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A series of sugar-appended Schiff base chiral rod—coil amphiphiles with various alkoxy chain lengths
have been synthesized in order to elucidate the variation of the helical twisting power (HTP), that is, the
inverse of the pitch length, of the helical texture in the self-assembly of the amphiphiles. The HTP induced
by chiral sugar in the self-assembled helical morphology was dependent upon the alkoxy chain length.
Increasing the alkoxy chain length caused the self-assembled morphology to change from platelet-like
texture to helical-twist morphology with varying pitch length and then revert to the platelet-like texture.
This result demonstrates that the HTP reaches a maximum as the alkoxy chain length changes. The
transformation from platelet-like to helical-twist morphology is induced by significant steric hindrance,
when the effective size of adjacent alkoxy chains reaches the threshold of helical twisting and bending,
resulting in the formation of a chiral smectic C phase. However, as the alkoxy chain length increases
further, the disordering of the alkoxy chain conformation in the smectic-like layered structure may give
rise to a structural imperfection that reduces the steric-hindrance effect. Eventually, the steric-hindrance
effect may reach a compromise with the structural imperfection to produce a platelet-like morphology,
leading to the formation of a low-order smectic phase.

Introduction

Introducing secondary forces (i.e., amphiphilicity, polarity,
hydrogen bonding, coulombic interactions, van der Waals
forces, metal coordination, ionic bonding, and chirality) into
self-assembly of soft matter provides one convenient way
to create a variety of fascinating morphologies, in a manner
that biomimics natural processes.'* While self-assembly of
small molecules is relatively well understood, the morphol-
ogies of nanofibers, nanotubes, and nanowires obtained from
self-assembly of supramolecular entities have been exten-
sively studied. Among them, the appearance of supramo-
lecular chirality that originates from the chiral effect has been
demonstrated in self-assembled systems.>* Many chiral
systems, including chiral liquid crystals (LCs),”> folded
oligomers,6 chiral dendrimers,” dendron rodcoils,® chiral
homopolymers,® chiral block copolymers,'® chiral counter-
ions,!" chiral discotic molecules,'? dyes,'® and chro-
mophores,'* have been shown to exhibit morphologies with
a helical sense. These studies have focused on the design,
synthesis, and characterization of various helical assemblies,
such as helical ribbons, twisted fibers, and coiled tubes.

The origin of the formation of hierarchical morphologies
with a helical sense is still a subject of debate. In general,
the inverse of the helical pitch length is defined as helical
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of the dopant, through which the sign and size of the HTP of
a compound can be modulated.'® Several approaches based
on the concept of induced chirality have been developed in
order to accomplish reversible switching of guest-host
materials by photochemical interconversion of diastereoiso-
mers and photoepimerization.!” Moreover, the change in
macromolecular helicity can be manipulated by external
stimuli such as temperature and solvent.'® Theoretical
predictions suggest that the helical sense of a self-assembled
texture is a result of cooperative chirality competition'® and
that the connection between molecular chirality and phase
chirality (i.e., pitch length) is a function of solvent, temper-
ature, and concentration.”® Also, the relationship between
molecular chirality and HTP demonstrates the dependence
of HTP on the conformational flexibility of the chiral dopant;
an increase in chain flexibility leads to a lower HTP (i.e.,
the HTP strongly depends on the structure or stereochemistry
of the chiral dopant).21 Recently, the evolution of morpho-
logical development as a function of the alkoxy chain length
in sugar-appended Schiff base chiral rod—coil amphiphiles
with LC characteristics has been studied in our laboratory.
Self-assembly of the chiral rod—coil amphiphiles gave rise
to fascinating aggregates in aqueous solution and bulk states
having stable morphologies.”* The morphological transfor-
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Scheme 1. Chemical Structure of the Sugar-Appended Schiff
Base Chiral Rod_—Coil Amphiphiles
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mation from platelet-like to helical-twist morphology was
obtained simply by increasing the length of the hydrophobic
chains in the chiral rod—coil amphiphiles. Therefore, sugar
was suggested as a chiral entity that could initiate twisting
and bending forces between molecules.

In the present work, we systematically studied the variation
of HTP with alkoxy chain length in order to elucidate the
origin of the twisting-and-bending mechanism in the self-
assembly of chiral rod—coil amphiphiles. A further increase
in the alkoxy chain length finally caused the self-assembled
amphiphiles to revert from the helical-twist morphology
having a maximum HTP to the platelet-like texture. This
result demonstrates that the significant variation of HTP with
the alkoxy chain length originates in the self-assembly of
the chiral amphiphiles. Also, on the basis of structural
characterization and spectroscopic analysis, we suggest that
the variation in HTP results from a steric-hindrance effect
and structural imperfection in the self-assembly of the chiral
amphiphiles. The cause of the structural imperfection is the
loss of alkoxy chain packing due to the increase in the alkoxy
chain length. Consequently, molecular dispositions of self-
assembled hierarchical structures are proposed in order to
illustrate the variation of HTP with alkoxy chain length.

Experimental Section

Materials and Specimen Preparation. Scheme 1 indicates the
general chemical structure of the sugar-appended Schiff base chiral
rod—coil amphiphiles. The detailed synthetic routes combining
esterification and Schiff condensation strategies have been
published.?* In general, the Schiff base rod segment serves as a
mesogenic unit to drive the LC behavior in the self-assembly
process, whereas the alkoxy chains are introduced in order to
decrease the rigidity of the molecular structure. The sample code
indicating the alkoxy chain length (n) in the sugar-appended Schiff
base chiral rod—coil amphiphiles is abbreviated as LCn (n = 7—16,
18, 22, 30).

Characterization Techniques. A Siemens D5000 1.2 kW tube
X-ray generator (Cu Ka radiation) with a diffractometer was used
for wide-angle X-ray diffraction (WAXD) powder experiments. The
scanning angle (260) ranged from 1 to 35° with a scan step of 0.05°
for 3 s. The diffraction peak positions and widths observed in the
WAXD experiments were carefully calibrated with silicon crystals
having known crystal sizes.

In order to study the HTP of hierarchical superstructures with a
helical sense driven by chiral entities (i.e., the chain length effect
of the hydrophobic tail), self-assembly of sugar-appended Schiff
base chiral rod—coil amphiphiles was carried out in dilute solution
(1 mL of THF/9 mL of H,0). After an amount of time sufficient
for the aggregation process to occur, a drop of the mixture was
transferred to a carbon film for transmission electron microscopy
(TEM) observations. TEM experiments were carried out using a
JEOL JEM-1200CXII microscope at an accelerating voltage of 120
kV. Bright-field TEM images were obtained using the mass-
thickness contrast from shadowing. Shadowing has proven useful
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Figure 1. TEM images of the hierarchical superstructures of (a) LC14, (b) LC16, (c) LC18, (d) LC22, and (e) LC30 self-assembled in solution at ambient

temperature.

in contrast enhancement by the addition of heavy metal in a vacuum
evaporator. The samples first were dropped onto the carbon film
and supported by a 400 mesh Cu grid that fit into the specimen
holder of the microscope and then shadowed by 4/1 Pt/Pb tilted at
an angle of 30° to the surface. Also, the staining procedure was
accomplished by exposing the samples to the vapor of a 4% aqueous
solution of RuOy for 3 h, in order to increase the mass-thickness
contrast of positions with unsaturated bonds through bonding with
RUO4.

UV-vis absorption spectra were recorded on a Hitachi U-3300
spectrophotometer, and circular dichroism (CD) measurements were
conducted on a JASCO J-720 spectrophotometer. UV-vis and CD
measurements were performed in order to investigate the specific
absorption bands and chiral expressions of the samples in solution.
The CD curve has a convex shape in the vicinity of the maximum
of a UV—vis absorption band. This kind of characteristic-shape
phenomenon is known as the Cotton effect. This effect, which
provides structural information, is characterized by the position,
magnitude, sign, and shape of the curve. The absorption spectra of
sugar-appended Schiff base chiral rod—coil amphiphiles were
recorded on THF solutions (1 x 10~* M) in quartz tubes.

Fourier-transform infrared (FTIR) spectra were recorded on a
Nicolet Avatar 320 FTIR spectrometer under a nitrogen atmosphere
using the KBr pellet technique; the wavenumber range was
4000—400 cm™! with 1 cm™' resolution, and 32 scans were
collected per spectrum. Temperature-dependent FTIR measurements
were conducted in order to investigate conformational transforma-
tions due to intermolecular hydrogen bonding for samples at various
temperatures. The temperature control of the hot stage was
calibrated to be within 0.5 °C. The samples were studied over a
temperature range of 40—260 °C and were held at each prescribed
temperature for 20 min until the transformation was complete under
the heating or cooling process. Overlapped vibration bands of the
characteristic —CH,— symmetric and asymmetric stretching absorp-
tions at 2850 and 2920 cm ™', respectively, were resolved using
the PeakFit peak-separation program (Jandel Scientific). Gaussian
and Lorentzian functions were used in order to obtain the best fit.

Results and Discussion

Dependence of Amphiphile Morphology on Alkoxy
Chain Length. To examine the origin of HTP in hierarchical
superstructures, a series of sugar-appended Schiff base chiral
rod—coil amphiphilic samples LCn, where n is the number
of methylene units in the alkoxy tail (n = 7—16, 18, 22,

30), were designed and synthesized in this study. As we
observed previously (e.g., see the TEM images of the
hierarchical superstructures of LC7—LC13 in Figure 6 of
ref 22a), the obvious helical twist was found once the alkoxy
chain length reached a certain size (i.e., in LC9), whereas
platelet-like morphology was formed for amphiphiles with
short alkoxy chains (e.g., LC7). Also, the pitch length of
the helical hierarchical superstructures was found to be
dependent upon the alkoxy chain length. Figure la—e
exhibits TEM observations of the hierarchical superstructures
of LC14, LC16, LC18, LC22, and LC30, respectively. As
shown in these images, morphological transformation from
left-handed helical morphology to platelet-like texture was
observed with increasing alkoxy chain length. An obvious
left-handed helical twist can be identified in the self-
assembled morphologies of LC14, LC16, and LC18 (Figure
la—c). Nevertheless, as the alkoxy chain length of the
amphiphilic samples was further increased, the population
of the helical twist significantly decreased. Consequently, a
platelet-like morphology was obtained for the amphiphilic
samples with long alkoxy chains (Figure le).

Furthermore, the pitch length of the helical twist was
strongly dependent upon the alkoxy chain length. To
quantitatively measure the change in this quantity, each
helical-twist pitch length was estimated by averaging the
measured sizes from more than 50 TEM micrographs (Figure
2). The HTP increased to a maximum (when n = 13) and
then decreased as the size of the alkoxy chain increased.
Eventually, no helical twist was formed for the self-
assembled morphology with large alkoxy chains. This
behavior raised several questions: Why did the HTP reach a
maximum? How did it deteriorate when the alkoxy chain
length was increased? Is there a limitation on the formation
of a helical twist induced by transfer of the chirality of
constituent chiral entities such as sugar? To examine the
mechanism for the transfer of chirality from the molecular
level to the hierarchical superstructures, CD measurements
were utilized first in order to confirm the appearance of
helical chain conformations arising from the chiral entities.
All of the synthesized amphiphiles exhibited a positive
Cotton effect in the CD measurements (see Figure 3 in ref
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Figure 3. (a) One-dimensional WAXD profiles of sugar-appended Schiff
base chiral rod—coil amphiphiles. (b) Long-period spacing determined from
the primary X-ray peak as a function of the alkoxy chain length. (c)
Dependence of the size of the layered structure on the alkoxy chain length;
the size was determined from the width at half-maximum of the primary
(001) peak using the Scherrer equation.

22a and Figure S1 in the Supporting Information for
illustration), indicating the formation of a helical chain
conformation. Also, the results from solid-state CD measure-
ments (see Figure S2 in the Supporting Information) were
similar to those for the solutions. These results show that
the chiral expression of the primary sugar-based entity was
successfully transferred to the chain-conformation level (i.e.,
the secondary structure) in the sugar-appended Schiff base
chiral rod—coil amphiphiles, regardless of the alkoxy chain
length. We thus speculate that the formation of hierarchical
superstructures with a helical sense (i.e., the transfer of
chirality from the chain conformation to the tertiary structure)
resulted from discrepancies in chain packing for the helical
chain conformation.

Identification of Amphiphile Structure. To clarify the
chain packing in the hierarchical superstructures, WAXD
experiments were conducted. Figure 3 shows one-dimen-
sional WAXD profiles of LC7, LC9, LC11, LC13, LC22,
and LC30. From the primary scattering peak of the X-ray
experiments, well-defined diffraction at specific characteristic
ratios could be identified, and the self-assembled textures
were determined as layered structures. For example, in the
case of LC13, a layer-to-layer d-spacing of 5.10 nm was

Chem. Mater., Vol. 20, No. 4, 2008 1407

Figure 4. TEM images of (a) LC18 and (b) LC30. Samples were stained
with RuOy. Bright domains correspond to alkoxy chain regions. Layer sizes
of ~6 and ~9 nm for LC18 and LC30, respectively, can be identified.

determined from the primary X-ray scattering peak, using
the expression 4 = 2d sin 6. On the basis of previous
studies,?® the assumption of bilayered texture is consistent
with the fact that the layer-to-layer d-spacing indeed
increased with the alkoxy chain length, as evidenced by the
shift of the primary X-ray peak to smaller angles with
increasing n. However, the layer-to-layer d-spacing gradually
deviated from a linear relationship with the alkoxy chain
length as the number of methylene units in the alkoxy tail
increased (Figure 3b). Also, the decreasing intensity of the
(003) reflection [normalized to the (001) reflection] with
increasing alkoxy chain length could be clearly seen,
reflecting a possible loss of packing order for the layered
structure. As in the case of the intensity of the (003)
reflection, a significant decrease in the size of the layered
structures (from 44.1 nm for LC7 to 22.6 nm for LC30) with
increasing alkoxy chain length was found (Figure 3c). The
variation in size could also be observed by TEM (Figure 4).
The TEM images show that the increase in the length of the
flexible alkoxy chain causes imperfection in the layered
structure that results in misalignment of the rigid cores,
leading to the deviation from a linear increase in d-spacing
and also to the decrease in the size of the layered structures.
Eventually, the effect of steric hindrance is diminished by
the misalignment of the rigid cores due to the loose packing
of the chiral entities.

In order to further examine the imperfection of layered
structure, FTIR experiments to identify variations in the chain
conformations of the alkoxy tails were performed. As shown
in Figure 5, the characteristic vibration band at ~3330 cm ™ !
corresponding to intermolecular hydrogen-bond formation
attributed to the aggregation of sugar entities in the layered
structure, decreased with increasing alkoxy chain length. This
suggests that the structural imperfection was indeed enhanced
by the increase of the alkoxy chain length, since the
probability of forming intermolecular hydrogen bonds de-
termines the packing efficiency of the self-assembled layered
structure. In addition, as in situ FTIR measurements (Figure
6) show, the intensity attributed to the intermolecular
hydrogen-bond formation decreased with increasing tem-
perature because of the reduction in packing efficiency.
Moreover, the characteristic —CH,— symmetric and asym-
metric stretching bands at 2850 and 2920 cm ™, respectively,
can also be identified. The intensities of these peaks gradually
increase with the alkoxy chain length because of the
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Figure 6. Temperature dependence of FTIR spectra for LC13 obtained
during cooling. Similar spectroscopic results were also found for LC7 and
LC30.

increasing number of —CH,— groups in the chain. The
characteristic vibrational bands between 2800 and 3000 cm ™"
can be deconvoluted into eight vibrational bands, located at
2850, 2855, 2870, 2900, 2918, 2927, 2937, and 2959 cm ™.
These peaks correspond to the following C—H stretch modes:
all-trans alkoxy chain methylene [v((CH,) =~ 2846-2850
cm™ ! and v,(CH,) ~ 29162920 cm™']; disordered alkoxy
chain methylene [v{(CH,) &~ 2854-2856 cm™ ! and V.(CHp)
A 2924-2928 cm™']; methyl [v(CH;) ~ 2872 cm™' and
vas(CH3) &~ 2962 cm™']; alkyl [¥(—C—H) ~ 2900 cm™'];
and vinyl [¥(=C—H) ~ 2937 cm™ '].** Of particular impor-
tance are the vibration bands at 2848 and 2918 cm ™' assigned
to the ordered all-trans conformation and the bands at 2856
and 2924 ¢cm™' assigned to the disordered alkoxy chain
conformation. These assignments make possible the deter-
mination of the relative proportions of the ordered all-trans
and disordered alkoxy chain conformations by deconvolution
of the overlapping absorptions of both vibrational modes.

(23) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds, 5th ed.; John Wiley: New York,
1991.
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Figure 7. Hypothetical model of the effect of the alkoxy chain length on
self-assembled ordered layered structures.
Consistent with the expected variation in chain conformation
with alkoxy chain length, the relative proportion of the
disordered alkoxy chain increased with the alkoxy chain
length, rising from ~21% in LC7 to ~50% in LCI13 and
finally to ~66% in LC30, as determined on the basis of the
changes in both the symmetric and asymmetric —CH,—
vibrations (see Figures S3—S5 in the Supporting Information
for detailed deconvolution results). As a result, the structural
imperfection can be directly identified by the FTIR results
for the —CH,— vibration bands, which provide a quantitative
analysis of the extent of disordered alkoxy chain conforma-
tion as a function of the alkoxy chain length.

Molecular Dispositions of HTP Variation. Figure 7 illus-
trates the effect of the alkoxy chain length on the structure
of the self-assembled ordered layer. Using TEM, we observed
interesting morphological evolution in the sugar-appended
Schiff base chiral rod—coil amphiphiles as the alkoxy chain
length was varied. Increasing the alkoxy chain length caused
the self-assembled morphology to change from a platelet-
like texture to a helical-twist morphology with varying pitch
length and then revert to the platelet-like texture. This result
demonstrates the significant variation of HTP with the alkoxy
chain length; the maximum HTP occurred in the self-
assembly of LC13. Also, ordered layered structures can be
formed in the self-assembled textures, as identified by X-ray
diffraction results. The internal structures of the hierarchical
superstructures with and without helix sense both possessed
smectic-like bilayer character having parallel packed alkoxy
groups as well as loosely packed sugar entities instead of
interdigitated molecular dispositions, according to diffraction
analyses of the d-spacing (as illustrated in Figure 3b).?** We
thus speculate that the variation of HTP with the alkoxy chain
length is attributed to the change in molecular chain
conformation, even though all of them appeared with
smectic-like bilayer character. Consequently, the population
of disordered alkoxy chain conformations might be enhanced
by the introduction of longer alkoxy chains in order to cause
structural imperfection (i.e., loose packing of alkoxy chains,
as illustrated) in the layered structure. The structural
imperfection in the layered structure was elucidated by the
FTIR results, which showed that the formation of intermo-
lecular hydrogen bonding attributed to the aggregation of
sugar entities in self-assembly gradually decreased as the
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alkoxy chain length increased. Also, as the X-ray results
demonstrated, the structural imperfection may cause the
reduction in the size of the layered structures.

Therefore, for short alkoxy chain lengths (i.e., LC5 and
LC7), the self-assembled morphology (i.e., a platelet-like
morphology) exhibits typical liquid-crystalline bilayered
texture as a smectic A (SmA) phase.??® Nevertheless, mixed
morphology, including both platelet-like and left-handed
helical-twist morphologies, can be observed (see Figure 6b
of ref 22a). The morphological transformation from platelet-
like to helical-twist morphology is attributed to HTP induced
by steric hindrance, when the effective size of adjacent
alkoxy chains reaches the threshold of twisting and bending
required for the formation of helical morphology. With an
increase in the alkoxy chain length (i.e., in going from LC11
to LC13), the increase of HTP thus corresponds well with
the change of alkoxy chain length at which a chiral smectic
C (SmC¥*) phase is formed as a result of induction of twisting
and bending in the molecular packing.*”® However, the
disordering of the alkoxy chain conformation in the layered
structure may give rise to a structural imperfection that
reduces the steric hindrance effect. As a result, for long
alkoxy chains (i.e., LC14 to LC22), the deterioration of
ordered layered structure size thus leads to the decrease of
HTP, although the structure still appears as a SmC* phase
(see Figure S6 in the Supporting Information). Moreover,
the steric-hindrance effect may reach a compromise with the
structural imperfection so that a platelet-like morphology is
formed (as in LC30, for instance), leading to the formation
of a low-order smectic phase, as evidenced by polarized-
light microscopy (PLM) observations (see Figure 8). In
addition to the sugar-based compounds, peptide-based samples
have also been synthesized and examined in our studies (not
shown).?* Similar results for the variation of HTP attributed
to control over the pitch of supramolecular helices have also
been observed.*

Conclusions

The helical twisting power induced by chiral sugar in the
self-assembled helical morphology is dependent upon the

(24) Detailed studies are still in progress and will be published elsewhere.
(25) Li, L.-S.; Jiang, H.; Messmore, B. W.; Bull, S. R.; Stupp, S. I. Augaw,

(imeitiay. 2007, 46, 5873-5876.
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Figure 8. PLM image of LC30 obtained at room temperature. A similar
result is observed at 125 °C.

alkoxy chain length. Increasing the alkoxy chain length
caused the self-assembled morphology to change from a
platelet-like texture to a helical-twist morphology with
varying pitch length and then revert to the platelet-like
texture. This result demonstrates that significant variation
of HTP with the alkoxy chain length can be found in the
self-assembly of the chiral amphiphiles, with the maximum
HTP occurring in the self-assembly of LC13. The variation
in the HTP is the result of both steric hindrance and structural
imperfection in the self-assembly of the chiral amphiphiles.
Moreover, the internal structures of the hierarchical super-
structures with and without helix sense both possessed the
smectic-like bilayered character having parallel packed
alkoxy groups. We thus suggest that the decrease of HTP
with alkoxy chain length can be attributed to the change in
molecular-chain packing of the alkoxy tails.
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