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Disentanglement Time of Polymers Determines the Onset of Rim Instabilities in Dewetting
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Molecular relaxations determine the viscoelastic properties of polymers, which, in turn, control
macroscopic processes like dewetting. Here, we demonstrate experimentally that the onset of rim
instabilities is correlated with the longest relaxation (‘“‘reptation’) time of the dewetting polymer.
Conversely, such experiments allow us to determine the reptation time of polystyrene in thin films as a
function of molecular weight. Our approach opens up new possibilities for testing rheological properties

of polymers confined in thin films.
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Since the successful introduction of the reptation model
by de Gennes [1] and Doi-Edwards [2—5], which describes
how chainlike polymers move in a melt of identical chains,
considerable effort has been directed to improve the origi-
nal model. Several major theoretical refinements such as
tube length fluctuations [6] or convective constraint release
[7] were proposed. In systems like thin films, chain move-
ment may be affected by confinement. Thus, we have to
experimentally probe and to understand polymer relaxa-
tion mechanisms in thin films. However, in spite of the
great relevance of direct measurements of the longest
relaxation times, i.e., reptation (disentanglement) times,
there are only a few such measurements of disentangle-
ment times in thin films. The time dependence of interdif-
fusion of long polymer chains was previously studied by
neutron reflectivity [8—11] and more recently, Richter and
coworkers estimated the reptation time of polymeric sys-
tems by neutron spin-echo spectroscopy measurements
[12]. In addition, relaxation dynamics of end-to-end vec-
tors (normal modes) in ultrathin films, much thinner than
the unperturbed dimension of polymer chains, were also
investigated by dielectric spectroscopy [13,14]. Recently,
Dutcher and coworkers have shown that microscopic mea-
surements of hole growth in freely standing polystyrene
films allow us to observe a shear deformation and therefore
provide a possible test case for the tube theory of entangled
polymer dynamics [15].

In this Letter, we report a novel concept, also based on
microscopy measurements, which allows us to extract
reptation times from the rim instability for nanoscale poly-
mer films dewetting at temperatures close to the glass
transition. We will demonstrate that, and explain why, the
onset time of such rim instabilities, occurring at the tran-
sition between two dewetting regimes, is related to the
reptation time.

On nonwettable substrates and for thicknesses lower
than the critical thickness (h,) determined by gravity,
polymer thin films are not stable and will eventually dewet.
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Dewetting starts after the formation of a three-phase con-
tact line where substrate, film, and environment (e.g., air)
meet. The dynamics of the movement of this contact line is
determined by the balance of capillary driving forces (ac-
tion) and dissipation (reaction of the moving part) into the
rim collecting the dewetted fluid. One or more dissipation
mechanisms may be at work depending on the substrate-
fluid interaction and the nature of the fluid. On slippery
substrates [16,17] and for polymer melts such as polydi-
methylsiloxane (PDMS), which at the time scale of the
experiment are purely viscous (i.e., with very short disen-
tanglement times), Reiter and Sharma reported [18] that
dewetting of polymers leads systematically to shape fluc-
tuations of the rim (variations in height and width) and
subsequent fingering instabilities. The whole process is
governed by a minimization of the surface energy and
driven by Laplace pressure.

For the experiments presented here, we used thin poly-
styrene (PS) films spin-coated from toluene solution onto
silicon wafers coated with a nonwettable PDMS thin layer.
The length of the polymer varied as expressed by the
molecular weights, M,: 035, 50, 110, 233, 390, and
600 kg/mol. Polymers were supplied by Polymer Source
and have polydispersity index /,, (as defined by the ratio of
the weight average and number average molecular weight)
of less than 1.1. Film thicknesses ranged from 50 to
100 nm, as measured by ellipsometry. We followed the
dewetting of a straight line from the edge of the sample as a
function of time with a CCD camera. The resulting micro-
graphs have been analyzed with the IMAGEJ software [19].

Dewetting of viscoelastic materials on slippery sub-
strates is controlled by dissipation of the capillary energy
within the polymer film and via friction between the poly-
mer chains and the substrate surface. We have shown
previously that the shape of the rim allows us to clearly
distinguish between two dewetting regimes. These dissi-
pation regimes are also separated by a transition in the time
dependence of the dewetting velocity occurring at a char-
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FIG. 1. (a) Dewetting dynamics of a polystyrene film (M,, =

110 K, hyg = 60 nm, T = 120 °C) together with the correspond-
ing dissipation mode. The dashed line in the logarithmic plot V
versus ¢ represent the characteristic time 7*. Typical optical
micrographs (45 X 45 um?, the thickness dependent contrast
is based on interference of light reflected at the film and the
substrate interface) and corresponding atomic force microscopy
profiles of (b) a stable asymmetric rim (M,, = 110 kg/mol,
ho =75 nm, T = 120 °C) in the elasticity dominated regime
and (¢) an undulating rim shortly after 7* (M,, = 50 kg/mol,
ho =100 nm, T = 125 °C).

acteristic time 7" [20]. As shown in Fig. 1(a), 7 corre-
sponds to the transition from the elasticity dominated
regime to a viscosity dominated regime.

For t < 7", dewetting is highly affected by elastic be-
havior of the polymer, leading to the formation of asym-
metric rims [Fig. 1(b)], with a steep side at the three-phase
contact line and an exponential decay toward the film
[21,22], as can be deduced from the interference contrast
(succession from light brown to dark blue, for example).
Asymmetric rims are found to be highly stable against
transversal fluctuations [Fig. 1(b)]. This result is consistent
with the fact that Laplace pressure is not equilibrated
within the rim as clearly demonstrated by its asymmetric
shape. Thus, transversal flows within the rim as observed in
purely viscous systems like PDMS are not expected as long
as the elastic behavior dominates. At 7%, the systems enters
the viscous dissipation dominated regime where the
Laplace pressure within the rim can be minimized. The

resulting constant Laplace pressure leads to a more sym-
metric rim shape which is a necessary condition to observe
the transversal undulations in the rim [Fig. 1(c)]. For ¢ >
7", in the mature regime, the dewetting velocity can be
found by equating the friction force, F; = (n/b)wV, to the
capillary force, F, = |S| which yields the following rela-

tion:

S|b
V:iw—l
n

where V, S, b, n, and w are the dewetting velocity, the
spreading coefficient, the slippage length, the polymer melt
viscosity, and the width of the rim, respectively. Solving
this time-dependent equation, taking into account the mass
conservation, gives the well-known relation V ~ r~1/3 [23]
which is consistent with our experiments [see Fig. 1(a)].
In contrast to previous studies of Plateau-Rayleigh in-
stabilities of static liquid threads [24,25], we are dealing
with a moving contact line. Moreover, the theory of the
Plateau-Rayleigh instability was constructed for a the de-
formation of a ridge bound by two coupled contact lines. It
leads to a characteristic wavelength which is proportional
to the width of the ridge. However, for moving rims in the
case of dewetting, there is only one three-phase contact
line, denoted as the front side. As can be seen in Fig. 1(c) or
in the insets of Fig. 2, the deformation of the three-phase
contact line drives the instability whereas the other side of
the rim, denoted as the rear side, is in contact with the film
and stays stable. Another difference to static ridges is that,

50
v PDMS 25 nm

PDMS 31 nm
> PDMS 49 nm
40 PDMS 60 nm l
PDMS 75 nm &
Y¢ PS 100 nm T
30 [ 1

s

3,
b

Rim Fluctuation Wavelength [um]

Width of the Rim [um]

FIG. 2. Dependence of the average wavelength (A,) of the
rim undulations on the width (w) of the rim for PDMS thin films
(M,, = 308 kg/mol, 25 nm < hy <75 nm) on PDMS-grafted
substrates [26] and for a PS thin film (M,, = 50 kg/mol, hy, =
100 nm) on an adsorbed PDMS substrate. The insets show
typical optical micrographs of the undulating edge taken during
the dewetting experiment of (a) PDMS films on grafted PDMS
substrates [26] and (b) a PS film on an adsorbed PDMS substrate.
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in the course of dewetting, the rim continuously grows by
fluid accumulation. Because of the continuous increase of
the rim width, the wavelength A, characterizing the un-
dulation of the deformed contact line (before droplet for-
mation) continuously increases in time but always remains
proportional to the rim width (Fig. 2). We found A, =
(2.1 = 0.2)w during all the dewetting experiment. We want
to point out that our experimental results are in excellent
agreement with previous experiments using PDMS thin
films on grafted PDMS substrates (see Fig. 2) [26].
Shown in the Fig. 2, the cumulative presentation of data
obtained for different polymers and various film thick-
nesses illustrates the universal behavior of the instability.
Moreover, the evolution law characterizing the instability
(Aexp = (2.1 = 0.2)w) is also in agreement with the theo-
retical ratio of wavelength to width (Ay, = 2.5w) of a
contact line instability presented in Ref. [27] based on a
numerical resolution of the Navier-Stokes equation in the
lubrication approximation.

The rim instability only appears after passing from the
elasticity dominated to the viscosity dominated dissipation
regime of dewetting. Consequently, a characteristic time
exists to equilibrate the Laplace pressure within the rim,
which, in turn, allows to obtain a symmetric rim morphol-
ogy, necessary for the rim instability. Therefore, we can use
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FIG. 3. Semilogarithmic plot of the temporal evolution of the
normalized contour length [[(f)/[,] of the unstable three-phase
contact line versus time (reduced to the reference temperature of
120 °C by the Williams-Landel-Ferry law [10]), measured for
thin PS films of different molecular weights (M ,,): 35 (triangles),
50 (circles), 233 (lozenges), 390 (squares), and 600 kg/mol
(stars) and dewetted at 120, 125, 140, 145, and 150 °C, respec-
tively. The inset shows I(¢)/l, as a function of time for 35
(triangles) and 50 kg/mol (circles).

the onset of this instability for determining the time, 7*
which characterizes the transition between the two dewet-
ting regimes. As shown before, the wavy shape of the
unstable rim, and consequently its contour length at the
contact line, increases as dewetting proceeds. In order to
obtain 7*, we have measured this contour length as a
function of time for different polystyrene molecular
weights. The initial contour length of the straight and
stable rim, [, is determined at the beginning of the dewet-
ting experiment, before the onset of any transversal fluc-
tuation. The formation of bulges and subsequent fingers
increases the length of the three-phase contact line. As
shown in Fig. 3, the dynamics of the instability is strongly
dependent on the molecular weight, which is in agreement
with the expression of the characteristic velocity of the
liquid expressed by V* = y/n [17] using vy, the surface
tension, and 7, the viscosity. The evolution of the contour
length, represented via the ratio I(r)/I, as a function of the
dewetting time, follows an exponential behavior described
by the relation: I(r)/l, = /4, where At =t — 7" and A
corresponds to the exponential rise time. This relation
allows to determine via extrapolation on the semilogarith-
mic plot an onset-time where (z) /[, starts to become larger
than unity. Using such a procedure we were able to evalu-
ate the onset time of undulations for different polystyrene
molecular weights (see Fig. 3). Considering the large
differences in dewetting dynamics with molecular weight
(i.e., viscosity), we had to employ different temperatures
for dewetting.

Figure 4 summarizes our results for 7* and compares
them with various experimentally determined values of the
disentanglement time, 7,. This comparison clearly and
unambiguously shows that the characteristic time 7 co-
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FIG. 4. Onset times of rim instabilities, 7%, together with
disentanglement times, 7, versus molecular weights. 7, was
obtained by neutron reflectivity (circles) and viscosity measure-
ments (lozenges). The full line in the logarithmic plot of 7*, 7,
versus molecular weights corresponds to the relation: 7, ~ M>%.
The error bars reflect the variance of the repeated measurements.
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incides well with disentanglement times obtained by neu-
tron reflectivity [9—11] and viscosity measurements [28].
Therefore, we argue that determining the onset of rim
instabilities represents a reliable way for measuring the
longest relaxation time of a polymer melt. The measure-
ments are simple and fast and can be performed under
various conditions. This approach is ideally suited for
testing theoretical predictions on relaxations in thin films
for all fluids undergoing a transition from an elasticity to a
viscosity dominated behavior as we have shown here for
entangled linear polymers. Interestingly, our results sug-
gest that the relation 7, ~ M>* observed and theoretically
predicted for bulk systems remains also valid for polymer
thin films.

In summary, our results corroborate the assumption that
a Plateau-Rayleigh instability is also at the origin of the
undulation mechanism of a moving dewetting rim which
eventually leads to a fingering instability. It became clear
that this mechanism is only effective in a viscosity domi-
nated regime of dewetting when Laplace pressure is deter-
mining the shape of the rim. Besides the study on the
fundamental physics of why and how such instabilities
develop, our most remarkable result concerns the use of
the onset of this instability as an attractive experimental
tool for observing relaxation processes in complex fluids
and for determining the disentanglement time of nano-
metric polymeric films. This opens up new possibilities
for testing polymer dynamics in confined geometries,
maybe even for dimensions less than the size of the un-
perturbed polymer coil. We hope that our experimental
results presented here will stimulate corresponding theo-
retical works.
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