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Molecular dynamics simulations of single water, water-methanol, or water-IPA (isopropyl-alcohol)
mixture droplets on a solid surface were performed with various mixture ratios. An increase in
alcohol fraction generally gave an increase in droplet wettability. Both methanol and IPA molecules
showed a strong preference to gather at various interfaces, with methanol molecules also showing
a tendency to diffuse into the droplet bulk. Specific interfacial tensions were investigated using
quasi-one-dimensional simulation systems, and liquid-vapor and solid-liquid interfacial tensions
were found to decrease greatly due to the presence of interfacial alcohol, while solid-vapor
interfacial tensions were proved to have little influence on wettability. Young’s relation was found
to hold quantitatively well for both water-methanol and water-IPA droplets. The validity of using
Bakker’s equation on solid-liquid interfaces was also investigated, and it was shown that for
tightly spaced crystal surfaces, the introduced uncertainly is small. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4861039]

I. INTRODUCTION

Since the primary formulation by Young in 1805, liquid
behavior on solid surface, especially at three-phase interface
including gas phase as well, has long been a topic of inter-
est both as basic science and in various engineering fields due
to its considerable practical importance.1–4 Particularly in re-
cent industrial printing technology, the required resolution has
reached up to nanometer scale in high-speed relief or gravure
printing processes, and profound understanding of the contact
behavior of a micro- or nano-scale liquid droplet on a solid
surface has become essential for the control of ink motion
and resulting printing quality.

Regarding microscopic aspect, Maruyama et al.5 carried
out molecular dynamics (MD) simulations of a mono-atomic
Lennard-Jones (L-J) liquid droplet on solid surface. They
showed that the contact angle of the droplet had a simple
first-order correlation 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 L-J system have also been car-
ried out, e.g., for molecular-level roughness of the surface,6

wetting of spherical particulates,7 or sessile droplet.8 We
have also performed MD simulations on wetting of a water
droplet on an electrically polarized solid surface in order to
investigate the effects of Coulomb interaction between liquid
and solid components.9

Adding minute amounts of alcohol is a well-known
way in various industrial fields to radically change the wet-
ting behavior of water while the microscopic mechanism

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

gcom.mech.eng.osaka-u.ac.jp/~yamaguchi/.

has not been clearly understood yet, although some pre-
liminary work has been done on investigating water-alcohol
mixtures.10–12 In this study, we have performed MD simula-
tions of water-methanol (CH3–OH) and water-IPA (isopropyl-
alcohol: (CH3)2CH–OH) droplets of various mixture ratios on
a solid surface in order to investigate the effects of alcohol
additives on droplet wettability. Specific values of each inter-
facial tension were also investigated by using separate quasi-
one-dimensional systems. Finally, the validity of the method
of obtaining the solid-liquid interfacial tensions was also
examined.

II. METHOD

A. Potential model

Water (H2O), methanol (MeOH, CH3–OH), and
isopropyl-alcohol (IPA, (CH3)2CH–OH) molecules, as shown
in Fig. 1, are adopted as fluid components considering
further comparison with our experiment and macroscopic
simulations.13 The SPC/E14 and OPLS-UA15, 16 potential
models are applied for water and alcohol molecules, respec-
tively, in this study. In the original OPLS-UA model, IPA
molecules have one internal degree of freedom allowing ro-
tation around the O–CH bond. Instead of implementing this,
IPA is represented by a combination of its three conformers in
this study, as shown in Figs. 1(c) and 1(d) using the mixture
ratios described in the original paper.16 This is done for the
practical purpose of reducing the calculation cost, because
with the internal degree of freedom the hydrogen atom with
a small mass vibrates at a high rate, requiring a smaller time
step. Indeed, we have also carried out simulations of droplet
wetting using the original model with an internal degree of
freedom, but no remarkable difference was observed between
the results of the two models for several conditions. All
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FIG. 1. Visual representations of molecules used in simulation. (a) Water
molecule, (b) Methanol molecule, (c) IPA molecule trans conformer, and (d)
IPA molecule gauche conformers.

molecules are treated as rigid bodies without intra-atomic
degrees of freedom consisting of fixed interaction sites
with constant masses, where CH3, O, and H are set as the
interaction sites for methanol and two CH3, CH, O, and H are
set as the interaction sites for IPA. The 12-6 L-J and Coulomb
potentials are assumed as the inter-molecular potentials
between these sites, respectively, as in Eqs. (1) and (2):
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where rij is the distance between interaction sites i and j, while
εij, σ ij, qi, and ε0 denote the L-J energy and length parame-
ters, point charge at site i, and vacuum permittivity, respec-
tively. The L-J and Coulomb interactions in Eqs. (1) and (2)
are truncated at a cut-off distance rc using the Heaviside step
function H and correction terms are also added so that the
potentials approach zero smoothly at rc with the following

coefficients:
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The cut-off distance rc is 1.5 nm in this study. There is no
L-J interaction for single hydrogen sites, and the inter-L-J
parameters for different components are determined by the
Lorentz-Berthelot mixing rule, where for particles i and j the
parameters are:

σij = σii + σjj

2
, (7)

εij = √
εii · εjj . (8)

These mixing rules are used widely in MD simulations,
and are applied to water-alcohol mixtures in numerous
works.10, 11, 17–19 The (111) surface of an fcc crystal consisting
of three layers is assumed as the solid wall. The inter-atomic
potential between wall particles is expressed by the following
harmonic potential for nearest neighbors:

�H(rij ) = k

2
(rij − r0)2, (9)

where r0 and k denote the equilibrium distance and spring
constant, respectively. The interactions between fluid and
solid particles are expressed by the L-J potential and the inter-
L-J parameters are also determined by the Lorentz-Berthelot
mixing rule shown in Eqs. (7) and (8). The potential and mass
parameters are summarized in Tables I and II. The wall L-J
energy parameter εwall-wall is empirically defined so that the
contact angle of a pure water droplet becomes approximately
90◦, and is only used for interaction between fluid and solid
particles. Values of platinum crystal are adopted for the mass
and lattice constants, Young’s modulus and van der Waals
radius, from which r0, σwall-wall, and k are derived. A one-
dimensional wall potential is also created to mimic the mean

TABLE I. Potential parameters.

σO–O(water) (nm) σO–O(MeOH, IPA) (nm) σCH3–CH3(MeOH) (nm) σCH3–CH3(IPA) (nm)
0.3166 0.307 0.3775 0.391
σCH–CH (nm) σwall-wall

a (nm) εO–O(water) (J) εO–O(MeOH, IPA) (J)
0.385 0.35 1.08 × 10−21 1.182 × 10−21

εCH3–CH3(MeOH) (J) εCH3–CH3(IPA) (J) εCH–CH (J) εwall-wall
a (J)

1.438 × 10−21 1.112 × 10−21 0.556 × 10−21 1.44 × 10−21

qO(water) (e) qO(MeOH, IPA) (e) qH(water) (e) qH(MeOH, IPA) (e)
−0.8476 −0.7 0.4238 0.435
qCH3(MeOH) (e) qCH(IPA) (e) r0 (nm) k (N/m)
0.265 0.265 0.277 46.8

aUsed only for Lorentz-Berthelot mixing rule.
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TABLE II. Mass parameters.

mO (kg) mH (kg) mCH3 (kg) mCH (kg) mwall (kg)

2.657 × 10−26 1.674 × 10−27 2.497 × 10−26 2.162 × 10−26 3.239 × 10−25

potential field of a single layer of the previously described
solid surface:

�W(hij ) = H (rc − hij )
4πεij

r2
0

√
3

[{
2

5

(
σij

hij

)12

−
(

σij

hij

)6 }

×h2
ij − cW

4 h4
ij + cW

2 h2
ij − cW

0

]
, (10)

where hij denotes the distance between site i and plane j.
The same L-J parameters are used as for the solid surface,

and by placing there potential walls with r0

√
2
3 interval, one-

dimensional solid surface potential field is reproduced. These
walls only interact with fluid particles. The coefficients in
Eq. (10) are as follows:
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B. Simulation system

Figure 2 exhibits the simulation system of a water-IPA
mixture droplet on a solid surface, where a cylindrical shape
was chosen to eliminate the effect of line tension on droplet

FIG. 2. Birds-eye view of the simulation system of a water-IPA mixture
droplet on a solid surface. Simulations for a water-methanol mixture droplet
are carried out in a system with the same size.

TABLE III. Compositions of water-methanol mixture droplets.

MeOH mass fraction
fMeOH (%) 0 8 15 21 26 31 35

No. of water molecules 4000 4000 4000 4000 4000 4000 4000
No. of MeOH molecules 0 200 400 600 800 1000 1200

wettability. The three-layered solid surface is located at the
bottom of the calculation cell with periodic boundary condi-
tions in lateral x- and y-directions and mirror boundary condi-
tion at the top boundary. The calculation region size is 30.226
× 3.047 × 30.0 nm3 and simulations for a water-methanol
mixture droplet are carried out in a system with the same size
and boundary conditions. Droplet compositions with various
methanol and IPA mass fractions, fMeOH and fIPA, respec-
tively, are shown in Tables III and IV. We have confirmed the
constructed droplets are large enough that the results are not
influenced by the radius range handled in this study, which is
also reported in literature.20 The droplet systems are equili-
brated for 8 ns and the average of 8 ns thereafter is used for
analysis.

Additional simulation systems shown in Figs. 3 and 4 are
created to quantitatively evaluate interfacial tensions, where
the basic setup is the same as the droplet systems. Systems
used to calculate solid-liquid and liquid-vapor interfacial ten-
sions as in Fig. 3 have a calculation region size of 3.358
× 3.047 × 21.0 nm3 and their compositions are shown in
Tables V and VI. The average of simulation for 8 ns is used
for analysis after prior equilibration of 8 ns for water-IPA sys-
tems and 16 ns for water-methanol systems. Systems used to
calculate solid-vapor interfacial tensions as in Fig. 4 have a
calculation region size of 19.191 × 18.005 × 12.0 nm3, and
contain 10 to 300 IPA molecules without water molecules. No
such systems are composed for methanol because the influ-
ence of solid-vapor interfacial tension on droplet wettability
for water-IPA systems was negligibly small compared to that
of solid-liquid and liquid-vapor tensions as described later.
After an equilibration of 1 ns, the average of 4 ns is used for
analysis.

In all of the previously described systems, the position
of solid atoms in the bottom layer is fixed and the tem-
perature of those in the middle layer is controlled by the
Langevin method21 at 298.15 K with a Debye temperature of
240 K. The velocity Verlet method with modified quaternion-
constraint22, 23 is applied for the integration of Newton’s
equation of motion with a time step �t of 1 fs.

One additional type of quasi-one-dimensional simulation
systems shown in Fig. 5 is constructed to reassess the va-
lidity of solid-liquid interfacial tension calculation. Periodic
boundary conditions are imposed in all lateral directions and

TABLE IV. Compositions of water-IPA mixture droplets.

IPA mass fraction fIPA (%) 0 8 14 20 25 29

No. of water molecules 4000 4000 4000 4000 4000 4000
No. of IPA molecules 0 100 200 300 400 500
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FIG. 3. Snapshot of a simulation system used to evaluate solid-liquid and
liquid-vapor interfacial tensions for water-IPA mixture. The same system size
is applied for water-methanol system.

the liquid inside is composed of either 3000 water, 1500
methanol, or 1000 IPA molecules. Two solid surfaces each
containing three layers are symmetrically located at the cen-
ter of the calculation cell, with innermost layers being 3 nm
apart. The position of solid atoms in the innermost layers is
fixed and the temperature of those in the middle layers is con-
trolled by the Langevin method at 298.15 K. In addition, two
sets of three potential walls recreating the mean potential field
of the solid surface are also placed symmetrically to the xy-
plane. Thirty-seven simulation systems are created for each
liquid type with the innermost potential planes being apart
from 0 to 6 nm. As well as the integration methods and tem-
perature control used in the previous systems, additional tem-
perature and pressure control is applied to the liquid phase
with thermostat and barostat relaxation times τ T and τ p set
to 2 and 5 ps, respectively, and pressure set to atmospheric
value.24, 25 The pressure control scheme is modified so that
only the z-component of the local pressure tensor in the liquid
phase is controlled as described in detail in the Appendix. The

FIG. 4. Snapshot of a simulation system used to evaluate solid-vapor inter-
facial tension for IPA molecules.

TABLE V. Compositions of quasi-one-dimensional systems for water-
methanol.

No. of water molecules 1800 1800 1800 1800 1800 1800 1800 0
No. of MeOH molecules 0 100 200 300 400 500 600 800

pressure control region starts at 0.175 nm outwards from the
equilibrium position of the plane closest to the liquid phase,
and no surface or liquid molecules are present at this region.
The size of calculation region in x- and y-directions is 3.358
× 3.047 nm2, while that in z-direction varies due to the pres-
sure control scheme. After 1 ns of equilibration, the average
of simulation for 8 ns data is used to analyze systems with the
potential planes closest and furthest apart, while data of 2 ns
are used for all others in-between.

III. RESULTS AND DISCUSSION

A. Droplet contact angles

Figures 6 and 7, respectively, display snapshots of
water-methanol and water-IPA mixture droplets with different
alcohol mass fractions on solid surfaces and corresponding
two-dimensional density distributions of alcohol molecules.
The total number of water molecules is kept unchanged as
indicated in Tables III and IV, and the density distribution
is calculated around the center of mass of the droplet by
assuming a symmetric shape.

With a low methanol concentration of fMeOH = 8%
shown in Fig. 6(a), methanol molecules have the highest
concentration at the three phase interface line and tend to
gather mostly at the solid-liquid interface and to a lesser ex-
tent at the liquid-vapor interface. At a methanol concentration
of fMeOH = 21% in Fig. 6(b), even more alcohol molecules
gather at the solid-liquid interface and form a clear methanol
mono-layer. At a higher methanol concentration of fMeOH

= 35% in Fig. 6(c), a large amount of methanol molecules
diffuse into the droplet bulk, showing good solubility.

On the other hand, the system with a low IPA
concentration of fIPA = 8% shown in Fig. 7(a) has IPA
molecules gathering at solid-liquid and solid-vapor interfaces,
and this feature is similar to the water-methanol mixture sys-
tem with a low methanol concentration shown in Fig. 6(a).
However, the tendency to gather at the three phase inter-
face line is much stronger for IPA molecules. In addition, an
IPA mono-layer can be observed partly extending from the
three phase interface towards the solid-liquid interface. With
higher IPA concentrations of fIPA = 20% and fIPA = 29% in
Figs. 7(b) and 7(c), more alcohol molecules gather at the
solid-liquid and liquid-vapor interfaces and a distinct IPA
mono-layer is formed at the solid-liquid interface. It is re-
markable that even at very high concentrations IPA molecules
do not diffuse inside the bulk, but rather begin to cover the

TABLE VI. Compositions of quasi-one-dimensional systems for water-IPA.

No. of water molecules 1800 1800 1800 1800 1800 1800 1800 0
No. of IPA molecules 0 50 60 70 80 90 100 500
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FIG. 5. Snapshot of single-component IPA simulation system used to re-
assess the validity of solid-liquid tension calculation. Cell size in the z-
dimension lz varies due to the pressure control scheme, and lctrl

z indicates
the distance of the pressure control region from the system center, with de-
tails given in the Appendix. The same system dimensions are also used for
single-component water and methanol simulations.

solid-vapor interface, as can be observed in Fig. 7(c), thus
creating a very different system compared to that of water-
methanol mixture droplets. This difference in solubility is
thought to come from the large hydrophobic group of IPA
compared to that of methanol, which means that more hydro-

FIG. 6. (Left) Snapshots of water-methanol mixture droplet on a solid sur-
face with different methanol fractions fMeOH, and (Right) two-dimensional
distributions of methanol density from the center of mass of the droplet. (a)
fMeOH = 8%, (b) fMeOH = 21%, and (c) fMeOH = 35%.

FIG. 7. (Left) Snapshots of water-IPA mixture droplet on a solid surface
with different IPA fractions fIPA, and (Right) two-dimensional distributions
of IPA density from the center of mass of the droplet. (a) fIPA = 8%, (b)
fIPA = 20%, and (c) fIPA = 29%.

gen bonds have to be broken to accommodate IPA molecules
inside water bulk.

The tendency for alcohol molecules to gather at solid-
liquid and liquid-vapor interfaces can be easily explained by
the fact that methanol and IPA have lower liquid-vapor and,
as is shown later, solid-liquid interfacial tensions than water.
Because of this, it is energetically advantageous for alcohol
molecules to gather at the interfaces and the resulting droplet
energy is lowered. The same logic can also be applied to the
three-phase interface. Even though it has no effect on the wet-
tability of a cylindrical droplet, a distinct line tension exists at
the three-phase interface. The increased alcohol density there
indicates that the energy decrease due to alcohol additives at
the three-phase interface might be initially larger than those
at solid-liquid and liquid-vapor interfaces.

An apparent contact angle is measured by fitting a circle
to a density contour line and measuring its angle against a
plane elevated above the equilibrium position of the topmost
solid surface layer. The density and elevation are 745 kg/m3

and 0.365 nm for water-methanol, and 876 kg/m3 and
0.294 nm for water-IPA droplets, respectively. These density
and elevation values are obtained in quasi-one-dimensional
systems shown in Fig. 3 in which the positions of solid-liquid
and liquid-vapor interfaces can be determined from the
balance of force and momentum due to pressure tensor
distribution.20 Details on how to obtain the required local
pressure tensor are given in Sec. III B. The relation between
alcohol mass fraction in mixture droplets and the cosine
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of their contact angle θ is illustrated in Fig. 8 for both
water-methanol and water-IPA droplets. An obvious increase
in wettability with smaller contact angle is observed with in-
creasing alcohol fractions in both water-methanol and water-
IPA mixture droplets. The density distributions in Figs. 6 and
7 suggest that the change in contact angle is not simply due
to a decrease in liquid-vapor surface tension, but also due to a
significant change in the solid-liquid interfacial energy. Both
water-methanol and water-IPA mostly show a substantial
increase in cos θ with the increase of alcohol fractions fMeOH

and fIPA, however, the increase seems almost linear for water-
methanol systems, while water-IPA systems show a more
irregular behavior. Specifically, cos θ at an IPA mass fraction
of fIPA = 8% changes very little from that at fIPA = 0%.
This is thought to be because the IPA mono-layer is only
formed in proximity to the three phase interface and there
is very little amount of IPA molecules in liquid-vapor and
solid-vapor interfaces. Once the IPA mono-layer is formed,
however, any extra IPA molecules are free to occupy other
interfaces and influence wettability. Because of this, both
methanol and IPA molecules seem to enhance wettability to
similar amounts at larger mass fractions, although IPA starts
to show signs of saturation at higher fractions of fIPA > 20%.

B. Interfacial tensions

Each interfacial tension is evaluated using quasi-one-
dimensional systems: liquid-vapor and liquid-solid interfacial
tensions from systems as in Fig. 3, and solid-vapor interfa-
cial tension from systems as shown in Fig. 4. According to
Bakker’s equation, the interfacial tension is obtained by inte-
grating local pressure tensor components along the direction
normal to a flat interface26

γ =
∫

(pN − pT )dz, (14)

where γ is the interfacial tension and pN and pT are nor-
mal and tangential pressures to the interface, respectively.
It should be noted that for the solid-liquid interface, the
integration region is limited to the area containing liquid

molecules, even though the pressure tensor has values even
in areas where no molecules exist. A common practice not to
include the contribution from interactions between the solid
surface atom and liquid molecule when calculating tangen-
tial pressure pT and this convention is also followed in this
work.27 Systems are divided into slabs along the z-axis and
local pressure tensor is calculated by using weighted virial
pressure.28 Strictly speaking, unlike the liquid-vapor interfa-
cial tension, the solid-liquid and solid-vapor interfacial ten-
sions obtained by Eq. (14) are not absolute values, but “rela-
tive” to those of a solid-vacuum interface. The implication of
this is discussed later in this section.

While methanol fraction inside liquid bulk f bulk
MeOH was

proved to be a sufficient parameter to determine the state of
each interface, relative IPA adsorption was chosen to express
the state of each interface for water-IPA mixture droplets be-
cause the IPA molecules do not diffuse into droplet bulk as
shown in the density distribution in Fig. 7 and its fraction in-
side liquid bulk is not an appropriate parameter to express the
interface state. The relative IPA adsorption for an interface be-
tween α and β phases �

αβ

IPA against an arbitrary Gibbs dividing
surface is given by

�
αβ

IPA = N
αβ

IPA − N
αβ
water

n
β

IPA − nα
IPA

n
β
water − nα

water

, (15)

where n and N are number density and surface excess per unit
area for each substance in each phase. Relative adsorption is
an invariant independent of the location of the Gibbs dividing
surface. For water-methanol systems at high methanol con-
centrations, the alcohol molecules at interfaces and that inside
liquid bulk increase at a similar rate, producing close relative
adsorption values for different systems. Because of this, mass
fraction inside liquid bulk f bulk

MeOH is used for water-methanol
systems.

Solid-liquid and liquid-vapor interfacial tensions γ sl and
γ lv for water-methanol and water-IPA mixtures are displayed
in Figs. 9 and 10, in which methanol bulk fraction f bulk

MeOH and
relative IPA adsorption �IPA at each interface are respectively
adopted as parameters. The change of γ sl

MeOH, γ lv
MeOH, and γ lv

IPA,
respectively, shown in Figs. 9(a), 9(b), and 10(b) is gradual
and each seems to approach the value of single-component
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FIG. 10. Dependence of interfacial tensions in water-IPA mixtures on the relative IPA adsorption at each interface evaluated in quasi-one-dimensional systems.
Red horizontal lines show the values of single-component IPA. A linear fitting is displayed for solid-vapor interfacial tension with a blue line, where the fitting
function is γsv = ζ · �sv

IPA with ζ = −1.06 × 10−21(N m). Note that the values provided for the solid-liquid and solid-vapor interfaces are relative to that of
solid-vacuum. (a) Solid-liquid, (b) Liquid-vapor, and (c) Solid-vapor.

alcohol at higher solvent amounts. There is some irregularity
seen in Fig. 10(b), which is thought to come from the IPA
molecules at the interface which are trapped at a local min-
imum configuration that is different from the other systems,
and this might occur easier for IPA because of large molecular
size compared to the cross section area of the system. Experi-
mental values are also included for γ lv

MeOH in Fig. 9(b) for ref-
erence, and show that the simulation values are lower by up to
15 mN/m because the SPC/E and OPLS-UA potentials are not
optimized to reproduce interfacial tensions. Nonetheless, the
curves are qualitatively similar, and the wetting phenomenon
is thought to be essentially the same.

A very steep decrease in the relative solid-liquid
interfacial tension γ sl

IPA of water-IPA mixture is observed in
Fig. 10(a), and this is thought to be due to the formation
of a complete IPA mono-layer on the solid-liquid interface.
The four overlapping data points indicate that the mono-layer
has a certain preferable number density and interfacial ten-
sion, thus the other data points show an unnatural state only
possible in quasi-one-dimensional systems. Indeed, a fully
formed high-density mono-layer can be observed extending
from the three phase interface in Fig. 7(a). Although a solid-
liquid mono-layer also exists in water-methanol systems, its
formation is less restrictive due to higher bulk solubility, and
no such extreme changes in interfacial tensions are observed.

The relative solid-vapor interfacial tension γ sv
IPA shown in

Fig. 10(c) is almost linearly correlated to the IPA adsorption
amount, and this is presumably because the number of hy-
drogen bonds created in the solid-vapor interface also linearly
depends on �sv

IPA. It should be noted that the relative solid-
vapor interfacial tension has a much smaller absolute value,
and is not thought to play an important role in determining
the contact angle, i.e., wettability. Because of this and also as
methanol molecules do not show any preference to moisten
the surface, no further evaluation of the solid-vapor interfacial
tension with methanol molecules is carried out in this study.

The cause and meaning of the negative values of rela-
tive solid-liquid and solid-vapor interfacial tensions should
also be addressed here. Because the interaction between solid
particles is modeled by the harmonic potential in which the
interaction pairs are prescribed a priori to connect the near-

est neighbors and zero point of the potential energy is set at
an equilibrium distance, the total potential energy of a crystal
solid surface without thermal vibrations placed in vacuum is
zero, and solid bulk has no energetic advantage over surface
in this model, even though the particles in solid bulk have
more interaction pairs than those at the surface. If liquid or
vapor molecules are adsorbed onto this solid surface, the total
potential energy will decreases from zero because this is en-
ergetically preferable to vacuum since the L-J potential with a
negative well is used for solid-liquid interactions. This means
that the solid-liquid and solid-vapor interfacial tensions cal-
culated by the Bakker’s equation are relative ones to vacuum
and apparently have negative values due to the zero-point set-
ting of the potential model. Since only the difference between
the solid-liquid and solid-vapor interfacial tensions has in-
fluence on wettability, as shown in the Young’s relation of
Eq. (16) in Sec. III C, relative values are enough for the two.
On the other hand, the liquid-vapor interfacial tension calcu-
lated here is the absolute one which is always positive.

C. Applicability of Young’s equation

An equation describing the interfacial tension balance at
the three phase interface was derived by Young29

γ sl − γ sv + γ lv cos θ = 0 (16)

and this gives a way to predict the droplet contact angle from
interfacial tensions calculated in Sec. III B.

Alcohol fractions in liquid bulk region in a droplet and
relative alcohol adsorption amounts at each interface are cal-
culated for the water-methanol and water-IPA droplet sys-
tems and the results are shown in Fig. 11. The alcohol frac-
tions in Fig. 11(a) reflect the observations made from Figs. 6
and 7 in Sec. III A that methanol molecules dissolve into the
droplet bulk much easier than IPA molecules. In addition, the
relative adsorption amounts of each interface in Figs. 11(b)
and 11(c) reveal that the solid-liquid interface in a water-
IPA droplet at fIPA > 15% is saturated by the creation of a
mono-layer and excess alcohol molecules start to overflow
into the solid-vapor interface, while no such distinct signs of
saturation can be observed for water-methanol droplets. Some
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of our preliminary results indicate that the interface also sat-
urates for water-methanol mixtures at a high enough alcohol
ratio, but as methanol readily dissolves into water, this only
means that the increase rates of interfacial and bulk alcohol
become similar, describing a completely different state from
the saturation seen in water-IPA.

Interfacial tensions are estimated by linear interpolation
of the data shown in Figs. 9, 10(a), and 10(b) for solid-liquid
and liquid-vapor interfaces or by the linear fitting function
shown in Fig. 10(c) for relative solid-vapor interfacial ten-
sion with IPA. The relative solid-vapor interfacial tension
for water-methanol mixture droplets is assumed to be always
zero.

The predicted contact angles are compared with the mea-
sured ones in Fig. 12. Although there are some discrepancies,
a good quantitative agreement can be seen. This means that
our method accurately predicts interfacial tensions and shows
that Young’s approach is still applicable even at nano-scale.

D. Reassessment of interfacial tension measuring

Bakker’s equation was used to evaluate interfacial
tensions in Sec. III B under the assumption that the
interfaces cannot support elastic strain.26 This is not the case,

however, for solid-liquid and solid-vapor interfaces where
the solid molecules at the surface are allowed to vibrate
around their equilibrium position, and thus can indeed support
strain.30 This results in the following Shuttleworth equation:

s = γ + dγ

dε
, (17)

where s and ε are interfacial stress and elastic strain, re-
spectively. Because of this, using Bakker’s equation on solid-
liquid and solid-vapor interfaces is appropriate only when the
solid surface is completely periodic or a potential wall, such
as described by Eq. (10). An alternative measuring way is
needed to accurately evaluate the interfacial tension when the
second term in the right-hand side of Eq. (17) is non-zero.
Thermodynamic integration proposed by Leroy et al.31 is se-
lected for this purpose. The basic premise is to use a poten-
tial wall in a similar way to a piston to quasi-reversibly push
the fluid away from the solid surface by moving the said po-
tential wall. The reversible work done by the potential wall
corresponds to the difference of Gibbs free surface energy be-
tween the walls and the thermodynamic work done to increase
the system volume. Several systems as shown in Fig. 5 are
prepared in which the potential walls are placed at various
positions. Only single-component liquid systems are used
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since in mixtures the chemical potential and interfacial ad-
sorption must also be taken into account. The difference in
the solid-liquid interfacial tension between different walls is

γ sl
solid − γ sl

pot = −
∫ Z1

Z0
pW

potdZ + pN

2

(
l1
z − l0

z

)
, (18)

where γ sl
solid and γ sl

pot are the relative solid-liquid interfacial
tensions for solid surface and potential wall, while pW

pot is the
pressure exerted on the potential walls by liquid molecules.
The distance from the center of the calculation cell to the in-
nermost potential plane and the mean length of calculation
cell in z-direction are, respectively, denoted by Z and lz, and
the values of Z before and after the quasi-reversible change
are Z0 = 0 nm and Z1 = 3 nm. It should be noted that the po-
tential walls are constructed to accurately represent the mean
potential field of the solid surfaces.

The pressure exerted on the potential walls is shown
in Fig. 13. All of the graphs show a similar trend with
the pressure being negative at Z < 1.5 nm and positive at
Z > 1.5 nm, i.e., potential walls are attracted towards the liq-
uid components at Z < 1.5 nm, and pushed back by the liquid
components at Z > 1.5 nm. The peaks of water component
are slightly smaller than those of methanol and IPA, show-
ing a weaker interaction between water and solid surface than
that between alcohol and solid surface. This is to be expected,
since the absolute value of the relative solid-liquid interfacial
tension of water is much smaller than that of either methanol
or IPA, as can be seen in Figs. 9 and 10, respectively.

In addition to the difference in Gibbs free energy given
by Eq. (18), Bakker’s equation, shown in Eq. (14), is used
to directly calculate interfacial tensions γ sl

Bakker and γ sl
pot at

Z = 0 nm and Z = 3 nm, respectively, where γ sl
Bakker is the

value obtained by using Bakker’s equation directly on the
solid surface and is thought to contain error. The results are
summarized in Table VII. It is interesting to note that solid
surfaces have lower solid-liquid interfacial tensions than po-
tential walls for all liquids. This is to be expected, since the
solid surface has a structure which allows liquid molecules to
take more energetically stable configurations, and that should
result in decreasing the interfacial energy compared to a flat
potential wall. This is also confirmed by the fact that the
difference is greater for water and methanol with smaller

molecule size than IPA. The interfacial tensions obtained by
Bakker’s equation and those obtained by thermal integration
only differ by about 2.6 mN/m at most. This is because the
solid surface used in this work is a perfect fcc crystal with
only minor thermal vibration and a small lattice spacing com-
pared to the size of liquid molecules, and therefore approxi-
mating it as a flat potential wall does not produce a large error.
This is effectively done by the Bakker’s integration with only
using solid-liquid interaction contribution to normal pressure
as already described in Sec. III B. It is expected that the error
would be much larger for rough or amorphous surfaces.

By comparing the interfacial tensions obtained by
directly using Bakker’s equation γ sl

Bakker and thermal integra-
tion γ sl

solid, it is possible to roughly approximate the margin of
error introduced by using Bakker’s equation on a solid-liquid
interface. For water and methanol systems, thermal integra-
tion produced lower interfacial tensions, and the methanol
data showing a larger discrepancy was chosen to approximate
the margin of error for water-methanol systems. On the other
hand, thermal integration for IPA systems produced higher in-
terfacial tensions, thus both water and IPA data were used
for water-IPA systems to give an error range in both direc-
tions. The results are displayed in Fig. 14. The error bars show
that although of similar order, the uncertainty brought by the
Bakker’s equation does not explain the discrepancies between
measured and predicted contact angles.

In this work, only the uncertainty for the prediction of
solid-liquid interfacial tension is investigated, but that for
liquid-vapor interfacial tension should also be considered.
Specifically, it is a well known fact that liquid-vapor interfa-
cial tension is influenced by the droplet curvature,20 and this
is especially remarkable for very small droplets, such as in

TABLE VII. The difference in Gibbs free surface energy of solid-liquid
interface between solid surface and potential wall together with interfacial
tensions obtained using various methods.

Water Methanol IPA

γ sl
solid − γ sl

pot (mN/m) − 2.37 − 1.66 − 0.92
γ sl

pot (mN/m) − 1.12 − 46.15 − 51.97
γ sl

solid (mN/m) − 3.50 − 47.81 − 52.89
γ sl

Bakker (mN/m) − 2.16 − 45.22 − 53.97
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FIG. 14. Relation between the cosine of contact angle of the water-alcohol mixture droplets and alcohol mass fraction. Error bars show the uncertainty incurred
by using Bakker’s equation on a solid-liquid interface. (a) Water-methanol and (b) Water-IPA.

this paper. The current method of using flat interfaces does
not take this into account and therefore some degree of er-
ror is expected, although some preliminary research has been
done to ensure that the error is relatively small and does not
affect the results anymore than the uncertainty coming from
the solid-liquid interfacial tension.

IV. CONCLUDING REMARKS

MD simulations of single water-methanol and water-IPA
mixture cylindrical droplets were performed to investigate
the effect alcohol additives have on water droplet wettabil-
ity. The droplets generally became more wettable with larger
alcohol fractions. Both types of alcohol molecules showed a
strong preference to gather at solid-liquid and liquid-vapor
interfaces, and a clear tendency to gather at the three-line
interface was also observed at very low mixture ratios. At
high mixture ratios, methanol molecules diffused well into the
droplet bulk, while IPA molecules were found to spread out
to the solid-vapor interface with almost no molecules dissolv-
ing inside the liquid droplet, thus creating two very different
mixture systems.

Specific interfacial tensions were calculated in
quasi-one-dimensional simulation systems and it was
also quantitatively confirmed that alcohol greatly decreases
liquid-vapor and solid-liquid interfacial tensions, while very
little change occurs in the solid-vapor interface. Droplet
interfacial tensions were assessed using data obtained in the
quasi-one-dimensional systems and gave good quantitative
estimation of the contact angle based on Young’s equation,
indicating that the approach of interfacial tension balance at
the three-phase interface is still valid at nano-scale.

The validity of using Bakker’s equation on solid-liquid
interfaces was also investigated. It was found that for highly
regular surfaces with small lattice spacing, such as the one
used in this paper, the uncertainty introduced was small, but
might present a problem for rougher or amorphous surfaces.

Systems with more complex wall structures and Coulomb
interactions between solid and liquid constituent molecules
are considered as a further research topic. This would in-
clude solid surfaces containing hydroxyl groups, which are

known to form hydrogen bonds with water molecules,32 as
well as ion solutes inside the droplet which could poten-
tially form an electric double layer at the interfaces, where
the methods developed in this paper should prove particularly
effective.
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APPENDIX: LOCAL ONE-DIMENSIONAL PRESSURE
CONTROL

The method using stochastic velocity rescaling proposed
by Bussi et al.25 was modified to provide one-dimensional
pressure control inside a local region while still preserving
the conservation of effective enthalpy H. The basic concept is
shown in Fig. 15 and the equation of motion is modified in the
following way

ṙ i
α = πi

α

mi
+ η

{
ri
α − sgn

(
ri
α

) · lctrl
α

}
, (A1)

π̇ i
α = f i

α − ηπi
α, (A2)

η̇ = V ctrl
(
pctrl

α − pset
) + 2kBT set

W
, (A3)

V̇ ctrl = V ctrlη, (A4)

where ri
α , πi

α , and f i
α are the α component of coordinates, mo-

mentum, and force of particle i, while mi is its mass. The vari-
able η is proportional to the relative change rate of the control
region volume V ctrl. A sign function is used together with the
starting position lctrl

α of the pressure control region to account
for the system symmetry. Equations (A1) and (A2) are only
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FIG. 15. The concept of a system with one-dimensional pressure control
confined to a local region. Particles in the middle white region follow the
classical Newtonian equation of motion, while particles in the yellow side
region move according to the modified equation of motion. The horizontal
dimension of the white region is 2lctrl

α and its volume is constant, while the
horizontal dimension of the yellow region, and thus its volume V ctrl, vary
according to its equation of motion. Periodic boundary conditions are set in
all lateral directions.

applied in the pressure control direction of particles inside the
control region, and classical Newtonian equation of motion
is used otherwise. The pressure control region is treated as
a single slab and the α component of the local pressure pctrl

α

is calculated there,28 while pset is the system control pres-
sure. The definition of barostat mass W is the same as in the
original paper25 and kB and T set are the Boltzmann constant
and system control temperature. Temperature is controlled us-
ing stochastic velocity rescaling only on particles inside the
pressure control region. This provides us with a system where
there is only direct pressure control on the outermost regions,
while the effective enthalpy H defined in the original paper is
still conserved in its unmodified form, and enables us to di-
rectly control the pressure of only the liquid phase in systems
shown in Fig. 5.
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