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Polymer encapsulation and stabilization of molecular gel-based chiroptical information for strong, tunable circularly polarized luminescence film †

We demonstrate a strategic approach for a completely organic, chiroptical polymer film, exhibiting strong (g lum = 0.01-0.05) and broad-band circularly polarized luminescence that can be realized by the stabilization of self-assembly-driven secondary chirality through polymer encapsulation.

Circularly polarized luminescence (CPL) has attracted attention as a next-generation light signal because it carries more information due to its chirality and no angular effect compared to normal and linearly polarized lights. A simple example can be seen in its use as a communication tool by some animals. 1 One technical approach for producing CPL is by converting polarized light from normal to linear using a quarter-wave plate. However, this approach can suffer from serious reductions in light energy with removal of light. The other solution for CPL generation is the use of chiral luminescent compounds that are totally organic. [2][3][4][5][6][7][START_REF] Bosson | [END_REF] Studies using this approach have realized stronger CPL by precise molecular design, skilled organic synthesis, and careful purification. Therefore, gram-scale synthesis has not yet been achieved without few exceptions. [START_REF] Bosson | [END_REF]9 In this work, we describe the fabrication of chiroptical polymer films that exhibit strong CPL and anticipate their possible applications in bio-sensing, chiroptical memory, detector system for security devices, and storage units. 4,10,11 For such purposes, gram-scale synthesis becomes increasingly more important.

We selected a binary system for CPL generation, 6,7 which has a distinct advantage on larger scale. Instead of using specially designed chiral luminescent materials, commercially available, non-chiral luminescent dyes can be used and chirality can be induced by chiral templates. Therefore, the essential problem becomes, rather than the scalability of synthesis and fabrication, the retention of chirality induction in the polymer system. In this study, we demonstrate that strong CPL-exhibiting polymer films can be fabricated by incorporating into the polymer a chirally self-assembled CPL-inducing system consisting of a nonchiral luminescent dye and associated chiral template.

We applied several cyanine dyes including anionic NK-2012 and cationic NK-77 as non-chiral luminescent species for CPL generation. Because these cyanine dyes are very sensitive to the chiral microenvironment, they function as good indicators for chirality evaluation. However, cyanine dyes are often unstable, especially in oxygen atmosphere under sunlight, and therefore, these systems are not suitable for our present purpose. Fig. 1 presents several commercially available fluorescent dyes as new chirality-induction candidates. To induce chirality in these non-chiral dyes, G-ca, having a carboxy head group, was chosen as a self-assembling organogelator (Fig. 1). The advantages of G-ca can be summarized in terms of (1) its good solubility in various organic solvents, which is very important because most of a bulk polymer system is hydrophobic and used in organic media; (2) the enhanced chirality due to the formation of secondary chirality through chiral arrangement;

(3) its ionizability to promote electrostatic interactions with the cationic dyes shown in Fig. 1; and ( 4) its possible gram-scale synthesis via a one-step coupling reaction between L-glutamide 12 and glutalic anhydride.

Mixed systems of G-ca and dyes were prepared by the following procedure: a 0.5 mM solution of G-ca in toluene was prepared by heating at 85 1C; cooling to 25 1C produced a clear solution. If the concentration was higher than a few millimolar in toluene, the solution became a clear gel. This phenomenon has been recognized as molecular gelation. 7,13,14 Fig. 2a shows the TEM image of the 0.5 mM G-ca solution after staining with uranyl acetate. G-ca forms nano-fibrillar aggregates whose smallest diameter is within 50 nm in the photo. This indicates that the gelation behavior is the result of entanglement among the well-developed nano-fibrillar aggregates of G-ca. Next, a methanolic solution of the dye was mixed in a given molar ratio with the G-ca solution. No significant change is observed by TEM, but confocal microscopy provides fibrillar fluorescence images, as shown in Fig. 2b. Since G-ca does not itself fluoresce, the obtained confocal image indicates that the dye is combined with G-ca and the fibrillar aggregation of G-ca is maintained after mixing with the dye.

The chirality of the G-ca/dye mixed systems was investigated by CD spectroscopy. As shown in Fig. 3a, the G-ca/NK-77 system exhibits a new exciton coupling ([y] 573 = 5 Â 10 4 deg cm dmol À1 ) near the absorption band (l max = 570 nm) of NK-77. Since NK-77 is non-chiral, the observed CD can be attributed to induced chirality from the G-ca aggregates. Although this induced CD intensity is not so small, while we have confirmed much larger values (41 Â 10 6 deg cm dmol À1 ) 15 in the case of an anionic cyanine dye, NK-2012, on poly(L-lysine). Therefore, we examined the effect of additives on the G-ca/dye system to promote their interaction.

When an organic amine such as pyridine or triethylamine (TEA) is added to the G-ca/dye system, a distinct increase in CD intensity is observed. Fig. 3b shows the effect of TEA on the CD spectrum. The peak intensity is amplified ca.20 times with the addition of ten equimolar of G-ca. This is probably due to the promotion of electrostatic interactions between the chiral G-ca and non-chiral NK-77 by neutralization of the iodide counter ion of NK-77. Therefore, in this study, TEA was applied in the promotion of induced CD for the other non-chiral dyes.

Polystyrene (PS) was selected as the bulk polymer for film fabrication. The typical fabrication procedure is as follows: a 5 wt% solution of PS was combined with G-ca in hot toluene, and then the methanolic dye solution was added to the mixture. Part of the mixture (400 mL) was drop-cast onto a glass plate (12 mm  25 mm) and dried in air. The thickness of the resultant polymer film was adjusted to be approximately 60 mm. The main composition rate was adjusted to be 2.0 wt% in the G-ca-in-polymer, and to be 1 : 20 in the molar ratio of dye and G-ca. Fig. 2d shows the confocal microscopy images of the PS film containing NK-77 with G-ca. The fibrillar fluorescence image indicates that not only does G-ca self-assemble in the polymer, but also that NK-77 is associated with the G-ca fibrils. Similar fluorescence images (Fig. S1,ESI †) were observed with the other dyes, including acriflavine (AC, l max = 530 nm) and Basic Red-5 (BR-5, l max = 591 nm). Notably, all the PS films are transparent, which means that the diameters of the aggregates are sufficiently small to escape the problem of undesirable light scattering. This is an essential and important requirement for optical applications, and therefore, we conclude that our strategic approach is unquestionably suitable for our research purposes.

Fig. 4 shows the CD spectra of the PS films containing the G-ca/dye systems. Large CD intensities are observed near the absorption bands of the dyes in all films. Since no CDs are observed in the absence of G-ca and the CD intensity is Our CPL generation system has multiple advantages. First, mixed-dye systems can be employed to provide broad-band CPL over a wide range of emission bands. For example, when AC and BR-5 are mixed, the resultant PS film provides two CD signals (Fig. S3, ESI †). Second, broad-band CPL can also be generated by adjusting the chiral microenvironment. For example, when the mixing ratio of AC to G-ca is adjusted, the luminescent peak width increases as shown in Fig. 5: that is, the Stokes shift can be made tunable by promoting the heterogeneity of chiral perturbation. Finally, by encapsulating G-ca in the polymer as well as selecting the proper dye, the CPL phenomenon can be remarkably stabilized. For example, we confirmed that the G-ca/AC polymer system maintained strong CPL over at least a month.

Conclusions

In conclusion, we have established a strong CPL (g lum E 0.05) generation system in a polymer thin film. Our system is advantageous because no chirality is needed in the fluorescent component, meaning that it is free from precise molecular design and complicated synthetic limitations, and therefore possible for industrial-scale application. In addition, the emission bands can be readily tuned by adjusting the molecular orientation of the chiral template system as well as the dye selection. These advantages could expand possible system applications, such as in optical uses (e.g., chiroptical detector for bio-signal sensing), in agriculture, or in solar cells as a reduced-angular wavelength converter.

Fig. 1

 1 Fig. 1 Chemical structures of non-chiral fluorescent compounds and organogelator G-ca used in this study.

Fig. 2

 2 Fig. 2 TEM and confocal micrographs of G-ca aggregates. (a) Initial concentration of G-ca: 0.1 mM in toluene. The dried sample was obtained by drop-casting on Cu mesh, stained with uranyl acetate and dried at room temperature. The confocal microscopy for the solution state (b) and the film (d) were observed with excitation wavelength at 488 nm. (b) G-ca: 0.5 mM and NK-77: 0.01 mM in toluene. (c) and (d) G-ca: 2 wt% in polystyrene. G-ca : NK-77 = 20 : 1.

Fig. 3

 3 Fig. 3 (a) CD spectra of the G-ca with NK-77 in toluene. [G-ca] = 0.5 mM; [NK-77] = 0.01 mM; [TEA] or [pyridine] = 5 mM. (b) Effect of TEA additive in the G-ca/dye system on the CD intensity.
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