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Using large scale molecular dynamics simulations, we study in detail the impact of nanometer droplets
of low viscosity on flat substrates versus the wettability of the solid plate. The comparison between the
molecular dynamics simulations and different macroscopic models reveals that most of these models do not
correspond to the simulation results at the nanoscale, in particular for the maximal contact diameter during
the nanodroplet impact (D,,,,). We have developed a new model for D, that is in agreement with the
simulation data and also takes into account the effects of the liquid-solid wettability. We also propose a new
scaling for the time required to reach the maximal contact diameter 7,,,, with respect to the impact velocity,
which is also in agreement with the observations. With the new model for D,,,, plus the scaling found for
max» WE present a master curve collapsing the evolution of the nanometer drop contact diameter during
impact for different wettabilities and different impact velocities. We believe our results may help in
designing better nanoprinters since they provide an estimation of the maximum impact velocities required

to obtain a smooth and homogenous coverage of the surfaces without dry spots.
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More and more applications demand a detailed under-
standing of nanodroplets, applications such as 3D nano-
printing, nanomedicine, phase-change cooling using nano-
sprays, and microdeposition processes [1-3]. Remarkable
achievements have been obtained rather recently by printing
organic molecules at the nanoscale [4]. The interest of such
technology is clear: it is flexible, inexpensive, fast, address-
able, and scalable. Most of the practical applications are based
on the idea that a nanodrop is used as a carrier of some
biological elements or nanoparticles of one sort or another. It
then remains to evaporate the carrier, the solvent of the
nanodrop, to have access to a patterned surface with interest-
ing functionalities. The idea is simple, and the technology is
already mature enough to make it work [4]. Now, depending
on the type of solvent, the shape of the nanodrop will vary not
only with time but also with the impact speed of the nanodrop.
This is where wetting and impact dynamics become critical. It
is rather obvious that for small volumes the evaporation time
for the solvent will be fast. If it is faster than the time required
for the liquid to spread, we will end up with different
structures leading to different properties. It is therefore
mandatory to understand how wettability affects impact at
such a small scale since wettability and evaporation are also
intimately related [5].

Due to the huge number of applications involved, drop
impact has been intensively studied in the past years. These
studies have focused on, for example, the modeling of the
influence of the drop size on the time evolution of the
dynamic contact angle and contact radii [6], the transition
between the bounce, stick, or splash of nanodroplets [7,8],
the impact of nanodroplets on textured surfaces [9], the
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droplet impact over inclined substrates studied experimen-
tally [10] or by using molecular dynamics (MD) techniques
[11], and the drop impact over a moving substrate [12].
Given the strong deformation of the droplet during impact,
especially for cases with relatively high impact velocities,
the evaluation of the dynamic contact angle is not very
accurate in comparison with the measurement of the
contact diameter of the drop. Furthermore, different models
have been proposed to characterize the maximum spreading
diameter of a drop at macroscale [13—18]. Most of these
models are either empirical or based on energy balance plus
viscous dissipation but not all take into account the wetting
properties between the liquid and the solid phases
[14,16,18]. Moreover, these models have been compared
with experiments at a macroscopic scale, but their validity
at the nanometric scale, which is essential for many of the
applications described above, is still unknown.

In this study, we use large scale MD simulations
conducted using LAMMPS software [19] to analyze the
impact of nanodroplets with a typical diameter of Dy =
20.3 nm onto flat substrates. MD allows us to tune
fundamental parameters like strength of interactions
between atoms in order to explore the details of nano-
printing. By studying how the drops behave versus their
equilibrium contact angles and the impact speeds, we will
get a better understanding of impact for nanoprinting,
potentially leading to interesting optimizations.

All the atoms have the same mass m and they interact
between each other via a pairwise Lennard—Jones (LJ)
potential V,; = —4CagkpT|(c/r)'? — (c/r)®] where r is
the distance between atoms, o is the effective atom
diameter, kp is the Boltzmann constant and 7 = 33 K is
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the temperature. The values of ¢ = 0.35 nm and m, =
12 g/mol are selected to model carbon-like atoms. By
tuning the value of C,p (coupling between type “A” and
type “B” atoms), we are able to change the strength of the
interaction between the two types of atoms. We keep constant
the value of the solid-solid and liquid-liquid coupling to 1.0
(Cgs = Cyi1, = 1), and we only tune the liquid-solid coupling
(Crs € [0.4,0.8]), which enables us to explore different
wettabilities with equilibrium contact angles &° €
[132°,78° and thus study in detail the importance of this
parameter at the nanoscale. The liquid is made of 10 648
linear molecules of eight atoms each. Atoms inside a
molecule are linked through a FENE potential
Vi = —05kR31n[1 — (r/Ry)?], where r is the distance
between atoms, k = 12.256/62, and R, = 1.40 is the maxi-
mum extension length. The solid substrate is modeled as 299
040 atoms distributed in a cubic lattice over a disk with a
radius of 69.8 nm and three layers of atoms where the lattice
parameter is equal to the location of the minima of the
Lennard—Jones potential, i.e., 2'/%¢ ~ 0.39 nm. The corre-
sponding atoms are allowed to vibrate around an equilibrium
position by introducing a harmonic potential that bonds the
solid atoms to their initial positions. The corresponding
harmonic potential is V;, = 200¢e(r — ry)?, where r, repre-
sents the equilibrium position of the solid atoms in the lattice.
The cutoff of all the interactions is set to 2.5¢, and the time
step between each interaction evaluation is fixed to 5 fs. For
simplicity, we have not considered the presence of a
surrounding fluid, which seems not to have a strong influence
during the spreading process [7,20] although it can be critical
for splashing [20].

Each simulation consists of two steps. In the first one, we
equilibrate the system with the liquid atoms initially
distributed in a square box far away from the influence
of the substrate. During the equilibration, the temperature is
kept constant by rescaling all the velocities. The equilib-
rium stage is achieved when the energy is constant versus
time and the droplet shows a spherical cap shape of constant
diameter Dy = (20.28 £ 0.24) nm. After the equilibration
step, the thermostat of the liquid is removed in order to
enable thermal exchanges between the two phases, thus
allowing the liquid to dissipate energy within the solid. The
drop is also translated just above the substrate to reduce the
distance to cross before impact. Finally, an initial impact
velocity Vi, € [10200] m/s in the direction perpendicular
to the solid is set to the drop in order to initiate the impact.
By using standard methods [21], we compute the liquid
surface tension y; = (2.85 4 0.56) mN/m, the viscosity
ny = (0.284 £0.004) mPa-s, and the liquid density
pr = (386 £ 5) kg/m?. The model is thus rather simple.
However, it has been used previously to study drop spread-
ing [22] and liquid bridges [23] and been shown to reproduce
macroscopic properties such as Laplace pressure and
Young’s law adequately. We compute the instantaneous
contact diameter as D(t) = 2r.(t), where r.(t) is the radial
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FIG. 1. (a) Snapshot of the simulations for C;q = 0.4

(0° = 132°) and We = 109.9 at different times. (b) Droplet
contact diameter versus time for various impact velocities for
Crs = 0.6 corresponding to the equilibrium contact angle
00 = 106°.

distance with respect the mass center of the drop where the
density of the liquid in contact with the plate drops at 50% of
the value corresponding to the central part. Then, D,
corresponds just to the maximum value of D(¢) measured
during the impact.

As a preliminary test, we study the increase of the liquid
temperature AT with the impact velocity Viy,,, which will
introduce an increment of the kinetic energy on the drop
that is converted to heat at impact, i.e., AT = Vizmp/ 2c,,
where ¢, is the specific heat of the liquid. The specific
heat can be measured from the energy fluctuations [24]
in an independent simulation leading to the value of
¢, = (2533 +380) J/kg - K. The increment of the temper-
ature of the liquid can be measured in the simulations
versus the impact velocities, and it has been observed that
these values are independent of the considered wettability
and are compatible with the expected theoretical value that
corroborates the validity of the simulation methods.

First, we study the effect of the variation of the impact
velocity Vi, on the dynamics of the droplet contact
diameter. In order to compare our results with the different
models presented in the literature, it is convenient to
express Vi, as a dimensionless Weber number defined
as We = ,()LDOVizmp /7. (the ratio of the liquid inertia and
the surface tension), which is tuned between We = 0.27
(Vimp = 10 m/s) and We =109.9 (Vjy, = 200 m/s).
Figure 1(a) shows different snapshots during the impact
for Cpg = 0.4 (6° = 132°) and We = 109.9. In Fig. 1(b),
we show the effect of the Weber number on the spreading
dynamics for Ci g = 0.6 (6° = 106°). By increasing the
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FIG. 2. &,.c = D /Dy versus the Weber number for all liquid-
solid affinities studied and for We > We¢, i.e., when Dy, > Deg.
The lines represent the different models proposed in the literature.

Weber number, the maximum contact diameter D, rises
within a considerable range (~34 nm) for a droplet of
initial diameter of 20.3 nm, which is an expected result
observed experimentally [14-16,25,26]. However, there are
impact velocities for which the droplet never overcomes
the equilibrium contact diameter D,. This can be seen in
Fig. 1(b) for We < 30. Let us here stress that this limit
depends on the wettability of the plate. Therefore, there is a
threshold in the Weber number We“ needed to reach a
maximum spreading diameter larger than the equilibrium
diameter, which is shown for the different equilibrium
contact angles studied. It is clear that this critical impact in
the inset of Fig. 1(b) for the different equilibrium contact
angles studied. It is clear that this critical impact velocity
We¢ strongly depends on the wettability. However, as has
been reported by other authors [15,25], when We > We¢,
the time evolution of D(7) until D,,, is basically driven by
inertia, the impact process is relatively insensitive to the
surface wetting properties, and we get an increment of D,
when the solid-liquid affinity is decreased, as has been
observed at low impact velocities (We < 30). Let us here
point out here that our results cannot be directly extrapo-
lated to predict the properties of real superhydrophobic
surfaces. Indeed, for such surfaces, superhydrophobicity is
due to roughness that has not been introduced here.
Therefore, the very low values of We¢ for 8° > 120° do
not necessarily imply that the impacts will be inertia driven
in these substrates.

Figure 2 shows the values of &« = Dpmax/Dy for the
different impact velocities (different We) and various
liquid-solid equilibrium contact angles. D, is here
computed by a Gaussian fitting around the peak location
on D(z). For the lower impact velocity, there is an incre-
ment of &, as the solid-liquid affinity is increased, but this
difference disappears at higher impact velocities. However,
once D, is reached, we observe in the simulations that the
wettability completely modifies the dewetting process until

equilibrium, which can be very important in processes such
as evaporating the solvent used to carry nanoparticles.

Many correlations and models have been proposed in the
literature [13-15,17,27-30] to predict the time evolution of
the maximum spreading factor &.,.. These correlations
very rarely take into account the wettability effect, and they
have been compared so far with experiments at the macro-
scale. In Fig. 2, we observe that the simulated D, /D, can
be fitted with the power law &, « We!/* introduced by
Clanet et al. [15] for low viscous liquids based on the
effective acceleration experienced by the drop during its
impact. Clanet suggests that the initial kinetic energy due to
the drop velocity is not only transformed to surface energy
but also to internal kinetic energy. However, the value of
this internal energy is not clear, and therefore, the complete
description of &, versus We without fitting parameters
remains missing. As shown in Fig. 2, the semiempirical
models derived from the energy balance [14,16,31] cannot
describe properly the results for our low viscous liquid at
the nanoscale. The origin of this discrepancy has certainly
been located in the approximation used for the dissipation
contribution, which considers that the velocity gradient only
exists in the boundary layer adjacent to the liquid-solid
interface [ 14]. Different approximations have been proposed
[14,16,31] to describe the viscous dissipation in the impact
of droplets at the macroscale. The validity of these
approaches is uncertain at the nanoscale, however. Based
on the analysis of the velocity distribution in MD simulations
of water nanodroplet impacts, Li ef al. [18] find that the
velocity gradient not only exists in the boundary layer but is
quite uniform in the droplet. With these considerations, they
propose that the viscous dissipation for impact of nano-
droplets can be written as W = 717, D§ Vi (Emax — 2/3) /4.
However, as did Pasandideh—Fard et al. [14], they under-
estimate the liquid-vapor interface at the maximum spread-
ing state in the energy balance equation, and the resulting
prediction of &, does not properly describe our simulation
results as shown in Fig. 2.

Injecting the more precise approximation for the inter-
facial areas from Ref. [16] in the calculations, we obtain a
new equation from the energy balance (see Supplemental
Material [33] for details):

3(Ca+1—cos0)E . — (We + 12 +2Ca)épa + 8 =0,
(1)

where Ca = 1, Vi, /7y is the capillary number associated
with the impact velocity. Equation (1) has an analytical
solution:

P 1 q 27
émax =24/—=cos |:—3_I'CCOS <—— ——):| , 2
V 3 3 2 P’ (2)

where p = —(We + 12 +2Ca)/[3(Ca+ 1 — cos8°)] and
g =28/[3(Ca+1-cos@)].
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FIG. 3. (@) &mnax = Dmax/ Dy versus the Weber number for all

liquid-solid affinities studied and the prediction from Eq. (2) for
6° = [132°,78°]. (b) Simulation results for impact of water
nanodroplets from Ref. [18] and the model from Eq. (2) for
water (continuous lines) and LJ (dashed lines) liquid with
0° = [145°,607).

Figure 3(a) shows D,,,, measured from the simulation
versus the prediction obtained from Eq. (2), where symbols
and colors represent equilibrium contact angles and impact
velocities, respectively. A good agreement between theory
and simulation is observed. Also, our model predicts an
increment of D,,,, when we increase the affinity between
the liquid and the solid for low impact velocities, but the
wettability effect becomes negligible for larger We. The
proposed model is thus able to predict quite well not only
the effect of the impact velocity but also the role of the
wettability on D,,.

The lack of experimental results for nanodroplet impacts
impedes the comparison of Eq. (2) with real data.
Nevertheless, we can validate the proposed model with
the simulated results of water nanodroplets in platinum
performed in Ref. [18], which can be also reproduced with
the proposed model as shown in Fig. 3(a). Equation (2) also
reveals that the role of the wettability depends on liquid
properties. As an example, in Fig. 3(b) we show the &,
predicted by Eq. (2) for two liquids—our Lennard—Jones
liquid and water—and two different substrate wettabilities.
Interestingly, the effect of the wettability becomes more
important for water due to its larger value of surface
tension. As a result, Eq. (2) can be used in nanoprinting
to predict the corresponding extension D,,,, from an initial
droplet of diameter D, for any wettability €, at any impact
speed Vipp-

Let us now consider the time ¢,,,, at which the drop
impacting the substrate reaches D,,,, whenever D ., >
Dy corresponds to the case where We > We“. For a
precise detection of t,,,,, we select a region around D,
and we fit a Gaussian distribution. We identify the central
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FIG. 4. Collapsing of D/D,,, versus t/We™'/> in a single
curve for 8% = 132°.

value of this Gaussian with 7,,,,. The representation of 7,
can be modeled as a power law: 7., (ns) = (0.319 £
0.016)We~(0196£0014) that basically corresponds to the
scaling f,,, «« We™!/>. This power law dependence of
Imax has been observed experimentally at the macroscale
with very similar exponents: for example, Antonini et al.
[32] obtained f,,, x We 2 and Roux et al. [26]
fmax & We™032 With the resolution we have in the deter-
mination of 7., it is not possible to establish any influence
of the wettability at the macroscale or nanoscale in the time
required to achieve D,,, that appears for We > We°.

Once we have obtained D,,,, from Eq. (2) and with the
power law 7,,,, « We™!/3, it is possible to transform the
temporal evolution of the base diameter D(¢) into dimen-
sionless units by dividing D(¢) and ¢ by Dy, and We™!/,
respectively. With this transformation, as can be seen in
Fig. 4, all the data collapse into one universal curve before
reaching the maximum spreading. Furthermore, this trans-
formation works not only for different impact velocities but
also for different substrate wettabilities, which we do not
reproduce here for brevity, providing a good tool for
nanoprinting. Therefore, it is possible to anticipate the
temporal evolution of D(¢) at all impact velocities from a
measurement of D(#) at a single Vi,

To conclude, in this study we have shown that MD is an
interesting tool to analyze underlying mechanisms of drop
impact for nanoprinting. MD allows us to probe molecular
displacements and interactions during the whole process.
We have shown that by increasing the impact velocity over
a threshold value We¢, we increase the maximum spreading
diameter of the droplet D,,,,. We have also shown that 7,,,,
i.e., the time required to reach this maximum spreading,
decreases as we increase the impact velocity. Moreover, we
have studied the influence of the wettability over D,
tmax> and We‘. We have shown that the threshold velocity
We¢ decreases as the contact angle increases. Also, we have
found that D,,,, increases as the equilibrium contact angle
between the liquid and the solid €° is decreased for low
impact velocities (We® < We < 30) but it seems to be

224503-4



PHYSICAL REVIEW LETTERS 124, 224503 (2020)

independent of 8° when We > We¢ > 30. However, 7,
seems to be independent of the wettability for all equilib-
rium contact angles studied. We have proposed a new
model to predict &,,,x = Dpmax /Do for nanodroplet impacts
based on energy balance that successfully reproduces the
simulation results and even the effect of changes in the
wettability on D, for low impact velocities. This model
reveals the role of the substrate wettability, which could
become important depending on liquid properties like
surface tension and viscosity. Also, we have shown that
fmax & We™!/3 a scaling similar to the experimental obser-
vations. With the proposed models for D,,,, and t,,,, we
have seen that we can overlap in a master curve the
evolution of the contact diameter D(¢) till D, for all
the impact velocities and all wettabilities used in this study.
An interesting consequence of this work is that nano-
printing becomes predictable since we can estimate f,,,, as
a function of the impact velocity and, from Eq. (2), we can
predict D,,,.. However, experimental work on nanodroplet
impacts is required to validate the approach proposed.
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