of the
bulk-like interior (Rb = 1.1 nm) is still consid-
erable. Moreover, near the interface, the con-
straint of the ion-COM distance may influence
the droplet’s shape fluctuations and thus, the
PMF near the interface. An order parameter
that monitors the distance of the ion from the
instantenous interface, may provide a more rep-
resentative picture of the ion location.106,120–123

One way to examine the average depth of the
ions from the surface is to examine the RDFs of
the ions in the bulk-like interior vs those in the
exterior as shown in Fig. S8 in SI for halide ions
in the Drude model. For example the solvation
of I– is reduced by ≈ 2.5 H2O molecules when it
is on the surface, which shows partial exposure
to the interface.

Another approach to assess the factors that
determine the ion location is to consider the
H2O-H2O and H2O-ion interactions collectively
as they give rise to the following thermody-

namic factors:45,100,102 (a) The hydrophobic ef-
fect that arises from the ion size. This effect
leads to a free energy penalty to create a cavity
within the H2O network. (b) The ion solvation
due to charge and its sign. An ion in the in-
terface may be partially solvated, which leads
to a free energy penalty relative to the com-
pletely solvated state. (c) The interaction of
the ion with the surface potential.28,103–106 The
factors that determine the ion location are often
inferred via comparison of different force fields
and via assessing the effect of certain interac-
tions within the force field by nullifying their
contributions. Since all the model parameters
are intertwined we cannot universally deduce
the factors that determine the ion location by
systematically switching-off the values of cer-
tain parameters. These tests may reveal the
factors that affect the ion location within the
particular molecular model, which may not be
transferable to other models or to reality.

We examine whether the interaction of the
ion with the surface potential is the main driv-
ing force that determines the location of the
polarizable halides near the surface. The sur-
face potential also includes the effect of the H2O
polarization due to the presence of the ion. For
SWM4-DP planar interface the vapour/water
surface potential has been estimated28,94,128 to
be −545 mV. It is noted here that the surface
potential found in ab initio simulations103–105

and experiments104,129 has a different sign from
that of the classical force fields. This sign dif-
ference has been explained28,130 as originating
from the difference in the water quadrupolar
tensor trace. It has also been found that the
orientation of the interfacial water in both ab
initio and classical force fields is in agreement.28

The radial dipole moment was calculated by
projecting the dipole moment of a molecule
onto the vector from the center of mass of the
droplet to the center of mass of the molecule.
The radial distribution of the projected compo-
nent (pr(r)) was calculated by averaging over
all molecules found within a spherical shell with
radius r and r + dr and over all the configura-
tions. For water molecules, the induced dipole
moment arises from both the orientation of the
H2O molecules and the electronic polarization
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represented by the Drude oscillator. Here, we
use the convention where the dipole moment
points from negative to positive charge sites,
therefore a positive pr(r) value represents an
excess positive charge in the region due to po-
larization, caused by the interface and the ion.

To analyze the polarization of the ion we dis-
cuss Fig. 5 in relation to the histogram of the
raw data of the ion location, shown in Fig. S3
in SI. Fig. 5 shows a strong halide polariza-
tion in Rb < r < Re relative to the interior
for N = 200 and N = 776 at T = 300 K-350 K.
The degree of polarization decreases with in-
creasing droplet size or temperature. Overall,
the ion polarization follows the expected trend
for the halides. In N = 200 the ion polarization
starts at r < Rb because of the droplet’s shorter
|Re−Rb| interval relative toN ' 776. In Fig. S3
in SI the raw data in the histogram for F– and
Cl– show that F– has a significant presence in
Rb < r < Re. F– and Cl– are found in the sub-
surface, where they are still well solvated. Thus,
their polarization has to be induced by the ori-
entation and electronic polarization of the H2O
molecules in the surface and subsurface region.
For Br– and I– , the asymmetric solvation90,131

due to their partial exposure toward the vapour
may lead to enhanced polarization.

Figure 6 shows the averaged radially pro-
jected water dipole moment. The projec-
tion shows that the H2O polarization decreases
with increasing droplet size and temperature.
The polarization effect is more pronounced in
droplets with N ≈ 200, where the type of the
ion will affect the degree of H2O polarization.
It is noted that the H2O polarization is caused
not only by the orientation due to the interface
but also by the presence of the ion itself. In
N = 200 the effect of the ion in the surround-
ing H2O is more pronounced, where F– shows
the largest effect. The H2O polarization is also
reflected in the charge distribution around the
droplet’s COM shown in Fig. S9 and Fig. S10 in
SI. Thus, for N / 776 the relative strength of
ion-H2O and H2O-H2O interactions as a func-
tion of the distance from the droplet’s COM
may change. The ion polarization is caused
by the polarization of the exterior H2O, since
the H2O in the bulk-like interior do not cause
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Figure 5: Time-averaged radial dipole moment
(pr) of the ion as a function of its radial position
for (a) N = 200 at T = 300 K, (b) N = 776 at
T = 300 K, (c) N = 776 at T = 325 K, and (d)
N = 776 at T = 350 K.
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Figure 6: Same as Fig. 5 but for the water
molecules.

any significant polarization except for N = 200.
Our analysis so far supports the existence of
the interaction of the polarized halide with the
surface potential, but they cannot clearly show
that this interaction is the driving force for the
presence of the halides on the surface. Support-
ing evidence of the key role of this interaction
in determining the ion position comes from sim-
ulations of a sole Cl– in N = 200 using the
SWM4-NDP model where the Cl– polarization
was nullified and all the other parameters were
kept the same. Figure S11 in SI shows that
Cl– for N = 776 and T = 300 K loses its sur-
face affinity and resides in the droplet’s interior.
This suggests that the polarizable Cl– is cap-
tured in the interface due to the surface poten-
tial. As we will discuss in the next paragraphs,
I– already shows a degree of surface affinity in
TIP4P/2005, thus, it is expected that polariza-
tion will enhance its surface propensity. Our
results for the role of the surface potential is
along the explanation for the preference of the
polarizable halides in the planar interface.131

The difference in the droplets is that there is
a size effect on the degree of the ion-interface
interaction.

We draw further insight about the factors
that determine the ion location by examin-
ing the number density profiles of halides in
TIP4P/2005 with ions that carry charge −1
and in charge-scaled force fields that intend to
treat the ion polarization in an average manner,
shown in Fig. 7. The ion-oxygen site radial dis-
tribution functions (RDFs) for the various force
fields are shown in Fig. S12 in SI and the hydra-
tion numbers of the ions are shown in Table S5
in SI. OPLS (which in our notation denotes the
use of TIP4P/2005 for H2O and ion charge −1)
for N = 776 predicts the maximum of the F–

number density profile near the droplet’s COM,
in agreement with SWM4-NDP. Using the same
model, Cl– and Br– show a smoothly increasing
number density toward the droplet’s COM, but
not as sharp as that of F– . Cl– and Br– show a
small degree of propensity at Rb < r < Re. I–

shows a slight increase towards the COM and it
clearly shows a local maximum at Rb < r < Re.
Thus, even though OPLS does not explicitly
treat the solvent and ion polarization, it still

13
https://doi.org/10.26434/chemrxiv-2023-6l167-v4 ORCID: https://orcid.org/0000-0001-8869-4155 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-6l167-v4
https://orcid.org/0000-0001-8869-4155
https://creativecommons.org/licenses/by-nc-nd/4.0/


 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  0.5  1  1.5  2  2.5

Rb Re

776 H2O, Drude

F-

Io
n

 m
ol

ar
it

y 
[M

] 

Distance [nm]

Drude
OPLS‡

M19
OPLS

(a)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  0.5  1  1.5  2  2.5

Cl-

Io
n

 m
ol

ar
it

y 
[M

] 

Distance [nm]

Drude
OPLS‡

M19
OPLS

(b)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  0.5  1  1.5  2  2.5

Br-

Io
n

 m
ol

ar
it

y 
[M

] 

Distance [nm]

Drude
OPLS‡

M19
OPLS

(c)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  0.5  1  1.5  2  2.5

I-

Io
n

 m
ol

ar
it

y 
[M

] 

Distance [nm]

Drude
OPLS‡

M19
OPLS

(d)

Figure 7: Number density profiles at T = 300 K
for N = 776 and a single halide ion using dif-
ferent models. (a) F– ; (b) Cl– ; (c) Br– ; (d)
I– .

predicts a trend in the number density profiles
consistent with the halides increasing polariz-
ability from F– to I– . As it was discussed in the
previous paragraph, electronic polarization en-
hances this trend. The orientation of the H2O
molecules around the ion may affect its inter-
action with the surface potential, which is ap-
pears to be the driving force for determining
the halide location in the OPLS.

Figure 7 shows that in the OPLS‡ (where H2O
is modeled by TIP4P/2005) a decrease of the
ion charge89 at −0.75, predicts number density
profiles near that of Drude model (where H2O is
modeled by SWM4-NDP). The hydrophobic ef-
fect is the same as in the OPLS model. The fact
that the F0.75− appears in the interior indicates
that the weaker ion-H2O interactions and the
high interior pressure of the droplet do not pre-
vent the ion to be found mainly in the interior.
Thus, the reduced need for solvation for Cl0.75−,
Br0.75− and I0.75− creates a new favorable loca-
tion relative to OPLS where the combination
of the hydrophobic effect, solvation and inter-
action with the surface potential lead to lower
energy.

The number density profiles for N = 776
using the M19 model (where H2O is modeled
by TIP4P/2005 and the ion Lennard-Jones pa-
rameters are different from those in OPLS and
OPLS‡), shown in Fig. 7, predict a similar trend
to Drude but less pronounced. The M19 model
intends to reproduce the structure of aqueous
solutions and results in a concentration profile
that resembles that of multiple ions in solution
between the ion and water in the surface and
subsurface.

In order to determine the role of the com-
bination of charge sign and size we simulated
N = 776 and a sole Cl+, Br+ and I+ using
SWM4-NDP and OPLS‡ and N = 200 using
SWM4-NDP. The use of halides with a positive
charge has a physical meaning. All alkali ions
and F– are classified as hard ions, Cl– is in the
borderline, and Br– and I– are classified as soft
ions. Quantum ab initio calculation have shown
that F+, Cl+, Br+ and I+ have comparable, but
slightly higher hardness to their anionic coun-
terparts as they have similar ionic radius.132,133

The number density profiles using SWM4-NDP
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and OPLS‡ are shown in Fig. S13 (a)-(b) and
(c), respectively. Figure S13 (a)-(b) for SWM4-
NDP shows that X+ does not have a surface
propensity for N = 200 and N = 776, which
agrees with previous studies.92 The X+ num-
ber density is higher in the region where the
Voronoi volume computed density has a steady
value (bulk-like interior), and the droplet inte-
rior is explored in a uniform manner. This in-
dicates that the high density bulk interior does
not prevent the formation of a cavity to enclose
an ion of the size of I– . The number density
profiles suggest that the solvation of the X+

and repulsion from the interface dominate in
placing the ions in the bulk-like interior. The
fact that the alkali ions and positively charged
halides prefer the interior in polarizable and
non-polarizable models shows that the charge
sign leads to different solvation from that of the
large anions and repulsion from the interface.
These findings are in line with those in Ref.56

Figure S13 (c) in SI shows that in OPLS‡ the
positively charged counterpart of halides with
charge +0.75 also show surface propensity. The
modification in OPLS‡ is in the decreased ion
charge, which decreases the strength of ion-H2O
interactions, leading to a surface propensity of
positively charged halides as well. The ±0.75
scaled-charged ions in OPLS‡ if they interact
with the surface potential, they will have an
opposite interaction. Thus, the effect of the in-
teractions of the ions with the surface potential
is not the reason for the ion location. The sim-
ilarity in the surface propensity between X0.75−

and X0.75+ suggests that it is due to the hy-
drophobic effect and due to the strength of the
H2O-H2O interactions that prevents their dis-
ruption by the ion of the low charge.

The tests lead to the following conclusions:
(a) For the halide ions, the strength of the H2O-
H2O interactions in the bulk-like interior of the
droplet is not the decisive factor that prevents
the ions to be found in this region. Thus, the
hydrophobic effect does not play a key role for
the halides. (b) Simulations provide evidence
that the surface potential is the driving force for
the location of Cl– , Br– , I– nearer the droplet
surface in the Drude model. Simulations also
suggest that the surface potential induces a

dipole moment to the large polarizable halides
that stabilizes their surface location in agree-
ment with previous studies.90,131 (c) InN / 776
the H2O polarization is more obviously affected
by the strong orientation of the H2O molecules
in the first hydration shell of the ion. (d)
In non-polarizable models such as TIP4P/2005
the ion number density profiles show a similar
trend to that of the polarizable force field but
less pronounced. The reduced charge density
of halide ions, using charge-scaling may lead
to number density profiles similar to those of
a polarizable force field. Thus, different inter-
play of interactions in a force field may lead to
number density profiles similar to those of a po-
larizable force field (considering the polarizable
force field as a reference model). Thus, nulli-
fying parameters in a force fields in order the
understand the physical factors that determine
the ion location, does not provide transferable
insight to other force fields or reality.

Conclusion

By using the polarizable model SMW4-NDP we
showed that the surface propensity of the po-
larizable halides (Cl– , Br– , I– ) decreases by in-
creasing the droplet size or temperature. At
T = 300 K and in an aqueous droplet with an
equimolar radius of ≈ 1.1 nm (N ≈ 200 H2O),
which is the smallest size examined in this
study, these halides show the largest surface
propensity relative to larger ones. The increase
of droplet size or temperature affects mostly
the surface propensity of Cl– . In droplets with
equimolar radius ≈ 3.55 nm (N ≈ 6000 H2O)
at T = 300 K Cl– is mainly located in the
bulk-like droplet interior. I– preserves a de-
gree of surface propensity even in the larger
droplets, and, it also shows a significant maxi-
mum in the bulk-like interior. From the small-
est droplets, N = 200 that we studied to the
largest, N = 6000, the relative (measured from
the bulk solvation energy) interfacial free en-
ergy increases by ≈ 6.3 kJ/mol for Cl– , and
≈ 9.3 kJ/mol for I– . Overall, the relative in-
terfacial free energy is of the order of magni-
tude of several kJ/mol for all the halides. At
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elevated temperatures the surface propensity of
Cl– decreases gradually, and at T = 350 K, Cl–

loses the distinct maximum of its number den-
sity profile at the droplets’ exterior. I– still pre-
serves its surface propensity at T = 350 K but
to a lesser degree than at T = 300 K. The num-
ber density profiles of the polarizable halides
starting from N = 2000 and at T = 300 K show
a maximum in the interior in addition to the
surface as those in the simulated aqueous pla-
nar interface at T = 300 K. The convergence to-
ward the planar interface shows that even in the
smaller nanodroplets, same forces, namely the
interaction of the polarizable halide with the
surface potential, to those in a planar interface
determine the ion location. Still certain differ-
ences exist between droplets of N = 2000−6000
and the planar interface in the distance of the
number density maxima between the surface
and bulk-like interior. We attribute this dif-
ference in the finite thickness of the planar in-
terface.

We assessed three charge-scaled non-
polarizable force-fields in predicting the halide
surface propensity by using a Drude oscillator-
based polarizable model as a reference model.
We found that TIP4P/2005, even though does
not explicitly treat the solvent and ion polariza-
tion, it still predicts a trend in the number den-
sity profiles consistent with the halides’ increas-
ing polarizability from F– to I– . We attribute
this trend to the interaction of the halide ions
with the surface potential. A number of tests
by changing the charge sign, magnitude, and
polarizability showed that the interaction be-
tween the polarizable halide and the surface
potential plays a key role in determining the
location of the polarizable halides. We also
showed that different driving forces in force
fields may lead to number density profiles for
the ions that are similar to those of the polariz-
able force field that we use as reference model.
Thus, nullifying parameters in a force fields in
order the understand the physical factors that
determine the ion location, does not provide
transferable insight to other force fields.

Since we found that clusters with several
thousands of H2O provide ion density profiles
similar to those of a planar interface, liquid-

jet experiments using XPS at elevated tempera-
tures may confirm the temperature effect in the
ion distributions in planar interfaces.18,34 This
result will be also transferable to larger clus-
ters. The effect of temperature in the location
of halides is expected to have profound conse-
quences in the photochemistry of atmospheric
aerosols.5,6 New applications of crossed molecu-
lar beam experiments in aerosol nanoclusters134

combined with electrospray ionization for se-
lecting cluster sizes may provide information on
the growth mechanisms of the clusters depend-
ing on the nature of the ion. In these experi-
ments clusters comprised several thousands of
solvent molecules are accessible.

The location of the ions is also expected to
have implications in nucleation of supersatu-
rated vapor.13,135 The presence of the ions low-
ers the nucleation barrier relative to pure H2O
and decreases the size of the critical nuclei. De-
pending on temperature and degree of super-
saturation the critical nuclei are expected to
contain only a few tens of H2O molecules at
most. Because of the small size there is no dis-
tinction between interior and exterior location,
thus it is expected that the classical nucleation
theory that is based on the division of surface
and volume contributions may need to be re-
vised. The interior and exterior ion states are
expected to manifest in the larger post-critical
clusters. Nucleation processes upon cooling
within the larger droplets where the ion may
serve as a nucleation center may be also affected
by the ion location.

Supporting Information

(S1.) System and simulation parameters; (S2.)
Water structure in droplets using the Drude
model; (S3.) Raw data of the ion distribution
and trajectories in Drude-modeled droplets;
(S4.) Potential of mean force as a function of
the ion-droplet’s COM distance; (S5.) Resi-
dence time of the ion in the exterior divided
by the volume; (S6.) Ion-Oxygen RDFs in the
droplet’s bulk-like interior and exterior; (S7.)
Charge density profiles; (S8.) Cl– number den-
sity profile in SWM4-NDP H2O by removing
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the Cl– polarization; (S9.) Comparison of the
radial distribution functions of Ion-Oxygen for
various molecular models; (S10.) Number den-
sity profiles for X+ in aqueous droplets.
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