
stant film thickness, elastic deformations should be inde-
pendent of Mw (the elastic modulus is determined by the
mass between entanglements, Me). Instead, we observed a
large increase of strain with chain length. The behavior of
shortest studied PS chains is close to the one of equili-
brated samples, the departure from equilibrium being very
large for high Mws.

As ! is given by the ratio of"=E, the very large values of
! and its increase with Mw may be linked to larger residual
stresses and/or smaller elastic modulus, both parameters
that could be related to the preparation of the films by spin
coating. First of all, high strains were observed even for
film thicknesses much larger than the unperturbed dimen-
sion of the chains. Thus, chain confinement can be ruled
out as the cause for high values of !. At room temperature,
PS is a glassy polymer (Tg ! 373 K) and thus rapid solvent
evaporation is similar to a thermal quench from the melt
(the PS/toluene solution vitrifies at room temperature for a
polymer volume fraction # of about 80%) [4]. In addition,
in entangled polymer solutions, the molar mass of the
chain segments between entanglements, Me, is strongly
related to # (Msln

e !Mmelt
e #"5=4) [11]. Thin spin-coated

films of PS were obtained from solution with# around 1%,
having an entanglement density reduced by several orders
of magnitude. Thus, depending on the solvent evaporation
rate and the relaxation times of polymer chains (strongly
varying with Mw), the entanglement density in the dry
spin-coated films should be somewhere in between the
low value of the initial solution and the one of equilibrated
melts. As an ultimate limit, PS films can be composed of an
assembly of independent, nonentangled, fully collapsed
polymers. A related decrease of interchain entanglement
density was recently reported from a study of plastic
deformation of thin PS films [12].

We know that spin-coated PS films should exhibit
stresses; i.e., chains are trapped in strongly out-of-
equilibrium conformations. In addition, the elastic modu-
lus of such spin-coated thin PS films should be low, be-
cause an increase of Me induces a decrease of the modulus
according E # $RT=Me. In agreement with the evolution
of the strain (Fig. 3), less entangled states should be more
pronounced for highMws, because of long relaxation times
and short evaporation stage. Interestingly, ! saturated for
high Mws (>300 kDa) (Fig. 3) which may either be inter-
preted by constant or by simultaneously decreasing/in-
creasing values of E and ", independent of Mw. We note
that Msln

e # 300 kDa for # $ 10% which may give a hint
on the origin of the Mw independence of !.

The dewetting dynamics of thin PS films should be
strongly influenced by a reduced initial entanglement den-
sity and by the subsequent reentanglement process. As
shown in Fig. 1, we could define two transition times, %V
and %W , associated with transitions in dewetting velocity
and in the rim shape, respectively. Their evolutions with
temperature and chain length will be discussed in the
following.

First, we can identify a transition time %W , correspond-
ing to a change in morphology of the rim, defined by the
time required to reach the maximum value of the rim
width. After %W , the rim width either remained constant
or decreased; i.e., the highly asymmetric rims became
more and more symmetric. Evolutions of %W with dewet-
ting temperature and Mw are shown in Fig. 4. Surprisingly,
the relaxation of the rim strongly depended on the chain
length. For low Mws, this relaxation was clearly related to
the reptation of the whole chains, %W ! %rep. In contrast,
for high Mws, very large deviations with respect to bulk
reptation times were observed, the most striking feature
being the independence of %W on chain length.

As shown in Fig. 4, the evolution of %W with temperature
is well described by the Vogel-Tammann-Fulcher (VTF)
law of bulk PS [13], suggesting that this relaxation process
is dominated by the segmental mobility of PS chains.
Moreover, the observation of a plateau value for Mw >
300 kDa suggests that the relaxation of the rim only re-
quires the motion of a part of such long chains. For the
longest chains studied, we found %W % %rep. Interestingly,
the evolution of %W with Mw qualitatively follows the
Mw dependence of the strain (Fig. 3).

As previously proposed, the relaxation of the rim shape
can be directly related to the relaxation of the residual
stress [10,14]. Our observations thus indicate that the
major fraction of the residual stress can be relaxed via
Rouse motion of parts of the polymer chain, their maxi-
mum length being fixed by the entanglements density. It
should be noted that even after %W the conformations of
long chains probably still remain out of equilibrium; i.e.,
most of the residual stresses may relax without fully re-
entangling the polymers.

(a) (b)

FIG. 4. Evolution of the relaxation times %W and %V deduced
from the rim width and the dewetting dynamics with (a) dewet-
ting temperature for PS (Mw # 654 kDa) and (b) molecular
weight (dewetting temperature 403 K). The film thickness was
set at 100 nm. For both graphs, the solid line corresponds to bulk
reptation times as determined from rheological measurements
(from Refs. [20,21]).
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