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We show that ordering in nanoscale water film on a hydrophobic surface gives rise to fast diffusion of water.
Specifically, as the surface coverage of water increases, the diffusion coefficient of water increases until a
critical surface coverage and a further increase in surface coverage results in a decrease of water diffusion
coefficient. For thin nanoscale films that form two layers of waters on a hydrophobic surface, the first layer
of water forms a hexagonal structure, very similar to the ice Ih structure, that is independent of the surface
coverage. As the surface coverage increases, the ordering of water molecules in the second layer increases
and for a critical surface coverage the ordering in the second layer is maximized and the hydrogen bonding
between first and second layers is minimal giving rise to fast diffusion. As the surface coverage further increases,
the hydrogen bonding between the first and second layers increases and the diffusion coefficient of water is
reduced. This “ordering-induced diffusion enhancement” on hydrophobic surfaces is contrary to the ordering-
induced slow mobility in hydrophobic nanotubes (e.g., in a carbon nanotube).

Introduction

Rapid advances in surface nanotechnology have enabled the
manufacturing of various nanoscale architectures on surfaces
(e.g., nanolithography,1 nanoprinting,2 nanopatterned surfaces,3

etc.). Surface nanotechnology processes typically use an ex-
tremely small amount of liquid where the molecular features
of the liquid could play an important role. A detailed under-
standing of surface transport of molecularly thin (nanoscale)
liquid films is required for precise manufacturing and control
of nanoscale architectures on surfaces.

Spontaneous transport (diffusion) of nanoscale liquid films
on solid substrates is typically a two-dimensional phenomena
and it can be markedly different from the one-dimensional
motion such as that typically observed in confined nanotubes4

or the three-dimensional motion observed in bulk and thick
liquid films. For example, surface diffusion of n-alkanes and
long polyethylene glycol (PEG) submonolayers exhibits non-
linear dependence on the surface coverage, that is, the surface
diffusion increases with increasing surface concentration, and
then decreases abruptly.5,6 Similarly, surface diffusion of sub-
monolayer water films on a weak hydrophilic surface also
showed nonlinear dependence on the surface coverage.7

In this paper, considering the ubiquitous nature of water in
various surface nanotechnology processes, we investigate the
diffusion of nanoscale water films on a hydrophobic surface by
using extensive molecular dynamics (MD) simulations. We
show that the diffusion of nanoscale water films on a hydro-
phobic surface also exhibits a nonlinear dependence on the
surface coverage, but the molecular mechanisms governing the
anomalous surface diffusion are quite different from those in
the weak hydrophilic surface.

Methods

As a representative hydrophobic surface, we use freely sus-
pended graphene, a single layer of graphite.8,9 Graphene is modeled

by using bonding potentials for stretching, bending, and torsion,
and by the (6-12) Lennard-Jones (LJ) potential for nonbonding
interactions. The total potential for a carbon atom in graphene is
given by10

where i is the atom of interest and j, k, and l are the adjacent atoms,
θijk is the bond angle between a triplet of atoms i-j-k and φijkl is
defined as the angle between the ijk and the jkl planes, km ) 556.8
kJ/mol, γ ) 16.45 nm-1, rC ) 0.14114 nm, kθθ ) 821.16 kJ/mol,
θeq ) 120°, kφ ) 89.1 kJ/mol, σC ) 0.3390 nm, and εC ) 0.2897
kJ/mol. The potential considered here does not account for the
surface reconstruction as the electronic structure of freely suspended
graphene is typically insensitive to the H2O adsorbates.11 The
graphene force field used in this study was developed by fitting
experimental lattice parameters, elastic constants, and phonon
frequencies for graphite.10 Recent simulation of freely suspended
graphene using many-body potential12 also showed that graphene
is quite stable without any surface reconstruction. The vertical
variation of the atomic position in graphene is typically less than
0.1 nm (at T ) 330 K).13

Simulations were performed using GROMACS 3.2.114 in an
NVT ensemble. The size of graphene is 3.81 nm × 3.67 nm
(xy-plane) and periodic boundary conditions were used along
x- and y-directions. The z-position of graphene was set as z )
0 nm. A purely reflecting wall was placed at z ) 20 nm to
prevent the escape of the evaporated waters. An extra empty
space of 5 nm height was included to neglect periodicity in the
z-direction. Water molecules were modeled by using the
extended simple point charge (SPC/E) model15 and the interac-
tion between the oxygen (OW) in water and the carbon (C) in
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graphene was modeled using the LJ potential and σOW-C and
εOW-C were computed using the Lorentz-Berthelot mixing rule:
σOW-C ) (σOW + σC)/2 and εOW-C ) (εOWεC)1/2. Electrostatic
interactions were computed using the Particle Mesh Ewald
(PME) method16 with a two-dimensional correction.17 All the
simulations were equilibrated for 6 ns. The sampling period was
18 ns. The Nosé-Hoover thermostat18,19 was used to maintain
the system temperature at 300 K. The equation of motion was
integrated by using the leapfrog algorithm with a time step of
1.0 fs.

Results and Discussion

As summarized in Figure 1a, six surface coverages (surface
coverage is denoted by Γ) were considered ranging from Γ ) 0.434
mg/m2 to Γ ) 0.787 mg/m2. The surface coverage was defined as
the total mass of waters per unit area of surface. In contrast to the
formation of a stable water submonolayer on a hydrophilic surface,7

a stable water monolayer cannot form on the hydrophobic surface
considered in this study. Even for the smallest Γ ) 0.434 mg/m2,
a double-layered structure with two density peaks was observed
(see Figure 1a). This is because the solid-water interaction is not
strong enough to spread out all the water molecules by fully
overcoming the water-water interaction. When the amount of
waters is sufficiently smaller than the maximum capacity of a
single-layer on the surface, the water-water interaction has the
strong tendency to gather all the water molecules together. For
example, in the present study when the surface coverage is smaller
than Γ ) 0.434 mg/m2 a droplet, that is, “an isolated water cluster”,
is formed instead of an infinitely connected water network. This

is similar to the previous finding that a water monolayer is not
stable under confinement between two hydrophobic objects.20 The
double-layered structure in Figure 1a can be divided into the first
(region A in Figure 1a; z < 0.5 nm) and the second (region B in
Figure 1a; z > 0.5 nm) layers according to the density peaks. As Γ
increases, both first and second peaks grow simultaneously until
their equilibrium packing densities, which occurs at Γ ) 0.612
mg/m2. The equilibrium packing density presents the water capacity
of each layer. The macroscopic voids were clearly observed for Γ
) 0.434 and 0.505 mg/m2, and their size decreases with increase
in Γ. The macroscopic voids were not observed for Γ > 0.612 mg/
m2. At Γ ) 0.689 mg/m2, the number of waters exceeds the
capacity of the double-layered structure and the growth of an
extended tail from the second density peak or the initiation of the
third peak is observed. Finally, at Γ ) 0.787 mg/m2, the third peak
starts to become more prominent.

The spontaneous transport of water film can be quantified
by the diffusion coefficient. Figure 1b shows the lateral diffusion
coefficient of water as a function of surface coverage. Lateral
diffusion coefficient was obtained from the slope of the lateral
mean-squared displacement (MSD) of water versus time: D )
limtf∞ 〈|RCM(t) - RCM(t ) 0)|2〉/4t, where RCM is the (x, y)-
position of the center-of-mass of the water molecule. Throughout
this manuscript, “diffusion” coefficient refers to the “lateral
diffusion” coefficient unless specified, otherwise. From Figure
1b, we observe a nonlinear Λ-behavior of diffusion coefficient.
The inset shows the MSDs for various surface coverages. The
MSD plots were computed by dividing the entire trajectory (after
equilibrium is reached) of a molecule into several chunks and

Figure 1. (a) Molecular visualization of nanoscale water layers on graphene and the corresponding density plots for various surface coverages.
The snapshots were rendered using VMD.29 Γ is the surface coverage and it is defined as the ratio of the total mass of the water molecules to the
surface area of graphene. The table summarizes the surface coverage conditions considered in this study. The area of the graphene sheet in MD
simulation is 13.98 nm2. NWt is the number of water molecules in the system. (b) Diffusion coefficient of water on graphene for various surface
coverages and MSD plots (inset). (c) Order parameters for various surface coverages. In the snapshot (top view), the red site represents the oxygen
atom while the white site represents the hydrogen atom. The red line shows the hydrogen bond between waters.
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averaged over all the chunks. When computing diffusion
coefficient, the initial transient stage was not considered and
only the linear region was fitted with linear regression. Specif-
ically, the diffusion coefficient gradually increases with the
increase in surface coverage until a critical surface coverage
(Γcrit ) 0.612 mg/m2), beyond which the diffusion coefficient
decreases with a further increase in the surface coverage. The
maximum diffusion coefficient at Γ ) Γcrit was found to be 2.76
((0.044) × 10-9 m2/s. This is about 7.3% higher than the bulk
diffusion coefficient of water (2.57 ((0.009) × 10-9 m2/s). The
nonlinear Λ-behavior of diffusion coefficient has also been
observed for the surface transport of n-alkanes on graphite6 and
submonolayer water films on a weak hydrophilic surface.7

Although the trend in diffusion is similar, the liquid type and
its molecular structure on the surface are different in each case
and subsequently the molecular mechanism governing the
nonlinear behavior is different. Considering that the water
molecules on a weak hydrophilic surface form a stable sub-
monolayer film7 while the water molecules can form only a
double layer structure on a hydrophobic surface, the molecular
mechanisms governing diffusion on a hydrophilic surface can
be vastly different from those on a hydrophobic surface. In the
rest of this paper, we will investigate the molecular mechanisms
governing the nonlinear behavior in diffusion on a hydrophobic
surface. Given that the spontaneous liquid transport (diffusion)
on a solid substrate is typically the result of the interplay
between water-substrate and water-water interactions,6,7 we
first consider the possibility that the diffusion is dominated by
water-substrate interaction. If this is the case, the water-substrate
interaction should exhibit a similar trend to that of the diffusion.
However, the trend in water-graphene interaction energy was
found to be exactly opposite to that of diffusion, that is, lowest
energy of -3.0171 kJ/mol was observed at Γcrit ) 0.612 mg/
m2, which implies the lowest diffusion coefficient.21 It is thus
natural to presume that the nonlinear behavior in diffusion of
water films on a hydrophobic surface is primarily governed by
the water-water interaction.

As a first step to understand the role of water-water
interactions on the nonlinear behavior of diffusion in Figure
1b, we investigated the structural ordering in various water films
by computing the order parameter in Figure 1c. The order
parameter, Sφ, is defined as22

where φ is the angle between the surface normal and the dipole
vector of water (bisector of the HW-OW-HW angle). If all
the water molecules are aligned parallel to the surface, Sφ )

-0.5. If the medium is fully random, Sφ ) 0. If all the water
molecules are aligned normal to the surface, Sφ ) 1.0. In Figure
1c, the order parameter has the minimum value of Sφ ) -0.27
in the first layer (region A in Figure 1a; z < 0.5 nm), regardless
of the surface coverage. The position of the minimum value
(z ) 0.275 nm) is slightly shifted toward the surface from the
first density peak (z ) 0.33 nm). The snapshot (a top view) in
Figure 1c shows that the water molecules in the first layer are
aligned along the xy-plane. In the second layer (region B in
Figure 1a; z > 0.5 nm), the strongest ordering is observed for Γ
) Γcrit, that is, Sφ for Γcrit is always smaller than Sφ for other
surface coverages.

The ordering of water molecules in the first layer can be
further probed by investigating the two-dimensional density
map. Figure 2a depicts the density map of oxygen atom of water
(OW) in the first layer for Γ ) 0.689 mg/m2. Data is sampled
in the region within 0.2 nm around the first peak. In the plot,
the blue color represents lower density whereas the red color
represents higher density spots. The symbol denotes the position
of carbon atom in graphene. The high density sites form a quite
regular hexagonal mesh (see the dashed line in Figure 2a); we
refer to this as two-dimensional ordering. Although the con-
nection between high density sites looks triangular (this is
because the density map was computed from the average over
thousands snapshots), at each snapshot the waters in the first
layer prefer to form hexagonal rings as shown in Figure 2b.
This hexagonal structure in the first layer is quite similar to the
structure of ice Ih.23 Interestingly, such regularity is maintained
regardless of the variation of surface coverage and it is due to
the considerable water-surface interaction. Figure 2c shows the
interaction energy map, which was computed by placing a water
molecule at various positions in the first peak plane (z ) 0.33
nm) and computing its interaction energy with all the carbon
atoms in graphene. In the figure, the blue color represents the
lower energy region (strong binding site for water) whereas the
red color represents the higher energy region. The symbol
denotes the position of carbon atom in graphene and it is found
that the low energy position is located exactly at the center of
hexagonal carbon ring. The various low energy positions form
a quite regular hexagonal mesh (see the dashed line in Figure
2c). It should be noted that the high density sites (red spots in
Figure 2a) coincide with the low energy positions in Figure 2c
(blue spot) which is closely related with the atomic configuration
of graphene. In summary, from the order parameter distribution
and the density map, we observe that the water molecules in
the first layer are ordered into a two-dimensional hexagonal ring
regardless of the surface coverage and the water molecules in
the second layer are most ordered for Γ ) Γcrit. It is quite
interesting to note that the diffusion coefficient is reduced in

Figure 2. (a) Oxygen density map at the first density peak for Γ ) 0.689 mg/m2. (b) Representative hexagonal water rings in the first layer near
the surface. The red balls represent the oxygen atom and the white balls represent the hydrogen. (c) Energy map for water-surface interaction in
the first peak plane at z ) 0.33 nm.
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the three-dimensionally ordered water network (e.g., ice) while
for the present two-dimensionally ordered water network, it is
enhanced! Next, we will explain why the diffusion becomes
maximum for the most ordered state by considering the
hydrogen bonding properties of water.

The water-water hydrogen bond (HB) can be defined by
using a geometrical criterion.24 For a pair of water molecules,
the hydrogen atom forms the hydrogen bond if the following
two conditions are simultaneously fulfilled: (1) the distance
between oxygen atoms is less than 3.5 Å, and (2) the angle
between the OW-OW vector and the OW-HW vector does
not exceed 30°. Figure 3a shows the distribution of n-water
hydrogen bonds (if a water molecule is involved in n hydrogen
bonds (e.g., n ) 2, 3, etc.), it is referred to as n-water hydrogen
bonding) for Γ ) Γcrit ) 0.612 mg/m2. We observe that there
are three major HB modes with two, three, and four water
molecules. For all the surface coverage cases, these three HB
modes are dominant over the other modes. Hereafter, for
simplicity, we denote HBn as the HB with n-water HBs

(e.g., HB2, HB3, and HB4, etc.). Figure 3b compares fn with n
) 2, 3, 4 for various surface coverages. fn is the fraction of
HBn. Among the three major HB modes, the behavior of HB3

is found to be quite similar to that of diffusion (maximum at Γ
) Γcrit). In other words, HB3 can be interpreted as the “diffusion-
determining HB mode”. Considering the tetrahedral nature of
HB network in bulk water,25 HB4 can be regarded as a
representation of three-dimensional features of HB network in
water films. f4 increases with Γ implying that the three-
dimensional contribution increases with increase in Γ. However,
f2 decreases with increase in Γ. In contrast to bulk water where
HB2 is negligible,26 a considerable amount of HB2 was observed
and this is due to the water molecules on the boundaries of
macroscopic void as well as on gas-water interface. The
decrease in f2 implies the reduction in contribution of the
macroscopic void and gas-water interface. It should be noted
that the fraction of HB2 is small when compared to that of HB3

and HB4.

Figure 3. (a) Distribution of n-water hydrogen bonds for Γ ) Γcrit ) 0.612 mg/m2. (b) Comparison of major HBn (n ) 2, 3, 4) for various surface
coverages; (c) Degree of inclination for various surface coverages.

Figure 4. Top view of water structure in the second density peak region. Red lines show the HBs between waters. (a) Γ ) 0.505 mg/m2; (b) Γ
) Γcrit ) 0.612 mg/m2; (c) Γ ) 0.787 mg/m2.

Figure 5. (a) Contributions from intralayer HB and interlayer HB with the first layer on the HBs in the second layer. (b) Molecular visualization
of hydrogen bonding between first and second layers of water for Γ ) 0.505 mg/m2. Red lines show the HBs between waters. (c) Γ ) Γcrit ) 0.612
mg/m2. (d) Γ ) 0.787 mg/m2.
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The geometrical features of each HB mode can be quantified
by computing the degree of inclination. The oxygen-oxygen
distance between two hydrogen-bonded water molecules is
decomposed into its in-plane and out-of-plane components. For
two oxygens identified by OWi (xi, yi, zi) and OWj (xj, yj, zj),
the in-plane distance is computed as r| ) [(xi - xj)2 + (yi -
yj)2]1/2 while the out-of-plane distance is computed as r⊥ ) |zi

- zj| (recall that the hydrophobic surface lies in the xy-plane).
Then, we define the degree of inclination as the ratio of r⊥ to
r|, which indicates how the HB is inclined against the xy-plane.
Figure 3c compares the degree of inclination for various surface
coverages. Of the three major HB modes, HB3 has the smallest
degree of inclination, that is, HB3 is most aligned along the
surface. Also, the degree of inclination for HB3 is minimum at
Γ ) Γcrit.

The top view of the water structure in the second density
peak region is illustrated in Figure 4 for three surface coverages,
Γ ) 0.505 mg/m2, Γ ) Γcrit ) 0.612 mg/m2, and Γ ) 0.787
mg/m2. We observe that the majority of HB3 in the Γcrit case
are such that they form a planar structure of water rings (see
the yellow dashed circle), which is similar to the regular
hexagonal structure in the first density peak (see Figure 2a).

The HBs also influence the interplay between the first and
the second layers. Figure 5a shows the number of HBs in the
second layer (z > 0.5 nm) and the contribution from intralayer
HB (within the second layer) and from interlayer HB (with the
first layer). The interplay between the first and second layers is
minimum at Γ ) Γcrit due to the planar geometrical configuration
as discussed in Figure 3. This can also be confirmed by
examining the molecular visualizations as shown in Figure 5b-d
for three surface coverages of Γ ) 0.505 mg/m2, Γ ) Γcrit )
0.612 mg/m2, and Γ ) 0.787 mg/m2. As observed in the figures,
for Γ ) Γcrit many intralayer HBs were observed (see the blue
dashed circle) while for the other two cases, the interlayer HBs
between the first and the second layers is significant. As a result,
the diffusion coefficient of water is maximum for the Γ ) Γcrit

case.

Conclusion

In summary, the diffusion of nanoscale water films on a
hydrophobic surface (graphene) shows a nonlinear Λ-behavior
depending on the surface coverage. At the critical surface
coverage, where the diffusion is maximum, the water structure
is most-ordered. Of the three major HB modes, the contribution
of HB3 with planar geometry is significant compared to HB2

and HB4, that is, larger diffusion coefficient originates from the
higher fraction of HB3. In addition, the second layer has more
effect on the diffusion than the first layer in which the water-
surface interaction is considerable. Water behavior in closed
confinement (1D diffusion) has been extensively studied.27,28

However, surface diffusion (2D diffusion) of water on hydro-
phobic surfaces has not received much attention. The diffusion

of water inside hydrophobic carbon nanotube (CNT) becomes
critically slow when the structure is ordered.4 In contrast, in
the present study on surface diffusion of water on a hydrophobic
surface, we observed “ordering-induced” fast diffusion of water.
This fundamental finding can help in design of various nanoscale
processes on hydrophobic surface.
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