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ABSTRACT: While ordered bicontinuous double diamond
(OBDD) in block copolymers has always been considered as
an unstable structure relative to ordered bicontinuous double
gyroid (OBDG), here we report the existence of a
thermodynamically stable OBDD structure in a diblock
copolymer composed of a stereoregular block. A slightly
asymmetric syndiotactic polypropylene-block-polystyrene
(sPP-b-PS) as cast from xylene was found to display the
OBDD morphology. When the OBDD-forming diblock was
heated, this structure transformed to the OBDG phase at ca. 155 °C. Interestingly, OBDD was recovered upon cooling even in
the temperature range above melting point of sPP, indicating that OBDD was a thermodynamically stable structure for sPP-b-PS
melt, which was in contradiction to the conventional view. We propose that the larger free energy cost encountered in OBDD
due to the larger packing frustration may be compensated sufficiently by the release of free energy due to local packing of the
conformationally ordered segments of sPP blocks, which stabilizes the OBDD structure at the lower temperatures.

■ INTRODUCTION
Block copolymers have attracted great attention because of
their capability of self-assembling into a series of long-range
ordered nanostructures according to the block composition.1

The lamellar and hexagonally packed cylindrical nanostructures
constructed by block copolymers have been extensively used as
nanoporous structure-directing agents,3,2 templates for 1-D and
2-D photonic band gap materials,4,5 and masks for nano-
lithography.7−6 However, the nanopatterns translated from
these nanostructures exhibit structural features such as low
spatial continuity and less sustainability owing to the isolated
microdomains. To reinforce further the potential application of
block copolymers, the ordered bicontinuous structure, such as
the double gyroid (OBDG) phase,9 was introduced to fabricate
nanostructured networks,10,11 3-D photonic crystals,12 bulk
heterojunction solar cells,13,14 and low-refractive-index materi-
als.15

The present study reports the existence of another
thermodynamically stable bicontinuous structure, i.e., ordered
bicontinuous double diamond (OBDD), in a diblock
copolymer composed of a stereoregular block. Moreover, we
clarify that the OBDD structure formed in this system
underwent a thermally reversible transition to or from the

OBDG phase upon heating or cooling, respectively, thereby
representing the first instance of thermally induced order−
order transition between the thermodynamically equilibrium
bicontinuous structures of block copolymers. OBDD is
constructed by 4-fold nodes connected with Pn3m symmetry
and (6,4) nets.16,17 This structure is different from OBDG,
which is constructed by 3-fold nodes connected with Ia3 ̅d
symmetry and (10,3) nets.9 In complex fluids such as
surfactants,18 OBDD is known to be more common than
OBDG within certain parameter space. However, the OBDD
structure has always been considered to be unstable relative to
OBDG for conventional block copolymers with van der Waals
interactions only. The stability of OBDD relative to lamellae,
OBDG, hexagonally packed cylinders, and bcc-packed spheres
has been studied by theoretical calculations.19−21 None of these
studies provided a theoretical basis for considering OBDD as a
thermodynamically stable structure in strongly segregated block
copolymers. In the weakly segregated systems, the calculated
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free energy of OBDD was also never lower than that of
OBDG.22−24

The issue regarding why OBDG is more stable than OBDD
can be considered by the following two thermodynamic factors:
(1) the interfacial free energy that favors the structure having
the least interfacial area per unit volume25 and (2) the packing
frustration that favors microdomains with uniform thicknesses
because the block chains do not have to be stretched
excessively to fill space uniformly to attain the normal liquid
density.26 The calculated interfacial shape of OBDG has a lower
standard deviation from the constant mean curvature (CMC)
surface compared to that of OBDD; therefore, OBDG is more
stable than OBDD in terms of minimization of packing
frustration. This postulate was supported from the self-
consistent mean-field theory (SCFT) calculations for the
blends of A-b-B with homopolymer A (h-A), where the
addition of h-A to the minority domains in the blend
preferentially filled the space in the center of A domains,
thereby relieving the packing frustration and stabilizing the
OBDD structure over a very narrow range of composition.26,27

Although both theoretical and experimental studies have
predicted or reported the existence of the OBDD phase in A-
b-B/h-A blends, the order−order transition (OOT) between
equilibrium OBDD and OBDG has never been found thus far.
In this study, we disclose the formation of the OBDD

morphology in the solvent-cast film of a slightly asymmetric
diblock copolymer composed of a stereoregular block,
syndiotactic polypropylene (sPP), and a conventional coil
block, polystyrene (PS). This OBDD structure transformed to
the OBDG phase upon heating the sPP-b-PS to ca. 155 °C, and
the OBDG structure transformed back to OBDD on
subsequent cooling even in the temperature range above
melting temperature of sPP. The thermal reversibility of the
morphological transformation indicated that OBDD is an
equilibrium structure in the present diblock system. The

stability of the OBDD phase in the present diblock melt will be
discussed on the basis of the relief of the free energy cost of the
packing frustration by local packing of conformationally
ordered segments of sPP blocks in the melt, a new physical
factor brought about by the stereoregularity of the block chain.
Our finding presents a new scenario that the introduction of
stereoregularity into the constituting block may release the
packing free energy of diblock chains in the microdomain
space, which in turn stabilizes the otherwise unstable
nanostructure.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. The sPP-b-PS diblock

copolymer (Mn,sPP = 6800, Mn,PS = 9400, PDI = Mw/Mn = 1.19)
studied here was prepared in two steps according to the procedure
reported in the literature.28 First, 4-methylstyrene-capped sPP (Mn =
6800, PDI = 1.32), which served as an end-functionalized prepolymer,
was prepared by syndiospecific polymerization of propylene conducted
in the presence of 4-methylstyrene and hydrogen using Me2C(Cp)-
(Flu)ZrCl2 as the catalyst. Second, the 4-methylstyrene-capped sPP
was converted into silyl chloride-capped sPP, which was in situ treated
with living anionic polystyrene (Mn = 9400 g/mol, PDI = 1.02) to
yield the sPP-b-PS (the detailed synthetic and purification methods for
sPP-b-PS can be found in the literature28). Figure S1 of the Supporting
Information shows the 1H NMR spectrum of the resulting sPP-b-PS.
The successful preparation of a structurally well-defined sPP-b-PS
sample can be further elucidated by the GPC analysis shown in Figure
S2 (in the Supporting Information), which compares the GPC elution
curves of the 4-methylstyrene-capped sPP (Mn = 6800,Mw/Mn = 1.32)
and the living anionic polystyrene (Mn = 9400 g/mol, Mw/Mn = 1.02)
with that of the sPP-b-PS (Mn = 16200 g/mol, Mw/Mn = 1.19). The
symmetric GPC elution curve observed for the block copolymer rules
out the possibility of the homopolymer contamination. The volume
fraction of sPP block in this sample was 0.46 in the melt state.29

For the film preparation, the diblock copolymer was dissolved in
xylene solvent at 50 °C, and the solution was subsequently cast on the
Petri dish. The film was obtained after evaporating most of the solvent

Figure 1. (a) Temperature-dependent SAXS profiles of the as-cast sPP-b-PS films obtained in a heating cycle, where each profile was collected after
annealing at each temperature for 5 min, and followed by data acquisition for 5 min. The red solid curves represent the calculated SAXS curves of the
OBDD and OBDG structures. The scattering profiles are presented as a function of q/qm, with qm being the position of the primary peak at each
temperature. (b) Comparison of the peak-position ratios between the OBDD and Fddd structures. Blue lines indicate the peak-position ratios of
Fddd.
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quickly on the hot plate at ca. 140 °C (≅ boiling point of xylene). The
film was further annealed at 100 °C (>Tg

PS) for 1 h followed by drying
in vacuum at 70 °C for 24 h.
Small-Angle X-ray Scattering (SAXS) Measurement. The

morphology of the sPP-b-PS was probed by SAXS performed at the
Endstation BL23A1 of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. The energy of X-ray source and the
sample-to-detector distance were 8 keV and 1815 mm, respectively.
The scattering signals were collected by a MarCCD detector of 512 ×
512 pixel resolution. For the structure characterization, the sample was
equilibrated at each temperature for 5 min followed by data acquisition
for 5 min. The scattering intensity profile was output as the plot of the
scattering intensity (I) vs the magnitude of the scattering vector, q =
(4π/λ) sin(θ/2) (θ = scattering angle). The SAXS profiles were
corrected for the incident beam intensity, the detector sensitivity, and
the background arising from the thermal diffuse scattering (TDS).
Fourier Transform Infrared Spectroscopy (FTIR) Measure-

ment. The infrared spectra were recorded at a resolution of 1 cm−1

over 32 scans on a Nicolet AVATAR 320 FTIR spectrometer under a
nitrogen atmosphere. The sPP-b-PS was cast directly onto a KBr
pellet. The films were thin enough to be within the absorbance range
where the Beer−Lambert law is obeyed. For the molecular
conformation characterization, the sample was equilibrated at each
temperature for 5 min prior to data acquisition.

■ RESULTS AND DISCUSSION
The theoretical scattering profiles of the OBDD and OBDG
phase calculated by assuming Pn3m and Ia3 ̅d space group
symmetry, respectively, with the 3D network domain structure
are shown in Figure 1a (the entire scattering profiles are shown
in Figure S3 of the Supporting Information). The algorithm
and model adopted were developed by Förster et al.,33 which
took into account the domain size distribution, distortion of
domain spacing, grain size, and peak shape which varied
analytically between Lorentzian and Gaussian functions. The
OBDD structure exhibits a series of diffraction peaks with
position ratio of 1:(3/2)1/2:21/2:31/2:41/2, corresponding to
(110), (111), (200), (211), and (220) planes, respectively. The
OBDG structure displays four diffraction peaks with position
ratio of 1:(4/3)1/2:(7/3)1/2:(11/3)1/2, corresponding to (211),
(220), (321), and (332) planes, respectively. The obvious
difference between the position of the second-order peak
relative to that of the primary peak (i.e., (3/2)1/2 = 1.22 for
OBDD vs (4/3)1/2 = 1.15 for OBDG) can be used as the main
index to distinguish these two structures from the SAXS profile.
Figure 1a also shows the temperature-dependent synchro-

tron-SAXS profiles of sPP-b-PS obtained in the heating process
of the as-cast film (the entire scattering profiles are shown in
Figure S4 of the Supporting Information), where each profile
was collected after annealing at each temperature for 5 min,
followed by data acquisition for 5 min. The scattering profiles
are presented as a function of q/qm, with qm being the position
of the primary peak (see Table 1) for clear identification of the
change of the relative peak positions with temperature. The
SAXS profile observed at 25 °C showed five peaks; the ratios of
the higher-order peak positions to the primary peak position
were not integral, indicating that the diblock did not exhibit
lamellar morphology in spite of its rather symmetric
composition. The observed peak-position ratios were indeed

consistent with that predicted by the OBDD structure (the red
curve).33 The relative intensities of the observed peaks also
agreed quite well with those of the calculated profile except for
the fourth-order peak. This discrepancy may be attributed to
the approximation of the form factor of the building block by
the cylindrical form factor in calculating the theoretical SAXS
pattern. When the copolymer was heated to 170 °C, the
position of the second-order peak relative to that of the first-
order peak shifted clearly from (3/2)1/2 to (4/3)1/2, and the
scattering pattern became consistent with that associated with
the OBDG phase. Therefore, a phase transition from OBDD to
OBDG occurred upon the heating.
The observed SAXS profiles at the low temperatures T ≤ 125

°C were identified as the scattering from the OBDD symmetry
with 4-fold nodes rather than the OBDG symmetry with 3-fold
nodes, judging from the fact that the observed peak-position
ratios matched with those predicted by the OBDD structure
much better than those predicted by the OBDG phase. Since
another ordered bicontinuous structure, Fddd, also has 3-fold
nodes,34 it is important to clearly distinguish the OBDD
structure from the Fddd structure. For this purpose, the
observed peak position ratios were further compared with those
associated with the orthorhombic Fddd phase exhibiting the
scattering peak position ratio of 1:1.22:1.55:1.72:1.81:1.95:2.00,
etc.,34 as shown by the solid blue vertical lines in Figure 1b.
Except for the second-, fourth-, and seventh-order peaks (i.e.,
q/qm = 1.22, 1.72, and 2) of the Fddd structure which were
close to the observed second-, fourth-, and fifth-order peaks of
OBDD, the third-, fifth-, and sixth-order ones (i.e., q/qm = 1.55,
1.81 and 1.95) of Fddd were not identified in our observed
SAXS profile. Moreover, the observed third-order peak at q/qm
= 21/2 is unidentified by Fddd but identified by OBDD.
Consequently, we ruled out the formation of Fddd structure in
the present diblock copolymer as well as the order−order phase
transition from OBDD to Fddd as an order−order transition
from 4-fold nodes to 3-fold nodes.
Since the equilibration time at each temperature was short in

the synchrotron SAXS experiment despite the higher resolution
for the scattering peaks, we conducted an in-house SAXS
measurement to examine the thermodynamic stability of the
phases and the thermal reversibility of the phase transition with
much longer equilibration time at each temperature. Figure 2
shows the temperature-dependent SAXS profiles (focused on
the first four scattering peaks) taken with the in-house SAXS
measurements of the as-cast sPP-b-PS (the entire scattering
profiles are shown in Figure S5 of the Supporting Information),
where the sample was annealed at each temperature for 30 min
followed by data acquisition for 1 h. Similar to that found in
Figure 1, the as-cast sample exhibited the OBDD structure as
evidenced by the scattering profile having a series of the peaks
at the relative peak positions of 1:(3/2)1/2:21/2:31/2:41/2.
The OBDD structure experienced, to some extent, structural

rearrangement caused by the melting of sPP crystallites (Tm
sPP

≅ 124 °C, the peak temperature of the melting endotherm; see
the DSC thermogram in Figure S6 of the Supporting
Information) and the gains of mobility of PS blocks and
junction points upon heating to 110−135 °C, as manifested by
the broadening of the scattering peaks. However, the scattering
peaks of the OBDD structure became sharp and narrow again
at T ≥ 140 °C, where the effect of sPP crystallization
completely disappeared (Tmh

sPP = 137 °C, the end temperature
of melting of sPP crystallites; see the DSC thermogram in
Figure S6). This result clarifies that the formation of the OBDD

Table 1. Value of the Position of the Primary Peak (qm) in
Figure 1

T (°C) 25 60 110 125 170
qm (nm−1) 0.26 0.26 0.26 0.25 0.27
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phase was not driven by the crystallization of sPP block. Upon
further heating, a phase transition from the OBDD to OBDG
structure took place between 150 and 155 °C. It is worth
mentioning that both the OBDD and OBDG structures may
coexist at 150 ≤ T (°C) < 155, possibly due to effects of
random thermal noise, as in the case of the order-disorder
coexistence in the very narrow temperature range around the
order-disorder transition temperature,35-37 and/or the kinetic
effect (the slow transition). The latter effect is due to a very
small degree of the superheating and supercooling from OOT
in this temperature range. Interestingly, the OBDG structure
transformed back to the OBDD structure upon subsequent

cooling, as shown in Figure 2b. The thermal reversibility of the
OOT attested that OBDD was the stable structure at the low
temperatures. The OBDD structure became more ordered in
the cooling process comparing with that found in the heating
due to being less influenced by the crystallization of sPP.
The temperature dependence of the inverse of the primary

scattering peak intensity (Im
−1) above Tm

sPP is displayed in
Figure 3. The peak intensity significantly increased at 125−140

°C in the heating process due to an increasing degree of
ordering of the OBDD structure upon the melting of sPP
crystallites. Contrarily, the intensity of scattering peak below
135 °C (<Tmh

sPP = 137 °C) in the cooling process almost
remained constant, due to pinning of the ordering process of
OBDD via sPP crystallization. The large hysteresis in the
temperature between 125 and 135 °C was attributed to the
melting/crystallization of sPP blocks.
Let us further examine the data above Tmh

sPP where the
kinetic effects of crystallization/melting were small or excluded.
The transitions from OBDD to OBDG and OBDG to OBDD
were clearly characterized by the discontinuity in Im

−1 in the
heating (150−155 °C shown in the inset) and cooling (145−
135 °C) process, respectively. A hysteresis was also found when
comparing the peak intensity Im in the heating and cooling
process across the OOT. Both the discontinuity and the
hysteresis observed here revealed that the order−order
transition was the first-order phase transition in nature. These
results evidenced that OBDD and OBDG were both
thermodynamically stable structures in this system.
The stability of the OBDD structure was further demon-

strated by a long-time annealing of the OBDD-forming sample
to examine if the OBDD phase would transform into another
more stable structure upon the annealing. Here the SAXS
profile of sPP-b-PS was measured at room temperature after the
sample has been isothermally annealed at 140 °C for 24 h,
followed by quenching to liquid nitrogen to freeze the structure

Figure 2. Temperature-dependent SAXS profiles of the as-cast sPP-b-
PS: (a) a heating cycle and (b) a cooling cycle. Each profile was
collected after annealing at each temperature for 30 min and followed
by data acquisition for 1 h. The scattering profiles are presented as a
function of q/qm with qm being the position of the primary peak at
each temperature.

Figure 3. Temperature dependence of the inverse of the intensity of
the primary scattering peak (Im

−1) for the heating process of the as-
cast sPP-b-PS and the subsequent cooling process. The inset shows the
enlarged plot for the temperature ranging from 145 to 170 °C in the
heating process.
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formed at 140 °C (see Figure S7 of the Supporting
Information). It is obvious that the scattering profile still
matched well with that prescribed by the OBDD phase,
showing that OBDD in sPP-b-PS diblock copolymers is a stable
structure.
To observe the OBDD structure in real space, the annealed

sample was cut into the ultrathin section for observations under
transmission electron microscopy (TEM). The formation of
OBDD phase was evidenced by the micrograph displayed in
Figure S8 of the Supporting Information, showing the image of
the rhombus pattern. As indicated by Hasegawa et al.,17 the
projection from the [100] direction of a double-diamond (DD)
lattice would give rise to a square-lattice image (see Figure S8
of the Supporting Information). The rhombus lattice image
observed here should arise from a slight tilt of such a square
lattice. The slight tilt made the projection vector slightly deviate
from the [100] direction, so that the sequentially connected
rods with an inclined angle were projected as an undulation
pattern as observed in the image.
Our SAXS results have thus revealed the occurrence of a

thermally induced OBDD−OBDG OOT in a sPP-b-PS diblock
copolymer. Although such a phase transition has not been
found for diblock copolymers previously, Benedicto et al. have
mathematically described one possible transformation route
from D surface (in the OBDD phase) into G surface (in the
OBDG phase) on the basis of a continuous homotopic
transformation through the minimal surfaces;38 namely, the
transformation from (6,4) net of D surface into (10,3) net of G
surface can be achieved by “randomly pulling apart” a
tetrahedral vertex to form two trigonal vertices. It is noted
that pulling all vertices apart in one direction would result in
the Fddd-type (10,3) net structure. However, the possibility of
the Fddd structure has already been ruled out for the present
diblock in conjunction with Figure 1b.
Here we would like to further discuss the thermodynamic

driving forces that control the formation of the OBDD and
OBDG phases in response to the temperature change. The
main difference between the elementary units of the two
bicontinuous structures lies in the degree of packing frustration
associated with the stretching of the minority block chains (i.e.,
sPP blocks in our diblock), where the minority block chains
have to be stretched more to fill the space at the center of the
four-connector (in the OBDD structure) than that of the three-
connector (in the OBDG structure). On the other hand, the
four-connector domain in OBDD has a lower surface area per
unit volume than that of the three-connector in gyroid39 and
should hence suffer a lower interfacial energy. Nevertheless, the
enthalpy difference between surfaces “G” and “D” was
calculated to be small when adopting an isometric mapping
of minimal surface.40,41 Since the theoretical works normally
assume the block chains to obey Gaussian statistics, the relief of
the entropic penalty arising from packing frustration can easily
outweigh the reduction of interfacial free energy; as a result,
OBDG is always predicted to be a more stable structure than
OBDD for the conventional diblock copolymers even in the
case of the larger segregation strength (or at lower temper-
atures).
Even in sPP-b-PS, the relief of packing frustration dominated

the self-assembly, and hence the OBDG structure was favored
at the high temperatures. Then why is OBDD favored for sPP-
b-PS at the low temperatures? We may envision the following
two possible physical factors: (1) a new factor involving the
stereoregularity of sPP and (2) a physical factor associated with

the polydispersity of sPP. We propose that factor (1) is
primarily responsible for the stability of the OBDD structure;
that is, the increasing degree of conformational order due to
increasing amount of helical segments42,43 of sPP block chains
with lowering temperature increases the free energy release
accompanied by the local packing of these segments and hence
stabilizes the OBDD structure. Below we will first discuss factor
(1) and then factor (2).
Stereoregular polymers such as iPP, sPP, iPS, and sPS adopt

helical conformation in the crystalline state.44−47 The helical
segments however do not completely disappear even above the
crystal melting point. In the case of sPP, the helical
conformation of the segments in the noncrystalline state
(HA) gives rise to absorption peaks at 977, 844, and 836 cm−1

in the infrared spectrum.48 Figure 4 displays the temperature-

dependent FTIR spectra of the diblock to examine the
existence of helical segments in sPP block and the temperature
dependence of their population (the entire spectrum is shown
in Figure S9 of the Supporting Information). Since the
argument that the formation of the OBDD structure in the
sPP-b-PS may be associated with the crystallization of sPP
blocks could be precluded due to the existence of OBDD even
in the melt state, we consider the conformation of sPP in the
melt state only. As shown in Figure 4, the population of HA
decreased with raising temperature across the OBDD-to-
OBDG transition temperature, as manifested by comparing
the spectrum collected at 140 °C to that obtained at 175 °C,
and this tendency was continuous to 200 °C. Upon cooling, the
HA signal was recovered.
The observed temperature dependence was analogous to that

found in the previous temperature-dependent FTIR studies of
the thermal stability of helical segments of sPP homopolymer in
the melt state,42,43 where the absorbance of the 977 cm−1 band
was used as an index for the population of helical segments. It
was postulated that the decrease of the helical segment
population on heating was associated with the partial
destruction of the longer helical segments into the shorter
ones. The FTIR spectra hence confirmed that the amount of

Figure 4. Temperature-dependent FTIR spectra of sPP-b-PS, in which
“HA” denotes the signals of helical chain conformation of sPP blocks at
977, 844, and 836 cm−1 in the noncrystalline state. “h” and “c” denote
the spectra collected in the heating and cooling cycle, respectively. The
spectra are vertically shifted to avoid overlaps.

Macromolecules Article

dx.doi.org/10.1021/ma202057g | Macromolecules 2012, 45, 2471−24772475



helical segments in sPP blocks in the OBDD phase is higher
than that in the OBDG phase. When the population of helical
segments was sufficiently high, their mutual interactions would
allow sPP blocks to form locally ordered structures or
mesomorphic packing of the helical segments. In this case,
the entropic penalty associated with chain stretching was
effectively compensated by the release of free energy on
forming the mesomorphically ordered regions in the micro-
domains. The role of packing frustration, which is important for
Gaussian chains, was hence greatly relaxed by locally ordered
mesomorphic packing of the helical segments in the case of the
block copolymer with the stereoregular block chain; as a
consequence, OBDD became the favorable structure because of
the lower interfacial free energy and lower free energy of the
chain packing in the microdomain. The relief of packing
frustration regained its dominant role when the population of
helical segments was low at sufficiently high temperature, and
thereby the OBDG phase became the more stable structure.
The issue for the relief of the packing frustration that

dominated the self-assembly at the high temperatures of sPP-b-
PS was further evidenced by blending with the corresponding
constituent sPP homopolymer (see Figure S10 of the
Supporting Information). It was found that the OBDD
structure could also be formed in the sPP-b-PS/sPP blends.
The OBDD-to-OBDG transition temperature of the blend was
found to locate at ca. 10−20 °C higher than that of neat
diblock, as the homopolymer chains were able to be segregated
to fill the space at the center of the connectors to release the
packing frustration. This thereby enhanced the stability of
OBDD phase.
Let us now consider factor (2), i.e., the effect of the

polydispersity of sPP (PDIs of sPP and PS blocks in our block
copolymer are 1.32 and 1.02, respectively) on the stabilization
of OBDD. If the polydispersity is caused by a contamination
with sPP homopolymer, the sPP homopolymer can stabilize the
OBDD as elucidated immediately above. However, we can rule
out this possibility of the homopolymer contamination
evidently from the symmetric GPC elution curve (see Figure
S2 of the Supporting Information). Thus, we can focus on the
issue whether the polydispersity of sPP-b-PS would stabilize the
OBDD structure. Generally, the polydispersity of block
copolymers varies the interface curvature and thereby the
morphology of the microdomain primarily via the so-called
“cosurfactant effect”30 which is brought about by block chains
having different chain lengths being packed in a given
microdomain with their chemical junctions on the common
interface. The effect was explored extensively for not only
binary mixtures of diblock copolymers49 but also block
copolymers with polydispersity.31,50,51 However, to our best
knowledge, these copolymer systems having essentially
random-coil conformation and van der Waals interactions
never showed the OBDD structures; that is, their ordered
bicontinuous structure reported so far is the OBDG phase.
Thus, even in the block copolymers with relatively high
molecular weight polydispersity, OBDG is still a selected
equilibrium morphology but not OBDD, as long as the block
chains adopt random-coil conformations and have van der
Waals interactions only.

■ CONCLUSIONS
We have discovered that a slightly asymmetric sPP-b-PS as-cast
from xylene displayed the OBDD structure. When the OBDD-
forming copolymer was heated, this structure transformed into

the gyroid (OBDG) phase at ca. 155 °C. Interestingly, OBDG
transformed back to OBDD upon cooling. The thermal
reversibility of the transformation indicated that OBDD was a
thermodynamically stable structure for this system. This was in
contradiction to the previous theoretical works which predicted
that OBDD is unstable relative to OBDG for neat diblocks
irrespective of the segregation strength, whereas OBDD may
exist over a narrow window in the blend of A-b-B with
homopolymer A. We propose that when the population of
helical segments of sPP block in the melt was sufficiently high,
their mutual interactions would allow sPP blocks to form locally
ordered or mesomorphic packing of the helical segments. In
this case, the entropic penalty associated with chain stretching
was effectively compensated by the release of free energy on
forming the ordered regions in the microdomains. The role of
packing frustration was hence greatly relaxed and OBDD
became the favorable structure.
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