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I

IN THE PAST TWO DECADES,
molecular dynamics (MD) simulation has
been applied extensively as a powerful tool
to quantitatively investigate the nanoscale
phenomena in various research fields of
fundamental sciences, medicine, and engineering [1], [2]. This successful development was mainly contributed to the
rapidly growing computation power since
the 1950s. One of the earliest works on
MD simulation was reported by Alder
et al. in 1957 on the dynamics of a hard
sphere system consisting of several hundreds of particles [3]. The accurate prediction using MD when compared with
experimental results in these early studies
has led to the continuous development in
the following decades. Since the 1980s,
numerous MD applications have been
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evolved in the research on polymers, biopolymers, and proteins. In the mid1990s–2000s, various literature related
to MD can be found with applications
including atomistic analysis of fracture
mechanics and nanomaterials, e.g., carbon nanotubes and nanowires.
MD simulation is based on modeling
at the atomistic level when the discrete
and heterogeneous nature of matters at
this level is explicitly significant. This simulation approach can overcome the inherent constraints in continuum approaches
(e.g., finite element and boundary element
methods), especially when nanometer or
subnanometer length scale is of concern or
when material behaviors should be determined from the fundamental bottom–up
physical or chemical perspective. MD simulation has been proven as an effective
computational approach to predict material behaviors and provide detailed insights
on the fundamental molecular processes.
Here, we discuss the molecular adhesion
between water and graphene, the nanomaterial well-known to possess great
potential for its nanoengineering applications in biosensors, computer displays,
integrated circuits, and energy storage.
Graphene is one of the newly discovered
nanomaterials whose atomic structure is a
monomolecular layer of carbon atoms covalently bonded with a honeycomb arrangement. Although theories of graphene have
been studied for decades, practical fabrication of the unique nanomaterial had been
hindered for a long time. In 2004, Geim
and coworkers for the first time isolated a
monomolecular graphene sheet [4].
Because of the ground-breaking discovery
and their following contributions to graphene research, Geim and Novoselov were
awarded the Nobel Prize for Physics in
2010. Since the first monolayer graphene
sheet was isolated, the field of graphene
research has been growing at a spectacular
rate and a lot of its material properties have
been discovered. Mechanical properties of
single graphene sheet were measured by
Lee et al. using nanoindentation, and the
results indicated that this nanomaterial is
ultra-hard, with Young’s modulus 1 TPa
and strength 130 GPa [5]. Its extraordinary
electrical properties include insensitivity to
disorder and electron–electron interaction
and very long mean free paths of electrons

[6]. The extremely high thermal conductivity of graphene layers (5 kW/m/K [7])
induces remarkable potentials of breakthroughs in nanoelectronics and multilayer
electronic chip design, as discussed previously in IEEE Nanotechnology Magazine by
Balandin [8].
On the other hand, investigations on
the graphene wettability and the related
applications are comparatively limited.
The wettability is particularly important
for the applications of graphene in cell
biology applications because this material
property determines cell attachment and
survival. Wang et al. have recently
measured the wettability and free energy
of graphene films based on the contact
angle measurements [9]. Still, the theoretical/computational validation of the
results has not been reported. In this article, we describe our case study using MD
simulation to predict the free energy of a
graphene–water system based on the
nanoscale perspective. This work can also
be considered as a demonstration on the
applications of MD in nanomaterials and
nanostructure research.

SIMULATION BASICS
MD simulation is a numerical modeling technique for studying molecular
behaviors of defined substances and the
corresponding bulk material properties in
larger scales as continuum using appropriate up-scaling approaches [10], [11].
Atomistic configuration of the concerned
molecules should be first constructed
[Figure 1(a)–(b)]. It includes precise definitions of element type, partial charge of
atoms, bond connectivity among atoms,
atomic location, and their boundary conditions. The basic unit in a full atomistic
model is an atom, with its motion computed over a discrete simulation timespan.
Afterward, the determination of the force
field (potential) is definitely crucial to
accurately describe the interactions among
atoms [12] and molecules [Figure 1(c)].
The selection of the force field from a number of candidates, such as the consistent
valence force field (CVFF) and the
Chemistry at Harvard molecular mechanics (CHARMM) [13], should be chosen
in such a way that the force field describes
all major bonded and nonbonded interactions including ionic bonds, covalent

bonds, metallic bonds, hydrogen bonds,
Coulombic interaction, and van der Waals
forces. In practice, the parameters adopted
in the chosen force field are obtained either
by experimental methods such as nuclear
magnetic resonance spectroscopy or from
rigorous ab initio (from the first principle
approach) quantum mechanics calculations.
Initialization and energy minimization of a constructed atomistic system
should be performed such that the
system can attain an energy admissible
state prior to the computation of MD
[Figure 1(d)]. Initial positions of all
atoms are predefined, followed by calculating the corresponding total potential
energy U of the entire system, which is
the summation of the energy in all the
atoms obtained by the defined force field.
U is then minimized by varying the atomic positions. In theory, this minimal energy,
which indicates the thermodynamics
equilibrium state, is the most preferable
molecular configuration in the concerned
domain and should be used in the subsequent computational experiments.
MD simulation relies greatly on the
force interactions among atoms following Newton’s second law of classical
mechanics. The force (Fi ) acting on an
atom i is expressed as Fi ¼ mi ai , where
mi is the mass of the atom and ai is the
atom acceleration. Fi includes all the
interactions among other nearby atoms
and can be expressed as the sum of the
negative gradients of the total potential energy U with other neighbor
atoms (1, 2, . . . , j , . . . , n; j 6¼ i), i.e.,
Fi ¼ Rj ¼1, 2, ..., n;j 6¼i (@U =@rij), where rij
is the distance between atoms i and j .
Once the net force Fi is computed, the
acceleration of atom i can be resolved to
predict its sequential velocity and position by an appropriate numerical integration scheme in the time domain.
Considering that the intricate force
interactions among atoms are analytically highly unsolvable, numerical integration of the governing equations of
atomic forces adopts the finite different
approach for every incremental time
step Dt (typically  1 fs ¼ 1 3 1015 s)
as shown in Figure 1 (e)–(f ). As an introduction, a relatively simple approach called
Verlet algorithm to approximate the
atomic positions and accelerations by the
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FIGURE 1 A typical numerical process in MD simulation. It involves several key steps: (a) construction of molecular structures with specified atomic interactions, (b) definition of phase states, (c) force fields definition, (d) initialization and energy minimization, (e) force computation and (f) update of atomic
states, (g) calculation of concerned system properties, and (h) simulation result generation.

first-order Taylor series expansion is described in this article. The position vector
ri of an atom i at an subsequent time step
ðt þ Dt Þ is computed by ri ðt þDt Þ¼
2ri ðt Þri ðt Dt Þþai ðt ÞDt 2 , where ri ðt Þ
and ri ðt Dt Þ are the position vectors at
the simultaneous computational time t
and the priori time step t Dt , respectively;
and ai ðt Þ is the acceleration vector at time
t . The velocity vector Vi can then be
approximated by ½ri ðt þDt Þ ri ðt Þ=Dt .
With this Verlet algorithm, the motion
dynamics (for both positions and velocities) of all the atoms can be computed
iteratively. Indeed, other numerical integration approaches, such as the velocityVerlet algorithm, the leapfrog-Verlet
algorithm, and the reversible reference
system propagator algorithm (r-RESPA)
integration schemes, are also widely used.
A cutoff radius is usually specified in
the simulation (typically 10 Å) to reduce
the number of considered interactions
associated with each individual atom.
When a neighbor atom is located from
the simultaneously concerned atom at a
distance beyond the cutoff radius, its
negligible interaction will be skipped
accordingly. This basic but critical criterion can dramatically reduce the computational load and thereby the MD
simulation has become manageable.
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It is important to mention that additional simulation constraints are required
to be specified and maintained in each
computational time step. The set of all the
microscopic configurations should be
consistent with the macroscopic state of
the atomistic system, which is so-called
the ‘‘ensemble.’’ The correlation between
microscopic quantities measured in an
atomistic system and macroscopic counterparts always exists. For instance, the
kinetic energy stored in a system can be
expressed either macroscopically or
microscopically as 3=2 3 kB T ¼ 1=N 3
Ri (1=2 3 mi vi2), where kB is the macroscopic Boltzmann constant; T is the
system temperature: and mi and vi are
the mass and velocity of atom i, respectively. In addition, the microscopic state of
every atom consists of three Cartesian positions and three momentum variables, constructing a hexadimensional virtual phase
space. An ensemble is defined as a collection of all atom conditions in terms of their
phase space required to match a particular
thermodynamic state. Examples of the ensembles are microcanonical (constant
volume, energy, and number of atoms),
canonical (constant volume, temperature,
and number of atoms) and Gibb’s (constant pressure, temperature, and number of
atoms) ensembles.

After computing the displacements,
velocities, and forces for all atoms under
a predefined ensemble, the macroscopic
material properties can be interpreted
through post processing of the microscopic atomic quantities in the phase
space [Figure 1(g)–(h)].

ATOMISTIC MODEL OF
GRAPHENE-WATER SYSTEM
We have constructed an atomistic model
consisting of a monolayer graphene surface and a water molecule as shown in
Figure 2. Partial charges of all atoms in
the simulation cell were calculated by
the charge equilibrium method [14]. In
this simulation, we have adopted the
CVFF to describe the interactions between graphene and water with the total
potential energy function given in [15]
and [16], which has been widely used
for structures in both organic and inorganic phases [17].
The CVFF has been parameterized
against a wide range of experimental
observables for amino acids, water, and
a variety of other functional groups, as
well as some inorganic materials. Recently, this force field has also demonstrated its applicability for studying the
interaction between graphene and
polymer [18]. The CVFF potential

function is represented by the superposition of valance and nonbonded interactions, in which the harmonic forms
for bond-stretching terms are applied
to reduce the function complexity. The
valance terms are the permanently
bonded interactions consisting of bond
stretch, bond angle bending, and dihedral angle torsion terms, whereas the
nonbonded intermolecular interactions
include van der Waals and Coulombic/
electrostatic terms. After model initialization, energy minimization, and atomic
interaction configuration, the model is
equilibrated under a canonical (constant number of atoms, volume, and
temperature) ensemble at temperature
300 K using software named ‘‘largescale atomic/molecular massively parallel simulator’’ [19].

ADHESION STRENGTH PREDICTION
Adhesion energy is a material property
representing the energy required to
debond two different materials and is typically estimated from experimental studies. Alternatively, in the energy aspect on
the entire molecular system, an additional
work has to be applied to peel a water
molecule off from the graphene surface.
In other words, the molecular system
gains energy from the external energy
source, which can be present in the form
of applied load or thermal source.
Theoretically, the adhesion energy
can be quantified by the difference in free
energy surface (FES) between the attachment and detachment states of a water
molecule located close to graphene. The
detachment state in our simulation
experiment was defined when the water
molecule located at a distance sufficiently
far away from the graphene surface without adhesion force between the two
substances. The selected threshold of
separating distance is 10 Å, which is the
cutoff radius for neglecting nonbonded
interactions between atoms in MD
computation, as mentioned previously.
Nevertheless, the construction of reliable
FES remained to be a challenging task
until recently when a numerical strategy
using metadynamics has been reported
[20], [21].
The metadynamics approach is a
powerful algorithm that can be used for

both reconstructing FES and accelerating
rare events [22] in the systems that cannot be obtained under basic MD simulation with a limited time scale. This
algorithm fits the actual FES with the
summation of a series of defined Gaussian
potential functions, which are virtually
added to the system as positive external
energy [23]. Briefly, we should keep adding tiny external energy (a Gaussian
potential profile with a defined shape) to
the molecular system throughout the
procedures as shown in Figure 3(a).
Because the steady state of a molecular
system refers to a local minimum in its
FES, adding positive Gaussian energy at
the steady state with sufficient amount
can eliminate such minimum and shift the
equilibrium state [Figure 3(b)]. Afterward, the Gaussians are then added to the
updated steady state until at certain stage
the system became unsteady [Figure 3(c)].
In this scenario, the molecular system
cannot attain a preferable lower energy
state and can fluctuate freely along the
free energy profile mainly caused by the
molecular vibration associated with the
system kinetic energy. By keeping track
of the additional energy introduced to
the system throughout the entire procedures, we can then reconstruct the FES
of a defined molecular system.
In our simulation study of the graphene–water system, the distance between
the water molecule and the graphene surface (defined as z-location here) was
chosen to be the only coordinate to estimate the FES. Gaussians were sequentially

added to the system until the water molecule detached from the graphene film, i.e.,
z  10 Å. Figure 3(d) shows the reconstruction of FES at different simulation
stages. By definition, the adhesion
strength was obtained by dividing the free
energy barrier (Eb ) between the attached
and detached stages by the contact area of
the water molecule (Awater ), i.e., SGW ¼
Eb =Awater . For our graphene–water system, Eb was computed as 2.72 kcal/mol
based on the metadynamics approach.
Since the area occupied by single water
molecules Awater at standard temperature
and pressure is 62.25 Å2 (the molecular
volume of water is 29.88 Å3 and the
range of fluctuation in the z-direction of
the water molecule is 0.48 Å, estimated
by MD simulation), we have obtained the
adhesion energy in the graphene–water
system as SGW  23.73 mJ/m2.

SURFACE WETTABILITY
The adhesion strength SGW between a
graphene surface and water can be
described by SGW ¼ cG þ cW  cGW ,
where cG , cW (¼ 72 mJ/m2), and cGW
are the graphene surface free energy,
water surface free energy, and graphene–water interfacial energy, respectively. Alternatively, the adhesion strength
between graphene and water can be reflected by the contact angle h of a water
droplet sitting on the flat graphene surface
based on the Young’s equation as
SGW ¼ cW ð1 þ coshÞ. Wang et al. have
recently measured the contact angle
(h ¼ 127 ) of a bulk water droplet
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Carbon–Carbon Covalent Bond

Carbon

Oxygen–Hydrogen Covalent Bond

Oxygen

van der Waals Force

Water

FIGURE 2 Atomistic model configuration including a water molecule (H2O) on top of a graphene
sheet. Inset: model used in the MD simulation.
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FIGURE 3 FES of the graphene–water system solved with the metadynamics approach. (a) Gaussians are continuously added at the simultaneous state of the molecular system. (b) The system state
may vary during the process. (c) At the end of the procedures, there is no steady state of the system.
The FES can then be resolved by the profile of external energy applied during the process. (d) Simulated FES of the graphene–water system at different process stages: 25%, 50%, 75%, and 100%.
Around 2 3 105 Gaussians were required to be added during the simulation.

(diameter > 1 mm) on graphene to
estimate the adhesion strength (SGW 
29 mJ=m2 ) [9]. Surprisingly, this top–
down experimental adhesion strength
agrees with our MD prediction
(SGW  23:73 mJ=m2 corresponding
to h  132 ).

SUMMARY
In this article, we have introduced the
basic concept and procedures of MD
simulation. The applicability of MD in
nanoscience research was demonstrated by a case study on graphene
wettability. Our results on adhesion
strength of a water molecule on graphene (SGW  23:73 mJ=m2 ) matched
reasonably with the previously reported
wettability and adhesion strength
(SGW  29 mJ=m2 ) obtained from
experiments. Hence, it is clear that MD
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simulation is an effective computational
tool to predict and validate nanoscale
behaviors of substances including their
material properties.

A FUTURE DIRECTION: CARBON
NANOTUBE SUBSTRATES
The applications of MD on the analysis
of adhesion strength and wettability of
graphene in this study can proceed on a
larger scale with other topology of the
honeycomb arrangement structure of
carbon atoms. CNT is one of the applicable candidates because this graphitic
nanomaterial can be viewed as a graphene sheet rolled up as a hollow cylindrical nanostructure. The CNTs growing
vertically on a flat substrate can form a
complicated topography in nano or subnanoscale [Figure 4(a)]. In particular, a
single-wall CNT is typically  1 nm in its

tube diameter and contains hemispherically arranged carbon atoms at its tip. An
array of the grown CNTs forms a highly
bumpy topography in the microscopic
view or a flat surface with nanoscale
roughness in the macroscopic view. Such
heterogeneous surface profile of the
CNT substrate can modify the contact
angle of a water droplet to be more
hydrophobic (larger h), known as the
lotus effect or the Cassie-Baxter phenomenon. As shown in Figure 4(b), we
have examined experimentally that the
contact angle of water on the CNT substrate (h4140 ) is larger than the one on
graphene based on our MD analysis
(132 ). It is clear that the nanotopography of carbon atom arrangement has
caused a significant increment on the
substrate hydrophobicity.
The concept of the direct MD simulation of a water droplet locating on the
CNT substrate is obvious; yet, there is a
huge technical hurdle of the required
computational power. An alternative approach is the multiscale simulation, which
is definitely the trend for the bottom–up
computation of large-scale atomistic
systems. Technically, this methodology
computes only the nanoscale effects with
MD simulation, whereas other effects
related to larger length scales are modeled
as continua. The molecular interactions
between MD-modeled and continuumapproximated regions should be performed by an effective conversion mechanism from microscopic configurations to
the corresponding macroscopic ensemble
and vice versa.
Previously reported research applications on the multiscale simulation include
interfacial contact mechanics between
distinct materials [24] and fluctuating
hydrodynamics [25]. In this water-onCNTs condition, we may model the local
distribution of water molecules around
CNTs using MD and the upper part of
water droplet using the numerical
approach for continuum such as finite element methods. As a potential application,
the multiscale approach can be applied to
simulate a water droplet falling onto
the super-hydrophobic CNT surface.
Dynamics of the water droplet interacting
with the subnanoscale CNT topography
can be achieved by MD, whereas the
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θ
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FIGURE 4 Hydrophobicity of a substrate containing a fully packed array of CNTs grown perpendicular to a base surface. (a) Scanning electron microscopy
image of a sidewall of the CNT substrate generated by scratching a cavity with a razor blade. Thickness of the CNT layer is  40 lm. Tilt angle: 30°. Scale bar:
20 lm. Inset: sketch of a sample arrangement of covalent-bonded (lines) carbon atoms (circles) at a single-wall CNT tip. (b) A water droplet sitting on the CNT
substrate with a contact angle h>140 . (c) Snapshots of a water droplet falling onto a CNT substrate at different time points. Scale bars in (b) and (c): 2 mm.
(Laboratory results from the class Micro/Nano Engineering of Massachusetts Institute of Technology, Spring 2010. Used with permission from Prof. SangGook Kim and Prof. Rohit Karnik.)

droplet separation and internal hydraulic
vibration in the droplet bodies (1.0–2.0 s)
after rebounding can be modeled as continua as shown in Figure 4(c). Together,
the multiscale strategy combining MD
and continuum-based simulation may
provide detailed insights on the roles of
nanomaterials integrated in larger lengthscale physical systems and help discover
further potential applications of particular
nanomaterials.
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