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Abstract

Droplets in atmospheric and electrosprayed
aerosols carry more often than not, a multitude
of ions. We address the question of the spatial
distribution of a collection of ions in charged
aqueous droplets with linear dimensions in the
nanometer range (the diameter is ~5 nm and
~8.5 nm in the simulated drops). In the study
we use atomistic modeling and analytical the-
ory. The charge carriers are solely Na™ ions and
a mixture of Na™ ions and a macroion with high
degree of hydrophilicity. We find that the Na™
ion density is higher near the droplet surface at
the place where the water density is still high,
and it is non-negligible in the interior of the
droplet. The simulation results are supported
by a general analytical theory that takes into
account a fluctuating droplet interface, a De-
bye screening of the charges and the finite size
of a solvated ion. The fact that the analytical
theory predicts the general features of the ion
distribution may suggest that this distribution
is largely due to fundamental effects included in
the model. We compute the electric potential
and the electric field near the droplet surface
using a multipole expansion. We establish that
an equipotential surface is found in the interior
near the droplet surface. We attribute the shift
of the molecular surface used in the Rayleigh
limit toward the interior of the droplet to the

finite size of the solvated ions. In the presence of
a highly charged peptide we find that the pep-
tide is more likely to be situated in the interior
of the droplet while the simple ions are found
near the droplet surface. Density calculations
reveal that it is likely for macroions with high
charge, thus with high degree of hydrophilicity,
to be found near the droplet surface. In rela-
tion to electrospray mass spectrometry experi-
ments the presence of macroions near the sur-
face may affect their charging mechanism and
release from a droplet. The study sheds light
into a long-standing debate regarding the spa-
tial distribution of multiple ions in a droplet
and provides insight into droplet chemistry.

Introduction

Charged droplets are ubiquitous in atmospheric
and man-made aerosols. More often than not,
these droplets comprise several ions instead of
a single ion. Thus far, there have been many
studies on the location of a single ion in clus-
ters with dimensions up to a few nanometers in
diameter. ! !2 Differently, the study of the struc-
ture of charged clusters with multiple ions has
been initiated but it is still incomplete.® 22 In
this article we investigate the spatial distribu-
tion of ions in multiply charged mesoscopic clus-
ters and the structure that the ions induce in



the solvent. The mesoscopic clusters are often
called nano-drops.

The multiply charged droplets play a central
role in many applications. Charged droplets
are the constituents of man-made aerosols that
are generated by a variety of spraying meth-
ods.?® In particular, droplets generated by elec-
trospraying have found numerous applications,
among which are in the production of nanopar-
ticles,?* in achieving acceleration of several re-
actions relative to their bulk analogues,? %
and in ionization methods coupled to mass
spectrometry.®® In many of these applications
the reaction mechanisms are unknown. For in-
stance, it is still an open question why certain
reactions are accelerated and others are deceler-
ated relative to their bulk analogues when they
take place in an electrosprayed droplet.?> 2
The spatial distribution (concentration) of the
ions may provide a clue as to where ion and
charge transfer reactions may take place and
thus, assist in unraveling the reaction mecha-
nisms. The reactivity within a charged droplet
is also of central interest in native mass spec-
trometry (MS) where often droplet-based ion-
ization techniques® 34 such as electrospray ion-
ization (ESI) are used.?%3*39 In ESI-MS de-
pending on the purpose of the designed exper-
iment the initial droplet diameter may be of a
few microns or of a few hundreds of nanometers
down to a few tens of nanometers.*’ In vari-
ous ESI-MS experiments a droplet of certain
size will differ in composition, and temperature
due to differences in the composition of the par-
ent bulk solution, history to reach a certain size
and the experimental set-up. However, charged
droplets of a specific size and of the same sol-
vent regardless of the spraying conditions have
a common feature: they sustain approximately
the same amount of maximal charge.®4! We
will explain in the next paragraphs the origin
of the common maximal charge.

A fundamental question in the study of
charged droplets is on the conditions for sta-
bility.  Even though in this article we do
not analyze the droplet stability,*™#* it is im-
portant to discuss the maximal amount of
charge a droplet may sustain in order to justify
the amount of charge in the studied droplets.

The fundamental theory for the stability of
a charged conducting droplet was developed
by Lord Rayleigh.** The strength of the
Rayleigh theory lies on the fact that the droplet
shape fluctuations are taken into account in the
model while the study of the stability of a non-
fluctuating spherical droplet is a much simpler
problem.

In the Rayleigh model the energy of a con-
ducting droplet is written as the sum of surface
energy (Egy,f) and electrostatic energy (Fe)

1
E = Eel + Esurf - IVA + éQV (1)

where @), v, A, V are the droplet charge, the
surface tension, the surface area and the electro-
static potential, respectively. Linear stability
analysis provides the critical charge-squared-to-
volume ratio below which a conducting droplet
is stable. This ratio is a dimensionless parame-
ter, which is called the fissility parameter (X),
and it is defined as
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where ¢y and R are the permittivity of vac-
uum and the radius of the droplet, respectively.
The other symbols have the same meaning as
in Eq. 1. When X is less than unity, the sys-
tem is stable. At X = 1 the droplet is at the
Rayleigh limit, and when X > 1 the system is
unstable. In terms of forces, a charged droplet
is unstable when the electrostatic forces among
the ions of the same sign overcome the surface
tension force. Rayleigh’s model has been ex-
tended to dielectric droplets.*® The extension
provides a more general theory, out of which
the stability condition for conducting droplets
emerges when the droplet dielectric constant
goes to infinity. Because of this universal stabil-
ity condition, regardless of the method of pro-
duction of the highly charged droplets and their
history to reach a certain size, all droplets of
the same size and solvent will sustain approxi-
mately the same amount of maximal charge.!®
Many experiments and computational studies
have confirmed the validity of the Rayleigh
limit. 1314214546 The nanodrops we simulate are



found at X ~ 0.9 (Eq. 2) in order for them to
be stable and to be close to the charge state of
electrosprayed droplets. 47

In this article we examine the spatial distri-
bution of ions in nanoscopic aqueous drops, by
using atomistic modeling and an analytical the-
ory. We study two cases of charge distributions:
(a) The charge carriers are simple ions. We have
selected to use Na™ ions to demonstrate the ef-
fects. The insight we obtain from the study
of the Na't ions is general and applicable to
all the other mono-monovalent ions. (b) The
charge carriers are simple ions and a macroion.
Na* ions and a charged polyhistidine are used
as an example and once more the findings have
general applicability to similar systems. To our
knowledge, the size of droplets under investi-
gation with an approximate diameter of 5 nm
and 8.5 nm are possibly the largest that have
been reported. The analytical theory combines
the charge distribution in a fluctuating inter-
face, an effective screening length (we call it a
Debye length) estimated by the solution of the
non-linear Poisson-Boltzmann equation®® and
the finite size of a solvated ion. Comparison of
the analytical theory with the simulation data,
shows that all the features of the ion spatial
distribution in the charged droplets can be cap-
tured.

In our studies we find a different single ion
and multiple ion spatial distributions from pre-
vious works. %16 We emphasize the significance
of thorough equilibration in order to obtain con-
verging spatial distributions of ions. We discuss
the origin of the differences in the analysis of the
data.

In the charged droplets we computed the elec-
tric potential and the electric field using a mul-
tipole expansion. The values of the electric
potential were interpolated after regularization
onto the molecular surface of a drop. The
Rayleigh limit (X = 1 in Eq. 2) assumes that
the potential in a droplet is constant on the
surface. In the aqueous droplets with Na™t ions
we established the existence of an equipoten-
tial surface at 1.7 A inside the drop, which is
not where the Na™ ions are located. We may
consider a shift of the molecular surface that
enters the Rayleigh limit toward the interior of

the droplet due to the finite size of the solvated
ions.

In the aqueous droplets that contain sin-
gle ions and a macroion, we show that, occa-
sionally, macromolecules with high charge and,
therefore, with high degree of hydrophilicity are
found near the droplet surface. Their transfer
to the surface may be associated with droplet
shape fluctuations between prolate and spheri-
cal shapes. This finding is to complement the
view that macromolecules with high degree of
hydrophobicity and even macromolecules classi-
fied as hydrophilic such as poly(ethylene glycol)
(PEG)*9% can expose part of their structure
in the droplet-vacuo (or vapor) interface. The
spatial distribution of the macroions and sim-
ple ions may provide insight into the charging
mechanisms of the macroions that are detected
in ESI-MS experiments. In order to character-
ize the droplet structure we also examine the
water dipole orientations due to the internal
electric field.

Our study will start with the discussion of
structural features of pristine aqueous droplets
in order to use them as reference systems.
Then, we will examine the droplet structure in
the presence of single ions and macroions. In or-
der to perform a systematic study we have not
considered the effect of counterions. Some as-
pects of the effect of counterions have been dis-
cussed in our previous articles!® and we follow-
up on this study.

Systems and Simulation

Methods

We performed equilibrium molecular dynam-
ics (MD) simulations of pristine and charged
aqueous droplets with sodium ions and pep-
tides. The simulations were performed by using
the software NAMD version 2.12.°! Newton’s
equation of motion for each atomic site was
integrated using the velocity-Verlet algorithm
with a time step of 1.0 fs. The trajectories
were analyzed using VMD 1.9.2.52 The peptides
were modeled with CHARMM forcefield, and
the water was modeled with the TIP3P (trans-
ferable intermolecular potential with 3 points)-



CHARMM.

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 fluctuations 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. The Rayleigh
limit of the droplet (Eq. 2) was calculated with
the surface tension values of the water model
used at the simulation temperature.?®?

Pristine and sodiated aqueous

droplets

Figure 1: Typical snapshot of a droplets com-
prised 6000 TIP3P molecules (oxygen sites are
represented by red spheres and hydrogen sites
by white) and 20 Na* ions (represented by blue
spheres). The Na™ ions have been enlarged for
clarity.

We performed equilibrium MD simulations of
droplets comprised (a) ~ 1000 HoO molecules,
which correspond to a diameter of ~ 4 nm and
(b) ~ 6000 HoO molecules, which correspond
to a diameter of ~ 8.5 nm. The droplet compo-
sitions are: (a) with water only; (b) water and
Na™ ions at X = 0.9 and (c) water with a single
Na™ ion. Specifically, the larger droplets (when
equilibrium between the vapor and the droplet

has been established) are composed on average
of 6130 and 5990 H,O molecules at 300 K and
350 K, respectively. The sodiated 6000-H,O
droplet has 20 Na't ions. At 350 K up to two
Na™ ions have escaped from the droplet and re-
main in the cavity. A typical snapshot of the
6000-H,O droplet with 20 Na™ ions is shown in
Fig. 1.

The smaller H,O droplet comprise on average
990 and 890 H,O molecules at 300 K and 350 K,
respectively. These droplets are charged with
8 Na' ions. The production runs for the ~
1000 H,O-8 Na™ ions systems were for 60 ns
and for ~ 6000 H,O-20 Na™ ions 24 ns at both
T = 300 K and 350 K. Simulations of 60 ns were
also performed for the ~ 1000 H5O-molecule
droplets with a single Nat.

Polyhistidine in a
aqueous droplet

conducting

We performed equilibrium MD simulations of
droplets comprised initially 6057 H,O, 10 Na™*
ions and a completely charged polyhistidine
of 10 residues (Hisj5"). Since the 6057 H,O
droplet is placed in a cavity, a portion of the
H,O will evaporate, leaving a droplet of ~ 5883
H2O molecules. The production run was for
50 ns and the temperature 350 K.

To compare the effect of the length of the
peptide on the ion spatial distribution, we also
performed equilibrium MD simulations on a 20-
histidine chain (Hisy)"), which consisted of al-
ternating protonated and unprotonated histi-
dine residues. The simulations were performed
under the same conditions as those of the Histp "
system.

Results and Discussion

Structure of pristine

droplets

aqueous

The structure of pristine water droplets up to
512 HyO molecules for the five-site ST2 model,
the four-site TIP4P model and the SPC/E (ex-
tended simple point charge) and that of 1000
H>O molecules for certain water models has



been examined in detail by Zakharov and co-
workers. %% The authors examined the sen-
sitivity of the surface potential and surface
tension on ST2, TIP4P, SPC/E water mod-
els. In our article we are mainly interested
in the structure of the charged droplets, but
we shall also discuss some of the characteris-
tics of the pristine aqueous droplets modeled
by TIP3P for the sake of completeness. The
bulk density of the TIP3P water model at 25° C
and pressure 1.0 atm has been calculated®%57
to be 1.002 £ 0.001 g/cm?® but also values of
0.998 g/cm? have been reported depending on
subtle details of the parametrization. 5

Figure 2 (a) shows the density of the TIP3P
H>0 molecules as a function of the distance (r)
from the droplet center of mass (COM). The
droplets comprised ~ 1000 and =~ 6000 TIP3P-
H>0 molecules are found at 7" = 300 K and
T = 350 K. Figure 2 (b) shows in colored shells
the distances of the water molecules from the
COM of a 6000-HyO droplet. The raw data of
the histograms used for Figure 2 (a) are shown
in Fig. S1 in the supplementary material. The
water density profile (DP) shows an almost con-
stant value up to 12.0 A and 23.2 A for the
1000 and 6000 HyO-molecule droplet, respec-
tively. At T" = 300 K the value of the density
in the core of the droplet is higher than that of
the corresponding bulk solvent. As expected at
350 K, the density is lower overall than that at
300 K. At 300 K, the decrease in density is ini-
tially smooth and it undergoes a faster decrease
at 7 ~ 15.9 A and r ~ 31.2 A for the 1000 and
6000 HyO-molecule droplet, respectively. The
droplet has a rough surface. In the 6000-HO-
molecule droplet, an obvious surface roughness
starts in the grey shell as shown in Fig. 2 (b).
The location of the surface in a droplet has been
discussed thoroughly in many surface tension
studies of curved surfaces.?*%9% Here, we do
not address the location of the surface because
we think that it is not relevant to the proper-
ties we examine. In a forthcoming article we
have examined the location of the surface in re-
lation to the surface tension of highly charged
droplets.

The density profiles of the pristine water
droplets can be compared with those shown
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Figure 2: (a) Density of oxygen sites as a

function of the distance (r) from the droplet
center of mass (COM). The droplets com-
prised approximately 1000 and 6000 TIP3P
HO molecules in equilibrium with its vapor
at T = 300 K (solid lines) and 7" = 350 K
(long dashed lines). The zero of the x-axis is at
the droplet center of mass (COM) and the den-
sity plot starts from the center of the histogram
bin, which is at 0.25 A. The bulk density of
TIP3P,5657 which is 0.03461 A3 at T = 300 K
and pressure 1 atm is shown by the blue line.
For the histograms, we used 2 x 10* configura-
tions each collected every 0.2 ps and a bin size
is 0.5 A. Testing of smaller bin size showed the
same features in the profiles. (b) Colored shells
around the 6000-TIP3P droplet COM: yellow
colored 0 A < r < 17.0 A, green colored 17.0 A
<71 <30.0A, grey colored 30.0 A < r < 34.0 A,
red colored r > 34.0 A.

in Fig. 1 in Zakharov et al.?*® Calculations
of Zakharov et al.’*% for clusters of 512 H,O



molecules show that the clusters at T' = 300 K
modeled by TTP4P and SPC/E have a core den-
sity very close to the bulk, but that modeled by
ST2 have a higher core density than that of the
bulk.

We have found that the hydrogen (H) and
oxygen (O) profiles almost overlay (for clarity
we do not show the hydrogen profiles). We note
that there is an inversion in the order of the
O and H-DP as has been found by Zakharov
et al.?*® For the 6000-H,O droplet we found
that for r < 35.35 £ 0.5 A the O-DP shows a
slightly higher probability density than the H-
DP. The order is inverted for r > 35.3540.5 A.
The change in the order of the profiles occurs
smoothly. Because of this inversion, Zakharov
et al.?*5 consider that there is an electric dou-
ble layer in the surface of water clusters.
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Figure 3: Contour map of cos(f) throughout
consecutive spherical shells with center at the
droplet COM for pristine aqueous droplets com-
prised ~ 6000 TIP3P molecules at 7" = 300 K.
The droplet configurations are the same as
those used in Fig. 2. The bin size in cos(6)
is 0.05 and in distance 0.5 A.

In order to examine the orientation of the
electric dipoles within the droplet, we com-
pute the distribution of cos(f), where 6 is the
angle between the H,O dipole moment (di-
rected from the oxygen site to the center of
the line that connects the two hydrogen sites)
and the vector that points from the droplet
center of mass (COM) to the oxygen site of
a water molecule. Both the 1000 and 6000
H;O-molecule droplet show the same features
in the angle distribution. Here we describe only
that of the 6000 HyO-molecule droplet and that
of the 1000 HyO-molecule droplet is shown in
Fig. S2 in the supplementary material. Fig-
ure 3 shows in a contour plot the cos(f) distri-
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Figure 4: (cos(f)) as a function of the distance
(r) from the droplet COM for pristine and sodi-
ated aqueous droplets, comprised 980 and 6000
TIP3P H50 molecules at T' = 300 K.
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Figure 5: (a) (cos(f)) as a function of r for a
pristine and sodiated 6000-TIP3P droplet and
vapor in the cavity at T" = 300 K. The density
profiles of water are shown. (b) Magnification
of the TIP3P density decay at r > 4 nm of (b).

bution for a droplet of 6000 TIP3P molecules at
T = 300 K. The cos(#) distributions within rep-
resentative spherical shells (with center at the
droplet COM) for 1000 and 6000-H;O-molecule
droplet are shown in Figs. S3 and S4 in the
supplementary material. At r < 28 A the



cos(#) distribution is uniform. The same fea-
ture has been found in other works!®545 but
for droplets of different size from that that we
study. Thus, regardless of the size of the droplet
and the water model this feature is robust. At
28 A< r < 35 A the cos(d) distribution is an
inverted parabola (shown in Figs. S3 and S4 in
the supplementary material), with a flat max-
imum in range —0.25 — 0. In approximately
the same range of 28.0 A< r <32.0 A the raw
data of the oxygen population is at its maxi-
mum (shown in Fig. S1 in the supplementary
material). For 7 > 32.0 A the oxygen popu-
lation decreases (Fig. S1 in the supplementary
material) while the volume increases, which in-
dicates a considerable decrease in the droplet
density. At 35 A< r <37 A the cos(6) distri-
bution in symmetric with respect to zero. At
r >37 A the cos(#) distribution shows a broad
maximum in the range 0 — 0.25. In the same
distance (r ~ 38.0 A), the oxygen population
decreases by an order of magnitude relative to
that in the range 28.0 A< r <32.0 A. It is noted
that in the non-uniform angle distribution the
populations of cos(f) = +1.0 (angles of 0° and
180°) are one third to one fourth of those at the
maximum. Thus, parallel and anti-parallel ori-
entations of the dipoles with 7 are frequently
encountered and with a modestly higher fre-
quency of the anti-parallel orientation at a cer-
tain dr interval. The same features as for 300 K
are also observed at temperature 350 K, how-
ever at 350 K the distribution is broader (see
Fig. S3 and S4 in the supplementary material).
At T = 350 K the shift from negative to posi-
tive cos(6) values is also observed as one moves
from the inner to the outer solvent shells. Our
results are consistent with those of Zakharov et
al.?%® regarding the negative shift of the cos(6)
distribution that we find in the inner water lay-
ers. Zakharov et al.’*%® find a 90° angle in the
outer layers. In the range 35.0 A< r <37.0 A,
which is the red shell in Fig. 2 (b), we find that
the cos(f) distribution is symmetric with re-
spect to 0.0 (as shown in Fig. S4 (e) in the sup-
plementary material). This distribution leads
to (cos(f)) = 0 (where (---) denotes average).
The cos(f) distribution has its maximum at 0.0
(which corresponds to 90°) but the majority of

the dipoles deviate from the 90° angle. The red
shell is characterized by roughness, thus the 90°
angle is not on a smooth surface. In the farthest
outer layers, where the density is very low, we
see a positive shift in the cos(#) distribution.

Figure 4 shows the (cos(f)) as a function
of r for the pristine and charged droplets at
T = 300 K. The collection of plots for neutral
and charged droplets allows for a direct compar-
ison. Fig. 5 (a) shows that the surrounding va-
por is polarized around the charge droplet and
that the density of charged droplet surface is
higher than that of the neutral. Fig. 5 (b) shows
that in longer distance from the droplet COM
the density of the vapor surrounding the neu-
tral droplet is constant but that of the charged
droplet decays. The vapor distribution around
the droplet is determined by the electric field in
the exterior of the droplet.

The overall picture that arises from our sim-
ulations is that at » = 33.0 £ 0.5 A, which
is before a considerable decrease in the water
density takes place, there is a negative shift
in the cos(f) distribution. In the range of
35.0 A< r <37.0 A, which is the region of rough
surface with low density, the cos(f) distribu-
tion is symmetric with respect to zero, thus,
(cos(f)) = 0. In this shell, the majority of
dipoles have an angle close to 90°, with equal
probability of positive and negative deviations
from the 90°.

Conducting droplets with simple
ions

Figure 6 (a) shows the DP of the oxygen (O)
sites of TIP3P (Hy0) molecules and the con-
centration profile (CP) of Na™ ions in a droplet
comprised 6130 H,O molecules and 20 Na™ ions
at T = 300 K. The O-DPs and Na*-CPs of 1000
HyO (at T' = 300 K and 350 K) and of 5990
H>0O-molecule droplets at T' = 350 K are shown
in Fig. S5 in the supplementary material. Fig-
ure 6 (b) shows colored aqueous shells in order
to relate their location to the O-DP shown in
Fig. 6 (a).

Figure 6 (a) shows that the O-DP starts to
decrease at 27 A < r < 28.0 A. As expected,
the H-DP (not shown) follows very closely that
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Figure 6: (a) Water density (blue line) and
ion concentration (red line from simulations
and black line from the solution of the non-
linear Poisson-Boltzmann) of a droplet com-
prised 6130 water molecules and 20 Na™ ions
at T' = 300 K. The blurry region delimits the
error bars. The standard deviation is calculated
by using 6 blocks of raw data, where every block
has 2 x 10* configurations, separated by 0.2 ps.
(b) Water spherical shells with center at the
droplet COM. For clarity the Na™ ions are not
shown.

of the O sites at both temperatures. The H-
DP crosses over the O-DP at ~ 34.0 A at
both temperatures. The Nat-CP shows a pro-
nounced broad peak that has a maximum at
26.0 £ 0.5 A. The region close to the maxi-
mum is found within the green colored region in
Fig. 6 (b) (at both temperatures). As expected
the Nat-CP is broader at the higher temper-
ature. We note the large error bars of Na®-
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Figure 7: Water density (blue line) and ion
concentration of a droplet comprised 880 water
molecules, and 7 Na* ions (solid red line) and
that of a droplet comprised 880 water molecules
and a single Na® (dashed red line). The blurry
regions delimit the error bars.

CPin0A < r < 17.0 A (yellow colored re-
gion in Fig. 6 (b)). The poorer statistics arises
from the fact that there are many more water
molecules than ions, thus, the likelihood to en-
counter an ion at the center is very low. The
integral of the raw histogram data (no division
with the volume of the spherical shell) yields
that 19.8 out 20 Na™ ions at 7" = 300 K and
17.4 out of 19 Na™ ions (one Na't evaporated)
at T = 350 K are found at 7 > 17.0 A. The his-
togram of the raw data of the distances of oxy-
gen sites from the droplet COM show a max-
imum value at r = 30.8 A, which is slightly
shorter than that of the corresponding pristine
droplet, which is at 7 = 31.5 A. The maximum
population of the oxygen sites (raw data) is at
28.3 A< r < 32.3 A. The raw data of the Na*
distances from the COM show a broad max-
imum at 26.0 A< r <29.1 A, thus they are
within the region of the maximum oxygen pop-
ulation.

Figure 7 shows the Na™-CP of droplets that
comprise 880 water (TIP3P) molecules and (a)
7 Na™ ions and (b) a single Na™ ion. The sim-
ulations show that the concentration of a single
Na* is higher in the interior (r < 1.5 nm) of the
droplet and decays towards its surface. The lo-
cation of the single Na™ ion is consistent with
previous studies in smaller clusters. 3467 Elec-
trostatic theory, based solely on the energetic



factor, predicts that a point charge will be lo-
cated at the center of a dielectric medium with
higher dielectric constant than the surrounding
medium. % Simple ions are not point charges,
thus, the predictions of electrostatic theory is
not always sufficient to determine the ion lo-
cation. Factors such as the ion size and ion-
solvent charge transfer may play a role in deter-
mining their location in a droplet. The simula-
tions show a broad single Na™-CP in the droplet
interior, which arises because of the thermal
motion of the droplet constituents (entropic fac-
tor). Thus, the location of the single Na™ fol-
lows the predictions of electrostatics on the fact
that the ion is located in the droplet interior,
but as expected, the Na™-CP in the interior will
be broad because of thermal motion.

The fact that the multiple charge carriers,
Na®™ in our study, are not exactly on the
droplet surface is consistent with the discussion
in J. D. Jackson textbook®” (3rd Edition, pp.
20): “At the microscopic level the charge is not
exactly at the surface and the field does not
change discontinuously.” The formation of the
Atkins “snowball” % around seed ions in lig-
uid helium shows that even solvents with low
polarizability polarize around the ions so as the
ions are not exposed to the vacuo. The sol-
vated hydronium®!! deserves a separate study.
Based on our previous study”™ we think that
the solvation energy over the charge density
squared determines the solvation patterns of a
spherical macroion. The charge itself increases
the degree of hydrophilicity of an ion favoring
solvation. The size of the ion will play an im-
portant role in determining their location. For
instance, a highly hydrophobic macromolecule,
such as a carbon buckyball, with charge +e may
lie mainly on the droplet surface (exposing a
large part of their surface to vacuo) and travel
occasionally a few solvent shells toward the in-
terior 7™ (this is to be contrasted with the sin-
gle Na™-CP discussed above). As expected the
degree of hydrophobicity of the macromolecule
in combination with its charge density plays sig-
nificant role in determining its location.

It is in order to compare our findings with
the ion-CP found in previous works. Our ion
CP are substantially different from that pre-

sented in Fig. 3 of Ahadi et al. ['%] for &~ 1245
SPC/E water molecules. The droplets of 880-
980 TIP3P H,0O molecules in this study are
comparable in size to those in Ahadi et al. ['°]
study. Figure 3 shows!® a spatial distribution of
ions that is zero at < 4 A and it is very close
to the water distribution at 7 > 21 A. The ion
and the water distributions diminish together.
Moreover, the distributions of the ions, at the
maximum in Ahadi et al.!6 is significantly more
narrow than what we find. Similarly, the single
ion distribution is different from our finding. In
Ahadi et al.'® the single ion does not approach
the droplet COM. These differences may be at-
tributed to the considerably different length of
simulation times. In Ahadi et al.'® the simula-
tion time is 1 ns, while the simulations in this
article are for 24 ns-60 ns. In the simulation
set-up of Ahadi et al. the cluster was placed in
a vacuo while in the present study it is placed
within a large cavity, where the cluster is in
equilibrium with its vapor. In vacuo, longer
runs will lead to significant cluster evaporation
and thus, an equilibrium ion distribution can-
not be sampled. In Ahadi et al.'® the lack of ion
density in the center of the droplet is attributed
in a qualitative manner to “entropic buoyancy”.
Since we found a non-negligible ion concentra-
tion in the droplet center, we cannot have a sim-
ilar argument about the entropy effect. On the
contrary, our study shows that entropy leads to
a broadening of the ion spatial distribution rel-
ative to the predictions of electrostatics. As we
are going to discuss in the following section the
spatial distribution of the multiple Na™ ions in
a droplet can be explained by a combination of
three factors, which are: the size of the ion, the
droplet shape fluctuations and a Debye length.

Znamenskiy et al.'® simulated a droplet com-
prised ~ 4500 TIP3P H,0O molecules and 23 hy-
dronium ions. It was found that the protons are
distributed in three spherical layers around the
centre of the droplet with fewer protons on the
surface. Similarly to the study of Ahadi et al.!®
no proton distribution was found in a region
(approximately 1 nm radius) from the centre of
the droplet. The two layers closer to the center
showed a significantly higher probability for the
location of the hydronium ions than the outer



(nearest to the surface) layer. Even though we
cannot directly compare the Nat-CP with the
hydronium distribution we think that the ma-
jority of the hydronium ions will be very near
the surface and more toward the exterior than
the Na™ ions. We base our conjecture on the
many studies of a single hydronium in small
clusters® ! that show that the single hydro-
nium ion is on the surface, and on the fact that
in the droplets with multiple hydronium ions,
the conducting nature of the medium favors the
location of the ions on the surface. We expect to
find hydronium density near the droplet COM,
because as we discuss in the next section the
general features of the ion spatial distribution
can be captured by analytical theory.

Analysis of the ion spatial distri-
bution in charged droplets

There are several factors that need to be con-
sidered when analyzing the ion distribution in
a droplet.

In order to underline the causes affecting the
ion distribution in a drop we start with a pla-
nar interface as an illustrative example. In an
ideal conductor the potential inside the conduc-
tor is uniform and, using the Gauss’ law, we
find that the charge density in the interior is
zero. Were the potential non-uniform the elec-
tric field will emerge. This will, in turn, induce
constant flux of charge carriers. Nevertheless,
the steady state is still possible. For such a
steady state this flux has to be compensated by
the counter flux due to the thermal diffusion of
the charge carriers. In a droplet that contains
ions of only one type, a relevant parameter de-
scribing the electrostatic interactions and the
thermal diffusion is the Debye length (Ap)

. EkZBT

e =
D g2

(3)

where n is the ion number density (taken at
the surface), ¢ = me (e is the elementary pos-
itive charge) is the charge of an ion, kp is the
Boltzmann constant, 7' temperature and € is
the dielectric constant. On small length scales,
that are comparable with the Debye length, a
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good approximation to the charge distribution
is obtained from the solution of the non-linear
Poisson-Boltzmann (NPB) equation ™

—eAD = gne %) (4)
where on the interface ®(0) =0. In Eq. 4, A
denotes the Laplacian and & is the electrostatic
potential. The solution of Eq.(4) is known™
and has the following functional form

tanh(Bq®(z)/4) = tanh(Bq®(0)/4)e /> (5)

where \p is the Debye length and z is the dis-
tance from the interface surface.

We are not aware of an explicit solution for
the NPB equation in spherical geometry. For
the spherical droplet we calculate the solution
of the NPB equation using numerical methods
by expanding the solution as a series of the Ja-
cobi polynomials P{ """ of order (—1,1)'7

o(r)=> o P @/ R—-1).  (6)

and solving the equation iteratively. The solu-
tion of Eq. (5) yields the electric potential ®(r)
and the charge density distribution gpg(r).
The solutions for the electric potential in a
sphere are remarkably well approximated by a
single exponential. The ion distribution in the
surface layer in the present model is highly non-
uniform and the meaning of the ionic strength
in this case should be altered to reflect this fact.
We calculated the electric potential profiles
(Eq. 3) numerically using the GNU Scientific
Library ™ for droplets comprising 103, 6 x 103
and 4 x 10* water molecules. We used the den-
sity value of 10%[kg/m3] to calculate the droplet
radii reported in Table 1. The droplet charges
were calculate using the Rayleigh limit (X = 1).
We used the experimental value of /¢y = 80.0
for the dielectric constant and v = 0.070[N/m]
for the surface tension. Equation (4) tacitly as-
sumes that there are no counter-ions present in
the droplet. Hence, for large droplets, calcu-
lations yield large values for the Debye length.
However, this assumption is incorrect for inter-
mediate droplet sizes and the resulting poten-
tial will show faster decay at the surface layer.



The electric potential and the ion concentra-
tion are connected by the Gibbs-Boltzmann dis-
tribution (see Fig. 9). For the droplet sizes used
in the numerical modeling we observe that the
ion concentrations between the droplet surface
and the surface interior differ by less than an or-
der of magnitude. In large droplets counter-ions
will play an increasingly important role. The
charge density in larger droplets at the Rayleigh
limit will decrease and the corresponding De-
bye length will be larger. For certain sizes of
droplets the Debye length will be determined
by the ionic strength of the solution rather than
the ion concentration on the surface.

Table 1: Results of numerical solutions
of the NPB equation for critical charged
droplets comprising Ny,o = 103, 6x10% and
4 x 10* water molecules. We provide a fit-
ted value of the decay length \g (third
column) of the electric potential (5) at
the surface. A® (fourth column) is the
potential difference between the center of
the drop and its surface. Molar concen-
tration, denoted by C, of the ions at the
surface is reported in the last column.

Np,0 rnm] Mg [nm] A® [V] C [mM]
1000 1.93 0.68 0.035 200
6000  3.50 1.16 0.042 68
40000  6.59 2.03 0.051 23
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Figure 8: Profiles of the electric potential for
droplets described in Table 1. We set the
droplet potential at the surface to zero.
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Figure 9: Molar concentrations of ions in the
critical Rayleigh droplets as a function of the
distance from the center for different droplet
sizes. The droplet parameters are described in
the text.

The solution of the NPB equation yields the
distribution of the ions as a function of the dis-
tance (1) from the surface. This quantity differs
from the distribution measured from the center
of the droplet. In this case the charge distribu-
tion is attenuated by fluctuations of the inter-
face. First, let us consider density fluctuations
of the planar interface due to surface fluctua-
tions. Given the interface z(z,y) the average
solvent density p(z) is given by

(p(Q)) = P(¢ > 2(x,y)) = (¢ = 0(2(x,y))) (7)

where 6 is the Heaviside step function and the
density is normalized as p(—o0) = 1

On the other hand the charge distribution of
a fluctuating surface can be approximated as

q(Q) = (qp(¢ — 2(z,v))) =
( / drs(C — =(x.y) — T)aps(r)) (3)

In the r.h.s. of the equation we introduced the
Dirac delta function in order to integrate the
last integrand by parts and replace the Dirac
function with the Heaviside 6 function and re-
duce the integral to the convolution of the num-
ber density and the derivative of the Poisson-
Boltzmann charge distribution. After some al-
gebra we arrive at the following expression for



the charge density of the fluctuating surface:

2(0) = (arp(C — 2(z,y))) =
1r(0)p(C) - / (¢ —T)dps(r) (9)

We emphasize that Eq. (9) is exact only for
fluctuating planar interfaces. In the interior of
droplets we expect Eq. (9) to be only qualita-
tively correct.

The last factor to consider is the size of sol-
vated ions. It is energetically highly unfavor-
able for an ion to be located at the surface of a
drop. The simulations demonstrate that an ion
does not approach the surface of a droplet closer
than this length. In Fig. 6 we show the ion
distributions obtained from Egs. (5,9) (black
solid line) and the CP from simulations (red
solid line). We used 3 A radius for the size of
the sodium ions. As expected, the simulated
and theoretical profiles agree in the vicinity of
droplet surface and show some deviations in the
droplet interior. The results presented in Fig.
6 demonstrate that the finite size of a solvated
ion, fluctuating interfaces and the Debye theory
describe all the features of the ion distribution
in the charged droplets.

Water dipole orientation

cos(8)

-0.5

-1.0
10 15 20 25 30 35 40

Distance from center of mass (4)

Figure 10: Same as Fig. 3 but the droplets com-
prised 6139 TIP3P H,O molecules and 20Na™
ions. The droplets are at X = 0.9 (Eq. 2).

Similarly to Fig. 3, Fig. 10 shows the cos(f)
distribution as a function of the distance from
the droplet COM (r). The (cos#) is shown in
Fig. 4. Here, we discuss the cos() distribu-
tion of a droplet comprised 6139 TIP3P H,O
molecules and 20 Na*t ions at T = 300 K.
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The cos(f) distributions within representative
spherical shells (with center at the droplet
COM) for a droplet comprised =~ 1000 and an
~ 6000-H,O-molecule droplet with Na™ ions at
T = 300 K and 350 K are shown in Figs. S9
and S10 in the supplementary material. The
general features of the distributions are: (a)
in the charged systems the cos(f) distribution
is shifted toward positive values as shown in
Fig. 4; (b) the dipole orientation due to the ions
is propagated both in the interior and outer lay-
ers. In the inner layers a preference in the dipole
orientation reaches the droplet center (it is only
within a sphere of r ~ 2.5 A that the cos(f) dis-
tribution appears to be uniform but with large
fluctuations relative to the pristine droplet) (c)
the water dipoles are strongly oriented within
17.0 A < r < 28.5 A which is the shell with the
highest density of Na™ ions; (d) In the outer
shells up to r ~ 40 A the cos(f) distribution is
broad in the positive values and cos(f) = 1.0
is not the maximum; (e) At r > 40.0 A, where
the density of water is minimal the dipoles are
strongly oriented with cos(6) = 1.0 because of
the overall droplet charge and not that of the
individual Na™ ions. Figure 4 shows that the
(cos @) in the sodiated droplets follows the same
trend as in the pristine ones but in the sodiated
droplets the (cos#) is shifted more toward the
positive values.

In more detail the cos(#) distribution is as fol-
lows: In a spherical shell of  =2.5 A the cos(#)
distribution averages to zero and is uniform for
both droplet sizes. At r >2.5 A there is a grad-
ual shift toward the positive cos(f) values. At
r =104 0.5 A there is a modest shift toward
positive cos(f) values especially in the range of
045 — 1. At r = 15 £ 0.5 A there is a mod-
erate shift toward positive cos(#) values in the
range of 0.80 — 1 (20% higher population with
cos(f) +1 than —1). Now, we shall examine
the features of the angle distribution at 17.0 A
< r < 28.5 A, which is the interval where the
probability density of Na® ions is the highest.
At r =17.0 £ 0.5 A even though all the angles
are substantially populated, the higher cos(6)
values are increasingly populated and the max-
imum is at cos(d) = +1. The population of
H,0 molecules with cos(f) = +1 are ~ 20%

~
~



more than those with cos(d) = —1. At 25.0 A
< r < 26.0 A the increase of the population of
the positive cos(f) values in the range 0.75—1.0
(40% higher cos(f#) = +1 population than —1)
becomes more pronounced. At r = 28.5+0.5 A
the cos(f) distribution is strongly shifted to-
ward the positive values where a broad range
of angles with cos(6) values 0.5 — 1.0 (which
corresponds to angle range 60° — 0°) are highly
populated. The cos(f) = 1 has a marginal max-
imum population. For 29.0 A < r < 39.0 A
cos(f) = 1 is highly populated but it is not the
maximum as in the smaller . The maximum
cos(f) value shifts gradually toward the range
of 025 —1.0at r =2940.5 A, to 0.0 — 1.0 (al-
most uniform distribution) at 7 = 3040.5 A, to
0.0—0.50 at 32 A< 7 < 34 A. Close to 7 = 34 A
the angles are in the range of 66° —90° with the
maximum found at 75° (cos()) = 0.25). At
37.0 A < r < 38.0 A the highest cos(f) popu-
lation is in the range 0.25 — 1.0, which shows
an almost uniform distribution. For r ~ 39.0 A
there is a strong preference for larger cos(f))
values in the range of 0.50 — 1.0. The popula-
tion is approximately 50% more for the droplet
at T'= 350 K than at 7" = 300 K. We attribute
this difference to the fact that the lower temper-
ature droplet is less extended than the higher
temperature as shown in Fig. S6 in the sup-
plementary material. For r» > 40.0 A, where
the dipole population is minimal, there is a
clear preference for cos(f) = 1.0. These wa-
ter molecules are far away so as they view the
rest of the droplet as a central charge. At this
distance the conducting or dielectric character
o f the droplet does not play a role.'® Several
comments regarding the orientation of the outer
water molecules are in order. We remind that
in the outer layers there is a rapid decrease in
the water density. At r > 39 A there are on
the average 44 H,O molecules and at r > 40 A
there are 22 H,O molecules. As shown in Fig. 4
these few molecules are strongly oriented. Con-
ceivably, these HoO molecules cannot cover the
entire surface but they form islands on the more
compact surface. These islands have the form
of dangling oriented strings that can be as long
as 4-5 HyO molecules. The strings disintegrate
and reform and they undergo elastic motions,
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which are reminiscent to those of the “rays” of
the “star”-shaped droplets. 82! We also need to
consider that the perfect dipole orientation in
the outer and inner layers (grey shell in Fig. 6)
is prevented by the molecule thermal motion.
In the outer shells the thermal motion causes
an elastic collective motion!®?! in the dangling
surface chains. In summary, simulations show
that in the outer droplet layers, but also in the
droplet interior there is an overall shift towards
cos(0) > 0. However, there is not a close align-
ment between 7 and the water dipole because
of several factors: (a) the thermal motion of
the dipoles competes with a perfect alignment;
(b) the water molecules are not symmetrically
surrounding a Na* ion; (see Fig. S8 in the sup-
plementary material) and (c) the orientation of
the water molecules are affected by the signifi-
cant variations in density within a droplet, the
existence of the free surface, and the presence of
multiple ions that may affect the orientation of
the intervening water molecules between them.
All these factors will play a role in the manner
in which the water molecules are oriented. Be-
cause of these factors we consider that the pic-
ture of a cascade of orientations initiated from
the ions and induced in sequence to the solvent
molecules up to the surface!® is inaccurate. As
we discussed, the outer water molecules are ori-
ented by the entire droplet charge and not by
the specific ions. We cannot also ignore the
fact that throughout the shells there is a signif-
icant number of molecules with negative cos(f)
values, thus, the average cos(f) tends toward
unity only at the very dilute shells as shown
in Fig. 4. A question that has been posed in
the literature by many scientists (see for in-
stance!®): “does the charge of the ions transfer
to the surface”? Based on the above discus-
sion, we think that the surface of a droplet has
a percentage of oriented dipoles (both in the in-
terior and the outer shells) because the droplet
is overall charged. The very outer molecules
(dangling short chains of water), which are very
few will be strongly polarized because of the en-
tire charged droplet. If we consider these very
few surface molecules (for instance a few tens
for a 6000-H50O molecule droplet) and also a de-
gree of dipole orientation in the more compact



surface, it appears that that there is no reason
for the charge right on the surface to be equal
to the total charge of the ions. As we discuss
in the next section, a droplet of the same size
and of the same amount of charge, but with
the charge distributed on a polyhistidine and
Nat ions, yields identical orientation of the wa-
ter dipoles to that of Na™ ions. This similarity
indicates that it is the overall droplet charge
that determines the orientation of the dipoles.
In addition, the three aformationed factors will
play a role on determining the charge on the
surface. Ahadi et al.'® concludes that all the
charge of the ions transfers on the surface be-
cause of the orientation of the dipoles as evi-
denced by electrostatic maps that the authors
have computed. The electrostatic maps are not
provided in Ahadi et al. article,'® hence, we
cannot compare with our findings.

Electric field on the molecu-
lar surface

Figure 11: Reconstruction of the droplet sur-
face using the spherical harmonics amplitudes
from Eq. (14). The low order perturbations
are well reproduced unlike string-like transient
structures on the surface.
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Figure 12: Interpolated electric field of the
molecular surface of the droplet. The arrows
represent the direction and the magnitude of
the electric field on the surface. The arrows
are color coded according to the value of the
electric potential from red (1V) of the extruded
domains of the droplet to blue (1.5V) on the ar-
eas of the surface that are closer to the droplet
center.

The Rayleigh derivation of the stability limit
(X = 11in Eq. 2) for a conducting droplet relies
on the properties of a conductive medium.*! 44
These properties are that the electrostatic po-
tential on the surface is a constant and that
the charge is localized at the surface. Using the
Gauss law®” we can identify the surface charge
density using the normal component of the elec-
trostatic field (E,). The tangential component
E; is equal to zero. The normal component of
the electric field enters the Born model of the
ion evaporation. "™

We attempted to test the equipotentiality
condition on the molecular surfaces of the
droplets that we simulated. There are a num-
ber of obstacles in computing the electric field
on the surface of a droplet. Fast dynamics of
the solvent molecules on the surface changes the
droplet shape. Thus, the partial charges on the
ions and on the solvent molecules lead to highly
varying values of the electric field of up to a
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Figure 13: Statistical analysis of the factors cor-
relating with the value of the electric potential
on the surface. In the plot a correlation matrix
among data columns sampled on the surface of
the droplet is shown. The columns comprise ra-
dius from the center of mass (Radius [A]), co-
sine of the angle between the radius vector and
the normal to the surface at this point (theta),
value of the electrostatic potential (Phi [V]),
magnitude of the electric field(E [V/A]) and
magnitude of the tangential component of the
electric field (E; [V/A]). The diagonal shows
the histograms of the values from the differ-
ent columns. In the upper triangular matrix
the values of the Pearson correlation matrix are
shown. The lower triangular matrix contains
scatter plots of the pairs of columns.

Scatter Plot Matrix

nanometer distance from the surface preclud-
ing the calculation of the equipotential electric
surface. Therefore, one can not use averaging
to obtain meaningful statistics of the value of
electric potential on the surface. For this reason
we follow a different approach.

We assume that the surface can be expressed
as

r(0,0) = R+ > aym,Yim(V, ¢)

[>0,m

(10)

where, (9, ¢) is the spherical angle, r(1J,¢) is
the distance from the droplet centre, Y, ,,, (1, @)

15

Sl

Figure 14: Illustration of the change in the ra-
dius vector when the surface is offset by a fixed
distance 0.

are the spherical harmonic functions of rank m
and order [, |m| <[ and a;,, are the expansion
coefficients (we call them amplitudes). R is the
[ =0 term in the expansion of (¥, ¢). This ex-
pansion can be used, for instance, in the case of
convex shapes. Hereafter, we use the following
notation

or =Y amYin(, ). (11)

[>0,m

We compute the values of the amplitudes of
the expansion of the droplet surface first, by
calculating the expectation value of the com-
plex conjugate of a spherical harmonic (V7,)
for every pair (I,m), where > 0 and |m| <.

(Vi 0,0)) = 37 S Y05, 00). (12

where the asterisk signifies the complex conju-
gate function, m,; is the mass of every atomic
site and M is the total mass of the droplet.

If we assume that the mass density of the
droplet is uniform we can express the expecta-
tion value of the spherical harmonics using the
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Figure 15: Scatter-plot of the values of the po-
tential on the surface and its derivative in the
direction of the radius vector (E, )/ cos.

integration over volume

Ry

t<r(9,¢)

“ o [0

where p is the average droplet density and Ry
is the radius of a spherical droplet. To do the
integration in Eq. (13) we use Eq. (10) for
the value of the radius (r(J, ¢)) and expand its
third power as a series. From the orthogonality
property of the spherical harmonics we obtain
the average of the spherical harmonics

(49, @)t*dt cos(0))dd¢

(U, 9) cos(V)ddp  (13)

3R?

(Vi 0)) = e (14)

In the remainder of the section we assume that
the droplet radius is given by the radius of the
unperturbed droplet, i.e. R~ Rj.

We calculate the droplet radius from the value
of the radius of gyration (Rgy:)

9

RS
~3

RGyr ( 15)
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Combining equations (14) and (15) we arrive
at the following key equation for the molecular
surface:

r(d,¢) =

5) 47
\@ngr {1 -

For a charged droplet we express the value
of the electric potential (®(r,d,¢)) using the
multipole expansion

Q

4megr

>

[>0,m

m(0,0))Y1m (0, 9)

(16)

tlm

i Vim(0,0) - (17)

O(r, 9, ¢) =

3

>0

where () denotes charge and ¢, are the expan-
sion coefficients. We calculate the t; ,, by using
the orthonormality conditions of the spherical
harmonics. We evaluate the value of the elec-
tric potential (®) on the mesh given by Lebe-
dev quadrature (see e.g.®’) and compute the
weighted sum

% = ;kaLml (Vk, or) (R, Vg, d). (18)
Eq. (18) is exact up to order 1 given by the
order of approximation of the Lebedev quadra-
ture. The expansion (17) is unique, however,
it has to be truncated or regularized. Calcula-
tion of the electric potential using the expansion
(17) diverges near the molecular surface due the
presence of the solvent or ionic charges. In the
numerical experiments we have truncated the
expansion at order 8.

We calculated the values of the electric po-
tential and of the electric field for an aqueous
droplet comprising eight Nat ions and = 980
H50O molecules. The total length of the tra-
jectory was 60 ns and during the simulations
the drop stayed intact with few water molecules
evaporating. A representative connected clus-
ter with the reconstructed molecular surface is
shown in Fig. 11. The electric field is com-
puted as the numerical derivative of the electric
potential. A sample of the electric field on the
surface of the droplet is shown in Fig. 12. We
observed that the molecular surface calculated



for a charged droplet deviates from the iso-
potential surface interpolated using Eq. (17).
In Fig. 13 we show the results of the statisti-
cal regression testing of a number of variables
recorded on the surface of the droplet.The anal-
ysis has been performed using the R Statistical
Analysis Package version 3.4.1.8! The results of
the regression analysis shows that none of the
factors such as value of the electric field, angle
of the normal to the surface, surface distance to
the center can account for the deviation from
the iso-potentiality condition.

We believe that the main cause for this is the
size of a solvated ion. If the size of a solvated
ion is ¢ then the molecular surface has to be
offset by 6/(n,n), where (n,n) is the cosine of
the angle ¢ between the normal to the surface
and the radius vector. We can approximate the
value of the electric potential using the follow-
ing equation

o
O(r) — o(r') = —(E N = — E, r
(1) - 0(x) = ~(Br ) =~ (B.5)
(19)
In Fig. 15 we plot values of the elec-

tric potential against its directional derivative
(E,r)/ cost. We observe strong correlation be-
tween the data. Using linear regression we de-
termined the maximum likelihood value of the
offset § = 1.7A of the molecular surface poten-
tial that would have equal values of the inter-
polated electric potential. The offset is smaller
than the typical distance of a sodium ion from
the surface (see Fig. 7 for the distance from the
surface) indicating that it is the solvated ions
are the active charge carriers in the aqueous
droplets.

It is rather unexpected that an instantaneous
molecular surface satisfies iso-potentiality con-
dition for an interpolated potential with an off-
set. We would surmise that this fact is a ma-
jor reason why the Rayleigh criterion holds for
small charged droplets.

Polyhistidine in conducting

droplet

a

Typical snapshots of droplets comprised ~ 6000
H50 molecules, ~ 10 Na™ ions and a polyhisti-
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(a)

(b)

Figure 16: Typical snapshots of an aqueous
droplet comprised ~ 6000 H,O molecules and
10 Na* ions (blue spheres) and (a) His;gt (blue
chain) and (b) Hiszgt (blue and green colored
chain). For the rest of the molecules the color
coding is the same as in Fig. 1.

dine Hisjg" and Hisy)" are shown in Fig. 16 (a)
and (b), respectively.
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Figure 17: Upper panel: Density (d) of oxy-
gen sites of HoO molecules as a function of r in
pristine droplets and droplets with the polyhis-
tidine comprised ~ 6000 HoO molecules. Mid-
dle panel: d of the Na™ ions. Lower panel: d of
His])" and Hisggt. For the histograms of Hisjh"
and Hisyot, 5 x 10* configurations collected ev-
ery 0.2 ps and a bin size is 0.5 A were used. The
density is in units of of A= = 1.66 x 10°mM.

Figure 17 shows the DP of oxygen sites of
H,0 molecules (upper panel), that of Na*t ions
(middle panel) and that of His;g" and Hisjo™
(lower panel).

For r > 29.0 A, the decrease of the oxygen
(and hydrogen) profiles is smooth as expected



because of (a) the droplet shape fluctuations
and (b) the reduction of the HyO density on the
droplet surface that lead to a rough surface with
dangling short chains of HoO molecules. The
distribution of the Na™ ions shows a broad peak
at 25.0 A< r <28.0 A, which is approximately
4 layers of water under the vapor-liquid inter-
face (the diameter of a TIP3P HyO molecule is
3.15 A). The outer water layer is not a com-
plete shell and moreover, it is characterized by
roughness, lower density and fast diffusion. As
it is shown, the Na™ distribution also decreases
smoothly (at distances ~ 28.0 A ), which indi-
cates that the Na™ ions can also be found with
small probability very close to the surface. Very
close to the center of the droplet, we can find a
very low density of Na™ ions.

His;gt is more likely to be found close to
the center of the droplet and it diffuses up to
~ 25.0 A from the droplet COM. Interestingly,
His}0™ may diffuse up to the distance where
the Na™ profile has its maximum. We note
here that the Hisjg"-DP is built with respect
to its COM, thus the end of the chain may be
found closer to the surface than the distance
of the polyhistidine center of mass. Hisjg" has
a very high degree of hydrophilicity primarily
because of its high charge and secondarily be-
cause of the polar sites of polyhistidine. The
fact that Hisj)" travels very close to the surface
even though very hydrophilic is not surprising.
The location of the His{)" is consistent with the
conducting properties of the droplet.

When Hisjgt resides close to the surface the
droplet obtains a slightly prolate shape and
the Na' ions move on the opposite site of
the droplet. Because of this movement the
droplet fluctuates between a prolate and spher-
ical shape as we observed several times. It is
still to be examined whether such fluctuations
occur also in much larger droplets, and whether
they may divide the droplet. The location of
His])" in the aqueous droplet in the presence of
Nat ions is to be contrasted to its location in
a dielectric aqueous droplet where the charged
polyhistidine resides in the center of the droplet
as we have found in our previous work.'®

The Hisy"-DP shows that it may be found
close to the droplet COM. Evidence of the
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Hisj)" location is also shown in the oxygen-DP
in the upper panel of Fig. 17, where there is
depletion of the water molecules close to the
droplet COM. His;y" may diffuse close to the
region that the density of the Na™ ions is maxi-
mal. The Hisgo"-DP shows that the Hisyy ™ may
be found closer to the surface than the Hisjg"
since His§8+ is characterized by lower charge
10+

density than Hisj,".
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Figure 18: Same as Fig.3 but for a droplet com-
posed of 6000 HyO molecules, His;j", and 10
Na™ ions (3 have evaporated) at T = 350K.
For the histograms, 50000 configurations col-
lected every 0.2 ps and a bin size is 0.5 A were
used.

Figure 18 shows the probability of cos(f) as a
function of r. Clearly we see a positive shift in
the cos(f) distribution, which is similar to that
of a droplet with 20 Na™ ions (see Fig. 10 and
Fig. S10 in the supplementary material). It is
surprising that the considerably different charge
distribution does not affect the orientation of
the dipoles. This similarity indicates that it
is the overall charge in the droplet and other
factors mentioned in the previous section that
determine the dipole orientation.

In the following discussion we relate our find-
ings to the processes that may occur in droplets
generated in ESI experiments. Recurrent ques-
tions in ESI-MS is how a macroion acquires
its charge state and how it emerges from the
droplet. Even though, we do not use a dissocia-
tive molecular model that will allow us to see
the charge transfer, the analysis provides cer-
tain insight. Firstly, we find out that a highly
charged hydrophilic macroion can reside for a
short period of time close to the surface. The
reason for its surface locality is the fact that the
droplet with free ions is a conductor, thus, the
charge will be mainly on the surface. Secondly,



even though we have not studied the effect of
solvent evaporation in this article, we think that
evaporation of a droplet assists in bringing a
macroion closer to the surface because layers
of water are removed. We remind here that
in an initial electrosprayed mist of droplets, a
macroion can be found anywhere in the droplet
because the initial droplet state is not at equi-
librium. It is more likely that the macroions
and the ions (in this non-equilibrium state) are
found in the outer layers of the droplet, be-
cause of the more available area. In order to
analyze the locality of the macorion, the sol-
vent evaporation rate is to be compared with
the macroion’s diffusion rate. A typical protein
diffuses approximately by one nanometer per
nanosecond. The diffusion in droplets, which
are mesoscopic clusters may be also assisted
by shape fluctuations, thus the diffusion rate
may be different from that reported for bulk
solution. The evaporation rate of a droplet de-
pends on several factors®?® and it slows down
as the droplet radius decreases. Our previous
computations have shown evaporation rate of
approximately 52 HyO molecules per nanosec-
ond for a droplet®*84786 of a radius of ~ 3.6 nm
at T =300 K.® Within one nanosecond, the
droplet radius may decrease by two shells of
water. Thus, at a temperature close to the
room temperature the diffusion of the macroion
will distance it from the surface faster than ap-
proaching the surface due to the the reduction
of the droplet size. In principle, we should be
examining the effect of evaporation in the lo-
cation of the macromolecule at a much larger
droplet than that that can be simulated at the
atomistic level. We still need to examine the
outcomes of a high non-equilibrium scenario
where the solvent evaporation rate is high. It
is possible that under high evaporation rate a
macroion with high degree of hydrophilicity will
be found close to the surface and extrude.5%"

In summary, a macromolecule even with a
high degree of hydrophilicity may be found oc-
casionally near the surface of the droplet. The
macroion locality may affect its charge state,
since the shells near the surface have a higher
ion concentration. The evaporation rate is ex-
pected to play a significant role in the mecha-
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nism of macroion release. If the solvent evap-
oration rate is higher than the macroion dif-
fusion rate, then, charge (commonly protons)
may transfer on the surface of the macroion
and then, the macroion can possibly extrude
from a droplet. The role of a high evaporation
rate on the release mechanism of highly charged
macroions deserves its own study.

Conclusion

We examined the spatial distribution of simple
ions and that of a mixture of simple ions and
macroions in highly charged aqueous droplets.
We found that in aqueous droplets comprised
simple ions at an overall charge state slightly
below the Rayleigh limit (X ~ 0.8 — 0.9) the
concentration of the ions is higher close to the
surface. Non-negligible concentration of ions
was found up to the droplet COM. In the in-
terior there is only one ion but the density is
significant because the volume is smaller than
that of the outer solvation shells. We think that
ions are found in the interior because regardless
of the value of the electric field in the interior
(ideally the electric field is zero for a conduc-
tor) the ions diffuse because of Brownian mo-
tion. We have proposed an analytical theory
that captures all the general features of the ion
spatial distribution.

Our findings and interpretation of the ion
distributions are different from previous stud-
ies 1916 as explained in the analysis of the data.
In the presence of charged peptides with high
degree of hydrophilicity we find that the peptide
density is higher in the interior, but it still dif-
fuses near the surface, where the majority of the
single ions are found. We think that the reason
that the charged peptide is found in the inte-
rior relative to the single ions, is its high charge
density. In the nanodrops that we studied, we
saw the droplet prolate-spherical fluctuations as
the macroion diffuses closer to the surface. The
diffusion may be assisted by the droplet shape
fluctuations due to its high charge. It is still to
be examined whether such fluctuations appear
in larger droplets and whether they may possi-
bly rapture the droplet. Yet, we think that the



larger the droplet, the less pronounced the fluc-
tuations are relative to the size of the droplet.

We found that in droplets of the same size
and charge, different charge distributions polar-
ize the water dipoles identically. In this study
we compared the case where charge +20 e is car-
ried by 20 Na*t ions with that that the charge
is distributed between a macroion (+10 e) and
simple ions (410 e). This finding indicates
that the amount of charge transferred to the
droplet surface by the orientation of the water
dipoles is determined by the overall charge of
the droplet and also by other factors such as
the thermal motion of the dipoles that com-
petes with the dipole alignment, the existence
of the free surface and the significant density
variations within the droplet.

We computed the electric potential and elec-
tric field close to the droplet surface. We found
that an equipotential surface is found in the in-
terior of a droplet at a distance 1.7 A from its
surface. The findings indicate that the active
charge carriers are the Na™ ions surrounded by
the immediate water shells. We suggest that
we may have to consider a smaller radius in
the Rayleigh expression for a droplet. The
correction may not be very large but it may
give insight into the molecular interpretation of
the Rayleigh limit. This interesting theoretical
finding deserves further investigation in future
articles.

We propose that for non-equilibrium simula-
tions of droplets which are related to ESI-MS, it
is more natural to initiate the production runs
by placing the macroion in an intermediate wa-
ter shell or closer to the surface rather than in
the droplet center as it is routinely done. In this
way one may examine the simulation outcomes
determined by the competition between solvent
evaporation rate and macroion diffusion rate.

Some of the findings related to the orientation
of the surface water may be force field depen-
dent as already has been discussed in the lit-
erature.® In this article we emphasize general
features of the ion distribution in droplets sup-
ported by theory and by comparison of different
charge distributions and thus, they do not de-
pend on the details of the force field. It is inter-
esting to also examine by simulations and an-
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alytical theory the distribution of the negative
ions, multi-valent ions and the ion distribution
in the presence of counterions. The surface ten-
sion of the charged droplets is another problem
to be investigated. We have completed these
studies and we expect to provide our findings
in forthcoming articles. The applied modeling
does not include the electronic polarization of
the constituents and of course, it is desirable to
look into the effect of polarizable force fields in
the structure of the droplets.?8788

Supporting Information

See supporting information for additional anal-
ysis of (a) raw data of the population of oxy-
gen sites in aqueous neutral droplets; (b) cos(f)
distributions of water molecules in pristine and
sodiated aqueous droplets; (c) typical snap-
shots of sodiated droplets comprised 1000 water
molecules.
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