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We describe a new method for the fabrication of an
optically active polymer film, involving the phase separation
of self-assembled chiral nanofibres in a solid polymer
matrix. The circular polarization properties of the films can
be controlled by changing the morphology of the phase-
separated nano domains.

Supramolecular chiral structures have attracted a large amount of
attention in diverse fields, including optical materials,' molecular
recognition systems,” catalysis,” and memory.* Interest in these
supramolecular chiral structures which are generated from the self-
assembly of small molecules’ and polymers® is attributable to the
reversible chirality control caused by external stimuli such as solvent,’
temperature,® light,’ and additives.'” Their controllable circular
polarization properties have become a current focus of research due to
their potential applications as circular polarization filters and chiral
memory devices, among others.”* As an objective toward these practical
applications, the supramolecular chiral materials must be fabricated and
evaluated in the solid state. Nevertheless, there are few reports
concerning the control of chiroptical properties in the solid state.''

Herein, we present a new preparation method based on a controlled
phase separation with the aim of regulating the circular polarization
properties of the solid material. In our approach, we utilized a
supramolecular gelation technique to achieve highly oriented nano-
fibrillar aggregation in a polymer matrix.'? In particular, we exploited
the supramolecular gelator properties of glutamide lipids, which exhibit
unique self-assembly behaviours. The glutamide lipids can form
various nanostructures by slight adjustments to their surrounding
environments, such as solvent, temperature, and additives.””> This
property comes from sterically arranged amide bonds around the chiral

carbon atoms.
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On this basis, an optically active polymer film exhibiting controlled
circular polarization properties was fabricated. To the best of our
knowledge, this is the first report of chiral-orientation control in the
self-assembly of small molecules in a solid polymer matrix.

An N',N"-didodecyl L-glutamide parent, functionalized by a pyrene
derivative (g,-Pyr), was synthesized according to a previous report."
Pyrene is a good fluorophore candidate because of its high sensitivity
toward external stimuli as well as its strong absorption and fluorescence
emission properties. As the polymer matrix, poly(ethyleneso-co-vinyl
acetates)) (EVA) was selected. The g,-Pyr-incorporated EVA films
were prepared by the usual casting method onto a glass substrate from a
mixture of g;-Pyr and EVA (0.042 and 5 wt%, respectively) dissolved
in a toluene/ethyl acetate (1:1) mixed solution, which forms an
organogel through a nano-fibrous network (ESI{). The obtained EVA
film, containing 0.84 wt% g;-Pyr at a thickness of ca. 20 pm, shows a
large positive Cotton effect (gus = 1.3 x 107 at 354 nm) around a red-
shifted absorption band compared to the non-assembling pyrene butyric
acid-incorporated EVA film (Figures 1 and ESIf). This circular
dichroism (CD) signal, which is larger than that for g;-Pyr in its
molecular state, indicates its induction from the twisted structure of a
g1-Pyr assembly. Thus, the g;-Pyr forms an ordered assembly with an
R-chiral (right-handed) twist and J-type (slipped face-to-face) stacking
of the pyrene moieties in the EVA film. As shown in Figure 1d, a broad
fluorescence emission with moderate quantum yield (¢rr. = 0.36) is
observed at 449 nm, indicating excimer formation in the pyrene
moieties. We assigned this assembly as State 1.

Interestingly, this film reveals two other assemblies (States 1I and III)
upon heating. For example, thermal treatment for 10 min at 110 °C
induces chiral inversion from positive to negative in the CD spectrum
(Qabs = -2.3 x 107 at 356 nm), as shown in Figure la. This indicates that
the chiral orientation of the pyrene moiety changed from a right-handed
twist (R-chiral) to a left-handed twist (S-chiral) (State II). Thermal
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treatment above 110 °C reveals a gradual decrease in the CD intensity
from negative to zero (State III) (Figure la and b). In comparison, the
UV and fluorescence spectra do not show significant changes after the
thermal treatments (Figure lc and d). As shown in Figure lc, the
absorbance changes because the thermal treatment causes the
planarization of the film surface. The wavelength of the maximum
absorption shifts slightly to a shorter wavelength, from 352 to 350 nm
(ESI}). However, the J-type stacking formation of the pyrenyl moieties
is retained after thermal treatment with only slight change. After
heating, the fluorescence spectra exhibit an excimeric emission with a
slightly shifted wavelength, and no significant change in a fluorescence
quantum yield was observed by fabrication in a film (p = 0.38 in a
film). This result indicates that the pyrene moieties closely maintain
their orientations and distances after thermal treatment. Therefore we
deduced that the g;-Pyr assembly was not changed to a dispersed state,
but rather, to non-chiral aggregates, upon thermal treatment. The
inverted-chirality aggregate (State II) can be obtained not only by
thermal treatment but also by slow evaporation. At the time of film
preparation, a slow solvent evaporation rate promotes the assembly that
exhibits a negative Cotton effect with a J-type orientation (ESIT).
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Figure 1. Thermal-treatment-temperature-dependent spectral changes of the g;-
Pyr-incorporated EVA film. (a) CD spectra, (b) plots of CD intensity change at
355 nm, (¢) UV-vis spectra, and (d) fluorescence spectra. Black line: film without
thermal treatment; blue dashed line: with thermal treatment at 110 °C; and red
dotted line: with thermal treatment at 150 °C. Inset photos are g.-Pyr-
incorporated EVA film under room light and UV (365 nm) light. Measurement
temperature is 25 °C. Excitation wavelength = 350 nm.

The EVA film incorporating the D-glutamic acid-derived pyrene (gp-
Pyr) demonstrates similar formation changes during assembly. Before
thermal treatment, this film has a negative Cotton effect, mirroring that
of the g;-Pyr-incorporated EVA film (Figure 2). Upon thermal
treatment below 110 °C, its CD signal changes from negative to
positive. As with the g;-Pyr-incorporated EVA film, the CD signal

disappears upon thermal treatment at 150 °C.
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Based on these results, we conclude that the molecular g,-Pyr can be
converted into three kinds of nano-fibrillar chiral assemblies in a
polymer film: an assembly with a positive Cotton effect that is
kinetically stable (State I); an assembly with a negative Cotton effect
that is thermodynamically metastable (State I1); and an assembly with a
small Cotton effect that is thermodynamically stable (State III) (Figure
3). These morphological change behaviours have been reported for the
self-assembly of small molecular assemblies and polymers in the
solution state.'> However, there are few corollary reports with respect to
solid polymer matrixes. The investigation of the thermal history of the
g1-Pyr-incorporated EVA film supports this conclusion. The g;-Pyr-
incorporated EVA film shows a small CD signal (State III) instead of a
negative CD signal (State II) after thermal treatment for 10 min at 150
°C, which was maintained for 10 min at 110 °C (ESI}). On the other
hand, the g;-Pyr dissolved in toluene/ethylacetate (1:1), but the
obtained gel showed no similar chiroptical change (ESIT).
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Figure 2. Thermal-treatment-temperature-dependent spectral changes of gp-Pyr-
incorporated EVA film. (a) CD spectra, (b) plots of CD intensity change at 355
nm. (c) CD spectra of a g;-Pyr/gp-Pyr mixture-incorporated EVA film. (d) Plots
of the thermal-treatment-temperature-dependent CD intensity changes of a g;-
Pyr/gp-Pyr mixture-incorporated EVA film at 355 nm. Measurement temperature
is 25 °C.
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Figure 3. Schematic images of kinetically stable, thermodynamically metastable,
and thermodynamically stable assemblies of gi-Pyr in an EVA film.
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To generate a large library of morphological change, thermomechanical
analysis (TMA) and differential scanning calorimetry (DSC) were
performed on the g,-Pyr-incorporated EVA film (ESI{). As shown in
the TMA curve, a phase-transition temperature is detectable at 46 °C.
The DSC curve also shows a phase transition at 41 °C, which indicates
the softening point of the EVA. When the temperature exceeds this
softening point, the material becomes sufficiently flexible that the
assembly of the incorporated g;-Pyr changes. For this reason, the g;-
Pyr assembly can alter its morphology in the solid polymer matrix.
Transmission electron microscopy (TEM) observation strongly supports
the concept of changes in the assembly of g;-Pyr. As shown in Figure
4a, fibrous aggregates of g,-Pyr can be detected in the EVA film. The
length and diameter of the fibrillar aggregates are ca. 0.5-3 um and 10
nm, respectively. Some areas exhibit a right-handed helical structure
(Figure 4a, inset). Even after thermal treatments at 110 and 150 °C for
10 min, the fibrillar morphology is maintained. Interestingly, the
thermal treatments at 110 and 150 °C promote fibre elongation in the
g.-Pyr aggregates to ca. 2-7 um and ca. 5-10 pm, with bundling
(Figure 4c, inset), respectively. On the other hand, in the solution state,
it is well known that the supramolecular gel shows a gel-to-crystal
transition as a metastable-to-stable state transition.'® On this basis, we
believe that the fibre growth and bundling indicate the transformation
of the g;-Pyr assembly from a metastable to a stable state upon thermal
treatment. Unfortunately, we could not observe the left-handed helical
structure in the g;-Pyr aggregates in the thermally treated film,
although the CD signal indicates the S-chiral aggregation of the pyrene
moieties. This result suggests that the changes in the CD signal are
effected by stacking formations between the pyrene moieties rather than
a macroscopic helical structure of the g;-Pyr assembly.

" k.l

Figure 4. TEM images of g,-Pyr-incorporated EVA films (a, b) without thermal
treatment, and after thermal treatment (c) at 110 °C and (d) at 150 °C. These
samples were stained with ruthenium tetroxide.

We succeeded in controlling the CD intensity of the film by changing
not only the thermal treatment temperature but also the concentration of
the g-Pyr component, the preparation solvent, and the optical purity of
the g-Pyr. (1) When increasing the g;-Pyr concentration from 0.17 to
1.68 wt% in the EVA film, the CD intensity rises concomitantly (ESIT).
(2) By using toluene as a solvent instead of a 1:1 toluene/ethyl acetate
mixture, the CD intensity increases three-fold (ESIf). Changing the
ratio of toluene to ethyl acetate effects a gradual change in the CD
intensity. In our previous report, we discussed the relationship between
the local environment and the chiral orientation of the L-glutamide
assembly.'* This phenomenon is based on the driving force for self-
assembly. In a toluene-rich environment, the m-m stacking of the
pyrenyl moieties is weakened due to m-m interactions between the
the
hydrogen bonding through the amide bonds that are located around the

toluene and pyrenyl substituents. Therefore, intermolecular

This journal is © The Royal Society of Chemistry 2012
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chiral carbon promotes the twisted orientation. On the other hand, in an
ethyl acetate-rich environment, the hydrogen bonds are weakened by
the carbonyl groups of ethyl acetate molecules. Thus, the effect of the
n-n stacking of the pyrenyl moiety is stronger, and the assembly of the
pyrenyl groups is changed to a less twisted orientation. (3) An EVA
film containing a racemic g,-Pyr/gp-Pyr (1:1) mixture shows no CD
signal (Figure 2¢). By changing the optical purity of the g,-Pyr/gp-Pyr
mixture, the CD signal changes between positive and negative (Figure
2d).

This chiral film provides the possibility of chiral patterning and may
have applicability for chiral memory. We succeeded in fabricating a
film with a simple chiral pattern by partial thermal treatment at 110 °C.
As shown in ESIf, this film exhibits a positive CD signal in the right
part, and a negative CD signal to the left. This chiral film demonstrates
high stability despite the facile change of the CD signal upon thermal
treatment (ESIt). The CD signal of this chiral film did not change after
300+ days at 25 °C. Moreover, a film that was treated for 10 min at 110
°C did not show any spectral change after additional thermal treatment
for 24 h at 100 °C. These results indicate that the chiral stability of
these films would be sufficient for various uses such as display, filter,
and memory applications.

Conclusions

In conclusion, we established a new method for fabricating chiral
polymer films through a supramolecular-gelation
These films exhibit

properties that can be easily alternated between positive and negative

self-assembly
technique. interesting circular polarization
values by thermal treatment. This phenomenon is based on the self-
assembly behaviour of glutamic acid derivatives. The generated films
have sufficient stability for use in chiral patterning. We believe that this
method has the potential for producing novel and interesting chiroptical
materials.
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