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ABSTRACT: We model the dynamics of ion binding to
graphene nanostructures. In order to disclose the likely ion
binding dynamics, we first perform scanned single-point DFT
calculations of monovalent ions (Na+, Li+, Cl−, F−) at fixed
distances above planar graphene-like H-passivated molecules
of different shapes and sizes. The scans reveal intriguing details
about the ion-nanostructure potential energy and charge
transfer surfaces. We correlate these static results with our
room-temperature quantum molecular dynamics simulations
of the ion−molecule systems, performed in both vacuum and
water. Our simulations show that anions either are physisorbed
onto the nanostructures or covalently bind at their selected
regions, depending on the initial conditions, while cations only physisorb onto them.

1. INTRODUCTION

Since its recent isolation,1 graphene was the subject of many
exciting experimental2,3 and theoretical studies.4 In particular,
chemically functionalized graphene5−8 can have unique proper-
ties and potential applications.9−11 Large attention was devoted
to graphene oxidation,12,13 sulfonation,14 hydrogenation,15−18

fluorination,19−25 and chlorination.26−29 Although, F− was
shown to bind covalently to graphene, Cl− can either bind
covalently or physisorb on it.26,27 Functionalized graphene
nanostructures, such as nanoribbons30 and porous graphene,31

have also been studied for their many potential applications in
electronics,32−34 molecular filtration,35 and nanofluidics.36−38

However, it may be difficult to precisely functionalize
graphene nanostructures since they are highly polarizable and
they can have locally very different chemistries. Detailed
information about their chemistry could be obtained in refined
experiments. Recently, atomic force microscopy was used to
map subtle differences in bond length and charge density
connected with nonequivalent C−C bonds in polycyclic
aromatic hydrocarbons.39 Alternatively, advanced simulations
could be used to guide experiments aiming at precise
functionalization of various graphene nanostructures.
With this in mind, we model the dynamics of ion−

nanostructure binding. We first use TeraChem40 to perform
scanned single-point DFT calculations of monovalent ions
(Na+, Li+, Cl−, F−) at fixed distances above planar carbon-based
H-passivated molecules of different shapes and sizes. At each
point, we calculate the ion−nanostructure interaction energy
and charge transfer (Mulliken charges considered). In principle,
the scans can be performed at finite temperatures and averaged
over a thermal ensemble to predict the binding dynamics of the
components. We compare these results with separate quantum
molecular dynamics simulations of the ion−molecule binding
dynamics.

2. COMPUTATIONAL METHODS

The single-point energy calculations and molecular dynamical
simulations were done for cations (Na+, Li+) at the B3LYP/3-
21g* level, with dispersion corrections (DFT-D3),41,42 while
for anions (F−, Cl−) they were done at the RHF/3-21g level,
due to stability reasons. The use of B3LYP and the relatively
small systems studied helps to minimize the self-interaction
error in DFT.43 We used the Conjugate Gradient (CG)
method,44 the convergence criterion on a total energy of 10−6,
an X-matrix tolerance of 10−4, a wave function convergence
threshold of 3.0 × 10−5, and the dispersion corrections.41,42

Our test calculations of the systems with other DFT methods
(ωPBE, ωB97, ωB97x, and camB3LYP) gave similar results.
In the MD simulations (T = 100 and 300 K), we used the

Langevin dynamics with a damping coefficient of γLang = 1 ps−1

and a time step of 1 fs (no periodic boundary conditions).
Given the large power of TeraChem, we can scan the structures
at a relatively large pixel density of 0.5 Ǻ (0.25 Ǻ for the edge
passage), giving in each scan a picture with ≈700 pixels.

3. RESULTS AND DISCUSSION

3.1. Coronene (C24H12). In Figure 1, we present the
potential energy (top) and ion charge (middle) scans obtained
for coronene. The scans were performed at a height of h = 2 Å
for F− (left) and h = 2.5 Å for Na+ (right) above the optimized
coronene (Figures 1c and f), using the RHF/3-21g and
B3LYP/3-21g* levels of theory, respectively.
Figure 1a reveals that the potential energy surface for F− has

a pronounced C6 symmetry. The coupling energy is large
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between the H atoms of neighboring C rings at the zigzag edges
of coronene, and it is small in its central region, giving a
maximum energy difference of 1.6 eV (see scale). This can be
explained by a large average positive charge on the H atoms of
qH = −0.25 e (qC = 0.14 e). The charge transfer distribution in
Figure 1b shows that the transfer is large (0.35 e) above the
carbon atoms. From the binding energy profile, we expect that
the area around the edge H atoms is the most likely target for
F− binding.
We compare these predictions with the simulated trajectories

of F− released at different heights above the coronene. When
F− is released at h = 4 Å, at a temperature of T = 100 K, it
moves to the coronene periphery and reaches it within 2.5 ps
(see movie 2), as seen in Figure 1c. Over there it Coulombically
couples (physisorption) to the polarized coronene and stays
between two adjacent H atoms of the neighboring C rings,
within 2.6 Å from each of them. When these simulations are
repeated at T = 300 K, the ion moves along a slightly longer
path and again couples to the two H atoms. However, when F−

is released at h < 3.5 Å above the coronene center (T = 300 K),
it binds covalently to one of the closest C atoms with a bond
length of 1.35 Å (see movie 1). When the room-temperature

simulations are performed at h = 4 Å in (nonpolarized) water
(B3LYP/6-31g), F− is stabilized within 4 Å from the edge H
atoms.
We also performed the scans for cations. Figure 1d shows

that Na+ coupling is weak and of a radial symmetry in the
negatively charged coronene center (qC = 0.12 e, qH = −0.22 e),
indicating a tendency to physisorption. The charge transfer
(Figure 1e) is larger in the peripheral region and of a clear C6
symmetry. When Na+ is released at h = 3.5 Å (T = 300 K), it
diffuses around the coronene center (physisorb) at an average
height of h = 2.5 Å, as shown on the (1 ps) trajectory in Figure
1f (see movie 3). In water at T = 300 K, Na+ diffuses at h = 3.5
Å above the coronene center (B3LYP/6-31g).

3.2. Triangular Graphene Flakes. We also want to
understand the binding dynamics of ions to other graphene
nanostructures. Therefore, we model the ion binding to
triangular H-passivated graphene flakes with zigzag and
armchair edges of different sizes, as shown in Figures 2c and
f, respectively (RHF/3-21g level). Figure 2a shows the potential
energy of F− evaluated at h = 2 Å above the zigzag-edge flake. It
has a clear preference (4.9 eV) for the edge carbons. Figure 2b
indicates that large charge transfers (0.5 e) occur along the flake

Figure 1. Scanning of F− (left) and Na+ (right) ions coupled to
coronene, evaluated at h = 2 Å (for F−) and 2.5 Å (for Na+) above its
surface. The potential energy surface for (a) F− (α = −1009.60 au and
β = −1009.64 au) and (d) Å Na+ (α = −1077.97 au and β = −1078.06
au). The charge transfer surface for (b) F− (α = −0.65 and β = −1)
and (e) Na+ (α = 1 and β = 0.8). The dynamics of (c) F− released at h
= 4 Å (T = 100 K) and (f) Na+ released at h = 3.5 Å above the
coronene flake (T = 300 K). The flakes are shown for the last
simulation frame, where atoms are colored by charge (see movies 1, 2,
and 3). (a−f) have the same scale. The pixel density is 0.5 Å.

Figure 2. Scanning of the F− ion coupled to zigzag-edge (left) and
armchair-edge (right) triangular graphene flakes, evaluated at h = 2 Å
above their surfaces. The potential energy surface for (a) zigzag (α =
−1841.36 au and β = −1841.54 au) and (d) armchair (α = −1464.97
au and β = −1465.04 au) flakes. The charge transfer surface for (b)
zigzag (α = −0.45 and β = −0.95) and (e) armchair (α = −0.65 and β
= −1) flakes. The structure and dynamics of (c) zigzag flake after 1 ps
simulations with F− released at h = 4.8 Å (see movie 4) and (f)
armchair flake in 0.4 ps simulations where F− released at h = 3.6 Å.
The covalent coupling formed is seen in both cases.
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edges. These expectations are confirmed in Figure 2c showing
that when F− is released at h = 4.8 Å (T = 300 K) it covalently
binds within 1 ps to one of the C atoms at the (side) edge (sp2

to sp3 transition, see movie 4). However, when F− is released at
h < 2 Å above the flake, it binds to the nearest C atom (see
movie 5). In experiments,21,22 graphene fluorination was done
with energetic ions (breaking of diatomic gas bonds by
microwave or plasma) that prevent observation of different
chemical functionalization at different graphene regions (bulk,
edges).
Next, we present the results of F− scanning at h = 2 Å above

the armchair-edge triangular flake. Figure 2d indicates that the
regions around the edge carbons (between the H atoms) again
have a larger interaction energy (1.9 eV), but no preference to
any particular region is observed. Figure 2e reveals that a large
charge transfer (35%) occurs above most of the C atoms.
Therefore, when F− is released at h = 3.6 Å (T = 300 K) above
the flake, it binds covalently to C atoms away from the edge
(see Figure 2f). This preference in F− binding to internal
carbons might be caused by the edge deformation upon
binding.45

3.3. Simulations of Other Ions. We also studied the
coupling of other ions to graphene flakes. The simulations show
that Cl− covalently binds to larger zigzag and armchair
triangular flakes, due to their increased polarization. Graphene
chlorination has also been done in experiments.27,28 We found
that the system in Figure 2c is the smallest flake where covalent
Cl− binding can be observed. This indicates that polarization
plays a significant role in chlorination of small graphene
structures. On the other hand, Li+ and Na+ bind to triangular
flakes by physisorption, as in coronene (Figure 1d−f).
In Figures 3a−d (left set), we show the results of scanning

Cl− (left) and Li+ (right) ions at the height of h = 2 (Cl−) and
2.5 Å (Li+) above the surface of coronene. In Figures 3e−h
(right set), the same is done above the surface of the armchair
triangular flake in Figure 3f. As shown in Figures 3a and e, the
interaction energy of Cl− is weak at the center of both the
coronene and the triangular flake, but it is stronger along the

edges. The charge transfer surfaces for Cl− above these flakes
also follow the same pattern, with the highest transfer of ≈70%
seen along the ring edges for both molecules (see Figures 3b
and f). In contrast, Figures 3c and g show that Li+ interacts
more strongly with the central regions of both flakes, with a
maximum energy difference between the edge and the center of
≈2.45 eV. In Figures 3d and h, we can see a charge transfer
(≈23%) of a striking structure along the ring edges of both
molecules. Here, the single-point calculations were performed
at the B3LYP/3-21g* level with dispersion corrections (DFT-
D3).

3.4. Porous Graphene Flakes. It is of large interest to
study the dynamics of ions and molecules around nanopores
formed in graphene, due to their numerous applications in
nanofluidics, molecular separation, molecular detection, and
energy storage.31,35−38 Here, we describe coupling of ions to a
rectangular H-passivated flake with a nanopore, shown in
Figure 4 c. Scanning of F− at h = 2 Å and Na+ at h = 2.5 Å
above the optimized flake is done with the single-point energies
calculated at the RHF/3-21g level.
Figure 4 a presents the potential energy surface of F− above

the porous flake. Its minimum energy is at the zigzag-edge C
atoms, about 4.9 eV deeper than in the pore area. The largest
charge transfer also takes place over there (see Figure 4b).
Although, this does not provide a direct evidence about the
ion−flake covalent binding, we observe this binding of F− to
the zigzag edge of the regular flake (Figure 4f), when it is
released at h = 6 Å and its trajectory is simulated for 1.5 ps at T
= 300 K (B3LYP/6-31g level). When F− is released at h < 3 Å
above the regular flake, it covalently binds to any C atom. Its
single-point energy scan with F− at h = 2 Å gives similar results
like in Figure 4a,b.
In Figure 4d, we also show the interaction energy of Na+ to

the porous flake. It has two large energy minima (≈3.3 eV) on
the sides of the pore. Na+ should physisorb to the porous flake
as in the other structures. The charge transfer is relatively
homogeneous across the whole structure, except for the large
transfer at the pore region.

Figure 3. Scans of Cl− (left) and Li+ (right) above coronene (left set) and armchair-edge triangular H-passivated graphene flake (right set) at h = 2 Å
(Cl−) and 2.5 Å (Li+) above the surface of each molecule. Potential energy surface for (a) Cl− (α = −1374.94 au and β = −1375.1 au) and (c) Li+ (α
= −924.13 au and β = −924.22 au). Charge distribution surface for (b) Cl− (α = −0.3 and β = −1.0) and (d) Li+ (α = 1.0 and β = 0.78). Potential
energy surface for (e) Cl− (α = −1833.36 au and β = −1833.54 au) and (g) Li+ (α = −1382.57 au and β = −1382.66 au). Charge distribution surface
for (f) Cl− (α = −0.3 and β = −1.0) and (h) Li+ with α = 0.92 and β = 0.76.
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3.5. Passage over the Nanostructure Edge. Above, we
study ion coupling to a H-passivated nanopore with a diameter
of 8.25 Å. Since nanopores used in practical systems can be
relatively large (1−10 nm), here we briefly examine the passage
of ions over the central part of the zigzag edge in the triangular
H-passivated flake shown in Figure 2c. We scan Na+ around the
flake at the position of the central H atom, within 1.6 < h < 5 Å
above the flake, at d > 0.7 Å in front of it. The calculations are
done at the RHF/3-21g level.
Figure 5a shows the coupling energy between Na+ and the

flake. The energy is large at h = 3 Å above (below) the flake but
rather small in front of it. We calculate the energy barrier for
Na+ to move from the top to the bottom of the flake (around
the U-shape window in Figure 5), between a point located at h
= 2 Å above the flake (7.5 Å from the left edge of Figure 5) and
a point located at d = 1.45 Å in front of the H atoms within the
plane of the flake. Since the barrier is Eb = 1.24 eV, the ion
practically cannot overcome it at T = 300 K. Figure 3b also
reveals that 0.3 e is passed to Na+ close to the flake, as in

coronene (Figure 1e), while at larger distances the charge
transfer is fractional (limited validity).

4. CONCLUSIONS
We have studied the binding dynamics of monovalent ions to
graphene-like H-passivated flakes. Our scanned ab initio
calculations have revealed complex patterns in the potential
energy and charge transfer surfaces of ions coupled to
hexagonal, triangular, and porous graphene-based flakes. The
scanned data correlate well with our time-dependent room-
temperature quantum molecular dynamics simulations of the
ion attachment to the graphene flakes. These studies open new
avenues into large-scale exploration of nanoscale systems by
first-principle methods.
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