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The location of a single and multiple ions in aqueous droplets plays a key role in chemical reactivity
of atmospheric and man-made aerosols. We report direct computational evidence that in supercooled
aqueous nanodroplets a lower density core of tetrahedrally coordinated water expels the sodium ions
to a higher density and more disordered subsurface. In contrast, at ambient temperature the single
Na™ density is higher in the core region and has a broad maximum at the droplet’s center of
mass. We analyse the expulsion of a single ion in terms of a general reference electrostatic model
that we have developed. The energy of the system in the analytical model is expressed as the
sum of electrostatic and surface energy of a fluctuating droplet. The model predicts that the energy
associated with the distance of the ion from the droplet’s center of mass is quadratic in this distance.
We name this effect “electrostatic confinement”. The predictions of the model are consistent with the
simulations’ findings for a single Na™ ion at ambient conditions. Our results assist in understanding
the mechanisms of charging of macromolecules in spray-based ionization methods used in native
mass spectrometry and the physical chemistry of atmospheric aerosols.

I. INTRODUCTION

The location of ions in droplets plays a key role in
determining reactivity in atmospheric and man-made
aerosols. Applications of the man-made aerosols rele-
vant to this study include ionization methods of bulk so-
lution intended for mass spectrometry analysis and use
of droplets as micro- (nano-) reactors for accelerating
chemical synthesis[IH3]. Aerosol droplets in the lower
atmosphere carry a small charge determined by at most
a few excess ions whereas droplets in thunderclouds and
electrosprays are highly charged. The location of ions
in droplets may be affected by temperature because the
temperature determines the physical state of the solvent.
In this article we study the structure of supercooled aque-
ous mesoscopic clusters charged with a single and multi-
ple ions. Hereafter, we will use the term nanodroplet for
a mesoscopic clusters.

Numerous computational studies [4H23] and
experiments[22, [24H28], have examined the location
of a single akali and halogen ion in clusters comprised
up to a few tens of water molecules. The most of the
research is for clusters at ambient conditions. The
supercooled clusters have been simulated less because
they are notoriously challenging to equilibrate.

Voth and co-workers[II] have studied the location
of a single Na®, C1I° and H30" ion in clusters of
H* (H30)100, Na™ (H20)20, Na™ (H20)17, Na™ (H20)100
and Cl—(H320)17 in the temperature range of 100 K-
450 K. They found that below the freezing temperature
in clusters of 100 H,O molecules H;O™" and Na™ were ex-
cluded from the cluster interior and tend to reside within
a few monolayers of the surface. Above the cluster melt-
ing point, both the Na®™ and C1~ ion tend to be found
closer to the center. In supercooled clusters of 20 HyO
molecules the Na™ ion is found in the center. The cen-

tral location is attributed to the fact that in such a small
cluster where all the HoO molecules are on the surface,
thus, there is no other location for the Na™ ion than the
interior, since its exposure in the air is not energetically
favourable. The Cl™ ion in a cluster of 17 HoO molecules
is distinctly found on the cluster surface.

Zhao et al.[9] performed simulations of halogen an-
ions in a cluster of 124 Hy0O molecules using Born-
Oppenheimer molecular dynamics simulations. It was
found that Br~ and I tend to be located near the surface
region of a supercooled water droplet, whereas F~ ex-
hibits interior solvation. The CI™ ion exhibits no strong
tendency for surface or interior solvation at a supercooled
condition and at room temperature.

The studies of the location of multiple ions in nan-
odroplets are a few. Previously[20H31] we have reported
atomistic simulations of the location of multiple ions in
aqueous nanodroplets with diameter &~ 2 nm - 16 nm at
a temperature range of 300 K to 450 K. We have found
that in droplets comprised ~ 1000 HoO molecules the
radial ion distribution (measured from the droplet’s cen-
ter of mass) is almost uniform. As the droplet size in-
creases, the distribution shows a distinct maximum in
the outer droplet layers. The distribution dies off toward
the droplet’s COM by a slow almost exponential decay.
Towards the droplet exterior, the decay is determined by
a characteristic length arising from the solution of the
Non-linear Poisson-Boltzmann equation (NPB), the ion
size and shape fluctuations[29]. The solution of NPB
equation for a spherical geometry was used as a refer-
ence model to compare with the atomistic simulations.
The distribution of the multiple ions at supercooling is
still completely unknown.

Here we study the location of a single ion in relation
to the water structure in supercooled droplets with sizes
that vary from 100 HyO molecules (corresponding di-



N L T |Nna| trun Ny R. T

(H20) | (nm) | (K) ) (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

10 | 200 | 1 1.6 360 |1.35]0.4

360 200*%| 1 [0.44| 360 |1.35|04
300 | 1 1.6 | 359.31.35|0.2

15 200 1 033 | 776 |1.77]0.8

776 200%| 1 | 046 | 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

TABLE I. Simulation parameters. N denotes the number of
H20O molecules in the simulation box of dimension L. Ny is
the average number of the HoO molecules that form a con-
nected drop, 7 is the relaxation time and t,un is the duration
of the run. The “*” superscript in the temperature refers to
simulations started with Na*t ion(s) in the droplet center. R.
denotes the equimolecular radius.

ameter ~ 1.8 nm) to 1100 (corresponding diameter =
4.0 nm). In addition we present the first study of the lo-
cation of multiple ions in supercooled droplets. We find
that at supercooling, in droplets larger than 100 H,O
molecules, a low density core of randomly oriented tetra-
hedra forms that expels the ions to the higher density
and more disordered outer droplet layers. The distinct
water structure of supercooled nanodroplets[32] (without
the presence of ions) has also been observed in simula-
tions of nucleation within droplets and thin films [33-
36]. The increased concentration of the ions in the outer
layer will affect the reactivity in atmospheric aerosols and
charge transfer reactions that macromolecules undergo in
spray-based ionization methods used in native mass spec-
trometry. Despite the numerous studies of a single ion
in clusters, a reference model of a single ion solvation
in a droplet is still missing from the literature. In this
study we provide a continuum model that considers a
fluctuating charged dielectric droplet. The energy in the
model is written as the sum of the electrostatic energy
and the surface energy. The model finds that the energy
associated with the distance of the ion from the droplet
COM is quadratic in this distance. We name this effect
“electrostatic confinement”.

II. MODELS AND SIMULATION METHODS

We simulate Na™ ions in aqueous nanodroplets at
T =200 K, 260 K, and 300 K, representing ambient
and supercooled conditions. The system sizes and length
of simulations are shown in Table 1. The simulations
are performed by molecular dynamics (MD) as imple-
mented in Gromacs v4.6.1 [37H40]. The water molecules

are modeled with the TIP4P /2005 (transferable inter-
molecular potential with four points) model [41]. For
Na™ the OPLS-AA parameters are taken from Ref. [42].
Specifically, the ion has charge +1.00 e (where e is the
elementary positive charge), and Lennard-Jones param-
eters € = 0.0115980 kJ/mol, and ¢ =0.333045 nm. In
interacting with the O site of the water molecules the
combining rules enq,0 = \/€na€o and ona,0 = /ONaTO
are used.

Each nanodroplet has been placed in a periodic cubic
box of length L (see Table 1). The box is large enough
to avoid any interaction between the water droplet and
its periodic images. The length of cutoff for interactions
(Coulomb and Lennard-Jones) is at L/2, which is much
larger than the droplet’s diameter so as it includes the
shape fluctuations. The simulations are carried out in the
canonical ensemble — constant number of molecules N,
volume V', and T'. The temperature is controlled by using
the Nosé-Hoover thermostat with time constant 0.1 ps.
The equations of motion are integrated with the leap-frog
algorithm with a time step of 2 fs.

The simulations are initiated with a condensed pure
water nanodroplet where the Na™t ions are placed at the
surface for the majority of the single Na* runs, and in
the center for two runs at N = 360 and 776 at T = 200 K.
All runs with multiple Na™ ions start with the ions near
the droplet center of mass.

In Table[l] the mean number of molecule, Ny, partici-
pating in the liquid droplet (those not in the vapor), and
the relaxation time 7, determined from the neighbour
correlation function are shown[32]. The values of 7 pro-
vide an estimate for the relaxation time for simulations
that include ions. In the temperature range where simu-
lations are performed the solvent evaporation within the
simulation box is negligible.

To ensure that the we sufficiently sample an equili-
brated 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 pro-
ceed with MD simulation. In the other, we initially place
the ion on the surface. Equilibration is achieved when re-
sults converge from the two simulations. For example, for
N = 776 after 400 ns, the ion densities as a function of ra-
dial distance from the centre of mass of the droplet pion (7)
converge for the two simulations. For N = 1100, we as-
sume that the equilibration time is longer by a factor of
T1100/T776 = 2. For multiple ions, initially distributed in
the nanodroplet interior, we expect to be approximately
the same as the single ion simulations.

To help understand the features of pjon(7) in terms of
the structure of pure water nanodroplets, we report a few
other quantities as a function of radial distance from the
pure water nanodroplet centre of mass (COM). These
include the density of water p(r), the density of water
as determined from the Voronoi volumes associated with



each water molecule p,(r), the tetrahedral order param-
eter ¢r(r) and the distance to the fifth nearest neighbour
O of a given O atom ds.

In our previous study [32], the Voronoi cells for all
O sites were computed, while the H sites were ignored.
Within each shell of radius r, the total volume V(r) of the
Voronoi cells for O sites was found, and the same for the
number of O sites in the shell, /(7). The average density
as determined by the Voronoi cell volumes is defined as
py(r) = m{N(r)/V(r)), where (---) indicates an average
over the configurations sampled in the simulations, and
m is the mass of a water molecule.

To characterize the local structures, we determine the
tetrahedral order parameter, which is defined at the level
of a single particle as [43],
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where 11, is the angle between an oxygen atom ¢ and its
nearest neighbour oxygen atoms j and k within a distance
of reyr = 0.35 nm. However, if there are more than four
neighbour oxygen atoms within r.,;, we only consider
the first four nearest neighbour oxygen atoms. We define
the radial function gr(r) as the average value of ¢; for
all molecules within a spherical shell enclosed within r 4+
Ar/2, where Ar = 0.05 nm. Similarly, we report results
for d5(r), the average distance to the fifth O neighbour for
O atoms located in the same spherical shell centered at r.
Data for both ¢r(r) and ds(r) are taken from Refs. [44].

III. RESULTS
A. Single Na™T ion

In Fig. (1} we plot p(r) and p,(r) for pure water nan-
odroplets 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. [32]. At high T, shown in
Fig. [1p, p(r) is that of a typical liquid droplet, charac-
terized 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 K, that at
260 K show some ordering or layering particularly near
the surface. At low T, shown in Fig. [Ib, there is sig-
nificant layering for all nanodroplet sizes, and, as seen
particularly well for the larger nanodroplets, an increase
in density as r increases towards the surface. Note that
for » < 0.2 nm, good statistics are difficult to obtain for
all radial quantities, and results in this regime are quite
noisy.

The undulations in p(r) associated with layering make
it difficult to characterize how the local density changes
with r, and for this reason we plot p,(r). Fig.
shows p,(r) monotonically decreasing (or flat) with r

for all nanodroplet sizes at high T. p,(r) is signifi-
cantly smoother than p(r), as it does not depend on
the number density itself, but rather on the Voronoi vol-
ume surrounding each water molecule. An important
feature of p,(r) is that it begins to decay to zero ap-
proximately 0.3 nm, or an intermolecular distance, be-
fore p(r); Voronoi volumes are very large, and Voronoi-
based density very low, for molecules on the surface.
Molecules falling within the range where p,(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 p, (r)
is small, and molecules in the subsurface as those located
an intermolecular distance below the point at which p,, ()
has decayed to near zero.

Fig. [1d shows p,(r) for nanodroplets at low 7. For
N > 200, there is a signifcant increase in density in the
subsurface layer. The density may well be higher for sur-
face molecules, but p,(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 back-
drop for studying ion distributions at low T'.

In Fig. , we plot pna(r) at high T for systems com-
posed of a single Na*t ion within a nanodroplet. Since the
ion density is quite high for small nanodroplets, we divide
pna(r) by 10 and 3 for N = 100 and 200, respectively.
In all cases, the pn,(r) is approximately constant in the
interior of the droplet, and begins to decay within the
subsurface, and has decayed to zero significantly before
p(r) does. For a pure dielectric sphere at T'= 0, a point
charge has lowest energy at the centre of a sphere. At
finite T, there will be a finite width associated with the
distribution of ion position. In Appendix A, we present a
theory for a single ion in a dielectric droplet that predicts
a Gaussian py,(r) (centred at r = 0), and our results are
at least in qualitative agreement with this prediction.

Fig. [Lf shows a dramatic difference in pn,(r) at low T'.
Rather than being centred at r = 0, the peak of pn,(7) is
located within 0.1 nm of the peak in p,(r) (for N > 200).
Thus, we see that in a nanodroplet with a heterogeneous
radial density, as determined by p,, (1), the single Na* ion
tends to reside in the highest density environment. This
tendency is consistent with the fact that for constant T
and polarization factor (degree of dipole ordering) [45],
the dielectric constant increases with increasing density.
While the surface layer is at very high density, as mea-
sured by p(r), clearly the surface does not provide a good
solvation environment.

For N = 100 at low T, p,(r) is approximately constant
for 7 < 0.3 nm, and then decreases with increasing r.
While a constant p,(r) for » < 0.3 nm suggests that
pna(r) should be uniform in this interior region, we see
that pnq(r) is in fact peaked just below 0.3 nm. We
do see, however, that the peak in py(r) coincides with
a local minimum in p(r), suggesting that layering may
play a significant role in determining where the Na ion
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FIG. 1. Pure water nanodroplet structure and single Na™
number density distributions for low temperature (I' =
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 rho(r); panels (c) and (d) show water density
based on molecular Voronoi volumes p,(r). Panels (e) and
(f) show Na™ number density pna(r), which for N = 100
and N = 200 have been reduced by a factor of 10 and 3,
respectively. Note: to convert from molecule/nm® to mol/L,
multiply by 10/6.022.

resides.

To probe the relationship between ion location and
density a little further, we focus on the behaviour of the
N = 776 nanodroplet at T = 200 K and T = 300 K in
Fig. 2t In panel (a) we replot p(r) and p,(r) for pure
water, showing their full range of values, confirming that
the surface layer is approximately 0.3 nm thick; in panel
(b) we show a close-up of p,(r) that contrasts the mono-
tonic decrease at high 7" with the monotonic increase
towards a subsurface peak; in panel (¢) we compare at
low T pna(r) as obtained from starting the ion near the

centre and starting near the surface — thus showing the
degree of equilibration we achieve; panel (d) shows that
the ion density when five Nat ions are present in the
nanodroplet shift at low T' to have a peak at approx-
imately the same r as for the single ion case; panel (e)
shows the radial dependence of the tetrahedrality param-
eter, which has anapproximately constant value at high
T, while at low T shows a significant decrease coinciding
with the subsurface density peak; and panel (f) shows
the radial dependence of ds, a more indirect measure of
the quality of the tetrahedral network, again showing a
more disordered structure in the vicinity of the subsur-
face density peak at low T'. The results shown in Fig.
confirm the idea that the ions, whether single or multiple,
prefer the relatively disordered high density subsurface to
the relatively ordered low density tetrahedral network of
the core. We note that g7 (r) begins to increase beyond a
minimum located at 1.6 nm, a location clearly in the sur-
face layer where dj is quite high and p,, is nearly zero. We
thus cut off the ¢r(r) at this minimum, as the increase
is not indicative of increased tetrahedral order.

In Fig. [3] we plot for 200 K p(r), pna(r) for a single
Na ion, gr(r) and ds(r), confirming that for N = 360,
776, and 1100, the ion resides in a subsurface that is
relatively disordered compared to the tetrahedral core.
pNa(r) decays rapidly for increasing r upon approaching
the surface layer (where d5(r) radiply increases) and for
decreasing r upon entering the region where gz (r) is high.
The exception is the N = 100 nanodroplet, which does
not have a tetrhedral core. At this size, however, layering
propagating from the surface extends to the droplet inte-
rior, and it is at a minimum in p(r) that we find the peak
in pna(r). For the larger droplets too, the ion prefers to
be in a trough, except for N = 1100, where layering is
quite weak.

In Fig. 4| the convergence of the trajectories for Na*
starting on the surface and the droplet center of mass is
demonstrated.

B. Multiple Na™T ions

In Fig. 2| (d) and Fig. [5] the radial distributions of
multiple ions are compared at T = 300 K and 200 K
in droplets comprised 776 and 1100 HyO molecules, re-
spectively. At T = 300 K the distributions are almost
uniform with an incipient broad maximum appearing in
the outer layers of the droplet.

Solution[46] of the Non-linear Poisson-Boltzmann
(NPB) equation 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)/Apg] (2)

where n is the ion number density, R is the sphere radius
(here taken to be equal to R,) and r is the distance from
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FIG. 2. Structure of pure water droplet, and single Na™ and
5 Na™ distributions for N = 776.

the droplet center. App is given by

EkBT
oq

3)

APB &

where kp is Boltzmann constant, T is temperature, € is
the permittivity, ¢ = me is the charge of an ion (e is the
elementary positive charge) and o is the surface charge
density given by o = ifll; (|Z]e is the total droplet
charge). In finding the surface charge density we as-
sume that all the charge is in the surface. The larger
the App the slower the ion distribution decay. The simu-
lated ion decay cannot be exactly as the theoretical pre-
diction because of the droplet’s shape fluctuations. The
larger the droplet and the lower the temperature the ex-
ponential decay will manifest more clearly. Obviously,
the higher temperature will lead to a slower ion decay.
For 776 HoO molecules - 5 Na™ ions at 7' = 300 K the
distribution decays (toward the droplet’s COM) as an
exponential function fitted by 0.42 exp(—(1.14 — x)/1.2),
where Apg ~ 1.2 nm. For 1100 H5O the fitting func-
tion is 0.40 exp(—(1.37 — x)/1.3), where App ~ 1.3 nm.
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FIG. 3. Single Na™ number density distributions and mea-
sures of structure for low temperature (7" = 200 K) for select
nanodroplet sizes N = 100 (black), 360 (red), 776 (blue) and
1100 (green). Shown are (a) p (full line) and p, (dashed), (b)
rhoNa, (¢) qr and (d) ds, as functions or r.
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FIG. 5. Single and 8 Na™, N = 1100. We are still running
the 200 K data for 8 Nat. Data are for the last 35% of the
time series for 200 K.

Equation [3| with dielectric constant of water equal to 75,
yields App =~ 0.8. In droplets of up to a few thousands
of water molecules the effect of shape fluctuations is sig-
nificant, therefore, we interpret the value of A\pg only in
a qualitative manner. The value of App is comparable
in size with the droplet radius, which indicates that the
radial distribution function will show a very slow decay
toward the COM, which is in qualitative agreement with
the simulations. The ion distributions at T = 200 K
shows a decay that cannot be analyzed using the NPB.
The multiple ions are expelled from the drop’s core and
they show a maximum at the same location as the single
ion. In droplets comprised 1100 HoO molecules - 8 Na™
ions two peaks are observed at distance 0.52 nm and at
1.5 nm. The lower intensity peak at 0.52 nm corresponds
to one ion, which can exchange with the ions that give
rise to the outer peak (at = 1.5 nm). Therefore, the
appearence of two peaks does not indicate a metastable
state.

Here, we can examine consequences of the ion distribu-
tions under supercooling in the charging mechanisms of
macroions in native mass spectrometry (MS). In spray-
based ionization methods, droplets carry the analytes
from the bulk solution to the mass spectrometer. The
droplets are composed of solvent, a macroion (e.g. pro-
tein, nucleic acid) and simpler ions, such as hydronium
ion, Nat, NH4" ions. During their lifetime, the droplets
decrease in size by solvent evaporation and ion ejection.
The first question that arises is whether these droplets
can be supercooled in MS experiments. The temperature
of the droplets in ESI experiments is still an open ques-
tion despite the insightful experiments that have been
performed[47, [48]. The lack of consensus on a droplet’s
temperature during its lifetime is due to dependence on
the specific details of the experiment. Evaporative cool-
ing is one of the factors that determines the temperature

of a drop. If evaporative cooling dominates over heat-
ing due to conductive thermal transfer to a droplet from
a hotter sheath gas or friction due to motion, then a
droplet may become cold enough to create an internal
low-density core that expels the ions to the subsurface.
In larger droplets the formation of this internal struc-
ture is more facile. In microdroplets the core may be ice
because the microscopic droplets are expected to follow
macroscopic theories.

The second question to address is the consequence of
the ion location in the droplet’s disintegration mecha-
nism. In our view the droplet structure is one of the im-
portant factors that determines the manner in which it
disintegrates. Even though in this study we do not exam-
ine droplet disintegration, in previous research we have
shown that the droplet structure plays a significant role
in the disintegration mechanisms. In native mass spec-
trometry the disintegration mechanism has been hotly
debated over several decades and the question is still open
because of lack of direct evidence of the mechanisms. The
consensus is that there are two competing mechanisms
for ion ejection from droplets. The one of them, is the
Rayleigh fission[49], which involves emission of a signifi-
cant amount of ions when a droplet is found very close to
the Rayleigh limit. The Rayleigh limit is defined as the
point where the electostatic forces balance the surface
forces. Decrease of the volume or increase of the charge
relative to their values at the Rayleigh limit will lead to
a spontaneous division of the droplet. The other is the
ion evaporation mechanism[50], which may occur before
the Rayleigh limit and involves the release of a single sol-
vated ion. We think that both mechanisms are plausible,
but the faster one is the dominant one. The dominant
mechanism will be determined by the conditions such as
temperature and partial pressure. In previous research
we have argued that in minute nanodroplets (similar in
size to the ones studied here) one cannot distinguish a
Rayleigh fission[49], G1H53] from IEM[50] 54]. We have
also argued that the IEM models that have developed
by Iribarne-Thomson[50] and Labowsky et al.[54] cannot
hold for minute nanodroplets. The conditions for the
TEM models to hold include a low solvent evaporation
rate, which provides the time for the ions to be released
before the Rayleigh limit, all the ions to be found on the
surface and to be electostatically screened by the solvent.
Previous atomistic modeling of aqueous droplets with di-
ameter < 16 nm at T' = 350 K has shown that only 55%-
24% of the ions from the smaller (= 880 HyO molecules)
to the larger droplet (=~ 6 x 10* HoO molecules) reside
in the outer droplet layers that include the ion distribu-
tion beyond its maximum. This part of the distribution
is affected the most by surface fluctuations and thus, it
is more susceptible to ion evaporation[30]. The number
of ions in this outer layer decreases with the increase in
drop size. In droplets of a few hundreds of HoO molecules
near the Rayleigh limit, the multiple ions are not electro-
statically screened by the solvent because the solution is
supersaturated in ions.



In light of the structure of the supercooled charged
droplets, it is expected that the higher concentration of
the ions in the outer layer will increase the probability of
their escape before a Rayleigh fission and will accelerate
the charging of macroions on the surface relative to their
bulk solution counterparts. Macroions can be kinetically
confined in the outer droplet layers when their diffusion
rate is slower than solvent evaporation (often this can
occur at elevated temperature).

Another point to clarify here is the difference between
ion distribution and solvation energy in the context of the
mass spectrometry models for ion ejection[55]. In mod-
els of macroion charging in droplets, the order of single
ion release from a droplet has been attributed in a qual-
itative manner to the dominance of the droplet’s electric
field over ion solvation energy[55]. The model proposes
that the electric field increases as the droplet reduces
in size. During the shrinking, the smaller solvation en-
ergy corresponds to an earlier ejection of the ion. The
ion distributions indicate that droplets can be heteroge-
neous due to solvent structure, thus the solvation energy
of the same ion depends on its location. A single value for
the solvation energy is not a sufficient quantity to explain
which ions evaporate first. The ions that are released first
are the ones that are subject more to the surface fluctua-
tions. The ion distribution at distances larger than that
at the maximum of the distribution are more susceptible
to ejection. Therefore, the effect that the ions have in
the droplet’s surface tension and consequently to the size
of the shape fluctuations is the relevant parameter in an
ion ejection model.

IV. CONCLUSION

We find that in supercooled aqueous droplets, a hetero-
geneous solvent structure leads to a different ion distribu-
tion relative to that at ambient temperature. Specifically,
we demonstrated that at supercooling a tetrahedral in-
terior network can form, that expels the ions from the
core region. If we scale up this phenomenon, we expect
a similar structure in larger droplets. The higher con-
centration of the ions in the supercooled droplet’s outer
layer may increase the rate of an ion-evaporation mecha-
nism (for probabilistic reason) over a Rayleigh fission and
accelerate the charging of macroions and other reactions
relative to their bulk solution counterparts. Models of
charging of macromolecules that for simple ion ejection
consider only the balance between ion solvation energy
and strength of the electric field on the droplet surface
cannot capture variations in ion solvation that arise from
the solvent organization at various temperatures.

We present a reference model of a single ion solva-
tion in a droplet. The model considers the energy of a
fluctuating charged dielectric droplet as the sum of the
electrostatic energy and the surface energy. The model
finds that the energy associated with the distance of the
ion from the droplet COM is quadratic in this distance.

The model can be extended further by the superposition
of the electrostatic confinement with other effects such
as that of the ion size.

The next step in the study of supercooled droplets with
single ion, is to investigate the role of the nature of the ion
in its location and in particular that of proteins. When
a mixture of ions is present it is interesting to find out
how supercooling affects their distribution.
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Appendix A: Single ion within a dielectric droplet

The following discussion is extension of previous work
on the energy of a continuum dielectric droplet containing
a single ion[53] 56]. In the model the droplet surface fluc-
tuations are considered. The total energy of the droplet
(E) is written as the sum of surface energy (Eg,,¢) and
electrostatic energy (Fe)[49],

E= Esurf + Ecl = ’VA + Ecl (Al)
where - is the surface tension and A surface area. E is
given by

1
Eo = -3 / dr(e? — eE - E,
R3/V

(A2)

where R3/V are the points in the exterior of the droplet,
el is the electric permittivity in the interior of a droplet,
€ is the electric permittivity of the medium surrounding
the droplet, and

Q

dmelyr”

Eo(r) = -V (A3)

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

p(O’) =R+ Z al,mzY'l:ml(o-)

1>0,my

(A4)

where o = (0, ¢) is the spherical angle, p(0, ¢) is the dis-
tance from the centre (which is at the ion), and Y},,, (6, ¢)
denote the spherical harmonics functions of rank m and
order [. For 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 (6, ¢) more than one values of p. In other words,
the same line intersects the shape in several points. R
is the I = 0 term in the expansion of p(c). The details
of the algebra for expressing Fg.,¢ in terms of the expan-
sion coefficients a;,,, (see Eq. is given in Ref.[[53]].

J

eIl —1) — P (1 +

D(1+2) |atm,|*

The coupling of the electrostatic energy[57] to the shape
fluctuations is a tedious step and one of the ways to do
that is found in Ref.[[56]].

After some algebra, the total energy is given by

(el — eP)Q?
Jo S
8releE Ry Z

1>0,my

ell+ef(1+1)

We will show that the [ = 1 term in Eq.[A5]depends on
the distance squared of the ion from the droplet COM.
In the algebra that follows we will use that

pH(0) =R +AR® Y aim Yim (o) ++ -

1>0,m;

(A6)

In Eq. [A6 we keep only the two dominant terms in
the summation. The remaining of the terms are ne-
glected because they include powers > 2 of dr =
> 150.my Qmy Yimi (0) (07 is a small perturbation relative
to R).

We find the coordinates Xcowm, Yooum, Zcom of the
droplet COM in terms of the expansion coefficients a; ,, .
In the following expressions do = sin 6dfd¢.

1
ZCOM = V/Z(T,@,(ﬁ)d r =

1
—/ rcos Orldodr =
Vv r<p,0€S2

1
e p*(6, ¢) cos fdo = (A7)
%RS/COSH Z ar.m, Yi,m, (0)do =

1>0,m;

3 1/2
()"

In the fourth line of Eq. [A7] we use the orthogonality of
the spherical harmonics. Similarly Xcom = ﬂ?(au)\@

and YCOM = %(am)\/?.
The [ =1 term in Eq. yields

(' =e®)Q*  6e”  (larol* +
8meleE Ry el + 2¢F

lasa|® + lar,1]?)

AE, =
! 47TR(2)

(A8)
Using Eq. and the similar ones for Xcom and Yoo,
Eq. [AS] becomes

e—1

2
AB(r) = dmepe(e + 2) R3 ” |

(A9)
where @), R and ¢ are the charge of the ion, the droplet
radius and the relative dielectric constant of the sol-
vent, respectively, ¢¢ is the vacuum permittivity and

47TR(2)

1
+y |4rR + 5 Y (= D)+ Dagm [*| - (A5)

1>0,m;

(

Ir|? = Xéom + Yéoum + Z&om- The energy (A9) has
the functional form of a harmonic potential. From this
point we would refer to this effect as “electrostatic con-
finement” (EC) for the lack of a better term. We intro-
duce the spring constant K (e) where

e—1 @2

KEe)=——7""—"-——=.
(e dmepe(e 4+ 2) R3

(A10)
In Fig. [6] 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 elec-
trostatic energy has two limiting cases e = 1 and € = o0
when the electrostatic 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 electrostatic field in localized in the
vicinity of the ion and it is not affected by the droplet
surface. As seen in the plot the maximum of the coeffi-
cient K (¢) is attained at e = 1 + /3 ~ 2.73.

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

(8

The expectation value of the square of the distance of the
ion from the center of mass is given by

3 kgT
(%) = 5 7

The EC is more pronounced when the ion is localized
at the center of the droplet, therefore we can write
{Ir|*)/R? < 1. Analysing Egs. and 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 instability[58]. If this is
an issue in observations we need to increase the droplet
radius while keeping constant the value of the Rayleigh
parameter X ~ Q?/R3. To illustrate the EC we model
high charges by creating models of charged cyclic pep-
tides. DNA and RNA strands are other examples where
the effect of the EC will be clearly observed.

32
P(e]?) = ) el KOIE/AST (A1)

(A12)



| Size [N]| Charge [Z]|K [mJ/m?]|(||r|*) [nm’]

Theor. ¢ =80 1000
Sim. Gamma, 1000
Sim. Confinement 1000
Sim. Gamma, 1000
Theor. € =38 1000

1et 0.40 15.3
1et 4.53 1.36
1et < 0.83 1.36
3et 20.7 0.30
3et 20.5 0.30

TABLE II. Values of the parameter K for selected simulations of an ion in a droplet.
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0.002
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FIG. 6. Magnitude of the spring constant as a function of the
relative dielectric constant € is plotted. The values correspond
to an ion of charge (Q = le in a droplet comprising 1000 water
molecules and the radius 19A. The value of the potential has
a maximum at € &~ 1 + /3 ~ 2.73.

Using the maximum value of the K parameter from
Fig. [6] 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) > 12A. Therefore,
for a droplet comprising 1000 water molecules and a sin-
gle charge Q = le the confining effects should be taken
into consideration.

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

by the logistic function (A13)

B 1
~ 1+exp(—(r—rg)/d)

Mg, a(T) (A13)

where d and r( are fitting parameters that can be inter-
preted 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 ac-
count the electric potential (energetic factor) we arrive

0.005 4

0.004 -

0.003 1

P(r)

0.002 4

0.001 4

0.000 -

0 100 200 300 400
r? [A?]

FIG. 7. The distribution of the distances of the sodium ion
relative to the COM of the droplet is plotted. The equimolec-
ular droplet radius is 1.9 nm. The solid line is the product
of the logistic and the gamma functions intended to capture
confinement effects. The function is fitted to the distribution
using MLE.

at the following ansatz for the ion distribution

—Kr?/kgT 1
1+ exp(—(r —ro)/d)

p(r?) ~re (A14)

Using the maximum likelihood approach we found the
most probable parameters {K,rg,d} in order to match
the observed values of the distance of the ion from the
center of mass. In Fig. [7] we show the fitted and the ob-
served distributions for a single sodium ion in a droplet
of 1000 TIP3p water molecules. The data were ob-
tained in XXXns molecular dynamics simulations using
the NAMD package[59]. The fits were produced with the
use of statistical analysis software R[60]. For comparison
we contrast the fit that takes into account the surface of
the droplet with a fit to a gamma function of shape 1/2
in Fig. The analysis shows that the shape fluctua-
tions of the droplet accounts for the distribution of the
ions in the droplet. The fitting can only establish an up-
per bound of the parameter K. All the variability of the
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FIG. 8. Same as Fig. [{] but the solid line is the gamma func-
tion fitted to the distribution using MLE.

charge distribution is explained by the confinement effect
of the droplet surface. In Fig. [7] the fitting parameters
used in Eq. are 7o = 14.9A and d = 1.1A. The
effective radius of the droplet is smaller than that of the
true molecular surface of water.

The results of the simulations of a sodium ion in water
droplet can be compared with the results of the simula-
tions of a cyclic peptide. In Fig. [0]the distribution of the
distance of the center of mass of the peptide relative to
the COM of the droplet is plotted. The droplet radius
is 1.9 nm and the charge is 3e™. The distribution tapers
off before reaching the droplet surface. Sampling proves
to be a challenge in such systems. The simulation time

10

should be much longer than the time for a molecule to
diffuse the width of the droplet Dty > R?. Typical val-
ues of the diffusion coefficient (D) are ~ 10’9[‘%2]7 hence
the simulation time has to be in 10 ns 100 ns range at
temperature T" = 300K.

The estimated values of the dielectric constant are
lower that the typical values of the pure solvent. We
believe that the apparent decrease in the dielectric con-
stant is connected with the saturation of the polarization
in the vicinity of the charge ion.

0.03 4
0.02 A
<
o
0.01 4
0.004
T T T T T
0 100 200 300 400
r* [A?]

FIG. 9. The distribution of the distances of the center of mass
of the peptide relative to the COM of the droplet is plotted.
The droplet radius is 3.8 nm and the charge is 8e™. The solid
line is the gamma function fitted to the distribution using
MLE.
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