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In this work, molecular dynamics simulations have been used to study the transfer of some alkaline ions
(Na+, K+, and Rb+), an alkaline-earth ion (Sr2+), and an organic ion (N(CH3)4

+) across the water/2-heptanone
liquid/liquid interface. Potentials of mean force were calculated and the ion transfer mechanisms were analyzed.
The computed free energies of transfer exhibit a clear dependence on the ionic size and charge. In clear
agreement with the experimental results obtained for several liquid/liquid biphasic systems, the free energies
of transfer increase with the ionic charge and decrease with the ionic size. In all cases investigated, the
potential of mean force for the transfer shows a monotonic increase in the Gibbs free energy as the ion
progresses into the organic liquid. The major increase of the free energy occurs when the ion is on the organic
side of the interface. The transfer seems to be an activationless process because there is no free energy barrier,
this is true even in the case of the transfer of the organic ion. The transfer mechanism involves the formation
of a water finger that connects the ions in the organic phase to the water phase during the transfer in both
directions (i.e., from water to the organic phase and vice versa). For the organic and the alkaline ions, the
water finger may be as long as 10 Å and, for the alkaline-earth ion, as long as 14 Å. In addition, it has been
found that all the ions drag a part of their hydration shell into the organic phase, a phenomenon well documented
experimentally. For similar ions, the number of water molecules and the fraction of the hydration shell dragged
into the organic phase increased with the robustness of their shell. The N(CH3)4

+ ion drags slightly more
water molecules than the alkaline ions, although the fraction of its hydration shell that remains in the organic
solvent is much smaller. The mechanisms of the ion transfer processes studied here are all qualitatively similar,
showing however a quantitative dependence on the ionic size and charge.

I. Introduction

Solvation and chemical reactivity at liquid interfaces plays a
major role in many areas of chemistry, physics, and biology.
Ion transfer across the interface between immiscible liquids is
essential to processes such as phase-transfer catalysis, the
kinetics of ion extraction, drug delivery problems in pharmacol-
ogy, electrochemical sensors, or selective electrodyalisis.1-3

Understanding the behavior of solutes and their reactivity at
liquid interfaces is also extremely important at the fundamental/
theoretical level because inhomogeneous media are characterized
by a number of unique properties that are expected to influence
the behavior of chemically active species in a way significantly
different from that of bulk liquid or gas phase. Since the
beginning of the century, several experimental and theoretical
studies have been devoted to interfacial phenomena. However,
despite the efforts of classical physical chemists, there is still
an enormous lack of information about the microscopic proper-
ties of the interfaces or the ion-transfer mechanisms across them.
In the past few years, however, the application of modern
experimental techniques (like nonlinear optical spectroscopy)4-9

has given new useful insights into interfacial systems. For
instance, optical second harmonic generation together with sum
frequency generation allowed the characterization of the mo-
lecular ordering ofn-alkanes at the water/n-alkane interface. In
a recent work of Mitrinovic et al.,10 a new X-ray reflectivity
technique was used to directly measure for the first time the

width of a liquid/liquid interface. The value (3.3( 0.25 Å)
obtained for the width of the water/hexane interface was shown
to be in good agreement with the predictions from the capillary
wave theory or from computer simulations. Molecular simula-
tions methods, like Monte Carlo or molecular dynamics (MD),
have contributed remarkably to our current microscopic under-
standing of interfacial systems.11-16 In fact, a significant part
of what is know about interfacial phenomena has been gathered
by molecular simulation methods. These methods can provide
the potential of mean force (PMF) governing the ion transfer17-20

and the means to investigate the exchange of the solvation shell
of the ion, which is the key step of the transfer process. Notice
that even the newest experimental techniques are unable to
describe these important features.

This work presents results of a series of MD simulations for
the transfer of alkaline (Na+, K+, and Rb+), alkaline-earth (Sr2+),
and organic (N(CH3)4

+) ions across the water/2-heptanone
(HPT2) interface. The HPT2 solvent was chosen because it
represents an important alternative to other commonly used
organic solvents (e.g., 1,2-dichloroethane or nitrobenzene) that
are highly toxic and, therefore, environmentally unnaceptable.
HPT2, being nonaromatic and not halogenated, has a low
toxicity and may thus be used in large-scale industrial processes.
Also, recently, it has been demonstrated that HPT2 can be
successfully applied in simple and assisted electrochemical ion
transfers.21,22Alkaline, alkaline-earth, and the tetramethylamo-
nium ions are among the most frequently used to perform
experimental unnassisted electrochemical ion transfers.23,24* Corresponding author. E-mail: ncordeir@fc.up.pt.
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The microscopic characterization of the present liquid/liquid
interface has been accomplished in an earlier work.16 With this
set of transfers, we are now able to examine the dependence of
the energetics and mechanism of transfer on the size and charge
of the ion. The transfer of the organic ion might shed some
light on how the nature of the ion affects this phenomenon.

The outline of this paper is as follows. In Section II, the details
of the simulations are briefly described. Then, in Section III,
we discuss the results of the simulations, focusing on the PMFs
of the ions transfers, the processes of the solvation shells
exchange, the formation of the water fingers, and the water
dragging effects. In addition, an attempt is made to clarify the
dependence on the ion size and charge for this interfacial process
by comparing the results obtained for the different ions. Finally,
some concluding remarks are presented in the last section.

II. Simulation Details

A. Molecular Models and Potentials.The water molecules
were described by the well-known SPC potential.25

The HPT2 molecules were modeled by united atom formalism
with an eight-site interaction model. All bond lengths were kept
fixed by applying the SHAKE algorithm.26 The use of bond
constraints allows us to increase the time step up to 2 fs when
integrating the equations of motion. This increase results in a
better exploration of the configurational space and, as previously
checked, does not affect the simulation results. Flexible angles
and dihedrals were considered by employing the CHARMm
intramolecular force field.27 The tetramethylamonium ion
(TMA+) was also modeled by united atom formalism, leading
to a five-site interaction model. All intermolecular potentials
are pairwise additive and include a Coulombic and a Lennard-
Jones term. In summary, the total potential energy of the system,
(Vtotal ) Vintra + Vinter) was computed with eqs 1 and 2, with
obvious notations, for the intra- and intermolecular interactions,
respectively. One to four specific dihedral interactions were

included as established in the CHARMm force field.
Atomic charges for HPT2 were obtained from quantum

calculations as described previously.28 All other atomic charges,
as well as the parameters for the Lennard-Jones potentials were
taken from the AMBER force field.29 The Lennard-Jones
parameters for the interactions between different species were
derived using standard geometric combination rules; that is,σij

) (σiσj)1/2 andεij ) (εiεj)1/2.
B. Method. 1. Simulated Systems. The H2O/HPT2 system

was first represented by two independent boxes, one containing
794 water molecules and the other a mixture of 168 HPT2
molecules plus 15 water molecules. The latter box reproduces
a solution of HPT2 saturated with water (8.3% H2 O (mol/mol)).
Both boxes had initially the same cross section (25× 25 Å)
and lengths that mimic the experimental densities of the pure
liquids (F(H2O) ) 0.997 g‚cm-3 and F(HPT2) ) 0.8124
g‚cm-3). After an individual equilibration of each box, they were
joined together along their cross sections, and the interactions
between the molecules of the two liquids were slowly switched
on. During this process, the volume of the boxes was fixed and

the temperature (300 K) was maintained by a Nose´-Hoover
thermostat.30 Then, a further 300 ps equilibration run was
performed in the NPT ensemble using a Nose´-Hoover ther-
mostat and barostat30,31 with the temperature and the pressure
fixed, respectively, at 300 K and 1 Bar. A second interfacial
system, slightly larger than the one just described (cross section
) 30 × 30 Å, with the water box containing 1200 water
molecules and the HPT2 box containing 232 HPT2 molecules
plus 21 water molecules), was obtained by the same procedure
to execute the transfer of the larger TMA+ ion.

The motion of the species was propagated in time via the
Verlet velocity algorithm with a time step of 2 fs. Periodic
boundary conditions were applied in all three directions, forming
two liquid/liquid interfaces. Care was especially taken to confirm
that the interfaces did not interact with each other.16 To avoid
interactions between the two interfaces, they must be separated
by a substantial bulk region. In our simulation cell, the distance
between the interfaces is 38 Å along the water phase and 61.68
Å along the HPT2 phase (i.e., 3.2 and 5.2 times greater than
the long-range cutoff distance), which seems quite enough to
avoid any interaction between the two interfaces. Long-range
forces were calculated using the Ewald summation method with
tinfoil boundary conditions. A molecular spherical cutoff of
12.25 Å (14.5 Å in the case of TMA+) was applied to the real
part of the Ewald energy. For the Lennard-Jones interactions,
a cutoff of 10 Å was used. It is worth noting that the Ewald
method can be used in the simulation of nonneutral systems if
one includes a term corresponding to a background charge of
opposite sign to the charge of the system, which makes the
overall system neutral.32-35 The forces between pairs at distances
>10 Å were calculated by a multiple time step algorithm36 with
a integration step of 12 fs. Preliminary checks confirmed that
good energy conservation (without thermostat) is achieved with
this algorithm, and the system properties are unaffected by its
use.

2. Free Energy Calculations. The best choice for the ion-
transfer reaction coordinate is the distance of the ion to the
interface. To calculate the corresponding PMF, a conventional
constrained MD technique was employed.37 The reaction
coordinate was divided into slabs with a thickness of 5 pm.
The ion was first kept fixed at the center of the first slab in
bulk water phase, and its interactions were slowly turned on.
After an equilibration run of 75 ps, the forces acting on the ion
were averaged over a 2-ps trajectory. The ion was then put at
the center of the next slab. A short 0.5-ps equilibration run was
found to be enough to relax the solvent to the new position of
the ion, considering the small ion displacement. Afterward, the
forces acting on the ion were averaged again over a 2-ps
trajectory. This procedure was repeated until the ion reached
the bulk HTP2 phase. For each transfer, another independent
PMF calculation was also performed in the reverse direction
(i.e., from bulk HPT2 to bulk water), and the results presented
correspond to the average of the two calculations. The results
obtained in both directions were quite similar, and the hysteresis
obtained lies inside the statistical uncertainties. Note that when
the ion was in the organic phase, the averaging time in each
slab was augmented to the double (1 ps of equilibration plus 4
ps of averaging), because of the slower rotational motion of
the HPT2 molecules. This procedure led to total simulation times
of 3500 ps for the alkaline ions, 5500 ps for the alkaline-earth
ion, and 4500 ps for the organic ion. Some of the simulations
proceeded a little bit further to confirm the convergence of the
results, as discussed later. Similar strategies were successfully
applied and proven to be very useful in the study of ion and

Vintra ) ∑
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neutral species transfer processes across liquid/liquid inter-
faces.17,20,38,40

The z axis of our internal frame was considered to be the
axis perpendicular to the interfacial plane (see Figure 1). The
free energy difference between a state where the ion is located
at zi and a reference state,zref, is given by37,38,40

where||FBz|| is thez component of the force acting on the ion
and 〈...〉z′ represents NPT averages with the ion fixed in thez′
position. In this paper,zref corresponds to the position of the
ion in bulk water phase.

All simulations were carried out using the DL_POLY MD
package.41

The statistical uncertainty associated with the calculation of
the free energy of transfer was calculated by a block mean
analysis. The data related to each transfer was divided into 10
statistically independent blocks. The results presented are the
averages of the blocks, and the statistical uncertainties cor-
respond to the root-mean-square of the results of the blocks. A
similar procedure was employed to estimate the statistical
uncertainties associated with the integration of the radial
distribution functions.

III. Results

A. Potentials of Mean Force.The PMFs are crucial for a
proper understanding of ion transfer processes, but they are
innaccessible experimentally. It is in such cases that computer
simulations become invaluable. In this section, the PMFs for
all the ion transfers performed will be presented and analyzed.

Shown in Figure 2 are the PMF results obtained for several
ion transfers. The shapes of these PMFs are all very similar,
showing an increase in the Gibbs free energy as the ion moves
from the water phase to the HPT2 phase. All the transfers appear
to be nonactivated processes because no energy barriers are
found. In the case of the Na+ and Rb+ ions, a very small energy
barrier seems to arise in the organic phase at the end of the
transfer. However, because its height is so close to the statistical
uncertainty of the calculations, it may correspond to a small
noisy oscillation in the free energy profile rather than to a real
physical feature. When the ions are far from the interface and
bulk conditions prevail, the free energy remains constant,
showing that the reaction coordinate is fully examined. It should

be said that the shapes of the PMFs in Figure 2 are quite similar
to others already published.17,18

In contrast with the present results, Benjamin et al.19 obtained
a PMF that suggests an activated process for the transfer of
Cl- ion across the water/1,2-dichloroethane interface. In that
pioneering work, the authors resorted to an approximate route
for obtaining the PMF. In fact, they considered the free energy
partitioned into independent Coulombic and Lennard Jones
terms, thus neglecting any contributions coming from cross
correlation terms. Because these cross terms may have non-
negligible contributions,42 without a more precise calculation
it is not possible to confirm the exactness of the PMF obtained.

Our PMFs support the following picture for an ion transfer
across the interface between two immiscible liquids. For this
kind of process, the change in free energy is due to the exchange
of the solvation shell of the ion. The major changes in the free
energy only occur in the organic side of the interface. In the
water phase, the slight increase of the free energy is mainly
caused by the loss of water molecules of the second hydration
shell of the ion and to the decrease of the long-range ion-
solvent interactions when the ion is near the organic phase. In
fact, the ion keeps its first solvation shell almost intact until it
crosses the interface. The major contribution for the change in
free energy associated with the transfer is the partial replace-
ment, after crossing the interface, of the first hydration shell of
the ion by HPT2 molecules.

For the transfer processes considered here, the net free
energies obtained from the PMFs are depicted in Figure 3,
together with the corresponding standard deviations calculated
by a block means analysis.

Because all the experimental free energy values for the
transfer of these ions were measured using other organic

Figure 1. Schematic picture of the box used in the simulations.

∆G(zi) ) G(zi) - G(zref) ) -∫zref

zi 〈||FBz||〉z′dz′ (3)

Figure 2. PMFs for the ion transfers. The ion being transferred is
shown at the top of each plot. Units in the axis of the smaller plots are
the same as the ones in the larger plot. Given the qualitative similarity
between the free energy profiles, only one of them is shown with greater
detail.

Figure 3. Net Gibbs free energy for the several ion transfer processes.
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solvents, like the 1,2-dichloroethane or the nitrobenzene,23,24

direct comparisons with our results would not be correct.
Nevertheless, some simple observations can be made to check
the accuracy of the present results. The free energy of the TMA+

transfer (19.5( 2.2 kJ/mol) may be compared with the one
(23.4 kJ/mol21) achieved by resorting to the theoretical model
of Abraham and Linszi.43,44Good agreement is evident. On the
other hand, the free energy for the transfer of the Rb+ ion (16.1
( 1.8 kJ/mol) is close to but smaller than the experimental value
measured for the analogous I- ion (21.9 kJ/mol21) using the
same liquid/liquid interface. This result was to be expected
because the stronger solvation of the cations by HPT2 contrib-
utes to the smaller value obtained for Rb+. Indeed, the cations
interact with the negative carbonyl oxygen but the anions cannot
interact strongly with the positive carbonyl carbon that is too
hidden by the methyl groups of the carbon chain. It is also
important to note that the method employed here to calculate
the free energy of transfer was applied before with the iodide
ion, leading to good agreement with experimental data.17 To
get more quantitative detail into the energetics of the transfer
process we can use the relation∆Gsolv (sat. HPT2)) ∆Ghyd -
∆Gtransfer, which results from a simple thermodynamic cycle.
Using the values for∆Gtransferobtained here and the values of
∆Ghyd published by A° qvist39 (using the same ion-water
potentials and the same water model), we can calculate the free
energy of ion solvation in saturated HPT2. The results are shown
in Table 1.

The contribution of the water molecules in the H2O/HPT2
mixed ionic solvation shells is specially important in the case
of Sr2+. As far as we know there are no experimental free energy
values for the ion solvation in pure or saturated HPT2 published
in the literature. However, we stress that A° qvist potentials were
refined in solution to reproduce the experimental values for the
free energy of hydration (as can be seen in the table). So, the
reasonable results obtained for the free energy of transfer cannot
result from any cancellation of errors but instead from a
reasonable estimation of the free energy of solvation of the ion
in saturated HPT2.

Finally, it should be noted that the experimental free energy
dependence on the ion size and charge,23,24 (i.e., ∆GSr2+

wfo >
∆GRb+

wfo and ∆GNa+
wfo > ∆GK+

wfo > ∆GRb+
wfo, is also correctly

mirrored in our simulation results.
Further insight into the ion transfer process and its dependence

on the ion size and charge should be gathered from the following
section.

B. Exchange of the Ion’s Solvation Shell.In this section,
the dynamic process of the ion’s solvation shell exchange, the
water dragging effect, and the formation of water fingers are
examined.

1. Radial Distribution Functions. An analysis of the ionic
solvation as a function of the ion-interface distances was
performed by looking at the corresponding radial distribution
functions (RDFs). For that purpose, the simulation shell was
divided into slabs parallel to the interface with a thickness of

2.5 Å, and the ion-water oxygen (Ow) and the ion-ketone
oxygen (Ok) pair distribution functions were calculated inde-
pendently in each slab. Then three-dimensional RDFs, functions
of both the pair distance and the distance of the ion from the
interface, were defined by a triangle-based linear interpolation
technique. In the case of the TMA+ ion, the RDFs were
computed by considering its nitrogen atom as the center. Note
that all RDFs were normalized by the corresponding bulk
densities.

The ion-Ow RDFs are reported in Figure 4. For the alkaline
ions, only the Na+-Ow RDF is shown in this figure because
all alkaline RDFs were very similar. In fact, the only remarkable
difference between them is the decrease in the height of the
first peak as the ions move toward the organic phase. That
decrease, which is due to the dehydration of the first solvation
shells of the ions, becomes clearly more marked as one goes
from Na+ to Rb+, which will be discussed in detail next.

In Figure 4, one can observe that the first and the second
peaks of the Na+-Ow RDF become progressively smaller as
the ion moves from water toward the organic liquid, because
of the smaller number of water molecules hydrating this ion.
However, even in the bulk organic phase, a partial hydration
shell is retained, mainly its first shell, whereas its second shell
almost disappears. In the case of the Sr2+ ion, its first hydration
shell remains almost complete in the organic phase and a
significant part of its second hydration shell is also retained.
This result reflects the increased robustness of the hydration
shells of the alkaline-earth ion, a consequence of its higher
charge. In the case of the TMA+ ion, the first solvation shell,
which is broader than the ones of the monatomic ions, almost
disappears in the organic phase. There is a slight increase at
the end of the transfer that corresponds to the capture by the
ion of one water molecule that was initially in the bulk organic
solvent. The lower ability of the TMA+ ion to retain its
hydration shell is due to its more delocalized charge (+0.25 in
each methyl group), that produces more, but weaker, interactions
with the water molecules.

Figure 5 shows the RDFs for the ion-Ok pairs. Again only
the RDF of one of the alkaline ions (i.e. the Na+ ion) is shown
for the same reasons as already discussed. One can observe the
formation of two solvent shells around the Na+ and the Sr2+

ions as they enter the organic phase, indicating the replacement
of their hydration shells by the HPT2 molecules. The poorer
statistics associated with the first peak in the Sr2+-Ok RDF is
due to the very small number of HPT2 molecules in the first
solvation shell of Sr2+. Because the Sr2+ first hydration shell is
almost complete, it is very difficult for the HPT2 molecules to
reach it. With the increase of the fraction of HPT2 in the second
shell, as this ion moves deeper into the organic phase, the HPT2
molecules may enter more easily from the second into its first
solvation shell. The average number of HPT2 molecules in this
ion first solvation shell converges to a value of 1.0. Such a
reduced number explains the more noisy profile of the Sr2+-
Ok RDF first peak.

In the case of the Na+ ion, the first hydration shell is reduced
to about half of its composition in bulk water and the HTP2
molecules have enough space to approach the ion, thus forming
a well-defined first solvation shell. Due to its lower charge, the
second solvation shell of the Na+ ion (and of all the other
alkaline metal ions) is much less pronounced than that of Sr2+.
Finally, in the case of the TMA+ ion, one can notice the
formation of a broad solvation shell due to the almost complete
replacement of its hydration shell.

TABLE 1: Free Energy of Ionic Solvation in Both Solvents
(kcal/mol)a

ion ∆Ghyd
∆Gsolv

(SAT‚HPT2)

Na+ -98.5 (exp.-98.2) -64.9
K+ -80.9 (exp.-80.6) -59.9
Rb+ -75.5 (exp.-75.5) -59.4
Sr2+ -345.9 (exp.-345.9) -308.6

a The values for the free energy of hydration were taken from ref
39.
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The solvation shell exchange is the key process for the ion
transfer, so the RDFs were integrated to estimate the number
of neighbors inside the ions first shells (and second shell for
Sr2+). These coordination numbers are depicted in Figure 6.

At this point it is important to clarify that some tests were
made to check the convergence of the present results. The
simulation of the K+ transfer process was extended to enable a

Figure 4. RDFs of the water oxygen (Ow) around the ions Na+ (top),
Sr2+ (middle), and TMA+ (bottom) drawn as a function of the distance
to the interface. Negative distance values correspond to the water phase
and positive distance values correspond to the organic phase.

Figure 5. RDFs of the ketone oxygen (Ok) around the ions Na+ (top),
Sr2+ (middle), and TMA+ (bottom) drawn as a function of the distance
to the interface. Negative distance values correspond to the water phase
and positive distance values correspond to the organic phase.
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deeper penetration of the ion (10 Å more) into the organic phase.
This procedure was done to confirm that the free energy and
the composition of its solvation shell remained constant. A series
of simulations was also performed starting with each ion in a
large box (30× 30 × 45 Å3) filled with HTP2 saturated with
water. At the beginning of the simulation the ions were
completely unhydrated. However, during an equilibration of 250
ps, the ions captured some water molecules (that were initially
solvated in HPT2) into their solvation shells (2-3 for the
alkaline ions, 11 for Sr2+, and 4 for TMA+). After establishing
those mixed solvation shells, the composition of the solvation
shell of the ions remained constant, showing that an equilibrium
situation was achieved. It should be noticed that the HPT2
saturated with water contains 8.3% (mol/mol) of water. Such a
high concentration of water allows the ions to keep half-hydrated
in the organic solvent in a equilibrium state. The composition
of the solvation shells of the ions at the end of the transfer to
the organic solvent was the same (within statistical uncertainty)
as the one resulting from the equilibration of the ions in saturated
HPT2. Thus, it can be concluded that the final state of the ions
after the transfer does indeed correspond to the final state of
the transfer reaction, and the ions will keep the water molecules
in their solvation shells in saturated HPT2 even on a longer
time scale.

Finally, it should be stressed that this conclusion is only valid
for HPT2 because of the high solubility of water in this solvent.
In very hydrophobic solvents, like 1,2-dichloroethane or ni-
trobenzene, the water solubility is almost null. Thus, the final
state of the transfers can eventually be very different regarding
the maintenance of mixed solvation shells.

2. Water Dragging Effect. The transportation by the ions of
water molecules into the organic phase (the so-called water
dragging effect) revealed in the simulations is in fair agreement

with experimental findings. It is well-known that the water
content in the organic phase increases with the transfer of ions.
Water coextraction was detected using several organic solvents,
such as nitrobenzene, either pure or in mixtures with benzene,
4-methyl-2-pentanone, or chloroform.24,45-53 In some cases,
accurate numbers of coextracted molecules could be experi-
mentally measured.24,49-53 Using nitrobenzene as the organic
solvent, the more recent values for the number of coextracted
water molecules24 from Na+ to Rb+ ranged from 3.8 to 0.7,
and a value of 14( 2 water molecules coextracted by Ca2+

was obtained. In the present simulations, the summation of the
water molecules dragged into the organic phase in the first and
second hydration shells of Sr2+ is estimated at 13( 1. In the
case of TMA+, no water coextraction into nitrobenzene was
detected. In the present work, the TMA+ ion was the one that
dragged the smallest fraction of its hydration shell into HPT2
(∼10% of the water molecules that were hydrating the ion in
bulk water phase). Although direct quantitative comparison with
our system would not be correct, the closeness of the simulation
results to those experimental measurements confirms that the
magnitude of the effect obtained in the simulations is correct.
The slightly higher number of coextracted molecules in the
simulated system reflects the greater hydrophilicity of HPT2
compared with nitrobenzene.

A last very simple and interesting analysis consists of
calculating the fraction of the hydration shell retained by the
ions as they progress into the organic solvent. This quantity
can be simply defined as:

where øh‚shell corresponds to thez-dependent fraction of the

Figure 6. Coordination numbers for the first solvation shells of the several ions as a function of the distance to the interface. In the case of the
Sr2+ ion, the coordination numbers for the second solvation shell are also shown. Black bars correspond to the number of HPT2 molecules and the
gray bars correspond to the number of water molecules.

øh‚shell(z) )
noH2O(z)

〈noH2O〉bulk

(4)
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hydration shell, noH2O(z) is the number of water molecules in
the hydration shell of the ion given that the ion is in thez
position, and 〈noH2O〉bulk corresponds to the bulk average
number of water molecules in the hydration shell of the ion.
The results are depicted in Figure 7. Observing Figure 7, the
relative robustness of the ion’s hydration shells, and the effect
of the ion’s size and charge under the magnitude of the exchange
of the solvation shell become quite clear. Data relative to TMA+

was spaced by a gap to remember that it should not be directly
compared with the monatomic ions because several differences
are simultaneously present (ion size, charge deslocalization, ion
shape, etc.). It is interesting to compare these results with the
predictions of the model of Sanchez et al.23 for the transfer of
ions across liquid/liquid interfaces, which explicitly takes into
account the transfer of hydrated ions into the organic phase.
Although the theory was developed considering the transfer of
the ion with a complete (and not partial) hydration shell, its
basic conclusions based on thermodynamic considerations (i.e.,
that the transfer of hydrated ions “should be favored in the case
of highly charged small ions at interfaces with a relatively low
surface tension and large differences between the reciprocal of
the dielectric constants.”) are fully confirmed here with regard
to the ion’s size and charge. The dependence on the organic
solvent falls beyond the scope of this work.

3. Formation of Water Fingers. Observing the animated
trajectories of the simulations we can see that as the ions cross
the interface and move toward the organic phase they remain
connected to the water phase through a water chain. That water
chain resists until the distance of the ion from the aqueous phase
reaches>10 Å from the water phase (14 Å in the case of Sr2+),
after which the water finger disrupts and retracts. The same
phenomenon was also observed in the reverse transfer, from
the HPT2 phase to water. As the ions approach and get close
enough to the water phase, a water capillary wave penetrates
into the organic phase and becomes connected to the ion. These
kinds of structures were also observed in other ion transfer
simulations17,19and are a result of the balance between the more
favorable ion-water interactions and the replacement of a part
of the water-water interactions for the water molecules in the
water finger by the less energetic water-HPT2 interactions.
Figure 8 shows two water fingers in its maximum extension,
before disruption and retraction, formed during the transfer of
Rb+ and Sr2+ into the organic phase.

In the present simulations the extent of the water fingers was
basically insensitive to the size of the ion (it was statistically
the same for the organic and for all the alkaline ions), but quite
sensitive to the charge of the ion because, as in the case of the
alkaline-earth ion, the water finger was significantly longer. The
explanation for this behavior should rely on the difference
between the long-range interactions of the ions with water.
Hence, the capacity of all monocharged ions to interact with
the water molecules of the water finger beyond their first
hydration shell is quite similar, because they all have the same
charge and the dispersive term, which is different for all them,
is short-ranged. The Sr2+ ion, however, has a much superior
capacity to attract more distant water molecules, because of its
higher charge, that better stabilizes the water finger structure.
The simple observation of the more pronounced second hydra-
tion shell of Sr2+, compared with the ones of the alkaline ions,
illustrates this idea and justifies the larger extension of the water
finger obtained with this ion.

Figure 9 represents the probability distribution for the angle
between the water dipole moment and thez axis of our internal
frame as a function of the distance to the interface. The two
interfaces are located atz ) 0 Å andz ) -40 Å. The ion, as
illustrated in Figure 8, is located atz ) 14 Å (14 Å deep into
the organic phase) and is connected to the water phase through
a water chain, just before disruption. In bulk water phase, the
orientational distribution is uniform as it should be for an
isotropic liquid. At z ) -40 Å, the existence of the liquid/

Figure 7. Fraction of the hydration shell conserved by the ions as a
function of the distance to the interface. In the case of Sr2+, the results
shown include the first and the second hydration shells.

Figure 8. Snapshot of two water cones of different extension
protruding into the HPT2 phase to solvate the Rb+ and Sr2+ ions. For
clarity, the HPT2 molecules were deleted.
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liquid interface causes an preferential orientation of the dipole
moments parallel to the interfacial plane (cos(ubzb) ) 0), an effect
previously documented in literature (see ref 16). A broad peak
appears betweenz ) -2 Å andz ) 14 Å, with cos(ubzb) ) -1,
which means that the water dipole moments exhibit a prefer-
ential orientation parallel to thez axis and pointing in the
opposite direction of the ion. The second peak beginning atz
> 14 Å, with cos(ubzb) ) 1, refers to the water molecules inside
the Sr2+ hydration shell located deeper than the ion in the
organic phase. This peak also indicates a preferential orientation
parallel to thez axis that also points in the opposite direction
of the ion. This picture confirms the long-range polarization of
the water molecules in the water finger by the Sr2+ ion.

IV. Conclusions

This work reports studies of the transfer of several alkaline
ions (Na+, K+, and Rb+), an alkaline-earth ion (Sr2+), and an
organic ion (TMA+) across the water/HPT2 interface by MD
simulations. The PMFs were calculated for all those ion
transfers. In addition, the dynamics process of the ion’s solvation
shell exchange, the water dragging effect and the water finger
phenomenon were analyzed from a microscopic perspective. The
calculated PMFs revealed a monotonic increase in the free
energy as the ion leaves the water phase and enters into the
organic phase. No energy barriers were found for these transfer
processes and, therefore, they seem to be activationless. The
greatest changes in the free energy only happen after the ion
crosses the interface and are due to the partial exchange of the
ion’s first solvation shell. The net free energy for the transfers
exhibits a dependence on the ion’s size and charge, decreasing
with the increase of the size of the ion (∆GNa+

wfo >
∆GK+

wfo > ∆GRb+
wfo) and with the decrease of the charge of the

ion (∆GSr2+
wfo > ∆GRb+

wfo). This result is corroborated by experi-
mental work performed with other liquid/liquid interfacial
systems. From the analysis of the process of the exchange of
the ion’s solvation shell, it has been demonstrated that when
the ions progress from water toward the interface they keep
their first hydration shell almost unaffected. Only after crossing
the interface does the process of exchange of the solvation shell
extensively occur. After crossing the interface, the exchange of

the second hydration shell of the organic and all the alkaline
ions is almost complete, although Sr2+ ion still retains∼25%
of its second hydration shell because of its higher charge.
Regarding the first hydration shell, it is only partially exchanged
in an extension that depends on the ion’s size and charge. The
replacement of the solvation shells of the ions is fulfilled when
the ions penetrate deeper than∼12 Å (17 Å for the Sr2+ ion)
into the organic phase. All the ions in the organic phase remain
connected to the water phase through a water chain when their
distance from the interface is<10 Å. For the Sr2+ ion, this
distance was 14 Å; this difference is caused by the stronger
long-range interactions of the Sr2+ ion with the water molecules
that better stabilize the water finger structure. As the ions
penetrate even deeper into the organic phase, the water chain
disrupts and retracts. The simulations also revealed that a
fraction of the hydration shell is retained by the ions in the
organic phase, forming a mixed H2O/HPT2 solvation shell and
mirroring the experimentally well-known water dragging effect.
The fraction of the hydration shell transferred into the organic
phase increases with the increase of the ionic charge and the
decrease of the ionic size, in accord with the recent theoretical
model of Sanchez et al.23 The number of coextracted molecules
also seems to be in fair agreement with other similar experi-
mental studies that employ other organic solvents.
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