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ABSTRACT: This Letter investigates voltage-gated nanochannels, where both the potential
applied to the conductive membrane containing the channel (membrane potential) and the
potential difference between the solutions at both sides of the membrane (transmembrane
potential) are independently controlled. The predicted conductance characteristics of these
fixed-potential channels dramatically differ from those of the widely studied fixed-charge
nanochannels, in which the membrane is insulating and has a fixed surface charge density.
The difference arises because the transmembrane potential induces an inhomogeneous
charge distribution on the surface of fixed-potential nanochannels. This behavior, related to
bipolar electrochemistry, has some interesting and unexpected consequences for ion
transport. For example, continuously oscillating the transmembrane potential, while holding
the membrane potential at the potential for which it has zero charge in equilibrium, creates
fluxes of neutral salt (fluxes of anions and cations in the same direction and number) through

the channel, which is an interesting phenomenon for desalination applications.

he outstanding transport properties of biological channels
have inspired researchers to create and study synthetic
channels and pores mimicking some of their functional aspects,
such as response to stimuli."”” Among the different stimuli used
to externally tune the conductance of synthetic channels,' ™
membrane potential is unique because it provides a direct,
continuously tunable and fast-operating handle over charge
selectivity.*”'° Martin and collaborators’™® and Hinds and
collaborators™'® reported nanochannels where the selectivity
toward concentration-driven transport was switched between
anionic and cationic by the potential applied to the membrane.
Recently, Martin'' and Albrecht'* groups reported potential-
driven transport through voltage-gated nanochannels, where
both the transmembrane and the membrane potentials are
simultaneously controlled using a bipotentiostat. This experi-
ment allows electrically driving the translocation of charged
molecules through the pore, while simultaneously gating and
tuning selectivity with the membrane potential. Theoretical
work in the literature have extensively addressed fixed-charged
insulating membranes, but very few works addressed the theory
of these fixed-potential nanochannels.'®' In this work, we
present theoretical studies of the conductance properties of
fixed-potential nanochannels and show that they are
qualitatively different from those of fixed-charge channels.
The differences between fixed-charge and fixed-potential
nanochannels are important for applications: we demonstrate
here the pumping of neutral salt (ie, pumping of anions and
cations in the same direction and number) by oscillation of the
transmembrane potential in voltage-gated nanochannels.
Figures la and 1b show schemes of nanochannels with a
fixed charge density (fixed-charge channel) and voltage-gated
nanochannels (fixed-potential channel), respectively. In the

W ACS Publications  © Xxxx American Chemical Society

3534

fixed-potential case, the membrane potential is V. In both
cases, the potential bias for the electrode located at the upper
reservoir is Vi, and the potential for the electrode located at
the lower reservoir is zero by convention (i.e., choice of zero of
the electrostatic potential), see Figure 1. Note that in an
experimental realization using a bipotentiostat,'’ the lower
reservoir will contain the reference and counter electrodes and
the electrode in the upper reservoir and the membrane will be
working electrodes. Experimentally, the membrane potential,
Viater 18 measured with respect to a reference electrode'"'* (the
transmembrane potential is independent of the reference
electrode when the reference electrode and the working
electrode in the upper reservoir are of the same type, ie. Ag/
AgCl). For simplicity, we report Veue With respect to the
potential at which the metal has zero charge (potential of zero
charge of the metal),'” ie. in the absence of a transmembrane
potential, the charge of the membrane is zero for Vg, = 0 V.
This choice of reference allows qualitative comparison with
experiments using gold membranes and Ag/AgCl reference
electrodes, because the potential of zero charge of gold is only
40—100 mV more positive than the Ag/AgCl reference
potential.'® In experiments, Faradaic currents due to the
oxidation of the solvent or the electrode or reduction of oxygen
may occur for large absolute values of V.. and Vi, Therefore,
we decided to limit our potential range from —1 to 1V for both
Viate and Vi, based on experiments in the literature."'

We studied the systems in Figures la and 1b, by solving the
Poisson-Nernst-Planck-Navier-Stokes (PNP-NS) system of
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Figure 1. a, b. Schemes of the systems under study. A single nanochannel of length L and radius R in a membrane connects two reservoirs. Each
reservoir contains an electrolyte solution, composed of water molecules, cations and anions, and a reversible electrode. The membrane may be either
insulating with a fixed surface charge density o, (fixed-charge system, panel a) or conducting with a constant potential Vi, (fixed-potential system,
panel b). The potential of the electrode in the lower reservoir is V = 0 by convention and the potential of the electrode in the upper reservoir is Vi
¢, d. Color maps of the conductance (G = I/Vy,,) as a function of Vi, and o, for the fixed-charge system (panel c) or as a function of V;;,; and Viate
for the fixed-potential system (panel d) for a nanochannel of L = 250 nm and R = 7.5 nm and a bulk salt concentration of 0.1 M. The white dashed
line in panel d shows V. = V};,,/2. e, f. Color maps of the cationic selectivity, defined as a¢ = IG¢|/G (where G and G are the conductance due to

gate
the cations and the total conductance, respectively) for the same conditions as in panels ¢ and d.

coupled equations.'” This continuum model is valid for channel and le show important differences between the transport
radii larger than two Debye lengths (R > 2 nm for a 0.1 M properties of fixed-charge and fixed-potential nanochannels. Let
solution).”” We modeled the electrode/solution interface using us first analyze the presence of a conductance maximum as a
the Gouy—Chapman-Stern (GCS) model,”" which is the function of the gate potential observed for |V}, > 0.5 V for the
simplest model that captures the capacitance properties of voltage-gated nanochannels. Figure 2a shows the effect of Vi,
bare metal electrodes. The GCS model considers the finite size on G, for a fixed bias potential, Vi, = 0.8 V. The conductance
of the ions by limiting their distance of maximum approach to displays a local maximum at Vi, = 0.4 V (ie. Veate = Viias/ 2),
the electrode surface; the region inaccessible to the ions is which, as we show below, arises from the charge distribution on
known as the Stern layer. We present a detailed description of the channel walls induced by the applied transmembrane
our theoretical methodology in the Supporting Information. potential. It is interesting to note that experimentally
Figures lc and 1d show color maps of the steady-state asymmetric G vs Vi, curves has been reported for nanochannel
conductance, G = I/Vy,, for the fixed-charge and fixed-potential conductive membranes,'' although in this case the asymmetry
channels, respectively. The predicted conductance, described in is probably due to the adsorption of chloride anions on the gold
detail in previous publications,”” " is independent of Vi, surface. We expect that, in the future, the predictions in Figure
which indicates a linear (ohmic) I-V response, and it has a 2a can be observed by single-channel experiments using weakly
minimum when the surface charge density (o) is zero. This interacting anions (e.g,, ClO,").
minimum arises because for 6, > 0V (or 0,<0 V) mobile ions The walls of the channel are held at a fixed potential Vi,
enter the channel in order to compensate for the electrostatic thus the surface charge density of the membrane walls depends
charge on the inner walls. This increase in the number of on the position according to the boundary condition for
charge carriers increases the conductance. electrostatics:
Figures le and 1f show color maps for the cation selectivities .
(ac) of the fixed-charge and fixed-potential systems. We define or, z) = —eggfi-Vy(r, 2) 2
%c as where fi is a unit vector normal to the wall and [r, z] is a point
IG at the surface of the membrane. The condition (2) applies both
Ac = —— to the inner and outer walls of the channel, but we will focus
G (1)
our discussion on the role of the inner walls, because they have
where G is the conductance due to the flux of cations. In the a larger effect on the conductance than the outer walls, and
case of the fixed-charge system (Figure le), we predict, as explain the surface charge density distribution of the outer walls
expected, ac = 0.5 for 6, = 0 (nonselective channel), ac > 0.5 in the Supporting Information. Figure 2b shows a plot of the
for 6, < 0 (cation-selective channel) and ac < 0.5 for 04> 0 surface charge density of the inner wall, 6 (z), as a function of
(anion-selective channel). the position across the membrane, z. The plot shows an
We will focus now on the conductance and selectivity of the approximately linear decrease of ¢, vs z when moving from z =
fixed-potential nanochannels, shown in Figures 1d and If, 0 (entrance of lower reservoir) to z = L (entrance of upper
respectively. Comparison between these figures and Figures 1c reservoir). The channel length is much longer than its radius, so
3535 DOI: 10.1021/acs jpclett.5b01315
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Figure 2. a. Conductance of a fixed-potential nanochannel (L = 250
nm, R = 7.5 nm and a bulk salt concentration of 0.1 M) as a function
of the gate potential for a transmembrane bias, Vi, = 0.8 V. The plot
shows the total conductance (black line), the conductance due to the
cations (red dashed line) and the conductance due to the anions (blue
dash-dot line). b. Surface charge density of the inner nanochannel wall
as a function of z, the position across the membrane (z = 0 and L at
the mouths of the lower and upper reservoirs, respectively) for the
same conditions of panel a. The dashed lines shows the predictions of
egs 3-5 c. Radially averaged salt concentration (see eq (6)) as a
function of z for the same conditions of panel a. d. Schematic
representation of the surface charge distribution and ion fluxes for V.
= Viias/2 and Vi, > 0, showing the potential-induced bipolar-diode
behavior.

we can assume that the electric field along the axis of the
channel is apgroximately constant (i.e, constant field
approximation””*") and that the potential drop in the
reservoirs is negligible. Thus, the potential along the channel
axis is

z
r=0,z)=—V,.
w( , 2) L bias 3)
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On the other hand, the potential on the channel wall is fixed
to Vi We can model each slice of the channel at a given z as a
cylindrical capacitor with capacitance per unit area Cg,

62) = Ce(Vye = w(r = 0, 2)) @

There is no exact analytical solution for Cg for cylindrical
channels and the approximate solution based on the linearized
Poisson—Boltzmann equation™ is inaccurate for the present
problem. However, in the limit where the channel radius, R, is
much larger than the Debye length of the solution (4p), Cp
approaches its value for planar surfaces,”" eq 5. In our case, R =
7.5 nm and Ap = 1 nm, so we expect eq 5 to be a good
approximation.

1 1 1
- = 4
CF CStem Cdl
_ dStern A’D 1
Estern€o €s01€0 COSh(ﬁlCl(l[lStam - l//(i’ = 0) Z))/Z)

()

In eq S, Cgiern and Cy are the contributions from the Stern
layer and the double layer to the total capacitance, respectively,
dgeern 1s the thickness of the Stern layer, €., and &g, are the
relative dielectric constants of the Stern layer and the solution
and Wy, is the potential at the boundary of the Stern layer and
the solution. In the Supporting Information, we explain how to
calculate Cy as a function of the position within the channel, z.
The combination of eqs 3, 4 and 5 results in predictions
(dashed lines in Figure 2b and Figure 3b) that are in very good
agreement with the full PNP-NS calculations.

The next question is how the inhomogeneous surface charge
distributions shown in Figure 2b dictate the ion conductance
and give rise to the conductance maximum at Vg = Viyoe/2
observed in Figure 2a. Figure 2b shows that for V. = Vi,/2 =
0.4V, the lower half of the channel is positively charged and the
upper half is negatively charged. This charge distribution
corresponds to a bipolar diode,”*°™** which exhibits a low-
conductance close state and a high-conductance open state,
depending on the transmembrane potential. The operation of
the fixed-potential nanochannel for Vg, = Vi,,,/2 is equivalent
to the bipolar diode in its open state. The scheme in Figure 2d
explains the function of the bipolar diode.”® The anions (which
move toward the positive upper electrode) enter the channel
through the positive lower half and exit it through the negative
upper half. Thus, due to the electrostatic interactions with the
channel walls, the anions experience a small entrance resistance,
but they face a large exit resistance. Therefore, the anion
concentration in the center of the channel under non-
equilibrium conditions increases. The same argument also
applies to the cations (inverting the direction of motion),
whose concentration also increases in the center of the
nanochannel. Therefore, the total concentration of ions inside
the channel increases. This result is confirmed by the results in
Figure 2c¢ that show an enhancement in the predicted salt
concentration averaged over the radial coordinate at the center
of the channel (z = L/2) and for Vi, = Vj;,/2 = 0.4 V. This
increase in the total ionic concentration inside the nanochannel
gives rise to the conductance maximum observed for Vg, =
Viias/2. AS Vg increases or decreases from this value, the
bipolar diode effect becomes less effective and thus G decreases.
Finally, for very positive or very negative values of Vi, the
nanochannel acquires very large positive or negative surface
charge densities and, thus, G starts to increase again. In the
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Figure 3. a. Conductance as a function of the transmembrane bias
(Vi) for Viate = 0 V. The total, anionic and cationic conductances are
shown as solid black lines, dashed-dotted red line and dashed blue
lines, respectively. b. Surface charge density as a function of z for the
same conditions of panel a. The dashed lines show the predictions of
eqs 3-5 c. Schematic representation of the surface charge distribution
and direction of ion fluxes for Vi, = 0.

bipolar diode configuration, the charge distribution is
symmetric with respect to z = L/2 (ie, o,(z) = -64(L-2));
therefore, in this conditions, the channel is completely
nonselective, ie. ac = 0.5 for Vi = Vi /2 (see Figure 1f).
Note that our system behaves as a bipolar diode only when V.
= Viu/2 and, in those conditions, the charge distribution is
reversed when the sign of Vi is inverted. Therefore, while the
bipolar diode in a fixed-charge channel can operate in open and
closed states depending on the sign of the transmembrane
bias,”>** the potential-induced bipolar diode always operates in
the open state (see Figure 1d). It is also interesting to note that
we observe the maximum in G vs V. curves even for wide
nanochannels with R = 30 nm (see Figures S6 and S7 in the
Supporting Information), which indicates that the potential-
induced bipolar diode mechanism holds even when the channel
radius is larger than the Debye length of the solution. We
ascribe this behavior to the fact that this mechanism, like
related concentration polarization effects, is mainly dictated by
the ratio of surface to bulk conductivities (known as the
Dukhin number) rather that by the ratio between the Debye
length and the channel radius.™

We analyze next the effect of V4, on the conductance and
selectivity, which is negligible for the fixed-charge nanochannels
(Figures 1c and le), but it is very important for the fixed-
potential system (Figures 1d and 1f). Figure 3a shows the total
conductance, G, the cation contribution, G, and the anion
contribution, G, for V. = 0 as a function of Vi, The
conductance depends on the transmembrane bias potential,
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which indicates a nonohmic behavior (we present examples of
I-V curves for the fixed-potential system in the Supporting
Information) and shows a minimum for V,,, = 0, because in
this condition Vi = Vi, = 0 and, thus, 6,(z) = 0 according to
eq 4. This nonohmic behavior arises because changes in Vi,
change the surface charge density on the channel walls, which
in their turn affects the conductance, G. The effect of V},,, on
the charge density of the membrane is closely related to bipolar
polarization effects.*

Figure 3b shows a plot of the charge on the channel surface
as a function of the axial position, 6,(z) vs z, for V,, = 0 and
different values of V. Interestingly, inverting the sign of Vi,
for Vo, = 0 inverts the polarity of the surface charge and, thus,
inverts the selectivity of the channel (see Figure 3a and Figure
1f). This result is in marked contrast with the fixed-charged
nanochannel, where the channel is nonselective for 6o = 0
independently of Vi, (Figure 1e). For fixed Vg, = 0, the fixed-
potential nanochannel preferentially transports cations for Vi,
> 0 and anions for Vi, < 0. It is interesting to analyze the
direction of the ionic fluxes in these two cases. When Vi, > 0,
the upper electrode is positive and, therefore, anions move
upward and cations downward (see scheme in Figure 3c).
However, since the channel is cation-selective, there is a
preferential downward flux of cations. For Vi, < 0, the upper
electrode is negative, anions move downward and cations
upward, but since the channel is anion-selective, there is a
preferential downward flux of anions. In other words, for both
Viias > 0 and Vi, < 0, there is a net ionic flow toward the lower
electrode. This effect has an interesting consequence: if one
oscillates Vi, between positive and negative values, while
holding V. = 0, there is a net flux of neutral salt (i.e., a flux of
cations and anions in the same direction and number) toward
the lower reservoir. In other words, the proposed configuration
pumps neutral salt between reservoirs.

Figure 4a shows a scheme of the proposed salt-pumping
experiment: the potentials of the lower electrode and the
membrane are set to zero and the potential of upper electrode
is oscillated in time. In order to test the salt-pumping
mechanism, we performed time-dependent simulations of the
PNP-NS equations (the calculations reported so far were
steady-state solutions). We started these simulations at ¢t = 0 in
a steady-state solution of the system at Vi, = V. and evolved
them in time while Vi, oscillated following a square-wave
function with amplitude V. and frequency w (see Figure 4b).
In Figures 4b-e, we show the results of a simulation for V. =
0.8 V and @ = 1 kHz. Figure 4c exhibits the cation (J) and
anion (J,) fluxes. In our convention, positive fluxes always
indicate movement toward the lower electrode. The net flux of
neutral salt is given by the total flux of ions toward the lower
electrode, J; = J, + J, while the net electric current (i.e., flux of
charges) that circulates through the external circuit is J,;, = z4J,
+ z¢Jc = Jo — Ja Figure 4d shows the time evolution of J; and
Jelew Dote that J; is always positive, which indicates a net and
constant flux of salt toward the lower electrode. On the other
hand, J,.. switches sign with Vi,

Figure 4e shows the time integrals of J; and J.:

Q0 = [ jar -

where i = T or elec. We observe that Q (the cumulative flux of
salt) increases linearly with time in agreement with a net salt
flux toward the lower reservoir. On the other hand, Q.
oscillates around zero. The last result is relevant for applications
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Figure 4. a. The transmembrane potential V,;,, across a metal
membrane containing a nanochannel (L = 250 nm, R = 7.5 nm) is
oscillated, while the potential of the membrane is held fixed, V.. = 0
V. b. Fluxes of cations and anions as a function of time (gin our
convention, positive fluxes always correspond to motion to the lower
electrode). c Electric current, Jo — J and net salt flux Jc + J, as a
function of time. d. Time integrals of the fluxes in panel c.

in desalinization because ion currents are transformed into
electric currents by redox reactions in the reversible electrodes
located in the upper and lower reservoirs. The electrodes
themselves are reactants in these redox reactions (i.e, Ag and
AgClin an AgCl electrode),”" hence a net flux of electric charge
(i.e, continuous grow of Qg..) would eventually consume the
electrodes completely. In the case of Figure 4e, Qg returns to
zero after each cycle of oscillation of Vi, thus the reactants
consumed in the first half of the oscillation are regenerated in
the second half (this characterlstlc differentiates our system
from single-ion ratchets,*®>” where a nonzero net electric
charge circulates through the external circuit in each oscillation
cycle).

In our calculations, the time scale of ion reorganization
determines the charge efficiency (CE), which we define as the
number of ions that are pumped to the lower electrode per
electron that circulates through the external circuit, ie. CE =
U)o/ (Jeec)--100%, where (...), indicates averaging over an
oscillation cycle (note that (J,..), is zero, whereas (IJ,. ), is
different from zero). For low frequencies, the charge efficiency
is dictated by the steady-state ion selectivity and, thus, it can be
very large: we predict CE = 94% for @ = 1 kHz (calculations in
Figure 4). As the frequency increases, ions cannot reach steady-
state conditions after each jump of the transmembrane
potential (see Supporting Information) and therefore the
charge efficiency decreases to CE = 83% for @ = 100 kHz and
5.8% for @ = 10 MHz.

In summary, we presented the first systematic theoretical
study of nanochannels in fixed-potential membranes, showed
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that their conductance properties differ from those of
nanochannels in fixed-charge membranes and demonstrated a
pump of neutral salt by oscillating the transmembrane
potential, which may have potential application for desalin-
ization. In future work, we will provide an in-deep analysis of
the efficiencies of salt-separation and energy consumption for
the salt-pumping effect.
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