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Biological ionic channels play a key role in many cellular
transport phenomena.' In their complex cores, these proteins contain
precisely arranged arrays of charged amino acids that can efficiently
recognize and guide the passing ions.” For industrial applications,
much simpler nonbiological ionic and molecular channels can be
made from zeolites,> carbon,” silica,” and other materials.®” These
channels are often not selective or transparent enough. Therefore,
ion and molecular channels with novel structures® and recognition
principles need to be designed.

Molecular dynamics studies have predicted” and experiments
have demonstrated fast transport of gases'®'' and liquids'?>~"*
through carbon nanotube (CNT) membranes. Hydrated ions could
also pass through CNTs of large enough diameters.'® Recently,
graphene'” and boron-nitride'® monolayers have been prepared and
intensively studied'® 2" for their many potential applications.

In this work, we design functionalized nanopores in graphene
monolayers and show that they could serve as ionic sieves of high
selectivity and transparency. In Figure 1, we display the studied
chemically modified graphene nanopores. The F—N-pore (left) is
terminated by negatively charged nitrogens and fluorines, favoring
the passage of cations. The H-pore (right) is terminated by positively
charged hydrogens, favoring the passage of anions. These nanopores
might be formed in the graphene monolayers by ion etching,?* and
their chemical modifications could be realized by local oxidation,
similarly as on graphene edges.”***
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Figure 1. Functionalized graphene nanopores. (Left) The F—N-terminated
nanopore. (Right) The H-terminated nanopore.

We model the passage of hydrated ions from the first and seventh
periods through these nanopores by molecular dynamics (MD)
simulations.>* We use the NAMD package,”” based on the
CHARMM27 force field*® (Supporting Information, SI). The model
graphene sheets have chemically modified nanopores in their center
with a diameter of ~5 A. The atomic charges of these sheets are
obtained from first principle calculations with the B3LYP density
functional using the Gaussian03 package,?® as described in the SL
These calculations done without solvents show that when the ion
passes through the graphene nanopore, the semimetallic sheet
(screening length of 4 A3°) becomes highly polarized. Therefore,
a screening charge of the same size but opposite sign to that of the
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ion goes to the pore rim and a neutralizing charge remains spread
on the rest of the sheet. In the presence of water the screening
charge should be more delocalized at the pore entrance, due to water
polarization. In the MD simulations, we model these effects by
homogeneously spreading the screening charge for the studied ion
on the first atomic layer of the pore and the atomic ligands attached
to it. The screening charge is kept there during the whole
simulations, since its presence little affects the dynamics when the
ion is far away from the pore. The opposite polarization charge on
the sheet is neglected, for simplicity, so the combined system of
the ion and the sheet is kept neutral.

In the MD simulations, the sheet is placed in a periodic unit cell
with ~10 A of water on each side. One ion is placed in the cell
and driven by an electric field £ applied in the direction perpen-
dicular to the graphene sheet. Each simulation run typically lasts
100—500 ns. It turns out that the F—N-pore is only passed by the
Li*, Na™ and K" ions, while the H-pore is only passed by the CI~
and Br™ ions. This selectivity of the nanopores, even in the presence
of a large driving field of £ = 0.1 V/nm, is caused by the Coulomb
coupling between the ion and the functional groups attached to the
nanopore rim. At this field, the passage rates of Li*, Na™, and K*
have the ratio 9:14:33, while those of F~, Cl~, and Br~ have the
ratio 0:17:33. Therefore, the nanopores are also highly selective to
the sizes of the ions. The Li* and F~ ions have the lowest passage
rates, because of their small radii and large coupling to the water
molecules in their hydration shells. On the contrary, K™ and Br~
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Figure 2. (Left) Time-dependent distance d between the Na* and Cl~ ions
and the centers of the F—N-pore and H-pore, respectively, at the field of E
= 6.25 mV/nm. Small arrow shows the only passage time of Na* through
the F—N-pore. The dynamics of passage of these ions through the two pores
is very different. (Right) While both ions are surrounded by two water “half-
shells” when passing through their pores, only the Cl™ ion has relatively
stable binding to the H-pore.
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have large radii, so it is relatively easy to break their hydration
shells in the pores.

In Figure 2 (right insets), we show the configurations of the Na™
and Cl™ ions passing through the two nanopores. The polar and
charged nanopore rim can replace several water molecules from
the first hydration shell of the ion passing through it. Therefore,
the passing ion is surrounded by two separated first hydration “half-
shells” at both sides. The close contact between the ion and the
pore rim allows very efficient mapping and eventual removal of
the ion shells. This leads to the high selectivity of the ion passage,
as in channel proteins.

Figure 2 (left insets) displays the time-dependent distance d
between the ions and their pore centers, obtained at a low field of
E = 6.25 mV/nm. The distance fluctuations reveal a very different
dynamics in both cases. The Na* ion passes the F—N-pore fast,
without significantly binding with it. The ion rarely gets closer than
5 A to the pore center and stays most of the time in the water
region (d > 10 A). The small vertical arrow shows the only passage
observed of Na' in this time period. The ion passes through one
of the three smaller holes in the nanopore with the C* symmetry.
These asymmetric holes can not easily break the hydration shell of
the Na't ion, which prohibits its prolonged stay in the pore. The
K™ ion binds weaker to its hydration shell, which can be more easily
replaced by the pore rim, upon shell partial removal.

The Cl™ ion has even more stable binding to the symmetric
H-pore, where it stays for ~70% of the time. At weak fields, the
CI” ion enters and leaves the H-pore with almost the same rates
from both sides. The electric field decreases the ion-pore binding,
which is reflected in shorter time periods spent by the ion in the
pore. At a field of £ = 0.1 V/nm, the Cl™ ion stays in total only
30% of the time inside the pore.

3 T T T T T
4400
1300
2 |
B 2
41200
E 2
1 |
4100

0 1 1 (1 L L 0
0.00 0.02 0.04 0.06 0.08 0.10
E [V/nm]

Figure 3. (Right axis) Dependence of the ry, and r¢ flow rates of the
hydrated Na* and CI~ ions through the F—N-pore and H-pore, respectively,
on the applied electric field E. (Left axis) The average time ¢ spent by the
CI” ion inside the H-pore.

Figure 3 displays the field dependence of the average number
of Na* and CI~ ion passages, rn, and r¢j, through the F—N-pore
and the H-pore, respectively. Both rates grow with the field,
showing an accelerated passage of the ions through the pores and
the surrounding water layers. We also present the average residence
time 7¢ of the Cl™ ion in the H-pore, defined as the average time
during which the ion stays within the 5 A distance from the pore
center once it enters the pore. One can see that 7¢; decreases with
the electric field that breaks the Coulomb binding of the ion to the

pore. The visible plateaus in the data reflect the structure of the
potential barriers for the transfer of the ions through the pores.

The ion selectivity and passage rates through these nanopores
could be optimized®' by choosing the type of monolayer material,
the size and shape of the nanopores, and the structure and number
of functional ligands attached to their rim. Atomic monolayers with
different types of nanopores might be arranged in dense arrays that
would allow fast and efficient separation of different molecular
species at the microscale and nanoscale. Such ultrasmall molecular
sieves could revolutionize dialysis, desalination, and battery tech-
nologies.*?
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CI™ ion passage through the F—N-pore and H-pore. This material is
available free of charge via the Internet at http://pubs.acs.org.
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