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S1. Details of the analytical model of a single ion loca-

tion within a fluctuating droplet

Here we discuss details of the analytical model that predicts a simple ion’s or macroion’s

location in a fluctuating droplet. The key points of the model are presented in the main

text.

The following discussion is an extension of our previous work on the energy of a contin-

uum dielectric droplet containing a single (macro)ion.S1,S2 In the model the droplet surface

fluctuations are considered. The total energy of the droplet (E) is written as the sum of

surface energy (Esurf) and electrostatic energy (Eel),
S2,S3

E = Esurf + Eel = γA+ Eel (S1)

where γ is the surface tension and A surface area. Eel is given by

Eel = −1

2

∫

R3/V

dr(εE − εI)E · E0 (S2)

where R3/V are the points in the exterior of the droplet, εI is the electric permittivity in the

interior of a droplet, εE is the electric permittivity of the medium surrounding the droplet,

and

E0(r) = −∇ Q

4πεIr
. (S3)

The distance of a point on the droplet surface from the ion is given by:

ρ(σ) = R +
∑

l>0,ml

al,ml
Yl,ml

(σ) (S4)

where σ = (θ, φ) is the spherical angle, ρ(θ, φ) is the distance from the centre (which is at

the ion), and Ylm(θ, φ) denote the spherical harmonics functions of rank m and order l. For
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certain shapes of droplets, such as bottle-necked shapes or shapes like an eight we should

choose the center of the shape carefully, so as we do not have for a single (θ, φ) more than

one values of ρ. In other words, the same line intersects the shape in several points. R is

the l = 0 term in the expansion of ρ(σ). The details of the algebra for expressing Esurf in

terms of the expansion coefficients al,ml
(see Eq. S4) is given in Ref.[S1]. The coupling of the

electrostatic energyS4 to the shape fluctuations is a tedious step and one of the ways to do

that is found in Ref.[S2].

After some algebra, the total energy is given by

E =
(εI − εE)Q2

8πεIεER0

[
1−

∑

l>0,ml

εI l(l − 1)− εE(l + 1)(l + 2)

εI l + εE(l + 1)

|al,ml
|2

4πR2
0

]

+ γ

[
4πR2

0 +
1

2

∑

l>0,ml

(l − 1)(l + 2)|al,ml
|2
]
.

(S5)

We will show that the l = 1 term in Eq. S5 depends on the distance squared of the ion

from the droplet COM. In the algebra that follows we will use that

ρ4(σ) = R4 + 4R3
∑

l>0,ml

al,ml
Yl,ml

(σ) + · · · . (S6)

In Eq. S6 we keep only the two dominant terms in the summation. The remaining of the

terms are neglected because they include powers ≥ 2 of δr =
∑

l>0,ml
al,ml

Yl,ml
(σ) (δr is a

small perturbation relative to R).

We find the coordinates XCOM, YCOM, ZCOM of the droplet’s COM in terms of the expan-
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sion coefficients al,ml
. In the following expressions dσ = sin θdθdφ.

ZCOM =
1

V

∫
Z(r, θ, φ)d3r =

1

V

∫

r≤ρ,σ∈S2

r cos θr2dσdr =

1

4V

∫
ρ4(θ, φ) cos θdσ =

1

V
R3

∫
cos θ

∑

l>0,ml

al,ml
Yl,ml

(σ)dσ =

(
3

4π

)1/2

a1,0

(S7)

In the fourth line of Eq. S7 we use the orthogonality of the spherical harmonics. Similarly,

XCOM = <(a1,1)
√

2 and YCOM = =(a1,1)
√

2.

The l = 1 term in Eq. S5 yields

∆E1 =
(εI − εE)Q2

8πεIεER0

6εE

εI + 2εE
(|a1,0|2 + |a1,1|2 + |a1,−1|2)

4πR2
0

. (S8)

Using Eq. S7 and the similar ones for XCOM and YCOM, Eq. S8 becomes

∆E1(‖r‖) =
ε− 1

4πε0ε(ε+ 2)

Q2

R3
‖r‖2 (S9)

where 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 permittivity and ‖r‖2 = X2
COM +

Y 2
COM + Z2

COM. The coefficient in front of ‖r‖2 is denoted as K(ε) and we call it “spring

constant”. Thus,

K(ε) =
ε− 1

4πε0ε(ε+ 2)

Q2

R3
. (S10)

The plot of the variation of K(ε) as a function of ε is found in the main text.

If the ion is localized in the center of a droplet the Gibbs-Boltzmann distribution of the
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Figure S1: (a) Distribution of the distances of the sodium ion relative to the COM of the
droplet. The equimolar droplet radius is 1.9 nm. The solid line is the product of the logistic
and the gamma distribution (with shape parameter 1/2) intended to capture confinement
effects. The function is fitted to the distribution using the maximum likelihood estimate
(MLE). (b) Same as (a) but the solid line is the gamma function fitted to the distribution
using MLE.
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ion positions is given by

P (‖r‖2) =
2√
π

(
K(ε)

kBT

)3/2

‖r‖e−K(ε)‖r‖2/kBT . (S11)

The expectation value of the square of the distance of the ion from the droplet’s COM is

given by

〈‖r‖2〉 =
3

2

kBT

K(ε)
. (S12)

The conditions under which the EC is more pronounced are discussed in the main text.

We assume that the number density of the solvent in the vicinity of the droplet surface

is well approximated by the logistic function (S13)

nr0,d(r) =
1

1 + exp(−(r − r0)/d)
(S13)

where d and r0 are fitting parameters that can be interpreted as the droplet radius and the

width of the surface layer. Using the logistic curve for for the number density (entropic

factor) and gamma function that takes into account the electric potential (energetic factor)

we arrive at the following ansatz for the ion distribution

p(r2) ∼ re−Kr
2/kBT

1

1 + exp(−(r − r0)/d)
(S14)

Using the maximum likelihood estimate (MLE) approach we found the most probable

parameters {K, r0, d} in order to match the observed values of the distance of the ion from

the center of mass. In Fig. S1 we show the fitted and the observed distributions for a single

sodium ion in a droplet of 1000 TIP3P (transferable intermolecular potential with three

points)S5 water molecules. The data were obtained in 15 ns molecular dynamics simulations

using the NAMD package.S6 The fittings were produced with the use of statistical analysis

software R.S7 For comparison we contrast the fit that takes into account the surface of

the droplet with a fit to a gamma distribution of shape 1/2 in Fig. S1 (b). The analysis
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shows that the shape fluctuations of the droplet accounts for the distribution of the ions in

the droplet. The fitting can only establish an upper bound of the parameter K. All the

variability of the charge distribution is explained by the confinement effect of the droplet

surface. In Fig. S1 the fitting parameters used in Eq. (S14) are r0 = 14.9Å and d = 1.1Å.

The effective radius of the droplet is smaller than that of the true molecular surface of water.

Here we demonstrate the effect of geometric vs electrostatic confinement in a droplet

composed of 1000 H2O molecules and a single ion with charge 1e+ and 3e+. The data are

summarized in Table S1.

For a droplet composed of 1000 H2O molecules (equimolar radius = 1.93 nm) and a 1e+

ion, if we assume ε = 80 at T = 300 K then Eq. S10 yields K = 0.39 [mJ/m2] and Eq. S12

yields 〈‖r‖2〉 = 16 [nm2]. The simulations for the same system yield 〈‖r‖2〉 = 1.36 [nm2].

These data are shown in the first line of Table S1. The fact that the estimated value of

〈‖r‖2〉 is larger than the droplet’s radius squared implies that the geometric confinement

dominates over the electrostatic confinement.

In the second line of Table S1, we use the 〈‖r‖2〉 = 1.36 [nm2] (from simulations) and

the data are fitted with a gamma distribution to yield K. In the third line of Table S1, the

same dated are fitted with Eq. S14, which yields an upper bound for K.

In the fourth and fifth lines of Table S1, we show data for a droplet composed of 1000 H2O

molecules and a 3e+ ion. The fitting with a gamma distribution of the simulation data yields

K = 20.7 [mJ/m2]. This value of K yields ε = 38. In the fifth line, we estimate the value of K

from Eq. S12, where 〈‖r‖2〉 is the value estimated from the simulations. Thus, estimation of

K by two independent ways yield very similar. The similarity indicates that the electrostatic

confinement becomes significant for this system.

The estimated values of the dielectric constant (ε = 38) is lower than the typical values

of the pure solvent. We believe that the apparent decrease in the dielectric constant is

connected with the polarization saturation in the vicinity of the charge ion.
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Table S1: Values of the parameter K for selected simulations of an ion in a
droplet. All the estimates are at T = 300 K. Details are presented in the text.

Size [N] Charge [Q] K [mJ/m2] 〈‖r‖2〉 [nm2]
Theor. ε =80 1000 1 e+ 0.39 15.3
Sim. Gamma 1000 1 e+ 4.53 1.36
Sim. Confinement 1000 1 e+ < 0.83 1.36
Sim. Gamma 1000 3 e+ 20.7 0.30
Theor. ε =38 1000 3 e+ 20.5 0.30

Figure S2: Snapshots of aqueous droplets with a charged cyclic peptide. Spikes formed when
the charge squared-to-volume ratio is above a certain threshold value defined by the Rayleigh
limit.

The results of the simulations of a sodium ion in water droplet can be compared with

the results of the simulations of a cyclic peptide in Fig. 2 in the main text.
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S2. Models and simulation methods

Table S2: 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 an upper bound on 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 equimolar 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

A. Simulations of aqueous nanodroplets with Na+ ions We simulate Na+ ions in

aqueous nanodroplets at T =200 K, 260 K, and 300 K, representing the room temperature

and supercooled conditions. The system sizes and length of simulations are shown in Ta-

ble S2. The simulations were performed by molecular dynamics (MD) as implemented in

GROMACS v4.6.1.S11–S14 The water molecules were modeled with the TIP4P/2005 (trans-

ferable intermolecular potential with four points) model.S15 The Na+ parameters are shown

in Table S3. The interactions of the ion with the O site of the water molecules are calculated

with the combining rules εNa,O =
√
εNaεO and σNa,O =

√
σNaσO.

Each nanodroplet has been placed in a periodic cubic box of length L (see Table S2).

The box is large enough to avoid any interaction between the water droplet and its periodic
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Table S3: Charge and Lennard-Jones (LJ) parameters (σLJ representing the
atomic diameter and εLJ, depth of the potential energy minimum) for the ions
used with the TIP4P/2005 water model.

Ion Charge (e) εLJ (kJ/mol) σLJ (nm)
Na+ (Ref.S8) +1 0.0115980 0.333045
Li+ (Ref.S8) +1 0.0764793 0.212645
Cs+ (Ref.S8) +1 0.000338904 0.671600
F– (Ref.S9) −1 3.01248 0.273295
Cl– (Ref.S9) −1 0.492833 0.441724
I– (Ref.S10) −1 0.292880 0.540000

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 temperature was controlled with the Nosé-Hoover ther-

mostat 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 were initiated with a condensed pure water nanodroplet where the Na+

ion were placed at the surface for the majority of the single Na+ runs, and in the center for

two runs, 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 S2, the mean number of molecule, Nd, forming the connected cluster (i.e. those

not in the vapor), and the relaxation time τ , determined from the neighbor correlation

function are shown.S16 The values of τ provide an estimate for the relaxation time for sim-

ulations that include ions. In the temperature range where simulations are performed the

solvent evaporation within the simulation box is negligible.

To ensure that we sufficiently sample an equilibrated system after the addition of a

single Na+ ion at 200 K, where the concern for equilibration is the highest, we run two

simulations for each of N = 360 and N = 776 nanodroplets. In one set, we set the Na+ ion

at or near the centre of the droplet, quench the system through a conjugate-gradient energy

minimization, and then proceed with an MD simulation. In the other, we initially place the

ion on the surface. Equilibration time is estimated from the time it takes for the results of
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the simulations from the two different conditions to converge. For example, for N = 776

after 400 ns, the ion densities as a function of radial distance from the droplet COM ρNa(r)

converge for the two simulations. For N = 1100, we assume that the equilibration time is

longer by a factor of τ1100/τ776 ≈ 2. For multiple ions, initially distributed in the nanodroplet

interior, we presume that the relaxation time is shorter and that the single ions simulations

provide upper bounds on the relaxation times.

B. Simulations of aqueous nanodroplets with Li+, Cs+ and anions We performed

MD simulations of droplets comprised 100 and 776 H2O molecules and a single F– , Cl– , I– ,

Li+, Cs+ ion. The simulations were performed with NAMD 2.14.S6 The water molecules

were modeled with the TIP4P/2005 model.S15 The ion Lennard-Jones parameters are shown

in Table S3.

The Newton’s equation of motion for each atomic site was integrated using the velocity-

Verlet algorithm with a time step of 2.0 fs. All the forces were computed directly without

any cut-offs. Equilibrium simulations in NAMD were set by placing the droplet in a spherical

cavity of radius 20.0 nm by using spherical boundary condition. The systems were thermal-

ized with the Langevin thermostat with the damping coefficient set to 1/ps. The simulation

included a 0.2 µs equilibration period followed by a 1.0 µs production run, with configura-

tions sampled every 0.1 ns. At 200 K two simulations started with the ion placed initially

near the COM and on the surface.

C. Simulations of aqueous nanodroplets with polarizable force field We performed

MD simulations of droplets comprised 880 H2O molecules and a single Na+ and Li+ ion at

350 K and 200 K. The simulations were performed by using the software NAMD version

2.14.S6 The water molecules were modeled with the SWM4-NDP modelS17 and the ions

were modelled with the CHARMM Drude force field.S18,S19 The SWM4-NDP model is a

5-site model with four charge sites and a negatively charged Drude particle connected to

the oxygen atom, while the ions are modeled with one charge site and a negatively charged
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Drude particle. Hereafter, we will refer to the SWM4-NDP model as SWM4 for brevity. A

dual Langevin thermostat was utilized to freeze the Drude oscillators while maintaining the

warm degrees of freedom at the desired temperature.S20 The systems were thermalized with

Langevin thermostat at 350 K (for the warm degrees of freedom) and at 1 K for the Drude

oscillators. The damping coefficient for the Langevin thermostat was set to 1/ps. The length

of the production run was 100 ns, sampled every 0.5 ps for high temperature runs and every

100 ps for low temperature runs. The simulation protocol was the same as for the ions in

S2.B.
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S3. Water density and structure, and single Na+ radial

concentration for various droplet sizes

Table S4: Number density based on the number of oxygen sites in the core
(0 < r < RB) and subsurface (RB < r < RV). The error in the densities is ±0.15.

Ion N , T (K) number density (nm−3) number density (nm−3)
at 0 < r < RB at RB < r < RV

Na+ 776, 200 K 33.66 34.56
776, 300 K 34.38 34.14
1100, 200 K 33.08 34.11
1100, 300 K 34.26 34.03

F– 776, 200 K 33.71 34.60
Cl– 776, 200 K 33.37 34.40

776, 300 K 34.13 33.98

Figure S3 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.S16 At high T , shown in Fig. S3 (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 approximately 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 surface. At low T , shown in Fig. S3 (b), there are significant undulations

in the density profiles for all nanodroplet sizes, and, as seen particularly well for the larger

nanodroplets, an increase in density as r increases towards the surface.

The undulations in ρ(r) make it difficult to characterize how the local density changes

with r, and for this reason we plot ρV (r). Fig. S3 (c) shows ρV (r) monotonically decreasing

(or flat) with r for all nanodroplet sizes at high T . ρV (r) is significantly smoother than

ρ(r), as it does not depend 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 at 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 surface. Molecules
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Figure S3: Pristine water nanodroplet structure and single Na number density distributions
for low temperature (T = 200 K) and high temperatures (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 density based on molecular Voronoi volumes ρV (r). Panels (e) and (f) show Na+

concentration CNa(r), which for N = 100 and N = 200 have been reduced by a factor of 10
and 3, respectively.
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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. S3 (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 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 reported 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. S3 (e), we plot CNa(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 CNa(r)

by 10 and 3 for N = 100 and 200, respectively. In all cases, the CNa(r) is approximately

constant in the interior of the droplet, and begins to decay within the subsurface, and decays

to zero significantly before ρ(r) does.

Fig. S3 (f) shows a dramatic difference in CNa(r) at low T . Rather than being centered

at r = 0, the peak of CNa(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.

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 CV (r) for r < 0.3 nm suggests that CNa(r) should be

uniform in this interior region, we see that CNa(r) is in fact peaked just below 0.3 nm. We

do see, however, that the peak in CNa(r) coincides with a local minimum in ρ(r), suggesting

that layering may play a significant role in determining where the Na ion resides in such

small nanodroplets.

In Fig. S4, we plot for 200 K ρ(r), CNa(r) for a single Na ion, qT (r) and d5(r), confirming

that for N = 360, 776, and 1100, the ion resides in a subsurface that is relatively disordered
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Figure S4: Single Na+ concentration and measures of structure for low temperature (T =
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(green). Shown are (a) ρ, (b) ρV , (c) CNa, (d) qT and (e) d5, as functions or r. ρ, ρV , qT and
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compared to the tetrahedral core. Data for qT (r) and d5(r) are taken from Ref.S21 CNa(r)

decays rapidly for increasing r upon approaching the surface layer (where d5(r) rapidly

increases) and for decreasing r upon entering the region where qT (r) is high. The exception

is the N = 100 nanodroplet, which does not have a tetrahedral core. At this size, however,

layering propagating from the surface extends to the droplet interior, and it is at a minimum

in ρ(r) that we find the peak in CNa(r). For the larger droplets too, it appears that the ion

prefers to be in a trough, except for N = 1100, where layering is relatively weak.
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S4. Convergence of the ion location and comparison of

the radial probability density of various ions in a 776-

H2O-molecule droplet
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Figure S5: Average radial position of ion as a function of time in a system of a single Na+

ion and N = 776 at T = 200 K. Each time series is divided into eight equal blocks over
which averages are reported. Bars for the case where Na+ starts at the surface represent one
standard deviation. RB = 0.73 nm, RV = 1.49 nm and Re = 1.77 nm for this case.
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Figure S7: Same as Fig. S7 but with no
volume normalization.

S-19



0

5

10

15

20

0 200 400 600 800 1000

D
is

ta
nc

e 
[Å

]

Time Elapsed [ns]

d(Li+), 776H2O in
d(Li+), 776H2O out

0

5

10

15

20

0 200 400 600 800 1000

D
is

ta
nc

e 
[Å

]

Time Elapsed [ns]

d(Cs+), 776H2O in
d(Cs+), 776H2O out

RB

(a) (b)
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S5. Cl– and F– radial distribution functions in a 776-

H2O-molecule droplet
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Figure S12: Radial distribution function (g(r)) at 200 K and 300 K for (a) O-Cl and (b)
H-Cl.
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Figure S13: Radial distribution function (g(r)) at 200 K and 300 K for (a) O-F and (b) H-F.

S-24



S6. Radial distributions of ions using polarizable force

field
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Figure S14: Concentration profiles of Li+ and Na+ ions (measured in the right y-axis) and
water density (measured in the left y-axis) in a droplet comprising 880 H2O molecules at
T = 350 K.
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S7. Radial distribution of multiple Na+ ions in a droplet

of 776 H2O molecules
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Figure S16: CNa(r) for the 776-molecule droplet with 5 Na+ ions. Red dashed curve indicates
a fit to Eq. ?? (main text). The distribution at 300 K decays (toward the droplet’s COM) as
an exponential function fitted by 0.42 exp(−(1.14− r)/1.2)×10/6.022, where λPB ≈ 1.2 nm.
The vertical lines mark RV and Re.
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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 cosmotropic ions to the denser
and more disordered subsurface. In contrast,
at room temperature, depending on the nature
of the ion the radial distribution in the droplet
core is nearly uniform or elevated towards the
center. 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 ion at room temperature but
not at supercooling. We anticipate this study to
be the starting point for investigating the struc-
ture of supercooled (electro)sprayed droplets
that are used to preserve the conformations of
macromolecules originating from the bulk solu-

tion.

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 (electro)sprays
are highly charged. In this article we show
how a heterogeneous solvent structure in su-
percooled aqueous mesoscopic clusters charged
with ions changes their spatial distribution rela-
tive to that at room temperature. Hereafter, we
will use the term nanodroplets for these meso-
scopic clusters.

The structure and stability of supercooled
clusters composed of ionic species has fasci-
nated scientists over several decades. Most
of the experiments have been performed for
clusters composed of a few tens of water
molecules. Experiments have detected abun-
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dance of certain “magic” cluster sizes associ-
ated with clathrate structures5 and have stud-
ied their reactivity in atmospheric chemistry.6

Many of these experiments have used Fourier
transform ion cyclotron resonance (FT-ICR)
mass spectrometry where dominant evapora-
tive cooling of clusters over heating due to the
absorption of black body radiation from the
warmer walls of the apparatus5,6 has been re-
ported. In certain FT-ICR experiments the
temperature of clusters composed of 50-70H2O
molecules is estimated to be 130 K-150 K. The
hydration of ions in clusters at supercooling
and elevated temperature in the last decade is
actively investigated using infrared photodisso-
ciation spectroscopy.7–9 Moreover, supercooled
droplets are used to preserve peptide conforma-
tions originating from the bulk solution in ion
mobility and mass spectrometry experiments.1

Most of the computational studies10–12,12–16,16–20,20–30

are for clusters at room or elevated tempera-
ture, while there are relatively few computa-
tional studies15,17 of the supercooled clusters
due to fact that they are notoriously challeng-
ing to be equilibrated. Voth and co-workers17

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

+ ion in clusters of up to 100 H2O
molecules in the temperature range of 100 K-
450 K. They found that in supercooled clusters
of 100 H2O molecules H3O

+ and Na+ tend to
reside within a few monolayers of the surface.
At room and elevated temperature both the
Na+ and Cl– ions are found nearer to the cen-
ter, while the H3O

+ continues to be near the
surface.

The spatial distribution of multiple ions in
nanodroplets has been investigated less.31–33

Previously32,33 we 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. It was
found that in droplets comprising ≈ 1000 H2O
molecules, the radial ion distribution (measured
from the droplet’s center of mass - COM) is al-
most uniform. As the droplet size increases,
the distribution shows a distinct maximum in
the outer droplet layers. The distribution de-
cays almost exponentially toward the droplet’s
COM. Toward the droplet exterior, the decay is

determined by the ion size and shape fluctua-
tions.32 The solution of the non-linear Poisson-
Boltzmann equation for a spherical geometry34

is used as a reference model to compare with
the atomistic simulations. The distributions of
multiple ions and biological molecules such as
peptides in supercooled droplets are still com-
pletely unknown.

The related question of the propensity of ions
in a liquid-vapor planar interface has been stud-
ied over several decades.35–49 It is emphasized
that the forces that determine the location of
multiple ions in a planar interface are not the
same as those in charged droplets regardless of
their size. The reason is that the conductivity
of the aqueous droplets drives the excess ions
nearer to the surface and the counterions to-
ward the interior.33 Another difference arises
from the type of fluctuations that a droplet
undergoes. Typical fluctuations in a charged
droplet, regardless of its size, are conical protru-
sions on the surface, which are absent in a pla-
nar interface.50,51 These fluctuations may lead
to release of ions from droplets. A single ion in
a droplet is always subject to a harmonic poten-
tial centered to the droplets’ COM, as we show
in this article. Such a force is not present in a
planar interface. Detailed chemical interactions
(e.g. charge transfer, solvent network) add one
more layer of complexity in determining the ion
position.

Here we study the radial distribution profiles
of a single ion and multiple ions in relation to
the solvent organization in supercooled aque-
ous clusters with sizes that vary from 100 H2O
molecules (corresponding to a diameter of ≈
1.8 nm) to 1100 (diameter ≈ 4.0 nm). Our re-
cent computer simulations52 for pristine super-
cooled water clusters have revealed an anoma-
lous, inverted radial density profile emerging
for N ≥ 200 molecules at low temperature, in
which a low-density core with relatively good
tetrahedral ordering53 is surrounded by a higher
density subsurface. These observations have
some commonalities with studies of nucleation
within droplets and thin films.54–58 We hypoth-
esize that the low density water core in super-
cooled droplets will differentiate the ion distri-
bution from that at room temperature. This
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hypothesis has not been explored earlier.17

In order to obtain insight into the funda-
mental forces that determine the location of
a single ion, we introduce a reference analyt-
ical model of a fluctuating droplet that con-
tains a single ion. To our knowledge, such a
reference model is still missing from the liter-
ature. In the model the energy of a fluctuat-
ing droplet is the sum of the electrostatic en-
ergy and surface energy. It predicts that an
ion is always subject to a harmonic potential
centered at the droplet’s COM. For this reason
we name this effect “electrostatic confinement”
(EC). The EC effect competes with the geomet-
ric confinement. We present the conditions un-
der which the electrostatic confinement 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 found
in Sec. S1 in the SI. In the model we consider
a charged dielectric droplet that may undergo
shape fluctuations. The charge carrier can be a
simple ion such as a Na+ or a single macroion
with bound charge such as a protein or a nu-
cleic acid. 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 (de-
noted by ∆E1) related to the distance of the
ion from the droplet’s COM 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 constant
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 elec-
trostatic interaction of the ion with the droplet
surface vanishes. In the former case the exter-
nal and internal dielectric constants are equal
and the droplet does not perturb the electric
field of the ion. In the latter case the electro-
static field is 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 coefficient
K(ε) is attained at ε = 1 +

√
3 ≈ 2.73.

Figure 1: Magnitude of the spring constant
(Eq. 2) as a function of the relative dielec-
tric constant ε. The values correspond to
an ion of charge Q = 1e in a droplet com-
prising 1000 water molecules and radius 19Å.
The value of the potential has a maximum at
ε ≈ 1 +

√
3 ≈ 2.73.

If the ion is localized in the droplet interior
the Gibbs-Boltzmann distribution of the ion po-
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Figure 2: Distribution of the distances of the
COM of the cyclic peptide (grey colored his-
togram) measured from the droplet’s COM.
The droplet radius is 3.8 nm and the charge
of the peptide is 8e+. The solid line is the
gamma function fitted to the distribution using
the maximum likelihood estimate (MLE). The
inset shows a typical snapshot of the droplet
composed of 8000 H2O molecules (red colored)
and the cyclic peptide (blue colored).

sitions is given by

P (‖r‖2) =
2√
π

(
K(ε)

kBT

)3/2

‖r‖e−K(ε)‖r‖2/kBT .

(3)
This probability distribution yields the ra-
dial concentration profile of the ion along the
droplet radius. The expectation value of the
square of the distance of the ion from the cen-
ter 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 instability59–62

leading to the “star”-shaped droplets63 (see
Fig. S2 in SI). If this is an issue in observa-
tions we need to increase the droplet radius
while keeping constant the value of the Rayleigh
parameter X ∼ Q2/R3.51 To illustrate the EC
we model high charges by creating models of
charged cyclic peptides. We could have used in
the simulations a spherical ion with charge 8e+

(or any other charge) instead of a cyclic pep-
tide. The cyclic peptide is preferred because
it is an effective way to create a large compact
charge, which gives rise to realistic local electric
fields that are not high enough to cause water
dissociation. In experiments, a single ion with
a high charge (e.g. 8e+) may give rise to high
local electric fields that may lead to water dis-
sociation. The distribution of charge in a cyclic
peptide does not cause this problem. DNA and
RNA strands are other examples where the ef-
fect of the EC will be clearly observed. When
a linear nucleic acid is used the droplet size
should be large enough so that the linear geome-
try of the macroion does not affect the droplet’s
spherical shape.

Using the maximum value of the K param-
eter from Fig. 1 we obtain the estimate of the
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
equimolar radius (Re) 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, we showed that there is always
a force on an ion toward the droplet’s COM.
The EC effect is more evident for an ion with
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a charge of at least ±3e (where e is the el-
ementary positive charge) found in a droplet
with a relatively small radius (Fig. S1 in SI).
For the EC to become evident the radius size
will be equal or moderately larger than the ra-
dius at the Rayleigh limit.59,61,62 The Rayleigh
limit is defined as the point where the electro-
static forces balance the surface forces. For a
radius smaller than that at the Rayleigh limit,
the droplet shows instability that takes “star”-
shapes (Fig. S2 in SI). The star-shapes are min-
imum energy structures. The EC model can be
extended further by including other factors such
as the ion size and hydrophobic effects.

Experimental: Models and

Simulation Methods

Here we present the main points of the com-
putational methods. A detailed account of
the methodology and parameters are found in
Sec. S2 in SI. We performed equilibrium molec-
ular dynamics (MD) simulations of aqueous
nanodroplets charged with a single ion Na+,
Li+, Cs+, F– , Cl– , I– , and multiple Na+

ions. The droplets range in size from 100 H2O
molecules (Re = 0.87 nm) - 1100 H2O molecules
(Re = 2.0 nm). The temperature of the
droplets was set at T = 200 K for supercooled
droplets and at 300 K (room temperature) ex-
cept for the 100-H2O-molecule droplets that
were simulated at 260 K instead of 300 K. The
MD simulations were performed using GRO-
MACS v4.6.164–67 and NAMD v2.14.68 The wa-
ter molecules are modeled with the TIP4P/2005
(transferable intermolecular potential with four
points) model.69 We selected the TIP4P/2005
because it reproduces well the density anomaly
in liquid water,69,70 the liquid-gas surface ten-
sion over a broad range of temperatures71 and
the liquid-gas coexistence line in the density-
temperature plane.72 We also performed a num-
ber of simulations with a Drude oscillator-based
polarizable model, where the H2O molecules
are represented with the SWM4-NDP model73

and the ions, Na+ and Li+ with the CHARMM
Drude force field.74,75 The equations of mo-
tion for the TIP4P/2005 set of simulations

were integrated with a time step of 2.0 fs and
for the SWM4-NDP model with 1.0 fs. Each
nanodroplet was placed in a closed volume so
that it is in equilibrium with its vapor. The
volume is large enough to accommodate the
droplet’s shape fluctuations. The simulations
were carried out in the canonical ensemble –
constant number of molecules (N), volume, and
T . The trajectories were visualized using VMD
1.9.4a47.76

To analyze the features of the radial distribu-
tion (concentration) profiles of the ions in re-
lation to the water structure, we use several
parameters: (a) the density of water as de-
termined from the Voronoi volumes associated
with each water molecule, denoted by ρV (r)
(where r denotes the distance from the droplet’s
COM); (b) the tetrahedral order parameter, de-
noted by qT (r), and (c) the distance to the fifth
nearest neighbor O of a given O atom denoted
by d5.

The parameter qT (r) is defined as follows. Ini-
tially, the tetrahedral order parameter,77 at the
level of a single particle is defined as,

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. The ra-
dial function qT (r) as the average value of qi for
all molecules within a spherical shell enclosed
within r ± ∆r/2, where ∆r = 0.05 nm. Sim-
ilarly, we report results for d5(r), the average
distance to the fifth O neighbor for O atoms
located in the same spherical shell centered at
r. We note that we find sometimes slight, but
no significant differences for ρ(r), ρv(r), qT (r)
and d5(r) whether an ion is present or not, and
therefore use well-sampled data for these quan-
tities for pure water taken from previous stud-
ies.52,53
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Figure 3: Regions in a typical snapshot showing
O atomic sites of a system composed of 776 H2O
molecules-Na+ at 200 K. From the center of
mass to a distance r = RB, the core structure
(orange-colored) is characterized by a bulk-like,
low-density tetrahedral network. The subsur-
face region RB < r < RV (green-colored), is
characterized by a higher density, lower tetra-
hedrality, and structure that changes with r.
Surface atoms (grey-colored) in RV < r < Re

have a large Voronoi volume. The remaining
atoms (red-colored) are found in r > Re, where
Re is the equimolar radius. The determination
of RB and RV is illustrated in Fig. 4 and dis-
cussed in the text. The lower-density core and
higher-density subsurface is a structural feature
emerging at low T and N ≥ 200.

Results

Single ion

The main idea of the present article is that the
low-density tetrahedral network that forms at
sufficiently low T in the core of sufficiently large
nanodroplets tends to expel certain ions to the
relatively higher-density and more disordered
subsurface. Fig. 3 illustrates this structure for
the case of an N = 776 nanodroplet. The
density structure of the nanodroplet is approx-
imately the same for the nanodroplet whether

it contains a single, several or no ions. Using a
N = 776-Na+ nanodroplet as an example, it is
found that at 200 K, the 0 < r < RB = 7.4 Å
region includes on average 57.14 oxygen sites
yielding a number density 33.66 ± 0.15 nm−3.
The subsurface, RB < r < RV = 14.8 Å in-
cludes on average 410.62 O sites yielding a num-
ber density 34.56 ± 0.15 nm−3. At 300 K, the
density in the core is 34.38± 0.15 nm−3 and in
the subsurface 34.14± 0.15 nm−3, and thus the
difference at 200 K is inverted and significantly
larger than at 300 K.

A more quantitative description is provided
in Fig. 4, which shows the relation of the water
structure and the probability density of the ion
at 300 K (red curves) and 200 K (black curves).
Fig. 4 (a) shows the H2O radial density (ρ(r))
using the physical volume. Even though ρ(r)
profiles are typically used to identify a cluster’s
boundary, they may mask certain features. The
decrease in the density profile close to the clus-
ter’s boundary masks the role of the shape fluc-
tuations. Also, the fact that the profiles are
built around the cluster’s COM, which is not
one of the molecular entities in the system, may
overemphasize the layered structure of the sol-
vent at supercooling. In larger particles (e.g.
aerosols) the plot will provide the average den-
sity of the droplet as a function of radius and
layering will not be present. For this reason, we
use additional measures of the solvent structure
such as the Voronoi volume (Fig. 4 (a) and (b)),
qT (Fig. 4 (c)) and d5 (Fig. 4 (d)). Note that
for r < 0.2 nm, good statistics are difficult to
obtain for all radial quantities, and results in
this regime are quite noisy. The density us-
ing the Voronoi volume (ρV (r)) is also shown
in Fig. 4 (a). The main feature of ρV (r) is that
it decays rapidly for surface atoms – those with
large Voronoi volumes that extend outside the
nanodroplet. To define a surface region we find
RV such that ρV (RV ) = ρ(Re). Given this,
approximately two thirds of the molecules at
r = RV have unbounded Voronoi volumes. In
Fig. 4 (b) we show a close-up of ρV (r). While
monotonically decreasing with r at large T ,
at low T , ρV (r) is approximately constant for
r < RB and then increases to a maximum at
r = RP . We choose r = RP as a representa-
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Figure 4: Structure of pristine water droplet,
single Na+ and single F– distributions for N =
776 at T = 200 K (black line) and T = 300 K
(red line). Shown as functions of r are (a) den-
sity ρ and density determined from Voronoi vol-
umes ρV ; (b) a close up of ρV ; (c) tetrahedral
order parameter qT ; (d) distance of the fifth O
neighbor d5; (e) Na+ concentration, CNa, for
a single ion, which for 200 K includes results
from starting the ion at the centre (in) and at
the surface (out); and (f) same as (e) but for
F– . In panel (b), RP marks the maximum in
ρV , a feature representative of the subsurface
at low T . The horizontal bars in panel (e) ap-
proximate the spatial extent of CNa for 200 K
(brown) and 300 K (red), and appear in Fig. 5.
See details in the text.

tive feature of the subsurface, which now by
default occupies RB < r < RV . Fig. 4 (c)
and Fig. 4 (d), showing qT (r) and d5(r), re-
spectively, likewise show a bulk-like core with
uniform properties for r < RB and a more dis-

ordered subsurface. The parameter d5, a more
indirect measure of the quality of the tetrahe-
dral network, shows a more disordered struc-
ture in the vicinity of the subsurface density
peak at low T . 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.

Fig. 4 (e) shows Na+ concentration CNa(r)
at 200 K and 300 K when a single Na+ ion is
present in the nanodroplet. At low T , CNa(r)
as obtained from starting the ion near the cen-
tre and starting near the surface are compared
– thus showing the degree of equilibration we
achieve. At T = 300 K, CNa(r) is approxi-
mately constant in the interior of the droplet,
and begins to decay within the subsurface, be-
coming small by RV and decaying to zero sig-
nificantly before ρ(r) does. At room temper-
ature the Na+ concentration profile is consis-
tent with the EC model. Because of the low
charge, the geometric confinement effect domi-
nates 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 with a
slight increase toward the droplet’s COM.

Fig. 4 (e) shows a significant difference in
CNa(r) at 200 K. Rather than being almost uni-
form, CNa(r) has a peak located within 0.2 nm
from RP . Thus, we see that in a nanodroplet
with a heterogeneous radial density, as deter-
mined by ρV (r), the single Na+ ion tends to re-
side in the highest density environment for most
of the time. This tendency is consistent with
the fact that for constant T and polarization
factor (degree of dipole ordering),78 the dielec-
tric constant increases with increasing density.

The thick horizontal bars shown in Fig. 4(e)
measure the approximate extents of CNa(r) for
low (brown) and high (red) T , and are drawn
between CNa values of half the peak or plateau
height. For 300 K, notwithstanding noise be-
low r = 0.2 nm, the distribution extends to
the center of the droplet, and so the left end
point of the red bar is at r = 0. These horizon-
tal bars are replotted vertically in Fig. 5 along
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Figure 5: Radial features of nanodroplets com-
prising N water molecules and a single Na+.
The features shown for each N are determined
as illustrated in Fig. 4 for N = 776.

with RB, RP , RV and Re, for other nanodroplet
sizes. The detailed Na+ radial distribution pro-
files and the histograms of the raw data for the
various droplet sizes are shown in Figs. S3 and
S4, respectively, in SI. Fig. 5 shows the same
trend in the structure of the H2O and the loca-
tion of the ions as found for N = 776. Measures
of structure for low temperature (T = 200 K) as
those shown in Fig. 4 and in detail in Fig. S4 in
SI are summarized in Fig. 5. The convergence
of the trajectories for Na+ starting on the sur-
face and the droplet’s COM is shown in Fig. S5
in SI. The surface thickness is estimated to be
Re−RV ≈ 0.3 nm and the subsurface thickness
RV −RB ≈ 0.7−0.8 nm for all sizes studied. It
is noted that the cluster of N = 100 does not
show a tetrahedrally organized core.

Similarly to Na+, at 300 K, F– (Fig. 4 (f))
and Li+ (Fig. S6 in SI) show higher concentra-
tion in 0 < r < RB. Behavior consistent with
our present study for F– at 300 K has been re-
ported in Ref.15,42 for clusters composed of 124-
145 H2O molecules. However, these systems are
too small to show the effect of a core and sub-
surface in the ion location. We find that at
200 K, the maximum of the F– concentration
is shifted into the subsurface (RB < r < RV ),
and similarly for Li+.

In Fig. 6, we summarize how the concentra-
tion changes in the bulk core (0 < r < RB),
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Figure 6: Ion concentrations in the core, sub-
surface and surface regions of an N = 776 nan-
odroplet at 300 K (circles) and 200 K (triangles
pointing up for simulations where the ion be-
gins at the COM, downward for starting at the
surface).

subsurface (RB < r < RV ) and surface (RV <
r < Re) regions on changing T from 300 K to
200 K for ions other than Na+ in an N = 776
nanodroplet. The details of the concentration
profiles as a function of the distance from the
droplet’s COM and the histograms of the raw
data are shown in Figs. S6 and S7, respectively,
in SI. Fig. 6 shows a significant decrease in the
core concentration, and commensurate increase
in the subsurface concentration, for Li+ and F– ,
and, to a lesser extent, for Cs+ as well. The
larger anions Cl– and I– show no significant
change.

In order to understand better the concentra-
tion changes at 200 K we discuss the direct
monitoring of the transition events between the
core and subsurface at 200 K, which are shown
in Figs. S8, S9, and 10 in SI. Li+ and F– show
only 1-2 events entering the core over a 2 µs
(considering two MD trajectories of 1 µs each)
production run, Cs+ shows 3-4 events and Cl– ,
I– 5-6 events. During these rare events all the
ions that we study are trapped within the core
for at least 20 ns. Thus, differently from 300 K,
where the large probability density in the core
appears due to the frequent transitions between
core and subsurface (Fig. S11 in SI), at 200 K,
an increase in the probability density in the core
appears due to the long residence time in this
region.
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The time evolution of the Cl– transition
events (Figs. S9 (a) in SI) does not show specific
preference for the interior or the surface at both
temperatures. A similar propensity for Cl–

ions was pointed out by Zhao et al.15 who per-
formed simulations of halogen anions in a clus-
ter of 124 H2O molecules at room temperature
and at supercooling using Born-Oppenheimer
(BO) MD simulations. In BO-MD the interac-
tions are described by quantum density func-
tional theory (DFT). The agreement between
the results supports the validity of TIP4P/2005
to predict the location of the ions. The di-
rect monitoring of the transitions, Fig. S9 in
SI, shows that Cl– and I– interact more than
the other ions with the boundary of the bulk
core (4.0 Å< r < 7.4 Å) when they are in
the subsurface, which may be the reason that
allows them to make more frequent transition
into the core than other ions. The Cs+ ion, even
though a chaotropic ion like Cl– and I– , shows
some features similar to Li+, in that it does not
frequently access the boundary of the bulk-like
core as Cl– and I– do. In the rare transitions
to the core, Cs+ remains trapped for a signifi-
cant amount of time and for this reason its con-
centration profile appears bi-modal. A general
observation from all the trajectories is that the
crossing of the core is relatively faster than the
residence time within the core, which indicates
the presence of high potential energy barriers.
The transition paths can be step-wise or rapid,
which reflect the variety of pathways that can
be followed by the ions in and out of the core
region.

Now we examine the time correlation func-
tion for the exchange of the H2O molecules sur-
rounding F– in N = 776. Following the ap-
proach of D. Chandler in Ref.79 we define a
state variable, NA which is 1 if a H2O molecule
is within a sphere of radius 6.0 Å with cen-
ter the F– ion and zero otherwise. Using this
state variable we compute the correlation func-
tion 〈NA(t)NA(0)〉. The correlation functions
at 300 K and 200 K are shown in Fig. 7. The
correlation functions decay to the ratio of the
number of H2O molecules contained in the vol-
ume of radius 6.0 Å over the total number of
molecules in the droplet. We find that the de-

(a)

(b)

Figure 7: Time correlation function (red line)
of H2O molecules coordinating F– in N = 776
cluster at (a) T = 300 K and (b) T = 200 K.
The grey region is one standard deviation. The
blue line is the exponential fitting to the sim-
ulation data given by (a) y = 1.76 × 10−3 +
0.038 exp(−t/0.0637), (b) y = 1.49 × 10−3 +
0.0253 exp(−t/10.7).

cay time at 300 K is 64 ps and at 200 K 10.7 ns.
The ratio of the decay time at 200 K to 300 K is
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≈ 200 times larger than the ratio of the average
velocities of the molecules at the two tempera-
tures. The long residence time of the ions in the
core and subsurface region is consistent with the
decay time of the correlation function. Thus,
in addition to structural and energetic factors
that determine ion location, the two-orders-of-
magnitude slowing down in dynamics at low T
may be necessary to consider when time scales
relevant to an experiment become comparable
to the decay time. Further complexities arise
from the fact that dynamics at the surface and
subsurface should be significantly faster than in
the core. We have not addressed the radial de-
pendence of the dynamics here, but we expect
to address this in the future.

To test the effect of the force field in the
different density regions, simulations were per-
formed with a Drude oscillator-based force
field,73 which uses the SWM4-NDP H2O model.
The ion distribution profiles for a single Na+

and Li+ in an N=880 H2O droplet at 350 K and
200 K are presented in Fig. S14 and Fig. S15
in SI. At high temperature, similar to the runs
with TIP4P/2005, the Na+ and Li+ radial dis-
tributions are uniform in the core and in part
of the subsurface. The Li+ shows a preference
toward the center. In both the TIP4P/2005
and SWM4-NDP the concentration of the ions
starts to increase at 1.6 nm, which indicates
that the depth from the surface is in good agree-
ment between the two models. At low temper-
ature it has been found that POL3 and SWM4-
NDP are not suitable for ice-liquid simulation
- they lead to a poor representation of ice.80,81

We note here that the temperature in different
molecular models may not correspond to the
same physical state of the cluster. At 200 K,
simulations of bulk solution have shown that
SWM4-NDP is close to the point of maximum
density of water.80,81 We have confirmed that
even in clusters at 200 K the density is at its
maximum. At 350 K, the density in the core
is 32.79 ± 0.15 nm−3 and in the subsurface
32.39 ± 0.15 nm−3 while at 200 K, the density
is 36.15 ± 0.15 nm−3 and 35.85 ± 0.15 nm−3,
respectively. Interestingly, both the Li+ and
Na+ distributions using the polarizable model
show their maximum in the subsurface, simi-

larly to the TIP4P/2005. Disregarding the un-
realistic nature of the density in the cluster for
SWM4-NDP, this example demonstrates that
there may be an optimal density for solvation
of the ions.

Regarding the relation of the subsurface
structure in a droplet to that of a planar surface
we note that densification at supercooling also
occurs for a planar interface.57,82 In the temper-
ature range of our study, the clusters are still in
the liquid state. The experiments of Pradzynski
et al. have shown the possibility of ice forma-
tion in clusters composed of several hundreds of
water molecules.7 The authors estimated that
the temperature of the clusters is 90 K-115 K.
We expect that in order to see a phase transi-
tion in the systems that we study, we should
decreases the temperature below 200 K. In the
analysis of surface layers it will be challeng-
ing to distinguish small-particle surface melting
from size-dependent melting.83

The expulsion of the ions from the core is
reminiscent of brine rejection from ice, where
upon crystallization ions are expelled into the
liquid.84,85 While liquid water lacks the long-
range order of the crystal, the low-density form
of the liquid, like ice, possesses a network struc-
ture, characterized by a first sharp diffraction
peak in the structure factor arising from a high
degree of tetrahedrality.86–88 The value of qT
of deeply supercooled liquid water is compa-
rable to that of ice.53,84 For nanodroplets, the
more disordered and denser subsurface appears
to play the role of liquid water in usual brine
rejection at freezing. We expect that the dy-
namics and the precise steps of the ion rejection
mechanisms from the low-density core in nan-
odroplets will be different from those in bulk
ice. It is noted that in simulations of brine re-
jection,84 Na+ is rejected faster than Cl– , with
Cl– being more than twice as likely to be incor-
porated into the crystal lattice, an observation
not dissimilar to what we see in terms of Cl–

remaining in the low-density liquid nanodroplet
core, although sampling equilibrium distribu-
tions in the case of brine rejection is certainly
more difficult.
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Figure 8: CNa profile along the droplet radius
(measured from the COM) of a single ion (at
200 K) and 8 Na+ ions (at 200 K and 300 K)
in a droplet comprised 1100 H2O molecules.
Dashed blue line is the prediction of Eq. 6 for
the droplet at 300 K (details in the text).

Figure 8 shows the radial distributions of mul-
tiple ions at T = 300 K and 200 K in droplets
comprising 1100 H2O molecules. The same plot
for a system of 776 H2O molecules - 5 Na+ ions
is shown in Fig. S16 in SI. At T = 300 K the
distributions (for 1100 and 776 H2O molecules)
are almost uniform with an incipient broad
maximum appearing in the outer layers of the
droplet.

Solution of the Non-linear Poisson-Boltzmann
(NPB) equation34 for a rigid spherical geometry
suggests that toward the droplet interior the ion
distribution will show an exponential 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 tem-
perature, ε is the permittivity of the medium,
q = me is the charge of an ion and σ is the sur-

face charge density given by σ = |Z|e
4πR2 (|Z|e is

the total droplet charge). In finding the surface
charge density we assume that all the charge is
in the surface. The larger the λPB the slower
the ion distribution decay. One of the reasons
that the simulated ion decay may deviate from
the theoretical prediction is the droplet’s shape
fluctuations. For this reason, we expect that
the exponential decay will manifest more clearly
in larger droplets at lower temperature. We
note that in the larger droplets the effect of
the counterions in λPB has also to be consid-
ered.34 Evidently, the higher temperature will
lead to a slower ion decay. For 1100 H2O - 8
Na+ ions at T = 300 K the distribution decays
(toward the droplet’s COM) as an exponen-
tial function fitted by 0.40 exp(−(1.37−r)/1.3),
where λPB ≈ 1.3 nm (note: to convert from
n(r) in nm−3 to CNa(r) in mol/L, one should
multiply n(r) by 10/6.022). Equation 7 with
dielectric constant of water equal to 75, yields
λPB ≈ 0.8. In droplets of up to a few thou-
sands of water molecules the effect of shape fluc-
tuations is significant, therefore, we interpret
the value of λPB only in a qualitative manner.
A value of λPB in the range of 0.8 nm (theo-
retical estimate)-1.3 nm (from fitting) is com-
parable in magnitude with the droplet radius
(Re = 2.0 nm), which indicates that the radial
distribution function will decay slowly toward
the COM. The predicted slow decay is indeed
found in the simulations. The ion distribution
at T = 200 K decays in a way that cannot
be analyzed using the NPB predictions at the
lower temperature. The multiple ions similarly
to the single ion are expelled from the drop’s
core and their distribution shows a maximum
at the same location as the single ion (Fig. 8).
The distribution shows two peaks at a distance
0.52 nm and at 1.5 nm. The lower intensity
peak at 0.52 nm corresponds to a single ion that
exchanges location with the outer ions (found
at ≈ 1.5 nm). The mobility of the inner ion
indicates that the appearance of the two peaks
is not due to a metastable state.
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Conclusions

We found that in supercooled aqueous droplets,
a heterogeneous solvent structure leads to a dif-
ferent ion radial distribution relative to that at
a room temperature. Specifically, we demon-
strated that the interior tetrahedral network
that forms at supercooling expels cosmotropic
ions (Na+, Li+, F– ) from the core region to the
more disordered subsurface. The radial distri-
bution of chaotropic ions (Cl– , I– , Cs+) appear
to be affected less by the presence of the bulk-
structured core. They also spend most of the
time in the subsurface from where they make
rare incursions to the core region. Once in-
side the core, they reside there for a significant
amount of time.

The atomistically simulated ion radial distri-
butions are supported by a reference analytical
model that predicts the location of an ion in
a fluctuating droplet. The theory finds that an
ion (regardless of its nature) is always subject to
a harmonic potential centered at the droplet’s
center of mass. This electrostatic confinement
effect is more evident in certain droplet dimen-
sion and ion charge. In the supercooled nan-
odroplets the model predictions deviate from
the simulated ion distributions due to the spe-
cific organization of the solvent that is currently
not included in the analytic model.

We expect the effect of the heterogeneity in
the solvent structure to appear even in the
larger droplet sizes. In microdroplets, where
thermodynamics of the phase transitions will
be similar to that in the bulk solution, ice may
form in the interior and then the ions will be
expelled most likely in a similar manner to the
brine rejection from bulk ice. In a planar sur-
face, where liquid layers cover ice, the depen-
dence of the thickness and ordering of the liq-
uid surface layer on temperature has been stud-
ied for several decades.89,90 A similar investiga-
tion for the subsurface and surface layers is still
missing for the nanodroplets.

The present study opens up the discussion
on several questions. Evaporative cooling of
droplets is a process that has been reported to
be important in a droplet’s lifetime in ioniza-
tion methods used in native mass spectrometry.

The implications of the distribution of multiple
ions in the subsurface in a Rayleigh fission and
ion-evaporation mechanism have to be exam-
ined. We have found that a conical deforma-
tion is a key structure in the mechanism of ion
emission.51 An intriguing question is whether
the formation of a conical deformation in the
droplet that emits ions is affected by the low
density liquid at supercooling or an ice interior.
A related question is whether the Rayleigh limit
of a supercooled droplet changes since the con-
ducting region for certain ions is restricted to
the subsurface and surface instead of exploring
the volume of the entire droplet. In a long time,
the droplet is expected to be a conductor, since
the ion still make rare visits to the core. In an
intermediate length of time, which may be crit-
ical for charging of macromolecules of instance,
the properties of the droplet may deviate from
those of a good conductor. A study on these
questions will be relevant to atmospheric chem-
istry, native mass spectrometry and the physics
of jets.

We anticipate our study to provide the start-
ing point for investigating the structure of the
supercooled droplets containing unstructured
peptides and complexes of ions. Several possi-
ble scenarios are envisioned that may affect the
charge states of macromolecules. On the one
hand, if a macromolecule and simple ions are
expelled to the subsurface, the macromolecule
will be exposed to a higher concentration of
ions and different structure of solvent than
that at room or elevated temperature. Thus,
their charge state and release mechanism will
be determined by the distinct chemical fea-
tures of the subsurface. Because of the higher
concentration of ions in the subsurface than
at room or elevated temperature, for certain
macromolecules, a “salting-out” release path-
way may open up that expels them to the va-
por phase. Clusters containing solvated NaCl
or [Na2Cl]+ complexes where the ions are in
their contact-ion pair form may be also ex-
pelled. This is a new idea that has not been ex-
plored before as a possible mechanism of release
of macroions from droplets. If macroions are
released via a salting-out path, or if the coun-
terions are released in the form of complexes
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with the co-ions they will not form adducts
with the macromolecules. This outcome is in
agreement with still unresolved observations in
native mass spectrometry experiments. On the
other hand, if a macromolecule (regardless of its
shape) is trapped in a glassy core its diffusion
toward the surface will be delayed and its expo-
sure to ions will be altered, which will in turn
affect its charge state. In this case, a charged-
residue mechanism is more likely to be followed
in the charging of the macromolecule. We cur-
rently explore these new possible macroion re-
lease mechanisms. We envisage that studies
in this direction will assist in interpreting ion
mobility-mass spectrometry data on the detec-
tion of the conformations of macromolecules
originating from the bulk solution and will pro-
vide insight into the chemistry of atmospheric
aerosols.
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