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ABSTRACT: The current rectification displayed by solid-state
p—n semiconductor diodes relies on the abundance of electrons
and holes near the interface between the p—n junction. In
analogy to this electronic device, we propose here the
construction of a purely ionic liquid-state electric rectifying
heterojunction displaying an excess of monovalent cations and
anions near the interface between two immiscible solvents with
different dielectric properties. This system does not need any
physical membrane or material barrier to show preferential ion
transfer but relies on the ionic solvation energy between the two
immiscible solvents. We construct a simple device, based on an
oil/water interface, displaying an asymmetric behavior of the
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electric current as a function of the polarity of an applied electric field. This device also exhibits a region of negative differential
conductivity, analogous to that observed in brain and heart cells via voltage clamp techniques. Computer simulations and mean
field theory calculations for a model of this system show that the application of an external electric field is able to control the bulk
concentrations of the ionic species in the immiscible liquids in a manner that is asymmetric with respect to the polarity or
direction of the applied electric field. These properties make possible to enhance or suppress selective ion transport at
liquid—liquid interfaces with the application of an external electric field or electrostatic potential, mimicking the function of
biological ion channels, thus creating opportunities for varied applications.

B INTRODUCTION

Charge transfer across the interface between two immiscible
electrolyte solutions is of crucial importance in electro-
chemistry. This charge transference can be promoted by
differences in the ionic solvation energies or by the action of
external electric fields." In addition, the accumulation of charge
near electrified liquid interfaces detetermines important
properties of these systems such as the surface tension, the
differential capacity, or the bulk ion partitioning.”® Liquid
interfaces have been used in a wide range of applications such
as the electroassisted solvent extraction for the recovery and the
refining of metal ions from waste waters and industrial
solutions.” The ion transfer and charge accumulation at
liquid—liquid interfaces have been also used to detect
amperometric ionic currents, and to sense a wide variety of
biological macromolecules including neurotransmitters, amino
acids, proteins, and nucleic acids.®® A liquid—liquid interface is
a very simple model where one can study the consequences of
ion transfer selectivity between solvents with different dielectric
properties. In particular, immiscible solvents have been used to
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quantify the affinity of a compound for a lipidic environment
(lipophilicity). Such an affinity is important, for example, in
pharmacological applications to determine the rate of cellular
absorption of drugs.” In the presence of an electric field or a
difference in the electrostatic potential, the ion transfer between
two simple immiscible electrolyte solutions mimics the ionic
flux in ion channels.

An asymmetric transfer of electrons in p—n semiconductor
junctions as a function of the polarity or direction of an applied
electric field has been extensively exploited for a large and wide
range of applications. In the case of solid-state p—n
semiconductor diodes, the rectification of the electric current
is promoted by the abundance of carriers, electrons and holes,
near the interface between the p—n junction. Analogously, it
has been shown that the accumulation of cations and anions
near a membrane immersed in a binary electrolyte is able to
display a rectification effect similar to that displayed by a solid-
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Figure 1. (a) Photo of the water—nitrobenzene interface created inside a bent PTFE tube. (b) I-V curve measured through the oil/water interface
with the reference electrode placed at the water phase. The degree of asymmetry in the I-V curve is also dependent upon the scanning rate for both

(c) 0.01 M and (d) 0.001 M electrolyte solutions.

state p—n semiconductor diode.'’ The role of the membrane
has been recently replaced in electrolyte current rectifying
devices by synthesizing two-phase systems of polyelectrolytes,
gels, or nanoparticles in solution separated by an interface.' ™"
We show here that the interface between two immiscible
solvents containing only supporting electrolytes can be used as
an electric current rectifying device. In this instance the role of
the membrane is performed by the ionic solvation energy of
transfer (or the so-called Gibbs energy of transfer) between two
immiscible electrolytes. The preferential accumulation of charge
in each solvent and the selective ionic transport promoted by
the jonic solvation energy of a mixture of electrolytes allow us
to build electric rectifying devices that can be completely in
liquid state. That is, the presence of membranes or other
physical matrices is not necessary to promote a preferential ion
transfer. These liquid-state devices provide an appealing
alternative for the development of devices that are simple and
robust; that is, if contained in a vessel that can be pulled,
stretched, bent, or twisted, the function of the liquid rectifier is
not affected. In addition to this resilience, liquid diodes can be
designed to be compatible with biological systems for potential
medical applications. The selective ion transfer displayed by this
kind of device can be also used to enhance or suppress the
charge transport between liquid media with different dielectric
properties via an applied external electric field or electrostatic
potential as occurs in biological ion channels.

The physicochemical properties of liquid interfaces under the
influence of an applied electric field have been widely studied in
electrochemistry. In these electrified interfaces, two immiscible
solvents with different dielectric properties (like oil and water)
are placed in contact, in the presence of added salts. Molecular
simulations in the absence of ion transfer'”" have illustrated
crucial physical properties of electrified interfaces, which are
typically neglected in theoretical mean field treatments, such as
ion correlations, ionic excluded volume, and polarization effects
due to the presence of a dielectric discontinuity. In the absence
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of an applied electric field, it is well-known in physical
chemistry that differences in the solvation energies of a binary
electrolyte (constituted by two ionic species) dissolved in two
different immiscible solvents may produce an ionic partitioning
(or a different bulk concentration of ions in each medium), and
an electrostatic potential difference between the two bulk
phases.'®'” The asymmetry between the phases of this system
suggests that it might be possible to observe asymmetric
conductive properties, and we here show that this is indeed the
case. We demonstrate this feature experimentally, in the
conduction properties of a liquid—liquid system when it is
subject to a voltage ramp cycle. We also show, through
simulations and theoretical analysis, that the bulk properties of
the two phases are modified asymmetrically depending on the
polarity or direction of an external electric field perpendicular
to the interface. We therefore demonstrate the possibility of
building an electric current rectifying device completely in
liquid state, utilizing a simple electrified oil/water interface and
a mixture of monovalent electrolytes with appropriate ionic
solvation energies of transfer.

B MODEL AND METHODS

Model System and Simulation Details of the
Electrified Liquid Interface with lon Transfer. A
simulation box of volume 2HL? is used to perform coarse-
grained simulations of an electrified liquid interface with ion
transfer in the canonical ensemble. Periodic boundary
conditions along the y- and z-directions and a finite length of
2H along the x-axis are considered as shown in Figure 2. The
sharp dielectric interface is modeled using an uncharged hard
wall at the center of the simulation box at x = 0. In addition,
two impenetrable uncharged hard walls are located at x = —H
and x = H. For definiteness, the oil phase is located in the
region where x < 0 and the aqueous phase in the region where
x > 0. In an initial configuration, the same amount of TEABr
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Figure 2. Schematic representation of the model system.

and TBACIO, ions are placed in the water and oil phases,
respectively. All ions are modeled as hard spheres of diameter a
=7 A with point charges in their centers, which is the so-called
primitive model. The following ionic solvation energies are
considered when ions are transferred from water to oil: TEA" =
—5.7 kJ/mol, Br~ = 36 kJ/mol, TBA* = —28 kJ/mol, and ClO,~
= 8 kJ/mol."*~*° These solvation energies can be understood as
the difference between the Born or self-energies of the ions
when immersed in the two media. These values are used below
for both the Monte Carlo simulations and the analytical
calculations based on the Poisson—Boltzmann model. Oil and
water are modeled as a continuum medium with dielectric
constants 34.8 and 78.4, respectively, at a temperature 298 K.
The electrodes always have opposite charge with the same
magnitude, and they confine the ions inside of the oil/water
region. Monte Carlo movements allow all ions to sample both
the oil and the water phases. The movements are accepted or
rejected according to the classical Metropolis algorithm.”"**
Interactions among charged particles are grouped into two
types: one-body and two-body. These interactions can also be
separated into a hard sphere contribution, an electrostatic part,
and a solvation energy component. The two-body interaction
for hard spheres is given by S;(r;) = 0 if particles i (at position
7 = (x,52)) and j (at position 7; = (x;,y,z;)) do not overlap,

j
and S;(r;) = oo otherwise. The distance between the particles is

defined as r; = \/(x, - xj)2 + (o - y})2 + (z, — zj)z. a =

O,W and f = O,W are denoted as the solvents in which
particles i and j reside, respectively. These solvents have
associated dielectric constants €, and €4 The two-body
electrostatic interaction between particles i (with valence v,)
and j (with valence v;) is given as

afr=y _ Vv € — € WY
Uj (rlj) =yl — + ———6
€, + €, Ty

(1)

where o’ is the complementary solvent to a, J,4 is the

i

Kronecker delta, laﬂ = , e is the protonic charge, g,

e
4rey(e, + eﬂ) /2
is the vacuum permittivity, and 7, = (—x,y;z;) if the origin of
the system is placed at the liquid interface according to the
method of images.'”'>*® This interaction potential is exact in
the case of charges in two semi-infinite regions of different
dielectric properties separated by a single infinite flat interface.
We note that this is in effect the geometry we use as the
simulation box is periodic in the y and z directions and we
assume the dielectric constant to be continuous away from the
simulation box.

The one-body hard sphere interaction can be written as
S#(7,) = 0, if there is not overlapping between the ions and the
hard planes located at x = —H, x = 0, and x = H. Otherwise,
Si(7)) = co. This definition allows ion transfer between both
solvents.

859

The one-body electrostatic energy per ion is the sum of the
electrostatic interaction between an ion i and the two charged
plates, UPR*(%,), plus the corresponding self-image electrostatic
energy defined as

l e —e€, U.Z
- vy 4
Ul(7) = 57;
€, + € Ty (2)
where [, = ——, y = O,W is the medium in which ion i is
4mege,

located, and ¥’ is the complementary solvent.'*'>*%**

The electrostatic energy between an ion i and the two
charged plates is given by

4o,
UP(%) = ———21(H — Ix)) ifx < 0
(3)
and
4oy,
UPRtS(3) = ———%0 1 (H + Ix) + AUPR ifx > 0
4)

where o, is the surface charge density of the charged plate in
oil. The surface charge density of the plate in water has a value

4ro;
— 6,, and the constant AUP™® = — 2%

—%H(l, — I) is used to

[4
satisfy the continuity of the electrostatic potential energy at the
liquid interface located at x = 0. This definition also satisfies the
continuity of the perpendicular electric displacement
Dy = Djy = lim

€oE(x) = lim,_, g€, E(x)

x—0 (5)

x—0

in agreement with the Maxwell equations.””**

The one-body solvation energy of an ion i immersed in a
medium y is defined as U™ (y) with y = O,W. This energy is
chosen such that the difference UPMn(Q) — UsoMtion(y)
corresponds to the experimental energy necessary to transfer an
ion i from water to oil in bulk.

The one-body and two-body interactions can be written as

Hione—body(;;) — St}’(;.l') + Ui}’(;,t_') + []iPIates(%i)

+ Uisolvation(}/) (6)
and
H () = (1) + USGR) o)
The total energy of the system is then defined as
N N N
HT — Z Hione—body(?;) + % Z Z Hl;wmo—body(@) (8)
i=1 i=1 j=1

where i #j, and N is the total number of particles. Electrostatics
are properly included via the Torrie and Valleau charged-sheets
method™ using Boda’s modification.*®

As the oil and water phases have different dielectric
properties, image charge effects have also been included as
discussed elsewhere.'”'® An important distinction that
separates our current work from previous studies'*'® is that
the ionic transference between the oil and water phases is now
allowed, and takes into account the experimental solvation
energy of the ionic species. We expect results from these
simulations to accurately reflect the properties of real
electrolyte systems in the presence of an external field.
However, we wish to explicitly mention some limitations of
the model. Direct observation of density profiles at liquid—
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liquid interfaces is possible by means of X-ray reflection
techniques.”” Interpretation of such experiments requires
consideration of the spectrum of capillary waves at the
interface. Our Monte Carlo model and analytical tools
described in the next section are not at this time capable of
addressing deformations on the surface. We also note that our
model does not specifically consider ions that can be
considered to be partially immersed in both liquids nor the
effective polarizability of the ions which might arise from
association of liquid molecules to the ions.**

Nonlinear Poisson—Boltzmann Theory for Two Media.
The simulations presented in the main text clearly show the
asymmetry in many of the electric properties of a system of
multiple species of ions dissolved into two immiscible liquid
phases. Using a mean field theoretical framework, it is possible
to show that the asymmetry arises just from the differences in
the ion solvation energies of the ions in the liquids, and does
not require the consideration of correlations or excluded
volume effects.

As in the simulations, we consider a system composed of two
semi-infinite regions, unbounded along the y- and z-axes, with a
liquid of permittivity £, occupying the region —L, < x <0 and
a second liquid with permittivity €3 occupying the region 0 < x
< L. The ions in the system come from the dissociation of two
salts; the salts are identified by the index a = 1, 2. The ions are
identified by the salt and charge sign. In this geometry, we can
quantify the number of ions present by their surface density:
the number of ions per cross-sectional area for the whole
system S, .. To model the simulation conditions, we consider
the application of an external electric field with value E just
outside the A region, where the relative permittivity is € = 1. In
the liquid region we demand that the ions’ total surface density
should not change as the external applied field varies.

In the liquid region, we assume that the electric potential y
and the ion number densities n,, obey the Poisson—
Boltzmann relations. The potential satisfies the Poisson
equation

Ve-Vy = -2

€

where p = Y #n, e is the charge density, assuming that all ions
are monovalent. The number densities are connected to the
potential through the Boltzmann relation. This relation require
the identification of two reference electric potential values ¥,
and W5, one for each phase. The first can always be taken to be
zero, ¥, = 0. The local number densities of the ions are then
given, within each of the phases P = A,B, by

= ng . p exp[Fe(y — B)/kT]

N+

where k is the Boltzmann constant and T the temperature. The
bulk concentrations n° are parameters that can be interpreted as
the concentrations, within each phase, at a point where the
potential is equal to the reference potential, that is, equal to the
bulk concentrations obtained when there are no external
disturbances and the electric potential and concentrations are
uniform. These bulk concentrations obey a set of relations
associated with the transfer of ions between the two phases:

a5 = Mo e s Xp[Fe(¥s — W) /KT ] exp[~AU, /KT

n

Here, AU, is the difference in solvation energies in phase B
with respect to phase A. The bulk concentrations must also
satisfy an electroneutrality condition in each region:

860

0
Z *hg, v p, = 0
+a

Together, these relations give the nonlinear Poisson—
Boltzmann equation

VA (y — ) — K}z sinh(y — %) = 0

The inverse screening length «p is different for each phase, and
is determined as

0
Ba,+,p

&0 Lq

2
2 _ 4re

Kp

Solutions appropriate to the settings of the simulation are
obtained by solving the Poisson—Boltzmann equation within
each medium while imposing conditions of continuity of the
potential and of the displacement field € E = —eVy. It is further
required that the total number of particles be conserved. The
particle distributions integrated over the slab geometry should
always produce the prescribed initial surface density:

Ly
Sa,i = / na,i
_LA

The integral is carried out along the x-axis perpendicular to the
interface.

The Poisson—Boltzmann equation can be solved analytically
in this geometry. However, it is convenient from the points of
view of both solution analysis and numerical evaluation to write
approximate solutions when the sizes of the regions L,y are
much larger than the inverse screening lengths. This is in fact
the case for the systems considered in the simulations. In region
A the approximate solution is given by the sum of two
contributions, associated with the bounding surfaces x = —L,
and x = 0:

v — ¥y =4y, tanh (G, exp[—x,(x + L,)])
+ 4y, tanh (D, exp[K,x])

where C, and D, are constants, and y, = kT/e sets the
potential scale. The two terms have, in the conditions noted
above, an insignificant overlap and are concentrated near the
bounding surfaces. Similarly, in region B, from x = 0 to x = Lg,

w— = 4y, tanh_l(CB exp[—Kpx])
+ 4y, tanh_l(DB eXP[KB(x - LB)])

For each value of the external field, and a set of assumed
values of the bulk concentrations n° in one of the phases that
satisfy the electroneutrality condition, it is possible to compute
the bulk concentrations in the second phase along with the
potential distribution Wy — W,. Then, the required constants
that appear in the expressions for the potential can be
determined so as to match the external field at the ends of
the liquid region and the continuity conditions at the interface.
The Boltzmann distribution can then be used to obtain, by
integration, the total surface particle density for each species.
For a given value of the external field, this procedure defines a
function that computes the surface density of the species in
terms of the assumed bulk densities. Finally, a numerical search
can be used to invert this function and to determine the bulk
densities necessary to recover the required values of the surface
densities.
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The algorithm described above explicitly maintains fixed the
number of ions per unit of transversal area of each species. This
reflects the conditions of the simulation box and the closed
system used in the experiments. As described below, changes in
conductivity are associated with net changes in the bulk
concentrations of the ijons within the two media. This is
possible in our case as the fixed total number of ions can
partition in different ways between the two media. We note that
the discussion of Westbroek et al' of the properties of
electrolyte mixtures in two media uses the assumption that the
chemical potential of ions is fixed and independent of the
external electric field. This condition implies that the bulk
concentrations are also fixed and therefore no rectifying
properties would be observed. In other words, our model
addresses the properties of closed systems, while the constant
chemical assumption is better suited for systems with, for
example, constant flows that reset the bulk concentrations
continuously. The two models also lead to different results in
regard to dependence with system size.

The results shown in the main text were calculated using the
above-described algorithm. As noted there, these solutions also
exhibit the asymmetric behavior observed in the simulations.

B RESULTS AND DISCUSSION

Experimental Preferential Behavior of Current versus
Voltage. As an experimental realization of a rectifying
heterojunction based on immiscible electrolytes, an oil/water
interface is created in a bent Teflon tube with inner diameter of
2 mm and length 90 mm as shown in Figure la.
Tetrabutylammonium perchlorate (TBACIO,) dissolved in
nitrobenzene is chosen as the oil phase, while tetraethylammo-
nium bromide (TEABr) dissolved in water is taken as the
aqueous phase. Figure 1b shows a representative current vs
voltage (I-V) curve recorded for an initial electrolyte
concentration of 0.01 M in both phases. This I-V curve
clearly shows that the magnitude of the ionic current at a large
negative bias is higher than the magnitude of ionic current
associated with a positive bias of the same magnitude. The
current rectification ratio, which is the ratio of the current
recorded at —0.5 V to that recorded at +0.5 V, is calculated to
be around 3.5. The current rectification ratio is also found to be
dependent upon the rate of voltage scanning. Figure 1c shows
three I-V curves recorded at different scanning speeds: 0.2,
0.02, and 0.002 V/s. The rectification ratio increases from 3.5 at
0.2 V/s to 10.5 at 0.002 V/s. A similar behavior is also observed
with an electrolyte concentration of 0.001 M, where the
rectification ratio is increased from 1.7 at 0.2 V/s to 2.8 at 0.002
V/s as shown in Figure 1d. The I-V curves also show the
presence of a regime of negative differential conductivity for
potential differences of about 0.2 V. These values correspond to
the case where the electrode in the oil phase has positive
polarity. The precise onset point of this behavior depends on
the voltage ramp rate and is also modified by the initial salt
concentration in each liquid solvent.

Computer Simulations and Analytical Theory of the
Preferential lon Transfer. In order to gain insight into the
molecular mechanism behind this preferential ion transfer at
the electrified liquid—liquid interface, we have carried out
Monte Carlo simulations and analytical calculations based on
the nonlinear Poisson—Boltzmann model. In particular, we
consider a nitrobenzene/water interface confined by a pair of
electrodes as shown in Figure 2. Both simulations and
calculations use an extended primitive model*”*” that explicitly
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considers the change in solvation energy of each ionic species
as they cross the dielectric interface. Details of the model
system, simulation, and theoretical methods appear in the
Supporting Information. Figure 3 displays the final ionic
profiles for Monte Carlo simulations that start from identical
initial concentrations of 0.01 M TEABr in water and 0.01 M
TBACIO, in oil. In this figure, three different conditions are
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Figure 3. Ionic profiles in the oil/water system. The initial electrolyte
concentration was 0.01 M TBACIO, in oil and 0.01 M TEABr in water
in all instances. The surface charge density of the electrode immersed
in the oil phase is 0 in panel a, —0.01 C/m? in panel b, and 0.01 C/m>
in panel c. The surface charge density of the electrode immersed in the
aqueous phase has the same magnitude but opposite sign. Horizontal
and vertical arrows display the ionic transfer direction and the change
of the bulk concentration in each solvent for species i, respectively,
when the magnitude of the surface charge density of both electrodes is
slightly increased. Filled symbols and lines correspond to Monte Carlo
simulations and a nonlinear Poisson—Boltzmann theory, respectively.
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considered: (a) at the point of zero charge, that is, when both
electrodes are uncharged; (b) when the electrode in the oil
phase is charged negatively with a surface charge density —0.01
C/m” and the electrode in the water phase is charged positively
with a surface charge density 0.01 C/m?% and (c) when the
electrode immersed in oil is charged positively with a surface
charge density 0.01 C/m? and the electrode immersed in water
has the opposite surface charge density —0.01 C/m? At the
point of zero charge we observe that Br~ ions, which are the
most hydrophilic species, are effectively confined to the water
phase. An analogous behavior is displayed by TBA" ions, which
are the most hydrophobic species and are mainly present in the
oil phase. An asymmetric ion partitioning of the other two ionic
species is also observed in both phases. Our simulations and
theoretical analysis show that this asymmetry in bulk
concentrations is further modified in an asymmetric and
nonlinear way by the presence of external fields. Figure 3 shows
a particular instance of this general behavior. In the absence of
an external field, Figure 3a shows that the system has well-
defined bulk concentrations in both phases, and that there is an
accumulation or depletion of the ionic species near the liquid—
liquid interface. When the charged electrodes are used to
produce an external field, as shown in Figure 3b and Figure 3c,
a noticeable accumulation or depletion of the ionic species near
the electrodes is displayed by Monte Carlo simulations. In
addition, the bulk concentrations of the supporting electrolytes
are also modified. The bulk concentrations of the electrolytes
are not symmetric with respect to the direction of the electric
field produced by the charged electrodes. Analytical calculations
based on the nonlinear Poisson—Boltzmann equation (carried
out with the same set of parameters) display the same general
trends observed in the Monte Carlo simulations, including the
asymmetry of the bulk concentrations of the electrolytes in
each solvent phase depending on the polarity of the applied
electric field.

Results from simulations and Poisson—Boltzmann calcu-
lations for a range of different external fields are shown in
Figure 4. This figure shows the average number of ions or
carriers of species i, AN? 7, that are transferred from the solvent
7 to the opposite solvent y’ when the surface charge density of
the electrode o in the oil phase changes to o, + Acj. As the
system is periodic in two dimensions and finite in the third one,
we can define an average density of exchanged electric carriers,
AN?7'/(N,L*HIAc,l), for each ionic species i (in molar
concentration units per C/m?). In this definition, N, is the
Avogadro constant, |Agyl is the magnitude of an augment of the
surface charge density of the electrode in oil, and L*H is the
volume occupied by the oil and by the water (see Figure 2).
The initial ionic concentrations in Figure 4 are 0.01 M for
TEABr in water and TBACIO, in oil. The average density of
exchanged electric carriers is plotted in Figure 4 as a function of
the surface charge density o, of the electrode in the oil phase.
For negative surface charge densities, we observe that the most
hydrophobic (TBA*) and the most hydrophilic (Br™) ions are
not transferred significantly even at large electric fields. In
addition, it is observed that the number of TEA* carriers that
are transferred from water to oil increases whereas the number
of ClO,” carriers that are transferred from oil to water
decreases at a similar rate as a function of the charge on the
negative electrode in oil. In contrast, the number of TEA" and
ClO,” carriers decreases significantly in the presence of a
positively charged electrode in oil with the same magnitude as
that in the previous case. On the other hand, TBA" and Br~
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Figure 4. Average number of carriers of species i, AN/ ", in a volume
L*H that are transferred from the solvent y to the complementary
solvent ¥’ when the surface charge density of the electrode o in the oil
phase changes to 6, + Acy. The initial electrolyte concentration is 0.01
M TBACIO, in oil and 0.01 M TEABr in water in all cases. Empty
symbols indicate the number of ions of species i that are transferred
from water to oil, whereas filled symbols indicate the number of ions
of species i that are transferred from oil to water. In panels a and b are
displayed results for Monte Carlo simulations and a nonlinear
Poisson—Boltzmann theory, respectively. In all instances |Agyl =
0.002 C/m? N, is Avogadro’s constant, and the surface charge density
of the electrode immersed in the aqueous phase has the same
magnitude as that in the oil phase but with opposite sign.

ions become carriers far away from the point of zero charge of
the plates, that is, when the magnitude of the positive surface
charge density of the electrode in oil is large. Under these
conditions, the Monte Carlo simulations predict that the ionic
electrostatic energy can overcome the ionic solvation energy
that excludes very hydrophilic ions from the oil phase in the
presence of weakly charged electrodes and vice versa, that is,
the ionic electrostatic energy can be large enough to overcome
the ionic solvation energy that excludes very hydrophobic ions
from the aqueous phase. For low/moderate applied external
electric fields, the overall effect is the existence of a significant
asymmetry in the total number of carriers as a function of the
polarity or the direction of an applied electric field
perpendicular to the interface. A similar trend is displayed by
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the nonlinear Poisson—Boltzmann calculations. However, we
note that this mean-field approach underestimates the number
of carriers, or ions transferred between both solvents, by a
factor of approximately two. In addition, the positive surface
charge density at which we start to see a net transfer of very
hydrophilic ions from water to oil and a net transfer of very
hydrophobic ions from oil to water is approximately twice and
half larger than that predicted by the Monte Carlo simulations.
These observations highlight the importance of ion correla-
tions, ionic excluded volume, and polarization effects, which are
absent in the nonlinear Poisson—Boltzmann description. In
spite of the noted differences between the ion distributions
obtained by the analytical and computational methods, we
emphasize that the central result of asymmetric bulk
distributions is found in both approaches, thus indicating its
robustness against atomistic details. The main differences in
both approaches arise from the behavior of the ions in regions
with high effective potential (near the interface and the
electrodes), where steric effects are important and preclude the
exponential accumulation of charge predicted by the mean field
description. A more precise agreement with Monte Carlo is
expected through the application of modified Poisson—
Boltzmann approaches,” ~** density functional theories,”™**
and methods based on integral equations.””*’ These features
have been previously identified in other Monte Carlo*" and
molecular dynamics simulations.*”

In order to estimate the electrical conduction of an electrified
liquid—liquid interface, we consider two immiscible solvents
placed in contact under the influence of an electric field as
those shown in Figure 2. The individual conduction properties
of the oil and water phases can be calculated analogously to the
manner in which the electrical conduction of a bulk electrolyte
dissolved in a single medium is calculated. Once the conduction
properties of each electrolyte solution in oil and in water are
known, the total electrical conduction properties of the oil/
water system can be calculated, in a first approximation,
assuming that the total resistance is the sum in series of the
individual resistances associated with each solvent in the
presence of an electric field.

We can account for the electrical conduction of the fluid
enclosed by the volume *h in a single bulk electrolyte solution
as follows: according to Ohm’s law, the electric current, I,
flowing in an electrolyte solution is proportional to the
difference in the electrostatic potential, ¥, acting across the
solution, that is, I = Gygp. The constant of proportionality
Gy is the conductance of the electrolyte solution.'” The
electrolyte conductance Gy is, in turn, inversely proportional
to the resistance of the solution, that is, Gy = 1/Rpy. The
electrolyte conductance is proportional to the ratio of the cross

2
section I* divided by the length h, that is, Gy = Kbulk%' The

constant of proportionality Ky, is the conductivity of the
electrolyte solution. In analogy to the case of a homogeneous
bulk electrolyte, it is possible to define the conductivity of each
solvent phase G in the electrified liquid—liquid system, where y
identifies the oil or water phase. We emphasize that this
conductance is modified by the presence of the neighboring
immiscible electrolyte and the applied external electric field.
The conductivity depends on several parameters of the system
such as the valence, excluded volume, solvation energy, and
mobility of the carriers, the number of carriers present in the
volume L*H, the initial electrolyte concentration in each phase,
the temperature, the dielectric contrast, and the strength of the
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applied electric field. Changes in the conductance due to the
application of an electric field can be traced to the induced
change in the ion concentration profiles. To first order, the
modification of the profiles can be described by the change in
bulk ion concentrations. For the purposes of this discussion, we
do not include the corrections associated with the local
variations of concentrations. A more precise evaluation of the
conductivity would incorporate these variations as well as other
static and kinetic effects. Physically, the conductance G”
characterizes the ability of the medium y to conduct ions
when the oil/water liquid is electrified by the electric field
produced by a pair electrodes as shown in Figure 2. In analogy
to the homogeneous case, the conductivity of the phase ¥ is

k' = G}'%. Explicitly, the associated conductance can be

approximated by G” = Y eNlvu?™*/H? where ¢ is the proton
charge, v; is the valence of ions of species i, and N7 is the total
number of carriers in the volume V = L’H filled with the y
solvent (see Figure 2). The electrophoretic mobility of ions of
species i in a sin§le medium y in bulk is u?™*. By using the
Hiickel equation,”’ the bulk electrophoretic mobility can be
7bulk __ 2€0€,
=
and the zeta potential, respectively, of an ion of species i
dissolved in a solvent y. Conventionally, the zeta potential is
approximated by the mean electrostatic potential at the closest
approach distance between ions and a charged surface, which is
the so-called Helmholtz plane.*”** In this instance, the
Helmholtz plane is located at an ionic radius from the surface
of a single ion.

Here it is useful to note the dependence of our results on the
size of the system. While the simulations have a fixed box
length, some general results can be determined from the
general setup and on the basis of Poisson—Boltzmann results.
To make the results clearer we can contrast them with the case
of a single electrolyte in a single medium. In this reference case,
the conductivity k is independent of size and proportional to
the ion density while the conductance of a system acquires the

written as . 7 where 1, and {7 are the viscosi
H i i ny i

. . L2
simple geometric factors noted above, G = Ko In the case we

analyze, the conductivity and conductance acquire an extra
dependence on the system size as the external field changes the
bulk concentrations in each of the liquids. The conductivity
depends only on the box longitudinal size H since the periodic
boundary conditions make our results essentially independent
of the transversal area if the number of ions per transversal area
is kept constant. On the other hand, the bulk concentration in
each region changes due to the accumulation of charges at the
interfaces coupled with a required redistribution of ions
between the two dielectric regions. Modifications of the bulk
concentration become smaller when the system size increases.

Once the individual conductance of the oil, G, and water,
G, have been determined, it is possible to write the total
conductance of the oil/water system, in a first approximation, as
Go = % In this expression it is assumed that the total
resistance of the oil/water system is the sum of the oil and
water resistances connected in series. As the conductance
depends strongly on the ion concentration at the bulk in each
medium (see Figure 3), an asymmetric conductance of the oil/
water system as a function of the polarity or direction of the
applied electric field is expected.

A broad description of the behavior of an electrolyte system
within an electric circuit can be obtained by modeling it as a
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passive electric element consisting of a combination of resistors
and capacitors.*’ The simplest approximation can use a single
resistor of conductance G with the same value calculated here,
and a single capacitor with capacitance C. For this description
to be useful, it is necessary that the voltage bias be already
established and an equilibrium condition reached. The
application of a secondary small voltage of dc or ac type
creates currents that are then properly described by the
conductance calculated above, evaluated at a given voltage bias.
In this article we do not discuss the calculation of the effective
capacitance but note that it also should exhibit a dependence
on the bulk ion concentrations and thus have a nontrivial
behavior. Using these values it is possible to calculate, for
example, the macroscopic time scale 7 = C/G for transient
processes such as the equilibration after a small voltage bias
change.

The above argument shows that the static properties of the
system predict an asymmetric conductivity. We note, however,
that there are important differences between the equilibrium
Monte Carlo simulations and theoretical Poisson—Boltzmann
calculations, and the time-dependent electric conduction
experiments at large positive voltage bias (that is, for large
positive surface charge densities of the electrode immersed in
oil). In this instance, Monte Carlo simulations and the
Poisson—Boltzmann theory predict that, at large enough
positive surface charge densities of the electrode in oil, the
total the number of carriers (or ions that can be transferred
between both solvents) can display a nonmonotonic behavior
(see Figure 4). As a result, the total conductivity associated with
large enough positive electrostatic bias can reach a minimum
and even increase. This increase in the conductivity indicates
that the applied electric field is strong enough to transfer very
hydrophobic ions from oil to water and to transfer very
hydrophilic ions from water to oil. The time-dependent electric
current measurements do display a noticeable asymmetry in the
behavior of the electric current as a function of the voltage bias
applied, but, in addition, they also exhibit a negative derivative
of the current as a function of the voltage bias. That is,
experiments show a negative differential conductivity at large
enough positive voltage bias values (see Figure 1). This
behavior is more conspicuous at slow scanning rates. Moreover,
an increase in the initial concentration of all supporting
electrolytes produces a shift in the onset of the negative slope
conductance to lower voltage bias. Negative differential
conductance (or negative resistance) has been observed
experimentally in several fields, including solid-state electronics
and neurobiology. This property is the basis of several electric
semiconductor rectifiers such as tunnel or Gunn diodes,™
which are used typically in high-frequency oscillators. In the
context of biological membranes, steady-state negative
conductances have been reported in several current—voltage
studies of s%uid giant axons since the 1950s using voltage clamp
techniques.” Modern patch-clamp studies have also reported
the existence of negative slope conductance in brain and heart
cells.**™° It has been suggested that a negative conductance is
typical in regenerative phenomena, excitation threshold, and
repetitive activity of neurons at a physiological level.*****” In
the context of a simple electrolyte liquid interface, current—
voltage measurements display many features already observed
in more complex biological counterparts, namely, the
appearance of a voltage region in which the electric current
decreases when a voltage bias increases (after a critical value)
producing a negative slope conductance, or a shift in the onset
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of negative slope conductance as a function of the salt
concentration.”” The negative conductance observed in the
present experiments is likely produced by an ion crowding
effect promoting the appearance of a dynamic energy barrier at
the liquid interface. The specific nature and details of this
dynamic mechanism are currently unknown and deserve
additional study. It is worth mentioning that this dynamic
energy barrier is naturally overcome in the equilibrium Monte
Carlo simulations. By using this numerical scheme, both the oil
and water phases are completely sampled via nonphysical
movements minimizing the Helmholtz free energy.

B CONCLUSIONS

In this work we have shown that a preferential ion transfer can
be promoted as a function of the polarity or direction of an
electric field applied to a liquid—liquid interface. This current
rectifying heterojunction, or diode, is based on a mixture of
immiscible electrolytes in a completely liquid state config-
uration. The asymmetry of the current in this device, as a
function of the applied voltage, can be tuned by varying the
properties of the solvents or the electrolytes, such as the ionic
solvation energies or the initial electrolyte concentration. At a
molecular level, Monte Carlo simulations and theoretical
Poisson—Boltzmann calculations show that the preferential
ion transfer in the immiscible electrolyte mixture is due to an
asymmetric ion partitioning in each solvent promoted by an
adequate selection of ionic solvation energies at low/moderate
electrostatic bias. At large enough positive electrostatic bias
(which is associated with a large positive surface charge density
of the electrode immersed in oil), our simulations and mean-
field calculations predict that it is energetically favorable for the
system to transfer highly hydrophobic ions from oil to water
and to transfer highly hydrophilic ions from water to oil. On the
other hand, the electric current experimentally measured in the
electrified liquid interface displays an asymmetric behavior as a
function of the polarity or direction of the applied electric field,
which is consistent with our simulations and mean-field
calculations at low/moderate electrostatic bias or applied
electric fields. However, at large positive electrostatic bias, our
equilibrium molecular simulations are not able to capture the
time-dependent behavior displayed by the electric current. In
this regime, the experimental data show the appearance of a
critical voltage value defining the onset of a negative slope
conductance. As a result, the magnitude of the electric current
reduces when the voltage bias is further increased. The peak
associated with this counterintuitive phenomenon is more
noticeable at lower scanning rates in the liquid state diode, and
the position of this peak can be shifted by varying the initial
concentration of the supporting electrolyte. Negative slope
conductance has been observed experimentally in cells of the
nervous central system via voltage clamp techniques since last
century. In this sense, it is remarkable that an analogous
negative conductance or resistance could be also observed in a
simple electrified liquid interface in the presence of only
monovalent ions. In this study, ion transfer of a mixture of
electrolytes between immiscible liquids under the influence of
an explicitly applied electric field has been modeled and
simulated consistently with the experimental conditions,
including important physical characteristics of ionic fluids
such as ion correlations, ionic excluded volume, polarization
effects, and experimental ionic solvation energies. This kind of
molecular simulations cannot be performed using more detailed
explicit solvent descriptions due to the astronomic number of
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solvent particles that would be required to model these
nonconcentrated electrolyte solutions. Thus, the current
theoretical model seems to be a good starting point to describe
more complicated rectifying liquid devices, or more complex
electrified liquid interfaces containing diverse charged colloidal
particles such as macroions, grafted nanoparticles, polymers,
gels, or biological molecules under experimental condi-
tions,”***? in a description well beyond classical mean-field
approaches.

B EXPERIMENTAL SECTION

Experimental Setup. For the electrical measurements, two
Ag/AgCl electrodes are inserted in both oil and water phases as
shown in Figure la. They are connected to a Keithley 2601
source meter inside a Faraday cage. The potential at the oil
phase electrode is varied from —0.5 to +0.5 V in 50 small steps
at regular time intervals, and the associated electric current is
recorded at each one of these steps. The scanning speed is
defined as how rapidly voltage steps were varied at each point,
and the responsive current through the interface is recorded
with respect to the reference electrode placed at the aqueous
phase.

Impedance Spectroscopy. The impedance of the
experimental liquid diode was measured using a multipurpose
electrochemical workstation with a frequency response analysis
module (Metrohm AUTOLAB PGSTAT128N). Samples were
equilibrated at short circuit conditions during 1 h before
starting the measurement. Impedance was measured over a
frequency range of 0.1 Hz to 100 kHz with a RMS AC
amplitude of 20 mV. Impedance spectroscopy measurements
(see Figure SO) reveal that the electrode interfacial resistance is
more than 1 order of magnitude smaller than the oil—water
interfacial resistance. However, there is also substantial series
resistance, attributed to the diffusion of ions through the bulk
liquids. In other words, the experimental current measured here
reflects the unique transport phenomenon occurring at the oil—
water interface, but the potential felt at the interface is only a
fraction of the potential applied by the electrodes.
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