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Abstract: Solid-state nanopores have emerged as versatile devices for probing single molecules. Because the
channel conductance of the ionic flow through nanopores scales inversely with the membrane thickness, few-atoms
thick materials are ideal candidates with an expected high signal-to-noise ratio. On one hand, graphene nanopores
have been extensively studied because they exhibit the highest signal. However, they also exhibit high noise. On the
other hand, transition metal dichalcogenides such as molybdenum disulfide (MoS5) are potentially advantageous
due to their rich optoelectronic and mechanical properties. In this paper, we investigate the dynamics of KCI ions
through MoS, nanopores using non-equilibrium molecular dynamics (MD) simulations. MoS2 nanopores with
different diameters, from 1.0 to 3.0 nm and nanoporous membranes with different thicknesses, from single-layer
to trilayers MoSs are studied. The structural properties of ions and water inside MoS» nanopores are discussed and
the performance of MoSy nanopores to conduct ions at low voltages is quantified by computing I-V curves in order
to extract open pore conductance and by comparing MD data to analytical models. This comparison reveals that
ionic conductance and effective geometrical parameters for MoSy nanoporous membranes extracted from models
are overestimated. We provide open pore benchmark signals for further translocation simulations/experiments
using MoSs nanopores.

Key—Words: nanopores, MoSo, MD simulations, open pore conductance, bulk conductivity, effective diameter,
effective thickness

1 Introduction nanopore is obstructed by a translocating molecule,
also called translocation conductance. Therefore,
increasing AG and decreasing the signal noise yield
a higher signal-to-noise ratio (SNR). Thus, assuming
constant noise, increasing AG improves the
performance of nanopore devices.  Hence, the
magnitude and statistical properties of AG provide
good metrics for the nanopore sensing capability [4].

Solid-state nanopores (SSN), which are typically
synthesized using stimuli-responsive materials as the
body component, arise as sensor for the detection of
single molecules [1]. One of the highest-profile
applications of SSN is DNA sequencing, as they hold
the potential to do that faster and cheaper than
current industrial standards [2]. SSN sequencing is

based on experimental measurement of the variations For instance, if the molecule translocating
in ionic current as the molecules translocate through through a SSN is characterized by the same size as
nanometer-sized channels when an external voltage is the pore dimension, for instance a double strand
applied across the membrane. As charged molecules DNA molecule translocating in a SSN of diameter
in ionic solution pass through nanopores, they D ~ 2.2 nm, the theoretical conductance drop is
displace ions from the pore volume. Therefore, equal to the open pore conductance, AG = Gq. In
ultrafast monitoring of ion flow [3] during the order to fabricate DNA sequencing devices with a
passage of a particle through SSN yields information high-resolution recognition and detection of DNA
about the particle structure and chemical properties. bases, the diameter of the nanopore must be of the
Precisely, SSN detect the presence of individual same order of magnitude as that of the molecule to be
molecules via a change in ionic conductance AG. detected. SSN are characterized by two parameters:
AG represents a drop in ionic conductance, such as the diameter of the pore D and the thickness of the
AG = Gy — G, where Gq is the open pore membrane h. These two parameters can be easily
conductance and G, is the conductance when the characterized in all-atom simulations compared to

E-ISSN: 2224-266X 35 Volume 16, 2017



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

experiments where they are usually estimated and
named effective parameters. Since the diameter of the
pore is chosen according to the size of the molecule
that is probed, the thickness h is the controllable
parameter. Therefore, nanopores drilled in solid-state
thin films improve significantly the signal for
molecule detection because the conductance of the
ionic flow through SSN scales inversely with the
nanoporous membrane thickness [5]. It follows that
both the magnitudes of the open pore current Gy and
of the blockade current (,, increase with the
decreasing thickness of the film.

Based on the above discussion, ultra-thin
membranes are thus ideal candidates for
single-molecule sequencing with a high SNR. Over
the past decade, stable nanomaterials have enabled
the investigation of advanced thin-film nanopores, in
which single-residue discrimination should be
possible and has already been done using biological
nanopores [8]. For example, graphene nanopores
have emerged as ideal candidates due to the fact they
exhibit the highest signal (one-atom thick layer). In
particular, experiments on DNA translocation
through single-layer graphene nanopores have been
successfully performed in 2010 by three independent
groups [9-11].  However, the high noise that
characterizes graphene nanopores experimentally
have made them poor devices [12], leading to a SNR
around 3.5. Furthermore, efforts to fabricate
nanoporous membranes including thinning silicon
nitride (SiN,) films can be an alternative path but
drilling a nanometer-sized pore with reactive-ion
etching [6, 7] or using an electron beam [4] is very
sensitive to the mechanical strength of such
thin-films. For instance, in a previous work on
amorphous silicon (a-Si) membranes, we showed that
the thickness limit lies at about 1.0 nm [4]. In parallel
to experiments, molecular dynamics (MD)
simulations were also performed to study the
performances of solid-state nanopores for DNA
translocation through ionic current
measurements [13]. In particular, graphene
nanopores have been extensively studied [14-16].

New two-dimensional (2-D) materials in which
nanopores can be drilled experimentally with a high
reproducibility are therefore needed.
Transition-metal dichalcogenides (TMD) are a class
of 2-D materials in the form of MeXy; (Me =
transition metal such as Mo, W, Ti, Nb, etc. and X =
S, Se, or Te), which are potentially advantageous for
SSN applications due to their rich optoelectronic and
mechanical properties [17]. Structurally, one layer of
Me atoms is sandwiched between two layers of X
atoms and TMD bulk crystals are formed of
monolayers bound to each other by van der Waals
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(vdW) attraction (Figure 1a). In addition,
encouraging experimental results on MoSy nanopores
published in 2014 indicate improved signal-to-noise
ratio (SNR > 10) [18], ease of DNA translocation,
and no special surface treatment requirement.
However, the diameters of the nanopores studied in
this early work were too large for DNA sequencing
(from 5 to 20 nm). Since then, only one
computational study has been carried out on DNA
base detection using a single-layer MoS, [19].

In the present paper, we focus on the open pore
conductance of a 1M KCI ionic solution through
MoS; nanoporous membranes using classical MD
simulations. SSN with diameters ranging from 1.0 to
3.0 nm are studied here. The characteristics of SSN
with a diameter D = 2.0 nm made of single-layer
(SL), bilayers (BL) and trilayers (TL) MoSs are also
presented (Figure 1). Current-voltage characteristics
(I-V  curves), water distribution around MoS,
nanoporous membranes and concentration of ions
inside SSN are discussed. Finally, the data extracted
from MD simulations are compared to a theoretical
model commonly wused to characterize ionic
conductance and effective parameters of SSN in
experiments [5, 6], with a combination of access
resistance and pore resistance:

4h

1 1
Do  woD?

—=R= Raccess + Rpore =

e D

where D is the pore diameter, o is the ionic bulk
conductivity, and h is the thickness of the membrane.
The aim of this work is to provide a benchmark of
expected open pore conductances (G and to estimate
ideal conductance drops AG of MoS2 nanopores for
further simulations/experiments. A comparison of
MoS5 with graphene nanopores is also discussed.

2 Materials and Methods
2.1 System Setup

Initially, MoSy layers were constructed using
2-D unit cell lattice vectors @ = (3.13,0,0) and

b = (0,5.42,0). Each rectangular unit cell for MoSy
has 6 atoms, 2 Mo and 4 S atoms. The Mo-S bond
length was taken as dp;,—5 = 2.38 A and the S-S
distance was taken as dg_g = 3.11 A. The unit cell
was replicated in both x and y direction in order to
generate layers of dimension 10 x 10 nm?. For
multiple-layers MoSs membranes, as shown in
Figure 1la, the interlayer spacing was taken as
dis = 3.15 A. MoS, pores were constructed by
removing atoms whose coordinates satisfy
22 + 9% < R?, where D = 2R is the diameter of the
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Figure 1: (a) All-atom structures of the MoS> membranes studied
in the present work. MoS2 membranes are shown in ball and stick
representations with Mo atoms colored in blue and S atoms in yellow.
Single-layer (SL), bilayers (BL) and trilayers (TL) MoS2 are shown
with their respective thicknesses. (b) All-atom structures of the MoS»
nanopores studied in the present work. The color code is the same as
in panel a. (c) Snapshot of MD simulation of ion transport through
a SL-MoS2 nanopore. Nanopore diameter is D = 2.0 nm. Water
molecules are represented by a blue surface. K and C1™ ions are
represented by magenta and green spheres, respectively.

pore and considering the center of the pore at the
origin of the box. The pore diameters that we
considered in this work are 1.0, 1.5, 2.0, 2.5 and 3.0
nm, as shown in Figure 1(b). A Stillinger-Weber
(SW) potential was used during MD simulations to
characterize Mo-S interactions [20].

A MoS3 nanoporous membrane is located at the
center of the simulation box of dimension
Ly xLyxL,=10x10x20 nm?, filled with water
molecules and 1M KCI. It represents more than
62,000 water molecules and more than 2,400 ions.
The non-bonded interactions between MoS,
nanopore, water and ions were described using a
Lennard-Jones (LJ) plus Coulomb potential. The
water model used in the present work is the TIP3P
model [21]. LJ parameters for K* and C1~ ions were
taken from reference [22], where specific parameters
were developed for the water model employed. LJ
parameters for Mo and S atoms were taken from
reference [23], as already used in other works [24].
Lorentz-Berthelot mixing rules were applied to
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compute cross-interactions between the different
species.

For graphene nanopores, the same procedure was
followed using the same dimension for the
nanoporous membranes. 2-D unit cell lattice vectors
are @ = (2.46,0,0) and b = (0,4.26,0). Each
rectangular unit cell for graphene has 4 C atoms. The
C-C bond length was taken as do_¢c = 2.46 A.c-C
interactions during MD simulations were described
using a Tersoff potential [25]. Water model and LJ
parameters for ions are the same as for MoSs.
Finally, LJ parameters for C atoms were taken from
reference [26].

2.2 Non-equilibrium MD simulations

Non-equilibrium MD simulations (NEMD) were
performed using the LAMMPS  software
package [27] employing periodic boundary
conditions in all directions. An external applied
electric field was used to investigate ionic currents
and conductance through MoS; and graphene
nanopores. Before running the MD part, an
equilibration of the system in the NPT ensemble
(T' =300 K and P = 1 bar) without any electric field
was performed during 100 ps to relax the simulation
box and the solvent at the target temperature and
pressure. Relaxation was followed by MD runs of 10
ns carried out in the NVT ensemble using the
velocity-Verlet algorithm [28] with a time step of
1 fs. A Nosé-Hoover thermostat [29, 30] was used to
maintain the temperature at 300 K with a time
constant of 0.1 ps. Particle-particle particle-mesh
method [31] was used to describe long range
electrostatic interactions. A cutoff of 1.0 nm was
applied to LJ and Coulomb potential for non-bonded
interactions. A SHAKE algorithm [32] was used to
constrain the bond lengths and angle of TIP3P water
molecules. Finally, simulations were carried out by
applying a uniform electric field, directed normal to
the nanoporous membrane (z-direction), to all atomic
partial charges in the system. The corresponding
applied potential is V = EL,, where L, is the length
of the simulation box in the z-direction. For each
system presented in Table 1, simulations with V' = 0,
0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5 and 3.0 V were
performed.

2.3 Data Analysis
Ionic current

In order to compute the current-voltage (I — V')
characteristics of MoSs nanopores, we computed the
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total net ionic current I(t) as

N
I(t) = A;L S glat+ A —u()] @)
Z =1

where At is the time between MD frames chosen to
be 10 ps here), L, is the dimension of the simulation
box in the z-direction, which is the direction of the
applied electric field, NV is the total number of ions, g;
is the charge of the ion 7 and z;(t) is the z-coordinate
of the ion ¢ at time ¢. Ionic currents reported later are
computed as the simple moving average of the 10 ns
MD runs. The standard error of the ionic current was
computed using o/ \/F , where N is the number of
frames used for calculating the average current and o
is the standard deviation. Error bars are of the order
of magnitude of 0.2 nS for MoSy nanopores of
diameter D = 2.0 nm with an applied voltage
V= 1.0 V. Therefore, they are not represented in
I — V curves shown in Figure 2.

Normal and in-plane radial distributions of water

In order to estimate the effective thickness and
diameter of the different nanoporous membranes
made of MoS, layers, we computed the radial
distribution of water molecules inside the pore (p
direction) as well as the distribution of water
molecules in the direction normal to the membrane (z
direction here). First, the normal distribution was
computed by counting the number of water
molecules in boxes of dimension L, x L, x Az,
with Az =1 A. Starting from the membrane, the box
was displaced by 0.1 A in the normal direction up to
reaching the top of the simulations box. Second, the
in-plane radial distribution of water was computed
over concentric cylinders with the pore axis. Each
ring is characterized with a height corresponding to
the z-position of the center of the nanopore
+1 A (total height of 2 A) and with a 1 A width from
the inner to the outer boundaries. Starting from the
center of the pore, the inner boundary of each
cylinder was displaced by 0.25 A in the radial
direction, up to reaching the nanopore edge. The
radial and normal distributions reported below were
averaged over the 10 ns MD runs with voltages
0 <V < 1.0V, for a total duration of 40 ns (4 runs).

Radial ionic concentration

In order to investigate the ion distribution inside
the nanopores and particularly near the nanopore
edges, we computed the ion concentration (number
of ions/nm?) as a function of the radial distance p
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from the center of the pore (p = 0) from MD
trajectories. For that purpose, we averaged the ion
concentration over concentric cylinders with the pore
axis. Each ring has a height corresponding to the
effective height of the nanopore h.¢s and a width of
1 A from the inner to the outer boundaries. Starting
from the center of the pore, the inner boundary of
each cylinder was displaced by 0.25 A in the radial
direction, up to reaching the nanopore edge. The
radial ionic concentrations reported below are
average values over positively and negatively charged
ions, for the 10 ns MD runs with voltages
0 <V < 1.0V, for a total duration of 40 ns (4 runs).

3 Results and Discussion

3.1 Current-Voltage characteristics

I — V curves for each system were computed as
explained in section 2 and are presented in Figure 2.
First, I — V curves were only computed from
simulation with positive voltages since nanoporous
membranes made of graphene and MoS, are
symmetric and extremely thin along the normal
direction of the membrane (z-direction). Therefore,
no ionic rectification is observed [33]. However,
negative voltages were tested for one system
(SL-MoSy with D = 2.0 nm) and the absence of
rectification was confirmed (data not shown).

From simulations with V' = 0 to 3.0 V, two types
of regime were detected: a linear regime from 0 to
1.0 V, corresponding to an ohmic behavior of the
nanopore, and a sublinear regime from 1.0 to 3.0 V
(inset Figure 2a). Several interpretations of the
physical meaning of this sublinear behavior of I — V
curves at high voltages are still being debated in the
literature. In particular, permeation of ions through
small confined spaces such as ionic channels has
been considered diffusion-limited. = Recently, in
contrast with the permeation theory, factors such as
ion hydration and their configurational restraint due
to the coordination with water molecules while
crossing the channel, can induce a free-energy barrier
that leads to a saturation of the current I at high
voltages [34]. In the present work, we only focus on
the linear part of the I — V curves since
experimentally, the applied voltages are usually of
magnitude of several hundreds of mV at maximum.
The values of open pore conductance were extracted
from the linear response regime, as the slope of the
I — V characteristics.

By comparing graphene and MoS, nanopores of
diameter D = 2.0 nm, we observed that the slope of
the I — V curves are relatively close, leading to open
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diameter D = 1.0 nm is a critical diameter for MoS»
nanopores since G is around 0.7 nS, whereas
Go =4.3nS for D = 1.5 nm (Table 1). Finally, we
compared open pore conductances G of SL, BL and
TL-MoS,. As shown in panel ¢ of Figure 2, there is a
difference of 2.1 nS between SL and BL-MoSs,
which represents a variation of ~ 30% by increasing
the thickness by a factor 3. However, there is no
significant difference between BL and TL-MoS,
(0.8 nS). It means that TL-MoS5 could be a efficient
alternative to BL-MoSs in terms of open pore
conductances (G and fabrication process since at the
nanoscale, manipulating thicker objects is easier.
Furthermore, it has been shown for graphene that the
noise reduces with layer thickness [12].

3.2 Interfacial interactions of water with
MoS; nanoporous membranes and
effective geometrical parameters

Experimentally, in lieu of using techniques to
measure the geometrical parameters of the
nanoporous membranes (diameter D and thickness
h) that might deteriorate the sample, the measured
G is used to extract the effective pore diameter Dy s
and membrane thickness h.ysy using a cylindrical
model for nanopore conductance [4,5]. Using MD
simulations, effective parameters can also be
extracted and in particular by characterizing the
interfacial interactions between the solvent and the
nanoporous membrane. In fact, the interactions at the
interface between a SSN and the ionic solution made
of water molecules and K and CI~ ions are strongly
influenced by the nature of the 2-D materials and can
be fully described at the atomic level using all-atom
MD simulations.

The interactions between water molecules and
the nanoporous membrane in the normal direction of

Figure 2: Current-voltage I — V' characteristics of nanopores studied the membrane (z-direction, Figure 1) bring
in the present work. Data from O to 1.0 V are shown except inset
of panel a. (a) I — V curves for single-layer graphene (black) and
MoS., (blue) nanopores of diameter D = 2.0 nm. The inset in panel a SSN h he ff D D, ff Go
represents the I — V' curve for MoS2 up to 3.0 V. (b) I — V curves for 1.0 - 0.7
single-layer MoS2 nanopores of diameter D = 1.0 (red), 1.5 (green), 1.5 1.20 4.3
2.0 (blue), 2.5 (magenta) and 3.0 nm (cyan). (c) I — V curves for ) ’ ’
single-layer (blue squares), bilayers (blue circles) and trilayers (blue SL-MoS; 031 096 20 164 8.1
triangles) MoS2 nanopores of diameter D = 2.0 nm. Dashed lines 25 214 125
represent the linear behavior fitted onto the MD data. Open pore 3.0 272 179
conductances G were obtained as the slope of the linear fits. BL-MoS; 094 144 20 1.64 6.0
TL-MoS, 156 2.16 20 164 53
graphene - 074 20 1.72 9.0

pore conductances G of 9.0 and 8.1 nS, respectively.
Despite the fact that MoS4 has a thickness larger than
graphene, it can still be considered as an ultra-thin
membrane. In addition, MD simulations show that a

Table 1: Solid-state nanopores studied in the present work using
NEMD simulations. Diameters D and D.y¢ as well as thicknesses
h and hcyy are given in nm. Conductances G are given in nS.
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information into the modification of the bulk water
properties due to the presence of the membrane. As
explained in section 2, we computed the probability
distribution P(z) to find a water molecule at a certain
normal distance z from the membrane. Figure 3a
shows the results extracted from simulations for a
graphene and a MoSy nanopore of diameter
D = 2.0 nm. From this distribution, we extracted the
effective thickness of the nanoporous membrane,
which represents the minimum thickness from which
the water structure is significantly modified. Our
definition is the following: starting from the surface
of the membrane, P(z) ~ 0, the first value of z
giving the bulk value of P is considered as hcsy/2
(Figure 3a). According to our simulations, the
effective thickness is found to be ~0.74 nm for
graphene and 0.96 nm for MoSs (Table 1). We
performed the same analysis for bilayers and trilayers
MoS, and the effective thicknesses are 1.44 and
2.16 nm, respectively (Table 1). It corresponds to a
factor of ~3 between h and h.ry for SL-MoS,
whereas it is associated with a factor ~ 1.5 for BL
and TL-MoS,. In contrast, the diameter D has no
influence on the structural properties of water in the
normal direction of the membrane (data not shown)
since the surface of the pore (S = 7R? < 10 nm?)
represents a small fraction of the total surface of the
nanoporous membrane (L, X L, = 100 nm?).

We performed the same type of analysis in order
to extract the effective diameter of a SSN from the
water in-plane radial distribution inside the pore.
Figure 3b shows the results extracted from MD
simulations for a graphene and a MoS, nanopore of
diameter D = 2.0 nm. Our definition of the effective
diameter is the following: starting from the center of
the pore which corresponds to the value C(p)g, the
last value of p for which the radial distribution
completely decreases approaching the edges is
considered as R.¢r = Deys/2 (Figure 3b). It leads to
effective diameters D,y values of 1.72 and 1.64 nm
for graphene and MoS,, respectively. Despite this
difference of 0.8 A for the effective diameter
between graphene and MoSs, the profiles of water
concentration are similar in shape with a maximum at
0.80 and 0.75 nm, respectively (Figure 3). The
maximum is located at a larger p for graphene due to
the significant hydrophobicity of the carbon material.
Moreover, the concentration of water at the mouth of
the graphene nanopore is larger than the one at the
mouth of the MoS, nanopore (D = 2.0 nm). These
two properties can be explained by a steric effect due
to the fact that Mo atoms are characterized by a
larger vdW diameter than C atoms. LJ parameters o
of Mo and C atoms are 3.4 and 4.2A, respectively. It
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Figure 3: (a) Probability distribution functions P(z) of water
molecules in the normal direction (z-direction) of the nanoporous
membrane. Graphene is shown in black and SL-MoS3 in blue for
a diameter D = 2.0 nm.(b) In-plane radial distribution C'(p) of
water molecules inside the nanopore. Graphene is shown in black
and SL-MoS- in blue for a diameter D = 2.0 nm. The inset in
panel b corresponds to a schematic representation of the in-plane
calculation. (c) In-plane radial distribution C(p) of water molecules
inside single-layer MoS2 nanopores of diameters D = 1.0 (red), 1.5
(green), 2.0 (blue), 2.5 (magenta) and 3.0 nm (cyan). Dashed lines
represent the value of the effective thicknesses (panel a) and diameters
(panels b and c) extracted from the distributions.

corresponds exactly to the difference of effective
diameters between the two nanopores.

For SSN made of a SL-MoSs and of different

Volume 16, 2017



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

diameters D as shown in Figure 3c, the shape of the
concentration profiles is identical. = The property
which is modified by the increase or decrease of the
diameter D of the nanopore is the length of the
plateau C(p), leading to larger effective diameters
D, for larger diameters D (Table 1). For SL-MoS,,
the ratio D.s¢/D is found to be around 0.8 from MD
simulations. For SSN of diameters D = 2.0 nm and
of different thicknesses h, effective diameters
extracted from the water in-plane radial distribution
are the same as for SL-MoSs (data not shown).

3.3 Concentration of ions in MoS,

nanopores

Using the effective thickness h.yy of graphene
and MoS, membranes, we computed the radial ionic
concentration in cylindrical pores (Figure 4), as
explained in section 2. The advantage of this analysis
is to quantify the effect of the dangling atoms on the
edges of the pore onto the concentration of ions in
MoSs nanopores. As shown in Figure 4b, the radial
concentration of ions inside a MoS2 nanopore of
diameter D = 2.0 nm is characterized by a plateau
starting at p = 0 up to pPyqz, followed by a linear
decrease from pp,q: t0 Reyy, the effective radius of
the nanopore (see section 3.2). The same behavior is
observed for graphene with the same diameter,
except that first, the length of the plateau (pp,qz) 1S
larger than the one observed for MoS,. Second, the
concentration at the center of the pore is larger for
MoSs than for graphene since the volume of the
cylindrical pore is larger (V.,; = 3.0 and 2.3 nm?,
respectively). Third, the decrease of the
concentration is faster for MoSsy nanopores. It comes
from the fact that Mo atoms are characterized by
larger vdW diameters than C atoms, which involves a
larger repulsion.

The same behavior is also observed in MoS,
nanopores of different diameters D, as shown in
Figure 4d. In fact, the length of the plateau is larger
as the diameter increases. In addition, the
concentration of ions at the center of the pore
decreases with the diameter from 1.5 nm to 3 nm. For
larger diameters, KCI ions tend to occupy the entire
space of the pore whereas for smaller diameter they
are confined at the center of the pore due to the
repulsion forces involved by the edges of the pore.
Finally, as already stated previously, the behavior of
MoS; nanopores with a diameter D 1.0 nm is
completely different. In this case, the concentration
of ions is so low that it can be considered as a null
concentration. For MoS2 nanopores made of multiple
layers, the ionic concentration profiles are similar to
those of the single layer. The concentration at the
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Figure 4: (a) Snapshot of MD simulations representing water
molecules and KCl ions inside a SL-MoS2 nanopore of diameter
D = 2.0 nm. Water molecules are represented with blue transparent
spheres and a blue surface. K' and CI™ ions are represented by
magenta and green spheres, respectively. (b) Radial concentration of
KCl ions inside a graphene (black) and a SL-MoS: (blue) nanopore
of diameter D = 2.0 nm. (c) Color map of ionic concentration
(colorbox in ion/nm®) in a graphene (left panel) and MoSs nanopore
of diameter D = 2.0 nm. Transparent black and blue circles represent
spheres centered on the C and Mo atoms with a radius equal to the
parameters oc and o, atoms of the LJ potential, respectively. (d)
Radial concentration of KClI ions inside a SL-MoS» (blue) nanopore
of diameters D = 1.0 (red), 1.5 (green), 2.0 (blue), 2.5 (magenta) and
3.0 nm (cyan). Dashed lines indicate the length of the plateau py,qz.
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center of the pore is larger than in single-layer
nanopores (C(p)o ~ 2.0 ions/nm?) due to the fact
that the effective volume of the cylinders is larger.

The main question that arises here is: what is the
impact of such ionic concentration profiles on
conductance drop measurements during an
experiment? The answer to this question is not
simple and we will provide a number of hypotheses.
Consider a SL-MoSy nanopore of diameter
D = 3.0 nm. From the concentration profile shown
in Figure 4d, we estimate the length of the plateau
C(p)o to be around 2.0 nm. This means that if a
molecule such as a rigid double-strand B-DNA
molecule (Dpya = 2.0 nm) translocates into the
nanopore, the ionic concentration between the
molecule and the edges of the pore would be ~O0.
Therefore, the conductance drop AG would be
similar to (g, the open pore conductance. Compared
to graphene for which the plateau is larger, the
conductance drop AG would be smaller than Gy
despite the fact that the same object is translocated in
a pore of the same diameter.

3.4 Comparison of MD data for MoS,
nanopores with analytical model of
conductance

The values of the open pore conductance Gy
obtained for MoSs nanopores from NEMD
simulations have been compared to the analytical
model of conductance (Eq. 1) by inserting the bulk
conductivity o of 1M KCI. The bulk conductivity
was computed by performing NEMD simulations of
the ionic solution without nanopore in a simulation
box of the same size as that used for the MD
simulations including the nanopore.  The value
extracted from MD is ¢ = 12.8 S m~! which is
relatively close to values reported in the literature, i.e.
o ~10-12 S m~! [4]. The fit of the MD data was
performed in two steps: first, we fitted the MD data
of SL-MoSs for different diameters D using different
definitions for the thickness h as shown in Figure Sa.
Second, we fitted the MD data of MoS2 nanopores of
diameter D = 2.0 nm for different thicknesses h
using different definitions for the diameter D as
shown in Figure 5b.

As shown in Figure 5 using the actual
geometrical parameters h and D from the atomic
structure, values of open pore conductance G are
largely overestimated by the model. Moreover, using
the effective geometrical parameters h.rp and Dy
estimated from the water distributions (see
section 3.2), open pore conductances Gy are also
overestimated by the model. Particularly using the
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effective thickness h.ry = 0.96 nm. Therefore, we
decided to extract the values of h and D by fitting the
model defined in Eq. 1 using h as a free parameter
from Gy = f(D) (panel a of Figure 5) and using D
as a free parameter from Gy = f(h) (panel b of
Figure 5). Doing this, we got hy;; = 3.1 nm and
D;; = 0.98 nm, respectively. The value of h g is 10
times larger than the actual thickness of SL-MoS.,
iie. h = 0.31 nm, whereas the value of Dy; is 2
times smaller than the actual diameter, i.e.
D = 2.0 nm. It means that there is a discrepancy
between bulk conductivity o and the pore
conductivity for diameters comprised ranging from
1.5 to 3.0 nm.

As suggested by Suk and Aluru in their paper
about sub-5 nm graphene nanopores [35], the bulk
conductivity o should be replaced in the model
defined in Eq. 1 for diameters D ~ 2.0 nm by an
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Figure 5: (a) Open pore conductances GG as a function of the pore
diameter D for SL-MoS2 nanopores. (b) Open pore conductances
G as a function of the membrane thickness h for MoS, nanopores
of diameter D = 2.0 nm. MD data are represented by blue squares.
Black lines represent the results of the fit obtained using the analytical
model defined in Eq. 1 using: the actual geometrical parameters
(dashed line), the effective geometrical parameters (dotted line), the
fitted geometrical parameters (dash-dotted line). Blue dashed lines
represent a linear fitting of the MD data.
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ionic conductivity which depends on the diameter of
the pore o(D). In fact, it also depends on the
thickness h for multiple layers SSN and on the
interactions between the ionic solution and the 2-D
materials. In the present work, the goal was not to
give the exact analytical expression of o(D,h,...)
but to provide a benchmark of G values for further
experiments. As shown in Figure 5, a linear model of
conductance could also be used to represent the MD
data, ie. Go(D) = aD + [ (panel a) and
Go(h) = vh + § (panel b). It actually provides a
better fit than the model defined in Eq. 1. The values
of the linear fit are: o = 8.5nS m™!, 3 = -8.3 nS,
v =-23nS m~! and § = 8.6 nS. Finally, from MD
simulations data shown in Figure 5a, i.e. Gy = f(D),
the value of the critical diameter for MoS2 nanopores
observed earlier in the paper (Figure 3c) can be
extracted from Go(Dpmin) = 0, leading to
Dypin = —8/a = 0.98 nm.

4 Conclusion

We have studied the ionic conductance through
MoS; nanopores of different diameters (D = 1.0,
1.5, 2.0, 2.5 and 3.0 nm) and different thicknesses
(single, bi- and trilayers). Using MD simulations, we
extracted values of open pore conductance Gy that
can be related directly to conductance drops AG
measured in single molecule detection experiments.
If the size of the molecule to be translocated through
the nanopore is similar to the diameter of the pore,
we find that AG ~ Gj. Therefore, there is a strong
interest to provide benchmarks of conductance
signals using MD simulations. Here, we provide
linear conductance models to estimate Go = f(D)
and Gy = f(h) and we show that there exists a
critical diameter D,,;, = 1.0 nm for SL-MoS,
nanopores. In addition, these models extracted from
the present MD simulations allow us to estimate the
geometrical parameters of MoSs nanopores from
conductance measurements. The estimation of the
pore diameter and thickness of the nanoporous
membranes from conductance measurements is
commonly used in experiments with the analytical
model presented in Eq. 1. This approach can lead to

large error bars according to the present
computational study.
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