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ABSTRACT: A polystyrene—poly(ethylene-al¢é-propylene) diblock copolymer, S/EP 7/13, exhibits a
thermoreversible mesophase transition between low-temperature hexagonally perforated lamellae (HPL)
and high-temperature hexagonally packed cylinders (C). The transformation process is accompanied by
a 6% change in the principal spacing, yet oriented specimens retain their macroscopic orientation through
the transition. The C — HPL transformation proceeds on a time scale of tens of minutes, at a rate which
initially increases rapidly with undercooling relative to the order—order transition temperature. At deep
undercoolings, the transformation rate slows due to a reduction in molecular mobility. By contrast, the
HPL — C transformation occurs nearly 2 orders of magnitude more rapidly, a difference which is suggested
to reflect the nature of the dominant fluctuation modes for the two structures.

Introduction

Transformations from one block copolymer mesophase
to another—so-called order—order transitions (OOTs)—
have been the subject of intense investigation over the
past decade. Transitions between different equilibrium
phases can be induced thermally, by varying the Flory
interaction parameter y at essentially constant block
copolymer composition (volume fraction ¢ of one block),
since boundaries dividing these phases are curved in a
plot! of YN vs ¢ (where N is the copolymer’s degree of
polymerization). Thermoreversible transitions have been
demonstrated experimentally between a body-centered-
cubic packing of spheres (S) and hexagonally packed
cylinders (C),275 between the gyroid phase (G) and C,6~?
and between lamellae (L) and hexagonally perforated
lamellae (HPL).1°712 In some cases, the transformation
process has been followed in detail;5%? sigmoidal
(Avrami-type) transformation kinetics were observed,
suggesting a nucleation and growth process. Finally, in
at least one case, the transformation rate was deter-
mined as a function of temperature and found to follow
a simple Arrhenius dependence.”

However, thermoreversible transitions between lay-
ered phases (HPL or L) and C have received relatively
little attention, principally because no system has been
reported which produces such a thermoreversible OOT
at a tractable rate. In a low-molecular-weight rod—coil
diblock copolymer, Ryu et al.!3 recently observed transi-
tions from L, to HPL, to tetragonally perforated lamel-
lae, and finally to C upon heating; the last two of these
transitions were shown to be thermoreversible and
rapid. But for coil—coil diblock copolymers, a different
progression of phases is expected. In the phase diagram

T Present address: Bristol-Myers Squibb Pharmaceutical Re-
search Institute, P.O. Box 191, New Brunswick, NJ 08903.

¥ Present address: Department of Chemical Engineering, The
University of Texas at Austin, Austin, TX 78712.

*To whom correspondence should be addressed: e-mail
register@princeton.edu.

10.1021/ma050953n CCC: $30.25

calculated from self-consistent-field theory,! L and C
border only at strong segregations, where the OOT
dynamics are expected to be slow. Hajduk et al.'4 found
a thermoreversible L. <= C transition in a polystyrene—
poly(ethylene-co-butene) diblock, and the transforma-
tion was indeed quite sluggish, with the C — L transi-
tion requiring days to complete. The L. — C transition
proceeded through an intermediate structure identified
as sheets of cylinders lacking a hexagonal packing; the
C — L transition proceeded without any signature of
an intermediate structure.!* There are also several
reports of irreversible C — L15 and L. — C16 transitions,
corresponding to the relaxation of nonequilibrium struc-
tures formed through casting from a selective solvent.
However, since such transitions start from structures
very far from equilibrium, their relaxation pathways
may differ significantly from those of order—order
transitions between stable phases; moreover, the trans-
formation rate will largely be governed by the polymer
mobility (e.g., proximity to the upper glass transition
temperature), rather than by thermodynamics (i.e.,
distance from Toor).

As for the HPL structure, it is believed to be meta-
stable!” relative to G; thus, when HPL is found, it is
typically at weak segregations and at values of ¢
between those for L and C, where G is stable. G and C
share a phase boundary, implying that thermally in-
duced HPL — C transitions should be possible, though
the reverse C — HPL transition might be problematic,
with C — G occurring instead. Indeed, while HPL has
been shown to convert to C upon heating in several bulk
diblock copolymers,!®19 the reversibility of this transi-
tion was not demonstrated. On the other hand, Wang
and Lodge8? reported a C — HPL transition following
a deep temperature quench for a concentrated solution
of a polystyrene—polyisoprene diblock in dibutyl phtha-
late. The HPL structure subsequently transformed to
G, but this second transition was slow (hours), permit-
ting the C — HPL transformation mechanism and
kinetics (minutes) to be studied. Thermoreversibility of
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this C < HPL transition was not demonstrated directly,
but is presumed since C is the stable high-temperature
phase.

Here, we examine a thermoreversible HPL < C
transition in a bulk polystyrene—poly(ethylene-alt-pro-
pylene) diblock, S/EP 7/13. The phase diagram for S/EP
diblock copolymers has been presented previously?? and
contains a substantial region where HPL is observed
(denoted there as L'). Over this region of compositions
and temperatures, HPL does not transform to G at any
perceptible rate. For S/EP 7/13, an OOT from HPL (at
low temperatures) to C (at high temperatures) occurs
near 175 °C.20 Here, we determine the transformation
rate as a function of undercooling or superheating (vs
Toor) and find a large asymmetry in the transformation
rate, with HPL — C proceeding nearly 2 orders of
magnitude faster than C — HPL. This asymmetry is
discussed with regard to the epitaxial HPL <> C mech-
anism proposed previously.8:9.21,22

Experimental Section

The synthesis and molecular characterization of S/EP 7/13
have been described in detail previously.?° Briefly, sequential
anionic polymerization of styrene and then isoprene was
employed, and the polyisoprene block selectively hydrogenated
to EP. S/EP 7/13 has a polydispersity < 1.04, no detectable
homopolymer, a weight-average molecular weight M,, = 20.7
kg/mol, and an EP volume fraction ¢gp = 0.709 at 140 °C.

Three small-angle X-ray scattering (SAXS) systems were
employed in this work. All kinetic measurements of the
relatively slow C — HPL transition were conducted on unori-
ented specimens, using a compact Kratky camera with Cu Ko
radiation from a sealed-tube generator. Scattering data were
acquired with a one-dimensional position-sensitive detector
(Braun OED-50M). SAXS at elevated temperature employed
a custom-constructed hotstage with a temperature uniformity
of £1 °C;?? satisfactory SAXS data could be acquired with 5
min time resolution. The data were reduced using previously
reported procedures?! to desmeared absolute intensity vs the
magnitude of the momentum transfer vector ¢ = (47/4) sin 0,
where 6 is half the scattering angle and 1 the radiation
wavelength. The much faster HPL — C transition was
examined on beamline 8.2 of the Synchrotron Radiation Source
(Daresbury Laboratory, Warrington, UK),?> with A = 0.154 nm.
SAXS patterns were acquired with 6 s time resolution, using
a Daresbury quadrant detector. A Linkam DSC600 stage
controlled the sample temperature to within +0.05 °C. Finally,
two-dimensional SAXS measurements?$?7 on oriented samples
were conducted using Cu Ka X-rays from a sealed tube, a
Statton (pinhole) camera, and Kodak image plates read with
a Molecular Dynamics PhosphorImager SI. Measurements at
elevated temperature employed the original Statton camera
hotstage (W.H. Warhus, Inc.), retrofitted with a digital tem-
perature controller to provide temperature stability within +1
°C. Oriented specimens were prepared by planar extensional
flow in a lubricated channel die.?® The processed strip, ~0.5
mm thick, was cut into pieces along the three orthogonal
directions; these pieces were stacked together, taking care to
match their orientations, to produce a total specimen thickness
of ~1.5 mm along the beam direction. After reaching the target
temperature, the specimen was held for a minimum of 30 min
to allow the morphology to stabilize; acquisition of the 2D
SAXS pattern required 3 h.

Specimens for transmission electron microscopy (TEM) were
prepared by heating 1 mm thick films of S/EP 7/13 in the
Kratky camera, to either 120 °C (HPL) or 190 °C (C). SAXS
patterns taken at the relevant temperature confirmed the
desired structure, and subsequent patterns taken at room
temperature confirmed that no morphological transformation
occurred upon quenching. A portion of each film was then
immersed in aqueous RuOy4 (0.5 wt %) overnight to selectively
stain the S domains. After embedding in acrylic resin, thin
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Figure 1. TEM images of S/EP 7/13; polystyrene domains are
stained dark with RuQO4. (a) C phase, obtained by annealing

at 190 °C. (b) HPL structure, obtained by annealing at 120
°C.

sections were prepared by microtoming at room temperature
and examined on a Zeiss 910 TEM in bright field.?®

Results and Discussion

HPL and C Structures: Characteristics and
Regions of Stability. TEM images of S/EP 7/13 are
shown in Figure 1; the minority polystyrene block is
stained dark with RuQO,4. Panel (a) shows an image of
the specimen quenched from 190 °C, where the C phase
is stable.?0 Grains of cylinders with their axes roughly
normal to the plane of the section, as well as some whose
axes are inclined, are evident in the image. Panel (b)
shows an image of the specimen quenched from 120 °C,
where the HPL structure prevails.?’ The center portion
of the image shows a region where the lamellar normal
is roughly perpendicular to the section; uniform, circular
domains of EP (light) perforating the S layers are
evident. The edges of the image show regions where the
lamellar normal lies roughly in the plane of the section;
the perforations are evident from the regular modula-
tion in thickness and darkness of the S layers. These
features are similar to those seen in micrographs of the
slightly less-asymmetric S/EP 9/14 (with ¢gp = 0.667
at 140 °C), which forms a highly regular, ABCABC-
stacked HPL structure.!> However, the in-plane ar-
rangement of the perforations (hexagonal vs disordered)
and the stacking are unclear from the TEM image in
Figure 1b and are better probed through SAXS.

Figure 2 shows high-resolution SAXS patterns of S/EP
7/13 at 170 °C (HPL) and 180 °C (C). The pattern at
180 °C is typical for hexagonally packed cylinders: a
sharp primary peak at ¢* (= 0.309 nm™! here) and
higher-order peaks at +/3¢*, +/7¢* and v9¢*. (The
structure factor peak at +/4¢* is absent due to coinci-
dence with the cylinder form-factor node.*) The HPL
SAXS pattern is less well-defined, showing only two
strong reflections: a broad first-order peak at g* (= 0.29
nm~! here) and a relatively sharp higher-order peak at
2q%; a weak sharp peak at 3¢* can also be discerned.
The inset to Figure 2 shows the SAXS pattern for the
previously studied!? S/EP 9/14, which forms a highly
regular HPL structure with an ABCABC stacking; the
peaks are labeled with corresponding (A0l) indices.
Comparison of the HPL SAXS patterns for the two
materials shows that the broad first-order peak ob-
served for S/EP 7/13 is actually the superposition of
three peaks: (1) the principal peak at ¢*, due to the
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Figure 2. High-resolution SAXS profiles (logarithmic inten-
sity scale) of S/EP 7/13, taken on Daresbury beamline 8.2.
Top: HPL structure (at 170 °C), with arrows marking peaks
resulting from the layer spacing; bottom: C phase (at 180 °C),
with arrows indicating the positions of reflections character-
istic of a hexagonal packing. Profiles are offset by a decade
along the intensity axis for clarity. For comparison, the inset
shows the SAXS profile of S/EP 9/14 at 260 °C, where it
exhibits a highly regular HPL structure.!? Arrows correspond
to the positions of the indicated (20]) reflections, for a regular
ABCABC stacking of the perforations.

layer spacing (the (003) reflection in an ABCABC-
stacked HPL structure), (2) a smaller peak at ap-
proximately 0.92¢* (the (101) reflection), and (3) a still
smaller peak at approximately 1.09¢* (the (102) reflec-
tion). The broad but clearly discernible feature near
1.75¢* in S/EP 7/13 can be viewed as the superposition
of the (104) and (105) reflections (at 1.59¢* and 1.88¢*,
for ABCABC stacking and c/a = 2.24);12 such a feature
has also been simulated by Hamley et al.?? starting from
a disordered arrangement of perforations. However,
identification of these features is only possible because
we have the SAXS pattern from the well-ordered S/EP
9/14 for comparison and because of the high flux and
high resolution provided by the synchrotron source; at
lower resolution, the SAXS pattern at 170 °C could
easily be mistaken for that from an ordinary, unperfo-
rated L phase. Indeed, Hajduk et al.l” noted that SAXS
patterns from unsheared HPL specimens are typically
indistinguishable from L. For S/EP 7/13, the emerging
shoulders on either side of the main peak, as well as
the broad feature near 1.75¢*, indicate some regularity
in the arrangement of the perforations, so we will
continue to refer to the structure as HPL below, though
clearly the perforations are not as highly ordered as in
S/EP 9/14.

Figure 3 shows the evolution of the SAXS pattern for
S/EP 7/13 on heating through the HPL — C transition,
with a SAXS pattern shown every 10 °C. Panel (a) shows
a three-dimensional plot; from the disappearance of the
second-order HPL reflection, and the appearance of the
V3 and +/7 C reflections, the OOT occurs between 170
and 180 °C. Panel (b) shows how the first-order peak
position changes during the heating ramp; by taking the
temperature at which dg*/dT is maximum, we assign
Toor = 175 °C. The small breadth (ca. =1 °C) of the
transition is comparable to the temperature uniformity
over the Kratky camera’s slit length. Note that the OOT
is accompanied by a substantial (6%) increase in g%,
indicating that the (10) interplanar spacing in the C
structure is 6% smaller than the layer spacing in the
HPL structure. Such a large change is surprising, since
Wang and Lodge® found a near-epitaxial match (~2%
decrease in g* on transformation from C to HPL) in
their concentrated solution of a polystyrene—polyiso-
prene diblock.

Figure 4 demonstrates the thermoreversibility of the
HPL < C transition. Cycling the temperature repeat-
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Figure 3. (a) Desmeared Kratky SAXS profiles for S/EP 7/13
(logarithmic intensity scale) during heating. At 170 °C and
below, the structure is HPL, as evidenced by the two clear
peaks in a g ratio of 1:2, as well as the broad feature near
1.75g*. At 180 °C and above, peaks at g/g* = +/3 and /7 are
visible, characteristic of the C structure. (b) Position of the
first-order peak (at ¢*) during the heating process (30 min per
step) from HPL to C. Note the sharp discontinuity at Toor =
175 °C.

edly between 140 °C (HPL) and 180 °C (C), according
to the temperature profile shown in the top panel,
causes the structure to completely transform in <1 h.
The SAXS peak shapes, positions, and intensities are
fully recovered following a temperature jump or drop.
None of our experiments showed any evidence of HPL
transforming to G, even in samples annealed for several
hours at a variety of temperatures. Thus, the HPL
structure we see in S/EP 7/13 is stable for practical
purposes (even if thermodynamically metastable rela-
tive to G17), which permits us to investigate the kinetics
and mechanism of the HPL < C transition in both
directions.

HPL < C Transition in Oriented Specimens.
Flow alignment of block copolymers can be a great asset
in elucidating the pathways of mesostructural trans-
formations,!% since it permits SAXS reflections to be
resolved azimuthally as well as in g. Moreover, for the
HPL structure, flow is often effective in producing a
regular arrangement of the perforations, even when
such regularity is absent in quiescent specimens.l” We
oriented samples of S/EP 7/13 via planar extensional
flow in a lubricated channel die.?® The three orthogonal
directions are the flow direction (FD, direction of exten-
sion), loading direction (LD, direction of contraction),
and constraint direction (CD, no net flow). Previous
experiments?® have shown that planar extension gener-
ally produces an alignment of cylinder axes along FD
and lamellar normals along LD. Portions of the flow-
aligned sample were cut in the three orthogonal direc-
tions for examination by SAXS, with the beam directed
along FD, CD, or LD; note that each view necessarily
corresponds to a different piece of material, though all
were obtained from neighboring regions of the same
flow-aligned strip. The results for a specimen flow-
aligned at 150 °C (where the HPL structure prevails)
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Figure 4. SAXS patterns (bottom) for S/EP 7/13 (logarithmic
intensity scale, offset along the intensity axis for clarity) and
corresponding temperature history (top), demonstrating com-
plete thermoreversibility of the HPL < C transition in <1 h.
SAXS patterns A and C were acquired at 140 °C (HPL
structure), while those at B and D were acquired at 180 °C (C
phase).

are shown in Figure 5. Column I shows the three
orthogonal views of the as-aligned sample. With the
beam directed along FD or CD, equatorial spots at g*
and 2¢* are observed, as expected for a lamellar
structure. Moreover, the view along CD shows four off-
axis spots inclined at 52° with respect to the equator
and at a scattering angle slightly greater than ¢*; these
are the (102) reflections in the ABCABC-stacked HPL
structure,?!32 indicating that planar extensional flow is
indeed effective in producing a highly regular arrange-
ment of the perforations. Similar off-axis maxima are
expected in the view along FD but cannot be resolved
due to the larger azimuthal spread of the lamellar
normals. Channel-die alignment typically yields some
misorientation of the lamellar normals in the LD—CD
plane, producing narrower arcs with the beam along CD
than along FD.2® Finally, the view along LD—with
strong equatorial maxima and four weak off-equatorial
maxima—results from a minor fraction of “perpendicu-
lar” perforated lamellae, with their normals aligned
along CD.5

Heating the specimen to 200 °C transforms the
morphology to C. Intuitively, we expect that the HPL
— C transformation will occur by elongating and con-
necting the perforations to produce discrete cylinders
with their axes lying in the plane of the original
lamellae; this transformation pathway is also predicted
theoretically.2122 Since even the ideal HPL structure is
6-fold symmetric about the lamellar normal, and our
flow-aligned specimens are not perfect single crystals,
this would be expected to produce a polygrain C
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Figure 5. 3 x 3 matrix of 2D SAXS patterns for S/EP 7/13,
flow-aligned at 150 °C, in the three orthogonal directions
(beam along FD, CD, and LD in rows (a), (b), and (c), as
indicated by the axes along the left margin). Column I:
patterns after reheating from room temperature to 150 °C
(HPL structure), the original processing temperature. Column
II: patterns after heating further, to 200 °C (C phase). Column
III: patterns after cooling from 200 °C back to 150 °C.
Schematics along the top margin of the figure represent the
structure at each temperature.

structure, where all C axes lie in the FD/CD plane but
with rotational disorder about LD. The view along CD
(row b, column II) is consistent with this notion: two
strong spots are observed along LD (where all grains
contribute), with four weaker spots inclined at 60°
relative to LD (where only grains whose cylinder axes
are nearly aligned with CD contribute). The view along
FD is also consistent with this idea, as it shows two
strong spots along LD. However, the view along LD is
a surprise: we anticipate a ring but observe arcs with
strong maxima along CD. This indicates a strong
preference for alignment of the cylinder axes along FD,
as indicated schematically above column II, even though
the HPL — C transformation occurs quiescently.

Subsequently cooling the specimens to 150 °C regen-
erates the HPL morphology. Moreover, the original
orientation is also recovered, as evidenced by the
similarity of the SAXS patterns in columns I and III.
This, too, is a surprise, since we anticipate that the HPL
structure will be formed by connecting adjacent cylin-
ders periodically along their densest-packed (10) planes.
The 6-fold symmetry of the C structure produces three
sets of (10) planes, which would seem equally likely
candidates to become the lamellar sheets in the HPL
structure. This would give rise to six spots of equal
intensity in the view along FD, yet spots are observed
only on the equator, indicating a strong preference for
alignment of the lamellar normals along LD, as indi-
cated in the schematic above column III.

Similar “memory effects” have been seen in other
OOTs, as discussed by Wang and Lodge,? who suggest
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Figure 6. SAXS profiles (logarithmic intensity scale) for the
time course of the C — HPL transformation, following a quench
from 180 to 140 °C. The pattern at time = 0 was acquired just
prior to the quench. Inset: peak intensity ratio Iz during the
course of the transformation. The solid line represents an
Avrami fit to the data (best-fit exponent n = 3.0).

that their origin may be small structural distortions
resulting from imperfect epitaxy. For example, in the
HPL — C transformation, such distortions would result
in deviations from perfect hexagonal packing in the C
phase, leading to a denser packing of cylinders along
one particular set of (10) planes and thus providing a
means to select this set of planes during the reverse C
— HPL transformation. Unfortunately, the spots in the
2D patterns of Figure 5 are severely broadened by the
instrumental resolution function, making any small
deviations from perfect hexagonal symmetry in panel
b-II impossible to detect. However, we note that the
deviations from a true lattice match in this process are
quite large: as can be seen from Figure 3, the change
in ¢* on heating from 150 to 200 °C is ~13%, with half
of the change due to the OOT at 175 °C and the other
half to the general reduction in interdomain spacing as
temperature increases (and y decreases). Thus, changes
in the domain spacing are relatively facile, suggesting
that any distortions of the macrolattice which may be
present immediately after the transformation should be
quickly erased. As noted by Wang and Lodge,® the origin
of this memory effect remains mysterious and warrants
further investigation.

Kinetics of the HPL < C OOT. Figure 6 shows
time-resolved SAXS data for a specimen of S/EP 7/13
originally heated to 180 °C and then quenched to 140
°C (at time = 0). With increasing time at 140 °C, the
higher-order C peaks at +/3 and +/7¢* disappear, while
the second-order reflection of the HPL structure (the
(006) reflection for ABCABC stacking!?) emerges at 2g*,
as indicated by the arrows. As implied by Figure 3b,
the primary peak position ¢* also changes significantly,
though this is difficult to discern in the 3D plot of Figure
6. The rate of the C — HPL transition can be quantified
through the parameter Iz = Io/[;, where Iy is the
intensity of the second-order peak for the HPL structure
and I; is the intensity of the primary peak. The
evolution of Ig with time is shown in the inset. The C
— HPL transformation is adequately described by the
Avrami equation:®3

where ¢ denotes the elapsed time at the target temper-
ature, Igp and Ir. are the Iy values at t = 0 and ¢t — oo,
k is the rate constant, and n is the Avrami exponent.
Experiments analogous to that in Figure 6 were con-
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Figure 7. C— HPL transformation rate, as measured by the
reciprocal of the transformation half-time (¢12), as a function
of temperature following a quench from 180 °C. Half-times
determined from Iy (@), Ag (O), and ¢g* (®) are essentially
identical.

ducted at target (quench) temperatures ranging from
140 to 170 °C; in all cases, the transformation kinetics
were sigmoidal, with the best-fit n generally decreasing
as the target temperature increased (undercooling
decreased).?* Thus, the transformation appears to pro-
ceed by nucleation and growth, and not by spinodal
decomposition, even for undercoolings as deep as 35 °C.

The Avrami fits are also convenient for determining
the half-time ¢1/5 (t = ¢/ when Igr = (Irg + Ir«)/2); t1/2 is
useful for comparing rates when the apparent exponent
n changes with temperature. Besides Ig, two other
parameters were tracked to quantify the progress of the
transformation: a peak area ratio Ar (= Ao/A1), analo-
gous to Ig, and the peak position ¢*. Figure 7 shows
reciprocal half-times obtained from these three quanti-
ties; there is no significant difference between the half-
times from /g and Ag, and those from g* track quite well
also. The latter is somewhat fortuitous: in principle, the
observed first-order peak should consist of distinct peaks
for HPL and C, at ¢* values which differ by ~6% (see
Figure 3b). However, the first-order peak from the HPL
structure is broad (see Figure 2), so the superposition
of these two peaks appears as a single peak with a ¢*
value that varies continuously throughout the trans-
formation.

Figure 7 shows that the rate initially increases very
steeply as the undercooling is increased (temperature
is decreased from Toor = 175 °C). However, each
successive increment of undercooling increases the rate
by a successively smaller factor: for example, increasing
the undercooling from 5 to 6 °C nearly doubles the rate,
but a further increase to 7 °C undercooling results in
only a ~40% increase in rate. This indicates that the
kinetics are not Arrhenius-like; however, simple Arrhe-
nius kinetics are not expected here, as the rate must
rigorously go to zero at Toor. As the target temperature
is further decreased, the transformation rate reaches a
maximum (near 157 °C) and then enters a region where
the rate actually decreases with a further decrease in
temperature. This reduction in rate arises from a
reduction in molecular mobility, especially as the glass
transition of the polystyrene domains (measured as 65
°C in S/EP 7/13 by differential scanning calorimetry) is
approached. A similar maximum in rate (minimum in
half-time) has been observed in the disorder-to-order
transition in polystyrene—polyisoprene diblock and tri-
block copolymers, for the same reason.23
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Figure 8. Comparison of the HPL — C and C — HPL
transformations, each with an undercooling/superheating of
5 °C relative to Toor = 175 °C. Both Ag (O) and ¢* (a) are
shown for each transformation; solid curves are the Avrami
fits to the Ag data. (a) Jump from 170 to 180 °C, inducing the
HPL — C transformation; ¢12 = 1.3 min and Avrami exponent
n = 2.4. (b) Drop from 180 to 170 °C, inducing the C — HPL
transformation; ¢12 = 75 min and Avrami exponent n = 1.3.

While the C — HPL transformation in S/EP 7/13 is
easily studied with a laboratory SAXS system, prelimi-
nary measurements showed that the corresponding
HPL — C transformation occurred in less than the 5
min necessary to acquire a SAXS pattern, even for small
superheatings (5 °C). Consequently, the HPL — C
transformation was tracked with synchrotron SAXS,
following a jump from 170 to 180 °C; the initial and final
SAXS patterns for this process are shown in Figure 2.
The top panel of Figure 8 shows the progress of the
transformation, as gauged through Ar and ¢%*; the
kinetics are again sigmoidal, and the half-time extracted
from Agr is 1.3 min. For comparison, results for the
analogous C — HPL transformation—a quench from 180
to 170 °C, measured on the laboratory Kratky system—
are shown in Figure 8b, with a half-time of 75 min. The
degree of undercooling/superheating is the same in both
cases—5 °C—and over this limited temperature range
far from any glass transition, the molecular mobility is
not expected to change greatly, yet the HPL — C
transformation is over 50 times faster than the C —
HPL transformation.

Such a large disparity in rates is surprising. Kim et
al.3 found the C — S and S — C transformation rates to
be comparable (within a factor of 3, some of which can
be attributed to differences in undercooling/superheat-
ing and molecular mobility). Floudas et al.” commented
that the G — C transition proceeds much more slowly
than C — G, but this difference in rate was not
quantified. We speculate that the difference between the
HPL — C and C — HPL transformation rates is a
consequence of the dominant fluctuation modes for the
two structures, as described theoretically by Laradji et
al.3> When the L phase is driven toward C, the dominant
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fluctuation mode leads to a perforated lamellar struc-
ture, which can then relax to C if one in-plane fluctua-
tion mode dominates over the others. By contrast, when
the C phase is driven toward L, the dominant fluctua-
tion mode is a flattening of the cylinders along the (10)
planes leading to rippled sheets when the cylinders
touch. Thus, the dominant fluctuation mode for C does
not facilitate the formation of an HPL structure, which
could account for the relatively slow C — HPL kinetics.

Conclusions

The thermoreversible HPL <> C transformation pro-
cess in a bulk diblock copolymer, S/EP 7/13, was
effectively tracked by time-resolved SAXS over a broad
range of transformation temperatures. Cooling trans-
forms the C phase to HPL, rather than to gyroid (G) as
in most prior reports; the HPL structure in S/EP 7/13
shows no evidence of transforming to G over the
experimental time scale. Oriented specimens can be
heated and cooled through the sequence HPL — C —
HPL while retaining a memory of their original orienta-
tion, despite a 6% mismatch between the interlayer
spacings in the two structures. In all cases, the time
course of the C — HPL transformation satisfactorily fit
the Avrami equation, implying a nucleation and growth
process. The reverse HPL. — C transformation also
exhibits Avrami-type kinetics, but at a rate some 50
times faster than the C — HPL transformation, even
for small excursions about Toor, where the segmental
dynamics are little affected. We speculate that this rate
asymmetry is a consequence of the favored fluctuation
modes in the two structures; the HPL structure is easily
converted to C, while the dominant fluctuations of the
C structure favor an unperforated L structure, which
S/EP 7/13 does not exhibit at any temperature.
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