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Abstract

The chemical reaction mechanisms within elec-
trosprayed droplets are still unknown. The lo-
cation of ions provides insight into theses mech-
anisms. We demonstrate the convergence of ion
spatial distributions in aqueous droplets using
molecular dynamics. This convergence allows
one to extrapolate the simulation results from
nanoscopic dimensions to larger ones, which are
still inaccessible to atomistic modeling. The
surface excess charge and electric field are also
computed. We find that the surface excess
charge layer is approximately 1.5 nm-1.7 nm
thick and that ≈ 55% − 33% (from smaller to
larger droplets) of the total number of ions re-
side in this layer.

Introduction

In the last one and a half decades there has
been a surge in the use of nano- and micro-
drops in many applications in science and in-
dustry. Examples include dispersive liquid-
liquid micro-extraction,1 micro- and nano-
fluidity and acceleration of reactions in elec-
trosprayed droplets.2–7 Even though our ability
to carry out chemical reactions on mass-scale
in these minute volumes is rapidly growing, the
knowledge of the reaction mechanisms of the
dissolved species in the droplet environment is
still limited.

In this article, we consider charged droplets
in aerosol phase for which we compute system-
atically the ion spatial distribution, surface ex-
cess charge, and electric field as a function of
droplet size. To our knowledge this is the first
study that addresses convergence of electro-
static properties of nano- droplets and finds the
portion of ions (free charge) that contributes in
the surface excess charge. Moreover, for the
first time a molecular foundation on the equi-
librium partitioning model of C. Enke8,9 is re-
ported. In the computations, we use Na+ and
Cl– ions in aqueous droplets to demonstrate
the effects. Nevertheless, the findings and the
methodologies are transferable to any other ions
and solvents. Droplet sizes that are accessible
to experimental scrutiny are atomistically mod-
eled.

The study is directly relevant to several
aerosol-based experiments and to atmospheric
chemistry.10–12 Such experiments include a re-
cent development in the use of electrosprayed
droplets as reaction vessels2–6 and droplet-
based ionization techniques used in native mass
spectrometry.13 Finding the ion distribution is
the first step to establish the ion-evaporation
mechanism (IEM),14–16 and the equilibrium
partitioning model of C. Enke,8,9 which are
broadly used to explain the selectivity effective-
ness of electrospray ionization mass spectrome-
try (ESI-MS). IEM and Enke models have been
inferred by the analysis of mass spectrometry
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data. Our study provides the thus far missing
knowledge of a droplet’s molecular structure.

A lot of experience has been obtained over
many decades from the molecular modeling of
related systems such that of ions near a pla-
nar interface17–21 and from the electrical double
layer studies in electrochemistry and colloidal
science.22,23 These systems are overall neutral,
thus the findings may not be directly transfer-
able to charged droplets.

Charged droplets are metastable states for
which the competition between surface and
electrostatic forces determines their survival
time. In the analysis of the data we will use
the Rayleigh limit for a conducting droplet,24–26

which we define in the following paragraph.
The stability of a conducting charged droplet is
determined by the dimensionless Rayleigh fis-
sility parameter24–26 (X)

X =
Q2

64π2γε0R3
≈
(
Q

Qr

)2

(1)

where Q is the droplet charge, γ the surface ten-
sion, ε0 and R are the permittivity of vacuum
and the radius of the droplet, respectively. For
a certain radius R and a surface tension, one
can find a value of charge, denoted by Qr here-
after, such that X = 1. The X = 1 condition
is called the Rayleigh limit.24 A droplet may
have a charge Q that may be different from Qr.
Thus, one can recast the Rayleigh fissility pa-
rameter by the ratio of charges squared as given
in the second equality in Eq. 1. A droplet at
X < 1 (below the Rayleigh limit) is separated
from the fragmented state (progeny droplets)
by a free energy barrier.14–16,27 The consensus
view for droplet fragmentation is that a highly
charged micro-drop at X ≈ 1 reduces its charge
by emitting a jet of smaller progeny charged
droplets (comprised solvent and ions).28 The
jet release from the parent droplet is known as
Rayleigh fission or Coulomb fission. It has been
suggested that when the radius of nanodrops is
≈ 10 nm, the release of charge may take place
before Rayleigh fission by emission of small
clusters that contain solvated single ions.14,15

This is called the ion-evaporation mechanism
(IEM). We think that the difference between a

Rayleigh fission mechanism and an IEM may
be subtle when release of ion-clusters occurs
slightly below the Rayleigh limit in nanodrops.
In this article we discuss the structure of an
intact droplet and we draw relations with the
IEM and Enke model.

Systems and Simulation

Methods

We performed equilibrium molecular dynamics
(MD) simulations of charged aqueous droplets
with Na+, Cl− ions. A typical snapshot of a
system comprised H2O molecules, Cl– and Na+

ions is shown in Fig. 1. Table 1 shows the sys-
tems that have been studied and their charac-
teristics. The simulations were performed by
using the software NAMD version 2.12.29 The
Newton’s equation of motion for each atomic
site was integrated using the velocity-Verlet al-
gorithm with a time step of 1.0 fs. The trajec-
tories were analyzed using VMD 1.9.2.30 The
water molecules were modeled with the TIP3P
(transferable intermolecular potential with 3
points)31 -CHARMM and the ions with the
CHARMM36m32,33

All the forces were computed directly without
any cut-offs. Equilibrium simulations in NAMD
were set by placing the droplet in a spheri-
cal cavity of radius 20.0 nm by using spherical
boundary condition. The cavity was sufficiently
large to accommodate the shape fluctuation of
the droplet. The droplet will eventually reach
vapor pressure equilibrium. The systems were
thermalized with Langevin thermostat with the
damping coefficient set to 1/ps. In the estima-
tion of the Rayleigh limit the surface tension
value for TIP3P at T = 300 K is taken to be
0.0523 N/m and at T = 350 K 0.0432 N/m34 for
a planar interface. The analysis of the droplet
electric field and potential is done with in-house
methodology and software, of which details are
presented in the article of Kwan et al.35

The production runs of the 2×104 and 3×104

H2O-molecule drops were for 40 ns, following
a 10 ns equilibration time and that of 1000
and 3500 H2O-molecule clusters for 150 ns and
50 ns, respectively. The production run for the
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Table 1: Systems studied, characteristic dimensions and concentrations. nH2O denotes
average number of water molecules and nI number of ions in the droplets during the
production runs. Re [nm] is the equimolecular radius, computed by using density of
the TIP3P model at 350 K to be 0.9539 g/cm3. Qr (e) is the charge estimated at the
Rayleigh limit using radius Re. rmax [nm] is the distance from the droplet center of
mass (COM) to the maximum of the ion concentration profile. Rr [nm] is the Rayleigh
radius (X = 1) for charge equal nI. X is the fissility parameter of the simulated droplet
(Eq. 1). “Range” [nm] denotes the interval defined from the droplet COM in which
the surface excess charge is located. Details are presented in the text. C [Molarity]
is the ion concentration in the region of the excess charge. In all the systems the
temperature is set at T = 350 K, besides those marked with an asterisk, which are
found at T = 300 K.

nH2O nI Re Qr Rr rmax X Range nout C[M]
880 6Na+ 1.88 7.9 1.56 0.90-0.95 0.57 1.2±0.1-2.6 3.3±0.6 0.08 ±0.03
5880 19Na+ 3.65 20.6 3.37 2.65-2.70 0.85 2.6±0.1-4.4 10.6±1.2 0.06 ±0.02

2× 104 36Na+ 5.31 37.6 5.16 4.30-4.35 0.92 4.4±0.1-6.1 13.5±1.3 0.04 ±0.01
3× 104 44Na+ 6.08 46.0 5.90 5.10-5.15 0.91 5.2±0.1-6.8 14.7±2.1 0.03 ±0.01
3× 104 44Na++ 6.08 46.0 5.90 5.10-5.15 0.91 5.2±0.1-6.8 18.2±2.1 0.04 ±0.01

23 NaCl
6× 104 63Na+ 7.66 65.1 7.50 6.90-6.95 0.94 6.9±0.1-8.3 15.3±2.3 0.03 ±0.01

880 6Cl– 1.88 7.9 1.56 1.05-1.10 0.57 1.2±0.1-2.6 3.7 ±0.6 0.09 ±0.03
980∗ 8Cl– 1.92 8.2 1.92 1.15-1.20 0.95 1.3±0.1-2.8 3.7 ±0.6 0.07 ±0.03

3× 104 44Cl– 6.08 46.0 5.90 5.10-5.15 0.91 5.2±0.1-6.8 14.7±2.1 0.03 ±0.01
3× 104 44Cl–+ 6.08 46.0 5.90 5.10-5.15 0.91 5.2±0.1-6.8 16.5±2.1 0.04 ±0.01

23 NaCl
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Figure 1: Typical snapshot of a droplet that
comprises ≈ 3×104 TIP3P molecules (red oxy-
gen site, white hydrogen site) and 23 Cl− ions
(green spheres) and 67Na+ ions (blue spheres).

.

6× 104 H2O-molecule drop was 8.5 ns.

Results and Discussion

Convergence of ion spatial distri-
butions

Below, we attempt to rationalize universal fea-
tures of the charge density distribution in a
droplet close to the Rayleigh limit. In Fig-
ure 2 (a) we show the ion distributions for five
droplet sizes shown in Table 1 (see also Fig. S1
in SI). The profiles have been normalized by di-
viding the raw histogram data with the volume
element of a spherical shell (4

3
π[(r + dr)3 − r3]

where r is the distance from the droplet COM).
We can recast Eq. 1 into the following form

1

(4πε0)2
Q2

R4
R = |E|2R = 4ε0γX (2)

where |E| = Q/4πε0R
2 is the magnitude of the

electric field on the surface of a spherical con-
ductor with radius R (we remind that in this
model all the charge lies on the surface and
there are no shape fluctuations). Eq. 2 shows
that the surface charge density, denoted here-
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Figure 2: (a) Na+ concentration profiles vs
distance from the droplet COM for aqueous
droplets of various sizes at T = 350 K. Stan-
dard deviation bars are sparsely shown for clar-
ity purpose. The standard deviation is shown
in Fig. 3. (b) Scaled plots of (a). The x-axis is
scaled by Rr for the specific droplet charge state
(Q) and the y-axis by Q/R3

r (data presented in
Table 1).

after by σ = ε0|E|.36 Hence, Eq. 2 becomes

σ2 =
4γX

ε0
(3)

On the other hand, the surface charge density is
computed by integrating the ion molarity n(x)
from the surface of the droplet to the droplet
center

σ =
1

4πR2

∞∫
0

dr4πr2n(r) (4)
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Figure 3: Same as Fig.2 (a) but (a) for a droplet
comprised ≈ 3× 104 H2O molecules and either
44 Na+ ions or 44 Cl– ions. (b) ≈ 3 × 104

H2O molecules, 44 Na+ ions and 23 NaCl pairs.
The blurry region shows the standard devia-
tion. The standard deviation is calculated by
using 5 blocks of raw data, where every block
has 4× 104 configurations, separated by 0.2 ps.

where the charge density is computed in units
of [mol]/[m]2. We note that n(r) is given by
the non-linear Poisson-Boltzmann (PB) equa-
tion. n(r) drops sharply on the surface because
of lack of shape fluctuations and decays towards
the droplet COM. If the charge is localized near
the surface of a droplet we may approximate
the surface by a planar interface. The solution
of the nonlinear PB equation relates the charge
molarity on the surface of the droplet n(R) and
the surface charge density (for details see35)

σ = λPBn(R) (5)

where λPB is a parameter emerging from the
solution of the non-liner PB equation, that
remarkably coincides with the Debye length
of electrolyte with the ion molar concentra-
tion n(R). The “Debye length” scales as
λPB ∼ 1/

√
n(r), therefore, after some algebra

we arrive at the relation for the surface charge
density derived from the solution of the non-
linear PB equation σ2 ∼ n(R). Combining this
result with Eq. 2 we arrive at the scaling for
the maximum ionic concentration as a function
of the droplet radius n(R) ∼ X/R. The simula-
tion data agree with the theoretical prediction
(Eq. 2) that the surface charge density σ de-
creases with the increase of the droplet radius
as shown in Fig. 2 (a). Figure 2 (b) shows the
scaled distributions, where the distance (x axis)
in Fig. 2 (a) has been scaled by Rr shown in
Table 1. The scaled distributions reveal an in-
teresting behavior that it is not evident in the
non-scaled data (Figure 2 (a)). The distribu-
tions of all droplet sizes apart from that of 880
H2O molecules are very similar.

In the largest droplets comprising 6 × 104

H2O molecules the scaled ion density decays
faster than all the rest. The diminished mag-
nitude of the relative shape fluctuations results
in a sharper maximum of the ion density distri-
bution. The larger relative shape fluctuations
of the smallest droplets give rise to three fea-
tures in the ion concentration profile. Firstly,
the concentration profile of 880 H2O molecules-
6Na+ ions appears to be much broader than
those for the larger droplets. Secondly, the dis-
tance of rmax from the droplet very outer sur-
face where the water density is 5× 10−4 g/cm3

becomes shorter as the droplet size increases.
This distance is ≈ 1.7 nm for the smallest
droplet and ≈ 1.4 nm for the largest droplet.
|Re − rmax| follows the same trend: it is ≈
1.0 nm for the smallest droplet and ≈ 0.74 nm
for the largest droplet. In microscopic droplets
the distance of the maximum of the ion distri-
bution to Re (see Table 1) may become even
shorter because of the reduced relative shape
fluctuations. We estimated that the ratio of
rmax/Rr changes from 0.59 for droplets of 880
H2O molecules to 0.92 for droplets of 6 × 104

H2O molecules. The ratio of rmax/Rr vs Rr is
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shown in Fig. S2 in SI, where extrapolation of
the data led to the intriguing observation that
rmax/Rr = 1 when Rr ≈ 10 nm. At this point
we relate our finding to IEM.14,15 The observa-
tion suggests that certain fluctuations in charge
density (or shape since shape and charge den-
sity are intimently related) in droplets with ra-
dius less than 10 nm may be responsible for
a faster release of solvated ions via IEM14,15

than a Rayleigh fission mechanism. The role
of fluctuations has not been considered in the
original formulation of IEM.14,15 The specifics
of Rayleigh fluctuations vs fluctuations under-
lying the IEM mechanism deserve a separate
study.

Counterions are commonly found in solutions.
We examine the role of counterions and con-
trast it with systems without counterions. Fig-
ure 3 (a) shows the spatial ion distribution of
droplets comprised ≈ 3 × 104 H2O molecules,
and either 44 Na+ ions or 44 Cl– ions. The
rmax of the Cl– ions is slightly more in the in-
terior relative to the Na+ ions. Figure 3 (b)
shows the ion distribution of a droplet com-
prised ≈ 3 × 104 H2O molecules, 44 Na+ ions
and 23 NaCl pairs. A main feature in Fig. 3
is that in a droplet with counterions the excess
ions (Na+) form an outer shell of higher con-
centration. The Cl– ions are depleted from the
region where the Na+ concentration is the high-
est and their concentration gradually increases
toward the droplet center. The location of the
Cl– ions is the result of the conducting charac-
ter of the droplet, which dictates that the excess
charge accumulates on the surface. If we scale
the Na+ concentration in the presence of Cl–

ions the two concentrations with and without
counterions coincide. In the presence of coun-
terions, the Na+ concentration (not scaled) ap-
pear to extend more toward the outer H2O lay-
ers and to have higher concentration in the in-
terior. This behavior is attributed to the fact
that in the presence of counterions the concen-
tration of Na+ is higher in order to maintain
the overall charge of the droplet the same as
that without counterions. This increased outer
concentration indicates that the surface is not
saturated with free charge when only Na+ ions
are present.

Surface excess charge and electric
field
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Figure 4: (a) Charge distribution of a droplet
(including H, O, ions comprised 3 × 104 H2O
molecules and either 44 Na+ ions or 44 Cl–

ions vs distance from the droplet COM (bin
size 2.0 Å). (b) Colored shells centered at the
droplet COM: yellow colored 0 Å < r < 50.0 Å,
green colored 50.0 Å < r < 56.0 Å, grey colored
56.0 Å < r < 62.0 Å, red colored r > 62.0 Å.

A relevant quantity to that of the ion spatial
distribution is that of the surface excess charge.
Figure 4 (a) shows the charge distribution of a
droplet comprised 3 × 104 H2O molecules and
either 44 Na+ ions or 44 Cl– vs distance from
the droplet COM (see also Fig. S3 and Fig. S4
in SI for the polarization charge and cumula-
tive charge distribution, respectively). The on-
set of the building up of the charge is found
at ≈ 5.1 ± 0.1 nm, which is in the green col-
ored region shown in Fig. 4 (b). At ≈ 5.1 nm
the ion concentration is at its maximum value.
For Na+ ions the charge distribution profile un-
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dulates at distance > 5.1 nm. The integral
from 5.1 nm outward yields the total charge
of the droplet (43e-44e). In Table 1 we have
reported the range over which the integration
is performed. The upper limit of integration
is at the distance where the water density be-
comes 5 × 10−4 g/cm3. In our simulations and
in experimental set-ups a droplet may be sur-
rounded by vapor. As we have shown in previ-
ous work35 this vapor is also polarized. Thus,
the presence of the vapor may extend the sur-
face charge but its contribution is insignificant.
As shown in Table 1 the smallest droplet con-
tributes ≈ 55% of the free charge in the surface
charge, while the largest droplets ≈ 37 − 33%.
The errors bars in the number of ions in the
surface excess charge region is due to the un-
certainty in the initial point of the interval over
which the integration is performed. The error
bars associated with the ion distribution and

water density in this region is negligible because
both have converged. The concentration of ions
in the surface excess charge layer is also shown
in Table 1. We remind here that the ion dis-
tribution is not uniform in the range of the ex-
cess surface charge (see Fig. 2). We note that
the charge undulation is not unique to the pos-
itively charged droplets, but it also appears in
an uncharged water droplet37,38 (see Fig. S5
in SI). In the presence of Na+ ions the charge
undulation in pristine and positively charged
droplet are in-phase but the building-up of the
charge starts at a shorter distance relative to
the uncharged case. The positive peak relative
to that of the pristine water is higher because
of the stronger orientation of the outer water
molecules with the hydrogen sites pointing out-
wards. These water molecules are mainly found
in the grey- and red-colored region of Fig. 4 (b).
The Cl– show only one negative trough in the
charge distribution (Fig. 4 (a)), which is much
broader than the negative trough of the Na+

ions. The Cl– ions themselves enhance the neg-
ative trough of the pristine water molecules.
The positive peak of the pristine water disap-
pears because of the change in the orientation of
the water molecules due to the overall negative
charge of the droplet. Figure 5 shows the pro-
gression in the normalized charge distribution
profiles as a function of droplet size for positive
ions. The charge undulation becomes less pro-
nounced with increased droplet size due to the
decrease of the ion concentration as the droplet
size increases.

In a previous work, Ahadi et al.39 have placed
the surface charge in charged droplets in the
very outer periphery (water/vapor interface) of
the droplet, where the density of water is re-
duced substantially and does not include any
free charge. It appears that Ahadi et al.39 at-
tempt to define the droplet surface charge in
the region where the total charge comprises
only solvent polarization (no ions). We relate
now the findings of Ahadi et al.39 with our
plots. Figure 4 shows that for the droplet of
44 Na+ ions, the integral of the charge from
6.18 nm (top of the positive peak) outwards,
yields charge very close to +44e. We have found
the same for all the positively charged droplets
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shown in Fig. 5. This interval of integration cor-
responds to the red region in Fig. 4 (b) where
there are no ions, thus this region appears to
be close to Ahadi et al. assignment of the sur-
face charge. Here we point out differences be-
tween assigning the surface charge in the very
outer region vs the thick layer shown in Fig. 4.
Firstly, since the outer positive peak for pos-
itive ions (Fig. 4 (a)) is very steep, the val-
ues of the charge in the outer droplet region
is very sensitive to the starting point of inte-
gration. Secondly, because of the similarity of
the charge undulation between pristine water
droplets and positively charged droplets, the
existence of positive charge (= total droplet
charge) in the farthest water layers is not sur-
prising. Differently, in the presence of Cl– ions
we cannot find an interval over which the inte-
gral yields the overall droplet charge located in
the very outer water layers. For the Cl– ions
we have to integrate over the range reported
in Table 1. Thus, it not evident that for both
positive and negative ions we can find the to-
tal charge in the form of polarization charge in
the farthest water layers. Thirdly, the phys-
ical and chemical significance of the surface
charge in the red region of Fig. 4 (b) is not
well defined because the outer “inert” solvent
molecules cannot explain the mass spectrom-
etry abundances. It is the presence of active
species (ions and possibly other species) that
play a critical role in abundances. We empha-
size here that the size of the standard deviation
indicates that there are large charge fluctua-
tions in the outer droplet layers, which may lead
to release of solvated single ions or charge trans-
fer processes to macroions (when macroions are
present). The standard deviations in the defi-
nition of the droplet radius and charge density
have not been considered in the article by Ahadi
et al.,39 hence the significant sensitivity of the
periphery surface charge on the definition of the
droplet radius has not been discussed.

Figure 6 shows the electrostatic potential of
a droplet comprising 2 × 104 H2O molecules
and 36 Na+ ions. For large distance the po-
tential coincides with that of a point charge
with Q = 36e. Inside the droplet the potential
can be well approximated by a constant value

(within the error bars), which is the potential
on the surface of the droplet. The potential
raises in a region of 4.8 nm - 5.8 nm. This region
starts from the minimum of the negative trough
of the charge distribution (Fig. 5) and ends be-
yond the positive peak. The starting point of
integration that yields the total droplet charge
is the outer region is found approximately in
the middle of the “hump”. The starting point
of integration at 5.9 nm where the dielectric
and conducting behavior differentiate, yields a
charge (+4e) which is much less than the overall
droplet charge.

At this point it is in order to relate our find-
ings with the equilibrium partitioning model of
C. Enke. The model relates the analyte re-
sponse using ESI-MS to the location of the an-
alytes in a droplet.8,9 The Enke model assumes
similarity between the structure of a charged
droplet and the electric double layer found on
the surface of an electrode in contact with a
solution. In the case of a droplet, the role
of the electrode is assumed by the vacuo (or
air). Thus, the model identifies two regions in
a droplet. The outer region which is the ex-
cess charge region and an inner core region.
Electrolyte and analyte ions partition between
these two regions by establishing an equilib-
rium. The model infers that the species seen in
the mass spectrum are those that make up the
surface charge. The foundation of the model is
in agreement with the simulation findings pre-
sented here.

Now, we examine the electric field on the
droplet surface. The shape fluctuations prevent
a direct computation of the electrostatic poten-
tial and electric field on the droplet surface be-
cause of the large statistical errors.35,40 We have
developed an approach (details are presented in
Ref.35) to reconstruct the droplet surface and
then compute the electric potential by using a
multipole expansion. The normal component of
the electric field for a droplet comprised 2×104

H2O molecules and 36 Na+ ions is shown in
Fig. 7 (a) and that of the same droplet size
and charge, but with all the charge on a sin-
gle ion is shown in Fig. 7 (b). The electric
field is computed for this specific droplet size
over all its surface and over a number of con-
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Figure 7: (a) Distribution of the normal com-
ponent of the electric field on the molecular
surface of a droplet comprised 2 × 104 H2O
molecules and 36 Na+ ions. (b) Same as (b)
but the charge is all accumulated on a single
ion.

figurations. The average electric field on the
surface is 0.187 [V/Å] for both charge distribu-
tions, however in the conducting droplet (a), on
2% of the total area of the droplets used in the
analysis the electric field magnitude is twice the
average value but in the droplet (b) the fluc-
tuations of the field are much smaller. This
difference may be expected because in droplet
(b) the charge is not transferred on the sur-
face, thus the surface charge is close to that
of pure water. The electric potential through-
out a droplet with a united charge is shown in
Fig. S5 (b) in SI. Comparison with the findings
by Kwan et al.35 for a conducting droplet of

1000 H2O molecules - 8 Na+ ions shows that
the droplet electric field in the larger droplet
decreases. This is expected since the larger
the droplet, the lower the ion concentration.
Moreover, the fluctuations of the electric field
on the droplet surface decrease, which may ex-
plain the dominance of IEM in charged droplets
with radius ≈10 nm.14–16 The average value of
the electric field is in agreement with range of
values reported in experiments.41,42 Our com-
putations also show the magnitude of the fluc-
tuations, which cannot be readily estimated in
experiments.

Conclusions

The new insights we obtained from this study
are: (a) The maximum ionic concentration scal-
ing is n(R) ∼ 1/R, which allows us to infer
the location of the maxima in larger droplets
than those that can be simulated thus far.
For droplets that range in size between sev-
eral hundreds to several tens of thousands of
water molecules |Re − rmax| changes from ap-
proximately 1.0 nm for the smallest droplet to
0.74 nm for the largest droplet. (b) Scaling
of the x-axis of the ion distributions by the
Rayleigh radius of the droplet, reveals that for
droplets with diameter, 7 nm (which is≈ 6×103

H2O molecules) to 16 nm the ion distribution
profiles almost coincide. For the droplet of
diameter 5 nm (≈ 1000 H2O molecules) the
Na+ scaled concentration profile is broader than
the other sizes. The profile for the smallest
droplet is determined by the relative large shape
fluctuations. (c) The presence of counterions
plays a dramatic role in the manner in which
the ions are distributed. The ions in excess
are situated in the exterior while the counte-
rions reside in the droplet interior. (d) We
found that the surface excess charge comprises
of ≈ 55%−33% (decreasing from the smaller to
the larger droplets) of the total number of ions
and the solvent polarization charge. The thick-
ness of the layer with the surface excess charge
is 1.5 nm-1.7 nm. This thickness appears in-
variant in all the droplet sizes we have stud-
ied. The amount of free charge in the surface
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excess charge region decreases with increasing
droplet radius and converges with increasing
droplet radius. Our findings are in agreement
with the foundation of the equilibrium parti-
tioning model of C. Enke.8,9 Computations of
the droplet surface electric field show the mag-
nitude of its fluctuations. We think that these
fluctuations underlie the ion-evaporation mech-
anism. (e) Finally, our analysis indicates that
at droplet radius ≈ 10 nm the difference in val-
ues between rmax, Rr and Re becomes negligi-
ble. Interestingly, this limit coincides with the
droplet radius below which the ion evaporation
mechanism dominates over the Rayleigh fission
for droplet disintegration. We think that this
coincidence is not fortuitous and requires fur-
ther investigation of the droplet shape fluctua-
tions.

Supplementary Material

See supplementary material of (a) cumulative
distribution profiles; (b) Surface excess charge
data.
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