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Supramolecular self-assembly of thermotropic columnar and
cubic liquid crystals has recently attracted a great deal of
attention because their structures in nanometer length scale
can be used for new dynamically functional materials.'"*! The
aim of the present study is to introduce supramolecular
chirality into columnar and cubic liquid crystals for further
functionalization of these materials. The incorporation of
chirality into thermotropic columnar®™ and cubic!® phases is a
relatively new and growing area, while a numerous number of
chiral materials have been prepared for nematic and smectic
materials."! Moreover, to the best of our knowledge, supra-
molecular chiral assemblies of thermotropic cubic materials
have not yet been reported except for rod aromatic chiral
molecules!® although supramolecular chirality has been
developed for self-assembled molecules in solution.® Tt is of

[*] Prof. Dr. T. Kato, T. Matsuoka, M. Nishii, Y. Kamikawa, Dr. K. Kanie
Department of Chemistry and Biotechnology
School of Engineering, The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (+81)3-5841-8661
E-mail: kato@chiral.t.u-tokyo.ac.jp
T. Nishimura, Prof. Dr. E. Yashima
Department of Molecular Design and Engineering
Graduate School of Engineering
Nagoya University, Chikusa-ku, Nagoya 464-8603 (Japan)
Dr. S. Ujiie
Department of Material Science, Shimane University
Matsue, Shimane 690-8054 (Japan)

[**] We thank Prof. E. W. Meijer, Prof. M. M. Green, Prof. P. A. Heiney,
Prof. A. Yoshizawa and Dr. S. Kutsumizu for helpful discussion. This
work was financially supported by a Grant-in-Aid for Scientific
Research on Priority Areas of “Dynamic Control of Strongly
Correlated Soft Materials” (No. 413/13031009) and a Grant-in-Aid
for The 21st Century COE Program for Frontiers in Fundamental
Chemistry from the Ministry of Education, Culture, Sports, Science
and Technology.

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

Angew. Chem. 2004, 116, 2003 —2006

DOI: 10.1002/ange.200353231

Angewandte

interest that supramolecular chirality may occur for self-
assembled columnar and cubic materials in neat states. Our
design strategy here is to use hydrogen-bonded chiral
molecules derived from biomolecules to induce a supra-
molecular chiral assembly. Recently, we have shown that a
thermotropic liquid-crystalline (LC) folic acid derivative
exhibits a change from a smectic to a columnar phase in the
presence of alkali metal salts or a lipophilic solvent.** These
results suggest that molecules that have several interacting
parts are able to show new self-assembly behavior that is
responsive to stimuli by tuning their molecular structures and
interactions.

Herein we report that folic acid derivatives 1a—c that have
oligo(glutamic acid) moieties and lipophilic alkyl chains
(Scheme 1) exhibit new chiral mesomorphic behavior. Supra-
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Scheme 1. Molecular structures of folic acid derivatives.

molecular chirality is induced for these materials in the
hexagonal columnar and Pm3n cubic LC phases in the
presence of sodium triflate (NaOSO,CF;). Furthermore, the
transitions from the chiral columnar to the chiral cubic phases
are observed for the first time.

Compounds 1a—c and their complexes with NaOSO,CF;
exhibit stable thermotropic LC phases over a wide temper-
ature ranges as presented in Table 1. Compound 1a shows
only a hexagonal columnar phase, while 1b and 1¢, which
both have longer alkyl chains, both exhibit columnar and
cubic phases (see Supporting Information). In our previous
papers, we reported that folic acid derivatives 2a—c
(Scheme 1), which have one glutamic-acid moiety, exhibit
smectic and columnar phases owing to the formation of
ribbonlike and disklike hydrogen bonds, respectively.”! For
the columnar phases of compounds 1a—¢, disklike hydrogen
bonds (Scheme 2) should be formed. The infrared spectra of
1ain the columnar phase are very similar to the spectra of 2¢,
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Table 1: Thermal properties of 1 and the complexes of 1/NaOSO,CF;.

Compounds! Phase transition behavior® a)
1a G —28 Col, 162 Iso
1b Cr -9 Col, 135 Cub 187 Iso
1c Cr 55 Col, 117 Cub 200 Iso

T1a/NaOSO,CF; (0.25)
1b/NaOSO,CF; (0.25) Cr
1¢/NaOSO,CF; (0.25)
1a/NaOSO,CF; (
1b/NaOSO,CF; (1.00)  Cr

G —22  Col, 143 Cub 169 Iso
-10 Col, 137 Cub 195 Iso
Cr 54 Col, 167 Cub 222 Iso
1.000 G —-29 Col, 146 Cub 171 Iso
-10 Col, 169 Cub 211 Iso

[a] The ratio of NaOSO,CF; to 1 is in parentheses. [b] Transition
temperatures (°C). G: glassy; Cr: crystalline; Col,: hexagonal columnar;
Cub: cubic; Iso: isotropic.

Scheme 2. Hydrogen-bonded tetramer of pterin rings.
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which forms a tetramer (see Supporting Informa-
tion). The diameter of the tetramer of 1a is estimated
to be about 50 A by molecular modeling, which is
consistent with the results of X-ray diffraction
measurements  (intercolumnar  spacing =49.0 A).
The values of enthalpy changes for isotropization of
1a—c also support the formation of disklike aggrega-
tes® (see Supporting Information). Cubic phases,
which are optically isotropic under the polarizing
optical microscope, are observed for 1b and lc,
whereas the less bulky compounds 2 a—c exhibit only
smectic and columnar phases.

The addition of NaOSO,CF; to 1a induces a cubic
phase, while no cubic phase is seen for la alone. For
compounds of 1b and 1¢, thermally stabilized columnar and
cubic phases are observed in the presence of the salts. The
small-angle X-ray diffraction (SAXD) patterns of the com-
plex of 1b/NaOSO,CF; (1:0.25 molar ratio) indicate that on
heating, the complex forms hexagonal columnar and subse-
quent Pm3n cubic phases (Figure 1a). The SAXD spectrum
at 60°C shows that intercolumnar spacing of the columnar
structure is 55.2 A, which decreases to 53.4 A at 120°C. The
SAXD profile for the cubic phases at 160°C exhibits
reflections of 50.0 (200), 44.6 (210) and 40.9 A (211).'") The
lattice parameter of the cubic phase is 100.0 A.

We have found that supramolecular chirality is induced
for both of the columnar and Pm3n cubic LC phases of 1a—¢
by the addition of NaOSO,CF;. Circular dichroism (CD)
spectra for the complex of 1b/NaOSO,CF; (1:0.25 molar
ratio) from 25 to 200°C in thin film states (Figure 1b) show
the formation of chiral assemblies. For the columnar phases of
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Figure 1. Small angle X-ray diffraction profiles a) and CD spectra b) of the com-
plex of 1b/NaOSO,CF; (1:0.25 molar ratio) on heating.

the complex, we observe coupled CD bands centered at
280 nm (a positive extreme at 290 nm and a negative extreme
at 268 nm) and a weaker negative CD band around 380 nm,
while no Cotton effect is seen for the columnar phases of 1b
alone. The Cotton effects become weaker as the temperatures
increase for the columnar phases. The UV absorption of the
pterin rings of 1b appears at 280 and 358 nm.'Y) We observe
that the transition from chiral columnar to chiral cubic occurs
on further heating. After the transition to the cubic phase at
137°C, a positive Cotton effect at 280 nm and a negative CD
band around 380 nm are induced. The intensities of the CD
bands for the complex in the cubic phases decrease as the
temperatures increase from 140 to 180°C (Figure 1b). In
contrast, for the cubic phases of 1b alone, no induced CD
spectrum is observed. In the isotropic phase at 200°C, no
Cotton effect is observed. These results indicate that supra-
molecular chiral order exists in the Pm3n cubic phases for the
complex of 1b/NaOSO,CF;.
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Figure 2a shows the Pm3n cubic lattice, which is divided
into two interstitial sites (black) and three pairs of columnar
sites (gray).l*!>1 The columnar sites lie on the faces of unit
cells and may form mutually perpendicular and interlocking
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Figure 2. a) The lattice structure of the Pm3n cubic phase. b) Arrange-
ment of the micelles in the Pm3n cubic phase. c¢) Molecular model of
a self-assembled micelle of 1b. Yellow broken line denotes the stacked
disks consisting of the pterin rings.

columns (Figure 2b).1*12131 Up to now, only a few examples
for thermotropic liquid crystals that display only nonchiral
Pm3n cubic phases were reported."*®! These Pm3n cubic
phases were considered to be micellar cubic phases based on
TEM"¢ and conductivity measurements.""! Tschierske and
co-workers suggested that at the columnar Pm3n cubic
transition the columns are segregated into micelles."®! For
the folic-acid materials reported here, segmented columns
formed by increasing the motion of the alkyl chain on heating
can also form micelles in the cubic phases,™* which should
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induce supramolecular chirality. Based on the lattice param-
eter and density, each micelle is estimated to have eight disks
on average (see Supporting Information). A molecular model
of a micelle that consists of eight stacked disks of 1b is shown
in Figure 2 c. The size of the micelle is consistent with a model
of the Pm3n cubic phase in Figure 2b.

Infrared measurements of the complexes of 1b in the
cubic phase also suggest that the disks are stacked. We
previously reported that the columnar LC structures formed
by the complex of 2b and NaOSO,CF; comprise hydrogen
bonded disklike tetramers of the pterin rings as shown in
Scheme 2.8 For the complex of 1b/NaOSO,CF; in the
columnar phases, the IR spectrum (3000-3500 cm ™) is very
similar to that of 2b/NaOSO,CF;, which forms disklike
tetramers (see Supporting Information).'”! For the cubic
phases, the IR spectra of 1b/NaOSO,CF; suggest that the
disklike tetramer is also formed (see Supporting Informa-
tion).'”] For guanosine derivatives, Gottarelli, Davis, and co-
workers reported the single-crystal structures that form the
same hydrogen-bonded tetramer pattern in the presence of
alkali metal ions.'® In this case, the alkali metal ion is
sandwiched by the disks of the tetramer. These observations
suggest that the supramolecular chirality is induced for the
complex of 1b/NaOSO,CF; by helicity locked through the
interaction between the ion and the disks along the axis of the
column. The molecular chirality of the oligo(glutamic acid)
part of compound 1b should induce chiral stacking of the
tetramers in the columnar and cubic phases.

The results presented here are the first example of the
cubic phase exhibiting supramolecular chirality. It should also
be noted that the supramolecular chirality is induced in the
presence of nonchiral ions.
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