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The self-assembly of small molecular building blocks into
supramolecular aggregates through noncovalent interactions
has been used extensively for the formation of nanoscale
structures.!"! For self-organization into highly ordered nano-
architectures, the building blocks require well-defined struc-
tures with high thermodynamic stabilities.”) Hydrogen bond-
ing is a powerful tool for the construction of such structures,
owing to its directional and dynamic nature® and its
capability for error correction.” A variety of liquid-crystalline
materials® have been prepared by self-assembly through
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hydrogen-bond formation.[! Rodlike!” and disklike®*! low-
molecular-weight complexes, and polymersl!” with side-
chain,™ main-chain,"@ network, host-guest”'! arrange-
ments, and single building blocks""!! have been reported.

The shape of the mesogenic molecule is one of the factors
that determine the packing and order in the liquid-crystalline
phase. Recently, unconventional shapes, such as bananas,['”!
dendrons,'® cones,” shuttlecocks,”) rod-dendrons,”! and
rings® have been reported. The self-assembly of these
unconventional mesogenic supramolecules has produced
new phases of supramolecular liquid crystals.'”! To our
knowledge, there have been no reports of hydrogen-bonded
3D nano-objects composed of different building blocks with
the capability to form liquid crystals.

Herein, we report the first example of a liquid-crystalline
material based on the self-organization of self-assembled
molecular boxes. Each box consists of two rosette motifs
connected through three calix[4]arene dimelamine molecules
(1). The circular motifs (rosettes)'® are formed by hydrogen
bonding between the melamine moieties of 1 and a barbituric
or cyanuric acid (Figure 1). The mesogenic double-rosette
assemblies 1;-(DEB), (DEB = 5,5-diethylbarbituric acid) and
1;-(BuCYA)s (BuCYA = N-butylcyanuric acid) form sponta-
neously upon mixing 1 with 2 equiv of either DEB or BuCYA
in an apolar solvent (Figure 1).! The assemblies, which are
held together by 36 hydrogen bonds, are thermodynamically
stable, even at a concentration of 5 um.?! The calix[4]arene
dimelamine 1 was functionalized with octadecyl chains to
promote the self-organization of the double-rosette assem-
blies into a liquid-crystalline phase. The long alkyl chains are
connected to the terminal benzamide moieties of 1 to prevent
their interference with the network of hydrogen bonds that
holds the double rosette together.!!

The formation of the self-assembled mesogens was
confirmed by '"H NMR spectroscopy in solution (Figure 2).
The signals assigned to the imide protons (a, b) of DEB and
BuCYA at dyy =15-14 ppm are diagnostic of the formation
of the assemblies; upon hydrogen-bond formation, the signals
of these protons undergo a strong downfield shift (in free
DEB, Oxy = 8.40 ppm; in free BUCYA, Oy = 11.2 ppm).I"!

The thermal behavior of the assembly and of the isolated
component 1 was determined by polarized optical microscopy
(POM) and differential scanning calorimetry (DSC; Table 1).
The DSC thermograms of the assemblies each exhibit two
peaks associated with phase transitions. In the case of
1;-(DEB);, the first (low-temperature) peak is attributed to
a reversible transition between an unidentified columnar
(Col,) phase and a hexagonal columnar (Col,) phase. How-
ever, no differences were observed between the optical
textures and the X-ray diffraction (XRD) patterns of the
two phases. In the case of 1;;(BuCYA),, the first peak is
attributed to a crystal-liquid crystal (Col,, phase) transition.
For both double-rosette assemblies, the second peak is
attributed to a transition between a liquid-crystalline (Col,)
and an isotropic phase. The thermotropic Col, phase exists
over a wide temperature range for both assemblies (16-173°C
for 1;(DEB),; 31-233°C for 1;(BuCYA),; Table 1). The
thermal stability of the liquid-crystalline phase is remarkable,
considering the dimensions (1.2nm in height; 3.3 nm in
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Figure 1. Self-assembly of 1;-(DEB)g, 15-(BuCYA),, and 15:((R)-propCYA)s.
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Figure 2. Sections of the 'H NMR spectrum (400 MHz) of 1;-(DEB),

(1 mwm in [Dgtoluene) at 298 K.
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Table 1: Thermal properties of 1, 15-(DEB),, and 15-(BUCYA),.

Compound Phase transition®
1 17 (598)  lso
1,(DEB);,  Col, 16 (187)  Col, 173 (350) lso

1,(BuCYA)y Cr 31 (167.5) Col, 233 (70.1) lso

[a] Phase-transition temperatures [°C] and enthalpy changes [k] mol™]
(in parentheses); Cr=crystalline phase, Col,=unidentified columnar
phase, Col, =hexagonal columnar phase, Iso =isotropic phase.

width) and the noncovalent nature (12 DAD-ADA hydrogen
bonds; D =donor, A = acceptor) of the double-rosette assem-
bly.l'”] In contrast, the DSC thermogram of 1 exhibits only one
peak. This peak is attributed to a transition between a
crystalline phase and an isotropic phase on the basis of POM,
which reveals the spherulite texture of the crystalline phase. It
is remarkable that the liquid-crystalline phase is observed for
the double-rosette assemblies, even though none of the
isolated building blocks are mesogenic.

To exclude the possibility of thermal degradation of the
double-rosette assemblies during the heating process, circular
dichroism (CD) studies on thin layers of the optically active
assembly  1;:((R)-propCYA)s ((R)-propCYA = N-[(R)-1-
methylpropyl|cyanuric  acid) were performed (not

Angew. Chem. 2006, 118, 7705-7708


http://www.angewandte.de

shown).[2223 The optically active double-rosette assemblies
(with P or M helicity) exhibit a very strong induced CD signal
at a wavelength of 350-250 nm,™ owing to the dissymmetric
arrangement of the many chromophoric units, whereas the
building block 1is nearly CD inactive. The intensity of the CD
signal of 1;((R)-propCYA)s does not decrease after several
thermal cycles, evidencing the high thermal stability of the
assembly.

POM suggests that the liquid-crystalline phase of the
assemblies is a columnar mesophase: a mosaic texture
showing birefringent areas is observed for 1;-(DEB)s and
1;-(BuCYA); after cooling from the isotropic melt (Figure 3).

Figure 3. POM images of 1;-(DEB), at 120°C (top) and of 1;-(BuCYA),
at 180°C (bottom).

Note that the assemblies 1;(DEB), and 15:(BuCYA)
have very different isotropization temperatures (AT,=
60°C; Table 1). Melamines form stronger hydrogen bonds
with cyanurates than with barbiturates,? resulting in the
higher thermal stability of 1;:(BuCYA),. Furthermore, cya-
nuric acids have a nitrogen atom with trigonal coordination
geometry at position 5 of the heterocycle. As a result, in
1;-(BuCYA)q, the butyl substituent and the heterocycle are in
the same plane. Consequently, the rosette faces of the
assembly can be considered as flat surfaces, which allow
efficient stacking in the columnar phase. In contrast, barbi-
turic acids have a carbon atom with tetrahedral coordination
geometry at the 5 position. As suggested by molecular
simulation studies,”™ the ethyl substituents at this carbon
atom point to the top and bottom faces of the double-rosette
assembly, which may weaken the interaction between neigh-
boring assemblies within the columns and contribute to a
lower thermal stability.
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The powder XRD pattern for the Col,, phase of 1;-(DEB);
is shown in Figure 4. In the small-angle region, the relatively
sharp reflections at 37.3 (100), 21.9 (110), 19.1 (200), and
14.0 A (210) are characteristic of the hexagonal arrangement.
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Figure 4. Powder XRD pattern of 1;-DEB, at 120°C, and schematic of
the columnar organization in the Col, phase (see text for details).

A broad reflection at 84 A corresponds to the distance
between the bottom rosette faces of neighboring assemblies.
In the wide-angle region, the diffuse halo near 4.7 A arises
from the disordered terminal alkyl chains and is characteristic
of their liquid-like arrangement.

The double rosettes stack in an ordered columnar fashion.
The driving force for the self-assembly of the columns is the
nanoscale segregation of the double rosette cores and the
lipophilic alkyl chains.’! The intercolumn distance is k=
43.0 A (Figure 4).1 A comparable distance was found by
atomic force microscopy (AFM) for similar assemblies.”
Their deposition onto highly ordered pyrolytic graphite
(HOPG) showed that the double-rosette assemblies self-
organize by face-to-face arrangement into rodlike structures.
A hierarchical process leads from the self-assembly of double
rosettes, to the assembly of the double rosettes into columns,
and to the self-organization of the columns into a Col,, liquid-
crystalline phase, as demonstrated by XRD.

The powder XRD pattern of the Col, phase of 1;
(BuCYA), is very similar to that observed for 1;(DEB);.
This observation indicates that the side-chains of the cyanuric
acid components do not interfere with the self-organization
and packing, probably because the dimensions of the double-
rosette scaffold are much larger than those of the side
chains.l'”)

Herein, we have demonstrated that the self-assembled
double rosettes 1;-(DEB)¢ and 1;:(BuCYA) are able to form
liquid crystals. The strength of the hydrogen bonds within the
double-rosette assemblies and the spatial disposition of the
side chains of the barbituric and cyanuric acid derivatives are
crucial factors for the stability of the mesophase. The lateral
substituents on the double-rosette building blocks do not
seem to affect the hierarchical organization of the mesophase.
The remarkable thermal stability and the high degree of order
of these mesophases, as well as the easy introduction of
chemical diversity, make them a potentially good platform for
the self-assembly of new nanomaterials.
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