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Molecular dynamics simulations of the evaporation
of hydrated ions from aqueous solution

Philip Loche 12 Douwe J. Bonthuis@® 3 & Roland R. Netz@® 2

Although important for atmospheric processes and gas-phase catalysis, very little is known
about the hydration state of ions in the vapor phase. Here we study the evaporation ener-
getics and kinetics of a chloride ion from liquid water by molecular dynamics simulations. As
chloride permeates the interface, a water finger forms and breaks at a chloride separation
of ~ 2.8 nm from the Gibbs dividing surface. For larger separations from the interface, about 7
water molecules are estimated to stay bound to chloride in saturated water vapor, as cor-
roborated by continuum dielectrics and statistical mechanics models. This ion hydration
significantly reduces the free-energy barrier for evaporation. The effective chloride diffusivity
in the transition state is found to be about 6 times higher than in bulk, which reflects the
highly mobile hydration dynamics as the water finger breaks. Both effects significantly
increase the chloride evaporation flux from the quiescent interface of an electrolyte solution,
which is predicted from reaction kinetic theory.
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their favorable solvation!=> but nevertheless are known to be

present in the earth’s atmosphere, with important con-
sequences for climate, precipitation, and atmospheric chemistry
phenomena such as the regulation of the ozone concentration in
the tropo- and stratospheres®~!2, The traditional Born estimate of
the ion solvation free energy in water!3 neglects ion hydration in
the vapor phase, i.e., the possibility that a few water molecules
adsorb from vapor onto an ion. Clearly, ion hydration in the
vapor phase will substantially decrease the magnitude of the
solvation free energy and therefore significantly increase the
equilibrium ion concentration in the vapor phase and accelerate
the ion-evaporation kinetics from aqueous electrolyte solutions.

Previous simulation studies of halide ions at the air-water interface
showed that the repulsion from the interface decreases with halide
size!4"17 and that ions, when they penetrate the interface from the
waterside, significantly deform the interface and produce an extended
water finger!8. For water-dichloroethane and water-nitrobenzene
interfaces it was shown that when a chloride ion leaves the aqueous
phase, it drags a few water molecules into the organic liquid
phase!®21, which suggests that in these water-saturated organic
liquids, chloride ions are present as nano-hydrated droplets. For the
important case of fully or partially saturated water vapor, it is not
clear whether ions are hydrated, ie., surrounded by an adsorbed
water layer, or not. Experiments indicate significant chloride content
of maritime air®’, but without knowing the solvation free energy of
hydrated chloride ions, it is impossible to estimate the relevance of
equilibrium ion-evaporation versus nonequilibrium ion-evaporation
mechanisms, the latter being caused by oceanic surface waves and
concomitant spray and droplet formation.

For estimating the evaporation flux of ions from electrolyte
solutions into the vapor phase, one needs in addition to the
barrier energy, which corresponds to the ion solvation free
energy, also the ion diffusivity in the transition state. This follows
from the fact that it is the transition-state diffusivity that deter-
mines the reaction rate, not the bulk diffusivity. Since the ionic
transition state is located close to the air-water interface, the
transition-state ion diffusivity is not necessarily given by the ion
bulk diffusion coefficient. By a combination of four different
equilibrium and nonequilibrium simulation protocols, we deter-
mine the hydration state of an isolated chloride ion in saturated
water vapor and extract both the spatial chloride solvation free
energy profile across the electrolyte-vapor interface and the
chloride diffusion coefficient at the transition state from simu-
lation trajectories. This way, we gain a full understanding of the

I ons in aqueous solution have a very low vapor pressure due to

equilibrium ion hydration in the vapor phase and the evaporation
kinetics from a quiescent air-water interface.

We find that a chloride ion is hydrated by about seven water
molecules in close-to-saturated water vapor, which drastically
decreases the ion solvation free energy by about 26 kgT from
142 kgT in dry air, which is the normally assumed reference
state?2, down to 116 kgT. This simulation result is corroborated
by continuum-dielectric and statistical-mechanics model calcu-
lations. Further, we determine the effective chloride diffusion
coefficient D,, in the transition state, in which the ion is con-
nected by a thin water neck to the aqueous phase at a distance of
about 2 nm from the Gibbs dividing surface (GDS). We find D,,
to be increased by a factor of about 6 compared to the bulk value,
which reflects the highly dynamic hydration structure of the
water neck. Both effects, the reduction of the solvation free energy
and the increase of the effective diffusion coefficient, significantly
increase the chloride evaporation flux from electrolyte solutions.
Still, the estimated chloride evaporation flux from the oceans is
many orders of magnitude smaller than the one needed to
account for the current atmospheric chloride concentration. We
conclude that atmospheric chloride is released by nonequilibrium
mechanisms connected to ocean surface-wave induced spray and
droplet formation.

Results and discussion

As shown previously, ions form water fingers with the water
phase as they penetrate the water-vapor interface!8 or the
water-organic liquid interface!®=21. However, the possibility of
ion hydration far in the vapor phase has remained unclear. We
first present two simple analytical models which suggest that ions
should be hydrated in saturated water vapor.

Dielectric continuum model for ion hydration. The first model
is based on continuum dielectric theory: We assume that the ion
with radius R and valency ¢ (in units of the elementary charge e)
is surrounded by a dielectric shell with radius B and relative
dielectric constant ¢, see Fig. la for a schematic illustration. The
free energy difference U, between the hydrated and non-hydrated
states according to the Born model on the linear dielectric
response level is given by
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Fig. 1lon pulled at a constant speed through the interface. a Dielectric model for an ion with valency g and radius R embedded in a spherical droplet with
dielectric constant e and radius B. b Molecular model for the binding of a water molecule to an ion. ¢-f Simulation snapshots of protocol (1) where chloride
is held in a harmonic potential that moves with a prescribed velocity v through the interface. g Chloride position and (h) number of water molecules NHzo in
a sphere with radius Tnm around the ion as a function of time. The left vertical dotted line shows where the velocity of the potential is reduced, the right
vertical dotted line shows where the water finger breaks. The horizontal broken line in (h) indicates the number of bound water molecules after the finger
has broken. A simulation video is shown in Supplemental Movie 1 and online https://youtu.be/ygqVOVVSju8.
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is the air-water surface tension. The first term denotes the
dielectric polarization energy difference and the second term in
Eq. (1) is the surface free energy. Note that we assume the surface
tension to be independent of the radius, which is an approx-
imation that not necessarily holds on Nanoscopic length scales?3.
The optimal hydration layer radius B follows from dU,/dB = 0 as
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while the free energy at the optimal value B" is given by
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For the SPC/E water model applied within this study
y=>540mN-m~1, ¢=70 and [}’ = 56 nm obtained from our
simulations in agreement with previous studies?42>. The optimal
hydration radius for g = +1 then is B* ~ 0.44 nm. From the free
energy given in EqK (3) 1t follows that for ion radii smaller than
the critical value R* = 2B"/3 ~ 0.3 nm the hydration shell is stable
and thus water molecules should assemble around an ion. On an
approximate level, the radius of a chloride ion can be estimated
from the simulated or experimental solvation free energy (which
perfectly agree since the experimental solvation free energy is
used as an optimization target for reliable ion force fields) using
the Born expression for the dielectric polarization energy similar
to Eq. (1), from which one obtains R = 0.19 nm?2. Of course,
this estimate for the radius makes a number of approximations
that are not really fulfilled, primarily the assumption of linear
dielectric response?2, but is consistent with the linear expression
Eq. (1). Since the est1mated chloride ion radius R is smaller than
the critical radius R*, we conclude that based on this simple
dielectric continuum model a chloride ion should be surrounded
by a water shell in saturated water vapor. However, the predicted
thickness of this hydration shell, B* — Rey = 0.25 nm, is not much
larger than the size of a water molecule and continuum modeling
might not be accurate. Besides, the free energy expression Eq. (1)
neglects the entropy loss upon water adsorption from the vapor
onto the jon.

Statistical mechanics model for ion hydration. In an alternative
molecular statistical mechanics model, we describe a single
hydrating water molecule by the partial oxygen charge, qo,
located at a distance Bp and the partial hydrogen charges gy =
—qo/2 at a distance of By from the ion center, see Fig. 1b. The
hydration free energy is the sum of the Coulomb free energy and
the translational and rotational entropy losses upon water bind-
ing to a chloride ion,

U bind U Coul
— =+ Sqans + S
kB T kB T trans rot

1 o)
lVacquO| < ) + 1 + Srot?
By B, Vhyd

where vy, = 1/cyp = 1415 nm~3 is the water molecular volume
in fully saturated vapor and v,y = 47B} /3 is the approximate
hydration volume, i.e., the volume available for a hydrating water
molecule. Estimating the chloride-oxygen distance as Bo=
0.322nm from the chloride-water radial distribution function
(see Supplementary Fig. 1) and By =0.27 nm using the SPC/E
geometric parameters, we find from the SPC/E partial charges2¢
Ucow/ksT = —24. The translational entropy loss is Siyuns = 10.83,
while the rotational entropy loss upon water binding has been
estimated as S, ~2 for a similar system?’. In conclusion, the
Coulomb free energy in Eq. (4) outweighs the entropy loss and we
estimate a favorable hydration free energy of about Upjng = —11

kgT for the first water molecule that adsorbs onto a chloride ion
(note that the binding free energy of subsequently adsorbing
water molecules will of course be reduced due to Coulomb
repulsion). This corroborates the conclusion from the dielectric
continuum model that chloride should be hydrated in saturated
water vapor. Clearly, for a quantitative analysis, simulations are
needed.

Ion evaporation from molecular dynamics simulations. All
details of the molecular dynamics simulations are explained in
“Methods®. Figure 1c—f shows simulation snapshots using protocol
(I), where the chloride ion is confined in a harmonic potential that
moves at prescribed velocity v from the liquid to the vapor phase
(the vapor phase is located at z <0 and the water phase at z> 0,
where z denotes the position relative to the GDS). For z> —1.7 nm,
in which range a stable water finger is present, we move the
potential at a relatively fast velocity of v=0.5m - s~ ! (gray area in
Fig. 1g, h). For z< —1.7 nm, where the water finger is becoming
unstable, we reduce the velocity by a factor of 250 down to
v=2-10"3m - s~ L Figure 1g shows the z position of the confined
ion and Fig. 1h the number of water molecules Ny,  inside a sphere
of radius 1 nm around the ion as a function of time. At z= —2.4 nm
the water finger breaks, and the ion position jumps away from the
interface, which demonstrates that the water finger pulls on the ion.
After the finger breaks, Ny o = 13 water molecules stay bound to

the ion. The position of the breakdown and the number of bound
water molecules depend on the velocity with which the potential
moves (results for different velocities are shown in Supplementary
Fig. 2).

To study the long-time dynamics of the ion hydration and the
water—finger break up, we use simulation protocol (II), where the
ion-confining potential is fixed in space. Figure 2a-f shows
snapshots for two potential positions z=—2.8nm and
z=—7.0nm starting from an initial state with no water
molecules adsorbed to the ion. For z= —2.8 nm the ion attracts
water molecules from the nearby interface, and a water finger
forms and breaks periodically. For z= —7.0 nm the ion forms a
hydration shell as well but this time no water finger is present, the
water molecules are in fact captured from the vapor phase. The
number of hydration waters Ny ( as a function of time in Fig. 2g

demonstrates the oscillatory water-finger dynamics with a period
of about 150 ns for z= —2.8 nm and the formation of the ion
hydration shell over a relaxation time of about 50ns for
z=-7.0nm.

We fit the distribution of the number of water molecules Ny;
in the ionic hydration shell for z=—7.0nm in Fig. 2h by a
Gaussian

—1(ry?
P(NHZO) = e Rl (5)
where y=6.59+0.03 nm and 0=0.93+0.03 nm are the mean
and the standard deviation. The non-hydrated state is never
observed in the simulations, except in the initial equilibration
stage. We, therefore, estimate the free energy of the non-hydrated
ion state from the Gaussian fit by extrapolation as
Uhya/kpT & In P(0) = —26 + 3. With the limited simulation data
for the hydration number distribution, the accuracy of this
Gaussian approximation is difficult to assess, but we note that the
result is not inconsistent with the free energy Upjng=—11 kT
from Eq. (4) for the adsorption of a single water molecule to a
chloride ion, keeping in mind that the subsequent adsorption of
water molecules will be less favorable due to shielding of the ionic
charge.

Knowing the ion hydration structure at the interface and in the
vapor phase from simulation protocols (I) and (II), we now
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Fig. 2 lon held at fixed position. Simulation protocol (lI) where an ion is confined to a harmonic potential fixed at different z positions. Simulation
snapshots at different times are shown for z= —2.8 nm (a-c) and z= —7.0 nm (d-f). g Number of water molecules Ny, , in a sphere with radius 1nm
around the ion for two different positions as a function of time, initially NHZO = 0. h Distribution of NHZO for z= —7.0nm, where the first 50 ns of the
simulation are discarded for equilibration. The black solid line is a Gaussian fit from which the free energy for NHZO = 0 is obtained by extrapolation.
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Fig. 3 lon free energy from thermodynamic integration (TI). a Water
mass density profile p,,(z) of the water-vapor interface. b Chloride free
energy profile U(z) obtained by TI (protocol (lll), black spheres) where the
ion is held at different fixed positions. The error bars are of the same size as
the data points. The black solid line shows the analytic image-charge
potential for a charged sphere at a sharp flat dielectric interface2?, the black
dashed line is shifted by the vapor hydration free energy Upyq = —26kgT.
The red solid line is a cubic polynomial fit to the Tl data in the

range —2.0nm < z< 0.4 nm. Colored dots show the free energy obtained
from the logarithm of the ion distribution of protocol (IV) simulations at
constant force Fyu.

determine the position-dependent hydration free energy from TI
using the protocol (III). Figure 3a shows the water mass density
profile p,,(z) across the air-water interface, which exhibits the
typical shape for a vapor-liquid interface and is broadened due to
capillary surface waves?3. Figure 3b shows the free energy profile
Ul(z) for a Cl~ ion. The TI data is shown as black spheres, where
in the water slab center (z=5nm) we set U(z) = 0. We subtract
from our simulation results the interaction between the chloride
ion and the counter ion in the water slab and all periodic images
using analytic expressions?®2%, as shown in Supplementary
Section 3. Colored spheres show results from simulations at
constant pull force F,y; (simulation protocol IV, explained in
more detail below), obtained from the negative logarithm of the
distribution function and shifted such as to coincide with the TI

data at z= —1 nm, which exhibits good agreement with the TI
data. In Supplementary Fig. 6, we present umbrella-sampling
results for U(z), which are based on shorter simulations than our
TI data, and as a consequence exhibit significant deviations from
our TT results. Since our TI results agree rather accurately with
constant pull force simulations from protocol (IV), as shown in
Fig. 3b, we trust our TI data and therefore did not use umbrella-
sampling results in our analysis. The black solid line denotes the
analytical expression for the image-charge interaction of a
charged sphere of radius 0.19 nm with a sharp dielectric interface
at z=0nm, which saturates to a constant value at separations
z< —10 nm, as shown in Supplementary Fig. 4a, see Supplemen-
tary Section 3 for a derivation of the analytical expression?. In
the derivation of the analytical expression, we use only one
dielectric interface, whereas in our simulations we have a slab
system with two interfaces. However, as we show in Supplemental
Fig. 5, we find that for a water slab thickness of 10 nm, as in our
simulations, the image—charge interaction for a slab system agrees
very well with the result for a single interface. The TI free energy
agrees with the analytic expression (black solid line) for large
distances from the surface of about z=—3nm. This is not
surprising, as the analytical image-charge theory neglects the
interface deformation, the water finger formation, and ion
hydration in the vapor phase. On the other hand, the TI, which
always starts from an unhydrated ion and consists of simulations
with a duration between 5 and 100 ns per integration step, does
for large separations z < — 2.0 nm from the interface not yield the
correctly hydrated ijon state, which has a somewhat longer
equilibration time, as shown in Fig. 2g. As a consequence, the TI
in Fig. 3b is expected to follow the image—charge theory for an
unhydrated ion (solid black line) for z< —3nm in a smooth
fashion as long as the TI simulations trajectories are not longer
than the time needed for the hydration shell to form from the
vapor phase, which is about 100 ns. The TI data can therefore
only be trusted for z>—2.0nm, where the time needed to
establish the water finger is safely reached within the TI
simulation time. The image-charge potential shifted by the ion
hydration free energy Upyq = —26 kgT, denoted by a black dashed
line, should describe the ion free energy accurately when the
water finger is absent and therefore serves as an upper bound for
the true ion free energy profile U(z).

To obtain an analytic form of U(z), we fit a cubic polynomial to
the TI data in the range — 2.0 nm < z < 0.4 nm, where the TI data
can be trusted. This fit, shown as a red solid line, is constructed
such as to reach the broken black line at z=—2.8nnm, the
distance at which the water finger is seen to become unstable
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Fig. 4 lon dynamics with externally applied force. Simulation protocol (IV) where a constant force F,y acts on the chloride ion. a Number of water
molecules Ny,0ina spherical sphere with radius 1nm around chloride as function of position. Colored lines are simulations at constant force F.. The black
line shows results from constant velocity simulations (protocol |, Fig. 1h) and black open squares show TI simulations (protocol Ill, Fig. 3b). b-e Snapshots
at different ion positions for F,. = 44.1kgT - nm~". f Free energy for Foul=441kgT - nm~, green dots show results from the ion distribution of

200 simulation runs, the red solid line is the cubic polynomial fit from Fig. 3b. g lon trajectory corresponding to snapshots in (b-e). The inset shows a
histogram of first passage times for 200 simulation runs with an exponential fit (solid red line). A simulation video of an evaporating chloride ion is
available in Supplemental Movie 2 and online https://youtu.be/LVAHxCInzIU.

from the oscillatory behavior in Fig. 2g, and to reproduce the bulk
free energy U(z) =0 at z=04nm with vanishing slope. In
conclusion, the deviation of the true ion free energy from
the analytical image—charge prediction (black solid line) for
z< —2.8 nm is caused by ion hydration and for z>—2.8 nm by
water finger formation. The fitted red line accounts for both effects.

To characterize the ion-evaporation kinetics, we apply a constant
force Fyuy on the ion (protocol 1V). Figure 4a shows Ny  as a
function of position for different Fyy (colored lines) in comparison
with results from TI (protocol III, black squares) and constant
velocity simulations (protocol I, black line). The results agree
closely except for the TI results for z < —2 nm, for reasons that were
discussed earlier. Figure 4b-e shows simulation snapshots at
different times for a force F,uy=44.1kgT - nm~l, in agreement
with our constant position simulations in the protocol (II) shown
above, the ion drags a few water molecules along as it evaporates.

Figure 4f shows the free energy profile U(z) — zF,u from the
cubic fit for U(z) in Fig. 3b for a force F,y=44.1kpT - nm~!
(solid line). The green dots show the free energy obtained from
the logarithm of the ion position distribution from simulations at
constant force averaged over 200 simulation runs, which agrees
with the red line quite well to the right of the barrier, which
demonstrates the consistency of the different simulation proto-
cols (the disagreement to the left of the barrier reflects the
nonequilibrium character of the trajectories which leave the water
phase and never return from the vapor phase). The applied force
reduces the energy barrier height AU from = 110 kgT to = 4.5 kgT,
so that evaporation events are frequently observed in the
simulations. In Fig. 4g, we present an ion-evaporation trajectory
for Fpyy = 44.1kgT - nm~!. Initially, the ion is in the center of the
water slab at z=5nm. Due to the applied force, it quickly moves
towards the free energy minimum around z= —0.8 nm and
crosses the barrier after a first passage or waiting time of about
tgp = 1.8 ns. The inset shows the normalized first-passage time
distribution Pgp for 200 evaporation events. The red solid line is
an exponential fit according to Ppp(tgp) = e~ /™ /7, 0. where
the mean first-passage time is Typp = 2.9 ns. We note that we
chose a rather large lateral size of the simulation box of
5.1 nm x 5.4 nm, but we cannot exclude that finite-size effects
influence the kinetics of the observed ion-evaporation events, so
our results for Typp could contain a systematic error.

101 Tfrrrrrrrrrrrrrr[rrrrrrrr T
—— Dy =11-10"%cm?.s~!

100

101

k/(ns~")

10—2

1073.|....|....|....|....|....|....|..
44 45 46 47 48

Fout / (ksT-nm=1)

Fig. 5 lon-evaporation rate. Evaporation rate k of a chloride ion from
protocol (V) simulations as a function of the applied force Fy;, error bars
denote the standard deviation of independent simulations runs divided by
the square root of their number. The solid line shows the Kramers rate Eq.
(7) in the limit L - O with a fitted transition-state diffusion constant

D, =M-10"cm? .57,

Reaction rate theory for ion-evaporation kinetics. In Fig. 5, we
show the simulated evaporation rate k = 1/(27ypp) as a function of
the applied force F,.y (data points). The reaction rate theory used
to describe the ion-evaporation kinetics is explained and derived in
the Methods section and in Supplementary Section 5. The solid
black line corresponds to the Kramers rate Eq. (7) in the limit
L =0, since in the simulations with applied force Fj, the potential
well is characterized by the curvature U, and no additional
reservoir of length L is present. The values for the potential barrier
AU and the curvatures U, and U, follow from the cubic fit
function shown in Fig. 3b. In Supplementary Section 6, we show
that the ion barrier crossing kinetics is dominated by the ion dif-
fusivity at the transition state and not by the bulk ion diffusivity.
The single-parameter fit yields the ion diffusion coefficient at the
transition state D, = 11-107° cm? - s™!, which is 6 times larger
than the chloride bulk diffusivity Dy =2 - 107> cm? - s~1, which
is determined from independent simulations and which agrees well
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with the experimental result Dy o, = 2.24- 107> cm? - 7130, In

the transition state, at the barrier top around z = —2 nm, the ion is
only loosely hydrated within the water finger, see Fig. 4b—e, which
explains the significantly increased diffusivity compared to bulk.

Knowing the free energy profile U(z) and the ion diffusivity at
the transition state D, we can calculate the chloride evaporation
flux J from the earth’s oceans using Eq. (8). So far our simulations
and calculations were for a single ion. A finite ion concentration as
present in the ocean will screen the Born solvation energy and the
image-charge interaction within the liquid phase3!. The effect on
the solvation free energy can be described by the concentration-
dependent activity coefficient p, which for a NaCl solution at
Cocean = 599 mol - m—3, the salt concentration of the oceans, takes a
value of y =0.7232. From this, the salt concentration-dependent
correction to the ion solvation free energy amounts to Iny =
—0.32 in units of kT, which is negligible compared to the much
larger single-ion solvation free energy. From the area of the earth’s
oceans Agcean = 3.61 - 1014 m2, we estimate an ion flux of

AU
— " kgT
] - Aocean Cocean kO e

-23 -1 ©)
222-100*mol -y,

where we used ky=33m-s"! and AU=113kgT as derived in
Supplementary Section 5. Neglecting the return to the oceans and
the loss to higher altitudes, the current chloride concentration in
the earth’s atmosphere due to evaporation is predicted to
be=10"32mol - m—3, where we used the age of the earth as
4.54 - 10 years and the height of the troposphere as =12 km33. This
predicted concentration is many orders of magnitude smaller
compared to the actual present concentration of chloride in the
atmosphere, which is 1.3 - 10~7 mol - m—3 (see ref. 7). We conclude
that chloride evaporation from the quiescent air-ocean interface
cannot explain the present chloride concentration in the atmo-
sphere, which rather must be caused by spray formation due to
oceanic surface waves and wind activity®10:12:34-36,

Conclusion. Using a combination of four different molecular
dynamics simulation methods, we investigate the evaporation of
chloride ions from the air-water interface. The simulations reveal
that in saturated water vapor, chloride ions take seven water
molecules with them as they evaporate from the water phase, as
follows from long simulations of a chloride ion in the vapor phase
and is checked by simple dielectric-continuum and statistical
mechanics models. Clearly, the number of hydration water will
decrease with decreasing relative humidity. This hydration shell
significantly lowers the magnitude of the solvation free energy of
chloride ions and thus increases the equilibrium concentration of
chloride ions in the vapor phase. The effect of the ion hydration is
typically excluded in estimates of ionic solvation free energies
since usually a cycle is employed where the solvation free energy
of neutral compounds is used.

We also determine the chloride diffusivity in the transition
state D,,, which is increased by a factor of 6 compared to the bulk
value due to the formation of a highly dynamic water finger that
engulfs the ion. The reduction of the solvation free energy
together with the increased transition state diffusivity increases
the spontaneous evaporation kinetics of chloride ions from
electrolyte solutions significantly, though not enough to explain
the current atmosphere chloride concentration, which must be
caused by spray and droplet formation induced by oceanic waves
and wind activity. Nevertheless, the spontaneous chloride
evaporation across air-water interfaces is important for under-
standing the balance of hydrated ions and electrolyte droplets in
the earth’s atmosphere. In particular, our prediction that chloride
ions are surrounded by a hydration shell in saturated water vapor

is important for atmospheric chemical reactions including rain
and cloud formation and awaits experimental confirmation.

Similar effects as we find for chloride are also expected for
other ions and in particular for multivalent ions. Previous studies
investigated the evaporation mechanism of water molecules from
the vapor-liquid water interface3”. Compared to ions, water
molecules evaporate as single molecules and do not form
extended water fingers. Also, the free-energy barrier of water
evaporation is just a few kgT, in accordance with the much higher
vapor pressure of water. As a consequence, water evaporation
from an interface is a frequent process that can be easily observed
in simulations, in contrast to the evaporation of ions.

The importance of atmospheric chloride and its hydration state
originates from the fact that it regulates the ozone
concentration333%, which in turn is crucial for sustaining life on
earth. Most of the ozone is located in the stratosphere
(=12-55km), where it absorbs short-wave radiation from the
sun and thus protects living organisms from potentially fatal
genetic damage®’, Only about 10% of the total ozone is located in
the troposphere (below =12km) where ozone is the source of
hydroxyl (OH) radicals, which is the most important oxidizing
agent responsible for the self-cleaning capacity of the
atmosphere8. The ozone concentration also influences antarctic
temperature changes and the southern hemisphere mid-latitude
circulation®1-43, Therefore, the experimental and theoretical
study of atmospheric halides and their hydration state is directly
relevant for the ozone balance and indirectly to climate change
and global warming phenomena.

Methods

Evaporation kinetics model. For an overdamped system governed by a potential
U(z) along a one-dimensional reaction coordinate, the rate of reaching a barrier
from a reservoir of length L as derived in Supplementary Section 5 is given by

P S o
2Tpp ELU §
where Typp is the mean first passage time of reaching the barrier top, U, ;. is the

potential curvature at the potential minimum and AU = U, — U, is the

barrier height, i.e, the difference between the potential maxima and minima. The
/(2mky T) and has units of a

velocity, where Dy, is the diffusion coefficient in the transition state, i.e., the barrier
top (see Supplementary Section 6). For L — 0 in Eq. (7) we recover the Kramers
result in the overdamped limit4, while for L — oo, the relevant limit for eva-
poration from a bulk reservoir, the barrier crossing rate is given by

kO AU D‘ U” _AU
; _ fr — Do [ Ymax AT 8
Lhngc k = e B = 2 kB € BT, ( )

Simulation model. Classical non-polarizable force-field molecular dynamics
simulations are performed using the GROMACS package®>. For water, we use the
SPC/E model. The chloride parameters are taken from ref. 46, which are close to
recently optimized parameters that well reproduce experimental solvation free
energies, activity coefficients, dielectric constants, mass densities, and conductivities
over a large concentration range*”. The used chloride force field has also been
shown to reproduce the experimental ion excess at the air-electrolyte interface?s,
which suggests that it is not necessary to use polarizable or charge-scaled force
fields* for the present study. The periodic simulation box has an extension of
5.1 x 5.4 x 70 nm and contains 9024 water molecules at a temperature of T'= 300 K
that spontaneously form a slab with a thickness of roughly 10 nm thickness and a
vapor phase with a thickness of roughly 60 nm. The vapor phase is fully saturated by
construction and has a water number density of cy,, =7 - 10~4 nm~3, obtained
from simulations without an ion, which corresponds to an ideal gas pressure of
Pyap = 30 mbar, slightly lower than the experimental water vapor pressure of

Pyop =42 mbar at 300 K33. The system is periodically replicated in all directions.
Besides the water molecules, we add a chloride ion with a charge — e and a counter
ion with a charge e that is fixed in the center of the water slab, which avoids artifacts
in charged inhomogeneous systems®. The counter ion corresponds to a lithium
cation and has a substantially larger solvation free energy than chloride, which
prevents the formation of a second water slab around the chloride ion. As a con-
sequence, the water vapor humidity is slightly decreased from full saturation. To
furthermore avoid motion of the water slab, we apply a harmonic force on the

reaction rate coefficient is given by kg = D1/ Up
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center of mass of the system in the z direction with a force constant 1000 k] - mol
—1.nm~2 We employ four different simulation protocols. In protocol (I) we
confine the chloride ion inside a harmonic potential which is moving with a con-
stant velocity along the z direction. In protocol (II) the chloride ion is confined
inside a harmonic potential that is fixed in space. In protocol (III) we determine the
free energy profile using thermodynamic integration (TI), where the chloride ion is
frozen at different positions. Here, the simulation length per integration step is
between 5 and 100 ns. In Supplementary Fig. 6, for comparison, we also show results
from umbrella-potential simulations with much shorter trajectories. In protocol
(IV) we apply a constant force Fyuy on the chloride ion perpendicularly to the
air-water interface. More detailed information about all simulation methods is given
in Supplementary Section 1.

Data availability

The datasets generated and analyzed during the current study are available from the
corresponding author on reasonable request. Supplementary Movie 1 shows a chloride
ion pulled from an air water interface with a constant velocity of 300 m - s~ 1.
Supplementary movie 2 shows the evaporation process of a chloride ion where a constant
force of 44 kT pointing from the water to air phase is acting on the ion.

Received: 8 October 2021; Accepted: 22 March 2022;
Published online: 19 April 2022

References

1. dos Santos, D. J. V. A,, Miiller-Plathe, F. & Weiss, V. C. Consistency of ion
adsorption and excess surface tension in molecular dynamics simulations of
aqueous salt solutions. J. Phys. Chem. C https://doi.org/10.1021/jp804811u
(2008).

2. Rotenberg, B. et al. Water and ions in clays: unraveling the interlayer/
micropore exchange using molecular dynamics, Geochimica et Cosmochimica
Acta https://doi.org/10.1016/j.gca.2007.08.018 (2007).

3. Molina, J. J. et al. Models of electrolyte solutions from molecular descriptions:
the example of NaCl solutions. Phys. Rev. E 80, 065103 (2009).

4. Bruce, E. E. & van der Vegt, N. F. A. Molecular scale solvation in complex
solutions. J. Am. Chem. Soc. https://doi.org/10.1021/jacs.9b03469 (2019).

5. Gonella, G. et al. Water at charged interfaces. Nat. Rev. Chem. https://doi.org/
10.1038/s41570-021-00293-2 (2021).

6. Pruppacher, H. & Klett, J. Microphysics of clouds and precipitation. in
Atmospheric and Oceanographic Sciences Library (eds Mysak, L. A. &
Hamilton, K.) p. 10-58 (Springer Netherlands, 2010).

7. Horvath, L., Mészaros, E., Antal, E. & Simon, A. On the sulfate, chloride and
sodium concentration in maritime air around the Asian continent. Tellus
https://doi.org/10.1111/j.2153-3490.1981.tb01760.x (1981).

8. Platt, U. & Honninger, G. The role of halogen species in the troposphere.
Chemosphere Naturally Produced Organohalogens https://doi.org/10.1016/
S0045-6535(03)00216-9 (2003).

9. Wennberg, P. Bromine explosion. Nature https://doi.org/10.1038/16805
(1999).

10. Knipping, E. M. & Dabdub, D. Impact of chlorine emissions from sea-salt
aerosol on coastal urban ozone. Environ. Sci. Technol. https://doi.org/10.1021/
€s025793z (2003).

11. Simpson, W. R. et al. Halogens and their role in polar boundary-layer ozone
depletion. Atmos. Chem. Phys. https://doi.org/10.5194/acp-7-4375-2007
(2007).

12. Corral Arroyo, P., Aellig, R, Alpert, P. A., Volkamer, R. & Ammann, M.
Halogen activation and radical cycling initiated by imidazole-2-carboxaldehyde
photochemistry. Atmos. Chem. Phys. https://doi.org/10.5194/acp-19-10817-2019
(2019).

13. Born, M. Volumen und Hydratationswarme der Ionen. Z. Physik https://
doi.org/10.1007/BF01881023 (1920).

14. Jungwirth, P. & Tobias, D. J. Specific ion effects at the air/water interface.
Chem. Rev. https://doi.org/10.1021/cr0403741 (2006).

15. Huang, D. M., Cottin-Bizonne, C., Ybert, C. & Bocquet, L. Aqueous
electrolytes near hydrophobic surfaces:dynamic effects of ion specificity and
hydrodynamic slip. Langmuir https://doi.org/10.1021/1a7021787 (2008).

16. Eggimann, B. L. & Siepmann, J. I. Size effects on the solvation of anions at the
aqueous liquid-vapor interface. J. Phys. Chem. C https://doi.org/10.1021/
ip076054d (2008).

17. Horinek, D. Specific ion adsorption at the air/water interface: the role of
hydrophobic solvation. Chem. Phys. Lett. https://doi.org/10.1016/
j.cplett.2009.07.077 (2009).

18. Caleman, C.,, Hub, J. S., van Maaren, P. J. & van der Spoel, D. Atomistic
simulation of ion solvation in water explains surface preference of halides.
Proc. Natl Acad. Sci. USA https://doi.org/10.1073/pnas.1017903108 (2011).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Benjamin, I. Mechanism and dynamics of ion transfer across a liquid-liquid
interface. Science https://doi.org/10.1126/science.261.5128.1558 (1993).
Karnes, J. J. & Benjamin, I. Geometric and energetic considerations of surface
fluctuations during ion transfer across the water-immiscible organic liquid
interface. J. Chem. Phys. https://doi.org/10.1063/1.4954331 (2016).

Darvas M. et al. Calculation of the intrinsic solvation free energy profile of an
ionic penetrant across a liquid-liquid interface with computer simulations. J.
Phys. Chem. B https://doi.org/10.1021/jp404699t (2013).

Loche, P., Ayaz, C., Schlaich, A., Bonthuis, D. J. & Netz, R. R. Breakdown of
linear dielectric theory for the interaction between hydrated ions and
graphene. J. Phys. Chem. Lett. https://doi.org/10.1021/acs.jpclett.8b02473
(2018).

Kandu¢, M., Eixeres, L., Liese, S. & Netz, R. R. Generalized line tension of
water nanodroplets. Phys. Rev. E https://doi.org/10.1103/PhysRevE.98.032804
(2018).

Chen, F. & Smith, P. E. Simulated surface tensions of common water models.
J. Chem. Phys. https://doi.org/10.1063/1.2745718 (2007).

Vega, C. & Abascal, J. L. F. Simulating water with rigid non-polarizable
models: a general perspective. Phys. Chem. Chem. Phys. https://doi.org/
10.1039/C1CP22168] (2011).

Berendsen, H. J. C,, Grigera, J. R. & Straatsma, T. P. The missing term in
effective pair potentials. J. Phys. Chem. https://doi.org/10.1021/j1003082a038
(1987).

Liese, S. et al. Hydration effects turn a highly stretched polymer from an
entropic into an energetic spring. ACS Nano https://doi.org/10.1021/
acsnano.6b07071 (2017).

Sedlmeier, F., Horinek, D. & Netz, R. R. Nanoroughness, intrinsic density
profile, and rigidity of the air-water interface. Phys. Rev. Lett. https://doi.org/
10.1103/PhysRevLett.103.136102 (2009).

Tamashiro, M. N. & Constantino, M. A. Ions at the water-vapor interface. J.
Phys. Chem. B https://doi.org/10.1021/jp911898t (2010).

Mills, R. Self-diffusion in normal and heavy water in the range 1-45.deg. J.
Phys. Chem. https://doi.org/10.1021/j100624a025 (1973).

Onsager, L. & Samaras, N. N. T. The surface tension of debye-hiickel
electrolytes. J. Chem. Phys. https://doi.org/10.1063/1.1749522 (1934).

dos Santos, A. P., Uematsu, Y., Rathert, A., Loche, P. & Netz, R. R. Consistent
description of ion-specificity in bulk and at interfaces by solvent implicit
simulations and mean-field theory. J. Chem. Phys. https://doi.org/10.1063/
50016103 (2020).

Lide, D. R. CRC Handbook of Chemistry and Physics, 85th Edition (CRC Press,
2004).

Gladich, I et al. Surface propensity of aqueous atmospheric bromine at the
liquid-gas interface. J. Phys. Chem. Lett. https://doi.org/10.1021/acs.jpclett.0c00633
(2020).

McElroy, C. T., McLinden, C. A. & McConnell, J. C. Evidence for bromine
monoxide in the free troposphere during the Arctic polar sunrise. Nature
https://doi.org/10.1038/16904 (1999).

Carpenter, L. J. et al. Atmospheric iodine levels influenced by sea surface
emissions of inorganic iodine. Nat. Geosci. https://doi.org/10.1038/ngeo1687
(2013).

Nagata, Y., Usui, K. & Bonn, M. Molecular mechanism of water evaporation.
Phys. Rev. Lett. https://doi.org/10.1103/PhysRevLett.115.236102 (2015).
Read, K. A. et al. Extensive halogen-mediated ozone destruction over the
tropical Atlantic Ocean. Nature https://doi.org/10.1038/nature07035 (2008).
Saiz-Lopez, A. et al. Estimating the climate significance of halogen-driven
ozone loss in the tropical marine troposphere. Atmos. Chem. Phys. https://
doi.org/10.5194/acp-12-3939-2012 (2012.

Hartley, W. N. XXI.—On the absorption of solar rays by atmospheric ozone. J.
Chem. Soc. Trans. 39, 111-128 (1881).

Serreze, M. C. & Francis, J. A. The Arctic amplification debate. Clim. Change
https://doi.org/10.1007/s10584-005-9017-y (2006).

Portner, H.-O. et al. IPCC, 2019: IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate (in press, 2019).

Iglesias-Suarez, F. et al. Natural halogens buffer tropospheric ozone in a
changing climate. Nat. Clim. Change https://doi.org/10.1038/s41558-019-
0675-6 (2020).

Zwanzig, R. Nonequilibrium Statistical Mechanics (Oxford University Press,
2001).

Abraham, M. J. et al. GROMACS: high performance molecular simulations
through multi-level parallelism from laptops to supercomputers. SoftwareX
https://doi.org/10.1016/j.s0ftx.2015.06.001 (2015).

Smith, D. E. & Dang, L. X. Computer simulations of NaCl association in
polarizable water. J. Chem. Phys. https://doi.org/10.1063/1.466363 (1994).
Loche, P., Steinbrunner, P., Friedowitz, S., Netz, R. R. & Bonthuis, D. J.
Transferable ion force fields in water from a simultaneous optimization

of ion solvation and ion-ion interaction. J. Phys. Chem. B 125, 8581-8587
(2021).

COMMUNICATIONS CHEMISTRY | (2022)5:55 | https://doi.org/10.1038/s42004-022-00669-5 | www.nature.com/commschem 7


https://doi.org/10.1021/jp804811u
https://doi.org/10.1016/j.gca.2007.08.018
https://doi.org/10.1021/jacs.9b03469
https://doi.org/10.1038/s41570-021-00293-2
https://doi.org/10.1038/s41570-021-00293-2
https://doi.org/10.1111/j.2153-3490.1981.tb01760.x
https://doi.org/10.1016/S0045-6535(03)00216-9
https://doi.org/10.1016/S0045-6535(03)00216-9
https://doi.org/10.1038/16805
https://doi.org/10.1021/es025793z
https://doi.org/10.1021/es025793z
https://doi.org/10.5194/acp-7-4375-2007
https://doi.org/10.5194/acp-19-10817-2019
https://doi.org/10.1007/BF01881023
https://doi.org/10.1007/BF01881023
https://doi.org/10.1021/cr0403741
https://doi.org/10.1021/la7021787
https://doi.org/10.1021/jp076054d
https://doi.org/10.1021/jp076054d
https://doi.org/10.1016/j.cplett.2009.07.077
https://doi.org/10.1016/j.cplett.2009.07.077
https://doi.org/10.1073/pnas.1017903108
https://doi.org/10.1126/science.261.5128.1558
https://doi.org/10.1063/1.4954331
https://doi.org/10.1021/jp404699t
https://doi.org/10.1021/acs.jpclett.8b02473
https://doi.org/10.1103/PhysRevE.98.032804
https://doi.org/10.1063/1.2745718
https://doi.org/10.1039/C1CP22168J
https://doi.org/10.1039/C1CP22168J
https://doi.org/10.1021/j100308a038
https://doi.org/10.1021/acsnano.6b07071
https://doi.org/10.1021/acsnano.6b07071
https://doi.org/10.1103/PhysRevLett.103.136102
https://doi.org/10.1103/PhysRevLett.103.136102
https://doi.org/10.1021/jp911898t
https://doi.org/10.1021/j100624a025
https://doi.org/10.1063/1.1749522
https://doi.org/10.1063/5.0016103
https://doi.org/10.1063/5.0016103
https://doi.org/10.1021/acs.jpclett.0c00633
https://doi.org/10.1038/16904
https://doi.org/10.1038/ngeo1687
https://doi.org/10.1103/PhysRevLett.115.236102
https://doi.org/10.1038/nature07035
https://doi.org/10.5194/acp-12-3939-2012
https://doi.org/10.5194/acp-12-3939-2012
https://doi.org/10.1007/s10584-005-9017-y
https://doi.org/10.1038/s41558-019-0675-6
https://doi.org/10.1038/s41558-019-0675-6
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1063/1.466363
www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00669-5

48. Mamatkulov, S. I, Allolio, C., Netz, R. R. & Bonthuis, D. J. Orientation-
induced adsorption of hydrated protons at the air-water interface.
Angewandte Chemie Int. Edn. https://doi.org/10.1002/anie.201707391 (2017).

49. Kirby, B. J. & Jungwirth, P. Charge Scaling Manifesto: a way of reconciling the
inherently macroscopic and microscopic natures of molecular simulations. J.
Phys. Chem. Lett. https://doi.org/10.1021/acs.jpclett.9b02652 (2019).

50. Hub, J. S., de Groot, B. L., Grubmiiller, H. & Groenhof, G. Quantifying
artifacts in ewald simulations of inhomogeneous systems with a net charge. J.
Chem. Theory Comput. https://doi.org/10.1021/ct400626b (2014).

Acknowledgements

We gratefully acknowledge support by the MaxWater initiative from the Max-Planck
Society; the Deutsche Forschungsgemeinschaft (DFG) via Grant IRTG-2662 ”Charging
into the future: Understanding the interaction of polyelectrolytes with biosystems”
contract number 434130070; computing time on the HPC cluster at ZEDAT, FU Berlin.

Author contributions

P.L. performed and analyzed the simulations. P.L. and RR.N. performed the theoretical
calculations. P.L. designed the figures and movies with input from all authors. P.L.,
D.J.B., and R.R.N. wrote the paper, provided critical feedback, and participated in sci-
entific discussions.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-022-00669-5.

Correspondence and requests for materials should be addressed to Roland R. Netz.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

8 COMMUNICATIONS CHEMISTRY'| (2022)5:55 | https://doi.org/10.1038/s42004-022-00669-5 | www.nature.com/commschem


https://doi.org/10.1002/anie.201707391
https://doi.org/10.1021/acs.jpclett.9b02652
https://doi.org/10.1021/ct400626b
https://doi.org/10.1038/s42004-022-00669-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Molecular dynamics simulations of the evaporation of hydrated ions from aqueous solution
	Results and discussion
	Dielectric continuum model for ion hydration
	Statistical mechanics model for ion hydration
	Ion evaporation from molecular dynamics simulations
	Reaction rate theory for ion-evaporation kinetics
	Conclusion

	Methods
	Evaporation kinetics model
	Simulation model

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




