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ABSTRACT: The frequency dependence of the lamellar orientation is investigated for a nearly symmetric
polystyrene—polyisoprene diblock copolymer of low molecular weight under large-amplitude oscillatory
shear near the order—disorder transition temperature (Topt). It is demonstrated that in the case of low
frequencies not only the linear viscoelastic response but also the thermal history of the diblock copolymer
must be known in order to predict the orientation behavior. For samples annealed at temperatures far
below Topr but above the glass transition temperatures of both blocks, parallel alignment of the unit
normal with respect to the velocity gradient direction is observed. For samples quenched from above
Toor, preferential perpendicular alignment can be achieved. It is shown, however, that only for annealed
samples uniform orientation with optimum order parameters is obtained.

Introduction

The application of large-amplitude mechanical fields
to block copolymers in the melt state has attracted much
interest in recent years.1=18 This is accompanied by an
increasing appreciation of the remarkable diversity of
such nonequilibrium phenomena in what is often called
the emerging field of “soft matter” in general. Besides
polymer melts and solutions, this field also includes
materials such as liquid crystals, surfactants, or micro-
emulsions.1920 In such systems, because of their com-
plexity, one is often far from a thorough theoretical
understanding. Instead of testing specific predictions
of theory, one seeks for the main mechanisms that
govern the observed behavior.

This is particularly true for the flow alignment of
lamellar diblock copolymers. Although a number of
studies elucidated conditions for producing single crystal
type morphologies with layer normals along different
directions,*?1728 the understanding of the underlying
mechanisms is still relatively poor. In a first contribu-
tion, we have therefore investigated the effects of large-
amplitude oscillatory shear flow on a lamellar polysty-
rene (PS)—polyisoprene (PI) diblock copolymer of low
molecular weight.?® For temperatures close to the
order—disorder transition (Topt), we reported the exist-
ence of three frequency regimes for the orientational
behavior related to the dynamic shear viscosity of the
system. In these regimes, shear flow was leading to
parallel, perpendicular, and parallel orientation, respec-
tively, of the unit normal of the lamellae with respect
to the velocity gradient direction of the flow field. Ina
subsequent publication,3® we showed that for lamellar
PS—PI diblock copolymers of intermediate molecular
weights where the chain dynamics is significantly
affected by topological constraints, i.e. entanglement
couplings, the third principal orientation direction can
be achieved at temperatures far below Topt. In this
case, the unit normal of the lamellae is oriented parallel
to the flow direction. Using concepts from the tube
model of entangled polymer melts and characteristic
features of the chain conformational statistics of diblock
copolymers, we suggested a mechanism for the forma-
tion of this orientation component.

* To whom correspondence should be addressed.
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In both publications, we pointed out that for the
understanding of the nonequilibrium phenomena in
block copolymers under large-amplitude oscillatory
shear flow, i.e. in the nonlinear regime, the coupling
between external flow field and polymer dynamics is of
fundamental importance. This coupling is mainly re-
flected in the time (or frequency) dependence of the
linear viscoelastic properties of diblock copolymers. It
was therefore suggested that, likewise in the nonlinear
regime, the change in the time scale of the flow with
respect to the characteristic time scales of the block
copolymer dynamics would provide the key to under-
standing the orientation behavior of the phase-sepa-
rated microstructure. From studies on block copolymers
and other complex polymer fluids like polymeric liquid
crystals, however, it is known that the thermal history
of the sample often has significant effects on the
observed behavior, in particular at temperatures close
to phase transitions. In the present paper, we will
therefore investigate the effect of annealing on the
orientation behavior of a lamellar PS—PI diblock co-
polymer of low molecular weight at temperatures close
to Topt. We show that, in order to predict the orienta-
tion behavior, one must know the linear viscoelastic
response of the diblock and the thermal history of the
sample.

Experimental Section

The lamellar poly(styrene-b-isoprene) diblock copolymer
studied (termed PS—PI-7 in our nomenclature) was synthe-
sized by anionic polymerization using cylohexane as solvent
and sec-butyllithium as initiator. The PS and PI block
number-average molecular weights M, are 9900 and 9100,
respectively, as determined by GPC for the PS precursor and
13C NMR for the PI block. The dispersity M\/M, as determined
by GPC for the block copolymer is 1.09. All GPC’'s were
performed using polystyrene as standards. The uncertainties
in the molecular weight determination are about 5% for both
techniques. The Ty's for the PS and P1 blocks as determined
by DSC with a heating rate of 10 K/min are 341 and 213 K,
respectively. Comparing these values with those usually found
for PS (378 K) and PI1 (213 K) homopolymers of sufficiently
high molecular weight, it follows that the PS block component
suffers a depression of T. This is a result of its low molecular
weight and a possible plasticizing effect by the PI chains. It
is important to notice at this point that the thermodynamics
and consequently the dynamics of PS—PI block copolymers are
extremely sensitive to changes in the molecular weight as
evidenced for example by NMR measurements on this and
related systems.3'=3 Tgpr as determined by the temperature
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Figure 1. Dynamic shear moduli G’ (o) and G" (<) and shear
viscosity ' = G"/lw (®) of PS—PI-7 at 409 K measured in
parallel-plate geometry. Dotted lines through the moduli data
points are guides for the eye. Indicated with an arrow is the
critical frequency wq where the dynamic shear viscosity starts
to deviate from the line of constant slope (- - -). Also indicated
by arrows are the two frequencies w; = 10 rad/s and w, = 0.1
rad/s used in the large-amplitude oscillatory shear experiments
described in the text.

dependence of the storage modulus G'(T)3*% at w = 3 rad/s is
424 + 1 K. In all samples 2,6-di-tert-butyl-4-methylphenol was
used as an antioxidant.

Samples were pressed at room temperature into disks with
diameter of 25 mm and thickness of 1 mm and then thermally
treated as described in the following section. A Rheometrics
Model 800 (RMS-800) mechanical spectrometer was used in
the parallel-plate geometry for the large-amplitude oscillatory
shear experiments (100% strain if not stated otherwise) on
these sample disks at different frequencies as well as for the
dynamic mechanical measurements on the unoriented samples.

SAXS experiments were performed on specimens cut from
shear-oriented sheets. A Rigaku Rotaflex X-ray source at
0.154 nm (Cu Ka)) was employed. A three-pinhole collimator
was used to generate a beam with diameter of 1 mm.
Scattering patterns were recorded on a two-dimensional
Siemens X-1000 area detector with a sample-to-detector
distance of 130 cm. The experimental conditions for the SAXS
measurements were the same for all diffractograms depicted.
Three scattering experiments were performed for each shear-
ing condition, corresponding to three orthogonal directions
with respect to the deformation geometry as illustrated in the
figures. If not stated otherwise, all 2D-SAXS patterns were
measured at a point on the samples corresponding to 60%
strain.

Orientational order parameters [P,(cos S)for the lamellar
normal n, a unit vector normal to the lamellar interface, were
calculated using a procedure outlined in ref 36. Here, 3 is the
angle between n and the preferential orientation direction of
n, which is parallel to the velocity gradient direction of the
flow field for the parallel orientation and perpendicular to the
velocity gradient direction as well as the flow direction for the
perpendicular orientation, respectively.

Results and Discussion

As pointed out in the Introduction, it is instructive
to examine first the linear viscoelastic properties in
order to get a dynamic fingerprint of the block copolymer
under study. The frequency dependence of the dynamic
shear moduli and shear viscosity of an unoriented
sample of PS—PI-7 measured at 409 K, which is 15 K
below Topt, is shown in Figure 1. From the three
frequency regimes for the dynamic shear viscosity
described in our previous paper,?® only the central
frequency regime and the onset of the low-frequency
regime are present due to the limited frequency range
studied. At the high-frequency end, the viscosity has a
moderate slope and the loss modulus G" is higher than
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the storage modulus G'. Viscous contributions dominate
the relaxation under shear flow in this frequency
regime. As the shear frequency is decreased, the slope
of the shear viscosity 7' increases. At the same time,
the storage modulus increases relative to the loss
modulus and dominates the behavior at the low-
frequency end. In analogy to the analysis of Koppi et
al.?! and in our earlier publication,?® we identify the
critical frequency wq as the point at which the dynamic
shear viscosity starts to deviate from the line of constant
slope (see Figure 1). Although Topr is 20 K higher, the
similarity of the linear viscoelastic properties between
this new sample and the diblock copolymer used in our
previous study is quite apparent.

Next, the frequency dependence of orientation of the
lamellar microstructure under large-amplitude oscilla-
tory shear flow for these two frequency regimes was
investigated. As in our earlier work,?® the samples
pressed at room temperature were first annealed under
vacuum at 358 K, i.e. roughly 20 K above the Ty of the
PS blocks but far below Topr, for more than 24 h and
then cooled slowly to room temperature. After heating
to 409 K in the rheometer under nitrogen and temper-
ature equilibration for about 20 min, the samples were
oriented under large-amplitude (100% strain) oscillatory
shear flow for 10 h with different frequencies within the
two frequency regimes described above. The resulting
morphologies were then examined using 2D-SAXS
measurements.

Two representative 2D-SAXS results of samples ori-
ented with frequencies w; = 10 rad/s and w, = 0.1 rad/s
are shown in Figures 2a and 2b, respectively. The first
shear frequency w; = 10 rad/s falls in the central
frequency regime above wq in Figure 1. The 2D-SAXS
measurements of the oriented sample show strong
scattering peaks along Qraq in both the gnor—Qrag and
the grad—Qtan planes, while the scattering in the Qnor—
Qtan Plane is rather small (Figure 2a). This indicates
that the normal unit of the lamellar microstructure is
aligned preferentially in the radial direction (qag) of the
sample disk as schematically indicated on the right-
hand side of Figure 2a. This morphology is convention-
ally termed “perpendicular” orientation. A quantitative
analysis of the pattern, corresponding to the tangential
view (dnor—Qrad Plane) yields an order parameter P[]
of 0.58. It reveals a state of order comparable to that
typically obtained in the nematic phase of liquid crys-
tals.

The second sample was oriented at a frequency w, =
0.1 rad/s, which falls well into the lower frequency
regime shown in Figure 1. The resulting 2D-SAXS
diffractograms are distinctly different. Here strong
SAXS peaks are found along gner in both the gnor—Qtan
and gnor—Qrad Planes, while the scattering in the qraq—
Jtan plane is rather small (Figure 2b). This shows that
the normal unit of the lamellar microstructure is
oriented parallel to the velocity gradient direction,
commonly refered to as the “parallel” orientation, as
schematically indicated on the right-hand side of Figure
2b. A quantitative analysis of the pattern, correspond-
ing to the tangential view (Qnor—Qrad plane) yields an
order parameter [P,[lof 0.78. It reveals a state of high
order comparable to that typically obtained in smectic
phases of liquid crystals. In summary, these results
confirm the existence of the two lower frequency regimes
for the lamellar microstructure orientation under large-
amplitude oscillatory shear flow?° which lead to per-
pendicular and parallel orientation, respectively.
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Figure 2. Two-dimensional SAXS results for PS—PI-7 following large-amplitude oscillatory shear (100% strain) for 10 h at 409
K. Specimens were cut and measured at a point which corresponds to 60% strain. Annealed samples (see text for thermal
history): (a) w1 = 10 rad/s; (b) w, = 0.1 rad/s. Quenched sample (see text for thermal history): (c) w, = 0.1 rad/s. The intensities
of the patterns in (a) and (c) are multiplied by a factor of 2.5 and 10, respectively, in order to obtain signal heights comparable
to those in (b). In the insets on the right-hand side the resulting orientations are schematically depicted together with the coordinate
frame used for the cases of uniform orientation behavior (a) and (b). From left to right the diffractograms correspond to the
radial, tangential, and normal view of the sample disks, respectively.

Thermal history has significant effects on many
properties of complex polymer systems. In the case of
block copolymers, annealing is important due to the
presence of imperfections, namely defects and grain
boundaries. It is interesting, therefore, to explore the
effect of the thermal history of lamellar diblock copoly-
mer samples on their orientation behavior. To this end,
some samples thermally treated as described above were
not directly heated in the rheometer to the desired
shearing temperature but were first taken to 433 K,
which is 9 K above Topt. After 20 min at this temper-
ature, they were quenched to 409 K over 5 min. Then
after temperature equilibration for another 20 min,
large-amplitude (100% strain) oscillatory shear flow was
applied to orient the samples. In the following discus-
sion, samples quenched from 433 K before orientation
will be called “quenched”. Those samples thermally
treated as described above but heated from room tem-
perature directly to 409 K for orientation experiments
will be called “annealed” samples. A typical 2D-SAXS
result obtained for a quenched sample which was
oriented with frequency w, = 0.1 rad/s for 10 h is shown
in Figure 2c. Broad SAXS peaks are present in both
the gnor—Qtan aNd (rag—Jtan Planes along gnor and grag,
respectively. For the Qnor—Qrad plane, a mixture of
narrow peaks along qnor and very broad peaks along Qrad
is obtained. In addition, the SAXS peaks in Figure 2c
are much weaker than those in Figures 2a and 2b.
While the intensities of the patterns in Figure 2a are

multiplied by a factor of 2.5, those in Figure 2c are
scaled by a factor of 10 in order to obtain signal heights
comparable to those of Figure 2b. This can be directly
inferred from comparison of the noise around the SAXS
peaks. Itis quantitatively reflected in order parameters
of less than 10% for the quenched sample. All of these
features show that in the low-frequency regime, in
contrast to the annealed samples, the lamellar micro-
structure in the quenched sample is not uniformly
oriented under shear flow and does not exhibit large
order parameters. Since the shear conditions in cases
b and c were identical, i.e. equal frequency, strain, and
time, we therefore conclude that the thermal history of
the lamellar diblock copolymer samples significantly
affects their orientation behavior under large-amplitude
oscillatory shear flow.

For the annealed samples, the orientation of the
lamellar microstructure is independent of shear strain
under the two experimental conditions described earlier
(above the threshold value for orientation). This was
checked by 2D-SAXS measurements along the radial
direction of the sample disks (not shown here). In
contrast, for all the quenched samples, a large strain
and time dependence of orientation is observed. This
is demonstrated in Figure 3, showing more 2D-SAXS
results measured in the tangential direction, i.e. in the
Onor—Jrad Plane of quenched samples. The first 2D-
SAXS pattern (Figure 3a) was measured using the same
guenched sample disk described above (Figure 2c) that
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Figure 3. 2D-SAXS results measured in the tangential
direction, i.e. the gnor—Qrad plane, for PS—PI-7 following large-
amplitude oscillatory shear (100% stain) with frequency w, =
0.1 rad/s at 409 K: (a) quenched sample sheared for 10 h (same
sample as in Figure 2c) but cut and measured at a point which
corresponds to 90% strain: (b) quenched sample sheared for
20 h and cut and measured at a point corresponding to 60%
strain. The intensities of the patterns in (a) and (b) are
multiplied by a factor of 6.3 and 4.2, respectively, in order to
obtain signal heights comparable to those in Figure 2b. The
patterns should be compared with those in the middle column
of Figure 2.

was oriented with frequency w, = 0.1 rad/s for 10 h at
409 K. But this time a point corresponding to 90%
strain, i.e. further out along the radius, was chosen. For
this strain value, the diffractogram is dominated by
rather broad peaks along grag While only very small and
narrow peaks can be detected along gnor. Note the
difference to the middle pattern in Figure 2c. This
indicates that for the same shearing time but a larger
strain value the lamellar microstructure in the sample
is preferentially aligned in the perpendicular direction.
The second 2D-SAXS pattern (Figure 3b) was measured
at the 60% strain point on a freshly prepared quenched
sample which was oriented with frequency w, = 0.1
rad/s as before (Figure 2c) but sheared for 20 h. In
contrast to the patterns in Figures 2c and 3a, it presents
dominant SAXS peaks along qnor together with a high
isotropic background. This indicates that the parallel
orientation dominates in quenched samples for very long
shearing times. Thus, for quenched samples, quite
different orientation behavior can be obtained in the
low-frequency regime as deduced from the shear viscos-
ity measurements (Figure 1) depending on the strain
value and shearing time.

To determine the source of thermal history effects,
different sample preparation methods were examined.
Several samples were annealed at 433 K (above TopT)
for 20 min. Then the first sample was quenched to 409
K and annealed again at that temperature for more
than 24 h. The second sample was first quenched to
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308 K, i.e. below Ty of the PS blocks. After 40 min at
this temperature, it was reheated to 409 K. The third
sample was quenched to 358 K, i.e. above Ty of the PS
blocks, and annealed at that temperature for more than
24 h. Then all of these samples were sheared with
frequency w, = 0.1 rad/s for 10 h at 409 K. The SAXS
results of the first two samples are similar to that shown
in Figure 2c. Only the third sample presents the same
2D-SAXS patterns as that shown in Figure 2b, i.e.
uniform parallel orientation. These observations indi-
cate that the crucial step to obtain uniform orientation
behavior exhibiting high order parameters is to anneal
the sample at a temperature (358 K in our case) far
below Topt but above the glass transition temperatures
of the two blocks, for long enough times before large-
amplitude oscillatory shear flow is applied.

Finally, we checked whether annealing at low tem-
peratures induces any changes in the dynamic behavior
of the diblock copolymer samples. Linear viscoelastic
properties of annealed and quenched samples as ob-
tained from small-strain dynamic mechanical experi-
ments were therefore compared. As expected from
studies of temperature jump experiments by other
groups,3>87739 ng significant differences to account for
the thermal history effect on the lamellar orientation
behavior were detected. In contrast, the on-line decay
curves of dynamic moduli measured during large-
amplitude oscillatory shearing show significant and
reproducible differences for the annealed and the
guenched samples (not shown here). Obviously, an-
nealing far below Topt but above the glass transition
temperatures of both blocks induces changes which
leave the linear response of lamellar diblock copolymers
essentially unaltered. They seem to substantially influ-
ence the nonlinear response, however, leading to dif-
ferent orientation behavior under large-amplitude os-
cillatory shear flow of annealed and quenched samples.

It is interesting to note that recently Balsara and co-
workers have observed that the signatures of the ODT
in cylindrical PS—PI block copolymers depend crucially
on the coherence length of the ordered structures, which,
in turn, is governed by annealing history.*® We have
previously proposed that in the low-frequency regime
of the shear viscosity the interface is the structural
element that supports the stress and thus is believed
to reorient as a whole under large-amplitude oscillatory
shear flow.?® It can therefore be expected that the
correlation length of orientation is a critical parameter
for the reorientation process of the lamellae. Further
studies, however, are necessary to elucidate this point
to lead to a better understanding of the molecular origin
of the observed behavior.

Conclusions

We have demonstrated that in the low-frequency
regime of the dynamic shear viscosity of a lamellar PS—
P1 diblock copolymer near Topt the lamellar orientation
behavior under large-amplitude oscillatory shear flow
is strongly influenced by the thermal history of the
sample. For samples annealed at temperatures far
below Topt but above the glass transition temperatures
of both blocks, parallel alignment of the unit normal
with respect to the velocity gradient direction is repro-
ducibly achieved. For unannealed samples quenched
from above TopT, preferential perpendicular alignment
can be generated. Only for annealed samples, however,
uniform orientation patterns with optimum order pa-
rameters are obtained. These results explain apparent
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differences in the orientation behavior at low frequen-
cies for lamellar PS—PI diblock copolymers near Topt
between our and other groups?6274% since in contrast
to our work only quenched samples from above Topr
were employed in these investigations. Itis interesting
to note that in their paper about the frequency depen-
dence of orientation of PEP—PEE diblock copolymers,
Koppi et al. never quenched their samples from above
Topt but rather annealed them at lower temperatures
before shearing.?’ Indeed the orientation patterns
obtained by small-angle neutron scattering of their
samples are equivalent to ours. Moreover, using this
procedure, Wang et al.*?2 recently observed three fre-
quency regimes of orientation for a lamellar polystyrene—
polybutadiene diblock copolymer at temperatures close
to Topr, in agreement with our results on PS—PI. From
all these observations, we conclude that lamellar diblock
copolymers subjected to large-amplitude oscillatory
shear flow show a common behavior. So far, no coun-
terexamples have been reported.
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