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Abstract

:

Amphiphilic block copolymers consisting of hydrophobic regioregular head-to-tail (HT) chiral ((S)-poly-1a-b-poly-3) or achiral (poly-1b-b-poly-3) polythiophene chains and a hydrophilic poly(acrylic acid) chain were synthesized. (S)-Poly-1a-b-poly-3 with a chiral polythiophene block formed a micelle in water that exhibited a characteristic induced circular dichroism (ICD) in the π–π* transition region due to the formation of supramolecular π-stacked chiral aggregates of the chiral polythiophene blocks in the core. These aggregates were stable, showing no precipitation for more than 5 days. Micelles consisting of chiral (S)-poly-1a-b-poly-3 and achiral poly-1b-b-poly-3 showed negative nonlinear effects on supramolecular chiral aggregate formation in the core. Chiral polythiophene aggregates formed in (S)-poly-1a-b-poly-3 micelle cores were stabilized by the crosslinking of poly(acrylic acid) blocks with diamines in the shell. The ICD intensity of the (S)-poly-1a-b-poly-3 micelle after shell crosslinking showed almost no change with temperature, while that before shell crosslinking decreased with increasing temperature.
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1. Introduction


Regioregular (head-to-tail, HT) polythiophenes (PTs) bearing an optically active substituent are known to form supramolecular chiral aggregates in poor solvents or films. These molecules show an induced circular dichroism (CD) in the π–π* transition region that is attributed to the PT main chain, but show no induced CD in the same region in a good solvent [1,2,3,4,5,6,7]. These chiral supramolecular aggregates have attracted considerable interest owing to their promising applications, for example, in enantioselective catalysts, adsorbents, sensors, and electrodes [1,2,3]. However, the stability of chiral aggregates produced by intermolecular π-stacking interactions is highly dependent on external conditions, such as the solvent, temperature, and concentration. These well-organized structures cannot be maintained for long periods due to precipitation caused by excessive aggregation.



In contrast, amphiphilic block copolymers consisting of a hydrophobic chain and hydrophilic chain are known to form polymer micelles or vesicles in water. These polymer micelles are predicted to have applications as nanoreactors and drug delivery systems through the use of the hydrophobic cores as a closed molecular space [8]. Furthermore, dynamic polymer micelles can be easily transformed into stable robust nanoparticles by crosslinking the shell using a well-established procedure [9,10,11].



In this study, we synthesized amphiphilic block copolymers consisting of a hydrophobic chiral or achiral PT chain and a hydrophilic poly(acrylic acid) chain ((S)-poly-1a-b-poly-3 or poly-1b-b-poly-3, respectively) (Scheme 1). The chiroptical properties of their micelles formed in an aqueous solution were investigated using circular dichroism (CD) and absorption spectroscopy to determine whether the PT chains formed chiral supramolecular aggregates effectively in the micelle core. We also investigated the effect of shell crosslinking on the stability of the chiral aggregates formed in the micelle core.




2. Materials and Methods


2.1. Reagents and Materials


Anhydrous toluene, dichloromethane, and diethyl ether were obtained from Kanto Kagaku (Tokyo, Japan). Triethylamine (TEA) was dried over KOH pellets and distilled from KOH under nitrogen. These solvents were stored under nitrogen. Anhydrous tetrahydrofuran (THF), 3-bromothiophene, tert-butyl acrylate, trifluoroacetic acid, [1,3-bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA), and palladium on activated carbon (Pd/C, 10 wt %) were purchased from Wako Pure Chemical Industries (Osaka, Japan). (S)-(+)-Citronellyl bromide, 2-bromopropionyl bromide, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide, n-butylmagnesium chloride (2.0 M in THF), vinylmagnesium bromide (1.0 M in THF), 9-borabicyclo[3,3,1]nonane (9-BBN) (0.5 M in THF), and tetrabutylammonium fluoride (TBAF) (1.0 M in THF) were obtained from Sigma-Aldrich (Milwaukee, WI, USA). 1,2-Dibromoethane, azidotrimethylsilane (Me3SiN3), 2,2′-(ethylenedioxy)bis(ethylamine), and propargyl alcohol were purchased from Tokyo Chemical Industry (TCI, Tokyo, Japan). 1-Bromohexane and ethyl 2-bromopropionate were obtained from Kanto Kagaku (Tokyo, Japan). Prop-2-yn-1-yl 2-bromopropanoate [12], (S)-2,5-dibromo-3-(3,7-dimethyloctyl)thiophene ((S)-1a) [13], and 2,5-dibromo-3-hexylthiophene (1b) [14] were prepared according to previously reported methods.




2.2. Instruments


NMR spectra were recorded on an NM-LA400FT (JEOL, Tokyo, Japan; 400 MHz for 1H) or EX270 (JEOL; 270 MHz for 1H) spectrometer in CDCl3 using TMS as the internal standard. IR spectra were recorded with a JASCO Fourier Transform IR-460 spectrophotometer (Hachioji, Japan). Absorption and CD spectra were measured in a 1.0 mm quartz cell on a JASCO V-570 spectrophotometer and a JASCO J-725 spectropolarimeter, respectively. The temperature was controlled using a JASCO PTC-348WI apparatus. Size exclusion chromatography (SEC) measurements were performed with a JASCO PU-2080 liquid chromatograph equipped with a UV–vis (Jasco UV-970) detector at 40 °C. The temperature was controlled using a JASCO CO-965 column oven. A Tosoh TSKgel MultiporeHXL-M column (30 cm; Tokyo, Japan) was used for SEC measurements using THF as the eluent at a flow rate of 1.0 mL/min. Molecular weight calibration curves were obtained using polystyrene standards (Tosoh). Dynamic light scattering (DLS) measurements were recorded with a Beckman Coulter N5 instrument (Brea, CA, USA).




2.3. Synthesis


2.3.1. Synthesis of Amphiphilic Block Copolymers


Amphiphilic block copolymers (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3 were synthesized using the route shown in Scheme 2.



Synthesis of (S)-poly-1a: (S)-1a was polymerized according to the procedure of McCullough [15,16]. Under dry nitrogen, 2 M n-butylmagnesium chloride in THF was slowly added to the THF solution (10 mL) of (S)-1a (2.0 g, 5.3 mmol) using a syringe. After stirring the mixture for 2.5 h at room temperature (rt), a suspension of Ni(dppp)Cl2 (0.061 g, 0.11 mmol) in THF (38 mL) was added, followed by 1 M vinylmagnesium bromide in THF (1.5 mL, 1.5 mmol), and the resulting mixture was stirred for 10 min. The solvent was then evaporated, the mixture poured into a large amount of methanol, and the resulting polymer collected by centrifugation, washed with methanol, and dried in vacuo. A Soxhlet purification was performed using methanol, hexane, and chloroform sequentially to obtain (S)-poly-1a as a green solid (0.53 g, 44% yield). 1H NMR (270 MHz, CDCl3, rt): δ 6.97 (s, 1H, Ar–H), 2.68–2.92 (m, Ar–CH2), 1.12–1.82 (m, 10H, 4CH2 and 2CH), 0.98 (d, J = 5.9 Hz, 3H, CH3), 0.86 (d, J = 6.5 Hz, 6H, 2CH3). From the 1H NMR spectrum (Figure S1), the degree of polymerization (DP) and the number average molecular weight (Mn) were determined as 49 and 1.1 × 104, respectively, based on the integral ratio of the proton signal on the thiophene ring in the repeat unit to the proton signals of the vinyl groups at the ends. The Mn and its distribution (Mw/Mn) were estimated to be 1.3 × 104 and 1.2, respectively, by SEC using polystyrene standards with THF as the eluent at 40 °C.



Synthesis of poly-1b: poly-1b was synthesized using the same method as (S)-poly-1a but from 1b. 1H NMR (270 MHz, CDCl3, rt): δ 6.98 (s, 1H, Ar–H), 2.80 (t, J = 7.6 Hz, 2H, Ar–CH2), 1.65–1.73 (m, 2H, Ar–CH2CH2), 1.25–1.50 (m, 6H, 3CH2), 0.91 (t, J = 6.7 Hz, 3H, CH3). The DP and Mn were determined to be 47 and 7.8 × 103, respectively, by 1H NMR analysis. The Mn and Mw/Mn estimated using SEC were 1.1 × 104 and 1.4, respectively.



Synthesis of (S)-poly-1a-OH: Under dry nitrogen, 0.5 M 9-BBN in THF (11.3 mL, 5.7 mmol) was slowly added to a THF solution (60 mL) of (S)-poly-1a (0.51 g, 0.046 mmol) using a syringe, and the mixture was stirred for 24 h at 40 °C. Next, 6 M NaOH (6.6 mL) was added at rt and the mixture was stirred for 15 min. Thirty percent H2O2 (6.6 mL) was then added and the mixture was stirred for 24 h at 40 °C. After evaporating the solvent, the mixture was poured into a large amount of methanol/water (1/1, v/v), and the resulting polymer was collected by centrifugation, washed with methanol/water (1/1, v/v), and dried in vacuo. A Soxhlet purification was performed using methanol to obtain (S)-poly-1a-OH as a green solid (0.50 g, 99% yield).



Synthesis of (S)-poly-1a-Br: Under dry nitrogen, TEA (4.5 mL, 32.2 mmol) was slowly added to the THF solution (48 mL) of (S)-poly-1a-OH (0.48 g, 0.048 mmol) with a syringe, and the mixture was stirred for 15 min at 40 °C. After the addition of 2-bromopropionyl bromide (3.6 mL, 34.0 mmol), the mixture was stirred for 24 h. After the solvent was evaporated, the mixture was poured into a large amount of methanol, and the resulting polymer was collected by centrifugation, washed with methanol, and dried in vacuo. A Soxhlet purification was performed using methanol to obtain (S)-poly-1a-Br as a green solid (0.51 g, quantitative yield).



Synthesis of (S)-poly-1a-N3: Under dry nitrogen, 1.0 M TBAF in THF (190 µL, 0.19 mmol) was slowly added to a THF solution (15 mL) of (S)-poly-1a-Br (0.21 g, 0.019 mmol) and Me3SiN3 (25 µL, 0.19 mmol) using a syringe, and the mixture was stirred for 48 h at rt. After evaporating the solvent, the mixture was poured into a large amount of methanol, and the resulting polymer was collected by centrifugation, washed with methanol, and dried in vacuo. A Soxhlet purification was performed using methanol to obtain (S)-poly-1a-N3 as a green solid (0.192 g, 92% yield).



Synthesis of poly-2: Poly-2 was synthesized according to a literature method [17]. Prop-2-yn-1-yl 2-bromopropanoate (78 mg, 0.041 mmol), tert-butyl acrylate (6.0 mL, 40.8 mmol), toluene (6.0 mL), and CuBr (58.6 mg, 0.41 mmol) were placed in a dry Schlenk flask under an argon atmosphere. PMDETA (86 µL, 0.41 mmol) was added and the mixture was stirred for 9 h at 80 °C. The solution was extracted with chloroform and the organic layer was washed with water until the blue color of copper had completely disappeared and then dried over Na2SO4. After evaporating the solvent, the obtained product was dissolved in a small amount of methanol, poured into a large amount of methanol/water (7/3, v/v) at 0 °C, and the resultant precipitated polymer was washed with methanol/water (7:3, v/v) and dried in vacuo to afford poly-2 as a white solid (2.19 g, 42% yield). 1H NMR (400 MHz, CDCl3, rt): δ 2.15–2.35 (br, 1H, CH of the polymer backbone), 1.74–1.90 (br, meso CH2 of the polymer backbone), 1.20–1.60 (br, meso and racemo CH2 of the polymer backbone), 1.20–1.50 (br, 3CH3). The DP and Mn were determined as 72 and 9.2 × 103, respectively, by 1H NMR analysis based on the integral ratio of the proton signal of the methine group in the repeat unit to the proton signals of the methylene group next to the terminal ethynyl group. The Mn and Mw/Mn were also estimated to be 9.1 × 103 and 1.3, respectively, by SEC using polystyrene standards in THF as the eluent at 40 °C.



Synthesis of (S)-poly-1a-b-poly-2: In a dry Schlenk flask, CuBr (6.7 mg, 0.046 mmol) was added to a THF solution (2 mL) of (S)-poly-1a-N3 (0.050 g, 0.0046 mmol), poly-2 (0.11 g, 0.012 mmol), and PMDETA (10 µL, 0.046 mmol) under dry nitrogen, and the mixture was stirred for 4 h at rt. After evaporating the solvent, the mixture was poured into a large amount of methanol, and the resulting polymer was collected by centrifugation, washed with methanol, and dried in vacuo to obtain (S)-poly-1a-b-poly-2 as a purple solid (75 mg, 82% yield). IR (KBr, cm–1): 1727 (νC=O of ester). 1H NMR (400 MHz, CDCl3, rt): δ 6.98 (s, 1H, Ar–H), 2.81 (br, 2H, Ar–CH2), 2.27 (br, 1H, CH of poly(acrylic acid)), 1.10–1.90 (m, 21H), 0.98 (d, 3H, CH3), 0.87 (d, 6H, 2CH3).



Synthesis of (S)-poly-1a-b-poly-3: Under dry nitrogen, trifluoroacetic acid (0.1 mL, 1.35 mmol) was added to a CHCl3/1,4-dioxane (5/2, v/v) solution (4.2 mL) of (S)-poly-1a-b-poly-2 (0.061 g, 0.22 mmol), and the mixture was stirred for 24 h at 40 °C. After the solvent was evaporated, the mixture was washed with methanol and dried in vacuo to obtain (S)-poly-1a-b-poly-3 as a black solid (43 mg, 88% yield). IR (KBr, cm–1): 1727 (νC=O of carboxylic acid). 1H NMR (400 MHz, CDCl3, rt): δ 6.98 (s, 1H, Ar–H), 2.76 (br, 2H, Ar–CH2), 2.05 (br, 1H, CH of poly(acrylic acid)), 1.05–1.80 (m, 12H), 0.97 (d, 3H, CH3), 0.86 (d, 6H, 2CH3).



Synthesis of poly-1b-b-poly-3: Poly-1b-b-poly-3 was synthesized using the same method as (S)-poly-1a-b-poly-3 through the click coupling of poly-1b and poly-2 followed by hydrolysis of the tert-butyl ester groups. IR (KBr, cm–1): 1727 (νC=O of carboxylic acid). 1H NMR (400 MHz, CDCl3, rt): δ 6.98 (s, 1H, Ar–H), 2.81 (br, 2H, Ar–CH2), 2.05 (br, 1H, CH of poly(acrylic acid)), 1.10–1.90 (m, 10H), 0.92 (br, 3H, CH3).




2.3.2. Crosslinking of (S)-Poly-1a-b-poly-3 Micelles


To a THF solution (17 mL) of (S)-poly-1a-b-poly-3 (5.0 mg, 22 µmol) was added water (17 mL) at a rate of 0.2 mL/min using a syringe pump. After removing THF in vacuo, 2,2′-(ethylenedioxy)bis(ethylamine) (829 µg, 5.6 µmol) in water (170 µL) was added slowly and the mixture was stirred for 1 h at rt. Next, an aqueous solution of 1-[3’-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (3.3 mg, 11 µmol, 3.3 mL) was added at a rate of 0.2 mL/min using a syringe pump. The resulting polymer was purified using a dialysis membrane (MWCO 3500) in water for 4 days. After removing the water by freeze drying, crosslinked micelles of (S)-poly-1a-b-poly-3 were obtained.






3. Results and Discussion


3.1. Synthesis of Amphiphilic Block Copolymers


Regioregular HT chiral ((S)-poly-1a-N3) and achiral (poly-1b-N3) PTs possessing a terminal azide group were synthesized according to a literature method (Scheme 2) [15,16,17,18,19,20]. Vinyl-terminated PTs (S)-poly-1a and poly-1b were first synthesized from the corresponding 2,5-dibromothiophene derivatives using a Grignard metathesis method (GRIM) with n-butylmagnesium chloride, Ni(dppp)Cl2, and vinylmagnesium bromide as the end-capping reagent [15,16,18]. Based on the integral ratio of the signal attributed to the proton at the 4-position of the thiophene ring to that attributed to the terminal vinyl protons in the 1H NMR spectra of (S)-poly-1a and poly-1b, the average degree of polymerization (DP) and the number average molecular weight (Mn) were determined as 49 and 1.1 × 104 ((S)-poly-1a), and 47 and 7.8 × 103 Da (poly-1b), respectively (Figure S1). The terminal vinyl groups of (S)-poly-1a and poly-1b were first converted into hydroxyethyl groups by hydroboration–oxidation ((S)-poly-1a-OH and poly-1b-OH) and the resulting hydroxy groups were then converted to bromoesters by reacting with 2-bromopropionyl bromide ((S)-poly-1a-Br and poly-1b-Br) [15,16,18]. The terminal bromide groups of (S)-poly-1a-Br and poly-1b-Br were further converted into azide groups by nucleophilic substitution with Me3SiN3 to give (S)-poly-1a-N3 and poly-1b-N3. Conversion of the terminal groups was confirmed in each step by 1H NMR spectroscopy (see Figures S1−S4).



Poly(tert-butyl acrylate) with a terminal ethynyl group (poly-2) was synthesized by the atom transfer radical polymerization (ATRP) of tert-butyl acrylate using copper(I) bromide as the catalyst and prop-2-yn-1-yl 2-bromopropanoate as the initiator in toluene according to a previously reported method (Scheme 2) [17,21,22]. The DP and Mn of poly-2 were determined as 72 and 9.2 × 103 Da, respectively, based on the integral ratio of the methine proton signal in the repeat unit at 2.2 ppm to the methylene proton signals next to the terminal ethynyl group at 4.65 ppm in the 1H NMR spectrum of poly-2 (Figure S5).



Chiral (S)-poly-1a-N3 and poly-2 were transformed into the corresponding block copolymer ((S)-poly-1a-b-poly-2) connected to a triazole ring by a Huisgen cycloaddition using CuBr and PMDETA as the catalyst [17,23,24,25]. Figure 1a shows SEC chromatograms of the obtained (S)-poly-1a-b-poly-2 and precursor polymers (S)-poly-1a-N3 and poly-2). The peak of (S)-poly-1a-b-poly-2 was shifted to a higher molecular weight than the peaks of both (S)-poly-1a-N3 and poly-2, while maintaining the unimodal shape. In the 1H NMR spectrum of (S)-poly-1a-b-poly-2, peaks attributed to the triazole ring were clearly observed at around 5.0–5.6 ppm and 7.7–7.9 ppm, suggesting that the block copolymer was successfully formed through a click reaction. (Figure 1b). Hydrolysis of the tert-butyl group of (S)-poly-1a-b-poly-2 with trifluoroacetic acid afforded the corresponding amphiphilic block copolymer with a poly(acrylic acid) chain ((S)-poly-1a-b-poly-3). The hydrolysis of the tert-butyl group was confirmed as complete by the disappearance of the peak attributed to the tert-butyl group in the 1H NMR spectrum (Figure S6). Similarly, an amphiphilic block copolymer containing an achiral PT chain (poly-1b-b-poly-3) was prepared by the click reaction of poly-1b with poly-2 followed by hydrolysis of the tert-butyl group with trifluoroacetic acid (Figures S7 and S8).




3.2. Chiroptical Properties


The amphiphilic block copolymer (S)-poly-1a-b-poly-3 was expected to form micelles by adding water to a THF solution of (S)-poly-1a-b-poly-3 at a flow rate of 0.1 mL/min using a syringe pump because (S)-poly-1a-b-poly-3 is insoluble in water but soluble in THF. Figure 2a shows the CD and absorption spectra of (S)-poly-1a-b-poly-3 in THF with increasing amounts of water. The CD spectrum of (S)-poly-1a-b-poly-3 in THF showed almost no CD in the wavelength region of the PT backbone absorption, and similar spectra were observed at water contents of up to 70%. However, at a water content of 80%, the peak of the absorption spectrum was significantly redshifted, the solution color significantly changed from orange to purple, and an intense split-type positive Cotton effect was observed in the π–π* transition region of the PT main chain. At a water content of 90%, the absorption spectra of (S)-poly-1a-b-poly-3 showed a further bathochromic shift with a clear isosbestic point at 477 nm and a further increase in CD intensity. The solution remained homogeneous, even after the removal of THF under reduced pressure, and the CD and absorption spectra in water were almost the same as those at a water content of 90%. These results indicated that the amphiphilic block copolymer (S)-poly-1a-b-poly-3 formed micelles in water, with the hydrophobic PT chain forming a supramolecular chiral aggregate in the micelle cores. To investigate the size of the micelle comprising (S)-poly-1a-b-poly-3, DLS measurements were conducted in water and indicated the formation of near-monodisperse micelles with a hydrodynamic radius (Rh) of approximately 50 nm (see Figure S9) [6].



Figure 2b shows the time-dependent CD and absorption spectral changes of (S)-poly-1a-b-poly-3 in water. The CD intensity slightly increased and was accompanied by a slight redshift of the absorption peak after 5 days, and no precipitation was observed, even after 1 week. In contrast, chiral aggregates derived from chiral thiophene homopolymer ((S)-poly-1a) with only a hydrophobic chain in a poor solvent system (CHCl3/methanol (1/1, v/v)) at rt showed a gradual decrease in the CD intensity with time (see Figure S10), with the CD intensity decreasing by more than half the initial value after 24 h due to precipitation of the chiral aggregates. This demonstrates that inducing aggregate formation in the micelle core is a useful method for obtaining chiral supramolecular aggregates that are stable in solution for long periods.



The chiral amplification behavior of chiral aggregate formation of (S)-poly-1a-b-poly-3 in the micelle core was also investigated. In this experiment, micelles were formed from mixtures of chiral (S)-poly-1a-b-poly-3 and achiral poly-1b-b-poly-3 at various feed ratios in THF/water (9:1, v/v) and CD and absorption spectra of these micelles were measured (Figure 3a). Figure 3b shows plots of the observed CD intensity at 565 nm against the feed ratio of chiral (S)-poly-1a-b-poly-3 and a strong negative nonlinear relationship was observed [26], where the observed CD intensity was much lower than predicted by a linear relationship (dotted line in Figure 3b). This result suggested that cooperative interactions between the chiral PT chains played an important role in chiral aggregate formation in the micelle core. Similar negative nonlinear effects have been reported for the formation of chiral supramolecular aggregates of chiral PT chains in a poor solvent [27,28].




3.3. Micelle Stabilization through Crosslinking


The crosslinking of micelles in the shell domain has been reported to lead to the formation of robust nanoparticles known as shell-crosslinked micelles. We performed the shell crosslinking of micelles of (S)-poly-1a-b-poly-3 to determine whether shell crosslinking could increase the stability of the internal chiral aggregate structure formed in the core domain of the micelles. Nominally 50% of the carboxylic acid groups in the poly(acrylic acid) shell of the micelles of (S)-poly-1a-b-poly-3 were crosslinked using a water-soluble diamine, 2,2′-(ethylenedioxy)bis(ethylamine), as a crosslinker molecule and a water-soluble carbodiimide, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide, as a condensing reagent, according to a reported method (Figure 4a) [11,29,30]. After the reaction and purification by dialysis, shell crosslinking through amide bond formation was confirmed by IR analysis, with new peaks attributed to the amide group observed at around 1650 cm−1 (amide I) and 1560 cm–1 (amide II) in the IR spectrum of the resulting micelle (Figure 4b). Figure 5 shows the CD and absorption spectra of (S)-poly-1a-b-poly-3 in water at various temperatures before and after shell crosslinking. Before shell crosslinking, the CD intensity of the micelles decreased with increasing temperature (Figure 5a). However, after crosslinking, the CD and absorption spectra of the shell-crosslinked micelles showed almost no change in the CD intensity at any temperature (Figure 5b). This demonstrated that shell crosslinking of the micelle stabilized the chiral supramolecular aggregates of the PT chains formed in the core.





4. Conclusions


In conclusion, amphiphilic block copolymers consisting of hydrophobic regioregular chiral or achiral PT chains and a hydrophilic poly(acrylic acid) chain were successfully synthesized using a macromolecular click reaction. The chiroptical properties of micelles of the amphiphilic block copolymers containing the chiral PT block were investigated to evaluate the chiral aggregate formation behavior of the PT chains in micelles. Micelles consisting of poly(acrylic acid) as the shell and optically active PT as the core were generated by self-assembly in water, and chiral supramolecular aggregates were formed in the core that were stable in aqueous solution for long periods without precipitation. Chiral aggregates consisting of chiral (S)-poly-1a-b-poly-3 and achiral poly-1b-b-poly-3 formed in the micelle core showed a negative nonlinear relationship between the observed CD intensity and the feed ratio of the chiral unit. Chiral supramolecular aggregates of PT chains formed in the core were highly stabilized by shell crosslinking of the micelles, as evidenced by the CD intensity showing almost no change with increasing temperature. The shell-crosslinked robust nanoparticles possessing chiral supramolecular aggregates in the hydrophobic core could potentially be used as enantioselective sensors and chiral catalysts for asymmetric synthesis. Studies of such applications are currently in progress.
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Scheme 1. Structures of (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3. 






Scheme 1. Structures of (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3.



[image: Polymers 10 00718 sch001]







[image: Polymers 10 00718 sch002 550] 





Scheme 2. Synthesis of amphiphilic block copolymers (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3. 
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Figure 1. Results of the click reaction of (S)-poly-1a-N3 with poly-2: (a) size exclusion chromatography (SEC) traces of (S)-poly-1a-b-poly-2, poly-2, and (S)-poly-1a-N3 in tetrahydrofuran (THF) at 40 °C (PSt standard); (b) 1H NMR spectrum of (S)-poly-1a-b-poly-2 in CDCl3 at rt. 
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Figure 2. Circular dichroism (CD) and absorption spectra of (S)-poly-1a-b-poly-3 in THF/water at rt: (a) effect of THF in water; (b) time-dependent change in water. [(S)-poly-1a-b-poly-3] = 0.5 mg/mL. 






Figure 2. Circular dichroism (CD) and absorption spectra of (S)-poly-1a-b-poly-3 in THF/water at rt: (a) effect of THF in water; (b) time-dependent change in water. [(S)-poly-1a-b-poly-3] = 0.5 mg/mL.



[image: Polymers 10 00718 g002]







[image: Polymers 10 00718 g003 550] 





Figure 3. (a) CD and absorption spectra of aggregates consisting of (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3; (b) Plots of CD intensity at around 565 nm for aggregates consisting of (S)-poly-1a-b-poly-3 and poly-1b-b-poly-3 in THF/H2O (9:1, v/v) at rt. 
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Figure 4. (a) Schematic illustration of shell crosslinking of micelles comprising (S)-poly-1a-b-poly-3 and (b,c) IR spectra of (b) ((S)-poly-1a-b-poly-3 and (c) crosslinked-(S)-poly-1a-b-poly-3 at rt. 
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Figure 5. CD and absorption spectra of the micelles comprising (S)-poly-1a-b-poly-3 (a) before and (b) after shell crosslinking in water at various temperatures. 
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