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Abstract

Most analytic theories describing electrostatically-driven ion transport through
water-filled nanopores assume that the corresponding permeation barriers are bias-
independent. While this assumption may hold for sufficiently wide pores under in-
finitely small bias, transport through sub-nm pores under finite bias is difficult to
interpret analytically. Given recent advances in sub-nm pore fabrication and the rapid
progress in detailed computer simulations, it is important to identify and understand
the specific field-induced phenomena arising during ion transport. Here we consider an

atomistic model of electrostatically-driven ion permeation through subnanoporous CoN



membranes. We analyse probability distributions of ionic escape trajectories and show
that the optimal escape path switches between two different configurations, depending
on bias magnitude. We identify two distinct mechanisms contributing to field-induced
changes in transport-opposing barriers: a weak one arising from field-induced ion de-
hydration and a strong one due to the field-induced asymmetry of the hydration shells.
The simulated current-voltage characteristics are compared with the solution of the 1D
Nernst-Planck model. Finally, we show that the deviation of simulated currents from
analytic estimates for large fields is consistent with the field-induced barriers and the

observed changes in the optimal ion escape path.

1 Introduction

Ionic permeation through nanopores in atomically thin membranes has attracted consider-
able and ever-growing attention in the past decade, for reasons that are both fundamental
and practical in nature.? There is a wide range of applications including fuel cells,? water

4 and “blue energy” harvesting.!® It is expected that

desalination,*® DNA sequencing,®
achieving control over the permeability and selectivity of nanopores will be critically impor-
tant in developing future applications .'¢ However, the problem of describing and predicting
the selective conductivity of nanopores remains a formidable task.

Numerous phenomena combine to make this problem especially challenging, including
the formation of water layers and electrical double-layers near the membrane surface,!”

8

fragmented dehydration of the ions near and inside nanopores,'® non-trivial variations of

the local polarizability within the pore where it may differ from the bulk value by an order

20 and quantum mechanical interactions within the

of magnitude,!® effects of polarization,
material near the pore.?! The complexity is further increased in the presence of a non-
negligible externally applied electrostatic field, which complicates direct comparisons with

analytical theories assuming near-equilibrium ensembles. Beyond non-equilibrium-related

complications, external fields are expected to induce nontrivial rearrangement of hydration



shells, water and electric double-layers. Because neither in realistic simulations, nor in
experiments, can the electrostatic bias be assumed neglibible, a more complete understanding
of field-induced phenomena is critical for interpretation of the experimental and simulated
data.

Here we demonstrate several bias-induced phenomena affecting ionic transport through
subnanometer pores by studying the molecular dynamics (MD) trajectories of ions perme-
ating a single-layer CoN membrane. We focus on the effects arising due to asymmetry of the
hydration shells near the pore. This asymmetry is a generic feature of the permeating ions’
local environments, as identified in earlier works,* yet its effect on permeation has not been
considered. Although C,N membranes possess the very high pore density of 1.62 x 10'® m~=2,
we have not observed significant effects specifically caused by the close inter-pore spacing.
Therefore, the results presented here should be quite generally applicable to sub-nm pores in
two-dimensional membranes, regardless of pore density. Moreover, the high pore density in
C,N ensures essentially zero access resistance,?? thus enabling us to focus on the local bar-
riers. The results presented below were obtained from non-polarizable classical simulations,
which are broadly applicable to non-metallic membrane materials, including CyoN, which
has been shown to be semiconducting.? The results should therefore be directly relevant to
non-metallic 2D materials. At the same time, the fundamental mechanisms responsible for
the bias-induced effects on the permeation barriers shown here should remain intact for elec-
trically conductive membranes. Similarly, although we report on electrostatically-driven ion
transport, there remains a degree of qualitative applicability to osmotically-driven systems
that feature high transmembrane electric fields from local charge accumulation.

To facilitate our analysis, we use the prehistory and post-history of ionic trajectories
crossing the pores and study changes in the number and distribution of oxygen and hydro-
gen atoms surrounding the ions along the escape path. We show that, as the strength of the
external electrostatic field is increased, the statistically significant ion escape path bifurcates

and transitions to a different route. This transition correlates with the dependence of the



current on the strength of the applied field. We further show that the observed behaviour
is closely related to the two mechanisms for bias-dependence of a barrier identified here.
Importantly, we demonstrate that the height of the barrier depends, not only on the num-
ber of water molecules in the hydration shells, as is conventionally assumed,?*26 but also
on the field-induced change in this number (1% identified mechanism) and on the closely

2" mechanism). We demonstrate

related asymmetric deformation of the hydration shells (
that the 1** mechanism is weaker than the 2"¢. We note that many nanopores possess sig-
nificant dehydration-associated permeation barriers, making our results widely applicable.
It is therefore our hope that these findings will constitute another step toward a by-design
approach to ion transport in nanofluidics.

The paper is organised as follows. In the next section we provide the details of our MD
model. In Sec. 3 we discuss the trajectories crossing the pores and their most probable
paths. The populations of the hydration shells along the escape path and the field-induced
dehydration barrier are discussed in Sec. 5. The field-induced effects on the barrier, including
the asymmetry of the electric double-layers and water layers near the pore, the corresponding
changes in the asymmetry of the hydration shells, the resultant asymmetry of the induced

2nd

transition barrier (2"* mechanism), and the current are discussed in Sec. 5. Finally, we

summarise this work in the Conclusions, Sec. 6.

2 Model

N27:2730 immersed in 0.5M aqueous potassium chloride, as

We consider a single layer of Cs
sketched in Fig. 1. The choice of potassium chloride is for consistency with a wide range
of earlier experimental work, as well as due to its natural abundance and biophysical rele-
vance. Note that although this work focuses on the effect of field-induced asymmetry of the

hydration shells during cation permeation through cation-selective pores, the fundamental

mechanisms responsible for the permeation barriers are expected to be the same for an-
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Figure 1: Model of a C3N membrane immersed in aqueous KCl solution. The nitrogen and
carbon atoms in the CyN lattice are shaded blue and dark-grey, respectively. Water is shown
as a blue transparent surface; potassium and chloride ions are shown as red and green balls,
respectively.

ions permeating anion-selective pores, thus suggesting qualitative applicability of our results
regardless of ion charge.
The partial atomic charges in the CyN lattice, obtained using density functional theory

k,3132 are -0.31e for nitrogen and +0.155¢ for

calculations set up according to earlier wor
carbon atoms. The Lennard-Jones parameters were set according to the OPLS-AA force-
field®® (oyy = 0.325 nm, exyn = 0.71128 kJ/mol; occ = 0.355 nm, ecc = 0.29288 kJ/mol).
Aside from the harmonically restrained atoms at its perimeter, the CoN membrane was sim-
ulated as fully flexible. The corresponding bonded parameters for CoN and the rest of the
simulation components were set up according to the standard OPLS-AA3? framework. To
study the permeation trajectories of potassium ions, a static electric field was applied in the

direction normal to the plane of the membrane with a strength varying between 0 and 300

mV/nm. The rectangular simulation box size was 4.38 x 4.22 x 5.0 nm, where the mem-



brane was located in the zy-plane at z = 2.5 nm and featured 30 periodically positioned
nanopores with an effective spacing of 0.551 nm (see Fig. 1). Typical counts of CoN atoms,
water molecules, and dissociated salt ions in the system were 540, 2750, and 60 (30 on each
side), respectively. Prior to production simulations, all systems were subject to relaxation
in the semiisotropic NPT ensemble (box size constant in the X'Y-plane, barostat-controlled
Z). The production simulations were performed in the NVT ensemble. All simulations were
performed with periodic boundaries applied in XY Z and were carried out using GROMACS
v. 2018.1.34736 For production simulations, a time step of 2 fs was used, and trajectories were
tracked for at least 300 ns at each value of the applied electric field. The TIP4P water model
was used, 3”38 yielding a bulk dielectric constant of € ~ 53. All ion trajectories crossing the
nanopores were collected. The positions of oxygen and hydrogen atoms within two hydration
shells of the ion were recorded at given distances from the pore corresponding to the escape
process.

Our statistical analysis of these trajectories and the corresponding distributions of ions
and water molecules in the system as a function of the applied electric field will now be

presented and discussed.

3 'Trajectories and prehistory probability distribution

3.1 Trajectories.

Typical examples of trajectories obtained in MD simulations for potassium ions crossing the
pores are shown in Fig. 2 for electrostatic field values of 50 (a) and 200 mV /nm (b). It can
be seen from the figure that the ions dwell at a well-defined location at z = 2.4 nm (0.1
nm below the membrane plane) prior to their escape through the pore to the other side of
the membrane. After the escape, ions appear to dwell at z = 2.6 nm, (0.1 nm above the
membrane plane). As the applied field is increased, the pre- and post-escape locations of

the escaping ions symmetrically shift away from the membrane to ~ 2.0 nm and =~ 3.0 nm,



| 1 L I 1 L A I L L 1 1
10 20 30 40 50 60 10 20 30 40 50 60
time, ps time, ps

Figure 2: Molecular dynamics trajectories crossing the pore for applied fields of (a) 50
mV/nm and (b) 200 mV /nm.

respectively. Unsurprisingly, the post-escape location is reached rapidly. These changes in
trajectory with increasing field depend on many factors, including the dehydration of the
ions and the structure of the electric double-layers, and these are considered in more detail

below.

3.2 Prehistory

Initial insight into the ionic permeation process can be obtained from an examination of
escape trajectories. The statistically significant structure of these trajectories can be ob-
tained from the prehistory probability distribution (PPD).3%*! The underlying concept is
that the probability of observing an ion escaping near the boundary x; of the attractors of
two metastable states is small, due to the relatively high transition barrier separating them.
In this system the boundary separates the pre-escape and post-escape bulk solutions. Here,
the pre-escape bulk solution corresponds to the bulk solution below the membrane shown in
Fig. 1. Note that cations escape in the direction of the field, i.e. to the post-escape region
above the membrane. In Figs. 2 and 3, the state transition from pre- to post-escape occurs
within &~ 30 ps. The time intervals between successive escape events are relatively large,

and they are expected to exceed the system’s characteristic relaxation time for reaching
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quasi-equilibrium. Thus escape events are mutually uncorrelated, so that the PPD can be

expressed via the probability density functional P[z(t)] of the trajectory z(t) of the system.?

pu(, tiay,ty) = p(xg,ty;w,tlag, ts)/p(ay, tylog, t;) = [t = —o0]

zf(ty) zy(ty) !
[/ Da(t')o(x(t) — 1’)7’[96@)]] X [/ Dm(t')P[ﬂf(f)]]

RTeq (tz) RTeq (tl)

(1)

where p(xy,ts;x,t|z;,t;) is the conditional probability density for a system placed initially
at x; to pass through the states x at the instants ¢ and arrive to the state x; at the final
time ¢ s, while p(xy,t¢|x;, t;) is the two-time transition probability. To eliminate dependence
of the PPD on the initial state the limit being taken in which the initial instant t; goes to
—o00. The importance of the initial state (z;, ¢;) in the definition of the prehistory probability
distribution can be understood if we recall that the particle can arrive at the barrier (zy,y)
from different basins of attraction. For example in our system there are two such basins
— the two bulk solutions. Accordingly, the limit (¢; — —o0) has to be taken with care to
ensure that the particle remains within the same basin of attraction at all times during the
analysis.

Empirically the PPD can be found by collecting all the trajectories that move the system
to the state x; from a given basin of attraction, setting the final time for all trajectories to
a fixed value t¢ and building the distribution of all such trajectories. This concept has been
shown to be useful for analysis of the dynamics of comparatively rare fluctuational escape
events in systems that are locally far from thermal equilibrium. %43

To apply this concept to the ions’ escape through C;N, we note that all escape trajectories
have a clearly resolved time marker corresponding to the instant an ion is located in the
plane of the membrane. Also, as noted above, escape events are well-separated in time: i.e.,
while the transition of one ion takes around 100 ps, the time interval between transitions is

considerably longer, being on the order of 10 ns or more. It then becomes possible to collect
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Figure 3: Prehistory probability distribution obtained using molecular dynamics for applied
fields of 0.05 (a) and 0.2 (b) V/nm.

the escape trajectories of KT ions and superimpose them using the escape time marker, thus
separating the pre- and post-escape portions of all trajectories. Finally, the 2D histograms
of the superimposed trajectories are built to reveal the expected paths for ions to approach
the membrane (pre-history) and to leave it on the other side of the pore (post-history). The
resulting prehistory probability distributions are shown in Fig. 3 for applied fields of 0.05
and 0.2V/nm. We can see that there exists a most probable escape path (MPEP) for ions
approaching the pore in each case. Interestingly, the location of the MPEP shifts as the
applied field is increased, in accordance with the results shown in Fig. 2. It can also be
observed that the location of the ridge of the MPEP coincides with the peaks of the K™ ion
distributions shown on the vertical back planes of Fig. 3 by blue bars. Finally, we note that
an ion is ejected quickly from the pore into the other bulk, as soon as it has crossed the
membrane plane.

The dynamics of ionic permeation is strongly affected by the potential of the free energy

landscape** and by the applied electric field, as will be discussed below.



4 Field independent hydration shells

Here we consider the connection between ionic permeation and the potential of the mean

45747 we assume that the PMF can be decomposed into

force (PMF). Following convention,
components related to the dehydration, Lennard-Jones and electrostatic interaction energies.
We also assume that the effective total potential is the sum of the external electric potential,
the single ion PMF, and other terms to take account of long range electrostatic interactions in
an inhomogeneous dielectric environment. **4? Within this approach we consider dehydration
to be a function of the average number of water molecules in the hydration shells of the
permeating ion.?

We will summarise the limitations of the conventional approach at the end of this section

and will present the results of an extended analysis in Sec. 5.

4.1 Potential of the mean force

As mentioned above, the dynamics of the permeation process is strongly affected by the free
energy landscape. For zero and small applied fields, the Gibbs free energy as a function
of the effective reaction coordinate can be approximated by the PMF shown in Fig. 4 (a).
The PMF's in this work were calculated by combining umbrella sampling simulations with
the weighted histogram analysis method (WHAM).?® The sampling was obtained from disk-
shaped bins located at a series of Z-distances from the membrane, each bin parallel to it
in the XY-plane. The (X, Y)-location of ions restrained in the Z-direction within each bin
was sampled stochastically to obtain the corresponding histograms. For the PMFs shown in
this work, the effective reaction coordinate was the ions’ Z-separation from the membrane
plane.

A comparison of the PMF with the trajectories (Fig. 2) and prehistory distributions
(Fig. 3) show that the ions’ dwelling locations correspond to the two local minima of the

PMF. The applied field is forcing ions in the leftmost minimum to escape through the pore.
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Figure 4: (a) Potential of the mean force obtained in MD (black solid line with black-filled
circles) simulated at zero applied field using WHAM, compared to —log (p(z)) (blue dotted
line) and an analytic fit of the PMF with three Gaussians (red dashed line). The inset
compares the Gaussian fit (blue open circles) with exact MD calculations (red solid line)
of the Lennard-Jones potential. (b) Distribution of potassium ions p(z). For clarity, the
z-coordinate has been shifted by 2.5 nm to bring the pore location to z = 0 nm.

However, the high central potential barrier (~ 10kT") keeps the ions from escaping from this
local minimum for a relatively long time time, as compared to the time required to populate
it. For zero applied field, the locations of these minima can be found using the Boltzmann

distribution as®!

(p(2)) = Ae” PV,

where = 1/kT and W(z) is the PMF: see Fig. 4 (a). It is generally expected that the
PMF should correspond closely to the natural logarithm of the distribution for K* ions
in the system as a function of distance from the membrane —log ((p(z))). Indeed, a close
correlation between the PMF and — log (p(2)) can be seen in Fig. 4 (a),

The distribution of K* ions p(z), in the absence of a biasing field was obtained using
800-ns-long simulations by dividing the simulation box into 202 bins in the z-direction. The
deviation of —log (p(2)) from the PMF at the central peak location is attributed mainly to
the well-known problem of poor sampling of regions of high potential energy, with only a

few counts per bin at the barrier location. As mentioned above, it is customary to present
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the PMF as a sum of components arising from different physical interactions. In particular,
here the three peaks and two minima of the PMF are attributable to the interplay of three
main physical mechanisms: (i) the dehydration of the ion whilst passing through the pore;
(i) the Coulomb interaction of the ion with the charged atoms of the membrane; and (iii)
the Lennard-Jones (LJ) interaction of the ion with the rim atoms. We note that the LJ
contribution does not depend on the electrostatic interaction or on dehydration. Within the
conventional approach,?+52 the ion’s dehydration is a function only of the pore geometry
(see next subsection). The simplest assumption, that the three components are mutually
independent, is therefore reasonably justified and the overall PMF is expected to be their
sum.

To illustrate this point, we fit the PMF curve using three Gaussian curves representing
the three distinct interaction mechanisms mentioned above, as shown in Fig. 4 (a). All of our

Gaussians are centered at the z-position corresponding to the membrane location (z = 0).
Uit = Apy - eié(Z/ULJ)Q + Ao - eié(Z/UC)z + Apy - e*%(Z/UDH)Q' (2)

We use the following values of the amplitude A and standard deviation o: Ap; = 23.9 kT,
ory = 0.078 nm, Ac = - 36.4 kT, o = 0.13 nm, Apyg = 23.51 kT, opg = 0.19 nm for the
Lennard-Jones (LJ), Coulomb (C), and dehydration (DH) interactions, respectively.

It is clear from the fitting results that the contributions of these different mechanisms
have comparable magnitudes (note, however, the negative sign of the Coulomb contribu-
tion) and similar values of standard deviation. The repulsive Lennard-Jones component is
spatially narrow, as expected, while the two minima at the sides result from the sum of
the dehydration and Coulomb contributions. We emphasize that the overall PMF can be
non-uniquely “constructed” from a variety of Gaussian curves and thus the considerations

above are provided mainly for qualitative illustration.
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4.2 Lennard-Jones interaction

In order to further calibrate this approach for semi-quantitative analysis, we compare the LJ
component provided by our Gaussian fit (the 1°* term in Eq. (2)) with the results of explicit
calculations based on the parameters (¢;; and o5, see Eq. (3)) of the LJ interactions taken
from the corresponding OPLS-AA force field entries. The LJ interaction energy is calculated
as a function of the ion’s distance z; from the pore using the a priori known locations of the

carbon and nitrogen atoms

12 6
Uij Uij

Y — | === . (3)
,/z?—l—r?j ,/zf—l—rfj

Here r;; is the distance from the i-th ion to j-th carbon or nitrogen atom. The LJ con-

AULJ(Zi) = Z 461']'
J

tribution was selected for calibration because it does not depend on the Coulomb or the
dehydration components, which themselves are non-trivially interrelated in general. The fit-
ted LJ contributions are compared with exact MD results in the inset of Fig. 4 (a). Details
of the fitting will be given elsewhere. Finally, the small oscillations observed in the tails of
the distribution between 0.5 and 1 nm are attributable to the double-layers of the K* ion

distributions clearly seen in the Fig. 4 (b).

4.3 Ion dehydration in the pore

A key phenomenon affecting ion transport through sufficiently narrow nanopores is transient
dehydration, which occurs when ions must temporarily shed a significant portion of their
hydration shells in order to pass through the pore. As a result, the local ion-solvent interac-
tions weaken temporarily, causing a permeation-opposing energy barrier. In Fig. 5 (a), the
boundaries of the first three hydration shells of a K* ion approaching a CoN pore are shown
as dashed lines, while the pore boundary is shown as the solid black line. The cross-sections

of the hydration shells being cut off by the pore region are colour-shaded.
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Figure 5: (a) Dehydration of a KT ion during its passage through the pore. The pore profile
is shown by the black line, the inner radius of the 1st shell by the blue dashed line, the inner
radius of the 2nd shell (i.e. the outer radius of the 1st shell) by the cyan dashed line, and
the outer radius of the 2nd shell (i.e. the inner radius of the 3rd shell) by the red dashed
line. The volumes lost from the 1st and 2nd shells are shaded in blue and cyan. (b) The
dehydration potential barriers obtained by calculating: (i) dehydration volumes (blue solid
line); (ii) analytic fit (red triangles) using eq. (2); and (iii) MD calculations of the number
of oxygen molecules (Ox) in hydration shells (black dashed line).

Rough estimates of the resultant dehydration barrier can be obtained analytically as
described earlier.>?* For instance, the energy contributed by each hydration shell can be

estimated as?*

2
zq 1 1 1 1

Uo — S Y 4

7 8meg (ep ew) (RQ Rf) )

J

where R? and R]l are the outer and inner radii of the shell, respectively; €y, €, = 3, and
€w = b3 (for the TIP4P water model) are the permittivities of vacuum, membrane, and
water, respectively. The values of the Rjo’l were taken from?* to be 0.19, 0.38, 0.62, and 0.84

nm for the first three shells. The dehydration barrier is then calculated as the sum

AUpp(x) = Z U (fi(x) — 1) (5)

where f;(x) is the remaining geometrical fraction of the shell available to water molecules j
at distance x from the membrane along the pore axis. The estimated dehydration barrier

as a function of z is shown in Fig. 5 (b) as the solid blue curve. For comparison, we also
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show the results of the analytical fit (the last term in Eq. (2)) with red triangles. The black
dashed lines denote the average number of water molecules in the ion’s hydration shell,
as it permeates through the pore. For further details of these calculations, see section 5.2
“Field-induced dehydration.”

It can be seen from Fig. 5 (b) and the inset of Fig. 4 (a) that the Gaussian approximations
fit quite well both the Lennard-Jones AU} ; and the dehydration AUpy contributions to the
total PMF. As mentioned earlier, within the conventional approach, the latter contributions
are “exact” and independent, so that the decomposition of the PMF into three additive
components is well-justified. The final fit is shown in Fig. 6. There is good agreement between
the Gaussian approximation and the corresponding theoretical results for each component
and for the overall PMF.

We emphasise that, despite the good agreement between the simulated results and the

U, kT

-0.5 0 0.5 1.0
z, nm

Figure 6: Results of triple-Gaussian fit of the PMF using Eq. (2). The overall PMF fit is
shown by black dashed line in comparison with the MD results depicted as red diamonds. The
Gaussians are shown by lines for the following contributions: (i) dehydration - cyan dashed-
dotted line; (ii) LJ - blue dotted line; and (iii) Coulomb - black solid line. The corresponding
theoretical approximations are shown by symbols: (i) AUpg - (5) cyan triangles; (ii) AUy -
(3) blue plus signs; and (iii) contribution due to Coulomb interactions (Ugoy = Uy — AU —
AUpg) shown as black pentagons. The Coulomb contribution has been halved to balance
all the contributions in the figure. The inset shows an estimate of the effective dielectric
permittivity of the channel as € = Ucoui vae/Ucou-
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additive Gaussian fits, the data presented should be considered only as a rough estimates for
the dehydration and Coulomb components. Specifically, the dielectric permittivity in (4) is
assumed to be constant and the two contributions are assumed to be independent. Within
the pore, neither of these assumptions is accurate.?® It can in fact be shown by estimating
the effective dielectric permittivity within the pore as € = Ucoutvac/Ucou- Here Ucourvac
is the exact potential of the Coulomb interaction of the ion with the pore in vacuum and
Ucow = Uiy — AUy — AUpy is the same potential in the solution. The resultant value
of €*, shown in the inset of the Fig. 6, is qualitatively consistent with earlier work.%® The
effective permittivity averaged between £0.3 nm of the effective pore height is =~ 3, the value
used for €, in Eq. (4). Estimation of the PMF components can be further refined iteratively.
For example, an iteration of AU, can be obtained by substituting €, with the spatially
distributed €* (inset of Fig. 6). This substitution will modify AUg;, which will in turn
modify AUpy. This iterative procedure can be continued in a self-consistent manner until
convergence of the corresponding PMF components is obtained. It should thus be clear that
the Gaussian-based approximations presented here provide only a zeroth-order estimation.
In the next section, we will discuss the coupling of the two contributions with each other

and with the external field.

4.4 Current-Voltage (I-V) relationships

In MD simulations, the ionic currents through the pores were obtained using two independent
methods. In the first method, we measured the displacement of all ions moving along the
z-direction during a given time interval.®* In the second, we tracked all ion transitions
through the pore.®?® These are shown as trajectories in Fig. 2. The resultant current-voltage
dependence is shown in Fig. 7 (b). The two methods yield data within the uncertainties
associated with thermal fluctuations and the corresponding results are combined in the
figure.

Knock-on events were not detected between ions passing through pores and their mobile

16



neighbors. The knock-on process requires that an ion dwells inside a pore for a period
longer than that required to experience at least one collision with another cation. However,
the corresponding collisional frequency is reduced due to the local electrostatic repulsion
between cations, similar to the case of ion-trapping crown ether-like pores in graphene.?
Importantly, we did not detect any instances of an ion being within 1 nm of another ion
that was permeating the pore. Transition events appear to be independent and separated
in time by at least 0.5 ns for large applied fields (> 200 mV/nm), and by about 5 ns
for applied fields of order 50 mV/nm. Because we observe no significant ion-ion coupling
during the permeation events, the use of coupling-free models to estimate the current-voltage

dependence appears warranted here.

-2 -1 0 1 2 0 50 100 150 200
Z,nm E, mV/nm

Figure 7: (a) Ion’s electrochemical potential for various magnitudes of the applied field
shown in the legend in mV /nm; (b) Comparison between currents obtained from MD sim-
ulations (blue squares) and the solution of 1D PNP equation (8) shown by pink shaded
circles.

One such model is based on the 1-D Nernst-Planck (NP) theory,4%5° according to which
the current of a single conducting species (e.g., KT) through the pore is determined by the

concentration gradient (72(Z)) and the sum of the electrostatic potential (¢) and the PMF
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(WPME) across the pore in dimensional units?6

J=-D (dZ—;Z) + %% (zegg(z) + WPMF(z))) . (6)
Here, 7 is the number concentration of K* ions normalised by the bulk concentration, ¢ =
pUp and WEMF — WPMEL,  where Up = kpT/e and 2 = z d where d is the distance
between left and right boundaries.

We note that when an external field is applied, the resulting effective total potential
within the conventional approach is assumed to be the sum of the external electric potential,
single-ion PMF, and other terms, which account for the long-range electrostatic interactions
in the inhomogeneous dielectric environment.*®4? Such an approximation can be used for
zeroth-order estimation of the current-voltage relations in our system, as we now discuss.
To further simplify the estimations for consistency with this zeroth-order approximation,
we assume that, within the channel, the dielectric environment is homogeneous and the
corresponding effective dielectric permittivity is €* ~ 3, as mentioned earlier in the Fig. 6
caption and the associated discussion. Approximating the potential profile as a sum of the
equilibrium PMF obtained from MD simulations (Fig. 4 (a)) and the corresponding voltage

drop due to the external field, we have
Y(2) = zeg(2) + WY (2), (7)

where the voltage drop was calculated using the built-in utilities of the GROMACS package.
The resulting electrochemical potential is shown in Fig. 7 (a).

By integrating the NP equation along z, one arrives at:4°

A(R)ePRI/KT _ (L) D)/T

I =—z2eDS, -
11 [E e

(8)

Tonic currents estimated using Eq. (8) are compared with the results of MD simulations in

18



Fig. 7 (b). We can see that the simplified picture of the electrochemical potential (8) can
capture a number of important features of the problem. In particular, the central barrier is
decreasing while the new potential minimum appears at location -0.75 nm. As a result, the
NP model allows us to reproduce the initial activation-type increase of the current-voltage
curve as illustrated in the Fig. 7 (b). However, the simple NP model does not capture the
deviation from the activation regime of the current-voltage curve observed for applied field
> 70 mV/nm. In addition, it does not explain the transition of the MPEP discussed in
Subsection 3.2 to the new location, because the old location at ~ —0.135 nm remains the
deepest minimum on the left side of the membrane. This demonstrates the fundamental
inaccuracy of NP-based calculations using an artificially perturbed equilibrium PMF (Fig.
Fig. 7 (a)). Therefore, understanding the physical origin of the non-perturbative nature of a
realistic PMF under an external field is critically important. We will now show that further
insight into phenomena affecting the energetics and transport can be gained by analysing

the field-dependent dehydration and asymmetry of the hydration shells around the ion.

5 Asymmetry of hydration shells and field-induced bar-
rier

We now consider two phenomena that accompany ionic transitions through the pore under an
external field: the field-induced changes of the average number of water molecules surround-
ing the permeating ion; and the field-induced asymmetry of the corresponding hydration
shells, including those away from the immediate vicinity of the pores. Both phenomena will
be shown to induce an increase in the transition barrier. We discuss this in detail and
estimate the corresponding field-induced transition barriers.

We perform the analysis in two steps. First, we present the results showing the field-
induced asymmetry of the hydration shells. Next, we calculate the forces acting upon ions

within the asymmetric shells and estimate the resultant contribution to the transition bar-
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rier. Finally, we show that the observed current-voltage relationship and the changes in the

corresponding MPEPs are consistent with these field-induced effects.

5.1 Ions/water layering and symmetry

The effect of external bias on an ion’s passage through a subnanoscale pore is multi-faceted.
In addition to the first-order influence of the field on the ions’ dynamics discussed above,
the electrical bias also modifies water layering, electric double-layers, and the structure of
the hydration shells in and near the pore. These effects are in addition to the field-induced
concentration gradients and asymmetric charge accumulation at the two membrane surfaces.

Here we consider the field-dependent layered structures that form near the membrane
surfaces and affect ion transport. Predicting these structures is a nontrivial problem, espe-
cially in the presence of charged or dipolar pores. An example of the distribution of the
water oxygens near the pore is shown in Fig. 8 (a). Water layering is evident, consistent
with earlier findings.**® We also observe that these layers are fragmented near the pores,

with islands of increased oxygen density likely near the positively charged carbon atoms in
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Figure 8: (a) Calculated distribution of water oxygens in the zz-plane for an unbiased
system (left) and with an externally-applied field of 200 mV /nm (right). (b) Potassium ion
distribution near the pore for two different applied electrostatic fields: 0 mV /nm (left) and
200 mV/nm (right). The white circles indicate the location of the 1st hydration shell centred
around the peak in the island of ions distributed below the pore.
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CsN. When an external electrostatic field is applied, the peak of the oxygen distribution in
the island directly below the pore increases significantly (note the different intensity scales in
the left and right panes of Fig. 8 (a)), while the similar peak on the opposite site decreases.
These changes are strongly correlated with the distribution of K* ions near the pore, as can
be seen by comparing Figs. 8 (a) and (b).

For K™ ions, similar islands of symmetric high concentration above and below the pore
can be observed in both distributions for the unbiased system. The peaks above the pores
almost completely disappear under a high applied field. It can further be noticed that the
positions of the three peaks in the oxygen distribution coincide with the location of the
15t hydration shell of ions confined at the island below the pore. The symmetry of this
distribution is broken once again under external bias. It is expected (and confirmed by MD
simulations, as discussed in the next section) that the broken symmetry of the water and

ion distributions will also result in a strong asymmetry of the hydration shells with respect

to the membrane plane.
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Figure 9: MD-simulated distributions of K™ (grey bars) and Cl~ (blue bars) ions in z-
direction (a,d); number of oxygen atoms in the 1st (b,e) and 2nd (c,f) hydration shells of

potassium (grey bars) and chloride (blue bars) or applied field (a) 25 mV/nm and (b) 200
mV/nm.
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5.2 Field-induced dehydration

In addition to the simple geometry-based estimates provided in Subsection 4.3, in particular
Eq. (5), the dehydration barrier can also be estimated by the use of MD simulations, which
enable tracking of the time-dependent changes of the water environment of K* ions as they
traverse the pores. The results of such a calculation are shown in Fig. 9 for two different
values of the applied field. As shown in the figure, when an ion is approaching the pore, the
1% hydration shell can lose up to 50 % of its water, while the 2"? shell can be reduced by
up to 35 %. We note that these values are consistent with earlier work describing similarly
sized pores.?® The resultant dehydration barrier can then be estimated using an equation

similar to Eq. (5):

AUw(@) = > U} (fus(®) = 1) (9)

where f, ; is the fraction of the water molecules remaining in the shell as a function of
distance from the membrane. Importantly, the results obtained demonstrate that the number

of water molecules in the dehydrated shells depends on the applied field,
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Figure 10: (a) Dehydration energy AU, (x) obtained in MD as a function of position z
for different applied fields shown in the legend in mV/nm. (b) Field dependence of the
dehydration barrier. The squares show the mean value of the barrier for X position between
-0.22 and 0.22 nm. The bars in (b) are the corresponding standard deviations.
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The dehydration barrier is shown in Fig. 5 (b) by a dashed black line. The fluctuations
at the top of the curve are once again attributable to the poor statistics of ions in the
membrane plane. We can see that the estimate of the dehydration barrier based on shell
geometry agrees with that based on the MD-simulated data for zero applied field. We note
that the key advantage of an MD-based barrier estimation is that it can be used in the
presence of an applied electric field. The results of such estimations are shown in Fig 10 (a).
There are two notable features: the dehydration barrier in the presence of bias is slightly
asymmetric with respect to the pore location; additionally, this asymmetry increases as a
function of increasing applied field.

The height of the dehydration barrier also increases with increasing applied field, as shown
in Fig. 10 (b). The large uncertainties correspond to the fluctuations of the barrier height
observed between £0.22 nm. Although not surprising, this observation serves as a reminder
that the assumption of bias-independent barriers in simulations is generally incorrect and all
comparisons between MD-simulated or experimental data and any perturbative analytical
estimates should be made carefully, as the direct comparison is in principle only possible at
zero or low biases. The observed dependence on the applied field of the number of water
molecules in the dehydrated shells, and the corresponding increase in the dehydration barrier,
is relatively weak. Here we call it the weak 1-st mechanism of field-induced dehydration.

At the same time, the physical mechanisms leading to the field dependence deserve a
more detailed discussion, as provided in the next section. We note that the distribution
of water molecules in the hydration shells was assumed to depend only on the number of
water molecules surrounding the ion at any given time, #2426 but this assumption is also
incorrect, as the shape of the hydration shell can contribute to barrier modification and is
generally a function of the applied field. It is worth noting that beyond their effect on the
individual hydration shells large applied fields are expected to modify the solvent-membrane
interactions in general. For instance, as shown in Fig. 11, the system-wide water distribution

is mostly field-independent at the field magnitudes considered. However, field dependence is
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Figure 11: Time-averaged water density within XY-slices as a function of the Z-position of
each slice for various values of applied field. The top-right inset shows the time-averaged
sheet density of water-CoN hydrogen bonds (o). As shown, the membrane is located at Z
= 0 nm.

clearly evident at the membrane-water interface below the membrane (Z ~ —0.25 nm; see
also the top-left inset). This field-dependent water packing at one of the membrane-water
interfaces is accompanied by field-dependent hydrogen bond formation between the solvent
and the membrane, As shown in the top-right inset of Fiig. 11, the corresponding sheet density
of water-CoN hydrogen bonds oy, increases with increasing applied field. Overall, such field-
dependent solvent ordering can further contribute to the field dependence of dehydration
barriers. Although relatively weak from the energetic standpoint, the observed effect is
another example of bias dependence beyond the assumption of infinitesimal perturbation.
In bulk solution, the hydration shells are usually symmetric, and the corresponding aver-

age force that they exert on the ions is zero, corresponding to bulk diffusion. Close to pores
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however, in absence of any external bias, this symmetry is briefly broken during permeation.
Near the pore, in the presence of an external field, the symmetry with respect to the mem-
brane plane is broken and the barrier is determined, not only by the total number of water
molecules in the hydration shell, but also by their distribution around the ion on either side
of the membrane. In the limiting case of a large externally applied field and an ion located
in the pore plane, the orientations of water molecules on either side of the membrane are
asymmetric. A possible contribution to the local asymmetry at high fields may also arise
from the quasi-ballistic motion of ions through pores i.e. a purely dynamical effect arising
from the finitely compressible shell surrounding an ion moving along a nearly straight path
with large acceleration. Regardless of any dynamical effects, it is clear that an asymmetric
shell will exert a considerable permeation-opposing force on the ion. We now consider these

field-induced asymmetries in greater detail, as well as their effect on the entire system.

5.3 Field-induced asymmetry of hydration shells

To analyse the asymmetry of the hydration shells, we consider distributions of oxygen and
hydrogen atoms in the first two hydration shells of ions approaching and passing through the
pore. To find these distributions, we use (cf. the calculations of the PMF in Subsection 4.1)
disk-shaped bins located on the pore axis at a series of z-distances from the membrane, see
Fig. 12 (a). Next, we detect all ion-water configurations for the KT ions located in each bin.
Finally, for each ion’s position, we track coordinates of all the oxygen and hydrogen ions
located within 1%% and 2"¢ hydration shells as shown in Fig. 12 (b). The number of such
configurations varies from several thousand in the bulk to a few dozen near the pore.

Note that the effect of the system size can be obtained using radial distribution functions
(RDFs)® for symmetrical systems. However, to analyse the asymmetry of hydration shells,
the RDF-based methods have to be substantially extended. " Therefore, a conventional RDF-
based analysis does not provide any additional information as compared with the MD-based

approach adopted in this work.

25



Figure 12: (a) Membrane, shown as a collection of carbon atoms (green) and nitrogen
atoms (blue). The axis of the pore is shown by the vertical line. A disk-shaped bin located
on the pore axis 0.45 nm below the membrane (height 0.1 nm, radius 0.2 nm) is shown by
transparent faces shaded cyan. (b) Snapshot of hydration shells and water molecules around
a KT ion located inside the sampling bin. Colour code: K* ion (brown), oxygen atoms
in the 1-st shell (red), oxygen atoms in the 2-nd shell (pink), hydrogen atoms in the 1-st
shell (white), hydrogen atoms in the 2-nd shell (gray). The transparent spheres show the
effective boundaries of the hydration shells with radii <0.19 nm (gray), between 0.19 and
0.38 nm (yellow), between 0.38 and 0.62 nm (green).

The radii of the shells are given above in Sec. 4.3. Each distribution was obtained from an
800-ns-long simulation, during which we averaged the coordinates of all oxygen and hydrogen
atoms within the two first shells for an ion located in a cylinder of height 0.1 nm and radius
0.2 nm. Examples of such distributions for a cylinder located 0.25 nm above the pore are
shown in Fig. 13.

In Figs. 13 and 14, it can be observed that the hydration shells of ions passing through
the pore at non-zero applied field are generally asymmetric. This asymmetry depends on
the distance to the pore and is an increasing function of the applied field. As mentioned
earlier, the resulting asymmetric charge distribution, in addition to the dynamic effects,
should induce transport-opposing Coulomb forces.

In particular, if we consider the distributions of oxygen and hydrogen atoms in the 1%
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Figure 13: (Top line) Distribution of the oxygen (blue) and hydrogen (red) atoms in the
X Z-plane for zero applied field (a) and 200 mV /nm (b). The distance of the ion from the
membrane is 0.25 nm. (bottom line) The same distributions for an ion in the plane of the
membrane for applied fields: (¢) 0 V and (d) 400 mV /nm.

and 2"¢ hydration shells in Figs. 13 (b), we see that the water oxygens are located closer
to the ion, predominantly in an asymmetric manner. It is therefore clear that this is a case
where the averaged force will indeed oppose transport, readily contributing to the transition
barriers and further increasing with increasing bias. For example, we note that for E,,, =
200 mV /nm, all oxygen atoms in the 1-st hydration shell are located on one side of the ion.
Similar changes can be observed for an ion located in the membrane plane, as shown from a
different angle in Fig. 13 (c¢) and (d). In this case, the distributions are symmetric for zero

field and become strongly asymmetric under nonzero bias.
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5.4 Field-induced forces opposing ion transport

To estimate the electrostatic forces acting on the ion due to asymmetry of the hydration
shells, and hence the resultant changes in the energy barriers, we find the charge distribution
in the hydration shells as a function of the ion’s distance from the pore. To do so, we select a
cube with 2.0 nm side, centred at the ion location, and split the corresponding cubic volume
using a 51 x51x51 mesh. With the TIP4 model, oxygen atoms are each assigned a charge of
-1.04q, while hydrogen charges are 0.52¢q. The total charge of each mesh volume is the sum
of the probability of finding an oxygen atom, plus the probability of finding a hydrogen atom
within this volume, weighted by the corresponding charges. For example, the probability of

finding oxygen atoms is shown in Fig. 14.
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Figure 14: Oxygen atom distribution around a potassium ion shifted along the pore axis in
the z-direction by 0.75 nm. Carbon and nitrogen atoms in the CoN membrane are shown by
the blue and black colours respectively. The potassium ion is shaded by the silver colour.

Here, the ion (silver sphere in the centre of the cube) is located 0.75 nm above the pore.
The pore is embedded into the CosN membrane with carbon and nitrogen atoms shown as

blue and black spheres, respectively. It can be seen in the figure that the 1% hydration shell
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(light circle around the ion) remains almost intact. Although the 2" shell is nearly intact
in the upper hemisphere, it becomes fragmented in the vicinity of the pore below the ion.

By superimposing this distribution upon the probability of finding hydrogen atoms weighted
with 0.52¢, we obtain the distribution of the total charge in two hydration shells of the ion.
The evolution of these charge distributions as a function of the ion’s distance from the pore
is shown in Fig, 15. From Fig. 15(a) we see that at large distance from the pore two nearly
intact charged rings (negative and positive shown as red and white, respectively) surround
the ion as expected.?* When the ion approaches the pore, the charge distribution around the
ion becomes strongly asymmetric/fragmented, leading to a rapidly increasing field-induced
electrostatic force. The maximum force corresponds to the maximum asymmetry and arises

at positions about £0.25 nm from the pore. The resultant Coulomb force was calculated as

1 GionQuox

Tij 10

47'('606* — |Tijk‘3 k.2 ( )
4,5,k

FCoul =

where |7 is the distance between ion and the voxel with indices 4, j, k and the summation
is over all voxels, and ¢;,, and g,., are the ionin and voxel charges respectively. Here, we are
interested in the z-component of the force. For consistency, the value of €* in this equation is
taken to be the same as ¢, = 3 in Eq. (4). We note once again that this is a crude approxi-
mation, and that a more accurate calculation of the values of effective dielectric permittivity
€*(r) in confinement is required. Moreover, the effects of shell asymmetry may indeed intro-
duce a second-order asymmetry in the distribution of the local dielectric permittivity itself,
further contributing to the z-component of the resulting force.

The z-component of the force as a function of applied field is shown in Fig. 16 (a). As
expected, the force decreases to near-zero at a considerable distance away from the pore due
to the symmetry of nearly intact hydration shells. The maximum shift in the force due to
external bias is estimated at ~0.1 nN between the unbiased case and a field of ~ 200mV /nm.
To estimate the corresponding changes in the energy barrier, we integrate the force (10) along

the z-coordinate. The result, shown in Fig. 16 (b), clearly demonstrates the field-induced
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Figure 15: Charge distribution around a potassium ion at different z-positions along the
pore axis: (a) z = 0.9 nm; (b) 0.5 nm; (c¢) 0.3 nm; (d) 0.2 nm; (e) 0.1 nm; and (f) 0 nm.
Carbon and nitrogen atoms in the C2N membrane are shown by the blue and black colours
correspondingly. The potassium ion is shaded by the silver colour.

increase of the central barrier in the amount of ~7 kJ/mol, in agreement with the results
in Fig. 10. One can also see the emergence and deepening of a local minimum in the quasi-
potential®® located at ~ -0.75 nm, which is also in agreement with the data shown for AU,,(x)
in Fig. 10 (left).

We note that the asymmetry-induced barrier enables one to reveal an additional feature
that is missing in the local minimum in AU, (x). Namely, one can clearly see in Fig. 16

(b) that the local minimum located at ~ -0.3 nm becomes shallow and disappears when
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the applied field is large enough. The change in location of this local minimum from ~ -0.3
nm to ~ -0.75 nm with increasing field is presumably what underlies the switch of the
optimal path between the two routes observed in Fig. 2. The discussed in this section field
induced dehydration is relatively strong (cf 1-st mechanism discussed in Sec. 5.2) and we

call it 2-nd mechanism of the field-induced dehydration.

5.5 Mechanisms of field-induced modifications of barriers

We have identified two mechanisms underlying the field-induced barrier that opposes the
conduction of ions through the pore. The first mechanism discussed in Sec. 5.2 is relatively
weak and corresponds to the dependence of the ion’s dehydration in the pore on the applied
field, i.e., because the number of water molecules in the 1st shell is reduced when the field
is increased. For example, the value of the barrier is increased by ~ 2kT for an applied field
of 200 mV/nm. The second mechanism described in this section is considerably stronger
and corresponds to the field-induced asymmetry of the oxygen distribution in the first two
hydration shells. The corresponding barrier increase is ~ TkT for an applied field of 200
mV /nm.

Note that we only considered here electrostatic interactions of the permeating ion with
the hydration shell determined by Eq. (10), while asymmetry of the shell also affects the
ion’s electrostatic interaction with charged atoms on the rim and the Lennard-Jones inter-
action with the shell and rim atoms. Importantly, it is exactly field-induced changes in the
ion’s electrostatic interaction with the asymmetric shell that, together with the field-induced
dehydration (see Sec. 5.2), comprise the two mechanisms that oppose an increasing cur-
rent through the pore with rising applied field. In a sense the field-induced asymmetry and
dehydration of the shells of the permeating ion represent the effect of dielectric medium
polarisation near the membrane.

We propose that the increased dehydration cost is associated with the field-induced asym-

metry of the shells. Note that the force estimates shown in Fig. 16 (a) are close to our earlier
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Figure 16: Coulomb force (a) and the energy barrier (b) due to the charge distribution
around a potassium ion obtained in MD for various magnitudes of applied fields shown in
the legends in mV/nm

estimates of the maximal total electrostatic force experienced by an ion near a graphene
nanopore,4” of 0.35 nN per particle. It is also worth noting that the field-induced asymme-
try of the hydration shells may be strongly correlated with the local polarisation of water
molecules under the incident field, as discussed earlier.#! The two mechanisms leading to
field-induced barrier changes oppose the original bias field and consequently limit transport,
providing yet another example of solvent screening at the nanoscale. Interestingly, field-
induced asymmetry of hydration shells along the z-direction may be combined with in-plane
manipulation of shells induced by directed membrane strains,®® potentially yielding a path
toward hybrid mechano-electric gating.

The latter phenomena partially compensate for the decrease of the electrochemical bar-
rier, as discussed in Subsection 4.4. We therefore attribute the deviation of the I — V' curve
predicted by. (8) from the MD simulation to the field-induced asymmetries and field-induced
changes in the dehydration barriers. We note that the changes in the hydration shells to
oppose the effect of the applied field on the ion transport are consistent with the general
statement of Le Chatelier’s Principle. In our case, if a dynamic equilibrium is disturbed by

an external bias, the position of the new quasi-equilibrium is such that the effect of the bias
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is reduced.

The asymmetry of the shells also reveals the relationship between the ion’s dehydration
and the electrostatic interaction with the charged pore. Such an interrelation, often neglected
within the conventional approach (see Ref.?* and (4) in Sec. 4), comes into play due to the
asymmetry-induced strong dependence of the local effective dielectric permittivity €* on the
ion’s distance from the membrane.*:% This dependence (also evident from the estimates of
¢* shown in the inset of Fig. 6) strongly affects the local electrostatic interaction of the ion
with the pore. In turn, the latter interaction modifies the orientations*' and distribution of
the water molecules in the shells. We emphasise that induced asymmetry of the hydration
shells appears to be a generic feature of nanopores whose dimensions are comparable with
the diameter of the hydrated ion: understanding and tuning these effects paves the way to

controlling permeation in such nanopores.

6 Summary and conclusions

It is common for particle-based simulations and experiments to be compared with analytic
theories that are only applicable close to equilibrium, or that assume material continuity in
the vicinity of the pore. Strictly speaking, such comparisons are valid only for systems in-
volving wide pores and subject to infinitely small bias, electrical or otherwise. This routinely
results in difficulties in the interpretation of the simulated and experimental data. The nature
of systems under non-zero and large applied biases, is far from being well-understood. In this
article we have therefore investigated the specific effects of applied fields on ionic transport
through sub-nm pores. The results obtained above are not specific to the ultrahigh-pore-
density membrane (CyN) considered and are, in fact, applicable to subnanoscale pores in
various 2D membranes quite generally, regardless of the pore spacing.

We identified field-induced changes in the ions’ escape paths and demonstrated that these

changes are closely associated with field-induced shifting of transport barriers in the vicinity
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of the pores. To further analyse these effects, we considered the distributions of ions and
water molecules near the pores and the structure of the hydration shells around the ions
passing through the pore, as a function of applied field. We showed that both the EDL and
water layers become strongly asymmetric in response to the external field. In particular, the
individual hydration shells of the ions exhibited a similar asymmetry.

We demonstrated two transport-opposing mechanisms arising from bias-induced changes
in the hydration shells. The first mechanism is relatively weak and corresponds to an overall
decrease of water numbers, caused by the field. The second mechanism is considerably
stronger and corresponds to field-induced asymmetry in the ions’ first two hydration shells.
The corresponding changes in the permeation barrier were estimated and shown to partially
compensate for the effect of the applied field, essentially presenting yet another manifestation
of local screening at the nanoscale. The latter effect was also observed in the MD-simulated
current-voltage curves compared to numerical solutions of the corresponding 1D Nernst-
Plank (NP) equation. It was shown that the NP model agreed well with —V curves obtained
in the MD simulations for lower biases. At larger fields, the discrepancies between the
simulated currents and currents from the NP-based model increase, as expected, highlighting

the need for robust field-dependent corrections to the corresponding energy barriers.

Acknowledgement

The authors thank D. Riccardi for stimulating discussions. A.S. gratefully acknowledges
support from the Materials Genome Initiative. The work was funded by a PhD Scholarship
from the Faculty of Science and Technology of Lancaster University, the Engineering and
Physical Sciences Research Council (grants EP/M016889/1 and EP/M015831/1), and by a
Leverhulme Trust Research Project Grant RPG-2017-134.

34



References

(1) Edel, J. Engineered Nanopores for Bioanalytical Applications; William Andrew Elsevier
Science distributor: Norwich, N.Y. Oxford, 2013.

(2) Danda, G.; Drndi¢, M. Two-dimensional nanopores and nanoporous membranes for ion

and molecule transport. Curr. Opinion Biotech. 2019, 55, 124-133.

(3) Wang, Y.; Chen, K. S.; Mishler, J.; Cho, S. C.; Adroher, X. C. A review of polymer
electrolyte membrane fuel cells: Technology, applications, and needs on fundamental

research. Appl. Energy 2011, 88, 981 — 1007.

(4) Fang, A.; Kroenlein, K.; Riccardi, D.; Smolyanitsky, A. Highly mechanosensitive ion

channels from graphene-embedded crown ethers. Nature Mater. 2018, 18, 76-81.

(5) Fang, A.; Kroenlein, K.; Smolyanitsky, A. Mechanosensitive ion permeation across

subnanoporous MoS; monolayers. J. Phys. Chem. C 2019, 123, 3588-3593.

(6) Epsztein, R.; DuChanois, R. M.; Ritt, C. L.; Noy, A.; Elimelech, M. Towards single-
species selectivity of membranes with subnanometre pores. Nature Nanotech. 2020, 15,

426-436.

(7) Hong, T. Z. X.; Dahanayaka, M.; Liu, B.; Law, A. W.-K.; Zhou, K. Zeolitic imidazolate
frameworks as capacitive deionization electrodes for water desalination and Cr(VI)

adsorption: A molecular simulation study. Appl. Surf. Sci. 2021, 56, 149080.

(8) Dahanayaka, M.; Liu, B.; Hu, Z.; Pei, Q.-X.; Chen, Z.; Law, A. W.-K.; Zhou, K.
Graphene membranes with nanoslits for seawater desalination via forward osmosis.

Phys. Chem. Chem. Phys. 2017, 19, 30551-30561.

(9) Luan, B.; Stolovitzky, G.; Martyna, G. Slowing and controlling the translocation of

DNA in a solid-state nanopore. Nanoscale 2012, 4, 1068-1077.

35



(10) Heerema, S. J.; Dekker, C. Graphene nanodevices for DNA sequencing. Nature Nan-

otech. 2016, 11, 127-136.

(11) Paulechka, E.; Wassenaar, T. A.; Kroenlein, K.; Kazakov, A.; Smolyanitsky, A.
Nucleobase-functionalized graphene nanoribbons for accurate high-speed DNA sequenc-

ing. Nanoscale 2016, 8, 1861-1867.

(12) Smolyanitsky, A.; Yakobson, B. I.; Wassenaar, T. A.; Paulechka, E.; Kroenlein, K. A
MoS,-based capacitive displacement sensor for DNA sequencing. ACS Nano 2016, 10,
9009-9016.

(13) Arjmandi-Tash, H.; Belyaeva, L. A.; Schneider, G. F. Single molecule detection with
graphene and other two-dimensional materials: nanopores and beyond. Chem. Soc.

Rev. 2016, /5, 476-493.

(14) Graf, M.; Lihter, M.; Altus, D.; Marion, S.; Radenovic, A. Transverse detection of DNA

using a MoSs; nanopore. Nano Lett. 2019, 19, 9075-9083.

(15) Macha, M.; Marion, S.; Nandigana, V. V. R.; Radenovic, A. 2D materials as an emerging

platform for nanopore-based power generation. Nat. Rev. Mater. 2019, 4, 588-605.

(16) Tagliazucchi, M.; Szleifer, I. Transport mechanisms in nanopores and nanochannels:

can we mimic nature? Mater. Today 2015, 18, 131-142.

(17) McEldrew, M.; Goodwin, Z. A. H.; Kornyshev, A. A.; Bazant, M. Z. Theory of the

double layer in water-in-salt electrolytes. J. Phys. Chem. Lett. 2018, 9, 5840-5846.

(18) Sahu, S.; Di Ventra, M.; Zwolak, M. Dehydration as a universal mechanism for ion
selectivity in graphene and other atomically thin pores. Nano Lett. 2017, 17, 4719-
4724, PMID: 28678508.

(19) Gongadze, E.; Iglic, A. Asymmetric size of ions and orientational ordering of water

36



dipoles in electric double layer model - an analytical mean-field approach. Electrochim.

Acta 2015, 178, 541-545.

(20) Yang, C.; Hinkle, P.; Menestrina, J.; Vlassiouk, I. V.; Siwy, Z. S. Polarization of Gold
in Nanopores Leads to lon Current Rectification. J. Phys. Chem. Lett. 2016, 7, 4152—
4158.

(21) De, S.; Rinsha, C.; Joseph, A.; Ben, A.; Krishnapriya, V., et al. Roles of different
amino-acid residues towards binding and selective transport of K+ through KesA K+-

ion channel. Phys. Chem. Chem. Phys. 2018, 20, 17517-17529.
(22) Hall, J. E. Access resistance of a small circular pore. J. Gen. Physiol. 1975, 66, 531-532.

(23) Mahmood, J.; Lee, E. K.; Jung, M.; Shin, D.; Jeon, [.-Y.; Jung, S.-M.; Choi, H.-
J.; Seo, J.-M.; Bae, S.-Y.; Sohn, S.-D.; Park, N.; Oh, J. H.; Shin, H.-J.; Baek, J.-B.

Nitrogenated holey two-dimensional structures. Nat. Commun. 2015, 6.

(24) Zwolak, M.; Wilson, J.; Ventra, M. D. Dehydration and ionic conductance quantization

in nanopores. J. Phys.: Cond. Matt. 2010, 22, 454126.

(25) Smolyanitsky, A.; Paulechka, E.; Kroenlein, K. Aqueous ion trapping and transport in
graphene-embedded 18-Crown-6 ether pores. ACS Nano 2018, 12, 6677-6684.

(26) Gibby, W. A. T.; Barabash, M. L.; Guardiani, C.; Luchinsky, D. G.; McClintock, P.
V. E. The role of noise in determining selective ionic conduction through nanopores.

2018 IEEE 15th Nanotechnology Materials and Devices Conference (NMDC). 2019.

(27) Xu, B.; Xiang, H.; Wei, Q.; Liu, J. Q.; Xia, Y. D.; Yin, J.; Liu, Z. G. Two-dimensional
graphene-like CoN: an experimentally available porous membrane for hydrogen purifi-

cation. Phys. Chem. Chem. Phys. 2015, 17, 15115-15118.

(28) Yang, Y.; Li, W.; Zhou, H.; Zhang, X.; Zhao, M. Tunable CoN Membrane for High

Efficient Water Desalination. Sci. Rep. 2016, 6.

37



(29)

(30)

(32)

(33)

(37)

Liu, B.; Law, A. W.-K.; Zhou, K. Strained single-layer CosN membrane for efficient
seawater desalination via forward osmosis: A molecular dynamics study. J. Membrane

Sci. 2018, 550, 554-562.

Yu, Y. s.; Huang, L. y.; Lu, X.; Ding, H. m. Ion transport through a nanoporous C2N
membrane: the effect of electric field and layer number. RSC Adv. 2018, 8, 36705—
36711.

Sresht, V.; Govind Rajan, A.; Bordes, E.; Strano, M. S.; Padua, A. A.; Blankschtein, D.
Quantitative modeling of MoSs—solvent interfaces: Predicting contact angles and exfoli-

ation performance using molecular dynamics. J. Phys. Chem. C' 2017, 121, 9022-9031.

Govind Rajan, A.; Strano, M. S.; Blankschtein, D. Ab initio molecular dynamics and
lattice dynamics-based force field for modeling hexagonal boron nitride in mechanical

and interfacial applications. J. Phys. Chem. Lett. 2018, 9, 1584-1591.

Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development and testing of the
OPLS all-atom force field on conformational energetics and properties of organic liquids.

J. Amer. Chem. Soc. 1996, 118, 11225-11236.

Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R. GROMACS: A message-passing
parallel molecular dynamics implementation. Comput. Phys. Commun. 1995, 91, 43—

956.

Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: a package for molecular

simulation and trajectory analysis. J. Mol. Model. 2001, 7, 306-317.

Pall, S.; Abraham, M. J.; Kutzner, C.; Hess, B.; Lindahl, E. Lecture Notes in Computer

Science; Springer International Publishing, 2015; pp 3-27.

Horn, H. W.; Swope, W. C.; Pitera, J. W.; Madura, J. D.; Dick, T. J.; Hura, G. L.;

38



(38)

(39)

(42)

(43)

(44)

(45)

(46)

Head-Gordon, T. Development of an improved four-site water model for biomolecular

simulations: TIP4P-Ew. J. Chem. Phys. 2004, 120, 9665-9678.

Abascal, J. L. F.; Sanz, E.; Garcia Fernandez, R.; Vega, C. A potential model for the
study of ices and amorphous water: TIP4P /Ice. J. Chem. Phys. 2005, 122, 234511.

Dykman, M. I.; Luchinsky, D. G.; McClintock, P. V. E.; Smelyanskiy, V. N. Corrals
and critical behavior of the distribution of fluctuational paths. Phys. Rev. Lett. 1996,

77, 5229-5232.

Luchinsky, D. G.; McClintock, P. V. E. Irreversibility of classical fluctuations studied

in analogue electrical circuits. Nature 1997, 389, 463-466.

Guardiani, C.; Barabash, M. L.; Gibby, W. A. T.; Luchinsky, D. G.; Khovanov, 1. A.;
McClintock, P. V. E. In Proceedings of the 25th International Conference on Noise and
Fluctuations (ICNF); Enz, C., Pascal, F., Eds.; ICNF, 2019.

Dykman, M. I.; McClintock, P. V. E.; Smelyanski, V. N.; Stein, N. D.; Stocks, N. G.
Optimal paths and the prehistory problem for large fluctuations in noise-driven systems.

Phys. Rev. Lett. 1992, 68, 2718-2721.

Khovanov, I. A.; Luchinsky, D. G.; McClintock, P. V. E.; Silchenko, A. N. Fluctuational
escape from chaotic attractors in multistable systems. Intern. J. Bifurc. Chaos 2008,

18, 1727-17309.

Pietrucci, F. Strategies for the exploration of free energy landscapes: Unity in diversity

and challenges ahead. Rev. Phys. 2017, 2, 32-45.
Roux, B. Computational Biochemistry and Biophysics; CRC Press, 2001.

Luchinsky, D. G.; Tindjong, R.; Kaufman, I.; McClintock, P. V. E.; Eisenberg, R. S.
Charge fluctuations and their effect on conduction in biological ion channels. J. Stat.

Mech.: Theor. and Exp. 2009, 2009, P01010.

39



(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

Guardiani, C.; Gibby, W. A. T.; Barabash, M. L.; Luchinsky, D. G.; McClintock, P.
V. E. Exploring the pore charge dependence of KT and Cl- permeation across a graphene

monolayer: a molecular dynamics study. RSC Adv. 2019, 9, 20402—-20414.

Gillespie, D.; Nonner, W.; Eisenberg, R. S. Coupling Poisson Nernst Planck and density

functional theory to calculate ion flux. J. Phys.: Cond. Matt. 2002, 14, 12129-12145.

Cheng, M. H.; Coalson, R. D.; Tang, P. Molecular dynamics and Brownian dynamics
investigation of ion permeation and anesthetic halothane effects on a proton-gated ion

channel. J. Amer. Chem. Soc. 2010, 132, 16442-16449.

Hub, J. S.; de Groot, B. L.; van der Spoel, D. g wham—A free weighted histogram
analysis implementation including robust error and autocorrelation estimates. J. Chem.

Theor. Comput. 2010, 6, 3713-3720.

Roux, B. The calculation of the potential of mean force using computer simulations.

Comput. Phys. Commun. 1995, 91, 275-282.

Zwolak, M.; Lagerqvist, J.; Di Ventra, M. Quantized Ionic Conductance in Nanopores.

Phys. Rev. Lett. 2009, 103, 128102.

Abrashkin, A.; Andelman, D.; Orland, H. Dipolar Poisson-Boltzmann equation: Ions
and dipoles close to charge interfaces. Phys. Rev. Lett. 2007, 99, 077801.

Aksimentiev, A.; Heng, J. B.; Timp, G.; Schulten, K. Microscopic kinetics of DNA

translocation through synthetic nanopores. Biophys. J. 2004, 87, 2086-2097.

Eisenberg, R. S.; Klosek, M. M.; Schuss, Z. Diffusion as a chemical reaction: Stochastic

trajectories between fixed concentrations. J. Chem. Phys. 1995, 102, 1767-1780.

Chen, S.; Draude, A. P.; Nie, A. X. C.; Fang, H. P.; Walet, N. R.; Gao, S.; Li, J. C. Effect
of layered water structures on the anomalous transport through nanoscale graphene

channels. J. Phys. Commun. 2018, 2, 085015.

40



(57) Barabash, M.; Gibby, W. A. T.; Smolyanitsky, A.; Guardiani, C.; Luchinsky, D. G;
McClintock, P. V. E. Origin and control of ionic hydration patterns in nanopores.

Communication Material 2020, accepted.

(58) Freidlin, M. I.; Wentzell, A. D. Random Perturbations of Dynamical Systems; Springer
US, 1984.

(59) Smolyanitsky, A.; Fang, A.; Kazakov, A. F.; Paulechka, E. Ton transport across solid-

state ion channels perturbed by directed strain. Nanoscale 2020, 12, 10328-10334.

(60) Ghoufi, A.; Szymczyk, A.; Renou, R.; Ding, M. Calculation of local dielectric permit-
tivity of confined liquids from spatial dipolar correlations. EPL (Europhys. Lett.) 2012,
99, 37008.

41



Graphical TOC Entry

probability

position

We study electrostatically-driven potassium ion
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branes. By analyzing the permeating ions’ trajec-
tories and their hydration shells, we find that the
field induces an asymmetry of the hydration shells.
This strongly influences the shape of the potential
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field-induced barrier.
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