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Real-Time Determination of the Slippage Length in Autophobic Polymer Dewetting
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We investigated the kinetics of autophobic dewetting, caused by differences in entropy, of a polymer
melt slipping on a monolayer of end-grafted identical molecules (polymer brush). From simultaneous
measures of the dewetted distance and the width of the resulting rim, we obtained in real time and
quantitatively the slippage length and the contact angle, a measure of the “incompatibility” between
identical molecules. Furthermore, we could directly relate a decrease in the slippage length in the course
of the experiments at elevated temperatures to temporal or permanent attachment of polymers from the

melt to the brush.

PACS numbers: 61.41.+e¢, 68.15.+e, 68.45.—v, 68.55.—-a

The retraction of liquids from nonwettable surfaces, e.g.,
water film on a windscreen or ink on photographic paper, is
a commonly observed phenomenon. This macroscopically
visible process is affected by static and kinetic molecu-
lar interfacial properties [1,2], key parameters of the
interaction between different phases like in wetting, adhe-
sion, or friction. The static interaction between materials
is to a large extent characterized by the interfacial tension
between them. As already stated in 1805 by Young [3],
contact angle measurements provide a simple, fast, and
surprisingly precise way to determine such molecular
interactions by regarding macroscopic phenomena. How-
ever, contact angles do not give direct information about
kinetic effects like friction or slippage [4—8] at such
an interface. These can be quantified by following the
displacement of a contact line in dewetting experiments
[9-14] (see Fig. 1). In such experiments capillary driving
forces and energy dissipation at the interface are intrinsic
properties controlled by molecular interactions. Thus,
a dewetting system is at all stages of the process self-
adjusting to any variations of the system.

In a typical dewetting experiment the driving capillary
forces (uncompensated Young force, F;) are balanced by
viscous forces F',, (forces per unit length of the three-phase
contact line) [2,9]. In a good approximation, F; is deter-
mined by the contact angle (#) and the surface tension (7y)
of the liquid as Fy = 0.5y6%. F, depends on the hydro-
dynamics of liquid flow. For nonslipping films the energy
is dissipated in a small volume located at the contact line
[1]. Then, F, is simply proportional to the viscosity (7))
and the velocity (V). In such dewetting experiments, V re-
mains constant in time [9]. However, long polymers on a
nonadsorbing substrate have been found to slip [6,15,16].
There the capillary energy is dissipated over the whole
moving part of the film proportional to the width (w) of the
rim formed by the liquid from the dewetted region [2,5,6].
In this case, F, = 3pVw/b. The parameter b is called
the slippage length [4—6] and characterizes the degree of
“slippiness.”

Such experiments allow one to determine and even to
track 6, without any fitting. For nonvolatile liquids like
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polymers, 6 is related to w, the dewetted distance (d), and
the film thickness (/4) by mass conservation, valid at any
time ¢

0(1) = d(t)h(r)/Cw(t). (1)

The constant C, accounting for the shape of the rim, has
been found [5] to be 0.1 for slipping films. It should
be noted that Eq. (1) is valid for any self-similar profile
of the rim. In our experiments, the value of C = 0.1
was verified by complementary atomic force microscopy
measurements.

Such experiments also allow one to determine b for any
time interval ¢; — ¢;—, without any fitting.

b(t;) = 3nV(t)w(t;)/Fa(t;) .

The velocity V(#;) can be determined by taking differences,
V(t;) = [d(t;) — d(t;—1)]/(t; — t;—1). This allows us to
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FIG. 1. Schematic representation of the experimental setup.
A typical shape of the rim, as measured by atomic force mi-
croscopy, is shown in the upper right corner. The size of the
image is 60 X 60 X 0.4 um?. Note that the lateral scale is
about a factor of 100 larger than the vertical scale. In the lower
right corner we show an optical micrograph representing the top
view corresponding to the scheme. The length of the bar equals
50 pm.
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check for possible changes in b in the course of an experi-
ment, without the assumption of an exponent for a power-
law relation between d and .

Alternatively, b can be obtained by using the prefactors
P and Q from the fits to the time dependence of d = Pt*/3
and w = Q1™ 1/3, respectively (assuming that @ and b do
not depend on time), as predicted by theory [2,5]:

b =29PQ/F,. (2b)

For our experiments we used thin polydimethylsiloxane
(PDMYS) films supported by silicon wafers which were
coated with a layer of end-grafted PDMS molecules [17],
as indicated schematically in the “blowup” of Fig. 1. We
treated the wafers chemically with chlorodimethylvinyl-
silane (CDMVS) to avoid adsorption of PDMS. Grafting
polymers by one end at a high areal density onto a solid
substrate leads to a reduction of the entropy of the grafted
with respect to free molecules. This may lead to autopho-
bic behavior [18,19]; i.e., the free molecules will dewet the
grafted layer [20-22].

PDMS films [M,, = 308000 g/mol, n0(25°C) =
1000 Pas] of different thicknesses between 20 and
850 nm were put on top of densely grafted layers of end-
functionalized PDMS molecules (M,, = 8800 g/mol).

Dewetting was followed in real time by optical mi-
croscopy at temperatures between room temperature and
130 °C. Tt was initiated at a straight line, denoted O, af-
ter a three-phase contact line was created at time 7, by
breaking the sample in two parts, a process used pre-
viously [23]. At time ¢; > 1, the straight contact line
has moved to point F and thereby dewetted the distance
d(t;) = F(t;) — O(t,). The removed liquid was collected
in a rim of width w(z;) = R(t;) — F(t;). h was measured
by ellipsometry, n was varied by taking different monodis-
perse polymer fractions or by performing experiments at
different temperatures, the values of y were tabulated [24]
and did not vary much for the molecular weights of the
chosen polymer, and 6 was determined in sifu from mass
conservation [Eq. (1)] and » from the balance of viscous
and capillary forces [Eqs. (2)].

Previous polymer dewetting experiments of slipping
films [6,15] have found d ~ r%/3. However, it should
be noted that such a slowing down of dewetting (i.e.,
vV ~ 17173 may also be induced by other factors, e.g.,
by surface modifications in the course of the experiment.
Consequently, the value of the exponent may deviate from
1 (nonslipping) or 2/3 (slipping). Thus, we believe that
a more convincing evidence for slippage is the thickness
dependence of the prefactor P ~ h~1/3 (or Q ~ h'/3)
[2,5]. Note that for nonslipping films the dewetting veloc-
ity is independent of film thickness [2]. Our experimental
results at a temperature 7 = 50 °C (Fig. 2), normalized
for differences in # and b, unambiguously show that
thicker films dewet more slowly than thinner films. In ad-
dition, we also found the expected 123 dependence for d.
Moreover, Fig. 3 shows that V is proportional to 1/w, as
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FIG. 2. Typical result for dewetting of a PDMS film
[M,, = 308000 g/mol, n(25°C) = 1000 Pas] on top of a
densely grafted layer of end-functionalized PDMS molecules
(6.3 nm, M,, = 8800 g/mol) for different thicknesses: 27 nm
(stars), 47 nm (squares), 52 nm (circles), 92 nm (triangles),
and 135 nm (lozenges). The solid lines are best fits to the data
using the following equation: d = P(t — 1,)*. We obtained
a = 0.65 £ 0.05 for all measurements at low temperatures T
(here T = 50°C). Note that two independent measurements
using the same sample give the same results (full and open
triangles). Note further that films of similar thickness (47 and
52 nm) show rather different prefactors P. The inset shows the
contact angle #, as determined by Eq. (1), which within the
experimental error can be taken as constant.

indicated by the full lines. This proves that the dissipation
increases linearly with w and implies that the whole rim
slips. Note that the capillary driving force (proportional
to #2) is constant in time (see inset of Fig. 2).

Before normalizing for differences in b and 6, curves of
Fig. 3a did not collapse onto a single master curve of V vs
w, even if the thickness was the same (see the two curves
for o~ = 75 nm in Fig. 3a). Normalizing the velocity by
the driving force F; and b (giving a parameter in units
of m/Ns) allowed us to obtain a master curve (Fig. 3b)
as expected from Eq. (2a). Moreover, experiments per-
formed at different temperatures could also be included if
the viscosity was normalized with respect to a reference
temperature using the shift factor given by the Williams-
Landel-Ferry equation based on a time-temperature super-
position principle [25]. Performing numerous experiments
[26], we have also verified that the prefactor P (and cor-
respondingly the prefactor Q) depends on 6, b, and h, as
expected by the theory [2,5]. We note that we have not
observed any systematic dependence of § or b on h (see
inset of Fig. 3b). This corroborates that the theoretical de-
scription of our observations takes all relevant parameters
into account.

The values obtained for b are of the order of 10 um.
The corresponding friction coefficient (per area a’ of
a monomer) k = /b = 108 Pas/m compares well
to the value of the monomeric friction coefficient [27]
k, = 3.7 X 10" Pas/m. This indicates that only a few
(x) monomers at the interface contributed to friction
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FIG. 3. (a) Dewetting velocity and (b) normalized velocity

(multiplied by b/Fy) as a function of the width of the rim (w)
for various film thicknesses. The slippage length b (inset of
Fig. 3b) was determined by using Egs. (2a) and (2b) shown by
full and open symbols, respectively.

(k = xk,), thereby implying that the free molecules pene-
trated only a little into the brush [27]. This conclusion
is corroborated by the experimentally found observation
that b was rather independent of velocity, for V varying
between 10 nm/s and 1 wm/s (this holds only for experi-
ments at 50 °C on densely grafted brushes). The friction
coefficient k is controlled only by the entropy loss of the
grafted molecules and not by the flow velocity of the free
molecules [7].

In summary, our experiments show that our results can
be described perfectly well by theory [2,9]. Consequently,
we are able to determine, without any assumptions, 6
and b directly during the dewetting process. Furthermore,
the kinetics of different samples can be compared only
when 6 and b have been determined. At 50 °C and for
brushes of high grafting density, both # and b proved to
be independent of time.

However, in contrast to the above statement, less per-
fect brushes of lower grafting density showed lower 6 and
much lower b, i.e., deeper interpenetration between melt
and brush, and, in addition, significant deviations from the
expected d ~ t* = t*/3 behavior. Furthermore, at ele-
vated temperatures higher than about 100 °C, most samples
showed exponents & < 2/3. Figure 4 shows a typical ex-
ample obtained at 130 °C.

In search for the origin for such deviations we note that
the slippage length is very sensitive to even tiny changes
of interfacial properties which may occur in the course of
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FIG. 4. Temporal changes of the slippage length. Dewetting
of a 106 nm thick PDMS film measured at 130 °C after differ-
ent thermal treatments of the supporting grafted PDMS layer
(a). A: as prepared, B: after 3 h at 130 °C in vacuum, C: af-
ter 24 h at 130 °C in vacuum, D: after being coated with a
106 nm thick PDMS film and 3 h at 130 °C in vacuum, E: af-
ter being coated with a 106 nm thick PDMS film and 24 h at
130 °C in vacuum. The inset shows that the contact angles 6
for cases C and D were similar and rather independent of time.
It should be noted that by fitting d = P(r — ¢,)* to the data
we obtained & = 0.55 = 0.05 for curves A—C and 0.66 = 0.02
for D and E, respectively. In contrast to # the slippage length b
[see (b)] shows a pronounced decay for case C reaching the
rather constant value of case D after several hundred seconds.
The dotted lines serve as guides to the eye.

an experiment. In order to exclude the possibility that such
changes were due to thermal degradation of the brush, we
checked the thermal stability of the brush by ellipsome-
try. Annealing the brush without a film on top for 24 h at
130 °C in vacuum yielded almost the same dewetting be-
havior of d ~ t'/2 as without prior annealing of the brush
(compare curves A, B, and C in Fig. 4a). However, if the
brush was annealed with a film on top for 3 or 24 h at
130 °C (also under vacuum), the retraction of the contact
line was much slower (see curves D and E in Fig. 4a). In
addition, in contrast to curves A, B, and C, we obtained the
d ~ t*3 behavior also observed for samples at 50 °C (see
Fig. 2).

Figure 4b provides an explanation. In contact with the
long polymers of the film the interface is modified, ex-
pressed by a time-dependent reduction of b [28]. This
observation can be explained if some of the long polymers
of the film have been trapped within the brush or if such
molecules have been temporarily or permanently attached
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onto “defects” in the CDMVS layer, possibly caused by
annealing at elevated temperatures. These polymers can
act as “connectors” [23] and thereby reduce the slippage
length [7]. Once the interface was “saturated,” b stabi-
lized at a constant but now lower value. For the observed
reduction of b only very few connectors are necessary
[23]. Thus, such surface modifications are not detectable
by static measurements of the thickness of the brush, e.g.,
by ellipsometry. Before the actual dewetting experiments,
but after the different thermal treatments, the brush was
washed in a good solvent (heptane). The thickness of the
grafted layer was constant within the resolution of ellip-
sometry (0.2 nm).

It should be noted that the capillary driving force Fy
represented by 6 (see inset of Fig. 4b) stayed more or less
constant, consistent with the experiments on bimodal poly-
mer brushes [23]. However, the dissipative counterforce
F, increased. From the increase of the friction coefficient
k by a factor of about 5 we estimate that a fraction (y)
of about y = 0.001 of the interfacial sites of monomer
size a® were occupied by attached or trapped long poly-
mers. Here we assumed that the increase in & is only due
to Rouse friction of all N monomers of the long adsorbed
polymers [4,7] (k = yNk,). If these molecules were, how-
ever, entangled with the melt (which is likely regarding the
molecular weight) much fewer molecules would be respon-
sible for this reduction [4,7].

We showed that dewetting experiments present ex-
tremely sensitive measures of molecular interfacial
parameters, like the friction coefficient, depth of interpen-
etration, or slippage length. The high sensitivity comes
from the fact that even small modifications of the interface
have a huge effect on the dewetting kinetics which can
easily be detected in real time and related to interfacial
parameters. The biggest advantage of this approach is
its simplicity in allowing one to obtain complementary
information (see b and @) in a single experiment, a feature
missing in other techniques. Now that the theory has
been experimentally verified and applied to understand
the time-dependent behavior of basic cases, one can
extend this approach to more complex systems of mixed
materials and elucidate the relation between the molecular
scale interfacial properties and macroscopic behavior,
both static and kinetic.
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