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We compare the high velocity dewetting behavior, at elevated temperatures, of atactic polystyrene (aPS)
and isotactic polystyrene (iPS) films, with the zero shear bulk viscosity (17,,) of aPS being approximately
ten times larger than iPS. As expected, for aPS the apparent viscosity of the films (4) derived from high-
shear dewetting is less than ., displaying a shear thinning behavior. Surprisingly, for iPS films, 7, is
always larger than 7, even at about 50 °C above the melting point, with # /1,y following an Arrhenius
behavior. The corresponding activation energy of ~160 + 10 kJ/mol for iPS films suggests a cooperative
motion of segments which are aligned and agglomerated by fast dewetting.
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Processes like the molding or extrusion of polymers are
often performed at rates which are significantly higher than
the reciprocal value of the intrinsic relaxation time of the
molecules [1-3]. The corresponding chain dynamics under
such nonequilibrium conditions has generated significant
interest [4-6]. In contrast to amorphous polymers and
despite their large practical significance, nonequilibrium
dynamical behavior of crystallizable polymers in the
molten state has not received much attention, except for
a few reports [7,8]. It is often implicitly assumed [9] that, at
elevated temperatures (above the melting temperature, 7',,),
crystallizable and amorphous polymers behave similarly. In
fact, for equilibrated melts of polystyrene, polypropylene,
and polymethylmethacrylate, it has been shown that the
viscosity depends only on molecular weight and the
number of entanglements, but not directly on tacticity
[10-12].

As a consequence of the stretching of chains, polymers
exhibit a different dynamic behavior when subjected to
shear or elongational flow [13—17]. Moreover, for crystal-
lizable polymers, it was shown that shear enhances the
probability of obtaining oriented structures with higher
packing density as, e.g., expressed by a higher nucleation
probability when cooled to T < T, [18,19]. As a conse-
quence of dense packing, any movement of a monomer will
have an impact on other monomers within a cluster of
oriented segments and hence could induce a cooperative
process. Cooperativity in monomer motion due to density
or orientation fluctuations has been suggested earlier in the
context of spinodal decomposition and chain folding during
the early stages of polymer crystallization [20-22]. The
degree of cooperativity was shown to be enhanced by shear
[20]. AtT > T,,, clusters exhibiting cooperative movement
of monomers can only be transient. No stable nuclei or
growth of cooperative and ordered regions will be possible.
Nonetheless, one may ask how polymer properties will be
influenced by transient cooperative dynamics of monomers
in correlated clusters. Will there be any measurable effects?
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To address these questions experimentally, we rely on
the phenomenon of dewetting, allowing us to shear
polymers and to simultaneously measure the viscosity
[23-25]. The dewetting velocity and the rim shape provide
information about elastic and viscous properties of the
dewetting fluid. Consequently, dewetting can be used as an
investigative tool for determining the rheological properties
of polymers in thin films [23-25]. Here, we focus on
dewetting experiments of atactic polystyrene (aPS) and
isotactic polystyrene (iPS) films at temperatures where
T>T,,.

For our systematic study, we used aPS and iPS having
molecular weights 542 and 400 kg/mol, respectively, with
the bulk viscosity of iPS being approximately ten times
lower than aPS [10]. The melting point (7D5C) of iPS, as
measured by differential scanning calorimetry, is 220°C
and the equilibrium melting point (77,;) is 242 °C [26]. We
have compared the dewetting results of spin-casted films
both from 1.5 wt % chloroform and toluene solutions,
filtered with a polytetrafluoroethylene syringe filter of
diameter ~0.22 ym. Isotactic polystyrene was dissolved
in chloroform at elevated temperatures. To prepare
iPS-toluene solutions, toluene was mixed at equal volume
to the iPS-chloroform solution and heated to temperatures
above the boiling point of chloroform. After evaporation of
chloroform, a toluene rich solution was obtained. PS films
were prepared by spin casting these solutions onto a
polydimethoxysilane grafted silicon substrate [23-25].
Films with thicknesses ranging from 80 to 220 nm were
used. Dewetting experiments were performed under nitro-
gen atmosphere at temperatures ranging from 220 to
300°C, where a liquidlike behavior can be expected
a priori. Dewetting was observed in situ by optical
microscopy. Additional details on the experiments can
be found in the Supplemental Material (SM) [27].

Rapid evaporation of a solvent during spin casting
generates polymers frozen in out-of-equilibrium conforma-
tional states, which cause residual stresses within the
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FIG. 1.

(a),(b) Dewetting velocity at 240 °C of holes nucleated after different incubation times for aPS and iPS films, respectively,

formed from chloroform solutions. Refer to the text for the meaning of the vertical dashed lines. [Inset of (a)] A representative image
(648 x 484 pum?) of an aPS film in the course of dewetting, highlighting the formation of holes, labeled 1-5, after different incubation
times. (c) Semilogarithmic presentation of the dewetting velocity (at a constant dewetting time) versus incubation time, rescaled by
characteristic values (see the text for details). Closed and open symbols are for films obtained from toluene and chloroform solutions,
respectively. Blue and black symbols represent iPS and aPS films, respectively. Data points represented by stars, squares, circles, and
upward facing triangles were collected at 220, 230, 240, and 250 °C, respectively. The solid lines represent exponential fits to the data.
(Inset) Zoomed-in view of the data for aPS where the crossing of the dashed lines indicates 7.,, for aPS.

resulting films [23,24,33-35], representing a significant
driving force for dewetting [23,24,33,34,36]. In the present
study, however, we aimed to compare the viscosity of aPS
and iPS for stress-free films under rapid dewetting con-
ditions. Thus, we first relaxed residual stresses within these
spin-cast aPS and iPS films through adequate annealing.
The inset of Fig. 1(a) shows a representative optical
micrograph, taken after annealing at 240°C for 25 s,
highlighting that holes were nucleated after different
incubation times (f,.) [24]. The corresponding dewetting
velocities of the contact lines (V) are shown in Figs. 1(a)
and 1(b) for aPS and iPS, respectively. Additional results
for dewetting experiments at other temperatures are shown
in the SM [27]. From Figs. 1(a) and 1(b), it can be observed
that, for a given time of dewetting 74, V4w decreased
significantly with an increasing f;,., a signature of stress
relaxations in polymer films [23,24]. The total driving
force (per unit area) for dewetting, o, 1S given by
Ot = Ocap + Oress Where oy, and oy are the capillary
and residual stresses, respectively [23,24,35]. While o, is
constant for a given system at a fixed temperature, o,
relaxes with time. To obtain a better understanding of the
relaxation behavior, it is necessary to quantify the decrease
in V., (at a given ty4.,,) with increasing f;,.. We have taken
Vew at tgew = 20 s for aPS films and at ¢4, = 50 s for iPS
films, respectively [cf. the vertical dashed lines in Figs. 1(a)
and 1(b)]. In Fig. 1(c), we have summarized the stress
relaxation experiments performed at various temperatures.
Dimensionless dewetting velocities and incubation times
were obtained by division with characteristic values (origi-
nal data are shown in the SM [27]). The dewetting velocity
Vdow (tine» Laew = const) was rescaled with respect to
Vgew (fine = 09, 14y = const) for holes that were nucleated
after relaxation of residual stresses was completed. #;,. was
divided by the reptation time 7o (7gew) at the respective

measurement temperature [27]. Data for t4.,, = const were
fitted for all temperatures with a single exponential function
of the form given by Eq. (1).

Vdew(tinc) —14+A exp (_tinc> i
Vdew(tinc - 00) trelax

where A = 0,./0,, is the relative contribution of
residual stresses to dewetting. For aPS films, we obtained,
for both chloroform and toluene solutions, ‘.~
(100 = 10)7ep (T gew)- This indicates that aPS films equili-
brated within ~1007,¢,(7 gy ). Intriguingly, iPS films pre-
pared from chloroform and toluene solutions was much
slower. We found tjac ~ (4000 £ 100) 7,5 (Tgew) and
~(6000 £ 100)7,p(Tgew), Tespectively. In addition, we
observed a clear tendency for the amount of relaxed
stresses, ie., APS > AP oo >AYS. The larger
stresses in iPS films originating from the toluene solution
may have been caused by the way this solution was
prepared. During chloroform evaporation, tiny iPS aggre-
gates could have formed which in part could be responsible
for a higher viscosity of the solution and for a higher
amount of stresses generated in the films.

After relaxation of the stresses, i.e., for fi,. > frelax
dewetting of the films is expected to be driven by capillary
forces only and to be governed by the bulk viscosity. Thus,
for holes nucleated at times larger than 7,.,,, we expected to
measure the dewetting response of stress-free films.
Figures 2(a) and 2(b) show V., (t4ew) and the width of
the rim wyey (74w ) Of the holes nucleated at ;. >> #,1x
following the scaling laws given by Eq. (2) and indicated
by the dashed lines [25]:

(1)

—-1/3, 1/3
Vdew X Lgew » Wdew X Loy - (2)
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FIG. 2. Double logarithmic presentation of (a) velocity of the
dewetting front and (b) width of the rim versus 74, for holes
formed in aPS (closed symbols) and iPS (open symbols) films at
times #;,. >> f.10- Data points represented by squares and circles
were collected at the temperatures 230 and 240 °C. The dashed
lines represent guides for the eyes having the slopes indicated in
the respective graphs.

These scaling laws corroborate that the dewetting of holes
nucleated at #;;,. > f,.x Was indeed driven by the constant
capillary forces and can be characterized by a constant
viscosity of the fluid. From Fig. 2(a), it can be observed that
V gew (fgew) for iPS was 2 to 3 orders of magnitude smaller
than for aPS. In addition, wye, (4., ) increased more slowly
for holes formed in iPS films [see Fig. 2(b)]. From this
comparison, it becomes clear that, although the bulk
viscosity of iPS is lower than that of aPS, iPS films
exhibited slower dewetting dynamics than aPS films.
Furthermore, we have estimated the slip Ilength
[25,37,38], b, which is the distance into the substrate,
where the velocity of the dewetting film extrapolates to
zero. b is defined as b = 5/ k, where 7 is the viscosity of the
dewetting film and k is the monomer friction coefficient. In
our dewetting experiments we have used the time required
for the crossover from constant V4, to a power law decay
of V4w to determine b at different temperatures [39] (as
described in the SM [27]). From Fig. 3, it can be observed
that for aPS, b decreased with increasing temperature, but,
surprisingly, b increased with temperature for iPS.

From our studies, the viscosity of aPS and iPS films (77;)
can be deduced. In a typical dewetting experiment of

4
1o} pr:
180 200 220 240 260 280
Temperature [°C]

FIG. 3. Slip lengths (b) deduced from dewetting experiments
are shown as a function of temperature for both aPS (the open
squares) and iPS (the open circles). Dashed lines represent guides
for the eye.

slipping films, the driving capillary forces (F,,) are
balanced by the viscous forces (F;) [25,37,38], i.e.,

Fcap:%yezzszvis- (3)
For both aPS and iPS, the contact angle 6 between the
substrate and the film was 6 = 0.4 + 0.1 radians, as
determined by atomic force microscopy measurements
after quenching the samples to room temperature [27].
The values of 7, obtained from Egs. (2) and (3) are shown
in Fig. 4(a).

For all temperatures, we observed that nifs > i,
although #P3 is approximately ten times smaller than
nienk [10]. To highlight the difference between #y,y and 7,
for aPS and iPS, we present the ratio /1y in Fig. 4(b).
Values of n, for aPS and iPS were obtained from the
Willams-Landel-Ferry  equation  using data  from
Refs. [9,10,40-42] (refer to the SM for details [27]). As
shown in Fig. 4(b), independent of Tyey, 7> < iy On

the other hand, #fS > 5. In addition, for iPS, 1y /fyu

decreased with an increasing 7T 'y.,,. The results of Fig. 4(a)
indicate an Arrhenius-type temperature dependence of the
viscosities, 1.€.,

My = Mo exp(—=E,/kgT), (4)

where 7 is a fitting constant, kz is the Boltzmann constant
and E, is an activation energy. Using Eq. (4), we have
obtained E2S = 50 & 10 kJ/mol, a value similar to that of
the f relaxation of polystyrene involving noncooperative

T [°C]
300 280 260 240 220

102 |' T T T T ) I"I"‘:“'
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] r 210 £ 10 kJ/mol - 1
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s 3 — — = T50%5kJ/mol

E () s-& 2 1
10| PR 1
. [ 160 = 10 kJ/mol
S | 1

1
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1000/T [K]
FIG. 4. (a) Viscosity (ny) and (b) normalized viscosity

(¢ /Mvur) of aPS and iPS films, deduced from dewetting experi-
ments, are shown as a function of inverse temperature (1000/7)
in a semilogarithmic plot. The bulk values were obtained from
Refs. [10,40,41]. Results for iPS and aPS are represented
by the circles and squares, respectively. The open and closed
symbols are for films obtained from chloroform and toluene
based solutions, respectively. Dashed lines represent the fits of
Eq. (4) to the data.
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segmental motions [10,35,43,44]. By contrast, the activa-
tion energy for iPS, EFS = 210 4 10 kJ/mol, was clearly
much higher than for aPS. Such high activation energies
have been observed for the melting of crystals formed in
sheared bulk samples of polyethylene, polypropylene, and
isotactic polystyrene [26,45-47]. We emphasize, however,
that we have performed our experiments on molten iPS
films, at 7 > T,,. In addition, even if the iPS films may
initially have contained aggregates or nuclei, in the course
of annealing experiments, performed at 7 > T, these
structures should have been dissolved. Unlike aPS, the
Arrhenius dependence of the ratio #,/m,, revealed an
extra activation energy of 160 4 10 kJ/mol for iPS films
[see Fig. 4(b)], suggesting a dynamic process involving
cooperative motion of monomers. The extra activation
energy for iPS films may be related to a relaxation time
feoop Of such a cooperative motion, given by 7y = G oo,
where G is the shear modulus. As a first order approxi-
mation, we assume that under the used dewetting con-
ditions G did not differ considerably from its bulk value.
For an equilibrated polymer melt, #;,, = G7,p. Hence,
feoop CaN be given by et ¢/ Mpuiks YiElding Zeoop ~ 1007, at
230°C, decreasing for all higher temperatures, which we
believe is the reason behind the observed increase in b with
T 4o, for iPS [27]. How can we rationalize such cooperative
behavior?

In the course of dewetting, polymers within the moving
rim surrounding growing holes experienced shear forces, in
the orthoradial direction as well, which could stretch the
chains at the interface. In principle, a polymer begins to
deform when the Weissenberg number Wi = ér,, > 1,
where ¢ is the shear rate [4-6]. In our dewetting experi-
ments, the PS films exhibited plug flow [27] on the slippery
substrate; i.e., the velocity V4., was uniform across the
entire thickness of the film and dropped to zero over a
distance proportional to the monomer diameter [38].
Consequently, ¢ may be defined as V., divided by a
monomer diameter. Using V g, and 7., at 240 °C [27], we
obtained WiPS ~ 100 and Wi'"S ~ 1. Hence, we have to
anticipate that polymers stretch and potentially get aligned
with respect to the flow direction. Correspondingly, we
have measured a nonlinear shear rate dependence of the
viscosity deduced from our dewetting experiments.

For amorphous polymers, a shear thinning behavior was
observed for Wi > 0.1 [13—17], which is in agreement with
the results of our aPS measurements. On the other hand,
seemingly, we observe a shear thickening behavior for iPS
films, while the magnitude of the viscosity enhancement
decreased with increasing temperature. Because of the
regular arrangement of the phenyl side groups, the bulk
density of iPS is higher than that of aPS [48]. Hence, the
mean spacing between monomers of iPS may get smaller
than for aPS. Accordingly, considering, e.g., a Lennard-
Jones-type interaction potential, the strength of attractive
interactions may be expected to be higher for iPS than for

aPS. Thus, the probability that monomers form correlated
clusters of monomers, temporarily linked through these
attractive interactions, should be larger for iPS than for aPS.
In addition, the rotational isomeric model [49] predicts that
a conformational change in iPS is strongly influenced by
the phenyl side groups that are located eight to ten bonds
along the polymer chain, which, possibly, translates into an
enhancement in the lifetime of the correlated cluster of
monomers. For these reasons, we expect that polymer
chains in iPS films exhibit more pronouncedly cooperative
processes than found in aPS films. However, for
T ew > TDSC, these cooperative movements can only be
transient.

In principle, correlated clusters of monomers should also
be present in oscillatory or filament stretching rheometer
experiments [10,13—17] at high shear rates. However, since
the applied stresses in those experiments are in a direction
parallel to the long axis of the chains, such aligned chains
may easily slide past each other. Consequently, only shear
thinning was observed [10,13-17]. By contrast, in our
dewetting experiments, due to orthoradial stresses, the long
axis of the chains is likely to be oriented parallel to the
contact line of a growing hole. Consequently, 77, deduced
from the evolution of the radius of a dewetting hole is
expected to be larger since the growth direction of the
dewetting hole is perpendicular to the orientation of the
bundles of aligned chains and the correlated segments of
these chains included in transient clusters. Based on such
an assumption, we anticipate an enhancement of 77, with an
increasing shear rate.

In summary, shearing crystallizable polymer melts may
induce transient correlated clusters with a finite lifetime,
which may cause an enhancement of the viscosity by orders
of magnitude. Such observations are not anticipated by
standard models and hence indicate the need for a new
concept in polymer physics. In addition, these experiments
support the possibility of tuning polymer properties by
creating long-living nonequilibrium states of polymers and
hence may allow us to widen the spectrum of viscoelastic
properties of polymers.
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