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In this work, molecular dynamics simulations have been used to study the transfer of some alkaline ions
(Na*, K, and Rl), an alkaline-earth ion (8f), and an organic ion (N(CH,") 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 A and, for the alkaline-earth ion, as long as 14 A. 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;¥{Géh 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 width of a liquid/liquid interface. The value (3.3 0.25 A)
obtained for the width of the water/hexane interface was shown

Solvation and chemical reactivity at liquid interfaces plays a tobei q twith th dicti f h il
major role in many areas of chemistry, physics, and biology. 0 b€ In good agreement wi € predictions from the capiliary
wave theory or from computer simulations. Molecular simula-

lon transfer across the interface between immiscible liquids is .

essential to processes such as phase-transfer catalysis, th%ons meth_obds, lc'jke Monliebcliarlo or molecular_dynamlc_s (Mg)'
kinetics of ion extraction, drug delivery problems in pharmacol- ave contributed remarkably fo our current microscopic under-

) : . 16 e
ogy, electrochemical sensors, or selective electrodyatidis. s':canl(qjlr:g ?(f mterfscuil.s%/stferﬁé.l hln fact, a srllgnlfkl)cant patE d
Understanding the behavior of solutes and their reactivity at orwhat IS kKnow about interiacial pnénomena has been gatnere

by molecular simulation methods. These methods can provide

liquid interfaces is also extremely important at the fundamental/ ol of ; PME ing the | AEfay
theoretical level because inhomogeneous media are characterizeﬁ1e potential of mean force ( ) goveming the ion tra .
and the means to investigate the exchange of the solvation shell

by a number of unique properties that are expected to influence ) Do X
y gue prop P of the ion, which is the key step of the transfer process. Notice

the behavior of chemically active species in a way significantly h h ) I hni bl
different from that of bulk liquid or gas phase. Since the that even the newest experimental techniques are unable to
describe these important features.

beginning of the century, several experimental and theoretical ] ) ) )
studies have been devoted to interfacial phenomena. However, This work presents results of a series of MD simulations for
despite the efforts of classical physical chemists, there is still the transfer of alkaline (Na K*, and RB), alkaline-earth (St),

an enormous lack of information about the microscopic proper- @nd organic (N(Ch)4") ions across the water/2-heptanone:
ties of the interfaces or the ion-transfer mechanisms across them(HPT2) interface. The HPT2 solvent was chosen because it
In the past few years, however, the application of modern répresents an important alt_ernat|ve to other _commonly used
experimental techniques (like nonlinear optical spectroséopy) ~ Organic solver_lts (e.9., 1,2-d|chloro§thane or nitrobenzene) that
has given new useful insights into interfacial systems. For @re highly toxic and, therefore, environmentally unnaceptable.
instance, optical second harmonic generation together with sumHPT2, being nonaromatic and not halogenated, has a low
frequency generation allowed the characterization of the mo- toxicity and may_thus be used in large-scale industrial processes.
lecular ordering ofi-alkanes at the watewalkane interface. In ~ Als0, recently, it has been demonstrated that HPT2 can be
a recent work of Mitrinovic et all® a new X-ray reflectivity successfully appllled in S|m.ple and assisted electrochemical ion
technique was used to directly measure for the first time the transfergl22 Alkaline, alkaline-earth, and the tetramethylamo-
nium ions are among the most frequently used to perform
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The microscopic characterization of the present liquid/liquid the temperature (300 K) was maintained by a Nbosever
interface has been accomplished in an earlier ibWith this thermosta®® Then, a further 300 ps equilibration run was
set of transfers, we are now able to examine the dependence operformed in the NPT ensemble using a Nebover ther-
the energetics and mechanism of transfer on the size and chargenostat and barosf&t3! with the temperature and the pressure
of the ion. The transfer of the organic ion might shed some fixed, respectively, at 300 K and 1 Bar. A second interfacial
light on how the nature of the ion affects this phenomenon. system, slightly larger than the one just described (cross section

The outline of this paper is as follows. In Section |1, the details = 30 x 30 A, with the water box containing 1200 water
of the simulations are briefly described. Then, in Section Ill, molecules and the HPT2 box containing 232 HPT2 molecules
we discuss the results of the simulations, focusing on the PMFsplus 21 water molecules), was obtained by the same procedure
of the ions transfers, the processes of the solvation shellsto execute the transfer of the larger TMAon.
exchange, the formation of the water fingers, and the water ~ The motion of the species was propagated in time via the
dragging effects. In addition, an attempt is made to clarify the verlet velocity algorithm with a time step of 2 fs. Periodic
dependence on the ion size and charge for this interfacial procesgyoyndary conditions were applied in all three directions, forming
by comparing the resuits obtained for the different ions. Finally, o liquid/liquid interfaces. Care was especially taken to confirm
some concluding remarks are presented in the last section.  hat the interfaces did not interact with each ofeFo avoid
interactions between the two interfaces, they must be separated
by a substantial bulk region. In our simulation cell, the distance

A. Molecular Models and Potentials. The water molecules  between the interfaces is 38 A along the water phase and 61.68
were described by the well-known SPC potertfal. A along the HPT2 phase (i.e., 3.2 and 5.2 times greater than

The HPT2 molecules were modeled by united atom formalism the long-range cutoff distance), which seems quite enough to
with an eight-site interaction model. All bond lengths were kept avoid any interaction between the two interfaces. Long-range
fixed by applying the SHAKE algorithr?f The use of bond forces were calculated using the Ewald summation method with
constraints allows us to increase the time step up to 2 fs whentinfoil boundary conditions. A molecular spherical cutoff of
integrating the equations of motion. This increase results in a 12.25 A (14.5 A in the case of TMA was applied to the real
better exploration of the configurational space and, as previously part of the Ewald energy. For the Lennat#bnes interactions,
checked, does not affect the simulation results. Flexible anglesa cutoff of 10 A was used. It is worth noting that the Ewald
and dihedrals were considered by employing the CHARMmM method can be used in the simulation of nonneutral systems if
intramolecular force field” The tetramethylamonium ion  one includes a term corresponding to a background charge of
(TMA) was also modeled by united atom formalism, leading opposite sign to the charge of the system, which makes the
to a five-site interaction model. All intermolecular potentials overall system neutrd?35 The forces between pairs at distances
are pairwise additive and include a Coulombic and a Lennard >10 A were calculated by a multiple time step algorifimith
Jones term. In summary, the total potential energy of the system,a integration step of 12 fs. Preliminary checks confirmed that
(Viotal = Vinra + Vinter) was computed with egs 1 and 2, with  good energy conservation (without thermostat) is achieved with
obvious notations, for the intra- and intermolecular interactions, this algorithm, and the system properties are unaffected by its
respectively. One to four specific dihedral interactions were uyse.

angles impropers 2. Free Energy CalculationsThe best choice for the ion-

— _ pea2 _ ped \2 transfer reaction coordinate is the distance of the ion to the
Vinra z Ko(0 = %) + z KimprGimpr — Gimpe)” + interface. To calculate the corresponding PMF, a conventional
constrained MD technique was employ@dThe reaction

Z Kain(1 + cos0qi, = 9)) (1) coordinate was divided into slabs with a thickness of 5 pm.
pargyq, pars  [[oy\12 [o\e The ion was first kept fixed at the center of the first slab in
V. = z_ + 246" N I @) bulk water phase, and its interactions were slowly turned on.
inter r. My 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
included as established in the CHARMmM force field. the center of the next slab. A short 0.5-ps equilibration run was
Atomic charges for HPT2 were obtained from quantum found to be enough to relax the solvent to the new position of
calculations as described previoudhAll other atomic charges,  the ion, considering the small ion displacement. Afterward, the
as well as the parameters for the Lenraldnes potentials were ~ forces acting on the ion were averaged again over a 2-ps
taken from the AMBER force field® The Lennard-Jones trajectory. This procedure was repeated until the ion reached
parameters for the interactions between different species werethe bulk HTP2 phase. For each transfer, another independent
derived using standard geometric combination rules; thagjis, ~PMF calculation was also performed in the reverse direction
= (0ig))Y? and g = (ei€))2 (i.e., from bulk HPT2 to bulk water), and the results presented
B. Method. 1. Simulated System3he HO/HPT2 system correspond to the average of the two calculations. The results
was first represented by two independent boxes, one containingobtained in both directions were quite similar, and the hysteresis
794 water molecules and the other a mixture of 168 HPT2 obtained lies inside the statistical uncertainties. Note that when
molecules plus 15 water molecules. The latter box reproducesthe ion was in the organic phase, the averaging time in each
a solution of HPT2 saturated with water (8.3%® (mol/mal)). slab was augmented to the double (1 ps of equilibration plus 4
Both boxes had initially the same cross section 225 A) ps of averaging), because of the slower rotational motion of
and lengths that mimic the experimental densities of the pure the HPT2 molecules. This procedure led to total simulation times
liquids (o(H20) = 0.997 gcm2 and p(HPT2) = 0.8124 of 3500 ps for the alkaline ions, 5500 ps for the alkaline-earth
g-cm~3). After an individual equilibration of each box, they were ion, and 4500 ps for the organic ion. Some of the simulations
joined together along their cross sections, and the interactionsproceeded a little bit further to confirm the convergence of the
between the molecules of the two liquids were slowly switched results, as discussed later. Similar strategies were successfully
on. During this process, the volume of the boxes was fixed and applied and proven to be very useful in the study of ion and

Il. Simulation Details

dihedrals

I
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Figure 2. PMFs for the ion transfers. The ion being transferred is
Figure 1. Schematic picture of the box used in the simulations. 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
neutral species transfer processes across liquid/liquid inter-between the free energy profiles, only one of them is shown with greater
facesl7?.20,38,40 detail.

The z axis of our internal frame was considered to be the
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where||F,|| is thez component of the force acting on the ion 2 ‘ ‘ L =

andLl.[3 represents NPT averages with the ion fixed inthe  Figure 3. Net Gibbs free energy for the several ion transfer processes.
position. In this paperz.r corresponds to the position of the

ion in bulk water phase. be said that the shapes of the PMFs in Figure 2 are quite similar
All simulations were carried out using the DL_POLY MD to others already publishé@28
package! In contrast with the present results, Benjamin éfalbtained

The statistical uncertainty associated with the calculation of 3 PMF that suggests an activated process for the transfer of
the free energy of transfer was calculated by a block mean C|- ion across the water/1,2-dichloroethane interface. In that
analysis. The data related to each transfer was divided into 10pjoneering work, the authors resorted to an approximate route
statistically independent blocks. The results presented are thefor obtaining the PMF. In fact, they considered the free energy
averages of the blocks, and the statistical uncertainties cor-partitioned into independent Coulombic and Lennard Jones
respond to the root-mean-square of the results of the blocks. Aterms, thus neglecting any contributions coming from cross
similar procedure was employed to estimate the statistical correlation terms. Because these cross terms may have non-
uncertainties associated with the integration of the radial negligible contributiond2 without a more precise calculation
distribution functions. 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

A. Potentials of Mean Force.The PMFs are crucial for a  kind of process, the change in free energy is due to the exchange
proper understanding of ion transfer processes, but they areof the solvation shell of the ion. The major changes in the free
innaccessible experimentally. It is in such cases that computerenergy only occur in the organic side of the interface. In the
simulations become invaluable. In this section, the PMFs for water phase, the slight increase of the free energy is mainly
all the ion transfers performed will be presented and analyzed. caused by the loss of water molecules of the second hydration

Shown in Figure 2 are the PMF results obtained for several shell of the ion and to the decrease of the long-range-ion
ion transfers. The shapes of these PMFs are all very similar, solvent interactions when the ion is near the organic phase. In
showing an increase in the Gibbs free energy as the ion movesfact, the ion keeps its first solvation shell almost intact until it
from the water phase to the HPT2 phase. All the transfers appeaicrosses the interface. The major contribution for the change in
to be nonactivated processes because no energy barriers arsiee energy associated with the transfer is the partial replace-
found. In the case of the Naand Rb ions, a very small energy ~ ment, after crossing the interface, of the first hydration shell of
barrier seems to arise in the organic phase at the end of thethe ion by HPT2 molecules.
transfer. However, because its height is so close to the statistical For the transfer processes considered here, the net free
uncertainty of the calculations, it may correspond to a small energies obtained from the PMFs are depicted in Figure 3,
noisy oscillation in the free energy profile rather than to a real together with the corresponding standard deviations calculated
physical feature. When the ions are far from the interface and by a block means analysis.
bulk conditions prevail, the free energy remains constant, Because all the experimental free energy values for the
showing that the reaction coordinate is fully examined. It should transfer of these ions were measured using other organic

I1l. Results
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TABLE 1: Free Energy of lonic Solvation in Both Solvents 2.5 A, and the iorrwater oxygen (Q) and the ior-ketone
(kcal/mol)® oxygen (Q) pair distribution functions were calculated inde-
AGSV pendently in each slab. Then three-dimensional RDFs, functions

ion AGM (SAT-HPT2) of both the pair distance and the distance of the ion from the
Na+ —98.5 (exp—98.2) —64.9 interface, were defined by a triangle-based linear interpolation
K+ —80.9 (exp.—80.6) —59.9 technique. In the case of the TMAion, the RDFs were
Rb* —75.5 (exp—~75.5) —59.4 computed by considering its nitrogen atom as the center. Note
Sk —345.9 (exp—345.9) —308.6 that all RDFs were normalized by the corresponding bulk

aThe values for the free energy of hydration were taken from ref densities.
39. The ion—O,, RDFs are reported in Figure 4. For the alkaline

solvents, like the 1,2-dichloroethane or the nitrobenZ&ae,  1oNS, only the Na—Q, RDF is shown in this figure because
direct comparisons with our results would not be correct. a!l alkaline RDFs were very similar. In fact, the only remarkable
Nevertheless, some simple observations can be made to checKlifference between them is the decrease in the height of the
the accuracy of the present results. The free energy of theTMA first peak as the ions move toward the organic phase. That
transfer (19.5+ 2.2 kJ/mol) may be compared with the one decrease, Wh'ICh is due to the dehydration of the first solvation
(23.4 kJ/makl) achieved by resorting to the theoretical model shells of the ions, becomes clearly more marked as one goes
of Abraham and Linsz34Good agreement is evident. On the from Na' to Rb", which will be discussed in detail next.

other hand, the free energy for the transfer of the Rin (16.1 In Figure 4, one can observe that the first and the second
+ 1.8 kJ/mol) is close to but smaller than the experimental value peaks of the Na—O,, RDF become progressively smaller as
measured for the analogous ion (21.9 kJ/madl}) using the the ion moves from water toward the organic liquid, because
same liquid/liquid interface. This result was to be expected of the smaller number of water molecules hydrating this ion.
because the stronger solvation of the cations by HPT2 contrib- However, even in the bulk organic phase, a partial hydration
utes to the smaller value obtained for'Ribndeed, the cations  shell is retained, mainly its first shell, whereas its second shell
interact with the negative carbonyl oxygen but the anions cannot almost disappears. In the case of th&"Son, its first hydration
interact strongly with the positive carbonyl carbon that is too shell remains almost complete in the organic phase and a
hidden by the methyl groups of the carbon chain. It is also significant part of its second hydration shell is also retained.
important to note that the method employed here to calculate This result reflects the increased robustness of the hydration
the free energy of transfer was applied before with the iodide shells of the alkaline-earth ion, a consequence of its higher

ion, leading to good agreement with experimental dateo charge. In the case of the TMAon, the first solvation shell,
get more quantitative detail into the energetics of the transfer \which is broader than the ones of the monatomic ions, almost
process we can use the relatid@=" (sat. HPT2)= AG™! — disappears in the organic phase. There is a slight increase at

AGanstel which results from a simple thermodynamic cycle. the end of the transfer that corresponds to the capture by the
Using the values foAG"@"¥*"obtained here and the values of o of one water molecule that was initially in the bulk organic
AG™ published by Avist® (using the same ionwater  solvent. The lower ability of the TMA ion to retain its
potentials and the same water model), we can calculate the freenydration shell is due to its more delocalized charg®.@5 in
energy of ion solvation in saturated HPT2. The results are shown g5, methyl group), that produces more, but weaker, interactions

in _'Il_'kz]able 1't buti  th ; lecules in theGHPT2 with the water molecules.
€ confribution ot the water molecules in the Figure 5 shows the RDFs for the ok pairs. Again only

mixed ionic solvation shells is specially important in the case the RDF of one of the alkaline ions (i.e. the-Nn) is shown

of SP*. As far as we know there are no experimental free energy . rth me N ready di 4. 0n n observe th
values for the ion solvation in pure or saturated HPT2 published fo ej[.sa ?teaso Is asta heETI y scugst(; .T\I edc?h osqie ethe
in the literature. However, we stress thajst potentials were formation of two solvent shefls around the Wand the

ions as they enter the organic phase, indicating the replacement

refined in solution to reproduce the experimental values for the ) .
free energy of hydration (as can be seen in the table). So, theOf their hydration shells by the HPT2 molecules. The poorer

reasonable results obtained for the free energy of transfer cannoBtatistics associated with the first peak in thé"S1O RDF is
result from any cancellation of errors but instead from a due to the very small number of HPT2 molecules in the first

reasonable estimation of the free energy of solvation of the ion SClvation shell of St". Because the Sr first hydration shell is
in saturated HPT2. almost complete, it is very difficult for the HPT2 molecules to

Finally, it should be noted that the experimental free energy reach it. W?th_ the increase of the_ fraction of HPT2 in the second
dependence on the ion size and chdfgd,(i.e., AGY,° > shell, as this ion moves deeper |_nto the organic phas_e, th_e H_PT2
AGY° and AG™.° > AGY® > AGY®, is also correctly molecules may enter more easily from the second into its first

Rb? Na* K* Rb* solvation shell. The average number of HPT2 molecules in this

mirrored in our simulation results. on i ati hell | 1 h
Further insight into the ion transfer process and its dependenceIon irst solvation she ' converges to a vaiué o .0. Such a
reduced number explains the more noisy profile of th& Sr

on the ion size and charge should be gathered from the following )
section. Ok RDF first peak.

B. Exchange of the lon’s Solvation Shellln this section, In the case of the Naion, the first hydration shell is reduced
the dynamic process of the ion’s solvation shell exchange, theto about half of its composition in bulk water and the HTP2
water dragging effect, and the formation of water fingers are molecules have enough space to approach the ion, thus forming
examined. a well-defined first solvation shell. Due to its lower charge, the

1. Radial Distribution FunctionsAn analysis of the ionic ~ second solvation shell of the Ndon (and of all the other
solvation as a function of the ion-interface distances was alkaline metal ions) is much less pronounced than that of. Sr
performed by looking at the corresponding radial distribution Finally, in the case of the TMA ion, one can notice the
functions (RDFs). For that purpose, the simulation shell was formation of a broad solvation shell due to the almost complete
divided into slabs parallel to the interface with a thickness of replacement of its hydration shell.
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transfer, so the RDFs were integrated to estimate the number At this point it is important to clarify that some tests were
of neighbors inside the ions first shells (and second shell for made to check the convergence of the present results. The

Sr?t). These coordination numbers are depicted in Figure 6.

simulation of the K transfer process was extended to enable a
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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
Sr* 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.

deeper penetration of the ion (10 A more) into the organic phase.with experimental findings. It is well-known that the water
This procedure was done to confirm that the free energy and content in the organic phase increases with the transfer of ions.
the composition of its solvation shell remained constant. A series Water coextraction was detected using several organic solvents,
of simulations was also performed starting with each ion in a such as nitrobenzene, either pure or in mixtures with benzene,
large box (30x 30 x 45 A3) filled with HTP2 saturated with  4-methyl-2-pentanone, or chlorofo#h#5-53 In some cases,
water. At the beginning of the simulation the ions were accurate numbers of coextracted molecules could be experi-
completely unhydrated. However, during an equilibration of 250 mentally measureé:4°-52 Using nitrobenzene as the organic
ps, the ions captured some water molecules (that were initially solvent, the more recent values for the number of coextracted
solvated in HPT2) into their solvation shells<3 for the water molecule¥ from Na" to Rb" ranged from 3.8 to 0.7,
alkaline ions, 11 for S, and 4 for TMA"). After establishing and a value of 14t 2 water molecules coextracted by Xa
those mixed solvation shells, the composition of the solvation was obtained. In the present simulations, the summation of the
shell of the ions remained constant, showing that an equilibrium water molecules dragged into the organic phase in the first and
situation was achieved. It should be noticed that the HPT2 second hydration shells of Bris estimated at 13 1. In the
saturated with water contains 8.3% (mol/mol) of water. Such a case of TMA", no water coextraction into nitrobenzene was
high concentration of water allows the ions to keep half-hydrated detected. In the present work, the TMAon was the one that

in the organic solvent in a equilibrium state. The composition dragged the smallest fraction of its hydration shell into HPT2
of the solvation shells of the ions at the end of the transfer to (~10% of the water molecules that were hydrating the ion in
the organic solvent was the same (within statistical uncertainty) bulk water phase). Although direct quantitative comparison with
as the one resulting from the equilibration of the ions in saturated our system would not be correct, the closeness of the simulation
HPT2. Thus, it can be concluded that the final state of the ions results to those experimental measurements confirms that the
after the transfer does indeed correspond to the final state ofmagnitude of the effect obtained in the simulations is correct.
the transfer reaction, and the ions will keep the water molecules The slightly higher number of coextracted molecules in the
in their solvation shells in saturated HPT2 even on a longer simulated system reflects the greater hydrophilicity of HPT2
time scale. compared with nitrobenzene.

Finally, it should be stressed that this conclusion is only valid A last very simple and interesting analysis consists of
for HPT2 because of the high solubility of water in this solvent. calculating the fraction of the hydration shell retained by the
In very hydrophobic solvents, like 1,2-dichloroethane or ni- ions as they progress into the organic solvent. This quantity
trobenzene, the water solubility is almost null. Thus, the final can be simply defined as:
state of the transfers can eventually be very different regarding o
the maintenance of mixed solvation shells. _ mH0(@) 4

2. Water Dragging EffectThe transportation by the ions of hvshell?) = [B°H,00 (4)
water molecules into the organic phase (the so-called water 2 buk
dragging effect) revealed in the simulations is in fair agreement where yn.shei cOrresponds to the-dependent fraction of the
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Figure 7. Fraction of the hydration shell conserved by the ions as a
function of the distance to the interface. In the case &f,3he results
shown include the first and the second hydration shells.

hydration shell, H,O(2) is the number of water molecules in HPT2 phase
the hydration shell of the ion given that the ion is in the
position, and M°H,Olyk 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 exchangg
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 differencep 24
are simultaneously present (ion size, charge deslocalization, io & 2%
shape, etc.). It is interesting to compare these results with th o‘f&b
predictions of the model of Sanchez ef&for the transfer of Figure 8. Snapshot of two water cones of different extension
ions across liquid/liquid interfaces, which explicitly takes into  protruding into the HPT2 phase to solvate the'Rind S#* ions. For
account the transfer of hydrated ions into the organic phase.clarity, the HPT2 molecules were deleted.

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

7

HPT2 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
fsensitive to the charge of the ion because, as in the case of the

surface tension and large differences between the reciprocal o . . - P
the dielectric constants.”) are fully confirmed here with regard alkaline-earth ion, the water finger was significantly longer. The
' y gard. explanation for this behavior should rely on the difference

to the ion’s size and charge. The d_ependence on the 0rganiGetween the long-range interactions of the ions with water.
solvent falls beyond the scope of this work. Hence, the capacity of all monocharged ions to interact with
3. Formation of Water FingersObserving the animated  the water molecules of the water finger beyond their first
trajectories of the simulations we can see that as the ions Crossydration shell is quite similar, because they all have the same
the interface and move toward the organic phase they remaincharge and the dispersive term, which is different for all them,
connected to the water phase through a water chain. That watefg short-ranged. The Br ion, however, has a much superior
chain resists until the distance of the ion from the aqueous phasecapacity to attract more distant water molecules, because of its
reaches- 10 A from the water phase (14 A in the case of'$r higher charge, that better stabilizes the water finger structure.
after which the water finger disrupts and retracts. The same The simple observation of the more pronounced second hydra-
phenomenon was also observed in the reverse transfer, fromion shell of S#*, compared with the ones of the alkaline ions,
the HPT2 phase to water. As the ions approach and get closeillustrates this idea and justifies the larger extension of the water
enough to the water phase, a water capillary wave penetratesinger obtained with this ion.
into the organic phase and becomes connected to the ion. These Figure 9 represents the probability distribution for the angle
kinds of structures were also observed in other ion transfer between the water dipole moment and #axis of our internal
simulationd”-*%and are a result of the balance between the more frame as a function of the distance to the interface. The two
favorable ior-water interactions and the replacement of a part interfaces are located at= 0 A andz= —40 A. The ion, as
of the water-water interactions for the water molecules in the illustrated in Figure 8, is located at= 14 A (14 A deep into
water finger by the less energetic watétPT2 interactions. the organic phase) and is connected to the water phase through
Figure 8 shows two water fingers in its maximum extension, a water chain, just before disruption. In bulk water phase, the
before disruption and retraction, formed during the transfer of orientational distribution is uniform as it should be for an
Rb™ and S#* into the organic phase. isotropic liquid. Atz = —40 A, the existence of the liquid/
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Figure 9. Distribution of the cosine of the angle between the water dipole moment arzdiitie of the internal frame as a function of the distance
to the interface, given that the Srion is located az = 14 A and connected to the water phase by a water finger.

liquid interface causes an preferential orientation of the dipole the second hydration shell of the organic and all the alkaline

moments parallel to the interfacial plane (@@&& 0), an effect ions is almost complete, although?Siion still retains~25%
previously documented in literature (see ref 16). A broad peak of its second hydration shell because of its higher charge.
appears between= —2 A andz = 14 A, with cos(iz) = —1, Regarding the first hydration shell, it is only partially exchanged

which means that the water dipole moments exhibit a prefer- in an extension that depends on the ion’s size and charge. The
ential orientation parallel to the axis and pointing in the replacement of the solvation shells of the ions is fulfilled when
opposite direction of the ion. The second peak beginning at the ions penetrate deeper thani2 A (17 A for the S#t ion)

> 14 A, with cos(iz) = 1, refers to the water molecules inside into the organic phase. All the ions in the organic phase remain
the SE™ hydration shell located deeper than the ion in the connected to the water phase through a water chain when their
organic phase. This peak also indicates a preferential orientationdistance from the interface is10 A. For the St" ion, this
parallel to thez axis that also points in the opposite direction distance was 14 A; this difference is caused by the stronger
of the ion. This picture confirms the long-range polarization of long-range interactions of the3rion with the water molecules

the water molecules in the water finger by thé'Sion. that better stabilize the water finger structure. As the ions
' penetrate even deeper into the organic phase, the water chain
IV. Conclusions disrupts and retracts. The simulations also revealed that a

This work reports studies of the transfer of several alkaline fraction of the hydration shell is retained by the ions in the
ions (Na", K*, and RB), an alkaline-earth ion (3t), and an organic phase, forming a mixecdb®/HPT2 solvation shell and

organic ion (TMA') across the water/HPT2 interface by MD mirroring the experimentally well-known water dragging effect.
simulations. The PMFs were calculated for all those ion The fraction of the hydration shell transferred into the organic

transfers. In addition, the dynamics process of the ion’s solvation phase increases_ Wi_th t_he increase of _the lonic charge and_ the
shell exchange, the water dragging effect and the water ﬁngerdecrease of the ionic size, in accord with the recent theoretical
phenomenon were analyzed from a microscopic perspective. Theode! of Sanchez et & .The number of coextracted molecules
calculated PMFs revealed a monotonic increase in the free /S0 S€ems to be in fair agreement with other similar experi-
energy as the ion leaves the water phase and enters into thénental studies that employ other organic solvents.

organic phase. No energy barriers were found for these transfer

processes and, therefore, they seem to be activationless. The Acknowledgment. Financial support from Fundae para a
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AGY® > AGg,?) and with the decrease of the charge of the
ion (AGS.° > AGREY). This result is corroborated by experi-
mental work performed with other liquid/liquid interfacial (1) Cunnane, V. J.; Schiffrin, D. J.; Beltran, C.; Geblewicz, G.;
systems. From the analysis of the process of the exchange ofSolomon, T I 1988 247, 203.

the ion’s solvation shell, it has been demonstrated that when ~ (2) Koryta, J.; Skalicky, M I EE——8> 1987, 229, 265.

the fons progress from water toward the interface they keep ©) Arfggg'gf%%a""a’ M.; Kusu, F.; Takamura, iasiasleases
thei_r first hydration shell almost unaffected. Only after cr_ossing (4) Higgins, D. A.'; Corn, R. M ik 1993 97, 489.

the interface does the process of exchange of the solvation shell 5y Grypp, s. C.; Kim, M. W.; Rasing, T.; Shen, Y. Baaaauir 1958
extensively occur. After crossing the interface, the exchange of 4, 452.
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