
DOI: 10.1002/chem.201200057

Hierarchical Superstructures with Control of Helicity from the Self-Assembly
of Chiral Bent-Core ACHTUNGTRENNUNGMolecules

Shih-Chieh Lin,[a] Rong-Ming Ho,*[a] Chin-Yen Chang,[b] and Chain-Shu Hsu*[b]

Introduction

Nature uses self-assembly as a convenient tool to construct
materials into highly ordered structures through cooperative
secondary interactions, such as hydrogen bonding, amphi-
philic effects, electrostatic interactions, metal coordination,
van der Waals interactions, p�p stacking, steric hindrance,
and chirality.[1–4] Biological molecules and macromolecules
can form different kinds of self-assembled superstructures
that have specific functions through the interplay of these
non-covalent bonding forces.[5] Among the biological archi-
tectures that are constructed by self-assembly in nature, the
helical morphology is perhaps the most-fascinating tex-
ture.[6,7] Molecular chirality is considered to be one of the
most-important driving forces for the formation of helical
morphologies of different lengths.[8–41] In contrast to the for-
mation of helical morphologies from the self-assembly of in-

trinsic chiral compounds, unique phase-chirality could also
be acquired from the self-assembly of achiral bent-core mol-
ecules.[42–44] The macroscopic chirality of the achiral bent-
core molecules could be built on the basis of their character-
istic mesophases, such as the B2 phase (also named the
SmCP phase, it is a smectic structure with layered chirality
that is determined by the direction of polarity and the tilting
of the molecular director with respect to the layer
normal),[45,46] the B4 phase (a helical structure in which the
helical axis lies parallel to the smectic layer as the twisted-
grain-boundary (TGB) phase),[47–49] and the B7 phase (a
spiral filament and more-complicated chiral textures with
polarization-modulated/undulated-layer (PM/UL) struc-
tures).[50–53] Watanabe and co-workers suggested that the for-
mation of phase chirality from achiral bent-core molecules
was attributed to the asymmetric twist conformation that re-
sulted from the ester linkages that connected the central
phenyl ring to the side wings.[54–64] Moreover, the twisting
power that was induced by an offset to the macroscopic po-
larization and an enantiomorphoic structure that was con-
structed by tilting the molecules with respect to the layer
normal were proposed as the origins of phase chirality.[65–67]

More recently, in contrast to the unique chiral mesophases
that were formed from achiral bent-core molecules, Hough,
Clark, and co-workers also studied the B4 phase, and found
helical nanofilament phases with right- and left-handedness
from twisted smectic layers.[68]

Although the mechanism for the formation of helical
phases of bent-core molecules from the molecular level
have been well-studied and rationalized, the control of helic-
ity in these helical morphologies remains challenging.[69–72]

Thus, the development of methods to control the helicity of
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Abstract: Herein, two asymmetric
chiral bent-core molecules, 3-[(4-{[4-
(heptyloxy)benzoyl]oxy}benzoyl)oxy]-
phenyl-4-[(4-{[(1R)-1-methylheptyl]-
oxy}benzoyl)oxy] benzoate (BC7R)
and 3-[(4-{[4-(heptyloxy)benzoyl]oxy}-
benzoyl)oxy]-phenyl-4-[(4-{[(1S)-1-
methylheptyl]oxy}benzoyl)oxy] ben-
zoate (BC7S), were synthesized to
demonstrate control of the helicity of
their self-assembled hierarchical super-
structures. Mirror-imaged CD spectra
showed a split-type Cotton effect after

the formation of self-assembled aggre-
gates of BC7R and BC7S, thereby sug-
gesting the formation of intermolecular
exciton couplets with opposite optical
activities. Both twisted and helical rib-
bons with preferential helicity that cor-
responded to the twisting character of
the intermolecular exciton couplet

were found in the aggregates. The for-
mation of helical ribbons was attribut-
ed to the merging of twisted ribbons
through an increase in width to im-
prove morphological stability. As
a result, control of the helicity of hier-
archical superstructures from the self-
assembly of bent-core molecules could
be achieved by taking advantage of the
transfer of chiral information from the
molecular level onto the hierarchical
scale.
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helical superstructures is attracting much attention. Recent-
ly, by taking advantage of the ferroelectronic-switching
property of the B2 phase, the formation of one-handed heli-
cal phases in achiral bent-core molecules was achieved by
applying an electronic field to induce a symmetry-breaking
transition.[73–81] Moreover, helical phases with preferential
helicity were obtained by introducing small amounts of
enantiomerically pure chiral dopants into an achiral
host.[82–87] Watanabe and co-workers synthesized a series of
bent-core molecules to clarify the B4 phase and they demon-
strated the formation of helical structures.[82] Two different
domains with opposite optical rotations, which gave intense
CD peaks at around 430 nm with opposite signs, were found
under uncrossed polarizers, thus suggesting that right- and
left-handed helical phases could be formed simultaneously.
Most interestingly, one-handed helical structures could be
selectively formed by introducing chiral dopants into the
host compound. Although controlling the helicity of hier-
archical superstructures and phases from the self-assembly
of achiral bent-core molecules could be achieved by using
physical and external approaches, the formation of one-
handed helical morphologies by the directly assembly of
bent-core molecules remains challenging. In our previous
work, we formed both left- and right-handed helical super-
structures from the self-assembly of achiral bent-core mole-
cule 1,3-phenylene bis[4-(4-n-heptyloxybenzoyloxy)ben-
zoates] (BC7).[88]

Herein, we wanted to control the helicity of hierarchical
superstructures from the self-assembly of two asymmetric
chiral bent-core molecules, 3-[(4-{[4-(heptyloxy)benzoyl]-
oxy}benzoyl)oxy]-phenyl-4-[(4-{[(1R)-1-methylheptyl]oxy}-
benzoyl)oxy] benzoate (BC7R) and 3-[(4-{[4-(heptyloxy)-
benzoyl]oxy}benzoyl)oxy]-phenyl-4-[(4-{[(1S)-1-methylhep-
tyl]oxy}benzoyl)oxy] benzoate (BC7S; Scheme 1). Unlike

the control of helicity through physical and external ap-
proaches, the control of helicity during the forming of heli-
cal superstructures from BC7R and BC7S was achieved by
directly introducing chiral entities into the chemical struc-
tures of the bent-core molecules for self-assembly; there-
fore, one-handed helical superstructures were formed with
control of their helicity through the transfer of chiral infor-
mation from the molecular level onto the hierarchical scale.

Results and Discussion

Self-assembly of chiral bent-core molecules : Figure 1 shows
the UV/Vis and CD spectra of dilute solutions of BC7R and
BC7S in isopropyl alcohol (IPA). According to the chemical

structures of BC7R and BC7S, which were composing of
several para-substituted benzoate groups in a bent-core
structure, the main absorption in the UV/Vis spectra was at-
tributed to the p�p* transitions in the benzoate chromo-
phore. In the CD spectra, a positive Cotton effect was clear-
ly identified in the BC7R solution at the same wavelength
(263 nm), which corresponded to the absorption band in the
UV/Vis spectrum, whereas a negative Cotton effect was
found in the BC7S solution, thereby suggesting the existence
of the opposite chiral entity in each enantiomer. In contrast
to the specific Cotton effect from the configurational chirali-
ty of the chiral bent-core molecules in dilute solution,
mirror-imaged CD spectra with a significant split-type
Cotton effect (Figure 2 a) were observed for BC7R and
BC7S after their aggregation from IPA solutions. The IPA
solvent played a role as the theta-solvent for BC7R and
BC7S, that is, the solubility of the chiral bent-core molecules
in IPA largely decreased on lowering the temperature so as
to result in the formation of self-assembled chiral aggre-
gates. Thus, it was reasonable to suggest that the significant
changes and enhancement in the CD signals were due to in-
termolecular incorporation. Comparing the CD and UV/Vis
spectra of the self-assembled chiral aggregates, the theoreti-
cal anaclastic point, which was calculated from the splitting
between the doubly intense CD bands at 247 nm and
289 nm, was located at 268 nm, which corresponded well
with the maximum absorption band in the UV/Vis spectra
(Figure 2 b), thereby indicating that the CD signals were
indeed due to the molecular absorption of the constituent

Scheme 1. Chemical structures of chiral bent-core molecules BC7R (top)
and BC7S (bottom).

Figure 1. a) CD and b) UV/Vis spectra of BC7R (solid line) and BC7S
(dashed line) in dilute IPA solutions (1 mg/4 mL, 0.032 wt. %, 3.1�
10�4

m).
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chiral bent-core molecules and that the splitting of the
Cotton effect was mainly due to intermolecular interactions.

To further investigate the above-mentioned intermolecu-
lar incorporation into self-assembled chiral aggregates of
BC7R and BC7S, the split-type Cotton effect was rational-
ized by using the exciton-chirality method.[89] Typically, the
benzoate chromophore exhibited three kinds of p�p* transi-
tions in the UV region: 1A1g–

1B2u (lLb), an intramolecular
charge-transfer transition, and 1A1g–

1B1u (1La).[90,91] The first
and second absorption bands were due to the electronic-
transition dipoles along the short and long axis of the ben-
zoate chromophore, respectively. The dibenzoate Cotton
effect that was due to p�p* intramolecular charge-transfer
transitions may have been red-shifted owing to the influence
of para substituents.[92] Consequently, by considering the
type of para substitution in the benzoate chromophore ex-
amined herein and by calculating the e value from the UV/
Vis spectra, the absorption at 263 nm was attributed to in-
tramolecular charge-transfer transitions. Moreover, this elec-
tronic-transition dipole was approximately parallel to the al-
coholic (C�O) bond so that the dihedral angle between the
transition dipoles of the adjacent benzoate chromophores
was too small to result in the occurrence of an exciton cou-
plet.[90] As a result, we suggested that the formation of the
split-type Cotton effect (Figure 2 a) was mainly due to inter-
molecular interactions. The aggregation of self-assembled
BC7S gave rise to the formation of dipole–dipole interac-
tions between the benzoate chromophores at which the elec-
tronic-transition dipoles would be perpendicular to the heli-
cal axis of self-assembled superstructure so as to result in
the occurrence of an exciton couplet (Figure 3).

Self-assembled superstructures with control over their helici-
ty : To further examine the hierarchical superstructures of
BC7R and BC7S from the self-assembly of the chiral bent-
core molecules in IPA solution, the self-assembled chiral ag-

gregates were examined by TEM. Figure 4 shows TEM
images of chiral superstructures that resulted from the self-
assembly of BC7R and BC7S into right- and left-handed

twisted ribbons (Figure 4 a, d), right- and left-handed helical
ribbons (Figure 4 b, e), and tubular superstructures with spe-
cific helical trace lines on the exterior (Figure 4 c, f). The
handedness of the helical superstructure corresponded well
with the sign of the exciton couplet of the benzoate chromo-
phores (i.e. , positive or negative chirality), thus indicating
a correlation between the sign of intermolecular exciton
coupling and the helicity of the formed helical superstruc-
ture. That is, the helicity of the self-assembled morphologies
could be controlled by introducing a chiral entity onto the
chemical structure of the bent-core molecules. These spectra
showed the successful transfer of chirality from configura-
tional chirality on the molecular level into superstructural
chirality on the hierarchical scale through self-assembly.

Interestingly, the morphological evolution from twisted
ribbons into helical ribbons was occasionally observed by
TEM (Figure 5). Morphological transition owing to the
fusion of one-handed twisted ribbons onto helical ribbons

Figure 2. a) CD and b) UV/Vis absorption spectra of self-assembled
aggregates of BC7R (solid line) and BC7S (dashed line) in IPA (1 mg/
2 mL, 0.064 wt. %, 6.2� 10�4

m).

Figure 3. Electronic-transition dipoles along the long axis of the benzoate
chromophores (shown as arrows) in BC7S and its aggregates.

Figure 4. TEM images of self-assembled superstructures of BC7R (a–c)
and BC7S (d–f) in IPA (1 mg/2 mL): a) Right- and d) left-handed twisted
ribbons; b) right- and e) left-handed helical ribbons; c, f) tubular struc-
tures.
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with the same helicity was identified for the self-assembled
aggregates of BC7R (left) and BC7S (right) in IPA. That is,
the formation of helical ribbons was attributed to the merg-
ing of twisted ribbons so as to reach a morphological state
with higher thermodynamic stability.[93–95] This morphologi-
cal transformation from the self-assembly of chiral bent-
core molecules was in line with the predictions of tilted
chiral lipid bilayer (TCLB) theory.[96–98] By considering the
morphological stability, the spherical vesicles that were or-
ganized with chiral lipid molecules may have transformed
into twisted strips and further become wound-ribbon helical
structures that eventually formed the tubular texture
through a scrolling mechanism for the reduction of lateral
surface free energy. To investigate the molecular disposi-
tions in each chiral superstructure, SAED experiments were
performed to examine the structural packing of the self-as-
sembled morphologies. Figure 6 a shows a TEM image of
the twisted ribbons of self-assembled BC7R aggregates from
which a [00L] zonal SAED pattern was obtained (Fig-
ure 6 b). The basal unit-cell dimensions were a=1.02 nm
and b=0.80 nm with an orthorhombic lattice, which was
close to the previously reported unit-cell dimensions of the
achiral bent-core molecule (i.e., BC7).[88] These ED results

suggested that the molecular packing in the aggregates was
due to the bent-core structure and that the chiral entity on
the terminal chain would determine the twist direction of
the packing. Similar diffraction results were found in the
helical ribbon (Figure 6 d, f), regardless of enantiomeric
character; the unit cell possessed the same dimensions as
that of the twisted ribbon, thus indicating that the molecular
packing in the crystalline state of the aggregates was identi-
cal, regardless of the assembled hierarchical morphologies.
Moreover, the SAED pattern exhibited symmetrical arcs
that consisted of a series of reflections. This arc-like diffrac-
tion pattern, which was comprised of a series of single-crys-
talline-like reflections (i.e., diffraction spots) was possible
evidence to support the twisting and bending mechanisms
for the formation of helical superstructures, similar to our
previous studies in BC7.[88]

Proposed mechanism for the formation of helical architec-
tures : Figure 7 shows a hypothetical model for the formation
of helical superstructures from the self-assembly of chiral
bent-core molecules. On the basis of the geometry optimiza-
tion of the bent-core molecules, the adjacent benzoate
groups should rotate at different angles with respect to each
other by twisting the ester linkages so as to result in the for-
mation of the optimum molecular geometry with a twist
(Figure 7 a). Subsequently, the solvophobic interactions
would result in the formation of closely packed molecules as
crystallites with higher stability, as confirmed by the scatter-
ing results (Figure 6). Furthermore, the packing of these
bent-core molecules would give rise to significant intermo-
lecular interactions between adjacent benzoate chromo-
phores (Figure 8) and would also result in the accumulation
of free energy in the molecular packing. Consequently, the
twisting driving force for ordering would be triggered by
a lowering of the steric hindrance so as to form the twisted
crystallite, that is, the twisted-ribbon superstructures (Fig-
ure 7 b). With the increase in the population of twisted rib-
bons during aggregation, these twisted ribbons would begin
to merge together and fuse into a wide ribbon with continu-
ous growth. However, the increase in the width of the
ribbon would cause instability in the energetic state owing
to the saddle-like curvature with double twists in the twisted
ribbon (Figure 7 c). Consequently, a wide ribbon should
transform into a helical ribbon with cylindrical curvature for
improved morphological stability.[99–102] The formation of
helical ribbons was attributed to these twisting and bending
mechanisms owing to the combination of width-growth and
chiral effects. Eventually, consistent with the predictions of
TCLB theory, the helical ribbon may further scroll to form
tubular superstructures, which would be the most-stable
morphology, to lower the energetic penalty from the lateral
surfaces.

Co-assembly of enantiomeric chiral mixtures and the race-
mate : To further demonstrate that the control over the hel-
icity of helical superstructures was based on the configura-
tional chirality of the self-assembly of bent-core molecules,

Figure 5. TEM images of the morphological transition from the fusion of
one-handed twisted ribbons to the helical ribbon with same helicity to
afford self-assembled aggregates of BC7R (top) and BC7S (bottom) in
IPA.
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a racemic mixture was also prepared for co-assembly. There
was no optical activity in a racemic mixture. The absence of
a CD signal for the racemic mixture was attributed to the
co-existing of equal amount of enantiomers in the solution
so as to result in an equal population of helical morpholo-
gies with opposite handedness (i.e., the equal and opposite
signs of the intermolecular exciton couplets) owing to the
lack of preferential chirality (i.e. , chiral bias from the enan-
tiomers). TEM analysis further confirmed that these co-as-
sembled aggregates exhibited twisted ribbons with both

right- and left-handedness
(Figure 9). No helical ribbons
were formed from the self-as-
sembly of the racemic mixture.
We speculated that, for enantio-
merically pure chiral bent-core
molecules, the twist character
of the intermolecular interac-
tions (i.e., exciton couplet)
could be executed by following
the same chirality of the bent-
core molecules, which would
result in the lowest energetic
penalty in molecular packing so
as to form the same handed
twisted ribbons and eventually
develop as helical ribbons, as
predicted by TCLB theory.
However, the energetic penalty
in molecular packing would
have become significant owing
to the incompatible steric hin-
drance that would have been
caused by the enantiomer with
an opposite twist in its molecu-
lar geometry. Consequently, it
would be much-more difficult
to reach the most-stable mor-
phology (i.e., helical ribbons)
for the chiral superstructures
that consisted of the enantio-
mers. That is, the minor enan-
tiomer played the role of a de-
fective unit for the formation of
the co-assembled chiral super-
structures by the transformation
of their optimum molecular ge-
ometry into the opposite one
for packing.

Conclusion

The helicity of hierarchical su-
perstructures of bent-core mol-
ecules could be control by
simply introducing a chiral

entity onto the chemical structure. Both twisted and helical
ribbons with preferential one-handed helicity were obtained
through the self-assembly of BC7R and BC7S. Helical rib-
bons were formed from the merging of twisted ribbons with
increasing width so as to afford higher morphological stabili-
ty. In contrast, both right- and left-handed twisted ribbons
with equal populations could be observed as a racemic mix-
ture. The lack of preferential helicity was attributed to the
presence of equal amounts of the enantiomers so as to
result in equivalent an opposite signs in the intermolecular

Figure 6. TEM images of a) right-handed twisted ribbons, c) right-handed helical ribbon from BC7R, and
e) left-handed helical ribbon from BC7S in IPA. b,d, f) Selected area electron diffraction (SAED) patterns of
the circled regions in (a), (c), and (e), respectively. Straight lines and dashed lines in (d) and (f) indicate the
coordinates of the upper and lower layers of the helical superstructure in (c) and (e), respectively.
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exciton couplet. The absence of the formation of helical
ribbon superstructures may have been due to higher mor-
phological instability because of the energetic penalty for
the molecular packing of the enantiomers.

Experimental Section

Characterization : UV/Vis absorption and CD spectra were obtained si-
multaneously on a JASCO J-815 spectrometer in a cylindrical quartz cuv-
ette with 1 mm light path. TEM was carried out on a JEOL JEM-2100
LaB6 at an accelerating voltage of 200 kV. Bright-field TEM images were
obtained by using the mass-thickness contrast from shadowing with Pt/
Pb= 4:1 at a tilt angle of 308 to the sample surface. Molecular simulations
were carried out by using HyperChem 7 with the OPLS force field to ex-
ecute the geometric optimization of the bent-core molecules.

Sample preparation : The syntheses of chiral bent-core molecules BC7R
and BC7S are described in detail in the Supporting Information. For the
self-assembly studies, a sample of the bent-core molecule (1 mg) was
added to isopropyl alcohol (IPA) with 2 mL and 4 mL for dilute and self-
assembled aggregates of solution, respectively. The solution was heated
until the solution became transparent (approximately 80 8C for 5 min).
After complete dissolution, the solution was cooled to ambient tempera-
ture to induce aggregation (i.e., either self-assembly or co-assembly). To
prepare the dilute solutions for the single-chain measurements, the trans-
parent solution was left under ambient conditions for 30 min to eliminate
the temperature fluctuation for absorption and then the solution was ex-
amined by CD spectroscopy (i.e., the experiment was carried out in

a transparent state). To acquire fully aggregated samples with more-
stable morphologies owing to self-assembly, the solution was left to stand
under ambient conditions for about 1 month before the aggregates were
collected for UV/Vis and CD spectroscopic measurements and TEM
analysis.
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