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We report molecular simulations of the interaction between a graphene sheet and different liquids such as
water, ethanol and ethylene glycol. We describe the structural arrangements at the graphene interface in
terms of density profiles, number of hydrogen bonds (HBs) and local structuration in neighboring layers
close to the surface. We establish the formation of a two-dimensional HB network in the layer closest to
the graphene. We also calculate the interfacial tension of liquids with a graphene monolayer and its profile
along the direction normal to the graphene to rationalize and quantify the strengthening of the intermolecular
interactions in the liquid due to the presence of the surface.
I.

INTRODUCTION

Since graphene is used with many organic molecules
in electronic organic devices1–5 , nanopore sequencing6 ,
selective filtration7 , water desalination8,9 , energy
storage10 , coating materials11 , strain sensors12 and exfoliation processes5 , the understanding of the properties
at the graphene-liquid interface is critical in terms of interactions and local arrangements. The knowledge of the
local properties at the interface is an essential step toward
the development of graphene-based organic devices. Indeed, the description of the first layers of molecules close
to the interface are relevant for many phenomena such as
charge transport processes4 and adsorption13 . The structuration of the molecules at the interface is then governed
by a balance between specific interactions that can be described through van der Waals, electrostatic or hydrogen
bonds energy. These different energy contributions and
the organization at the interface should be reflected in a
key-property : the solid-liquid interfacial tension.
Indeed, the solid-liquid interfacial tension describes the
balance of interactions occurring at the interfacial region.
In addition, the knowledge of the liquid-vapor and solidvapor surface tensions then allows the calculation of the
contact angle θ through the Young equation14–16 . In the
case of the interaction between water and graphene, we
can address the wettability of graphene (hydrophobic or
hydrophilic) through the measurement of the contact angle of a water droplet. However, the measurements of the
contact angle are impacted by the nature of the solid surface (roughness and/or chemical heterogeneities, liquid
penetration, surface deformation) and the experimental
conditions (contamination of the solid substrate by adsorption of hydrocarbons). These experimental difficulties led to scattered values17–21 of contact angle ranging
from 42 to 125o giving either a hydrophobic18,22–24 or
hydrophilic19,20,25 property to the graphene.
Theoretical studies also yield controversial conclusions
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and do not allow to remove the ambiguity on the wetting properties of graphene. Indeed, some quantum
calculations26,27 have predicted a water contact angle of
about 85o whereas the simulated contact angle with recent atomistic simulations28–31 is within the range of 56100o .
By considering a pristine graphene sheet, it is now
possible to calculate directly the graphene-water interfacial tension by molecular simulations31 through the stress
profile. Indeed, the methodological parameters32–35 that
have impacted the calculation of the surface tension of
liquid-vapor interfaces for a long time (at least 40 years)
are now under control and are in the process of being
controlled for the calculation of the interfacial tension of
solid-liquid interfaces31,36,37 .
Recently, the γgraphene-vapor interfacial tension was
measured experimentally19 by using surface force apparatus. It was the first direct measurement of graphene
surface energy and γgraphene-vapor found to be equal to
115 mN m−1 . Knowledge of this value is a key-element
in the use of the Young equation14–16 since both interfacial tension γliquid-vapor and γgraphene-liquid are then
accessible by molecular simulation. In the case of the
graphene-water interaction, we have established that
γgraphene-water is close to 95 mN m−1 leading to a contact angle of approximately 75o which matches very
well with that resulting from surface force apparatus
measurements19 . The graphene surface would be a little more hydrophilic than hydrophobic. In addition,
recent atomistic simulations31,38 clearly show that water molecules form a double layer of water molecules
at the graphene surface. These layers are very wellstructured thanks to a strong local network of hydrogen
bonds. This atomistic description establishes that the
graphene surface is wettable on an atomic scale38 . In
addition, recent ab initio molecular dynamics (AIMD)
simulations39,40 have shown that the water molecules are
arranged through a two-dimensional (2D) hydrogen bond
(HB) network at the liquid-vapor interface39,41 and increasing local ordering at the silica-water interface40 .
Combination of molecular simulations and experimental vibrational sum frequency spectroscopy (VSFS) has

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI:10.1063/5.0042438

2
proved to be relevant for the investigation of the behavior
of water molecules and ions42–44 at the liquid-vapor45,46
and solid-liquid47,48 interfaces. The water molecules at
the interfacial region show stronger hydrogen bonds49,50
and different orientations with respect to bulk conditions.
Additionally, molecules that interact with the solid in the
first adsorption layer can be subjected to tangential pressures of the order of hundreds of MPa31,37 whereas negative tangential pressure of ten MPa occur in the liquidvapor interfaces for the same liquid molecules. These interfacial tensions find their molecular origin in a surface
effect leading to a compression in the direction parallel
to the surface due to the tangential pressure component.
Based on recent developments in the calculation of interfacial tension and on the ability of the simulations
to provide a thorough description of the interfacial region in terms of structures, specific arrangements and
orientations, we propose here to investigate the adsorption of different molecules which present various polarities and are expected to provide different contact angles51
on the graphene sheet. These molecules (ethylene glycol,
ethanol and water) differ by the number and strength of
the hydrogen bonds leading to variations of the liquidvapor surface tensions52–56 from 22 to 72 mN m−1 . We
aim at calculating the graphene-liquid interfacial tension
of these molecules. By comparison with the liquid-vapor
surface tension which we will calculate here, we will discuss the role of local arrangements at the graphene surface in relation with the macroscopic interfacial tensions.
We chose the All-Atom (AA) model in order to study
more precisely the structure at the interface in terms of
hydrogen bonds (donor/acceptor). We are aware that
this type of model can lead to surface tensions with larger
deviations from experiments compared to United Atoms
(UA) models that have reproduced very well this interfacial property57,58 . Other alternatives are possible and
atomistic models that include the polarization by using classical Drude oscillator model59,60 have shown to
impact significantly the calculation of the work of adhesion of water on graphite and also the contact angle indirectly29 . However, the use of such models has
shown their limitations especially in the reproduction of
the liquid-vapor surface tension of salt solutions61 . On
solid-liquid interfaces, the models have been much less
tested. The aim of this paper is not to establish the
best force field that reproduces the experimental liquidvapor and graphene-liquid interfacial tensions but rather
to report the simulated interfacial tensions with the mod-

els used here and to rationalize the differences between
the graphene-liquid and liquid-vapor interfacial tensions
in terms of changes of structuration and local hydrogen
bond network. The use of polarizable models is outside
the scope of this study.
The paper is organized as follows. Section II contains
the description of the model and simulation box as well as
the presentation of the calculation of the graphene-liquid
interfacial tension. Section III presents the discussion of
our results and our conclusions are given in Section IV.
II.

SIMULATION METHODOLOGY

A.

Model

The total configurational energy U is defined by
U = UINTRA + UINTER

(1)

where UINTRA , UINTER are the intramolecular and intermolecular energy contributions, respectively. The intermolecular contributions sum the repulsion-dispersion
and electrostatic energies.
The intramolecular interactions including contributions from the stretching energy, bending energy, torsion
energy, and nonbonded dispersion-repulsion and electrostatic interactions are modeled with the General AMBER
Force Field (GAFF2)62 ) with constrained C-H and O-H
bonds.
The intermolecular energy of the system is then
UINTER = ULJ + UELEC

(2)

where the dispersion-repulsion energy is represented by
the truncated Lennard-Jones (LJ) potential of
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where riajb is the distance between atom a in molecule
i and atom b in molecule j, ab is the energy parameter of the interaction and σab is the Lennard-Jones core
diameter. Ni is the number of atoms in the molecule i.
The total electrostatic potential was calculated using
the Damped Reaction Field (RFD) version63 . For a box
with orthogonal axes, the electrostatic energy calculated
with the RFD formalism is written as

3
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where B0 is defined as
B0 =

2(1 − 1)
2(21 + 1)

(5)

1 is the dielectric constant outside the cavity. For
water64 , we take 1 = 78.5. α was taken to be 0.2365
Å−1 . We have shown in a previous work31 that the RFD
methods compares very well with the Ewald summation
technique on the calculation of the graphene-water interfacial tension and the structure of water at the interface.
The LJ parameters for the graphene atom65 are σ =
3.3997 Å and  = 0.3594 kJ mol−1 . The potential parameters including values of σ ,  for the water model
can be found in the original paper66 . The LJ parameters
for the interactions between unlike sites are calculated by
using the Lorentz-Berthelot combining rules. The partial
charges of the molecules have been calculated from the
density-functional theory (DFT)67,68 (B3LYP)69–71 using
the Gaussian1672 package and the CHELPG73 procedure
as a grid-based method. Figure 1a shows the final symmetrized charges of each atom obtained in this work.

B.
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TABLE I. Summary of the box sizes and molecule numbers for
the solid–liquid (SL) and liquid–vapor (LV) system simulated
in this work.
System
Nmol Lx
Ly
Lz
SL water
21400 81.05 80.83 101.5
SL ethanol
6600 81.05 80.83 106.0
SL ethylene glycol 7000 81.05 80.83 106.0
LV water
1807 30.1 30.1 250
LV ethanol
4400 60.0 60.0 300.0
LV ethylene glycol 4500 60.0 60.0 300.0

The Lz dimension of the SL systems was selected from
a previous study31 in order to avoid any dependence of
the interfacial tension on the surface area. Figures 1b and
1c show two typical configurations for the SL ethylene
glycol and the LV ethanol systems, respectively.

Definition of the system

The graphene-liquid interface is modeled by placing
the graphene surface as a two dimensional planar material made up of a monolayer of carbon atoms at the
center of the box (z = 0). The carbon atoms are placed
in a hexagonal honeycomb lattice. The system is formed
by a graphene sheet surrounded by two reservoirs of
molecules. The graphene sheet was kept rigid with no
intramolecular interactions between the graphene atoms.
The distance C − C was fixed to 1.418 Å. The graphene
sheet is formed by 2508 carbon atoms leading to a surface area A = Lx Ly where Lx = 81.05 Å and Ly = 80.83
Å.
A liquid–vapor interface has also been simulated for
the same three compounds. A bulk liquid phase is first
equilibrated in the constant-NVT ensemble; the box size
is then increased in the z direction normal to the interface
to create a gas phase. Table I summarizes the number of
molecules and the box size for the graphene–liquid (SL)
interface and the liquid–vapor (LV) interface.

FIG. 1. a) Electrostatic charges calculated on the ethanol
and ethylene glycol atoms. b) Typical configuration of a
graphene layer in interaction with two reservoirs of ethylene
glycol molecules. c) Typical configuration of a liquid–vapor
interface of ethanol.

Molecular dynamics (MD) simulations were carried out
with the DL POLY package74 by using the Velocity-
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Verlet scheme75 to integrate the equations of motion. Periodic boundary conditions were applied along the three
directions of space. The SL simulations were carried out
in the constant-NpN AT statistical ensemble where the
normal component of the pressure pN = pzz was fixed to
1 bar. The area of the graphene surface is represented by
A. The temperature T was fixed to 300 K. We applied
the Hoover76 thermostat and barostat with relaxation
times of τt = 0.5 ps and τp = 0.1 ps. The LV simulations
were carried out in the constant-NVT ensemble using the
Hoover thermostat at T = 300 K with a relaxation time
τt = 0.5 ps. A time step of 2 fs is used throughout the
simulations. The systems were first equilibrated over a
period of 5 ns. The thermodynamic and structural properties were then averaged over an acquisition phase of
10 ns using 20000 stored configurations. The LennardJones potential and the electrostatic interactions were
truncated at rc = 12 Å. Statistical fluctuations of interfacial tensions were estimated using the variation in the
averages of five blocks of 4000 configurations.
C.

Graphene-liquid interfacial tension

The graphene-liquid interfacial tension is calculated by
using the mechanical definition of the interfacial tension.
We use a local version which is the method of Irving and
Kirkwood (IK)77 . Its expression is

γIK

1
=
2

Z

crosses, starts or finishes in the slab. The contribution
to a particular slab is 1/|zij | of the ij interaction. The
normal component pN (z) is equal to pzz (z) whereas the
tangential component is given by 12 (pxx (z) + pyy (z)). Fij
in Eq.(7) is the intermolecular force between molecules
i and j and is expressed as the sum of all the site-site
forces acting between these two molecules.
The long-range corrections81 to the surface tensions
γLRC are calculated using Eq.(8) by summing up the local contributions γLRC (z) of each bin k and dividing the
result by a factor 2.
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In the case of the graphene-water interfaces, these longrange corrections were found to be negligible31 . For the
liquid-vapor interfaces, the values of these tail corrections
are given in Table II.
III.

RESULTS AND DISCUSSIONS
Structure and orientation

(6)

−Lz /2

where z indicates the direction normal to the surface
and pN (z) and pT (z) are the normal and tangential components of the pressure tensor along this direction, respectively. The factor 1/2 is introduced to consider the
two graphene-liquid interfaces of the system.
The method of Irving and Kirkwood77 (IK) is based
upon the notion of the force across a unit area. The
components of the pressure78–80 tensor in the Irving and
Kirkwood definition are expressed as
pαβ (z) = hρ(z)i kB T I
 N −1 N
1 XX
+
(rij )α (Fij )β
A i=1 j>i
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i=1

A.

Lz /2

(8)

(7)

where I is the unit tensor and T is the input temperature. α and β represent x, y or z directions. θ(x) is
the unit step function defined by θ(x) = 0 when x < 0
and θ(x) = 1 when x ≥ 0. A is the surface area normal to the z axis. The simulation box is divided into Nz
slabs of thickness δz = 0.1 Å. Following Irving and Kirkwood, atoms i and j provide a contribution to the pressure tensor in a given slab if the line joining their centres

The molecular density profiles along the direction z
normal to the graphene sheet is given by
* N
+
X

1
ρ(z) =
mi H zi − z, ∆z
(9)
A∆z i=1
where mi is and zi are the mass and z-position of the
center-of-mass of molecule i, respectively. H is the tophat function defined as
(
∆z
1 if z − ∆z
2 < zi < z + 2
H(zi − z, ∆z) =
(10)
0 otherwise.
A is the interfacial area, ∆z is the slab thickness and z
corresponds to the centers of the slabs. ∆z is set to 0.05
Å for the SL systems and 0.3 Å for the LV systems.
Figure 2 displays the molecular density profiles of water, ethanol and ethylene glycol in interaction with a
graphene sheet up to a distance of 25 Å from the surface
in the right part of the simulation box (z > 0). We also
give for discussion in Figure 2b the density profiles of the
same species calculated in a planar liquid-vapor interface
by centering each one on its Gibbs dividing surface for
comparison.
When the molecules interact with a graphene sheet,
the density profiles exhibit a number of adsorbed layers
and amplitudes that depend on the species studied. The
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FIG. 2. Molecular density profiles of different molecules as
a function of z where z represents the direction normal to
the interface in the a) graphene-liquid and b) liquid-vapor
interfaces.

width of the oscillations almost corresponds to the size
of the molecules. The shape of the first adsorbed layer
is also different between water and alcohol molecules. In
the case of the liquid-vapor interfaces, the shape of the
density profiles are similar between water and ethylene
glycol with an interface shape close to a step-function. At
the same temperature for ethanol, the interface is wider
due to a smaller liquid density and an higher vapor pressure. Figure 2 shows that the molecular density profiles
are radically different for species at the interface with
graphene and their own vapor.
Figure 3 focuses on the density profiles of adsorbed layers on graphene by extending the region under investigation up to 40 Å from the graphene. We observe in Figure
3a a first very-well structured adsorption peak of approximately 3 times the value of the bulk liquid density. For
water, the first peak is accompanied by a second peak
of half the amplitude and a third slight peak located at
about 10 Å from graphene. The water then recovers the
bulk liquid density at a distance of 12 Å from graphene.
The influence of the graphene surface is different with
ethanol and ethylene glycol. Indeed, the first peak shows
a shoulder whose contributions come from both carbon
and oxygen atoms. There is a kind of sub-structure in
this first layer for alcohol molecules due to the balance in
this well-ordered layer between the strong structuration
imposed by the formation of hydrogen bond (HB) and
the preference for the methylene groups to interact with
the graphene. The investigation of the hydrogen bond
network will be proposed later in this paper. For these
alcohol molecules, it is very interesting to note that the
formation of structured layers extends over 20 Å and 25
Å for ethanol and ethylene glycol, respectively. This increase in the region of interaction in the z-direction is explained in part by the size of the molecule and a stronger
correlation between alcohol molecules and graphene.
The layering of molecules in the interface region is also
the result of an adaptation of the 3D HB network of bulk
conditions to a 2D-geometry imposed by the interaction
with a graphene surface. Figure 4 shows the number of
hydrogen bonds per donor as function of the z-position.
This number is normalized by the number of potential

FIG. 3. Molecular density profiles ρ(z) calculated over 40 Å
along the z-direction for a) water, b) ethanol and c) ethylene
glycol molecules. We have limited the scale on the y-axis to
2000 kg m−3 to have a better view of successive peaks with
decreasing amplitudes.

donors (two for water and ethylene glycol and one for
ethanol). The criteria used to select an hydrogen bond
have been taken from Ref.82. Two water molecules are
chosen as being hydrogen bonded only if the distance
(O-H..O) between the donor and acceptor is less than
2.5 Å and simultaneously the angle O-H..O is greater
than 135o . As each water molecule can give two HB
and receive two HB, we obtain the classical value of 3.7
HB per water molecule in the bulk region by multiplying
this number by 4. Interestingly, the position of the first
peak of density (see Figure 3) is also the maximum of
hydrogen bonds. These profiles show that the expected
number of hydrogen bond by donor in bulk conditions is
recovered at about 15 Å to the surface. For water close to
the surface, this number is increased by 5% with respect
to the bulk liquid water phase whereas an increase of 12
and 18 % is observed for ethanol and ethylene glycol with
respect to bulk conditions.
Figure 5 shows the 2D-distributions of the cosine value
of the angle between the O-H donor vector and the normal to the surface as a function of the position z from
the graphene surface. The first layer corresponds to the
first peak of density. For water, we observe a very strong
orientation of water molecules in the first layer which im-
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in the first layer close to the graphene monolayer is explained by the fact of maintaining a strong local network
of hydrogen bonds in the interfacial region and not by
the interaction with the graphene. Figure 6c shows the
distributions of cos θ in the region of the Gibbs dividing
surface of a liquid-vapor interface. Of course, the distributions are wider with respect to the graphene interface
but we can conclude that the water molecules exhibit a
certain orientation and structuration in this interfacial
region as recently shown by ab initio molecular dynamics calculations41,83,84 . The sphere of hydration is broken
and the molecule reorganizes itself by creating an excess
density.
FIG. 4. Number of hydrogen bonds normalized by the number
of donors (2 for water and ethylene glycol) as function of the
distance to the graphene surface for water, ethylene glycol
and ethanol.

plies a lesser degree of orientation in the second layer. At
a distance greater than 10 Å from the graphene, the distribution of the θ angle becomes flat indicating random
orientations as expected for bulk conditions. These observations are quantified in the distributions of cos θ in
Figure 6a for the first layer. The peak of the distribution for water is located at about cos θ = −0.1 suggesting
that a large fraction of molecules orient the O-H vector
perpendicular to the normal to the graphene. In other
words, the water molecules closest to the graphene have
an O-H bond parallel to the surface. This strong orientation of water molecules in the first layer also impacts
the second layer by pushing the water molecules of this
layer to take two preferred orientations (see Figures 5 and
6b): when the oxygen atom of water molecules of the first
layer acts an a acceptor of hydrogen bond, preferred orientations occur in the second layer with O-H bond perpendicular to the graphene surface (cos θ = −1); when
the O-H bond of water molecules in the first layer plays
the role of donor, water molecules of the second layer are
now oriented with one O-H bond both pointing toward
the liquid phase with cos θ = 1. To conclude, we observe
a very strong structuration of the two first layers : a first
layer with hydrogen-bonds mainly oriented parallel to the
surface and a second layer characterized by a majority of
hydrogen bonds perpendicular to the graphene. It means
that when water molecules approach the surface, there is
a broken symmetry that prevents water molecules to form
HBs as they do in the bulk liquid. As a result, they arrange to point the oxygen atoms toward the surface and
the O-H bonds parallel to the surface forming then a 2D
HB network. The number of hydrogen bonds per donor is
then increased with respect to bulk conditions (see Figure
3a). Recently, many-body electronic structure methods30
have shown that the orientation of a water monomer on
graphene does not impact on the adsorption energy. It
means that the specific orientation of water molecules

FIG. 5. 2D distribution of the OH vectors that give a hydrogen bond as a function of their position z for the three
systems. Layer 1 is the closest to the graphene surface, located at z = 0. θ is the angle between the OH vector and the
z axis normal to the surface. The colors represent the relative
probability with respect to the random orientation found in
the bulk region, set to unity. The dashed lines show the two
first layers.

We now focus on the structuration of alcohol molecules
in the graphene layer and liquid-vapor interfaces. The
strong orientation observed with water molecules within
a 2D organisation of hydrogen bonds parallel to the interface also applies to alcohol molecules as shown Figures 5 and 6. The main difference with water lies in a
flatter angle distribution n(cos θ) which is centered on
< cos θ >= 0. For alcohol molecules, the O-H donor has
the possibility to be more parallel to the surface than
with water molecules, certainly due to a less constrained
network of hydrogen bonds. The second layer also shows
slight differences in the distribution of θ with especially
privileged orientations characterized by < cos θ >= 0 for
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ethanol and ethylene glycol and another set of favored
orientations at < cos θ >= 0.75. The 2D-HB network
is maintained in the second layer, albeit to a lesser extent. This can be explained by the size of the molecules
and the number of consecutive oscillating peaks in the
density profiles in Figure 3. As regards the liquid-vapor
interface, we also note a slight orientation of alcohol
molecules parallel to the interface to a lesser degree than
water. Let us recall that even in bulk conditions, alcohol
molecules form chainlike structures85–88 which are less
cohesive than the 3D-HB network of water.

FIG. 6. n(cos θ) distributions calculated for water and alcohol
molecules for a) the first layer defined by a maximum distance
to the graphene of 4 Å; b) the second layer defined by 4 <
z < 6 Å; c) a region extending over 10 Å from the position of
the Gibbs dividing surface in the liquid-vapor interface.

B.

Interfacial tensions

We now turn our attention on the values of interfacial tensions calculated in graphene-liquid and liquid-

TABLE II. Interfacial tensions of the liquid-vapor and
graphene-water interfaces. The different contributions of the
interfacial γLJ , γELEC and γLRC are given for discussion. The
average interfacial tension < γ > sums up the three parts.
The subscripts give the accuracy of the last decimal(s), i.e.,
108.790 means 108.7±9.0.
System

γLJ

Water (SL)
Water (LV)

γELEC γLRC < γ >
(mN m−1 )
-479.2 587.9
0 108.790
-244.6 312.2 4.4 72.0105

Ethanol (SL)
Ethanol (LV)

-24.8
1.5

92.0
13.3

0
3.9

67.218
18.717

Ethylene glycol (SL) -195.0 269.3
Ethylene glycol (LV) -105.7 137.1

0
6.3

74.326
37.728

vapor interfaces. These interfacial tensions are calculated with the Damped Reaction Field (RFD) method.
The good agreement obtained with the experimental
and simulated66,89 liquid-vapor surface tension of water
at 298 K establishes that the RFD approach performs
very well in the calculation of this property with the
same accuracy as the Ewald method89 . In addition, the
Lennard-Jones and electrostatic contributions calculated
with RFD for this liquid-vapor interface are also in line
with those calculated with the Ewald summation method
at a higher temperature89 (T = 478 K). Concerning the
graphene-water interfacial tension, RFD reproduces the
value calculated with Ewald31 . For alcohol, we use the
General AMBER Force Field (GAFF2)62 based on an allatom description that has not been optimized on coexisting properties. This can explain some deviations from
experiments on the liquid-vapor surface tensions of alcohol molecules for which United Atom models57,58 perform
better. The aim of this paper is to rationalize the changes
in the interfacial tensions between liquids and a graphene
layer and liquid-vapor in line with the structural arrangements at the interface. The different contributions to the
interfacial tensions are given in Table II.
From a methodological viewpoint, Figure 7c shows the
profiles of the difference between the normal and tangential components of the pressure tensor and the integral
γ(z) for the water LV system. The profiles show features
that are in line with the mechanical equilibrium of planar liquid-vapor interface : two peaks of about 60 MPa
at the two interfaces and no contribution from the bulk
liquid and vapor phases leading to constant local values
of γ(z) in these bulk phases.
The analysis is more challenging for the interaction of
liquids with a graphene monolayer. Indeed, each density
peak is associated with a peak of the pN (z) − pT (z) profile. A drop of pN (z)−pT (z) from 400 to more than -1000
MPa is calculated in the first layer of water molecules corresponding to a thickness of about 5 Å leading to a local
interfacial tension of about 125 mN m−1 in line with a
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strong associated fluid. This profile is radically different
to that observed in the liquid-vapor interface establishing that the different consecutive layers of molecules are
marked by different local interfacial tensions. The strong
orientation and structuration of the molecules due to the
presence of the graphene clearly appear through the local
values of pressures and interfacial tensions.

the lowest value of the systems studied here. From an
energetic viewpoint, the strengthening of the association
in the fluid due to the graphene is the most significant
for water with γSL = 108.7 mN m−1 and the lightest for
ethanol with γSL = 67.2 mN m−1 . We do not see significant changes in the structuration of the two closest
layers next to the graphene for the alcohol molecules in
line with similar interfacial tensions.

IV.

FIG. 7. Difference of pN (z) − pT (z) (MPa) pressure profiles
calculated in a) the graphene-water interface and c) the liquidvapor interface of water. The integral γ(z) of the local interfacial tension (mN m−1 ) calculated using Eq.(6) is given in b)
for graphene-water and in c) for water liquid-vapor systems.

For completeness, Table II lists the different contributions to the surface tensions. A negative contribution
to the surface tension from the Lennard-Jones (LJ) part
means that the LJ interacting centers are on average at
a smaller distance than the σ diameter parameter leading to positive values for the energy. This repulsive LJ
energy is then explained by strong electrostatic interactions. The magnitude of the LJ part to the interfacial
tension measures to a certain extent the strength of the
association in the liquid. For water and ethylene glycol,
the LJ contribution to the surface tension becomes much
more negative when we move from the liquid-vapor to the
graphene-water interfaces. For ethanol, this contribution
changes from a positive to a negative value but it is also

CONCLUSIONS

The graphene-liquid interface was investigated by
means of molecular simulations. The density profiles
along the direction normal to the surface establish different adsorbed layers with a number and amplitudes
that depend on the molecule. The shape of the profiles
changes radically from those calculated in a liquid-vapor
interface.
The simulations have evidenced a very strong structuration in the two layers closest to the graphene. As
water and alcohol molecules approach the graphene, they
undergo a break in symmetry that cancels any possibility of forming hydrogen bond on the side of graphene.
Molecules adapt to this situation by orienting the hydrogen bonds in the direction parallel to the surface leading
to a 2D HB network in the first layer. The interfacial
region of the liquid-vapor equilibrium also shows the formation of 2D HB network but to a lesser extent compared
to graphene-liquid interface.
The layering of water and ethanol molecules when they
interact with the graphene is noticeable on the profiles of
interfacial tension and pressure components. In the case
of water, the first layer of water sees a drop of pN − pT of
about 1500 MPa over a thickness of 5 Å. In this first layer,
the local interfacial tension is increased by 74% with
respect to the surface tension of liquid-vapor interface.
From an energetic viewpoint, the enhancement of the interaction within the liquid due to the graphene is the
most significant for water and the smallest for ethanol.
This paper aimed at showing how properties of associated liquids characterized by different hydrogen bond
strengths change with respect to bulk conditions when
they interact with a surface. The structural changes
due to the adsorption have been analyzed in terms of
local molecular density and orientations. Some dramatic
changes in the pressure tensor and local surface tensions
have been identified in the interfacial region with the
solid. These structural and energetic modifications are
significantly different from those observed in the interfacial region of the liquid-vapor equilibrium.
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64 J. M. Mı́guez, M. M. Piñeiro, and F. J. Blas, “Influence of the
long-range corrections on the interfacial properties of molecular models using Monte Carlo simulation,” J. Chem. Phys. 138,
34707–34716 (2013).
65 D. Cohen-Tanugi and J. C. Grossman, “Water desalination across
nanoporous graphene,” Nano Lett. 12, 3602–3608 (2012).
66 J. L. F. Abascal and C. Vega, “A general purpose model for the
condensed phases of water: TIP4P/2005,” J. Chem Phys. 123,
234505 (2005).
67 P. Honenberg and W. Kohn, “Inhomogeneous electron gas,”
Phys. Rev. A 136, 864–871 (1964).
68 W. Kohn and L. Sham, “Self-consistent equations including exchange and correlation effects,” J. Phys. Rev. A 140, 1133–1138
(1965).
69 A. D. Becke, “Density-functional exchange-energy approximation
with correct asymptotic behavior.” Phys. Rev. A 38, 3098 (1988).
70 A. D. Becke, “Density?functional thermochemistry. iii. the role
of exact exchange,” J. Chem. Phys. 98, 5648–5652 (1993).
71 J. P. Perdew and Y. Wang, “Accurate and simple analytic representation of the electron-gas correlation energy,” Phys. Rev. E
45, 13244 (1991).
72 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino,
B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian,
J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. WilliamsYoung, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng,
A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski,
J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. M.
Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd,
E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L.
Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J.
Fox, “Gaussian 16, revision b.01,” Gaussian, Inc., Wallingford
CT (2016).
73 C. P. Breneman and K. B. Wiberg, “Determining atom?centered
monopoles from molecular electrostatic potentials. the need for
high sampling density in formamide conformational analysis,” J.
Comput. Chem. 11, 361–373 (1990).
74 I. Todorov and W. S. and, “DLPOLY3: New dimensions in
molecular dynamics simulations via massive parallelism,” J.
Mater. Chem. 16, 1911–1918 (2006).
75 M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids,
Second edition (Oxford: Clarendon Press, 2017).
76 S. Melchionna, G. Ciccotti, and B. L. Holian, “Hoover NPT dynamics for systems varying in shape and size,” Mol. Phys. 78,
533–544 (1993).
77 J. H. Irving and J. Kirkwood, “The Statistical Mechanical Theory of Transport Processes .IV. The Equations of Hydrodynamics,” J. Chem. Phys. 18, 817–829 (1950).
78 J. S. Rowlinson and B. Widom, Molecular Theory of Capillarity
(Clarendon Press, Oxford, 1982).
62 D.

11

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI:10.1063/5.0042438

79 J.

P. R. B. Walton, D. J. Tildesley, J. S. Rowlinson, and J. R.
Henderson, “The pressure tensor at the planar surface of a liquid,” Molec. Phys. 48, 1357–1368 (1983).
80 J. P. R. B. Walton, D. J. Tildesley, J. S. Rowlinson, and J. R.
Henderson, “The pressure tensor at the planar surface of a liquid,” Molec. Phys. 50, 1381 (1983), erratum.
81 M. Guo and B. Lu, “Long range corrections to thermodynamic
properties of inhomogeneous systems with planar interfaces,” J.
Chem. Phys. 106, 3688–3695 (1997).
82 A. Luzar and D. Chandler, “Effect of environment on hydrogen
bond dynamics in liquid water,” Phys. Rev. Lett. 76, 928–931
(1996).
83 A. P. Willard and D. Chandler, “Instantaneous liquid interfaces,”
J. Phys. Chem. B 114, 1954–1958 (2010).
84 J. Kessler, H. Elgabarty, T. Spura, K. Karhan, P. Partovi-Azar,
A. A. Hassanali, and T. D. Kühne, “Structure and dynamics
of the instantaneous water/vapor interface revisited by pathintegral and ab initio molecular dynamics simulations,” J. Phys.

Chem. B 119, 10079–10086 (2015).
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