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Abstract:

The solvation free energy profile of a single SCN™ ion is calculated across the water -
1,2-dichloroethane liquid/liquid interface at 298 K by the Constraint Force method. The
obtained results show that the free energy cost of transferring the ion from the aqueous to the
organic phase is about 70 kJ/mol. The free energy profile shows a small but clear well at the
aqueous side of the interface, in the subsurface region of the water phase, indicating the
ability of the SCN' ion of being adsorbed at a close vicinity to the interface. Upon entering the
SCN' ion to the organic phase a co-extraction of the water molecules of its first hydration
shell occurs. Accordingly, when it is located at the boundary of the two phases the SCN™ ion
prefers orientations in which its bulky S atom is located at the aqueous side, and the small N

atom, together with its first hydration shell, at the organic side of the interface.



1. Introduction

It is a widely-known fact supported by data obtained from classical surface tension
measurements that the interfacial tension increases upon addition of inorganic salts to their
aqueous solutions.'” The first explanation of this phenomenon by Onsager and Samaras® was
based on describing the ion as a simple point charge and the interface as a sharp and flat
discontinuity between two continuous media of remarkably different dielectric permittivity. In
the framework of this theory, the repulsion of ions from the interface is expected as a result of
the force exerted on them by the image charge formed in the opposite phase.” This pioneering
theory has been further developed and elaborated by the addition of surface effects to the
original model.>*'> However, all the presently existing versions of the original theory predict
a monotonically decreasing distribution of ions upon approaching the interface along the
surface normal axis, and eventually claim the existence of an ion free region situated right at
the surface. Experiments carried out with advanced surface analyzing methods, such as sum
frequency generation (SFG) and second harmonic generation (SHG) spectroscopy, and with

highly developed electrochemical techniques for both liquid/vapor'®"’

and liquid/liquid
interfaces,”*** disproved the general validity of the above described theory by detecting the
enhancement of the ion concentration at the surface region for certain ions. These findings
seemingly contradict the results of surface tension measurements, but considering the fact that
these novel methods target solely the outermost surface layer of the systems while the
classical surface tension measurements naturally involve the entire system, this contradiction
is far from being sharp and evident.

Computer simulation techniques, such as molecular dynamics or Monte Carlo are
handy tools to provide us with an in-depth molecular level picture of our systems of interest.
Bearing such advantages, these methods have recently been widely used to investigate the
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behavior of different ions both at the liquid/vapor interface of their solutions
liquid/liquid interfaces formed by the aqueous ionic solution and various organic compounds
immiscible with the aqueous phase.’'*' Some of these computational studies address directly
the question of ionic distribution in the interface normal direction by placing a number of ions
into the aqueous phase and calculating their density distribution from the resulting
trajectory.”® Such studies showed that only the compact monoatomic ions characterized by
low polarizability (e.g., F) obey the original theory of Onsager and Samaras.® The calculated

density distributions of such ions show that the interfacial region is in fact depleted to such an

extent that leads to the eventual formation of an ion free region, and the monotonous increase



of the ion concentration along the surface normal axis is also observable. Similar studies have
been carried out for larger and more polarizable monoatomic ions, like I.**** Contrary to
what has been observed for compact ions such as F’, these species were shown to have a
tendency to exhibit a density peak directly at the interface followed by a depletion region
ranging towards the subsurface layers. This finding sheds light on the apparently positive
surface activity of these ions. In their pioneering work Jungwirth and Tobias showed this
behavior primarily for the iodide ion, which, in spite of its well-known tendency to increase
the surface tension of aqueous solutions, was found to be adsorbed positively in the surface
region of its solutions.”® This study was followed by several other simulation studies
concerning small polyatomic ions such as SCN", OH" or picrate, all of which are known to be
negatively surface active, to shed light on the complex adsorption behavior of these species.*®
The other group of computer simulation studies focuses mainly on calculating the
solvation free energy profile of ions through various interfaces.”> A considerable number of
such studies have been dedicated to monoatomic anions, such as chloride or iodide, and
cations, such as sodium or potassium.”’>> To the best of our knowledge, however, there has
been only a few works published so far about the calculation of the solvation free energy
change accompanying the transfer of a polyatomic ion, namely tetramethylammonium,
through the liquid/liquid interface,”>*** even if such ions may have considerable importance in

. 44 . 4 . .
? organic** and organometallic syntheses,”” as well as in atmospheric

nanotechnology,’
phenomena or electrochemical industry.

Thiocyanate (SCN") is one of the most widely investigated examples of polyatomic
anions. It plays a considerable role in essential biochemical processes, such as the
biosynthesis of hypothiocyanite, the lack of which is proven to cause cystic fibrosis.*® On the
other hand, detailed studies of this ion by means of electrochemical experimental techniques
(cronoamperometry as well as cyclic voltammetry) date back to the middle of the last
century.”’ Since that time, this ion has attracted an ever increasing interest. Thus, the
understanding of the structural and the thermodynamic changes that accompany the transfer
of the SCN" ion through a water/organic phase boundary is undoubtedly of crucial interest.

In this study we present a computer simulation calculation of the solvation free energy
profile of a single thiocyanate ion across the water-1,2-dichloroethane (DCE) liquid/liquid
interface. The choice of DCE as the organic phase is dictated by the fact that the water/DCE
system is one of the most widely studied liquid-liquid interfaces, both experimentally*®>* and
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by computer simulation methods.’'”**7**3" The transport of various ions across this



interface has also been studied a number of times.>'”>*%® We also address the structural

changes invoked in the interface by the presence of the ion.

2. Computational Details

2.1. Equilibration of the Interfacial System. Molecular dynamics simulations of the
water-DCE liquid/liquid interfacial system containing one single thiocyanate (SCN’) ion at
different positions have been performed on the canonical (V,V,T) ensemble at 298 K using the
GROMACS simulation program package.’’ The lengths of the X, ¥ and Z edges of the
rectangular basic simulation box (X being perpendicular to the macroscopic plane of the
interface) have been 104, 50 and 50 A respectively, and the system consisted of 4000 water
and 1014 DCE molecules.

Water molecules have been described by the TIP4P model,®* whereas standard OPLS
potential parameters® have been used for the SCN ion and for the DCE molecules. The
fractional charges corresponding to the DCE molecule have been taken from the pioneering

work of Benjamin.™

All bond lengths and bond angles have been kept fixed in the
simulations, while torsional rotation of the DCE molecule around its C-C bond has been
allowed. The force constant &y, and equilibrium angle ¢o of this torsional rotation have been
5.860 kJ/mol and 180°, respectively. The CH, groups of the DCE molecules have been treated
as united atoms. The total potential energy of the systems has been assumed to be the sum of
the pair interaction energies of all molecule pairs. The interaction energy of two molecules
has been calculated as the sum of the Lennard-Jones interactions acting between their atoms
and of the Coulomb interactions acting between their fractional charges. The Lennard-Jones
distance and energy parameters (o and &, respectively) of the interacting atoms have been
combined according to the Lorentz-Berthelot rule.®* The Lennard-Jones parameters as well as
the fractional charges, ¢, of the different interaction sites are collected in Table 1, whereas the
bond lengths and bond angles of the molecular models used are summarized in Table 2. Bond
lengths and bond angles of the water molecules; and those of the DCE molecules and SCN”
ion have been kept unchanged by means of the SETTLE® and LINCS®® algorithms,
respectively. All interactions have been truncated to zero beyond the centre-centre cut-off
distance of 9.0 A. The long range part of the electrostatic interaction has been accounted for
using the particle mesh Ewald (PME) method®’ with a real space cutoff of 9.0 A, a mesh grid
of 1.2 A and a spline order of 4. Analytical tail correction has been applied. To maintain

electroneutrality of the system simulated, a uniform positive charge distribution compensating



the net charge of the SCN’ ion has been added beyond the cut-off sphere of the SCN ion, and
its effect has also been accounted for by means of the PME method. To test the
appropriateness of the cut-off value 0of 9.0 A used here, we have repeated six simulations with
different positions of the SCN™ ion, corresponding to different regions of the system, using a
considerably larger interaction cut-off value, i.e., 12.0 A, but, besides the statistical noise, no
difference between the runs performed with different cut-off values has been observed.

The creation and equilibration of the DCE-water interfacial system in the absence of
the SCN" ion has been described in our previous publication,’’ thus, here we refrain from
repeating the detailed description. When setting up the first system containing the ion, a
randomly chosen water molecule of the original water/DCE interfacial system, being well
inside the bulk aqueous phase, has been replaced by the SCN™ ion. After proper energy
minimization this system has been allowed to relax for 1 ns with a simulation time step of
1 fs. Finally, in order to calculate the solvation free energy of the SCN™ ion at various
positions along the interface normal axis X, a set of simulations with the ion at various depths
along this axis had to be performed. To create the starting configuration of each of these
consecutive runs, the SCN™ ion was moved towards the bulk organic phase by 0.5 A from its

final position in the previous run.

2.2. Potential of Mean Force Calculation. The solvation free energy profile of the
SCN" ion, A(X), has been calculated by the Constraint Force method.®® To accomplish this, the
SCN' ion has been moved gradually, during the course of the set of simulations, in small
equilibrium steps along a path parallel to the interface normal axis from the bulk aqueous to
the bulk organic phase, and the time average of the force needed to keep the position of the
ion unchanged, FY, has been recorded for each position. The solvation free energy A of the
SCN  ion at a certain position along the interface normal axis X can finally be obtained as the
integral of F calculated between the middle of the bulk aqueous phase and the corresponding
X value.

In practice, a number of simulations with the thiocyanate ion located at different
positions has been performed on the canonical (N,V,T) ensemble in the same way as described
in the previous section, with the exception that in each simulation the position of the SCN™ ion
along the interface normal axis X has been fixed by means of a constraining force exerted on
it.”> Following proper energy minimization of the starting configuration and a 100 ps long
equilibration with the constraining force exerted on the ion, the magnitude of the X

component of the constraining force, Fx(¢), has been recorded in every time step of each of



these simulations along a 500 ps long trajectory. This way, for each position of the ion along
the interface normal axis X the time average of the force, Fk, could be obtained by simply

averaging the force over all the steps.

3. Results and Discussion

3. 1. Solvation Free Energy Profile. The solvation free energy profile of the SCN”
ion obtained from the simulations is shown in Figure 1. Error bars have been estimated by the
method of block averages.®* For reference, the mass density profile of water and DCE are also
indicated. The shape of the obtained profile indicates that the energetic changes
accompanying the transfer of the SCN™ ion from the aqueous to the organic phase follow a
complex scheme. Thus, on approaching the interface from the bulk aqueous phase a slight
increase of the free energy, culminating in a local maximum is seen. Since the solvation free
energy of SCN” inside a bulk liquid phase has to be position independent, this slight increase,
typically seen in free energy profile calculations of various ions,” is clearly an artifact, related
to the presence of two phases of markedly different dielectric constant under periodic
boundary conditions. Clearly, if the ion is embedded to one of the bulk phases, it experiences
being in a slit of different dielectric constant than the environment behind the slit. The
presence of the two dielectric boundaries results in a (non-physical) net force on the ion,
which decreases upon approaching the middle of the phase (where the difference of the
distance from the two boundaries becomes smaller), and vanishes only in the middle of the
phase, i.e., at equal distance from the two boundaries. The presence of this artificial force
results in the slight, albeit noticeable, non-physical decrease of the free energy profile in the
bulk aqueous phase.

More importantly, the free energy profile shows a small but clear minimum in the
subsurface region of water, around the X value of 15 A. The ITIM analysis’® performed on the
ion free system® has revealed that this slight local minimum is located roughly at the position
of the fourth molecular layer of water. Interestingly, the furthermost point to which the DCE
molecules can penetrate into the aqueous phase coincides with the outer end of the region
where the free energy minimum is observed. This suggests that, presumably due to the
presence of the organic molecules, the region where the two phases are in direct contact with
each other (i.e., the position of the interface itself) is a thermodynamically less favorable
environment for the SCN™ ion than the subsurface water layer. Further, the minimum in the

free energy profile indicates enhanced ion concentration just beneath the interface, slightly



pushed back from there to the bulk aqueous phase by the presence of the opposite phase.

Similar behavior has been observed both experimentally'®’!

and by computer simulation
methods®>®*7* for the free surface of several ionic solutions, with the difference that in these
cases the enhanced concentration region was located right at the interface.

The free energy minimum region in the subsurface water layer is followed by a strictly
monotonically increasing part of the free energy profile, reflecting the fact that the SCN ion
stays preferentially in the aqueous rather than in the organic phase. The free energy range
covered by this increase (i.e., the solvation free energy difference of the SCN™ ion between the
two phases) is found to be roughly 70 kJ/mol. The interfacial increase of the profile is
followed by another plateau in the subsurface region of the DCE phase. According to ITIM
analysis results of the ion-free system,” the position of this plateau region again coincides
roughly with that of the fourth molecular layer beneath the surface. Finally, the profile shows
a slightly increasing part in the bulk DCE phase, the slope of this increase being noticeably
smaller than that in the bulk aqueous phase, in accordance with the considerably lower
polarity of DCE relative to water.

It should finally be noted that the plateau region of the profile in the subsurface DCE
phase, contrary to that in water, is located clearly beyond the point up to which the molecules
of the other phase can penetrate under equilibrium conditions (i.e., in the lack of a penetrating
ion). In other words, the region of the steep free energy increase at the interface ranges
beyond the point of noticeable water density further into the bulk organic phase, where finally
it reaches its plateau. This behavior can be explained by the possible formation of a water
finger around the SCN™ ion when it penetrates into the organic phase, and by the eventual co-
extraction of at least a part of the ion's first hydration shell. This well-known phenomenon,

33-35,69,73 has
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observed also in a number of studies to our knowledge, scarcely been quantified

by theoretical methods.*

3.2. Properties of the SCN™ Ion in Different Environments. To characterize the
hydration and orientation of the SCN™ ion in different environments we have divided the
system into six separate regions according to the behavior of the obtained free energy profile.
Thus, the bulk water and DCE regions correspond to the slightly rising parts of the profile
inside the corresponding phases, subsurface water and DCE regions cover the X ranges of the
corresponding plateaus, whilst the interfacial water and DCE regions are located at the
position of the steeply rising part of the free energy profile. The boundary between these two

latter regions is defined by the X value where the mass density profiles of the two



components, normalized by the corresponding average bulk liquid phase densities, are equal
to each other. The division of the system into these six separate regions is demonstrated in
Figure 1.

3.2.1. Hydration Properties. To investigate the hydration of the SCN™ ion we have
calculated the pair correlation functions of all the three atoms constituting the ion with the
water oxygen atoms in the six separate regions of the system. The g(r) functions obtained in
the two bulk and interfacial regions are shown in Figure 2. (The pair correlation functions
obtained in the two subsurface regions did not differ considerably from those in the respective
bulk regions, and hence they are omitted from the figure.) As is seen, the obtained ion-water
g(r) functions preserve their main features observed in the bulk aqueous phase, irrespective of
which region the ion is situated in. In particular, the height and position of the first peak
seems to be insensitive to the region where the ion is located in every case. This finding
suggests that the SCN™ ion indeed retains at least its first hydration shell upon entering to the
DCE phase.

Having calculated these g(r) functions we can obtain a rough, semi-quantitative
estimate of the hydration number of the SCN™ ion, Nny4, by simply adding up the partial
hydration numbers nnyq of the S and the N atoms, the latter being the coordination number of
the water oxygens around the given atom up to the first minimum position of the
corresponding g(r) function (being 3.6 A and 3.4 A for S-O and N-O pairs). The partial
hydration number of the central C atom (calculated up to the first minimum position of the
corresponding g(r) function at 5.5 A) is disregarded in this estimate because the vast majority
of the water molecules being in contact with the central C atom are likely to be in contact also
with either the N or the S atom, and hence they are already counted. We are aware of the fact
that this approximation might introduce some error in our estimates; however, it seems
reasonable to assume that the magnitude of this error is roughly the same in every case. To get
some further confidence in our qualitative results, we have also repeated the calculations by
including also the partial hydration number of the C atom in Nyyg (data not shown). The
results obtained this way did not show any qualitative difference with the results presented
here.

The hydration numbers calculated this way in the different regions of the system as
well as the contributions of the S and N atoms to Nnyq are shown in Figure 3, and all the nyyq
and Npyq values are also collected in Table 3. Figure 3 indicates that at the vicinity of the
interface, regardless of which side of it the ion is situated, the total hydration number

decreases noticeably relative to the values obtained in the bulk and subsurface aqueous



regions, however, it gradually retains this value as the ion approaches the bulk DCE phase.
Upon approaching the interfacial regions we encounter the decrease of all atomic
contributions. It is also seen that the dehydration of the three atoms occurs parallel with each
other. Thus, after a smooth decrease all atomic hydration numbers assume a minimal value in
the interfacial region of the organic phase. This slight rearrangement of the hydration shell at
the interface suggests that the vicinity of the interface (and hence that of a phase of markedly
different polarity) probably has an effect of enforcing a preferential orientation on the SCN”
ion.

3.2.2. Orientation. To further investigate this point we have calculated the cosine
distribution of the angle y, formed by the vector pointing along the SCN" ion from its S to N
atom and the interface normal vector pointing from the organic to the aqueous phase, X, in the
six separate regions of the system. The obtained cosine distributions together with a chart
illustrating the definition of the angle y are shown in Figure 4.

As is expected, no clear orientational preference of the ion is seen in any of the two
bulk liquid phases. Upon approaching the DCE phase the SCN™ ion adopts a preferred
alignment in which it points with the N atom to the organic and with the S atom to the
aqueous phase. In the subsurface water region this preferred orientation is rather strongly
tilted, it declines from the plane of the interface by only about 10°. However, as the ion gets
closer to the DCE phase its preferred orientation becomes gradually less tilted, and eventually
in the subsurface DCE region it becomes perpendicular to the interface, as seen from the
gradual shift of the peak of the P(cosy) distribution down to -1. Obviously, this orientational
preference is not preserved when the ion penetrates into the bulk region of the DCE phase.

The observed orientational preferences are related to the considerably larger size of the
S than of the N atom. Namely, when the SCN" ion is located at the boundary of the two phases
the free energy cost of bringing the first hydration shell water molecules of the small N atom
to the organic side of the interface is clearly smaller than that of the large S atom. Further, the
gradual decrease of the tilt angle of the preferred orientation is also related to the fact that the
water molecules hydrating the large S atom remain at the aqueous side of the interface until
the entire ion (together with its first hydration shell) is completely immersed in the DCE
phase. The above interfacial orientational preferences of the SCN™ ion as well as the observed
co-extraction of its first hydration shell are illustrated in Figure 5, showing two instantaneous
snapshots taken out from the simulations in which the position of the SCN™ ion was fixed

close to the boundary of the two phases.
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4. Summary and Conclusions

In this paper we have presented detailed calculations for determining the solvation free
energy profile of a SCN™ ion across the water-DCE liquid/liquid interface. Our results showed
that the free energy cost of transferring the ion from the bulk aqueous to the bulk DCE phase
is about 70 kJ/mol. A local free energy minimum has been observed in the subsurface water
region, just beyond the point up to which DCE can penetrate into the aqueous phase along the
molecularly rugged interface. The presence of this free energy well indicates the ability of the
SCN' ion for being adsorbed at the close vicinity of the interface.

It has also been seen that the SCN™ ion enters into the organic phase along with the
water molecules constituting its first hydration shell. This fact also leads to the preference of
such orientations at the interface in which the bulky S atom remains at the aqueous side of the
interface, whilst the smaller N atom, together with its smaller first hydration shell penetrates
to DCE.

Finally, in interpreting the present results it should be noted that the explicit inclusion
of the polarizability of the SCN" ion in the calculation might have an important effect on its
interfacial behavior. The choice of the used, pairwise additive potential model of the SCN ion
was simply dictated by computational efficiency and by the fact that we are not aware of any
existing polarizable model of this ion in the literature. Therefore, repeating the present
calculations with a polarizable model for the ion seems to be an important continuation of the
present study; however, this work should start with the development of a proper polarizable

model. Work in this direction is currently in progress.
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Tables

TABLE 1: Interaction Parameters of the Molecular Models Used

Molecule Interaction site c (A) & (kJ mol™) q(e)
Water® Oyw 3.154 0.649 0.000
Hy 0.000 0.000 0.520
M, 0.000 0.000 -1.040

SCN* S 3.550 1.046 -0.75
C 3.750 0.439 0.49

N 3.250 0.711 -0.74

DCE* CH, 3.800 0.494 0.227
Cl 3.400 1.255 -0.227

*TIP4P model, ref. 62.

°Non-atomic interaction site, placed along the H-O-H bisector 0.15 A away from the O atom
toward the hydrogens.

“OPLS model, ref. 63.

Lennard-Jones parameters correspond to the OPLS model, ref. 64, fractional charges are
taken from ref. 54.

TABLE 2: Geometry Parameters of the Molecular Models Used in the Simulations

Molecule Bond Length (A) Bond angle Angle (deg)
Water® O-H 0.9572 H-O-H 104.52
SCN® S-C 1.670 S-C-N 180
C-N 1.190
DCE® CH,-CH, 1.53 Cl-CH,-CH, 108.2
CH,-C1 1.79
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TABLE 3: Partial First Shell Hydration Numbers Corresponding to the Different Atoms
of the SCN" Ion, nyyg, and Molecular Hydration Numbers, Nyy4, Obtained as the Sum of
the Contributions of the S and N Atoms

Ion Position Atom pairs Fhyd Nhyd
Ow-S 2.3

Bulk water Oy-C 4.3 3.9
Ow-N 1.6
O, -S 2.3

Subsurface water 0,,-C 3.9 4.3
O, - N 2.0
O, -S 1.9

Interface water 0,-C 33 3.8
O, -N 1.9
O, -S 1.8

Interface DCE 0,-C 3.0 3.5
O, -N 1.7
O, -S 2.0

Subsurface DCE 0,-C 3.1 3.8
O, -N 1.8
O, -S 2.2

Bulk DCE 0,-C 4.0 4.2
O, -N 2.0
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Figure legend

Figure 1. Solvation free energy profile of the SCN™ ion across the water/DCE interface (top
panel). Error bars estimated by the method of block averages are also shown. For reference,
the mass density profiles of the water (open circles) and DCE molecules (filled circles),
obtained in the ion free system® are also shown (bottom panel). The dashed vertical lines
show the division of the system into six separate regions (see the text). The inset shows the

local minimum of the free energy profile at the subsurface water region on a magnified scale.

Figure 2. Partial pair correlation functions of the S (solid lines), C (dashed lines) and N atom
(dash-dot-dotted lines) of the SCN" ion and the water oxygens, as obtained in the bulk water
(top panel), interfacial water (second panel), interfacial DCE (third panel), and bulk DCE

(bottom panel) regions of the system.

Figure 3. Total hydration number of the SCN™ ion, estimated as the sum of the partial
hydration numbers of the S and N atoms (see the text) in the six separate regions of the
system. The black and white portions of the bars represent the contributions of the partial

hydration number of the S and N atoms, respectively, to the estimated total hydration number.

Figure 4. Chart illustrating the definition of the angle y characterizing the interfacial
orientation of the SCN™ ion (top); and cosine distribution of the angle y as obtained in the six
different regions of the system (bottom). The results corresponding to the bulk water (solid
line), subsurface water (dashed line), interfacial water (dotted line), interfacial DCE (dash-
dotted line), subsurface DCE (dash-dot-dotted line), and bulk DCE (short dashed line) regions
of the system are shifted by 0.5, 0.4, 0.3, 0.2, 0.1 and 0 units, respectively, for clarity.

Figure 5. Two instantaneous snapshots, taken out from the simulations, illustrating the
interfacial orientation of the SCN™ ion and the co-extraction of its first hydration shell upon
entering to the organic phase. Water molecules are shown by grey color; the S, C and N atoms
of the SCN’ ion are represented by a yellow, light blue and dark blue sphere, respectively.

DCE molecules are omitted from the figure for clarity.
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