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Summary: By utilizing model systems, macroscopically observable phenomena like

friction or dewetting allow to identify and to quantify molecular interfacial para-

meters like molecular interpenetration depth, interfacial tension, or slippage length

between grafted and free chemically identical polymers. We present experimental

results, which permit to extract these parameters from simple contact angle

measurements or by following the dewetting process in real time with a simple op-

tical microscope. We also show how these model experiments can provide valuable

insight and fundamental understanding of processes like polymeric friction and

adhesion.
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Introduction

Interfacial phenomena are observed every-

where in our daily life.[1–3] Problems of

adhesion, friction, wetting, or dewetting can

be essential for the faultless performance of

various applications. Intriguingly, such

performance often depends on very tiny

changes only. For example, the wetting

behavior can be easily switched from

perfect wetting to non-wetting by modify-

ing the very surface, i.e., the last monolayer

or, in some case, the end-group of the

molecules at this surface.[3] Accordingly,

small variations on a molecular scale can

lead to dramatic effects on macroscopically

observable scales.

In addition to changes in the chemical

nature of the surface, properties of polymer

surfaces can also be tuned by controlling

the entropy of the polymer chains. If

polymers are fixed to surfaces, for example,

by adsorbing or grafting them onto sub-

strates, these molecules loose some of their

configurational states, i.e., they possess

lower entropy.[4–9] Therefore, it is possible

to obtain different behaviors at surfaces by

modifying the way how polymers are

attached onto surfaces.

In all the experiments presented here,

we investigated exclusively the interfacial

properties between chemically identical

polymers. There, such interfaces are char-

acterized by the difference in conforma-

tional entropy between end-grafted and

free polymers.[4–9] 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 mole-

cules. This may lead to autophobic beha-

vior,[4–9] i.e., the free molecules dewet the

grafted layer[10–16] and form droplets on the

brush.

In recent years, the basic processes

involved in dewetting,[17–20] the retraction

of a liquid from a non-wettable surface it

was forced to cover, have been the focus of

various dewetting experiments,[17,19,21–27]

many of them using thin polymer films.

Based on a fundamental understanding of

the underlying processes, studying dewet-

ting allows to determine interfacial proper-

ties and their changes in real time and in

situ. Theoretical predictions, in particular

Macromol. Symp. 2005, 229, 81–92 DOI: 10.1002/masy.200551110 81

Institut de Chimie des Surfaces et Interfaces, CNRS-

UHA, 15, rue Jean Starcky, B.P. 2488, 68057 MUL-

HOUSE Cedex, France

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



by Françoise Brochard,[17–20] have been

valuable guides for the design of appro-

priate experiments.

The static interaction between materials

and wettability of materials are to a large

extent characterized by the interfacial

tensions. Already in 1805 Thomas Young

stated[28] that contact angle measurements

present a simple and surprisingly accurate

way to determine molecular interactions by

regarding macroscopic phenomena. How-

ever, it is difficult to investigate kinetic

effects like friction (energy dissipation) at

an interface by contact anglemeasurements

alone. The necessary velocity dependent

information can be obtained from dewet-

ting experiments. Dewetting is governed by

static and dynamic molecular interfacial

properties. Thus, simple dewetting experi-

ments followed by eye–—or using an optical

microscope for better resolution–—open up

possibilities to obtain time-resolved infor-

mation on a molecular scale.

The dewetting experiments presented

here allowed us to investigate the proper-

ties of a polymer melt slipping on a layer of

chemically identical molecules. We relate

the displacement of a contact line to kinetic

effects at a polymer-polymer interface. As

the capillary driving forces and energy

dissipation at the interface are intrinsic

properties controlled by molecular interac-

tions, our system is self-adjusting at all

stages of the process to any variations of

experimental conditions.

Experimental Part

Samples

For our experiments, we used thin (20–

850 nm) polydimethylsiloxane (PDMS)

films[14–16,29,30] (liquid at room tempera-

ture) or polystyrene (PS) films[11,31] (glass

transition at about 105 8C), prepared by

spin coating and supported by silicon

wafers which were coated with a layer of

end-grafted PDMS or PS molecules.

The realization of such model systems,

and in particular the fabrication of polymer

brushes, either monomodal or bimodal, is

schematically shown in Figure 1 for PDMS.

From the dry thickness (e) of the mono-

modal brush (Mw ¼ 8 800 g �mol�1), deter-

mined by ellipsometry, the grafting density

(y) of the brush chains, y¼ e/(Na3), could be

deduced, with N being the number of

monomers per grafted chain and a

�0.5 nm, the statistical segment length.[30]

Due to the high grafting density, the chains

were preferentially oriented and stretched

in the direction normal to the silicon surface

causing a large entropy loss of the grafted

polymers.

Bimodal brushes resulted from a mono-

modal brush of short chains onto which we

have grafted a low number S (per unit

area) of longer PDMS chains (Mw ¼ 121 800

g �mol�1). The number of grafted long

chains was deduced from the difference

(De) between the thicknesses of the dry

monomodal and bimodal brushes using

the following equation S¼De/Za3, with Z

being the number of monomers of the long

grafted chains.

More details can be found in ref.[14,30] for

PDMS and in ref.[11,31] for PS.

Elastomeric Lenses

Drops of PDMS network were made from

vinyl-terminated PDMS chains with average

molecular weight of 9 400 g �mol�1.[29,30]

Macromol. Symp. 2005, 229, 81–9282

Figure 1.

Schematic drawing describing the two-step grafting

process used for the preparation of bimodal polymer

brushes employed as model systems for our studies.
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Cross-linking was effected via hydro-

silation. The spherical shape was obtained

by cross-linking a PDMS drop at the end of

a capillary tube giving radii of curvature

between 1 and 2 mm. Swelling experiments

in toluene revealed an average mesh size,

Mc, between 6 000 and 10 000 g �mol�1, i.e.,

the number of monomers between cross-

linked points, Nc, ranged from 81 to 135.

The cross-linked PDMS drops were only

used after extraction of the free chains.

Dewetting Measurements

We measured the displacement of the front

(Fr) and the rear (Re) position of the rim as

a function of time (Figure 2) using optical

microscopy.[14,15] The starting point of zero

distance (O) was set by breaking the silicon

substrate along a crystallographic axis in

two parts. By breaking the sample, we

created a three-phase contact-line between

the substrate, the film, and the surrounding

environment (mostly air purged with nitro-

gen), which represented the starting point

for dewetting. The dewetted distance (d) is

given by d(t)¼Fr(t) –O and the width of

the rim (w) is given by w(t)¼Re(t) – Fr(t).

From these measures, we obtained the

dewetting velocity (V) by taking diffe-

rences: V(ti)¼ [d(ti)�d(ti�1)]/(ti� ti�1). A

typical result is shown in Figure 3.

Friction Measurements

Friction measurements were performed

with a pin-on-disc device[29,30] (high tem-

perature tribometer from CSEM) schema-

tically shown in Figure 4. The tangential

force, F, induced a deflection of the force

sensor, which was transformed into an

electrical voltage proportional to the fric-

tion force. Weights mounted at the end of

the beam above the slider are applied to

produce the normal load. A low load (8 g)

was selected, just high enough to ensure

that the network drop stayed in contact

with the substrate. Temperature, radial

frequency, and radius of friction track

(2 mm) were controlled. The corresponding

linear velocity ranged from 15 mm � s�1 to

130 mm � s�1. The force was recorded

continuously. The contact area (A) was

determined in real time by a CCD camera.

Theoretical Considerations[17–20]

In a typical dewetting experiment, the

driving capillary forces Fd (uncompensated

Young force) are balanced by viscous

forces Fv (forces per unit length of the
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Figure 2.

Left: Typical optical micrograph showing dewetting of a thin PDMS film from the edge of a sample. Right:

Schematic representation of the experimental set-up. A typical shape of the rim, which is built up in the course

of dewetting, as measured by atomic force microscopy, is shown in the lower right corner. Note that the lateral

scale is about a factor of 100 larger than the vertical scale. On the left to the AFM image, we show an optical

micrograph representing the top view corresponding to the scheme. The spacing between successive

interference fringes is somewhat smaller on the left side indicating a steeper slope. This is confirmed by

the cross-section of the AFM image on the right. The contact angle determined directly by AFM or obtained from

the spacing of the interference fringes agrees nicely with the values obtained from Equation (2) (see later).
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three-phase contact line): Fd¼Fv. In a good

approximation, Fd is determined by the

contact angle (u) and the surface tension (g)

of the liquid: Fd¼ 0.5 � g � u2. Fv depends on

the hydrodynamics of liquid retraction on

top of the substrate. For non-slipping films,

the energy is dissipated in a small volume

located at the contact line. Then,Fv is simply

proportional to the viscosity (h) and the

velocity (V). In such dewetting experi-

ments, V has to be constant in time.[17]

However, long polymers on a non-adsorb-

ing substrate have been found to

slip.[14,15,19] In such cases, the energy is

dissipated over the whole moving part of

the film characterized by the width (w) of

the rim collecting the liquid from the

dewetted region. There, Fv¼ 3 �h �V �w/b.
The parameter b is called the slippage

length.

Fd ¼ 0:5 � g � u2 ¼ 3 � h � V � w=b ¼ Fv (1)

For non-volatile liquids like polymers, w

is related to the dewetted distance (d) by

mass conservation. For a film of thickness

(h) we obtain

d � h ¼ C � w2 � u (2)

The constant C (�0.1) accounts for the

asymmetric shape of the rim.[18] We want to

point out that Equation (2) allows to

determine the contact angle at any stage

of the dewetting experiment.

Equation (1) and (2) provide for the

time (t) dependence of d, w, and V the

following equations:

dðtÞ ¼ A � t2=3

wðtÞ ¼ B � t1=3

VðtÞ ¼ 2=3 �A � t�1=3 (3)

with the prefactors A and B, assumed to be

time-independent, being

A ¼ ð0:25 � g � C1=2Þ2=3 � u5=3 � b2=3

� h�2=3 � h�1=3 (4a)

B ¼ ð0:25 � g � C�1Þ1=3 � u1=3 � b1=3

� h�1=3 � h1=3 (4b)
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Figure 4.

Schematic view of the tribometer used in this study.

The pin is touching the disk at chosen distance away

from the rotation axis of the disk. Schematic illustra-

tions of the interface between the network and a

monomodal brush (top panel) or a bimodal brush

(bottom panel) are shown on the right part of the

figure.

Figure 3.

Dewetting of a PDMS film (92 nm, Mw ¼ 308 000 g �
mol�1) on top of a densely grafted brush of end-

functionalized PDMS molecules (brush thickness:

6.3 nm, Mw ¼ 8 800 g �mol�1). The temperature was

T¼ 50 8C. The front (Fr) and rear (Re) positions of the

rim as a function of time are shown by the squares

and circles, respectively. The position of the origin (O)

has been set to zero. The width (w) of the rim is given

by open diamonds. The full lines are best fits to the

data using the following equation: Y¼ Cst � (t�to)
a,

where Y stands for Fr, Re, and w, respectively. Cst is a

constant prefactor and to is the time-offset. Results

for the exponent a are given in the inset. For all our

experiments at low temperatures around 50 8C we

obtained (within the error-bar of about 0.05) expo-

nents a¼ 2/3 and a¼ 1/3 for the temporal increase of

d and w, respectively.
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Measuring the width of the rim at time ti
and determining the velocity from the

temporal increase of d, we get b directly

without any fitting [i.e., without the use

of Equation (3)] for any time interval

(ti� ti�1). This opens up the possibility to

check for possible temporal changes in b. In

particular, we do not have to assume any

exponent for a power-law relation between

d and t.

bðtiÞ ¼ 3 � h � VðtiÞ � wðtiÞ
FdðtiÞ (5a)

Using A and B obtained from fits [based

on Equation (3)] to the curves of d and w as

a function of time, respectively, (i.e.,

assuming that b and u do not depend on

time) we get:

b ¼ 2 � h �A � B
Fd

(5b)

Results and Discussions

Autophobic Behavior of Polymers

Experimentally, the surface tension g of a

liquid is usually found to decrease with

increasing temperature, implying an

increase of the excess interfacial entropy

(DS). In the case of autophobicity, an

interfacial tension is created between

identical molecules. When polymers are

attached to a surface, e.g., by permanently

grafting these molecules at one end to the

substrate, theory expects a reduction of the

interfacial entropy rather than an increase

when a melt penetrates a grafted polymer

layer (polymer brush). The penetration and

the wettability of grafted (or adsorbed)

polymers by the melt of identical molecules

are quite important phenomena by them-

selves in the context of adhesion and

friction or the compatibilization of polymer

blends using block copolymers. In particu-

lar, it is relevant to know if wettability,

adhesion, or compatibility improve (posi-

tive DS) or decrease (negative DS) at

elevated temperatures. The phenomenon

of autophobicity becomes clearly visible in

both, static and dynamic systems, i.e.,

droplets of a polymeric liquid or the

dewetting of a polymer film on its own

monolayer. Contact angle measurements

allow to determine the interfacial gMB

tension between melt and brush, as we

show below in Figure 5–7 for PDMS

droplets.[16]

From u(T) we determined the interfacial

tension gMB(T) between the melt and the

brush for different temperatures using the

following relation, based on Young’s equa-

tion and assuming that the melt and the

brush have about the same surface ten-

sion.[4,32]

gMBðTÞ ¼ gLVðTÞ½1� cos uðTÞ� (6)

Macromol. Symp. 2005, 229, 81–92 85

Figure 5.

Part A: Optical microscopy image of a small PDMS droplet on a PDMS brush. The white light interference

(Newton) rings reflect the contact angle u, which was also measured by AFM. The scheme below shows how u

was determined. Part B: Cartoon to illustrate (a) the steric (entropic) problems when an incoming extra polymer

chain will encounter (b), it penetrates the already rather dense polymer brush in order to get grafted to the

substrate.
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For the temperature dependence of the

surface tension of the melt (gLV) we used

the results found by Sauer and Dee:[32]

gLV¼C1 + C2T, with C1¼ 22.05 mN �m�1

and C2¼�60 mN �m�1 � 8C�1.

Within experimental uncertainties due

to contact angle hysteresis and systematic

errors in the contact angle measurements,

all our experiments indicate that, extra-

polating our results to lower temperatures,

gMB(T) tends to zero at absolute zero

temperature. Noting that d[gMB(T)]/

dT¼DSMB, gMB(T¼�273 8C)� 0 N �m�1

implies that the interfacial tension is of

purely entropic origin, corroborating that

the brush-coated wafers do not allow for

enthalpic interactions (e.g., adsorption).

The excess surface entropy DSsurf of a

PDMS melt was found to be positive and of

the order of þ60 mN �m�1 � 8C�1.[32] Here,

for the excess interfacial entropy DSMB be-

tween PDMS brush and PDMS melt, we

Macromol. Symp. 2005, 229, 81–9286

Figure 6.

Typical optical micrographs showing the influence of temperature on the contact angle u for the studied melt-

brush system. The droplet, obtained by dewetting, was photographed at 30 and 130 8C, respectively.

The interference fringes become narrower as temperature increases. The change in u and the interfacial

tension (gMB) between melt and brush after 1 h equilibration at 130 8C are: Du¼ 2.3� 0.28 and D gMB¼þ30�
1.3 mN �m�1.

Figure 7.

Influence of temperature (T) on contact angle u and interfacial tension gMB for three (A, B, C) PDMS droplets with

diameters between 20 and 50 mm residing on PDMS brushes. A: u and (B) gMB as a function of increasing (open

symbols) and decreasing (full symbols) T. The droplets were equilibrated at each temperature until no further

changes could be detected. Usually this took about 5 min. Due to slight differences in the absolute values we

had to use different y-axis (left axis for droplets B and C). The dotted lines serve as guides to the eye. Note the

pronounced hysteresis and the fluctuations around the dotted lines, which we attribute to contact line pinning.
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found a value about two orders of magni-

tude lower. Furthermore, and even more

importantly, the value of DSMB was nega-

tive, as expected theoretically. This means

that from the entropy point of view it is

better to keep melt and brush separated

than to bring them in contact, although

both consist of chemically identical mole-

cules.

Determining Contact Angle and Slippage

Length from Dewetting Experiments[14,15]

In order to be as close as possible to the

assumptions made by theory, in particular a

non-adsorbing interface, we have chosen

the polymer brush-melt system described

above which avoided specific interactions

between different chemical species. As

explained before, measuring the dewetted

distance and the width of the rim simulta-

neously allowed us to determine the contact

angle in situ and in real time based on the

assumption of mass conservation [see

Equation (2)]. Typical results are shown

in Figure 8. It should be noted that, due to

small differences in the brush properties,

the value of the contact angle differed

between samples but it was rather constant

in time. In spite of this high sensitivity on

conditions of preparation, most of the

studied samples showed values within a

narrow band from 4 to 108.[14]

We could determine the dewetting

velocity, the width of the rim, and the

driving force (i.e., the contact angle)

independently. This allowed us to use both

Equation (5a) and (5b) to determine the

slippage length for our system. Both ways

yielded very similar results. The results for

T¼ 130 8C are shown in Figure 9. It should

be noted that our samples did not allow to

find a clear relation between contact angle

and slippage length.[14]

We want to emphasize that we have

determined and varied all relevant para-

meters independently. h was varied by

taking different monodisperse polymer

fractions or by performing experiments at

different temperatures, the values of g are

tabulated[32] and do not vary much for the

molecular weights of the chosen polymers, u

was determined from mass conservation

[Equation (2)] and b from the balance

of viscous and capillary forces [see Equa-

tion (1)]. Consequently, our macroscopic

dewetting experiments allowed us to obtain

time-resolved information on interfacial

Macromol. Symp. 2005, 229, 81–92 87

Figure 8.

Contact angles as determined from Equation (2) for

various films dewetting the underlying PDMS brush at

T¼ 50 8C as a function of time. The films have the

following thicknesses: 47 nm (triangles), 49 nm

(squares), 92 nm (circles), and 135 nm (diamonds).

The lines represent guides to the eye. For almost all

our samples u(t) turned out to be constant or only

slightly decreasing (about 10%) in time.

Figure 9.

Slippage length as determined from Equation (5a),

averaged over the whole time range of the experiment

(open circles), and deduced from the prefactors A and

B (full squares) using Equation (5b) as a function of

film thickness on double logarithmic scales. Data

were obtained at T¼ 130 8C.
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properties like the slippage length or the

dynamic contact angle. In addition, all

other relations between the above para-

meters can be found, e.g., the velocity

dependence of b or the relation between

the friction coefficient k and u. We note

that, in contrast to most other dewetting

experiments, we were measuring the

dewetted distance and the width of the

rim simultaneously. This allowed us (1) to

test theory and (2) to determine contact

angle and slippage length, even without any

fitting or the ‘‘guess’’ of additional para-

meters.

Wewant to draw the attention to the fact

that the observed slippage length was quite

large (of the order of 10 mm). b is related to

the friction coefficient k (per area a2 of a

monomer) by k¼ h/b. A comparison

between a typical value for k obtained in

our experiments and the value of the

monomeric friction coefficient[33] ko¼
3.7� 107 Pa � s �m�1 shows that only a few

(x) frictional contacts (per unit interfacial

area) contributed to the measured friction

(k¼ x � ko). This implies that the free

molecules could penetrate only very little

into the densely grafted brush.[4,16] Less

perfect brushes of slightly lower grafting

density showed lower u and much lower b,

i.e., deeper interpenetration.

We also want to add a word of caution,

which at the same time shows the high

sensitivity of our approach. Although we

prepared rather excellent polymer brushes

(a necessary pre-requisite for the autopho-

bic behavior in first place: ‘‘bad’’ brushes,

i.e., brushes of low or heterogeneous

grafting density, did not show dewetting

at all) our samples differed nonetheless

somewhat, expressed by different contact

angles and slippage lengths. Thus, these

values have to be determined for each

sample individually. Without knowing the

exact values of u and b, one cannot

determine the correct thickness depen-

dence of the prefactors A and B and may

erroneously question theory. Conse-

quently, only after having determined these

two parameters (u and b) one can compare

the behavior of different samples, even

if these samples have been prepared exactly

the same way and even if the thickness of

the grafted layer was constant within the

resolution of ellipsometry (0.2 nm). The

difference in dewetting behavior between

samples does not result from inaccurate

measurements as demonstrated by repeat-

ed measurements on the same sample,

which give the same results.

The parameters u and b characterize

static and kinetic interfacial properties,

respectively. These two parameters can

vary independently. Samples with the same

contact angle may exhibit rather different

values of b. As we show later in this paper,

adding a few connector molecules (the

same as the brush molecules but of higher

molecular weight) to a polymer brush can

significantly slow down (or even stop)

dewetting.[31] However, as long as the

number of these connector molecules is

low, no measurable change in the contact

angle could be detected.

Comparing Friction Coefficients Obtained

by Dewetting and Independent Friction

Experiments[29,30]

In order to compare our results obtained in

dewetting studies with results from ‘‘classi-

cal’’ friction experiments, we have also

performed measurements with a standard

tribometer. Figure 10 shows the friction

force F per unit area A (i.e., F/A) as a

function of sliding (drive) velocity VS for

two different substrates. We can distinguish

two qualitatively different behaviors. The

first is a quasi velocity-independent friction

for systems where molecules at one surface

were immobile and could not penetrate the

PDMS network (hydrophobic silicon

wafers coated with a chlorodimethylvinyl-

silanemonolayer (Si-CDMVS)). This beha-

vior is well known for elastomers sliding on

solid surfaces.[34]

The second type of behavior showed a

more pronounced velocity dependence of

friction and concerns PDMS coatings. At

the lowest velocities, these systems exhib-

ited significantly lower friction (though

increasing with velocity) whereas at the

highest velocities such systems behaved

Macromol. Symp. 2005, 229, 81–9288

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



like solid substrates. These two regimes

were separated by a transition zone with

quite important fluctuations of the friction

force.[30] The solid line in Figure 10 gives

the calculated friction expected for a planar

smooth interface of monomers according to

(F/A)MONOMER¼ (z1/a
2) �V, using the value

of z1/a
2¼ 3.7� 107 Pa � s � m�1 given in

ref.[33] At low velocities, our measured

values are higher than (F/A)MONOMER. This

can be attributed to a frictional contribu-

tion of more monomers than contained in a

planar interface. Consequently, we assume

that there is a small penetration of some

brush monomers into the network, which,

however, decreased to about zero at the

point where the measured value of F/A and

(F/A)MONOMER became equal and the net-

work started to slide on top of the ‘‘solid-

like’’ brush surface. We note that the

velocity at this transition is comparatively

low. In spite of obvious differences in the

experimental approach, the results

obtained for sliding a PDMS network on

a PDMS brush fully corroborate our

conclusions drawn from dewetting of a

PDMS melt on a PDMS brush.

The behavior of bimodal brushes with

respect to friction is presented in Figure 11.

There, the number of long chains fixed

within the densely grafted brush of much

shorter polymers is always comparatively

low. These long polymers are able to

penetrate into the elastomer and are thus

acting as ‘‘connectors.’’ Naively, one

expects that such connectors make it more

difficult to slide the elastomer over the

brush surface, i.e., the presence of long

chains should increase friction. However,

comparing a mono-modal brush of short

chains (little interpenetration) with bimo-

dal brushes of controlled number of con-

nectors, we observed two opposing trends.

At the lowest sliding velocities, adding

connectors increased friction, consistent

with observations by Brown.[33] This has

to be contrasted to the behavior at higher

velocities where the same connectors led to

a reduction of friction, even below the value

of (F/A)MONOMER. Such a lubrication effect

(within a certain velocity window) is

surprising because it is not (yet) expected

by theory. However, it has to be noted that

theory did not consider in detail how the

extracted connectors interact with each

other and how this intercalated layer of

strongly deformed polymers affects fric-

tion. Our experimental results clearly show

Macromol. Symp. 2005, 229, 81–92 89

Figure 11.

Variation of F/A with VS for different numbers (S) of

connectors (per unit area). þ, S¼ 0 (monomodal

brush, Mw ¼ 8 800 g �mol�1); ^, S¼ 0.0068; &,

S¼ 0.016; D, S¼ 0.027; *, S¼ 0.094 con-

nectors � nm�2. The mesh size of the network is

6 600 g �mol�1.

Figure 10.

Variation of the shear stress F/A with sliding velocity

VS for two different substrates: &, silicon wafer

coated with CDMVS and *, monomodal brush of

short chains (e¼ 6.6 nm, Mw ¼ 8 800 g �mol�1,

S¼ 0.44 chains � nm�2). The thick solid line repre-

sents the calculated value of F/A for a network sliding,

on a planar surface of monomers, using (F/A)MONO-

MER¼ (z1/a
2) � V with z1¼ taken from ref.[33]
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that such a layer can act as an effective

lubricant.

Determining the Force per Polymer
Chain Necessary to Pull it out of
its own Melt[31]

As mentioned in the ‘‘Introduction,’’ tiny

changes at interfaces can provoke rather

dramatic consequences. In the above

experiments, we have used rather simple

and well-defined model systems of polymer

brushes of short molecules grafted at a

sufficiently high grafting density to cause

autophobic behavior. In many cases, how-

ever, polymers are not grafted to surfaces

but they are rather physically adsorbed. In a

first approximation such an adsorbed layer

can be considered as a brush but consisting

of polymer chains having different lengths

(‘‘pseudo-brush’’). In the next step of

approximation, we have reduced such a

pseudo-brush to a bimodal brush consisting

of two chain lengths only.Wemodeled such

bimodal brushes systematically by anchor-

ing a controlled number of long chains into

the brush of short chains. As shown in

Figure 12, these long chains act also as

‘‘connectors’’ in dewetting, similar to the

friction experiments described above. We

expect that dewetting can be stopped and

films can be stabilized when a sufficiently

high number of connectors are grafted onto

the brush.

In Figure 13, we present results from

dewetting studies where we varied the area-

density of connectors systematically. These

experiments were performed with PS, but

similar results have also been obtained for

PDMS. Our results demonstrate quite

nicely that even at relatively low grafting

density, e.g., one connector per 1 000 nm2

for connectors of 126 kg �mol�1, a signifi-

cant reduction in dewetting velocity can be

observed. Based on such systematic studies,

Macromol. Symp. 2005, 229, 81–9290

Figure 12.

Schematic drawing of a moving rim of a thin film on a

dense polymer brush driven by capillary forces and

competing against pull-out forces due to ‘‘connector’’

molecules. Brush, connectors, and film are made from

some type of polymer.

Figure 13.

Dewetting velocity (V) of PS (Mw ¼ 43 kg �mol�1) on PS brushes (Mw ¼ 9 kg �mol�1), normalized by the velocity

(V0) without connectors, as a function of area-density of connectors (n) for (a) Mw ¼ 44 kg �mol�1 and (b) Mw ¼
126 kg �mol�1 connectors. The solid lines represent a fit to the data based on a model described in detail in ref.[31]
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we were able to obtain (by extrapolation)

the minimal density of connectors, which is

needed to stop dewetting. It becomes clear

that this density is significantly lower for the

longer connectors than for the shorter ones.

In the following we attempt to explain

this behavior based on the molecular

mechanisms involved. The motion of the

rim is determined by the balance of driving

capillary forces (Fd), diminished by the

resisting pull-out forces (Fp) due to the

connectors, and the viscous forces (Fv) (all

forces are per unit length of the contact

line): Fd�Fp¼Fv.

Assuming that the curvature of the rim is

constant, Fd is approximately 0.5 g u2, with

u being the static contact angle and g the

surface tension of the melt.

The total resisting pull-out force is

proportional to n times the distance (L)

the connectors are stretched during the

pull-out process (all connectors within L

experience a force):

Fp � nL f* (7)

f * is the pull-out force per chain, which

results from two effects.[35] The chains do

not want to be exposed to air. As they resist

being pulled out they get stretched, which

reduces their entropy.

In the limit of V! 0 (no dewetting), Fd¼
Fp and thus we can obtain f *¼ n L/Fd.

Taking into account that at maximum a

connector can be pulled by the contact line

over its full length (i.e., L¼Na), we get

f *¼ nNa/Fd. From our experiments, we

obtain that f * is about 3� 10�13 N. As

expected from above considerations and

theory, this value does not depend on the

molecular weight of the connectors used.

Conclusions

From the results presented here we can

clearly and unambiguously conclude that

polymers cannot only dewet but even slip

on their own brush as a consequence of

autophobicity. Moreover, our polymer

systems are ideally suited for testing

theoretical predictions of the consequences

of slippage in dewetting. From measures of

the dewetted distance and the width of the

rim collecting the retracted liquid we

determine in a straightforward way the

‘‘incompatibility’’ between free and grafted

identical molecules, expressed by the con-

tact angle, and the interfacial friction

characterized by a slippage length. The

theoretically predicted relations between

velocity, energy dissipation, capillary driv-

ing force, viscosity, and film thickness have

been successfully verified. Based on these

relations, we also have access to an

interpretation of the changes in interfacial

properties in the course of the experiment,

impossible for any other technique of such

simplicity. In addition, detailed information

about polymeric friction and adhesion can

be obtained. Thus, dewetting experiments

provide a practical and fast means for

interfacial characterization, both static and

dynamic.

In summary, it is not always necessary to

employ sophisticated techniques to access

molecular parameters, an optical micro-

scope may be sufficient. Of course, model

systems like the ones used here, which

allow to precisely control relevant para-

meters and which permit clear observa-

tions, form the basis of such experiments.

Then, even rather ‘‘cheap’’ experiments

provide a profound insight into processes at

molecular scales. The examples mentioned

here clearly demonstrate this possibility.
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