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ABSTRACT: The pathway and kinetics of the order—order transition from shear-aligned cylindrical
microdomains to spheres arranged on a bcc lattice in a highly asymmetrical block copolymer are monitored
using small-angle neutron scattering (SANS). Shear-aligned hexagonally closed-packed cylindrical
microdomains were heated to the spherical microdomain region under quiescent conditions, and the
microstructure evolution associated with the order—order transition was followed by SANS. The data
indicate a rapid decrease in the cylindrical microdomain order and a gradual rise in the signatures
associated with the spherical microdomains, thereby suggesting the existence of an intermediate state
where the sample is poorly ordered. The duration of this intermediate state increases with increasing
distance from the order—order transition and is consistent with previous rheological measurements on
unaligned wormlike cylinders. The results of the scattering measurements are compared to the predictions
of recent theories describing the cylinder-to-sphere transition.

Introduction

We have recently investigated the pathway and
kinetics associated with the cylinder-to-sphere transi-
tion in a mixture of a matched diblock and triblock
copolymers using linear viscoelastic measurements and
ex-situ transmission electron microscopy.>? These mea-
surements suggested that the pathway from unaligned
wormlike cylindrically ordered microdomains to a spheri-
cally ordered microstate arranged on a bcc lattice is
mediated by the presence of a poorly ordered intermedi-
ate state exhibiting liquidlike flow characteristics.!
Further, the structural changes investigated by ex-situ
TEM confirm the hypothesis of a poorly ordered inter-
mediate state where the microphase-separated state is
poorly defined.2 The poorly ordered state is, in fact, not
unexpected on the basis of the theory presented by Qi
and Wang.3* They used a time-dependent Landau—
Ginzburg theory to suggest that, during the transition
from cylinders to spheres, the order parameter corre-
sponding to the cylindrical state diminishes rapidly
while that corresponding to the spherical ordered state
grows slowly, indicating an incubation period that
resembles a poorly ordered state.

Recent experiments by Ryu et al.>~7 and Kim et al.,8*°
on the other hand, indicate that the cylinder-to-sphere
transition does in fact occur epitaxially and quite rapidly
for the case of shear-aligned cylinders as was observed
in earlier studies by Koppi et al.1° and Sakurai et al.!?
These studies have suggested that the transition is
mediated by the presence of undulating cylinders which
then lead to an epitaxial growth of bcc spheres. In this
paper, we report the pathway and Kinetics of the
cylinder-to-sphere transition as a function of tempera-
ture using small-angle neutron scattering (SANS) on in-
situ shear-aligned samples. These measurements pro-
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vide a direct method to probe the in-situ temporal
evolution of the structural features related to the
cylindrical-to-spherical microdomain transition and fur-
ther provide a direct link to previous experiments on
shear-aligned samples.>~11

Experimental Section

Detailed characterization information on the material ex-
amined is provided in the accompanying paper and in previous
publications.?12 On the basis of previous studies, we assign
the order—disorder transition temperature (Topr) to be 195 +
5 °C and the cylinder-to-sphere order—order transition tem-
perature (Toor) to be 138 + 3 °C. SANS measurements were
performed on the 30 m SANS beamline (NG3) at NIST,
Gaithersburg, MD. Neutrons with wavelength (1) of 6 A and
AML of 0.15 were used with sample-to-detector distances
ranging from 5 to 6.5 m. A 0.5 mm thick sample was loaded
in an aluminum shear cell and placed in the in-situ reciprocat-
ing shear device developed by Bates and co-workers.'° The
temperature of both sides of the shear cell was independently
controlled to within £1 °C and had a rapid response insofar
as the heating was concerned. The shear device was set on a
goniometer stage, allowing for the simultaneous observation
of the SANS intensity along two principal directions—with the
neutron beam along the velocity gradient direction (Vv) and
along the neutral direction (v ® Vv). For the measurements
along the neutral direction, a slit defining an aperture of 10
mm x 0.5 mm was carefully aligned so neutrons would pass
through the sample and not scatter from the aluminum cell
holders. In some of the measurements reported here (for
example, the temperature jump experiments to 150 °C from
130 °C) the slit was used to simultaneously probe the scat-
tering along the two principal directions. Reciprocating steady
shear with one of the plates held stationary and the other
undergoing a strain amplitude of 100% with a strain rate |y|
of 5 s7* were performed. Corrections to the SANS data due to
the empty cell and background scattering have not been
applied.
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Figure 1. Two-dimensional SANS pattern for a shear-aligned
cylindrical sample at 130 °C with neutron beam parallel to
the shear gradient direction.
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Figure 2. Two-dimensional SANS pattern for a shear-aligned
spherical sample at 150 °C with the neutron beam parallel to
the shear gradient direction.

Results and Discussion

The two-dimensional scattering pattern from a sample
after prolonged large-amplitude reciprocating steady
shear at T = 130 °C (T < Toor) with the neutron beam
parallel to the velocity gradient direction is shown in
Figure 1. Two intense spots are observed in the equato-
rial plane at g*, with well-developed higher-order scat-

tering peaks observed at «/§q* (Figure 1). Further,
when viewed with the neutron beam along the neutral
direction, two intense spots on either side of the beam
stop, corresponding to the primary peak at g*, are also
observed in the equatorial plane (data not shown). These
scattering signatures lead us to conclude that the
sample develops well-oriented, hexagonally packed cyl-
inders that are aligned with the cylinder axis along the
velocity direction, i.e., parallel orientation.’® We note
that Koppi et al.’° have shown that, for perfect align-
ment of cylinders along the direction of shear with the
neutron beam parallel to the velocity gradient direction,

the peak at g* should be absent and the «/§q* peak
should be prominent. However, due to the imperfections
of the shear alignment, the gq* peaks are typically
observed for parallel aligned cylinders as noted by Koppi
et al.1°

For purposes of comparison, Figure 2 presents the

two-dimensional scattering pattern obtained after pro-
longed large-amplitude reciprocating steady shear for
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a sample at 150 °C, i.e., aligned bcc spherical micro-
domains. The scattering pattern is consistent with that
of a twinned bcc structure with higher-order scattering

reflections observed at v/2g* and +/3q*.14 Four intense
reflections at g* positioned at 35° to the shear direction
are observed, consistent with the degenerate sets of the
twinned bcc structure. The higher-order reflections at
/2g* are approximately 55° to the shear direction.

The pathway and kinetics of the cylinder-to-sphere
transition were monitored by performing a temperature
jump to the spherical state (Tootr < T < Topr, T = 150,
160, and 170 °C) on well-aligned cylindrical samples
prepared at 130 °C. The temporal evolution of the two-
dimensional scattering patterns with the neutron beam
parallel to the velocity gradient direction at 150 and 170
°C is shown in Figures 3 and 4, respectively. It has been
previously shown that there exists an epitaxial relation-
ship between the [M010axis of the cylinders and the
[1110axis of the spheres.’* The transformation from
cylinders to spheres reported here is consistent with
that epitaxial relationship, although the pathway is
distinctly different at the two temperatures as shown
in Figures 3 and 4. In the case of the transformation at
170 °C, it is clear that the initial well-defined spots
corresponding to an alignment of the cylinders (both at
g* and \/§q*) rapidly disappear within 10 min of
heating to the spherical microstate, and the scattering
pattern is consistent with that of an unaligned system.
Further, the development of the scattering signatures
corresponding to the bcc occurs after considerable time
following the temperature jump.

The angular dependence of the intensity for the
transformation at 150 °C in an annular region centered
on the primary peak position g* is shown in Figure 5a.
The corresponding angular dependence of the second-
order peak intensities for the same transformation is
shown in Figure 5b. The data presented in Figure 5
clearly show that the transformation proceeds via a
rapid decrease of the intensities corresponding to the
cylindrical structure (also termed as hex) and a slow
increase in the intensities corresponding to the bcc
structure. These are better illustrated in Figure 6, which
displays the temporal evolution of the intensities of the
hex and bcc structures at g* and the higher-order
scattering peak. Figure 6 clearly reveals that the
intensity of the first- and second-order peaks of the
cylindrical microdomains diminish with time, while
those corresponding to the first- and second-order peaks
of the spherical microdomains gradually increase.

Analogous temporal evolution of the intensities cor-
responding to the primary peak of the hex and bcc
structures for a temperature jump to 170 °C is shown
in Figure 7. The intensities corresponding to the peaks
of the cylindrical microdomains diminish rapidly as
illustrated in the inset of Figure 7. On the other hand,
the intensities corresponding to the spherical micro-
domain structure gradually increase after exhibiting a
long incubation period. We note that the same trends
were also observed in the development of the second-
order scattering peaks for the temperature jump to 170
°C. The slight increase in the intensity corresponding
to the hex structures at long times is thought to result
from the growth of spherical microdomains that are no
longer twinned bcc structures, the usual shear-aligned
bce structure produced. Under quiescent conditions,
shear-aligned cubic structures such as spheres arranged
on a bcce lattice are known to disorient. Thus, while the
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Figure 3. Two-dimensional SANS pattern elucidating the pathway of the cylinder-to-sphere transition for a temperature jump
to 150 °C from a well-aligned cylindrical state at 130 °C. The panel (a) corresponds to the well-aligned cylindrical state at time
= 0, while panels (b) through (e) are representative patterns after 15, 145, 350, and 560 min, respectively, following the jump to
150 °C.

transformation from shear-aligned cylinders to bcc equatorial peaks at g* (the hex signature) at long times
spheres is undertaken under quiescent conditions, the in Figure 7.

bce spheres tend to disorient and may even exhibit some During the incubation period for the transformation
level of biaxial orientation. This disorientation is be- at 170 °C, the intensity at the primary peak position is

lieved to be the origin of the slight increase in the essentially isotropic, as illustrated by the two-dimen-



3806 Krishnamoorti et al.

(SN

Macromolecules, Vol. 33, No. 10, 2000

Figure 4. Two-dimensional SANS pattern elucidating the pathway of the cylinder-to-sphere transition for a temperature jump
to 170 °C from a well-aligned cylindrical state at 130 °C. The panel (a) corresponds to the well-aligned cylindrical state at time
= 0, while panels (b) through (e) are representative patterns after 7, 205, 315, and 415 min, respectively, following the jump to

170 °C.

sional scattering pattern in Figure 4 and by the angular
dependence of the intensities in an annular region
centered at g* as shown in Figure 8. This isotropic, or
nearly isotropic, behavior persists for about 100 min
before the bcc microstructure starts to epitaxially grow.
Data similar to that of 170 °C were also obtained for a

temperature jump to 160 °C (not shown) with an
incubation time for the bcc microstructure to develop
of ~ 40 min.

Thus, it appears that the cylinder-to-sphere transition
is epitaxial for the case of shear-aligned samples, with
the epitaxial relationship being between the [001Caxis
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Figure 5. Angular dependence of the SANS intensity in an
annular region corresponding to g* (a) and second-order
reflection (b) for the cylinder-to-sphere transition from 130 to
150 °C. The open circles correspond to the initial cylindrical
state (i.e., time = 0), while the filled diamonds, open squares,
and filled triangles correspond to 90, 220, and 560 min,
respectively, after the temperature jump to 150 °C. The second-
order reflections (b) are originally located at «/§q* for the
cylindrical state and gradually moves to «/Eq* for the final
spherical state. The data are shifted with respect to each other
to avoid overlap.

of the cylinders and the [1110axis of the spheres. The
transition between the cylindrical and spherical micro-
domains is mediated by an intermediate state that
exhibits an isotropic scattering pattern (starting from
shear-aligned cylinders) with a complete dissolution of
the cylindrical structure at higher quench depths, i.e.,
greater T — Toor. Previously, we had shown that the
rheological properties of the intermediate state starting
from initial wormlike unaligned cylinders are liquidlike,
and this hypothesis was supported by ex-situ electron
micrographs of the intermediate states.? The length of
the initial incubation period, before the signatures of
the bcc microstructure are manifested, increases with
increasing distance from the OOT: being nearly imper-
ceptible at 150 °C, ~40 min long at 160 °C, and of the
order of 100 min at 170 °C. These are consistent with
the observations from rheological measurements that
the cylinders-to-sphere order—order transition Kinetics
slow down with increasing distance from the order—
order transition.

The SANS data reported here at 150 °C agree
qualitatively with the rheological data obtained on a
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Figure 6. Time dependence of the SANS intensity at g* (a)
and second-order reflections (b) corresponding to the cylindrical
microdomains and spherical microstructure for the tempera-
ture jump from 130 to 150 °C. In part (a) the intensity
associated with the cylindrical structure was calculated by
averaging the intensities at 0° and 180° (i.e., along the
equatorial plane in Figure 3). The intensity associated with
the spherical microstructure was calculated by averaging the
intensities at 55°, 125°, 235°, and 305° (i.e., 35° to the shear
direction). In part (b) the intensity associated with the
cylindrical structure was calculated by averaging the intensi-
ties at 0° and 180° (i.e., along the equatorial plane in Figure
3). The intensity associated with the spherical microstructure
was calculated by averaging the intensities at 35°, 145°, 215°,
and 325°.

sample with shear-aligned cylinders quiescently heated
to the spherical state (T = 150 °C) and shown in the
companion paper. However, comparing data for the
transition from cylinders to spheres on shear-aligned
cylinders (using viscoelasticity and SANS) to that
obtained on unaligned wormlike cylinders (using vis-
coelasticity) clearly reveals that the kinetics are ac-
celerated for the shear-aligned cases (Figure 1 of the
preceding paper).

Our results obtained for the temperature jump to 170
°C (and 160 °C) disagree with other experimental
studies by Kim et al.8® and Ryu et al.>~7 They demon-
strate that, for polystyrene—polyisoprene diblock and
triblock copolymers, the cylindrical microdomain-to-
spherical microdomain transition is, in fact, not medi-
ated by a poorly ordered state. The SAXS and TEM data
of Ryu et al. clearly indicate that undulating cylinders
mediated the cylinder-to-sphere transition in their
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Figure 7. Time dependence of the SANS intensity at g*
corresponding to the cylindrical microdomains and spherical
microstructure for the temperature jump from 130 to 170 °C.
The intensity associated with the cylindrical structure was
calculated by averaging the intensities at 0° and 180° (i.e.,
along the equatorial plane in Figure 4). The intensity associ-
ated with the spherical microstructure was calculated by
averaging the intensities at 55°, 125°, 235°, and 305° (i.e., 35°
to the shear direction). Shown in the inset are the changes at
short times for the scattered intensities of the cylindrical and
spherical structures, and the rapidity with which the cylindri-
cal microdomains are dissolved is clearly observed. Note the
complete dissolution of the signatures corresponding to the
cylindrical microdomains (also see Figure 8) before the gradual
growth of the spherical microstructures.
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Figure 8. Angular dependence of the SANS intensity in an
annular region corresponding to g* after ~30 min following
the jump from 130 to 170 °C. Note that the scattering appears
nearly isotropic.

experiments and are consistent with the theoretical
results of Qi and Wang*® and Laradji et al.*®

Kim et al. hypothesize two possible mechanisms for
the cylinder-to-sphere transition, i.e., either via the
disordered state or via the undulating cylinder struc-
ture.® They have used a simple free energy calculation
to suggest that the transition in their case is mediated
by undulating cylinders and not by a disordered liquid-
like state. However, in the SAXS data presented by Kim
et al., while the higher-order (second and third) small-
angle X-ray scattering peaks are observable for the
cylindrical and spherical microdomain states, the scat-
tering at intermediate times reveals no higher-order
peaks, suggesting the possibility that the transition
could be mediated by a poorly ordered state.

One possible suggestion to explain the discrepancy
between our results and those previously published
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could be the mismatch in the interdomain spacing for
the cylindrical and spherical microdomains. Koppi et
al.’0 and Sakurai et al.l! had suggested that the epi-
taxial behavior of the cylinder-to-sphere transition was
a result of the close match of the g* values across the
OOT observed in their case. However, in the measure-
ments by Kim et al.8® and Ryu et al.,5~7 there is a slight
mismatch in the g* value which results in a reduction

hex

in d> as compared to d7 of less than 10%. Yet, the
experimental evidence suggests that the transformation
is epitaxial and is mediated by the undulating cylinder
state. On the basis of the value of g* from the SANS
data, we estimate d;o at 130 °C to be 275 + 5 A and
d? to be 245 + 5 and 240 + 5 A at 150 and 170 °C,
respectively. The mismatch in d)% and d% is some-
what larger than that observed by Kim et al. and Ryu
et al. and is a possible source of the differences in
structural pathways noted earlier. The mismatch in
di® and d° increases with increasing T — Toor and
might explain the increased incubation time, where the
scattering at the primary peak at g* remains essentially
isotropic, with increasing T — Toor.

Another possibility for the discrepancy is that we are
examining a blend of a matched diblock and triblock,
which could lead to a smearing of the transition. Ryu
et al.5>~7 have addressed this precise issue in their study
and have clearly shown that a mixture of matched
diblock and triblock behaves qualitatively identically to
the pure di- and triblock copolymers. Furthermore,
systematic studies in our laboratory have suggested that
the diblock and triblock copolymers and their mixtures
reveal qualitatively similar behavior to the data re-
ported in this paper.1® As expected, the kinetics of the
diblock and triblock and their mixtures are quite
different.

The differences in the pathway could also be a result
of differences in the magnitude of the interaction
parameter y between the copolymer constituents and
its temperature dependence. While the product of yN
and composition dictates the location of the phase
boundaries, it is also possible that, if y displayed an
unusual temperature dependence (i.e., almost indepen-
dent of temperature or strongly dependent on temper-
ature), it could lead to the observation of different
structural pathways for the cylinder-to-sphere transi-
tion. The thermodynamic interaction parameter y, when
defined on a consistent volume basis (and we choose
10722 cm?® for the reference volumel’), is somewhat
larger for the PS—PEg,5B37.5 case examined here when
compared to that of the PS—PI system examined by Kim
et al.8® and Ryu et al.5>~7 and the PEP—PEE system
studied by Koppi and co-workers.?

For PS—PEs25B37.5 we estimate, on the basis of the
fitting of the SANS data in the disordered state to the
random phase approximation, that the temperature
dependence of y (with vy = 10722 cm?) can be adequately
described by

@)

4 = (0.020 + 0.005) + (24 il 6)

T

where T is in kelvin. The estimates of y for the
temperature range of interest are roughly 50% higher
than that for PS—PI. However, the temperature depen-
dence of y indicates the presence of an upper critical
solution temperature, and the magnitude of the tem-
perature dependence is comparable to that observed in
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other block copolymer systems exhibiting cylinder-to-
sphere order—order transitions, i.e., PS—PI and PEP—
PEE. Thus, it would appear that the slightly larger
interaction parameter, per se, is not responsible for the
discrepancy.

On the basis of the experimental results presented
in this paper, we surmise the depth of the quench (i.e.,
T — Toor) to be an important parameter controlling the
kinetics and pathway of the order—order transition as
noted by the differences in pathways observed at 150
and 170 °C, with a slowing down of the kinetics with
increasing T — Toor. The time-dependent Landau—
Ginzburg calculation of Qi and Wang3# suggests a rapid
decrease of the order parameter followed by a long
intermediate period where the order parameter is small
and then followed by a gradual increase in the order
parameter due to the emergence of the spherical struc-
ture from the cylinders. It is also anticipated on the
basis of that theory that, for higher quench depths (i.e.,
for temperatures approaching Topt), the order param-
eter in the intermediate time should be weaker. These
predictions are consistent with the experimental results
reported here for the temperature jumps to 150 and 170
°C, where distinctly different time dependencies of the
structural pathways are observed.

Concluding Remarks

The pathway and Kinetics of the cylinder-to-sphere
transition have been studied using SANS measure-
ments on shear-aligned cylinders. These measurements
suggest the possibility of a complete dissolution of the
cylindrical structure before the epitaxial growth of the
spherical microdomain structure, particularly for large
IT — Tootl, and are qualitatively different from the
pathway elucidated from previous studies of the cylinder-
to-sphere transition on shear aligned samples.5>™ 11, It
is conceivable that the relatively large mismatch in
di and d% observed in this study could be respon-
sible for the observed differences in pathways. Further,
with increased temperature for the annealing in the
spherical state, the mismatch in d/& and d% in-
creases and is consistent with the observed increase in
incubation time with increased annealing temperature.
The pathway suggested for the shear-aligned samples
using SANS are qualitatively similar to the one hypoth-
esized by us based on linear viscoelastic and transmis-
sion electron microscopy on unoriented wormlike cyl-
inders transforming to bce spheres. The kinetics however

Block Copolymers 3809

are dramatically hastened for the case of shear-aligned
samples as compared to the unaligned cylinders.
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