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ABSTRACT: Coexistence of smectic and nematic orders in 3D curvaceous
bicontineous cubic or hexagonal hierarchical structures is observed in a novel class
of nanophase separated, flexible double liquid crystalline (LC) diblock copolymers
of different molecular weights (MWs) but similar compositions, obtained via
sequential anionic polymerization. The diblock copolymer of higher MW exhibits an
exceptional order−order transition (OOT) from lamellae (Lam) to hexagonal-
packed cylinder (HPC) upon nematic ordering. In contrast, the polymer with lower
MW forms a thermodynamically stable, ordered gyroid structure, interwining with
LC defects on nanoscale. Delicate balance of collective LC interactions and
geometric frustration dictates this unique behavior, which offers a genuine way to
fine-tune 2D and 3D complex structures with sub-10 nm feature sizes.

The assembly of atoms, molecules, and larger elements into
condensed phases with specific symmetries and spatial

dimensions determines the properties of materials. The
construction and engineering of structures need manipulation
of interfacial curvature and topology.1 Block copolymer is a
fascinating candidate because of their capability of self-
assembling into a variety of ordered nanostructures according
to the block composition.2 The past decades have witnessed the
development of diverse self-assembly building blocks ranging
from crystal,3,4 liquid crystal5−12 to supramolecular com-
plex,13,14 and so on. Among them, LC block copolymers have
been extensively studied due to their potential applications in
microelectronics, photonics, biology, and nanofabrication
processes.15−18 However, it still remains a challenge to
construct sophisticated nanostructures to meet the specific
needs of various purposes. For instance, application of block
copolymers in the nanolithography techniques calls for 2D and
3D nanostructures with a sub-10 nm feature size.19−21

Conventional flexible liquid crystalline diblock copolymers
usually produced only three basic structural elements: sphere,
cylinder, and lamellae.2,8 The formation of zero-, one-, and two-
dimensional structures is mainly determined by the overall
balance of phase separation and geometric restriction in the LC
fields. It is more difficult to generate highly curvaceous 3D
structures such as an ordered bicontinuous double gyroid
(OBDG) structure due to a high elastic energy penalty to
distort LC ordering. On another aspect, the feature size of
phase separated structure could be potentially reduced via
further enhancing the phase incompatibility between the
blocks.8

In this Letter, we introduce a rational molecular design of
block copolymer composed of two prototypical LC phases,
namely, smectics and nematics, as an effective strategy to
construct a unique class of self-assembling soft material,

smectic-nematic (S−N) diblock copolymer. The flexibility of
the polyether backbone, mobility and order of the intrinsically
immiscible LC phases of distinctly different symmetries,22

together with microphase separation bring out profound
consequences on the phase structure and feature size of the
S−N diblock copolymers. Interestingly, two curvaceous
structures, uniformly curved cylinder and saddle-shaped gyroid,
with feature sizes of sub-10 nm or even sub-5 nm scale have
been discovered. The evolution of the structures and the
delicate balance between LC order and microphase separation
during the self-assembly process have been explicitly revealed.
Two monodisperse S−N diblock copolymers E26Y21 and

E12Y10 are investigated, which were synthesized by sequential
anionic polymerization of EOBC23−25 and EOBCy monomers
containing cyanobiphenyl mesogens as shown in Figure 1a,
where E denotes the EOBC block and Y denotes the EOBCy
block, and the number represents that of repeat units in the
component blocks, respectively. The details of the synthesis
and chemical characterization are described in the Supporting
Information.
As reported previously, EOBC homopolymer exhibits a

phase sequence of g-4.6 °C-High Order (HO)-73.4 °C-Smectic
A (SmA)-134 °C-I.23,24 EOBCy homopolymer exhibits a glass
transition at 21 °C and a distinct phase transition at 116 °C, as
shown in the DSC thermogram in Figure 1b, which is ascribed
to nematic-to-isotropic (N−I) transition26 and confirmed by
wide-angle X-ray scattering (WAXS) experiment (Figure S4).
For E26Y21, only one phase transition located at 130 °C is
discernible. Its heat of fusion is 8.2 J/g, which is a sum of that of
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SmA-I transition of EOBC (12.8 J/g) and N−I transition of
EOBCy (2.0 J/g) homopolymers after their compositions taken
account (calcd value is 8.3 J/g). This suggests that this
transition should encompass isotropization of both blocks, as
further confirmed by the following phase structure studies. In
contrast, broad, reversible transitions are observed for E12Y10 in
the temperature range between 84 and 112 °C during heating
and cooling processes. The overall heat of fusion 8.6 J/g (calcd
value based on composition is 8.2 J/g) is larger than that of
either component block. This indicates a coexistence of phase
transformations and occurrence of more complex phase
behavior, as also discussed below. The HO-SmA transition at
60 °C in EOBC homopolymer20 can be hardly observed in the
copolymers, suggesting the tendency of disruption of hexagonal
mesogenic packing within the LC layers in this case.
The evolution of the phase structure of E26Y21 is further

clarified by temperature-dependent X-ray characterization in
accordance to the DSC thermogram. Figure 2 is the small-angle

X-ray scattering (SAXS) profiles of E26Y12 in heating and
subsequent cooling process. Apparent microphase separated
structures are observed and no order-to-disorder transition
(ODT) takes place up to 250 °C. This can be ascribed to the
huge polarity difference between the chemical structures of
these two types of mesogenic groups, which leads to strong
incompatibility between the EOBC and EOBCy blocks. The
microphase separated structure below 130 °C is identified as a

HPC structure, with characteristic scattering peak positions
(triangular symbols) at a ratio of q/q* = 1, √3, 2 and √7,
where q* = 0.56 nm−1 is the location of the lowest-order
reflection. The reflection peak located at 1.43 nm−1 is attributed
to the smectic layers of EOBC block, consistent with that of
homopolymer.20 The scattering from EOBCy block can be
identified in the 2D WAXS pattern of the sheared sample, as
shown in Figure 3a, where scattering from both smectic and

nematic phases can be clearly observed (also illustrated in 1D
profile in Figures S8 and S9). The weak scatterings located at
4.75 nm−1 (marked as dot symbol), close to diffraction of the
third order from smectic layers of EOBC block in the meridian
(cross symbol), are ascribed to the short-range position order
of nematics in EOBCy block along their director. In the
equator, scatterings from mesogenic packing of smectic and
nematic orders (marked as triangular and rectangle symbols,
respectively) can be identified, which orientation is along the
normal of smectic layers as illustrated by the azimuthal scans
(Figure 3c). The most probable distances among the mesogens
of EOBC and EOBCy blocks are 4.9 and 4.5 Å, respectively,
consistent with those of homopolymers (Figure S4).23,24 In the
2D SAXS pattern (Figure 3b) of the sheared sample, (101 ̅0)
and (202 ̅0) reflections from HPC are observed on the equator,
while those from the smectic layers are located on the meridian.
Based on above geometric relationship, we can deduce that
mesogens of both blocks align along the axial direction of the
cylinders. Considering the volume fraction (ϕEOBCy = 38%), the
cylinders are constituted by EOBCy blocks. The TEM image of
the microtomed sample majorly shows parallel cylinders in a
diameter of ∼7 nm, where EOBCy domains appear light as
shown in Figure 3d. This is consistent with the SAXS results.
The hierarchical order in the HPC structure is depicted in the
inset of Figures 3d and S10.
When the temperature exceeds the isotropization point of

the LC phase at 130 °C, OOT from HPC to Lam
microstructure (q/q* = 1, 2, 3, as indicated by arrows) is
observed, accompanying with disappearance of characteristic
diffraction of the SmA phase, as shown in Figure 2. This
process is highly reversible during cooling process. The OOT
from Lam to HPC with decrease of temperature is rather
unusual. In fact, an increase of the interaction parameter
between two blocks with decreasing temperature usually leads

Figure 1. (a) Chemical structure of EOBC-b-EOBCy; (b) DSC
cooling and subsequent heating thermograms of E26Y21 (MW = 16.7
kg/mol), E12Y10 (MW = 8.4 kg/mol), EOBCy (MW = 9.3 kg/mol),
and EOBC (MW = 13.6 kg/mol) homopolymers at a scanning rate of
10 °C/min.

Figure 2. Temperature-dependent SAXS profiles of E26Y21 during
heating and cooling process.

Figure 3. (a) 2D WAXS pattern and (b) 2D SAXS pattern of sheared
E26Y21 sample along shear gradient (z) direction; (c) Azimuthal scans
of radial regions of different symbols in pattern (a), as discussed in the
text; (d) TEM image of E26Y21 and the inset is the schematic
hierarchical order of HPC.
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to a reversed phase sequence.2,8,27 This phenomenon cannot be
attributed to the change of volume fraction of the blocks when
passing through the LC phase transformation either, since
EOBC and EOBCy homopolymers are found to exhibit a
similar temperature dependence of density up to 160 °C, as
shown in Figure S11. Therefore, this exceptional OOT should
be directly associated with the unique properties of the S−N
diblock copolymer, specifically, the coexistence of nematic and
smectic phases, as Lam usually can be stabilized by smectics.7,8

When OOT occurs, the feature size of the EOBC and EOBCy
domains in HPC and Lam changes accordingly, as derived from
the SAXS results and their volume fractions. In Lam where
EOBC and EOBCy blocks are both in the isotropic state, the
thickness of EOBCy layer is 4.1 nm and that of EOBC layer is
7.1 nm. After transition into HPC, the diameter of cylinders of
nematic EOBCy becomes 6.8 nm and the center-to-center
distance among the cylinders is 10.7 nm with EOBC blocks
filled in-between (Figure S10). The apparent shrinkage of
EOBC domain through SmA-I transition is consistent with the
dielectric results of EOBC homopolymer that the end-to-end
distance of the polymer chain indeed decreases after the phase
transformation from the isotropic melt to the SmA phase.24

The fact that the nematic EOBCy chain has to stretch in the
cylinder compared to its melt state in Lam agrees with the
constraint imposed from the concaved geometry of cylinder.
We think that this unusual OOT transition should originate
from the LC field induced geometry asymmetry of these two
blocks on nanoscale, including the possible effect of the
mesogenic packing distance difference (∼9%) in nematic and
smectic orders which may swell and bend the interface
differently.
The S−N diblock copolymer E12Y10 has a similar volume

composition (ϕEOBCy = 39%) but nearly half N compared to
that of E26Y21. This discrepancy leads to dramatically different
phase behavior, as already suggested in the DSC measurement.
The coexistence of smectics and nematics below the transition
temperature (90 °C) has been further implied by WAXD
measurements in Supporting Information (Figures S12 and
S13). In the X-ray scattering profile of E12Y10 (Figure 4a), it can
be seen that besides the characteristic scattering peaks from the
smectic phase, the rest five diffraction peaks locate at relative
position ratios of √3, √4, √7, √13, √19, corresponding to
(211), (220), (321), (510)/(431), and (611)/(532) planes in
Ia3d symmetry (q(211) = 1.05 nm−1). This character indicates
the formation of an OBDG structure with lattice constant a =
14.4 nm, in contrast to HPC of E26Y21 in the double LC state.
This extremely small feature size of the block copolymer
benefits from the intrinsic immiscibility between the LC
phases.22

The evolution of the phase structure of E12Y10 is investigated
by temperature-dependent SAXS experiment accordingly. As
shown in Figure 4b, the OBDG structure remains up to the LC
phase transition temperature (∼90 °C). When the temperature
exceeds 90 °C, the reflection peak belonging to smectic layers
in the EOBC block (qsmA = 1.58 nm−1) gradually decreases,
while the reflections of OBDG get narrower and stronger,
suggesting the formation of a more ordered structure.
Interestingly, when the temperature rises above 103 °C, the
reflection of smectic order starts to develop again; meanwhile,
the OBDG structure fades out and finally disappears at 108 °C.
Simultaneously, a Lam microstructure in a periodicity of 5.7 nm
emerges with two new reflection peaks at a q/q*lam ratio of 1:2
(q*lam = 1.09 nm−1). Above 110 °C, the smectic phase starts to

melt, the Lam turns into disordered state eventually. This
process is also thermoreversible. As shown in the SAXS profiles
in the cooling process (Figure 4c), gradual development of
OBDG from Lam is observed when the temperature decreases
further below 103 °C. The OBDG structure is well-developed
after annealing at 80 °C for 4 h, despite that the smectic order
is not as high as that in Lam. This experiment suggests that the
OBDG is indeed a thermodynamically stable structure. TEM
image of the microtomed sample (Figure 5) displays a network

morphology, characteristic of a bicontinuous structure. Detailed
TEM images are also illustrated in Figure S14. The cubic
symmetry of the OBDG structure is further supported by the
optical measurement, which exhibits almost zero birefringence
indicative of an optically isotropic structure (Figure S15).
This interesting phenomenon must be associated with the

nature of this class of S−N double LC diblock copolymer. As
also implied by temperature-dependent 1D WAXD experiment
(Figure S13), the phase transformation starts with partial
melting of the smectic phase. This is rather unexpected since
the SmA−I transition temperature of EOBC homopolymer is
∼20 °C higher than the N−I transition temperature of EOBCy
homopolymer. However, this is understandable if considering
the highly curvaceous geometry of OBDG structure. In this
structure, the nematic EOBCy blocks construct the interweav-
ing network which is composed of tubes and nodes, with each
node formed by the intersection of three tubes as schematically
shown in Figure 5. The smectic EOBC block fills the rest space

Figure 4. (a) X-ray scattering profiles of E12Y10 in low-angle (LA) and
high-angle (HA) regions at 25 °C; Temperature-dependent SAXS
profiles in heating (b) and cooling (c) processes.

Figure 5. TEM image and schematics of hypothetic LC orderings in
OBDG structure.
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of the cubic lattice. In general, smectic order is incompatible
with cubic symmetry. Tremendous frustration and distortion
are thus anticipated in this triply periodic lattice, which would
destabilize the smectic order, consequently, resulting in its
partial melting at a rather lower temperature. It is worth
mentioning that the gyroid structure appears stabilized in the
presence of the nematic field, although distortion of nematic
field at the center of the connectors is also anticipated. Further
melting of nematics makes the gyroid structure no longer
stable. Thereafter, smectic order is regained and transformation
into Lam is induced. After the melting of the smectic phase, the
sample gets into a disordered state. The decrease of ODT
temperature of E12Y10 is consistent with the decrease of χN (χ
is the Flory−Huggins interaction parameter) due to the smaller
N. The intermediate degree of segregation usually leads to a
gyroid phase.2

How the symmetries of the LC phases would accommodate
this morphological geometry is a sufficiently complicated
puzzle. The peculiarity of this OBDG superstructure with
coexistence of smectic and nematic orders reminds us the
highly frustrated as well as extremely fantastical blue phase of
chiral nematics, whose cubic phase is thought to be stabilized
by a regular lattice of disclination defects in a periodicity on the
order of visible light wavelength.28 Whereas, the cubic lattice of
the S−N diblock copolymer, free of molecular chirality, is on
the nanometer scale in contrast. Although tremendous
topological defects such as disclinations are unavoidable, they
have to be readily accommodated in this nanometer-sized cubic
lattice. Our experimental work sets out new theoretical
challenges to understand the relationship between geometrical
frustration and LC order.
In summary, our work demonstrates a remarkable alliances of

frustration and order in the S−N double LC block copolymers.
This unique combination and variable composition drive the
new discovery of diverse and complex hierarchical structures
and are expected to meet the central challenge of programming
complexity of soft matter. It also potentially opens up the
possibilities in creating novel, functional materials in future,
such as patterned structure on the sub-10 nm scale.
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