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Abstract

:

In this work, we present a novel synthetic route to diblock copolymers based on styrene and 3-vinylpyridine monomers. Surfactant-free water-based reversible addition–fragmentation chain transfer (RAFT) emulsion polymerization of styrene in the presence of the macroRAFT agent poly(3-vinylpyridine) (P3VP) is used to synthesize diblock copolymers with molecular weights of around 60 kDa. The proposed mechanism for the poly(3-vinylpyridine)-block-poly(styrene) (P3VP-b-PS) synthesis is the polymerization-induced self-assembly (PISA) which involves the in situ formation of well-defined micellar nanoscale objects consisting of a PS core and a stabilizing P3VP macroRAFT agent corona. The presented approach shows a well-controlled RAFT polymerization, allowing for the synthesis of diblock copolymers with high monomer conversion. The obtained diblock copolymers display microphase-separated structures according to their composition.
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1. Introduction


Free radical polymerization provides a feasible and robust route towards the polymerization of a variety of vinyl monomers. However, the inability to synthesize well-defined copolymers with a predetermined morphology turns out to be the limiting factor in this process. Especially, the lack of control over molecular weight, chain architecture and topology restrains the utility of polymers prepared by radical polymerization in many applications [1]. The necessity to govern the molecular weight, the dispersity and the molecular architecture has directed researchers towards controlled or ‘‘living’’ radical polymerization (CRP) which has developed into a versatile and widely used tool to synthesize well-defined polymer structures [2]. In addition to a variety of other controlled radical polymerization techniques, reversible addition–fragmentation chain transfer polymerization (RAFT) is of particular importance due to its functional group tolerance and the particular applicability for the synthesis of well-defined polymers [1,3,4,5,6]. Furthermore, it is the method of choice to design precisely structured block copolymers via radical polymerization [1,7]. RAFT polymerization takes place via a degenerative transfer process and relies on the use of chain-transfer (RAFT) agents, often possessing a thiocarbonylthio moiety [8]. Many research groups work on RAFT polymerization of various monomers and, especially for the case of vinyl pyridine monomers, a variety of research works can be found in the literature for the synthesis of homopolymers as well as block copolymers. [9,10,11,12]. Another relevant class of polymers is the polymers that are based on styrene. The chain growth in case of the synthesis of polystyrene has been found to be slow in radical polymerizations [13]. Aqueous RAFT emulsion polymerization, a versatile and more environmentally friendly method due to the use of water instead of organic solvent, has been proven to be a feasible approach to accelerate styrene polymerization. Emulsion polymerizations are commonly stabilized by a surfactant (e.g., low molecular sodium dodecyl sulfate) which stabilizes the emulsion at the beginning and the monomer-swollen micelles as well as the young latex particles towards the end of the polymerization [14]. However, the use of surfactants carries risks. They may separate from the particles and thus lead to particle coagulation. In addition, it is difficult to remove the surfactant from the polymer completely. The surfactant-free emulsion polymerization presents a novel approach towards the in situ synthesis of amphiphilic diblock copolymers that self-assemble into stabilized polymer particles. Generally, self-assembly describes a spontaneous process in which nanoscale units accumulate into a well-ordered arrangement to obtain minimum free energy by minimizing repulsion and maximizing attractive molecular forces, controlled by the enthalpy as well as the entropy of the system [15,16,17,18,19]. Karagoz et al. employed the innovative concept called polymerization-induced self-assembly (PISA) to synthesize polymeric nanoparticles with morphological control [20]. Polymerization-induced self-assembly is based on the chain extension of homopolymers (macroRAFT agents) with a co-monomer to yield block copolymers. According to Karagoz et al., self-assembly is induced by the insolubility of the second block in the polymerization solution during a continuous chain extension. A great practical advantage of the PISA approach is certainly the possibility of synthesizing a variety of block copolymers via a simple one-pot reaction, using only one initial homopolymer. Ferguson et al. employed a poly(acrylic acid) (PAA) macroRAFT agent to stabilize the emulsion polymerization of butyl acrylate (BA) via PISA [21]. Their emulsion system contained, besides the PAA macroRAFT agent, only the initiator and the monomer to be polymerized. Ferguson et al. could prove the self-assembly of the growing block copolymer as soon as sufficient BA units were assembled and the macroRAFT agent’s chain extension in solution was completed. Further advances in the field of PISA, such as the development of worm-like polymers, biodegradable polymers and biosynthesized molecules with application in the biomedical area, with or without the use of radical initiator have been discussed by Truong et al. [22] and Boyer et al. [23].



In this work, we describe the RAFT synthesis of diblock copolymers formed by poly(3-vinylpyridine) and polystyrene using the PISA approach. One inherent problem of surfactant-free emulsion polymerizations arises when the initial homopolymer, in our case the P3VP macroRAFT agent, is poorly water-soluble. Therefore, an organic cosolvent was used. The diblock copolymers were characterized by size-exclusion chromatography (SEC), proton nuclear magnetic resonance (1H-NMR) and differential scanning calorimetry (DSC). Atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) provided information about their morphologies.




2. Materials and Methods


2.1. Materials


Experiments were carried out with ultrapure water (resistivity >18.2 MΩ∙cm−1) obtained from a Millipore (Merck, Darmstadt, Germany) Direct-Q® UV water purification system. 2,2′-Azobis(2-methylpropionitrile) (AIBN) (98%, Sigma-Aldrich, Munich, Germany, stored at 4 °C), 2-cyano-2-propyl benzodithioate (CPBD) (>97%, Sigma-Aldrich, Munich, Germany, stored at 4 °C), tetrahydrofuran (THF) (99.8%, Merck) and N,N-dimethylformamide (DMF) (>99.5%, Merck) were used without further treatment and purification. Styrene (99%, Sigma-Aldrich, contained methyl ether hydroquinone as an inhibitor, stored at 4° C) was freshly percolated through a column of basic aluminum oxide (>98%, Sigma-Aldrich) prior to use to remove the inhibitor methyl ether hydroquinone. 1,4-Dioxane (DOX) (>99.5%, VWR Chemicals, Darmstadt, Germany) was stored over KOH pellets (>85%, Merck) and freshly percolated through a column of aluminum oxide to remove peroxides. 3-Vinylpyridine (3VP) (97%, TCI Deutschland GmbH, Eschborn, Germany) was stored and transferred under a nitrogen atmosphere. All other chemicals were used as received.



2.1.1. Synthesis of the P3VP macroRAFT Agent


A typical synthesis of P3VP via RAFT polymerization was conducted as follows: 2-Cyano-2-propyl benzodithioate (CPBD) (11 mg, 49 µmol, 1.0 eq) and AIBN (8 mg, 49 µmol, 0.05 eq) were dissolved in 3VP (964 mg, 9.2 mmol, 188 eq) ((3VP)/(CPBD)/(AIBN) = 188/1/0.05). A sample for 1H-NMR characterization was taken prior to polymerization to serve as a reference. The solution was degassed by purging with nitrogen for 15 min at 0 °C. The bulk polymerization was conducted in a thermoshaker (Cellmedia, Elsteraue, Germany) at 80 °C for 4 h and then quenched by ice-cooling and exposure to air. Subsequently, the crude polymer was dissolved in THF and precipitated in ice-cold n-hexane twice. The polymer was dried in vacuum at 40 °C for 24 h and obtained as a light pink powder. Monomer conversion: 95% calculated by 1H-NMR. SEC: Apparent number average molecular weight:     M ¯   n ,  a p p      = 18.6 kDa, (theoretical number average molecular weight (calculated by 1H-NMR):     M ¯   n ,  t h      = 18.9 kDa), molecular weight distribution: Đ = 1.1.




2.1.2. Synthesis of P3VP-b-PS via RAFT Emulsion Polymerization


For a typical surfactant-free RAFT emulsion polymerization the P3VP macroRAFT agent/macro-stabilizer (113 mg, 6.1 µmol, 1.0 eq) was dissolved in DMF/H2O (50/50, v/v) (5 mL). AIBN (50 µg, 0.3 µmol, 0.05 eq) in DMF (100 µL) was added to the solution. Styrene (380.5 mg, 3.65 mmol, 601 eq) was added at the end. The total solids content in the formulation amounted for 10 wt%. The heterogeneous mixture was degassed by purging with nitrogen for 15 min at 0 °C and homogenized by stirring at 800 rpm using a thermoshaker. A sample for 1H-NMR characterization was taken prior to polymerization to serve as a reference. The subsequent polymerization was conducted for 24 h at 70 °C and 850 rpm. The polymerization was quenched by ice-cooling and exposure to air. The crude polymer was isolated by removing DMF/H2O under reduced pressure. The residue was dissolved in THF and the polymer was precipitated by pouring the solution into ice-cold n-hexane while stirring. This procedure was repeated twice. The polymer was dried in vacuum at 40 °C for 24 h and obtained as a pink-orange powder. Monomer conversion: 78%, SEC:     M ¯   n ,  a p p      = 59.9 kDa (    M ¯   n ,  t h      = 53.0 kDa), Đ = 1.1.





2.2. Analytics


2.2.1. Nuclear Magnetic Resonance Spectroscopy (NMR)


The monomer conversion of the RAFT polymerization was determined via 1H-NMR spectroscopy. The NMR experiments were performed using a Bruker AV500 spectrometer (Bruker, Rheinstetten, Germany). 1H-NMR spectra were recorded applying a 10 ms 90° pulse at a sample temperature of 298 K. Sixteen scans were recorded with a relaxation delay of 3 s. Sample concentrations were approximately 20 g∙L−1 in THF-d8 or CDCl3. The conversion of styrene in the emulsion polymerization (determined in THF-d8) was calculated from the integral ratio of the aromatic P3VP-b-PS signal at 7.70–6.20 ppm (taken from the 1H-NMR of the diblock copolymer, Figure S2) and the aromatic P3VP signal at 7.70–6.20 ppm (displayed in the 1H-NMR of the P3VP macroRAFT agent precursor, Figure S1). The conversions were then estimated by comparing the integral ratios of the samples taken before and after the polymerization The conversion of 3VP was determined by 1H-NMR from the integral ratio of the aromatic P3VP signal at 7.60–8.45 ppm (corrected by subtraction of the monomer integrals) and the monomer signal (of one proton) at 8.55 ppm.




2.2.2. Size-Exclusion Chromatography (SEC)


Size-exclusion chromatography (SEC) was conducted on a gel permeation chromatography (GPC) system, with N,N-dimethylacetamide (DMAc, Sigma-Aldrich, Munich, Germany) with the addition of lithium chloride. A Waters 717 Plus instrument equipped with PSS GRAM columns (GRAM pre-column (dimension 8–50 mm) and two GRAM columns of different porosity (3000 Å and 1000 Å)) with dimensions of 8 mm × 300 mm and a particle size of 10 μm was used. The flow rate was 1.0 mL/min using a VWR-Hitachi 2130 pump (VWR International, Darmstadt, Germany) and a Shodex RI-101 refractive index detector (Showa Denko Europe, Munich, Germany).




2.2.3. Differential Scanning Calorimetry (DSC)


Differential scanning calorimetry was performed on a DSC 1 (Star system, Mettler-Toledo, Gießen, Germany) in the temperature range of 30 °C to 250 °C, with a heating and cooling rate of 10 K/min, using nitrogen as a purge gas stream (60 mL/min). Two heating–cooling cycles were conducted per sample. For the interpretation of the results, the second heating trace was used.




2.2.4. Atomic Force Microscopy (AFM)


Atomic force microscopy was carried out on a Bruker MultiMode 8 atomic force microscope (BrukerNano, Karlsruhe, Germany) operating in PeakForce QNM® mode at room temperature. SCANASYST-AIR cantilevers (spring constant 0.4 N/m, silicon tip of 2 nm radius) were used to investigate the microphase morphology of the samples. The images were evaluated by using the Nanoscope 9.2 Software (BrukerNano, Karlsruhe, Germany).



Thin films for AFM and SEM measurements were prepared as follows: Silicon (Si) wafer substrates 1 cm × 1 cm were cleaned initially with CH2Cl2, followed by cleaning with a mixture of H2O, H2O2 and NH4OH (60/20/20), and finally rinsed with distilled H2O and treated with H2/O2 plasma. A thin film with a thickness of approximately 100 nm was generated by spin-coating 2 wt% P3VP-b-PS polymer solutions in CHCl3 onto the Si wafers. The P3VP-b-PS diblock copolymers were dissolved in CHCl3, a rather non-selective solvent for P3VP and PS. A spin-coater G3P-8 (Specialty Coating Systems, Indianapolis, IN, USA) was operated at 3000 rpm for 60 s. The samples were stored in a small closed vessel in a dry-keeper desiccator at room temperature.



Additional thermal annealing of the samples was conducted at a temperature Tannealing = 150 °C under vacuum for 15 h. For microphase reconstruction, the spin-coated samples were exposed for 10 min in 1,4-dioxane vapor and dip-coated in ethanol for 5 min.




2.2.5. Scanning Electron Microscopy (SEM)


A scanning electron microscope Merlin (Carl ZEISS, Oberkochen, Germany) was used to characterize the morphology of the diblock copolymer samples. Secondary electron images were taken at accelerating voltages of 0.9–3 kV of 100-nm-thick P3VP-b-PS films on Si wafer substrates, as prepared for the AFM measurements.




2.2.6. Transmission Electron Microscopy (TEM)


The bulk morphology of the diblock copolymer was investigated via TEM employing a Tecnai G2 F20 electron microscope (Thermo Fisher Scientific, Eindhoven, the Netherlands) operated at 120 kV in bright field mode. Polymer films were cast from the CHCl3 solutions and slowly dried in the presence of solvent vapor in a desiccator for approximately 2 weeks. The films were further thermally annealed stepwise up to 140 °C in vacuum. Ultrathin sections of about 50 nm were cut with a Leica Ultramicrotome EM UCT (Leica Microsystems, Wetzlar, Germany) equipped with a diamond knife (Diatome AG, Biel, Switzerland). P3VP was selectively stained in I2-vapor for 1 h.






3. Results and Discussion


3.1. Preliminary Remarks and Solubility of Aqueous P3VP Solutions


In order to conduct the surfactant-free emulsion polymerization, the solubility of the unstabilized macroRAFT agent in water-based solution is essential at room temperature and reaction temperature. Common polymerization temperatures of RAFT polymerizations are about 65–80 °C. As already mentioned, the P3VP macroRAFT agent utilized in this work is poorly water-soluble at neutral pH value. To increase the solubility of the P3VP macroRAFT agent, a suitable organic co-solvent was used.



Apart from its positive effect on the solubility of the P3VP macroRAFT agent, the cosolvent DMF led to an increase of the poor styrene solubility in the water-based reaction medium, from 3 mM in pure H2O to 4–5 mM in a 50/50 (v/v) DMF/H2O mixture [24]. The values were determined experimentally via cloud point determination. The slightly increased styrene solubility can accelerate the kinetics of the initial commonly slow chain extension of the macroRAFT agent prior to micellization, which proceeds similar to a RAFT solution polymerization and is hence faster with increased effective monomer concentration. However, the styrene solubility in the chosen reaction medium is kept sufficiently low to justify a true emulsion polymerization mechanism [14,25]. Figure 1 presents the synthetic route to the pursued P3VP-b-PS diblock copolymer. The first step, the synthesis of the P3VP macroRAFT agent via RAFT polymerization in bulk, is followed by the surfactant-free RAFT emulsion polymerization of styrene in the presence of the P3VP macroRAFT agent/macro-stabilizer.




3.2. Mechanism of RAFT Emulsion Polymerization


Prior to emulsion polymerization, 3-vinylpyridine (3VP) was polymerized in bulk via RAFT to a conversion of 95%, resulting in the P3VP macroRAFT agent. 2-Cyano-2-propyl benzodithioate (CPBD) was used as RAFT agent and AIBN was added in low amounts as the initiator of the reaction ((3VP)/(CPBD)/(AIBN) = 188/1/0.05).     M ¯   n ,  a p p      = 18.6 kDa (    M ¯   n ,  t h      = 18.9 kDa), Đ = 1.1.



For the RAFT emulsion polymerization, the P3VP macroRAFT agent/macro-stabilizer was dissolved in a DMF/H2O (50/50, v/v) solution. AIBN and styrene were added to the solution. The total solids content (initiator and macroRAFT agent) in the formulation amounted for 10 wt%. The surfactant-free aqueous RAFT emulsion polymerization was conducted at 65 °C for 24 h, using a thermoshaker for homogeneous mixing. In Figure 2a–d, the different stages of the polymerization mechanism are depicted. Figure 2a, which corresponds to the first mechanistic stage, implies the chain extension of the polystyrene block, which remains soluble up to a certain block length.



During chain extension of the P3VP macroRAFT agents with a few styrene monomer units, the effective styrene concentration in the reaction medium is at a constant low level. Hence, the chain transfer from oligomeric PS radicals to dormant P3VP chains is more likely and thus preferred over PS chain propagation [14,26,27]. Figure 2b shows the transition from the first to the second mechanistic stage, determined by the self-assembly of the growing diblock copolymers into micelles. Figure 2c shows the second mechanistic stage, which is characterized by the migration of styrene molecules into the micelles and, simultaneously, growth of the diblock copolymers. In the micelles, the monomer that is being converted into the polymer is continuously restocked with entering monomer droplets, keeping the monomer concentration in the growing diblock copolymer micelles constant. In the third mechanistic stage (Figure 2d) all monomer droplets are consumed, and the particle formation is completed because all micelles contain sufficient hydrophobic components to become immobile. An accompanying change in the reaction kinetics from mechanistic stage one to three can be explained as follows: As soon as sufficient hydrophobic units are assembled by macroRAFT agent chain extension and a critical block length is exceeded, self-assembly of the growing diblock copolymers occurs. The polymerization continues inside the diblock copolymer micelles, faster by a few orders of magnitude [14].



A not inconsiderable contribution to enhanced micelle stability is provided by the macroRAFT agent end groups, which are located at the interface between the particle and the aqueous phase. Despite making up only a small volume fraction of the polymer, the terminal groups significantly affect the conformation behavior and self-assembly of macroRAFT agents [28,29]. Akpinar et al. and Thompson et al. have exploited RAFT aqueous emulsion polymerization using 2-cyano-2-propyl dithiobenzoate as initial RAFT agent to prepare almost monodisperse sterically stabilized spherical diblock copolymer nanoparticles [30,31].



Styrene is preferably chosen as the monomer because of its strong hydrophobic nature [32]. In emulsion polymerizations, a distinction is made depending on the size of the ‘latex’ particles. A mini-emulsion polymerization defines the formation of surfactant- or macroRAFT agent-stabilized monomer droplets of size ranging between 50 to 500 nm whereas the ‘latex’ particles formed in a microemulsion polymerization are in the range of 20 to 40 nm [33]. Micro- or mini-emulsion polymerizations take place within the monomer-swollen micelles and are probably the most commonly used techniques in combination with RAFT polymerization [32,34].



The chosen initiator AIBN is added in very low amounts to the reaction mixture ((Styrene)/(AIBN) = 601/0.05). AIBN is poorly water-soluble but fully soluble in organic solvents like DMF. It is thus completely dissolved in the DMF/water mixture, as DMF is fully miscible with water. Upon adding styrene to the reaction mixture, AIBN is distributed between styrene and the DMF/water phase. Our investigations concerning AIBN show that an organic solvent soluble initiator, such as AIBN, which is dissolved only slightly in water is suitable for RAFT emulsion polymerizations. Other groups found the same results for ATRP and free radical emulsion polymerizations [35,36].




3.3. Synthesis Results of the P3VP-b-PS Diblock Copolymers


As discussed before, P3VP acted as both macroRAFT agent and macro-stabilizer in the RAFT emulsion polymerization of styrene. The conversion of styrene polymerization in H2O with DMF as co-solvent was 75% for the sample P3VP35-PS6553 and 78% for the sample P3VP28-PS7268. The apparent number-average molecular weights (    M ¯   n ,  a p p     ) of P3VP-b-PS were obtained by GPC, calibrated with PS standards (Table 1). The molecular weight dispersities (Đ) are moderate with Đ = 1.1–1.5. The PS weight fraction in the synthesized diblock copolymers amounts for approximately 65–70 wt%, as obtained by 1H-NMR (Figure S2). The GPC chromatograms of the obtained P3VP homopolymer and the P3VP35-PS6553 and P3VP28-PS7268 diblock copolymers reveal that the curve corresponding to the diblock copolymer has significantly shifted towards higher molecular weights with little low-molecular-weight tailing, which indicates good control of the P3VP chain extension (Figure 3). The P3VP28-PS7268 diblock copolymer with the higher PS content exhibits a higher molecular weight dispersity. It can probably be attributed to a slight impurity which led to absolute control of the molecular weight distribution not being maintained regardless of the fact that the molecular weight attains the planned molecular weight value for the synthesis.




3.4. Thermal and Morphological Characterization of P3VP-b-PS Diblock Copolymers


Due to the characteristics of the two blocks and the knowledge that is existing on similar systems such as PS-b-P2VP and PS-b-P4VP [37,38,39] it is expected that this type of diblock copolymer under certain criteria (e.g., molecular weight) will also exhibit microphase separation and will self-assemble to a variety of structures depending on composition [40]. The microphase separation was studied experimentally via DSC, AFM, SEM and TEM.



3.4.1. Thermal Analysis


The thermal behavior of the P3VP-b-PS diblock copolymers was examined by DSC experiments in the range of 30 to 200 °C. As displayed in Figure 4 and Table 2, two glass transition temperatures corresponding to the two different blocks were detected. Due to the large fraction of the PS block in the diblock copolymer, the change in the heat flow around the glass transition temperature of PS (temperature range 102–106 °C) is significantly larger than that of the P3VP. A temperature difference of almost 20 °C for the P3VP-b-PS diblock copolymer between the two    T g  s   indicates a microphase separation between the two blocks.




3.4.2. Morphological Characterization


The occurrence of microphase separation of P3VP-b-PS was studied in thin films and bulk.



After thermal analysis, theoretical considerations concerning the Flory–Huggins parameters of P3VP-b-PS diblock copolymers represent an indication of the separation behavior of the diblock copolymers synthesized via RAFT emulsion polymerization. While the Flory–Huggins parameter between PS and P4VP is on the order of    χ  S , 4 V P   = 0.35   (at 160 °C), the interaction parameter for polystyrene and poly(2-vinylpyridine) is only about    χ  S , 2 V P   = 0.1   (at 178 °C) [37,38,39]. To the best of our knowledge, so far, no Flory–Huggins interaction parameter has been determined for a PS and P3VP system. We assume that the value of the Flory–Huggins interaction parameter    χ  S , 3 V P     should be found between 0.1 (   χ  S , 2 V P    ) and 0.35 (   χ  S , 4 V P    ). Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were employed to study thin films. As mentioned before, CHCl3 was used because it is a rather non-selective solvent for both the P3VP and the PS block. Due to its low boiling point, it provides good thin-film formation. Both samples were examined as thin films. The sample P3VP35-PS6553 that exhibits a low molecular weight dispersity value provided better thin-film formation properties and is presented below. The SEM micrograph of a P3VP35-PS6553 film (Figure 5a) shows a distinct cylindrical microphase separation for the thin diblock copolymer film without long-range order. The absence of long-range order is probably caused by the preparation method, which does not allow for equilibration, due to immediate solvent evaporation after spin-coating.



Thermal or solvent vapor annealing are approaches to influence or equilibrate the morphology of a thin block copolymer film and thus to adopt a better-organized structure with fewer defects. Often, diblock copolymer morphologies in a thermodynamic equilibrium state are established by a thermal annealing process conducted in vacuum above the glass transition temperature (Tg) of both blocks [41]. Tannealing must be chosen between Tg and the disordering transition temperature. Sometimes, however, the thermal annealing process does not result in a long-range order due to kinetic hindrance [41]. Thus, the equilibrium state may not be established and structural defects will be present [17]. If the system above Tg is close to the order–disorder transition the thermodynamic driving force for the improvement of the microphase order may be also reduced, which also may be a result when the film is subjected to solvent vapor annealing due to a reduced effective χ-parameter.



After spin-coating, the sample was annealed above the glass transition temperature    T g    of all blocks at Tannealing = 150 °C under vacuum for 15 h. An adequate long annealing time should accelerate the chain mobility. In order to further influence the diblock copolymer morphology, thermal annealing was combined with solvent vapor annealing. This treatment has been developed into a common tool to induce long-range order of diblock copolymer nanostructures [41,42,43,44,45]. Solvent annealing imparts mobility of the different polymer blocks, allowing them to attain equilibrium morphology within hours or days. The solvent vapors interact with the polymer film and often lead to a long-range order and an elimination of structure defects. Microscopically, the individual microdomains of the diblock copolymer are swollen and dried during the process. Solvent annealing is versatile since it can be used with miscellaneous diblock copolymers without elaborate pretreatment [41]. The result of the thermal annealing is presented in Figure S3 of the Supplementary Materials. It is shown that the thermal annealing led to a smooth surface without the indication of microphase separation. Thermal annealing at Tannealing = 150 °C for 15 h was then followed by 10 min of 1,4-dioxane (a selective solvent for PS) vapor annealing (in order to influence the mobility of the PS matrix and to trigger microphase separation of the block. The PS phase was softened in the presence of 1,4-dioxane vapor, leading to chain orientation mobility of the P3VP domains in the PS matrix, which is swollen and softened. The result of the annealing with 1,4-dioxane is presented in Figure S4 indicating as well that no long-range order or clear microphase separation structure can be observed, nevertheless, the surface becomes less smooth due to the swelling of the matrix. Finally, the films were dip-coated for 5 min in ethanol, a selective solvent for P3VP. Ethanol softens and swells the P3VP blocks leading to a descent of the P3VP phase and thus to a pronounced surface topography. The process of surface reconstruction by solvent annealing was formerly exploited by other groups [46,47]. Park et al. have shown that utilizing a selective solvent for thin films of a PS-b-P4VP diblock copolymer did not modify the order or orientation of the microdomains [47]. When the solvent annealed films were dip-coated in ethanol, a good solvent for P4VP and a non-solvent for PS, a surface reconstruction of the films could be observed displaying a distinct microstructure. Figure 5b shows an SEM micrograph of a spin-coated thin film of P3VP35-PS6553 after thermal annealing at Tannealing = 150 °C combined with 10 min 1,4-dioxane vapor annealing and 5 min dip-coating in ethanol. The implementation of the surface reconstruction process on P3VP35-PS6553 led to the formation of a film with sections of disordered hexagonally arranged cylinders. In the AFM height and adhesion images (Figure 6a,b, respectively) the hexagonally packed P3VP cylinders in the PS matrix are displayed at higher magnification. The detailed view verifies the optimization of the order of the structure, nevertheless, it indicates that it was not possible to obtain within this time the optimum structure. Extended solvent annealing time results in dewetting of the polymer films from the silicon wafer and makes the morphological characterization impossible.



In order to study the bulk morphology, TEM measurements were performed on block copolymer films obtained from solution casting using a rather non-selective solvent, which was slowly evaporated in the presence of solvent vapor and further annealed above the glass transition temperature of both blocks. Presumably, the morphologies observed in the TEM micrographs (Figure 7) display the equilibrium morphologies of the diblock copolymers, even if they are not free of morphological defects. For a P3VP weight fraction of 35% and an apparent molecular weight of 53 kDa (P3VP35-PS6553), the lamellar structure was found. Concerning the second sample with an apparent molecular weight of 68 kDa and a P3VP weight fraction of 28% (P3VP28-PS7268) the morphology identified is the cylindrical, which is depicted in the TEM figure with large areas identified as cylindrical domains of P3VP cylinders in a continuous PS matrix oriented parallel to the plane, while a domain of dark dots indicates the perpendicular oriented P3VP cylinders in the PS matrix. The grey areas in Figure 7a can be attributed to short-chain P3VP-b-PS portions, with high PS content, (see low-molecular-weight tailing in GPC measurements, Figure 3) which are possibly beyond the order–disorder transition and thus no microphase separation can occur. The found morphologies agree well with the typically expected structures for microphase-separated diblock copolymers with these compositions [48].






4. Conclusions


In this work, P3VP-b-PS diblock copolymers were synthesized via water-based surfactant-free RAFT emulsion polymerization. The novel and more environmentally friendly emulsion polymerization of styrene in the presence of a P3VP macroRAFT agent generated diblock copolymers with molecular weights of around 60 kDa within one day. For successful emulsion polymerization, the addition of an organic cosolvent (DMF) was necessary to solubilize the medium molecular weight P3VP macroRAFT agent. The proposed mechanism for the P3VP-b-PS synthesis is the polymerization-induced self-assembly (PISA) which involves the in situ formation of micellar objects through initial chain growth in the aqueous phase. This formation is followed by self-assembly of the growing diblock copolymers, that consist of a PS core and a stabilizing P3VP macroRAFT agent corona.



The P3VP-b-PS diblock copolymers show microphase separation due to the incompatibility of the covalently linked P3VP and PS blocks, similar to P2VP-b-PS and P4VP-b-PS diblock copolymers. The morphology was studied both in bulk and in thin films. While the slow solvent evaporation led to rather well-ordered structures in the bulk state, the spin-coating of thin films led to poorly ordered morphologies. Subsequent thermal and solvent vapor annealing improved the order in the thin films and resulted in similar morphologies as obtained from the bulk state.








Supplementary Materials


The following are available online at https://www.mdpi.com/1996-1944/12/19/3145/s1, Figure S1. 1H-NMR spectra of crude (top, in THF-d8) and precipitated (bottom, in CDCl3) poly(3-vinylpyridine) (P3VP) macroRAFT agent. The conversion of 3VP was determined by 1H-NMR from the integral ratio of the aromatic P3VP signal at 7.60–8.45 ppm (corrected by subtraction of the monomer integrals) and the monomer signal (of one proton) at 8.55 ppm; Figure S2. Exemplary 1H-NMR spectra in THF-d8 respectively CDCl3 of a crude (top) and precipitated (bottom) poly(3-vinylpyridine)-b-polystyrene (P3VP-b-PS) diblock copolymer after polymerization via surfactant-free RAFT emulsion polymerization. The conversion of styrene in the emulsion polymerization was calculated from the integral ratio of the aromatic P3VP-b-PS signal at 7.70–6.20 ppm (taken from the 1H-NMR spectrum of the diblock copolymer) and the aromatic P3VP signal at 7.70–6.20 ppm (displayed in the 1H-NMR spectrum of the P3VP macroRAFT agent precursor); Figure S3. A spin-coated thin film of a 2 wt% P3VP35-PS6553 solution after thermal annealing at Tannealing = 150 °C (15 h). (a) Surface topography via QNM AFM height images (1 µm × 1 µm); (b) QNM AFM adhesion images (1 µm × 1 µm) of P3VP35-PS6553; Figure S4. A spin-coated thin film of P3VP35-PS6553 after thermal annealing at Tannealing = 150 °C (15 h) combined with 10 min 1,4-dioxane vapor annealing. (a) Surface topography via QNM AFM height images (1 µm × 1 µm); (b) QNM AFM adhesion images (1 µm × 1 µm) of P3VP35-PS6553.





Author Contributions


P.G., V.A. and K.N. conceived the idea; K.N. and P.G. designed, performed and evaluated the experiments; V.F. assisted on scientific discussions regarding the synthesis, C.A. performed and assisted on the evaluations of microscopy experiments. P.G. and V.A. supervised the work. K.N. and P.G. wrote the paper, while all the authors contributed to the scientific discussion, revision, and finalization of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors thank Maren Brinkmann, Thomas Emmler and Silvio Neumann for GPC and NMR measurements, Evgeni Sperling for AFM and Anke-Lisa Höhme for TEM measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roy, D.; Cambre, J.N.; Sumerlin, B.S. Sugar-responsive block copolymers by direct RAFT polymerization of unprotected boronic acid monomers. Chem. Commun. 2008, 2477–2479. [Google Scholar] [CrossRef] [PubMed]

	



Rizzardo, E.; Solomon, D.H. On the Origins of Nitroxide Mediated Polymerization (NMP) and Reversible Addition–Fragmentation Chain Transfer (RAFT). Aust. J. Chem. 2012, 65, 945–969. [Google Scholar] [CrossRef]

	



Ma, J.; Cheng, C.; Sun, G.; Wooley, K.L. Well-defined polymers bearing pendent alkene functionalities via selective RAFT polymerization. Macromolecules 2008, 41, 9080–9089. [Google Scholar] [CrossRef]

	



Perrier, S.B. 50th Anniversary Perspective: RAFT Polymerization—A User Guide. Macromolecules 2017, 50, 7433–7447. [Google Scholar] [CrossRef]

	



Pafiti, K.S.; Patrickios, C.S.; Abetz, C.; Abetz, V. High-molecular-weight symmetrical multiblock copolymers: Synthesis by RAFT polymerization and characterization. J. Polym. Sci. Part A Polym. Chem. 2013, 51, 4957–4965. [Google Scholar] [CrossRef]

	



Rikkou-Kalourkoti, M.; Elladiou, M.; Patrickios, C.S. Synthesis and characterization of hyperbranched amphiphilic block copolymers prepared via self-condensing RAFT polymerization. J. Polym. Sci. Part A Polym. Chem. 2015, 53, 1310–1319. [Google Scholar] [CrossRef]

	



McCormick, C.L.; Lowe, A.B. Aqueous RAFT polymerization: Recent developments in synthesis of functional water-soluble (co) polymers with controlled structures. Acc. Chem. Res. 2004, 37, 312–325. [Google Scholar] [CrossRef]

	



Semsarilar, M.; Perrier, S. ‘Green’ reversible addition-fragmentation chain-transfer (RAFT) polymerization. Nat. Chem. 2010, 2, 811–820. [Google Scholar] [CrossRef]

	



Luo, J.; Li, M.; Xin, M.; Sun, W. Benzoyl Peroxide/2-Vinylpyridine Synergy in RAFT Polymerization: Synthesis of Poly(2-vinylpyridine) with Low Dispersity at Ambient Temperature. Macromol. Chem. Phys. 2015, 216, 1646–1652. [Google Scholar] [CrossRef]

	



Wan, W.-M.; Pan, C.-Y. One-pot synthesis of polymeric nanomaterials via RAFT dispersion polymerization induced self-assembly and re-organization. Polym. Chem. 2010, 1, 1475–1484. [Google Scholar] [CrossRef]

	



Zhang, B.Q.; Chen, G.D.; Pan, C.Y.; Luan, B.; Hong, C.Y. Preparation, characterization, and thermal properties of polystyrene-block-quaternized poly (4-vinylpyridine)/Montmorillonite nanocomposites. J. Appl. Polym. Sci. 2006, 102, 1950–1958. [Google Scholar] [CrossRef]

	



Luo, J.; Li, M.; Xin, M.; Sun, W.; Xiao, W. Visible Light Induced RAFT Polymerization of 2-Vinylpyridine without Exogenous Initiators or Photocatalysts. Macromol. Chem. Phys. 2016, 217, 1777–1784. [Google Scholar] [CrossRef]

	



Arita, T.; Buback, M.; Janssen, O.; Vana, P. RAFT-Polymerization of Styrene up to High Pressure: Rate Enhancement and Improved Control. Macromol. Rapid Commun. 2004, 25, 1376–1381. [Google Scholar] [CrossRef]

	



Eggers, S.; Abetz, V. Surfactant-Free RAFT Emulsion Polymerization of Styrene Using Thermoresponsive macroRAFT Agents: Towards Smart Well-Defined Block Copolymers with High Molecular Weights. Polymers 2017, 9, 668. [Google Scholar] [CrossRef] [PubMed]

	



Mai, Y.; Eisenberg, A. Self-assembly of block copolymers. Chem. Soc. Rev. 2012, 41, 5969–5985. [Google Scholar] [CrossRef] [PubMed]

	



Whitesides, G.M.; Grzybowski, B. Self-assembly at all scales. Science 2002, 295, 2418–2421. [Google Scholar] [CrossRef]

	



Farrell, R.; Fitzgerald, T.; Borah, D.; Holmes, J.; Morris, M. Chemical interactions and their role in the microphase separation of block copolymer thin films. Int. J. Mol. Sci. 2009, 10, 3671–3712. [Google Scholar] [CrossRef]

	



Canning, S.L.; Smith, G.N.; Armes, S.P. A critical appraisal of RAFT-mediated polymerization-induced self-assembly. Macromolecules 2016, 49, 1985–2001. [Google Scholar] [CrossRef]

	



Derry, M.J.; Fielding, L.A.; Armes, S.P. Polymerization-induced self-assembly of block copolymer nanoparticles via RAFT non-aqueous dispersion polymerization. Prog. Polym. Sci. 2016, 52, 1–18. [Google Scholar] [CrossRef]

	



Karagoz, B.; Esser, L.; Duong, H.T.; Basuki, J.S.; Boyer, C.; Davis, T.P. Polymerization-Induced Self-Assembly (PISA)—Control over the morphology of nanoparticles for drug delivery applications. Polym. Chem. 2014, 5, 350–355. [Google Scholar] [CrossRef]

	



Ferguson, C.J.; Hughes, R.J.; Pham, B.T.; Hawkett, B.S.; Gilbert, R.G.; Serelis, A.K.; Such, C.H. Effective ab initio emulsion polymerization under RAFT control. Macromolecules 2002, 35, 9243–9245. [Google Scholar] [CrossRef]

	



Truong, N.P.; Quinn, J.F.; Whittaker, M.R.; Davis, T.P. Polymeric filomicelles and nanoworms: Two decades of synthesis and application. Polym. Chem. 2016, 7, 4295–4312. [Google Scholar] [CrossRef]

	



Yeow, J.; Boyer, C. Photoinitiated Polymerization-Induced Self-Assembly (Photo-PISA): New Insights and Opportunities. Adv. Sci. 2017, 4, 1700137. [Google Scholar] [CrossRef] [PubMed]

	



Lane, W. Determination of Solubility of Styrene in Water and of Water in Styrene. Ind. Eng. Chem. Anal. Ed. 1946, 18, 295–296. [Google Scholar] [CrossRef]

	



Prescott, S.W.; Ballard, M.J.; Rizzardo, E.; Gilbert, R.G. Successful use of RAFT techniques in seeded emulsion polymerization of styrene: Living character, RAFT agent transport, and rate of polymerization. Macromolecules 2002, 35, 5417–5425. [Google Scholar] [CrossRef]

	



Mueller, A.H.; Yan, D.; Litvinenko, G.; Zhuang, R.; Dong, H. Kinetic analysis of “living” polymerization processes exhibiting slow equilibria. 2. Molecular weight distribution for degenerative transfer (Direct activity exchange between active and “dormant” species) at constant monomer concentration. Macromolecules 1995, 28, 7335–7338. [Google Scholar] [CrossRef]

	



Smulders, W.; Monteiro, M.J. Seeded Emulsion Polymerization of Block Copolymer Core− Shell Nanoparticles with Controlled Particle Size and Molecular Weight Distribution Using Xanthate-Based RAFT Polymerization. Macromolecules 2004, 37, 4474–4483. [Google Scholar] [CrossRef]

	



Du, J.; Willcock, H.; Patterson, J.P.; Portman, I.; O’Reilly, R.K. Self-Assembly of Hydrophilic Homopolymers: A Matter of RAFT End Groups. Small 2011, 7, 2070–2080. [Google Scholar] [CrossRef]

	



Lang, X.; Patrick, A.D.; Hammouda, B.; Hore, M.J. Chain terminal group leads to distinct thermoresponsive behaviors of linear PNIPAM and polymer analogs. Polymer 2018, 145, 137–147. [Google Scholar] [CrossRef]

	



Akpinar, B.; Fielding, L.A.; Cunningham, V.J.; Ning, Y.; Mykhaylyk, O.O.; Fowler, P.W.; Armes, S.P. Determining the effective density and stabilizer layer thickness of sterically stabilized nanoparticles. Macromolecules 2016, 49, 5160–5171. [Google Scholar] [CrossRef]

	



Thompson, K.L.; Derry, M.J.; Hatton, F.L.; Armes, S.P. Long-term stability of n-alkane-in-water pickering nanoemulsions: Effect of aqueous solubility of droplet phase on Ostwald ripening. Langmuir 2018, 34, 9289–9297. [Google Scholar] [CrossRef] [PubMed]

	



Shim, S.E.; Lee, H.; Choe, S. Synthesis of Functionalized Monodisperse Poly(methyl methacrylate) Nanoparticles by a RAFT Agent Carrying Carboxyl End Group. Macromolecules 2004, 37, 5565–5571. [Google Scholar] [CrossRef]

	



Barner-Kowollik, C. Handbook of RAFT Polymerization; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2008. [Google Scholar]

	



Lansalot, M.; Davis, T.P.; Heuts, J.P. RAFT miniemulsion polymerization: Influence of the structure of the RAFT agent. Macromolecules 2002, 35, 7582–7591. [Google Scholar] [CrossRef]

	



Qiu, J.; Gaynor, S.G.; Matyjaszewski, K. Emulsion polymerization of n-butyl methacrylate by reverse atom transfer radical polymerization. Macromolecules 1999, 32, 2872–2875. [Google Scholar] [CrossRef]

	



Yamamoto, T. Synthesis of micron-sized polymeric particles in soap-free emulsion polymerization using oil-soluble initiators and electrolytes. Colloid Polym. Sci. 2012, 290, 1023–1031. [Google Scholar] [CrossRef]

	



Alberda van Ekenstein, G.; Meyboom, R.; Ten Brinke, G.; Ikkala, O. Determination of the Flory− Huggins Interaction Parameter of Styrene and 4-Vinylpyridine Using Copolymer Blends of Poly (styrene-Co-4-Vinylpyridine) and Polystyrene. Macromolecules 2000, 33, 3752–3756. [Google Scholar] [CrossRef]

	



Zha, W.; Han, C.D.; Lee, D.H.; Han, S.H.; Kim, J.K.; Kang, J.H.; Park, C. Origin of the Difference in Order− Disorder Transition Temperature between Polystyrene-block-poly (2-vinylpyridine) and Polystyrene-block-poly (4-vinylpyridine) Copolymers. Macromolecules 2007, 40, 2109–2119. [Google Scholar] [CrossRef]

	



Shull, K.R.; Kramer, E.J.; Hadziioannou, G.; Tang, W. Segregation of block copolymers to interfaces between immiscible homopolymers. Macromolecules 1990, 23, 4780–4787. [Google Scholar] [CrossRef]

	



Volker Abetz, P.F.W.S. Phase Behaviour and Morphologies of Block Copolymers. In Block Copolymers I; Springer: Berlin/Heidelberg, Germany, 2005. [Google Scholar]

	



Lee, D.H.; Cho, H.; Yoo, S.; Park, S. Ordering evolution of block copolymer thin films upon solvent-annealing process. J. Colloid Interface Sci. 2012, 383, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.; Lee, D.H.; Xu, J.; Kim, B.; Hong, S.W.; Jeong, U.; Xu, T.; Russell, T.P. Macroscopic 10-terabit–per–square-inch arrays from block copolymers with lateral order. Science 2009, 323, 1030–1033. [Google Scholar] [CrossRef]

	



Jung, Y.S.; Ross, C.A. Orientation-controlled self-assembled nanolithography using a polystyrene−polydimethylsiloxane block copolymer. Nano Lett. 2007, 7, 2046–2050. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.W.; Gu, X.; Huh, J.; Xiao, S.; Russell, T.P. Circular nanopatterns over large areas from the self-assembly of block copolymers guided by shallow trenches. ACS Nano 2011, 5, 2855–2860. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Stevens, J.; Villa, J.; Goldbach, J.T.; Guarini, K.W.; Black, C.T.; Hawker, C.J.; Russell, T.P. Block copolymer surface reconstuction: A reversible route to nanoporous films. Adv. Funct. Mater. 2003, 13, 698–702. [Google Scholar] [CrossRef]

	



Gowd, E.B.; Nandan, B.; Vyas, M.K.; Bigall, N.C.; Eychmüller, A.; Schlörb, H.; Stamm, M. Highly ordered palladium nanodots and nanowires from switchable block copolymer thin films. Nanotechnology 2009, 20, 415302. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.; Kim, B.; Wang, J.Y.; Russell, T.P. Fabrication of highly ordered silicon oxide dots and stripes from block copolymer thin films. Adv. Mater. 2008, 20, 681–685. [Google Scholar] [CrossRef]

	



Lynd, N.A.; Meuler, A.J.; Hillmyer, M.A. Polydispersity and block copolymer self-assembly. Prog. Polym. Sci. 2008, 33, 875–893. [Google Scholar] [CrossRef]








[image: Materials 12 03145 g001 550] 





Figure 1. Synthetic route to the poly(3-vinylpyridine)-block-poly(styrene) (P3VP-b-PS) diblock copolymer; (a) synthesis of the poly(3-vinylpyridine) (P3VP) macroRAFT agent via reversible addition–fragmentation chain transfer (RAFT) bulk polymerization; (b) synthesis of the P3VP-b-PS diblock copolymer via surfactant-free RAFT emulsion polymerization. 
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Figure 2. Illustration of the polymerization mechanism to the targeted diblock copolymer P3VP-b-PS via surfactant-free RAFT emulsion polymerization. The colors used are partially a continuity of the ones used for the reactants in the reaction schemes (Figure 1). AIBN is depicted as yellow spheres and the P3VP macroRAFT agent as a chain of green spheres with pink RAFT agent end groups. Large red spheres represent styrene droplets while small red spheres display single styrene monomer units. The grey background presents the N,N-dimethylformamide (DMF) /H2O mixture. Initially, the P3VP macroRAFT agent is dissolved in a DMF/H2O (50/50, v/v) solution. The addition of styrene to the P3VP macroRAFT agent leads to a macroscopic phase separation without mechanical agitation (stage 0). (a) The polymerization starts in solution (stage 1) until (b) a transition to micellization occurs. (c) Stage 2 is characterized by monomer migration and polymerization in micelles, until (d) all styrene monomer droplets are depleted, and particle formation is completed. The final latex contains PS-core particles with a P3VP macroRAFT agent corona. 
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Figure 3. The GPC chromatograms of the obtained P3VP19 homopolymer (green color), the precursor of the two diblock copolymers, the P3VP35-PS6553 diblock copolymer (red color) and the P3VP28-PS7268 (blue color). The shift of the diblock copolymer curves towards higher molar mass indicates the successful synthesis upon completion of the RAFT emulsion polymerization, however, with little low-molecular-weight tailing, due to the presence of unreacted P3VP homopolymer. A good extent of control in the emulsion polymerization system is indicated by reasonable dispersities (Đ = 1.1 and Đ = 1.5). 
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Figure 4. DSC thermogram of the P3VP-b-PS diblock copolymers and the corresponding homopolymer precursor. The two different glass transition temperatures of the two blocks are observed. The heating rate was 10 K/min. 
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Figure 5. SEM micrographs of a spin-coated thin film of a 2wt % P3VP35-PS6553 solution (a) before and (b) after thermal annealing at Tannealing = 150 °C (15 h) combined with 10 min 1,4-dioxane vapor annealing and 5 min dip-coating in ethanol. 
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Figure 6. A spin-coated thin film of a 2 wt% P3VP35-PS6553 solution after thermal annealing at Tannealing = 150 °C (15 h) combined with 10 min 1,4-dioxane vapor annealing and 5 min dip-coating in ethanol. (a) Surface topography via QNM AFM height images (1 µm × 1 µm); (b) QNM AFM adhesion images (1 µm × 1 µm) of P3VP35-PS6553. 
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Figure 7. Transmission electron micrographs display the microphase separation of P3VP-b-PS diblock copolymer annealed at 140 °C; (a) P3VP35-PS6553; (b) P3VP28-PS7268. The bright areas correspond to the polystyrene microphase. 
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Table 1. GPC results for the synthesized P3VP-b-PS diblock copolymers.
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