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Line Tension Effectsnear First-Order Wetting Transitions
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The behavior of the line tension for n-octane or 1-octene droplets on a hexadecyltrichlorosilane coated
Si wafer, near a first-order wetting transition, qualitatively agrees with the theoretical predictions of
Indekeu [Physica (Amsterdam) 183A, 439 (1992)] and the calculations of a number of other groups. A
simple phenomenological model possessing a repulsive barrier a I, = (5.1 = 0.2) nm and a horizontal
correlation length ¢ = (0.40 = 0.03) um provides a quantitative description of the experiments.

PACS numbers. 68.45.Gd, 68.10.Cr, 82.65.Dp

An understanding of surface phase transitions and the
wettability of surfaces has been of much recent interest
due to the desire to engineer surfaces with specific char-
acteristics. Undoubtably the most widely studied surface
phase transition is the wetting transition which can be
either first [1] or second order [2]. In first-order wet-
ting transitions, a macroscopic droplet of contact angle
0. situated on a solid surface is in mechanical equilib-
rium with an adsorbed film of microscopic thickness /;
[Fig. 2, inset (below)]. As the temperature is increased
towards the wetting temperature T,,, the contact angle 6.
approaches zero, however, the thickness I; remains finite
until 7, whereupon it increases discontinuoudly to alarge
(and perhaps macroscopic) value. For second-order wet-
ting transitions, as the temperature is increased towards
T,,, the thickness [; increases continuoudly to a large and
perhaps macroscopic value above T,,. The difference in
behavior for first- and second-order wetting transitions is
governed by the shape of the free energy per unit area
V() as a function of the film thickness [/ as T,, is ap-
proached [3]. In this paper, we are interested in first-
order wetting transitions which are the most common in
nature. For temperatures T < T,,, the potential V (/) has
the generic shape depicted in Fig. 1 (inset). The surface
energy of the adsorbed film o, of thickness /; islessthan
that of athick film (or droplet) of energy oy, + o, (for
[ — ) and an energy barrier exists between the global
minimum at /; and the local minimum at [ — . As
the temperature is increased towards 7,,, the surface en-
ergies o, and o, + o, become more similar in mag-
nitude until at T,,, where .. = 0°, Antonow’s rule holds
[4] and oy, = oy + 0, SO that the two minima now
have identical energies. For T > T,,, the surface energy
O > oy + o0, and the minimum at /; is now a lo-
cal rather than a global minimum. This type of transi-
tion is conveniently expressed in terms of the spreading
coefficient § = o, — oy — o, Which is negative for
T < T, and becomes equal to zero at T, .

Unfortunately very little is known about the precise
shape of V(I) at small [ except that it is expected to
possess the generic form displayed in Fig. 1 (inset). Our
understanding of V(I) is improved at large ! where the
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shape is governed by long-range dispersion interactions
with V(I) ~ W/1~D where the Hamaker constant W
(>0 for first-order wetting) depends upon the materials
properties of the system while o = 3 (4) for nonretarded
(retarded) interactions [5]. Recent theoretical work [6]
suggests that a measurement of the line tension 7, namely,
the energy per unit length associated with the three-phase
solid/liquid/vapor contact line of aliquid droplet situated
on a solid surface, will provide valuable experimental
insight into the behavior of V(I) near T,,. Later in this
paper, we present the first experimental study of = near
a wetting transition; however, before presenting these
results we summarize the theoretical predictions for 7 in
this region.

There has been considerable theoretical debate concern-
ing the predicted behavior of 7 in the vicinity of a wetting
transition because differing theoretical results suggest that
T is either zero, finite, or diverges to infinity at 7,, [6—8].

VV(l)

0 l, |
FIG. 1. Plot of 4/V(I) as a function of thickness [/ for the
potential described by Egs. (6) and (7) where a repulsive
barrier exists at l,. The areas J; and J, [EQ. (2)] are shaded
while the adsorption minimum has been shifted to the origin.
The generic shape of the potential V (/) for T < T,, is shown
in the inset. The adsorption film of thickness /; has a lower
energy oy, than athick film or droplet at [ — « with energy
()] + Tly-
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A consensus now seems to have been reached concerning
the behavior of = near T,,, which is nicely summarized in
[9]: the behavior of = near T,, depends upon both the or-
der of the wetting transition and also the range of the sur-
face interactions. For first-order wetting transitions the
line tension is predicted to exhibit certain universal fea-
tures which can most easily be understood via a geometric
interpretation due to Indekeu [6]. According to his inter-
face displacement model,

r = one ]0 V@ o —V=STenl, @

= V205, &[Ny = 2], )

J1 and J, are the shaded areas in Fig. 1 which provide
a convenient connection between the shape of [V (x)]"/2
and 7, the correlation length ¢ is a characteristic length
aong the substrate, while x is a dimensionless film
thickness (defined more precisely later). In Fig. 1, the
adsorption minimum has been shifted to the origin.
Sufficiently far from T, the magnitude of 7 is predicted
to be of order ~107!%2 to 107!° N [4,10]. The thermal
variation of 7 is governed by the integral in Eq. (1) which
depends upon temperature T through the contact angle
0. which is related to S [see Eq. (4) below]. In many
of the theoretical calculations for = [6,8,10], the area J,
dominates J; sufficiently far from 7, so that 7 is negative;
however, on approaching T, the spreading coefficient
S — 0 and therefore the area J, — 0, hence, 7 is positive
and perhaps infinite depending upon the area J; at T,,.
This positivity at T,, is a consequence of the repulsive
barrier between the two minima at /; and [ — <« in the
potential V(x). Indekeu [6] has demonstrated that

T=7 — 71X, 3

where X takes the form ¢'/21In(1/¢) for short-range (SR)
interactions, Int for nonretarded long-range (NLR) inter-
actions, and ¢'/¢ for retarded long-range (RLR) interac-
tions, the reduced temperaturet = (T,, — T)/T,,, 71 > 0
while 79 = 7(t+ = 0) > 0 for SR and RLR interactions.
For each of these situations, = changes from a negative to
a positive value with increasing absolute slope |dr/d!t|
as T, is approached. At T,, 7 is positive and finite
for SR and RLR interactions while it is infinite for NLR
interactions.

In this contribution, we use microscopic interferometry
to study the behavior of the line tension 7 near a
first-order wetting transition. For very large droplets,
the contact angle 6. is related to the surface energies
oij between bulk phases i and j via the Young-Dupré
equation [4]:

COS@oo:MZI‘f‘S, (4)

Ty Ty
where s = solid, [ = liquid, and v = vapor. For small
droplets, the contact angle 6 will differ appreciably from
its large radius limit 6. because line tension effects
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become important. For finite lateral radii r (Fig. 2, inset),
the contact angle 6 is described by the modified Y oung-
Dupré equation [11:
oS = COSf — — , (5)
rojy
and therefore a study of cosf versus 1/r alows us to
determine the magnitude and sign of 7.

We have chosen to study rn-octane and 1-octene
droplets on self-assembled monolayers (SAMs) of
hexadecyltrichlorosilane coated (100) Si wafers which
exhibit a wetting transition temperature at, respectively,
T, =454 and 51.2°C (Fig. 3). The SAM monolay-
ers were prepared on these wafers using standard wet
chemistry procedures [12,13]. Both the oxide covered
S wafers and the SAM coated Si wafers had a surface
roughness of ~0.5 nm measured using an atomic force
microscope in contact mode. The contact angle hysteresis
on the SAM monolayer was ~1°, in agreement with the
best wafers prepared by [12], while T,, varied by no
more than ~1°C for droplets on differing wafers or for
droplets on the same wafer. From the wetting tempera-
tures for octane and octene, we obtain critical surface
tensons of o, = 19.2 and 18.7 mJ/m?, respectively,
where the former value is in reasonable agreement with
20.5 = 0.5 mJ/m? from [12]. The variability of 1°C
in T,, gives Ao. = 0.1 mJ/m? which indicates that the
SAMs exhibit excellent reproducibility and a low surface
heterogeneity of Ao./o. = 0.005. Droplets of variable
size were formed on the SAM covered Si wafer using
a two-stage oven. An outer heater stage determined the
temperature of a bulk liquid reservoir while an inner
thermoelectrically cooled stage, on which the Si wafer
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FIG. 2. Plot of cos# versus 1/r for droplets of 1l-octene
on a hexadecyltrichlorosilane coated Si wafer at various
temperatures T = 40.7 (plusses), 42.1, 43.1, 44.0, 46.0, 47.3,
48.6, and 50.0°C (solid circles). The solid lines are a linear fit
to the data. In the inset, we schematically show a droplet of
contact angle @ and lateral radius r in mechanica eguilibrium
with an adsorbed layer of thickness /;.
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FIG. 3. Plot of cosh. as a function of temperature T for

octane and octene. The solid lines are linear fits to the data
while the wetting temperatures T,, correspond to cosf.. = 1.

was situated, allowed droplets to be condensed at a suf-
ficiently dow rate so that dynamic contact angle effects
were unimportant [14]. Advancing contact angles were
measured as a function of radius r with r ~ 5-100 um
for temperature differences AT =T, — T ~ 1-10°C.
Monochromatic illumination of the droplet created
interference fringes which were observable under a mi-
croscope. By fitting the interference fringes to a spherical
cap shaped droplet the contact angle # and the latera
radius r could be accurately determined; a plot of cosf
versus 1/r dlowed 7 and cosf.. to be determined from
the slope and intercept, respectively [Eq. (5)]. In Fig. 2
we show such a plot for octene at various temperatures.
The slope changes continuously from a positive to a
negative value with increasing temperature and therefore
7 changes from a negative to a positive value on ap-
proaching T,,. In Fig. 3 we have plotted cosf.. versus
T for both liquids. The characteristic discontinuity in
the slope dcosh../dT a T, is an indication that the
wetting transition is indeed first order [1] as required and
therefore V(I) should possess the characteristic shape
depicted in Fig. 1 (inset).

In Fig. 4 we have plotted 7 versus ¢ for octane (solid
circles) and octene (open circles). Both liquids exhibit
amost identical behavior as a function of . The overall
behavior in Fig. 4 agrees with many of the predictions in
[6,8,9], specifically, for increasing temperatures towards
T,,, T changes from a negative to a positive value with
increasing absolute slope |d7/dT|. The positive value
of 7 a T, implies that an energy barrier exists between
the two minima at /; and [ — o [Eq. (1) with § = 0].
The experimental data also agree with the predictions
from Eg. (3), however, the experimental resolution for
7 and the range in AT are insufficient to determine
whether short-range or nonretarded/retarded long-range
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FIG. 4. Line tension 7 as a function of the reduced tem-
perature t = (T,, — T)/T,, for octane and octene. The solid,
dashed, and dotted lines are fits to the octane data for short-
ranged, nonretarded long-ranged, and retarded long-ranged
interactions, respectively, using Eq. (3). If the octane data is
fitted with the nonretarded model in Egs. (6) and (7), this model
gives a curve identical to the dashed line where W, = 0.0018
and o, & = 83 X 107 N.

interactions make the dominant contribution to 7. The
solid, dashed, and dotted lines represent fits to the
octane data for, respectively, short-ranged, nonretarded
long-ranged, and retarded long-ranged interactions with
7o and 7; as adjustable parameters. All three curves
provide an equally good description of the experimental
data. There are also some striking differences between
the theoretical calculations, for various models of V(£),
and the experimental results: (i) the magnitude of ~
is at the upper limit predicted by theory [4,10], and
(i) for many of the models considered by various authors
[6,8,10] the line tension changes sign at large contact
angles 6., ~ 60° or correspondingly at low temperatures
AT ~ 30°C far below T,,. In contrast, the experiments
for both octane and octene find that 7 changes sign close
to T, a ¢t = 0.016 corresponding to #.(7 = 0) = 5.0°.
The experimental quantity 6.(7 = 0) = 5.0° provides
important microscopic information about the shape of the
potentia V() because this quantity is determined by the
integral in Eq. (1), independent of the magnitude of ¢, ¢,
and occurs when the areas J; = J, in Fig. 1.

What does 6..(r = 0) = 5.0° tell us about the shape
of V(I)? In order to examine this question we consider
a phenomenological potential in the same spirit as [6].
Specifically, we consider the following dimensionless
potential:

V(x)/on, = A(Q1)[1 — cos(mx)]/2, 0=x<1, (6)

=Alx),x =1, (7)

in the integrand of Eq. (1), where A(x) = Wy/x?> —
S/o1y, Wo = W/o1,1¢, and the dimensionless length
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x = 1/ly. This potential possesses the necessary generic
features expected for V(x): it is a harmonic potential
(~1?) at | < Iy with a repulsive barrier at [ ~ 1, while
for large [ > [, it exhibits a nonretarded interaction
V() ~ W/I> — S which correctly decaysto —S at very
large | — o (Fig. 1). The spreading coefficient S in this
potentia is related to 6. [Eq. (4)] and T (using Fig. 3),
W is a constant for a particular system, and the shape
of the potential and the height of the repulsive barrier
is controlled by the length [,. There are two indepen-
dent length scales in our model for 7: Iy which con-
trols the contact angle 6..(r = 0) and ¢ which controls
the absolute magnitude of 7. In order to compare our
model with experiment, 7 was calculated using Egs. (1),
(6), and (7), where Wy(= 0.0018) was adjusted to pro-
vide agreement with the measured vaue of 6..(7 = 0),
while o, £(= 8.3 X 107° N) was adjusted to provide the
correct magnitude for 7. The results for 7 as a function
of ¢ agree with the dashed line in Fig. 4, obtained pre-
viously using Eqg. (3) for NLR interactions. This model
therefore provides a good description of the experiments.
Both octane and octene possess a W =~ 1.0 X 10721 J
[5] and o, = 20.7 mJ/m?; we therefore find that Iy =
(5.1 £0.2) nm and ¢ = (0.40 = 0.03) um. The posi-
tion of the repulsive barrier at Iy = 5.1 nm is in reason-
able agreement with the repulsive barrier measured for
liquids between two mica plates in the surface forces ap-
paratus of Israelachvili [5]. The horizontal length scale
¢ = 0.4 um determines the magnitude of the line tension
7. Our line tension results are of similar magnitude to a
number of other groups [11] and are among the smallest
values for liquid droplets situated on flat solid surfaces.
There is a wide variability in magnitude for = [11]. We
speculate that this variability could be controlled by fac-
tors such as the surface roughness/chemical heterogeneity
of the substrate which is often not well characterized. The
length ¢ would then correspond to the heterogeneity cor-
relation length [15]. A ¢ = 0.4 um is not unreasonable
for SAM covered Si wafers [16], however, these specula-
tions are in need of further experimental work.

In summary, we have used microscopic interferome-
try to study the behavior of the line tension 7 for
small droplets of n-octane or 1-octene on a hexadecyl-
trichlorosilane coated Si wafer surface in the vicinity of
a first-order wetting transition. The experimental mea-
surements are in qualitative agreement with the interface
displacement model of Indekeu [6] and theoretical calcu-
lations of others [8,10] which predict that the line ten-
sion should change from a negative to a positive value
with increasing (negative) slope as the wetting transition
temperature T, is approached. The change in sign of 7
with temperature and the positive value for = a T, is
a direct consequence of the presence of a repulsive bar-
rier in the interface potentia V (/) for a first-order wet-
ting transition. Our measurements cannot yet distinguish
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whether the short-range or long-range interactions make
the dominant contribution to the line tension, however,
by considering a simple phenomenological model which
possesses many redlistic features we have identified two
length scales: (i) I = (5.1 = 0.2) nm [corresponding to
the position of the repulsive barrier in the potentia V (/)]
which is required in order to explain the condition that
7 = 0 when the contact angle 6. = 5.0°, and (ii) a hori-
zontal correlation length ¢ = (0.40 = 0.03) wm which
determines the magnitude of the line tension 7. It is not
yet understood why ¢ is macroscopic rather than micro-
scopic as expected from theory.
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