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Cation-controlled permeation of charged polymers through nanocapillaries
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Molecular dynamics simulations are used to study the effects of different cations on the permeation of charged
polymers through flat capillaries with heights below 2 nm. Interestingly, we found that, despite being monovalent,
Li+, Na+, and K+ cations have different effects on polymer permeation, which consequently affects their
transmission speed throughout those capillaries. We attribute this phenomenon to the interplay of the cations’
hydration free energies and the hydrodynamic drag in front of the polymer when it enters the capillary. Different
alkali cations exhibit different surface versus bulk preferences in small clusters of water under the influence of
an external electric field. This paper presents a tool to control the speed of charged polymers in confined spaces
using cations.
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I. INTRODUCTION

Charged polymers are prevalent in nature and indus-
try. They can be produced when polyelectrolytes dissociate.
Polyelectrolytes have ionizable functional groups. Upon dis-
solution of polyelectrolytes in water, the ionizable groups will
dissociate, and while dispersing counter ions in the water,
polyelectrolytes will turn into charged polymers. DNA and
most proteins are examples of these macromolecules [1].
The highly solvable characteristics of charged polymers make
them beneficial to a wide range of industrial applications,
including drug delivery [2–4], nanoreactors [5,6], and cell
biology [7,8].

Experiments have revealed the entropically driven move-
ment of polyelectrolytes when they tend to become unstruc-
tured, which motivates the study of charged polymers inside
confinement [9]. Furthermore, through the translocation in-
side nanoscale spaces, charged polymers can be detected,
processed, and sequenced [10–13]. Nanocapillaries at molec-
ular scales have been made possible due to recent advances in
fluidics fabrication [14–24]. The slit pores of few molecular
diameters provide enhanced control over confinement [25].
Due to this, they have attracted a lot of attention. In highly
confined capillaries, how the polymer attempts to permeate
the capillary might have just as much influence on its trans-
mission as the behavior of the polymer inside the capillary
itself. Earlier studies conducted on macromolecules’ translo-
cation were mostly limited to spaces of the order of 10 nm and
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beyond [26–28]. Here we investigate a very different regime
with polymer transmission in narrow capillaries below 2 nm.

Conventional theories such as the de Gennes regime [29],
the Odijk regime [30], Manning [31], and Poisson-Boltzmann
[32] might not be applicable in strong confinements, and
furthermore they do not consider the details of ionic interac-
tion and the specificity of counterions. Molecular simulations
do not have those restrictions. We used molecular dynamics
(MD) simulation to investigate how different cations of Li+,
Na+, and K+ influence the permeation of a charged polymer
through a capillary with a 1.8-nm height. Since C and H atoms
are ubiquitous constituents of charged polymers, we used a
hydrocarbon molecule (C10H22) with an artificial electrical
charge on its atoms as a representative of a charged polymer.
This particular polymer molecule was chosen to have a char-
acteristic size comparable and smaller than the capillary size
so it will not feel an entropic barrier when it is permeating
through the capillary. Interestingly, we found that the afore-
mentioned cations, although being monovalent, had different
influences on the polymer permeation. This, in turn, affected
the dynamics of the polymer when transmitted inside the cap-
illary. Our paper shows that the permeation and transmission
speeds of charged polymers in confined capillaries can be
modulated by varying the type of cation.

II. THE MODEL

The simulation system is schematically shown in Fig. 1.
The system consists of two reservoirs connected by a narrow
capillary made of two graphene sheets. The reservoirs are
filled with water with a bulk density of 1000 kg/m3. KCl,
LiCl, and NaCl are used as electrolytes which are dispersed
inside the reservoirs. The polymer initially was put in the
corner of the feed (left) reservoir. The reservoirs’ dimensions
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FIG. 1. Schematic of the simulation setup. The feed and per-
meate reservoirs are connected by a narrow flat capillary. External
electrical field is applied on the charged particles pulling a nega-
tively charged polymer from the feed reservoir into the capillary
and subsequently it diffuses into the permeate reservoir. Cyan and
orange particles represent cations (K+, Na+, Li+) and anions (Cl−),
respectively. For ease of illustration, water molecules are depicted as
tiny points.

are 5.3 nm × 5.3 nm × 5.0 nm, assuring enough space to
accommodate ample ions up to 1 M concentration. The cap-
illary length is 6.3 nm having a height of 1.8 nm. Periodic
boundary condition is applied along the z direction.

Each polymer atom was given an artificial electric charge
of −0.5e. The system’s atoms feel an applied body force
proportional to their charge, which is similar to the case of
a uniform electrical field. When the polymer is exposed to
the electric field, it starts permeating through the capillary.
The direction of the electrical field was set such that it pulls
the negatively charged polymer into the capillary and the
permeate (right) reservoir.

III. RESULTS AND DISCUSSION

Figures 2(a)–2(d) show the time-displacement curves of
the polymer center of mass for four different applied electrical
fields, which are equivalent to applying voltages of, respec-
tively, 5 V, 12 V, 25 V, and 50 V across the entire system. For
each case, calculations were performed with five different KCl
concentrations. Note that the polymer encounters a barrier

FIG. 2. Time evolution of the polymer center of mass for five dif-
ferent KCl ion concentrations subjected to different voltages across
the system: 5 V(a), 12 V(b), 25 V(c), and 50 V (d).

FIG. 3. Polymer mean velocity inside the capillary versus the
cation concentration for KCl, NaCl and LiCl electrolytes at 25 V
(left) and 50 V (right). The curves are guide to the eye.

when trying to permeate through the capillary. For instance,
for the lowest voltage (5 V) we observe that for all KCl
concentrations, the polymer moves toward the capillary mouth
but is not able to enter the capillary. In the following, we will
examine the origins of such an entry barrier. For larger volt-
ages, the KCl concentration within the reservoirs influences
the polymer transmission considerably: The smaller the KCl
concentration, the larger the polymer entry probability, and
the faster the polymer transmission.

The probability of permeation and transmission speed
are higher for larger voltages, as one would expect (see
Fig. 2). However, it is intriguing that polymer transmission
speed correlates inversely with reservoir ion concentration.
This is similar to what occurs in DNA translocation through
nanopores with heights of about 10 nm [33]. Therefore, we
may hypothesize that the countercations (K+ here) which
have settled on the polymer surface reduced its effective
charge and in doing so reduces the effective force acting on
the polymer.

To explore further, additional simulations were performed
using LiCl and NaCl electrolytes as well. The time-
displacement curves of Li+ and Na+ as cations are depicted
in Supplemental Material Figs. S1 and S2, respectively [34].
Li+ and Na+ cases also exhibit suppression of transmission
at higher concentrations, although the curves for different
cations are not the same. Note that similar results were ob-
served earlier in DNA experiments, showing that although
potassium, lithium, and sodium are all monovalent cations,
their impact on transmission is different [33].

Figure 3 illustrates the polymer transmission mean veloc-
ities for different electrolytes and concentrations at 25 V and
50 V. The mean velocity of polymer was found by fitting a
line to the time-displacement curves when polymer is inside
the capillary. Interestingly, different cations result in different
polymer transmission velocities with the largest for lithium
and the smallest for potassium. The trend is in contrast to
the observation of DNA translocation in nanopores, where
translocation was slowed when potassium ions were replaced
by lithium [33].
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FIG. 4. Polymer time-displacement curves for three different
systems including without ions, with ions, and with ions frozen at
particular positions. The upper and lower rows, respectively, are for
KCl and LiCl electrolytes, and the columns from left to right are for
0.5 M, 0.75 M and 1 M solute concentrations.

To investigate further, we examined the time-displacement
curves for three different cases including systems without
solute ions, systems with ions, and systems with ions fixed
at certain positions (generated initially at random), thus, not
able to move. The latter case was investigated to deter-
mine whether the ions’ influence was solely due to their
attachment to the polymer surface or if they would also pro-
duce an electrophoretic barrier. Figures 4(a)–4(c) show the
time-displacement curve for potassium [Figs. 4(a)–4(c)] and
lithium [Figs. 4(d)–4(f)] for the three mentioned cases. For
each cation, the three columns from left to right are related
to ion concentrations of 0.5M, 0.75M, and 1M, respectively.
Notice that the x axis is restricted to the capillary length.
Clearly, when lithium is present, all three curves are relatively
close to each other, whereas for potassium the curves of the
systems with moving ions are separated from the other two.

In both potassium and lithium electrolytes, the fixed ion
curves are very close to the curves in the absence of any ions.
This is sufficient to conclude that adhesion of the cations to the
surface of the polymer and, consequently, the reduction of its
effective charge dominate the polymer dynamics. Neverthe-
less, the next question is: Why is there such a clear difference
in potassium and lithium solutions? Is this related to what is
happening inside the capillary or does it originate from what
is happening prior the polymer enters the capillary?

Figure 5(a) shows the number of cations within the cap-
illary for both potassium and lithium electrolytes at 50 V
versus time. The start of the time was set to when the polymer
started moving. The bold curves are averaged over the last
2.5 ps and are depicted for the time interval when the polymer
resided inside the capillary. It is apparent that in potassium
electrolyte, the number of cations inside the capillary, and
consequently the number of cations settling on the polymer
surface are higher than in lithium electrolyte. Thus, it is under-
standable why the polymer velocity was lower with potassium

FIG. 5. (a) Number of cations inside the capillary of height
1.8 nm for potassium and lithium electrolytes versus time. The curves
at the time intervals in which the polymer resides inside the capillary
are bolded. (b) Time-displacement curves. The capillary gave a bias
to lithium electrolyte in a way that the polymer in potassium elec-
trolyte felt a barrier when entering the capillary. Panels (c), (d) and
(e), (f) are the same quantities as (a), (b), respectively, for capillaries
of height 1.4 nm and 2.4 nm. In the 1.4 nm capillary, the polymer
felt a barrier in both cases while for the 2.4 nm capillary there is no
entrance barrier.

electrolytes (see Fig. 3). Another important point to note is
that the polymer in potassium electrolyte enters the capillary
much later than that in lithium electrolyte. Therefore, one
can conclude that the main reason for the difference in the
systems’ behavior is the pre-entering of the polymers into the
capillary. Figure 5(b) illustrates the time-displacement curves
of the same two cases as Fig. 5(a), emphasizing the capillary
mouth. The polymer enters the capillary quite smoothly in
lithium electrolyte, whereas in potassium electrolyte the poly-
mer experiences a barrier before entering the capillary.

To describe these effects, we hypothesize that the afore-
mentioned barrier is present in both potassium and lithium
electrolytes; however, in potassium electrolyte, from the be-
ginning of the polymer movement until it reaches the capillary
mouth, a higher number of cations have settled on its surface
than in lithium electrolyte. According to our MD trajectories,
at the capillary mouth, five K+ ions stick to the polymer in
the case of potassium electrolyte, while three Li+ ions stick
to it for lithium electrolyte. Therefore, the polymer in potas-
sium electrolyte has a lower effective charge, so the applied
electrical force is less to overcome the barrier. It is for this
reason that the polymer enters the capillary noticeably later
in the presence of the potassium electrolyte. This delay at the
capillary mouth, in turn, causes even more cations to settle on
the surface of the polymer and, eventually, the polymer enters
the capillary with a higher number of cations and a lower
velocity. The reason why a higher number of K+ ions stick to
the polymer before it enters the capillary than Li+ ions can be
attributed to the higher hydration strength of the lithium ions
(hydration enthalpy of −520 kJ/mol for lithium as opposed
to −322 kJ/mol for potassium [35]). If the ions are to settle
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on the polymer surface, they need to be dehydrated (at least
partially), which is more likely for potassium ions.

To examine this hypothesis, we repeated the simulations
for two different capillary heights of 1.4 nm and 2.4 nm, where
we expect higher and lower entrance barriers, respectively.
Figure 5(c) depicts the number of cations for the 1.4 nm
capillary. For both electrolytes, the number of cations inside
the capillary is about the same, and the polymer enters the
capillary almost simultaneously. Figure 5(d) illustrates the
time-displacement curves of the 1.4 nm capillary emphasizing
the capillary mouth. Contrary to the 1.8 nm capillary, here the
barrier is also pronounced for the lithium electrolyte. Due to
the narrower capillary, the barrier will be even larger, causing
the polymer in lithium electrolyte also to be held up at the
capillary mouth for some time, and eventually its dynamics
will be close to the case of potassium electrolyte. Our MD
trajectories show that at the capillary mouth, six cations stick
to the polymer for both electrolytes.

Figures 5(e) and 5(f) illustrate the number of cations inside
the capillary and the time-displacement curves emphasising
the capillary mouth for the 2.4 nm capillary, respectively. The
capillary is wider this time, and the barrier is not pronounced
for any of the systems [see Fig. 5(f)]. This is why in Fig. 5(e)
the polymer enters the capillary almost simultaneously for
both electrolytes. Despite this, Fig. 5(e) shows that a larger
number of Li+ ions are present in the capillary. The MD
trajectories indicate that those are dispersed ions that enter
the capillary due to the capillary’s large height (we did not
detect them in 1.4 nm and 1.8 nm capillaries). At the capillary
mouth, three cations stick to the polymer for both electrolytes.
There is still a possibility that some of the dispersed ions
inside the capillary may stick to the polymer. The number of
such cations is higher in potassium electrolytes, again due to
its lower hydration energy. This is why the polymer stays in
the capillary much longer for potassium electrolyte than for
lithium electrolyte [see Fig. 5(e)].

The Supplemental Material Figs. S3 and S4 [34] illustrate
the time-displacement curves of the polymer for the 1.4 nm
and 2.4 nm capillaries. For both figures, the corresponding
profiles of the 1.8 nm capillary are also shown for comparison.
For the 1.8 nm capillary, where the capillary mouth barrier
gave a bias to one of the cation types, the curves are diverging,
while the curves for the 1.4 nm and 2.4 nm capillaries are
rather close to each other.

Using the interplay of ions’ hydration energies and capil-
lary mouth barriers, one could design a system for controlling
polymer velocity. Unlike the standard capillary effect, where
the fluid diffuses into the capillary due to adhesion, the
polymer here had to cross a barrier to enter the capillary.
The capillary mouth barrier is attributed to hydrodynamic
drag caused by the water inside the capillary. Indeed, when
we modeled the same system without water molecules, the
polymer was in a vacuum inside the geometries and moved
unimpeded toward the right reservoir. Considering the very
short characteristic length of the capillary, the dynamics of
water inside the capillary can readily be classified as the
standard creeping flow regime (Reynolds number << 1). The
drag force on the moving object can then be approximated by
the Stokes relation (F = 6πrμv), where r and v refer to the
radius and velocity of the object, respectively, and μ is the

fluid’s dynamic viscosity. Deviation from the perfect sphere
geometry can be compensated using correction coefficients.
Thus, we are able to identify the direct effect of the viscosity
of water on the drag force felt by the polymer. Water within
highly confined capillaries has been shown to exhibit solidlike
properties with a threefold increase in viscosity compared to
bulk water [36,37]. Therefore, it is expected for the polymer
to encounter a noticeable barrier when permeating through the
capillary. At this point, we are able to explain the contradiction
between our results and the DNA experiment [33] concerning
the trend for cations’ influences. In the DNA experiment, the
molecule does not experience a significantly enhanced hydro-
dynamic drag at the pore opening as compared when inside
the reservoir. Furthermore, given the experiment’s timescale
(milliseconds), the cations had ample time to bond with the
DNA, so they could simply be regulated based on their inter-
action strength, which is considerably larger for lithium than
potassium (See the Methods section below).

At this stage, we believe we should pay particular attention
to the solvation of the cations. The hydration enthalpies dis-
cussed above are in fact the results of experiments involving
the dehydration of ions in infinite amounts of water. In the
present study, the cations are surrounded by small clusters of
water. Therefore, results obtained with infinite solvents may
not be valid. Additionally, in infinite solvent experiments or
continuum theories of dielectrics, the free energy of dehydra-
tion is largely assumed to come from enthalpic contributions,
and entropy is virtually always ignored [38–40]. In dielectric
theory, Born’s model estimates that entropy contributes only
about 0.5% of the enthalpy contribution [41,42]. However,
in studying the ions’ interface solvation in small clusters of
water, the entropic contribution is indeed found to be of the
same order of magnitude as the enthalpy contribution [43].
It has even been proposed that the bulk hydration of small
halides like F− is driven by entropy [44].

Moreover, the water model used here is a simple charge
model (see Methods section) that cannot accommodate
induced polarizations, while an accurate study of ionic solva-
tions requires polarization capabilities for both water and ions.
For our purpose, which is to compare the hydration energies
of K+ and Li+ cations, one appropriate approach would be
to examine the surface versus bulk preferences of the cations
in a cluster of water under conditions similar to our problem.
Surface solvation analysis is useful in that it could reveal how
cations prefer to sit at the interface of water and polymer [43].

In the past, interface solvation has been extensively stud-
ied, but its conclusions have changed substantially over time.
A large dipole moment was initially recognized as critical
[45]. Later, it was determined that induced polarization,
coupled with the size and sign of ions, was the major cause of
surface solvation [43]. Eventually, the absence of a single ex-
planation for the solvation of various ions was identified [44].
Nevertheless, what is commonly concluded in the literature
for alkali cations is that they all favor bulk solvation [39,46]
and their hydration is entirely determined by enthalpy with a
negligible contribution from entropy [44]. As a result, we may
draw two conclusions. First, the energetics analysis is suffi-
cient to compare the dehydration of potassium and lithium
in our problem. Second, our simple charge water model (see
Methods section) is adequate for this energetic purpose. If the
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FIG. 6. Free energy (solid lines) and internal energy (dashed
lines) as a function of cation distance from the water cluster center
of mass for two cations, K+ and Li+. In the upper panels, there
is no external electric field, while in the lower panels there is an
external electric field of 3 V/nm. Panels on the left show results for
the nonpolarizable model, while panels on the right show results for
the polarizable model.

problem was related to large halide ions, which are believed
to favor surface solvation, a simple charge water model might
result in qualitative and quantitative inaccuracies [43].

Despite these, we still cannot conclude that our model is
completely reliable. In our problem, there is a strong external
electrical field (3 V/nm equivalent to 50 V for the problem
geometry). This strong field, although not yet large enough
to make the water conductive, would profoundly alter the
solvation and screening properties; even making differences
specific to different ions. As far as we are aware, interface
solvation has not been fully investigated in the literature in the
presence of an external electric field. Therefore, we conducted
a steered molecular dynamics (SMD) investigation for the
solvation of K+ and Li+ cations within a spherical cluster of
water (with 1.1 nm radius) containing 186 water molecules,
the same order of magnitude as the ratio of the amount of
water to the amount of cations found in our reservoirs (see
Methods section for details about the simulations). Simula-
tions were conducted for two different situations, without an
electric field and with an electric field of 3 V/nm. Each case
is repeated for two water models: The nonpolarizable simple
charge SPC/E model [47] (similar to our other simulations),
and the ReaxFF model [48,49] which is capable of polarizing
both water and cations.

The results are shown in Fig. 6. The figures display the
free energy (potential of mean force) and potential energy
of the system as function of the distance between the cation
and the cluster’s center of mass. During SMD simulations, a
canonical ensemble (NVT) has been sampled, which indicates
that the Helmholtz free energy represents the thermodynamics
potential. Details of calculating the free energy are described
in the Methods section. The potential energy is determined
by summing the van der Waals, electrostatic, and polariza-
tion energies of all species. By neglecting the changes in the
system’s kinetic energy, the potential energy represents the

system’s total energy. By subtracting the curves, we can calcu-
late the entropic contribution T dS(r) = dU (r) − dF (r). As
water molecules are electrically neutral, the external electric
field will not impose any pressure gradients within the sys-
tem. Additionally, the simulations are performed at a constant
temperature. Therefore, we assume that discussing the prob-
lem within the framework of equilibrium thermodynamics is
relevant.

In the absence of an electric field, as expected, both K+ and
Li+ cations favor bulk solvation as predicted by both polariz-
able and nonpolarizable models. Additionally, the free energy
and energy curves are close to each other, suggesting a subtle
role for entropy, as expected. Furthermore, Li+ has a higher
solvation energy than K+ when the cations are moving away
from the cluster. Continuing the free curves to larger radiuses
(for example, r > 2.5 nm), the curves would approach plateau
horizontal behavior, which would express the total free energy
of desolvation, which is larger for Li+ than for K+. More
importantly, for either the absence or the presence of electric
field, the results of the polarizable and non-polarizable models
are quite similar. Therefore, we expect that our simple charge
SPC/E model has been reliable for this study.

An interesting observation from the curves when an elec-
tric field is present is that potassium favors surface solvation
while lithium does not. In turn, this strengthens our hypothesis
that K+ cations are more readily dehydrated than Li+ cations
and settle on the surface of the polymer. As a result, K+
cations are more easily dehydrated than Li+ cations, not only
due to their lower hydration energy but also because of a
weakening and partial unoccupation of the hydration shells,
which occurs for potassium but not for lithium due to strong
electric fields [50]. These results indicate that alkali cations
exhibit different surface versus bulk preferences when an
electric field is present, depending on their interactions with
the solvent species. It is similar to the behavior of cations
in dimethyl sulfoxide (DMSO) solvent [51], in which the
hydration of larger alkalis, which bond less strongly to the
solvent, weakens more than the hydration of small ions when
present in strong electric fields (same order of magnitude as
in our study).

Potassium’s surface solvation has occurred in such a
manner that its energy curve still continues to increase
monotonously. This indicates that it is entropy that has
brought the cation to the surface. Since both polarizable and
nonpolarizable models exhibit the same behavior, this sug-
gests that surface solvation does not result from polarization
(as has been established for large halides [43,44]) but rather
from the alignment of the dipoles of the water molecules in
the direction of the electric field and the perturbation of the
hydrogen bond network [50]. When all dipoles are parallel,
the entropy of the system is minimal (similar to the concept
of freezing in dielectrics [43]). When the K+ cation is located
close to the center of the cluster, its dipole will also orient
itself according to the dipoles of the water molecules. As the
K+ cation approaches the surface, it feels agile and perturbs
its surrounding dipoles and hydrogen bonds, resulting in an
increase in entropy. Due to the strong bond between the Li+

cation and water, its freedom will not increase that much when
it comes to the surface, so no substantial increase in entropy
is observed.
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In addition, we analyzed a hypothetical scenario using our
simple charge SPC/E model for potassium in the presence
of an electric field, changing the partial charges of the water
atoms to increase the dipole of the molecule from 2.35D (as
per the SPC/E model) to 2.6 D. The obtained free energies
were almost unchanged, indicating that it is not the magnitude
of the dipoles but their alignment that drives the K+ cation to
the surface. With a simple comparison of the hydration en-
thalpies of potassium and lithium, we were able to accurately
assess the true trend to build our hypothesis. Nevertheless,
calculating the free energy still strengthens the hypothesis.
This is analogous to the pure energetics analysis for interface
solvation of halides (with a polarizable force field), which,
although quantitatively not quite precise, can qualitatively
predict surface versus bulk preference [43].

We have employed ReaxFF parameterized for electrolyte
solutions (available in the supplementary information of
Ref. [52]) with the standard Qeq charge distribution model
[53]. Considering that even the simple charge model has
similar predictions as the polarizable model (see Fig. 6), the
method of charge polarization should not have a significant
impact. In the presence of an external electric field, Qeq may
impose an unphysical charge distribution due to its global
charge transfer across the simulation domain [54]. It has
been shown that atom-condensed Kohn-Sham density func-
tional theory (DFT) approximated to second-order (ACKS2)
is able to overcome the shortcomings of Qeq [54]. Never-
theless, the unphysical gradient of charge density in a NVT
MD simulation with Qeq for a water cluster is several orders
of magnitude smaller than that of our problem of attracting
cations to the polymer by electrostatic forces [54]. There-
fore, we have used the widely used Qeq charge distribution
for which ReaxFF has already been examined for electrolyte
solutions.

We performed a few additional simulations to investigate
whether, in addition to the hydrodynamic drag, there is also
an energy barrier in front of the polymer when it enters the
capillary. Additionally, we were also able to gain a direct un-
derstanding of the changes in hydrodynamic drag, confirming
predictions based on an increase in viscosity. This may be
more straightforward than calculating the viscosity because,
on the one hand, the passage of the polymer inside the cap-
illary causes the problem to be mechanically nonequilibrium,
preventing equilibrium calculation of the viscosity. Taking a
nonequilibrium approach to the problem, on the other hand,
it is unclear whether the liquid with the polymer inside will
behave as a Newtonian fluid so a shear flow can be applied
externally and the velocity gradient measured. The polymer
was placed into the left reservoir horizontally along the cap-
illary axis. Then, we moved the polymer toward the capillary
mouth at a constant velocity of 2 Å/ps, and calculated the
horizontal component of the force exerted on the polymer, as
well as the potential energy of the system (see Supplemental
Material Fig. S5 [34]). At the capillary mouth, the force in-
creases clearly, illustrating the existence of a hydrodynamic
drag barrier. As expected, this increase is the largest for the
1.4 nm capillary and the smallest for the 2.4 nm capillary. The
potential energy curves are nevertheless nearly uniform, indi-
cating that there is no energy barrier in front of the polymer as
it enters the capillary.

Further, one can compare the free energy (F = E − T S)
of the polymer inside the reservoir and inside the capillary.
The energy curves (Supplemental Material Fig. S5 [34]) rep-
resent the enthalpic contribution (E ), which is nearly equal
for the reservoir and capillary, provided that the polymer is
horizontal. This is the case for our application, as the polymer
was horizontal at the capillary mouth when it attempted to
penetrate the capillary. We estimate the polymer’s entropy (S)
as kBlnN , where kB is the Boltzmann constant and N is the
number of configurations it can adopt [55]. In an in-line con-
figuration, the polymer length is around 14.2 Å (plus 3.4 Å for
C-C distances on both sides. See the Methods section below.).
Furthermore, its gyration radius can be estimated as 4.22 nm,
which can be calculated discretely as the root mean square dis-
tance of the polymer atoms (weighted by particle mass) with
respect to the polymer center of mass ([�n

i=1mir2
i /�

n
i=1mi]1/2,

mi and ri being the particle mass and the particle distance
to the center of mass, respectively). In comparison to the
channel height (1.8 nm), it is not inconceivable to envisage
as many plausible configurations for the polymer inside the
capillary as inside the reservoir. Consequently, the polymer
enters the capillary with no free energy barrier, and thus the
total contribution is attributed to the hydrodynamic drag.

As a result of the applied electrical field, the entire simula-
tion domain will become polarized. Polarization decreases the
strength of the electrical field, which depends on the amount
of added ions and may vary as the polymer moves. It was nec-
essary to examine the capillary’s ability to sort out different
ions, giving some preference over others, at this stage to de-
termine whether the effect of polarization in the different elec-
trolytes was significant. Hence, we simulated the same system
with the 1.8-nm-wide capillary without the polymer and at our
highest voltage (50 V) and ions concentration (1 M).

While Cl− anions did not exhibit any noticeable dif-
ferences in permeation between potassium and lithium
electrolytes, K+ cations tended to penetrate into the capillary
from the permeate reservoir slightly more than Li+ cations
(see Supplemental Material Fig. S6 [34]). Additionally, Li+

ions are slightly more abundant inside the capillary than K+
ions. This is because once the system has reached a steady
state, the Li+ ions tend to return to the capillary more readily
from the feed reservoir than the K+ ions. Due to these two
events, the number of K+ ions is partly larger in the feed reser-
voir than Li+ ions (see Supplemental Material Fig. S6 [34]).

We estimated the electric potential induced by polarization
assuming that the ions were located at the center of the reser-
voirs (see Supplemental Material Fig. S7 [34]). Inset (right
side) illustrates the difference between the voltages of the two
electrolytes. The induced voltage for potassium electrolyte
is partially larger, but the difference between the voltages is
around 1.36 V. From the beginning of the polymer’s move-
ment until it reaches the capillary mouth, the polarization
voltage is in the range from 4–6 V with a 1.3 V difference (see
inset on left), which is the most relevant part of the polymer
movement for us.

The same analysis is carried out with the polymer present.
With the polymer at the capillary mouth, the difference be-
tween the induced voltages of the two electrolytes was 0.6 V
larger than without the polymer (similarly with a higher volt-
age for the potassium electrolyte). This can also be attributed
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to the tendency of cations to adhere to the polymer (with K+
ions slightly more). Eventually, when compared with the field
voltage (50 V), the induced voltages caused by polarization
can be ignored in the interpretation of the main results.

The radial distribution function (RDF) can be used to
better understand ionic and polymer solvation, as shown in
Supplemental Material Fig. S8 [34]. In the main figure, RDF
graphs are shown for potassium oxygen and lithium oxygen,
each for two cases of inside the reservoir and inside the cap-
illary. There is almost no difference between the two graphs,
indicating that the capillary (here 1.8 nm) is not too thin to
tear off the hydration shells of the cations. The first mini-
mum for lithium is almost zero for a considerable distance,
which implies that its first hydration shell is still present [56].
The coordination number of potassium and lithium (up to
the first minimum of the RDFs) is 6.3 and 4, respectively,
consistent with the literature [57]. Therefore, our LJ model,
in conjunction with electrostatic forces, appropriately models
their hydration (see inset at left).

The other three curves shown in the left inset along with
their corresponding RDF graphs (right inset) represent the
polymer solvation (polymer-O), as well as the distance be-
tween the polymer’s heavy atom (here C) and the cations
(polymer-K and polymer-Li). It is apparent from the location
of the first peak in the RDF graphs (right inset) or, alterna-
tively, from the point at which coordination numbers begin
to rise (left inset), that the cations have penetrated well into
the polymer’s first hydration shell. This also demonstrates the
partial dehydration of the cations.

Lastly, we address the water structure near the hydrophobic
graphene walls. We calculated the number density of oxygen
and hydrogen atoms next to the capillary wall with and with-
out the polymer inside (see Supplemental Material Fig. S9
[34]). The number density of hydrogen in half value is shown
in the figure. As the first peak value for hydrogen is almost
coincidentally 1.5 times larger than for oxygen, we can deduce
that the structure of water molecules near the graphene is
almost evenly populated between dangling OH groups and
the two hydrogen atoms facing the wall, indicating moderate
hydrogen bonds among the water molecules. The graphs indi-
cate that the polymer has little impact on the water structure,
although slightly denser water molecules are found close to
the wall when the polymer is present.

IV. CONCLUSION

We studied the permeation of a charged polymer driven
by an external electrical field through a graphene capillary.
The polymer encounters a hydrodynamic barrier while going
through the capillary. In the presence of cations inside the feed
reservoir, some cations adhere to the surface of the polymer.
As a result, the polymer’s effective charge decreases. This
weakens its ability to overcome the barrier and enter the cap-
illary. Interestingly, the monovalent cations of Li+, Na+, and
K+ show a different influence in a way that the polymer en-
tering occurs more likely and the transmission speed is faster
when lithium electrolyte is present, followed by sodium and
then potassium electrolytes. This phenomenon is explained
by the different hydration free energies of the cations. Based
on their interaction strength with the solvent, different alkali

TABLE I. Parameters for the interaction potentials.

Atom type σi (Å) εi(kcal/mol) × 103 Ref.

C (decane) 3.50 65 [59]
H (decane) 2.49 30 [59]
O (water) 3.12 169 [67]
H (water) 0 0 [68]
C (graphene) 3.41 55 [69]
K 3.31 99 [70]
Na 2.58 99 [70]
Li 1.51 166 [70]
Cl 4.40 99 [70]

cations exhibit different surface versus bulk preferences in
small clusters of water when exposed to a strong external
electric field. This paper shows that by exploring the interplay
between the hydrodynamic barrier resulting from confinement
and the electrolyte conditions, one can control the polymer
transmission in nm-scale capillaries.

V. METHODS

The simulations were carried out using the LAMMPS pack-
age [58]. The water molecules were modeled using the
SPC/E model. The ions were considered point-charged par-
ticles. Van der Waals interactions were modeled using the
Lennard-Jones (LJ) potential, and the OPLS [59] force field
was used to describe the bond, angle, and dihedral poten-
tials of the hydrocarbon molecule. Table I summarizes the
LJ coefficients, while for cross parameters Lorentz-Bertholet
mixing rules were applied. Van der Waals interactions were
cut off at 9.8 Å and the long-range electrostatic interactions
were calculated by utilizing the particle-particle particle-mesh
(pppm) algorithm in k space [60]. To accelerate the sim-
ulations, bonds and angles constraints were applied to the
water molecules according to the Shake algorithm [61,62].
The Newtonian equations of motion were discretized by us-
ing the velocity-vervet algorithm with a time step of 0.5 fs.
Using Nose-Hoover’s thermostat (with 20 fs damping param-
eter), time integrations were performed in canonical ensemble
(NVT) at room temperature. The initial coordinates of the par-
ticles were generated using the VMD [63] and PACKMOL [64]
packages. The schematic of the simulation system (Fig. 1) was
produced using OVITO software [65].

The bulk versus surface solvation of a cation (K+ or Li+)
within a spherical cluster of water composed of 186 molecules
was investigated using SMD. Free energy is calculated as
described in Refs. [44,66]. The cation is bonded to a simple
harmonic spring with a constant of 49 kcal · mol−1 Å−2. The
spring equilibrium distance from the center of mass of the
cluster was gradually increased in intervals of 1 Å so the
cation gradually moved from the center to the surface. In each
interval, the system is initially relaxed for 50 ps, and then an
NVT simulation is performed for 5 ns at room temperature
and the average force felt by the spring is calculated. The free
energy can be calculated by numerically integrating the force
versus the distance.

The simulations were repeated using two models, one
nonpolarizable and one polarizable. For the nonpolarizable
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model, a simple point charge model is used for water (SPC/E)
and cations (similar to that used for the main results),
together with LJ and Coulomb forces. The polarizable model
is based on the ReaxFF parameterised for electrolyte solutions
together with the standard Qeq charge distribution. The cutoff
radius for SMD simulations is taken large, i.e., 10 nm. To
avoid evaporation of water molecules from the surface of the
cluster, an illusory spherical wall with a radius of 1.4 nm
was considered around the cluster, interacting only with water
molecules according to the LJ formula (with oxygen parame-
ters). However, the energy contributions from the interaction

with the wall are not included in the calculation of energy. The
other simulation details are similar to those for the main MD
simulations.
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