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Introduction
The hexagonally perforated lamellar (HPL) structure

in block copolymers has been the subject of considerable
study and debate since its initial reports.1-5 The interest
in the HPL structure arises from its topology: as in the
ordinary “unperforated” lamellar phase (L), each com-
ponent is continuous in the plane of its lamellae, but
hexagonally packed perforations through the lamellae
formed by the minority component impart three-
dimensional continuity to the majority component. No
other diblock copolymer phase has this combination of
2D/3D continuity, which produces a distinct rheological
response.2 Moreover, selective removal of the minority
component6 from the HPL structure would generate an
array of slitlike mesopores held open by pillars of the
3D-continuous majority component, whereas the L
structure simply collapses when one component is
removed.

Hajduk et al.7 showed that the HPL structure is
metastable with respect to the gyroid (G) phase in
several bulk diblock copolymers, a conclusion supported
by self-consistent-field calculations for the two struc-
tures, though the calculated free energy difference is
quite small.8,9 Previous observations of the HPL struc-
ture have often found poorly ordered structures, perhaps
reflecting this metastability; indeed, Hajduk et al.7
concluded that the order of the perforations was too poor
in any of their unsheared samples to reliably distinguish
the HPL structure from L. In the absence of regular
order, the preferred pore spacing and stacking10,11 (for
example, ABAB vs ABCABC) cannot be determined.
Alignment of the structure through large-amplitude
shear often yields a regular pore arrangement,5,12-15 but
Zhu et al.15 concluded that the stacking so developed
was controlled by the shear, rather than being an
intrinsic feature of the structure. Here, we describe a
diblock copolymer system which spontaneously, rapidly,
and reproducibly adopts a highly regular HPL structure,
without any perturbing applied fields. We also find
coexistence between L and HPL over a substantial

temperature range (20 °C), with the relative fractions
of the two structures depending uniquely on the tem-
perature.

Experimental Section

The synthesis and molecular characterization of the two
polystyrene-poly(ethylene-alt-propylene), S/EP, diblock co-
polymers studied here have been described previously.16 In
brief, the polymers were synthesized by sequential anionic
polymerization of styrene and then isoprene, and the polyiso-
prene block selectively hydrogenated to EP. Both have poly-
dispersities of 1.04 or less and no detectable homopolymer.
S/EP 9/14 has a total weight-average molecular weight Mw )
22.5 kg/mol and an EP volume fraction φEP ) 0.667 at 140 °C;
S/EP 7/13 has Mw ) 20.7 kg/mol and φEP ) 0.709. Small-angle
X-ray scattering (SAXS) data were acquired on beamline 8.2
of the Synchrotron Radiation Source (Daresbury Laboratory,
Warrington, UK),17 using an incident X-ray beam of wave-
length λ ) 0.154 nm. Data are presented against the magni-
tude of the momentum transfer vector q ≡ (4π/λ) sin θ, where
θ is half the scattering angle. SAXS patterns were acquired
with 6 s time resolution, using a Daresbury quadrant detector.
The resolution (full width at half-maximum) of this system18

is ≈0.017 nm-1. A Linkam DSC600 stage controlled the sample
temperature to within (0.05 °C. The specimen for transmis-
sion electron microscopy (TEM) was prepared by heating a 1
mm thick film of a 2:1 w/w blend of S/EP 7/13 and S/EP 9/14
to 160 °C, holding for 1 h, and then quenching in liquid
nitrogen. SAXS patterns taken at 160 °C, and subsequently
at room temperature, confirmed that no morphological change
occurred during the quench. A portion of this thick film was
then immersed in aqueous RuO4 (0.5 wt %) overnight to
selectively stain the S domains. After embedding in acrylic
resin, thin sections were prepared by microtoming at room
temperature and examined on a Zeiss 910 TEM in bright
field.19

Results and Discussion

Our previous examination of S/EP 9/14, via lower-
resolution SAXS with a Kratky camera, revealed a low-
temperature L phase.16 Above 230 °C, the second-order
SAXS peak diminished suddenly in intensity, suggesting
the presence of another lamellar phase, which we
termed L′, while further heating to 290 °C quickly
transformed the L′ structure to G.16 As discussed further
below, the L′ structure in S/EP 9/14 transforms rapidly
to L upon cooling, so that it was impossible to quench
the structure to room temperature for TEM examina-
tion. However, our previous results16 showed that the
L T L′ transition temperature decreased rapidly with
an increase in φEP; a 2:1 w/w blend of S/EP 7/13 and
S/EP 9/14 (with φEP ) 0.696) could be quenched from
160 °C to room temperature with the L′ structure intact.
Two TEM images of this blend are shown in Figure 1;
the extremely thin region shown on the left, containing
only a single S layer, clearly confirms the existence and
hexagonal arrangement of circular perforations through
the S lamellae. This confirms our earlier suggestion16

that the L′ phase has the HPL structure. The stacking
(ABAB vs ABCABC) in the blend is unclear from the
TEM image alone and is better investigated by SAXS.

The top trace in Figure 2 shows the high-resolution
SAXS pattern for S/EP 9/14 at 260 °C. Seven peaks and
shoulders are clearly evident, all of which can be
indexed (within 0.001 nm-1 in q, for the five fully
resolved peaks) according to the HPL structure with an
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ABCABC stacking. The hexagonal basis vector length
(spacing between pores) is a ) 28.7 nm, while the repeat
distance along the lamellar normal is c ) 64.2 nm (one
ABC repeat, containing three S and three EP lamellae).
Most of the reflections can also be indexed with an
ABAB stacking (with a ) 27.0 nm, c ) 42.8 nm); the
distinguishing feature is the shoulder observed near q
) 0.32 nm-1 (marked as (102) in Figure 2), where no
reflection exists for the ABAB stacking, indicating that
little if any of the material stacks ABAB. Our measured
c/a ratio (2.24) is quite similar to that found by Zhu et
al.15 (2.13) for the ABCABC-stacked fraction of a shear-
oriented polystyrene/poly(ethylene oxide) diblock and by
Ahn and Zin14 (2.2) in a shear-oriented polystyrene/
polyisoprene diblock, all of which are slightly below the
value for a face-centered-cubic arrangement of the
perforations (c/a ) x6 ) 2.45).

The SAXS patterns in Figure 2 indicate that the HPL
structure prevails from 245 to 260 °C, with only a small

change in lattice spacing as the temperature is varied.
Similarly, at 220 °C and below, the structure is L, as
evidenced by the strong second-order reflection and the
presence of reflections out to at least the fifth order.
Conceptually, the L structure can be converted to HPL
simply by opening pores,20 without the need for chains
to diffuse between layers; in this case, the (006) peak
in the HPL structure would derive from the second-
order peak in the L phase. Figure 3 shows how the
positions of the second-order L and (006) HPL reflections
change with temperature: the peak position, q2, in-
creases by 7% (layer spacing decreases by 7%) when L
transforms to HPL. This is in excellent agreement with
previous results showing a reduction in layer spacing
during the L f HPL transition by 5-9% in other bulk
diblocks.13,21 Thus, the L f HPL transformation in-
volves extensive overall rearrangement of the structure,
with a significant change in the number of layers
present, not merely a puncturing of the layers.

More interestingly, the SAXS patterns in Figure 2
change progressively between 220 and 245 °C, with the
HPL reflections growing and the L reflections subsiding
as the temperature is raised. One might infer that this
simply reflects slow transformation kinetics, with a
sharp L/HPL phase boundary located near 220 °C.
However, this is not the case, as the data sets in Figure
2 were acquired in a random temperature sequence, by
jumping between temperatures ranging from 180 to 260
°C. In S/EP 9/14, the transformation is remarkably
rapid: while Mani et al.22 reported thermoreversibility
on the time scale of hours for the L T HPL transition
in an unsheared S/EP/S triblock, the SAXS pattern for
S/EP 9/14 stabilized in <1 min from the time the
temperature jump or drop was initiated.

The speed of the transition is most evident by
examining the SAXS intensity integrated over 0.50 < q
< 0.56 nm-1, which corresponds to the strong second-
order reflection in the L structure at 220 °C and the
relatively weak (105) HPL reflection at 260 °C. These
chronological, frame-by-frame integrated intensity val-
ues are plotted at the top of Figure 4, with the temper-
ature profile shown at the bottom. At 245 °C and above,
the integrated intensity is essentially independent of
temperature, reflecting the constancy of the SAXS
profiles shown in Figure 2. A similar situation is found
at 220 °C and below, where the L phase prevails and
the integrated intensity depends only weakly on tem-
perature. But between 220 and 245 °C, the integrated
intensity changes dramatically; even a 3 °C temperature

Figure 1. TEM images of thin sections of a 2:1 w/w blend of
S/EP 7/13 and S/EP 9/14, exhibiting the HPL structure. S
domains are stained dark with RuO4. Left: an exceptionally
thin region of the section, showing only a single S layer in plan
view; the hexagonal arrangement of the light EP perforations
is clearly evident. Right: an area of the section cut roughly
normal to the layers; perforations are evident by the variation
in darkness and thickness of the S layers.

Figure 2. SAXS patterns for S/EP 9/14, at the temperatures
indicated at left. Each pattern is the average of several 6 s
frames, beginning once the SAXS pattern had stabilized.
Indices (h0l) at top identify the peaks in the HPL structure,
according to an ABCABC stacking of the perforations. Suc-
cessive SAXS profiles are shifted by a decade in intensity for
clarity.

Figure 3. Position of the second-order peak, q2, as a function
of temperature: circles, second-order reflection from the L
structure; squares, (006) reflection from the HPL structure.
Note the 7% increase in q2 when L transforms to HPL.
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step produces an easily resolvable intensity change.
Moreover, at each temperature in this range, the
integrated intensity shows a particular value, which is
reached rapidly and is independent of the thermal
history: whether the sample was cooled or heated and
whether the temperature jump/drop crossed the 220 °C
threshold above which the signature of the HPL struc-
ture becomes visible.

One might also speculate that from 220 to 245 °C the
lamellae develop modulations5,12 of increasing ampli-
tude, eventually yielding complete perforations at high
temperature. In this case, the second-order peak in the
L structure should transform smoothly into the HPL
(006) reflection, increasing rapidly but smoothly in q
over this temperature range to accommodate the 7%
change in spacing evident in Figure 3. Instead, the
SAXS patterns in Figure 2 are a simple superposition
of HPL and L patterns, each with the relatively weak
temperature dependence of the layer spacing indicated
by the solid lines in Figure 3. This indicates coexistence
of the L and HPL structures from 220 to 245 °C, with
the balance shifting progressively toward HPL as the
temperature is raised from 220 °C (no HPL) to 245 °C
(all HPL).

Even anionically polymerized block copolymers show
compositional polydispersity between chains,21 which in
principle permits equilibrium coexistence of ordered
phases. However, such coexistence implies that the
chains can “sort themselves” into domains different in
local composition (φEP) which are still large enough to
scatter coherently (e.g., micron-scale grains). Such a
process seems highly unlikely, especially in times < 1
min. At present, we do not have a satisfying explanation
for the behavior of the system in this temperature range,
but we speculate that this feature may result from a
persistent grain structure in these unoriented films, i.e.,
that transformations between L and HPL do not readily
cross grain boundaries. For any phase transition, the
transition temperature depends on the grain size through
the Gibbs-Thomson equation.23 It is possible that for
the L T HpL transition the interfacial energy and the
transition enthalpy combine to produce an unusually
strong size dependence of the transition temperature.

Though S/EP 9/14 can be reversibly and rapidly cycled
between the L and HPL structures, this does not prove
that HPL is an equilibrium phase. In other words, while
the L T HPL transition is rapid, this does not mean
that the HPL T G transition is rapid; transformations
to and from the G phase are frequently sluggish.24

Quenching S/EP 9/14 from the G phase at 290 to 230
°C did not produce any signature of the HPL structure
even after 7 h,25 so it is entirely plausible that the
equilibrium structure above 220 °C is G, while HPL is
an exceptionally long-lived (and in our case, well-
ordered) metastable structure.7
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Figure 4. Stable coexistence of HPL and L structures. Bottom
profile (right axis) shows the temperature profile employed,
consisting of multiple temperature jumps and drops in random
sequence, with isothermal holds in between. Top profile (left
axis) shows the corresponding SAXS intensity integrated over
0.50 < q < 0.56 nm-1, the region indicated by the bar at the
bottom of Figure 2. Each data point represents a single 6 s
frame.
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