Naoya Ryu 
email: n-ryu@kumamoto-iri.jp
  
Yusei Yamamoto 
  
Yutaka Okazaki 
  
Nanami Hano 
  
Yuki Iwamoto 
  
Tomohiro Shirosaki 
  
Shoji Nagaoka 
  
Reiko Oda 
  
Hirotaka Ihara 
  
Makoto Takafuji 
  
  
  
  
Controlled packing of chiral assembly scaffolds to promote chiral J-aggregation of carbocyanine dyes †

Controlled aggregation of dyes is crucial to achieve their desired optical and electronic properties. Here, we report the induction of chiral J-aggregation of carbocyanine dyes by using lysine-derived amphiphile assemblies as scaffolds in water. The molecular structure of the amphiphiles affected the packing of the assembly. The tight packing with some flexibility promoted the formation of J-aggregates of the dyes with strong chiroptical properties.

When dye molecules arrange in slipped parallel (end-to-end) stackings, called J-aggregates, the absorption band is redshifted and narrow, resulting in enhanced fluorescence with a smaller Stokes shift than that of the monomeric species. 1 In addition, ideal (classical) J-aggregates exhibit interesting properties such as exciton delocalisation over dye molecules, 2 efficient exciton migration, 2 ultrafast relaxation of excited states, 3 and nonlinear-optical (NLO) susceptibility. 4 These properties facilitate wide applicability of J-aggregates to sensitize optical data storage, [START_REF] Tani | J-aggregates[END_REF] light-emitting diodes, [START_REF] Mal'tsev | [END_REF] and narrowband photodetectors, 7 to facilitate energy transfer in artificial photosynthesis 8 and ultrafast opto-excitonic switches, 9 and to provide ultrafast NLO response in optical devices. 10 Dye molecules twisted in a single direction could exhibit chiroptical activity such as circular dichroism (CD) and circularly polarized luminescence (CPL). Therefore, torsional arrangement of J-aggregates would enhance their optical and electronic polarization properties and consequently their applicability.

Many previous studies have reported chirally arranged J-aggregated cyanine dyes. [11][12][13][14][15] This chiral J-aggregate arrangement in cyanine dyes is generally achieved by using chiral scaffolds such as amino acids, 11 proteins, 12 DNA, 13 polysaccharides, 14 and chiral lipid vesicles 15 in aqueous media. However, constructing chiral J-aggregate cyanine dyes that exhibit strong chiroptical properties without the presence of monomeric dye species or the formation of other types of dye aggregates is challenging. [11][12][13][14][15] The previously reported dissymmetry factors for such dyes rarely surpassed 10 À2 .

To overcome this problem, we propose here the construction of closely packed chiral aggregates of dye molecules by using scaffolds with densely and chirally arranged binding sites. In this respect, we expected assemblies of the lysine-derived amphiphiles comprising double long alkyl chains and three amide bonds as the scaffolds. The lysine-derived amphiphiles form densely packed assemblies in water, as evidenced by the small hemicyanine dye that we used as a probe. 16 Moreover, a carbocyanine dye bound to lysine-derived amphiphile assemblies demonstrated excellent chiroptical properties. 17 However, the intention of these studies was to embed dye molecules as monomeric species in the hydrophobic cavities of the assemblies. [16][17][18] In this study, we constructed assembly scaffolds with densely and chirally arranged binding sites from lysine-derived amphiphiles with a pyridinium cation for the chiral J-aggregation of cyanine dye molecules having two anionic sites. To define the optimal amphiphile structure for the chiral J-aggregation, we investigated the effect of the length of the double alkyl chain (tail), the type of the ionic group (head), and the length of the side chain (''m'' in Fig. 1d) of the amphiphiles on the tight or loose packing of the assemblies and on the chiral J-aggregation. Furthermore, we investigated the effect of the size of the dye molecule on its ability to form J-aggregates or embed itself into the cavities of the assembly.

We synthesised lysine/ornithine-derived amphiphiles via previously reported methods (see ESI, † Scheme S1 and Fig. S1-S3) 18 and dissolved them in water by heating. Scanning transmission electron microscopy (STEM) revealed that 12-Ly (Fig. 1d) spontaneously formed flat-tape-like assemblies with various widths and lengths after cooling to 20 1C (Fig. S4a, ESI †). The differential scanning calorimetry (DSC) curves of these assemblies showed endothermic peaks at 61 and 65 1C (enthalpy, DH = 72 kJ mol À1 ) (Fig. S5, ESI †). The peak at the higher temperature is ascribed to the main gel-to-liquid crystalline phase transition temperature (T m ). This temperature is higher than the T m s of the assemblies of amphiphiles with almost the same length of the double alkyl chain, 19,20 indicating that the lysine residue contributes to the high T m , i.e., tight packing of the assembled 12-Ly molecules. The 12-Ly assembly in water-d 2 showed an infrared (IR) absorption peak at 1635 cm À1 (Fig. S6b, ESI †) which are associated with the CQO stretching vibration of the amide groups. The wavenumber of this peak is the same as that of solid state 12-Ly (Fig. S3a, ESI †), indicating the existence of the intermolecular hydrogen bonds between the 12-Ly molecules in water. The flat assemblies of 12-Ly showed circular dichroism (CD) signals in the UV absorption region corresponding to amide bonds and pyridinium (Fig. S7,ESI †). No CD signal was observed for 12-Ly in its good solvent ethanol. These results suggest that 12-Ly formed a chirally arranged bilayer structure of 12-Ly molecules. The 12-Ly dispersion was mixed with the dye solutions. The dye molecules should be electrostatically bound to the amphiphiles. Then, the aqueous mixture was heated to 70 1C, cooled to 20 1C, and subjected to spectral measurements.

Fig. 2 shows the optical spectra of the carbocyanine dye Cy2 (Fig. 1b) in the presence of 12-Ly assembly in water at 20 1C. The molar ratio of Cy2 : 12-Ly was set to 1 : 20, at which the absorbance and the CD signal of the chiral J-aggregates reached their highest values (Fig. S8,ESI †). We conclude that this molar ratio maintained the chiral assembling structure of 12-Ly and induced the large aggregation number of the Cy2 molecules. At this molar ratio, no significant changes were observed in the STEM image (Fig. S9, ESI †) and IR spectrum (Fig. S6, ESI †) of 12-Ly in water. On the other hand, the DSC curve slightly changed and DH increased to 83 kJ mol À1 after adding Cy2, although the T m was not much changed (66 1C) (Fig. S5,ESI †). These changes are probably because the tightness of the packing of the assembly was partially increased by the relaxation of the electrostatic repulsion between the adjacent pyridinium groups caused by the charge neutralisation by the Cy2 molecules partially bound to the assembly. Alone in methanol, Cy2 was molecularly dispersed and showed absorption and emission peaks at 548 and 571 nm, respectively (Fig. 2a). On the other hand, the majority of the Cy2 molecules aggregated as H-dimers in water at 20 1C, exhibiting a blue-shifted absorption peak at 510 nm. 1 In the presence of the 12-Ly assembly (0.6 mM), the magenta colour of the Cy2 aqueous solution (0.03 mM) changed to blue (Fig. 2a, top, inset). This mixture showed a single visible absorption peak at 649 nm with a full width half maximum (FWHM) of 18 nm (420 cm À1 ) and emission peak at 651 nm (excited at 636 nm) (Fig. 2a). The observed red-shift over 100 nm, the narrowing of the absorption band, and a small Stokes shift of 2 nm (47 cm À1 ) are the signatures of J-aggregates. 1 Moreover, this Cy2-12-Ly system did not have monomeric or other aggregated species and exhibited significantly enhanced (3.5-times) absorbance compared with that of the monomeric species in methanol. In addition, this J-aggregated species exhibited bisignate CD and as monomeric species in the hydrophobic cavities of the 12-Ly assembly in the liquid-crystalline state. 17,21 Since the Cy2-12-Ly mixture was heated over the T m then cooled to 20 1C before the spectral measurements, we conclude that the embedded Cy2 molecules were pushed out of the cavities of the assemblies during cooling, and were stacked in a slipped parallel arrangement on the assembly.

The assemblies of the amphiphiles with longer double alkyl chains, 14-and 16-Ly (Fig. 1d), also formed flat-sheet-like structures (Fig. S4b andc, ESI †) and had higher T m s (76 and 85 1C, respectively) (Fig. S5, ESI †) than that of the 12-Ly assembly. The Cy2 J-aggregates on 14-and 16-Ly exhibited stable absorption bands up to 60 and 70 1C, respectively (Fig. 3a and Fig. S13a, and S14a, ESI †). This behaviour is in contrast with the previously reported J-aggregates, which were gradually disrupted upon heating, 11,22 even those that have DNA as the scaffold. 13 This suggests that the high thermal stability (below T m s) of the J-aggregates in this study could be attributed to the tight packing of the J-aggregated Cy2 molecules owing to the tightly packed amphiphile assemblies. Notably, the CD signals of the Cy2 J-aggregates on the 14-and 16-Ly assemblies were smaller than that of Cy2-12-Ly (Fig. 3d). Similarly, the CD signals of the amide and pyridinium moieties of the 14-and 16-Ly assemblies were smaller than those of the 12-Ly assembly (Fig. S7,ESI †). This could be ascribed to the stronger van der Waals interactions between the longer double alkyl chains that prevent the chiral arrangement of the scaffold molecules via hydrogen bonding. Hence, chiral amphiphiles that exhibit too strong hydrophobicity and intermolecular interactions is unsuitable as scaffolds to induce chirality in non-chiral dyes.

Meanwhile, a lysine-derived amphiphile with a trimethylammonium group, 12-Ly-Am, formed a similar flat-tape-like assembly in water (Fig. S4d, ESI †). The 12-Ly-Am assembly also induced the J-aggregate formation in Cy2 (Fig. 4a). However, the absorption peak of the J-aggregated species was smaller and broader than that of Cy2-12-Ly, and the CD signal was less than 10% of that of Cy2-12-Ly (Fig. 4). The effect of the length of the side chain (''m'' in Fig. 1d) was also investigated. The amphiphile with shorter ''m'', 12-Or, formed a narrow flat-tape-like monosignate CPL signals (Fig. 2b). Its linear dichroism (LD) signal was negligible (Fig. S10,ESI †). These results indicate that the Cy2 molecules are electrostatically bound to 12-Ly to form S-chiral (left-handed) J-aggregates on the 12-Ly assembly (Fig. S11, ESI †). The maximum |g abs | and |g lum | obtained in this study were 0.014 at 653 nm and 0.027 at 665 nm, respectively.

No spectral changes were observed for the absorbance peak at 649 nm of Cy2-12-Ly in water upon heating to 50 1C, whereas the CD signals showed a slight increase in this range (Fig. 3a,b, and Fig. S12, ESI †). The enhanced CD signals do not remain after cooling back to 20 1C, indicating no annealing effect. Similar tendency was observed for the CD signals of the amide and pyridinium moieties of 12-Ly in water (Fig. S15,ESI †). This enhancement is ascribed to the reduced van der Waals forces between the alkyl chains and increased contribution of intermolecular hydrogen bonding (which contributes to the chiral arrangement of the 12-Ly molecules) upon heating. On the other hand, the absorption band of the J-aggregates along with the CD signal drastically decreased and the absorption band appeared at 557 nm beyond 60 1C (Fig. 3 and Fig. S12,ESI †). This temperature is considered the T m of the 12-Ly assembly (Fig. S5,ESI †). These results indicate that the amphiphiles with high T m form highly thermally stable J-aggregates. The appeared absorption peak beyond 60 1C was slightly redshifted in comparison with that of the Cy2 monomeric species (Fig. 2a, top), indicating that the Cy2 molecules were embedded J-aggregation of the cyanine dye.

The lysine-derived amphiphile also induced the formation of chiral J-aggregates in other types of cyanine dyes. Dicarbocyanine dye Cy3 (Fig. 1c) solubilised in methanol demonstrated an absorption peak at 661 nm (Fig. S16a,ESI †) corresponding to the monomeric species. When Cy3 was bound to the 12-Ly assembly in water, the absorption band of Cy3 shifted to a longer wavelength of 810 nm with an FWHM of 31 nm (482 cm À1 ). Moreover, a bisignate CD signal was detected in this absorption band region with a maximum |g abs | of 0.011 (Fig. S16b, ESI †). In contrast, monomethinecyanine dye Cy1 (Fig. 1a) did not form J-aggregates when bound to the 12-Ly assembly. The monomeric Cy1 showed an absorption peak at 431 nm (Fig. S16a,ESI †). When the 12-Ly assembly was added to the aqueous solution of Cy1, a new absorption peak appeared at 454 nm. The slightly red-shifted peak indicates that the Cy1 molecules did not form J-aggregates but were embedded in the hydrophobic cavities of the 12-Ly assembly, 17,21 similar to the Cy2-12-Or system. This result is likely because the Cy1 molecules are sufficiently small for embedment in the cavities of the 12-L assembly.

In conclusion, we induced chiral J-aggregation of the cyanine dyes by using lysine-derived amphiphile assemblies as scaffolds in water. These J-aggregates exhibited high |g abs |and |g lum |inthe order of 10 À2 , and monomeric or other aggregated species were not observed in this system. To achieve efficient J-aggregate formation andthe desiredchirality,tight packing of the assembling molecules should be balanced by some flexibility for chirality. Among the reports on the assemblies of amino acid-derived amphiphiles (in particular, glutamic acid) with a double long alkyl chain and an ionic group, [16][17][18][19]23 our work is the first to reveal the effects of the alkyl chain length, the side chain length, and the kind of the ionic group in the amino acid-derived amphiphiles on the gel-to-liquid crystalline phase transition and chiral aggregation of dyes. This strategy of inducing chiral J-aggregation could be applied to other cyanine dyes except for monomethine. Our strategy also promotes the rational design of scaffolds to fabricate chiral J-aggregates of cyanine dyes that have wide optical and electrical applications.

This study was supported by a Japan Society for the Promotion of Science (JSPS), Grant-in-Aid for Scientific Research (C) (20K05283) and by the France-Japan International Associated Laboratory -Chiral Nanostructures for Photonic Applications (LIA-CNPA) from the Centre National de la Recherche Scientifique (CNRS) and Universite ´de Bordeaux. assembly (Fig. S4e, ESI †) in water. In the presence of 12-Or, Cy2 showed an absorption peak at 569 nm, (Fig. 4a). This small redshift is ascribed to the embedment of Cy2 in the hydrophobic microenvironment. 17,21 Therefore, Cy2 did not form J-aggregates but was embedded in the hydrophobic cavities of the assembly. The CD signal of the Cy2-12-Or system was inverted in comparison to those of the Cy2-other amphiphile systems. This might be due to the influence of the even-odd effect in the side-chain. Although, 12-Or and 12-Ly-Am have the same length of the double alkyl chain and the same number of amide bonds as that in 12-Ly, the T m s (36 and 46 1C, respectively) and DHs (58 and 46 kJ mol À1 , respectively) of their assemblies are lower compared to those of the 12-Ly assembly (Fig. S5, ESI †). This is likely due to the looser packing of the assemblies of 12-Or and 12-Ly-Am than that of 12-Ly. Hence, amphiphiles with a shorter side chain and a bulky head group are disadvantageous to form tightly packed assemblies. This also confirms that the tight packing of the assemblies plays a crucial role in inducing the

Fig. 1

 1 Fig. 1 Chemical structures of (a)-(c) cyanine dyes and (d) lysine-/ ornithine-derived amphiphiles used in this study.

Fig. 2

 2 Fig. 2 (a) Visible absorption (top), emission (bottom), (b) CD (top), and CPL spectra (bottom) of Cy2 (0.03 mM) in the presence and absence of 12-Ly (0.6 mM) in water and in methanol at 20 1C; path length: 0.1 cm, excitation wavelength: 636 nm in the presence of 12-Ly in (a, bottom), 548 nm in the absence of 12-Ly in (a, bottom), and 560 nm for (b, bottom). The insets in (a) show images of Cy2-12-Ly aqueous mixture, Cy2 aqueous solution, and Cy2 methanol solution at 20 1C in daylight (top) and under 365 nm UV light in the dark (bottom).

Fig. 3

 3 Fig. 3 Variations of (a) absorbance and (b) De for J-aggregated Cy2 (0.03 mM) in the presence of 12-, 14-and 16-Ly (0.6 mM) in water as a function of temperature (20-90 1C). These data were from Fig. S12-14. (c) Visible absorption and (d) CD spectra of Cy2 (0.03 mM) in the presence of 12-, 14-and 16-Ly (0.6 mM) and only Cy2 in water at 20 or 70 1C; path length: 0.1 cm. Insets in (c) show images of the Cy2 aqueous solutions containing 14-and 16-Ly at 20 1C in daylight.

Fig. 4

 4 Fig. 4 (a) Visible absorption and (b) CD spectra of Cy2 (0.03 mM) in the presence of 12-Ly-Am and 12-Or (0.6 mM) and only Cy2 in water at 20 1C; path length: 0.1 cm. Insets in (a) show images of the Cy2 aqueous solutions containing 12-Ly-Am and 12-Or at 20 1C in daylight.
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