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Nanofibers with Tunable Stiffness from Self-
Assembly of an Amphiphilic Wedge—Coil
Molecule**
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Self-assembly of amphiphilic block molecules can lead to a
variety of nanostructures, which include spherical micelles,
vesicles, nanofibers, and tubes.! Extensive efforts have thus
been made toward the design of novel molecular architec-
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tures consisting of incompatible components that are able to
assemble into nanostructures with desired functions. Among
the nanostructures formed by self-assembly of designed
molecules, a 1D fibrillar assembly has proved to be partic-
ularly interesting for applications such as nanowires and
biomimetic macromolecules.” The 1D structures with stim-
uli-responsive features are likely to further enhance their
scope as intelligent materials. Although stimuli-responsive
nanostructures have been extensively studied with spherical
objects,’! switching of the properties triggered by external
stimuli with 1D fibrillar objects remains challenging.”!! In this
context, we have been interested in the preparation of a
stimulus-responsive 1D cylindrical assembly with tunable
properties triggered by the solvent environment.

Herein, we report the formation of cylindrical micelles
from the self-assembly of a wedge—coil block molecule, and
reversible switching between rigid rodlike aggregates and
flexible coil-like aggregates triggered by a change in solvent
polarity (Figure 1). The wedge—coil molecule, 1, that forms

Figure 1. Schematic representation of the flexible coil-like and stiff rodlike nano-
fibers.
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the cylindrical aggregates consists of a wedge-shaped rigid
aromatic segment containing a tetradecyloxy periphery, and a
flexible poly(ethylene oxide) (PEO) chain (degree of poly-
merization, DP =34; volume fraction of PEO, fpro=0.43),
which are covalently linked at the apex of the wedge segment.
The synthesis of the wedge—coil molecule was achieved in a
stepwise fashion according to the procedures described
previously.”) The resulting molecule was characterized by
'"HNMR spectroscopy, elemental analysis, gel-permeation
chromatography, and MALDI-TOF mass spectrometry, and
was shown to be in full agreement with the structures
presented.

The wedge—coil molecule 1, when dissolved in a solvent
selective for one of the blocks, can self-assemble into an
aggregate structure because of its amphiphilic characteristics.
Dynamic light scattering (DLS) experiments were performed
with 1 in water (0.01 wt %), a selective solvent for the PEO
chains, and n-hexane (0.01 wt %), a selective solvent for the
hydrophobic wedge segments, to investigate the aggregation
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behavior. The wedge—coil molecule showed aggregation
behavior in both water and n-hexane, as revealed by the
autocorrelation functions (see Supporting Information). The
angular dependence of the apparent diffusion coefficient
(D,pp) was measured because the slope is related to the shape
of the diffusing species.”! The slopes measured in water and n-
hexane were 0.033 and 0.025, respectively, consistent with the
value predicted for nonspherical micelles with an elongated
shape (0.03). The formation of cylindrical micelles in both
solvents was further confirmed by the Kratky plots, which
show a linear angular dependence on the scattered light
intensity of the aggregates.! A CONTIN analysis of the
autocorrelation function in aqueous solution shows a broad
peak corresponding to an average hydrodynamic radius (Ry,)
of approximately 138 nm. This result suggests the formation
of highly flexible cylindrical micelles in aqueous solution.® In
contrast, a CONTIN size distribution analysis in n-hexane
shows two sharp peaks corresponding to Ry, values of 12 and
45 nm, characteristic of two relaxation modes as a result of the

coupling of translational and rotational diffusion of rigid

rodlike micelles.”

Evidence for the formation of the cylindrical aggre-
gates in both polar and apolar solvents was also provided
by transmission electron microscopy (TEM) experiments
(Figure 2). The micrographs negatively stained with an
aqueous solution of uranyl acetate (2 wt%; Figure 2a)
show highly curved cylindrical objects with a uniform
diameter of about 15 nm, which indicates the formation of
flexible coil-like nanofibers. To obtain more information
on these nanofibers, we additionally performed TEM
experiments with an ultramicrotomed film dried from
aqueous solution (positively stained with RuO,). The
cross-sectional image of the fibers shows more stained
dark aromatic domains surrounded by lighter PEO seg-
ments (Figure 2b).1% The diameter of the core was
measured as approximately 5 nm, which is the estimated

-
Figure 2. a) TEM image of nanofibers of 1 in aqueous solution
(negatively stained with uranyl acetate); b) cross-sectional TEM image
of nanofibers of 1 in aqueous solution (positively stained with RuO,);
¢) TEM image of nanofibers of 1 in n-hexane solution (positively
stained with RuO,); and d) a representative optical polarized micro-
graph of the nematic phase in n-hexane solution.
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length of an aromatic part together with a tetradecyl group
(5.4 nm, by Corey-Pauling-Kultin (CPK) modeling). This
result suggests that the core of the fiber formed from aqueous
solution consists of an aromatic segment and tetradecyl
groups, which are fully interdigitated with each other.

Similar to the aqueous solution, the wedge—coil block
molecule in n-hexane was also observed to form cylindrical
objects. However, the curvature of the cylindrical micelles
formed in n-hexane is significantly different from that in
water. The micrographs positively stained from RuO, showed
bundles of the cylindrical aggregates aligned parallel to each
other. These cylinders have lengths up to several micrometers
and a uniform diameter of about 16 nm (Figure 2¢). Notably,
there is clear contrast between the periphery and center of the
cylindrical object, which indicates that the cylinders consist of
a light coil interior and dark aromatic exterior in n-hexane
solution."”! Considering the extended molecular length
(13.8 nm by CPK), the diameter of 16 nm indicates that the
PEO chains within the core are fully interdigitated with each
other. The formation of bundles of the micelles could be
attributed to the existence of stiff rodlike micelles, consistent
with the DLS results.

A rodlike shape with a high aspect ratio is a crucial
prerequisite to form liquid-crystalline ordering,'! and thus
the n-hexane solution was further investigated with polarized
optical microscopy. As expected for stiff rodlike aggregates,
the solution (8 wt %) is highly birefringent with a threadlike
texture (Figure 2d), indicative of the formation of a lyotropic
nematic liquid crystal. Evidence for the formation of rigid
rodlike nanofibers is also provided by X-ray scattering
experiments. In contrast to the small-angle X-ray scattering
(SAXS) pattern of the aggregates formed from aqueous
solution, which showed only a weak reflection (Figure 3a),
the SAXS pattern of the dried liquid crystal formed from n-
hexane solution showed a strong reflection corresponding to a
spacing of 16.2 nm, thus demonstrating the presence of an
ordered structure (Figure 3b). Notably, this dimension is
consistent with the diameter determined from TEM.

These results demonstrate that the wedge—coil molecule
self-assembles into highly flexible coil-like cylinders in polar
solvents such as water, whereas stiff rodlike cylinders are
formed in nonpolar solvents such as n-hexane. This remark-
able contrast in stiffness of the cylindrical objects depending
on solvent polarity can be understood by considering the
packing arrangements of the molecular segments within the
cylindrical core. In aqueous solution, the core of the
cylindrical micelles consists of hydrophobic dendritic wedge
segments, because water is a selective solvent for PEO.['” The
bulky dendritic architecture of the hydrophobic part in the
cylindrical core frustrates the crystallization process, which
prevents the dense packing of the dendritic segments.'”] As a
result, this loose distribution of the hydrophobic segments in
the cylindrical core leads to highly flexible cylindrical
micelles.

In n-hexane solution, however, the micelles consist of a
PEO core surrounded by hydrophobic wedge segments.
Within the cylindrical domains, the hydrophilic chains with
linear geometry crystallize to result in the dense packing of
the core. This crystalline nature of the PEO segments within
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Figure 3. a) SAXS pattern of molecule 1 formed from aqueous solution
(inset: wide-angle X-ray scattering (WAXS) pattern); and b) SAXS
pattern of molecule 1 formed from n-hexane solution (inset: WAXS
pattern).

the cylindrical core is reflected in wide-angle X-ray scattering
(WAXS) measurements (Figure 3b, inset). The WAXS pat-
tern of the dried liquid-crystal gel formed from n-hexane
solution showed two sharp reflections, which indicate crys-
talline packing of the PEO segments within the domains.”! To
further confirm the PEO packing within the cylindrical
aggregates, FTIR spectroscopic experiments were performed
because this technique has already been successfully used to
investigate fundamental questions of PEO morphology.!'*
FTIR spectra corresponding to the CH, wagging mode,
which is sensitive to the crystalline packing, are shown in
Figure 4. The film cast from n-hexane solution showed two
peaks at 1360 and 1343 cm ™' (see Table 1), which contribute
to modes in the crystalline phase of PEO. Upon exchange of
the solvent to water, however, these peaks transformed into a
single peak centered at 1350 cm™' which is assigned to
amorphous PEO. These results together with the WAXS
patterns demonstrate that the PEO core in hexane solution is
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Figure 4. FTIR spectra of molecule 1 formed from a) n-hexane solution
and b) aqueous solution in the 12701400 cm ™' region.

Table 1: Frequencies and peak assignments of the FTIR bands of 1 at
1270-1400 cm ™.

7lem™]
1in water 1 in n-hexane

Assignment

1377 1377 CH, deformation
1360 CH, wag, C—C stretch
1350
1343 CH, wag
1334 1334 ring C—C stretch
1305 1305 ring C—H in-plane bending, ring C—C stretch
1288

1280 CH, twist

a highly ordered crystalline material, which is responsible for
the formation of stiff rodlike cylindrical fibers.

The notable feature of the amphiphilic wedge—coil block
molecule investigated here is its ability to self-assemble into
cylindrical nanofibers in both polar and nonpolar solvents.
Remarkably, as the solvent polarity changes from water to n-
hexane, the resulting nanofibers change from a highly flexible
coil-like character to a stiff rodlike nature. This switching in
the stiffness of the nanofibers in response to solvent polarity is
attributed to the structural inversion of the cylindrical core
from bulky dendritic segments with an amorphous nature to
crystallizable linear PEO segments. This structural inversion
opens up the possibility of using this block molecule for
applications such as encapsulation and/or release of mole-
cules of interest, stimuli-sensitive templating media, and
smart surfaces.
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