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Cubic and Columnar Supramolecular
Architectures of Rod ± Coil Molecules in the
Melt State**
Myongsoo Lee,* Byoung-Ki Cho, Heesub Kim, and
Wang-Cheol Zin

Diblock molecules consisting of a rigid rod block and a
flexible coil block provide the opportunity to study novel
aspects of liquid-crystalline supramolecular structures. In
general, classical rodlike molecules are arranged with their
long axes parallel to each other to give rise to nematic and/or
layered smectic types of supermolecular structures in the melt
state. In contrast, diblock molecules consisting of different
immiscible coil segments induce columnar or cubic types of
supramolecular assemblies in addition to lamellar structures
in a selective solvent.[1] Unlike rodlike molecules, coil ± coil
diblock copolymers also self-assemble into various supra-
molecular architectures with curved interfaces in the melt
state due to conformational freedom associated with a long
flexible chain.[2] A combination of these structural principles
can provide a novel class of self-assembling materials since
this rod ± coil diblock system shares certain general character-
istics of both lyotropic diblock molecules and thermotropic
calamitic molecules.

Rod ± coil molecules show lamellar or micellar microphase-
separated domains depending on the volume fraction of coil
segments in the molecules, although molecular order within
the rod blocks in the melt state was not described.[3] In 1996
we published[4, 5] that rod ± coil molecules consisting of a
molecular rod and a poly(ethylene oxide) coil exhibit a
microphase-separated lamellar structure of nanoscale dimen-
sions in the crystalline phase as well as in the melt state; this
leads to a smectic supramolecular structure. The binary
mixture of these rod ± coil molecules and lithium triflate
induces micellar mesophases that are dependent on the salt
concentrations.[5] This experimental system enabled us to
study further their thermotropic phase behavior.

The design of the rod ± coil diblock molecules was based on
an extended rodlike molecule consisting of two biphenyl
units.[4±6] The extended rods of this type can exhibit calamitic
mesomorphism; however, unlike amphiphilic diblock macro-
molecules, rod molecules cannot form cubic or columnar
phases with curved interfaces owing to steric reason. To
introduce block segregation character, we synthesized rod ±
coil diblock molecules 1 ± 3 consisting of a molecular rod and a
poly(propylene oxide) coil (Figure 1). The coil portion is
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Figure 1. Structure and phase behavior of 1 ± 3. The transition temper-
atures are given in 8C; k: crystalline; sA: smectic A; sC: smectic C; bcc:
bicontinuous cubic; col: hexagonal columnar; i: isotropic phase. The phase-
transition temperatures are obtained from the second heating curves of the
DSC measurements with a scan rate of 3 8C minÿ1.

bulkier than poly(ethylene oxide) at the same degree of
polymerization and is not able to crystallize because of the
side methyl group in the propylene oxide unit. Therefore,
these rod ± coil diblock molecules can be considered as either
small block copolymers or large smectogens.

Rod ± coil molecules 1 ± 3 (see Table 1 for spectroscopic
data) containing poly(propylene oxide) groups with various
degrees of polymerization n were synthesized by a procedure
similar to that previously described.[4, 6] The resulting rod ±
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Table 1. Spectroscopic data of 1 ± 3.

1 : 1H NMR (250 MHz, CDCl3, TMS): d� 8.26 (d, J� 8.2 Hz, 2 H; o to
COOphenyl), 8.13 (d, J� 8.2 Hz, 2H; o to COOCH2), 7.65 ± 7.72 (m, 6 H; m
to COOphenyl, m to biphenylcarboxylate, and m to COOCH2), 7.60 (d, J�
8.6 Hz, 2H; m to CH(CH3)O), 7.34 (d, J� 8.4 Hz, 2H; o to biphenylcar-
boxylate), 7.04 (d, J� 8.3 Hz, 2H; o to CH(CH3)O), 4.58 (m, 1H;
OCH2CH(CH3)), 4.41 (q, J� 7.1 Hz, 2 H; CH2CH3), 3.18 ± 3.92 (m, 20H;
OCH2CH), 1.35 ± 1.45 (m, 6H; CH2CH3 and CH(CH3)Ophenyl), 0.90 ± 1.30
(m, 18H; OCH2CH(CH3)); 13C NMR (62.5 MHz, CDCl3, TMS): d� 166.4,
165.0, 158.6, 158.5, 151.1, 146.0, 144.6, 137.7, 132.1, 130.7, 130.1, 129.3, 128.3,
127.3, 126.9, 126.6, 122.2, 116.4, 72.3 ± 76.0, 67.2, 65.5, 61.0, 18.4 ± 16.9, 14.3;
elemental analysis calcd for C49H64O12: C 69.65, H 7.63; found: C 69.69, H
7.30.

2 : 1H NMR (250 MHz, CDCl3, TMS): d� 8.24 (d, J� 7.8 Hz, 2 H; o to
COOphenyl), 8.12 (d, J� 7.7 Hz, 2H; o to COOCH2), 7.65 ± 7.71 (m, 6 H; m
to COOphenyl, m to biphenylcarboxylate, and m to COOCH2), 7.59 (d, J�
8.5 Hz, 2H; m to CH(CH3)O), 7.34 (d, J� 8.5 Hz, 2H; o to biphenylcar-
boxylate), 7.04 (d, J� 8.6 Hz, 2H; o to CH(CH3)O), 4.58 (m, 1H;
OCH2CH(CH3)), 4.41 (q, J� 7.1 Hz, 2 H; CH2CH3), 3.15 ± 3.91 (m, 35H;
OCH2CH), 1.34 ± 1.45 (m, 6H; CH2CH3 and CH(CH3)Ophenyl), 0.90 ± 1.30
(m, 33H; OCH2CH(CH3)); 13C NMR (62.5 MHz, CDCl3, TMS): d� 166.4,
165.0, 158.6, 158.5, 151.1, 146.1, 144.7, 137.8, 132.1, 130.7, 130.1, 129.3, 128.4,
127.3, 127.0, 126.6, 122.2, 116.4, 72.9 ± 75.5, 67.2, 65.6, 61.0, 16.9 ± 18.4, 14.3;
elemental analysis calcd for C64H94O17: C 67.70, H 8.34; found: C 67.72, H
8.48.

3 : 1H NMR (250 MHz, CDCl3, TMS): d� 8.25 (d, J� 7.8 Hz, 2 H; o to
COOphenyl), 8.12 (d, J� 7.7 Hz, 2H; o to COOCH2), 7.65 ± 7.71 (m, 6 H; m
to COOphenyl, m to biphenylcarboxylate, and m to COOCH2), 7.59 (d, J�
8.5 Hz, 2H; m to CH(CH3)O), 7.31 (d, J� 8.5 Hz, 2H; o to biphenylcar-
boxylate), 7.04 (d, J� 8.6 Hz, 2 H; o to CH(CH3)O), 4.58 (m, 1H;
OCH2CH(CH3)), 4.41 (q, J� 7.1 Hz, 2 H; CH2CH3), 3.15 ± 3.92 (m, 44H;
OCH2CH), 1.34 ± 1.45 (m, 6H; CH2CH3 and CH(CH3)Ophenyl), 0.85 ± 1.35
(m, 42H; OCH2CH(CH3)); 13C NMR (62.5 MHz, CDCl3, TMS): d� 166.4,
165.0, 158.6, 158.5, 151.0, 146.0, 144.6, 137.7, 132.0, 130.7, 130.1, 129.3, 128.3,
127.3, 126.9, 126.6, 122.2, 116.3, 72.6 ± 76.0, 67.1, 65.5, 60.9, 16.9 ± 18.4, 14.3;
elemental analysis calcd for C73H112O20: C 66.95, H 8.62; found: C 67.24, H
8.71.
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coil molecules were characterized by differential scanning
calorimetry (DSC) and thermal optical polarized microscopy
(Figure 1). Upon heating of 1 (n� 7) the crystalline phase
goes into a smectic C phase at 62.1 8C, which in turn under-
goes transformation into a smectic A phase.

In contrast, no birefringence between crossed polarizers
could be observed upon melting of 2 (n� 12) at 38.7 8C. The
DSC results indicate an additional phase transition at 69.6 8C,
which is accompanied by a significant decrease in viscosity;
this strongly suggests the existence of a cubic mesophase in
the range of 38.7 ± 69.6 8C.[7] This is also confirmed by X-ray
scattering experiments, which exhibit the same diffraction
pattern (except that the lattice constant is smaller) as for the
low-temperature mesophase of 3.

Rod ± coil molecule 3 (n� 15) exhibits a crystalline melting
transition into an optical isotropic cubic mesophase followed
at higher temperatures by a hexagonal columnar mesophase,
which in turn undergoes isotropization at 46.1 8C. Upon
cooling the isotropic liquid, a spherulitic growing of texture
can first be observed with a final development of pseudo-focal
conic domains that are characteristic of a hexagonal columnar
mesophase of conventional discotic mesogens.[8] On further
cooling the hexagonal columnar phase, isotropic rectangular
and rhombic areas with straight edges appear on the pseudo-
focal conic domains. These regions then grow until the entire
field of view is dark; this behavior is characteristic of the cubic
mesophase (Figure 2).[7]

Figure 2. Representative optical polarized micrograph (100� magnifica-
tion) of the texture of 3 observed at the transition from the hexagonal
columnar phase (pseudo-focal conic domains) to the cubic phase (dark area
with straight edges) at 41 8C upon cooling.

To confirm the assignments of the mesophases, both small-
angle (SAXS) and wide-angle X-ray scattering (WAXS)
experiments were performed with 3 at various temperatures
(Figure 3). The X-ray diffraction pattern of 3 in the crystalline
state displays three reflections with q spacings of 0.84, 1.64,
and 2.44 nmÿ1 in the small-angle region (Figure 3a), whereas
two sharp reflections are observed in the wide-angle region.
From the analysis of all available data, we can conclude that
the crystalline phase of 3 is a lamellar structure with a
periodicity of 7.5 nm. Comparison with the calculated length

Figure 3. SAXS spectra of 3 obtained at different temperatures plotted
against q (� 4psinq/l). Spectrum (a) was measured with Ni-filtered CuKa

radiation and corrected for slit-length smearing. Spectra (b) through (d)
were measured with synchrotron radiation at the 3C2 X-ray beam line (l�
0.1608 nm) at the Pohang Accelerator Laboratory.

of a fully extended molecular unit of 8.6 nm suggests that this
periodicity arises from monolayers with packing similar to
that in a related rod ± coil molecule.[5]

In the liquid-crystalline phase at 26 8C, two strong and four
weak reflections are observed at the relative positions

p
6,
p

8,p
20,
p

22,
p

24, and
p

26 (Figure 3 b). The positions of these
reflections can be indexed as the (211), (220), (420), (332),
(442), and (431) reflections of Ia3d symmetry.[9] From the
observed d spacing of the (211) reflection, the value giving the
best fit for the cubic lattice parameter a is 13.2 nm. At a wide
angle only a diffuse halo remains as evidence for the melting
of the aromatic rods. On the basis of the X-ray diffraction data
described above and the thermal behavior, which exhibits an
intermediate phase between the lamellar and columnar
structures, the cubic phase can be best described as a
bicontinuous cubic phase with Ia3d symmetry.[2, 9]

Upon further heating to 45 8C, 3 displays two sharp
reflections with q spacings of 1.25 and 2.14 nmÿ1 whose SAXS
pattern obeys the ratio of 1:

p
3 (Figure 3 c), which is

characteristic of the two-dimensional hexagonal structure
(hexagonally packed array of cylindrical micelles).[2] In
contrast, only a diffuse halo can be observed in the WAXS
pattern. These results together with observations from optical
microscopy support that the high-temperature mesophase of 3
displays a disordered hexagonal columnar mesophase with a
lattice constant of 5.8 nm. In the isotropic phase, 3 shows only
broad, diffuse scattering in the small-angle region, which is
most probably due to the existence of dynamic density
inhomogeniety in the diblock melt.

Such molecular organizations in molecular rods are in
striking contrast to what is generally accepted for the
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Recently a hypothesis on the chemical origin of super-
conductivity was proposed which is based on a tendency for
pairwise localization of conduction electrons.[1] In crystalline
phases, in which chemical bonding is adequately described by
the electronic band structure, a prerequisite for superconduc-
tivity seems to be the simultaneous occurrence of bands with
large dispersion, ªsteep bandsº, and those with ªflat bandsº at
the Fermi level EF. The flat bands provide a vanishing Fermi
velocity for some conduction electrons in the normal con-
ducting state. This view is formally similar to a physical model
based on the interplay of itinerant electrons in a wide band
with local pairs of electrons in a narrow band.[2] However, in
extracting the flat band/wide band features from calculated
band structures we address the specific chemical bonding in
actual superconductors.

Following arguments introduced by Krebs,[3] who suggested
that the necessary condition for superconductivity is a crystal
orbital that is nodeless in certain directions, Johnson and
Messmer used SCF-Xa-SW cluster calculations to obtain
remarkably accurate results for the superconducting charac-
teristics of a number of elements and compounds.[4] However,
this real space approach is based on clusters rather than
infinite solids; in terms of a band structure, G point config-
urations are considered.

relationship between molecular structure and the mesomor-
phic phase of thermotropic liquid crystals. The phase behavior
in our rod ± coil system can be explained by the fact that the
main factor governing the geometry of the supramolecular
architecture in the liquid-crystalline phase is the anisotropic
aggregation of rod segments and the consequent space-filling
requirements as well as entropic limitations due to the
flexibility of the coil.[10±13] The lamellar structure observed in
the crystalline phase for 3 or in the liquid -crystalline phase for
1 is still the most efficient packing of melt chains, which is
similar to that of smectogens with low molar mass. With
increasing temperature (in the case of 3) or increasing volume
fraction of coil segments, however, space crowding of the coil
segments would be larger. Lamellar ordering of rods would
confine junctions between rods and coils to a flat interface
with a relatively high density of grafting sites, which forces a
strong stretching of the coils away from the interface, and the
system becomes energetically unfavorable. Consequently, the
lamellar structure of the rod ± coil molecule will break apart
into interwoven networks of branched cylinders to lead to a
bicontinuous cubic phase and then discrete cylinders; this
gives rise to a hexagonal columnar phase in which coil
stretching is reduced.

Although this explanation is qualitatively consistent with
theoretical predictions for the phase behavior of rod ± coil
diblock molecules, that of our system is in contrast to the
predicted specific supramolecular structures such as the
various ªhockey-puckº phases.[11] In this respect, our system
provides access to a large variety of experimental and
theoretical investigations to understand fully the complete
range of supramolecular structures formed by rod ± coil
diblock molecules. This is essentially an unexplored area of
research.

In summary, the rod ± coil molecules which can be consid-
ered as either small diblock copolymers or large smectogens
were observed to organize into bicontinuous cubic and
hexagonal columnar mesophases as a function of volume
fraction of the coil segments or temperature. This behavior
differs significantly from that predicted for this type of
molecule.[10±13]
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