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We demonstrate an efficient and reliable method for wettability characterization by determining the contact
angle � which a liquid-vapor interface makes with a solid wall. The purpose is to overcome the difficulties,
related to the curvature of the liquid-vapor interface, which make measurements of � rather uncertain, espe-
cially on the micro- and nanoscale. The method employs a specially designed slitlike channel in contact with
a reservoir whereby the wettability of one of the slit walls is to be examined whereas the other �auxiliary� wall
is separated by half into a lyophilic and a lyophobic part so as to pin the incoming fluid and fix the one end of
the liquid-vapor interface. In the present work, the physical background of the method is elucidated theoreti-
cally while the method’s applicability is demonstrated by molecular-dynamics simulation of a typical Lennard-
Jones fluid, in contact with an atomistic wall. The wettability of the latter, as described by the corresponding
contact angle �, is accurately determined by variation of the liquid-wall interaction in a very broad interval.
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I. INTRODUCTION

The contact angle � between a liquid droplet and a solid
substrate under incomplete wetting conditions �1–9� is a ba-
sic quantity needed for the interpretation of many physical
phenomena �droplet motion �2,9–14�, filling of capillaries
�15–20�, boundary conditions for nanofluidics �21–28�, het-
erogeneous nucleation in supersaturated vapors �29–32�,
etc.�. Although Young’s equation �33� that describes the bal-
ance of surface-tension forces at the contact line is known
since more than 200 years ago,

�WV − �LW = �LV cos � , �1�

�here and in what follows, �WV, �LW, and �LV are the wall-
vapor, wall-liquid, and liquid-vapor interfacial tensions, re-
spectively� accurate measurements of contact angles remain
still a problem, in particular if one is interested in droplets on
micro- and nanoscales. The problem with reliable estimation
of contact angles is also a standard one in computer simula-
tions of different model fluids. Both in real experiments
�9,34� and in computer simulations �35–41�, one usually
measures the angle between a tangent plane to the droplet
surface and the plane of the substrate. Such a measurement,
however, is frequently cumbersome �37,38� due to interface
curvature and possible effects of line tension � �42–51�
which invalidates Eq. �1� since then the contact angle is
given by

�WV − �LW +
�

r
= �LV cos � , �2�

assuming that the contact line is a circle of radius r. Estima-
tion of line tension from experiment and/or theory and simu-
lation has remained a controversial subject until today
�32,51,52�. Moreover, when one deals with droplets on
micro- and nanoscales, additional problems arise due to the
poor smoothness of the density profile between liquid and
vapor, the droplet surface can no longer be viewed as an
infinitely thin membrane for the length scales of interest

�1–9�, and also the contact line is smeared out. If one works
close to conditions of critical wetting, the curved liquid-
vapor interface of the droplet then gradually bends over to a
thin liquid film at the substrate which acts as a precursor to
the wetting layer �53�. Under such conditions, geometrical
constructions of a tangent plane to the droplet surface are
quite ambiguous and quantitatively unreliable.

In the present work, we suggest a convenient setup which
overcomes the aforementioned difficulties and permits an ac-
curate and reliable measurement of the contact angle at vari-
ous �chemically decorated, polymer-brush coated, solid
rough, etc.� surfaces. Within the framework of the method,
one determines the contact angle � between the flat liquid-
vapor interface and the surface of concern in a specially de-
signed slit connected to a reservoir. The role of the reservoir
is to eliminate any curvature-induced Laplace pressure in the
fluid and, therefore, guarantee the existence of a flat liquid-
vapor interface. This is achieved by pinning the interface to a
fixed line of triple contact on the opposite �auxiliary� wall
while allowing free motion of the other triple contact line
along the plane of concern �Fig. 1�. In our setup, we fix the
triple contact line as the line of separation between a lyo-
philic half of the wall, adjacent to the reservoir, and a lyo-
phobic half which repels the fluid. As far as different contact
angles imply different amounts of liquid in the slit, a free
exchange of liquid between slit and reservoir is essential.
Clearly, the reservoir should contain sufficient amount of liq-
uid so that the slit is filled as much as required while still a
freely moving liquid-vapor interface in the reservoir is main-
tained.

The fixed position of the line of triple contact on the pin-
ning wall makes the triple contact on the wall of interest �for
a sufficiently broad slit or a system with periodic boundary
conditions� also a straight line whose length does not depend
on �. The latter guarantees no line tension effects on the
measured contact angles and therefore a significant advan-
tage as compared to � measurements in droplets. We believe
that the suggested setup may be conveniently used in both
real experiments and computer simulations whereby the par-
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ticular kind of simulation algorithm should be irrelevant.
The physical justification of the present method is briefly

outlined in Sec. II where we also demonstrate analytically
that small-scale �mesoscopic� corrections to our
macroscopic-scale arguments for the existence of flat phase
boundaries in the proposed setup may safely be ignored. The
setup itself and the model used in our computer experiment
are described in Sec. III. In Sec. IV, we present data from our
molecular-dynamics �MD� simulation and produce a calibra-
tion relationship between any chosen strength of the liquid-
wall interaction and the resulting contact angle �. We con-
clude then in Sec. V with a brief summary of the suggested
method.

II. THEORETICAL BACKGROUND

We consider a thin-film geometry with two infinite paral-
lel planes apart at �macroscopic� distance D in z direction.
The slit contains a fluid at liquid-vapor coexistence. At the
upper wall, we assume incomplete wetting �IW� conditions
so that the planar liquid-vapor interface forms a contact
angle � with � being given by the Young equation �Eq. �1��.

The lower �xy plane at z=0� plane is chemically hetero-
geneous, such that the half plane x�0 along the y axis �x
=0� wets the fluid �with contact angle �=0� whereas the half
plane x�0 is lyophobic �i.e., prefers the vapor� with �=�.
Of course, even when we describe the scale as “micro-
scopic,” we assume that D is still small enough so that grav-
ity effects may be safely neglected. On the scales accessible
to molecular-dynamics simulations, this condition certainly
holds.

Then, on macroscopic scales, the liquid-vapor interface
will be effectively pinned along the y axis at x=0, provided
liquid-vapor coexistence in the thin film is considered. This
interface will meet the other �homogeneous� wall at angle �.
If curvature-induced Laplace pressure is absent, as is the case
in our setup due to the special reservoir design, the resulting
macroscopic picture will be that of a planar interface, starting

at x=0 on the lower wall and ending at x=D tan� �
2 −�� on

the upper wall. For simplicity, we shall consider only short-
range forces between the fluid particles and the wall.

On mesoscopic scale, one expects to see some deviations
from the macroscopic picture in the vicinity of the contact
lines, of course �see Figs. 2�b� and 2�c��. These deviations
are particularly pronounced for small �. In the case of a
second-order wetting transition, the vapor phase forms then a
liquid layer of thickness l0 �as a precursor of a wetting layer�
along the upper wall, as shown in Fig. 2�b�. Close to the
contact line, a gradual crossover from the region of constant
distance l0 to the inclined interface plane, described by l�x�
=x tan �, takes place. Similarly, near the chemical heteroge-
neity, the interface deviation from a simple plane follows a
logarithmic behavior �54�, l�x�=�−1 ln��x+x0� /x0� for x�x�,
where �−1 , x0 are constants characterizing the interface in
terms of effective interface Hamiltonian �see below�. The
constant x�, where the logarithmic curve meets the straight
line, is defined by the condition dl /dx=tan �.

Of course, this description of the interface is approximate
in many aspects: capillary-wave broadening of the interface
is ignored and the “intrinsic” thickness is neglected as well.
Likewise, no attention is paid to phenomena on the atomistic
scale �fluid layering close to the walls, detailed structure of
the contact lines, etc.� Therefore, it is necessary to address
the conditions under which this approximate theory holds.

The problem when a fluid-vapor interface meets a hetero-
geneously structured substrate, as in Fig. 2�a�, was consid-
ered earlier by Parry et al. �54� for the case of short-range
surface potentials. The effective Hamiltonian �2–8� is

H�l�x�� =� dx��LV	1 + 
 dl

dx
�2

+ Vef f�l�� . �3�

In Eq. �3�, Vef f�l� denotes a local position-dependent binding
potential. In what follows, we discuss only the case of small
contact angles ��1 so as to compare to treatments in the

FIG. 1. �Color online� Snapshots of two equilibrium configura-
tions of a fluid �blue �medium gray�� particle in a flat slit connected
to a reservoir. The pinning line separates the lyophilic �green �gray��
from the lyophobic �yellow �light gray�� sections of the lower wall.
Predominantly �a� wettable and �b� nonwettable upper walls in red
�dark gray� show two distinct well-defined contact angles with al-
most flat liquid-vapor interfaces.
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FIG. 2. Schematic presentation of the liquid-vapor interface in a
slit.
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literature. Then, the square root in Eq. �3� may be expanded
and, omitting a constant, one finds

H�l�x�� =� dx��LV

2

 dl

dx
�2

+ Vef f�l�� , �4�

which is solved by the Euler-Lagrange equation

dVef f�l�
dl

= �LV
d2l

dx2 . �5�

For the case of complete wetting and short-range forces, one
simply can take �2–8� Vef f�l�=a exp�−�l�, where � has the
meaning of inverse bulk correlation length �56�. The Euler-
Lagrange equation can be integrated once to give


 dl

dx
�2

=
2a

�LV
exp�− �l� + const. �6�

In the present problem, the integration constant is zero.
When taking the root, one should be aware that there are two
signs:

dl

dx
= 		 2a

�LV
exp
−

�l

2
� . �7�

For the case when at the upper wall ��� /2 �Fig. 2�b��, one
has dl /dx�0 while for ��� /2, one should take the solution
dl /dx�0. In the first case, one obtains ��x+x0�
=	2�LV /a exp��l /2� or

�l�x� = 2 ln
x + x0

x0
, �8�

where the constant x0=�−1	2�LV /a has been chosen such
that l�x=0�=0, compatible with Fig. 2�c�. Since dl /dx
=2 / ���x+x0�� should be equal to tan �, one can determine
the position x� of the point where the straight-line solution
takes over, x�+x0=2 / �� tan ��
2 /��. Evidently, x� grows
rapidly as �→0. In contrast, the distance l where this cross-
over occurs increases only as ln �,

l�x�� =
2

�
ln
�x0

2
tan �� 


2

�
ln

�x0�

2
. �9�

Consider now the wall which is under incomplete wetting
conditions. For the case of second-order wetting transition,
the effective potential is

Vef f�l� = a0
� exp�− �l� + b exp�− 2�l� , �10�

where 
� measures the distance from the wetting transition
�
��0 in the IW plane� and a0 , b are constants. For the
sake of simplicity, one may ignore the distinction in the
range parameter � of the two walls ��−1 describes the range
of the effective wall potential, not the range of intermolecu-
lar interactions in the fluid�. One finds the parameter l0 �Fig.
2�b��, from �Vef f�l� /�l �l=lmin

=0, that is,

l0 = − � ln

�

2b
. �11�

The minimum of the potential itself is related to the contact
angle via Vef f�l0�=−b�


�a0

2b �2=�LV�cos �−1�
− 1
2�LV�2 and

hence

� 
	 2b

�LV


�a0

2b
� . �12�

In order to derive an equation for the interface l�x� of the
type shown in Fig. 2�b�, one may consider the fluid to be for
simplicity on the right-hand side at x�0, while for x→−�,
only a thin liquid layer covers the wall under the vapor phase
so that l�x→−��= l0. Now the first integral of the Euler-
Lagrange equation reads

�LV

2

 dl

dx
�2

= − a0
� exp�− �l� + b exp�− 2�l� + const.

�13�

In order to simplify the boundary condition for x→−�, one
may take l= l0 and dl /dx=0. For the integration constant,
using exp�−�l0�=
�a0 /2b, this yields simply const
= �
�a0�2 /4b=�LV�1−cos ��
 1

2�LV�2. As expected, for x
→�, this equation admits a solution where l gets large and,
therefore, the exponentials exp�−�l� , exp�−2�l� can be ne-
glected so that

dl

dx
= � , �14�

as expected from Fig. 2 in the limit of small contact angles
assumed here.

Eventually, we consider the case of first-order wetting
transition. Then the binding potential Vef f�l� needs to be cho-
sen �b�0, c�0� as

Vef f�l� = − a0
� exp�− �l� − b exp�− 2�l� + c exp�− 3�l� .

�15�

Note the different sign of the term with exp�−3�l�. Choosing
again y=exp�−�l� as variable, the equation �Vef f�l� /�l �l=lmin
=0 is solved by

y = exp�− �l0� =
b

3c
		
 b

3c
�2

+
2
�a0

3c
. �16�

Using this solution in Vef f�l�, one finds Vef f�l0��0 in the
incomplete wetting regime and Vef f�l0�
 1

2�LV�2 if ��1.
The reasoning that for x→� the solution is dl /dx=� holds
as before. It remains to solve l�x� explicitly, however.

In our treatment, we imply that the solution �Eq. �13�� for
D→� can be matched at the point �x� , l�x��� in Fig. 2�c� to
the solution of the lower wall �Eq. �9��, which amounts to the
neglect of terms of order exp�−�D�. Such small terms appear
when one deals with Eq. �5� and includes in Vef f�l� terms due
to both walls together. As far as �−1 is a length of the order of
a Lennard-Jones diameter in our simulation, this neglect is
justified.
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III. MODEL AND SIMULATION ASPECTS

In this work, we verify the method by means of MD simu-
lation of a simple generic model on a coarse-grained level. In
our MD simulation �see Fig. 1�, the fluid particles interact
with each other through a Lennard-Jones �LJ� potential

ULL�r� = 4�LL��
LL/r�12 − �
LL/r�6� , �17�

where �LL=1.4 and 
LL=1.0. The diameter 
LL of a particle
of the fluid is used as a measure of the length scale in our
model.

The same potential �Eq. �17��, albeit with an amplitude
�LW, is used for the interaction between particles of the liquid
and of the wall. By changing the strength, �LW, one can
readily vary the wall wettability between lyophobic �in that
case, a truncated and shifted by �LW version of Eq. �17�,
generally known as Weeks-Chandler-Anderson potential, is
used� and entirely lyophilic ��LW
1.4�.

The walls of the slit are made of particles forming a tri-
angular lattice with spacing 1.0 in units of the liquid atom
diameter 
LL. The wall atoms may fluctuate around their
equilibrium positions, subject to a finitely extensible nonlin-
ear elastic �FENE� potential

UFENE�r� = − 15�WR0
2 ln�1 − r2/R0

2� , �18�

with R0=1.5 and �W=1.0kBT, where kB denotes the Boltz-
mann constant and T is the temperature of the system; r is
the distance between the particle and the virtual point which
represents its equilibrium position in the wall structure. The
FENE-potential acts like an elastic string between the wall
particles and their equilibrium positions in the lattice and
keeps the structure of the wall densely packed hexagonal. In
addition, the wall particles interact with each other via a LJ
potential with �WW=1.0 and 
WW=0.8. This choice of inter-
actions guarantees no penetration of liquid through the wall
and at the same time the mobility of the wall particles cor-
responds to the system temperature.

Molecules are advanced in time via the velocity-Verlet
algorithm with integration time step 
t=0.01t0, where t0 is
the basic MD time unit and we have taken kBT=1. The tem-
perature is maintained by a dissipative-particle-dynamics
�DPD� thermostat, with friction parameter �=0.5, thermostat
cutoff rc=2.5
LL, and step-function-like weight functions
�55�. Fluid properties and flow boundary conditions arise
then as a consequence of the collision dynamics and the local
friction controlled by the DPD thermostat. As a matter of
fact, as far as one is concerned with the measurement of
static contact angles, the particular choice of the thermostat
might facilitate the faster equilibration of the system but is
otherwise largely irrelevant.

Since the measurement of the contact angle � for different
wettability is our main concern, we vary the wettability by
changing the energy parameter �LW of wall-liquid interaction.
The interaction of the liquid with the lyophilic part of the slit
wall is taken as �=1.4 which guarantees that this part is
properly wet up to the pinning line. Beyond the pinning line,
the slit is lyophobic due to a purely repulsive interaction with
particles of the liquid.

Our basic setup comprises a reservoir connected to a slit
with two parallel planes of length Ly =80 and width D=Lz
=20. The planes are at distance D=20 from one another. In
the present study, we typically deal with 2�104 fluid par-
ticles. Depending on the slit dimensions and the position of
the pinning line, this number may vary significantly.

An essential precondition for the successful application of
the method is the existence of zero pressure in the reservoir.
Otherwise, any nonnegligible external pressure �including
meniscus-induced Laplace pressure in the reservoir� may af-
fect the shape and position of the fluid-vapor interface in the
slit and therefore the accuracy of the method. This is
achieved by applying periodic boundary conditions �PBCs�
in z and y directions �see Fig. 1�, while in z direction along
the slit, we have free boundary conditions with invisible re-
pulsive walls on both sides of the system. Due to the PBC,
one creates zero pressure in the reservoir whereby the liquid
there stays in equilibrium with its vapor.

IV. WETTING ANGLE DETERMINATION

As a rule, one may determine the contact angle of the
fluid with the upper slit wall after the fluid has reached the
pinning line and the whole system has attained equilibrium.
Depending on the pinning line position, this may take time—
according to Lucas-Washburn law of capillary filling �16�,
the fluid front proceeds as a square root of elapsed time.
Some preliminary knowledge about the expected contact
angle might help to fix the pinning line position and the
amount of fluid particles optimally so as to reduce the time
for equilibration. For a quiescent fluid, one may then observe
the resulting two-dimensional density profile of the liquid
�Figs. 3�a� and 3�b��. Evidently, in both cases of predomi-
nantly lyophilic �Fig. 3�a�� and lyophobic �Fig. 3�b�� upper
slit walls, one observes a well-defined fluid-vapor phase
boundary. For rather narrow slits, D=20, the proximity of the
triple phase contact line still induces some curvature of the
interface �Fig. 3�. For a larger wall separation D=50, how-
ever, the planar shape of the liquid-phase boundary is evident
�Fig. 4�.

Apart from the liquid-vapor interface, Fig. 3 displays
clearly the effect of liquid layering in the vicinity of the
walls. Evidently, the layering effect is better pronounced at
wettable walls where �LW is larger.

Even though the resulting contact angles may be directly
estimated from the two-dimensional density profiles in the
upper graphs of Fig. 3, a much more accurate determination
of � may be achieved if the local position of the interface is
established precisely. To this end, one may approximate the
crossover from liquid to vapor density at any distance x from
the wall by the function

��z�x�� =
�L + �V

2
+

�L − �V

2
tanh� x − l�x�

wint�x� � , �19�

where �L and �V denote the bulk liquid and vapor densities
away from the interface. In Eq. �19�, l�x� and wint�x� stand
for the local position and width of the interface. This is il-
lustrated by the lower graphs in Fig. 3 and by Fig. 4 where
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the blue line locates the interface position while horizontal
lines mark the respective wint

2 �x�.
Our measurements for different slits indicate that �, which

is our main concern in this work, does not depend on the slit
size Ly, D. The error in measuring � is about 	1°. For the
typical cases of �=50° 	2° and �=5141° 	2°, shown in
Fig. 3, one gets the same values also from Fig. 4. Thus, the
fraction of straight-line interface, needed for an unambigu-
ous determination of �, should be a compromise of accuracy
and CPU effort.

We have found, however, that the actual interface width
perpendicular to the interphase boundary w̄���=wint�x�sin �
slightly but systematically decreases with growing contact
angle � �decreasing wettability� of the wall. We find
w̄�50°�=1.27, w̄�90°�=1.30, and w̄�141°�=1.32 if measured
close to the three phase contact lines. In contrast to the mea-
sured value of �, we find that w̄ may depend on the slit size
D, Ly which could be due to line tension effects.

In Fig. 5, we show the change in the contact angle 21°
���154° with varying strength of the liquid-wall interac-
tion �LW. For measuring angles outside this interval, one
would need a longer slit and proper positioning of the pin-
ning line. As expected, �→180° when �LW→0 �entirely lyo-
phobic substrate� while �→0° �complete wetting� when
�LW→�LL. This � vs �LW relationship has been already used
in a number of studies �18–20� where the knowledge of the
contact angle is of crucial importance.

V. SUMMARY

In this work, an efficient method for accurate determina-
tion of contact angles between a liquid-vapor interface and a

solid surface under conditions of incomplete wetting has
been proposed. The method utilizes a setup—a combination
of a slit connected to a reservoir with suitable boundary
conditions—which produces sufficiently planar liquid-vapor
interfaces in the slit and the attached reservoir so that the
Laplace pressure in the fluid is eliminated and a reliable tan-
gent to the interface can be drawn. Since the liquid-vapor
interface is made to pin on a straight triple contact line, sepa-
rating a lyophilic from lyophobic part on one of the slit
planes, on the second �studied� plane a straight contact line is
formed whose length does not depend on the resulting con-
tact angle �. This guarantees a reliable and accurate determi-
nation of �, free from line tension effects.

The method has been justified theoretically for the case of
short-ranged forces between fluid particles and the atoms of
the planes using earlier results by Parry et al. �54� for the
generally adopted effective Hamiltonian �2–8� �Eq. �3��,
which determines upon minimization the interface profile in
our setup. Eventually, as an example for the proposed
method, we have produced a calibrating �−� relationship
which relates the observed wetting angle � to the strength of
liquid-wall interactions in a broad interval of values. We be-
lieve that both the method as well as the derived �−� depen-
dence may be used in a broad range of related problems
pertaining to wetting.

FIG. 3. �Color online� Fluid density profiles �above� and estimated local position and width of the interface for the cases, shown in Fig.
1. The liquid-wall interactions at the upper wall are �a� �LW=0.9 with �=50° 	2° and �b� �LW=0.3 with �=141° 	2°. The liquid is pinned
in middle of the lower wall at x=0.

FIG. 4. �Color online� Estimated local position and width of the
interface for the cases, shown in Fig. 3 in a wider slit D=50. Due to
the much larger width D, the pinning line on the lower plane has to
be shifted appropriately.

FIG. 5. �Color online� Variations of the contact angle � �main
graph� and cos � �inset� with changing strength of the wall-liquid
interaction �LW.
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