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Abstract

:

A poly(styrene-b-vinylbenzyl triazolylmethyl methyladenine) (PS-b-PVBA) diblock copolymer and a poly(vinylbenzyl triazolylmethyl methylthymine) (PVBT) homopolymer were prepared through a combination of nitroxide-mediated radical polymerizations and click reactions. Strong multiple hydrogen bonding interactions of the A···T binary pairs occurred in the PVBA/PVBT miscible domain of the PS-b-PVBA/PVPT diblock copolymer/homopolymer blend, as evidenced in Fourier transform infrared and 1H nuclear magnetic resonance spectra. The self-assembled lamellar structure of the pure PS-b-PVBA diblock copolymer after thermal annealing was transformed to a cylinder structure after blending with PVBT at lower concentrations and then to a disordered micelle or macrophase structure at higher PVBT concentrations, as revealed by small-angle X-ray scattering and transmission electron microscopy.
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1. Introduction


The self-assembly of diblock copolymers (A-b-B) has received much attention for possible applications in, for example, drug delivery and the preparation of mesoporous materials, photonic crystals, and photovoltaic devices [1,2,3,4,5]. In the bulk state, diblock copolymers form several typical self-assembled nanostructures including lamellae, cylinders, gyroids, and spherical structures depending on the volume fractions and overall molecular weights of their block copolymer segments and their Flory-Huggins interaction parameters [6,7,8]. Although block copolymers with various types (and volume fractions) of segments can be synthesized using several variations of living polymerizations, these approaches can be expensive and time-consuming [9,10,11]. As a result, blending of a homopolymer C into a diblock copolymer (A-b-B) segment, with stabilization through strong hydrogen bonding, and varying the volume fractions of the diblock copolymer, has become the preferred method for the preparation of a range of well-defined self-assembled structures [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. Examples of such A-b-B/C blends stabilized through hydrogen bonding have been reported for four different systems, both experimentally and theoretically: poly(styrene-b-vinylphenol) (PS-b-PVPh) blended with poly(4-vinylpyridine) (P4VP), poly(methyl methacrylate) (PMMA), polycaprolactone (PCL), or poly(ethylene oxide) (PEO) homopolymers; PVPh-b-PMMA and PVPh-b-PCL blended with PVP homopolymers; and PS-b-P4VP and PCL-b-P4VP blending with phenolic or PVPh homopolymers [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. In all of these cases, however, the block segments and homopolymers feature units capable of forming only a single hydrogen bond (e.g., phenolic hydroxyl, pyridine, ether, and carbonyl groups). For example, PVPh/P4VP miscible blends have been considered as examples of systems featuring strong hydrogen bonds, with an inter-/self-association equilibrium constant ratio (KA/KB) of 1200/66 = 18, and have been investigated widely [36,37,38]. Nevertheless, their single-site hydrogen bonding interactions are considerably weaker than those in systems featuring multiple hydrogen bonding interactions [39,40,41,42,43].



The applications of complementary multiple hydrogen bonding in supramolecular structures, formed from synthetic polymers featuring nucleotide bases on their side chains, have received much recent interest. The values of KA can be tuned from several hundreds to greater than 107 for polymer chains capable of forming multiple hydrogen bonding interactions [44,45,46,47,48,49]. The most important multiple hydrogen bonds are those found in complex biological systems, in particular, in DNA, a near-perfect example of a macromolecular structure in polymer science. It remains a challenge to develop synthetic polymers capable of mimicking the behavior of DNA. The self-assembly of DNA strands is mediated through complementary multiple hydrogen bonds formed between guanine (G) and cytosine (C) and between adenine (A) and thymine (T) nucleobases attached to the phosphate sugar backbone [50,51].



We have also studied the application of multiple hydrogen bonds in modifying the miscibility behavior and supramolecular structures of several nucleobase-functionalized polymers prepared through free radical polymerization [52,53,54,55,56,57,58,59,60,61,62,63,64,65,66]. We found that the preparation of highly A- or T-functionalized vinylbenzyl monomers can be difficult, due to the polarities of these hetero-nucleobase monomers being significantly different from those of typical commercial monomers (e.g., methacrylate or styrene monomers) [52,53,54]. In general, highly nucleobase-functionalized polymers are prepared through chemical modification of the side chains and not directly through free radical copolymerization. Yang et al. summarized the general methods for the preparation of highly nucleobase-functionalized polymers using various living polymerizations, including nitroxide-mediated radical (NMRP), reversible addition-fragmentation chain transfer (RAFT), and atom transfer radical (ATRP) polymerization [67]. For example, Long et al. prepared A- and T-functionalized triblock copolymers through NMRP and observed dramatic increases in the viscosity and thermal properties as a result of complementary polymer blending of binary A···T pairs [47,68]. Haddleton et al. synthesized polymers containing uridine (U) and A nucleobases through ATRP [69]. Cheng et al. synthesized various nucleobase homopolymers through ATRP, including vinylbenzyl adenine (VBA) and vinylbenzyl thymine (VBT) monomers, but they only obtained low and inconsistent molecular weights for these two homopolymers [70]. Therefore, we suspected that a combination of NMRP and click reactions might allow us to prepare highly A- and T-functionalized polymers of the same molecular weights [71].



Our approach to mimicking DNA-like interactions through the preparation of an A-containing diblock copolymer, as well as a T-containing homopolymer, was synthesized using a combination of NMRP and click reactions. First, we used NMRP to prepare a poly(styrene-b-vinyl chloride) diblock copolymer (PS-b-PVBC) and a PVBC homopolymer, which we then converted to the corresponding poly(styrene–b–vinylbenzyl azide) (PS-b-PVBN3) diblock copolymer and the homopolymer PVBN3, respectively, through reactions with NaN3. Finally, we obtained the PS-b-PVBA diblock copolymer and PVBT homopolymer through click reactions of the PS-b-PVBN3 diblock copolymer and the PVBN3 homopolymer with propargyl adenine (PA) and propargyl thymine (PT), respectively. This approach allowed us to investigate the behavior of PS-b-PVBA/PVBT diblock copolymer/homopolymer blends. To the best of our knowledge, this study is the first to prepare diblock copolymer/homopolymer blend systems stabilized through strong complementary multiple hydrogen bonds. We have used Fourier transform infrared (FTIR) and 1H nuclear magnetic resonance (NMR) spectroscopy, differential scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), and transmission electron microscopy (TEM) to determine the chemical structures, specific interactions, and self-assembled structures of these PS-b-PVBA/PVBT blends stabilized through strong complementary multiple hydrogen bonding interactions.




2. Experimental Section


2.1. Materials


Styrene, benzoyl peroxide, vinylbenzyl chloride (VBC), pentamethyldiethylenetriamine (PMDETA), copper(I) bromide (CuBr), and sodium azide (NaN3) were purchased from Aldrich (St. Louis, MO, USA). Adenine, thymine, propargyl bromide, and K2CO3 were obtained from Showa Chemical (Tokyo, Japan). 1-Hydroxy-2-phenyl-2-(2′,2′,6′,6′-tetramethyl-1-piperidinyloxy)ethane (TEMPO-OH), PA, PT, poly(vinylbenzyl chloride) (PVBC) (Scheme 1a), poly(vinylbenzyl azide) (PVBN3) (Scheme 1b), and poly(vinylbenzyl triazolylmethyl methylthymine) (PVBT) (Scheme 1c) were prepared according to procedures described previously [21,29,56,58,60]. All solvents and other chemicals were used as received.




2.2. PS-b-PVBA


TEMPO-OH (95.4 mg) and purified styrene (60 mL) were placed in a 100 mL flask. The solution was stirred at 95 °C for 3 h and then heated at 125 °C for 4 h to provide the PS-TEMPO homopolymer (Scheme 1d), which was purified through three repeated precipitations from CH2Cl2 into MeOH. The PS-b-PVBC copolymer was synthesized through bulk polymerization of the VBC monomer (20 mL), using PS-TEMPO (200 mg) as the macroinitiator, at 125 °C for 24 h. The product was dissolved in THF and then poured into excess MeOH to obtain the PS-b-PVBC copolymer (Scheme 1e). NaN3 (1.56 g, 23.8 mmol) was added to a solution of PS-b-PVBC (0.820 g, 4.86 mmol of PVBC) in dimethylformamide (DMF) (100 mL) and the mixture was then stirred at room temperature for 24 h before being precipitated into H2O. PS-b-PVBN3 (Scheme 1f) was obtained after dissolving the precipitate in CH2Cl2 and reprecipitating from MeOH. PS-b-PVBN3 (0.84 g, 4.8 mmol), CuBr (4.8 mg, 0.32 mmol), and PA (16 mg, 0.98 mmol) were dissolved in DMF (100 mL). After three freeze/thaw/pump cycles, PMDETA (8.4 mg, 0.32 mmol) was added and the mixture was then heated at 60 °C for 24 h. After passing the solution through a neutral alumina column, the eluate was poured into excess EtOAc to give PS-b-PVBA (Scheme 1g) as a precipitate.




2.3. PS-b-PVBA/PVBT Blend Complexes


Various weight fractions of PS-b-PVBA and PVBT were dissolved in DMF. The solutions were stirred at room temperature for 24 h and then concentrated slowly at 90 °C over two days and finally in a vacuum oven for three days at 130 °C.




2.4. Characterization


1H NMR spectra were recorded using a Bruker ARX500 spectrometer (McKinley Scientific, Sparta, NJ, USA); samples were dissolved in d6-DMSO or CDCl3. Molecular weights and polydispersities were determined using gel permeation chromatography (GPC; Waters, Taipei, Taiwan, 510 HPLC), with a UV detector, a 410 differential refractometer, and DMF as the eluent (flow rate: 0.8 mL min−1). FTIR spectra were recorded using a Bruker Tensor 27 FTIR spectrophotometer under an N2 atmosphere at room temperature at a spectral resolution of 1 cm−1; the KBr disk method was employed, and the sample thickness was sufficiently thin to obey the Beer-Lambert law. The thermal behavior of the PS-b-PVBA/PVBT blend samples was measured through differential scanning calorimetry (DSC, TA Q-20, TA Instrument, New Castle, DE, USA) over the temperature range from −90 to +260 °C under an N2 atmosphere (scan rate: 20 °C min−1). SAXS analyses were performed at the National Synchrotron Radiation Research Center (NSRRC, Taiwan), using the BL17B3 beamline (λ = 1.1273 Å). The blend samples were sealed between two Kapton windows and the various temperature-resolved measurements were made on a hot-stage under an N2 atmosphere. TEM images were recorded using a JEOL 2100 microscope (Tokyo, Japan). The samples were prepared using a Leica microtome equipped with a diamond knife; the thickness was controlled at approximately 700–1000 Å. The PS-b-PVBA/PVBT blend samples were placed onto Cu grids coated with carbon films. The samples were measured after staining with I2 to reveal the PVBA and PVBT domains.





3. Results and Discussion


3.1. Synthesis of PS-b-PVBA


The thermal bulk polymerization of styrene and the VBC monomer at high temperature was performed using TEMPO-OH as the initiator. Figure 1a,b display 1H NMR spectra of PS-TEMPO and PS-b-PVBC, respectively. The spectrum of PS-TEMPO (Figure 1a) features signals for the aromatic protons at 6.2–6.8 and 7.2 ppm and for the tetramethyl protons near 0.9 ppm. The molecular weight of PS-TEMPO was calculated based on the integrated area ratios of the aromatic protons of PS and the tetramethyl protons of TEMPO-OH. The PS-b-PVBC copolymer was synthesized through the polymerization of VBC, using PS-TEMPO as the macroinitiator. Figure 1b reveals the presence of a signal for the CH2Cl unit of the PVBC segment near 4.51 ppm, suggesting the formation of the PS-b-PVBC diblock copolymer. The molecular weight of the PS-b-PVBC diblock copolymer was calculated based on the 1H NMR spectrum, considering the integrated area ratios of the signals for the CH2Cl and aromatic units. GPC analysis of PS-TEMPO and PS-b-PVBC confirmed the formation of the PS-b-PVBC diblock copolymer (Figure 2). The PS-b-PVBC diblock copolymer had narrow polydispersity; the absence of any signal for the PS-TEMPO macroinitiator and the shift to a lower retention time upon increasing the molecular weight of PS-b-PVBC were also consistent with the formation of PS67-b-PVBC27 diblock copolymer (Table 1). The 1H NMR spectroscopic signal of the benzylic methylene unit significantly shifted upfield from 4.51 ppm for the PVBC segment (CH2Cl) to 4.24 ppm for the PVBN3 segment (CH2N3), as displayed in Figure 1c; the disappearance of the signal at 4.51 ppm indicated the complete substitution of the chloride units to form the PS-b-PVBN3 block copolymer. The corresponding FTIR spectrum (Figure 3c) featured a signal at 2094 cm−1 for the azido units of the PVBN3 block segment, confirming the successful synthesis of the PS-b-PVBN3 diblock copolymer.



The PS-b-PVBA block copolymer was synthesized through a click reaction between PS-b-PVBN3 and PT. After this click reaction, 1H NMR spectroscopy revealed that the signal of the propargylic CH2 unit of PA (5.0 ppm, Figure 1e) had shifted downfield to 5.41 ppm for the PS-b-PVBA block copolymer (Figure 1d). Furthermore, the signal of the benzylic methylene unit of PS-b-PVBN3 (CH2N3, 4.24 ppm, Figure 1c) also significantly shifted downfield to 5.45 ppm for the PS-b-PVBA block copolymer, with a signal appearing for the CH units of the triazole groups at 8.22 ppm, indicating the successful synthesis of the PS-b-PVBA diblock copolymer. FTIR spectra provided further evidence for the completeness of the click reaction (Figure 3): the signal at 2094 cm−1, due to the azido units of the PVBN3 segment (Figure 3c), and the signal at 2110 cm−1, due to the acetylene unit of PA (Figure 3e), were both absent, while a signal for the NH groups from the PA units appeared in the range 3200–3400 cm−1 in the spectrum of PS-b-PVBA (Figure 3d). Thus, the 1H NMR and FTIR spectra confirmed the successful preparation of the PS-b-PVBA diblock copolymer; Table 1 summarizes the pertinent information regarding the PS-b-PVBA block copolymer used in this study.




3.2. Thermal Analyses of PS-b-PVBA/PVBT


DSC is a general method for examining the miscibility behavior of polymer blends. Figure 4 presents the DSC thermograms of the PS-b-PVBA/PVBT blends of various compositions. The PS-b-PVBA block copolymer exhibited two glass transition temperatures (Tg), at 104 and 166 °C, respectively; the lower value corresponds to that of the PS block segment, while the higher value represents the PVBA block segment. The pure PVBT homopolymer exhibited a single value of Tg of 167 °C. Significantly, the values of Tg of PVBA and PVBT were greater than that of the pure PS segment because the A and T units of their side chains (in the PVBA and PVBT segments) were capable of strong self-complementary multiple hydrogen bonding. For the PS-b-PVBA/PVBT blends, we observed two values of Tg at all blend compositions, suggesting that microphase separation occurred in these blends; the higher values of Tg (167–177 °C) corresponded to the inter-complementary multiple hydrogen bonds of A···T pairs in the PVBA/PVBT miscible domain, whilst the lower values (104–112 °C) represented the PS domains. Interestingly, the values of Tg of the PVBA/PVBT miscible domain were higher than those of the individual PVBA and PVBT homopolymers for all blend compositions, due to the strong inter-complementary multiple hydrogen bonding interactions of the A···T pairs. The Kwei equation has been used widely to predict the glass transition temperatures of strongly hydrogen-bonded polymer blend systems [72]:


   T g  =    W 1   T  g 1   + k  W 2   T  g 2      W 1  + k  W 2    + q  W 1   W 2   



(1)




where Wi is the weight fraction of each segment; Tgi represents the corresponding value of Tg; and k and q are fitting constants. Figure 5 displays the dependence on the value of Tg of the miscible PVBA/PVBT domains on the blend composition; the highest value of Tg was obtained at the PVBA/PVBT = 50/50 blend composition, presumably because multiple hydrogen bonding induced physical crosslinking. Furthermore, values of k and q of 1 and 40, respectively, were determined through the nonlinear least-squares analyses. The parameter q is related to the strength of the multiple hydrogen bonding in the PVBA/PVBT domain, suggesting a balance between inter-association A···T multiple hydrogen bonding and the breaking of self-association (A···A, T···T) multiple hydrogen bonding. The positive value of q of 40 suggests strong inter-complementary multiple hydrogen bonding in the PVBA/PVBT domain, consistent with an inter-association equilibrium constant (Ka) for A···T binary pairs of approximately 102–103 M−1 and self-association equilibrium constants (Kb) for A···A and T···T units of approximately 2–3 M−1 [52]. In addition, the value of q for the PS-b-PVBA/PVBT diblock copolymer/homopolymer blends (q = 40) was also greater than that for the binary PVBA/PVBT homopolymer blend (q = 35) [70], presumably due to the nano-confinement effect arising from microphase separation of the diblock copolymer. As a result, the chain mobility in the PVBA/PVBT miscible domains of this PS-b-PVBA/PVBT blend was relatively restricted, resulting in a smaller free volume arising from the ordered nanostructure with compact packing and a higher value of Tg.




3.3. Hydrogen Bonding in PS-b-PVBA/PVBT Blends


We used FTIR spectroscopy—a general technique for examining hydrogen bonding interactions in supramolecular systems—to obtain evidence for the multiple hydrogen bonding interactions between the A and T nucleobases of the PVBA and PVBT segments, respectively. Figure 6 displays the FTIR spectra of the PS-b-PVBA/PVBT blend, recorded at room temperature. The broad absorption peaks in the range from 3200 to 3600 cm−1 were due to NH and NH2 stretching vibrations. The band at 3469 cm−1 corresponded to the free NH units; this signal shifted to 3331 cm−1 for the interacting A···T units. Furthermore, the peak at 3252 cm−1 was due to the NH units of the T groups interacting with the A units in the PVBA/PVBT miscible domain [72]. Figure S1 presents expanded views of the C=O and C=N regions of the FTIR spectra of the PS-b-PVBA/PVBT blend, revealing several characteristic peaks, including those for (i) the multiple-hydrogen-bonded C4=O units of the T groups at 1662 cm−1; (ii) the free C4=O units of the T groups at 1680 cm−1, and (iii) the free C2=O units of the T groups at 1662 cm−1 for the PVBT homopolymer [69]. The characteristic signals for the A units of the PVBA block segment appeared at 1600 cm−1, due to the ring-stretching plus bonded NH2 scissoring, and at 1657 cm−1, due to the bonded NH2 scissoring plus ring stretching. The signals for the multiple hydrogen-bonded A···T pairs appeared at 1665–1655 cm−1. The fraction of free C2=O groups of the T units decreased upon increasing the concentration of PS-b-PVBA, consistent with the presence of multiple hydrogen-bonded A···T pairs in the PVBA/PVBT miscible domain. The 1H NMR spectra of model compounds, the VBA and VBT monomers in CDCl3 solution, were recorded to confirm the formation of multiple hydrogen bonds between A···T pairs (Figure S2) [72]. The addition of VBA into a solution of VBT led to a significant downfield shift of the signal for the NH protons of the T unit, from 8.9 ppm initially to 11.9 ppm at a VBA content of 70 wt%—the result of multiple hydrogen bonds in A···T pairs. In a previous study, we calculated a value of Ka for A···T pairs of 534 M−1 based on 1H NMR spectroscopic titration experiments and the Benesi–Hildebrand approach [72]. In this present study, however, our PVBA and PVBT segments only dissolved in highly polar solvents (e.g., DMSO, DMF) and, therefore, the values of Ka would presumably be lower than those in low-polarity solvents (e.g., chloroform).




3.4. Self-Assembled Supramolecular Structures of PS-b-PVBA/PVBT Blends


Figure 7 presents SAXS patterns of the pure PS67-b-PVBA27 diblock copolymer recorded at various temperatures. At room temperature, the SAXS pattern featured a broad peak at a value of q of 0.052 Å−1 (d = 12.0 nm) with no other resolvable high-order peaks, suggesting a nanostructure with a short-range order. This broad peak shifted to a lower value of q and become sharper upon increasing the temperature, forming a lamellar nanostructure of a long-range order, as evidenced by highly ordered peak ratios of 1:2:3 at 180 °C. The first peak at a value of q of 0.033 Å−1 (d = 19.0 nm) suggests a lamellar structure having a long period of 19.0 nm with a volume fraction of the PS segment of approximately 0.57 in this case, consistent with a lamellar phase diagram. As a result, this PS-b-PVBA diblock copolymer required thermal annealing at a temperature higher than the corresponding value of Tg (166 °C for the PVBA segment), such that the chain mobility would be enhanced to form the long-range order of a lamellar structure. The TEM image in Figure 8a of the pure PS-b-PVBA diblock copolymer after thermal annealing at 180 °C also indicates the presence of alternative lamellar structures and a lamellar period of approximately 20 nm, consistent with the SAXS data.



Figure 9 displays SAXS patterns of PS-b-PVBA/PVBT blends at various compositions, recorded at room temperature after thermal annealing at 180 °C. The SAXS pattern in Figure 9a indicates that the pure PS-b-PVBA diblock copolymer formed a highly ordered lamellar nanostructure, as evidenced by a scattering peak ratio of 1:2:3:4, with the long period of the lamellar structure being 18.4 nm, determined from the first peak with a value of q of 0.034 Å−1, which is slightly smaller than the value obtained in Figure 7 after heating at 180 °C. We also observed a highly ordered lamellar nanostructure, from the scattering peaks at a ratio of 1:2:3, after blending with PVBT at a concentration of 10 wt% (Figure 9b), consistent with the TEM data in Figure 8b. Furthermore, the first-order scattering peak shifted to a slightly lower value of q (0.0316 Å−1; d = 19.87 nm) at a PVBT concentration of 10 wt%, indicating an increase in the inter-lamellar spacing. Increasing the content of PVBT to 30 wt% also maintained the lamellar structure, but the peak ratio was only 1:2, indicating a transformation to a short-range-order lamellar structure, which is also consistent with the TEM data in Figure 8c. The first scattering peak again shifted to a lower value of q (0.0306 Å−1; d = 20.52 nm), suggesting an increase in the block copolymer spacing. This phenomenon could be explained by considering an increase in the size of the PVBA/PVBT domain upon increasing the content of PVBT. Increasing the concentration of PVBT to 50 wt% led to a short-range-ordered cylinder nanostructure with a peak ratio of 1:√4:√7—again consistent with the TEM data in Figure 8d In this case, however, the first scattering peak was shifted slightly to a higher value of q (0.0348 Å−1; d = 18.04 nm), suggesting a decrease in the spacing of the block copolymer. Further increasing the concentration of PVBT to 70 wt%, the system retained its short-range-ordered cylinder nanostructure with a peak ratio of 1:√4:√7, once again consistent with the TEM image in Figure 8e. This first scattering peak was shifted to a higher value of q (0.039 Å−1; d = 16.1 nm), implying a further decrease in the spacing of the block copolymer segment. The thickness of the PS domain presumably decreased in the spacing of the block copolymer segment, because of the relatively higher cross-sectional area among the PS and PVBA block segments, upon blending with PVBT, which was the result of an increase in the distances between the chemical junction points along the interface, thereby inducing the different self-assembled structures (from lamellar to cylindrical) observed in this study. When the concentration of PVBT reached 90 wt%, the SAXS pattern only featured the first broad scattering signal corresponding to disordered micelles or macrophase separation. This result is consistent with the behavior of many other block copolymer/homopolymer blend systems, observed either experimentally or theoretically, having disordered micelles or macrophase-separated structures. The addition of the homopolymer PVBT could induce a change in the self-assembly of the PS-b-PVBT diblock copolymer from a lamellar to a cylindrical structure, due to the increase in the effective interaction parameter resulting from the multiple hydrogen bonding interactions of the miscible PVBA/PVBT domains and the change in the overall volume fraction of the block copolymer segment; this phenomenon corresponds to the wet-brush behavior of diblock copolymer/homopolymer blends. The system did, however, display a disordered micelle structure at higher PVBT concentrations, presumably arising from the strength of the hydrogen bonding decreasing in the highly polar solvent (DMF), which disrupted the complementary multiple hydrogen bonding in the PVBA/PVBT domains.





4. Conclusions


We have synthesized a PS-b-PVBA diblock copolymer and a PVBT homopolymer through a combination of NMRP and click reactions. A positive deviation in the value of Tg of the miscible PVBA/PVBT domain was observed for the PS-b-PVBA/PVPT diblock copolymer/homopolymer blends, which was the result of strong multiple hydrogen bonds between their A and T units, as determined through FTIR and NMR spectroscopic analyses. The self-assembled lamellar structure of the pure PS-b-PVBA diblock copolymer transformed into cylinder structures, disordered micelles, and macrophase structures upon increasing the concentration of PVBT, as determined using SAXS and TEM; this phenomenon also arose as a result of the multiple hydrogen bonding of the binary A···T pairs.
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Scheme 1. Synthesis of (c) PVBT from (a) PVBC-TEMPO and (b) PVBN3 and of (g) PS-b-PVBA from (d) PS-TEMPO; (e) PS-b-PVBC and (f) PS-b-PVBN3. 
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Figure 1. 1H NMR spectra of (a) PS-TEMPO; (b) PS-b-PVBC; (c) PS-b-PVBN3; (d) PS-b-PVBA; and (e) PA. 
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Figure 2. GPC analyses of PS-TEMPO and the PS-b-PVBC diblock copolymer. 
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Figure 3. FTIR spectra of (a) PS-TEMPO; (b) PS-b-PVBC; (c) PS-b-PVBN3; (d) PS-b-PVBA and (e) PA. 
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Figure 4. DSC thermograms of PS-b-PVBA/PVBT diblock copolymer/homopolymer blends of various compositions. 
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Figure 5. Glass transition temperature composition curve for PS-b-PVBA/PVBT blends, based on the Kwei equation. 
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Figure 6. FTIR spectra of PS-b-PVBA/PVBT diblock copolymer/homopolymer blends of various compositions. 
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Figure 7. SAXS analyses of the pure PS-b-PVBA diblock copolymer, recorded at various temperatures. 
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Figure 8. TEM images of PS-b-PVBA/PVBT blends, after thermal annealing at 180 °C, at compositions of (a) 100/0; (b) 90/10; (c) 70/30; (d) 50/50 and (e) 30/70. 
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Figure 9. SAXS analyses of PS-b-PVBA/PVBT blends, after thermal annealing at 180 °C, at compositions of (a) 100/0; (b) 90/10; (c) 70/30; (d) 50/50; (e) 30/70 and (f) 10/90. 
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Table 1. Characteristics of the diblock copolymer PS-b-PVBA prepared in this study.






Table 1. Characteristics of the diblock copolymer PS-b-PVBA prepared in this study.





	Sample
	PS (Mn) a
	PVBC (Mn) a
	PVBA (Mn) a
	PS Tg (°C) b
	PVBA Tg (°C) b
	PDI c





	PS67-b-PVBA27
	6900
	4100
	8900
	104
	166
	1.22







a Determined from 1H NMR spectrum; b Obtained through DSC analysis at 20 °C min−1; c Measured through GPC with PS-standard calibration.
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