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We report an extensive set of results for the contact angles
of wetting fluids at striped nanopatterned surfaces.
We consider the contact angle perpendicular and parallel
to the stripe pattern as a function of coverage,
wavelength and energy contrast. The contact angle
perpendicular to the stripe, where a hemicylindrical
region of liquid is in effect pinned at or close to the
pattern edge, is determined by the coverage and pattern
geometry but is unrelated to the Youngs or Cassie law
contact angle. It can be predicted by minimal models of
the surface free energy. Above a given surface energy and
coverage, the surface coverage unbends to a planar
wetting film. The contact angle parallel to the stripe in
contact with the vapour liquid boundary varies across the
pattern as a function of wavelength (at fixed coverage)
tending to a Cassie law value at low wavelength for low
contrast patterns. However Cassie’s law breaks down for
high contrast patterns.

Keywords: Young's equation; Cassie law; Wetting; Contact angle

INTRODUCTION

Microscale devices based on fluid flows have
significant advantages over their macroscale analogs
[1-3] arising for example from laminar flows and
very large surface to volume ratios. This enables
novel microscale sensors, parallelisation, small
sample volumes and high speed [4,5]. The key to
success is to be able to direct (by, for example,
channelling, by external fields or by wetting contrast)
and pump fluids on a small scale and this has created
a tremendous interest in fluid motion on the
microscale or microfluidics [6]. In parallel with
developments in microfluidics there is now huge
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investment in nanomaterials and in their use in
nanotechnologies with the total investments world-
wide amounting to some $1.6 billion (2001) in new
facilities and existing centres of excellence [7].
Clearly, the advantages gained by creating devices
at the microscale will in many cases be increased a
1000-fold if they can be constructed at the nanoscale:
small volumes and speed should scale quite
naturally. However, moving to the nanoscale also
introduces new phenomena which have the potential
to transform devices and applications; miniaturiza-
tion to sub-micron dimensions, to nanofluidics,
allows the properties of surfaces and their physics
and chemistry to dominate the flow (indeed our
most recent work has demonstrated the sensitivity
of nanopore flow to surface structure [8,9]). One
important aspect of the influence of surfaces on
fluids is the phenomenon of wetting, the spreading
or otherwise of fluids on a surface. It is of interest, for
example, to investigate the validity of classical
capillarity for the contact angle and surface tension
of heterogeneous surfaces, i.e. Cassie’s law [10,11].
In previous work [12], we have investigated the
validity of Cassie’s law for the surface tension of
heterogeneous surfaces. A variety of statistical
mechanical sum rules are employed to measure the
interfacial free energies and a set of interfacial order
parameters associated with patterned inhomo-
geneous fluids. We directly observed two classes of
interfacial phase transitions: (i) an unbending
transition at the solid—-vapour interface, which must
precede complete wetting in systems where low-
energy regions are not completely wet, (ii) a surface
crystallization-layering transition associated with a
hemicylindrical region of enhanced liquid structure
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at the substrate-liquid boundary. For a vapour phase
in contact with a striped surface we observed
hemicylindrical drops pinned to the stripe bound-
aries, with a mechanical contact angle unrelated to
that defined by Young’s equation. The magnitude and
variation of the mechanical contact angle with system
parameters can be understood from minimal models
of adsorption on patterned surfaces.

In what follows we extend our study of the
static wetting properties of a fluid in contact with
a solid surface, developing our minimal models by
incorporating simulation data for pinned drop
properties as well as reporting new simulation
data for three phase wetting of surfaces with
multiple stripes. We concentrate on the value of
the contact angle as measured by fits to density
profiles of wetting fluids, perpendicular and
parallel to the stripe pattern.

The free energy of a saturated adsorbed film is
often analysed in terms of Young’s contact angle 6,
defined from statistical mechanics as

YIv COSO = Yoy — Yel- (D

In thermodynamic equilibrium —1 = cosf =1,
with cosf =1 corresponding to a macroscopically
thick adsorbed film of liquid (since then
Ysv = Vsl + Y1v) termed complete wetting. Otherwise
the interface is said to exhibit partial wetting by
liquid. For partial wetting on a chemically patterned
substrate it is important to note that Young's
mechanical interpretation of the contact angle, in
terms of the visual angle made by the surface of an
adsorbed drop of excess liquid, is not appropriate if
the excess liquid is pinned to the pattern boundary
[10,11]. In the discussion below 6 will always refer to
the statistical mechanical definition, while any
“visually” observed contact angle will be denoted 6,,.

METHOD

Simulation

The fluid—fluid interaction is taken to be a truncated
and shifted Lennard-Jones model:

u(r) = 4o [(:) () (f) E (;T) 61 @)

r<re,

with e/kg =94.95K (kg denotes Boltzmann’'s
constant), o= 0.35499nm and r.= 1.05nm, which
could be regarded as a model of molecular nitrogen.
At temperature T = 77K, or T* = kgT /e = 0.81, the
liquid—-vapour surface tension of this fluid, in
standard reduced units, is va = y0o%/e =053 %
0.04. All our data reported below were collected at

this single temperature, which lies roughly one
quarter of the way from the triple point to the
liquid—-vapour critical point T..

Vertically above any portion of a chemically
patterned, but otherwise planar, surface, we take
the solid—fluid potential to be [12]

Usf (Z )

4
= 2y E (%) = (%)4_ 3A(z +Usof.61A)3 )

where oy = 0.347nm, A = 0.335nm and e is the
solid —fluid intermolecular well depth relevant to that
portion of the surface. The choice of & determines
whether the interaction with the surface is strong or
weak compared to the fluid—-fluid interaction & and
the thermal energy kgT. In subsequent discussion
we employ a dimensionless ratio &, obtained by
dividing the minimum of the solid—fluid potential
—Usf(Zmin) by e Dimensionless lengths, denoted
by a * superscript, are obtained by dividing by o
Chemically patterned surfaces are created by placing
one or more high-energy stripes &, on a background
surface with g, < g,, then using periodic boundary
conditions to mimic an infinite array of stripes. The
interface between adjoining regions is treated as
sharp, i.e. we choose a simple discontinuous change
from ¢, to &, Although this latter choice is not fully
consistent with the derivation of Eq. (3), it does have
the benefit of generating particularly clear statistical
mechanical sum rules. The notation below assumes
that the chemical stripes are oriented parallel to the
y-axis and the parameter A denotes the wavelength
of the pattern.

Denoting the width of the high energy stripe by w,
we define the fraction of the wall area covered by
high energy surface (the coverage c) by w = cA.
The classical theory of adsorption on chemically
patterned surfaces is due to Cassie [10,11]. Cassie’s
law assumes that the interfacial free energy of a
planar heterogeneous interface is a simple sum of
contributions from individual regions, which them-
selves behave as if they were of infinite extent
(denoted below with a superscript oo) [13]. For our
striped patterns this implies

Yt = v + (1 — )y, “4)

with f € {l,v} and, as before, r and b denote the high
energy stripe surface and the low energy back-
ground surface, respectively. When combined with
Eq. (1) this would lead us to conclude

cosf = ccost? + (1 — ¢) cosb . 5)

Two different starting configurations were
employed to simulate the properties of fluids in
equilibrium with these surfaces, both containing a
total of 2048 fluid particles. In the first configuration
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(C1), Fig. 1a, a slab of liquid was placed in one half
of a simulation cell bounded on opposite sides
by identical walls of dimension L, =L, = 140,
separated by a distance L, =280, and periodic in
the remaining orthogonal directions. The liquid then
equilibrates forming a liquid—vapour interface in the
centre of the cell, with a saturated liquid phase
adsorbed at one end and a vapour phase at the other.
The presence of the liquid—vapour interface ensures
liquid vapour coexistence (at T < T.) as we vary
the surface properties of the walls, which are
sufficiently far apart to regard as independent.
Thus, broken symmetry is imposed by the starting
configuration C1. Symmetry is restored following a
transition to complete wetting at the wall-vapour
interface or complete drying at the wall-liquid
interface [14-16]. Although the total number of
particles is fixed, a canonical ensemble, each of the
three interfacial regions and two bulk regions
approximate a subsystem of a Grand ensemble,
due to the interchange of particles between them.
Data reported below were typically averaged over 10

subruns of 15X 10° trial moves each and error bars
shown are the standard deviations of the 10 subruns.
Equilibration times ranged from 150 to 900 X 10° trial
moves. In certain situations such as near a transition
to complete wetting the equilibration was enhanced
by increasing the maximum attempted displacement
of the Monte Carlo moves, over a single subrun [17].
This reduces the time taken for particles to migrate
across the cell from the liquid phase to the wall-
vapour interface that would be prohibitively long in
molecular dynamics simulations [18—20]. Figure 1b
shows density contours at a wall-vapour interface
above a relatively low energy stripe, well away from
unbending and surface crystallisation-layering. For
g = 3.5 one clearly observes the formation of
hemicylindrical drops on top of the high energy
stripe. This structure remains at higher stripe
energies, unless overtaken by an unbending tran-
sition, following unbending the liquid-vapour
interface of the adsorbed film adopts a planar
configuration, no longer modulated by the under-
lying substrate pattern. It is important to note that

(b)

FIGURE 1 (a) Configuration c1 of the simulations. A slab of liquid was placed in one half of a simulation cell bounded on opposite sides
by identical walls of dimension L, = L, = 140, separated by a distance L, = 280, and periodic in the remaining orthogonal directions.
The liquid equilibrates forming a liquid—vapour interface in the centre of the cell, with a saturated liquid phase adsorbed at one end and a
vapour phase at the other. (b) Typical density contours for the vapour adsorbed onto the high energy stripe, c = 0.7, A = 140, &, = 3.5.
The position of the stripe is shown by the thick grey line on the x axis.
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the apparent contact angle 6,, made by the drop
has no relation to Young’s equation (1). In fact,
this mechanical contact angle does not change
significantly with &, but instead has a value
determined by the pattern geometry as discussed
below. It is also interesting to note that hemicylindri-
cal density contours are equally apparent in wall-
liquid profiles [12].

In the second configuration [21], (C2), Fig. 2, one
side of the system was increased to L, = 420 with L,
remaining at 140, while the separation between the
walls was reduced to L, = 140. The fluid particles
were initially placed in a slab centred in the middle
of the cell, such that it was in contact with both walls.

In both C1 and C2 a contact angle can be measured
directly by fitting the liquid —vapour interface profile,
obtained from lines of constant density, to an arc of a
circle [21]. In both cases the contact angle is measured
in a plane perpendicular to the wall; in C1 it is
the plane perpendicular to the long axis of the stripe
on the vapour side of the system, 6,, = Oé , while in C2
the plane is parallel to the stripe,6,, = 6,,".

Minimal Models

Following Rascén and Parry [22], we have developed
[12] a minimal model of the wetting of a patterned
surface when the adsorbed liquid is pinned to the
pattern in the form of hemispherical drops as
observed in the simulations. Defining h(x) to be
the height of the liquid—vapour interface above

the striped substrate, the equilibrium shape of an
adsorbed film of liquid is obtained by minimising the
free energy functional

L LeLy (M1 (dh\?
Flhl = — J_A/zdx§7<a> +Flhal + Fyplhp]. - (6)

The first term in this free energy, (denoted L.L, I
below), is the contribution from the bending of the
(drop) liquid-vapour interface, due to the liquid
film being strongly influenced by the underlying
chemical pattern. The final two terms are the free
energies of planar films, adsorbed on a high energy
substrate (g,) and a low energy substrate (g),
respectively. Our minimal model restricts the
minimisation of Eq. (6) to the idealised geometry of
Fig. 3, in which liquid films of height /1; and h;, are
adsorbed in the form of hemicylindrical drops on top
of a planar background film. The drops make a
contact angle 6,, = 6,, with the background and have
a horizontal extent A that need not be identical to
the width w of the high energy stripe, Fig. 3.
In Ref. [12] Eq. (6) is solved for stripes for which

A
hy — hy = R(1 — cosB,,) = ——— (1 — cosb,,)
2sin6,,

= AJ(0n). @)

The solid-vapour surface tensions are obtained
from a Taylor series expansion about the homo-
genous solutions denoted by superscript o, and

FIGURE 2 Configuration C2 of the simulations. Starting from the cell of C1, one side of the system was increased to L, = 420 with L,
remaining at 140, while the separation between the walls was reduced to L. = 140 The fluid particles were initially placed in a slab centred

in the middle of the cell, such that it was in contact with both walls.
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v < A 9 i
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FIGURE 3 Idealised hemicylindrical drops adsorbed on a striped
surface. The drops (of width A) form over the high energy stripes
(width w) and reach a maximum height h,;. Over the background
low-energy regions of the surface the fluid adsorbs as a thin film of

height h;. The hemicylindrical drops make a contact angle 6,, with
the background film.

the total free energy of the adsorbed film, per unit
planar surface area, becomes

o 1 o
fUh) =1+ calofy + 59" (ha = H7) 1+ (1 = o)

00 1 oo
X [y 5w (o = 1), ®)

where we have introduced c; = A/A. Note that ¢, is
the coverage of the surface by hemicylindrical drops,
to in general be distinguished from c the coverage of
the surface by high energy stripes.

We now look for simultaneous solutions to
of /oh; = 0; i € {r, b}, at fixed ¢, giving

8(Om) + (Br/a)(hg — hy) = 0, €))

—8(0n) + (By/a)(hy — ') =0, (10)

with a = y//\a Br = Cdyrvlla Bb = (1 - Cd)'}'bv” and

tanf, cos0,, 0 1 + siné,,
—cosf, 2(1 — cosOy,) 1—sin6,, /"

8(6m) =7

Adding these equations gives
Br(ha — hy) + Bp(hy — hy’) = 0, (11

so that we can express the equilibrium film
heights as

g — = Br_fljgb (“AJO) + 1 — BT, (12)
hy = hy = Brﬁ’ﬁb (=AJOw) + 15 = hy),  (13)
and
_ B”Bb _ © 00
8w =55 .Bh)( A0 +HS —hY).  (14)

The method of solution [12], therefore, requires
one to choose suitable values for a, B, By, A (or c,), by

and &, , and then substitute into Eq. (14) to obtain 6,,,.
This, in turn, gives the height of the drop and the
thickness of the background film, by substituting
into Egs. (12) and (13).

RESULTS

The Contact Angle 6,, = 0,.

In configuration C1 for &, = 3.5 one clearly observes
the formation of hemicylindrical drops on top of the
high energy stripe (Fig. 1b). This structure remains at
higher stripe energies, unless overtaken by an
unbending transition [12]. It is important to note
that the apparent contact angle 6, made by the drop
has no relation to Young’s equation. At the high
coverage c= 0.9 the lateral stress involved in
maintaining a hemicylindrical drop profile is
released by the system undergoing an unbending
transition seen, in particular, in Fig. 4. Following
unbending the liquid-vapor interface of the
adsorbed film adopts a planar configuration, no
longer modulated by the underlying substrate
pattern. Note that hemicylindrical density contours
are equally apparent in wall-liquid profiles. In
configuration C1 on the vapour side the contact
angle is therefore, a strong function of the coverage c
of the surface. The contact angle does not change
significantly with &, (unless unbending intervenes)
but instead has a value determined by the pattern
geometry 0. =~ 74° for ¢ = 0.5 and 60° for ¢ = 0.7. In
Ref. [10,11] this contact angle variation as a function
of coverage was predicted using the minimal model
described above with the approximation of complete
pinning, i.e. A = w, ¢y = c. Due to the simplicity of
the model, unbending occurs strictly at c = 1 without
undergoing a true interfacial phase transition,
however, the tendency as a function of coverage is
otherwise physically correct. Nevertheless the data
in Fig. 5a for A, the drop width shows that A > w
and thus the assumption of complete pinning is
rather drastic. In addition in order to fit the
simulation data it was assumed that y* = 2. This
last value of the surface tension of the pinned drop is
unrealistic given that the liquid vapour surface
tension measured using the pressure tensor across
the planar liquid vapour interface on the liquid side,
%, = 0.53, is almost four times smaller. In order to
improve the fit we relax the complete pinning
approximation and use the mean values of the data
of Fig. 5a for A (c) as input to the model (for c; = 0.7
only those A = A were used to obtain the mean),
ignoring corrections to the free energies due
to overlap. In Fig. 5b we plot the predicted
pinned contact angles. Despite the approximations
in the model it predicts the correct trends, where
now y* = v, = 0.53.
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FIGURE 4 (a) Density profiles for configuration C1: ¢ = 0.9, A = 140, &, = 4.1, thick line above the background, dashed line above the
stripe. Clearly there is a bent profile on the vapour side where the third peak in the profile is missing from the background film.
(b) Density profiles for configuration C1: ¢ = 0.9, A = 140, &, = 4.5, thick line above the background, dashed line above the stripe. The two
profiles on the vapour side are now similar and the adsorbed film has unbent.

The Contact Angle 6,, = 0,,”

In our previous publication we reported values of
the contact angle for the homogeneous surfaces.
For the background, the contact angle was 112 = 6°,
while the surface at & = 2.9 had just undergone
the wetting transition, 6 = 0°. These values were
obtained from Young’s equation, using values of the
surface—fluid interfacial tensions calculated during
Monte Carlo simulations by the mechanical route in
configuration 1. Direct measurement of the contact
angle in configuration C2 was in good agreement
with these data.

In the configuration C2 the liquid vapour contact
line runs across the stripes so that the contact angle
can be measured in the direction parallel to
the stripes. Figure 6 shows the contact angle
profiles across the surface for increasing number
of stripes (decreasing wavelength) at constant
coverage, ¢=0.5. The single stripe system is
completely wet [12] in the centre of the stripe and
reaches the homogeneous background value in the

centre of the background. As we increase the number
of stripes the variation across the surface is reduced
until with four stripes the contact angle is effectively
constant (63 £ 3) and equal to the Cassie law value
(69 £8). In these figures the Cassie’s law value
is shown as a solid horizontal line. Also shown
(dashed line) is the value calculated from Young's
equation using surface tension values obtained from
the mechanical route in configuration 1. When the
stripe energy is 2.9 the Young's equation value agrees
with Cassie’s Law. If we increase ¢, to ¢, = 4.1 then
for a single stripe (Fig. 7a) the entire stripe region is
completely wet, 6,” =0. This is confirmed by
the density contours in Fig. 7c along the middle of
the stripe, in contrast the background again has
a constant angle of ~100 with the non-contact
surface completely dry. In moving across this dry
surface perpendicular to the stripes we encounter the
completely wet stripe with a pinned contact angle 6,
as discussed in the previous section. Increasing
the number of stripes to two (Fig. 8) again increases
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FIGURE 5 Parameters for the minimal model from simulation (symbols, obtained from fitting circular profiles to density profiles)
and theory (lines, setting A = 40, v* = 0.53, " = w" =1, hj =440 and by = 0.10). ®: w* =7 (solid line), M: w* = 9.8 (dash line).
(a) Drop width, A; (b) Pinned contact angles.
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FIGURE 6 (a) The contact angle measured in configuration C2 along the stripe 6,,” for &, = 2.9, ¢ = 0.5, single stripe. Filled squares lower
surface, filled spheres upper surface, filled diamonds average, solid line Cassie’s law value, dashed line Young’s equation. (b) The contact
angle measured in configuration C2 along the stripe 6, for &, = 2.9, ¢ = 0.5, double stripe. Filled squares lower surface, filled spheres
upper surface, filled diamonds average, solid line Cassie’s law value, dashed line Young’s equation. (c) The contact angle measured in
configuration C2 along the stripe 6,," for &, = 2.9, ¢ = 0.5, four stripes. Filled squares lower surface, filled spheres upper surface, filled
diamonds average, solid line Cassie’s law value, dashed line Young’s equation.
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FIGURE7 (a) The contact angle measured in configuration C2 along the stripe 6,,” for &, = 4.1, ¢ = 0.5, single stripe. Filled squares lower
surface, filled spheres upper surface, solid line Cassie’s law value, dashed line Young’s equation. (b) Density profile along background
corresponding to x* = —6.9 in Fig. 7a (large contact angle). (c) Density profile along background corresponding to x* = 0 in Fig. 7a (zero
contact angle).
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FIGURE 8 The contact angle measured in configuration C2 along the stripe 6,,” for &, = 4.1, ¢ = 0.5, double stripe. Filled squares lower
surface, filled spheres upper surface, filled diamonds average, solid line Cassie’s law value, dashed line Young’s equation.

the contact angle on the stripe and reduces the
background contact angle. Now the Young's
equation value (37°) is lower than the Cassie’s law
value (48.5 £ 12°). Note that to calculate the Cassie
law value we have used the metastable contact
angles (cos®>1) found for the homogeneous
surfaces, if we take cosf =1 then the Cassie law
angle is 69 = 8 as before. When the stripe energy is
increased to 4.1 in the four stripe system both
stripe and background are completely wet.
For this system the apparent contact angle (0°) is
well below the Cassie value, however calculated,
but agrees with the prediction of complete
wetting obtained from Young’s equation. This is
consistent with the observation by Drelich et al. [23]
that Cassie’s law fails for high energy contrast
surfaces.

CONCLUSIONS

We report an extensive set of computer simulation
data for the adsorption of saturated vapour at
chemically striped planar walls, over a wide range of
energy contrast between the pattern regions.

At wall-vapour interfaces, i.e. perpendicular to
the stripe, we observe lateral stress arising from the
hemicylindrical drop pattern, which is released at
the unbending transition proposed by Parry
and coworkers [22,24-27] and similar to the
morphological wetting transition of Lenz and
Lipowsky [28], except that the latter impose a
constraint of constant liquid volume. Unbending is
favoured by increasing the percentage of high
energy regions and by decreasing the pattern
wavelength.

Parallel to the stripe at the liquid/vapour interface
the contact angle varies across the surface as a
function of the pattern wavelength in an approxi-
mately sinusoidal manner. As the wavelength

decreases at fixed coverage the contact angle tends
to that predicted by Cassie’s law for &, = 2.9 but for
higher contrasts the situation becomes more complex
with several different contact angles evident. When
the stripe energy is raised to &, = 4.1 deviations from
Cassie’s law become increasingly evident as the
wavelength is decreased. The contact angle goes to
zero for the four stripe system as predicted by
Young’s equation.

Finally, we note the simplified free energy model
introduced by us in Ref. [12] predicts the perpendi-
cular contact angle as a function of both energy
contrast and coverage with physically reasonable
parameters if the drop width from the simulations is
used as an input parameter. Note that this model is
too simplified to display unbending as a true phase
transition. Both computer simulation and theory,
therefore, predict that laterally inhomogeneous
adsorption profiles should be observed in future
experiments on the wetting of nanopatterned
substrates.
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