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Abstract This work was aimed to investigate the behavior,
morphology, structure, and dynamical properties of pure ionic
liquid (IL) 1-ethyl-3-methylimidazolium tetrafluoroborate
([emim][BF4]) confined between two parallel and flat
graphene sheets at different interwall distances, H. Thus, mo-
lecular dynamic (MD) simulations were performed for differ-
ent interwall distances including (10, 14, 16, 20, 23, and 28) Å
at seven temperatures from 278 to 308 K. These results
showed that the distribution and orientation of cations and
anions on the graphene sheets depended on H. At the shortest
H, a dense monolayer of the anions and cations was formed
between two graphene sheets. The number of these layers
increased as H increased. The potential energy diagram as a
function of H demonstrated a minimum potential energy at
H=16 Å. Also, there was a minimum overlap between the
density profiles of the cations and anions at H=16 Å. Diffu-
sion coefficients of the cations and anions increased as tem-
perature and H increased. Moreover, slope of the plot of the
diffusion coefficients of the cations and anions versus H sig-
nificantly changed atH=16 Å. Orientation functions revealed
that most of the cations oriented parallel to the graphene
sheets.

Keywords Confined . Graphene . Ionic liquid .Molecular
dynamics simulation

Introduction

Confined systems have attracted considerable interest in re-
cent decades due to their different properties compared with
bulk systems [1–3]. Study of these systems has become an
important area of research with potential applications as de-
velopment of new nanoscale devices. On the other hand, room
temperature ionic liquids (RTILs) [4, 5] as new designing
materials have been recently considered as an alternative sol-
vent with many interesting qualities. For many of the electro-
chemical applications, Ills are promising for supercapacitors,
batteries, and solar cells [6–10]. Therefore, it is important to
have a fundamental understanding about the characteristics of
the confined ILs. Investigations of the interfaces of the ILs,
both solid and liquid, have been carried out using both exper-
imental and simulation studies [11–18]. Recently, structure of
the electrical double layer in IL 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF6] near a charged and un-
charged graphite surface has been studied [19]. The obtained
results showed that the structure of the IL [BMIM][PF6] dif-
fered from that of the bulk ones. Also, the imidazolium ring of
the cation arranges parallel to the graphite surface in the first
adsorption layer. Via MD simulations, the effects of the alkyl
chain lengths of the IL cation on the interface between the ILs
and graphite surface were investigated [20]. Results of this
investigation showed that the imidazolium rings and the side
chains of the cation preferred flat arrangement at the graphite
surface. In addition to the above–mentioned studies, several
reports have also reflected the properties of ILs on the graphite
surfaces [21–23].

Recently, composites of graphene and ILs have received
great attention [24, 25]. Ariga et al. [26, 27] introduced a
method for preparing the composites of graphene/ILs and
the subsequent layer-by-layer assembly that have practical
applications for the capture of gases and as sensors [28]. Also,
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IL–stabilized graphene has been used in immobilizing metal
nanocatalysts [29]. Some attempts have been made to inves-
tigate the structure and dynamics of the ILs confined inside
graphene and carbon nanotubes [30–33]. Using atomistic MD
simulations, Wu et al. showed that confinement can result in
an unusual behavior in the properties of ILs [34]. Hung et al.
investigated the effect of diameter of the multiwalled carbon
nanotubes and the pore loading on the properties of the IL
[BMIM][PF6] [33]. Kohanoff et al. [35] simulated the molten
salt 1,3-dimethylimidazolium chloride confined between two
flat parallel walls and showed a structure of layers parallel to
the walls. Recently, Rajupt et al. [30, 32] performed MD sim-
u l a t i o n s o f t h e 1 - e t h y l - 3 -me t hy l im i d a zo l i um
bis-(trifluoromethanesulfonyl) imide IL inside a rutile (110)
slit nanopore and a slit graphitic nanopore. They found that
the interactions between the IL and surface affected the
properties of the confined IL. Kim et al. [31] studied
the supercapacitors consisting of two single-sheet
graphene electrodes and found that, in contrast to emim,
anion was more efficient in shielding electrode charges.
Recently, [emim][BF4] has been investigated in some
experimental and theoretical studies [36–41]. Singh
et al. [37] demonstrated that phase transition tempera-
tures and thermal stability of [emim][BF4] on confine-
ment in the nanopores of silica matrix changed signifi-
cantly from the bulk IL. The DFT-calculation in their
work also indicated that the interaction of the IL with
the surface resulted in changes in the vibrational bands.
Another recent work has been devoted to a comprehen-
sive study about the physicochemical properties and ap-
plications of the ILs confined in nanopores [38]. Singh
et al. [39] considered the crystallization kinetics of pure
IL [emim][BF4] and IL confined in mesopores silica
matrices. They found the significant influence of con-
finement on the crystallization rate and also crystalliza-
tion dimensionality of IL. In another work, the same
research group synthesized [emim][BF4] confined in a
silica matrix (ionogel) at different gelation temperatures
and found that the rate of gelation was lower at lower
temperatures [40]. Recently, another study by Singh
et al. [41] demonstrated the formation of Si–O–S link-
age along with the interaction of SiO2–[emim]+ cation
a n d S iOH – [ ETSO4 ]

− a n i o n o n c o n f i n e d IL
[emim][ETSO4] in silica nanopores matrix, both theoret-
ically and experimentally.

The aim of this study was to investigate the structure and
dynamic properties of the [emim][BF4] IL inside interwall
distances (from 10 to 28 Å) of an uncharged and nonpolar
graphene via MD simulations. In the present work, effects of
temperature in the range of 273 to 308 K on the properties of
the confined IL were studied. In addition to temperature, con-
finement effects on the distribution of the cations and anions
were examined. The paper was divided into the following

parts: first, the simulation methods are described in
BComputational details^ section. Then, the results are present-
ed and discussed by the illustration of radial distribution func-
tion, number of densities, diffusion, ionic conductivity, molar
specific heat capacity at constant volume, and orientation of
the ILs in BResults and discussion^ section. Finally, conclud-
ing remarks are given in BConclusions^ section.

Computational details

In this work, MD simulations were performed using Tinker
package (ver. 5.9) [42] to study the properties of the IL
([emim][BF4]) confined between two graphene sheets.
Figure 1a and b show the chemical structures and labeling
scheme of the cation and anion of this IL, respectively. The
interwall distances of two graphene sheets were H=(10, 14,
16, 20, 23, and 28) Å. The simulated systems consisted of 77
pairs of ions that were placed between two parallel graphene
sheets. The experimental density of [emim][BF4] is
1.294 gcm−3. Although different interwall distances of the
graphene sheets were chosen, the effective volume of the sys-
tems remained constant. Therefore, at a given temperature,
density of the confined IL is constant. In other words, depend-
ing on the interwall distances of the graphene sheets, these
numbers of pairs (77 cations and anions) were chosen to have
the experimental density. Since the cation size of [emim][BF4]
was about 7.43 Å, the interwall distances of the graphene
sheets fromH=10Åwere considered and then these distances
were increased from 10 to 28 Å in six steps. The IL was
modeled using an OPLS-AA force field developed by Lopez
et al. [43–47] and the parameters were taken from the previous
studies [44–48]. The graphene surfaces, in this study, were
uncharged and the dimensions of each elementary cell of the
graphene surface were (2.46×4.26) Å2. Additional details of
these simulations are given in Table 1. It should be noted that
seven different temperatures (278, 283, 288, 293, 298, 303,
and 308) K were investigated. In the simulations, energy of
the initial configurations was minimized; subsequently, the
production run was performed by an NVT ensemble for all
the temperatures. The temperature was controlled by a Nose’-
Hoover thermostat [49] with the integration time step of 0.1 fs.
The particle mesh Ewald was handled to carry out the long-
range electrostatic interactions [50]; also, the short-range
forces were calculated by the cutoff of 13 and 9 Å. The
cross-correlation LJ parameters for the unlike atoms were
computed using Lorentz–Berthelot combination rules [51]:
σij=(σi + σj)

1/2 and εij=(εiεj)
1/2. The improved Beeman inte-

gration algorithm [52] was used to solve the equations of the
motions with the time step of 1 fs. After the equilibrium time,
the simulations were continued for another 12 ns. All the data
and measured properties in each system were averaged during
the last 2 ns of the simulation time.
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Results and discussion

Snapshots of confined systems

Snapshots of the simulated systems at 278 K are shown in
Fig. 2a–c. The interwall distances were 28, 16, and 10 Å.
Several layers of the anions and cations of [emim][BF4] IL
were observed at different interwall distances of the graphene
sheets. These layering behaviors will be discussed in detail

later (via the radial distribution functions and number density
profiles). It can be seen that the cations and anions had a
tendency to form aggregations around each other. In other
words, a layer of the ions of opposite charges was formed
around the same ions. Another layer of the ions of the opposite
charges was also established around this layer; therefore, an
aggregation of the IL was observed which grew throughout
the cell. Aggregations of the IL were more compact at low
distance between the two graphene sheets (H=10 Å).

Time-average of potential energies

Figure 3a shows the average potential energy, Epot, as a func-
tion of temperature at different distances between two
graphene sheets. It can be seen that, except for H=10 Å, the
magnitude of Epot increased with increasing temperature from
278 to 308 K. The results showed that the average Epot in-
creased when distance increased from H=16 to 28 Å. More-
over, H=10 Å exhibited a maximum value of average Epot

because of very little distance between two graphene sheets
and lack of free space in the direction perpendicular to the

Fig. 1 Schematic representation
and atom definitions for of ionic
liquid 1-ethyl-3-
methylimidazolium
tetrafluoroborate. a The [emim]
cation. b The [BF4] anion

Table 1 Simulation details for studied systems

Interwall
distances (Å)

Number of elementary cell of
the graphene surface

Total of atoms of two
layers graphene sheet

10 32×7 1844

14 23×7 1340

16 20×7 1172

20 16×7 948

23 13×7 780

28 11×7 668
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graphene plates; therefore, non-bond covalant repulsive inter-
actions and ionic interactions increased. Figure 3b shows the
average Epot as a function of the confinement distances at
different temperatures. It can be observed that average Epot

decreased with an increase from low distances to H=16 Å
and then increased with increasing distance. Therefore, the
potential energies were minimum at H=16 Å.

Radial distribution functions (RDFs)

IL-IL RDFs

To understand the influence of the interwall distances and
temperatures on the RDFs of ion-ion, the RDFs of anion-
anion (B–B with solid line), anion–imidazolium ring of the
cation (B–CP with dashed line), and anion–tail group of the
cation (B–CT3) in confined systems are shown in panels of

Fig. 4a–b. These RDFs were atH=10 and 28 Å and T=278 K.
As shown in Fig. 4a, the first and second peaks of the anion–
anion interactions were around 4.05 and 4.55 Å. Intensity of
the second peak was stronger and broader than that of the
former. For the anion–imidazolium ring of the cation interac-
tions (dashed line in Fig. 4a), two sharp peaks (at the distances
of 3.35 and 5.56 Å, respectively) existed; the first peak
showed higher intensity than the second one. Only a sharp
and strong peak existed for the anion–tail group interactions
at 4.15 Å. At H=10 Å, the comparison between the intensity
and location of the interactions showed that the B–CP inter-
actions were stronger than those observed for both anion–an-
ion and anion–tail groups, as indicated by the height of the
peaks. Because of the high tendency of the ring toward anion,
a second layer was formed around anions (as shown in
Fig. 4a). On the other hand, the anion–anion interactions were
weak due to the repulsive interactions between anion and an-
ion. It should be mentioned that the aggregation at small dis-
tances between two graphene sheets led to a strong ion–ion
interaction. When the interwall distances increased from 10 to
28 Å (Fig. 4b), due to the increase of the available space for
the movement of ions and decrease of the compactness of the
ILs, height of the peaks decreased in each RDF. As illustrated
in Fig. 4b, two weak peaks of the anion–anion RDF in Fig. 4a

H=28 Å

T=278 K

H=16 Å

T=278 K

H=10 Å

T=278 K 

(a)

(b)

(c)

Fig. 2 Snapshots of [emim][BF4] confined between two graphene sheets
of different interwall distances at T=278 K. a H=28 Å. b H=16 Å. cH=
10 Å. Red, yellow, blue, and cyan spheres correspond to boron, fluorine,
nitrogen, and carbon atoms, respectively
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Fig. 3 a Temperature dependence of the potential energies at different
distances between two graphene sheets; b Dependence of interwall
distances of potential energies at different temperatures
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were merged together and formed a weak and board peak.
This result could be understood using the snapshots men-
tioned in the text. The snapshots in Fig. 2a–c show that, with
the increasing H, the IL aggregations were fairly separated.
Therefore, anions had enough space to adjust their attraction
and repulsion interactions with the graphene plane and differ-
ent cation atoms. A comparison between Fig. 4a and b shows
that the changes in the structure of IL aggregations led to the
decreased height of the only peak in the anion–tail group
distribution (in Fig. 4b, the position of this peak is at
4.35 Å) and the decrease of the first peak and increase of the
second peak in the anion–ring distributions (in Fig. 4b, these
peaks appear at 3.65 and 5.85 Å, respectively). All three in-
vestigated atoms had the same size and were attached to a
hydrogen atom; therefore, location of the peaks can be con-
sidered as a measure of the tendency of different investigated
groups. It was also observed that the first peak of B–CP RDFs
appeared at smaller distances and thus the group ring of the
cation was closer to the anion. On the other hand, the B–B
RDFs appeared at larger distances due to ionic anion-anion
repulsiveness. Distributions of the B–B and B–CP at other

temperatures and interwall distances are shown in Figs. S1
and S2 of Supporting information, respectively.

Graphene–IL RDFs

For better understanding of the structural properties, the pro-
files of RDFs for distances between C atoms of graphene and
B atoms of the anion (C–B), and also between C atoms of
graphene and CP (C–CP) and CT3 (C–CT3) atoms of the
cation are displayed in Fig. 5a–c at different distances between
two graphene sheets at 278 K, respectively. RDFs for the
graphene–anion at other temperatures are shown in Fig. S3
of Supporting information (C–CP and C–CT3 distributions
are not shown). The first peak of C–B RDFs (Fig. 5a) ap-
peared at 3.85 Å (for H=10 Å) and 4.25 Å (for other wall
separations). As H increased from 10 to 23 Å, the height of
these peaks started to decrease. This observation clearly indi-
cated the aggregations of the ILs at smaller distances. Aggre-
gation behavior of the ILs led to intense repulsion among the
same ions; therefore, the anions tended toward the graphene
walls at lower wall distances. These conclusions were

Fig. 4 RDFs of the anion–anion,
anion–imidazolium ring of the
cation, and anion–tail group of the
cation at T=278 K. a The
distribution at H=10 Å. b The
distribution at H=28 Å
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reinforced by shorter distances of the peaks at the lower dis-
tances between the two graphene sheets in Fig. 5a. When the
distance between the two graphene sheets increased, there was
enough space for the adjustment of repulsion and attraction
forces. Appearance of the second and third peaks indicated a
layer structure of the ILs between the two sheets. As the dis-
tance between the two graphene sheets increased, the intensity
and height of these peaks started to decay, similar to the first
peak. The above-mentioned results confirmed the effect of the
available space and aggregation of the ILs on the intensity of
the peaks. In Fig. 5b and c (C–CP and the C–CT3 RDFs,
respectively), there were weak and broad peaks. In Fig. 5b,
intensity of the former peaks was less than that of the latter
ones and an inverse trend was observed in Fig. 5c. These

results provided information about the preferred distributions
of the cations around the graphene, suggesting that a greater
number of the ILs tended to interact primarily with the
graphene from alkyl chain side (graphene–alkyl chain interac-
tions were stronger than π-cation interactions). The compari-
son between Fig. 5b and c shows that the tail group of the
cation appeared at smaller distances and, therefore, was closer
to the graphene. Furthermore, as can be seen in these repre-
sentations, height of the peaks decreased with increasing the
distance between the two graphene sheets. Similar to Fig. 5a,
intensity of the peak corresponding to H=28 Å was higher
than the observed one for H=23 Å. Also, increase at the con-
finement distances caused disappearing height and intensity of
the second and third peaks. The RDFs corresponding to the
C–CP and C–CT3 at other temperatures were similar to those
shown in Fig. 5b and c; thus, they were not shown. Also,
RDFs of the bulk were not given.

Potential of mean force

To investigate the different contributions wall/liquid and liq-
uid/liquid, we have calculated radial PMFs W(R) to illustrate
these contributions:

W Rð Þ ¼ −kTlog g rð Þ ð1Þ
where g(r) is the radial distribution function. PMFs between
carbon atoms of graphene and B atoms of IL (gra–B) and also
between carbon atoms of graphene and tail group of IL (gra–
tail) at different distances between two graphene sheets were
calculated and shown in Fig. 6a and b. Also, PMFs of anion–
anion (B–B), anion–imidazolium ring of the cation (B–CP),
and anion–tail group of the cation (B–CT3) in one confined
system (H=28 Å) and bulk are shown in Fig. S4 of the
Supporting information. As shown in Fig. 6a and b, at all H,
the potential energy was totally reduced and attractive regimes
became more apparent. At H=10 Å, there was stronger inter-
action between graphene and IL atoms compared to other H.
Moreover, atH=10 Å, more than one minimum of the energy
can be seen.

Number density profiles of the cation and anion

In order to study the structures at different distances and T=
278 K, the number density profiles of the anions and cations
along the distance between the two graphene sheets were cal-
culated and shown Fig. 7a–c. Thus, the number densities of
CP atoms of the ring, B atoms of the anion, and the terminal
carbon atoms of the alkyl group were calculated forH=28, 16,
and 10 Å. In all the profiles, the dense layers of the IL near the
graphene surfaces were observed due to strong interactions
between the graphene and [emim][BF4], as reflected by the
positions and heights of the first peaks (see arrows in Fig. 7).
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graphene–imidazolium ring distribution, and c A graphene–tail
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These behaviors have been seen in many other simulation
studies [42, 53–55]. A striking feature from these profiles
was similar distribution of the anion and the tail group of the
cation. Compared with CP atom, the tail group of the cation
was slightly close to the walls of the graphene. At low
interwall distances, the density distribution showed higher
peaks. Height of the peaks in density profiles decreased when
the distance between the two graphene sheets increased. In
addition, the number of the layers of the cation and anion
increased as H increases. According to Figs. 2c and 7a (H=
10 Å), the density profiles for both anion and tail groups
showed two peaks (bilayer) near the walls of the graphene,
whereas the distribution of CP atom was monolayer, sharp,
and at the center. Moreover, it can be seen that the intensity of
the two peaks was different for the anion; however, the inten-
sity of the peaks of the tail group of the cation was almost
similar and half of the intensity of one peak of the ring. AtH=
16 Å, according to Figs. 2b and 7b, the density profiles of the
anion and tail group were three-layered, whereas for the ring
group of the cation, the two central and terminal peaks were
merged together. CP atoms were distributed into two layers
that were among the three layers of B and CT3 atoms. In other
words, a five-layered distribution can be seen inH=16 Å, one
of which belonged to CT3 and B atoms together and another
belonged to CP atom alternatively. Another striking feature in

this distribution was that there was no overlapping between B
and CT3 atoms with CP atom and, therefore, anions and cat-
ions had maximum independence. According to Figs. 2a and
7c at H=28 Å, the overlap between B and CT3 atoms de-
creased in the middle layers. B and CT3 atoms were distrib-
uted into four layers. At the center, due to the bulk behavior,
sharp peaks were not seen. Two sharp peaks next to the walls
of the graphene indicated that CP atoms were distributed into
two layers. According to these presentations, it can be seen
that both anion and tail group tended to remain in the regions
near the graphene walls, as indicated by the heights of the
peaks. Density profiles of the anion and those at other
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interwall distances are shown in Fig. S5 of Supporting
information.

Dynamic properties

For obtaining diffusion coefficients of ions (Di), the mean-
square displacement ((〈|ri

cm(t)−ricm(0)|2〉)) of the cation and
anion was calculated and then:

Di ¼ limt→∞ 1=6tð Þ
rcmi tð Þ−rcmi 0ð Þ�� ��2D E

dt
ð2Þ

Diffusion coefficients of the cations and anions as a func-
tion of temperature at different confinement distances are
shown in Fig. 8a and b, respectively. Diffusion coefficients
of the ions as a function of H at different temperatures are also
shown in Fig. 8c and d. For all the studied confinement dis-
tances, diffusion of the cations was higher than that of the
anions. Higher diffusion of the cation was consistent with that
of other works [56, 57]. Effects of temperature and H were
clearly observed on the diffusion of the ions. As can be seen,
the diffusion values of the ions increased as the temperature
and distances between the two graphene sheets increased. An
increase in the temperature leads to an increase in the mobility
and movement of ions, and an increase in H suggested a

decrease in the number of collisions per unit volume. Thus,
these two factors led to increased diffusion of ions. Figure 8c
and d indicate that the slope of these curves increased at H=
16 Å. The important features for notice were the diffusion gap
between H=14 and 16 Å and slope changes between T=283
and 288 K. An understanding of diffusion behaviors of the
anions and cations adsorbed on the graphene surface can be
obtained from the calculation of activation energy using the
Arrhenius relation, as follows:

D ¼ D0 exp −Ea=kTð Þ ð3Þ
where T is temperature, K is Boltzmann constant, D0is pre-
exponential factor, and Ea is activation barrier for surface dif-
fusion of ions. The results obtained from Arrhenius plot of the
surface diffusion coefficients (ln D profiles as a function of
1/T) indicated a linear behavior at different temperatures as the
characteristic behavior of the Arrhenius. So, using coefficient
diffusions of the ions, Ea was calculated. Figure 9 shows Ea as
a function of different distances between two graphene sheets.
As shown in Fig. 9, the barrier energies for both anions and
cations decreased as the distance between two graphene sheets
increased. Furthermore, the slope of this curve as a function of
H decreased atH=16 Å. Pre-exponential factors as a function
of H are shown in Fig. S6 of Supporting information. As can
be observed, D0 values increased with increasing H.
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two graphene sheets
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Constant-volume heat capacity

Figure 10a and b show the constant-volume heat capacity, Cv,
of the studied IL as a function of H and temperature, respec-
tively. Cv was calculated as follows:

Cv ¼ 1

KT 2 δEð Þ2
D E

ð4Þ

where δE=E−〈E〉 and E is the internal energy. In both figures,
the molar heat capacity at constant volume indicated an in-
creasing trend; however, in some cases, a different trend was
obsereved.

Orientation of the ring of the cation

To investigate the cation configuration of the orientational
preferences, the second order Legendre polynomial [54] given
was calculated:

P2 θð Þ ¼ 1

2
3cos2θ−1
� �� �

ð5Þ

where θ is the angle between the surface of graphene and
plane of the aromatic ring of the IL [58]. For isotropic distri-
bution, the function’s value was 0. For parallel and perpendic-
ular distributions, its value attains 1 and −0.5, respectively. It
should be mentioned that, in symmetric ILs, these orientation-
al preferences are reduced. P2(θ) of the cations as a function of
H is shown in Fig. 11. These results showed the orientational
preference of the ring at all different distances between two
graphene sheets. That is, a large fraction of the ring plane
preferred to lie flat on the graphene surface. This preference
configuration of the cation was consistent with results of other
works [55]. At H=10 and 28 Å, most of the ILs were parallel
to the graphene surface. These parallel orientations were fewer
at H=16 Å, i.e., orientation of the ILs was close to isotropic
distribution at these interwall distances of the graphene.

Conclusions

Structural and dynamic properties of [emim][BF4] confined
between two walls of the graphene at 278 to 308 K were
studied via MD simulations. The distances between the two
graphene sheets were (10, 14, 16, 20, 23, and 28) Å. The
present results indicated that a layering behavior of the anion
and cation was observed for the [emim][BF4] at different dis-
tances between two graphene sheets. Also, cations and anions
tended to form aggregations around each other. In addition,
these results demonstrated that the diagram of potential ener-
gies as a function of H had a minimum at H=16 Å. The
number density profiles showed the dense layers of the IL near
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Fig. 10 Molar specific heat capacity at constant volume for studied
systems. a At different temperatures. b At different distances between
two graphene sheets
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the graphene surfaces, due to strong interactions between the
graphene and [emim][BF4]. Also, density profiles of the IL at
H=16 Å had minimum overlap of the atoms of the cations and
anions. In comparison with CP atom, the tail group of the
cation was close to the walls of the graphene. The diffusion
coefficients calculated from the mean-square displacements
indicated that the diffusion of the cations was higher than that
of the anions (for all the studied confinement distances). The
diffusion values of the cations and anions increased as the
temperature and distances between the two graphene sheets
increased. Also, the diffusion gap between H=16 and 14 Å
and slope changes between 283 and 288 K were observed.
Increasing the temperature and H resulted in an irregular trend
of increase in the molar heat capacity of the ions. Finally, the
second order Legendre polynomial function showed that the
ring plane of the cation was flat on the graphene surface at all
distances between the two graphene sheets.
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