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Complex three-dimensional superstructures with useful
properties[1] can be created easily by reversibly assembling
functionalized small molecules through hydrogen bonding
and � overlap.[2] Examples are 1a and 1b (Figure 1a), which
self-assemble through head-to-tail amide hydrogen bonds into
arrays of stacked columns (Figure 1b, c).[3] In these molecules,
the dodecyl ether substituents provide a liquidlike environ-
ment, while at the same time they force the amide groups out

Figure 1. a) Crowded arenes; b) energy-minimized[18] dimer displaying
three intermolecular hydrogen bonds; c) hexagonal arrays; d) model of a
tetramer showing three helices of hydrogen bonds surrounding the exterior
of the column (methyl groups on the ether oxygen atoms were included in
the models and removed to clarify the view).

of the plane of the central aromatic ring. As a consequence,
the amide groups are oriented so to form intermolecular
hydrogen bonds and therefore stacked structures.[4, 5] Due to
this mode of stacking the columns should have a macroscopic
dipole moment parallel to the stacking direction (Fig-
ure 1b).[6] The study presented here details the macromolec-
ular consequences of synthesizing molecules that are both
chiral and liquid crystalline. Neat samples of these mesogens
self-assemble into two-dimensional hexagonal arrays that can
be directed with electric fields. In dilute solution circular
dichroic (CD) spectroscopy shows that the molecules self-
assemble into helical stacks. At higher concentrations, these
stacks self-organize further into superhelical arrays character-
istic of twisted nematic liquid crystals.

For our study we synthesized enantiopure 3a ±h in yields of
47 ± 78% by combining the versatile tris-acylchloride 2, which
can be made on a multigram scale from phloroglucinol,[3] with
optically active amines[7] (Scheme 1). The calorimetric values
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Scheme 1. a) RNH2, Et3N, CH2Cl2, 47 ± 78%. Alk�C12H25.[8]

(DSC) for 3a ± h[8] vary over a broad range, and many samples
exhibit rich polymorphism.[9] One compound, 3a, emerged as
unique from a screening with polarized-light microscopy
because it forms a mesophase (191 to 233 �C) that is self-
healing and birefringent (Figure 2a).

It is the fluidity that distinguishes the mesophase of 3a from
all of the others. The synchrotron X-ray diffraction[10] pattern
from 3a in a Lindemann capillary tube (Figure 2b) shows an
intense, low-angle peak (d� 18.8 ä) that is diagnostic of
columnar assemblies[11] and two higher-order reflections that
allow the lattice to be indexed as two-dimensional hexagonal.
In its wide-angle region, the diffractogram shows only a broad
reflection (d� 4.8 ä) that in columnar liquid crystals has been
attributed to the packing of fluid side chains.[11] These values
correlate well with the lattice parameters previously meas-
ured for the columnar, hexagonally ordered achiral 1b.[3]

Thin samples of 3a, between ITO-coated glass slides spaced
by 5 �m, show uniform birefringent domains that are uniaxial
and negatively birefringent (Figure 3a).[12] The implication is
that the long axes of the columns are parallel to the surface
(the planar alignment).[13] When 30 V is applied between the
two electrodes while the material is again cooled into its
mesophase, the films are optically isotropic. After removing
of the polarizer micron-sized polygons are visible, each having
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Figure 3. Light micrographs of samples of 3a cooled to 200 �C from the
isotropic liquid: a) optically active, between ITO electrodes separated by
5 �m, 0 Vapplied; b) optically active, between ITO electrodes separated by
5 �m, 30 V applied; c) racemic 3a yielding spherulitic crystalline domains.

120� angles at their corners (Figure 3b), reflecting, in
magnified form, the underlying hexagonal lattice symmetry.[14]

The implication is that the self-assembly into columns is
directed perpendicular to the electrode surface by the applied
electric field. When the film is again heated until it is an
isotropic liquid and then cooled in the absence of an electric
field, the planar alignment returns. Traditionally, discotics are
highly viscous and they must be diluted until they are
lyotropic nematics to be switched between planar and
homeotropic alignments.[15] What is unique about 3a is that
the entire two-dimensional lattice is directed by the electric
field and is regularly arrayed over �m-sized length scales
(Figure 3b). Molecular models indicate that polarity in the
columns of 3a results from the head-to-tail orientation of the
amide side chains, as shown in Figure 1d, creating a macro-
scopic dipole moment parallel to the column axis.

Both racemic (�)-3a[16] and a sample of 3a that is a mixture
of diastereomers [(dia)-3a][17] were prepared to test whether
the chirality is involved in the liquid crystallinity and polarity
of 3a. The clearing points for pure 3a, (�)-3a, and (dia)-3a
were all within a few degrees indicating that the differences in
their assemblies must be slight. The textures displayed by
samples of (�)-3a (Figure 3c) and (dia)-3a as they are cooled
from their isotropic states are those of spherulitic, crystalline
materials. This is the same texture seen previously in the
hexagonally ordered plastic crystals of 1b, whose molecules
lack the angular methyl groups.[3] Neither (�)-3a nor (dia)-3a
nor 1b show an electrical response like that seen for optically
active 3a. The spherulitic textures persist even when up to
100 V is applied between the electrodes. Models, like the one
in Figure 1d,[18] constructed with the optically active side
chains of 3a, show that in the stacked molecules the phenyl
groups in the side chains touch the methyl groups of their

nearest neighbors. These interactions pro-
vide a mechanism for the optically active
side chains to stabilize the helicity of the
columns. In the racemic or diastereomeric
material, these contacts are absent.

CD spectroscopy[19] was used to analyze
the stacks because it has proven to be a
sensitive reporter of helicity, through the
coupling of transition dipoles, in polypep-
tides,[20] other polymers,[22±26] and discotic
liquid crystals.[6e, 21] Solutions of 3a in hexane
were not homogeneous but could be made so
by dilution with ca. 15% CH2Cl2. At these
concentrations, the CD transitions of 3a

show an exciton coupling between degenerate chromophores
(a split CD, Figure 4b) indicative of helical order. As more
CH2Cl2 is added (30%), the aggregates dissociate and the
transition dipoles no longer couple. Thus, only when the
solvent is hydrocarbonlike do the molecules self-assemble
through hydrogen bonds with their side chains close enough to
interact with each other. Evidence that it is the contact
between the methyl and phenyl groups that stabilizes the
helices comes from studies with optically active 3 f, whose
chirality arises only from the difference between a methyl and
an ethyl group. It has no phenyl group in the side chains and
its mesophase, shown in Figure 6a, looks like that of achiral
1a.[3]

Figure 4. a) Polarized-light micrograph of fibrous 3a grown from a hot
dodecane solution; b) CD spectra of 3a in hexane (7.5� 10�4�, path
length� 100 �m).

If the aggregates of 3a are helical and have a significant
persistence length, they could display the common assembly
motif of helically wound polymers that pack next to one
another with defined twist angles.[22±26] As this twist is
propagated through the assembly, it gives rise to a super-
helical structure (Figure 5c) like that of a twisted nematic
liquid crystal. This type of liquid crystalline phase is uncom-
mon in classic discotics possibly due to the low association in
the stacking direction. Unfortunately, concentrated solutions
of 3a could not be tested for such a phase behavior because 3a
is insufficiently soluble in hydrocarbon solvents. (It forms the
fibrous aggregates shown in Figure 4a.) However, 3a is
soluble up to 50wt % in dodecane when it is mixed with 1a!
We presume this is because 1a frustrates the ability of 3a to
crystallize from hydrocarbon solvent into fibers.

Figure 2. a) View between crossed polarizers at 210 �C as 3awas cooled from the isotropic liquid.
b) Synchrotron X-ray diffraction of 3a at 220 �C as it was cooled from the isotropic liquid.
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The CD spectra of dilute solutions of the 1a/3amixture are
split, just like the spectra of 3a discussed above. At high
concentrations, the samples visibly reflect green light. Their
CD spectra, an example of which is in Figure 5d, show intense

Figure 5. Studies on 3a/1a (25% each by weight) solutions in dodecane.
a) Polarized-light micrograph at 40 �C, b) at 60 �C; c) model of the super-
helical arrangement of columns; d) CD spectrum at room temperature.

transitions at 525 nm,[27] attributed to the selective reflection
of circularly polarized light by the twisted nematic phase.[28]

The superhelical pitch expands when the temperature is
raised, so the reflection is green at room temperature
(Figure 5a) and red at 60 �C (Figure 5b). Concentrated 1a/
3d mixtures in dodecane diplay a ™fingerprint∫ texture also
characteristic of twisted nematic liquid crystals.[29] Twisted
nematic phases are rare for self-assembled columnar struc-
tures,[21a] and the reason for their being seen in this study is
that the hydrogen bonds working in concert with the chiral
side chains enforce a regular helicity and a high association
constant in the stacking direction. In essence, the aggregates
in solution act as noncovalent polymers.[28]

It is remarkable that just moving the methyl group in the
amide side chain from the � position in 3a to the � position in
3e changes the morphologies drastically as shown in Fig-
ures 2a and 6b. In fact, with the exception of the extremely
hindered 3d, all the molecules with chiral centers adjacent to
the nitrogen atom (3b,c,e,g,h) lead to �m-sized birefringent
fibers as the materials are cooled from their isotropic liquid
states. Like the fibers from other columnar systems,[13] these
too are uniaxial and negatively birefringent.[12] X-ray diffrac-
tion shows these fibrous samples to consist of a two-dimen-
sional hexagonal lattice of columns. Unlike the diffractogram

Figure 6. View between crossed polarizers as the samples were cooled
from the isotropic liquid. a) 3 f at 197 �C; b) 3e at 246 �C.

of the liquid crystalline phase of 3a, the ones from the fibers
of 3b,c, e,g,h reveal larger lattice spacings and contain
numerous, sharp higher-order reflections indicative of a
crystalline phase with the columns running parallel to the
fiber axis.[13c, 30] These results show how seemingly minor
variations in molecular structure can have drastic impacts on
the resulting morphology and phase behavior.

In summary, we have shown that chiral side chains can be
easily installed into the crowded nucleus of 1 and that they
control the hierarchy of ordering in the stacks. First, the chiral
centers in the side chains organize the columns into helices.
These chiral columns further stack in concentrated solutions
to create superhelical arrangements that reflect circularly
polarized light at resonant wavelengths. In the neat samples
the materials self-organize into hexagonally arranged fibers or
liquid crystalline phases depending on where the chiral center
is positioned. Some of these chiral phases are responsive to
electric fields and their assembly can be directed from
electrode surfaces. It is possible that these nanostructured
columns may act as ferroelectric, piezoelectric, and other
types of responsive materials.
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