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ABSTRACT: The solid−liquid interface is of great interest because of its highly
heterogeneous character and its ubiquity in various applications. The most fundamental
physical variable determining the strength of the solid−liquid interface is the solid−liquid
interfacial tension, which is usually measured according to the contact angle. However, an
accurate experimental measurement and a reliable theoretical prediction of the contact
angle remain lacking because of many practical issues. Here, we propose a first-principles-
based simulation approach to quantitatively predict the contact angle of an ideally clean
surface using our recently developed multiscale simulation method of density functional
theory in classical explicit solvents (DFT-CES). Using this approach, we simulate the
surface wettability of a graphene and graphite surface, resulting in a reliable contact angle
value that is comparable to the experimental data. From our simulation results, we find that
the surface wettability is dominantly affected by the strength of the solid−liquid van der
Waal’s interaction. However, we further elucidate that there exists a secondary contribution from the change of water−water
interaction, which is manifested by the change of liquid structure and dynamics of interfacial water layer. We expect that our
proposed method can be used to quantitatively predict and understand the intriguing wetting phenomena at an atomistic level
and can eventually be utilized to design a surface with a controlled hydrophobic(philic)ity.

The concept of wettability, i.e., the degree of spreading
water over the solid surface, has been applied to regulate

various chemo-physical reactions in the fields of water
harvesting,1 self-cleaning,2 corrosion,3 filtration,4 heterogeneous
catalytic reaction,5,6 etc. Despite its critical importance in a
number of practical applications, fundamental characterizations
and understanding on the wetting phenomena at the molecular
level remain lacking. Moreover, an accurate measurement of the
contact angle (θCA) is often difficult to accomplish because of
defects,7 airborne contaminants,8 and oxide layer formation9 on
the surface. In the case of thin film systems, their intrinsic
surface corrugation adds more complications because the
surface geometry is another influential element on the surface
energy.
Even for a graphite surface that is chemically much more

inert than other surfaces, e.g., metals, experimental measure-
ment on the water contact angle substantially varies. In 1940,
Fowkes et al. reported the θCA of 86° that is measured using the
tilting plate method.10 Using the rising meniscus method,
Morcos reported the similar value of 86° in 1972.11 However,
Tadros et al. measured a rather low value of 60−80° using the
captive bubble method in 1974.12 An even lower value of 42 ±
7° was estimated by Schrader in 1980,7 and <30° was obtained
from a scanning force microscopy study by Luna et al.13 In
addition, there still is much debate regarding the influence of
possible contaminants during experimental measurements.8

As a complement to experiments, in such cases, first-
principle-based simulation can serve as the most reliable
method to provide a theoretical bound for predicting the θCA
values of idealized surface by minimizing all possible
ambiguities at the atomic scale. On the basis of quantum
mechanics (QM), density functional theory (DFT) rather
accurately describes the noncovalent interaction between the
solid surface and a liquid molecule, particularly with the recent
development of various van der Waal’s corrected DFT
methods.14−19 However, because of its high computational
cost, DFT calculations are often conducted in a static manner
while ignoring the dynamics; as a result, the liquid phase cannot
be properly considered. When the dynamics is included in
DFT, a formidable computational cost of ab initio molecular
dynamics (AIMD) simulations hampers a sufficient sampling of
molecular configurations of the liquid phase.
In this regard, classical molecular dynamics (MD) simu-

lations have often been employed to investigate the surface
wetting properties. Driskill et al.20 simulated the contact angle
on graphene sheets using the semi-infinite cylindrical drop
model and Raj et al.,21 and Shih et al.22 investigated the
wettability of graphene using a spherical nanodroplet method.
These methods require not only extrapolation to an increase in
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droplet size to eliminate line tension effects but also a certain
degree of arbitrariness to define the boundary of the
droplet.23,24 In addition, in classical MD simulations, the
solid−liquid interaction energy is heavily dependent on the
choice of force-field (FF) parameters.25−27 Thus, without any
input from experiments, the quantitative prediction of the
surface wettability is usually unavailable using classical MD
simulations.
In this paper, we propose a multiscale approach for a

quantitative prediction of surface wettability. Using our recently
developed multiscale simulation method, DFT in classical
explicit solvents (DFT-CES),28 we simulated the solid surface
using a DFT and used a classical MD for the liquid phase.
Within the DFT-CES framework, we propose a systematic
strategy to develop reliable van der Waals (vdW) parameters
that can transfer the accurate description of the “single water−
surface” interaction (which can be derived from accurate QM
calculations) to the description of the “liquid water−surface”
interfacial interaction. We then apply our multiscale method to
investigate a graphene/graphite-water interface and provide a
quantitative theoretical bound of water contact angle of
graphite as well as full atomistic details regarding the interface,
such as hydrogen bond network and water structure nearby
graphene/graphite.
Multiscale Simulation Method: DFT-CES. The DFT-CES

method is a mean-field self-consistent quantum mechanics/
molecular mechanics (QM/MM) method.28 By completely
decoupling the time scales of two different levels, QM particles
experience the mean electrostatic potential (MESP) of MM
particles as an external potential, while MM particles experience
the MESP of QM particles as an external potential. To describe
the interfacial interaction within reasonable computational
efficiency, the MESP of QM particles is approximated by the
electrostatic potential calculated from the static DFT
optimization, VQM

ES , while removing QM particle dynamics.
The MESP of MM particles, ⟨VMM

ES ⟩, is calculated using the time
average of the classical MD simulation trajectories. Thus,
modified QM and MM Hamiltonians can be expressed as

= + ⟨ ⟩H H VQM QM
0

MM
ES

(1)

= + +H H E EMM MM
0

int
vdW

int
ES

(2)

where HQM
0 and HMM

0 are quantum and classical Hamiltonians
with no external potential (i.e., with no coupling with MM at
HQM

0 and with no coupling with QM at HMM
0 ), respectively.

Eint
vdW is the vdW interaction at the interface between QM and

MM particles; this interaction relies on a pairwise FF-type
description. Eint

ES is the electrostatic interaction energy between
MM point charges and “QM nuclei + electron density” given by
Eint
ES = ∑μ∈{MM particles}qμVQM

ES .
DFT-CES employs a real-space grid as a communication

channel for the electrostatic interactions, where VQM
ES is stored

from the DFT simulation and transferred to the MD
simulation. In addition, VMM

ES is an averaged 3D grid potential
sampled from the MD simulation and then transferred to DFT
simulation. Finally, both Hamiltonians of eqs 1 and 2 are solved
until a self-consistent solution is obtained. Full details regarding
the method and implementation are described in one of our
past publications.30

Calculation of Contact Angle. Using the DFT-CES method,
we can simulate the semi-infinite interface between a solid slab
and a liquid slab, as illustrated in Figure 1, where the solid part
is simulated using a static DFT and the liquid part is simulated
using a classical MD. After consecutive iterations of DFT and
MD, we can obtain the mean-field solution of the solid−liquid
interface, along with the final DFT energetics and MD
trajectories.
We first formally define the entire free energy (Atot) of the

solid−liquid interfacial system as

∫ β= − ⟨Ψ| − |Ψ⟩A k T d d Hr pln exp{ }n n
tot B tot (3)

where Htot = HQM
0 + HMM

0 + Eint
vdW + Eint

ES, and kB and T denote
the Boltzmann constant and temperature, respectively (β = 1/
kBT). If we employ an infinite mass approximation for QM
particles, as done in our DFT-CES formalism, the phase space
integration about QM and MM degrees of freedom in eq 3 is
reduced into the phase space integration only about the MM
degrees of freedom; ∫ drndpn → ∫ drMM

m dpMM
m . As HQM

0 being
independent of the MM degrees of freedom {rMM

m , pMM
m }, eq 3 is

rewritten as

= +A A Etot l s
0

(4)

where the first term can be referred as a free energy of the
liquid part (Al) that is under the external potential from the

Figure 1. Schematic diagram of the simulation cell of solid (graphite)−liquid (water) interface (left) and the definition of reference states (right) to
define the interfacial free energies. The sum of two interfacial free energies regarding the solid−liquid interface, and the liquid−vapor interface is
calculated by subtracting the (free) energy of bulk water and the solid slab from the total free energy of the solid−liquid interfacial system. Carbon,
oxygen, and hydrogen are denoted as gray, red, and white dots, respectively.
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solid part, and the second term can be referred as the internal
energy of the solid part (Es

0), which are expressed as

∫ β= − −A k T d d Hr pln exp( )m m
l B MM MM MM (5)

= ⟨Ψ| |Ψ⟩ = ⟨Ψ| − ⟨ ⟩|Ψ⟩

= − ⟨Ψ|⟨ ⟩|Ψ⟩

E H H V

E V

s
0

QM
0

QM MM
ES

s
DFT

MM
ES

(6)

Here Es
DFT = ⟨Ψ|HQM|Ψ⟩ that is the DFT self-consistent energy,

and thus Es
0 in eq 6 can also be straightforwardly calculated by

decomposing the energetics of the last DFT step of the DFT-
CES self-consistent loop.
To efficiently obtain Al from the trajectory sampled from the

last MD step of the DFT-CES self-consistent loop, we apply
the two-phase thermodynamic (2PT) analysis, Al = Al

2PT. This
allows a fast and accurate calculation of the free energy
quantities by properly approximating the entire partition
function of the liquid system as the combination of two
analytically solvable models: a hard-sphere model for transla-
tional and rotational diffusion part and a quasi-harmonic
oscillator model for the vibrational and librational part.29,30

Note that the 2PT method can be used to calculate the absolute
entropy values of various liquids, including water, surface
tensions, etc.30−33 Further, when combined with DFT-CES,
2PT has successfully described the solvation free energies of 17
small organic molecules.28

As a reference energy of the liquid phase, we use the free
energy of bulk liquid computed using 2PT (Al(b)

2PT), which can be
calculated from an additional MD simulation for the 3D
periodic liquid box. As a reference energy of the solid phase, we
use the DFT energy of the solid slab in vacuo, Es

0 = ⟨Ψ0|
HQM

0 |Ψ0⟩, which can be calculated using DFT, where the
superscript ‘0’ denotes the quantities in the absence of liquid
external potential, i.e., in vacuo. Next, because of the existence
of two different interfaces, as illustrated in Figure 1, the relative
energy of solid−liquid system with respect to the aforemen-
tioned reference systems becomes the sum of the solid−liquid
interfacial free energy, Asl, and the liquid−vacuum interfacial
free energy, Alv. This leads to

= − + −A A A E A( )sl tot l(b)
2PT

s
0

lv (7)

Because Alv is an extensive quantity that linearly increases as the
interfacial area S increases, we obtain a linear curve of Alv versus
S by independently performing several sets of MD simulations
of liquid slabs with different surface areas. Using the
predetermined linear curve, we determine Alv for a given S.
Next, since the separating process of the liquid from the solid
slab involves the formation of another liquid−vapor interface,
the work of adhesion is simply given asWad = (Alv − Asl)/S, and
the value of θCA can be calculated using the Young−Dupre ́
equation:34

θ
γ

= −
W

cos 1CA
ad

lv (8)

where γlv is the surface tension of the liquid with respect to
vacuum.
Computational Details of DFT-CES. In this study, we

investigated the water on graphene/graphite system. We
performed DFT-CES calculations by using Quantum Espres-
so34 and Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)38 to solve quantum and classical
Hamiltonians, respectively, and merging the results. For the
DFT part, we calculated from a single to eight graphene layers,
each consisting of 24 carbon atoms with dimensions of 8.55 Å
× 7.41 Å. We chose the Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional,35 and electron−ion interac-
tions were considered in the form of the projector-augmented-
wave (PAW) method36 with a plane-wave up to an energy
cutoff of 600 eV. For the classical MD part, we used the (4 × 4)
expanded supercell structure of the DFT simulation cell to
minimize the finite size effect during MD sampling. We noted
that the ⟨VMM

ES ⟩ sampled using the expanded cell is folded into
the smaller DFT cell when it is plugged into the quantum
Hamiltonian in eq 1. We simulated 1000 water molecules, for
which intermolecular interaction is described using either the
SPC/E force field39 or the TIP3P-Ew force field.42 The long-
range interaction was treated using the multilevel summation
method (MSM) to apply the periodic boundary condition
(PBC) only along the x- and y-directions (the z-direction was
chosen as the surface normal direction with open boundary
condition), where the real-space cutoff was set as 12 Å. We set
the MD time step as 1 fs, and we performed a canonical
ensemble (NVT) MD simulation at 300 K for 1 ns, where the

Figure 2. Single water−graphene binding energy curves calculated for two different water configurations; (a) one-leg configuration and (b) two-leg
configuration. The DFT-CES total energy (Ebind; red) includes the electrostatic interaction energy between the water dipole and the polarized
electron of the graphene (Eint

ES; blue), the energetic cost to polarize the electron cloud (Ereorg; magenta), and the van der Waal’s (vdW) interaction
between the water molecule and graphene atoms (Eint

vdW; green). The parameters for vdW interaction are optimized to reproduce Eref obtained using
vdW-DF2C09x functional (black), which reproduces the quantum Monte Carlo (QMC) level of binding energies.
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sampled trajectory for the last 500 ps was employed to compute
⟨VMM

ES ⟩.
We performed consecutive DFT-MD cycles until the internal

energy change of the solid part became less than 0.002 Ry.
Water Monomer Binding to Graphene. To obtain the reference

energy curve for the “single water-graphene” interaction in
Figure 2, we performed DFT calculations using vdW-DF2 with
the modified exchange functional of C09x for two different
orientations of water molecule.37 In agreement with the
previous report,41 we found that only vdW-DF2C09x reproduces
the accurate binding energy of 80.41 meV and distance of 3.5 Å
for one-leg configuration, and the binding energy of 76.52 meV
and distance of 3.5 Å for two-leg configuration, which are
comparable to quantum Monte Carlo (QMC) values (−70 ±
10 meV at 3.4−4.0 Å),40 whereas other vdW-corrected DFT
methods predict overbinding tendency (Figure S1). Unsurpris-
ingly, PBE underestimates the binding curve because of the
insufficient description of the vdW interaction.
In the context of DFT-CES energetics, we also investigated

the binding process of a classical water molecule to a quantum
mechanically described graphene monolayer. For given fixed
charges of the FF description on the water molecule, it is noted
that the graphene electron density is polarized upon the
response of the dipolar field of the water molecule (Figure S2).
This invokes an increase of internal energy of the graphene part
because of the electronic reorganization upon the external
dipolar field of MM charges, Ereorg, and a nonzero electrostatic
attraction between a water molecule and a graphene with a
polarized electron density, Eint

ES, both of which contribute to the
entire binding energy. Thus, the vdW interaction between a
water molecule and graphene, Eint

vdW, is described using a typical
12−6 Lennard-Jones (LJ) function between the O atom of the
water molecule and the C atom of the graphene; this
interaction is the other contribution to the binding energy.
We thus considered the single water binding energy to the
graphene surface as Ebind = Ereorg + Eint

ES + Eint
vdW in DFT-CES and

optimized the associated LJ parameters in Eint
vdW (which are εCO

for the well depth and σCO for the effective diameter) to
reproduce the binding energy curve from the vdW-DF2C09X

calculations.
Table 1 shows the optimized LJ parameters for carbon and

oxygen at the graphene−water interface. Regardless of the

choice of the water model between SPC/E and TIP3P-Ew, we
obtained identical LJ parameters. Our results infer that an
attempt to fit vdW parameters to reproduce an accurate single
water binding energy without including the polarization effect
of graphene π-electrons leads an overestimate of vdW
interaction between liquid water and graphene. Indeed, a linear
relationship between θCA and Ebind from ref 29, which is

empirically derived with no consideration of polarization effect,
yields a fairly small value of θCA = 74° (i.e., exaggerated
interfacial interaction) when Ebind ≈ 80 meV.
Graphene/Graphite Wettability. Using optimized vdW param-

eters, we perform DFT-CES simulations for the interfacial
system consisting of a multilayered graphene and 1000 water
molecules (Figure S3). Using the final MD trajectories, we
compute the free energy of Al

2PT using 2PT analysis and
calculate the total free energy of the interfacial system, Atot,
using eqs 4−6.
To obtain reference states energies, we performed an

additional DFT calculation to obtain the energy of a graphene
layer in vacuo (Es

0) and performed an additional MD simulation
of water box with 3D PBC to obtain Al(b)

2PT (Figure S4) and three
sets of MD simulations of water slabs with different surface
areas (S) providing a linear dependence of the water-vacuum
interfacial free energy, Alv on S (Figure S5). Using Es

0 and Alv for
a given interfacial area defined by the DFT-CES simulation cell,
we obtain the solid−liquid interfacial free energy of Asl from eq
7 and then calculate the work of adhesion, Wad.
We find that Wad is calculated to be 73.74 mN/m for the

graphene interface with 1000 SPC/E waters and 74.27 mN/m
for the graphene interface with 1000 TIP3P-Ew waters; these
values are almost identical to each other. It should be noted
that the slope of Alv versus S, which is the calculated surface
tension of water (49.43 mN/m for SPC/E and 36.43 mN/m
for TIP3P-Ew), shows a rather substantial deviation from the
experimental value (72.8 mN/m). This result implies that the
error originating from the incompleteness of the FF description
can be successfully removed by subtracting the calculated value
of Alv from the calculated value of Atot in eq 4. This allows the
calculated Wad to become nearly independent of the choice of
FF.
Consequently, when we convert the calculated Wad into the

contact angle value of θCA using the Young−Dupre ́ equation,
we employ an experimental surface tension value of 72.8 mN/
m, which is denoted as γlv in eq 8. For the graphene−water
interface, we obtain θCA = 88.6° and 88.2° when using SPC/E
and TIP3P-Ew models, respectively.
By increasing the number of graphene layer, we also calculate

the change of Wad and θCA (Figure 3). As the number of
graphene layers increases, we find the increase of Wad along

Table 1. Van der Waal’s (vdW) Parameters between a
Graphene Carbon Atom and a Water Oxygen Atom (εCO and
σCO) Optimized to Reproduce an Accurate Binding Curve of
the Single Water Binding to a Graphene Monolayer Using
DFT-CESa

SPC/E TIP3P-Ew

εCO 0.078 0.078
σCO 3.547 3.547

avdW interaction is described using 12-6 Lennard-Jones potential
function, 4εCO[(σCO/r)

12 − (σCO/r)
6]. Units are kcal/mol for εCO and

Å for σCO.

Figure 3. Change of contact angle (θCA; black) and work of adhesion
(Wad; red) as a function of number of graphene layers. The empty
marks are from the SPC/E water model, and the filled marks are from
TIP3P-Ew model; virtually no difference is found between the results
of these models. The error bar is the standard deviation estimated by
analyzing 50 independent sets of MD simulation trajectories.
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with the decrease of θCA, i.e., the surface becomes less
hydrophobic. These values show a saturating behavior after
the number of layers becomes more than 3−4. This implies that
graphene wetting is mainly influenced by the vdW interaction
at the interface because the vdW interaction shows a similar
saturation behavior upon increasing the number of graphene
layers beyond the vdW interaction length scale of ∼10 Å.19

Indeed, when Wad is compared to the calculated − Eint
vdW/S,

almost the same trend is observed, as shown in Figure S6.

On the basis of our theoretical contact angle of θCA = 80°, we
find that the experimental values of 84−86° measured by
Fowkes10 and Morcos11 are more convincing than other
experimental measurements reporting much smaller values
spanning from ∼30° to 80°.12,13 Furthermore, the slightly larger
experimental values than the theoretical value could be
attributed to the graphite atomic vacancies, which increase
the contact angle by losing vdW interacting pairs.
Water Structure and Dynamics at the Interface. From the final

MD trajectories, we obtain full atomistic level of information

Figure 4. Local water concentration along the z-direction: (a) cwat for graphene−water interface and (b) cwat for graphite−water interface, both of
which show a well-defined layering tendency. (c) The in-plane averaged solid charge density difference, Δρsc, shows that electrons are polarized at the
interface, developing a surface dipole upon the response of the liquid dipolar field. Here, a more negative value corresponds to more electrons. (d)
The in-plane and ensemble averaged liquid charge density ⟨ρl

c⟩ shows that interfacial water layers develop a dipolar field originating from the water
molecular orientations at the interface. Graphene and graphite cases are shown in red and black, respectively.

Figure 5. (a) Hydrogen bond (HB) donor analysis of the first water layer at the graphene−water interface (left) and the graphite-water interface
(right). There are more double donor (DD) species (magenta) than single donor (SD) species (red), and the population of DD slightly higher for
the graphite case than the graphene case. Data shown here are from the SPC/E model, and data from TIP3P-Ew are shown in Figure S6; both sets of
data are virtually identical. (b) Change of water−water intermolecular interaction energy (per molecule) as a function of the number of graphene
layers. As the number of graphene layer increases, the water−water interaction becomes more stabilized (red circle) via the more developed HB,
which appears as an increased electrostatic interaction (blue triangle), whereas vdW repulsion slightly destabilizes water−water interaction (green
diamond).
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regarding the liquid structure at the interface. Figure 4a,b show
the local concentration of water, cwat, along the surface normal
direction (chosen as z-direction) for the cases of graphene
monolayer and graphite (which is modeled using 8 layers of
graphene). As is widely known from previous studies,43,44 we
find that a layered structure is developed at the interface; the
first and second layers are well-defined, whereas the third layer
is rather unclear; further from the interface, cwat converges to
the bulk value of 1 g/cm3 (z > 14 Å from the surface). We
further find the layering tendency becomes more enhanced for
graphite rather than graphene, e.g., the first peak intensities are
2.7 g/cm3 and 2.5 g/cm3 for graphite and graphene,
respectively. This difference is ascribed to the stronger solid−
liquid interfacial interaction energy with the higher value ofWad
for graphite.
In Figure 4c, the in-plane averaged charge density difference

of the solid surface, Δρsc, is calculated from DFT results, where
the more negative sign indicates the greater electron density. At
the interface, we found that electrons of the graphene/graphite
are noticeably polarized toward the water phase as an
electrostatic response to the solvent potential, denoted as a
⟨VMM

ES ⟩ in eq 1. Indeed, as shown in Figure 4d, the liquid charge
distribution, which is also in-plane averaged, ⟨ρl

c⟩, shows
approximately twice the positive-to-negative charge fluctuations
along the z-direction (corresponding to the first and second
water layers, respectively); these fluctuations develop an
interfacial dipole that polarizes the electron density of the
solid surface. We note that ⟨ρl

c⟩ in our simulation is entirely due
to the dipolar reorganization of the liquid medium. Thus, the
positive-to-negative charge fluctuating behavior originates from
the average direction of the molecular dipole of water
molecules at the interface, implying that the hydrogen atoms
tend to be directed toward the surface at the equilibrium state.
This observation can be related to the previous DFT results on

the water monomer binding to the graphene, showing the
interaction via hydrogen head is more stable than the
interaction via oxygen head.45

To gain further insight on the intermolecular water structure
at the interface, we analyze hydrogen bonds (HB) among water
molecules in the first layer. We define HB using the geometrical
criteria having an intermolecular O···O distance shorter than
3.5 Å, and an angle ∠O−H···O no greater than 30°.46

As shown in Figure 5a and Figure S7, we find that ∼65% of
the interfacial water molecules have saturated HBs, denoted as
double-donor (DD) species, while ∼35% of the interfacial
water molecules have one broken HB, denoted as single-donor
(SD) species. We further find that the population of DD
species is slightly larger for graphite than for graphene.
Together with the relative change of cwat, Δρsc, and ⟨ρl

c⟩
discussed above, we conclude that

1. stronger solid−liquid interfacial interaction not only
enhances the hydrophilicity of the surface, but also
increases the cwat at the first shell,

2. which helps to develop more complete HB networks
among the interfacial waters and increase the dipole
strength at the interface, and, as a result,

3. electrons of the solid surface are more polarized toward
the liquid phase.

This mechanism suggests that the interfacial electrostatic
interaction and the intermolecular interaction among waters at
the interface can also be enhanced for the more hydrophilic
surface, although the increase of interfacial vdW interaction is
still the dominant factor determining the surface hydrophilicity.
To check this hypothesis, we investigate the trend of

nonbond interaction energies from MD simulations as a
function of graphene layers in Figure 5b. As the number of
graphene layer increases (i.e., as the surface becomes less

Figure 6. Velocity autocorrelation function (VACF) of the first water layer at the graphene−water interface for (a) translational velocities, Cv
trans(t),

and (b) rotational velocities, Cv
rot(t). The Fourier transforms of the functions plotted in panels a and b lead to the power spectra of (c) translational

motion, Strans(ν), and (d) rotational motion, Srot(ν), respectively. VACF and power spectra of the interfacial water are shown in red solid line, and
those of the bulk water are shown in black dotted line for comparison. Data shown here are from the SPC/E model, and the data from TIP3P-Ew are
shown in Figure S7; virtually no difference is found between these results.
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hydrophobic), we find an increase of water−water attractions
that provides an additional stabilization energy to the interfacial
water molecules and thereby further increases the surface
wettability. We also find that the enhanced water−water
interaction is caused by the increase of intermolecular
electrostatic attraction (because of more developed hydrogen
bonds), whereas the vdW contribution increases the
intermolecular repulsions (because of the increase of local
density).
To understand the dynamics of interfacial waters, we

analyzed the velocity autocorrelation functions (VACFs) of
the water molecules at the first layer in contact with the
graphene surface in Figure 6 (the graphite surface case is shown
in Figure S8, which shows only a marginal difference). We
calculated VACF for the center-of-mass (COM) translational
velocities, Cv

trans(t) and for the COM rotational velocities
Cv
rot(t), by decomposing the atomic velocities into molecular

translational part and rotational part (Figure 6a,b). We then
obtained the corresponding power spectra, Strans(ν) and Srot(ν)
by Fourier transforming Cv

trans(t) and Cv
rot(t), respectively

(Figure 6c,d).
Strans(ν) shows two representative bands as a peak at ∼50

cm−1 and a shoulder at 250 cm−1; the peak at ∼50 cm−1 is
related to the intermolecular bending motions between O···O···
O of the hydrogen bonded water molecules,47 and the shoulder
at 250−300 cm−1 is related to the longitudinal O···O stretching
mode between intermolecular HB pairs.48,49 Compared with
the power spectrum of the bulk water, we find that the peak at
∼50 cm−1 shows a slight blue-shift, whereas the shoulder at
∼250 cm−1 shows a slight red-shift. In terms of the
discontinuity of HB network at the interface, the weakened
O···O stretching at the less rigid HB network (appeared as a
red-shift) can be easily rationalized, whereas the more restricted
three-body bending motion at the interface (appeared as a blue-
shift) is rather counterintuitive. We believe that this behavior is
caused by the increased water density and layering tendency at
the interface, which is likely to be related to the decrease of the
translational diffusion constant at the interface (Table 2).

In the case of Srot(ν), the interfacial water shows a red-
shifting tendency for the low frequency librational bands of
peak at ∼520 cm−1 and a shoulder at ∼1000 cm−1.50,51 This can
also be understood in terms of the discontinuity of HB network
providing a less rigid environment to the water molecules at the
interface, thereby suppressing the backscattering, as shown in

Cv
rot(t). This leads to the increase of the rotational diffusion

constant at the interface (Table 2).
To connect our understanding on the water dynamics at the

interface to the surface wettability, we performed 2PT analysis
only for the water molecules at the first layer contacting with
the graphene (or graphite) surface. Overall, the calculated
entropy values of the interfacial water molecules are in a very
similar range to the bulk value (Table 2), suggesting no
formation of ice-like structure with low entropy at the
graphene/graphite interface.52 However, one can also discuss
slight differences of the interfacial water entropy from the bulk
values; for example, in terms of translational entropy, interfacial
water of graphene system shows increase of 0.09 J/mol/K,
whereas interfacial water shows a decrease of 0.12 J/mol/K in
the graphite system. More dominant changes are shown from
the case of rotational entropy; the rotational entropy increases
at both the graphene and graphite system by 1.14 J/mol/K and
1.01 J/mol/K, respectively. Finally, the total entropy is
estimated to increase by 1.25 J/mol/K (0.99 J/mol/K) at the
graphene (graphite) interface, which stabilizes the interface and
thereby helps to increase surface wettability.
In this study, we proposed a multiscale approach to

quantitatively predict a theoretical contact angle using our
recently developed mean-field QM/MM method, DFT-CES.
By bridging the quantum Hamiltonian describing the electronic
and structural change of the solid part and the classical
Hamiltonian describing the structural and dynamical change of
the liquid part, we can accurately compute the solid−liquid
interfacial free energy that is directly converted into the contact
angle value. In particular, we demonstrated that our method
describes the single water binding to the solid surface and
solid−liquid interfacial free energy at an equal footing. This
enables a systematic multiscale approach in which one can
optimize the interfacial vdW parameters from the most reliable
QM calculation for the single water binding; these parameters
are then transferred to the investigation of solid−liquid
interface using DFT-CES.
Using the graphene and graphite cases as examples, we

calculated the theoretical water contact angle values as ∼88°
and ∼80°, respectively, which not only were in good agreement
with the reliable experimental values but also suggested the
theoretical bound for the contact angle of ideally clean surfaces.
From the detailed analyses about the electronic change of the
solid and the structural and dynamical changes of the liquid at
the interface, we also found the following microscopic changes
at the solid−liquid interface that increase the surface hydro-
philicity upon the increase of graphene layers:

• the primary origin of enhanced hydrophilicity is the
increase of vdW pair (in similar to the previous
understanding);

• however, the increase of vdW pairs also leads to a denser
water layer at the interface, which further (enthalpically)
stabilizes the interfacial water layer by allowing more
HBs (further increases the surface hydrophilicity).

• In addition, dynamics of the interfacial water show a
suppressed translational diffusion as well as an enhanced
rotational diffusion, leading to the entropic stabilization
of the interfacial water and increasing the surface
hydrophilicity.

As shown above, having full atomistic descriptions of the
solid and liquid parts, our multiscale simulation approach
provides a microscopic level of understanding on the wetting

Table 2. Translational (Dtrns) and Rotational Diffusion
Coefficients (Drot) of the First Water Layer at the Graphene/
Graphite−Water Interface Compared with Bulk Valuesa

bulk
water

interfacial water @
graphene

interfacial water @
graphite

Dtrns 2.80 2.41 2.38
Drot 0.17 0.21 0.20
Dtot(= Dtrns +
Drot)

2.97 2.62 2.58

Strns 50.58 50.69 50.47
Srot 10.68 11.82 11.78
Stot(= Strns + Srot) 61.26 62.51 62.25
aTranslational (Strns) and rotational entropies (Srot) are also estimated
using 2PT analysis. Units are 10−5 cm2/s for diffusion constants and J
mol−1 K−1 for entropy values.
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behavior of the surface. We thus anticipate that our proposed
multiscale approach can be widely applied in exploring many
intriguing surface wetting phenomena at the atomistic level,
e.g., nanoscale wetting behavior and wetting transparency.
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