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Molecular dynamics simulations of single water droplets on a solid surface were carried out in order
to investigate the effects that the Coulomb interaction between liquid and solid molecules has on wet-
ting behavior by appending vertical electric polarization on a solid surface. The water droplet became
more wettable both on upward and downward polarized surfaces, although structures of the adsorp-
tion layer appearing near the solid surface were clearly different, and the relation between droplet
contact angle and surface polarization was also different for upward and downward polarization di-
rections. The probability density distribution of molecular orientation around the adsorption layer
indicated that preferable water molecule orientations varied largely by the surface polarization, and
the rotational mobility around the preferable orientations was also affected. The dynamic property
due to this rotational mobility was clearly captured by means of distribution of rotational diffusion
coefficient, which potentially corresponded to local viscosity distribution. © 2011 American Institute
of Physics. [doi:10.1063/1.3601055]

I. INTRODUCTION

Since the formulation known as Young’s equation pro-
posed in 1805, the liquid behavior on solid surfaces known
as wetting has long been a topic of interest in various fields
because of its considerable practical importance, and has be-
come particularly essential in microscale processes. For in-
stance, the required resolution for recent industrial printing
has reached up to nanometer scale in the high-speed relief or
gravure printing, and profound understanding of the contact
behavior of a micro- or nano-scale liquid droplet on solid sur-
face is a key issue for the control of ink motion and resulting
printing quality.

Regarding molecular-scale microscopic aspect,
Maruyama et al.1 carried out molecular dynamics (MD)
simulations of a mono-atomic van der Waals fluid on a
solid surface, where the interactions between fluid and solid
components were also expressed as the van der Waals type
with 12-6 Lennard-Jones (L-J) form. They showed that the
contact angle of the droplet had a simple first-order correla-
tion with the potential well depth of the effective inter-atomic
interaction between liquid and solid components, and they
claimed that the macroscopic Young’s equation could be
extended to the molecular scale in this L-J system. Studies
on wetting of the L-J system have also been carried out, e.g.,
for molecular-level surface roughness,2 wetting of spherical
particulates,3 or sessile droplet.4

In the case of real fluids, however, the interactions be-
tween liquid and solid components are often also governed by
the Coulomb interaction, and the above mentioned extension
of Young’s equation is not apparent because the Coulomb in-

a)Electronic mail: donatas@gcom.mech.eng.osaka-u.ac.jp.
b)Electronic mail: yamaguchi@mech.eng.osaka-u.ac.jp; http://www-gcom.

mech.eng.osaka-u.ac.jp/∼yamaguchi/.

teraction has no potential well in the interaction function. Re-
cently, wetting and adhesion structure of water molecule have
also theoretically and experimentally been investigated5–13 on
specific surfaces.

In addition to the static feature of wetting expressed by
the contact angle, the effect of slip at the solid-liquid in-
terface becomes considerable in microscale liquid motion.
Ligrani et al.14, 15 performed detailed experiments on mi-
croscale slip of water liquid, and indicated that the roughness
of surface solid affected the slip length. Since the nanometer-
scale roughness induced the slip difference, constraint in the
motion of liquid molecules near the solid surface could be
a possible cause. Considering that water is a highly polar-
ized molecule, this constrained motion would also be pro-
vided through the Coulomb interaction with a solid surface.
In any case, extracting local dynamic properties in nanome-
ter scale should be important for further analysis on slip
behavior.

In this study, we have performed MD simulations of
a water droplet on a solid surface in order to investigate
the effects that the Coulomb interaction between liquid and
solid molecules has on wetting behavior by appending ar-
bitrary vertical electric polarization on the solid surface.
Distributions of hydrogen bond lifetime and rotational dif-
fusion coefficient extracted as dynamic properties are also
presented.

II. METHOD

A. Potential model

Water molecule is adopted as the fluid component ex-
pressed by the extended simple point charge (SPC/E, Ref. 16)
potential model in this study. The 12-6 L-J and Coulomb po-
tentials are assumed as the inter-molecular potentials between
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the positions of the hydrogen and oxygen atoms, respectively,
as in Eqs. (1) and (2):
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where ri j is the distance between positions of hydrogen or
oxygen i and j , and εi j , σi j , qi , and ε0 denote the L-J energy
and length parameters, point charge at site i , and dielectric
constant, respectively. These interactions in Eqs. (1) and (2)
are rounded off at a cut-off distance rc using the Heaviside
step function H , and a quadric function is appended so that
the potential smoothly becomes zero at ri j = rc with the fol-
lowing coefficients:
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The cut-off distance rc is set as 1.5 nm in this study. There
is no L-J interaction for inter-molecular H–H and O–H in the
SPC/E model.

An fcc crystal is assumed as the solid wall, and interac-
tion between nearest neighbors is expressed by the following
harmonic potential:

�H(ri j ) = k

2
(ri j − r0)2, (7)

where r0 and k denote the equilibrium distance and the spring
constant, respectively.

The interactions between fluid and solid particles are also
expressed by the L-J potential and the Coulomb potential. The
inter-L-J energy parameter between oxygen and wall atom
σo−wall is empirically defined so that the contact angle of water
droplet becomes approximately 90o in the case of no surface
polarization, i.e., qtop = 0 mentioned in Sec. II B.

TABLE I. Potential parameters.

σO–O (nm) εO–O (J) σwall-wall
a (nm) εwall-wall

a (J) σO-wall (nm)
0.3166 1.08 × 10−21 0.35 1.44 × 10−21 0.3333

εO-wall (J) qH (e) qO (e) k (N/m) r0 (nm)
1.247 × 10−21 0.4238 −0.8476 46.8 0.277

aUsed only for Lorentz-Berthelot mixing rule.

TABLE II. Mass parameters.

mH (kg) mO (kg) mwall (kg)

1.674 × 10−27 2.657 × 10−26 3.239 × 10−25

The potential and mass parameters are summarized in
Tables I and II. The inter-L-J parameters are determined by
the Lorentz-Berthelot mixing rule. Values of platinum crystal
are adopted for the lattice constant and van der Waals radius
of the solid here.

B. Simulation system

Figure 1 exhibits the simulation system of a water droplet
on a polarized solid surface. An fcc (111) surface of a solid
crystal with three layers is located on the bottom of the cal-
culation cell with periodic boundary conditions in x and y
directions with a water droplet positioned on the surface. The
region size is 18.0 × 19.2 × 9.0 nm3 consisting of 4000 water
molecules and 15 600 solid atoms.

The positions of solid atoms in the bottom layer are fixed
and the temperature of atoms in the second layer is controlled
by the Langevin method at 298.25 K with a Debye temper-
ature of 240 K. The velocity Verlet method with modified
quaternion-constraint techniques17, 18 is applied for the inte-
gration of the Newton’s equation of motion with a time step
�t of 2 fs.

In order to mimic a polarized surface, an electric charge
qtop ranging from −0.125 e to 0.125 e is appended to
each solid atom in the topmost layer, and a counter charge
qmid = −qtop is applied to each solid atom in the middle
layer in this study. Since the number of atoms in each layer
is the same, the total solid surface charge is zero, even though

(a) bird-eye view

(b) side view

3 solid layers
fcc (111) face water droplet

19.2 nm

9.
0 

nm

18
.0

 n
m

topmost layer: q top is appended to each atom
middle layer: qmid(=−q top) is appended to each atom
bottom layer: fixed position

xy

z

x

y
z

FIG. 1. Simulation system of a single water droplet on a polarized solid
surface.
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the surface is vertically polarized. For instance, a positive
qtop value produces upward polarized surface. Although some
parameters of platinum crystal are used here as mentioned
above, the system can also be considered as a simplified
model-solid with an electric dipole at the surface, due to some
functional groups, for example.

All the analyses are carried out on a system equilibrated
for 2 ns and distributions are obtained as the temporal average
over 1 ns. We have equilibrated the system for another 2 ns for
some parameters and confirmed that the statistic average did
not change in these cases.19 The equilibration time is rather
short in this system since it includes a liquid-vapor interface
and the droplet consists of only water molecules.

III. RESULTS AND DISCUSSION

A. Structure of a water droplet on solid surface

Figure 2 displays snapshots of the system of a water
droplet on solid surfaces with different surface polarizations
qtop and corresponding distributions of the time-averaged den-
sity and dipole moment vector in the droplet, where the axi-
symmetric distribution perpendicular to the solid surface is

calculated around the center of mass of the droplet. The
dipole moment uH2O of a single isolated water molecule is
2.35 D in the SPC/E model, and an arrow corresponding to a
dipole moment of 0.4 uH2O is shown below the color bar in
the top-right panel. The water droplets show higher wettabil-
ity with a smaller contact angle both on upward and down-
ward polarized surfaces [Figs. 2(a-i) and 2(a-iii)] compared
to that on a non-polarized surface in Fig. 2(a-ii). The con-
tact angle is similar on the upward and downward polarized
surfaces.

Regarding the density distribution, an adsorption layer
with high density around 1500 kg/m3 shown in red is ob-
served for qtop = 0 in Fig. 2(b-ii). The second layer with
above average density is also seen, and a distinct low-density
region in green is observed between the first and second ad-
sorption layers. Following a vague third layer, the density in-
side the droplet is almost homogeneous with a density around
1000 kg/m3 regarded as bulk. While for qtop = 0.1 e in Fig.
2(b-iii) these density distribution features are similar, the sep-
aration between the first and second layers is not as clear for
qtop = −0.1 e in Fig. 2(b-i). This indicates that the influence
of surface polarization on the molecular configuration in the
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FIG. 2. (a) Side snapshots of single water droplets on solid surfaces with different surface polarization, and (b) distributions of axi-symmetric density and dipole
moment around the center of mass of the droplet. The surface polarization is expressed by the electric charge on the top layer qtop here. An arrow corresponding
to a dipole moment of 0.4 uH2O is shown below the color bar in the top-right panel.
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FIG. 3. Relation between contact angle of the water droplet and surface po-
larization expressed by the electric charge of the top layer qtop.

water droplet is different between upward and downward di-
rections, although both may increase surface wettability.

In terms of dipole moment distribution, no particular di-
rection can be seen in bulk liquid for qtop = 0 in Fig. 2(b-
ii), while the vector is noticeably directed to the vapor phase
at the liquid-vapor interface and slightly to the liquid phase
at the solid-liquid interface. For qtop = 0.1 e in Fig. 2(b-iii),
the vector configuration is basically directed upward, i.e., the
oxygen atom of H2O molecule is located beneath two hydro-
gen atoms. On the other hand, the configuration is essentially
inversed for qtop = −0.1 e in Fig. 2(b-i) though the vector is
not vertical to the surface but is slightly directed to outside, es-
pecially around the edge. On both polarized surfaces, the av-
erage dipole moment is much larger than on the non-polarized
surface, and this shows that a small surface polarization would
easily change the orientation of water molecules and affect the
molecular configuration near the surface.

Figure 3 shows the relation between contact angle of the
water droplet and surface polarization. As indicated above,
both positive and negative surface polarizations would raise
surface wettability, although it is hard to relate to previous
research on van der Waals liquids,1 because Coulomb poten-
tial itself does not have any potential well. This enhancement
of wettability is explainable by considering that the interac-

tion between the water molecule and the polarized surface
is an integrated form of dipole-dipole interaction.20 It should
also be noted that the graph is asymmetric and the change
in the contact angle is obviously different for upward and
downward polarizations. This is presumably due to the differ-
ence in influence on the molecular configuration in the droplet
as indicated in the difference in density distribution around
the adsorption layer. We have carefully checked the contact
angle with small positive qtop value and confirmed that the
contact angle takes the maximum at qtop = 0. As dipole-
dipole interaction basically gives additional adhesion force,
an increase in the contact angle is not expected with surface
polarization.

For further investigation on the density distribution in
Fig. 2 near the solid surface, one-dimensional distributions
of the number density of oxygen and hydrogen atoms are de-
picted in Fig. 4. The spatial average around the droplet center
within r < 20 Å in Fig. 2 is calculated. The distributions are
similar for qtop = 0 and 0.1 e in which both oxygen and hy-
drogen densities have the first and second peaks around z = 3
Å and z = 0.6 Å, respectively, while both peaks are sharper
for qtop = 0.1 e. Considering that the intensity of the first peak
of hydrogen is almost doubled against that of oxygen, it is pre-
sumable that the two hydrogen atoms in a water molecule are
basically oriented parallel to the solid surface. On the other
hand for the downward polarized surface with qtop = −0.1 e,
the first peak of hydrogen appears closer to the surface than
that of oxygen, and the intensity is smaller than that of the
first peak of oxygen. This implies that one OH bond stands
perpendicular to the solid surface although this configuration
is not rigid.

In order to identify the molecular configuration in the
vicinity of solid surface, the direction distribution of the three
principal axes in molecular coordinates is analyzed and their
probability density is shown in Fig. 5. The directions of the
principal axes I1 and I2 are defined parallel to the dipole mo-
ment and the H–H line, respectively, as shown in the left
panel. The direction probability density is calculated based
on the angle between each principal axis and −z direction,
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FIG. 4. One-dimensional number density distributions for hydrogen and oxygen atoms near the solid surface for different surface polarization. The distribution
is obtained around the droplet center within the range of r < 20 Å in Fig. 2.
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FIG. 5. Local probability density of the direction of water molecule principal axes near the solid surface for different surface polarization. The distribution is
obtained around the droplet bottom-center in the height range of 3.5 Å < z < 6.5 Å and radius range of r < 20 Å in Fig. 2 and the angle between each principal
axis and −z direction is shown.

and is properly weighted considering the zenith angle. Locals
in the distributions in the height range of 3.5 Å < z <6.5 Å
and radius range of r < 20 Å in Fig. 2 are shown. Regarding
non-polarized surface in Fig. 5(b), both I1 and I2 have peaks
around 90owhile I3 has two peaks around 0o and 180o. This
means that the H2O plane is basically parallel to the solid sur-
face. It should also be noted that the peak of I1 is rather broad,
and this indicates that the water molecule fluctuates around
this equilibrium orientation. On the upward polarized surface
with qtop = 0.1 e in Fig. 5(c), the I1 peak shifts to around
110o and the I2 peak becomes sharper around 90o compared
to the non-polarized surface. This implies that the rotational
fluctuation is rather constrained around the equilibrium ori-
entation with the angle between H2O plane and surface plane
around 20o while keeping the H–H line parallel to the surface.
The distribution is completely different on the downward po-
larized surface with qtop = −0.1 e in Fig. 5(a) with each peak
shifted: I1 peak shifted to around 55o, I2 peak divided into two
smaller ones around 35oand 145o, also a small newly emerged
I3 peak is seen at 90o. As also contemplated in Fig. 4, these
peak positions correspond to the equilibrium orientation with
one O–H bond standing vertically to the solid surface, though
the motion is not strongly constrained. It is clear from these
results that the orientation of water molecules in the adsorp-

tion layer is largely affected by surface polarization, and the
complex orientation induces difference in contact feature.

B. Dynamic properties in the droplet

Considering the present results, it is expected that local
transport properties, such as diffusion or mobility near the
solid surface, should as well be easily affected by the sur-
face polarization inducing change in molecular orientation. In
order to extract local dynamic properties, distributions of hy-
drogen bond lifetime and of rotational diffusion coefficient
are calculated.

Figure 6 shows the distributions of the hydrogen bond
lifetime for different surface polarizations, where the lifetime
of inter-O–H pair within 2.5 Å and O−H···O angle over 150
is calculated. For better visualization, the value in low den-
sity region with ρ < 300 kg/m3, where water molecules are
considered to be out of the droplet, is depicted as zero here.
Although the density and direction distributions near the sur-
face in Figs. 2 and 5 are remarkably different, no particular
distribution can be seen in the whole droplet for all surface
polarizations. This means that the lifetime of hydrogen bond
is not largely affected even though the molecular orientation
around the adsorption layer seems completely different, and at
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FIG. 6. Distributions of hydrogen bond lifetime in single water droplets on differently polarized solid surfaces.
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FIG. 7. Distributions of rotational diffusion coefficient in single water droplets on differently polarized solid surfaces.

least for the present case is not a good indicator of differences
in dynamic properties.

Diffusion coefficient is obviously a typical indicator of
the transport property. However, it is rather difficult to cal-
culate the distribution of the local translational diffusion co-
efficient in a heterogeneous space, such as the nano-scale
droplet in our simulation. In order to obtain translational dif-
fusion information, the molecule has to experience enough
collisions to lose ballistic behavior and to show diffusive be-
havior, which means that the spatial resolution of the transla-
tional diffusion coefficient is limited to the scale in which the
molecule can experience enough collisions during the random
motion. In order to overcome this problem, we have employed
the rotational diffusion coefficient as an alternative. The rota-
tional diffusion coefficient is originally defined as the motion
of particles constrained on a spherical surface. According to
the Einstein’s diffusion equation,21, 22 the mean square of the
angular displacement s under the Brownian motion is propor-
tional to the elapsed time t and rotational diffusion coefficient
Drot, expressed as

〈s2〉 = 4Drott. (8)

Note that the dimension of the rotational diffusion coefficient
Drot has a dimension of “angle per time.” We have extended
this idea to the molecular rotation and calculated the rotational
diffusion as the average of the mean square displacement of
the principal axes in this study. Since light hydrogen atoms
are located far from the water molecule center of mass and
the inertia moment is small, the rotational motion shows diffu-
sive behavior through the collisions to hydrogen atoms much
faster than the translational motion in the same range of time,
and this enables us to obtain the distribution with higher res-
olution in space.

Figure 7 shows the distributions of the rotational dif-
fusion coefficient for different surface polarizations. The
rotational diffusion coefficient is calculated from the angular
displacement of a principal axis within 4 ps, and the aver-
age value for three principal axes is displayed. Since actual
angular displacement s is bound below π , we projected the
displacement to unbounded two-dimensional plane as in the
Appendix. Although the diffusion coefficient in the vapor
phase is actually much higher than in the droplet, the value
for low density region with ρ < 300 kg/m3 is depicted as
zero for better visualization as in Fig. 6. For all cases, the ro-

tational diffusion is larger at the liquid-vapor interface than in
the bulk. It also becomes large around the surface for qtop = 0
and −0.1 e, where this feature is more remarkable for qtop

= −0.1 e. On the other hand, the rotational diffusion coeffi-
cient around the surface is obviously lower than that in the
bulk in the case of qtop = 0.1 e. As mentioned in the density
distribution in Fig. 2 and direction distribution of water prin-
cipal axes in Fig. 5, the rotational motion is rather constrained
in the adsorption layer on the upward polarized surface with
qtop = 0.1 e, while it is not strongly restricted on the down-
ward polarized surface with qtop = −0.1 e, and these results
agree well with the rotational diffusion coefficient here.

It should be noted that the translational diffusion coeffi-
cient Dtrans is related to viscosity through the Stokes-Einstein
equation:21

Dtrans = kT

6πμRtrans
, (9)

where μ, Rtrans, k, and T denote the viscosity, effective par-
ticle radius for translational motion, Boltzmann constant, and
temperature, respectively. Similarly, the rotational diffusion
coefficient Dtrans is theoretically inversely proportional to vis-
cosity through the Stokes-Einstein-Debye relation:21

Drot = kT

8πμR3
rot

, (10)

where Rrot is the effective particle radius for rotational mo-
tion. Equations (9) and (10) are originally derived for the
Brownian motion of a microscale particle in a fluid; however,
if the relation in Eq. (10) can be extended to the molecular
rotational motion, the distribution in Fig. 7 may express the
nanoscale viscosity distribution. Thus, this method to extract
local distribution of the rotational diffusion coefficient can be
applicable as a potential tool to obtain a nanometer-scale local
fluid property. It should also be mentioned that this difference
in the rotational diffusion coefficient cannot be extracted us-
ing the lifetime of hydrogen bond, which has a shorter time
scale of less than 1 ps.

IV. CONCLUDING REMARKS

Molecular dynamics simulations of a single water droplet
on a solid surface were carried out in order to investigate the
effects that the Coulomb interaction between liquid and solid
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molecules has on wetting behavior by appending surface elec-
tric polarization on a solid surface.

The water droplet became more wettable both on up-
ward and downward polarized surfaces; however, structures
of the adsorption layer appearing in the vicinity of solid sur-
face were clearly different, and the relation between droplet
contact angle and surface polarization was also different for
upward and downward polarization directions. The probabil-
ity density distribution of molecular orientation around the
adsorption layer indicated that preferable water molecule ori-
entations were largely varied by the surface polarization, and
the rotational mobility around these preferable orientations
seemed to be affected. The dynamic property due to this ro-
tational mobility was clearly captured by means of the dis-
tribution of rotational diffusion coefficient, which potentially
corresponded to local viscosity distribution.
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APPENDIX: CALCULATION OF ROTATIONAL
DIFFUSION COEFFICIENT

The angular displacement of principle axes is projected
on two-dimensional plane to make reliable calculation possi-
ble. Let �ei and Si be the unit vector of a principle axis and
corresponding position on a unit sphere at i th time step as
shown in Fig. 8(a), the displacement to the next time step is
the length of arc

(
SiSi+1. We project the point trajectory Si−1

→ Si → Si+1 onto a two-dimensional plane in Fig. 8(b) as
Pi−1 → Pi → Pi+1 while preserving the length of the dis-
placement equal to the arc length as well as the relative
angle �θi between � �pi−1,i and � �pi,i+1 equal to the an-

gle between tangential vectors of

(

Si−1Si and

(

SiSi+1 at

point Si . Firstly, the length |� �pi,i+1| from Pi to Pi+1 is
calculated as

|� �pi,i+1| = cos−1( �ei · �ei+1), (A1)

because �ei and �ei+1 are unit vectors. Regarding the angle, we
at first consider the tangential plane of the sphere at point Si

here. Let S′
i−1 and S′

i+1 be the vertical projections of points
Si−1 and Si+1 onto the tangential plane, then �θi is equal

to the angle between
−−−→
S′

i−1Si and
−−−→
Si S

′
i+1. Considering that−−−−−→

Si−1S′
i−1 is parallel to

−→
OSi ,

−−−→
OS′

i−1 is expressed by

−−−→
OS′

i−1 = �ei−1 + k�ei . (A2)

Since
−−−→
S′

i−1Si is perpendicular to
−→
OSi , the value k is simply

determined by solving

[�ei − (�ei−1 + k�ei )] · �ei = 0. (A3)

(a) trajectory on a unit sphere

(b) trajectory projected on a 2D plane

FIG. 8. Projection of angular displacement on two-dimensional plane.

Using this solution,
−−−→
S′

i−1Si is expressed by

−−−→
S′

i−1Si = (�ei−1 · �ei )�ei − �ei−1. (A4)

Thus, the angle �θi is determined by solving

�θi = sgn
(
�ei ·

(−−−→
S′

i−1Si × −−−→
Si S

′
i+1

))

· cos−1

⎛
⎝ −−−→

S′
i−1Si · −−−→

Si S
′
i+1∣∣∣−−−→

S′
i−1Si

∣∣∣ ∣∣∣−−−→
Si S

′
i+1

∣∣∣
⎞
⎠ , (A5)

where sign function is included in order to determine the ro-
tation direction along the radial axis �ei .

Using Eqs. (A1) and (A5), the position displacement vec-
tor � �pi,i+1 in the projected plane is given by

� �pi,i+1 = ∣∣� �pi,i+1

∣∣ (cos θi , sin θi ) , θi = θ0 +
i∑

j=1

�θ j .

(A6)
Since we are interested only in the length of relative displace-
ment, the initial angle θ0 is set to zero. The angular displace-
ment s0,n within n steps is approximated by integrating �pi,i+1.

s0,n = ∣∣� �p0,n

∣∣ , � �p0,n =
n−1∑
i=0

� �pi,i+1. (A7)
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