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ABSTRACT: We report autophobic behavior of end-functionalized polystyrene molecules. By grafting
such molecules from a melt onto the surface of a silicon wafer these molecules formed a “brushlike” layer
which entropically repelled the nongrafted but otherwise identical molecules. The brush became
nonwettable by the same molecules. Thin polystyrene films on top of dense polystyrene brushes were
unstable and ruptured as a consequence of long-range van der Waals interactions which tried to make
the films thinner. The films dewetted the polymer brush by the growth of cylindrical holes. We
investigated this dewetting process in detail as a function of grafting density, which was varied by
annealing thin films of end-functionalized molecules for different times. The contact angle formed by
the nongrafted molecules on top of the brush, and also the dewetting velocity, increased significantly
with increasing grafting density. Neutron reflectometry results showed that the brush layer could be
notably penetrated, regardless of the observed dewetting. Implications of these results to the success of
block copolymers and end-functionalized molecules for improved adhesion or for stabilization of thin liquid

films are discussed.

Introduction

The question of stability of thin liquid films on solid
substrates is of great importance in many practical
applications such as in microelectronics. A controlling
parameter is wettability. Films on nonwettable sub-
strates are either metastable or unstable. Short-range
interactions can easily be changed, e.g., by coating the
substrate with an appropriate monolayer.? It is possible
to modify a nonwettable surface so that a liquid will be
able to spread on such a surface. The opposite is also
possible. Coating a wettable surface with a monolayer
may even lead to so-called, “autophobic” behavior; i.e.,
a liquid does not spread on its own monolayer.2 There
exist several possible origins for autophobicity. In ref
3 afew possibilities, probably occurring simultaneously,
were proposed: packing or steric effects; orientation or
dipolar effects. For small molecules it is difficult to
distinguish and separate these contributions. Here, we
will show that polymers enable us to investigate the
origin of autophobicity, focusing on steric effects. Add-
ing a monolayer usually does not much affect long-range
interactions like van der Waals forces. Thus, although
the liquid spreads on the substrate, a thin film of this
liquid is still not stable and may roughen or even
rupture.r To achieve long-range stabilization of such
films, one may use long polymers anchored by one end
to the substrate as was shown previously.* In those
experiments, the grafting density was not very high and
the grafted molecules did not yet experience significant
stretching. Intuitively, such a stabilizing effect appears
to be plausible. An open question is how many of these
molecules are necessary to reach this goal. Does
increasing the number of anchored molecules always
improve stability?

A related problem is the improvement of adhesion
between a polymer and a solid substrate or between
incompatible polymers. Commonly, end-functionalized
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polymers or block copolymers are used to increase the
region of interaction between the two bodies one wants
to “glue” together.>® Again, it is not yet answered
experimentally whether an increasing number of such
molecules at the interface between the two bodies would
always improve adhesion.”8

Anchoring chainlike molecules to a solid surface by
one end may induce steric constraints causing stretching
of the molecules.® Stretching, in turn, may result in
entropic repulsion for nongrafted macromolecules. Graft-
ing molecules onto a solid surface leads to the formation
of a distinct interface between grafted and nongrafted
molecules with a nonzero interfacial tension. Thus,
such conditions can lead to the striking phenomenon
that the melt does NOT wet a “brush” of molecules of
its own kind. This was predicted theoretically first by
Leibler et al.’? and later by Shull.'> The first experi-
mental evidence of autophobic behavior for identical
molecules of different molecular weight was observed
by Mourran, Chatenay, and co-workers'? and Liu et al.3
Nonspreading drops or dewetting was found for systems
where the melt on top of a chemically identical brush
consisted of significantly longer molecules. In ref 13
films thinner than the radius of gyration were put on
top of the grafted layers, so we cannot exclude that
confinement effects as observed earlier' have at least
partially caused dewetting.

The effect of steric repulsion preventing the penetra-
tion of a brush was observed directly!®> in a related
experiment. However, in that case two layers of grafted
polymers in solution were interacting. Here we will
describe the consequences of increasing grafting density
on the wettability of the brush. Entropic repulsion
exerted by the molecules of the grafted layer reduces
the interaction zone and consequently decreases both
stability and adhesion once a certain grafting density
is exceeded.

Experimental Section

Samples. We have studied the behavior of thin films
(thickness (d) ~100 nm) of molten polystyrene on layers of
completely identical molecules end-attached onto silicon wa-
fers. Two different molecular weights of deuterated polymers
were synthesized in our laboratory by anionic polymerization,
split into two batches, and terminated either by a methyl group
or by a monochlorosilane group. The monochlorosilane end
group could chemically react with hydroxyl groups. This
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Table 1. Molecular Characteristics of Polystyrenes Used?

wt-av MW radius of

sample (g/mol) Mw/M,,  gyration (A) end group
PS-S-R 9 300 1.04 25 monochlorosilane
PS-S-N 9 300 1.04 25 methyl

PS-L-R 43 500 1.03 55 monochlorosilane
PS-L-N 43 500 1.03 55 methyl

PS-p1-N 43 000 1.09 56 methyl

PS-p2-N 1120 000 1.25 288 methyl

2 The first four samples are deuterated while the last two are
protonated (indicated by p). The monochlorosilane end group is
reactive while the methyl end group is nonreactive. The abbrevia-
tions have the following meaning: PS for polystyrene, S and L
for short and long, respectively, and R and N for reactive and
nonreactive end groups, respectively.

allowed the formation of a chemical bond between the polymer
and the substrate. Methyl-terminated protonated polystyrene
was also synthesized. The molecular characteristics of the
polystyrenes we used are given in Table 1. The silicon wafers
were irradiated by UV light in a water-saturated oxygen
atmosphere (UV—ozone treatment). This treatment had two
purposes: First, it oxidized organic molecules and therefore
had a cleaning effect. Second, it led to the formation of
hydroxyl groups on the surface necessary for the grafting of
polystyrene onto this surface. The thin polymer films were
prepared by diluting the polymer in toluene and spin-coating
the solution directly onto the wafers.

Preparation of Polymer Brushes of Variable Grafting
Density. We started by preparing thin films of reactive
polymer which we annealed above the glass transition tem-
perature (Tg) in order to enable the molecules to move around.
To initiate the grafting reaction, the reactive end had to find
an appropriate site at the surface of the substrate. We
observed dewetting®!67 i.e., the formation of cylindrical holes
which grew upon annealing, for films of just end-functionalized
polystyrene molecules. Similar results were also found for
mixtures of nonreactive and end-functionalized molecules of
identical length with a sufficient concentration of reactive
molecules.’® The nongrafted polymers were dewetting a brush
formed by identical molecules. For the shorter molecules (PS-
S-R) such autophobic behavior was already visible after 30 min
of annealing at 160 °C. For the longer molecules (PS-L-R),
however, we had to anneal more than 40 h at 160 °C in order
to observe the first indications of dewetting.

For a systematic study of the dependence of dewetting on
the grafting density of the brush, we had to separate between
the processes of grafting and dewetting. The grafting density
would become very inhomogeneous if dewetting set in before
the grafting process was terminated. Grafting could continue
in regions that were still covered with a polymer film while it
could not in the already dewetted regions. As a consequence,
the dewetting process would speed up with progressing time
because of the increase of grafting density. Thus, we per-
formed our experiment in two stages to separate the grafting
kinetics process (step 1) from the dewetting dynamics process
(step 2). First, we prepared a grafted layer, and second, we
covered this layer with a thin film of nonreactive polymer by
spin-coating a dilute polystyrene solution directly onto the
brush. For the first film we spin-coated a ~100 nm thick film
of end-functionalized polymers onto the UV-treated silicon
substrates. After different times of annealing at temperatures
well above Ty, the samples were put into a bath of toluene to
wash off all nongrafted molecules. To avoid a significantly
inhomogeneous grafting density, we stopped the grafting
process usually before the holes became larger than 100 um,

e., less than 10% of the surface was dewetted.

The thicknesses of the remaining layers were determined
by ellipsometry and X-ray reflectometry. In Figure 1 we have
plotted the thicknesses of the brushes of PS-S-R and PS-L-R
molecules after washing and drying vs the time of annealing
at 160 °C. Some samples were annealed at lower or higher
temperatures. The corresponding annealing times at 160 °C
were calculated using the WLF equation.®® It is quite obvious
that the brush thickness increased rather fast at short times
but then only very slowly at later times. Plots of the data on
a logarithmic time scale suggested that the brush thickness
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Figure 1. Thickness (h) of polystyrene brushes (PS-S-R; the
insets show PS-L-R) after washing in toluene and drying as a
function of time (t) allowed for grafting from the melt state at
160 °C. The open symbols represent data points obtained at
different temperatures. The corresponding grafting time at
160 °C was calculated using the WLF equation. Plotting the
data on a linear time scale (A) emphasizes the fast increase
in brush thickness at short times. At later times, h increases
very slowly, possibly logarithmically, as indicated by the
dashed line on the semilogarithmic plot (B).

Table 2. Conditions of Preparation and Results for
Bimodal Brushes?

% of long  grafting contact av veloc
name molecules time (mln) ho (A) heore (A) angle (deg) («m/min)

A 15 1080 72+1 60+2 ~5 not meas
B 35 315 74+1 68+2 7+05 02+0.1
C 12 870 78+1 69+2 8+03 05+£0.1
D 28 5650 76+1 66+2 65+0.7 0.35+0.1

a Contact angles and averaged veolocity were determined for a
polystyrene film (PS-p1-N, ~900 A thick) on top of the resulting
brushes for an annealing temperature of 160 °C. The brush
thickness ho was determined by neutron reflectometry measure-
ments of the washed and dried brushes before coating. hcore
reflects only the thickness of the inner part of the bimodal brush
consisting mainly of short molecules as determined from the
midpoint of the steep region of the density profile seen by neutron
reflectometry.

increased with the logarithm of annealing time once the
thickness is larger than ~2 times the radius of gyration (Rq =
25 A for PS-S-R and 55 A for PS-L-R). A similarly slow
increase in the grafting density was expected theoretically.?
It was attributed to difficulties for polymers to penetrate an
already existing brush in order to reach the substrate for
grafting. While our data are insufficient to be compared in
detail with theoretical predictions, it is evident that we do NOT
reach a saturation level for the grafting density.

Preparation of Bimodal Brushes. Inorder to get an idea
about the effect of polydispersity, we prepared brushes from
mixtures of short and long reactive molecules (PS-S-R and PS-
L-R).2 The concentration of the long molecules was varied.
The samples were annealed at 160 °C until small holes became
visible. While under the same conditions we needed only a
few minutes to create holes in a sample of just small reactive
molecules (PS-S-R), we had to anneal for more than 1 day to
see the first indications of dewetting for a sample containing
~25% long molecules. The bimodal brushes were then washed
and coated with a film of PS-pl-N molecules. Neutron
reflectometry was used to determine the interface of such
bimodal brushes in contact with a polymer melt. Conditions
of preparation and some results are given in Table 2.
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Figure 2. Optical micrographs (using white light) showing the growth of two typical cylindrical holes in a 900 A thick polystyrene
film (PS-p1-N) on a 66 A thick polystyrene brush (PS-S-R) after (a, top left) 8, (b, top right) 38, (c, bottom left) 68, and (d, bottom
right) 103 min of annealing at 175 °C. The black dots originate from a roughening of the film during the first minutes of annealing.
Note that no holes are nucleated by the dust particle visible on the micrographs. The length of the bar is 100 um.

Results

Dynamics of Dewetting: Hole Growth. Wafers
covered with a brush were coated again, but this time
with nonreactive polymer (~100 nm thick films of PS-
S-N, PS-L-N, PS-p1-N, or PS-p2-N). The samples were
progressively annealed above Ty for various times.
Annealing was done in an external oven and the
samples were successively checked by optical microscopy
after quenching to room temperature. Alternatively,
real-time experiments were performed with a hot stage
directly under the microscope. Only samples with
densely grafted layers showed dewetting.

In Figure 2 one can see micrographs of the growth of
two typical holes for a ~900 A thick PS-p1-N film on a

72 A thick brush of PS-S-R molecules. The increase of
their diameter with time (t) is shown in Figure 3. The
data seem to fall quite nicely onto a straight line
implying linear growth. However, such a representation
would yield the inexplicable observation that the holes
already had a diameter of ~30 um at t = 0.

A closer look at the data revealed that hole growth
slowed down with progressing time. Brochard-Wyart
et al.22 proposed a different time dependence for the
growth of holes for the case where the liquid slips over
the substrate. Assuming for the moment that we have
indeed observed slippage, we plotted the same data vs
the predicted tZ3 dependence. The data could be ap-
proximated better by a straight line and the holes
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Figure 3. (A) The diameter (Dy) of the holes seen in Figure
2 as a function of annealing time (t) at 175 °C. The dotted
line is a guide for the eye. Note that this straight line does
not go through the origin (see question mark). The data seem
to show a slight curvature, indicating that the growth rate
(dewetting velocity) decreases with time. (B) The same data
plotted vs t23, The dotted line is a guide for the eye. Note
that the data points fall quite nicely onto this line, indicating
that the holes grow with t# with 8 ~2/3. In addition, this line
yields Dy =0att=1t, > 0.

started togrow att =t, > 0. Itis not expected that the
holes start to grow at t = 0 as the hole has to be created
first, a process that needs time.17 In addition, due to
experimental uncertainties (mainly due to a finite
heating rate), to could only be determined with an
accuracy of ~1 min.

In ref 22, it was also predicted that in the case of
slippage the shape of the rim should become asym-
metric. A blowup of a hole focusing on the interference
pattern of a rim showed that in our case the shape of
the rim was indeed not symmetric. (see Figure 4) The
steepness of the rim on the side toward the hole was
significantly larger (the spacing between two successive
fringes was smaller) compared to the side toward the
unperturbed film. It has to be mentioned that it is
rather surprising that the results (nonlinear time
dependence of the hole growth and the asymmetric
shape of the profile of the rims surrounding the holes)
suggest that the free polymers slipped over the brush
as this would imply rather weak interactions between
brush and film molecules. An alternative possibility to
interpret our observations was offered by Leibler,??
based on viscoelastic effects due to the interaction
between brush and melt.

We have also compared the dewetting behavior of the
same molecules on top of the brush (PS-S-N on top of a
PS-S-R brush) with the system mentioned above (PS-
p1-N on a PS-S-R brush). For a 54 A thick brush, the
holes grew slightly faster in the film of the smaller
molecules than in a film of longer molecules. (see Figure
5). Assuming linear growth of these holes resulted
again in the unphysical consequence of a finite hole
diameter at t = 0. A comparison of the difference in
the hole growth velocities (a factor of ~1.5) with the
difference in viscosity of the two polymers (a factor of
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Figure 4. (a, top) Optical micrograph (using white light) of a
typical hole in a ~900 A thick polystyrene film (PS-p1-N) on
a 63 A thick polystyrene brush (PS-S-R). The length of the
bar is 25 um. Due to mass conservation, one can calculate a
contact angle (6) from measures of the diameter of the hole
(bright circle) and the diameter of the rim (see text for details).
We obtained 6 = 7° using eq 1 and 6 = 2.5° using eq 2. (b,
bottom) Magnification of a portion of the hole in (a) indicating
the asymmetric shape of the rim. The length of the bar is 10
um. Although this micrograph was obtained by using white
light, a check with a monochromatic light source showed
gualitatively the same behavior. The spacing between two
consecutive dark fringes (representing a change in height
proportional to half a wavelength) is much smaller on the side
toward the hole compared to the side facing the unperturbed
film. From this inner and outer fringe spacing we obtained 6
~ 10° and 6 ~4°, respectively. However, the uncertainties of
determining 6 from the fringe spacing are quite large.

~5) made it quite obvious that this growth rate was not
linearly dependent on the reciprocal viscosity.24

The time (tr) necessary for rupture is expected to
depend dramatically on molecular weight.26 For the
smaller molecules in films thinner than ~100 nm, tg
was always of the order of the time needed for growing
a hole large enough to be visible by light microscopy.
For the long PS-p2-N molecules, however, tg could be
even longer than the time the whole dewetting process
needed as indicated in Figures 6 and 7. Films of long
molecules are thus apparently stable for reasonably long
times. This effect can be attributed to entanglements
between the molecules.?6

Penetration Depth of Free Polymers in Brushes
of Chemically Identical Molecules. To determine
whether nongrafted molecules can penetrate the brush
all the way to the substrate, we prepared two similar
brushes (PS-S-R, thickness after washing ~60 A) and
coated them with an ~800 A thick film of longer
molecules (PS-L-N and PS-L-R). One sample was
coated with the reactive and the other with the nonre-
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Figure 5. Diameter of the holes (Dn) as a function of
annealing time (t) at 160 °C for a ~900 A thick polystyrene
film (circles PS-S-N; squares PS-p1-N) on a 54 A thick
polystyrene brush (PS-S-R). The dotted lines are guides for
the eye. These data points were obtained by successive
annealing and quenching. The values represent averages over
several holes.

Figure 6. Optical micrograph (using white light) of a ~600
A thick polystyrene film (PS-p2-N) on a 60 A thick polystyrene
brush (PS-S-R): (a, top) after annealing for 25 h at 180 °C.
The length of the bar is 25 um. (b, bottom) After annealing
the same sample for additional 40 h at 180 °C. The length of
the bar is 200 um.

active version. Annealing both samples (for ~200 min
at 160 °C) resulted in dewetting of the nonreactive
polymer while the reactive polymer did NOT show any
signs of hole formation, even after annealing for a few
days at 180 °C. This clearly indicated that the PS-S-R
brush was dense enough to be nonwettable by PS-L-N.
Nonetheless, it still could be significantly penetrated by
these longer molecules on top, allowing for grafting of
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Figure 7. Optical micrograph (using white light) of a ~200
A thick polystyrene film (PS-p2-N) on a 125 A thick polysty-
rene brush (PS-L-R): (a, top) after annealing for 28 h at 170
°C. (b, middle) after annealing for an additional 2.5 h at 170
°C, and (c, bottom) after annealing for an additional 6 h at
170 °C. (After further annealing the structure seen in
micrograph c transforms into many isolated droplets). The
length of the bar is 10 um. Note that the holes grew by a factor
of ~2 during the last 8 h of annealing, implying that rupture
occurred after ~20 h of annealing at 170 °C. Although the
sample of Figure 6 was annealed at a higher temperature and
the film was deposited onto a less wettable brush of shorter
molecules, there were no indications of real rupture even after
25 h. This hints that thicker films need longer times for
rupturing. Note also that the final polygons of Figure 6b are
significantly larger than the structure visible in Figure 7c.

-

the molecules of the reactive version. The underlying
brush prohibited, however, the formation of a second
dense brush of the longer molecules on top of the first
one of smaller molecules, and thus no dewetting was
observed. The result can be compared with a PS-L-R
brush of low grafting density in contact with a melt of
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Figure 8. Interfacial width (penetration depth) as determined
from the standard deviation o of an error function profile for
the interface between a polystyrene film (PS-p1-N, ~900 A)
and a polystyrene brush (monomodal PS-S-R; bimodal PS-S-
R/PS-L-R mixtures—see Table 2 for details) as a function of
the thickness (h) of the brush. The values were obtained from
fits to neutron reflectivity curves. The thicknesses of the
bimodal brushes were determined from the midpoint of the
steep part of the interface between brush and melt. This
thickness accounts mostly for the layer of the shorter mol-
ecules. The dashed line describes the expected values of 1
given by eq 3 taking into account a factor of 1/, for the ratio of
oli. The solid line represents the following relation: o = 800/
h.

PS-L-N molecules. The number of grafted PS-S-R
molecules, however, is large enough to build up a
resisting force higher than the driving capillary force
exerted by the underlying brush of short molecules.

For a few samples we used neutron reflectometry?’ to
determine in a quantitative way the penetration of free
polystyrene molecules into the brush. For a 900 A thick
film of PS-p1-N on a PS-S-R brush, we found that the
width of the interface as approximated by an error
function varied between o =12+ 2Aando=18 £+ 2 A
for brush thicknesses between 63 and 50 A, respectively.
This means that significant penetration occurred only
at the outer part of the brushes and only very few
molecules could reach the substrate. In Figure 8 we
plotted the ¢ values vs the thickness of the washed
brushes. The interfacial profile for bimodal brushes
consisted of two parts corresponding to a layer of short
grafted molecules with an overlayer of long molecules
(see ref 21 for a schematic drawing). We consider this
system as a brush of short molecules with a few
embedded long “connector” molecules. Consequently,
we plotted the width of the interface between the brush
of short molecules and the film of free molecules
including the penetrating connectors. Details about
these neutron reflectometry studies will be published
elsewhere.

Dependence of Contact Angle and Dewetting
Velocity on Grafting Density. Contact angles (6)
have been determined from balancing the volume of a
hole of diameter Dy (for Dy of the order of 100 um) and
a depth equal to the initial film thickness (d) with the
volume of the rim of diameter Dy using the following
equation?? predicted for slippage of a polymer on a solid
substrate:

6 = (D, d)/(4Dg’s) (1)

The parameter s takes into account that the shape of
the rim is asymmetric. s has a value of ~0.1. If the
shape of the rim is symmetric, the equation for the
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function of the thickness (h) of the brush after washing and
drying for the system described in Figure 8. The samples were
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Figure 8.
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Figure 10. Averaged velocity (v) as a function of the thickness
(h) of the brush after washing and drying for the system
described in Figure 8. The samples were annealed at 160 °C.
The thickness of the bimodal brushes has the same meaning
as in Figure 8.

equilibrium contact angle reads
0 = V2(D,’d)/(Dg® + D,,DR?) ~ v2(D,d)/Dg> (2)

The approximation is valid if Dy is much larger than
Dg. For large holes, egs 1 and 2 differ only by a constant
factor of ~1.8. In the case of very thick rims, we could
determine the contact angles directly from the interfer-
ence fringes. The results compared better with the
values obtained from eq 1. In Figure 9 we plotted 6 as
a function of brush thickness for monomodal and
bimodal brushes. 6 was determined by using eq 1.
The higher the grafting density, the larger was 6
formed by polystyrene melt on top of a polystyrene
brush. In correlation with 0, the dewetting velocity also
increased with grafting density. This is shown in Figure
10 in a quantitative way for PS-p1-N films (~900 A
thick) on PS-S-R brushes of different grafting densities.
We showed earlier that the dewetting velocity was not
constant (see Figure 3). The values in Figure 10 are
therefore averages over approximately the first 100 um
of hole growth. Plotting this averaged velocity (v) as a
function of contact angle (see Figure 11) shows that v
increased with 6. This increase was faster than linear,
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Figure 11. Averaged velocity (v) as a function of the contact
angle (0) for the same data as in Figures 9 and 10.

but significantly slower than the 62 dependence (Tan-
ner's law) of the dewetting velocity on ideal solid
surfaces.1”25

Molecular Weight Effects. Experiments with longer
molecules (PS-L-R) exhibited qualitatively the same
behavior. However, in order to observe dewetting of the
same molecules on their own brush, we had to anneal
the samples for much longer times (days rather than
hours28). Several reasons may have been responsible
for this change in rate. The formation of brushes of high
enough grafting density was Kkinetically slowed down.
The thickness of the layer at the onset of stretching of
the brush molecules is proportional to N2, N being the
degree of polymerization of the molecules in the brush.
Additional molecules have to travel through this layer
in order to be able to graft onto the substrate. The
dewetting velocity was reduced as a consequence of the
increased viscosity of the longer molecules. In order to
create holes large enough to be visible under a light
microscope they have to be larger than ~1 yum. Con-
sequently, for higher viscosities one has to wait longer
until the holes become observable.

Covering layers of grafted molecules with nonreactive
polymer of much higher molecular weight favored
dewetting as was expected from theory911 and already
shown experimentally.’® We also performed a brief
study. PS-L-R brushes with a thickness of 80, 100, and
125 A, respectively, showed no signs of dewetting when
coated with PS-L-N. However, when coated with the
much longer molecules of PS-p2-N all, except the sample
with the 80 A brush, showed the formation of holes,
indicating that these brushes could not be wetted by
the longer molecules.

Discussion and Conclusions

Although one purpose of these experiments was to
prevent dewetting by using end-functionalized mol-
ecules, we failed to stabilize the system in most cases.
It is certainly not at all obvious that the observed
dewetting behavior of our brush/melt system should be
similar to the behavior of a simple polymer film on a
nonwettable solid substrate. In a qualitative sense,
however, concerning rupture the behavior of the two
cases did not differ. Preliminary tests showed that the
average distance between holes decreased significantly
with decreasing film thickness.3® As all molecules, both
in the brush and in the film, were polystyrene molecules
it seems reasonable to assume that the brush layer has
no (significant) effect on the long-range van der Waals
forces acting on the surface of the polymer film. Quan-
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titatively, we expect, however, that the influence of the
brush layer should affect the thickness dependence of
the average distance between initial holes and the
related size of the final droplets.

Autophobic behavior for a melt of infinitely long
molecules on top of a brush was predicted theoreti-
cally.’® The effect was attributed to entropic repulsion
exerted by the brush molecules. Free molecules that
penetrate a brush cause stretching of the brush mol-
ecules. Therefore penetration is unfavorable.3! Al-
though our free molecules were of finite length, we
nonetheless compared our results with the theoretical
prediction for the penetration depth (1) or the contact
angle (). 1 and 6 should vary according to the following
relations

1 = (12/7%)"3(Nax)*? (3)
and

0 = (3kT/2Aay)"? = (3kT/2ay)"*(=*h/12N%a")" (4)

where we used £ = Na®h, with N the degree of
polymerization of the grafted molecules, a the statistical
segment length, X the area per grafted molecule, y the
“chemical” surface tension of the brush/air interface, and
h the thickness of the grafted layer. It is easily seen
that for increasing N the degree of stretching (defined
as h/NY2a) has to increase with N32 in order to obtain
the same contact angle. In other words, the contact
angle depends only on the absolute penetration depth.
For the short and long reactive molecules in our experi-
ments, this means that the longer molecules have to be
~10 times more stretched than the shorter ones. This
could explain why it is more difficult to observe dewet-
ting for long grafted molecules.

We observed the predicted trends of egs 3 and 4 only
in an very qualitative way. A quantitative comparison
revealed severe discrepancies. In particular, according
to eq 4 6 should not vary much with brush thickness,
while experimentally a strong increase of 6 with brush
thickness was observed. However, one has to note that
our experimental conditions deviate from the assump-
tions made by theory. First, the length of the brush
molecules was rather small and thus we may not be in
a regime for which the theory is applicable. Second, our
free molecules were not infinitely long. At present, it
is not exactly known what would happen if both, the
grafted and the free molecules, have the same molecular
weight.

As shown by the neutron reflectometry measure-
ments, there is still measurable interpenetration be-
tween the free molecules and the brush. It may be
helpful to divide the brush into two regions, an outer
and an inner part. The outer region of thickness 4 can
be represented as a layer where the molecules (their
segments) experience little constraints. The inner
region is almost impenetrable as the cost for stretching
the molecules is always higher than a gain in trans-
lational entropy. Obviously, there is only a diffuse
border between the inner and outer regions. We may
identify this border as a virtual interface at which
dewetting can occur. Such splitting of the brush layer
makes two effects visible: first, entropic repulsion of the
free molecules by the inner region of the brush mol-
ecules. However, that does not mean that we automati-
cally will be able to observe dewetting. As a second
process we have to account for the interaction between
the outer layer and the free molecules. If this outer
layer is reasonably thick, we speculate that this interac-
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tion may play a dominant role in the sense that it can
prevent dewetting even on a nonwettable virtual inter-
face. We assume that the parts of the grafted molecules
situated in the outer region may act as “connectors”
between the free molecules and the virtual interface.
The length of these connectors depends on the position
of the virtual interface (the penetration depth 1).32 In
order to have dewetting, these connectors have to be
pulled out of the melt of free molecules. This pull-out
force3® has to be at least compensated by the driving
Young's force, the balance of the interfacial forces at the
three-phase contact line.

Our experiments with bimodal brushes seem to sup-
port this concept. The dewetting velocity depends
sensitively on the number of long molecules embedded
in a brush of shorter ones. For the same contact angle,
i.e., the same driving force, we observed a significantly
lower dewetting velocity in the case of bimodal brushes
(see Figure 11).

On the basis of these considerations, it becomes clear
that the dynamics of dewetting for the brush/melt
system have to be different compared to dewetting on
an ideal solid. The interaction of the outer brush region
with the melt of nongrafted molecules may be respon-
sible for the observed relatively weak dependence of the
dewetting velocity on contact angle. Furthermore, it
might be possible that these brush/melt interactions can
account for the asymmetric shape of the rim profile and
the nonlinear growth of the cylindrical holes. Attribu-
tion of these effects to properties of the brush is more
appealing than interpreting them in terms of slippage.

It is not yet understood how the penetration of
nongrafted molecules into the brush affects the rupture
of the films. The possibility of penetrating the brush
may shorten the rupture time due to an additional
amplification of fluctuations of the film surface. Vis-
coelastic losses, on the other hand, may lead to a
damping of such fluctuations.

These investigations are relevant also for brush/
elastomer systems. Grafted molecules are used to
improve adhesion of the elastomer to a solid. To find
the optimal grafting density for maximum adhesion is
a matter of current investigations.”® Interaction be-
tween the brush and the elastomer may be limited by
the necessary swelling of the elastomer in order to allow
penetration by the brush molecules. Our results indi-
cate a second limiting constraint. It is difficult to
penetrate brushes of high grafting density with non-
cross-linked polymers. One can imagine that it will be
even more difficult for an elastomer. We therefore
conclude that brushes with very high grafting density
are never useful for the purpose of improving adhesion.

This study indicates that it is preferable to use rather
long molecules for the grafted layer in order to stabilize
liquid films or to improve adhesion for at least two
reasons. First, the formation of a brush of high grafting
density is extremely slow for long polymers. Second,
the degree of stretching has to be larger for longer
molecules in order to obtain the same autophobic
behavior. However, even for long polymers, for high
enough energy gain by grafting and after enough time
for the grafting process, a brush may be formed with a
grafting density high enough to repel even identical
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molecules, as we have shown in this study for compara-
tively short polystyrene molecules.
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