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W
etting and dewetting of solid
surfaces1 is dominated by pinning
and depinning dynamics of the

three-phase contact line on defect sites.2

These defect sites can be a few nanometers
in size, which makes visualizing their effect
on the contact line experimentally challeng-
ing.3 The pinning of a droplet on a rough
surface alludes to interesting phenomena
such as the coffee-ring effect,4 leading to
evaporative self-pinning5 and fractal-like
deposition patterns.6 In addition, unusual
wetting and spreading behavior7 has been
observed on surfaces decorated with nano-
scale topographical features.8 Nanotextured
surfaces are currently being exploited for
their superhydrophobic properties9 and re-
lated applications including drag reduc-
tion,10,11 self-cleaning,12,13 and anti-biofilm
formation.14,15 Fine control of minute quan-
tities of fluid on surfaces is of substantive
interest in nanofluidic applications,16,17 in-
cluding nucleation of water droplets,18 heat
of condensation and transfer,19 and surface
mobility for water collection.20

The practical problem of whether a drop-
let slides or sticks on a surface depends
largely on the underlying interfacial pinning

forces.21 If a droplet is much larger than the
nanoparticles on the surface, the droplet
could be treated as if it were pinned on a
heterogeneous surface.22,23 In contrast, if
the drop and the particle are both com-
parable in size, then the solid particle pre-
sents an obstacle which directly imposes
on the drop behavior.24 However, it is not
clear if the nanoscale depinning would be
similar to that of bulk. Specifically, we
question if a capillary bridge forms during
pinch-off and if a threshold force is neces-
sary to depin the nanoscale droplet com-
pletely from the nanoparticle. Due to recent
advances in in situ electron microscopy,25,26

it is now possible to probe the nanoscale
dynamics of fluids experimentally. Previous
studies on nucleation27,28 of nanodroplets
and nanobubbles,29,30 migration of nano-
droplets,31,32 and confined liquids33,34 using
this approach revealed that, while electron
beam effects drive these processes, the
general properties of fluids appear to be
unaffected. Therefore, in situ transmission
electron microscopy (TEM) is ideally suited
for exploring how the classical description
of fluid behavior extends into the nano-
scale.
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ABSTRACT Nanoscale defects on a substrate affect the sliding

motion of water droplets. Using in situ transmission electron

microscopy imaging, we visualized the depinning dynamics of water

nanodroplets from gold nanoparticles on a flat SiNx surface. Our

observations showed that nanoscale pinning effects of the gold

nanoparticle oppose the lateral forces, resulting in stretching, even

breakup, of the water nanodroplet. Using continuum long wave

theory, we modeled the dynamics of a nanodroplet depinning from a nanoparticle of comparable length scales, and the model results are consistent with

experimental findings and show formation of a capillary bridge prior to nanodroplet depinning. Our findings have important implications on surface

cleaning at the nanoscale.
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In this study, we report our direct experimental
observations of water nanodroplets in close proximity
to gold nanoparticles, which act as pinning sites on an
otherwise flat substrate. Using numerical modeling,
we further investigate the morphology and dynamics
of a nanodroplet under lateral force. We describe the
forces necessary for depinning from the nanoparticles,
which is on the order of nanonewtons, and compare
the results against our experimental observations.

RESULTS AND DISCUSSION

Our experiments were performed with a FEI Tecnai
TEM with an electron accelerating voltage of 120 kV
and an electron flux range of 100�300 e/(Å2

3 s) and
imaged at 20�25 frames per second using a CCD
camera.31 Briefly, we employed an environmental liquid
cell to protect our water sample from the vacuum of
the TEM column.25,26 The liquid cells were microfabri-
cated from silicon, which had a ∼20 nm thick electron
translucent silicon nitride (SiNx) membrane window
with lateral dimensions of∼20� 50μm. The rootmean
square roughness of the membrane was∼0.2 nmwith
a peak-to-peak value of ∼1 nm (Supporting Informa-
tion Figure S1). An approximately 100 nm gap was
formed between the membranes controlled by the
spacer (Figure 1A). Water containing 10 or 20 nm
gold nanoparticles in pure water was loaded into the
liquid cell to fill this gap between the two membrane
windows. Thewater with nanoparticles was sealed into
the chip with a copper gasket and vacuum grease.
During TEM operation, the electron beam passes

through the top and the bottom membrane windows
and the enclosed film of water. As we expose the water
to the electron beam irradiation, the thick water film
(∼100 nm) retracts from the illuminated area of the
membrane window, leaving behind a thin water film
(∼10�20 nm). As the thin film dewets, residual nano-
droplets that are 20�80 nm in diameter remain on
the SiNx surface coated with gold nanoparticles. When
illuminated by an electron beam, the nanodroplets
can be induced to move by the very same electron
beam used for imaging (Figure 1B,C),31 where these
nanodroplets translocate through a series of stick�
slip steps, as shown in the case of a 30 nm diameter
nanodroplet moving across the 10 nm gold nanopar-
ticles in Figure 1C�E.
The motion of water nanodroplets on the mem-

brane surface scattered with 20 nm gold nanoparticles
is shown in Figure 2 (Supporting Information video 1).
Once the nanodroplet comes into contact with the
nanoparticle, it engulfs the particle and becomes
pinned. While the nanodroplet remains pinned, its
subsequent movements are restricted to the vicinity
of this pinning site with its edge in constant contact
with the nanoparticle (Figure 2C; t = 5.35�16.75 s).
Onlywhen the nanodroplet eventually depins from the
nanoparticle does it continues its original movement

on the membrane surface through the usual series of
stick�slip steps (Figure 2C; t > 16.75 s).
Pinning of the nanodroplet to defect sites suggests

that there is some degree of adhesion between water
and gold molecules, consistent with the hydrophilic
nature of gold.35 Therefore, one expects that a minute
trace of water would be left behind on the gold
nanoparticle pinning sites, once the nanodroplet de-
taches from it. Figure 3 shows such a case where a
nanodroplet that spreads as it moves forward forms a
thin capillary bridge between the nanodroplet and the
nanoparticle prior to depinning. Once the nanodroplet
depins, it leaves behind a water film pinned on the
nanoparticle, which then condenses into a smaller
droplet, while a larger detached nanodroplet con-
tinues on its way. A small residual nanodroplet can
also be retained by the nanoparticles due to the
collapse of a capillary bridge, as discussed later.
To elucidate the physics of nanoscale depinning, we

conductednumerical simulations based onanobserved
nanodroplet depinning from two closely spaced 10 nm
particles but in different directions (Figure 4) (Support-
ing Information video 2). The physical model consists

Figure 1. Experimental setup. (A) Schematic of the liquid
cell and (B) experimental setup showing nanodroplet and
gold nanoparticles on top of the membrane. (C) Trajectory
of the ∼30 nm nanodroplet, and (D) corresponding coordi-
nates of its center of mass. (E) Time series images showing
nanodroplets at different stickpositiononagoldnanoparticle-
coated SiNx surface with stick�slip steps. Red arrows indi-
cate the direction toward which the nanodroplet will move
next.
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of long wave hydrodynamics for the nanodroplet,
a structural hump model to approximate the nanopar-
ticle morphology, and interfacial disjoining pressure
exerted by the substrate on the fluid film. Using the
long wave approximation,36 the thickness of a liquid
film h evolves in two-dimensional space x, y, and time
t according to

Dth ¼ � r 3
h3

3μ
[r(γr2(hþ S)þΠ)þ Fx ]

� �
(1)

where γ is the surface tension, μ is the dynamic
viscosity, S(x,y) is the surface topography including
the nanoparticle, Π(h) is the disjoining stress, and Fx
is the driving force density (force per unit volume) in
the direction of directional force, here taken as x.
The nanoparticle is geometrically approximated as a

hump that resembles a nanoparticle attached to a flat
surface (see Supporting Information and Figure S4A).
The disjoining stress due to a solid�liquid interaction
is modeled as a sum of short-ranged repulsive and
long-ranged attractive forces per unit area, Π(h,x) =
Π0[(hs/h)

n � (hs/h)
m], whereΠ0 is a constant and (n,m)

are positive exponents chosen as (4,3).36,37 Here, the
same form and exponents are assumed for the disjoin-
ing pressures for both the substrate and the nano-
particle.

The full evolution (eq 1) is initialized by first solving
for the steady drop shape numerically in the absence of
any lateral force, before time-marchingunder a constant
lateral force. All numerical solutions are performed on a
finite elements solver (Comsol v3.5a), and mesh inde-
pendence is verified in each case towithin 5% accuracy
for all dependent variables.
Most of the independent model parameters are

nonadjustable; that is, surface tension γ ≈ 0.07 nN/nm
and dynamic viscosity μ ≈ 0.001 Pa 3 s are fixed con-
stants based on bulk values at room temperature, and a
nanoparticle diameter of 10 nm is based on TEM obser-
vations (Figure 4), best fit using a humpmodel. We pro-
pose a disjoining pressure constantΠ0 ≈ 0.35 nN/nm2,
which corresponds to a contact angle of∼45� (close to
reported values of 42 ( 2�38,39) and compares reason-
ably to the Hamaker constant (silicon nitride�water)
of 5� 10�20 J.40 Referring to theexperimentally observed
drop area (Figure 4), we simulate a nanodroplet with a
volume of ∼2 � 104 nm3 with a similar apparent area.
We assume that this volume remains constant within
our observation time scales. As a further check on the
parameter sensitivity, we examined a range of droplet
volumes and disjoining pressure constants and showed
that these parameter choices are robust and reasonable
(see Supporting Information and Figure S4B).
Although the driving force due to the imaging

electron beam tends to flatten and drive the drop
laterally in a stochastic fashion,32 here, for the purpose
of clarity, we limit ourselves to a constant lateral driving
force applied in a fixed direction. To simulate nanodrop
behavior during depinning, we apply the critical depinn-
ing force, defined here as the minimum force necessary
to separate the nanodroplet from the nanoparticles, in
a direction either parallel or orthogonal to the nano-
particle pair. Here, the critical depinning force is esti-
mated by interpolating the lateral driving force Fx
between pinned (stable) and depinned (unstable) with
less than 2% error.
Figure 4 shows simulation snapshots taken at time

points that correspond to experimental frames by

Figure 2. Pinningof thenanodroplet by a 20nmnanoparticle. (A) x�y coordinates of thenanodroplet on the SiNx surfacewith
20 nm gold nanoparticles. (B) Coordinates of the nanodroplet's center of mass as a function of time. Here, the gray shaded
regions indicate that the nanodroplet is in contactwith 20nmnanoparticle. Change in x�y coordinates in the shaded region is
due to rotation of thepinnednanodroplet around the nanoparticle. (C) Nanodroplet approaches thenanoparticle and engulfs
it (top). Nanodroplet moves around the nanoparticle as it attempts to depin itself.

Figure 3. Droplet splitting during depinning. (A) Nanodrop-
let splitting during its depinning. Here, the nanodroplet
forms a capillary bridge (red arrow) prior to splitting and
leaving behind a smaller nanodroplet as it detaches from
the gold nanoparticle, as schematically illustrated in (B).
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inspection. Driven parallel, we observe that the nano-
droplet stretches in a globular shape, forms a liquid
bridge, and detaches as a sliding drop, similar to that
of a capillary pinch-off of a classical pendant drop41

(Figure 4A). Driven off-tangent, we observe that the
nanodroplet elongates in a more sheet-like manner,
forms a wider and longer liquid bridge, and detaches
as a stretched drop (Figure 4B). These differences are
further accentuated in the simulated drop driven in
a direction fully orthogonal compared to the parallel.
It is notable that these simulated features, whilemostly
qualitative, compare well frame by frame with ex-
perimental observations in both cases. Furthermore,
an inspection of the depinning times suggests a ratio
of 4 ns simulation time to 0.1 s real time: a dramatic
slowdown that alludes to significant deviation in ap-
parent viscosities, which is discussed later.
The simulation in Figure 4B predicts a small residual

water droplet left attached to the nanoparticles after
depinning, but it may not be visible in that particular
imaging contrast as it would be for the comparatively
smaller nanodroplet in Figure 3. In addition, we note the
curved thin liquid interfacial film surrounding the nano-
particle leading to the capillary bridge (red dashedboxes
in Figure 4: t = 7.5 s and t = 13.75 s). Under a classical
description neglecting absorbed liquid film, the driven
dropwouldmake a sharp contact line at the particle inter-
face (as would a pendant drop experiment), but here,
our simulation captured the smoothly varying interface
due to the underlying interfacial substrate interaction.
From a practical standpoint, the critical depinning

force can equivalently be viewed as the maximum

lateral force that could be applied by a nanodrop-
let on a nanoparticle. For the simulations shown in
Figure 4, the critical depinning forces are 1.26 nN for
parallel depinning and 1.88 nN for orthogonal depinn-
ing, which also means that the adhesion force hold-
ing the nanoparticle in place exceeds 1 nN. As a check
for experimental consistency, a crude estimate of the
opposing capillary forces can be obtained from the
apparent width of the capillary bridge. Taking a semi-
circular arclength of l ∼ πw/2, where the bridge width
is w ∼ 15 nm by inspection (red arrows in Figure 4A:
t=7.6 s),weestimate the capillary force tobeγl∼1.65nN,
which compares reasonably with the magnitudes of the
depinning forces obtained from simulations.
Separately, we find that the same nanodroplet

depins from a single 10 nm particle at a critical force
of 1.22 nN. This is similar to that of nanodroplet driven
parallel to the nanoparticle pair (1.26 nN) and suggests
that the bulk of the driving force is borne by just one
nanoparticle, specifically the leading particle at the
contact line. This is consistent with the drop dynamics
observed in Figure 4A. For orthogonal depinning, the
maximum force distributed evenly (assuming per-
fect symmetry) to each of the nanoparticles is 0.94 nN
(1.88 nN total pinning force), which is consistently
smaller than that for the case of either the single particle
or parallel particle pair. From this, one infers that the
forces per nanoparticle experienced by a cohort of
three or more closely spaced nanoparticles are dimin-
ished, which corroborates the intuitive notion that
tight clusters of nanoparticles or surface contaminants
are more difficult to remove than isolated ones.

Figure 4. Depinningof the nanodroplet by 10nmnanoparticles. (A,B) Two instances of the samenanodroplet depinning from
the same nanoparticles reveal that pinning causes the stretch of the three-phase contact line. Simulation snapshots at
indicated time points reveal comparable depinning behavior of the same nanodroplet that is critically driven in a direction
either parallel (A) or orthogonal (B) to two model particles. Height difference from substrate (blue) to peak (red) is indicated
below the first frames and equally partitioned to five elevation contours, as shown in each respective plot. Dashed boxes for
frames at t = 7.50 s and t = 13.75 s highlight features of the capillary bridge (refer to text).
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It is noteworthy that even at the limits of classical
description, our model found general agreement in
terms of simulated depinning forces and observed
capillary forces, thus demonstrating that the observed
nanodroplet depinning phenomenon can be ade-
quately described by hydrodynamics, accounting for
capillarity and interfacial stress. Due to the stochastic
nature of the actual driving force, we have not con-
ducted a rigorous analysis on the depinning time
scales. However, given a capillary time scale T ∼ μ(L/γ),
where μ is the viscosity, L is the length scale, and γ is the
surface tension, we see that the apparent viscosity
of interfacial water scales directly with the apparent
time scale (μapp/μ)∼ (Tapp/T). For a given temporal ratio
of roughly 0.1 s real time to 4 ns simulation time
(Figure 4), the apparent viscosity of interfacial water
is ∼25 kPa 3 s, roughly 7 orders of magnitude greater
than that of bulk water at room temperatures. Using
apparent viscosity as the input, the model produces
plots identical to those shown in Figure 4, except with
respective time points rescaled by the viscosity ratio.
In the case of our nanodroplets, which are effectively
∼10 nm thick liquid films, this discrepancy, while signi-
ficant, is consistent with apparent viscosities of inter-
facial or confined water reported in the literature,42�44

although the exact nature of this phenomenon remains
an open question.

CONCLUSION

We have outlined the dynamical behavior of water
nanodroplets interacting with fixed nanoparticles on a
substrate and provided a qualitative estimate for the
depining forces, based on the stretching of the droplet
prior to its detachment fromnanoparticles. Under elec-
tron imaging, the nanodroplet stretches first, forming a
short capillary bridge, followed by pinch-off, leaving
behind a smaller residual nanodroplet attached to
the nanoparticle. We find that the adhesion force45

that holds a 10 nm gold particle at a fixed point on the
SiNx surface is greater than ∼1 nN, the force needed
to depin the nanodroplet. Due to the rapid minia-
turizing of nanoscale devices, this has important impli-
cations on the activity of water nanocondensates and
hydrodynamic limits to forces that could be applied
on nanostructures or for removal of nanocontami-
nants. Future work can include nano-objects with
different hydrophilic properties or shapes or nanopil-
lars of different heights with well-characterized bend-
ing stiffness to probe for hydrodynamic forces at the
nanoscale.

METHODS

Sample Preparation. Water containing 10 and 20 nm gold
nanoparticles had a concentration of ∼7 � 1011 and ∼7 �
1010 particles/mL, respectively. We used∼1:8 to 1:10 dilution of
aqueous 10 nm (Cat#GP01-10-20; Nanocs Inc. New York, NY,
USA) and 20 nm (Cat#EM.GC20; TedPella Inc., Redding, CA, USA)
nanoparticles in pure water (Cat#30072, Sigma-Aldrich Co.,
St Louis, MO, USA). A liquid cell was filled with ∼400 nL of the
postdiluted suspension using a syringe with fine tubing to
prevent spill and membrane contamination. Next, the loading
pockets of the liquid cell were sealed with a copper gasket.
The sealed liquid cell was then loaded into a customized TEM
holder and inserted into the TEM for imaging.

Liquid Cell Fabrication. The fabrication process of liquid cells is
similar to that described by Zheng et al.26 Our liquid cells were
assembled from two∼3� 3mm2 Si chips (top chip and bottom
chip), each with a ∼20 nm thick SiNx membrane window with
dimensions of ∼20 � 50 μm2 at the center of the chip. In
addition, the top chip contains two pockets for loading the
nanoparticle suspension, and the bottom chip has a ∼100 nm
thick gold spacer to provide separation between the two
membranes. The chips were fabricated from 200 μm thick
double-side polished 4 in. (100) Si wafers with SiNx film depos-
ited on both sides by low-pressure chemical vapor deposition.
The central windows, pockets, and grooves for separating
individual chips are patterned on the SiNx layer by photolitho-
graphy, followed by deep reactive ion etching of the SiNx layer.
Next, KOH etching of the exposed Si creates the windows,
pockets, and the grooves. For the bottom chip, a∼100 nm gold
layer and a∼5 nm titanium adhesive coatingwere patterned on
the membrane side using thermal evaporation and a lift-off
process. Then, the chips were cleaved from the wafer along the
grooves. Finally, the top chip and bottom chips were aligned
based on the best overlap of the respective central windows
and glued together to form a single liquid cell assembly.

Imaging and Image Processing. An FEI Tecnai T12 TEM, operated
at an accelerating voltage of 120 kV with a LaB6 filament, was

used for in situ imagingwith electron fluxes ranging from 100 to
300 e/(Å2

3 s). Movies were acquired at a rate of 20�25 frames
per secondwith an ORIUS SC200 (Gatan, Inc.) CCD camera using
4� 4 binning (512� 512 pixels). Segmentation ofmovie frames
was implemented in the Miniconda Python46,47 distribution
with built-in packages48�52 to define both droplets and nano-
particles in the image series. A threshold-based algorithm was
used to segment out the highly contrasted gold nanoparticles
from the images. As a rule, any pixel that falls below a 5%
threshold in intensity (dark regions) is assumed to be part of
the gold nanoparticles and is therefore marked as “1” or “0”
otherwise. To further reduce incorrect identification, connected
pixels were also subjected to an area filter. The above proce-
dures generate a binary image, where the gold nanoparticles
are represented by specific regions recorded as “1”. A 3D binary
volume stack (where z coordinate represents time) was then
assembled from the segmented image sequence, and the
identified objects were labeled across different time points
based on their (i) area (if the change in nanoparticle area
between two consecutive frames was less than 10%, they
were treated as the same object) and (ii) centroid position (if
the change in nanoparticle centroid between two consecutive
frames is less than 10 pixels, they were also treated as the same
object).

The contrast of water nanodroplets is significantly poorer
than those of gold nanoparticles. Therefore, we inverted raw
images so that the droplet appears brighter than the back-
ground and hence appears more distinctive. Next, we apply a
Gaussian filter (σ = 2 pixel) before subtracting the background
using a top-hat transformwith a disk with a radius of 40 pixels as
the structuring element. The resulting image is further refined
using a Gaussian filter (σ = 2 pixels). Afterward, we use the
Centroidal Voronoi tessellation algorithm53 to divide the image
into three clusters: (i) gold nanoparticles, (ii) nanodroplet, and
(iii) background. The image was binarized by marking any pixel
belonging to the nanodroplet cluster as “1” and “0” otherwise.
Segmentation and labeling were further refined using the same
method described in the preceding paragraph. The labeled
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volume stack was used to evaluate the centroid position, area,
and perimeter of the imaged nanodroplets. Lastly, those frames
for which the clustering algorithm did not work were seg-
mented manually.
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