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ABSTRACT: Using molecular dynamics simulations, we reveal ion
rectification in charged nanocones with exit diameters of 1—2 nm. The
simulations exhibit an opposite rectification current direction than
experiments performed in conical channels with exit diameters larger
than S nm. This can be understood by the fact that in ultranarrow charged
cones screening ions are trapped close to the cone tip at both field
directions, which necessitates them to be released from the cone in a
correlated multi-ion fashion. Electroosmosis induced by a unidirectional ion

flow is also observed.
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on and molecular transport in synthetic nanochannels have

widespread applications in nanofluidics, molecular separa-
tion, desalination, energy conversion, molecular sensing, and
related fields.'"”* Recently, ion current rectification was
observed in asymmetric charged channels with diameters larger
than § nm.>™” Although various nanofluidic channels have been
built in 2D materials,'”"" it is very challenging to prepare
ultranarrow asymmetrical nanochannels allowing ion rectifica-
tion.

In sub-2 nm channels, restricted screenin%, ion trapping, and
dehydration can become very important.”~'* As a result,
various complex correlated ion transport regimes might take
part in such ultranarrow channels, in analogy to those present
in protein channels. It is of large interest to understand ion
transport and rectification in such limiting synthetic systems.
Because these systems are difficult to prepare and directly test
experimentally, >~'7 one could try to understand their
properties by modeling. Continuum theories have limited
validity at the sub-nm scale. Instead, molecular dynamics (MD)
simulations are often used to study ion transport behavior in
nanochannels.'*™?® In this work, MD simulations are
conducted to investigate ion transport in charged nanocone
channels with exit diameters of 1—2 nm.

Figure 1 shows the studied system, which is composed of a
fixed carbon nanocone (CNC) channel with an apex angle of
19.2° (length of L = 4.24 nm, exit diameters of D; = 0.89 nm
and D, = 235 nm); narrow long cones provide better
rectification. The cone is held between two fixed graphene
sheets (3.936 X 3.835 nm?), possessing holes matching the
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Figure 1. Simulation model. The negatively charged CNC is held
between two graphene sheets with pores adjacent to the cone exits.
The system is submerged in a NaCl solution, in the presence of driving
electric fields. The blue/green balls denote Na*/Cl™ ions.

cone exits; the small (large) CNC exit is called a tip (base). The
cone is homogeneously negatively charged with a total charge
of Q = 0—15 e, the cone charge is neutralized by Na®
counterions, a NaCl solution is placed outside of the graphene
area (periodic boundary conditions), and the whole system is
placed in an electric field of IEl = 0—0.5 V/A applied along the z
axis. The homogeneously charged conical surface also generates
a dipolar moment aligned along the z axis. However, due to a
small apex angle and a cut tip, a dipolar field of the charged
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cone presents a small contribution to the external field oriented
in the same way.

The system was simulated with LAMMPS,”” using the
CHARMM force field'* and the TIP3P water model.”® The sp*
carbon—carbon Lennard-Jones (LJ) parameters were occ =
3.3997 A and & = 0.0859 kcal/mol. Other L] parameters were
obtained from ref 29 and by using the Lorentz—Berthelot
rules.”® The van der Waals (vdW) coupling was calculated with
a cutoff of 12 A. All of the parameters are summarized in Table
S1 (Supporting Information). The particle-particle-particle-
mesh method was used to treat long-range electrostatic
interactions. The simulations were conducted in an NVT
ensemble at T = 298 K, with a 1 fs time step. A 20 ns simulation
was conducted for each system, where the last 16 ns were used
for data analysis.

Figure 2a shows current—voltage (I—V) characteristics for
ions passing through CNC channels at different electric fields
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Figure 2. (a) I-V characteristics of a CNC channel with different
surface charge densities. (inset) Corresponding rectification ratio. (b,c)
Number of cations and anions passed through the systems in (a)
within the same observation times (combination of results in (b,c)
gives (a)). In (a—c), the green, blue, red, and black lines represent
surface charges of 0, =5, —10, and —15 e, respectively.

and surface charge densities under a NaCl concentration of ¢ =
0.427 mol/L. If the channel surface is not charged, the I-V
curve is close to linear. When it is negatively charged, the
system provides ion current rectification at small fields
(different currents at opposite E fields). The inset shows a
rectification ratio, R = I,5/I ;. We can see that R gradually
decreases with increasing E. Moreover, the largest R is found
for surface charges of Q = —10 e. The electric current, I = (Q,—
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Q,)/t, was calculated from the ratio of the total charge of
cations (Q.) minus that of anions (Q,) passed through the cone
and the time over which the ions have been passing through the
channel.

To understand better the observed phenomena, we need to
consider the symmetries of the studied systems associated with
their charging. In principle, three charge configurations
determine the system behavior: (1) ion charge (q), (2) cone
charge (Q), and (3) external electric field direction (E).
Therefore, we can characterize each situation by a “sign vector”
(1,2,3) = (2, ,%). If we neglect slight differences between
different ions (sizes, vdW) and the fact that water is not charge-
symmetric, the situations with opposite charges behave in the
same way. For example, the following pairs of cases have alike
behavior: (+,+,+) and (—,—,—), (+,—,+) and (—,+,—), and (+,
+,—) and (—,—+). We will discuss the simulated results
considering the above symmetries.

In Figure 2b,c, we resolve the ionic current into cationic
(Na*) and anionic (CI”) contributions. Interestingly, the
conical nanochannel shows highly asymmetric passage rates
for individual ions even at Q = 0. At around E = 0, the passage
rates have to be symmetric due to thermodynamics principles.
However, in nonlinear regimes, the passage rate is very different
at +E. The passage rate is larger when the ions approach the
cone from the extended side due to a higher likelihood of
collecting ions from the solution. This takes part for cations
(anions) at E > 0 (E < 0), thus reflecting the above symmetries
at Q = 0. The reasons why the [-V curve (at Q = 0) for cations
is not identical to that for anions (upon flipping E and I), as
seen in Figure 2b,c, are the nonlinear nature of the water dipole
and the fact that the ions have different radii.

At Q # 0, the above symmetries are lost because only one of
the two ions is preferentially attracted to the cone. At relatively
small Q, both cations and anions can still pass the channel, but
their passage rates become already quite different, especially at |
El < 0.3 V/A. When Q grows, the favored ions are more
attracted to the channel and can pass through it, while the
disfavored ions almost cannot pass through it (IEl < 0.3 V/A),
as seen in Figure 2b,c. Ultimately, either cations or anions
contribute to transport, while disfavored ions are blocked from
it. At these high Q, ions develop a complex mechanism of cone
passage, where they need to be first released from traps by
other ions before being able to pass (see later) . Thus, the
inherent asymmetry of I-V characteristics for individual ions
(here Na*) is behind the origin of the total ion rectification
presented in Figure 2a. The discussed system has an
approximate symmetry only when all three parameters (g, Q,
E) are flipped over.

Rectification experiments performed in negatively charged
cones with larger tips (D > S nm) show that ions preferentially
pass the cones from the tip side,” ”">*'7** in contrast to the
current systems. In these experimental systems performed in
larger cones, a profound electrostatic ratchet model was
proposed to rationalize the current rectification direction.”****

In this model, there exists a Coulombic trap near the tip when
cations transport from the base to the tip side (Figure 3a under
+E) and suppress ion transport. However, the Coulombic trap
will disappear when the cations transport from the tip to the
base side under —E. Therefore, it is favorable for cations to
transport from the tip to the base side. In general, ratchets are
characterized by the presence of channel asymmetry and
nonequilibrium conditions.
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Figure 3. (top) Schematic of Coulombic ion trapping. (a) Model of a negatively charged conical nanochannel with a passing cation; (b) distributions
of the intrinsic electrostatic potential and the potential as +E applied along the axis of our ultranarrow nanocone channel. The regions between the
dashed lines in (b) represent the conical channel region. (bottom) Snapshots of ion transport controlled by ion dehydration accompanied by

correlated ion passage (Q = —10 ¢, E = 0.1 V/A).

In ultranarrow charged cones, the ions transport is different.
In Figure 3b, the potential profile is calculated through the
electrostatic potential integration of the channel surface
charges, in the presence of +E fields. It shows that the
Coulombic trap exists in both field directions. Therefore, the
passing ion needs to be first released from the trap, which can
be done by other ions. However, to exert enough force, those
ions must come from the wider channel region, which explains
the opposite rectification current. Figure 3 (bottom) illustrates
this correlated sequential passage of ions, where the ion (1)
closest to the tip is initially trapped and then released from the
trap and removed from the cone.

Our simulations show that the ions passing through the
ultranarrow tip also need to be partly dehydrated. We can see
this from a simple estimate. The effective transport radius of
these channels equals their spatial radius, D/2, minus the vdW
radius of carbon (wall) atoms (rc = 0.17 nm),*® giving Tip =
0.275 nm and r,,, = 1.005 nm for the two cone exits. The
naked and hydrated radii of Na* are 0.116 and 0.358 nm,
respectively.”” Thus, Na* must be also partially dehydrated
prior to passing through the ultranarrow tip. The correlated ion
passage (rectification) described above is predominant at low
electric fields and high surface charge densities, which
corresponds to a high rectification ratio R, as shown in Figure
2a (see Table S2 and the Supporting Information movie) .
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In general, electrostatic screening can play an important role
in ion transport through confined nanochannels. We can briefly
explore screening effects in the currently modeled systems by
simulating them at different NaCl molar concentrations of ¢ =
0.821, 0.427, and 0.048 mol/L, giving Debye lengths of A
0.334, 0.463, and 1.375 nm, respectively. Consequently, 7.
Ap < Tage at ¢ = 0.821 and 0.427 mol/L, but 7y fage < Ap at ¢
= 0.048 mol/L. Simulations presented in Figure 4 demonstrate
that at low ionic strengths the passing currents are small. This is
caused by the lack of screening, which makes it hard for the
trapped ions to be released and pushed through the tip in a
correlated manner.

Given the asymmetric flow of ions observed in these charged
and electrified nanochannels, one could also expect them to
manifest electroosmosis.”**” Figure 5 shows drag of water by
the passing ions in systems presented in Figure 2a. From the
large similarity of the curves on both figures, one can see a
strong correlation between the passing ions and water. One can
assume that every passing ion manages to pass part of its
hydration shell and other waters around it (in narrow
channels).”” The inset shows the number of passing Na* ions
and water molecules as a function of time through a typical
channel with Q = —10 e and at E = 0.1 V/A. The ratio of
passing waters and Na' ions is R,, & 8, which is almost twice
more than the number of hydrated water molecules around
each Na'.

A
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Figure 4. Ion current in a CNC channel with a surface charge of Q =
—10 e at an electric field intensity of E = +0.1 V/A. (inset) The
rectification ratio, R, at salt concentrations of ¢ = 0.05, 0.44, and 0.85
mol/L.
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Figure S. Electroosmosis in CNCs at surface charge densities as in
Figure 2a. (inset) Time-dependent number of passing water molecules
and Na* ions in a CNC with Q = —10 e at E = 0.05 V/A.

In summary, using classical MD simulations, we have
observed ion rectification in charged conical nanochannels
with exit diameters of 1—2 nm. The rectification current
direction is opposite compared to that reported in experiments
performed in conical channels with exit diameters larger than 5
nm. This can be understood by the fact that in ultranarrow (1—
2 nm) charged cones ions need to be first released from traps
and partially dehydrated before being able to leave the cone.
This correlated ion transport mode proceeds from the base to
the tip side of the cone and results in the opposite rectification
direction. Electroosmosis induced by unidirectional ion flow
was also observed. These correlated rectification transport
phenomena present in ultranarrow synthetic nanochannels can
trigger further studies of functionalized nanofluidic devices.
They might also shed light on ion transport in biological ion
channels.
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