Supporting Information:
Where Do the lons Reside in a Highly Charged

Droplet?

Victor Kwan,! Anatoly Malevanets,! and Styliani Consta* "

T Department of Chemistry, The University of Western Ontario, London N6A 5B7,
Ontario, Canada

T Department of Electrical and Computer Engineering, The University of Western Ontario,

London N6A 5B9, Ontario, Canada

E-mail: sconstas@uwo.ca

Phone: +1-519-6612111

S-1



Structure of pristine aqueous droplets

The structure of pristine water droplets up to 512 H,O molecules for the five-site ST2 model,
the four-site TIP4P model and the SPC/E (extended simple point charge) and that of 1000
H50 molecules for certain water models has been examined in detail by Zakharov and co-
workers. 5152 The authors examined the sensitivity of the surface potential and surface tension
on ST2, TIP4P, SPC/E water models. In our article we are mainly interested in the structure
of the charged droplets, but we shall also discuss some of the characteristics of the pristine
aqueous droplets modeled by TIP3P for the sake of completeness. We examine droplets
with approximately 1000 and 6000 HoO molecules at T = 300 K and T" = 350 K. The bulk
density of the TIP3P water model at 25° C and pressure 1.0 atm has been calculated 354
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.S?
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Figure S1: Raw data of the population of oxygen sites at a certain distance (r) from the
droplet center of mass (COM) at 7' = 300 K (solid lines) and 7" = 350 K (dashed lines). The
droplets are comprised 990 H,O molecules and 6130 HoO molecules at 7" = 300 K and 890
H50 molecules and 5990 H,O molecules at T = 350 K. For the histograms, we used 20000
configurations each collected every 0.2 ps and a bin size equal to 0.5 A.

Figure S1 shows the histogram of the raw data used to prepare Fig. S2 (a). Figure S1
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shows that for a droplet of 880-990 HyO molecules the maximum population is at r =
16.6 = 0.5 A, and overall the highest population is in the broader range of 15.5 A < R <
17.3 A. At r = 20.0 £ 0.5 A the population decreases to 1/4 of that in the peak, thus the
density reduces considerably since this population is estimated in a spherical shell of larger
volume than that at 7 = 16.6 A. The highest population is at r = 16.6 A, which is > 15.9 A,
the distance at which the fast density decrease starts as shown in Fig. 2 (a) because of the
larger volume available. In other words, at r = 16.6 A there is the maximum population
because of the volume effect, but the density has decreased earlier.

For the 6000 HyO-molecule droplet, the maximum population is at r = 31.5 £ 0.5 A.
Overall the highest population is in the broader range of 30.1 A < r < 33.0 A. In the 6000
H;0O-molecule droplet the same density features appear as in the 1000 HyO-molecule droplet.

Figure S2 (a) shows the density of the TIP3P H,O 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 77 = 300 K and 7" = 350 K. Figure S2 (b) shows in
colored shells the distances of the water molecules from the COM of a 6000-H,O droplet.
The water density profile (DP) shows an almost constant value up to 12.0 A and 23.2 A
for the 1000 and 6000 HoO-molecule droplet, respectively. 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 initially smooth and undergoes a faster decrease at r ~ 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-H,O-molecule droplet, an obvious sur-
face roughness starts in the grey shell as shown in Fig. S2 (b). The location of the surface
in a droplet has been discussed thoroughly in many surface tension studies of curved sur-
faces. 5514 Here, we do not address the location of the surface because we think that it is
not relevant to the properties we examine. In a forthcoming article we have examined the

location of the surface in relation to the surface tension of highly charged droplets.
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The density profiles of the pristine water droplets can be compared with those shown
in Fig. 1 in Zakharov et al.5%5? Calculations of Zakharov et al.5%52 for clusters of 512 HyO
molecules show that the clusters at 7' = 300 K modeled by TIP4P and SPC/E have a core
density 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.5%5? For the 6000-H,O droplet we found
that for < 35.35 4+ 0.5 A the O-DP shows a slightly higher probability density than the
H-DP. The order is inverted for r > 35.35 4+ 0.5 A. The change in the order of the profiles
occurs smoothly. Because of this inversion, Zakharov et al.S%5? consider that there is an

electric double layer on the surface of water clusters.
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Figure S2: (a) Density of oxygen sites as a function of the distance (r) from the droplet
center of mass (COM). The droplets comprised approximately 1000 and 6000 TIP3P H,O
molecules in equilibrium with its vapor at 7" = 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 density
plot starts from the center of the histogram bin, which is at 0.25 A. The bulk density of
TIP3P,535% which is 0.03461 A~2 at T' = 300 K and pressure 1 atm is shown by the blue
line. For the histograms, we used 2 x 10* configurations 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-TTP3P droplet COM: yellow colored 0 A < r < 17.0 A, green

colored 17.0 A < r < 30.0 A, grey colored 30.0 A < r < 34.0 A, red colored r > 34.0 A.
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Orientation of water molecules in pristine aqueous droplets

In order to examine the orientation of the electric dipoles within the droplet, we compute
the distribution of cos(f), where 6 is the angle between the HyO dipole moment (directed
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 HyO-molecule droplet show the same features in the angle

distribution. Initially we describe the 6000 HyO-molecule droplet.
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Figure S3: Contour map of cos(f) throughout consecutive spherical shells with center at the
droplet COM for pristine aqueous droplets comprised =~ 6000 TIP3P molecules at T = 300 K.
The droplet configurations are the same as those used in Fig. S2. The bin size in cos(f) is
0.05 and in distance 0.5 A.

Figure S3 shows in a contour plot the cos(f) distribution for a droplet of 6000 TIP3P
molecules at 7' = 300 K. The cos(f) distributions within representative spherical shells
(with center at the droplet COM and of thickness 0.5 A ) for 1000 and 6000-H,O-molecule
droplet are shown in Figs. S5 and S4. In the same figures comparison of the distributions
at T'= 300 K and 7" = 350 K is also shown. The data are normalized by dividing with the

number of counts in the spherical shell.
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At r < 28 A the cos(d) distribution is uniform. The same feature has been found in

5182 but for droplets of different size from that that we study. Thus, regardless

other works
of the size of the droplet and the water model this feature is robust. At 28 A< r < 35 A the
cos(0) distribution is an inverted parabola (shown in Figs. S5 and S4), with a flat maximum
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 maximum as shown in Fig. S1. For r > 32.0 A the oxygen
population decreases (Fig. S1) while the volume increases, which indicates a considerable
decrease in the droplet density. At 35 A< 7 <37 A the cos(f) distribution in symmetric with
respect to zero. At r >37 A the cos(d) 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 orientations
of the dipoles with 7 are frequently encountered and with a moderately higher frequency of
the anti-parallel orientation at a certain dr interval. The same features as for 300 K are also
observed at temperature 350 K, however at 350 K the distribution is broader (as shown in
Figs. S5 and S4). At T" = 350 K the shift from negative to positive cos(f) 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.5"5? regarding the negative shift of the cos(#) distribution that
we find in the inner water layers. Zakharov et al.>!"2 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. S2 (b), we find that the cos()
distribution is symmetric with respect to 0.0 as shown in Fig. S4 (e). This distribution leads
to (cos(f)) = 0 (where (---) denotes average). The cos(#) 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(6)

distribution.
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Figure S6 shows the (cos()) as a function of r for the pristine and charged droplets
at T = 300 K. Figure S6 complements Fig. 4 (b) in the main text. The collection of
plots for neutral and charged droplets allows for a direct comparison. Fig. S6 (a) shows
that the surrounding vapor is polarized around the charge droplet and that the density of
charged droplet surface is higher than that of the neutral. Fig. S6 (b) shows that in longer
distance from the droplet COM the density of the vapor surrounding the neutral 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 simulations 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(#) 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) distribution is symmetric with respect to zero, thus,
(cos(#)) = 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°.

Now, we discuss details about the angle distribution of the 1000 TIP3P HsO-molecule
droplet at T = 300 K and 7" = 350 K. Firstly, the distribution at 7" = 300 K is discussed.
At r < 13.0 A the distribution of the cos(#) values is uniform, thus there is no preferred
direction in the orientation of the dipoles. At 13 A < r < 19 A the cos(6) distribution is an
inverted parabola, with a flat maximum in the cos(f) range —0.25 — 0. Within this range,
at 15.5 A < r < 17.5 A the population of the oxygen sites is the highest as it is also shown
in Fig. SI. At r > 17.5 A the oxygen population decays, which indicates that the density of
the droplet decreases considerably. At 16.0 A < r <17.5 A the highest population of cos()
is in the range —0.5 — 0.3, which corresponds to angles 120° — 72.5°. At 19 A < r <20 A
the cos(f) distribution in almost (with a marginal negative cos(f) shift) symmetric with
respect to zero. At r > 20 A the cos(f) distribution shows a broad maximum in the range
of 0 —0.25. At r > 21.0 A, the cos(f) distribution decreases by an order of magnitude

than that in the range of 16.0 A < r < 17.5 A. It is noted that in the non-uniform angle
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Figure S4: Probability of cos(6) at representative spherical shells around the droplet center
of mass (COM) for pristine droplets comprised ~ 6000 TIP3P Hy0O molecules at 7" = 300 K

and T

= 350 K.
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distribution the population 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 orientations of the dipoles
with 7" are frequently encountered and with a modestly higher frequency of the anti-parallel
orientation at a certain dr interval. The same features as for " = 300 K are also observed at
temperature 350 K, however at 350 K the distribution is broader. The shift toward negative
and positive cos(f) values is also observed from the inner to the outer solvent shells. The
overall picture is that at r = 17.5 + 0.5 A, which is at a distance before a considerable
decrease in the density takes place, there is a negative shift in the cos() distribution. In the

regions where the density of the droplet is very low there is a positive shift.
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Figure S6: (a) (cos(#)) as a function of r for a pristine and sodiated 6000-TIP3P droplet and
vapor in the cavity at 7' = 300 K. The density profiles of water are shown. (b) Magnification
of the TIP3P density decay at r > 4 nm of (a).
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Ion spatial distribution in aqueous droplets
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Figure S7: Water density (blue line) and ion concentration of a droplet comprised 880 water
molecules, and 6 Na™ ions (solid red line) and that of a droplet comprised 880 water molecules
and a single Na™ (dashed red line) at 7' = 350 K. The blurry regions delimits the error bars
(one standard deviation).

Figure S7 shows the Nat-CP of droplets that comprise 880 water (TIP3P) molecules and
(a) 6 Na™ ions and (b) a single Na* ion. The simulations 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 location of the single Na™ ion is consistent with previous studies in smaller
clusters. 512519 Electrostatic theory, which is based solely on the energetic factor, predicts
that a point charge will be located 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 location.

Factors such as the ion size and ion-solvent charge transfer may play a role in determining
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their location in a droplet. In the particular system that we study the simulations show a
broad single Na™-CP in the droplet interior, which arises because of the thermal motion of
the droplet constituents (entropic factor). Thus, the location of the single Na® follows the
predictions of electrostatics on the fact that the ion is located in the droplet interior, but as

expected, the Na™-CP is broad because of thermal motion.
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Figure S8: Distributions of Na™ ions (red line) and oxygen sites (blue line) in droplets
comprised (a) 980 TIP3P molecules and 8 Na™ ions at 7" = 300 K. and (b) 5990 TIP3P
molecules and 18 Na™ ions at 7" = 350 K. The error bars are shown by the light green
region.

Figure S8 (a) shows the DP of the oxygen (O) sites of HoO molecules and the concentra-
tion profile (CP) of Na™ ions for a droplet comprised ~ 1000 HoO molecules and 8 Na™ ions
at T'= 300 K. The H-DP and O-DP are very close to each other at both temperatures. The
H-DP raises over the O-DP at 18.15 A . At T = 300 K the Na*-CP (red line in Fig. S8 (a))
shows a pronounced broad distribution in the range of 4.5 A —12.5 A, which has a flat
maximum in the range of 84 A —11.0 A. In r < 3.2 A there is still a non-negligible ion
density, which does not become zero even at the center of the droplet. The error bars were
estimated by using 5 blocks of 10° configurations each. In the range of 0 A < r < 3.2 A the
Na*-CP error bars are larger due to poorer statistics.

Figure S9 compares the spatial extent of an ~ 6000-H,O molecule droplet with and
without Na™ ions at T = 300 K and 7" = 350 K. At both temperatures the DP of the
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Figure S9: Comparison between the oxygen-DPs of droplets comprised ~ 6000 H,O
molecules and 20 Na™ ions (red lines) and pristine aqueous droplets of ~6000 molecules
(black lines) at 7" = 300 K and 350 K.

pristine aqueous droplet dies-off faster than that of the charged droplet. We may attribute
the difference in size primarily to the different shape fluctuations of the charged droplet from
that of the pristine droplet. The larger size of the charged droplet may also be affected to
a lesser degree by the additional volume of the Na™ ions and the larger number of HyO
molecules that remain bound in the charged droplet relative to the pristine droplet under

equilibrium conditions.
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Angle distribution of sodiated aqueous droplets

In more detail the cos(#) distribution shown in Fig. 4 (a) in the main text is as follows:
In a spherical shell of 7 =2.5 A the cos(#) distribution averages to zero and is uniform for
both droplet sizes. At r >2.5 A there is a gradual shift toward the positive cos(f) values.
At r = 10+ 0.5 A there is a moderate shift toward positive cos(f) values especially in
the range of 0.45 — 1. At r = 15+ 0.5 A there is a moderate shift toward positive cos()
values in the range of 0.80 — 1 (20% higher population with cos(d) +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(#) values are increasingly
populated and the maximum is at cos(d) = +1. The population of HoO molecules with
cos() = +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(#) = +1 population than —1) becomes more pronounced. At r = 28.5+0.5 A the cos()
distribution is strongly shifted toward the positive values where a broad range of angles with
cos(f) values 0.5 — 1.0 (which corresponds to angle range 60° — 0°) are highly populated.
The cos(f) = 1 has a marginal maximum population. For 29.0 A < r < 39.0 A cos(d) = 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 0.25 — 1.0 at r = 29+ 0.5 A, to 0.0 — 1.0 (almost
uniform distribution) at r = 304 0.5 A, to 0.0 —0.50 at 32 A< r < 34 A. Close to 7 = 34 A
the angles are in the range of 66° — 90° with the maximum found at 75° (cos(6)) = 0.25).
At 37.0 A < r < 38.0 A the highest cos(f) population is in the range 0.25 — 1.0, which
shows an almost uniform distribution. For &~ 39.0 A there is a strong preference for larger
cos(f)) values in the range of 0.50 — 1.0. The population is approximately 50% more for the
droplet at 7" = 350 K than at 7" = 300 K. We attribute this difference to the fact that the
lower temperature droplet is less extended than the higher temperature one. For r > 40.0 A,

where the dipole population is minimal, there is a clear preference for cos(f) = 1.0. These
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water 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 of the droplet does not play a role.5?!
A typical snapshot of a droplet comprised ~ 1000 TIP3P molecules and 8 Na™ ions is

shown in Fig. S10.

(b)

Figure S10: (a) Typical snapshot of a droplet comprised ~ 1000 TIP3P molecules and 8
Nat ions. The Na™ ions are shown by the blue spheres and the oxygen sites by the red
colored spheres. (b) Colored shells around the droplet COM at various r (the Na™ ions are
not shown): yellow colored 0 A <r<3.2A, green colored 3.2 A < r < 15.0 A, grey colored
15.0 A <7 < 21.0 A, red colored r > 21.0 A.

Figure S11 is a typical snapshot of an enlarged region of the droplet that shows magnified
the water molecules in a radius of 4.0 A from a Na®. Even though this is a typical snapshot
the orientation of the HoO dipoles is affected by the location of the Na™ in the droplet,
surface vs. interior. The orientation of the HyO dipole even in the first solvation shell is

subject to thermal fluctuations.
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Figure S11: A typical snapshot, magnifying a region of a droplet, to show the orientation of
the water molecules around a Na* ion. The droplet is comprised ~ 1000 TIP3P molecules
and 8 Na™ ions at 7' = 300 K.

Here, we discuss the angle distribution of ~ 1000 TIP3P HyO molecules and 8-6 Na™ ions
at T =300 K and T = 350 K as shown in Fig. S12. At 7.5 A< r < 13.0 A, which includes
the highest probability density for Nat ions to be encountered, the cos(#) range 0.60 — 1.0
(angles range: 53° — 0°) shows a considerable population with maximum at cos(d) = 1.0.
The cos(f) distribution is more uniform at 7' = 350 K. At r = 15.0 £ 0.5 A the distribution
is shifted toward positive cos(#) values. The maximum of the distribution is in the cos(f)
range 0.25 — 0.5 (angle range: 75° — 60°). The cos(f) value 0.95 £ 0.05 (angle of 0°) is highly
populated but is in not the maximum. At 15.5 A < 7 < 17.0 A the cos(f) distribution is
clearly shifted toward the positive values in the range of 0.0 — 0.50 (angle range: 90° — 60°).
At r =194 0.5 A the maximum is in the cos(#) range 0.25 — 0.60 (angle range: 75° — 53°).
At 21 A < r < 23 A there is almost a linear increase in the cos(f) population from —1 to
+1. At this range the population of the oxygen sites has decreased significantly relative to
smaller r, which indicates that the density of the water molecules has decreased relative to
smaller 7. For 7 > 27.5 A the number of counts becomes negligible. At T = 350 K the
features of the cos(f) distribution are the same as for 7' = 300 K but the distributions are
broader as expected due to the thermal motion. The picture that emerges from the cos(6)
distribution is that in the r distance where the Na™-CP shows the high probability the angles

do not show maximum at 0° but they explore a range of 0° — 90°. A broad distribution of
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Figure S12: Same as Fig. S5 but for
T =300 K and T" = 350 K.
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1000 TIP3P H50O molecules and 8-6 Na't ions at




angles is to be expected because as the H,O molecules are polarized around every Na™, their
orientation varies. Considering bulk simulations, it is expected that the solvent orientation
will be strongly affected by the Na® over two coordination shells. At r > 23 A the H,O
molecules are strongly oriented by the electrostatic field of the entire droplet and not the
individual Na* ions. Thus, the water dipole moment and 7 are at 0° angle. The observation
of the strong orientation shows that the strength of the electric field overcomes the thermal

motion.
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Charge distribution
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Figure S13: Charge distribution in a droplet comprised 2 x 10* water molecules and 36Na™
ions at T" = 350K. The distribution is calculated by finding the charge in spherical shells
centered at the droplet COM. (a) Water only. (b) Water and ions.

The fluctuations in the charge distribution are shown in Fig. S13 for a droplet comprised

2 x 10* water molecules and 36Na™ ions at 7' = 350K.
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St

Figure S14: Illustration of the change in the radius vector when the surface is offset by a
fixed distance 6.

S-21



Orientation of water molecules in sodiated droplets with

polyhistidine
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Figure S15: Same as Fig.S3 but for a droplet composed of 6000 HoO molecules, Hisjo™, and
10 Na™ ions (3 have evaporated) at T = 350K. For the histograms, 50000 configurations
collected every 0.2 ps and a bin size is 0.5 A were used.

At T = 350 K the general features of the angle distribution are consistent to those found
at T = 300 K. The description of the distribution is as follows: at 7 < 14.0 A all angles are
well populated. At r = 14.0 £ 0.5 A there is an ~ 5% shift of the population toward the
positive cos(f) values, with the maximum found at cos() = +1. At r = 16.0—17.0 A there is
a broad almost uniform population in the cos(f) range 0.55—1, with a marginal maximum at
cos(f) = +1. At r = 19.0 —27.5 A there is a broad almost uniform distribution in the cos()
range 0.80 — 1. The value of cos(f) = +1 is clearly the maximum at r = 22.0 — 25.0 A. For
r > 29.0 A there is a gradual shift of the population toward cos(d) = 0. At 7 = 30.0 A the
cos(f) range 0.1 — 0.75 is highly populated. The cos(f) = 0.0 has a comparable population
to the positive cos(d). At r > 30 A the population of low negative cos(f) values becomes

comparable to the positive cos(f) values.
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Figure S16: Same as Fig. S5 but for droplets of ~ 6000 TIP3P H,O molecules with 20 Na™
ions at 7" = 300 K and 7" = 350 K (blue and orange colored dots) and ~ 6000 TIP3P H,O

molecules, 10 Na™ ions and a His

10+
10

(green dots).
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