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ABSTRACT: From simple models of thermally activated contact line
dynamics far below the depinning transition, one expects the velocity to
depend exponentially on the applied force and the activation area to be the size
of the defects on the surface. We study contact line motion on evaporated gold
films and find that the dynamics are activated, but the activation area is not
straightforwardly linked to the surface roughness. Surprisingly, the activation
area can be significantly smaller than any features on the surface. Furthermore,
it depends strongly on the liquid. We show that this indicates that the line is
close to the depinning threshold at experimentally accessible velocities. A
model based on independent defects is developed and used to show deviations
from the purely exponential law. The dynamics are written entirely in terms of
properties of the surface and partially wetting liquid. In addition, we are able to
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show that the region of validity of models of thermal activation on

mesoscopically rough surfaces typically corresponds to velocities of less than 1

Bl INTRODUCTION

How a liquid spreads on a solid is strongly influenced by the
disorder on the surface. This is at once a practical issue — as
many ordinary surfaces are either chemically or topographically
heterogeneous, if not on the optical scale then at the
nanometric scale — and a general one' since it is an example
of an elastic interface in a disordered medium, much like
magnetic domain walls® or crack front propagation.’

In accordance with Young’s law, y cos €. = ysy — 7s1, the
equilibrium contact angle 6., for a liquid on a solid surface is
determined by the set of interfacial tensions between the liquid,
vapor, and solid (y = y1v, ¥sv ¥s.)- However, one finds that 6,
is not experimentally accessible, but that the measured angle
depends on the history of the contact line. Consider a drop
placed on a solid surface: the contact angle slowly decreases as
it relaxes toward equilibrium, and the velocity of the contact
line gets progressively slower. In practice, equilibrium is never
strictly achieved and the velocity never reaches zero, even if it is
well below experimental resolution. Instead, it has become
standard to report angles for very slowly advancing (6,) or
receding (6g) contact lines, which allows us to define a
hysteresis H = y(cos 8y — cos 8,) > 0. It has been understood
for some time that this hysteresis is attributed to pinning of the
contact line on disorder present on the solid surface.”> On the
other hand, the dynamics of this pinning and depinning
process, or how the velocity of the contact line depends on the
unbalanced Young force at low velocity, is still very often
neglected.

There are a number of well-developed models of wetting
dynamics, including the molecular kinetic theory (MKT),

v ACS Publications  © 2013 American Chemical Society

6884

mm/s.

which considers dissipation at the contact line due to
molecular-scale activated processes,® and hydrodynamic mod-
els, which account for bulk viscous dissipation® that becomes
important for larger capillary numbers, Ca = #v/y, where 7 is
the liquid viscosity and v the velocity. It is important to note
that much like the Young equation, these models were
developed with the assumption of perfect surfaces and one
can ask under what conditions they can be used in the presence
of disorder. In this article, we study contact line motion at very
low capillary numbers, Ca = 107° to § X 107", on surfaces with
mesoscale roughness (10—100 nm) and therefore expect a
priori to find that activated processes dominate.

The relationship between nanoroughness and hysteresis”®
has been studied experimentally, and the hysteresis has been
found to depend on the size and density of defects. Also,
measurements of the dynamics on molecular layers”'® have
been made; however, to our knowledge no systematic study of
activated dynamics has been done on surfaces of controlled
topographical disorder in order to directly link measurable
surface and liquid properties to the dynamics. In a previous
study of liquid hydrogen on evaporated cesium surfaces,"" it
was found that the activation area was on the order of the size
of the grains of cesium, but it is difficult to modify and measure
the disorder in cryogenic systems and a limited range of
velocities was explored. Here, we have developed a room-
temperature analog to this system where (i) the surface
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roughness can easily be altered and imaged, (ii) the contact
angle and y can be modified independently in order to examine
their individual effect, and (iii) steady-state motion of the
contact line down to velocities of 1 nm/s can be achieved.

First, we recall the oft-used MKT-form of the contact line
dynamics. At zero temperature, there is a well-defined pinning
force that must be overcome in order to move the contact line.
At a temperature T, thermal activation rounds this transition
and for a given energy barrier, E}, one expects the contact line
to move at very low velocity described by an Arrhenius-type
escape rate:

—E
-1 b
T =Uexp
(kBT)

The energy barrier can be explicitly written in terms of the
activation free energy of wetting, E, and the applied force
which acts to reduce the barrier, whereupon the velocity of the
contact line can be written

_ b
v =10, exp( kBT (E;l 5 )) @

This is formally equivalent to the original MKT,"? in which case
vy is usually written as the thermal attempt frequency v = kzT/
h multiplied by a molecular-scale jump size, where h is Planck’s
constant, and ¢~ is the number of adsorption sites per unit
area. The force per unit length on the contact line is the
unbalanced Young force, f = + y(cos 6,4 — cos ), where the +
refers to advancing/receding and @ is the dynamic contact
angle.

This picture assumes that the energy barrier is linearly
reduced by the applied force, which is reasonable for very small
forces where E, ~ E, In the case of activated contact line
dynamics on a rough surface, how to write v, and E, and how
to identify ¢ are open questions. One may even question the
validity of the form of eq 2 because it is possible to attain a
regime where E, < E,. These questions will be addressed in
this paper, but we note that in practice, even in the case of large
forces, the functional form of eq 2 can be used as a linearization
over some small range of velocity. We first turn our attention to
o and note that it can be determined from experimentally
measured dynamics and eq 2 without any assumptions on the
expression of v, or E,. Generally, o is thought of as the surface
that the contact line sweeps over as it jumps from one
equilibrium position to another. In this picture, it is the
disorder on the surface that creates the energy landscape over
which the contact line moves, and thus o is related to the scale
of the disorder. If one were to naively apply MKT to this
mesoscale problem, one would identify the activation area as
simply the lateral scale of the disorder. We will see that the
relationship is not so straightforward. One can also ask how o is
affected, if at all, by the contact angle and the liquid—vapor
surface tension, y. We find that there is a strong dependence of
o on the liquid. To explain these observations, we develop an
alternative model to eq 2, valid for the dynamics at large applied
forces. For this, we consider the activated escape from a
metastable well subject to a steadily increasing bias, a problem
that has recently received attention in the field of atomic
friction."*'* This enables us to relate the dynamics directly to
measurable properties of the disordered solid surface and the
liquid.

(1)
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B MATERIALS AND METHODS

Materials. Silicon wafers were purchased from Siltronix SAS
([100], roughness <7 A) and cleaned with a solvent rinse,
followed by a piranha etch and oxygen plasma cleaning
immediately prior to the metalizations. Gold was purchased
from Neyco S.A. (purity >99.99%) and thermally deposited
under vacuum at an average rate of 0.22 nm/s. The substrate
temperature was held constant at either 25 or 200 °C. For the
former, a 3 nm layer of chromium was evaporated prior to the
gold in order to improve adhesion, but for the latter, it was
omitted as chromium diffuses in gold at high temperature.
Alkanethiols (HS(CH,),X) were purchased from Sigma-
Aldrich and used as-received: hexanethiol (n = 5, X = CH,,
95%), dodecanethiol (n = 11, X = CHs, >98%), octadecane-
thiol (n = 17, X = CH,, 98%), methyl 3-mercaptopropionate (n
= 2, X = COOCH,, 98%), and 1H,1H,2H,2H-perfluoro-1-
decanethiol (n = 2, X = (CF,),CF;, >96%). To produce self-
assembled monolayers (SAMs), alkanethiols were diluted in
ethanol (Sigma-Aldrich, absolute) to 1 mM and used
immediately on gold films after evaporation. Wetting studies
were performed after anywhere from 12 h to 8 days of
immersion in the thiol solution without noticeable degradation,
and each sample was used only once. Wetting liquids were
deionized ultrapure water (18 MQ cm), decane (>99%),
tetradecane (>99%), and dimethyl sulfoxide (DMSO anhy-
drous, >99.9%).

Rough Surfaces. In this study, the disorder is due to the
nanoscale topography that is naturally obtained when growing
thin metallic films by thermal evaporation. The resulting
morphology depends on the substrate, the evaporation rate, the
final film thickness, and the temperature of the substrate during
evaporation.'>'® We use silicon substrates and evaporate gold
films with thicknesses between 10 and 100 nm, with the
substrate held at either 25 or 200 °C. The gold films are imaged
under AFM (Bruker Nanoscope I1], tapping mode) in order to
quantify the roughness. Bare gold films are high-energy surfaces
that are completely wetted by most liquids, therefore, we use
self-assembled monolayers of alkanethiols to render the surface
nonwetting. The contact angle can be changed by using a
different termination group. It is assumed that the SAM does
not significantly alter the disorder from the point of view of
wetting dynamics for reasons that are outlined below.

Contact Angle Measurements. Prepared substrates are
dipped vertically into a liquid bath at a velocity controlled by a
motorized stage. The hysteresis is evaluated with the contact
line advancing and receding at a reference velocity (here, taken
systematically as 10 gm/s). To measure the dynamics, the
velocity is programmed to make controlled jumps around this
reference velocity, and the resulting change in the capillary rise,
Ah, is measured under the microscope. Figure 1 shows an
example of a jump in the capillary rise due to such a jump in
velocity. The inset illustrates the principle of measurement. The
dynamic contact angle is then deduced from the capillary rise h
= L.[2(1 — sin 6)]"3 where L, = [;//(pg)]l/2 is the capillary
length and p is the liquid density.

This method provides a very accurate measurement of the
variations in the contact angle and is therefore well-adapted to
studies of contact line dynamics. However, the bulk liquid level
is difficult to measure optically and therefore the advancing
(receding) angle at the reference velocity is determined in a
separate experiment where the liquid is ejected from (taken up
by) a syringe to form a moving drop on the substrate. (Insets in

dx.doi.org/10.1021/1a400649h | Langmuir 2013, 29, 6884—6894
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Figure 1. Change in the capillary rise due to a change of velocity of an
advancing contact line between the reference of 10 ym/s and a
velocity of 15 pm/s. For this particular sample (liquid decane with 8,
= 30°), the resulting variation in the contact angle is 0.09°. The inset
shows the sample, viewed from the side, being dipped into a liquid
bath, which creates an advancing contact line. A microscope facing the
sample surface images the contact line, from which the capillary rise is
found.

Figure Sa show typical images.) For example, Ah is measured
with an accuracy taken as =+0.25 pum, which yields an
uncertainty on the variation in 6 on the order of 0.01°. This
is in contrast to the uncertainty in the absolute value of 8 of a
few degrees arising from imaging a drop.

In comparison to experiments where transient motions of the
contact line are analyzed,'® another advantage of this method is
that the range of velocities explored can be very large. We use a
motorized stage to obtain velocities from several millimeters
per second down to 100 nm/s and a piezo-driven stage to reach
1 nm/s, an unprecedentedly low velocity for studies of contact
line dynamics.

In practice, measurements are repeated by advancing and
receding over the same sample area multiple times. On a typical
substrate, the contact angle drifts by less than 1° from one
advancing cycle to the next. Occasionally, a substrate appears to
age from one cycle to the next, always becoming more wettable.
Even in this case, the absolute contact angle drifts by only a few

degrees over half a dozen cycles, and we do not observe any
drift in the variations of the angle.

B RESULTS

Activation Area and Roughness. Typical AFM images
for 80 nm thick gold films evaporated at two different
temperatures are shown in Figure 2. The 25 °C film exhibits
grain sizes of roughly 20 nm and canyons between grains.
Owing to the radius of curvature of the AFM tip (10 nm), one
must be careful when extracting any details besides the grain
center-to-center distance. The 200 °C film exhibits grains
nearly an order of magnitude larger and canyons roughly 50 nm
wide. An oft-cited measure of the topography is the root-mean-
square roughness, R,.;; here it is 0.7 and 7.4 nm, respectively.
To a first approximation in the simple model of wetting
dynamics of eq 2, one expects to find ¢ to be related to the
lateral size of the grains. As a measure of this scale, we have
used the width of the autocorrelation of the height function'”
performed along the scan direction of each AFM image. By
varying the film thickness and the substrate temperature, we
obtain L, between 8 and 80 nm.

Figure 3 shows typical results for the dynamics measured on
these surfaces. An activated regime appears at the lowest
velocities and a fit to eq 2 yields o. In the following, we use the
expression activation length to mean 1/c. We systematically use
only data at velocities <20 um/s and the advancing and
receding branches are fit independently to yield potentially
different \/o, and \/oR.

Figure 4 shows the results from a series of experiments where
the evaporation conditions have been varied, but the SAM and
partially wetting liquid are the same. For the 25 °C gold films,
we find both correlation lengths and activation lengths on the
order of 10—20 nm. This is the same as obtained in previous
wetting studies on cesium.'' We note that the morphology of
these films appear very similar to that of cesium,'” which is not
surprising given that the evaporations take place at similar
fractions of the respective melting temperatures.'®

Figure 4 also appears to show that the activation length
depends very little on the topography. For advancing contact
lines, the dependence is measurable; increasing L., by an order
of magnitude yields activation lengths of 25 nm, or roughly 2

0 50 100 150
x (nm)

(b) -40

0 50 100 150 200 250
X (nm)

Figure 2. Typical tapping-mode AFM images of 80 nm gold films evaporated at 25 and 200 °C. In (a) the scan size is 1 X 1 ym, R, = 0.7 nm, and
Lo = 13.7 nm, whereas in (b) the scan size is 2 X 2 ym, R, = 7.4 nm, and L, = 70 nm. The white square superimposed on each image indicates
the size of the activation area determined from the dynamics of tetradecane on a dodecanethiol SAM, /0, = 16 nm and \/ 0, = 23 nm, respectively,

and the inset shows the topography of the canyons between gold grains.
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Figure 3. Wetting dynamics of liquid decane advancing (red) and
receding (blue) on a gold surface evaporated at 25 °C and coated with
a dodecanethiol SAM. The straight line shows the fit of the low
velocity data to eq 2, from which the activation area ¢ is determined.
Note the cut in the horizontal scale.
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Figure 4. Activation lengths ( \/ 6) deduced from the low velocity
dynamics of advancing (red) and receding (blue) contact lines. Here,
the surfaces are evaporated gold covered with a dodecanethiol SAM,
and the liquid is tetradecane.

times larger. This is the first surprising result: despite very
considerable changes in the surface morphology, the activation
length changes very little. It calls into question the appealingly
simple picture of the contact line being pinned between grains
and making activated jumps where it sweeps over one grain at
at time.

Superimposed on the AFM images in Figure 2 is a white
square, indicating the activation area deduced from the
respective dynamics. From the image of the large gold grains
in particular, we find a second surprising observation: it appears
that ¢ can be mesoscopic but still significantly smaller than any
features on the surface.

Activation Area and Liquids. First, the dynamics of a
series of partially wetting liquids, whose properties are shown in
Table 1, were measured on surfaces of gold evaporated at 25 °C

Table 1. Properties of Partially Wetting Liquids at 23°C*

v n p . In(v,)
liquid (mN/m)  (mPas) (kg/m?) (mm)  (um/s)
decane 23.55 0.86 728.8 1.81 7.2
tetradecane 26.3 221 761.3 1.88 6.2
DMSO 432 2.07 1097.4 2.00 6.3
water 72.3 0.96 997.54 2.72 7

“The spinodal velocity, vy, is defined in eq 16c.
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with a dodecanethiol SAM. Figure Sa summarizes the resulting
activation lengths. This yields a third unexpected result: there is
a strong dependence on ¥, with larger surface tensions yielding
systematically lower activation lengths, down to approximately
S nm for water. Then, in order to investigate the effects of y and
0 independently, the termination group of the SAM was
changed and measurements were made with the same liquids.
Table 2 gives the average advancing and receding contact
angles for each liquid and SAM combination used.

Statistical error bars are shown for a combination of surface
and liquid that was repeated in 12 separate experiments. In any
individual experiment, the fits are good, and the activation
length can be extracted with some precision; however,
identically prepared surfaces give some variation. For example,
Loy = 17 = S nm for this series of nominally identical
experiments. We note that the dynamics are systematically
much cleaner when using liquid alkanes on alkane-only SAMs.

B INTERPRETATION

In the simple transposition of MKT to mesoscale defects, the
activation area was interpreted as the size of a defect. If this is
indeed the case, then the task is to find the structure on the
surface with the correct size to explain the measured ¢. Until
now, the defect size was assumed to be the lateral dimension of
a gold grain; however, there are other features on the surface
that do not scale in the same way as the grains and that may act
as pinning sites for a liquid meniscus.

In light of this, one might question whether the SAM can
contribute to the disorder, introducing a second length scale to
the problem which is relatively constant even when the gold
morphology is altered. On atomically flat areas of gold, SAMs
are known to produce crystalline domains that can be 5—10 nm
in diameter,'® but it is doubtful that domains can form on a
nanoscale roughness. We do not believe that this is an issue
here for a number of reasons. First, alkanethiol domain sizes
depend on the chain length and termination group, as well as
on the conditions of deposition. For example, annealing can
produce larger grains or even destroy crystalline order
altogether,18 and it is more difficult to form ordered domains
for shorter alkanes where the van der Waals forces between the
chains are weaker.'” We have tried a number of chain lengths
(C¢ Cip and Cyg), as well as termination groups (X
COOCH; and X = (CF,),CF;) and temperatures of the
deposition solution (50 and 100 °C), and found no significant
effect on the activation area. Furthermore, some calculations
show that the thiol grain boundary alone should not produce
hysteresis,”® and the same behavior was observed for liquid
hydrogen on cesium,'’ where no intermediate layer was used.

Another possible structure are the canyons between grains.
Indeed, for the purposes of wetting, they are the most likely
defects; the local slope of the surface reflects the wettability,
and the areas where it is the greatest are where the contact line
is most likely to be pinned. Taking the canyons as defects
brings o closer to the surface characteristics since the canyon
size varies less than the grain size in our experiments, but it is
not enough. Furthermore, it fails to explain the strong
dependence of ¢ on the liquid.

We propose that the canyons between grains are indeed the
pinning centers and that ¢ depends on the strength of the
pinning force, which differs between liquids. This can be
quantitatively understood by closer examination of the
dynamics of pinning on a single canyon.

dx.doi.org/10.1021/1a400649h | Langmuir 2013, 29, 6884—6894
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Figure S. (a) Activation lengths (\/ 0) deduced from the low velocity dynamics of advancing (red) and receding (blue) contact lines for different
liquids on nominally the same surface. Here, the surfaces are 80 nm thick, 25 °C evaporated gold films covered with a dodecanethiol SAM (circles).
Also shown (stars) are the activation lengths when changing the thiol end group (n = 2, X = COOCHj). Inset photographs illustrate the difference in
contact angle for two conditions that yield similar activation lengths. (b) Hysteresis measured in the same experiments. The inset illustrates how the

hysteresis can be determined from Figure 6b.

Table 2. Contact Angles (Advancing, Receding; In Degrees)
on 25°C Evaporated Gold Films Covered with an
Alkanethiol SAM

HS(CH,),X liquid
n X decane tetradecane DMSO water
11 CH, 32, 20 39, 26 78, 67 116, 100
2 (CF,),CF, 65, 46 73, 58 — -
2 COOCH; <20 <20 27, — 62, 53

Pinning on a Single Canyon. Insets in Figure 2 show the
topography of the canyons between gold grains. Here, we
examine how the contact line moves over one such defect of
width a perpendicular to the contact line and extent d parallel
to the line. Figure 6 illustrates the Joanny—de Gennes model to
graphically solve the force balance,* which was originally
introduced to discuss hysteresis. It has been used to interpret
the force curves of single defects measured by AFM*' and has
been found to be in reasonable agreement with the measured
hysteresis on nanostructured surfaces with variable defect
density.® We now use it to examine the jump length for

activated dynamics. This graphical method solves for x,, the
maximum deflection of the contact line due to the defect. A
topographical canyon with a height profile u(x) yields a defect
force that, in the limit of small slopes and small contact
angles,22 can be written as

du
= yd sin g, —1I
Ja g ®
where % is the direction of motion.”® This is balanced by an
elastic restoring force

fe = k(xoo - xm) (4)

where x, is the position of the line far from the defect, the
spring constant of the line is k = 77y sin® 0,,/In(L/d), and L is
largescale cutoft length often taken as the distance between
defects.* The velocity of the contact line is v = 0xo,/0t. An
equivalent picture of a double-well potential is shown in Figure
6¢. At zero temperature, the contact line jumps only when the
energy barrier has disappeared; this is the spinodal, or
depinning threshold, and corresponds to the blue lines in
Figure 6 (panels b and c) and a position of the contact line far

#(x)

direction of motion

(@) (b)

©

Figure 6. (a) The deformation of the contact line due to a defect of size a in the direction of motion and lateral extent d. (b) Graphical
representation of the force balance on a single topographical defect.* Above is the profile of the defect of width a and below are the defect force, f;,
and elastic force, f,, for three different positions of the contact line; x,, increases from green to blue. Shown are the configurations when the
advancing contact line position has two stable positions (green), when it reaches the spinodal (blue) and when the line jumps the barrier by thermal
activation (red). The hatched area corresponds to the energy barrier Ey. (c) The potential well corresponding to the same three positions of the
contact line. It is clear that the size of the activated jump A with respect to the size of the defect a depends on the value of E, with respect to E,

6888 dx.doi.org/10.1021/1a40064%h | Langmuir 2013, 29, 6884—6894
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from the defect noted as x,. At nonzero temperature, thermal
activation causes the jump to occur when the energy barrier is
small but nonzero (red lines). The activated jump length, 4,
corresponds to the distance between the metastable well and
the barrier. The rest of the jump, from the barrier to the global
minimum, comes for free, energetically speaking. Graphically, it
is clear that the activated jump size can be roughly the defect
size or significantly smaller. In particular, it is significantly
smaller if E, < E,, where E, is the unbiased energy barrier
(found from the Maxwell condition* in Figure 6b). Although
Figure 6 has been drawn with a symmetric defect force, this
need not be the case and, in general, the activation lengths for
advancing and receding can differ. It is important to note that
we now understand that the activation area is not strictly
constant, since A depends on the magnitude of the energy
barrier at which the jump occurs. At very low velocities, there is
sufficient time for thermal activation to cause the jump to occur
at relatively large barriers and A will be larger, whereas at higher
velocities, the barrier is reduced before the jump can take place
and A will be smaller. At higher velocities still, the dynamics
deviate from classical thermal activation since the barriers are
small compared to kyT.

From the Single Defect Picture to the Dynamics. In
order to model the dynamics, and to relate A to o, a
macroscopic portion of the contact line must be considered.
We take a surface with a number density of defects n = ["* and
assume that these defects act independently. In experiments, we
impose a constant contact line velocity and, therefore, all
positions of the contact line, x,, are equally probable. One
must remember that experimentally measured velocities and
forces are averages over all possible positions of the contact line
at the microscopic scale. Consider an elemental length [ along
the line within which there is on average a single defect. The
rate-limiting step for this element of line to move is due to the
thermal hopping of the energy barrier provided by the defect.
Once this barrier is overcome, the elemental length moves
forward by an average distance of I. The macroscopic velocity is

thus
12
l/' 7! dxoo]
I Jopn ()

where 77! is an escape rate for the elemental length to make a
jump of .

If the position of the contact line, x, within this elemental
length is far from the defect, then the line is in a position with a
single minimum and it will not jump (7' = 0). As x4
approaches the defect, 77! increases; it is largest near the
spinodal, x,. For small enough velocities, the contact line will
have enough time to jump the energy barrier before the
spinodal is reached. At a given small velocity, the jump will
occur on average at a position defined as x. Beyond this point,
since the line has already jumped and is in a stable position, it
will not jump again (z™' = 0). We can therefore reduce the
limits of integration in eq 5 to only over the defect, giving

<
v = T dx
f_a °° 6)

In writing this, we assume that there is a narrowly distributed
range of x, at which a jump occurs, allowing us to impose an
abrupt cutoff of the integral at x%. This can be shown to be the
case by explicitly calculating the full probability distribution of
X at which a jump occurs, as is done in the Appendix.

v=1Ur = 1[
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We now need to evaluate 7~ when «x, is near the defect and
there are two energy minima. In accordance with Kramers’
reaction-rate theory,”* which has recently been used to evaluate
the jump frequency in MKT,*® the Arrhenius escape rate in the
case of strong friction (a > @) is written

eXp( ) )

Here « is the viscous friction, and @, and @y, are the oscillation
frequencies at the bottom of the well and at the barrier,
respectively. From the single defect picture above, we
understand that the shape of the potential well depends
strongly on the bias (i.e., the position of the contact line, x,).
We now search to express this dependence of the energy barrier
and of the oscillations frequencies on the bias, choosing to
parametrize the problem by the activated jump length, A.
Specifically, we will examine an advancing contact line moving
over a single defect centered at x,, = 0 and where the activated
jump length at which the contact line is most likely to jump
satisfies A* << a. This last simplifying assumption implies that
only the shape of defect force near the peak is important; we
approximate it to be parabolic and write it as

2
a
=alZ + _ gmax
fo=al5 +n) - 0
where A = (1/2)(d*fy/dx,,>)l,, is the curvature. In the parabolic

model, the curvature is the same regardless of where it is
evaluated. Here, we use the subscript x, loosely to indicate that
A must be evaluated where the model applies (i.e., near the
spinodal). From the solutions to the force balance of eqs 4 and
8, it can be shown that the activated jump is

.
A=2 Z(xoo %) ©)

the shape of the potential well, E(x,,), can be found, and the
energy barrier can be written as

WyWy, —E,

kT

-1 _

T
2na

A s
o=t (10)
The oscillation frequencies are defined as w§ = (1/M)(d*E/
dae, ) op and @f = (1/M)(d*E/dx,,2)lyamsic), Where M is taken
to be the mass of the fluid involved in the jump. An expansion
around the well minimum and the barrier of the potential
studied here yields

Al

M (11)

Returning to eq 6, we can now make a change of the variable of
integration to 4 and write

2 —_—
(O =

2

_ 2 A _ 3 _E*
i / A% exp Al dA = v, exp >
4rMak Ja 6kyT kgT

(12)
where v, = AkyT/(2rakM) and where we have used the
notation A* and E§¥ to refer to those quantities evaluated when
the contact line is at the position where it is most probable to
jump, x%. In the limit examined here (1* < a), the escape rate
at the bottom limit of integration is negligible and the integral is
dominated by the value at A*.

We have arrived at eq 12 from the empirical argument used
to write eq 6. Although this argument provides some physical
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insight into the elementary motion of the contact line, one may
wish for a more complete derivation. In fact, eq 12 can be
found from the escape-field distribution (the probability
distribution of a jump to take place at a position x,) for
escape from a metastable well subject to a steadily increasing
bias. This general problem® has been studied in the context of
thermal phase slip in Josephson junctions®” and more recently
for the elastic contributions to atomic friction.'*'**® In the
Appendix, we outline a solution to this problem in contact line
variables. As above, we consider the case where the defect force
is parabolic near the peak and continue to parametrize the
problem with A. It turns out that this parametrization greatly
simplifies the calculation over the previously published*®
solution.

We now search to express the energy barrier, Ef¥, in terms of
measurable quantities. Conservation of energy links the
macroscopic contact angles and the energy dissipated during
a jump of the line from one energy minimum to another.* We
denote this dissipated energy as W, when the line jumps at the
spinodal and W} when it jumps at x%,

nW, = y(cos 6,, — cos 6,)

nWj = y(cos 6hq — cos 0) (13)
where 0, is now strictly defined as the advancing contact angle
at the spinodal. Graphically, the difference in dissipated energy
between these two cases corresponds to the shaded areas in
Figure 7. In the limit of A* < @ it is approximately

Ad
W, — Wi~ aAf = ak(x, — x%) = —(4%)?
s d af a(xoo xoo) 4( ) (14)

Figure 7. Graphical illustration of the difference in dissipated energy
(W, — W¥). In the limit we examine here, 1* < &, the hatched area is
neglected as it is much smaller than the shaded area.

where we have used the previous result from eq 9. If we assume
a soft elastic force then we can further write a = f,/k. For now,
we retain 4, but keep in mind that as long as we are far from the
onset of hysteresis, it can be expressed in terms of
experimentally measurable quantities. Using eqs 10, 13, and
14, the energy barrier can now be related to the macroscopic
contact angles as

3/20 1 \1/2
) (—) (cos @ — cos HA)3/2
A (15)

This completes eq 12 to yield the thermally activated dynamics
in terms of experimentally measurable quantities. Recapitulating
and generalizing for either advancing (A) or receding (R)
contact lines, we now write the dynamics as

/4

e

*_
Eb - ~
na
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v = v, exp[—f(2cos 0 F cos HA/R)3/2} (16a)

where
-1/2
. M(L)” %
3kgT\na) |du®™ (16b)
and
2
o = kT 4
O 4maMk dx® (16¢)

This no longer resembles a simple Arrhenius law. The
nonlinear dependence of the force in eq 16a implies that the
activation area, or jump length, depends on the velocity.
Indeed, the language of jump length no longer appears
explicitly; instead, the dynamics are entirely expressed in
terms of the surface and liquid properties. The notion of a
variation of the jump length with the velocity translates to a
curvature in the usual plot of the dynamics, as seen in Figure 3.
The velocity prefactor, vy, is understood to be the limiting
velocity for which the contact line dynamics are thermally
activated as it corresponds to an Eff = 0. In many experiments, a
limited range of velocities and of contact angles are attained. In
this case, eq 16a can be linearized around some working point

0., to yield
) (17)

This has the same form as MKT. If one erroneously identifies
0., as the equilibrium contact angle 6., then Ef’ would appear
to be the activation free energy of wetting. However, in this
linearized equation, its physical interpretation is not simple; it is
an offset that varies with the working point, Ej' = (A/6)(4%)*.
On the other hand, the activation area ¢ can now be expressed

as i =( ](l) (19)

For the case considered here, ¥ < 4, we see that the activation
area can be considerably smaller than 1/#, the value obtained in
MKT.

We note that averaging over all positions of the contact line
blurs the distinction between a and d. Furthermore, in usual
conditions, @ is of order a, so we will take @ & a ~ d in what
follows.

We can also estimate v, in eq 16c¢. In the case of a moving
contact line, viscous forces can be written as

fV/ = Maw

E,' — oy(%cos 0, F cos 0)
kyT

v =1, exp(—

/1*

a

(19)

which we assume is valid down to mesoscopic scales. One can
write Ma = 3an In(L/a)/ 0,y for small angles,29 where M & pa’
is the mass per unit length of the contact line involved in the
jump. It can then be shown that the limiting velocity is of order
vy & [kyT/(122°1a*)](du/dx)l . which is in the range of 100
— 1000 um/s for typical liquids (# ~ 1 mPa s) on
mesoscopically rough surfaces. We expect this to be very
similar for all surfaces used since, for example, the high
temperature films have larger slopes, but also larger defect sizes,
which compensate in the calculation of v,.

Different Defect Sizes. First, we examine the high-
temperature evaporated films and why the activation area
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found when fitting to eq 17 is smaller than any features on the
surface. An example of a canyon between two large grains on
the 200 °C evaporated films is shown in the inset of Figure 2;
these larger features do not suffer tip effects to the same extent
and one can have some confidence in the slope (45°) and
defect width and density (we take a ~ n™"/> ~ 70 nm). From eq
18 and the measured activation length of 23 nm on this
particular surface, we find A* &~ 8 nm. This clearly falls into the
case considered above of 4* < a and of jumps that take place
close to the spinodal.

In order to understand this, we must compare the unbiased
energy barrier E, and the barrier at which the jump occurs E.
Since the range of velocities and the limiting velocity, v, are
approximately the same for all surfaces and measurements
made here, the range of E, are the same also. As shown in
Figure 3, the slope from which ¢ is determined is centered
about a velocity of 1 um/s, leading to an Ef of roughly SkpT,
when using the v, estimated above. The precise value of the
velocities are of secondary importance since they affect the
energy barrier only logarithmically. To obtain E, we can
approximate the defect force as symmetric and defined
piecewise by two parabolas, in which case eq 10 holds at all
times. Noting that E, is the energy barrier when the contact line
has two stable solutions (green line in Figure 6) and A ~ a, one
finds E, > 10°kT. This is consistent with our understanding
that the activated jump can be significantly smaller than the
defect size when the activation energy is significantly larger than
the energy barrier at which the jump occurs. It is important to
note that if one were able to make measurements of the
dynamics at much smaller velocities (i.e., a much larger E¥)
then one would find much larger activation areas, eventually
reaching the size of the defect.

In this picture, it is indeed possible to find the same ¢ for
defects that are different in size and in the magnitude of the
pinning force, as appears to be the case between the room-
temperature and 200 °C films. Again taking the defect force as a
piecewise parabola and eqs 10 and 18, one can show that ¢° =
[12E#/(a*n®)](d*fy/dx?) ™! [12E¢/(a*n’y sin 6,4)][(du/
dx)l ]!, where the final expression uses eq 3. In practice,
the energy barrier at which the jumps take place are similar for
all substrates and therefore if the maximum slope of the larger
grains is at least 10 times larger than for the small grains and
the area and distance between defects are 2—3 times larger (not
unreasonable values for our surfaces), then the activation areas
are similar.

The above arguments only provide order of magnitude
estimates; one must be careful when attempting to do a
quantitative analysis because the defect size and density and the
curvature of the defect force near the peak must be accurately
known. Even parameters as simple as the defect size are difficult
to determine for such heterogeneous surfaces as in Figure 2.
Exacerbating the problem, AFM tip effects can be very
important with the room-temperature evaporated films in
particular. For example, the profile of a canyon measured by
AFM underestimates the real slope, and a very small slope can
yield a defect with no hysteresis, which is not the case in
experiments. In order to find a hysteresis for small grains using
the simple parabolic model, a slope of about 20° is needed,
which is larger than that shown in the profile of Figure 2. This
illustrates the need for more detailed topographic information
to model contact line pinning on such surfaces.

Different Thiols/Liquids. The dependence of the dynam-
ics on the liquid properties can also be deduced from this

~
~
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model. The liquid—vapor surface tension and the contact angle
affect both the defect and elastic forces and therefore E, and o.
When changing the liquid, one changes y and the contact angle
simultaneously and it is difficult to extract how each parameter
affects the dynamics. One expects that for larger y the energy
cost in making a jump of a given size increases. Also, one might
expect a geometrical effect where for larger contact angles the
contact line is more easily pinned.

From Figure Sa, it appears that the activation length is
piloted principally by the surface tension. For example, DMSO
on a methyl-3-mercaptopropionate SAM has an advancing
angle of about 30° very nearly the same as decane on a
dodecanethiol SAM. However, the activation length is about
half the size than for the latter and is in fact close to that of
DMSO on a dodecanethiol SAM, which has a contact angle of
78°. It is surprising that the contact angle appears to have little
effect. It may be that the effect is small here because the
maximum slope in the canyons on room-temperature films is
small.

If one neglects the effects of the contact angle, both the
disorder and elastic forces are simply proportional to 7.
Therefore, for the same jump size, the energy barrier scales with
7. Again supposing that the barrier at the most probable jump
position, Ef, is approximately constant for all substrates, we
expect that ¢ decreases with increasing y, which is indeed what
we find experimentally. The precise form of this dependence
depends on the details of the entire shape of the defect force,
which we do not know, due to both a lack of detail in the AFM
images and a need to modify eq 3 for large contact angles and
for large slopes.

Figure Sb shows the measured hysteresis for the same set of
substrates as in Sa. In the Joanny—de Gennes model, the
hysteresis can be understood graphically from the force
balance;* the shaded area in the inset corresponds to H
divided by the defect density. For substrates that are nominally
the same, the defect shape and density are constant and
therefore we have only the liquid dependence. We expect that
H « y and, as noted above for o, that the dependence on 6 is
more difficult to understand.

Thermal Activation and Region of Validity. Until now,
we have not used the full form of the dynamics as developed in
eq 16a but have analyzed experimental data using the linearized
form because it allows a discussion in terms of the activation
area, which is typically the parameter plotted for these types of
measurements. We now return to the full form and recall the
conditions under which this model is valid: (1) the defects have
been assumed to be independent, (2) we have assumed the case
of strong friction in order to evaluate the Kramers prefactor,
(3) 4* < a in order to satisfy the parabolic approximation of
the defect force, and (4) more generally, we require that E >
kgT, in order for Kramers’ rate to be valid.

The first assumption amounts to neglecting collective effects.
This is a severe approximation given the defect density on gold
films; however, we note that the experimental jump sizes are at
most the size of a single gold grain, so this may not be as
unreasonable as it first appears. The second can be checked for
our surfaces from arguments following eq 19. We take the
logarithmic factor to be on the order of unity and find a ~ 10°
Hz for the liquids and surfaces used here. The frequency at the
well minimum scales as @, ~ [ff*/(Ma?)]"* ~ 10° Hz and
strong friction applies. The Kramers prefactor is therefore
approximately 10° Hz, in reasonable agreement with estimates
obtained from scaling arguments.®® Since we are no longer
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talking about molecular displacements, it is expected that this is
smaller than the thermal frequency of nearly 10'* Hz often used
in MKT.

From Figure 6¢, one can see that the third condition implies
that E, > E{. The unbiased energy barrier is not easily
calculated, since the full form of the defect force must be
known; however, some dependencies can be deduced from the
graphical picture in Figure 6b. For example, E, o y since both
the defect and the elastic forces are proportional to the surface
tension. Also, E, increases with increasing du/dx since the
defect force is proportional to the local slope. Thus, eq 16a best
represents the dynamics on highly sloped surfaces partially
wetted by high surface tension liquids.

The last condition can be understood as limiting the velocity
for which thermally activated motion is obtained. Since Ef/
(ksT) = In(vy/v) > 1, experimental velocities must be
significantly smaller than v,, which we can now estimate from
measurable surface and liquid properties using eq 16c. This
limit scales with viscosity; an indicative value for each liquid
used here is given in Table 1. This velocity is within the range
of experimental conditions and is indeed very close to where
the dynamics clearly change character in Figure 3. The
condition v = v, corresponds to the spinodal and beyond
this notions of thermal activation break down. Strictly speaking,
since In(vy/v) & 1 in experiments, eq 16a cannot be used to
model experimental data this close to the spinodal. Although
not rigorously within the region of validity, we have performed
an experiment for which the condition on In(v,/v) is the most
reasonable (e.g,, decane, the liquid with the smallest viscosity),
and we have used a piezo-driven stage to obtain extremely low
velocities, down to 1 nm/s. Figure 8 shows the advancing
dynamics fit to eq 16a, where only velocities <20 pm/s are
used. We have fixed the spinodal velocity v, according to Table
1 and left only 2 adjustable parameters: 8, and f. The resulting
fit is good and accounts for the curvature of the model up to
the spinodal. It can be shown that f scales as [ya® sin O/
(kg T)][(du/dx)l0) > = 10°, in agreement with the magnitude

10
10°E
10°

10" E
10°E

[of (um/s)

10"
107k

10°k

104 L

0.84 0.86 0.87

cos6o

0.85 0.88

Figure 8. Wetting dynamics of liquid decane advancing on a gold
surface evaporated at 25 °C and coated with a SAM of dodecanethiol.
In the main figure, low velocity data has been fit to eq 16a (solid blue
line), as described in the text. The dashed portion of the blue line
shows the fit extrapolated up to the spinodal (S). The inset shows two
fits to eq 2: over the same low velocity range and at high velocity. The
latter illustrates how the use of thermal activation in an erroneous
domain can lead to an underestimation of the activation area o.
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of the fit in Figure 8. Owing to the use of the model outside of
its strict range of validity, one must be careful not to over
interpret the fit parameters. It is possible to extend Kramers
such that it holds near to the spinodal,>"** but knowledge of
the shape of the potential well is required.

From the model of eq 16, we have been able to show that (1)
the curvature in the thermally activated dynamics is a natural
consequence of a constantly increasing bias and (2) the region
of validity of thermal activation is limited to very low velocities,
typically less than 1 mm/s for usual liquids on mesoscopically
rough surfaces. The latter is an important observation because
over a restricted range of velocities, mathematically one can
usually fit experimental dynamics to a thermally activated law.
For example, the inset in Figure 8 shows two fits to the
exponential law of eq 2, one at the usual low velocities
considered here (<20 pm/s) and the other at higher velocities.
The latter misleadingly yields a considerably smaller . This
may explain why in some experiments using alkanethiol on
gold™ or evaporated titania surfaces,'® activation lengths of the
order of 1 nm or less have been obtained.

Models of thermal activation implicitly assume that the time
spent by the contact line to relax is negligible compared to the
waiting time in the potential well. However, under certain
conditions, viscous effects can pilot the time for the contact line
to relax and reach the stable position when it jumps from the
spinodal. This so-called disanchoring dynamics of a single
defect under fixed velocity has been studied,®* and the contact
line was found to maintain its shape near the spinodal for a time
t, before relaxing exponentially.>> The corresponding velocity is
of the order of a/t, = [vk*/(a*M?)]*® = 10 cm/s for v = 20
um/s. Since this is much faster than the contact line velocities
used here, the neglect of viscous dissipation in the activated
dynamics is justified.

One can also ask what controls the dynamics beyond v,.
Hydrodynamic models such as Cox—Voinov® are often used to
describe the contact line dynamics at higher velocity. However,
for reasonable choices of the micro- and macroscopic cutoff
scales that appear in this model, one finds a weaker dependence
of the contact angle on the velocity than is shown at the highest
velocities in Figure 8. This suggests that at the highest velocities
tested here, the contact line remains close to the depinning
threshold and a truly viscous regime has not yet been attained.
In addition, collective effects may play a role in this
intermediate region. In this case, one expects to find a
signature of the critical dynamics generic to disordered elastic
systems' and which is characterized by a depinning exponent’
that is subject to theoretical debate. How the low-velocity
dynamics are connected to the viscous regime is an interesting
outstanding question, one which we now understand requires
velocities spanning from the very low values obtained here to
considerably higher velocities, all in the same experimental
setup.

B CONCLUSION

We have studied thermally activated dynamics of a contact line
over a range of controlled nanotopographies and a range of
partially wetting liquids. The activation area is found to change
very little despite apparently large changes in the topography
and can be significantly smaller than the lateral scale of the
disorder. The liquid surface tension has a strong effect on the
activation area. These observations can be understood with the
simple model of contact line pinning where the defects
correspond to topographical canyons and the contact line is
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very near the depinning threshold. These more complicated
dynamics can be explicitly written entirely in terms of the
surface and liquid properties, which has been done here for the
simple limit of independent defects. In this model, the
activation area is seen to depend on the pinning strength of
the defect, the velocity of the contact line, and the density of
defects. The influence of the first two are illustrated in
experiments presented here. In order to investigate the
dependence on the shape and density of defects, more
controlled surfaces are required: a problem that we are
currently pursuing.

B APPENDIX

Here, we examine the escape-field distribution for escape from
a metastable well subject to a steadily increasing bias. The
probability that a jump has not yet taken place by a time t is

4 1
W{Alx (0)]} = exp[— f dt’]
-0 T t,)
from which we can find the distribution of jump positions

_dw

dx,

(20)

Plx,] =
(21)
A simple change of variables of integration (' — A’) using eq 9
and introducing the (constant) velocity of the contact line as
Xy = Ut yields

3
W[A] = exp _TUO exp(;—l]

0

exp(—_l)s exp| —22 exp(jJs
Ao v Ao (23)

For convenience, we have introduced the notation (1/4,)3
E,/(ksT). One must be careful with the notation used here: x.,
is uniformly distributed in the case of constant contact line
velocity, and P[x,] represents the distribution of x, at which a
jump occurs. From the full probability distribution, the position
of the contact line at which a jump is most probable (x%) can

be found:

(22)

which in turn yields

_ Al
2raMo

Plx]

dpP
0= I
dxy, ™
k =Y v PEAY
_ _ —v, _
- " 2%
maMol* exP( Ao ) op v exp[ Ao ] @)
(24)
where
e oo ) PN
M) =1-3[—| +3=2[= —
st) (’10] “(’IO) exp( ’10)
ﬂ* 3 v ],* 3
Ao Ao (25)

For Kramers’ rate and the usual notions of thermal activation to
hold, (A/4)* = Ey/(ksT) >> 1, so the first term in eq 25 can be
neglected to obtain the right-most expression. The maximum
probability occurs for g(4*) = 0, yielding exactly eq 12.
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