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ABSTRACT: We reexamine the stability of hexagonally modulated layer (HML) and hexagonally
perforated layer (HPL) morphologies in a number of block copolymer systems of low to moderate molecular
weight. Using small-angle X-ray scattering and dynamic mechanical spectroscopy, we show that these
structures are long-lived nonequilibrium states which convert to the bicontinuous gyroid (G) morphology
upon isothermal annealing. Comparison of phase transition kinetics across chemically distinct systems
spanning a wide range of molecular weights and monomeric friction coefficients reveals a composition
dependence to these dynamics. This suggests effects associated with the mobility of individual chains
are of lesser importance in explaining the apparent metastability of the HML and HPL structures; instead,
the composition dependence of the transition mechanism appears to dominate the observed behavior.
The revised phase behavior for these materials is in excellent agreement with mean-field predictions for
diblock copolymer melts.

Introduction
Block copolymers are known for the variety of ordered

morphologies that can form upon microphase separ-
ation.1-3 Mean-field theories predict this behavior as
a function of the degree of segregation of the system
(øN), the volume fraction occupied by one of the blocks
(f), and the conformational asymmetry of the blocks
(ε).4,5 Selection of a given copolymer chemistry fixes ε
and (in theory) restricts the phase behavior to depend
solely on øN and f. In the microphase-separated state,
early theories predicted only the three “classical”
morphologiesslamellae (L), cylinders (C), and spheres
(S)sto be stable.
Experiments have recently revealed three additional

“complex” phasesshexagonally modulated layers (HML),6
hexagonally perforated layers (HPL),6,7 and the gyroid
(G)8,9sin a narrow range of volume fractions and
segregations separating the lamellar and cylindrical
morphologies. The HML phase consists of alternating
minority and majority component layers in which the
thickness of the minority component domains is modu-
lated with a hexagonal in-plane symmetry. In the HPL
phase, hexagonally packed channels of majority com-
ponent material extend through the minority component
layers to form a monocontinuous structure. (A similar
morphology has been identified in blends of diblock
copolymers with homopolymers, where it is known as
the lamellar-catenoid (LC) morphology.)10,11 The stack-
ing of the HML modulations and the HPL channels is
at present unknown; the experimental data are consis-
tent with both abab... and abcabc... arrangements. The
G phase is formed from two distinct, interpenetrating
networks of the minority component chains which are
embedded in a matrix of majority component material.
The resulting tricontinuous structure was initially misi-
dentified as the ordered bicontinuous double diamond
(OBDD) morphology12,13 and is occasionally identified
by its space group (Ia3hd).

Current theory accounts for the appearance of the G
phase as well as the absence of the OBDD structure.14-19

Although the HML and HPL structures are also pre-
dicted to be nonequilibrium morphologies,18-22 the HPL
phase is most nearly in equilibrium at compositions (f)
and segregations (øN) where it is observed experimen-
tally, and so its absence from calculated phase diagrams
might reflect deficiencies in theoretical models. In an
attempt to identify the physical characteristics which
might underlie such deficiencies, we have reexamined
the phase behavior of a large number of block copoly-
mers previously identified as possessing the HPL mor-
phology. Here, we report our findings concerning the
stability of this microstructure, focusing on materials
displaying transitions between the L, HPL, and G
morphologies (Figure 1).

Experimental Methods

The synthesis and initial morphological characterization of
the polymers used in this study have been described in detail
elsewhere (see Table 1). Films of polystyrene-polyisoprene
(PI-PS) diblocks containing 0.5 wt % Irganox 1010 as an
antioxidant were prepared through solvent casting from
toluene followed by vacuum drying for 1 day at 20 °C and 3
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Figure 1. Schematics of the minority component domains in
the lamellar (L), perforated layer (PL), and gyroid (G) mor-
phologies. Arrows indicate the direction of experimentally
observed morphological transitions as described in the text.
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days at 110 °C prior to use. Films of IS-65 and IS-66 without
antioxidant were prepared through melt pressing into sheets
0.5 mm thick in vacuum at 120 °C in order to test for changes
in phase behavior associated with either the presence of
antioxidant or the solvent-casting process. Comparison of
rheological behavior obtained in samples prepared by the two
methods revealed no experimentally significant differences.
Films of polyethylene-poly(ethylethylene) (PE-PEE) and
polystyrene-poly(2-vinylpyridine) (PS-PVP) copolymers were
prepared through melt pressing of precipitated material, as
described elsewhere,22,24 followed by slow cooling to room
temperature. Samples of poly(ethylene oxide)-poly(ethyleth-
ylene) (PEO-PEE) copolymers were prepared by melt pressing
at 50 °C followed by crystallization of the PEO block at room
temperature. This resets the sample morphology to a ran-
domly oriented, semicrystalline lamellar phase,30 minimizing
the effect of nonequilibrium morphologies arising from sample
preparation. Poly(ethylene-co-propylene)-polydimethylsilox-
ane (PEP-PDMS) copolymers were used as recovered from
polymerization.
Blends of PEO-PEE copolymers were prepared through

solvent casting from tetrahydrofuran (THF), followed by
vacuum drying at 20 °C prior to use. Blends of PE-PEE
copolymers were prepared through codissolution in toluene at
90 °C, followed by precipitation in methanol at room temper-
ature and melt pressing at 120 °C into sheets 0.5 mm in
thickness. Blends of PEP-PDMS copolymers were prepared
through codissolution in n-hexane followed by evaporation of
the solvent. Blends of polymers closely matched in composition
and molecular weight are expected to mimic the phase
behavior of the corresponding neat copolymer,24,32 providing
an alternate route to identifying composition-dependent phase
behavior.
Viscoelastic characteristics were measured on a Rheometrics

RSA-II rheometer using a reciprocating parallel plate geometry
with sample thicknesses of 0.3 or 0.5 mm. A nitrogen purge
was used to minimize oxidative degeneration at high temper-
atures. PS-PI samples were cut from films prepared as
described above and mounted on the rheometer plates at 80
°C. After heating to 110 °C under nitrogen, the gap thickness
was adjusted to 0.5 mm and the plates were cooled to room
temperature in order to remove any excess material. PE-
PEE samples were mounted at room temperature, heated to
120 °C for adjustment of the gap thickness, and then cooled
to 20 °C for removal of excess polymer before starting

measurements. PEO-PEE samples were melted at 50 °C and
placed on the rheometer plates. After adjusting the gap
thickness, excess material was removed and the polymer was
permitted to recrystallize at 10 °C prior to beginning measure-
ments. PEP-PDMS copolymers were mounted on the plates
at 20 °C prior to use. Isothermal frequency sweeps measured
the elastic (G′) and loss (G′′) moduli at a constant temperature
over frequencies (ω) from 0.1 to 100 rad/s; temperature sweeps
monitored G′(T) and G′′(T) at frequencies from 0.1 to 1.0 rad/s
while scanning at rates from 0.1 to 10 °C/min. Strain
amplitudes of 1% were employed unless otherwise indicated.
Size exclusion chromatography (SEC) performed on selected
specimens after these measurements revealed negligible deg-
radation of the material. Comparison of multiple temperature
scans from the same sample of selected PEO-PEE, PI-PS,
or PEP-PDMS materials revealed no changes in moduli or
phase transition temperatures, indirectly confirming this
result.
Small-angle X-ray scattering (SAXS) measurements were

conducted on a small-angle beamline constructed at the
University of Minnesota. Cu KR X-rays were generated by a
Rigaku RU-200BVH rotating anode X-ray machine equipped
with a 0.2 × 2 mm2 microfocus cathode and Franks mirror
optics. Unsheared samples were placed inside an evacuated
sample chamber and maintained at the appropriate temper-
ature by a pair of heaters mounted on a water-cooled brass
block (temperature range 5-260 °C, stability (0.1 °C). Samples
annealed for more than 24 h were sealed in evacuated ampules
and immersed in an oil bath at the desired temperature. Upon
removal from the bath, samples were quenched in liquid
nitrogen prior to extraction from the ampule. Size exclusion
chromatography (SEC) revealed negligible degradation of the
annealed material. Two-dimensional diffraction images were
collected with a multiwire area detector (HI-STAR, Siemens
Analytical X-ray Instruments) and corrected for detector
response characteristics prior to analysis. Integration times
ranged from 60 to 3600 s, depending on the electron density
contrast characteristic of the specimen. Images were con-
verted to one-dimensional formats by integrating azimuthally
along an arc (20° from the horizontal axis.

Results and Discussion

In general, rheological data for all polymers repro-
duced those obtained previously.23-31 Preliminary phase

Table 1. Molecular Characteristics and Previously Reported Phase Behaviora

sample name f Mn phases and transition temperatures reported previously (°C)

Polyethylene-Poly(ethylethylene) (PE-PEE)23-25

EE-5D 0.65 36.0 H(M/P)L-(127) f C-(164) f dis
EE-6Db 0.65 43.0 L-(138) f HML-(175) f HPL-(180) f C-(202) f dis
EE-6Hb 0.65 43.0 L-(143) f HML-(177) f HPL-(184) f C-(204) f dis
EE-12H 0.67 40.0 L-(133) f HPL-(175) f C-(275) f dis
EE-7Hc 0.75 44.0 L-(148) f dis
EE-17Dc 0.60 42.0 C-(242) f dis

Polyisoprene-Polystyrene (PI-PS)26,27
IS-39 0.39 31.5 HPL-(175) f G-(234) f dis
IS-65 0.65 39.5 L-(190) f HPL-(221) f G-(279) f dis
IS-66 0.66 39.7 L-(159) f HPL-(210) f G-(268) f dis
IS-68 0.68 39.9 L-(134) f HPL-(198) f G-(252) f C-(267) f dis

Polystyrene-Poly(2-vinylpyridine) (PS-PVP)28
SV-8 0.38 20.2 HPL-(146) f G-(180) f dis
SV-9 0.65 20.5 HPL-(175) f dis

Poly(ethylene-co-propylene)-Poly(dimethylsiloxane) (PEP-PDMS)29,30
PEP-PDMS 7 0.64 10.4 L-(115) f G-(160) f dis
PEP-PDMS 12 0.68 11.5 (no data reported)

Poly(ethylene oxide)-Poly(ethylethylene) (PEO-PEE)31,32
OE-5c 0.70 8.4 L-(104) f PL-(166) f G-(242) f dis
OE-10c 0.72 8.7 L-(147) f PL-(180) f G-(217) f C-(260) f dis

a f, volume fraction of the block given first in the name for the copolymer and possessing the lower value of Rg
2/V, where Rg is the

radius of gyration and V is the block volume;Mn, number average molecular weight in kg/mol; L, lamellar; HML, hexagonally modulated
layers; HPL, hexagonally perforated layers; G, gyroid; C, hexagonally packed cylinders; dis, disordered phase. H(M/P)L denotes a rheological
response consistent with both HML and HPL. b EE-6D and -6H were created through saturation of the corresponding polybutadiene
copolymers with D2 and H2 gas, respectively. c Identifies polymers used to form binary blends as described in the text.
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assignments were made by comparing viscoelastic fre-
quency response spectra with those obtained previously
in systems of known microstructure.24 SAXS from
unsheared specimens confirmed these assignments for
the lamellar, cylindrical, and gyroid morphologies.
Lamellar (L) phases were characterized by peaks spaced
at reciprocal space position ratios of 1:2:3:.... Gyroid (G)
phases were identified by peaks at ratios of x3:x4,
with occasional reflections at higher position ratios, as
expected for the Ia3hd space group. Samples exhibiting
this morphology frequently developed a grain structure
containing a small number of large, highly oriented
domains, resulting in a “spotty” appearance to the
diffraction image.8,29 This appears to be a general
feature of the G phase.
Specimens with microstructures previously identified

as HML or HPL produced lamellar-like diffraction with
broad reflections and relatively few higher order peaks,
indicating a lack of long-range order; see Figure 2.
Typical images from unsheared material (either solvent
cast or melt pressed) showed a single, sharp reflection
with weak maxima spaced at 180° in azimuthal angle.

This suggests a layered structure in which the layers
orient preferentially in the plane of the film. Higher
order reflections at position ratios of 1:2 were frequently,
though not always, observed. Previously published
electron micrographs of unsheared PS-PVP samples
have demonstrated the presence of majority component
channels extending through the minority component
layers in these samples without revealing a hexagonal
in-plane packing.28 Consistent with these micrographs,
no features in SAXS data from PE-PEE, PI-PS, and
PS-PVP specimens previously identified as HPL could
be associated with an ordering of the majority compo-
nent channels. Diffraction from the PEO-PEE copoly-
mer OE-10 showed two faint reflections at an approxi-
mate position ratio of 1:x2 in addition to that assoc-
iated with the layers themselves. This suggests that
the channels do not acquire long-range order in the
absence of a shear field except perhaps in systems of
extremely low molecular weight. Similar layerlike
diffraction was recorded from unsheared samples previ-
ously identified as exhibiting the HMLmorphology. We
therefore denote these structures “modulated layers”
(MLs) and “perforated layers” (PLs) in order to empha-
size the shear-induced origin of the in-plane long-range
order. As the scattering signature of the PL state was
not sufficient to differentiate the sample microstructure
from the L phase, identification of this morphology was
based primarily on its rheological signature in combina-
tion with previously published SANS and TEM mea-
surements.
The PL state is a nonequilibrium structure in these

copolymers. Prolonged isothermal annealing converted
it to the G phase in all of the systems examined. Both
rheological and scattering data show evidence of this
behavior; see Figure 3. The time required for this
transition ranged from several hours to 31 days, de-
pending on the composition and molecular weight of the
material and the proximity of the annealing tempera-
ture to the highest glass transition present in the
system. It appears that the pronounced metastability
of the PL state, relative to that of the (more stable) G
phase, led to its misidentification as an equilibrium
morphology. After formation of the cubic phase, no
further transitions were observed via SAXS upon con-
tinued isothermal annealing. Attempts to recover the
PL state by cooling the G phase to temperatures at
which the former was observed in rheological measure-
ments were unsuccessful. We speculate that prior
reports of G f PL transitions, in which coexisting PL
and G structures were observed via transmission elec-
tron microscopy (TEM),27 actually reflected incomplete
conversion of the initial, nonequilibrium PL phase to
the G morphology.
In polymers exhibiting only complex ordered phases

(SV-8, SV-9, and IS-39), the PL structure appears to be
an artifact induced by the sample preparation process.
All three polymers formed poorly ordered, layered
structures upon casting from a nonselective, good
solvent followed by brief annealing slightly above the
highest glass transition temperature present in the
system (∼100 °C). Similar diffraction was recorded from
films prepared by melt pressing of precipitated material.
Both preparation methods produced layers with a
preference for orienting in the plane of the film, indicat-
ing that surface (and/or flow) fields influenced the
sample microstructure. Subsequent low-temperature
annealing (at 120 °C) produced transformations to the
G phase, as described above. Samples prepared by

Figure 2. Diffraction characteristic of the L and PL mor-
phologies, recorded from a melt-pressed sample of IS-66. Prior
rheological measurements and transmission electron micro-
scropy indicate a transition from the lamellar (L) to the
hexagonally perforated layer (HPL) phase upon heating through
159 °C.21 After annealing for 20 min at 150 °C, sharp
reflections appear at position ratios of 1:2, indicative of a
lamellar morphology. Subsequent annealing for 10 min at 180
°C, which induces a transition to the HPL structure that can
be detected through rheology, produces significant increases
in the widths of the first two peaks without generating
additional reflections in this unsheared material. Diffraction
which can be associated with a particular in-plane arrange-
ment of the majority component channels is not observed. This
second morphology is therefore denoted “perforated layers”,
or PL. The similarities in diffraction signature preclude
differentiation of unsheared L and PL morphologies through
scattering methods alone.
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disordering and quenching in liquid nitrogensa tech-
nique which minimizes these surface and flow effectssdid
not exhibit diffraction indicative of any well-ordered
structure prior to the appearance of the G morphology
during in situ annealing. These findings suggest that
the cubic phase is the only equilibrium ordered mor-
phology in these three materials.
In the other systems, the PL structure appears to

facilitate the L f G transition. Although a detailed
discussion of this mechanism is beyond the scope of this
article, we note that both the HPL structure proposed
on the basis of SANS measurements and the currently
accepted model for the G morphology are composed of
minority component domains which can be constructed
from arrangements of (nearly identical) planar, threefold-
coordinated structural elements.6,26 Despite this simi-
larity in local structure, the overall arrangement of
these elements in the HPL state retains a planar aspect
reminiscent of the L phase, in contrast to the three-
dimensional interpenetrating networks formed in the

G morphology. This combination of L-like and G-like
characteristics presumably underlies the intermediary
role played by the PL morphology and may account for
its appearance during sample preparation. This also
accounts for the apparent metastability of the PL
phase: since the HPL and G morphologies possess
nearly identical local structures, the difference in free
energy which drives the PL f G relaxation is extremely
small. Recent theory indicates that such a perforated
lamellar structure with hexagonal in-plane symmetry
might form as a transient structure during transitions
out of a thermodynamically unstable lamellar phase.34-37

Confirmation of the equilibrium nature of the low-
temperature lamellar phase is complicated by the slow
kinetics characteristic of polymeric materials. Nonequi-
librium structures formed during sample preparation
or as a consequence of a phase transition mechanism
are easily misinterpretable as stable mesophases, as
was apparently the case with the PL state. Perhaps
the most reliable (though not an absolute) means to
detect such metastable structures is to demonstrate the
reversibility of all transitions between ordered morphol-
ogies. The relaxation of a nonequilibrium structure is
in principle an irreversible process, while transitions
between equilibrium states should be thermally revers-
ible.
An alternative procedure is to quench initially disor-

dered materials to a particular temperature and follow
the evolution of the sample morphology with an in situ
technique. This quenching can be performed through
immersion in liquid nitrogen or through precipitation
of a dilute copolymer solution, as was done in prepara-
tion of the PE-PEE blends. This approach implicitly
assumes that any kinetic barriers to achieving equilib-
rium arise from the rearrangement of the microphase-
separated interface and are presumably minimized
during ordering from a disordered phase. Unfortu-
nately, the process by which this occurs remains poorly
understood, and it is not obvious that this method will
always yield an equilibrium microstructure instead of
first producing a (kinetically trapped) nonequilibrium
state. Even in the absence of such intermediates, the
presence of surface or flow fields might influence the
ordering process and drive the copolymer to adopt a
nonequilibrium morphology. These limitations restrict
the usefulness of this approach.
Comparison of rheologically measured phase behav-

iors for each system reveals a composition dependence
to the transition kinetics which complicates the iden-
tification of equilibrium morphologies. For example, in
the PI-PS copolymers reviewed here, cooling the G
phase below the point at which the L f PL transition
was observed upon heating did not always return the
sample to the L phase. Full thermoreversibility was
achieved only in IS-65, which has a composition placing
it at the lamellar edge of the complex phase window.
Both rheological and SAXS measurements indicate that
after the G phase is formed, the L phase reappears only
after cooling below the point at which the L f PL
transition is observed (rheologically) upon heating; see
Figure 4. In (more asymmetric) IS-66 and IS-68, the
cubic phase persisted down to the highest glass transi-
tion temperature present in the system even when
extended annealing times (14 days) were used. Hajduk
et al.8 have demonstrated a reversible L f G transition
in a polyisoprene-polystyrene copolymer, denoted SI 10/
17, with a composition nominally resembling that of IS-
66 but of lower molecular weight. Although our inabil-

Figure 3. PL f G transition observed upon annealing the
polyisoprene-polystyrene copolymer IS-68 at 190 °C. Prior
rheological data identified this transition as occurring at 198
°C.27 Over 80 min, the viscoelastic response (top; measured at
γ ) 1%, ω ) 1 rad/s) evolves continuously from a modulus
characteristic of PL to a higher, elastically dominated response
characteristic of the G phase. For comparison, an isochronal
temperature scan of this material appears in Figure 4. Small-
angle scattering measurements of unsheared material (bottom)
reveal a simultaneous evolution from a poorly ordered layered
structure to the G morphology. Open arrows indicate layered
peaks at position ratios of 1:2; filled arrows indicate G phase
reflections at position ratios of x6:x8. Similar microstruc-
tural evolution occurs at lower temperatures, though at a much
slower rate; this transition requires at least 14 h at 175 °C
and was confirmed after 28 days at 150 °C.
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ity to reverse the transition in IS-66 might be due to a
molecular weight dependence in the transition kinetics,
the uncertainty in composition between these two
materials is sufficiently large (∆f ∼ 0.01) that the
behavior observed in SI 10/17 might be more comparable
to that observed in (fully reversible) IS-65.
Suggestive evidence for the equilibrium nature of the

lamellar phase in IS-66 and IS-68 comes from samples
which were disordered at 280 °C prior to quenching in
liquid nitrogen. Scattering recorded at room tempera-
ture exhibited a single broad maximum characteristic
of the disordered state. Subsequent in situ annealing
for 5 min at 120 °C produced well-resolved peaks at
spacing ratios of 1:2:4 (IS-66) and 1:2 (IS-68), indicating
the formation of lamellar phases and suggesting that
the G phase is not in equilibrium at these low temper-

atures. No further changes were observed in these
polymers after 2 h of further annealing.
Rheological and scattering measurements for other

copolymers indicate comparable kinetics. An inability
to reverse the L f G transition except at the lamellar
edge of the complex phase window has been observed
in PEP-PDMS30 (Figure 5), and PE-PEE (Figure 6)
copolymers. Although PEO-PEE copolymers31 show
similar rheological behaviors (Figure 7), small-angle
scattering has confirmed the reappearance of the lamel-
lar phase in OE-10, the most asymmetric PEO-PEE
copolymer, after extended annealing at low tempera-
tures. The hysteresis loops associated with the phase
behavior of the thermally reversible systems collapse
upon reducing the temperature scan rate, providing
further evidence for the equilibrium nature of the
lamellar and gyroid phases in these specimens (Figure
8). The appearance of qualitatively identical behaviors
in copolymers spanning a wide range of molecular
weights, degrees of entanglement, and monomeric fric-
tion coefficients suggests that effects associated with the
motion of individual chains are of comparatively minor
importance. Instead, the composition dependence of the
transition mechanism appears to be the controlling
factor.
Whether the irreversibility of the L f G transition

arises from the nonequilibrium nature of the lamellar
phase, or instead reflects composition-dependent varia-
tions in the G f L transition rate is unclear. The
quench experiments on IS-66 and IS-68 suggest that the

Figure 4. Viscoelastic storage (G′) modulus at 1 rad/s, 1%
strain, and a temperature ramp rate of 1 °C/min for three
polyisoprene-polystyrene copolymers with roughly equal mo-
lecular weights but different polyisoprene volume fractions.
Arrows indicate the direction of temperature change. Sudden
changes in the magnitude or slope of G′(T) are generally
associated with order-order transitions; this has been con-
firmed via SAXS in the materials shown. L, PL, and G identify
lamellar, perforated layer, and gyroid morphologies, respec-
tively. In (thermoreversible) IS-65, the L f PL transition
temperature measured upon heating is roughly coincident with
the G f L transition temperature observed upon cooling,
consistent with the nonequilibrium nature of the PL state.
(Identification of the PL structure is somewhat tentative,
owing to the small magnitude of the change in G′(T) at the L
f PL transition; electron microscopy indicates coexisting but
poorly ordered L and PL phases at this point.) The irrevers-
ibility of the L f PL f G transition in IS-66 and IS-68 is
ascribed to a composition-dependent transition rate, as de-
scribed in the text.

Figure 5. Viscoelastic storage (G′) modulus at 1 rad/s, 1%
strain, and a temperature ramp rate of 2 °C/min for three poly-
(ethylene-co-propylene)-poly(dimethylsiloxane) (PEP-PDMS)
materials. Arrows indicate the direction of temperature change.
L, PL, and G identify lamellar, perforated layer, and gyroid
morphologies, respectively. As in the PI-PS system, the L f
G transition becomes increasingly difficult to thermoreverse
as the asymmetry of the system increases.
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lamellar morphology is in equilibrium at low tempera-
tures, as does the thermoreversibility observed via
rheology and SAXS in the PEO-PEEmaterials and the
formation of a lamellar phase upon melt pressing of
disordered PE-PEE blends. An inability to recover the
initial lamellar phase would therefore result from an
unusually slow G f L transition rate at certain com-
positions, consistent with findings in the PEO-PEE
system and with previously published experiments on
PS-PI materials.8 However, the aforementioned limi-
tations of the quench technique make this a question-
able method for determining equilibrium microstruc-
ture. It is certainly possible that the G phase is in
equilibrium at a higher degree of segregation than has
previously been concluded from experiment, consistent
with a recent calculation.18 In this case, the lamellar
phase identified at low temperatures in the thermally
irreversible PE-PEE, PS-PI, and PEP-PDMS systems
would be an artifactual morphology induced by the flow
fields associated with melt pressing, solvent casting, and
rheological sample mounting.
The systems reviewed in this work span the composi-

tions at which complex phases appear on both sides of
the morphology diagram for PI-PS and PS-PVP co-
polymers. This suggests that (H)PL is not an equilib-
rium microstructure in copolymers of moderate molec-
ular weight. Measurements in the PE-PEE system
indicate that a similar conclusion holds for the (H)ML
structure. Prior work has suggested that ML and PL

become increasingly stable (relative to G) as the molec-
ular weight of the system increases.3 Although this was
previously interpreted in terms of fluctuation-dependent
influences on complex phase behavior, we now suspect
that the apparent stability of the ML and PL structures,
and the absence of the G phase, derives from the slow
kinetics associated with long, highly entangled chains.
The materials reviewed in this work were selected in
part to avoid such limitations. In general, the param-
eter Nh , which governs the degree to which fluctuations
influence the behavior of the system,38 is defined by Nh
) Na6v-2, where a and v are the length and volume of
theN statistical segments composing the polymer. This
can be rewritten as (Na2)3/(Nv)2, revealing thatNh scales
as the square of the mean number of entanglements per
chain and demonstrating that fluctuation and entangle-
ment effects are inextricably linked. Experimental
differentiation of these influences will therefore be
difficult. However, the excellent agreement between the
revised morphology diagrams and the mean-field pre-
diction suggests that fluctuation effects are of compara-
tively minor importance in descriptions of ordered
morphologies in block copolymers.

Conclusions
The hexagonally modulated layer (HML) and hexago-

nally perforated layer (HPL) morphologies, previously

Figure 6. Viscoelastic storage (G′) modulus at 0.5 rad/s, 1%
strain, and a temperature ramp rate of 0.3 °C/min for three
polyethylene-poly(ethylethylene) (PE-PEE) materials. Ar-
rows indicate the direction of temperature change. L, PL, and
G identify lamellar, perforated layer, and gyroid morphologies,
respectively. The presence of qualitatively identical transition
kinetics in materials of quite different molecular weight and
viscoelastic characteristics suggests that the composition
dependence of the transition mechanism dominates the ob-
served phase behavior.

Figure 7. Viscoelastic storage (G′) modulus at 1 rad/s, 1%
strain, and a temperature ramp rate of 1 °C/min for three poly-
(ethylene oxide)-poly(ethylethylene) (PEO-PEE) materials.
Arrows indicate the direction of temperature change. L, PL,
and G identify lamellar, perforated layer, and gyroid morphol-
ogies, respectively. (Small-angle measurements in OE-10
indicate that the L-G transition is thermoreversible upon
prolonged (12 h) annealing.)
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identified as equilibrium microstructures in studies of
block copolymer phase behavior, have instead been
shown to be unusually long-lived nonequilibrium struc-
tures involved in the formation of the gyroid (G) phase
in a large number of block copolymer systems. The long-
range, in-plane hexagonal packing of majority compo-
nent channels which characterizes the HPL structure
results from the application of a shear field. In its
absence, the channels exhibit only short-range order at
best, and the morphology is known as “perforated
layers”, or PL.
PL can be induced during the sample preparation

process by the application of strong surface or flow
fields. The reason for its appearance is unknown but
is possibly connected with the unusual structure of the
morphology; it combines a threefold-coordinated minor-
ity component domain structure similar to that of the
G phase with the layered geometry characteristic of the
L morphology. Surface fields might favor the develop-
ment of layered structures, thereby stabilizing the PL
structure in a G-forming copolymer during sample
preparation. Alternatively, in the event that the transi-
tions described here reflect the existence of thermody-
namic stability limits for the lamellar phase (which
cannot necessarily be inferred from the experimental
data), PL might result from instabilities characteristic
of the lamellar morphology.34-37

Comparison of several different materials spanning
a wide range of molecular weights, monomeric friction
coefficients, and number of entanglements per chain has
revealed a composition (f) dependence to the G f L
transition kinetics, suggesting that the apparent ir-
reversibility of the L f G transition in polymers of
moderate molecular weight is not the result of kinetic
constraints on molecular motion. Although measure-
ments on quenched polystyrene-polyisoprene diblocks
suggest that the lamellar phase is in equilibrium at low
temperatures, it is possible that at certain compositions
(f), the G phase is in equilibrium at higher degrees of
segregation than has previously been believed.
The slow kinetics associated with the PL f G

relaxation are expected to be especially severe in highly
entangled systems. The absence of the G phase from
copolymers of high molecular weight is now thought to
arise from these kinetic limitations. Indeed, as dissipa-
tion of any nonequilibrium effects generated by the
sample preparation process might require excessive
annealing times, identifying equilibrium microstruc-
tures in these systems will be extremely difficult.
Preliminary evidence supports this view.39
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