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Introduction

The contact angle a fluid droplet makes with a given
substrate is perhaps the most important parameter with
regard to the wetting properties of the fluid/substrate
system in question. Ideally, one would like to obtain a
value of the equilibrium contact angle, which is a
thermodynamically meaningful quantity. By balancing
the surface and interfacial energies acting in the
horizontal plane, one arrives at the familiar relationship
derived very long ago by Young:

Ya=7Yypcos 0+ y,p (1)

where y and yg are the surface tensions of the A and
B phases, and yasp is the interfacial tension between the
A and B phases. The situation in real systems is
complicated by contact angle hysteresis, with the equi-
librium contact angle lying somewhere between the
values obtained for advancing and receding droplets.

Contact angle hysteresis can be attributed to rough-
ness or chemical heterogeneities in the surface with
which the fluid is in contact.! The hysteresis is gener-
ally found to be a function of the size of the drop, so
that advancing or receding angles will depend on the
drop size. These effects can be described by an empiri-
cally defined “pseudo line tension”.?3 In order to
understand the significance of this quantity, it is useful
to begin with a discussion of the true equilibrium line
tension, which describes the energy per unit length of
the three-phase contact line at the periphery of the
droplet. This quantity plays an important role in a
variety of processes, including the condensation of vapor
onto a surface* and the separation of suspensions by
flotation.® The effect of a finite line tension can be
understood by analyzing the balance of forces acting at
the three-phase contact line, as illustrated in Figure 1.
We consider a fluid of phase B on a surface of phase A,
against air. The existence of a positive line tension, o,
will provide a driving force for the drop to shrink in the
lateral direction, thereby increasing the contact angle
from the value predicted by eq 1. The net effect can be
modeled as a force per unit length of magnitude o/R,
where R is the radius of curvature of the contact line.
The force is directed toward the center of the droplet,
and its inclusion gives the following “modified” Young
equation:®

Ya=ygcos 0+ y,p+ d/R (2)
The effect of the line tension on the measured contact
angle can be obtained by rewriting eq 2 in the following
form:
cos 6 = cos 6, — ofygR 3)
with

cos 6, = (Y5, — Yam)7E (4)
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Figure 1. Schematic illustration of a fluid droplet on a solid

substrate, showing the balance of forces acting on the contact
line.

The effect of a positive line tension is therefore to
increase the contact angle of sufficiently small droplets.

The theoretical prediction for ¢ is that its magnitude
is quite small. From simple dimensional considerations
Harkins obtained 3 x 1076 dyn as an estimate for the
line tension associated with the edge of an oil droplet
on a water surface.” Line tension values of this mag-
nitude are, in fact, consistent with flotation measure-
ments.. However, eq 3 can typically only be used to fit
the drop size dependence of the contact angles if
unrealistically high values of the line tension are used,
and for this region the term pseudo line tension applies.
Positive and negative values of this quantity have been
obtained by application of eq 3, with magnitudes on the
order of 1 dyn obtained for millimeter-sized drops.239
These values are orders of magnitude higher than the
expected thermodynamic line tension and can most
likely be attributed to the same effects which give rise
to contact angle hysteresis, as described originally by
Good and Koo.2 Smaller drops give smaller values of
the pseudo line tension, with magnitudes as low as 1073
dyn observed for drops with diameters less than 0.1
mm.?>!° One explanation for this result is that the
smallest drops have contact angles which more closely
approximate the equilibrium values.

The aim of our work in this area is to develop a
technique for measuring equilibrium contact angles for
the interface between two polymeric materials. Toward
this end, we have developed an ideal system for studying
the contact angles of very small polymeric droplets.
Consistency of our results with the measured surface
energies, and the exceptionally low value of the pseudo
line tension which we obtain (<10~4 dyn), indicates that
the contact angle hysteresis in the system is very low
and that the measured contact angle is very close to the
equilibrium value. The utility of our technique is that
it can be used to extract useful information concerning
the equilibrium surface and interfacial energies of
polymeric systems.

Experimental Section

Our approach involves the use of atomic force microscopy
to study the shapes of polymeric droplets which are glassy at
room temperature. A glass-forming polymer is also used as
the substrate in these experiments, giving well-defined values
for ya, yp, and yas. Relatively high contact angles are obtained
by using a dewetting liquid (poly(2-vinylpyridine)), which has
a higher surface energy than the polymer used as the substrate
(polystyrene, PS). A stable configuration is obtained by using
polystyrene which has been end-grafted to a smooth silicon
surface. Contact angle hysteresis on the grafted layer is
potentially very low, because the polystyrene is a fluid at the
temperature at which the droplets equilibrate (well above the
glass transition temperature for both polymers).

The geometry of the samples before and after the dewetting
process to form the individual droplets is shown in Figure 2.
The grafted polystyrene used for the substrate layer was
synthesized by terminating an anionic polymerization of
deuterated polystyrene in THF with a large excess of [p-
(chloromethyl)phenylltrimethoxysilane.!! (Other uses of this
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Figure 2. Sample geometry. Thin films of the PVP layer are
cast on a grafted PS layer to produce samples as shown in
part a. Part b shows the droplets which form when the
samples are heated to temperatures above the glass transition
temperature for PS and PVP.
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Figure 3. Scheme used to produce the end-grafted polysty-
rene layers.

polymer required that it be deuterated, but deuteration is not
at all necessary for the purposes described here.) A layer of
this polymer (M,, = 160 000, M./M,, < 1.05) with a thickness
of 2000—-3000 A was spun cast onto a smooth silicon wafer.
The methoxysilyl groups readily hydrolyze to form silanol
groups, which react with surface silanols on the silicon
substrate during a subsequent annealing treatment in vacuum
at 170 °C. The procedure is illustrated schematically in Figure
3. Ungrafted PS, along with any additional impurities (pri-
marily from the large excess of methoxysilane used for the
termination reaction), was removed by running a Soxhlet
extraction in toluene for approximately 15 h.’? Typical thick-
nesses for the grafted layers obtained in this way were 200 A,
as determined by ellipsometry. The grafted layers are similar
to the ordered diblock copolymer layers which have been used
as substrates in previous experiments.’®!¥ One important
difference is that our layers are truly grafted, and can not be
significantly penetrated by the overlying polymer layer.
Thin films of poly(2-vinylpyridine) (PVP) were spun cast
directly onto the grafted PS layers from solutions in n-butanol.
The PVP used in our experiments was synthesized by anionic
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Table 1. Measured Values of ypvp

M T(°C) ypvp (dyn/cm)
6 300 137 36.2
6 300 147 35.3
6 300 166 33.6
45 000 184 35.0
45 000 194 34.4
45 000 201 34.0

polymerization in THF at —78 °C, with secondary butyllithium
as the initiator. This polymer has a weight-average molecular
weight of 6300 as determined by light scattering, with a
polydispersity index near 1.1 as determined by size-exclusion
chromatography. These bilayer samples were then annealed
in vacuum at various temperatures for 15 h in order to allow
the dewetting to take place. The samples were rapidly
quenched to room temperature by removing the samples from
the annealing oven. The range of droplet sizes obtained during
the annealing treatment was a function of the initial PVP film
thickness, which was in turn a function of the concentration
of PVP in the solution from which the films were cast. Initial
PVP layer thicknesses of approximately 300 A gave a suitable
range of droplet sizes. These films were imaged by optical
microscopy and by atomic force microscopy (AFM). For the
AFM measurements we used a Nanoscope II (Digital Instru-
ments) equipped with pyramidal silicon nitride tips. Canti-
levers with force constants of 0.08 and 0.36 N/m were used in
these experiments to verify that the detailed tip geometry did
not influence our results.

The surface tension of the poly(2-vinylpyridine) used in
these dewetting experiments was measured at a variety of
different temperatures using a modification of the standard
Wilhelmy method.!®* The measured values are listed in Table
1, along with values obtained for a monodisperse PVP sample
with a higher molecular weight.

Results

Optical micrographs of samples, viewed under re-
flected light after 15-h annealing treatments at 130, 170,
and 200 °C, are shown in Figure 4. The irregular
shapes of the PVP droplets obtained after annealing at
130 °C indicate that equilibrium is clearly not obtained
after annealing at this temperature. The projections
of the droplets are less irregular for the anneal at 170
°C and are nearly circular after annealing at 200 °C.
Our detailed analysis of the contact angles of the
droplets relies on the existence of circular droplets. Our
analysis here is therefore restricted to the samples
annealed at 170 and 200 °C. While the contact angles
for the droplets annealed at 130 °C are potentially very
close to the equilibrium value, the shapes of the droplets
are so irregular that it is very difficult to obtain a
quantitative measurement of the contact angle.

An AFM view of the droplet structure obtained after
an annealing treatment at 170 °C is shown in Figure
5a. Contact angles are obtained by profiling across the
center of a droplet as shown in parts b and c of Figure
5. In principal, the contact angle can be obtained from
the slope of the profile in the region very close to the
contact line. However, for technical reasons and be-
cause the detailed shape of the droplet in the vicinity
of the contact line can be distorted by local forces,!? it
is easier to obtain the contact angle from the macro-
scopic dimensions of the droplet. The contact angle is
obtained from measurements of the drop height H and
the drop radius R as follows:

tan(6/2) = H/R (5

Equation 5 is valid for 6 < 90° and its use gives a
“macroscopic” contact angle which is independent of the
detailed shape of the drop in the region of the contact
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Figure 4. Optical micrographs of samples annealed for 15 h
at 130 (a), 170 (b) and 200 °C (c).

line.® Use of this equation requires only that the edge
of the drop be well-defined, so that an accurate value
can be obtained for R. The estimated error in &
associated with the accuracy in our measured values of
Hand R is 1°.

Values of H and R are obtained in the glassy state,
after the samples have been quenched to room temper-
ature. The volume contraction for polystyrene after a
quench from 170 or 200 °C to room temperature is
7—8%.16 We assume that the volume contraction of PVP
is similar to that of PS and that the substrate constrains
this contraction to be in the thickness direction. The
actual values of H corresponding to the temperature at
which the samples were annealed are therefore 7—8%
higher than the values measured at room temperature,
whereas the value of R is unchanged. We account for
this correction when analyzing our data.

According to eq 3, a plot of cos @ as a function of /R
is expected to give a straight line with a slope of o/ypvp-
The results of such a plot are shown in Figure 6. The
scatter in the data is noticeably larger for the 170 °C
data than it is for the 200 °C data. We attribute this
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Figure 5. AFM images of the PVP droplets: (a) perspective
showing the qualitative features of the droplet morphology;
(b) a projection of an individual droplet; (c) line scan across
the droplet from part b. The distance between the cursors is
equal to 2R, where R is the radius of the contact line. The
height was determined in a similar fashion by placing one of
the cursors at the top of the droplet.

result to the slightly more acircular drop shapes which
are obtained at the lower annealing temperature. In
both cases, the plots are flat, with no noticeable slope
within the experimental scatter. This allows us to put
a lower limit on the value of the pseudo line tension.
The dashed line in Figure 6b has a slope corresponding
to 0 = 1074 erg/cm (10~* dyn) where we have used 31
dyn/cm for ypvp.

The low value of the pseudo line tension in our system
is consistent with a very low contact angle hysteresis.
One could argue, however, that the advancing angle
could also be independent of drop size and still be quite
different from the receding contact angle measured in
our experiments. It is important, therefore, to verify
the consistency of the measured contact angles with the
PVP and PS surface tensions and with the PVP/PS
interfacial tension. By neglecting the line tension
contribution and by taking ys = yps and yB = ypvp, We
rewrite eq 1 as follows:
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Figure 6. Cosine of the contact angle as a function of the
drop size using cantilever tips with force constants of 0.08 (O)
and 0.36 N/m (A): (a) annealed at 170 °C; (b) annealed at 200
°C.

1
ypvp = cos g(yps - Vps/pvp) = 117(yps - Vps/pvp) (6)

where we have used our experimentally determined
value of 32° for 4. Figure 7 shows the temperature
dependence of ypvp. The values at 137, 147, and 166 °C
are from Table 1 and were measured directly. The
values at 170 and 200 °C were obtained from eq 6, using
an estimated value for ypepvp, along with previously
published values of yps. From previous measurements
of the surface tension of high molecular weight poly-
styrene,!” we have y,s = 30.0 dyn/cm at 170 °C and yp,
= 28.1 dyn/cm at 200 °C. The fact that the grafted
polystyrene layer is deuterated in our case is of little
consequence, because the surface energy difference
between normal and deuterated polystyrene is less than
0.1 dyn/em.18

Published values of ypupvp do not exist. As a rough
estimate for its magnitude, we can begin with an
expected form of the interfacial tension which is valid
for homopolymers of infinite molecular weight:!°

Yam = a0okpT(1/6)" )

where a is the statistical length of a polymer chain
repeat unit, @o is the concentration of repeat units (the
inverse of the repeat unit volume), and y is the Flory
parameter characterizing the thermodynamic interac-
tion between A and B repeat units. The y parameter
for this system at 178 °C is 0.11, which when used with
the known values for a and go, gives 3.2 dyn/cm as an
initial estimate for ypspvp-2° Because the molecular
weight of the PVP in our experiments is quite low
(6300), we expect the interfacial tension to be somewhat
lower than the value given by eq 6. We use 2.5 dyn/cm
as an estimate which is consistent with the predictions
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Figure 7. Poly(2-vinylpyridine) surface energy: measured
(O); obtained from eq 6 (A).

of more detailed theories that include the molecular
weight dependence.?122

The magnitude of ype/pvp is small compared to vy or
Ypvp, 80 large relative errors in ypypvp do not significantly
affect the comparison made in Figure 7. The error bars
associated with the values obtained from eq 6 represent
the error associated with our uncertainty in the contact
angle. The measured contact angles are all within 1.5°
of 32°. An error of 1.5° in the equilibrium contact angle
corresponds to an error of 0.020 in 1/cos 0, or an error
of 0.57 dyn/cm in y5vp. The errors in yps and ypepep must,
of course, be considered here as well. Within these
errors, it is evident from Figure 7 that the measured
and calculated values for yo, are in good agreement,
thereby providing a useful confirmation of the consis-
tency of our data. Our assumption that the receding
contact angles measured in these experiments are equal
to the equilibrium values appears to be valid.

Our maximum value of 10~* dyn for the pseudo line
tension is, of course, also a maximum value for the
equilibrium line tension. When comparing this value
to values obtained in other systems, one must consider
system-specific effects. In our case, the line tension
corresponds to that of an amorphous polymer on a
grafted polymer layer. Distortions of the grafted chains
in the vicinity of the contact line are therefore expected
to give an additional contribution to the line tension
which is not present when a truly solid substrate is
used. One would not expect these extra contributions
to the line tension to be dominant, however. Suppose,
for example, that all of the polymer molecules within
some distance & of the contact line contribute an extra
energy of kT to the line tension. This contribution to
the line tension from these distortions, referred to here
as ¢’, will then be given by the following expression:

o = kgTEV (8)

where ¢ is the thickness of the grafted layer and V is
the molecular volume of a grafted polymer chain. The
distortion of the polymer brush acting as the substrate
is suppressed over length scales which are significantly
larger than the thickness of the film.2? Taking & = ¢
gives a contribution to the line tension of approximately
107 dyn, which is similar in magnitude to the expected
“nonpolymeric” contributions to the line tension.

Summary

We have developed a methodology for studying equi-
librium contact angles of polymeric fluids. Smooth
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silicon substrates to which polymer molecules have been
covalently grafted present a surface for which contact
angle hysteresis appears to be very small, presumably
due to the fluid character of the grafted polymer layer.
This conclusion is based on the negligible drop size
dependence of the contact angle and on the agreement
with contact angles predicted from the surface and
interfacial energies.
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