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Surface Wetting of Liquid Nanodroplets: Droplet-Size Effects
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The spreading of liquid nanodroplets of different initial radii R, is studied using molecular dynamics
simulation. Results for two distinct systems, Pb on Cu(111), which is nonwetting, and a coarse-grained
polymer model, which wets the surface, are presented for Pb droplets ranging in size from ~55 000 to
220000 atoms and polymer droplets ranging in size from ~200 000 to 780 000 monomers. In both cases, a
precursor foot precedes the spreading of the main droplet. This precursor foot spreads as r%(f) = 2Dt

with an effective diffusion constant that exhibits a droplet-size dependence D

~ Ré/ ?. The radius of the

main droplet r,(¢) ~ Ré/ % is in agreement with kinetic models for the cylindrical geometry studied.
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Although the spreading behavior of droplets on surfaces
has been extensively studied, droplet-size effects on the
spreading dynamics are often ignored. These size effects
influence the wetting behavior, particularly when using
nanoscale droplets such as in microelectromechanical sys-
tems and microfluidic devices. For these devices, droplet
size can strongly affect both the manufacturing speed, such
as in microcontact printing, and the device performance.

For a spreading liquid droplet, the energy dissipation
mechanics have been classified by de Gennes. The total
dissipation can be expressed as a sum of three distinct
dissipation mechanisms, 7 ,, + T3>, + T, [1]. In this
equation, 7Y ,, is the contribution due to viscous dissipa-
tion in the bulk of the droplet, Tzf 1s the contribution due
to viscous dissipation in the precursor foot, and T ; is the
contribution due to adsorption of liquid molecules to the
surface at the contact line. The adsorption mechanism is
expected to dominate for low viscosity systems at short
times while the bulk viscous dissipation mechanism takes
over at later times [2]. The dissipation from the foot is less
understood, though in the simulations presented here we
will show that this dissipation does not play a role in the
spreading of the droplet.

In the molecular kinetic theory [3,4], energy dissipation
occurs at the contact line. In the linearized version of this
model, the contact radius r,(¢) of the bulk region of the

droplet scales with the droplet volume as r,(z) ~ Rg/ T at

late times for spherical droplets [5] and r,(¢) ~ Rg/ 5 for
cylindrical droplets [6]. Although this result is for the
linearized version of Blake’s kinetic model, experiments
[5,7,8] and simulation [6,9] have shown that it works quite
well. The hydrodynamic model [10] is based upon the
solution of the equations of motion and continuity for the
droplet and assumes that energy dissipation occurs via
viscous dissipation in the bulk. For the hydrodynamic
model, r,(z) ~ Rg/ 10 at late times for spherical droplets
[5] and ry(r) ~ RS/ 7 for cylindrical droplets [6].

Droplets often spread by extending a precursor foot
ahead of the main droplet. This has been observed in
experiments [11,12] as well as simulation [6,13-15].
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This foot grows diffusively, though to the best of our
knowledge there are no predictions for the dependence
on the droplet size. Droplet spreading experiments have
observed ‘‘terraced spreading” where multiple layers
spread on top of the precursor foot. In simulations, a
precursor foot of one molecular thickness has clearly
been observed. Early simulations on spreading of polymer
droplets [14] presented evidence for multiple layers on top
of the precursor foot. However, more recent simulations of
nearly identical systems [6] for much larger droplet sizes
found that the second layer did not separate from the main
droplet. This lack of a second layer on top of the precursor
foot is probably due to the relatively short duration of the
simulations runs compared to experiment.

Although droplet-size effects are often ignored when
studying spreading dynamics, we show that the spreading
rate of both the precursor foot and the bulk change with
droplet size. Here, we present molecular dynamics (MD)
simulations for two very different systems, a coarse-
grained model of polymer nanodroplets in the wetting
regime and an explicit atom model of Pb on Cu(l11),
which is nonwetting, to study the dependence of the
spreading rate of both the droplet and the precursor foot
on the initial radius R, of the droplet. Snapshots of the two

FIG. 1 (color online). Cross section snapshots from the simu-
lations. A droplet composed of chain length N = 10 polymers
with initial radius Ry = 800, thickness L, = 400, &, = 2.0g,
and y§ = 3.077! at t = 716007 (top). Pb(l) droplet with R, =
40 nm and L, = 27 A on Cu(111) at 7 = 3.6 ns (bottom). The
substrates are 7500 and 230 nm in length for the polymer and Pb
droplets, respectively.
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spreading droplets are shown in Fig. 1. Our results dem-
onstrate that the observed behavior is a general phenome-
non and does not depend on the system specifics. In both
cases, the vapor pressure is low, so that spreading does not
occur via vaporization and condensation.

For polymer chains, the polymer is represented by
spherical beads of mass m attached by springs, which
interact with a truncated Lennard-Jones (LJ) potential
where the cutoff r, = 2.5¢. The monomer-monomer in-
teraction ¢ is used as the reference and all monomers have
the same diameter o. For bonded monomers, we apply an
additional potential where each bond is described by the
finite extensible nonlinear elastic potential [16] with k =
30g/0? and Ry = 1.50. The substrate is modeled as a flat
surface since it was found previously [6] that with the
proper choice of thermostat, the simulations using a flat
surface exhibit the same behavior as a realistic atomic
substrate with greater computational efficiency. The inter-
actions between the surface and the monomers in the
droplet at a distance z from the surface are modeled using
an integrated LJ potential with the cutoff set to z. = 2.2¢0
[6]. Extending the range of this surface interaction to
infinity increases the spreading rate of the precursor foot
and slightly increases the spreading rate of the bulk. Aside
from shifting the wetting transition to a lower energy, the
qualitative spreading behavior is identical to the z. = 2.20
case. Here we present results for €, = 2.0e which for N =
10 is above the wetting transition &§, = 1.75¢.

We apply the Langevin thermostat to provide a realistic
representation of the transfer of energy in the polymer
droplet,

’r; r

mi%: _AUi_miYL%"‘Wi(l), (1)
where m; is the mass of monomer i, y; is the friction
parameter for the Langevin thermostat, —AU;, is the force
acting on monomer i due to the potentials defined above,
and W;(?) is a Gaussian white noise term. Coupling all of
the monomers to the Langevin thermostat has the unphys-
ical effect of screening the hydrodynamic interactions in
the droplet and not damping the monomers near the surface
stronger than those in the bulk. To overcome this, we use a
Langevin coupling term with a damping rate that decreases
exponentially away from the substrate [17]. We choose
v1.(z) = v} exp(o — z) where yj is the surface Langevin
coupling and z is the distance from the substrate. Here we
present results for y§ = 3.0 and 10.07~!. The larger y;
corresponds to an atomistic substrate with large corruga-
tion and hence large dissipation and slower diffusion near
the substrate.

For Pb on Cu(111), interactions are described via em-
bedded atom method interatomic potentials [18]. The in-
teractions between Cu and Pb were previously
parameterized [19]. The Cu(111) substrate was described
via an explicit atom description with dimension in the
surface normal direction equal to 4 times the potential
cutoff r, = 5.5 A. The substrate was equilibrated at the

proper lattice constant prior to joining with the drop.
Atoms in the 2r. planes furthest from the surface are
held rigid and the rest are permitted to relax according to
MD equations of motion throughout all simulations.
Because the substrate is represented atomistically for
Pb(1) on Cu(111), we thermostat only atoms in the sub-
strate using the Nose-Hoover thermostat.

All of the droplets presented here are modeled as hemi-
cylinders as described previously [6]. The system is peri-
odic in the y direction with length L, and open in x and z.
This allows a larger droplet radius to be studied using the
same number of monomers than in the spherical geometry.
Polymeric droplets have initial droplet radii of Ry, = 50,
80, and 1200, and a total size N = 200000, 350 000, and
780000 monomers, respectively, with L, = 600 for Ry =
500 and L, =400 for Ry, = 80c. A snapshot of the
droplet for Ry = 800 is shown in Fig. 1.

Pb(l) droplets are studied with R, = 20, 30, and 40 nm,
and N = 55000, 122000, and 220 000 atoms in the drop,
respectively, with L, = 27 A. In each case, keeping L, <
Ry or L, =~ R, suppresses any Rayleigh instability. The
substrates for the three drop sizes in the Pb(l) on Cu(111)
systems contained N = 85000, 128 000, and 170000 Cu
atoms. A precursor film rapidly advanced ahead of the
main drop [20] as shown in Fig. 1a. The drop reached an
equilibrium but finite contact angle 6, = 33° on top of the
prewetting film, which is in excellent agreement with
experiment [21]. This system exhibits negligible exchange
of atoms between the liquid and solid, permitting evalu-
ation of system size effects for nonreactive wetting in the
case of a monomeric liquid with low vapor pressure.
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FIG. 2. Scaling of the bulk contact radius for droplets of initial
radii Ry = 500 (solid line), 800 (dotted line), and 1200 (dashed
line) using the predictions of (a) the kinetic model and (b) the
hydrodynamic model. Each droplet contains chain length N =
10 polymers with g, = 2.0e, y; = 3.0 (upper curves), and
10.077" (lower curves). The v = 3.077! curves are shifted
upward for clarity. The crosses are the data for Ry = 800 on a
prewet surface.
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The equations of motion are integrated using a velocity-
Verlet algorithm. For polymer spreading, we use a time
step of At = 0.017 where 7 = a’(%)l/ 2. The simulations
are performed at a temperature T = g/kp using the
LAMMPS code [22]. For Pb(l) on Cu(111), At =11s, T =
700 K, and the code PARADYN [23] was used.

For the simulations presented here, we extract the in-
stantaneous contact radius r,(f) and contact angle 6(z)
every 4007 for the polymer system and every 4 ps for the
metal system according to the procedure described previ-
ously [6,20]. To demonstrate the influence of the viscous
dissipation in the precursor foot on the dynamics of the
bulk region, two systems are studied where the droplets are
placed on substrates prewet with a monolayer of the same
material to eliminate the simultaneous spreading of the
precursor foot. The bulk contact radii for both a polymer
droplet and a lead droplet are shown as crosses in Figs. 2(b)
and 3(b) comparing spreading on prewet substrates to
spreading on bare surfaces. Adding a monolayer to the
substrate does not affect the bulk spreading for the poly-
meric system indicating that the viscous dissipation in the
precursor foot is negligible for the droplet [24]. Although
the Pb on Cu system is drastically different than the poly-
mer system, the results are very similar. For the lead
droplet, the early time behavior shows that the bulk spread-
ing rate is enhanced as the foot is formed and begins to
extend. Once the foot has extended away from the droplet,
the bulk contact radius curves become parallel. Plotting the
velocities of the precursor foot on both the bare and prewet
surfaces shows that they are identical after 1 ns.

The scaling predictions of the linearized kinetic and
hydrodynamic models are applied to the bulk contact
radius data for &,, = 2.0 and y{ = 3.0 and 10.07"! in

Fig. 2(a) where dividing the bulk contact radius by Rg/ > for
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FIG. 3. Scaling of the bulk contact radius of three Pb(l) droplet
sizes for Ry = 20 (solid line), 30 (dotted line), and 40 nm
(dashed line) using the predictions of (a) the kinetic model and
(b) the hydrodynamic model. The crosses are the data for
spreading on a prewet surface for Ry, = 40 nm.

each of three droplet sizes causes the data to collapse to a
single curve. The Rg/ 7 scaling of the same data, shown in
Fig. 2(b), does not fit as well because hydrodynamic en-
ergy dissipation has only a weak influence on the spreading
rate for the conditions used in these simulations [6].
Similar results are found for Pb on Cu(l11) [see
Figs. 3(a) and 3(b)] because here we also have a low
viscosity, rapidly spreading droplet.

Previous simulations of polymer droplet spreading [6]
have shown that the hydrodynamic model [10] adequately
fits the data only for the higher viscosity (longer chains)
and slower spreading droplets. Here, a consistent improve-
ment of the fit to the hydrodynamic model is observed for
the three droplet sizes in going from the faster y; =
3.077! to the slower ¥ = 10.07~! conditions, as well as
going from smaller to larger droplets. Both the kinetic and
combined models fit the data well for all of the droplets
although the combined model tends to produce less rea-
sonable values of the fitting parameters [6].

The spreading of the precursor foot has been measured
experimentally by ellipsometry [11] and more recently by
atomic force microscopy [12]. These studies report effec-
tive diffusion coefficients for the precursor foot without
considering the dependence on the droplet size. Joanny
[25] and de Gennes [1] predicted the height profile of the
precursor foot to be proportional to 1/r, but models relat-
ing the precursor foot dynamics to the droplet dimensions,
such as those presented above for the bulk dynamics, are
not available. Like the bulk contact radius, the size depen-
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FIG. 4. (a) Polymeric systems precursor foot spreading rate for
Ry = 500 (solid line), 800 (dotted line), and 1200 (dashed line)
for g,, = 2.0e and y{ = 10.07~! (lower curves) and for y§ =
3.07~! (upper curves). Each droplet contains chain length N =
10 polymers. The y§ = 3.07~! curves have been shifted upward
for clarity. (b) Precursor foot spreading rate for Pb(l) on Cu(111)
divided by RY/* for Ry = 20, 30, and 40 nm at T = 700 K.
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dence is evident in the precursor foot contact radius. This is
shown in Fig. 4 where the precursor foot contact radius is
divided by the initial contact radius raised to the power n
where n = 1/2. For the vy = 10.077! system, the curves
in Fig. 4(a) show the same asymptotic behavior, but dif-
ferences in the initial contact radius cause the curves to be
offset by a constant value at later times. For the y; =
3.077! system, Fig. 4(a) shows the offset is less severe
and the curves for the three different droplet sizes overlap.
For Pb(1) on Cu(111), Fig. 4(b) shows results in this system
are quite similar to what is seen for the y§ = 3.07~! case
in the polymeric systems. This implies that Pb(l) on
Cu(111) corresponds to a lower surface corrugation which,
given the significant lattice mismatch between Pb and Cu
and the high density packing of the (111) surface, is a
reasonable result.

The precursor foot contact radius follows r]%(t) = 2D gt
where D is the effective diffusion coefficient. Within the
uncertainty of our data, these results are consistent with
D¢ ~ Ry where x = 0.5 £ 0.05 even though the poly-
meric systems are completely wetting and the metal system
is nonwetting. For the y§ = 10.07~! system, D g ~ R}
collapses the data onto a master curve better than R(l)/ 2,
This may be because the high coupling constant reduces
the foot spreading rate to that of the bulk droplet, so the
Doy ~ R(l)/ 2 scaling is not valid when the bulk droplet
spreading interferes with the precursor foot diffusion. At
present, there is no theoretical model we are aware of
which predicts the dependence of D.; on R, but it may
be because the higher bulk spreading rate of the larger
droplets pushes the precursor foot outward adding to the
driving force of the surface interaction.

In summary, our results follow the kinetic model of

droplet spreading, which predicts a Ré/ > size scaling of
the bulk droplet contact radius. The bulk spreading rate
does not change for a droplet spreading on a prewet surface
consisting of a monolayer of the droplet material. This
indicates that, at least in the present simulations, the vis-
cous dissipation from the precursor foot is not important
for studying the kinetics of the droplet. Theories describing
the dynamics of the precursor foot do not predict a droplet-
size dependence. We find that the spreading rate of the
precursor foot is diffusive with an effective diffusion coef-

ficient that scale with droplet size as Dy ~ R(l)/ 2. For Pb(1)
on Cu(111), use of a realistic interatomic potential results
in nonreactive wetting in agreement with experiment.
Since the vapor pressure is low, evaporation and conden-
sation do not affect the spreading kinetics and the spread-
ing mechanism for the metal system is similar to that for
the polymeric system. The same size dependence of the
spreading rate is found for both systems, even though the
two are very different.
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