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ABSTRACT: Molecular dynamics simulations are used to examine in detail the structure,
thermodynamics, and dynamics involve in the adsorption and transfer of the thiocyanate ion
(SCN−) across the water/toluene interface. Free energy, hydration structure, and several dynamical
properties as a function of the ion location along the interface normal are calculated and contrasted
with recent experiments. The free energy profile exhibits a local minimum near the interface
corresponding to adsorption free energy relative to bulk water of −6 kJ/mol, in reasonable
agreement with experiments. The simulations provide insight into the water surface fluctuations
that are coupled to the ion transfer, demonstrating formation of water finger-like structures
assisting the transfer process.

I. INTRODUCTION
Understanding the mechanism of ion transfer across the water/
organic liquid interface is fundamental to many processes in
environmental chemistry, nanotechnology, and electrochemis-
try.1−4 This ion transfer process has been extensively studied
experimentally and while many computational studies1,4−13

have shed light on several important aspects of themechanism of
the transfer process, there are still open questions. Importantly,
most theoretical studies have focused on the transfer of
monatomic ions,1,4,9−13 which typically involve large free energy
of transfer. With a few exceptions,5−8 less efforts have been
invested to elucidate the process of polyatomic ions transfer. In
this case, the lower free energy of transfer, the possibility of
adsorption at the interface (local minima in the free energy
profile) and the hydrophobic nature of some of these ions
present new characteristics that could be important for both the
thermodynamics and the dynamics of this process.
In this paper, we consider the relatively simple case of the

interfacial adsorption and transfer of the thiocyanate anion
(SCN−) across the interface between water and toluene.
Compared with previous studies on ion transfer of small ions
and highly charged ions, the SCN− ion is relatively large and not
strongly hydrated (ΔGhyd = −70 kcal/mol14). This ion plays a
significant role in several important interfacial processes
including the extraction of rare earth metals from aqueous to
organic media15 and several important biochemical pathways16

and has been the focus of many surface electrochemical
experiments.1−3 Our work is also motivated by new
experimental data on the adsorption of this ion at a number of
water interfaces,17−21 including the application of broad-band

deep UV electronic sum-frequency generation and UV second
harmonic generation to the adsorption of thiocyanate at the
water/toluene interface,21 following an earlier work utilizing
resonant UV SHG to study the adsorption of this anion at the
water/dodecanol interface.18 The measured adsorption free
energy of this ion and some information about its orientation
serve as important validation of the molecular model we employ.
There is one reported molecular dynamics simulations of the
transfer of SCN− across the water−1,2-dichloroethane inter-
face,22 which show a small local minima at the interface. Some of
the results of that study will be contrasted with our results in the
discussion below.
An important focus of the present work that did not receive

detailed examination in that study is the coupling of water
surface fluctuations to the transfer process. Typically, the
presence of ions at water/nonpolar liquid interfaces increases
the interfacial tension and decreases the interfacial width,23

which according to capillary wave theory, reduces the amplitude
of capillary waves,24 which at the nanoscale can be viewed as
water molecule protrusions. However, molecular dynamics
simulations1,9−13,25−27 and some analytical theories28−30 of
electrochemical ion transfer and assisted ion extraction at the
liquid/liquid interface clearly demonstrate increased surface
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fluctuations associated with co-transfer of water molecules,
some of which are supported by experiments.31,32 Describing the
ion transfer process using generalized coordinates, which take
into account surface roughness,11,13,33 as is done below can help
shed further light on this issue. We note that alternative
techniques to describe the local environment of the solute as it is
coupled to surface density fluctuation may be used. This
includes the method of determining the instantaneous surface
and describing solute properties in relation to this surface.34,35

The rest of this paper is organized as follows. In section II, we
describe the systems, potential energy functions, and other
simulation details. In section III, we discuss the results of these
calculations, and in section IV, we summarize this work and
present our conclusions.

II. SYSTEMS AND METHODS
II.A. System Description and Potential Energy

Functions. The systems studied include a single SCN− ion
located in different locations of water/toluene interface formed
by two adjacent slabs of 986 water molecules and 252 toluene
molecules in a 33.6 × 33.6 × 200.0 Å rectangular box. A single
sodium ion is added to the bulk water phase to obtained charge
neutrality. The cation is maintained outside the SCN− second
hydration shell to minimize impact on thermodynamics and
dynamics. Each liquid phase is in equilibrium with its respective
vapor phase so only one liquid/liquid interface is present,
located in the X−Y plane at Z ≈ 0. The water phase is in the
region of Z < 0, and the toluene phase is in the Z > 0 region.
Periodic boundary conditions are applied in all directions, and a
reflecting wall is located 5 Å from the simulation box boundaries
in the Z direction to prevent mixing of the two vapor phases.
The potential energy functions used in this work include for

water a flexible version of the SPC model with intramolecular
potentials of Kuchitsu and Morino36 and for toluene a fully
atomistic flexible model based on the OPLS all-atom
description.37 The intermolecular interaction potentials are
represented as the pairwise sum of Lennard-Jones (LJ) and
Coulomb terms:

u r r r
q q

r
( ) 4 ( / ) ( / )

4ij ij ij ij
i j12 6

0
= [ ] +

(1)

where r is the distance between atom centers i and j. Standard
Lorentz−Berthelot combining rules, σij = (σi + σj)/2 and εij =
(εiεj)1/2are used to generate LJ parameters for the interactions
between atoms located in different molecules.
Because of its importance in many biological and environ-

mental applications, considerable effort has been invested to
develop accurate force fields for the interaction of the SCN− ion
with bulk water and at interfaces. We have chosen to use the
recent fixed-charge model developed by Tesei et al.,38 where the
effect of polarizability has been incorporated by a quantum-
chemical treatment of SCN−−water interactions. This force
field was shown to reproduce several experimental data
including the air−water surface tension for a wide range of salt
concentrations. Our SCN− model is also fully flexible with
harmonic force field parameters selected to reproduce the IR
fundamental frequencies.39

II.B. Methods. To examine the thermodynamics, structural
and dynamic properties of the SCN− ion as a function of the
distance along the interface normal, the ion is placed in N = 40
overlapping lamellas, each 2 Å-wide, spanning the region from
bulk water to bulk toluene. In each lamella, a 5 ns constant

temperature (T = 298 K) molecular dynamics (MD) trajectory
is simulated. The ion is constrained within a specified lamella by
a window potential, which is zero when the ion is inside that
window but rises rapidly when the ion is outside the window.
This allows for statistically accurate calculations of several
structural and dynamical properties of the ion as a function of
the distance from the interface. The free energy profile for the
adsorption and subsequent transfer of the ion across the
interface is determined using the umbrella sampling meth-
od40−42 by combining the local free energy segments An(Z)
calculated from the ion’s position probability distribution
function:

A Z k T P Z P Z Z z( ) ln ( ), ( ) ( )n B n n I= = (2)

where δ is the Dirac delta function and Pn(Z) (n = 1,2,...N) is the
ion’s Z coordinate (taken as the position of the C atom)
probability distribution within lamella n and the ensemble
average (denoted by the triangular brackets) is calculated over
all possible solvent configurations while the ion is located at zI =
Z. Next, the series of An(Z) segments is combined by using their
overlapping regions. All the MD simulations are performed with
our in-house software that uses the velocity Verlet algorithm
with an integration time step of 1 fs.

III. RESULTS AND DISCUSSION
III.A. Free Energy Profile. To note the length scale of the

ion’s free energy change, the density profiles of water and
toluene calculated from a simulation where the SCN− is in bulk
water are shown in the top panel of Figure 1. Z = 0 is the location

of the Gibbs dividing surface (GDS), which is the plane parallel
to interface where the water density is approximately 50% of the
bulk value. (For a discussion of the exact definition of the GDS,
see ref 43.) The interface region (defined as the distance over
which the density of water varies from 90% to 10% of the bulk
value) is quite narrow at about 4 Å. However, as will be shown
below, significant perturbation of the interface is observed when
the ion crosses the interface.
The free energy profile for the transfer of the ion across the

water/toluene interface is shown in the bottom panel of Figure

Figure 1. Top: Density profiles (relative to the respective bulk values)
of water (blue) and toluene (green) at T = 298 K. Bottom: Free energy
profile of the SCN− ion. Z = 0 is the Gibbs dividing surface.
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1. The profile exhibits a small local minimum near the GDS that
corresponds to a free energy of adsorption (relative to bulk
water) of about −1.4 kcal/mol (in reasonable agreement with
the experimental value of −1.7 ± 0.2 kcal/mol).21 As the ion
crosses the interface, the free energy increases monotonically
and reaches a plateau significantly deep into the organic phase,
around Z = 20 Å. The free energy of transfer of about 27 kcal/
mol is significantly smaller than the difference between the
solvation free energy of the “naked” ion in toluene (estimated as
−6 kcal/mol) and the hydration free energy (−70 kcal/mol14),
suggesting that some co-transfer of first hydration water
molecules is in play, as will be discussed at length below. The
free energy of transfer of SCN− across the water/DCE interface
calculated using different ion interaction parameters gives a
value of 17 kJ/mol,22 that is smaller than calculated here possibly
reflecting in part the higher dielectric constant of DCE.
The co-transfer of the first shell water molecules that

accompany the transfer of ions from water to low dielectric
organic solvent for small monovalent ions and highly charged
monoatomic ions has been discussed extensively13,44−49 but
only a few studies have been published for polyatomic ions.5,6,22

For monoatomic singly charged ions, the ability to keep a larger
fraction of the first hydration shell increases as the size of the ion
is reduced.44,46 The transfer of highly charged ions involves near
complete transfer of the first hydration shell. In contrast, the
transfer of large hydrophobic ions involves significantly less
amount of water.11,13,49−52

We may quantify the degree of water transfer by considering
the ion−water radial distribution function as a function of the
ion’s position. The radial distributions functions can be
calculated in each of the 40 lamellas, and in Figure 2, we show
representative N−O radial distribution plots from different
regions of interest, labeled by the position of the ion.

The radial distributions functions have a sharp well-defined
first peak whose location remains nearly constant at 3.1 Å and a
less conserved second shell structure. As expected, the
asymptotic value of g(r) at large r varies from 1 when the ion
is in bulk water to near 0.5 when the ion is near the GDS (Z = 0)
and to near zero when the ion is in bulk toluene. The height of
the first peak is reduced as the ion is transferred across the
interface reflecting the smaller number of water molecules in the
first hydration shell. The inset in Figure 2 shows the average

number of water molecules in the first hydration shell of the N
atom (the smallest atom) as the SCN− ion is transferred across
the interface. The average number of water molecules in the first
hydration shell Nhyd can be calculated from

N r g r r r( ) 4 ( ) d
R

hyd
0 W

2min
(1)

=
(3)

where ρW is the bulk water density (0.0334 Å−3), g(r) is the O−
N radial distribution function, and Rmin

(1)≈ 3.6 Å is the first
minimum of g(r). The first hydration shell number varies from
4.6 when the ion is in bulk water to near 4 as the ion crosses the
interface and monotonically decrease to 3 as the ion enters
deeper into the organic phase. The large fluctuations observed
when Z > 18 Å reflect different relatively long-lived hydration
structures that are observed once the ion completely breaks
away from the aqueous phase, as will be discussed below in the
section of water structure.
The “dragging” of water molecules by the ion and the

monotonic diminishing of the hydration number is reflected by
the average interaction energy of the SCN− ion with the two
liquids. Figure 3 shows these values as well as the interaction
with first shell water molecules.

The decrease in the interaction energy between the first shell
water molecules and the ion from about −60 kcal/mol in bulk
water to −32 kcal/mol in bulk toluene corresponds to the
decrease in the hydration number from 4.6 to about 3. The total
water−ion interaction energy falls off more rapidly because of
the more rapid decrease in the number of outer shell water
molecules. As the ion enters the organic phase, its total
interaction with the toluene get stronger (more negative) as
there are more toluene molecules in its vicinity, but this increase
is significantly more moderate than the corresponding decrease
in total water−ion interactions due to the weaker electrostatic
ion−toluene pair interactions. As a result, the total ion−solvent
energy (black line in Figure 3) rises nearly monotonically.

III.B. Impact on Interfacial Water Structure. The co-
transfer of some water molecules as the ion enters the organic
phase gives rise to significant perturbation in the interfacial water
structure that may significantly impact the kinetic and
thermodynamics of the transfer process as well as affect other
processes that may take place at the interface. Thus, it is useful to
have a quantitative measure of this perturbation. A simple way to
demonstrate the impact of the transferred ion on the interfacial
water structure is to consider the water density profile.

Figure 2.N−O radial distribution functions calculated when the SCN−

ion is located at different locations relative to the water/toluene Gibbs
dividing surface. Each function is labeled by the average position of the
SCN−’s carbon atom when the ion is restricted to a 2 Å-wide lamella
parallel to the interface. The inset shows the N atom hydration number
as a function of the average ion positions for all the lamellas.

Figure 3. Average interaction energies between the SCN− ion and the
two liquids.
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Figure 4 demonstrates the significant coupling between the
ion’s location and the water density profile by showing the

difference Δρ = ρ (Z; ZI) − ρ (Z; bulk) between the water
density profile when the ion is in some (average) location ZI and
the density profile when the ion is in bulk water (which is just the
neat profile). Figure 4a depicts ρ (Z; bulk) (blueline labeled B)
and (as an example) a profile for the ion in some interface
location (red line). Note that each density profile is calculated in
reference to the location of the GDS of that system, but since our
simulation box surface area is large enough, the GDS location is
almost unaffected by the location of the ion.
As the rest of the panels in Figure 4 shows, the deviation from

the neat profile begins to show when the ion is near the GDS,
where it rises as the ion is a few water diameters into the organic
phase, reaches maximum near ZI = 12.5 Å, and then declines
when the ion is located deeper in the organic phase.
The impact on the water density profile can be summarized by

computing the access number of water molecules in the organic

phase relative to the normal profile: N A zd
Z

Z
ex

GDS

BT= , where

the difference between the density profiles is now in units of
molecules/Å3, where A is the simulation box cross-sectional area
and the limits on the integral are from the GDS to bulk toluene
(ZBT is a location in the toluene phase where the water density is
zero). Figure 5 shows this quantity as a function of the ion’s
location. (We confirmed that theNex calculated from the density
profiles agrees, to within the error bars in Figure 5, with actual
counting of the average excess number of water molecules
relative to the neat interface.) The excess number reaches a
maximum of about 13 water molecules when the ion is near 12−
16 Å relative to the GDS and drops sharply to the average value
of the ion’s hydration number when ZI > 18 Å. Thus, once the

ion transfer is complete, the water structure seems to return to its
equilibrium neat state.
The perturbation to the water structure caused by the ion

transfer into the organic phase is in the form of water protrusions
that can typically be described as a disordered single file of water
molecules (“finger”). Depending on the strength of the water−
ion interactions and the nature of the organic phase, this finger
can be as long as a few nanometers in length before it breaks
when the ion is deeper in the organic phase. The water then
returns to its normal structure as the water molecules that are no
longer attached to the ion via the finger retreat to the GDS
region, thus explaining themaximum shown in Figure 5. Figure 6
shows an example of this finger structure.

To determine the maximum length of these water fingers as
well the effective hydration state of the ion, we can use a
generalized coordinatew suggested by Kikkawa et al.11 To define
this coordinate, the ion and water molecules are treated as
vertices in an undirected graph whose edges are the geometrical
distances between the vertices. A connected path between the
ion and bulk water is defined by the requirement that all edges
along the path are shorter than a threshold distance. The
coordinate w is equal to the minimum threshold distance that
will give rise to a connected path. This coordinate gives the
effective separation of the ion from the water phase. More details
about our implementations of the above procedure can be found
elsewhere.13,26 Here, we select the positions of the N atom (the
SCN− atom with the strongest interaction with water) and the
water O atom in the above definition of the coordinate w.

Figure 4. (a) Normalized density profile of water in the interfacial
region when the ion is in bulk water (blue line labeled B) and when the
ion is in some interface location (red line). The other five panels show
the difference Δρ between the density profile of water when the ion is
located at ZI and when the ion is in bulk water.

Figure 5. Average excess number of water molecules when the SCN−

ion is located at the (average) position ZI. Nex is calculated from the
density profiles determined from equilibrium simulations when the
single SCN− ion is restricted to a 2 Å-wide lamella. The vertical bar
represented one standard deviation in the calculated Nex.

Figure 6. Snapshot showing the SCN− ion attached to a water finger
deep in the toluene phase just before a breakup.
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When the ion is in bulk water, ⟨w⟩ ≈ peak position of the N-
oxygen RDF = 3.0 Å, regardless of the position ZI of the ion.
When the ion is in the organic phase connected by a water
“finger” to the aqueous phase,w≈O−Odistance corresponding
to the longest hydrogen bond, around 3.3 Å (near the location of
the first minimum of the OO radial distribution function in bulk
water). After the breakup of the water “finger”, w corresponds to
the distance between the oxygens of the two nearest water
molecules − one that belongs to the ion hydration shell and one
connected to the bulk water phase. This w can be as large as
values near ZI if the interfacial water does not have any
significant protrusions opposite the ion.
As the ion is deeper in the organic phase (larger ZI values), the

probability of finger breakup increases. Initial finger breakup can
be permanent (on the 5 ns time scale) or it can be followed by
reattachment of the finger. As an example, Figure 7 shows w(t)

for two 1 ns segments of the 5 ns simulation when the ion is
constraint to be in the lamella centered at ZI = 18 Å and initially
(t = 0) is connected to the water phase via a water finger. The 1
ns < t < 2 ns segment shows a finger breakup that begins at t ≈
1.57 ns with w reaching about 20 Å before the finger reforms at t
≈ 1.72 ns. The 4 ns < t < 5 ns segment shows a finger breakup
that begins at t ≈ 4.4 ns without reforming again.
Figure 8 summarizes the results of water finger behavior as a

function of the ion’s location by depicting for each lamella (with

the corresponding average position of the ion on the x axis) the
maximum (open blue circles) and the final values (solid red
circles) of w reached during the 5 ns simulation.
We can identify three regions: (a) When the ion is restricted

to a lamella where the ion’s average location is less than about 15
Å (relative to the GDS), the ion remains connected to the
aqueous phase during the entire 5 ns trajectory; (b) when the

ion average location is at 18 Å or above, the finger eventually
breaks even if it may reform one or more times during the 5 ns
trajectory (as shown in the example in Figure 7); (c) for the two
lamellas in between these two regions, the finger breaks,
reaching values near 12 and 8 Å but reform and stay connected.
The transition from a fully connected finger during the entire
trajectory to a region where the finger is unstable and undergoes
breakup and formation before breaking again corresponds to the
peak excess water in the organic phase observed in Figure 5 and
also corresponds to the region when the hydration number of
the ion and the interaction energy with the two solvents begin to
experience significant fluctuations before they and the PMF
reach a plateau. Note that ZI − w is approximately the length of
an instantaneous finger, so when the ion is in the region ZI > 24
Å and no longer connected to the aqueous phase, the length of
the water finger reflects the normal fluctuations in the interfacial
water density.

III.C. Solute Properties. We turn our focus now to the
properties of the SCN− ion as a function of its location relative to
the interface. Some of these have been measured in bulk water
and could also be measured at the interface, so the results here
can be used to validate the model and offer additional insight
into the effect of the interface on the ion’s adsorption and
transfer. The 5 nsMD equilibrium trajectory obtained in each of
the 40 lamellas allows for an accurate determination of several
properties characterizing the state of the ion as a function of its
position along the interface normal.
Directly related to the co-transfer of water molecules with the

ion across the interface and the formation of a water finger
structure are the dynamics of water molecules in the hydration
shell of the ion. When the ion is in bulk water, there are many
water molecules outside the first hydration shell that can readily
participate in an exchange with the first hydration shell, but as
the ion enters the organic phase, the opportunity for exchange
diminishes as there are fewer water molecules around.
Water molecule exchange dynamics between the first and

second shell have been examined extensively for ions of different
charge and size in bulk water,53−56 at liquid interfaces25 and in
hydrophobic media.26,44,46 An important characterization of this
dynamics is by the average residence time of water molecules in
the ion’s first hydration shell. It can be determined by following
the residence time correlation function:53,54,57−59

C t
n t

h t t h t( )
1
( )

( ) ( )
i

N

i ires
1

= +
= (4)

where for each distinct water molecule “i”, hi(t) is equal to 1 as
long as this water molecule is inside the first hydration shell. If
the molecule exits for no more than some predetermined time
period τlag, we keep hi(t) = 1. N is the total number of water
molecules, n(t) is the number of water molecules in the first
hydration shell at time t, and the ensemble average is taken over
all the time origins t′. The average residence time is then
obtained from the time integral of Cres(t).
The average residence time when the ion is in bulk water is

quite fast, about 9 ps when calculated with τlag = 2 ps. We have
confirmed that although the change in the value of τlag affects the
absolute value of the residence time, it does not affect the
conclusions below about the impact of the interface. Figure 9
shows that the residence time rises sharply as the ion crosses the
interface and enters the organic phase and then begins to
moderately drop but with large fluctuations near the region

Figure 7. Water “finger” coordinate for two 1 ns segments of a
trajectory with the ion constraint to a 2 Å-wide lamella centered at Z =
18 Å. The ion is connected via a water finger to the aqueous phase at t =
0.

Figure 8.Maximum (open blue circles) and final (at t = 5 ns, solid red
circles) values of the water finger coordinate for the ion constraint to be
in a lamella vs the average location of the ion in the lamella.
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where the water finger reaches its maximum length before
breaking up.
The initial rapid rise in the residence time correlates with the

drop in the water density, as the availability of water molecules to
participate in the exchange is greatly reduced when the second
hydration shell is beginning to be depleted as the ion crosses the
interface. As the ion leaves the GDS region on its way deeper
into the organic phase, it is connected to the bulk aqueous phase
by a water “finger”. This further reduces the probability for water
exchange and thus the residence time continue to rise. After the
“finger” is broken, there is somewhat less constraint on the
mobility of water molecules and there is some drop in the
residence time. The increase in the residence time as the ion
crosses the interface has been observed for other ion transfer
cases across liquid/liquid interfaces25 and around hydrated ions
in hydrophobic media.44,46

An important property of ionic solute at interfaces that has not
been extensively studied experimentally and theoretically (most
theoretical studies involved monoatomic ions) in the context of
ion transfer is molecular orientation. This property can provide
significant molecular insight into the asymmetrical nature of the
interface, which is relevant to understanding ion transfer.
Molecular orientation can be measured using non-linear
spectroscopic techniques and easily and accurately calculated.
Here, we examine both the equilibrium orientational distribu-
tion and the rotational dynamics of SCN− as a function of its
location along the interface normal.
The top panel in Figure 10 shows the probability distribution

for the angle θ between the interface normal and the vector
pointing from the N to S atoms of the SCN− ion. cos θ = 1
corresponds to the S atom pointing into the organic phase (the
positive direction of the interface normal). As expected, the
distributions are flat when the ion is in bulk water or bulk
toluene. As the ion approaches the interface from the aqueous
phase, there is an increased tendency for the ion to orient parallel
to the interface normal with the small, higher charged N atom
pointing toward the aqueous phase. The distribution becomes
highly peaked as the ion gets deeper into the organic phase with
the N atom connected with a water finger to the aqueous phase.
While the water finger is intact, there is a significant constraint
on the angular distribution (as shown in the solid black line
when the average ion location is ⟨ZI⟩ = 12.5 Å), but once the
water finger breaks (when ⟨ZI⟩ > 18 Å), the constraint on the
ion’s orientation is lifted and the distribution becomes broader
and finally flat when the water finger retreats and the ion is again
free to rotate.

Amore complete depiction of the ion orientation as a function
of its location is given in the bottom panel of Figure 10 where
order parameter (3⟨cos2 θ⟩ − 1)/2 (calculated from the
orientational distribution function in each lamella) is plotted vs
the average location of the ion. The order parameter is equal to
zero when there is no orientational preference, while a value of 1
corresponds to perfect alignment along the interface normal.
When the ion is at theGibbs surface, the order parameter value is
about 0.12 and ⟨cos θ⟩ = 0.55 corresponds to θ ≈ 56o. This
seems to be consistent with recent second harmonic generations
experiments.21 The sharp reversal (increase) in the order
parameter near ZI ≈ 18 Å can be traced to an unusually stable
and long-lived water finger just before breakup (see Figure 5) in
a lamella that is one layer deeper into the organic phase.
We conclude with a discussion of the rotational dynamics of

SCN− as another probe of the changing environment as the ion
crosses the interface and in particular its coupling to surface
water structural fluctuations. The 5 ns equilibrium simulations in
each of the 40 lamellas provide sufficient statistical data to
accurately compute the rotational dynamics as a function of the
location relative to the interface. Denoting by u(t) the unit
vector pointing from the N to the S atoms of the solute at time t,
we consider the following rotational time correlation function:

C t tu u( )
1
2

3 ( ) (0) 12= { · }
(5)

where the angular brackets denote equilibrium ensemble
average over all time origins. This correlation function is
typically used to model the rotational anisotropy decay
measured via polarization-resolved vibrational pump-probe
experiments.60

The top panel of Figure 11 shows C(t) for different solute
locations (same locations used in Figure 10). Each curve can be
fitted to a double exponential decay with a fast∼1 ps component
nearly independent of the location and a slower component that

Figure 9. Average residence time of water molecules in the first
hydration shell of the N atom of the SCN− ion vs the location of the ion
along the interface normal.

Figure 10. Top: Probability distribution for the angle θ between the
normal to the interface and the vector pointing from the N to the S
atoms of SCN−. For the ion located at different positions relative to the
GDS. Bottom: Orientational order parameter as a function of the ion’s
location relative to the GDS.
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is responsible for the observed trend. From the fit, one can
obtain the average relaxation time through the relation

T C t t( )d
0

=
(6)

The calculated rotation time in bulk water (∼3.5 ps) is
consistent with ultrafast IR experimental data.61 This rotation
time slowly increases as the solute approach the GDS and then
rapidly rises as the solute enter the organic phase. It remains
elevated while the solute is connected via the water finger to the
aqueous phase since this encoring significantly reduces orienta-
tional freedom. The rotation rate drops as the finger breaks
reaching a plateau at around 10 ps when the solute is in bulk
toluene (but still with some water molecules in the first
hydration shell). A separate independent calculation with a “dry”
SCN− in bulk toluene gives a rotation time of 2.9 ps, slightly
faster than in bulk water. Clearly the three water molecules in the
hydration shell of SCN− in bulk toluene significantly slows down
its rotation time. Note that within a continuum model, the
rotation time of molecular ions is determined by the viscosity
and dielectric constant of the liquid, as these bulk properties give
rise to mechanical and dielectric frictions.60 For a detailed
discussion of the impact of solvent viscosity and dielectric
properties on generic solute rotation at liquid/liquid interface,
see ref 62. At the molecular scale, the rotation time is better
understood in terms of the solute−solvent intermolecular
interactions and the impact of the solute on the water hydrogen
bonding network. The relatively rapid rotation of SCN− in bulk
water is related to the ion’s ability to efficiently switch hydrogen
bonding partners with water molecules as is also evident in the
rapid water exchange dynamics discussed earlier. The
inadequacy of continuum models to explain surface effects is
clearly evident from the data presented above: The surface effect
observed here is entirely due to the unique surface structural
fluctuations magnified by the presence of the ion.

IV. SUMMARY AND CONCLUSIONS
The study via MD simulations of the adsorption and transfer of
the thiocyanate ion across the water/toluene interface provides
new insight into the structural and dynamical factors influencing
polyatomic ion transfer across the interface. The relatively
(weak) hydrophilic nature of the ion results in a local free energy
at the interface corresponding to an adsorption free energy of−6
kJ/mol, in reasonable agreement with experiments. Despite the
relatively weak interactions between the ion and bulk water
relative to that of smaller hydrophilic monoatomic ions whose
transfer has been extensively studied, the transfer of this ion into
a very low dielectric constant medium involves significant
dragging of water molecules in the form of water fingers. As the
ion location is varied from bulk water across the interface to bulk
toluene, the variation in a number of properties such as water
excess in the organic phase, solute orientation and orientational
dynamics, and water molecule residence time in the ion’s first
hydration shell exhibits a non-monotonic behavior. It is shown
that this behavior is directly correlated with the formation an
eventual breakdown of the water finger-like structure.
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