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In this paper we analyze the properties of an interface between two immiscible electrolyte solutions. The
study is conducted using high concentrations of an ionic salt in the aqueous phase (1 ardh3 fidgCl,).

The profile of the electric potential drop across the interface is calculated, and it is concluded that the surface
potential is originated by the orientational anisotropy of the solvents near the interface. The ionic density
profile shows a monotonic decrease as the ions approach the interface. The resultant ionic net charge density
was found to be null across all the simulation box, within statistical uncertainty, confirming that the potential
drop is only caused by the orientation of the solvent molecules. The orientational structure of the solvents is
not disturbed by the presence of the ions. The radial distribution functions for the hydration shell of the ions
show that the hydration shell remains almost unaffected at the interfacial region. The hydration number is
reduced with the increase of the ionic concentration, a fact explained by the decrease gdfioa Iratio.

lonic diffusion is anisotropic in all extension of the simulation box, being slower toward the interface than
parallel to it. This anisotropy is due to the existence of an impenetrable barrier to displacements normal to
the interfacial plane. It was also observed that the diffusion near the interface was faster than in the bulk
solution. This effect is mainly caused by the smaller density of the interfacial region.

|. Introduction of the solvents themselves, or in the study of most surface active
) o ) agents, which are not exclusively located at the interface.
The interface between two immiscible electrolyte solutions Therefore, until recently, only macroscopic properties such

has been a subject of investigation for more than a century. 55 the interfacial tension or electrochemical and transport
The wide range of physical, chemical, and biological phenomena properties have been successfully measured.

that are directly related to them justifies the research effort that Recently, second-order spectroscopic methods (e.g.. sum

is still presently beiqg d_one to understand the peculiar pmpemesfrequency spectroscopy and second harmonic generation) have
of those systems. Liquid chromatography, mass transport acrosg, 5 qe possible the analysis of some interfacial properties, such
liquid pha§es, interfacial catalysis, drug delivery to t_he cells, 45 the orientational ordering of surfactants at the interface, the
or extraction processes are a few examples of important .hemical composition of the materials adsorbed at the interface,
scientific problems which cannot be fully understood without 4qsorption/disadsorption kinetics, or the orientational ordering
a rigorous characterization of the interfacial regiof. of the water molecules at the liquidipor interfacé-® In those
Besides, there is an inherent fundamental interest in the studymethods the resultant signal comes only from the molecules
of biphasic systems, since they present a set of peculiar andiocated at noncentrosymmetric media, i.e., the molecules located
exclusive properties. The original characteristics of the interfacial at the interfacial region.
zone are generated by the discontinuous variation in many Another recent advance corresponds to the first direct
properties at the interfacial region, namely the composition, measurement of the width of a liquiiuid interface by
dielectric constant, as well as the anisotropic orientational Mitrinovic et all® The measurement was performed using a
structures of the solvents, and the specific associations betweerx-ray reflectivity technique, and resulted in an average width
the immiscible solvents. Experimentally, the microscopic char- of 3.3 A, in clear agreement with previous theoretical calcula-
acterization of the interfacial region is a quite difficult task, since tions. However, it is not clear if the method distinguishes the
the interface corresponds to a zone of only several angstromsintrinsic interfacial width, resulting from the discontinuity of
of thickness, which makes the limitation of the experimental the matter, from the extrinsic width caused by the more global
probing to this sharp region a serious problem. Spectroscopicinterfacial capillary waves.
measurements, which are the experimental methods that provide As the experimental probing of the microscopic interfacial
more direct molecular information, are difficult to apply in those properties is still very limited, a significant part of the present
systems, since most of them do not distinguish the bulk knowledge about interfacial structure and dynamics comes from
molecules from the interfacial molecules. In that context, the theoretical methods, namely molecular dynamics and Monte
received signal is originated mainly by the overwhelmingly most Carlo computer simulations.
abundant molecules, the bulk ones. This problem can be These methods have direct access to molecular-level informa-
overcome in the study of highly surface active substances, if tion, are adequate to study a wide range of interfacial thermo-
they are almost Only located at the interface, but not in the Study dynamicl dynamic' and structural propertiesy and are able to
relate them to the distance from the interface. They have been
* Corresponding author. applied to the study of the more commonly used interfacial
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systems, as the wateitrobenzene, watgk,2-dichloroethane, The HPT2 molecules were modeled using the united atom
waterichloroform, or watg2-heptanone systemk. 14 formalism, where the Ci{(n = 1, 2, 3) groups are replaced by

However, these theoretical studies have been restricted soone interaction site centered on the C atom, with an interaction
far to the analysis of pure-solvent interfacial systems, neglecting potential that reproduces implicitly the interactions of the
the supporting electrolytes employed in experimental methods, individual atoms that constitute the united atom. This procedure
but the supporting electrolytes are fundamental to performing generates a molecular model with eight interaction sites.

one of the most important applications of two-phase chemistry, Al bond lengths of the HPT2 molecule were held fixed, by
the transfer of ions between the two phases. applying the SHAKE algorithd¥ with a preset tolerance of 18

As most ions do not diffuse spontaneously from one phase A. As the water molecules were treated as rigid bodies, using
to the other (the inorganic ions do not diffuse to the organic the quaternion formalism, the suppression of the HPT2 vibra-
solvent and the organic ions do not diffuse to water), the tional degrees of freedom allowed us to integrate the equations
application of an external electric field becomes necessary, usingof motion with a time step of 2 fs, resulting in a better sampling
a pair of electrodes, each one in one of the phases. Theof the configurational space. It should be mentioned that
supporting electrolyte is thus used to decrease the resistance Oprevious studies showed that these bond constraints do not affect
the solutions. the properties studied in this kind of simulati&hAll bond

A proper interpretation of experimental results based in angles and dihedrals were considered flexible, and were

theoretical calculations must be done with simulations that parametrized using the CHARMm intramolecular force field
reproduce in the most similar way the experimental environment. parameters?

These observations motivated the present work, where the
supporting electrolyte is included in the system. To begin with,
the simulations were performed in the absence of external
electric fields.

Magnesium chloride was the chosen supporting electrolyte
since it is commonly used in liqujliquid electrochemical
studies. The simulations are directed toward the study of ) ;
concentrated electrolyte solutions, namely 1 and 3-dnof®. molecule (atomic charges) were denveq from quantum calcula-
Usual experimental concentrations range from 0.005dnoi3 tions at the HartreeFock level, as previously reportéd.
up to about 2 mebim=3. The study of the more diluted cases It should be also stressed that standard geometric combination
by computer simulations is still not possible presently, due to rules were adopted to obtain the needed Lennard-Jones param-
the enormous computational power needed to average theeters for all interactions between different species.
properties of less abundant species such as the ions at low The interaction potentials for the simulated ions @¥ignd
concentrations. Cl7) also consisted in pairwise additive Lennard-Jones and

In the organic phase, however, the concentration of the Coulombic terms, whose parameters were taken from the
supporting electrolytes cannot be so high as in the water phaseliterature?°=22 The use of more accurate potentials, namely
since the solubility of the organic ions is very small, usually polarizable models for the ions, could be desirable. However,
less than 0.005 malm2 in 2-heptanone. Even in the case of it would result in an increase in computational time that would
the more soluble organic salt in 2-heptanone that can be usedmake prohibitive this kind of calculations in systems with the
in electrochemical processes, tetrahexylammonium 4-chloro- dimensions considered here, even with modern computational
tetraphenyl borate, the concentration employed experimentally resources (remember that a very large number of configurations
does not exceed 0.01 mdin™2. Under these conditions, our  myst be sampled when the solutes are the species under study,
system is too small to include even one tetrahexylammonium gjnce they are always the less abundant species of the system).
4-chlorotetraphenyl borate ionic pair (to include one ionic pair powever, the neglect of the explicit calculation of the polariza-
reproducing a concentration of 0.01 mubh~S the simulated o terms can be overcome by the use of effective potentials.
system should be 3 times larger, containing at least 702 HPT2,, yh¢ case of the potentials employed here, it should be stressed

mdo(;ipule?h which ,is far t;eyonql computational p7o(¥;e|r-)|i3'|l'g that the parameters were refined to reproduce in aqueous solution
addition, the importance ol one Ionic pair among the free energy of hydration, as well as the ‘amater radial

molecules is negligible, esp_ecially _considering that the ions do distribution functions. Therefore, those parameters include
n_ot app_roach the_ mterfac_e in Fhe field-free case, an_d the Iargeimplicitly on average the ionwater polarization terms. The only
dimension of the ions, which hinders the approximations of the missing term is the iomion polarization. However, this last

charged atoms to the water phase. Therefore, it seems more_ e not quantitatively very important, since the 4dan

realistic not to include the organic ion in the HPT2 phase. . . . .

Thi . ved ol Th ter. HPT2. and interactions are much less important than the first and second
s pzptlar Itshorga?lz?_ lafs Ot_OWS' S \t/\fl1a ec;’t i fatlr? hydration shell interactions. This can be indirectly confirmed
lonic models, the potential functions, an € getalls of the by the results obtained in this work, where properties quite

simulations are Qutlmgd n the next section. Secthn lll presents sensible to the quality of the interaction potentials, such as the
the results obtained in this study. Thermodynamic, structural, . . . .
density of the fluid, were found to be in close agreement with

and dynamic properties of both solvents and of the supporting : o . L

electrolyte are discussed, in bulk regions and at the interface.exloenmenta1I results, conflrmlng that our simple ionic models

In section 1V a picture of the properties of our interfacial system reproduce correctly the properties of the real systems.

is drawn, based on the results reported in the previous section. B. Method. The watefHPT2 system was initially described
by two rectangular boxes. One of the boxes contained a mixture

of 234 HPT2 molecules with 21 water molecules, and the other

one 1200 water molecules. In this way, the experimental
A. Molecular Models and Potentials.The water molecules  concentration of water in saturated HPT2 was achieved. Both

were described by the well-known SPC motfel. boxes had a cross section of 305430 A and a length that

The HPT2 intermolecular potentials are pairwise additive and
include Coulombic and Lennard-Jones terms. The parameters
for Lennard-Jones potentials were taken from the AMBER force
field.1® (To see a comparison of the quality of the CHARMmM
*and AMBER intermolecular force fields, see ref 17.)

The parameters for the Coulombic potential of the HPT2

Il. Computational Model
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reproduces the density of the corresponding pure liquids
(respectively, 0.997 g/cinfor water and 0.8124 g/cfor
HPT2).

To enable volume variations, all production simulations were
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actualization of 10 fs. It was checked that this technique leads
to good energy conservation (without thermostat) and did not
affect the properties of the system.

When a box with two interfaces is used, care must be taken

performed at 300 K and 1 bar in the NPT ensemble, using the to prevent them from interacting. In those cases the simulation
NoseHoover thermostat and barosta£*It should be noticed  box must be long enough to ensure the independence between
that, as the interfacial density is a priori unknown, if the initial the interfaces. In our system the initial separation of the
volume was fixed it could induce serious spatial constraints that interfaces was 40 A along the water phase and 61.68 A along
could influence the interfacial structure and the degree of mixing the HPT2 phase, i.e., 2.6 and 4.3 times greater than the long-

of the solvents near the interface.
An equilibration simulation of 200 ps was performed in both

systems. Then, the two boxes were joined together along their

cross sections (from now on, thg plane in our internal frame)

in one single box with the same cross section. The interactions

between molecules belonging originally to different boxes were
then slowly increased from zero to their final values during a
10 ps equilibration run, after which a new equilibration
simulation was performed in the NVT ensemble during another
200 ps, using a NdsHoover thermostat.

Then the ions were distributed homogeneously in the bulk
aqueous phase. The ionic interaction potentials were slowly
increased from zero to their final values in a 10 ps simulation.
After the ionic potentials reached their definitive values, a new
simulation of 200 ps was performed to allow for the equilibration
of the hydration shells of the ions, as well as to achieve the
equilibrium distribution of the ions in the aqueous phase.

After this, a new simulation of 150 ps was performed in the
NPT ensemble, which was found to be enough to equilibrate
again the system in this new ensemble. Then, the last config-
uration of the equilibrated system was used to start a simulation
of 800 ps, from where the obtained results were taken.

The overall procedure was repeated, starting from different

range cutoff distance, which seems quite enough to avoid
interfacial correlations.

All simulations were carried out using the dl_poly molecular
dynamics packag®.

I1l. Results

A. Density Profiles. In this section we present the results
obtained for the density of the various species of the system as
a function of the distance to the interface. The density profiles
were calculated in slabs of 0.5 A thickness parallel to the
instantaneous geometry of the interface. The interfacial surface
was derived by dividing the cross section of the simulation box
into 25 square areas, with dimensions close to & & A (the
exact length of the square side depends on the volume
fluctuations), and calculating the position of the interface in each
of the fractional interfacial areas. The position of the interface
was considered to be the mean point between the interaction
site of the HPT2 molecules closer to the water phase and the
interaction site of the water molecules closer to the organic
phase. In this last case the more advanced water molecules were
only considered if the water concentration in that region was
superior to the intrinsic solubility of water in HPT2 (1.41%
(m/m)). Using the resultant 25 interfacial locations, the Gibbs

configurations of the two initial boxes, to obtain another 800 dividing surface was generated, and the 0.5 A thickness slabs
ps production simulation statistically independent of the first considered were computed to be parallel, at each time step, to
one. This procedure was used to analyze the ergodicity of the{ne interfacial surface. This procedure allows a better resolution
overall simulations (we can outline here that the results obtainedj,, the calculation of properties that depend on the distance to
in the two systems were equivalent within statistical accuracy). the interface?’” Figure 1 shows the results obtained for the pure
Therefqre, the overall results were obtained from a total 1.6 ns gg|yents and for the electrolyte solutions, where the symmetry
simulation time. of the system was employed to improve statistics.

All these procedures were repeated twice, considering two | the left graphic we can see three lines, corresponding to
different electrolyte concentrations. In the fist set of simulations the density of the three simulated systems. No explicit distinction
22 MgCk units were inserted in the bulk aqueous phase (22 js made in the figure between the three lines because the results
Mg?* cations and 44 Cl anions), and in the second set of are almost graphically equivalent. There is only a visible
simulations 66 MgGl units were inserted in the bulk aqueous gjfference between them that corresponds to a decrease in the
phase (66 Mg" cations and 132 Clanions). This resulted in  \yater density in bulk water region in one of the simulations.
aqueous solutions with an average concentration of Mgl Those results correspond toetl8 M MgCh solution. The
and 3 motdm™3. decrease in the water density is caused by the large number of

A pair of simulations of 800 ps each was also performed in jons in the bulk water phase that diminish the total number of
the NPT ensemble, starting from the configurations obtained water molecules present in that region. The same effect in the
previously, before the insertion of the ions, after a 150 ps more dilute solution is less pronounced and not clearly de-
equilibration period in the NPT ensemble. Those pure-solvent marked.
simulations will be used as a reference state to compare with  The solvent coexistence region, illustrated by the crossed
the results obtained in the system containing the supporting decay of the density of both solvents near the interface, is
electrolyte. influenced by the supporting electrolyte. It can be seen from

The integration of the equations of motion was performed the picture that the three lines are almost coincident. However,
using a Verlet leapfrog algorithm, with a time step of 2 fs. a detailed analysis of the picture shows that the coexistence
Periodic boundary conditions were applied in all three directions. region decreases as the electrolyte concentration increases. Thus,
The calculation of the long-range Coulombic forces was the outer line corresponds to the pure solvents simulation, the
performed using the Ewald summation method with tinfoil inner line corresponds to the simulation with the more concen-
boundary conditions. A molecular spherical cutoff of 14.5 A trated electrolyte (3 M), and the middle lines correspond to the
was applied to the real part of the Ewald energy. For the short- simulations with tle 1 M supporting electrolyte. Magnesium

range interactions a cutoff of 10 A was employed.
A multiple time step algorithd® was used to evaluate
interactions for distances larger than 10 A, with a frequency of

chloride is a “structure making” electrolyte, acting as an
aggregative agent in water, thus making the fluctuations in the
position of the water phase near the interface smaller.
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Figure 1. From left to right: density of the solvents, density of the ions, and total density. In the central picture the solid line corresponds to the
cationic density and the dotted line corresponds to the anionic density. Negative distances to the interface correspond to distances measured from
the organic phase. Positive distances correspond to distances measured from the aqueous phase.

Therefore, the thickness of the coexistence region decreaseshe component of the electric field normal to the interface:
with the increase of the concentration of magnesium chloride.

It must be stressed that, as demonstrated previd&sl{?’ the E@)=c’ szo p.(2) dz 1)
coexistence region corresponds to a region that can be occupied z 0 JHpT2"a
by both solvents, but usually not simultaneously.

The center picture illustrates the ionic density profiles. It can
be seen that ionic density decays steeply and monotonically nea
the interface. The diffusion of ions into the bulk HPT2 phase
was never observed. The decay region is equivalent in extent
for cations and anions at the same concentration (in fact, the
number density of cations is half the number density of the

whereE,(2) represents thecomponent of the electric field and
Ipq(Z) the charge density. The integration extends from the bulk
organic phase to the bulk water phase. The potential drop across
the interface A®(2) is then obtained by integration of the
electrostatic potential

H.0
anions throughout all the water phase). Bulk concentrations are AD(9 = —fHPZTZ E(2) dz 2
achieved at about 15 A from the interface foe tB M solution

and at about 10 A from the interface toetth M solution. The interface potential was calculated for the three systems

The right graphic, relative to the total density of the system, studied, and the obtained results are shown in Figure 2. It was
exhibits clearly the oscillatory behavior of the density near the concluded from the obtained charge density (and also from the
interface, demonstrating clearly the existence of a packing effectresults presented in Figure 2) that the contribution of the ions

of each solvent against the opposite phase. to the charge density is null, being the electric field generated
In the bulk region of the water phase, ireth M solution, by the anisotropic orientation of the solvent molecules near the
the average density converges to a value of 1.#28.001 interface. As mentioned in the next section, the water molecules

g-cm 3, which is very close to the experimental value of 1.096 at the interface point their hydrogen atoms toward the organic
g-cm 228 (relative deviation of 2.4%). In the bulk region of phase, making “hydrogen bonds” with the ketone oxygens, and
the water phase in &3 M solution, the average density placing their oxygen atoms directed toward the bulk agqueous
converges to a value of 1.357 0.002 gcm™3, which is also phase. Thus, a test charge placed at the interface will be pushed
close to the experimental value of 1.303cy3 28 (relative to the interior of the water phase. As can be seen, the existence
deviation of 4.4%). of the supporting electrolyte affects only very slightly the surface
As the density is one of the properties more sensible to the potential profile, causing the formation of a small minimum at
quality of the intermolecular potential and to the accuracy of the aqueous side of the interface, and diminishing the total
the simulations, we can conclude that the closeness betweerpotential drop. This minimum is produced by an inversion on
simulated and experimental results is a good evidence that thethe orientation of the water molecules in the inner region of
simulated systems reproduce correctly the behavior of the realthe aqueous interface. This can be directly observed in the
systems, and the results should be considered realistic. electric field profiles, where an inversion in the electric field
B. Surface Potential. The surface potential corresponds to occurs at nearly 23 water layers inside the water phase.
a electrostatic potential difference between the two conducting The HPT2— H,0 potential drop is estimated ad..1 V (pure
liguid phases at equilibrium. In molecular simulations the surface solvents),—1.0 V (1 M MgCL) and—1.0 V (3 M MgCh).
potential can be directly computed using the mechanical The simple nature of the models indicates that the judgment
definition2® In that sense, the interface potential can be attributed about the quantitative value of the surface potential obtained in
to the existence of nonzero charge density regions, caused eithethe simulations should be resen®dThe nonexistence of
by a nonhomogeneous ionic distribution or by a nonisotropic reliable experimental measurements of surface potentials does
orientation of the neutral solvent molecules. These nonzero not help in making critical discussions about the quantitative
charge density regions create an electric field that originates aspects of the calculations (even for the simple case of the
the potential drop. In this work the charge density was computed surface potential of the water liquicapor interface, the
from the atomic partial charges, as a function of the distance to experimental measurements range frerh.1 to +0.5 V20).
the interface, decomposed into solvent and solute contributionsHowever, the qualitative aspects of the potential profile are
(due to the symmetry of the system the charge density computedphysically reasonable and consistent with the observed orien-
parallel to the interface is null, within statistical uncertainty). tational structure of the interfacial region, which in turn is much
The charge density along tleaxis is then integrated to obtain  more well-defined and noncontroversial, both theoretically and


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp002571j&iName=master.img-000.png&w=470&h=140

Interface between Two Immiscible Electrolyte Solutions J. Phys. Chem. B, Vol. 105, No. 5, 200985

x10° pure system pure system

20

Volt

5 : : : : :
-20 -10 0 10 20 -20 -10 0 10 20
distance to the interface (Angstrom) distance to the interface (Angstrom)
MgCl, 1M
20x105 gCl, MgCI21M
T o2t T

Volt

. N S T 3 e FE
-20 -10 0 10 20 -20 -10 0 10 20
distance to the interface (Angstrom) distance to the interface (Angstrom)
MgCl, 3M
25“09 gCl, MgCl, 3M
M T T N 02 e T T A

-20 -10 0 10 20 -20 -10 0 10 20
distance to the interface (Angstrom) distance to the interface (Angstrom)

Figure 2. Left: Component of the electric field normal to the interface calculated in the pure solvents system (top), in the systeM WigCl,
(center), and in the system Wwi8 M MgCl, (bottom). Right: potential drop along the normal to the interface for the same systems.

experimentally. It must be stressed that the value of the surfacez component of the molecular dipole moment along the normal
potential is very sensible to the details of the electrostatic to the interface. This quantity is calculated for the three systems
molecular modet!32 although the orientational molecular considered and the obtained results are compared. To study the
structure is not. The use of polarizable models should decreaseorientational structure of the HPT2 molecules, we calculated
the magnitude of the potential drop, as polarization works the averagez component of the CH, vector, where @
against the electric field. represents the ketone oxygen ands;Gepresents the opposite

The supporting electrolyte affects only slightly the generated terminal methyl group of the molecule. Due to the symmetry
electric field, confirming its origin in the anisotropic orientation of the system, the orientational distribution for the other
of the solvent molecules. components of the reference vectors (parallel to the interface)

C. Structure. In this section we begin by analyzing the was found to be uniform, within statistical uncertainty. The
specific orientation of the solvents near the interface. The resultsobtained results are presented in Figure 3.
obtained in the electrolyte solutions are compared to the ones From Figure 3 we can see that the solvents are polarized at
obtained in the pure system. The influence of the supporting the interfacial region. The water molecules at the32water
electrolyte is discussed. Then, a study of the pair associationslayers on the organic side of the interface point their dipoles
between both solvents, between the solvents and the solutestoward the organic phase. The magnitude of the polarization
and between the solutes is presented. Special attention is takeiincreases as the water molecules penetrate into the organic phase
to the formation of ion pairs near the interface. and achieves a maximum value about 1}2%8% above

1. Orientational StructureThe orientational structure of the isotropic orientation. The magnitude of the polarization near
water molecules is determined by the calculation of the averagethe interface is not influenced by the presence of the ions, which
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H,0 this last case the anisotropy is more demarcated, and achieves
a maximum value of about 30% above isotropic orientation.
The degree of polarization is not influenced by the ions, by the
same reasons as exposed above, and the results obtained in the
three systems can be considered as equivalent.

N Therefore, we can conclude that the orientational distribution
£ of the solvents is not affected by the supporting electrolyte, even
P at concentrations up to 3 mdm~3. The main reason for this
: : : : : observation relies on the fact that the ions do not approach very
~v0.05 A T T T closely the interface to have a visible influence in the orientation

- : : : : of the solvents.
01 4 o o ] 2. Pair Associationdn this section we explore the preferential
: : : : : pair associations established between the species in solution.
: : : : : Several radial distribution functions were calculated, and we
015 - SRR STERRRS ARRERERY RRRERRRE ERERRRRY decided to discuss only a reduced number of representative
: : : : : examples, namely the ones referring to the-iomygen and
the catior-anion associations.

0.05F - \ ....... \ ....... ~ ....... ........ .........

<p>

-10 5 0 5 10 15 20 The simulation box was divided into slabs parallel to the
distance to the interface (Angstrom) interfacial plane with a thickness of 2.5 A. Then, for each type

HPT2 of association, a radial distribution function was calculated
i ! ! ’ independently for each slab. A radial distribution function is
associated with a specific slab when its central atom is located
inside the considered slab.

After obtaining a radial distribution function for each slab, a
three-dimensional surface was generated, representing a radial
distribution function dependent on the species separation and
on the distance to the interface. The surface was generated using
a triangle-based linear interpolation technique.

All the ion—water radial distribution functions were normal-
ized by the bulk water density and all the kg-ClI~ radial
distribution functions were normalized by the bulk chloride
density. The results are presented in Figure$4

The radial distribution functions obtained in the 1 and 3 M
systems are qualitatively similar, the major differences being
in the quantitative aspects. Therefore, we decided to show the
results obtained in only one of the two systems. The quantitative
differences can be observed and discussed from the results
presented in Figure 7, where the number of neighbors inside
Figure 3. Top: normalizedz component of the dipole moment of the  the first hydration shell is presented as a function of the distance
water molecules, as a function of the distance to the interface. \; the interface. The coordination numbers were obtained by

Bottom: normalizedz component of the CH; vector as a function . . ) . e
of the distance to the interface. The solid lines correspond to the results'ntegrat'on of the first peak of the corresponding radial distribu-

obtained in the pure system, the dotted lines correspond to the resultstion functions.
obtained in the system contaigirh M MgCl,, and the dashed lines The analyzes of the results allow us to conclude the following:
correspond to the results obtained in the system conta MgCl.. a. M2+ Hydration. In the 1 M system the hydration shell of
are too far from the interface to directly influence the orientation the Mg ion is composed of an average number of £.9.1
of the interfacial water molecules. At the aqueous side of the water molecules, in good agreement with the experimental
interface and in bulk water phase the averagemponent of coordination number of 6 water molecules obtained using X-ray
the water dipole moment approaches zero, which correspondsdiffraction method$3~3" The coordination number is statistically
to either an isotropic orientation or an orientation parallel to constant throughout the bulk water phase. The first solvation
the interfacial plane. In an earlier work the observation of the shell is very robust and the hydration number decreases only
probability distribution for thez projection of the water dipole  after passing the interface. The location of the first peak in the
moment allowed us to distinguish which of the two hypotheses radial distribution function corresponds to 2.0 A, also in good
is correct, being concluded that the water orientation is isotropic agreement with experimental X-ray diffraction measurements
in bulk water phase and is parallel to the interfacial plane in that attribute to the M&—Q,, most probable distance values
the aqueous side of the interfadeThe larger fluctuations in  ranging from 2.00 to 2.12 A3-37 The near presence of the
the orientational distribution of the water molecules in bulk organic phase does not affect the hydration geometry, as the
region when the supporting electrolyte is present can be location of the peak remains unchanged.
attributed to the more constrained rotational movements that In the 3 M system the first hydration shell of the figion
the aqueous solvent exhibits due to its coordination to the ions. includes a more reduced number of water molecules, which
In pure water, the rotational movements are more unrestrictedgrows from 4.1 in bulk water phase to 5.3 near the interface
and statistical orientational isotropy is more easily achieved. (on the organic side of the interface, the hydration number
The HPT2 molecules are also polarized at the interface, decreases to about 2.8). The smaller hydration number éf Mg
pointing their polar heads to the aqueous phase, to allow thein the more concentrated solution is due to the decrease in the
establishment of hydrogen bonds with the water molecules. In number of water moleculgser ion. This factor is not relevant

05 ; ; ; ; ; ;
-30 -25 -20 -15 -10 -5 0 5
distance to the interface (Angstrom)
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in dilute solutions, where there is a large excess of water in the 3 M solution. If we also consider the Clons, the ratio
molecules, and the ions do not compete to coordinate waterH,O/(Mg?t + CI~) decreases from 18.2 ing¢hl M solution to

molecules, but becomes crucial in more concentrated solutions.6.1 in the 3 M solution.

In the present cases the®'Mg?+ average ratio for the entire

The decrease of the average coordination number with the
increase of the concentration, although chemically quite reason-

aqueous phase decreases from 54.5énlthv solution to 18.2
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able and intuitively predictable, seems not to be in agreementdiffraction results that range from 3.1 to 3.153%3537Again,

with experimental findings, at least for the electrolyte consid- no change in the location of the peaks occurs near the interface.
ered. Indeed, it is surprising to note that this effectis notfound  |n the 3 M system, the hydration number of the first
in X-ray measurements, where the experimental hydration coordination shell contains a smaller number of water molecules
numbers obtained correspond to 6 in a electrolyte concentrationthat grows from 6.5 in the bulk water region to 6.9 near the
range up to 4.8 M*-37In the more concentrated MgQolution interface. As observed before for the Rgon, the hydration
used on this kind of measuremefitshe ratio HO/(Mg?" + number increases near the interface due to the large increase in
CI") corresponds to 3.8 water molecufgerion. Thus, theonly  the H,O/ion ratio. The decrease of the hydration number with
way to justify such a experimental result is to consider that the the increase in the concentration is also observed, although to
same water molecules belong simultaneously to the hydrationa smaller extent than for the case of the magnesium ion. The
shells of more than one ion. We believe that this last point |ocation of the first peak in the radial distribution function is

deserves further investigation in the future.

The location of the first peak in the radial distribution
functions is still in good agreement with experimental data,
maintaining the same value found iretth M solution, whatever
the location of the ion.

The increase in the hydration number of the #dons in

found to be the same as in the less concentrated solution, and
is independent of the location of the ion relative to the interface.

c. lonic Associations.Associations between monatomic
cations and anions are well-known experiment&llyThe
association consists of the replacement of one or more water
molecules belonging to the hydration shell of a given ion by an

the more concentrated solutions near the interface is caused bypposite-charged ion. Those associations are favored at high

the increase in the 1#/(Mg?"™ + CI7) ratio in that region.

electrolyte concentrations. Figure 6 illustrates the radial distribu-

Indeed, if we approach the interface from the bulk water phase, tion function for the Mg*—CI~ associations. A very demarcated
the ionic density decay starts as the ions approach the interfaceirst peak reveals the existence of ionic associations in the
by less than ca. 15 A, where the water density still corresponds correspondent solution. The same phenomenon is observed in
to the bulk value. This leads to a marked increase in the numberthe system containing the lower concentration (1 M) of MgClI

of water molecules accessible for each magnesium ion.

b. CI~ Hydration.In the 1 M system the hydration shell of
the CI ion is composed of an average number of £1.1

Integration of the first peak of the obtained radial distribution
functions allow us to calculate the average catianion
coordination numbers. In the bulk solution with the lower

water molecules, in agreement with experimental coordination concentration an average of 0.6¢ 0.07 chloride ions is

numbers obtained by X-ray diffraction that range from 5.9 to
8—8.2 water molecule®:373 The coordination number is

associated to each magnesium ion. The most probabfe Mg
Cl~ distance, given by the location of the first peak, corresponds

statistically constant throughout the water phase. Similarly to to 2.1 A, very close to the location of the first peak in the
the magnesium ion, the first solvation shell is very robust, not Mg?*—oxygen radial distribution function. The location of the
being affected by the closeness of the organic phase. Thepeak is not affected by the approach to the interface, confirming

location of the first peak in the radial distribution function

that the ionic solvation geometry resists the approach to the

corresponds to 3.0 A, in reasonable agreement with X-ray organic phase.
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Figure 7. Coordination numbers for the hydration shells of the ions and also for the eativon associations. Black bars correspond to the
results obtained for th1 M system and white bars to the ones fa& 1M system.

The coordination number decreases as the ions approach thés not proportional to the decrease in the ionic density in that
interface, a consequence of the decrease in the ionic densityregion (17.2 times).
near the interface. Considering the water region closer than 4 As far as we know, there are no experimental measurements
A from the interface, we find an average coordination number of the ionic coordination number of magnesium chloride.
of 0.45+ 0.04. This value is smaller than the value found in However, we can compare our simulation results with results
the bulk water region, due to the much smaller ionic density, obtained in other similar systems, to check if the results are
but it is very high compared to the decrease in the ionic density reasonable.
in that region (13.5 times). Therefore, we can conclude thatthe The ionic coordination number of Mg in a solution of
Mg?T—CI~ associations are very robust, as they only decrease magnesium dihyrogenophosphate (Mgfidy),) was measured
by a factor of 1.5 while the ionic density is reduced by a factor using X-ray diffraction techniques. The results revealed the
of 13.5. coordination of an average of 1.0 dihyrogenophosphate ions in

In the 3 M system the average coordination number in bulk a solution with an HO/Mg?" ratio of 3441 A similar measure-
water region corresponds to 18 0.1. The increase in the  ment was performed in solutions of magnesium acetate, with
cation—anion coordination number compared with the preceding H,O/Mg?" ratios of 33.1 and 14.9, and a value of 0.8 acetate
case is caused by the higher concentration of electrolyte. Theions coordinated to each Mg ion was found for both
coordination number decreases to an average ofM9l near solutions*? The ionic coordination number of solutions of
the interface. The conclusions obtained considering the morecalcium chloride with HO/C&* ratios ranging from 6.2 to 4.0
dilute solution can also be applied here to explain the decreasewas measured using X-ray diffraction technigues. The coordina-
in the ionic coordination number near the interface. Again, the tion numbers increase with increasing concentration, from 0.9
decrease in the coordination number near the interface (2 times)to 2.1 coordinated chloride iorf3.
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Direct comparison of the experimental results with our TABLE 1: Diffusion Coefficients of the Mg?* and CI~ lons
theoretical estimations would not be correct, since measurementg-alculated Separately for the Parallel {)) and Normal (C)
were made in different systems. However, it should be noted COmMPonents to the Interfacial Plane
that experimental findings do not contradict theoretical results. 10°D  Mg?" bulk ~ Mg?* int. CI” bulk Cl™int.
More, qualitative agreement between experimental and theoreti- 1 M||  0.88+0.05 0.97+0.03 1.24+0.05 1.34+ 0.02
cal results, at least for the magnitude of the phenomenon, seemstM O  0.55+0.02 0.61+0.04 0.92+0.04 1.07+0.04
to exist. Therefore, we conclude that the theoretical findings 1 MIV/O 1.6 16 13 13
are reasonable and acceptable, and should be considered valig@ M1l 0.27£0.02 0.49£0.01 0.35:£0.01 0.76+0.01

although definitive quantitative conclusions should only be taken m ”D/D gfi 0.02 g:g& 0.01 0.21£0.02 0.556+ 0.007

based on a comparison with experimental measurements per- L7 14

formed in the same system. bulk/int. Mg?* I Mg?t O Cl= 1l Cl-O
D. Dynamics.In this section we aim to answer the following 1M 0.91 0.90 0.93 0.86

question: to what extent does the presence of the interface affect 3 M 0.55 0.52 0.46 0.38

the dynamic properties of the supporting electrolyte? This seems 2 The calculations were performed for the bulk water region and for
to be a fundamental aspect for the comprehension of manyi, the interfacial region. All values in frs .

important phenomena in biphasic chemistry. The kinetics of

simple and assisted ion transfer processes, as well as the Kineticg |imjted not to the interfacial region, but to all the extension
of general extraction processes, depends closely on the peculiapt the simulation box. Indeed, in dense fluids it is easy to
diffusive properties of the solutes near the interface. To get an nderstand that this effect propagates into the bulk. Bulk ions
answer to this question, we have calculated the diffusion paye severe constraints in moving toward the interface because
coefficients for the ions as a function of their distance from the e molecules between them and the interface are also submitted
interface. Rotational kinetics, usually analyzed by calculation i the same kind of constraints to approach the interface, which
of the orientational correlation functions, was not studied here makes it quite difficult to open free spaces to the progression
since the ions are monatomic, and treated as point masses. it the jons. This is the most long-range interfacial effect known,
addition, we have also calculated the mean residence time ofgng a similar situation was also observed in analyzing the

the water molecules in the hydration shell of the ions near the gynamics of the solventé.To analyze the extent of this effect,
interface and in bulk solution, to measure the influence of the " \yould be necessary to use much longer simulation boxes,
interface under the stability of the hydration shell. which is not feasible even with modern computational resources.
12-+D'ff“5'°”_ CoefficientsThe diffusion coefficients of the (ii) lonic diffusion is faster near the interface than in the bulk
Mg=" and CI" ions were calculated using the Einstein relation eqion for either displacements parallel or perpendicular to the
interfacial plane.
. ARﬁ Diffusion in dense fluids is quite sensible to the density of
Do = l'mtawf @) the system, because the molecular displacements are limited
by the near presence of other molecules. It was demonstrated
whereAR, is the mean displacement in thedirection @ = x, in an earlier work’ that an increase of 4.6% in the density of
coefficient, and is the time. The results are presented in terms Coefficients. Therefore, the increase in the translational kinetics

of the diffusion coefficients parallell( and normal ) to the near the interfq(:e is mainly caused by the decrease in the density
interfacial plane. The diffusion coefficients parallel to the Of the system in that region.
interfacial plane correspond to the average betweandDy, (iii) Diffusion is faster in the solution with the less concen-

and the diffusion coefficients normal to the interface correspond trated electrolyte.
to theD, component of the diffusion coefficient. The calculations ~ This effect was predictable and can be justified by the same
were performed separately for the bulk and interfacial regions. reasons as the ones presented above. Hence, in the more
The bulk region corresponds to a slab of 10 A thickness, parallel concentrated solution, the density is far superior to the density
to the interfacial plane (they plane), located in the center of in the less concentrated solution, which makes the translational
the box. The interfacial region corresponds to a slab of 10 A kinetics slower.
thickness, parallel to the interfacial plane and centered at the Comparison between theoretical results and experimental data
interface (5 A inside the water phasedé®A inside the organic  should be made considering the component of the diffusion
phase). The calculations were performed for both systems coefficients parallel to the interfacial plane in the less concen-
studied, and the obtained results are presented in Table 1. trated solution. Those are the ones which are calculated in an

Besides the diffusion coefficients, the table also shows the environment more similar to experimental measurements.
ratio between diffusion parallel and normal to the interface and Indeed, experiments are performed in an isotropic media, and
the ratio between diffusion in bulk and interfacial regions. From at very low electrolyte concentrations, to obtain the diffusion
the results presented in the table several conclusions can becoefficients at infinite dilution. It would be interesting to have
drawn: experimental data about those quantities as a function of the

(i) lonic diffusion is anisotropic, being faster parallel to the concentration of magnesium chloride, but as far as we know,
interfacial plane than toward the interface. This conclusion holds there are no such data in the literature. Experimental diffusion
for both ions and for both systems studied. The anisotropy is coefficients for magnesium ion range between .20"° and
more pronounced in the system with the more concentrated1.1 x 10-® m? s 14445Therefore, the result obtained here ((0.88
electrolyte, and also more demarcated for the magnesium ion=+ 0.05) x 107° m? s71) is in fair agreement with experimental
than for the chloride ion. data.

This phenomenon is caused by the existence of an incom- For the chloride ion we have obtained a value of (1124
pressible and impenetrable barrier (the organic phase) that0.05) x 10° m? s, which should be compared to the
hinders the ionic displacements toward the interface. This effect experimental value of 2.&x 1072 m? s~1.46 Although not so
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Figure 8. Details of the probability distribution for the residence time of the water molecules in the first hydration shellaidCin the second
hydration shell of Mg". The left graphics correspond to the residence time distributions in the bulk aqueous phase and the right graphics to the
residence time distributions near the interface. The top graphics refer totherCind the bottom ones to the Kfgion. In each picture the solid

line corresponds to the results obtained ia thM solution and the dotted line toel8 M solution.

; ; ; ; .« .+ TABLE 2: Mean Residence Times for the Water Molecules
precise as in the case of.the magnesium ion, the result is N ihe First Hydration Shell of Cl - and in the Second
satisfactory agreement with experimental data. We must re- yqration Shell of Mg2* (ps)

member that the diffusion coefficients are one of the properties Vo buk M@ it O bulk crint
more sensible to the specific models employed. Even for the g~ bu g i u

most optimized molecular models (the models used to simulate 1 mo"dmj 0.889+ 0.004 0.87+0.03 1.69+0.01 1.62+0.04
liquid water), the diffusion coefficients obtained in simulation 3 MoFdm™> 0.83+0.02  0.81£0.03 1.37+0.03 1.55:0.05

deviate from experimental results typically by more than . 4950 .
0/,46-48 - propertiest®50In that case the water molecules still belong to
50%: Another factor that makes difficult the correct the hydration shell of the ion if they leave and return to the

reprpduction of the experimenta! diffusion coefficients is their hydration shell during a time period smaller than the transient
stra!ght de_pendence on the densﬂy of the system. Hence, asmal!ime. Typical values for the transient time lie in the range of
deviation in the density of the fluid can produce a very large 0—2 ps. In our calculations we do not consider the concept of

deviation in the diffusion coe.ff|c.|ents, as discussed previously. transient time, which corresponds to the use of a transient time
However, those small quantitative details are not fundamental of 0 ps

gobt;hﬁ.nd'ssug’smnapgeé \évgséﬁ t.V\gen a;rfe thngogzhzongfrgfe?h;n Using this definition, we calculated a probability distribution
aiff nt gk' i pf th v 'pt;] int ¥' hich for the residence time of the water molecules in the hydration
MUSIVe KInetics ot the 1ons near N aqueous INtertace, WNICh g q)| of the jons, and from that the average residence time was

can be fully achleved W!th the presen.t models. i obtained. In Figure 8 we illustrate the probability distributions
2. Mean Residence Time of Water in the Hydration Shell of ¢5; the residence time of the water molecules in the first

the lons.n this section we aim to inves}igate the mean residence hydration shell of the chloride ion and in the second hydration
time (MRT) of the water molecules in the hydration shell of gpe|| of the magnesium ion. The picture illustrates details of
the considered ions. This quantity was calculated for the first \he calculated probability distributions, for residence times
hydration shell of thg chl_orlde ion and for the secqnd hydration gmaller than 0.5 ps. The calculations were extended up to 800
shell of the magnesium ion. We have used the “direct route” to s 1o define the bulk water region and the interfacial region,
the calculation, which is described below. we used the same criteria as in the study of the diffusion
We considered the residence time of a water molecule in the coefficients (please, see section above).
hydration shell of a given ion as the time elapsed since the The average residence times obtained are shown in Table 2.
water-ion distance becomes inferior to the radius of the |twas not possible to estimate the MRT of the water molecules
corresponding hydration shell (given by the position of the in the first hydration shell of the magnesium ion, since it was
minimum in the corresponding radial distribution function) until  fgr superior to the simulated time (800 ps). It was never observed
the moment in which the wateion distance exceeds the during any of the simulations that even one water molecule left
hydration shell radius. the first hydration shell of the magnesium ion. This observation
In this kind of calculations some authors consider the is in absolute agreement with experimental findings, that
existence of a “transient time” in which the molecule can leave attribute an average residence timexgf x 10P—107 ps to the
and return to the hydration shell without really achieving bulk water molecules in the first hydration shell of this ®n.
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From the results presented in Table 2 we may conclude thatworks (obtained by calculations based on the density functional
the MRT decreases with the increase of the electrolyte concen-formalism for fluids) included a mixed-solvent region with a
tration. This phenomenon can be explained by the strongerthickness of several molecular diameters and not a sharp
competition between the ions to coordinate the fewer accessibleinterface, as the one obtained here (and also obtained in all
water molecules in the more concentrated solution. In the more molecular dynamics or Monte Carlo simulations of real fluids).
dilute solution, the larger number of water molecules accessible A consequence of that broad interface is that the ions are found
for each ion allows for keeping the hydration sphere longer and to penetrate in the mixed-solvent region, which results in an
more protected from the influence of nearby ions. overlap of the ionic density profiles of the ions belonging to

The influence of the interface in the MRT of the water different phases. The overlap region was found to increase with
molecules in the hydration shell of the ions is nontrivial and increasing ionic concentration. Those results are coherent with
depends on the considered ion. The magnesium ions near theurs, since in our case the mixed-solvent region has a thickness
interface can coordinate the ketone oxygens, which are pointingof only 1.0 A4 and consequently the ionic density profiles still
to the aqueous phase. We calculated the average number ofenetrate, but only very slightly, the organic phase adjacent to
ketone oxygens in the first coordination shell of Maear the the interface. It was also verified in this work that penetration
interface, and a number of0 and 0.56 was obtained for, increases with increasing ionic concentration.
respectively, the 1 ah3 M solutions (numbers obtained by  The electric field and the potential drop across the interface
integration of the corresponding radial distribution functions). were calculated from the charge density profile normal to the
The latter has a larger coordination number due to the greaterinterfacial plane. It was found that the electric field was null
number of ions at the interfacial region in competition t0 across almost all the extension of the simulation box. The
coordinate the few water molecules accessible for each ion. exception corresponds to a region of about 10 A thickness at
Obviously, the coordination of ketone oxygens induces a the interfacial zone, where a well demarcated electric field was
decrease in the MRT of the water molecules in the ionic detected. The existence of this electric field is due to the
hydration shell. In contrast, the increase in thgOHon ratio anisotropic orientation of the solvents, with the water molecules
near the interface contributes to the increase in the MRT of the pointing their dipole moments to the organic phase, making
water molecules in that region. Those effects can explain the hydrogen bonds with the ketone oxygens, which in turn are
increase in the MRT near the interface in the more dilute mainly pointing to the aqueous phase. The ions do not contribute
solution (where there is no coordination of ketone oxygens by to this electric field, since the net result of the ionic charge is
the magnesium ions) and the decrease of the MRT near thenull across all the extension of the simulation box, a consequence
interface in the more concentrated solution, where the effect of of the equivalence between the spatial distribution of cations
the coordination by the ketone oxygens seems to prevail. and anions. The potential drop profile is almost monotonic,

In the case of the chloride ions we cannot expect a decreasing from the organic phase to the water phase, and
coordination by the negative ketone oxygens. Therefore, it displaying a small minimum at2 molecular diameters inside
should be expected that the MRT would increase near thethe water phase. The net potential drop across the interface
interface as a consequence of the increase of H¥ibh ratio. (HPT2— H,0) was estimated as1.1,—1.0, and—1.0 V for
This is what happens in the more concentrated solution. In thethe pure system, for ¢h1 M solution, and for ta 3 M solution,
less concentrated solution the MRT decreases near the interfacerespectively.

This seems a little bit surprising, although numerical uncertainty  The density of the solutions of magnesium chloride in the

can eventually be responsible for that inversion, considering pylk region shows good agreement with experimental data, with

the closeness of the results and the standard deviations obtained, geviation from the experimental result of 2.4% and 4.4% for

Further inVeStigation with even better statistics is required to the less and more concentrated So|utionS, respective|y_ This

better explain this last observation. result is a expressive indicator of the quality of the methods
and molecular models employed.

The influence of the supporting electrolyte under the specific
In this paper we have analyzed the properties of an interface orientation of the solvents near the interface was evaluated, and
between two immiscible electrolyte solutions, namely the it was concluded that the ions are usually too distant from the
interface between 2-heptanone and water, with magnesiuminterface to have a visible influence on the anisotropic orienta-
chloride as the supporting electrolyte. Two different concentra- tions of the solvents in that region.
tions of MgC}hL were considered, namely 1 and 3 raph 3. The structure of the hydration shell of the ions as well as the
The density profiles of the solvents show that the existence cationic-anionic associations were studied at several locations
of the supporting electrolyte slightly shortens the thickness of relative to the interfacial plane by calculating the corresponding
the interface. Magnesium chloride is a “structure making” salt, radial distribution functions. It was noticed that the hydration
and increases the aggregation of the water molecules, thushumbers decreased in the more concentrated solution, where a
making the agueous phase less miscible with the organic solventproportion of only 6.1 water molecules for each ion exists,
The ionic density profile decays from the bulk value until whereas in the more dilute solution that proportion corresponds
almost zero at the interface. The decay startszad A from to 18.2 water molecules for each ion. This reduced water/ion
the interface in the 1 madlm=23 solution and ar:15 A from ratio is the main cause for the decrease in the average hydration
the interface in the 3 meadm2 solution. The cationic and  number. Surprisingly, this quite logical and intuitive effect seems
anionic number density profiles are statistically equivalent; i.e., not to be detected by X-ray reflectivity measurements, where
the number density of the chloride ion always corresponds to the hydration numbers of Mg keep their infinite dilution values
twice the number density of the magnesium ion (within statistical in solutions with concentrations up to 4.8 nah 3 (a water/
accuracy). ion ratio of 3.8 and a hydration number of 6).
Two other related worké52also describe the ionic density The Mg"—CI~ coordination number was found to decrease
profile along the normal to a liqujtiquid interface. However, from bulk solution to the interfacial region (from 0.67 to 0.45
the description of the interfacial region considered in those in the 1 M solution and from 1.8 to 0.9 ing¢h3 M solution).

IV. Conclusions
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direction. Diffusion is faster near the interface than in the bulk
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dynamics of the ions in the system with the larger ionic
concentration, which has also the greater density.
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hydration shell of Ct and in the second hydration shell of kig

was also estimated, both in bulk solution and near the interface.

The water molecules belonging to the first hydration shell of
Mg?" never left the hydration sphere during all the simulations,

in agreement with experimental estimates of the mean residence

time of the first hydration shell of MR, which are far superior
(by 3 orders of magnitude) to the simulation time. The mean

residence times were calculated to be smaller in the more
concentrated solution, a fact that can be attributed to the decreas

in the H,O/ion ratio, which enhances the competition for the
capture of the few water molecules by the ions.
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