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The effect of the three-phase contact-line curvature on the evaporation mechanism of nanoscopic
droplets from smooth and chemically homogenous substrates is studied by molecular dynamics
simulations. Spherical droplets, whose three-phase contact line is curved, and cylindrical droplets, whose
contact radius is infinite, are compared. It is found that the evaporation of cylindrical droplets takes place at
constant contact angle, while spherical droplets evaporate by simultaneous reduction of their contact area
and their contact angle. This is independent of the substrate-liquid interaction strength. The dependence of
the evaporation mechanism on the contact-line curvature can be rationalized with the help of the concept of
a contact-line tension, and the evaporation simulations of the spherical droplets are used to extract the line
tension on each surface. The corresponding values for the Lennard-Jones systems studied here are of
the order of 10−11N, which is in a good agreement with previous theoretical and experimental estimates.
With this order of magnitude, the line tension is expected to have an effect on the contact angle of spherical
droplets only, when their diameter is less than about 100 nm. The observed difference in evaporation
mechanism is interpreted as a manifestation of the line tension whose existence has been controversial.
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Increasing effort has been directed towards the numerous
phenomena involving droplets on surfaces, such as wetting,
spreading, condensation, and evaporation [1–12], for the past
two decades. As one example, Furuta et al. [12] reported an
experimental study of water droplets evaporating from both
hydrophilic and hydrophobic substrates. Droplets with sizes
about 0.1 and 1 mm were studied. The authors showed that
both the nature of the substrate and the droplet size had an
influence on the evaporation mechanism. This observation
was interpreted as arising from the sign of the line tension,
which varied depending on the nature of the coating.
Observations like this are evidence that the wetting

behavior is not only determined by the balance of inter-
facial tensions, but also by the geometry of the adsorbed
droplets and in particular the curvature of the three-phase
contact line (TPCL). One rationalization uses the concept
of a line tension, which refers to the excess free energy per
unit length of the three-phase (gas-liquid-solid) contact
line. It is expected to play a significant role at small droplet
sizes, as the excess free energy of molecules in the vicinity
of the TPCL is expected to be different from that in the bulk
or at the interfaces [13] and the relative proportion of such
molecules grows with decreasing droplet diameter. In
practice, the line tension τ is often considered as a first-
order correction of Young’s equation and is defined by the
so-called modified Young’s equation

γlv cos θR ¼ γlv cos θ∞ − τ

R
¼ ðγsv − γslÞ − τ

R
; ð1Þ

where R is the contact-line radius (i.e., the inverse of its
curvature), γsv, γsl, and γlv are the solid-vapor, solid-liquid,

and liquid-vapor interfacial tensions, respectively; θR and
θ∞ are the apparent contact angle of a droplet of contact-
line radius R and the contact angle of a macroscopic
droplet, respectively. From Eq. (1), it is clear that, for small
enough droplets, the contact angle depends on the line
tension and the contact-line curvature. Thus, depending on
the sign of τ and the magnitude of the term τ= R relative to
the surface tensions term (γsv − γsl), increasing-, decreas-
ing-, or constant-contact-angle values are expected as an
evaporating drop shrinks. However, despite considerable
theoretical and experimental efforts, the line tension still
remains controversial, not only in terms of its magnitude,
but also its sign. David [13] stated that if only van der
Waals interactions are acting at the solid-liquid interface,
the line tension is of the order of 10−11N. The line tension
was experimentally reported with values ranging from
10−5 to 10−11N and with both positive and negative
signs [1,3,7,14,15]. Theoretically, values of the order of
10−10 – 10−12N have been found [8,16]. The discrepancies
arise because the line tension has a weak effect and is
therefore hard to determine. This scatter of line-tension
values over several orders of magnitude has cast doubts on
its role in static and dynamic wetting processes. The
disagreements have been attributed, for example, to weak
substrate heterogeneities rather than the line tension [4].
Moreover, not only the role of line tension, but its very
existence, has been questioned. For example, Ward and
Wu [17] suggested than no contact-line curvature term is
needed to supplement Young’s equation because the
adsorption and its effect on the solid-liquid interfacial
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tension instead of the line tension can fully explain the
dependence of the contact angle on the contact-line
curvature. The conclusion of Ward and Wu was later
questioned by Schimmele and Dietrich [18] who noted
that the applicability of Eq. (1) is clearly supported by
experiments even in a restricted range of length scales.
It is thus clear that no consensus has been reached

regarding the role played by the line tension. Whether and
on which kinds of substrates it is important and at which
length scales its role becomes significant cannot be easily
answered by experiments. First, it is not easy to prepare an
ideal surface without heterogeneities. Second, it is not easy
to produce and control droplets of submicrometer size
where the line tension is expected to be significant. The
lack of experimental information hampers the comparison
with theoretical models and their validation. It is therefore
difficult to decipher the behavior of an evaporating droplet
while several effects of similar magnitude may operate
simultaneously.
Molecular simulations have a great advantage in that

they do not require a specific theoretical framework to
isolate contributions from different causes. Moreover, sur-
face heterogeneities can be fully controlled. Simulations
can, therefore, test assumptions or obtain information
directly, without resorting to assumptions. They also
naturally address length scales below 100 nm where line
tension is expected to play a role in systems dominated by
van der Waals interactions. In the present work, we use
molecular dynamics (MD) simulations to study the evapo-
ration of nanometer-sized droplets with different shapes.
Spherical and cylindrical droplets with curved and straight
TPCLs, respectively, are compared to study the influence of
contact-line curvature by varying 1=R.
In a previous simulation [10], the evaporation of spheri-

cal nanodroplets (starting at about 10 nm in diameter) on a
perfectly smooth and chemically homogenous heated sub-
strate has been investigated by MD simulations. We found
that neither the pure evaporation mode where the contact

line remains pinned (constant-contact-line mode) nor the
pure evaporation mode where the contact angle remains
constant (constant-contact-angle mode) prevailed during
the evaporation. Instead, we observed that both contact
angle and contact line were simultaneously changing. The
contribution of the line tension to these observations
remained unclear. In the present contribution, we therefore
study the evaporation of cylindrical droplets on an ideally
smooth and chemically homogeneous substrate. By con-
struction, the contact line is straight, corresponding to an
infinite contact-line radius R. Hence, according to the
modified Young’s equation [Eq. (1)] the line-tension term
τ=R cancels and any line tension effect vanishes. In order to
perform a direct comparison, the cylindrical and spherical
droplet systems were constructed with the same liquid and
solid models, similar droplet size in spherical radius, and
similar evaporation rate (controlled by the rate of removing
particles from the gas phase).
The simulation setup for cylindrical and spherical

droplets is shown in Fig. 1. Similarly to our previous
simulation [10], both the droplet and the substrate consisted
of Lennard-Jones atoms with the nonbonded 12-6 potential

UðrÞ ¼ 4ε
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The interaction parameters and the simulation parame-
ters are reported in the Supplemental Material [19]. All
quantities are presented in reduced units (and noted with an
asterisk). Identical solid-fluid interaction parameters were
employed for the cylindrical droplet and spherical droplet
systems. The values of the energy parameter ε� for the
fluid-solid interactions were 0.4, 0.6, and 0.7. In reference
to these values, the corresponding systems were denoted
S4, S6, and S7 for spherical droplet systems, and C4, C6,
and C7 for cylindrical systems.
The substrate temperature was set to T� ¼ 0.83ð100 KÞ

for both the cylindrical and the spherical droplet systems.

FIG. 1 (color online). (a) Cylindrical droplet on a substrate. The left picture is the front view; the right one is the top view. (b) Spherical
droplet on a substrate.
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After a period of relaxation, the droplets took their
cylindrical or spherical shapes and were brought into
thermal equilibrium with the substrates. A run of about
5000t�ð10 nsÞwas performed to ensure that the droplet and
its vapor were in equilibrium. After equilibration at
T� ¼ 0.83, a steady droplet was formed, the number of
atoms inside the droplet was about 8000 for C4, C6, and
C7, and about 14 000 for S4, S6, and S7. For all systems,
the evaporation was subsequently driven by removing gas
particles at a rate of 1 atom every 400 time steps
(1.66 × 10−12 mol=s). The atom coordinates were recorded
every 2000 time steps until the droplet completely dis-
appeared. To study the effect of the TPCL curvature, both
the contact angle and contact radius (half of the distance
between the contact lines is used as a surrogate of the
contact radius for the cylindrical droplet in the following,
since the real contact radius is infinite) were calculated (see
details in Supplemental Material [19]). Note that due to the
interaction between the solid and the liquid, a layer
structure with an oscillating mass distribution is observed
in the liquid near the liquid-solid interface (see Figs. S1, S2,
and S3 in the Supplemental Material [19]). Such a behavior
is commonly found in liquids near attractive walls
[8,22,23,24]. It is worth mentioning that this structure is

a result of MD simulations rather than a model assumption.
Therefore, the structure and any effects resulting from it are
automatically allowed for in the simulation. The time
evolution of the contact angle and contact radius for the
spherical and the cylindrical droplet systems is shown
in Fig. 2.
As can be seen in Figs. 2(a) and 2(b), both the contact

angle and contact radius decrease simultaneously for the
spherical droplet systems S4, S6, and S7, suggesting a
mixed evaporation mode, which is the same as we have
found in our previous simulation of a spherical droplet
system [10]. This also indicates that the evaporation
protocol of suddenly enlarging the box in our previous
simulation and of removing gas atoms one by one does not
lead to different evaporation modes. For the cylindrical
droplets [Figs. 2(c) and 2(d)], however, all contact angles
remain constant and the pseudocontact radius decreases
continuously during the evaporation until the droplets
become too small [contact radii less than 6σ (about
2 nm) for systems C4 and S4 and less than about 10σ
(about 3 nm) for the others] to calculate unambiguously
their contact angle. The equilibrium contact angles of
systems C4, C6, and C7 are 115.0°� 6.9°, 83.5°� 3.5°,
and 68.7°� 4.2°, respectively, at a temperature T� ¼ 0.83.
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FIG. 2 (color online). Droplet evaporation at T� ¼ 0.83∶time evolution of the spherical droplets’ (a) contact angles and (b) contact
radii; time evolution of the cylindrical droplets’ (c) contact angles and (d) pseudocontact radii defined as half the distance between two
contact lines. The dashed lines are the linear least-squares fits to the contact angle and show its decreasing behavior in (a) and indicate its
average value in (c).
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Evidently, the evaporation of the cylindrical droplet follows
a pure constant-contact-angle evaporation mode. The
mechanism contrasts with the mixed mode of the spherical
droplets. Experimentally, a constant-contact-angle mode
is often observed for spherical droplets of much larger
size (small contact-line curvature), e.g., with a diameter
>1 μm [11,12].
The spherical and the cylindrical droplets have similar

sizes (similar radius of the cap), they are subjected to
similar evaporation rates (removing one atom every 400
time steps), and they are deposited on a substrate with the
same wetting properties. They only differ in their contact-
line curvatures. Thus, the contact-line curvature alone
brings about the qualitative difference in the evaporation
mechanism. We rationalize it with the formalism of the
modified Young’s equation [Eq. (1)] as a result of the line
tension [i.e., the additional term τ=R in Eq. (1)] τ=R on
nanometer-sized spherical droplets. If we do this, we obtain
negative values of the line tensions (below). Spherical,
nanometer-sized droplets, thus, have smaller contact angles
than larger droplets. The importance of the line tension was
recently questioned by Ward and Wu [17]. These authors
claimed that the solid-liquid interfacial tension is related to
the fluid concentration (or pressure) in the solid-liquid
interphase (adsorption). When taking this into account,
they found that the dependence of the contact angle on the
contact-line curvature can be completely accounted for by
the adsorption instead of the line tension. In other words,
the contact-line curvature leads to a modified effective
solid-liquid interfacial tension, which varies upon
adsorption, and no extra term depending explicitly on
the contact-line curvature is required to complement
Young’s equation. This interpretation was challenged by
Schimmele and Dietrich [18] who pointed out inconsis-
tencies in the approach of Ward and Wu. In particular,
according to these authors the role of pressure on the solid-
liquid interfacial tension has been insufficiently addressed
to draw definitive conclusions. Our interpretation of the
difference in the evaporation mechanism cannot completely
rule out the argument of Ward and Wu, as we have no
information about pressure in the adsorbed liquid layers.
However, the description of the liquid density oscillations
near the surface, purportedly at the root of the modified γsl,
can be extracted from our simulations. From the mass
density profiles shown in Figs. S1, S2, and S3 in the
Supplemental Material [19], it can be seen that the droplet
shape (spherical versus cylindrical) has a very weak effect
on the liquid structure near the interface (adsorption layers).
The layer structure is present in each of the pairs C4 and S4,
C6 and S6, and C7 and S7 with comparable intensities. The
mass density distribution along the droplet main axis
(Fig. S4 in the Supplemental Material [19]) delivers more
precise information and shows marginal differences
between each pair of two systems with the same surface
attraction. Since the density distributions are very similar,

also the pressures in the adsorbed layers must be similar.
Therefore, even a drastic change in the contact-line curva-
ture does not have a strong effect on the liquid density
profile. How a possible pressure difference affects the solid-
liquid interfacial tension remains an open question.
It has also been argued that the modified Young’s

equation [Eq. (1)] is not valid at the nanometer scale
due to the large curvature of the liquid-vapor interface and
the curvature dependence of the associated interfacial
tension in this curvature regime [5]. However, it has been
shown that the liquid-vapor interfacial tension rapidly
decreases with increasing droplet radius and converges
to the value for the flat (zero curvature) interface when the
radius reaches 10σ [6]. For droplets with larger radii like in
our simulations, there is only a negligible difference in the
interfacial tension between the planar and the curved
liquid-vapor interfaces. Besides, Leroy and Müller-Plathe
[22] have found that the contact angle of nanometer-sized
droplets [radius down to 10σð3.4 nmÞ� could be predicted
from the interfacial tensions of planar interfaces (i.e., for
macroscopic droplets) while determining independently
the liquid-vapor and solid-liquid interfacial tensions of
Lennard-Jones systems. Therefore, it is justified to use
Eq. (1) to derive the line tension approximately. We used
the droplet geometry at various stages during the evapo-
ration to probe the dependence of its contact angle on its
radius. Although Young’s equation describes the shape of a
droplet at equilibrium, it was recently shown that the solid-
liquid interface rapidly relaxes such that the interfacial
tension should take its equilibrium value when the contact
line moves during evaporation [25]. We assume that the
droplet shape remains in quasiequilibrium as evaporation
proceeds. We present in Fig. 3 the variations of γlv cos θ∞ −
γlv cos θR with respect to 1=R for systems S4, S6, and S7.
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FIG. 3 (color online). Variation of γlvðcos θ∞ − cos θÞ vs 1=R
in reduced units for spherical drops with surface interactions
ε� ¼ 0.4, 0.6, and 0.7 for systems S4, S6, and S7, respectively.
Only every third data point is shown in this profile for clarity. The
green lines represent the results of fitting the modified Young’s
equation to the data, i.e., the lines are constrained to pass through
the origin.
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Applying a linear fit to each curve yields reduced values for
τ (slope) which amount to −1.6� 0.1ð−0.6 × 10−11 NÞ,
−4.1�0.1ð−1.3×10−11NÞ, and −2.8�0.1ð−0.9×10−11NÞ
(the corresponding correlation coefficients are 0.83, 0.98,
and 0.94) for ε� ¼ 0.4, 0.6, and 0.7, respectively. (Note that
γlv

� ¼ 1.0ð9.42 mN=mÞ [26] was used.) Despite the stat-
istical uncertainty of these data, it is evident that the line
tensions are all negative. This means [Eq. (1)] that the line
tension lowers the contact angle of nanodroplets, i.e., it
makes them flatter than they would be otherwise. It is also
interesting to note that the values are all of the same order of
magnitude and that they are in a good agreement with
theoretical estimates and AFM experiments [3,8,13]. We
cannot draw a firm conclusion about the influence of the
solid-liquid interaction strength on the line tension due to
the large uncertainties. Weijs et al. [8] found from equi-
librium MD simulations at a much higher temperature that
the magnitude of the line tension increases monotonically
with the solid-liquid interaction strength. Our results are
compatible with this trend, although there possibly is a
minimum for system S6 in our case.
For values of the order of 10−11 Nfor liquid argon, it can be

estimated that the line tension only starts to play a role for
spherical droplets below∼100 nm in diameter. For these, the
evaporation follows the observed mixed mechanism. Larger
droplets (diameter>100 nm)evaporate fromaheterogeneity-
free surface at constant contact angle. If other evaporation
mechanisms are found for large drops, they must be due to
pinning at surface heterogeneities or impurities.
To summarize, by comparing the evaporation of spheri-

cal (with contact-line curvature) and cylindrical droplets
(without contact-line curvature), we find that cylindrical
droplets evaporate by decreasing their contact area at
constant contact angle, whereas for spherical droplets both
contact angle and contact area decrease simultaneously
during evaporation. The role played by the curvature of
the three-phase contact line can be explained using the
concept of a line tension as a first-order correction to
Young’s equation. Its magnitude and sign are such that
they significantly modify the contact angle of spherical
nanometer-sized droplets during their evaporation. The
calculated line tensions inferred for the Lennard-Jones
systems studied here are negative and within an order of
10−11 N, if mapped to liquid argon, which is consistent
with previous experimental and theoretical estimates.
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