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Abstract:

 We found novel photo-induced micellizations through photolysis, photoelectron transfer, and photo-Claisen rearrangement. The photolysis-induced micellization was attained using poly(4-tert-butoxystyrene)-block-polystyrene diblock copolymer (PBSt-b-PSt). BSt-b-PSt showed no self-assembly in dichloromethane and existed as isolated copolymers. Dynamic light scattering demonstrated that the copolymer produced spherical micelles in this solvent due to irradiation with a high-pressure mercury lamp in the presence of photo-acid generators, such as bis(alkylphenyl)iodonium hexafluorophosphate, diphenyliodonium hexafluorophosphate, and triphenylsulfonium triflate. The 1H NMR analysis confirmed that PBSt-b-PSt was converted into poly(4-vinylphenol)-block-PSt by the irradiation, resulting in self-assembly into micelles. The irradiation in the presence of the photo-acid generator also induced the micellization of poly(4-pyridinemethoxymethylstyrene)-block-polystyrene diblock copolymer (PPySt-b-PSt). Micellization occurred by electron transfer from the pyridine to the photo-acid generator in their excited states and provided monodispersed spherical micelles with cores of PPySt blocks. Further, the photo-Claisen rearrangement caused the micellization of poly(4-allyloxystyrene)-block-polystyrene diblock copolymer (PASt-b-PSt). Micellization was promoted in cyclohexane at room temperature without a catalyst. During micellization, the elimination of the allyl groups competitively occurred along with the photorearrangement of the 4-allyloxystyrene units into the 3-allyl-4-hydroxystyrene units.
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1. Introduction

Stimuli-responsive polymers have attracted considerable attention because these polymers have many industrial applications, such as sensors [1,2,3], drug carriers [4,5,6], artificial muscles [7,8], optical data storage [9], and electric devices with molecular switches [10,11]. The polymers change their spatial structure in response to stimuli, for example, aggregating [12], aligning [13], bending, [14], and spiraling [15,16]. Molecular self-assembly is also caused by the polymers responding to stimuli, resulting in the construction of high-dimensional structures of the polymers. Stimuli inducing self-assembly of the polymers include pH [17,18], temperature [19,20,21,22], and pressure [23,24,25,26]. Recently, it has been reported that chemical reactions inducing self‑assembly of the polymers; the oxidation [27], reduction [28,29,30], and disproportionation [31,32] of stable nitroxyl radicals supported on the side chains of a block copolymer, promote the micellization of the copolymer to provide micelles that function as oxidants and reductants.

Photochemical reaction is a green-sustainable and energy-saving process for manufactures and is an important trigger for the reversible molecular self-assembly. The polymers reversibly change their structure through cis-trans isomerization, dimerization, and conformational changes of photochromic compounds such as azobenzene [33,34,35], spiropyran [36,37], stilbene [38,39,40], cinnamate [39], and triphenylmethane leuco residues [41]. This reversible behavior is manipulated by UV wavelength of the compounds or sometimes temperature. While these reversible reactions function as the on-off switches, irreversible reactions fix the spatial structure changed by photo irradiation. The structure change by the irreversible photoreaction has been investigated on the photolysis of diazosulfonates [42,43,44], 1-iminopyridinium ylides [45], [4(4'-alkoxybenzoyl)phenylmethyl]phosphonic acids [46], and didecyl-2-methoxy-5-nitrophenyl phosphate [47]. The former three kinds of surfactants lose their surface-active ability by photolysis, resulting in destruction of the micelles and vesicles. On the other hand, didecyl-2-methoxy-5-nitrophenyl phosphate formed vesicles by the photolysis.

We focused on the self-assembly of polymers by the irreversible photoreaction with the aim of creating new photo-based materials for use in optical data storage and optical devices. We chose three kinds of the irreversible photoreactions of the photolysis, photoelectron transfer, and photorearrangement. The photolysis and photorearrangement of pendant groups attached to polymers are important methods often used in the field of photoresist [48,49], while the photoelectron transfer is envisaged to be a new technique, without mass transfer and volume shrinkage, for optical data storage. To attain the self-assembly induced by these photoirreversible reactions, three different block copolymers supporting photoreactive groups were prepared; poly(4-tert-butoxystyrene)-block-polystyrene diblock copolymer (PBSt-b-PSt) for the photolysis-induced micellization, poly(4-pyridinemethoxymethylstyrene)-block-polystyrene (PPySt-b-PSt) for the photoelectron transfer-induced micellization, and poly(4-allyloxystyrene)-block-polystyrene (PASt-b-PSt) for the photorearrangement-induced micellization. This review describes the novel micellizations promoting the irreversible reactions of these photoreactive groups attached to the block copolymers.



2. Results and Discussion


2.1. Photolysis-Induced Micellization [50,51]

The photolysis-induced micellization was determined for a PBSt-b-PSt diblock copolymer (Scheme 1). The PBSt-b-PSt diblock copolymer shows no self-assembly in dichloromethane since the PBSt and PSt blocks are solvophilic to it. Light scattering studies demonstrated that the copolymer self-assembled into micelles in dichloromethane, by irradiation, in the presence of a photo-acid generator. Figure 1 shows the variation in the hydrodynamic diameter (DH) and the relative scattering intensity (I/I0) of the copolymer with a molecular weight of Mn(PBSt-b-PSt) = 15,000-b-97,000 during irradiation using bis(alkylphenyl)iodonium hexafluorophosphate (BAI) as a photo-acid generator. The molar ratio of BAI to the BSt unit was 0.38. The relative scattering intensity can be regarded as an apparent aggregation number of micelles when it is assumed that change of the functional groups by irradiation has no effect on the scattering intensity. This is because the copolymer concentration is immutable during micellization. The hydrodynamic diameter and scattering intensity showed a good correlation. They increased at 4.5 h and became constant after 5 h, indicating that micellization was then complete. The hydrodynamic diameter of the micelles averaged 63.0 nm, while that of the isolated copolymer, that is a unimer, was 16.6 nm based on the cumulant analysis. The observation of the jump and the constant state within a short time period suggests rapid micellization due to the strong aggregation force.

Figure 1. The variation in the hydrodynamic diameter (DH), relative scattering intensity (I/I0), and conversion of the copolymer during irradiation using BAI. Mn(PBSt-b-PSt) = 15,000-b-97,000, [copolymer]0 = 3.30 g/L.
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The variation in the scattering intensity distribution of the hydrodynamic diameter also supported the formation of micelles by rapid association. Figure 2 shows the scattering intensity distribution obtained by the Marquadt analysis [52]. The distribution was shifted to the higher side of the hydrodynamic diameter over time by irradiation. The slight shift in distribution at 3.5 h implies that aggregates with a lower aggregation number were formed during the first stage and those associated into micelles, rather than the unimers incorporating step by step into micelles.

Figure 2. Scattering intensity distributions of the hydrodynamic diameter of the copolymer. [copolymer]0 = 3.30 g/L.
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Scheme 1. The PBSt-b-PSt diblock copolymer. 






Scheme 1. The PBSt-b-PSt diblock copolymer.
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TEM observation confirmed the formation of spherical micelles through irradiation. The TEM image of the micelles is shown in Figure 3. The diameter of the micelles was estimated to average 40.6 nm based on the TEM. Compared to the micellar size determined by the cumulant analysis, the TEM exhibited a smaller diameter of the micelles than the dynamic light scattering. The estimation of the smaller micelles size, can be accounted for by the fact that the micelles in the solution contracted when isolated in air.

Figure 3. A TEM image of the micelles. Mn(PBSt-b-PSt) = 15,000-b-97,000.
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Irradiation of the copolymer in the absence of BAI, and the dark reaction in its presence, produced no changes to the hydrodynamic diameter and scattering intensity. These two control experiments suggest that the structure of PBSt-b-PSt was changed by the irradiation on BAI. The 1H NMR confirmed that micellization was caused by the elimination of the tert-butyl groups in the copolymer. Figure 4 shows the 1H NMR spectra of the copolymer before and after irradiation. The 1H NMR measurements were performed in 1,4-dioxane-d8. Signals at 1.29 ppm, based on the tert-butyl groups were hardly observed after the irradiation. The disappearance of the signals implies that the tert-butyl groups, were eliminated from the copolymer. PBSt-b-PSt should have been converted into poly(4-vinylphenol)-block-PSt (PVPh-b-PSt) by the hydrolysis of the tert-butoxy groups with the photo-acid generator as a catalyst (Scheme 2), based on the mechanism of the hydrolysis of poly(4-tert-butoxystyrene) [53]. A signal, based on the hydroxyl groups of the PVPh blocks, could not be discerned due to the fact that it overlapped with the signals of the aromatic protons and had too low an intensity. In addition, it is clear that the disappearance of the butyl proton signals and no observation of the hydroxyl signal were not based on the self-assembly of the copolymer into micelles. This is because PVPh-b-PSt showed no self-assembly in 1,4-dioxane-d8 and existed as unimers. The conversion of the BSt units into the VPh units was estimated based on the signal intensity of the tert-butyl protons to that of the aromatic protons at 6.3–7.7 ppm. The time-conversion plots are shown in Figure 1. The conversion started increasing at an earlier stage than the scattering intensity. The scattering intensity jumped when the conversion reached 50%, indicating that micellization was dependent on the degree of the VPh unit formation.

Figure 4. 1H NMR spectra of the copolymer before (bottom) and after irradiation (upper, irradiation time = 5.5 h). Solvent: 1,4-dioxane-d8.
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Scheme 2. Micellization induced by photolysis of PBSt-b-PSt. 






Scheme 2. Micellization induced by photolysis of PBSt-b-PSt.
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The study of micellization using different kinds of photo-acid generators demonstrated that micellization, coupled with the conversion, were dependent on the ability of the photo-acid generator. Micellization by irradiation was evaluated using diphenyliodonium hexaflurophosphate (DPI) and triphenylsulfonium triflate (TPS). Figure 5 shows the variation in the hydrodynamic diameter, scattering intensity, and conversion during irradiation by BAI, DPI, and TPS. The conversion for DPI started increasing slightly earlier than that for BAI, although there is a negligible difference in the transition of the scattering intensity and hydrodynamic diameter. On the other hand, TPS needed a longer irradiation time to promote micellization as compared to BAI and DPI. This difference in promoting micellization was clarified on the basis of the UV analysis of the photoacid generators. Figure 6 shows the UV spectra of the photo-acid generators and the PBSt-b-PSt copolymer, coupled with the illumination intensity of the irradiation, versus the wavelength for the high-pressure mercury lamp. It is considered that the irradiation reaction of the photo-acid generators occurred around 290 nm, because, at this wavelength, the absorption of the photo-acid generator overlapped at its highest proportion with the illumination intensity of the lamp without any obstruction from the copolymer. The absorbance of the photo-acid generators decreased in the order of BAI > DPI > TPS. In particular, TPS had a slight absorption at 290 nm. It can be deduced that the difference in the absorption intensity among the photo-acid generators was reflected in the irradiation time needed to initiate micellization.

Figure 5. The variation in the hydrodynamic diameter, scattering intensity, and conversion of the copolymer during irradiation in the presence of BAI (○), DPI (●), and TPS (▲). [copolymer]0 = 3.30 g/L. Photo-acid generator/BSt unit = 0.38.
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Figure 6. UV spectra of BAI (a), DPI (b), TPS (c), and PBSt-b-PSt (d) with the illumination intensity of irradiation of the high-pressure mercury lamp (e). Solvent: dichloromethane. Mn(PBSt-b-PSt) = 15,000-b-97,000.
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The efficiency of micellization was also dependent on the concentration of the photo-acid generator. Figure 7 shows the variation in the hydrodynamic diameter, scattering intensity, and conversion during irradiation, in the presence of DPI at the DPI/BSt molar ratios of 0.38 and 1.00. More sharply and earlier jumping was observed at 1.00, indicating that micellization was promoted more effectively at 1.00. Consequently, the irradiation time needed for micellization was manipulated by the concentration of the photo-acid generator.

Figure 7. The variation in the hydrodynamic diameter, scattering intensity, and conversion during irradiation at 0.38 (○) and 1.00 (●) of DPI/BSt. [copolymer]0 = 3.30 g/L, Mn(PBSt-b-PSt) = 15,000-b-97,000.



[image: Polymers 02 00623 g007 1024]







The block length of the copolymer had an effect not only on the micellar size and scattering intensity, but also on the conversion. For the identical PBSt block length (Mn = 15,000), the effect of the PSt block length on micellization was explored. Figure 8 shows the variation in the hydrodynamic diameter, scattering intensity, and conversion during irradiation using copolymers with PSt block lengths of Mn = 63,000 and 170,000, respectively. Regarding the hydrodynamic diameter and the scattering intensity, it was observed that the copolymer with the shorter PSt block exhibited transition at an earlier stage than with the longer PSt. The copolymer with the shorter PSt more easily aggregated into micelles. The shorter PSt sample produced smaller micelles with a higher aggregation number due to the shorter length of the PSt blocks. The conversion of the shorter PSt sample also started increasing slightly earlier than for the longer sample. The reason why the shorter PSt sample initiated micellization earlier is also based on the faster conversion.

Figure 8. The variation in the hydrodynamic diameter, scattering intensity, and conversion during irradiation using copolymers with Mn(PSt block) = 63,000 (●) and 170,000 (O). Mn(PBSt block) = 15,000, [copolymer]0 = 3.30 g/L, DPI/BSt = 0.38.
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2.2. Photoelectron Transfer-Induced Micellization [54]

Diaryliodonium salt has been widely used not only as an acid catalyst for the hydrolysis in the excited state, but also as an initiator for photocationic polymerization [55,56] and a promoter for the nitroxide-mediated photo-living radical polymerization [57,58,59,60,61,62,63]. The iodonium salts efficiently undergo photolysis with a quantum yield of 0.7 to 0.9 [64] and have a lower reduction potential than triarylsulfonium salts [65,66]. The mechanism of the photolysis first involves photoexcitation of diarylidodonium salt and then decay of the resulting excited singlet state with both heterolytic and homolytic cleavages of the carbon-iodine bond, resulting in the formation of free-radical, cationic, and cation-radical fragments [64]. The aryl cations and aryliodine cation radicals further react with the solvent, monomers, or impurities to produce photonic acids. In the presence of electron donors, diaryliodonium salt forms an exciplex with the electron donor, followed by a photo-induced electron transfer from the electron donor to the diaryliodonium salt to provide the electron donor cation radical and the diaryliodine radical by irreversible photodecomposition [64,67]. We found a novel photoelectron transfer-induced micellization using the formation of the exciplex by diaryliodonium salt. The irreversible photo-induced self-assembly accompanied by no mass transfer has the potential to provide less volume shrinkage when recording holograms for optical information-storage media.

The photoelectron transfer-induced micellization of poly(4-pyridinemethoxymethylstyrene)-block-polystyrene diblock copolymer (PPySt-b-PSt) was performed in 1,4-dioxane using DPI at a 0.3 molar ratio to the PySt unit. The reaction was carried out for 7 h at room temperature by irradiation using a high-pressure mercury lamp. Figure 9 shows the scattering intensity distributions and lnG1(τ) versus τ for the copolymer solution before and after the reaction. The scattering intensity distributions were obtained by Marquardt analysis in the DLS. G1(τ) is the normalized time correlation function of the scattered field and is given by the following equation using G2(τ), the time correlation function of the scattered intensity.

Figure 9. The scattering intensity distributions of the hydrodynamic diameter (DH) and plots of lnG1(τ) vs. τ for PPySt-b-PSt before (upper) and after the irradiation for 7 h (lower). [PPySt-b-PSt] = 2.86 g/L.
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G2(τ) = A(1 + β│G1(τ)│2)



(1)




where A is a baseline that corresponds to the square of the average scattering intensity, and β is an efficiency factor. Before the reaction, the distribution of the copolymer was observed at ca. 25 nm hydrodynamic diameter. This distribution shifted to ca. 70 nm by irradiation for 7 h, and no observation was made of the original distribution. All the isolated copolymers self-assembled into micelles. The diameters of the isolated copolymers and micelles were estimated by cumulant analysis to be 27.2 and 68.9 nm, respectively. It was suggested that the copolymer formed monodispersed spherical micelles based on the linear decay of the lnG1(τ) value. For spherical particles with a monodispersity, G1(τ) displays a single exponential decay curve and is represented by Equations (2) and (3)


G1(τ) = exp(−Γτ)



(2)






lnG1(τ) = −Γτ



(3)




where Γ is the decay constant and τ is the delay time [67].
The 1H NMR analysis demonstrated that the micelles had cores formed by the PPySt blocks. The spectra of the copolymer solution at each time step are shown in Figure 10. The copolymer solution before irradiation, exhibited the respective signals based on the copolymer and DPI. Signals of the protons located at the 2-positions on the pyridine were observed at 8.4–8.6 ppm. The signals at 6.0–7.4 ppm were attributed to the aromatic protons. Signals of the methylenes connecting the pyridine with the phenyl were observed at 4.1–4.6 ppm. In addition to the main chain signals at 1.3–2.4 ppm, signals of the tetramethyl protons for the 4-methoxy-TEMPO attached to the polymer chain end were observed at 0.87 and 0.94 ppm. Furthermore, signals originating from DPI were observed at 8.19, 7.66, and 7.52 ppm. These were assigned to the protons at the 2-positions, 4-position, and 3-positions on the phenyls. When the copolymer solution was irradiated, the signal intensity at 8.4–8.6 and 4.1–4.6 ppm decreased with the irradiation time and almost disappeared at 6 h. This disappearance of the signals based on the PPySt blocks indicates that the PPySt blocks were shielded by the self-assembling copolymer, that is, the PPySt blocks formed the cores of the micelles. The signal intensity based on DPI also decreased with time, and finally, the signals were replaced by the new signals observed at 7.75 and 7.33 ppm. These signals were attributed to iodobenzene based on the photodecomposition mechanism of diaryliodonium salts [56,64,69]. The iodobenzene, coupled with biphenyl have been observed in the photodecomposition of DPI [65,70]. This replacement of the signals did not occur when the irradiation of a solution containing only DPI was carried out for 3.5 h. Furthermore, the dark reaction of the copolymer solution in the presence of DPI promoted no micellization. Based on these results, the proposed mechanism of micellization of PPySt-b-PSt by DPI is shown in Scheme 3.

Figure 10. 1H NMR spectra of the copolymer during irradiation, DPI, and iodobenzene. Solvent: 1,4-dioxane-d8. [PPySt-b-PSt] = 3.00 g/L.
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The variations in the hydrodynamic diameter and scattering intensity during micellization, coupled with the signal intensity ratio of the methylene protons to the aromatic protons in the 1H NMR, are shown in Figure 11. While the signal intensity ratio decreased with the irradiation time and reached zero at 4 h, the hydrodynamic diameter and scattering intensity increased and reached a steady state after 5 h. This suggested that the micellization was completed within 5 h.

Figure 11. The variation in the signal intensity ratio of the methylene protons in 1H NMR (INMR), hydrodynamic diameter (DH), and scattering intensity (IDLS) of the copolymer in DLS during irradiation.



[image: Polymers 02 00623 g011 1024]












[image: Polymers 02 00623 g019 1024]





Scheme 3. The photoreaction mechanism of PPySt-b-PSt and DPI. 






Scheme 3. The photoreaction mechanism of PPySt-b-PSt and DPI.
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2.3. Photo-Claisen Rearrangement-Induced Micellization [69]

Photorearrangements proceed without mass transfer as well as the photoelectron transfer, and are superior to the photoelectron transfer occurring without catalysts. While several photorearrangements have been observed for N-aryl lactams [72,73], the carboxylic acid derivatives of N-aryl amides [74,75], enol esters [76,77], enol lactones [78], enamides [79], and the sulfonic acid derivative of N-aryl amides [80], a number of publications have reported the photo-Claisen rearrangement [81,82,83] and photo-Fries rearrangement [81,84,85,86].

We performed photo-Claisen rearrangement-induced micellization for a poly(4-allyloxystyrene)-block-polystyrene diblock copolymer (PASt-b-PSt). The allyloxystyrene units underwent photo-Claisen rearrangement by irradiation of a cyclohexane solution containing the PASt-b-PSt copolymer (Scheme 4). Figure 12 shows the 1H NMR spectrum of the resulting copolymer by the irradiation of PASt-b-PSt. Irradiation was performed at room temperature for 18 h. In addition to the signals of the allyloxy groups, signals originating from the allylbenzyl groups were observed at 3.1–3.8 ppm. The allylbenzyl groups were attributed to the 3-allyl-4-hydroxystyrene units generated by the photorearrangement of the allyloxystyrene units. A signal for the hydroxyl groups of the 3-allyl-4-hydroxystyrene units was not observed due to its too low intensity and the fact that it overlapped with the signals of the aromatic protons. Accordingly, the conversion of the allyloxystyrene units was estimated on the basis of the proportion of the decrease in the signal intensity of the allyl protons at 4.3–4.7 ppm to that of the aromatic protons at 6.3–7.9 ppm. The conversion was 66% at the 18 h irradiation time. The time-conversion plots of the allyloxystyrene units for the photoreaction are shown in Figure 13. The conversion linearly increased over time. However, the proportion of the increase in the signal intensity of the allylbenzyl protons to the decrease in that of the allyl protons was only 45% at the 18 h irradiation time. This unquantitative proportion of the increase in the signal intensity suggests that part of the allyl groups was eliminated during the reaction. The elimination is considered to produce the vinylphenol units, when taking into account that the photo-Claisen rearrangement of allyl phenyl ether partly caused the formation of phenol [87].

Figure 12. 1H NMR spectrum of the copolymer obtained by irradiation of PASt-b-PSt. Solvent: CDCl3.
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Figure 13. The time-conversion plots of the allyloxystyrene units for the photorearrangement. [copolymer]0 = 1.64 g/L.
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Scheme 4. The photo-Claisen rearrangement of PASt-b-PSt. 






Scheme 4. The photo-Claisen rearrangement of PASt-b-PSt.
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The degree of the rearrangement and elimination of the allyl groups were determined by 1H NMR. Figure 14 shows the plots of the degree of the rearrangement and elimination versus the conversion of the allyloxystyrene units. No elimination occurred up to ca. 20% conversion and the quantitative rearrangement proceeded. However, after the 20% conversion, the degree of rearrangement decreased with the increase in the conversion. Whereas the degree of elimination increased with the increasing conversion. The degree of the rearrangement and elimination were in good agreement regarding their material balance throughout the course of the reaction. Both the rearrangement and elimination finally reached ca. 50% degrees when the conversion was over 60%. This implies that elimination occurs during the course of the allyl rearrangement, rather than after it was completed.

Figure 14. Plots of the degree of the rearrangement and elimination vs. the conversion of the allyloxystyrene units. [copolymer]0 = 1.64 g/L.
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The light-scattering studies demonstrated that the PASt-b-PSt copolymer formed micelles during the photoreaction. The variation in the relative scattering intensity (I/I0) and hydrodynamic diameter (DH) of the copolymer is shown in Figure 15. The light-scattering measurements were performed at 40 °C. The copolymer showed no self-assembly in cyclohexane at 40 °C and existed as a unimer with a 35.3-nm diameter. The presence of the copolymer as unimer was also confirmed by 1H NMR analysis based on the fact that the signal intensity ratios of the protons composing the copolymer were in good agreement with the structure. The scattering intensity increased with time, indicating aggregation of the copolymer. The hydrodynamic diameter of the copolymer also increased with time, although some scattering occurred in the plots. The Marquadt analysis also proved the formation of micelles. Figure 16 shows the scattering intensity distribution for the hydrodynamic diameter of the copolymer before and after irradiation. Before irradiation, the distribution of the hydrodynamic diameter was observed around 35 nm based on the unimers. After irradiation for 24 h, the hydrodynamic diameter distribution shifted to around 100 nm, which is attributed to the micelles. The hydrodynamic diameter of the micelles was estimated to be 98.1 nm. The micelles almost showed a linear decay of lnG1(τ) vs. τ, suggesting a spherical shape. However, not completely reaching linear decay of lnG1(τ) implies micelles were not monodispersed, probably due to the fact that the resulting irradiation blocks contained two kinds of unites of the 3-allyl-4-hydroxystyrene and 4-vinylphenol.

Figure 15. The variation in the relative scattering intensity and hydrodynamic diameter of the copolymer. [copolymer]0 = 1.64 g/L.
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Figure 16. Scattering intensity distribution for the hydrodynamic diameter of the copolymer before and after irradiation. Irradiation time: 24 h. [copolymer]0 = 1.64 g/L.
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3. Experimental Section

Instrumentation 1H NMR measurements were conducted using a Varian 300 FT NMR spectrometer. The size exclusion chromatography (SEC) was performed using a Tosoh GPC-8020 instrument equipped with a DP-8020 dual pump, a CO-8020 column oven, and a RI-8020 refractometer. Two polystyrene gel columns, Tosoh TSK G2000HXL and G4000HXL, were used, with THF as the eluent, at 40 °C. Light scattering measurements were performed with a Photal Otsuka Electronics ELS-8000 electrophoretic light scattering spectrophotometer equipped with a system controller, an ELS controller, and a He-Ne laser operating at λ = 632.8 nm. The irradiation reaction was carried out using a Wacom HX-500 illuminator with a 500 W high-pressure mercury lamp. Transmission electron microscopy (TEM) measurements were performed using a JEOL JEM-2010 electron microscope.

Materials 4-Methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO) [88] was prepared as reported previously. Benzoyl peroxide (BPO) was precipitated from chloroform and crystallized in methanol at 0 °C. Commercial grade 4-vinylbenzylchloride (VBC) and styrene were washed with aqueous alkaline solution and water and distilled over calcium hydride. The poly(tert-butoxystyrene) terminated with MTEMPO (PBSt-MTEMPO) was prepared as reported previously [89]. The degree of polymerization was DP = 87.3, and the molecular weight was Mn = 15,000, by 1H NMR. SEC estimated the molecular weight and the molecular weight distribution as Mn = 10,000 and Mw/Mn = 1.17, respectively based on polystyrene standards. Commercial grade styrene was washed with aqueous alkaline solution and water and distilled over calcium hydride. Dichloromethane was purified by refluxing on calcium hydride for several hours and distilled over calcium hydride. N,N-Dimethylformamide (DMF) was stirred over calcium hydride at room temperature for 1 h, and was distilled over it, under the reduced pressure. 1,4-Dioxane was purified by refluxing on sodium for several hours and distilled over it. Sodium hydride was washed with hexane and was dried in vacuo for 1 h. Tetrahydrofuran (THF) and cyclohexane were distilled over sodium. Allyl chloride was also distilled over calcium hydride. BAI in 50 wt% propylene carbonate solution was supplied from Wako Pure Chemical Industries Ltd. DPI and TPS were purchased from Sigma-Aldrich. These photoacid generators were used without further purification. 4-Pyridinemethanol was purchased from Tokyo Chemical Industry and was used without further purification.

Synthesis of PBSt-b-PSt with Mn(PBSt-b-PSt) = 15,000-b-97,000 A mixture of the PBSt-MTEMPO (2.00 g) and styrene (10 mL) was placed in an ampule. After degassing the contents, the ampule was sealed in vacuo. Polymerization was carried out at 125 °C for 14 h and terminated by cooling with liquid nitrogen. The reaction mixture was dissolved in dichloromethane and poured into hexane to precipitate the polymer. The polymer was purified by repeated reprecipitation from dichloromethane into hexane. The precipitate was then dried in vacuo for several hours to obtain PBSt-b-PSt (9.78 g). The molecular weight and molecular weight distribution of the copolymer were estimated by SEC as Mn = 58,000 and Mw/Mn = 1.36 based on polystyrene standards. The absolute molecular weight of the copolymer was determined by 1H NMR as Mn(PBSt-b-PSt) = 15,000-b-97,000.

Synthesis of PBSt-b-PSt with Mn(PBSt-b-PSt) = 15,000-b-63,000 A mixture of the PBSt-MTEMPO (1.00 g) and styrene (2.5 mL) was placed in an ampule. After degassing the contents, the ampule was sealed in vacuo. The polymerization was carried out at 125 °C for 35 h and terminated by cooling with liquid nitrogen. The reaction mixture was dissolved in dichloromethane (8 mL) and poured into hexane (2 L). The suspension was subjected to a centrifugal separator to precipitate a polymer. The precipitate was collected, then dried in vacuo for several hours to obtain PBSt-b-PSt (1.61 g). The molecular weight and molecular weight distribution of the copolymer were estimated by SEC as Mn = 40,000 and Mw/Mn = 1.31 based on polystyrene standards. The absolute molecular weight of the copolymer was determined by 1H NMR as Mn(PBSt-b-PSt) = 15,000-b-63,000.

Synthesis of PBSt-b-PSt with Mn(PBSt-b-PSt) = 15,000-b-170,000 A mixture of the PBSt-MTEMPO (0.5 g) and styrene (5 mL) was placed in an ampule. After degassing the contents, the ampule was sealed in vacuo. The polymerization was carried out at 125 °C for 64 h and terminated by cooling with liquid nitrogen. The reaction mixture was dissolved in dichloromethane (30 mL) and poured into hexane (3 L) to precipitate a polymer. The precipitate was dried in vacuo for several hours to obtain PBSt-b-PSt (5.05 g). The molecular weight and molecular weight distribution of the copolymer were estimated by SEC as Mn = 60,000 and Mw/Mn = 1.97 based on polystyrene standards. The absolute molecular weight of the copolymer was determined by 1H NMR as Mn(PBSt-b-PSt) = 15,000-b-170,000.

Synthesis of poly(4-vinylbenzylchloride) (PVBC) VBC (32.5 g, 213 mmol), BPO (0.650 g, 2.68 mmol), and MTEMPO (0.600 g, 3.22 mmol) were placed in an ampule. After degassing the contents, the ampule was sealed in vacuo. The polymerization was carried out at 125 °C for 130 min and terminated by cooling with liquid nitrogen. The product was dissolved in dichloromethane (70 mL) and poured into methanol (10 L) to precipitate a polymer. The resulting polymer was dried in vacuo for 7 h to obtain PVBC (26.8 g). The polymer was purified by reprecipitation from dichloromethane into methanol. The degree of polymerization was DP = 78.6 and the molecular weight was Mn = 12,000 by 1H NMR. The molecular weight distribution was Mw/Mn = 1.29 by SEC based on the polystyrene standards.

Synthesis of poly(4-vinylbenzylchloride-block-polystyrne) diblock copolymer (PVBC-b-PSt) The PVBC (6.00 g) and styrene (27.3 g, 262 mmol) were placed in an ampule. After degassing the contents, the ampule was sealed in vacuo. The polymerization was carried out at 125 °C for 38 h. The product was dissolved in dichloromethane (220 mL) and then poured into methanol (12 L) to precipitate a polymer. The resulting polymer was dried in vacuo for 9 h to obtain PVBC-b-PSt (25.7 g). The polymer was purified by reprecipitation from dichloromethane into methanol. The degree of polymerization of the PSt block was DP = 467.2 and its molecular weight was Mn = 49,000 by 1H NMR. The molecular weight distribution of the copolymer was Mw/Mn = 1.88 by SEC based on the polystyrene standards.

Synthesis of PPySt-b-PSt A solution of 4-pyridinemethanol (1.42 g, 13.0 mmol) in DMF (20 mL) was added to a suspension of sodium hydride (468 mg, 19.5 mmol) in DMF (1 mL) at 0 °C under nitrogen. The mixture was stirred at room temperature for 1 h. A solution of the PVBC-b-PSt (2.00 g, 2.59 mmol as the VBC unit) in DMF (20 mL) was added to the mixture at 0 °C under nitrogen. The mixture was stirred at 0 °C under nitrogen for 2 h and was further stirred at room temperature for 17 h. The resulting mixture was poured into methanol (2 L) to precipitate a polymer. The precipitates were collected and dried in vacuo for 6 h to obtain PPySt-b-PSt (2.00 g). The substitution degree of the chloride by the 4-pyridinemethoxide was confirmed to be 100% by 1H NMR. The molecular weight of the PPySt-b-PSt was determined by 1H NMR to be Mn(PPySt-b-PSt) = 18,000-b-45,000.

Synthesis of a poly(vinylphenol)-block-polystyrene diblock copolymer (PVPh-b-PSt) The PBSt-b-PSt (Mn(PBSt-b-PSt) = 15,000-b-97,000, 2.00 g) was dissolved in THF (70 mL). Concentrated hydrochloric acid (7 mL) was added to the copolymer solution. The mixture was heated at 85 °C for 4.5 h. The resulting solution was concentrated to ca. 30 mL by an evaporator and was poured into water (1 L) to precipitate a polymer. The precipitates were collected by filtration, and then freeze-dried with 1,4-dioxane. PVPh-b-PSt (1.593 g) was obtained. The molecular weight of the PVPh-b-PSt was determined to be Mn(PVPh-b-PSt)= 11,000-b-97,000 by 1H NMR.

Synthesis of PASt-b-PSt The PVPh-b-PSt (0.70 g) was dissolved in DMF (15 mL). Sodium hydride (0.414 g, 17.3 mmol) was added to the copolymer solution at 0 °C under nitrogen atmosphere. The suspension was stirred at 0 °C for 5 min and was further stirred at room temperature for 1 h. Allyl chloride (1.41 g, 18.4 mmol) in DMF (5 mL) was added to the suspension at 0 °C. The mixture was stirred at 0 °C for 5 min and was further stirred at room temperature for 20 h. The resulting solution was poured into methanol (1 L) to precipitate a polymer. The precipitates were collected by filtration and then dried in vacuo for several hours. PASt-b-PSt (0.68 g) was obtained. The molecular weight of the PASt-b-PSt was determined to be Mn(PASt-b-PSt)= 14,000-b-97,000 by 1H NMR.

Irradiation reaction of PBSt-b-PSt: general procedure PBSt-b-PSt (Mn(PBSt-b-PSt) = 15,000-b-97,000, 363 mg) was dissolved in dichloromethane (110 mL). After the solution had stood at room temperature for 1 h, the solution was injected through a microporous filter. BAI in 50 wt% propylene carbonate solution (146 mg) was put in a 100mL-round flask covered with aluminum foil. The PBSt-b-PSt solution (97.3 mL) was poured into the flask containing the photoacid generator. The mixture was irradiated with a high-pressure mercury lamp under a nitrogen atmosphere at room temperature for the specified time. The resulting solution was subjected to light scattering measurement at 20 °C. The solution was concentrated by an evaporator and was poured into hexane to remove the photoacid generator. The precipitated polymer was purified by repeated reprecipitation from dichloromethane into hexane. The precipitate was then dried in vacuo for several hours to quantitatively obtain the resulting polymer.

Irradiation reaction of PPySt-b-PSt The PPySt-b-PSt (286 mg, 0.339 mmol of the PySt unit) and DPI (43 mg, 0.101 mmol) were dissolved in 1,4-dioxane (100 mL). The solution was injected through a microporous filter and was placed in a round-bottom flask. The solution was irradiated using a high-pressure mercury lamp at room temperature for 7 h. The resulting solution (3.5 mL) was subjected to light scattering measurement performed at 20 °C.

Irradiation reaction of PASt-b-PSt: general procedure Cyclohexane was deoxygenated by bubbling with nitrogen for 15 min. The PASt-b-PSt (8.2 mg) was dissolved in deoxygenated cyclohexane (5 mL). This copolymer solution was stirred at room temperature for 30 min under nitrogen atmosphere to deoxygenate it. The solution was irradiated with a high-pressure mercury lamp at room temperature for a specified time. The resulting solution was concentrated with an evaporator and was freeze-dried with 1,4-dioxane. The resulting copolymer was subjected to light scattering measurements at 40 °C and 1H NMR analysis.

Light scattering measurements The light scattering measurements were performed at the angle θ = 90°. The hydrodynamic diameter of the copolymer was estimated by cumulant analysis, while the scattering intensity distribution of hydrodynamic diameter was obtained by Marquadt analysis [52].

TEM measurements A drop of the micellar solution obtained by irradiation was allowed to fall on a Cu grid with a carbon substrate, and the solvent was immediately evacuated using a filter paper. The grid was dried in air for a few hours and then subjected to TEM observations.

1H NMR measurement The PPySt-b-PSt (3.0 mg, 3.56 × 10−3 mmol of the PySt unit) and DPI (0.4 mg, 9.39 × 10−4 mmol) were dissolved in 1,4-dioxane-d8 (1 mL). The solution was placed in an NMR tube and irradiated using a high-pressure mercury lamp at room temperature. The 1H NMR measurement of the resulting solution was performed.



4. Conclusions

The novel photo-induced micellizations were attained through photolysis, photoelectron transfer, and photo-Claisen rearrangement using block copolymers supporting the photoreactive groups at the side chains. The tert-butoxy groups on PBSt-b-PSt were photodecomposed into the hydroxyl groups by irradiation in the presence of the photo-acid generators, causing self‑assembly of the copolymer into micelles. The photoelectron transfer-induced micellization was attained using the pyridine-containing diblock copolymer and the photo-acid generator. The micellization of PPySt-b-PSt was expected to occur by the formation of the exciplex through the electron transfer from the pyridine groups to the photo-acid generator. The copolymer formed monodispersed spherical micelles with cores of PPySt blocks. The photo-Claisen rearrangement also promoted the micellization of the block copolymer. The photorearrangement of the allyloxystyrene units of PASt-b-PSt quantitatively proceeded up to a 20% conversion to produce the 3-allyl-4-hydroxystyrene units, while elimination of the allyl groups competitively occurred after 20% conversion. Photorearrangement and elimination degrees showed good agreement in their material balance throughout the course of the reaction. These studies on micellizations induced by irreversible photoreactions, demonstrate that many photochemical reactions can be employed as driving forces of the self-assembly of polymers to produce new architectures and nanomaterials.
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