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Abstract

The interaction between water and ions within
droplets plays a key role in the chemical reac-
tivity of atmospheric and man-made aerosols.
Here we report direct computational evidence
that in supercooled aqueous nanodroplets a
lower density core of tetrahedrally coordinated
water expels the Na+ ions to denser and more
disordered subsurface. In contrast, at room
temperature, the radial distribution of a sin-
gle Na+ ion in the droplet core is nearly uni-
form. We analyze the spatial distribution of a
single ion in terms of a reference electrostatic
model. The energy of the system in the an-
alytical model is expressed as the sum of the
electrostatic and surface energy of a deformable
droplet. The model predicts that the ion is sub-
ject to a harmonic potential centered at the
droplet’s center of mass. We name this effect
“electrostatic confinement”. The model’s pre-
dictions are consistent with the simulation find-
ings for a single Na+ ion at room temperature
but not at supercooling. We anticipate this
study to be the starting point for investigat-
ing the structure of supercooled electrosprayed
droplets that are used to preserve the confor-
mations of macromolecules originating from the

bulk solution.

Introduction

The spatial distribution of ions in droplets plays
a decisive role in chemical reactivity in atmo-
spheric and man-made aerosols. Applications
of the man-made aerosols relevant to this study
include spray-based ionization methods used in
native mass spectrometry analysis1 and use of
droplets as micro- (nano-) reactors for acceler-
ating chemical synthesis.2–4 Aerosol droplets in
the lower atmosphere carry a small charge de-
termined by at most a few excess ions whereas
droplets in thunderclouds and electrosprays are
highly charged. In this article we study the
structure of supercooled aqueous mesoscopic
clusters charged with a single and multiple ions.
Hereafter, we will use the term nanodroplets for
these mesoscopic clusters.

The structure and stability of supercooled
clusters composed of ionic species and up to
a few tens of water molecules has fascinated
scientists over several decades. Experiments
have detected abundance of certain “magic”
cluster sizes associated with clathrate struc-
tures5 and have studied their reactivity rele-
vant to atmospheric chemistry.6 Many of the
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experiments have used Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrome-
try where dominant evaporative cooling of clus-
ters over heating due to the absorption of black
body radiation from the warmer walls of the
apparatus5,6 has been reported. In certain FT-
ICR experiments the temperature of clusters
composed of 50-70H2O molecules is estimated
to be 130 K-150 K. Supercooled droplets also
play a critical role as preservation environments
of peptide conformations sprayed from the bulk
solution using a variable-temperature electro-
spray ionization source coupled with ion mobil-
ity spectrometry and mass spectrometry tech-
niques for analysis of the conformations.1

Most of the computational studies7–9,9–13,13–17,17–26

are for clusters at room or elevated tempera-
ture, while there are relatively a few compu-
tational studies12,14 of the supercooled clusters
due to fact that they are notoriously challeng-
ing to be equilibrated. Voth and co-workers14

have investigated the location of a single Na+,
Cl– and H3O

+ ion in clusters of H+(H2O)100,
Na+(H2O)20, Na+(H2O)17, Na+(H2O)100 and
Cl– (H2O)17 in the temperature range of 100 K-
450 K. They found that below the freezing
temperature in clusters of 100 H2O molecules
H3O

+ and Na+ were excluded from the cluster
interior and tend to reside within a few mono-
layers of the surface. Above the cluster melting
point, both the Na+ and Cl– ions tend to be
found nearer to the center.

The spatial distribution of multiple ions in
nanodroplets has been investigated less. Pre-
viously27,28 we have reported atomistic simula-
tions of the location of multiple ions in aqueous
nanodroplets with diameter ≈ 2 nm - 16 nm at
a temperature range of 300 K to 450 K. We have
found that in droplets comprising ≈ 1000 H2O
molecules, the radial ion distribution (measured
from the droplet’s center of mass) is almost uni-
form. As the droplet size increases, the distri-
bution shows a distinct maximum in the outer
droplet layers. The distribution dies off toward
the droplet’s center of mass (COM) by a slow
almost exponential decay. Toward the droplet
exterior, the decay is determined by the ion
size and shape fluctuations.27 The solution of
the non-linear Poisson-Boltzmann equation for

a spherical geometry29 is used as a reference
model to compare with the atomistic simula-
tions. The distribution of multiple ions and
biological molecules such as peptides at super-
cooling is still completely unknown.

Here we study the location of a single ion and
multiple ions in relation to the solvent orga-
nization in supercooled aqueous clusters with
sizes that vary from 100 H2O molecules (cor-
responding to a diameter of ≈ 1.8 nm) to 1100
(diameter≈ 4.0 nm). Our recent computer sim-
ulations30 for pristine supercooled water clus-
ters have revealed an anomalous, inverted ra-
dial density profile emerging for N ≥ 200
molecules at low temperature, in which a low-
density core with relatively good tetrahedral or-
dering31 is surrounded by a high density subsur-
face. These observations have some commonal-
ities with studies of nucleation within droplets
and thin films.32–36 We hypothesize that the low
density water core in supercooled droplets will
differentiate the ion distribution from that at
room temperature. The hypothesis could not
be explored in earlier research14 because the
small cluster sizes (number of water molecules
≤ 100) precluded the formation of the low den-
sity core.

In order to obtain insight into the forces that
determine a single ion’s location in a fluctuat-
ing droplet, we introduce a reference analyti-
cal model. To our knowledge, such a reference
model is still missing from the literature. In
the model the energy of a fluctuating droplet is
the sum of the electrostatic energy and surface
energy. It predicts that the ion is subject to
a harmonic potential centered at the droplet’s
COM. For this reason we name this effect “elec-
trostatic confinement” (EC). We present the
conditions under which the electrostatic con-
finement is more evident.

Theory of Electrostatic Con-

finement

Here, we present the key points of an analytical
model that provides insight into the forces that
determine the location of a single (macro)ion
in a droplet. The details of the model are
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found in Sec. S1 in the SI. In the model we
consider a charged dielectric droplet that may
undergo shape fluctuations. The charge car-
rier is a single (macro)ion with bound charge
(the macroion cannot ionize). The energy of
the charged droplet is written as the sum of the
electrostatic energy and surface energy.

After some algebra (details are found in
Sec. S1 in SI), it is found that the energy related
to the distance of the ion from the droplet’s
COM (denoted by ∆E1) is given by

∆E1(‖r‖) =
ε− 1

4πε0ε(ε+ 2)

Q2

R3
‖r‖2 (1)

where Q, R and ε are the charge of the ion, the
droplet radius and the relative dielectric con-
stant of the solvent, respectively, ε0 is the vac-
uum permittivity and ‖r‖2 = X2

COM + Y 2
COM +

Z2
COM (where XCOM, YCOM, ZCOM are the coor-

dinates of the droplet’s COM). The energy (1)
has the functional form of a harmonic potential.
From this point we would refer to this effect as
“electrostatic confinement” (EC). We introduce
the spring constant K(ε) where

K(ε) =
ε− 1

4πε0ε(ε+ 2)

Q2

R3
. (2)

In Fig. 1 we plot the value of the spring con-
stant as a function of the relative dielectric
constant for a droplet comprising 1000 water
molecules and an ion. The electrostatic energy
has two limiting cases ε = 1 and ε =∞ when
the electrostatic interaction of the ion with the
droplet surface vanishes. In the former case the
external and internal dielectric constants are
equal and the droplet does not perturb the elec-
tric field of the ion. In the latter case the elec-
trostatic field in localized in the vicinity of the
ion and it is not affected by the droplet surface.
As seen in the plot the maximum of the coeffi-
cient K(ε) is attained at ε = 1 +

√
3 ≈ 2.73.

If the ion is localized in the center of a droplet
the Gibbs-Boltzmann distribution of the ion po-
sitions is given by

P (‖r‖2) =
2√
π

(
K(ε)

kBT

)3/2

‖r‖e−K(ε)‖r‖2/kBT .

(3)

Figure 1: Magnitude of the spring constant as
a function of the relative dielectric constant ε.
The values correspond to an ion of charge Q =
1e in a droplet comprising 1000 water molecules
and radius 19Å. The value of the potential has
a maximum at ε ≈ 1 +

√
3 ≈ 2.73.

The expectation value of the square of the dis-
tance of the ion from the center of mass is given
by

〈‖r‖2〉 =
3

2

kBT

K(ε)
(4)

The EC is more pronounced when the ion is
localized at the center of the droplet, there-
fore we can write 〈‖r‖2〉/R2 � 1. Analyzing
Eqs. (2) and (4) we conclude that the effect will
be more pronounced at low temperature, high
charge, small radius and intermediate values
of the dielectric constant. Small droplet with
high charge may undergo Rayleigh instabil-
ity37–40 leading to the “star”-shaped droplets41

(see Fig. S2 in SI). If this is an issue in ob-
servations we need to increase the droplet ra-
dius while keeping constant the value of the
Rayleigh parameter X ∼ Q2/R3.42 To illustrate
the EC we model high charges by creating mod-
els of charged cyclic peptides. DNA and RNA
strands are other examples where the effect of
the EC will be clearly observed.

Using the maximum value of the K parame-
ter from Fig. 1 we obtain the estimate of the
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Figure 2: The distribution of the distances of
the COM of the cyclic peptide (grey colored
histogram) relative to the droplet’s COM. The
droplet radius is 3.8 nm and the charge is 8e+.
The solid line is the gamma function fitted
to the distribution using the maximum likeli-
hood estimate (MLE). The inset shows a typical
snapshot of the droplet composed of 8000 H2O
molecules (red colored) and the cyclic peptide
(blue colored).

minimal dimensions of the excursions of the ion
from its equilibrium position at the center of
the droplet

√
〈‖r‖2〉 > 12Å. Therefore, for a

droplet comprising 1000 water molecules and
a single charge Q = 1e the geometric confining
effects should be taken into consideration.

In Fig. 2 the distribution of the distance of
the center of mass of the peptide relative to the
COM of the droplet is plotted. The droplet’s
equimolecular radius is 3.8 nm and the charge
is 8e+. The distribution tapers off before reach-
ing the droplet surface. Sampling proves to be
a challenge in such systems. The simulation
time should be much longer than the time for
a molecule to diffuse the width of the droplet
Dtsim � R2. Typical values of the diffusion co-
efficient (D) are ∼ 10−9[m

2

s
], hence the simula-

tion time has to be in 10 ns 100 ns range at
temperature T = 300K.

In summary, there is always a force on an ion
toward the droplet COM. The electrostatic con-
finement effect is more pronounced for an ion
with a charge of at least ±3e (where e is the
elementary positive charge) found in a droplet
with a small radius. The radius size is equal
or moderately larger than the radius at the
Rayleigh limit.37–40 The Rayleigh limit is de-
fined as the point where the electrostatic forces
balance the surface forces. For a radius smaller
than that at the Rayleigh limit, the droplet
shows instability, which is manifested by “star”-
shapes.

Models and Simulation

Methods

We simulate Na+ ions in aqueous nanodroplets
at T =200 K, 260 K, and 300 K, represent-
ing the standard and supercooled conditions.
The system sizes and length of simulations are
shown in Table 1. The simulations are per-
formed by molecular dynamics (MD) as imple-
mented in GROMACS v4.6.1.43–46 The water
molecules are modeled with the TIP4P/2005
(transferable intermolecular potential with four
points) model.47 For Na+ the OPLS-AA param-
eters are taken from Ref.48 Specifically, the ion
has charge +1 e (where e is the elementary pos-

4



Table 1: Simulation parameters. N denotes the number of H2O molecules in the
simulation box of dimension L. Nd is the average number of the H2O molecules that
form a connected drop, τ is the relaxation time and trun is the duration of the run.
The “*” superscript in the temperature refers to simulations started with Na+ ion(s)
in or near the droplet center. Re denotes the equimolecular radius.

N L T NNa trun Nd Re τ
(H2O) (nm) (K) (µs) (nm) (ns)

100
10 200 1 1.6 100 0.87 0.4

260 1 1.6 99.8 0.8

200
10 200 1 1.6 200 1.10 0.8

260 1 1.6 199.8 0.8

360
10 200 1 1.6 360 1.35 0.4

200* 1 0.44 360 1.35 0.4
300 1 1.6 359.3 1.35 0.2

776
15 200 1 0.33 776 1.77 0.8

200* 1 0.46 776 1.77 0.8
200* 5 0.53 776 1.77 0.8
300 1 0.77 773.9 1.75 0.4

1100
20 200 1 0.32 1100 2.0 1.6

200* 8 0.055 1100 2.0 1.6
300 1 0.32 1095.1 1.97 0.8

itive charge), and Lennard-Jones parameters
ε = 0.0115980 kJ/mol, and σ =0.333045 nm.
In interacting with the O site of the water
molecules the combining rules εNa,O =

√
εNaεO

and σNa,O =
√
σNaσO are used.

Each nanodroplet has been placed in a peri-
odic cubic box of length L (see Table 1). The
box is large enough to avoid any interaction be-
tween the water droplet and its periodic images.
The length of cutoff for interactions (Coulomb
and Lennard-Jones) is at L/2, which is much
larger than the droplet’s diameter in order to
reproduce long range electrostatic interactions
within the droplet. The simulations are car-
ried out in the canonical ensemble – constant
number of molecules N , volume V , and T . The
temperature is controlled by using the Nosé-
Hoover thermostat with time constant 0.1 ps.
The equations of motion are integrated with the
leap-frog algorithm with a time step of 2 fs.

The simulations are initiated with a con-
densed pure water nanodroplet where the Na+

ion is placed at the surface for the majority of
the single Na+ runs, and in the center for two
runs at N = 360 and 776 at T = 200 K. All

runs with multiple Na+ ions start with the ions
near the droplet center of mass.

In Table 1, the mean number of molecule, Nd,
forming the connected cluster (i.e. those not in
the vapor), and the relaxation time τ , deter-
mined from the neighbor correlation function
are shown.30 The values of τ provide an es-
timate for the relaxation time for simulations
that include ions. In the temperature range
where simulations are performed the solvent
evaporation within the simulation box is neg-
ligible.

To ensure that the we sufficiently sample an
equilibrated system after the addition of a sin-
gle Na+ ion at 200 K, where the concern for
equilibration is the highest, we run two simula-
tions for each of N = 360 and N = 776 nan-
odroplets. In one set, we set the Na+ ion at or
near the centre of the droplet, quench the sys-
tem through a conjugate-gradient energy min-
imization, and then proceed with an MD sim-
ulation. In the other, we initially place the ion
on the surface. Equilibration time is estimated
from the time it takes for the results of the simu-
lations from the two different conditions to con-
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verge. For example, for N = 776 after 400 ns,
the ion densities as a function of radial distance
from the droplet COM ρion(r) converge for the
two simulations. For N = 1100, we assume
that the equilibration time is longer by a fac-
tor of τ1100/τ776 ≈ 2. For multiple ions, initially
distributed in the nanodroplet interior, we pre-
sume that the relaxation time is shorter and
that the single ions simulations provide upper
bounds on the relaxation times.

To help understand the features of ρion(r)
in terms of the structure of pure water nan-
odroplets, we report a few other quantities as a
function of radial distance from the pure water
nanodroplet COM. These include the density of
water ρ(r), the density of water as determined
from the Voronoi volumes associated with each
water molecule ρv(r), the tetrahedral order pa-
rameter qT (r) and the distance to the fifth near-
est neighbor O of a given O atom d5.

In our previous study,30 the Voronoi cells for
all O sites were computed, while the H sites
were ignored. Within each shell of radius r,
the total volume V(r) of the Voronoi cells for
O sites was found, and the same for the num-
ber of O sites in the shell, N (r). The aver-
age density as determined by the Voronoi cell
volumes is defined as ρv(r) = m〈N (r)/V(r)〉,
where 〈· · · 〉 indicates an average over the con-
figurations sampled in the simulations, and m
is the mass of a water molecule.

To characterize the local structures, we deter-
mine the tetrahedral order parameter, which is
defined at the level of a single particle as,49

qi = 1− 3

8

3∑
j=1

4∑
k=j+1

[
cosψjik +

1

3

]2
, (5)

where ψjik is the angle between an oxygen atom
i and its nearest neighbor oxygen atoms j and k
within a distance of rcut = 0.35 nm. We define
the radial function qT (r) as the average value of
qi for all molecules within a spherical shell en-
closed within r ± ∆r/2, where ∆r = 0.05 nm.
Similarly, we report results for d5(r), the aver-
age distance to the fifth O neighbor for O atoms
located in the same spherical shell centered at
r. Data for both qT (r) and d5(r) are taken from
Ref.31

Results

Single Na+ ion

Figure 3 shows ρ(r) and ρv(r) for pure water
nanodroplets of all sizes studied at high (300 K
for N ≥ 200, 260 K for N ≤ 200) and low
(200 K) temperature (T ), with data taken from
Ref.30 At high T , shown in Fig. 3 (a), ρ(r) is
that of a typical liquid droplet, characterized by
a flat (slowly decreasing) curve in the interior
that decays sigmoidally to (near) zero over ap-
proximately an intermolecular distance at the
liquid-vapor interface. The exceptions are the
curves for N ≤ 200, that at 260 K show some
ordering or layering particularly near the sur-
face. At low T , shown in Fig. 3 (b), there
is significant layering for all nanodroplet sizes,
and, as seen particularly well for the larger nan-
odroplets, an increase in density as r increases
towards the surface. Note that for r < 0.2 nm,
good statistics are difficult to obtain for all ra-
dial quantities, and results in this regime are
quite noisy.

The undulations in ρ(r) associated with lay-
ering make it difficult to characterize how the
local density changes with r, and for this rea-
son we plot ρv(r). Fig. 3 (c) shows ρv(r)
monotonically decreasing (or flat) with r for all
nanodroplet sizes at high T . ρv(r) is signifi-
cantly smoother than ρ(r), as it does not de-
pend on the number density itself, but rather
on the Voronoi volume surrounding each water
molecule. An important feature of ρv(r) is that
it begins to decay to zero approximately 0.3 nm,
or an intermolecular distance, before ρ(r);
Voronoi volumes are very large, and Voronoi-
based density very low, for molecules on the sur-
face. Molecules falling within the range where
ρv(r) is high (near bulk values) are completely
surrounded by other water molecules and are
not on the surface. Surface molecules can be
identified as those located where ρv(r) is small,
and molecules in the subsurface as those located
an intermolecular distance below the point at
which ρv(r) has decayed to near zero.

Fig. 3 (d) shows ρv(r) for nanodroplets at low
T . For N ≥ 200, there is a significant increase
in density in the subsurface layer. The density
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Figure 3: Pristine water nanodroplet structure
and single Na+ number density distributions for
low temperature (T = 200 K) and high temper-
atures (T = 260 K for N ≤ 200 and T = 300 K
for N ≥ 360). Panels (a) and (b) show water
density ρ(r); panels (c) and (d) show water den-
sity based on molecular Voronoi volumes ρv(r).
Panels (e) and (f) show Na+ number density
ρNa(r), which for N = 100 and N = 200 have
been reduced by a factor of 10 and 3, respec-
tively. Note: to convert from molecule/nm3 to
mol/L, multiply by 10/6.022.
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Figure 4: Structure of pristine water droplet,
and single Na+ and 5 Na+ distributions for
N = 776. Shown as functions of r are (a)
density ρ; (b) density determined from Voronoi
volumes ρv; (c) Na+ density ρNa for a single
ion, which for 200 K includes results from start-
ing the ion at the centre (in) and at the sur-
face (out); (d) Na+ density ρNa when the nan-
odroplet contains 5 ions, dashed line indicating
a fit to Eq. 6; (e) tetrahedral order parameter
qT ; and (f) distance of the fifth O neighbor d5.
In all panels, black lines are for 200 K, while
red lines are for 300 K.
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may well be higher for surface molecules, but
ρv(r) can not characterize this. This increased
density at low T appears to be a hallmark of
cold water nanodroplets, and has not been re-
ported for simple liquids to our knowledge. It
is this heterogeneous environment in pure water
that lends an interesting backdrop for studying
ion distributions at low T .

In Fig. 3 (e), we plot ρNa(r) at high T for
systems composed of a single Na+ ion within
a nanodroplet. Since the ion density is quite
high for small nanodroplets, we divide ρNa(r)
by 10 and 3 for N = 100 and 200, respectively.
In all cases, the ρNa(r) is approximately con-
stant in the interior of the droplet, and begins
to decay within the subsurface, and decays to
zero significantly before ρ(r) does. For a pure
dielectric sphere at T = 0, a point charge has
lowest energy at the centre of a sphere. At fi-
nite T , there will be a finite width associated
with the distribution of ion position. The con-
vergence of the trajectories for Na+ starting on
the surface and the droplet’s COM is shown in
Fig. S3 in SI. At T = 300 K the Na+ radial
distribution is consistent with the EC effect.
Because of the low charge, the geometric con-
finement effect dominates over the force toward
the droplet’s COM. For this reason, the Na+

radial distribution does not distinctly peak at
the droplet’s COM, but it appears to be almost
uniform.

Fig. 3 (f) shows a dramatic difference in
ρNa(r) at low T . Rather than being centered
at r = 0, the peak of ρNa(r) is located within
0.1 nm of the peak in ρv(r) (for N ≥ 200).
Thus, we see that in a nanodroplet with a
heterogeneous radial density, as determined by
ρv(r), the single Na+ ion tends to reside in the
highest density environment. This tendency is
consistent with the fact that for constant T
and polarization factor (degree of dipole order-
ing),50 the dielectric constant increases with in-
creasing density. While the surface layer is at
very high density, as measured by ρ(r), clearly
the surface does not provide a good solvation
environment.

For N = 100 at low T , ρv(r) is approximately
constant for r < 0.3 nm, and then decreases
with increasing r. While a constant ρv(r) for

r < 0.3 nm suggests that ρNa(r) should be uni-
form in this interior region, we see that ρNa(r)
is in fact peaked just below 0.3 nm. We do
see, however, that the peak in ρNa(r) coincides
with a local minimum in ρ(r), suggesting that
layering may play a significant role in deter-
mining where the Na ion resides in such small
nanodroplets.

To probe the relationship between ion loca-
tion and density a little further, we focus on
the behaviour of the N = 776 nanodroplet at
T = 200 K and T = 300 K in Fig. 4: In panel
(a) we replot ρ(r) and ρv(r) for pure water,
showing their full range of values, confirming
that the surface layer is approximately 0.3 nm
thick; in panel (b) we show a close-up of ρv(r)
that contrasts the monotonic decrease at high
T with the monotonic increase towards a sub-
surface peak; in panel (c) we compare at low T
ρNa(r) as obtained from starting the ion near
the centre and starting near the surface – thus
showing the degree of equilibration we achieve;
panel (d) shows that the ion density when five
Na+ ions are present in the nanodroplet shifts
at low T to have a peak at approximately the
same r as for the single ion case; panel (e) shows
the radial dependence of the tetrahedrality pa-
rameter, which has an approximately constant
value at high T , while at low T shows a sig-
nificant decrease coinciding with the subsurface
density peak; and panel (f) shows the radial de-
pendence of d5, a more indirect measure of the
quality of the tetrahedral network, again show-
ing a more disordered structure in the vicinity
of the subsurface density peak at low T . The
results shown in Fig. 4 confirm the idea that the
ions, whether single or multiple, prefer the rela-
tively disordered high density subsurface to the
relatively ordered low density tetrahedral net-
work of the core. We note that qT (r) begins to
increase beyond a minimum located at 1.6 nm,
a location clearly in the surface layer where d5
is quite high and ρv is nearly zero. We thus cut
off the qT (r) at this minimum, as the increase
is not indicative of increased tetrahedral order.
Single Na+ number density radial distributions
and measures of structure for low temperature
(T = 200 K) as those shown in Fig. 4 for select
nanodroplet sizes N = 100, 360, 776 and 1100
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are presented in Sec. S3 in SI. The same trend
in the structure of the H2O and the location of
the ions is found as for N = 776. The clus-
ter of N = 100 does not show a tetrahedrally
organized core. It is noted that this smaller
cluster is subject to larger relative shape fluc-
tuations than the larger droplets. Direct visual
inspection revealed that the Na+ lies one or two
layers in from the cluster surface. Frequently
the outer water molecules that participate in
the immediate solvation of Na+ lie parallel to
the cluster surface. There is low tetrahedral
structure close to the COM because the water
molecules around the COM are adjacent to the
first solvation shell of Na+, thus their organiza-
tion is affected by the presence of the ion.

Multiple Na+ ions
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Figure 5: Single and 8 Na+, N = 1100. Data
are for the last 35% of the time series for 200 K.
Dashed line is a fit of the 300 K data to Eq. 6.

In Fig. 4 (d) and Fig. 5, the radial dis-
tributions of multiple ions are compared at
T = 300 K and 200 K in droplets comprising
776 and 1100 H2O molecules, respectively. At
T = 300 K the distributions are almost uniform
with an incipient broad maximum appearing in
the outer layers of the droplet.

Solution29 of the Non-linear Poisson-
Boltzmann (NPB) equation for a rigid spheri-
cal geometry suggests that toward the droplet
interior the ion distribution will show an expo-

nential decay

n(r) = n(R) exp[(r −R)/λPB] (6)

where n is the ion number density, R is the
sphere radius (here taken to be equal to Re)
and r is the distance from the droplet center.
λPB is given by

λPB ≈
εkBT

σq
(7)

where kB is Boltzmann constant, T is tempera-
ture, ε is the permittivity, q = me is the charge
of an ion (e is the elementary positive charge)
and σ is the surface charge density given by
σ = |Z|e

4πR2 (|Z|e is the total droplet charge).
In finding the surface charge density we as-
sume that all the charge is in the surface. The
larger the λPB the slower the ion distribution
decay. The simulated ion decay cannot be ex-
actly as the theoretical prediction because of
the droplet’s shape fluctuations. The exponen-
tial decay will manifest more clearly in larger
droplets at lower temperature. Obviously, the
higher temperature will lead to a slower ion de-
cay. For 776 H2O molecules - 5 Na+ ions at
T = 300 K the distribution decays (toward the
droplet’s COM) as an exponential function fit-
ted by 0.42 exp(−(1.14− x)/1.2), where λPB ≈
1.2 nm. For 1100 H2O the fitting function is
0.40 exp(−(1.37−x)/1.3), where λPB ≈ 1.3 nm.
Equation 7 with dielectric constant of water
equal to 75, yields λPB ≈ 0.8. In droplets of up
to a few thousands of water molecules the effect
of shape fluctuations is significant, therefore, we
interpret the value of λPB only in a qualitative
manner. The value of λPB is comparable in size
with the droplet radius, which indicates that
the radial distribution function will show a very
slow decay toward the COM, which is in quali-
tative agreement with the simulations. The ion
distributions at T = 200 K shows a decay that
cannot be analyzed using the NPB. The multi-
ple ions are expelled from the drop’s core and
they show a maximum at the same location as
the single ion. In droplets comprising 1100 H2O
molecules - 8 Na+ ions two peaks are observed
at distance 0.52 nm and at 1.5 nm. The lower
intensity peak at 0.52 nm corresponds to one
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ion, which can exchange with the ions that give
rise to the outer peak (at ≈ 1.5 nm). Therefore,
the appearance of two peaks does not indicate
a metastable state.

Conclusions

We found that in supercooled aqueous droplets,
a heterogeneous solvent structure leads to a
different ion distribution relative to that at
a room temperature. Specifically, we demon-
strated that at supercooling a tetrahedral in-
terior network can form, that expels a single
or multiple Na+ ions from the core region to
the more disordered subsurface. The structure
of the solvent has not been studied previously.
A droplet of a supercooled 100 H2O-molecule
droplet does not form a tetrahedral network in
the center because the central H2O molecules
participate in the immediate solvation of the
Na+ and the system is subject to large relative
shape fluctuations. Voth et al. have studied
the location of a single Na+ in clusters with
up to 100 H2O molecules.14 Our results are in
agreement with those of Voth et al. for the
location of the Na+ ion in cluster of 100 H2O
molecules. Because of the manner in which the
H2O molecules are organized in the droplet’s
core at supercooling, the distribution of multi-
ple ions cannot be explained by the predictions
of the non-linear Poisson-Boltzmann equation.

We presented a reference model for justifying
the location of a single-(macro)ion in a fluctu-
ating droplet. The model considers the energy
of a charged dielectric droplet as the sum of the
electrostatic energy and surface energy. It is
found that the ion is always subject to a har-
monic potential centered at the droplet’s center
of mass. However, this electrostatic confine-
ment is evident for certain droplet dimension
and charge of the ion. The model predictions
may deviate from the simulated ion distribu-
tions at supercooling, when the low density core
may affect the location of the ions. The model
can be extended further by including other fac-
tors such as the ion size and hydrophobic ef-
fects. The theory can serve as a reference model
for comparing with the simulation data.

Evaporative cooling of droplets is a process
that may be important in a droplet’s lifetime
in ionization methods used in native mass spec-
trometry. The implications of the distribution
of multiple ions in supercooled droplets in a
Rayleigh fission and and ion evaporation mech-
anism have to be examined. A conical defor-
mation is a key component in the mechanism of
ion emission.42 A related intriguing question is
whether the formation of a conical deformation
in the droplet that emits ions is hindered due to
the low density core at supercooling. A future
study on these questions will be relevant to at-
mospheric chemistry, native mass spectrometry
and the physics of jets.

We anticipate our study to provide the start-
ing point for investigating the structure of the
low temperature droplets containing unstruc-
tured peptides and complexes of ions. These
studies will assist in interpreting ion mobility-
mass spectrometry data on the detection of the
conformations of macromolecules in the bulk
solution.
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