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ABSTRACT: The interplay of interactions between aqueous ions and the
confinement of subnanoscale pores in solid 2D membranes causes a range of
barrier-limited phenomena, including selective ion trapping and permeation,
mechanosensitive transport, and memristive effects. A clear understanding of the
transition from diffusive to barrier-limited transport regime is lacking, however.
Moreover, the limits of applicability for the analytical formalism widely used to relate
measured transport data to the effective pore size are unclear. Here, with the goal of
identifying the transition between regimes and determining the pore sizes below
which the diffusive formalism fails, we present a computational study of water-
dissociated alkali salt transport through 2D membranes featuring pores of various
sizes. Triangular nitrogen-terminated multivacancies in hexagonal boron nitride are
used as a simple yet illustrative example of uncharged locally dipolar pores with
various degrees of cation selectivity. We find that cation−cation selectivity and high
mechanosensitivity are the clearest indicators of the barrier-limited regime onset. We also show that for triangular pore geometries,
the diffusion-based analytical formalism is expected to fail when the side of the triangle is below order ≈2 nm. For circular
geometries, similar failure is expected for pore diameters below ≈1.2 nm. Because an extensive theoretical description of barrier-
limited transport is a major challenge, detailed computer models currently remain the most accurate nonexperimental methods for
investigating ion transport in the barrier-limited regime. Given how sensitively the permeation regime depends on the pore size, our
results suggest that in addition to advances in fabrication, accurate theoretical interpretation of measured transport data is vital to
harnessing the unique features of barrier-limited ionic and molecular transport in nanofluidic systems using nanoporous 2D materials

1. INTRODUCTION
Controllable aqueous ion transport is key to a wide variety of
applications, including water purification,1,2 sensing,3,4 drug
delivery,5 and neuromorphic computing.6 Our understanding
of the mechanisms that underlie ion transport below the
diffusive limit historically comes from biology, where it is
central to a vast array of functions, ranging from neural signal
transmission in the brain7−9 to sensory perception10−14 and
muscle contraction.15,16 Basic insights are typically gained from
biophysical studies of transport in protein ion channels.17−19 In
fact, until relatively recently, protein ion channels in aqueous
environment were the only entities capable of featuring the
intricate interplay between local interactions (often sensitive to
confinement variations at the deep subnanometer scale)
requisite to enable barrier-limited transport. Thanks to the
advances in fabrication techniques, however, nanoscale and
subnanoscale pores in solid materials have emerged in the past
decade as potentially promising in achieving ion permeation
controlled by ion-specific local interactions.2,18,20−24 In
addition, recent computational and theoretical studies have
demonstrated that local barriers can enable ion-specific
trapping of ions by the pores,20,25,26 mechanosensitive ion
transport,21,22,27 as well a range of memory phenomena.25,26 At
the basic level, nanoporous 2D materials in aqueous environ-

ment present systems structurally far less complex than their
biological counterparts. Moreover, selective ion transport
through subnanoporous 2D materials is often caused by the
crown-like effects of complexation, suggesting an intriguing
bridge between the fields of nanofluidics and coordination
chemistry.20,28 Despite the potential promise in both the basic
and applied areas, our ability to predict pore sizes and
compositions capable of controllable transport marked by local
barriers remains severely lacking. One particular limitation is in
our ability to accurately predict the permeation regimes
(diffusive or barrier-limited), especially in the case of
electrically neutral pores, which feature dipolar interactions
between permeants and the pore edge. The aim of this work is
2-fold: to shed light on the experimentally observable
indications of the transition between diffusive and barrier-
limited regimes of permeation through pores in 2D membranes
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and to determine the limits of applicability for the diffusive
formalism widely used to interpret experimentally measured
transport data. It is important to emphasize that the focus of
this work is on water-dissociated ion transport through pores
in 2D materials, because key barrier-limited transport
phenomenology discussed here can be mimicked in signifi-
cantly longer (and wider) channels in three-dimensional solids,
despite being entirely diffusive. As an example, we consider
aqueous alkali cation transport through electrically neutral
triangular pores of varying sizes in hexagonal boron nitride
(hBN) selected as a model material.

2. METHODS
Molecular dynamics simulations of ion transport through
triangular nanopores in monolayer hBN were used in this
work, carried out using GPU-accelerated GROMACS.29,30

Pore sizes ranging from 0.25 to 4.0 nm were investigated (see

Figure 1). For pores up to 2.5 nm in effective size, the
unstrained membrane dimensions were 5.97 × 5.97 nm. Larger
pores were hosted by membranes sized 7.97 × 9.05 nm. In all
cases, simulations were performed in a rectangular cell periodic
in XY Z; cell size along Z was 6 nm. In simulations involving
strained membranes, the initial structures were isotropically
stretched in-plane (along with the corresponding cell
dimensions) by the amounts stated in the main text.
Throughout the simulated times, the edge atoms were tethered
to their initial positions by isotropic harmonic restraints with
the corresponding force constants of kX = kY = kZ = 16.667 N/
m. All systems were solvated in aqueous salt species, as stated
later in the text. The OPLS/AA framework31 was utilized for
hBN,32 ions, rigid TIP4P water33 (with bonds maintained by
the fourth order LINCS algorithm implemented in GRO-
MACS34), including all nonbonded interactions. To ensure
electrostatic neutrality of each pore structure, partial atomic

Figure 1. MD simulation setup for ion transport through various triangular pores in monolayer hBN. (a) Illustration of ion transport driven by
voltage and/or pressure differences across a membrane subjected to stretching. (b) Triangular pores considered in this study.

Figure 2. Voltage-driven ion transport for various pore sizes. (a) Sketch of voltage-driven transport. (b) Ion current−voltage curves for three
different pore sizes: 0.25, 0.5, and 1.5 nm in 1 M KCl and NaCl solutions. The insets show the corresponding pore structures and sizes. (c) Log
scale plot of ion conductance for various pore sizes. The dotted lines correspond to eq 3; the inset in (c) shows the same data plotted using the
linear scale. (d) Anion−cation selectivity as a function of pore size. (e) K+/Na+ transport ratio for various pore sizes.
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charges of the nitrogen atoms at the pore edge were set to two-
thirds of their bulk hBN counterparts, as developed else-
where32 (see Table 1 therein for the complete bonded/
nonbonded parameter set). The rest of the parameters were
default OPLS-AA, as developed for GROMACS.
Coulomb interactions were resolved using the particle−

particle−particle-mesh scheme with a 1.2 nm cutoff radius.
The same cutoff was used for calculating the van der Waals
interactions, as represented by the Lennard−Jones potential.
Prior to production simulations, all systems underwent static
energy minimization, followed by dynamic 5 ns-long relaxation
in the NPT ensemble. In the latter, a semiisotropic barostat
was applied along the Z-direction while keeping the XY-
dimensions of the box constant. All production simulations
were carried out in the NVT ensemble. Relaxation (NPT) and
production (NVT) simulations were carried out using a time
step of 1 and 2 fs, respectively.
Electrostatically driven ion transport simulations were

performed under a constant electric field Ez applied
perpendicularly to the membrane (along the Z-direction).
Pressure-driven flow was induced by applying a constant force
acting upon the solvent molecules in the form of artificial
“gravity”: a force equal to mg was applied to the solution
particles the Z-direction, where m and g is the particle mass
and the artificial gravitational acceleration, respectively. Under
this bias, the reported pressures are ρgh, where ρ ≈ 1 g/cm3 is
the average solution density and h ≈ 6 nm is the box height in
the Z-direction. Each simulated data point for the reported
ionic currents was obtained from an independent simulation.
Each transport instance through the smallest pores (B3N
multivacancy, a = 0.25 nm) was simulated for 500 ns, while
transport through larger pores was simulated for 200 ns in each
case. Ion currents were obtained from the cumulative ion
fluxes, as described in detail in the Supporting Information.
The output frequency of ion trajectory frames used to obtain
the ion fluxes was once every 10 ps. Visualization of atomic
configurations was performed using OVITO software.35

Estimates of bulk ionic conductance σ used to obtain the
analytical curves in Figure 2c were obtained from separately
performed 200 ns-long simulations of ion transport in a cubic
simulation cell (4 nm-long side, periodic in XYZ) filled with
bulk water-dissociated salt. The simulations were carried out at
the temperature of 300 K and an electric field Ez = 0.05 V/nm.
The bulk conductivity was then calculated from the resulting
ion current I as = I

E Az
, where A = 16 nm2 is the cross-

sectional area of the simulation cell in the XY-plane. For 1 M
KCl and NaCl, the values of σ are as stated in the text
accompanying the results in Figure 2. For comparison, at 0.5
M, we obtained 5.544 ± 0.164 and 3.392 ± 0.221 S/m for KCl
and NaCl, respectively.

3. RESULTS AND DISCUSSION
3.1. Diffusive and Barrier-Limited Transport Modes.

Electrophoretic ion transport through microscale and relatively
wide nanoscale channels is often described as a diffusion-
limited process accurately quantified by the classical diffusion
theory. Within this framework, the corresponding total
resistance can be approximated as the sum of the Maxwell−
Hall access resistance36,37 and the channel resistance. The
latter is typically associated with the ions’ translocation
through the pore interior. Access resistance, on the other
hand, can be viewed as a manifestation of ionic path

convergence from bulk solvent into the channel lumen. For a
circular pore, the resulting conductance for electrostatically
driven ion transport is a simple inverse of the corresponding
total resistance:
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where the two terms (from the left) correspond to the channel
resistance and the access resistance, respectively; σ is the
electrolyte conductivity in the suitable vicinity of the channel,
and L and d are the pore length and diameter, respectively.38,39

For uncharged pores, the σ term is the bulk conductance. For
pores carrying nonzero electric charge, separate values of anion
and cation conductance values can in principle be introduced
to account for the relative excess of counterions and scarcity of
co-ions near the pore entrance.40−42 Ion transport described by
eq 1 broadly describes continuum-like flow and in the past
decades it has been widely used for pore size estimation based
on the experimentally measured transport data. Despite its
utility for large pores (5−10 nm in diameter), as shown later,
eq 1 outright fails to describe the majority of ion transport in
biology, as well as an emerging class of artificial subnm pores in
various nanofluidics/nanoionics applications.

To describe ion transport through many protein ion
channels with effective subnanoscale diameters (and, more
generally, all subnanoscale pores), it is more appropriate to
view the process as sequential “single-file” leaping of highly
localized free energy barriers17−19 by the ions. This invokes
transition state theory, wherein the local energy landscape
along the transport coordinate essentially dictates the transport
rate, often far below the diffusive limit. The corresponding
mathematical description differs from the diffusive case
through the introduction of barrier-dependent permeation
probabilities. According to the Boltzmann statistics, the
probability of overcoming an energy barrier is proportional
to the corresponding Arrhenius exponent. In a sequential
barrier-leaping process, the transport rate is then primarily
determined by the highest energy barrier present in the
corresponding free energy profile. The latter is known as the
rate-limiting barrier and the corresponding ion conductance is
given by an Arrhenius-type equation2,21,43:
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where C determines the diffusive attempt frequency of barrier-
leaping, ΔE is the rate-limiting free energy barrier, kB is the
Boltzmann constant, and T is the system temperature. Since
ΔE is a quantity specific to a given pore-permeant pair, this
equation can describe permeation selectivity far beyond the
mere differences in for example the permeants’ bulk
conductivity. As suggested by eq 2, the change in ΔE results
in an exponential change in permeability. As a result, in cases
where ΔE changes in response to for example membrane
stretching, ΔE modifications of order few kBT can have a
significant impact on the ion current.21−23,27,44,45 In addition,
several unique ion transport phenomena arise in the barrier-
limited transport regime, such as selective trapping,21,25,26

memristive transport,25 and synaptic-like phenomena26 result-
ing from collective effects in pore arrays featuring strongly
barrier-limited pores.

Here we consider examples of simulated ion transport in the
diffusive and barrier-limited regimes. Shown in Figure 1a is a
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sketch of the voltage- and pressure-driven ion transport
through a porous 2D membrane under isotropic tensile strain.
The results of pressure-driven simulations are presented in the
Supporting Information, while the results for electrostatically
driven transport are presented in the main text.
Aqueous KCl and NaCl were considered as test salts. Pore

sizes ranged from 0.25 to 4.0 nm (see Figure 1b for pore size
definition and several pore structure examples), corresponding
to strictly local barrier-limited and diffusive regimes,
respectively. All of the shown triangular pores are nitrogen-
terminated, causing dipolar electrostatics at the pore edge, with
the negative dipole component oriented toward the pore
interior, similar to crown ethers in graphene and other crown-
like structures.20,44 The justification for our selection of
material and pore type is 2-fold. First, nitrogen-terminated
triangular multivacancies have been previously reported as
stable46−49 and a highly controllable approach to fabrication
was recently demonstrated.50,51 Second, the presence of a
donor−acceptor atomic pair within hBN’s unit cell suggests
that in principle no chemical functionalization beyond pore
size is required to engineer the local pore electrostatics.27

Electrostatically driven ion transport is sketched in Figure
2a, with cations and anions permeating in opposite directions,
each species contributing to a net current along the electric
field vector. The dipolar electrostatics featuring negative
charges of the nitrogen atoms lining the pore edge is expected
to induce a degree of cation selectivity, depending on the pore
size. Shown in Figure 2b is the current−voltage response for
pores of three different sizes. For the smallest pore size (B3N
vacancy, a = 0.25 nm), the current−voltage curves exhibit
highly nonlinear behavior. For larger pores (a = 0.5 nm and a
= 1.5 nm), however, the current−voltage curves are nearly
linear. Granted, the current−voltage curve linearity is far from
a reliable criterion on the transport type (diffusive or barrier-
limited), because in the case of porous 2D membranes the
current−voltage nonlinearities can be readily caused by e.g.,
bias-induced ion crowding effects, as opposed to barriers
imposed by ion-pore and ion−solvent interactions. At the same
time, given the wide voltage bias range considered here, the
clear transition from nonlinear to linear current−voltage
dependence may serve as some indication of the presence of
local barriers, i.e., the nonlinear and linear trends may
correspond to barrier-limited and diffusive transport, respec-
tively. In the considered case, the transition appears to take
place when the pore size increases from a = 0.25 nm to a = 0.5
nm.
For a diffusive nanopore in the shape of equilateral triangle

with side a, the total resistance is similar to the circular case in
eq 1, as proposed earlier52:
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where κ is a dimensionless constant of order 1. Shown in
Figure 2c is the ion conductance as a function of a, plotted on
the logarithmic scale, calculated in all cases as I/V at V = 0.3 V.
The purple dots and orange triangles represent the MD data,
while the dotted lines correspond to eq 3 with L ≈ 0.5 nm (see
discussion accompanying supporting Figure S4 and also Figure
4 in our earlier work21), σbulk = 9.496 ± 0.270 S/m for 1 M
KCl, and σbulk = 4.825 ± 0.183 S/m for 1 M NaCl. Our σ
estimates were obtained from bulk MD simulations carried out
separately for this work (see Methods for details). Equation 3

provides a fairly accurate conductance estimate for the largest
considered pore (a = 4.0 nm), yielding a ≈ 3% error for 1 M of
aqueous KCl and NaCl. However, eq 3 expectedly breaks
down for smaller pores, at a = 0.25 nm overestimating the MD-
simulated conductance by a factor of 2 and 30 for KCl and
NaCl, respectively. This brings us to an important point: in
experiments, eqs 1 and 3 have been widely used to roughly
estimate pore sizes from measured ion currents, even though
the applicability of these equations is severely limited for nm-
scale pores, as evidenced by the data in Figure 2c. In fact, the
effective pore size estimated by eq 3 is 0.68 nm for the 1.0 nm
pore (∼32% error) while yielding an entirely nonsensical
estimate of 0.04 nm for the 0.25 nm pore, as obtained for 1 M
NaCl. More generally, the data in Figure 2c suggests that the
discrepancies between simulated data and analytical predic-
tions begin to exceed 25% for pores smaller than 1.25−1.5 nm
(corresponding to G < 5 nS). Further discussion of the spatial
limitations of the diffusive formalism is provided later in the
text. These limitations are at a basic level and, although a
comprehensive analytical description of barrier-limited trans-
port is beyond the scope of this work, here we attempt to
formulate a set of specific criteria for discriminating diffusive
pores from those governed by local barriers. It is also worth
noting that pore size estimate discrepancies discussed above
cannot be reconciled by simply introducing the effects of
surface charge. Although with nonzero pore charges selective
transport readily emerges through the imbalance between co-
ions and counterions, transport qualitatively remains diffu-
sive.3,53−55 Therefore, in this work, we focus on electrically
neutral pores featuring dipolar electrostatics and overall greater
levels of steric confinement.

Cation−anion selectivity is an important aspect of ion
transport. It is defined as SV = (I+ − I−)/(I+ + I−), where I+ and
I− are the cation and anion current, respectively. Under this
definition, a selectivity value of 1, −1, and 0 corresponds to
perfect cation selectivity, perfect anion selectivity, and no
selectivity, respectively. Shown in Figure 2d is the value of
selectivity as a function of pore size: for pores with a = 0.25
and 0.5 nm, perfect cation selectivity is observed, while further
increasing the pore size (a = 0.75 and 1.0 nm) expectedly
causes selectivity to decrease (≈0.9 for both KCl and NaCl).
For even larger pores, selectivity decreases further, reaching ≈
0.3 at a = 4.0 nm. This finding is rather remarkable, given that
these pores do not carry an electric charge and the selectivity
arises only from relatively faint dipolar ion-pore interactions.
Similar to the case of large charged pores mentioned above,
however, the transport character remains close to diffusive,
while selectivity is introduced via cation- and anion-specific
values of σ. This suggests that cation−anion selectivity is
generally unreliable to determine whether transport is diffusive
or barrier-limited without detailed prior knowledge of pore
sizes and local electrostatic compositions.

Compared with the anion−cation selectivity, however, strong
cation−cation (or anion−anion) selectivity may in fact serve as
a reasonable indicator of the presence of barriers caused by
high confinement and short-range interactions. Shown in
Figure 2e is the IK+/INa+ current ratio for various pore sizes, as
obtained from 1 M KCl and NaCl. With the exception of the
smallest pore (a = 0.25 nm), all pores considered here exhibit
negligible K+/Na+ selectivity, with IK+/INa+ ≈ σK+/σNa+, where
σK+ and σNa+ are the respective cationic components of the bulk
conductivites. Notably, however, the smallest pore (a = 0.25
nm) exhibits high selectivity for K+ over Na+, with IK+/INa+ ∼
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30. It is clear that the level of confinement featured by a pore
of this size enables significant local contributions from the ion-
pore van der Waals interactions, as well as cation-specific
dehydration effects, known to be at the core of barrier-limited
transport.20,21,27 Specifically in the context of the smallest pore
considered in this work (B3N vacancy, a = 0.25 nm), K+ ions
overcome a significantly lower barrier than Na+, as also shown
previously.56 This result suggests that the cation−cation
selectivity can indeed be a clear indicator of local barriers.
For instance, the selectivity observed for monovalent cation
transport through metal−organic frameworks with subnan-
ometer-sized windows57 is likely to arise from the local barriers
caused by extreme confinement and not merely diffusion
through charged structures. We note once again that this type
of selectivity as a possible indication of transport well below
the diffusive prediction is generally only valid for the pores in
2D materials. For instance, significantly longer pores carrying
surface charge can enable purely diffusive transport that occurs
mostly along the pore surface58,59 (especially at low bulk salt
concentrations), causing cation−cation selectivity.
3.2. Barrier-Limited Transport and Scaling of Mecha-

nosensitivity. In addition to cation−cation (or anion−anion)
transport selectivity, mechanosensitive response of ion flow can
serve as a deeper indicator of transport governed by highly
localized energy barriers. Furthermore, the degree of local-
ization is directly reflected in the magnitude of mechanosensi-
tivity. Mechanosensitive ion transport generally refers to the
modulation of ion flow in response to externally applied
mechanical stimuli. Although versions of broadly defined
mechanically modulated ion transport have been recently
demonstrated in artificial systems (e.g., in conical glass
nanopores60 or in planar subnanoscale confinement61), here
we use the relatively stringent biophysical definition of
mechanosensitivity as the response of ion transport to in-plane
forces acting on the membrane and not the bias that causes those
forces (e.g., hydrostatic pressure perpendicular to the

membrane).62 To avoid confusion, in this work we therefore
refer to mechanosensitivity as the change in ion conductance
only in response to pore dilation − regardless of what causes
this dilation. The importance of this distinction from other
effects that accompany mechanical deformation of the pores at
the nanoscale (e.g., electrohydrodynamic ion flow63,64) will
become apparent later in the text. It is important to note that
for the small pores exhibiting highly mechanosensitive
behavior, these effects are expected to be negligible (see
Supporting Information for a detailed discussion of pressure-
modulated ion transport).

Recently, mechanosensitivity under the specific definition
above was computationally and theoretically predicted in a
variety of subnanoporous 2D materials.21,22,27,44,56 These
observations can be attributed to exclusively barrier-limited
transport described in eq 2, where ΔE is reduced by a few kBT
as a result of pore dilation of order few percent. It is worth
noting that, although not immediately intuitive, slight pore
enlargement can also increase transport barriers, resulting in a
significant decrease in the ion flow and thus distinctly negative
mechanosensitivity.56 However, for the purpose of this
discussion, the direction of modulation (increasing or
decreasing) in response to pore dilation is unimportant, as
we focus on the absolute value of mechanosensitivity as a way
of probing the sensitivity of ion flow to small changes in the
effective pore diameter.

Let us define mechanosensitivity as the ratio between the
relative change of the ion conductance and the relative dilation
of a pore of radius r:
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Figure 3. Scaling of mechanosensitivity with pore size. (a) Sketch of voltage-driven ion transport through a stretched membrane. (b) Ion current as
a function of membrane strain for the pore sizes of 0.25, 0.50, and 1.00 nm, as simulated at the voltage bias of 0.1 V. (c) Mechanosensitivity as a
function of unstrained pore size for K+ (c) and Na+(d). (e) K+/Na+ current ratio as a function of strain for three different pore sizes.
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where I is the simulated current, ε is the externally applied
membrane strain, and α is the pore dilation factor of order 2,
indicating how much “softer” the pore region is in relation to
the rest of the pore-hosting membrane.56 Shown in Figure 3b
are ionic currents vs membrane strain for several unstrained
pore sizes, while the corresponding mechanosensitivity values
(as calculated using eq 5) are shown in Figure 3c,d (note that
for the K+ ions μ < 056 and thus for clarity this panel shows −
μ). As expected, the absolute value of μ depends on the
cationic species and rapidly decreases with increasing un-
strained pore size. It is also by far the highest at a = 0.25 nm
for both cationic species. Similarly, as shown in Figure 3e,
cation−cation selectivity stands out for the 0.25 nm-wide pore
and decreases significantly for the larger pores. If we accept
that mechanosensitive response is closely related to the
permeation regime, let us briefly consider the limiting cases.
Under the definition given by eq 4, mechanosensitivity for

the purely diffusive case in eq 1 is

= +
+

L d
L d

8
4d (6)

which for a long pore (L ≫ d) of sufficiently large diameter
reduces to μd = 2, or the exact value of mechanosensitivity of
an ideal cylindrical ionic conductor with negligible access
resistance. For wide pores in atomically thin membranes (L ≪
d), the access term dominates and mechanosensitivity
decreases further to unity, as expected. Note that a similar
estimate is valid for charged pores. Furthermore, if one
assumes that the counterion component is proportional to the
charge density at the pore edge,40 the corresponding
mechanosensitivity component is of order −1. This in fact
suggests the possibility of charged pores with zero
mechanosensitivity, i.e., the decrease in counterion current
counteracts the corresponding increase due to pore dilation.
In the limiting case of purely barrier-limited single-file

transport, an estimate of mechanosensitivity is significantly
more complex, because in order to be accurate it requires prior
knowledge of ΔE and all of its contributing components as a
function of pore size in eq 2. Here we limit our discussion to
qualitative scaling observations, which become possible under
suitable basic assumptions regarding the nature of ΔE. Based
on eq 2, mechanosensitivity becomes
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{
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i
k
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{
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k T
d E

drs
B (7)

Given that ΔE is fundamentally electrostatic, including the
contributions from first-order Coulomb interactions for

charged pores (∝ 1/r) and the higher orders for dipolar
interactions and beyond, let us define ΔE = ∑ ΔEn, where ΔEn
= anr−n and an is the appropriate constant for the nth
interaction term; the summation is over all of the free energy
components (excluding the entropic terms for simplicity). eq 7
then yields

=
k T

n E
1

ns
B (8)

which is merely a kBT-normalized sum of the free energy
components, each multiplied by the corresponding interaction
order. Qualitatively, this type of scaling is no different from the
diffusive case, where mechanosensitivity is determined by the
power of pore size in the conductance expression. For the
barrier-limited case of sufficiently small pores, the pore size
serves as an implicit “selector” of the interactions dominating
the current-strain response. In addition, eq 8 illustrates that for
example the van der Waals interactions become critically
important in the estimates of mechanosensitivity due to e.g., n
= 6 and n = 12 in the Lennard-Jones approximation for each
interacting atom-ion pair. Given eq 8, it is not surprising that
even with ΔEn of order kBT it is possible for mechanosensi-
tivity to reach levels of order 20−40 (see the results for a =
0.25 nm in Figure 3c,d), consistent with previous
reports.21,22,27 It should then be clear that observations of
mechanosensitivity an order of magnitude or higher above the
diffusive estimates presented earlier can be a reliable indication
of transport governed by local barriers.
3.3. Diffusion Formalism and Its Applicability Limits.

A major challenge in describing ion transport over a wide range
of pore sizes is to formulate a consistent theoretical description
that helps interpret experimental data. In particular, such a
description should not only reconcile the seemingly disparate
limiting cases given by eqs 1 and 2, but also describe the
transition between these limits. As mentioned above,
developing such a theory is beyond the scope of this work.
We note that at the most basic level, we expect any self-
consistent theoretical description that is not rooted in merely
fitting experimentally observed ionic currents to require
transport barrier estimates. Obtaining the latter is notoriously
challenging in experiments,65,66 while a relatively accurate
alternative is likely to rely on numerical simulations (e.g., in the
form of MD or density functional theory). The MD-based
route, however, is computationally close to direct transport
simulations, which take barriers into account implicitly.
Ultimately, the path toward a detailed understanding of ion
transport through subnanoscale pores in 2D materials remains
open. In the meantime, here we employ all-atom MD

Figure 4. In-plane free energy curves and K+ populations inside the pore. In-plane ion-wall distance and the corresponding free energy (a) along
vector c1 shown in the inset. In-plane distributions of the effective probability of finding a cation within the pore plane for various pore sizes (b−e);
the probability density is shown in the units of concentration.
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simulations to investigate permeation regimes involving a
strong barrier-governed component. In addition, we provide a
relatively robust estimate of the critical pore size, below which
eq 1 and similar expressions begin to fail.
Between the strictly diffusive and barrier-limited regimes,

both the local ion densities and the permeation rates near the
pore edge differ from those toward the pore center. This
expectation is no different from ion transport through wide
charged nanopores previously considered in the literature,67

except here the pores are significantly shorter and, given overall
electrically neutral pores, the interactions here are generally
shorter-range with a weaker dependence on the local charge
screening. Nevertheless, a direct relationship between the
spatial extension of the ion-pore interactions to the limit of
applicability of the diffusive formalism is possible here in a
similar manner. To demonstrate it, we calculate the in-plane
free energy profile as a function of distance between the ion
and the pore edge along the vector c1, as shown in the inset of
Figure 4a.
The results for K+, Na+, and Cl− ions are shown in Figure 4a,

indicating energy minima located at 0.26 and 0.23 nm for K+

and Na+, respectively. Given the well depth for K+, narrow
regions of ion accumulation are expected and confirmed in
Figure 4b−e. Interestingly, a comprehensive evaluation of the
in-plane energy profile yields a qualitative view far beyond
mere accessibility regions dictated by the simplistic steric
exclusion based on the van der Waals radii. We can now
introduce a spatial threshold λ such that |ΔE|≪ kBT at
distances ≥ λ from the edge. Based on the data in Figure 4a,
we estimate λ ≈ 0.62 nm for both K+ and Na+ (although in
general λ is expected to be ion-dependent). As defined, λ is
equivalent to roughly twice the Debye screening length in the
case of large charged pores, where double-layer overlap
underlies the transition from bulk-like transport regime (R >
λ, where R is the radius of a cylindrical pore) to that governed
by the effects of charged pore surface (R < λ).67 In the same
manner, the diffusive formalism in our case is expected to fail
when the potential energy curves overlap near the pore center.
For a pore in the shape of an equilateral triangle, this condition
is met when =a a2 3 2 1.650 nm (a0 = 0.25 nm is the
lattice constant of hBN) when a is defined as shown in Figure
1b. For circular pore geometries, assuming similar λ, this limit
in the form of pore diameter is 2λ = 1.24 nm. We note that the
thresholds proposed above do not predict the spatial scale at
which high mechanosensitivity may occur. Given the data in
Figure 4a, it is in fact expected to occur at scales < λ, because,
as discussed earlier, substantial mechanosensitivity requires
appropriately high d|ΔE|/dx, where x is the distance from the
pore edge. It is also worth noting that the ionic flow and the
local ion population in the pore undergo significant changes as
the pore size decreases below the estimated threshold. As
shown in Figure 4b−e for the ion population, the bulk-like
region (in yellowish color toward the pore center) shrinks
rapidly, while local charge accumulation starts to dominate.
This includes the three single-file transport paths in the pore
corners featuring highly localized electric fields (red spots in
Figure 4b−e). Notably, when the effective pore size decreases
below a = 0.75 nm (Figure 4d), the three corner paths merge
into one and the pore becomes crown-like, as described
previously in substantial detail.20,27,56 This transport regime is
strictly barrier-limited, e.g., in the case of ion-trapping pores

naturally corresponding to a pore size that causes an overlap of
the free energy minima locations in Figure 4a.

4. CONCLUSIONS
We have presented the results of MD-simulated ion transport
through 2D membranes hosting dipolar pores of various sizes
with the aim of exploring the transition between diffusive and
barrier-limited transport. We have identified high cation−
cation (and anion−anion) selectivity and mechanosensitivity
as reasonable indicators of barrier-limited transport. As shown
in the Supporting Information, we also demonstrated that in
the case of subnanoporous membranes biased by hydrostatic
pressure or a combination of hydrostatic pressure and
electrostatic bias, streaming contributions to overall ionic
currents should be negligible. This finding suggests that purely
mechanosensitive effects (arising from pore dilation) are
expected to be observable in experiments without being
masked by the effects contributed by the mechanisms that
cause membrane stretching (e.g., hydrostatic pressure).

Our results broadly suggest that the diffusive transport
formalism widely used to estimate pore sizes based on the ionic
currents is expected to break down for effective pore sizes
below the orders of 2 and 1 nm for triangular and circular
pores, respectively. Therefore, utmost care should be exercised
when interpreting ion transport data obtained for subnanopo-
rous 2D membranes. More generally, detailed knowledge of
the local barriers is required to accurately describe barrier-
limited transport and thus reliable control over fabricating and
characterizing pore structures is required in terms of
geometries and atomic composition. Overall, our results
underscore the importance of precise subnm pore fabrication
and a careful approach to interpreting measured transport data
before the unique features of barrier-limited transport can be
effectively utilized for nanofluidic/nanoionic applications.
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