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Three-Phase Contact Line Energetics from Nanoscale Liquid Surface Topographies
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The contact line tension of a three-phase system (solid-liquid-vapor) is determined from the liquid sur-
face topography data obtained with scanning force microscopy. The data are analyzed in two completely
complementary ways, one of which is based on the modified Young equation, the other on the effective
interface potential derived from the profile of the liquid-vapor interface in the three-phase region. The
two methods agree quite well for the systems investigated. Contact line tensions are in the range of

107" to 1071° J/m, which is consistent with theory.
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The contact line tension (CLT), i.e., the excess free en-
ergy of a solid-liquid-vapor system per unit length of the
contact line, is probably the most controversial quantity in
wetting science. Because of its very small value—theory
predicts that 7 be on the order of some 10~ J/m [1-5]—
quantitative measurements are difficult and a large scatter
of experimental values was obtained, ranging from 10~ 2
to 1073 J/m [6—10]. The main reason is the limited reso-
lution of the microscopy techniques used. A characteristic
length scale for the influence of the CLT, 7, can be esti-
mated by relating a typical value expected for 7 to a typi-
cal interface tension ¢, which yields 7/0 = 107! J/m/
1072 J/m?> = 1 nm. In other words, a measurable influ-
ence of the CLT is to be expected in the nanometer range,
while on larger scales, interfacial tension will dominate
the system. Consequently, inherent to low resolution tech-
niques such as optical microscopy there is considerable
coarse graining resulting in an “effective” CLT, which may
be largely determined, e.g., by the interplay between inter-
facial tension and nanoscale substrate inhomogeneity.

In order to overcome these problems, we used scanning
force microscopy (SFM) in tapping mode to image the
topography of liquid sessile droplets. This was recently
shown to give quantitatively reliable results with a spatial
resolution of a few nanometers [11,12]. Once the liquid to-
pography close to the three-phase contact line is known, it
is straightforward to derive the CLT from these data, which
can be done in two complementary ways. The first ap-
proach, which we call the contact angle approach, proceeds
along the lines of the modified Young equation [13,14]

cos(®) = cos(Oyoung) — éTK, (n

where O is the actual contact angle the droplet forms with
the substrate, and ®young is the contact angle according
to the Young equation for a straight contact line, or an
infinitely large drop. « is the curvature of the contact line,
and o is the surface tension of the liquid. From Eq. (1), a
linear dependence of the cosine of the local contact angle
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upon the local curvature of the contact line is expected.
Experimental determination of ® for various curvatures,
K, thus allows one to derive the CLT.

In order to create liquid surface topographies with high
contact line curvatures, substrates with an artificial striped
wettability pattern were prepared. This was done by
microcontact printing [15—17] of perfluorinated alkylsi-
lanes [(heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethyl-
chlorosilane; ABCR, Germany] onto hydrophilic silicon
wafers (Wacker Siltronics, Germany) with a native oxide
layer. A stripewise wettability contrast of hydrophobic and
hydrophilic domains with a periodicity between 200 and
1000 nm was obtained. This technique minimizes the pos-
sible influence of topography effects since the roughness
of the silicon wafer (2—3 A) as well as the height of the
stamped alkylsilane monolayers (<1 nm) are negligible.
The details of this preparation procedure and its pitfalls are
described elsewhere [18]. The liquid topographies were
obtained with Nanoscope Illa and Dimension 3000 (Digi-
tal Instruments, USA) SFMs. Commercially available
silicon cantilevers were used as supplied, with resonance
frequencies around 300 kHz (Pointprobe™, Si—cantilever;
Nanoprobe, Germany).

When a micron sized liquid droplet is deposited from
the aerosol phase onto the prepared wettability structure
of the substrate, the liquid arranges into its equilibrium
shape determined by the different interface energies of the
hydrophobic and hydrophilic stripes of the substrate. Ef-
fects of contact angle hysteresis, such as changes in contact
angle during gradual evaporation of the droplets, have not
been observed. Figure 1 shows a three-dimensional SFM
topography closeup of a water droplet contact line. It ex-
hibits a typical structure comprising regions of high con-
tact angle on the hydrophobic stripes and regions of lower
contact angle on the hydrophilic stripes, together with a
pronounced curvature of the contact line. From sections
through the topographic images taken perpendicular to the
contact line at the point of interest, it is possible to deter-
mine the local contact angle as well as the local contact line
curvature along the contact line [17]. Care must be taken
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FIG. 1. SFM topography image (top view, 1 um X 1 um) of
the contact line region of a water droplet on a silicon wafer with
stripewise patterned wettability. The dashed lines indicate the
boundaries of a hydrophobic domain. The strong corrugation
of the contact line induced by the wettability pattern allows the
measurement of the dependence of the local contact angle upon
the contact line curvature.

to exclude from the fit those parts of the profile which are
close enough to the surface to be affected by the long-range
wetting forces (see below).

The cosine of the contact angle is plotted versus the
contact line curvature in Fig. 2 for a hexaethylene glycol
droplet (o = 45 mN/m) [19]. For high contact angles
[small cos(®)], a linear dependence of cos(®) upon «
is observed, from which a CLT of 7 = —3 X 1071 J/m
can be derived. In the region of low contact angles, a
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FIG. 2. The cosine of the local contact angle is plotted versus
the local curvature of the contact line, x, for a hexaethylene
glycol droplet sitting on a patterned silicon wafer (cf. Fig. 1).
On both the hydrophobic and hydrophilic domains of the sub-
strate, a linear dependence is observed, yielding a CLT of
7=-3X10""J/mand 7 = —1 X 10710 J/m, respectively.
Intermediate values of cos(®) stem from the boundary regions
and are thus not well defined.

linear dependence of cos(®) upon « is found as well and
7 = —1 X 107! J/m is obtained there. Data points with
an intermediate contact angle do not exhibit a clear depen-
dence between cos(®) and «. It corresponds to that part
of the contact line which is close to the domain bound-
ary of the hydrophobic and hydrophilic stripes on the sub-
strate. In this region, the CLT effect interferes with effects
of imperfections of the lateral change of the surface en-
ergy. It should be stressed that our results for the CLT are
in the range of =10~ '! J/m as predicted from theory, in
contrast to values up to 1073 J/m as measured in other
experiments [6,9].

Moreover, due to the very high resolution of SFM, it
is possible to use a second, complementary approach to
determine the CLT, which will be called the interface po-
tential approach. It makes use of the effective interface
potential w of the system, which can be obtained in a
straightforward manner from the liquid surface topogra-
phy. Figure 3 shows the profiles /(x) of the vapor-liquid
interface near the surface of the solid substrate measured
by SFM for three different systems. In order to avoid arti-
facts from the global liquid surface topography, it is essen-
tial to measure these profiles at places where the contact
line has negligible curvature. These can always be found
due to the characteristic faceting of the droplets [20].

The lateral scale in Fig. 3 is normalized such as to equal-
ize the slope of the profiles for the asymptotic behavior far
away from the substrate. The straight line is what one
would expect, if there was no finite-range contribution in
the effective interface potential. The deviation of the mea-
sured profiles from this line allows one to calculate the
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FIG. 3. Vapor-liquid interface profiles /(x) measured by SFM
of the three-phase region of the three different systems inves-
tigated. The lateral scale is normalized to equalize the asymp-
totic behavior far away from the substrate surface. Thus, all
three profiles of hexaethylene glycol on hydrophobized sili-
con wafer (——,® = 55°), aqueous CaCl, solution on mica
(———,0 = 5.5°), and water on silicon wafer (-———, 0@ =
21°) together with the straight solid lines [a(x)] corresponding
to the absence of finite-range interactions ( ) have the same
slope in the plot for large values of /(x). One can clearly see
the deviations of the profiles from the straight line due to the
different three-phase interaction.
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free energy contribution of the three-phase interaction in
the contact region. From the fact that these deviations are
different (even of different sign) for the various systems
studied demonstrates that they are not to be assigned to
artifacts due to the imaging process.

The CLT, 7, can be obtained by integration of the effec-
tive interface potential. From the Euler-Lagrange equation
[1,21] for the profile /(x), we obtain

——

J1+ 1%(x)

It should be noted in passing that the surface tension may
be different from its value at the free surface of the bulk
liquid when /(x) becomes as small as the bulk correlation
length. However, since our experiments were performed
far from the critical points of all of the substances involved,
these effects have been neglected here. Consequently, o is
considered constant. With the effective interface potential
at hand, as obtained from Eq. (2), it is straightforward to
calculate the CLT. It mainly consists of two contributions
[1,21], 7 = 7, + 7;. The first one, 7, is the integral
over w(l) and the second one, 7;, is the contribution of
the additional vapor-liquid interface, which arises due to
the fact that one deals not with a liquid film on a solid
substrate having two parallel interfaces, but with a profile
of laterally varying slope. To a very good approximation
[1], one obtains

w(l(x)) = a{cos@ —

ro= [ {0l - wlat)ax

1 e

oo /. w(l)dl 3)

and

T = 0'[_:{\/1 +I'(x)? = V1 + d'(x)?tdx @)

where [y is the equilibrium film thickness away from the
drop, which is usually of the order of a molecular layer.
The function a(x) := H(—x)ly + H(x)x tan® (where
H is the Heaviside step function) describes the asymp-
totic behavior of the profile as indicated by the thin solid
lines in Fig. 3. The x coordinate is chosen so as to assign

TABLE I

x = 0 to the intersection of the lines. Based on the above
equations, measurement of /(x) with SFM allows one for
the first time to directly calculate w(/) and 7 from the
experiment.

To compare the results of the interface potential ap-
proach with those from the contact angle approach, all
measured values of the CLT, determined with both ap-
proaches, are summarized in Table I. The values scatter in
a range of 20% to 50% of the measured quantity. By de-
convolution of the influence of the size of the SFM tip on
the measured profiles /(x), it could be verified that this ef-
fect is negligible compared to the experimental scattering
of the data. In particular, a finite tip radius of 20 nm would
result in a decrease of the measured CLT (as determined by
the interface potential approach) of less than 10%. Since
our tips had radii of 5 to 10 nm (as specified by the manu-
facturer), it is clear that the errors in the measurement are
dominated by other sources, such as scattering of the data.

We see that all values are in the range of 10™!! to
107'° J/m, as expected from theory. Depending on the
system investigated, positive or negative values for the CLT
are found. This is in agreement with the qualitatively dif-
ferent three-phase interactions of the systems investigated.
Furthermore, the values obtained from the two different
approaches agree quite well with each other, although they
are based on a different theoretical background. The con-
tact angle approach uses the large scale model of the Young
equation with constant interface energies. Only as a first
order perturbation the three-phase interaction is included
in the modified Young equation, with the basic assump-
tion that the region of the three-phase interaction is more
or less one-dimensional. Thus, the CLT is derived from its
effective influence on the mesoscopic parameters of this
model, the contact angle, and the contact line curvature.
In contrast, the interface potential approach is based on
the detailed structure of the three-phase region. Direct in-
formation about the three-phase interaction is derived, and
the CLT is calculated as the free energy contribution of
the three-phase interaction. The fact that these comple-
mentary approaches yield very similar results gives us the
confidence that the values obtained are, within the still con-
siderable experimental errors, quite reliable.

Helpful discussions with S. Dietrich, C. Bauer, J. In-
dekeu, and H. Dobbs are gratefully acknowledged. This

The CLT, 7, in units of J/m. Experimental results with the contact angle approach as well as the interface potential

approach are presented for three different liquids (hexaethylene glycol, aqueous CaCl, solution, and water) on a silicon wafer surface
with a stripewise wettability pattern. The values obtained with the two approaches of data analysis agree quite well. The errors

correspond to the scattering of the data used in the analyses.

Liquid Hexaethylene glycol Aqueous CaCl, solution Water
Substrate Hydrophobic Hydrophilic Hydrophobic Hydrophilic Hydrophilic
Contact

angle —3(+1) x 10710 —1.0(+0.3) x 10710 2.0(+6) X 10710 7.0(+0.3) X 107!
Interface

potential —2.0(+0.5) x 10710 —1.0(+0.3) x 10710 2(+1) X 10710 1.0(=0.5) X 10710 8(*+2) x 1071
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