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The foremost limitation of block copolymer synthesis is to polymerize two or more different types of monomers with different reactivity profiles using a single polymerization technique. Controlled living polymerization techniques play a vital role in the preparation of wide range of block copolymers, thus are revolutionary techniques for polymer industry. Polymers with good control over molecular weight, molecular weight distribution, chain-end functionality and architectures can be prepared by these processes. In order to improve the existing applications and create new opportunities to design a new block copolymer system with improved physical and chemical properties, the combination of two different polymerization techniques have tremendous scope. Such kinds of macromolecules may be attended by combination of homopolymerization of different monomers by post-modification techniques using a macroinitiator or by using a dual initiator which allows the combination of two mechanistically distinct techniques. This review focuses on recent advances in synthesis of block copolymers by combination of living cationic polymerization with other polymerization techniques and click chemistry.
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INTRODUCTION
Macromolecular engineering is the technology of total synthesis of highly controlled macromolecules, with the goal to achieve control over the physical properties of macromolecules, including molecular weight, molecular weight distribution, end-functionality, tacticity, stereochemistry, block sequence, and block topology. The best technique for the preparation of polymers with well-defined structures having low dispersity is living polymerization. In the living polymerization process, all chains are initiated during the start of the polymerization and the chains grow at a constant rate retaining their chain-end fidelity (Moad et al., 2008; Jenkins et al., 2009). The term living polymerization was first coined by Szwarc et al. (1956), who introduced living anionic polymerizations in 1956 (Szwarc, 1956). Later, the living cationic polymerization, living ring-opening polymerization (ROP) and other living polymerization methods were discovered.
Cationic polymerization is an important technique for polymer synthesis for monomers having an electron-rich double bond, such as, isobutylene (IB) (Rajasekhar et al., 2020). Conventional cationic polymerization progresses through four elementary steps: initiation, propagation, chain transfer, and chain termination. Cationic species are generated by ionization during initiation and electrophilic addition of the monomer to the active cationic site takes place during propagation. The conventional cationic polymerization reactions also involve chain termination, chain transfer, and other chain-breaking reactions. This is due to the high reactivity of the active cationic species. Thus, the propagating active species gets quenched and kinetic chain is stopped. Chain transfer reactions limit the molecular weight; thus, to obtain high molecular weight polymers, reactions are mostly carried out at very low temperature to prevent chain transfer reactions. Polymers bearing selectively placed functional groups at the chain end(s) are also very difficult to synthesize using conventional cationic polymerization techniques. So, living cationic polymerization was introduced to synthesize polymers having controlled molecular weight, with limited chain transfer and termination processes; narrow molecular weight distribution and predetermined chain end functionalities. Living cationic polymerization was first reported using vinyl ethers (Miyamoto et al., 1984) and isobutylene (Faust and Kennedy, 1987) in the 1980s. Since then, the scope of living cationic polymerization has been expanded rapidly both in terms of monomers and initiating systems.
The capability to control the polymerization process opens up a tremendous scope for the synthesis of highly controlled polymeric architectures such as random, alternating, star, branched, block, graft copolymers, etc. Presently, choice and sequence addition of monomers for block copolymerization using a single polymerization process has limitations since there is no single polymerization technique for all types of monomers. There are many reported review articles which have discussed all types of combination techniques, but here our aim is to focus typically on synthetic procedures for copolymers by living cationic polymerization with other polymerization techniques. This review summarizes the recent developments in the synthesis methodologies of various types of polymeric materials by combined cationic polymerization pathways with other polymerization techniques like radical, anionic, ring opening polymerisation, click chemistry, etc.
LIVING CATIONIC POLYMERIZATION
The key to achieve living cationic polymerization is controlled initiation and propagation (Aoshima and Kanaoka, 2009). To achieve polymers with controlled molecular weight, narrow polydispersity, and precise chain end functionality, elimination or suppression of chain transfer or chain termination reactions are essential (Cho et al., 1990). Living cationic polymerization of various electron rich vinyl monomers are initiated by Lewis acid containing a binary initiating system to produce a carbocation structurally similar to the monomer (De and Faust, 2007). For living cationic polymerization, the key factor is to attain equilibrium between the formed active species and the dormant polymer chain, and there must be rapid exchange within the active and dormant species so that a small amount of active species is present within the system (Figure 1). Factors like temperature, solvent polarity, concentration of active initiating species, and nature of the counter ion play a decisive role to control the equilibrium of the entire mechanism.
[image: Figure 1]FIGURE 1 | General mechanism of controlled/living cationic polymerization.
The first report on living cationic polymerization was for isobutyl vinyl ether (IBVE) by Higashimura et al. using HI/I2 initiating system (Sawamoto and Higashimura, 1986). Since then, researchers have grown interest in cationic polymerization of other vinyl monomers. Faust and Kennedy (1987) reported living cationic polymerization IB. The scope of living cationic polymerization has increased in terms of initiating systems, monomers, and synthetic applications in the course of time. Linear semilogarithmic kinetic plot (ln([M]0/[M]) vs. time, where [M]0 is the initial concentration and [M] is the concentration at time (t) = t of the monomer) suggests constant concentration of active species, i.e., no chain termination; and linear dependence of number average molecular weight (Mn) vs. monomer conversion (Mn vs. conversion) indicates the absence of chain transfer (Szwarc and Beylen, 1993). Again, according to a combined relation derived by Penczek et al. (1991), the linearity of the ln{1-([I]DPn/[M]0)} vs. time plot [where DPn is the number average degree of polymerization, (I) is the concentration of the initiator] proves the simultaneous absence of chain termination and chain transfer (Penczek et al., 1991).
Generally, two methods are used for the preparation of functional polymers via living cationic polymerizations: (1) functional initiators and (2) end quenching of living polymeric cations with appropriate nucleophiles or capping agents. A functional initiator with/without a protected functional group is generally used during the living cationic polymerization to produce functional polymers. Several reports are there for the preparation of chain-end functional polyisobutulenes (PIBs) using ester functional initiators such as 3,3,5-trimethyl-5-chloro-1-hexyl isobutyrate and methacrylate (Balogh et al., 1992). An efficient way to produce end-functional polymers is by end quenching of living cationic polymerizations with appropriate nucleophiles. The functional initiator method is more efficient due to unwanted side reactions during nucleophile act to the end functionalization of the propagating polymer cations. PIB with functional terminator approach was reported by Faust et al., using diphenylethylene (DPE) (Hadjikyriacou et al., 1995). This strategy was further extended to prepare a variety of end-functional PIBs bearing, alcohol, methoxy, amine, carbonyl, and ester end groups.
The initiator system plays an important role according to monomer choice. A wide variety of initiators were reported such as, organic esters, halides, ethers, and alcohols, which act as cation source to initiate living polymerization of IB. Hydrogen chloride (HCl) adducts of 2-chloro-2,4,4-trimethylpentane and 2-chloro-2,4-diphenyl-4-methylpentane works as excellent initiators for α-methyl styrene and IB, respectively. Faust et al., reported weak Lewis acids as co-initiator for more reactive monomers like vinyl ethers or N-vinyl carbazole, whereas strong Lewis acids for less reactive monomers like IB or styrene (De and Faust, 2015).
COMBINATION OF LIVING CATIONIC POLYMERIZATION WITH OTHER POLYMERIZATION TECHNIQUES
Novel block copolymers could be synthesized by combination of different living/controlled polymerization mechanisms such as radical, cationic, anionic, ring-opening polymerizations, click chemistry, etc., with new monomer combinations. The first report on combination polymerization was by Richards et al., in 1977 to solve the problem of synthesizing copolymers using different types of monomers (Burgess et al., 1977a; Burgess et al., 1977b). The combination of two mechanisms occurs mainly by two types of processes: a) site transformation method, and b) dual initiator method (Figure 2). The site transformation technique provides a useful alternative for the synthesis of block copolymers, where the propagating active centre is transformed to a whole new kind of active site and a second monomer is polymerized by a different mechanism using the newly formed active site, i.e., one homopolymer chain is terminated by an initiator which initiates block copolymerization using another technique. Whereas, in the dual initiator method, one single initiator is capable of initiating polymerization in two different mechanisms. Another important technique is by combination of living cationic polymerization with coupling click chemistry. The essential conditions to achieve quantitative coupling reaction is that the end groups should have similar reactivities and selection of a good solvent for both homo—and copolymers.
[image: Figure 2]FIGURE 2 | Block copolymer synthesis mechanism: (A) Site transformation method, and (B) dual initiator method.
Combination of Living Cationic Polymerization with Controlled/Living Radical Polymerization
From the very first introduction of the combination polymerization technique concept, researchers’ interest in the synthesis of novel polymeric architectures has grown. The scope of combination polymerization has got new dimensions by preparation of block copolymers using cationic and controlled/living radical polymerizations like atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain-transfer (RAFT) polymerization, nitroxide-mediated polymerization (NMP), etc.
Combination with Atom Transfer Radical Polymerization
In 1997, Coca and Matyjaszewski reported block copolymers preparation of styrene (St) and IB, i.e., P(St-b-IB-b-St) (P1) by combination of cationic and ATRP, where both St and IB monomers are capable of undergoing polymerization by living cationic techniques. A recent study proves P(St-b-IB-b-St) (P1) is highly hemocompatible and can be used as heart valve leaflets in near future (Table 1) (Ovcharenko et al., 2019). Researchers have also studied surface mobility of heparin by synthesizing functional dendritic PIB-based thermoplastic elastomer by styrene (St) and IB copolymer (Wu et al., 2018). However, the insertion of monomers like methacrylic acid (MA) with the same polymerization approach is a real difficult task as it does not undergo polymerization via cationic polymerization technique. Hence, the synthesis of P(IB-b-MA) (P2) di-block copolymer, P(MA-b-IB-b-MA) (P3) tri-block copolymer is more fascinating (Fang and Kennedy, 2002). They have reported micellar and endless ionomer networks using these triblock copolymers (Table 1). The PIB macroinitiator used for the ATRP was synthesized from the hydroxyl functional PIBs, obtained by hydroboration/oxidation of allyl functional PIBs, by further reaction with 2-bromoisobutyryl bromide. For the synthesis of P2 and P3 (Figure 3), tert-butyl methacrylic acid (t-BuMA) was polymerized using the macroinitiator and then further hydrolysed post polymerization to synthesize the targeted block copolymers. Synthesis of P2 by dual initiator has also been reported, where dual initiators (Figure 4) like 3,3,5-trimethyl-5-chlorohexyl 2-bromopropionate (IB2BP, 1) and 3,3,5-trimethyl-5-chlorohexyl 2-bromo-2-methylpropionate (IB2BMP, 2) were used to combine cationic polymerization and ATRP (Zhu and Storey, 2010). A similar type of dual initiator, 3-[3,5-bis(1-chloro-1-methyl ethyl)phenyl]-3-methyl butyl-2-bromo-2-methyl propionate (DCCBMP, 3) was reported by Zhu and Storey (2012) for the synthesis of polyisobutylene-based miktoarm star polymers.
TABLE 1 | Polymers, their morphologies, and applications.
[image: Table 1][image: Figure 3]FIGURE 3 | Examples of block copolymers synthesized via combination of living cationic polymerization and controlled/living radical polymerization.
[image: Figure 4]FIGURE 4 | Examples of dual initiators used in combined living cationic polymerization and controlled/living radical polymerization.
Du Prez et al., prepared block copolymers of poly(methyl vinyl ether) (PMeVE) segment with poly(tert-butyl acrylate), poly(acrylic acid), poly(methyl acrylate), and polystyrene blocks (P4–P7), using a novel dual initiator 2-bromo-(3,3-diethoxy-propyl)-2-methylpropanoate (4) (Bernaerts and Du Prez, 2005). In 2008, P(IB-b-St) and poly(IB-b-poly(methyl methacrylate-co-styrene) P[IB-b-(MMA-co-St)] copolymers were reported using a combined ATRP process using PIB with allyl halide end groups as macroinitiators (Jakubowski et al., 2008). Chen et al. (1998) reported ATRP of styrene in bulk and in xylene solution and p-acetoxystyrene (pACOSt) (P8-P9) in xylene solution using 1-chloro-1-phenylethyl-telchelic PIBs (Mn = 7,800 and 30,700 g/mol) as macroinitiators (Chen et al., 1998). Triblock copolymers (P10) composed of hydrophobic inert PIB as an inner core and hydrophilic poly[poly(ethylene glycol) methacrylate] (PPEGMA) outer blocks were reported via combined ATRP and cationic polymerization techniques (Figure 5; Szabó et al., 2015). This copolymer having a crystalline domain can be applied as nonionic surfactants (Table 1). Polymerization of bisazobenzene containing vinyl ether by cationic polymerization with IBVE as initiator using Et1.5AlCl1.5 as catalyst, and ethyl acetate as base was synthesized, which acts as macroinitiator for block copolymerization of methyl methacrylate (MMA) by ATRP (Li et al., 2014). Spherical and worm like polymeric architectures were formed by poly(p-chloromethyl styrene)-g-(methyl methacrylate) P(pCMS-g-MMA) (P11) and poly(p-chloromethyl styrene)-g-(benzyl methacrylate) P(pCMS-g-BzMA) (P12) graft copolymers (Banerjee et al., 2014). Initially, P(pCMS) macroinitiator was synthesized using FeCl3 at 25°C by cationic polymerization, which in turn initiated the ATRP process for MMA or BzMA monomers. Researchers have reported triblock copolymers having rod-coil-rod morphology with liquid crystal properties (Gao et al., 2008). They form rod and lamellar structures which can be confirmed from TEM images. Some other block copolymer preparation with monomers such as 2,5-bis[(4-methoxy phenyl)oxycarbonyl]styrene (pMPCS) using PIB macroinitiator are also reported by ATRP technique. PIB-b-oligoacrylates and PIB-b-oligomethacrylates were synthesized by ATRP using PIB-α-bromo ester macroinitiator (Fu et al., 2018).
[image: Figure 5]FIGURE 5 | (A) Block copolymer synthesis via combination of living cationic polymerization and atom transfer radical polymerization. (B) Block copolymer synthesis via combination of living cationic polymerization and radical polymerization polymerization. (C) Block copolymer synthesis via combination of living cationic polymerization and ring-opening polymerization. (D) Block copolymer synthesis via combination of living cationic polymerization and anionic polymerization.
β-Pinene is another very important monomer for living cationic polymerization. There are numerous reports on copolymers containing β-pinene by living cationic technique but few studies are reported by using combination mechanism. Block copolymers with β-pinene polymer-based macroinitiator is also well studied. β-Pinene macroinitiator was prepared by living cationic polymerization with the 1-phenylethyl chloride/TiCl4/Ti(OiPr)4/nBu4NCl system, and used for block copolymerization of MMA or butyl acrylate (BA) (Lu et al., 2003) and St (Lu et al., 2004).
Combination with Reversible Addition-Fragmentation Chain-Transfer Polymerization
To date, several researchers have reported preparation of novel block copolymers by combination of living cationic and RAFT polymerizations (Minoda et al., 2013; Sugihara et al., 2012). There are various reports of block and graft copolymers via combination of living cationic polymerization and RAFT polymerization using vinyl ether type RAFT agent, such as benzyl 2-(vinyloxy)ethyl carbonotrithioate (BVCT). The BVCT act as dual initiator; it acts as a cationogen under EtAlCl2 initiation system in the presence of ethyl acetate for living cationic polymerization and as a RAFT agent for the blocks for RAFT polymerization mechanism (Ma Radzi et al., 2014a). De and co-workers made an effort to prepare a well-defined di-block copolymers of IB with poly[oligo(ethylene glycol) methyl ether methacrylate] (POEGM; Bauri et al., 2015) poly(3-(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo[9.5.1.13,9.15,15.17,13]-octasiloxane-1-yl)propyl methacrylate) (PMAPOSS) (P13) (Haldar et al., 2015a) and amino acid-based monomers such as Boc-l-alanine methacryloyloxyethyl ester (Boc-l-Ala-HEMA) and Boc-l-leucine methacryloyloxyethyl ester (Boc-l-Leu-HEMA) (P14) via combination of living carbocationic and RAFT polymerizations techniques (Bauri et al., 2013). The amino acid-based block copolymers were synthesized using hydroxyl end-capped polyisobutylene as macro chain transfer agents (mCTAs). The side-chain amino acid-based block copolymers showed core-shell type micellar aggregates in methanol, but after the Boc group deprotection, the block copolymers formed spherical micellar aggregates in aqueous milieu. These stable micellar aggregates can be applied in chiral recognition, chiral resolution. They may also be used in chiral catalysis of some organic reactions. Whereas the POSS containing polymers showed crystallinity and are used for synthesis of biocompatible composite materials (Table 1). Self-healing gel was constructed from side-chain primary amine leucine pendant with PIB. The diblock copolymer P(H2N-Leu-HEMA)-b-IB) (P14) was synthesized using PIB based di-functionalized cross-linker (HOC-PIB-CHO) without aiding any external stimuli (Haldar et al., 2015b). They show well defined crosslinking and are self-healing, thus finding a wide range of applications in organ repair and pH-triggered delivery.
Synthesis of poly[(ethyl vinyl ether)-b-(vinylidene fluoride)] P(EVE-b-VDF) (P15) diblock copolymer was reported via the sequential combination of cationic polymerization of vinyl ethers and radical RAFT polymerization of vinylidene fluoride (VDF) (Figure 5; Guerre et al., 2017). Metal-free RAFT cationic combination polymerization was reported by Maeda et al. for the synthesis of block copolymers. For synthesis of vinyl ethers (VEs) macroinitiator, the 1-isobutoxyethyl ethane dithioate (IDTA) acts as a catalyst and the cationic polymerization was initiated by the HCl.Et2O pair. The resulting poly(vinyl ethers) (PVEs) could be used as mCTA for the RAFT polymerization of methacrylate and styrene (Sugihara et al., 2015). The copolymers show core-shell morphology which has been confirmed from Atomic Force Microscopy (AFM) images.
Novel xanthates containing moieties were designed for synthesis of block copolymer via combination of living cationic polymerization and RAFT polymerization. Cationic polymerization of IBVE and tert-butyl vinyl ether (tBVE) were reported using xanthate containing initiating system. Initially the cationic polymerizations of IBVE and tBVE were conducted by using S-benzyl O-2-(vinyloxy)ethyl carbonodithioate (Xanthate 1)-HCl adduct/SnCl4 and Xanthate 1 or S-1-(ethoxycarbonyl)ethyl O-2-(vinyloxy)ethyl carbonodithioate (Xanthate 2)-CF3COOH adduct/EtAlCl2 initiating system in the presence of ethyl acetate. Then, RAFT/MADIX polymerization of vinyl acetate (VAc) was carried out using azobis(isobutyronitrile) (AIBN) as initiator at 60°C using either poly(IBVE) or poly(TBVE) macro-CTA. The poly(TBVE) mCTAs synthesized from the Xanthate 2 were able to polymerize VAc via RAFT/MADIX polymerization, and produced well-defined diblock copolymer, poly(TBVE)-b-poly(VAc) (Ma Radzi et al., 2014b).
Combination with Nitroxide-Mediated Polymerization
In Le et al. (2016), first reported the block copolymers by combination of NMP and living cationic polymerization. They have made some dual initiators for this particular concern. Among the various dual initiators (5–7 in Figure 4), TEMPO-based-alkoxyamine having high functionality of TEMPO showed high efficiency in controlled polymerization of IBVE. The TEMPO-functionalized poly(IBVE) (PIBVE) was used as a macroinitiator for St at 130°C by NMP, resulting a well-defined block copolymer of PIBVE-b-PS having a narrow dispersity (Ð = 1.2).
COMBINATION OF LIVING CATIONIC POLYMERIZATION WITH RING OPENING POLYMERIZATION
ROP is a form of chain-growth polymerization, where the polymerization initiates through attack on cyclic monomer to form long chain polymers. Cyclic monomers such as epoxides, lactones, lactides, cyclic carbonates, and many strained cycloalkenes like norbornene undergo ROP with/without aid of metal catalyst. There are very few reports on synthesis of block copolymers by combined living cationic polymerization and ROP utilizing site transformation method (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Examples of block copolymers synthesized via combination of living cationic polymerization and ring-opening polymerization. (B) Examples of block copolymers synthesized via combination of living cationic polymerization with anionic polymerization and click chemistry.
A few previously reported PIB based crystalline block copolymers are: poly(l-lactide-b-IB-b-l-lactide) (P16) triblock copolymer (Sipos et al., 1995), poly[IB-b-ε-caprolactone (ε-CL)] P(IB-b-ε-CL), (P17) diblock copolymer and poly(ε-CL-b-IB-b-ε-CL); Storey et al., 2001 triblock copolymers. Poly(l-lactide-b-IB-b-l-lactide) (P16) triblock copolymer was synthesized by ROP of l-lactide using α,ω-dihydroxy-polyisobutylene polymer as macroinitiator (Figure 5). Pivalolactone (PVL) and IB based block copolymer synthesis was accomplished by site transformation of living cationic polymerization of IB to anionic ring-opening polymerization (AROP) of PVL (Kwon et al., 2002). For the synthesis of P(IB-b-PVL) (P18) diblock copolymers; first, PIB with ω-carboxylate potassium salt was prepared by capping mechanism of living cationic PIB with DPE which was followed by quenching with 1-methoxy-1-trimethylsiloxy-propene (MTSP), and further hydrolysis of ω-methoxycarbonyl end groups to obtain the macroinitiator. Then, the ω-carboxylate potassium salt was used as a macroinitiator in tetrahydrofuran (THF) by the AROP process, to obtain P(IB-b-PVL) block copolymers. Similarly, P(PVL-b-IB-b-PVL) triblock copolymer was prepared by combined living cationic and AROP methodology as mentioned in the previous case, except for the difunctional initiator used for the polymerization of IB in the first step was taken as 5-tert-butyl-1,3-bis-(1-chloro-1-methylethyl)-benzene.
Novel glassy(A)-b-rubbery(B)-b-crystalline(C) linear triblock copolymers have been reported where glassy A block is poly(α-methylstyrene) P(αMeSt), rubbery B block is PIB, and crystalline C block is poly(PVL) (PPVL). The synthesis of P(αMeSt-b-IB) (P19) was accomplished by living cationic sequential polymerization followed by site transformation method using AROP to yield block copolymer of PVL. In the first synthetic step, the gel permeation chromatography (GPC) traces of P(αMeSt-b-IB) copolymers with ω-methoxycarbonyl functional group exhibited bimodal distribution in both refractive index (RI) and UV traces, and the small hump at higher elution volume was attributed to PαMeSt homopolymer. The homopolymer PαMeSt was removed to obtain the pure P(αMeSt-b-IB) macroinitiator by repeated fractionation using hexane/ethyl acetate and then utilized as macroinitiator for polymerization of PVL by AROP mechanism to produce P(αMeSt-b-IB-b-PVL) triblock copolymer. Complete crossover from living PαMeSt to IB is difficult. This was achieved modification of the living P(αMeSt) chain end with a small amount of para-chloro methylstyrene (pClαMeSt) after complete conversion of αMeSt. The poly(αMeSt-b-IB) copolymer carrying ω-carboxylate group, obtained from hydrolysis of ω-methoxycarbonyl group of the block copolymer, was used to initiate AROP of PVL in conjunction with 18-crown-6 in THF at 60°C, to produce P(αMeSt-b-pClαMeSt-b-IB-b-PVL) copolymer (Kwon and Faust, 2005).
Synthesis of poly(IB-b-ethylene oxide) diblock copolymer by combined living cationic and ROP has been reported by Groenewolt et al. (2005) Initially, HO-functional PIB was prepared by hydroboration/oxidation of allyl functional PIB, prepared from the reaction of living PIB and allyl trimethyl silane. The PIB alkoxide anion in conjunction with the bulky phospazene t-BuP4 is used as macroinitiator for ROP of ethylene oxide. Block copolymer of lactide (LA) and vinyl ether was reported, which showed thermo-responsiveness due to the poly(vinyl ether) segment. P(LA-b-vinyl ether) was precisely synthesized via successive living cationic polymerization of 2-methoxyethyl vinyl ether and ROP of lactide (Seki et al., 2018).
Combination of Living Cationic Polymerization with Anionic Polymerization
The combination of living cationic and anionic techniques provides new scope for synthesis of block copolymers not obtainable by other methods. For example, IB and MMA monomers can be polymerized only by different mechanisms. P(IB-b-MMA) block copolymers were synthesized by coupling reaction of two corresponding living homopolymers, i.e., by living cationic and group transfer polymerization (GTP), respectively (Takács and Faust, 1995). Synthesis of P(MMA-b-IB-b-MMA) triblock copolymer has been reported using the site transformation method, using α,ω-dilithiated PIB as the macroinitiator (Kitayama et al., 1991; Kennedy et al., 1991). The key aspect is to cautiously control α—or ω-end functionality, as they are capable of initiating polymerization of the second monomer. Researchers have reported novel site transformation reaction by quantitative metalation of DPE-capped PIB carrying methoxy or olefin functional groups (Feldhusen et al., 1997). Metalation of DPE-capped PIB requires Na/K alloy as organolithium compounds. Polymers such as diblock P(IB-b-tBMA) (P20) and triblock P(MMA-b-IB-b-MMA) copolymers are also synthesized via this technique (Feldhusen et al., 1998). Another new synthetic route has been developed for the synthesis of P(IB-b-tBMA) by combining living cationic and anionic polymerizations, which involves metalation of 2-polyisobutylenyl-thiophene with n-butyllithium in THF at −40°C. The tBMA monomer was successfully polymerized using the synthesized stable macrocarbanion (PIB-T-Li+) initiator via living anionic polymerization, yielding P(IB-b-tBMA) block copolymers (Figure 5; Martinez-Castro et al., 2003). Similarly, synthesis of poly(IB-b-methyl methacrylate or hydroxyethyl methacrylate) block copolymers have also been reported by the combination of living cationic and anionic polymerization. DPE end-functionalized PIB (PIB-DPE) was prepared from the reaction of living PIB and 1,4-bis(1-phenyl ethenyl)benzene (PDDPE), and the resulting diphenyl carbenium ion was further methylated with dimethylzinc. The macroinitiator was generated by quantitative metalation of PIB-DPE with n-butyllithium in THF at room temperature. The final macroinitiator thus prepared could efficiently initiate the living polymerization of methacrylate monomers at –78°C to generate block copolymers with high block efficiency (Cho et al., 2006). Recently, Hadjichristidis et al. reported a series of hydroxyl-terminated poly(isobutylene-b-ethylene) P(IB-b-ethylene) (P22) copolymers using living cationic polymerization and polyhomologation (Zhang et al., 2016).
Combination of Living Cationic Polymerization and Click Chemistry
Click coupling reactions, in particular copper(I)-catalyzed cycloadditions, have been successfully applied to prepare varieties of block copolymers. However, very few reports are there on synthesis of block copolymer by combination of living cationic polymerization and click chemistry. Diblock copolymer of azido functionalized PIB and alkyne terminated monomethyl ether was synthesized, using azido/alkene click chemistry in toluene solvent at 75°C to give PIB-b-PEO (P21) (Binder and Sachsenhofer, 2008). Similarly, azide/alkyne click reaction was used to synthesize three-armed star block copolymers of triazido-telechelic PIB and alkyne-terminated triethylene glycol monomethyl ether (Rother et al., 2010). The [1+3] cyclo-addition reaction between azido and alkene of azido end-functionalized polyethylenes and alkyne end-functionalized or telechelic PIBs respectively in a mixture of toluene and dimethylformamide at 110°C results in formation of di- and triblock copolymers P(IB-b-ethylene) (P22) and P(ethylene-IB-b-ethylene) (P23) (Espinosa et al., 2013). These new block copolymers are biocompatible and have potential application as thermoplastic elastomers.
Combination of Cationic Polymerization with Other Polymerization Techniques
Living cationic ring-opening polymerization (CROP) of 2-substituted 2-oxazoline provides new scope for synthesis of different architectures. Zhang et al. (2009) reported graft copolymer using dual functional monomer, 2-isopropenyl-2-oxazoline. First, the monomer undergoes free radical or living anionic polymerization to form the backbone, which is converted to macroinitiator salt for CROP of 2-Oxazolines. These grafted polymers show molecular brush architecture which can further be applied in biomedical fields. CROP of 2-Oxazolines may be carried out by microwave-assisted heating (Petit et al., 2017). Recently, Zhu et al. (2000) reported free-radical-promoted cationic polymerization of cyclohexene oxide, n-butyl vinyl ether, and N-vinyl carbazole under chemiluminescence irradiation.
CONCLUSIONS AND PERSPECTIVES
Presently, design and synthesis of polymers with well-defined complex architectures having advanced properties is an important field of research in polymer science for varied industrial applications. Numerous reports are present for the synthesis of functional copolymers with varied architectures like block, graft, star, and brush by simple controlled living polymerizations; but are limited to monomers polymerizable by the same polymerization mechanism and on their relative monomer reactivity. In this review we have summarized recent advancements in synthetic processes of novel block copolymers with well-known monomers by combining different polymerization mechanisms like anionic, ATRP, RAFT, NMP, and ROP with living cationic polymerization. Thus, this review reveals many innovative breakthroughs and huge developments in the area of block copolymer synthesis by the combination of living cationic polymerization and other polymerization methods.
Synthesis of new polymeric architectures by combining two techniques is quite challenging. By the discussed approaches a whole new range of copolymers can be prepared that were not available by polymer preparation using only coupling or sequential monomer addition. Copolymers may be synthesized by site transformation reaction from one polymerization technique to another or by applying a dual functional initiator capable of polymerizing two types of monomers by two different techniques. These approaches open a new avenue in the field of complex macromolecular architecture development. Up to now, site transformation reactions and synthesis of new dual initiators have made tremendous progress. The investigation of structurally well-defined polymers and their synthetic procedure will remain a hot topic to pursue, in both industry and academia.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
ACKNOWLEDGMENTS
AD acknowledges DST-INSPIRE, Government of India, for Junior Research Fellowships (JRF).
REFERENCES
 Aoshima, S., and Kanaoka, S. (2009). A Renaissance in Living Cationic Polymerization. Chem. Rev. 109, 5245–5287. doi:10.1021/cr900225g
 Balogh, L., Takacs, A., and Faust, R. (1992). Synthesis of Methacrylate and Isobutyrate Functional PIB by Living Polymerization Using Functional Initiators: Polymer Preprints. USA 33, 958–959. 
 Banerjee, S., Maji, T., and Mandal, T. K. (2014). Graft Copolymers via Combination of Cationic Polymerization and Atom Transfer Radical Polymerization and Their Phase Separation into Spherical/worm-like Nanostructures. Colloid Polym. Sci. 292, 2217–2226. doi:10.1007/s00396-014-3249-1
 Bauri, K., De, P., Shah, P. N., Li, R., and Faust, R. (2013). Polyisobutylene-based Helical Block Copolymers with pH-Responsive Cationic Side-Chain Amino Acid Moieties by Tandem Living Polymerizations. Macromolecules 46, 5861–5870. doi:10.1021/ma401395f
 Bauri, K., Li, R., Faust, R., and De, P. (2015). Synthesis and Self-Assembly of Polyisobutylene Based Thermoresponsive Diblock CopolymersviaCombination of Cationic and RAFT Polymerizations. Macromol. Symp. 349, 65–73. doi:10.1002/masy.201400010
 Bernaerts, K. V., and Du Prez, F. E. (2005). Design of Novel Poly(methyl Vinyl Ether) Containing AB and ABC Block Copolymers by the Dual Initiator Strategy. Polymer 46, 8469–8482. doi:10.1016/j.polymer.2005.01.103
 Binder, W. H., and Sachsenhofer, R. (2008). Polymersome/Silica Capsules by 'Click'-Chemistry. Macromol. Rapid Commun. 29, 1097–1103. doi:10.1002/marc.200800119
 Burgess, F. J., Cunliffe, A. V., MacCallum, J. R., and Richards, D. H. (1977a). Reaction to Effect the Transformation of Anionic Polymerization into Cationic Polymerization: 1. Synthesis and Reactivities of Anionically Generated Bromine Terminated Polymers. Polymer 18, 719–725. doi:10.1016/0032-3861(77)90240-3
 Burgess, F. J., Cunliffe, A. V., MacCallum, J. R., and Richards, D. H. (1977b). Reactions to Effect the Transformation of Anionic Polymerization into Cationic Polymerization: 2. Synthesis and Reactivities of Anionically Generated Xylelene Bromide-Terminated Polymers. Polymer 18, 726–732. doi:10.1016/0032-3861(77)90241-5
 Chen, X., Iván, B., Kops, J., and Batsberg, W. (1998). Block Copolymers of Styrene and P-Acetoxystyrene with Polyisobutylene by Combination of Living Carbocationic and Atom Transfer Radical Polymerizations. Macromol. Rapid Commun. 19, 585–589. doi:10.1002/(SICI)1521-3927(19981101)19:11<585::AID-MARC585>3.0.CO;2-T
 Cho, C. G., Feit, B. A., and Webster, O. W. (1990). Cationic Polymerization of Isobutyl Vinyl Ether: Livingness Enhancement by Dialkyl Sulfides. Macromolecules 23, 1918–1923. doi:10.1021/ma00209a006
 Cho, J. C., Cheng, G., Feng, D., Faust, R., Richard, R., Schwarz, M., et al. (2006). Synthesis, Characterization, Properties, and Drug Release of Poly(alkyl Methacrylate-B-Isobutylene-B-Alkyl Methacrylate). Biomacromolecules 7, 2997–3007. doi:10.1021/bm0604496
 Coca, S., and Matyjaszewski, K. (1997). Block Copolymers by Transformation of “Living” Carbocationic into “Living” Radical Polymerization. II. ABA-type Block Copolymers Comprising Rubbery Polyisobutene Middle Segment. J. Polym. Sci. Part. A: Polym. Chem. 35, 3595–3601. doi:10.1002/(SICI)1099-0518(19971130)35:16<3595::AID-POLA27>3.0.CO;2–9
 De, P., and Faust, R. (2007). Carbocationic Polymerization in Macromolecular Engineering. Weinheim, Germany: Wiley VCH, 57–101.
 De, P., and Faust, R. (2015). Cationic Initiators in Kirk-Othmer Encyclopedia of Chemical Technology. Hoboken: John Wiley & Sons, 65–89.
 Espinosa, E., Charleux, B., D’Agosto, F., Boisson, C., Tripathy, R., Faust, R., et al. (2013). Di- and Triblock Copolymers Based on Polyethylene and Polyisobutene Blocks. Toward New Thermoplastic Elastomers. Macromolecules 46, 3417–3424. doi:10.1021/ma400488d
 Fang, Z., and Kennedy, J. P. (2002). Novel Block Ionomers. I. Synthesis and Characterization of Polyisobutylene-Based Block Anionomers. J. Polym. Sci. A. Polym. Chem. 40, 3662–3678. doi:10.1002/pola.10333
 Faust, R., and Kennedy, J. P. (1987). Living Carbocationic Polymerization. IV. Living Polymerization of Isobutylene. J. Polym. Sci. A. Polym. Chem. 25, 1847–1869. doi:10.1002/pola.1987.080250712
 Feldhusen, J., Iván, B., and Müller, A. H. E. (1997). Stable Carbanions by Quantitative Metalation of Cationically Obtained Diphenylvinyl and Diphenylmethoxy Compounds:  New Initiators for Living Anionic Polymerizations. Macromolecules 30, 6989–6993. doi:10.1021/ma9704166
 Feldhusen, J., Iván, B., and Müller, A. H. E. (1998). Synthesis of Linear and star-shaped Block Copolymers of Isobutylene and Methacrylates by Combination of Living Cationic and Anionic Polymerizations. Macromolecules 31, 578–585. doi:10.1021/ma971174c
 Fu, Y.-H., Madrahimov, S. T., and Bergbreiter, D. E. (2018). Block Copolymers Derived from Polyisobutylene Oligomers. J. Polym. Sci. Part. A: Polym. Chem. 56, 1860–1867. doi:10.1002/pola.29069
 Gao, L.-C., Zhang, C.-L., Liu, X., Fan, X.-H., Wu, Y.-X., Chen, X.-F., et al. (2008). ABA Type Liquid Crystalline Triblock Copolymers by Combination of Living Cationic Polymerizaition and ATRP: Synthesis and Self-Assembly. Soft Matter 4, 1230–1236. doi:10.1039/B718558H
 Groenewolt, M., Brezesinski, T., Schlaad, H., Antonietti, M., Groh, P. W., and Iván, B. (2005). Polyisobutylene-block-poly(ethylene Oxide) for Robust Templating of Highly Ordered Mesoporous Materials. Adv. Mater. 17, 1158–1162. doi:10.1002/adma.200401549
 Guerre, M., Uchiyama, M., Folgado, E., Semsarilar, M., Améduri, B., Satoh, K., et al. (2017). Combination of Cationic and Radical RAFT Polymerizations: A Versatile Route to Well-Defined Poly(ethyl Vinyl Ether)-Block-Poly(vinylidene Fluoride) Block Copolymers. ACS Macro Lett. 6, 393–398. doi:10.1021/acsmacrolett.7b00150
 Hadjikyriacou, S., Fodor, Z., and Faust, R. (1995). Synthetic Applications of Nonpolymerizable Monomers in Living Cationic Polymerization: Functional Polyisobutylenes by End-Quenching. J. Macromolecular Sci. A 32, 1137–1153. doi:10.1080/10601329508011031
 Haldar, U., Bauri, K., Li, R., Faust, R., and De, P. (2015b). Polyisobutylene Containing Organic/inorganic Hybrid Block Copolymers and Their Crystalline Behavior. J. Polym. Sci. Part. A: Polym. Chem. 53, 1125–1133. doi:10.1002/pola.27543
 Haldar, U., Bauri, K., Li, R., Faust, R., and De, P. (2015a). Polyisobutylene-based pH-Responsive Self-Healing Polymeric Gels. ACS Appl. Mater. Inter. 7, 8779–8788. doi:10.1021/acsami.5b01272
 Jakubowski, W., Tsarevsky, N. V., Higashihara, T., Faust, R., and Matyjaszewski, K. (2008). Allyl Halide (Macro)initiators in ATRP: Synthesis of Block Copolymers with Polyisobutylene Segments. Macromolecules 41, 2318–2323. doi:10.1021/ma7027837
 Jenkins, A. D., Jones, R. G., and Moad, G. (2009). Terminology for Reversible-Deactivation Radical Polymerization Previously Called "controlled" Radical or "living" Radical Polymerization (IUPAC Recommendations 2010). Pure Appl. Chem. 82, 483–491. doi:10.1351/PAC-REP-08-04-03
 Kennedy, J. P., Price, J. L., and Koshimura, K. (1991). Novel Thermoplastic Elastomer Triblocks of a Soft Polyisobutylene Midblock Connected to Two Hard PMMA Stereocomplex Outer Blocks. Macromolecules 24, 6567–6571. doi:10.1021/ma00025a003
 Kitayama, T., Nishiura, T., and Hatada, K. (1991). PMMA-block-polyisobutylene-block-PMMA Prepared with ?,?-dilithiated Polyisobutylene and its Characterization. Polym. Bull. 26, 513–520. doi:10.1007/BF01032676
 Kwon, Y., Faust, R., Chen, C. X., and Thomas, E. L. (2002). Synthesis and Characterization of Poly(isobutylene-B-Pivalolactone) Diblock and Poly(pivalolactone-B-Isobutylene-B-Pivalolactone) Triblock Copolymers†. Macromolecules 35, 3348–3357. doi:10.1021/ma011739b
 Kwon, Y., and Faust, R. (2005). Synthesis and Characterization of ABC Block Copolymers with Glassy (α‐Methylstyrene), Rubbery (Isobutylene), and Crystalline (Pivalolactone) Blocks. J. Macromolecular Sci. Part A 42, 385–401. doi:10.1081/MA-200054325
 Le, D., Phan, T. N. T., Autissier, L., Charles, L., and Gigmes, D. (2016). A Well-Defined Block Copolymer Synthesis via Living Cationic Polymerization and Nitroxide-Mediated Polymerization Using Carboxylic Acid-Based Alkoxyamines as a Dual Initiator. Polym. Chem. 7, 1659–1667. doi:10.1039/C5PY01934F
 Li, M., Zhang, L., Tao, M., Cheng, Z., and Zhu, X. (2014). Living Cationic Polymerization of Bisazobenzene-Containing Vinyl Ether and Synthesis of a Graft Copolymer by Combination with ATRP. Polym. Chem. 5, 4076–4082. doi:10.1039/C4PY00162A
 Lu, J., Liang, H., Li, A., and Cheng, Q. (2004). Synthesis of Block and Graft Copolymers of β-pinene and Styrene by Transformation of Living Cationic Polymerization to Atom Transfer Radical Polymerization. Eur. Polym. J. 40, 397–402. doi:10.1016/j.eurpolymj.2003.09.016
 Lu, J., Liang, H., Zhang, W., and Cheng, Q. (2003). Synthesis of Poly(?-Pinene)-G-Poly(meth)acrylate by the Combination of Living Cationic Polymerization and Atom Transfer Radical Polymerization. J. Polym. Sci. A. Polym. Chem. 41, 1237–1242. doi:10.1002/pola.10677
 Ma Radzi, A. H., Sugihara, S., Miura, S., Konegawa, N., and Maeda, Y. (2014a). Synthesis of Thermoresponsive Block and Graft Copolymers via the Combination of Living Cationic Polymerization and RAFT Polymerization Using a Vinyl Ether-type RAFT Agent. Polymer 55, 1920–1930. doi:10.1016/j.polymer.2014.02.053
 Ma Radzi, A. H., Sugihara, S., Toida, T., and Maeda, Y. (2014b). Synthesis of Polyvinyl Alcohol Stereoblock Copolymer via the Combination of Living Cationic Polymerization and RAFT/MADIX Polymerization Using Xanthate with Vinyl Ether Moiety. Polymer 55, 5332–5345. doi:10.1016/j.polymer.2014.08.037
 Martinez-Castro, N., Lanzendörfer, M. G., Müller, A. H. E., Cho, J. C., Acar, M. H., and Faust, R. (2003). Polyisobutylene Stars and Polyisobutylene-Block-Poly(tert-Butyl Methacrylate) Block Copolymers by Site Transformation of Thiophene End-Capped Polyisobutylene Chain Ends. Macromolecules 36, 6985–6994. doi:10.1021/ma034350s
 Minoda, M., Shimizu, T., Miki, S., and Motoyanagi, J. (2013). Thermoresponsive NIPAM Block Copolymers Containing Densely Grafted Poly(vinyl Ether) Brushes Synthesized by a Combination of Living Cationic Polymerization and RAFT Polymerization. J. Polym. Sci. A. Polym. Chem. 51, 786–792. doi:10.1002/pola.26421
 Miyamoto, M., Sawamoto, M., and Higashimura, T. (1984). Living Polymerization of Isobutyl Vinyl Ether with Hydrogen Iodide/iodine Initiating System. Macromolecules 17, 265–268. doi:10.1021/ma00133a001
 Moad, G., Rizzardo, E., and Thang, S. H. (2008). Toward Living Radical Polymerization. Acc. Chem. Res. 41, 1133–1142. doi:10.1021/ar800075n
 Ovcharenko, E., Rezvova, M., Nikishau, P., Kostjuk, S., Glushkova, T., Antonova, L., et al. (2019). Polyisobutylene-based Thermoplastic Elastomers for Manufacturing Polymeric Heart Valve Leaflets: In Vitro and In Vivo Results. Appl. Sci. 9, 4773–4791. doi:10.3390/app9224773
 Penczek, S., Kubisa, P., and Szymanski, R. (1991). On the Diagnostic Criteria of the Livingness of Polymerizations. Makromol. Chem. Rapid Commun. 12, 77–80. doi:10.1002/marc.1991.030120202
 Petit, C., Grassl, B., Mignard, E., Luef, K. P., Wiesbrock, F., and Reynaud, S. (2017). Living Cationic Ring-Opening Polymerization of 2-Ethyl-2-Oxazoline Following Sustainable Concepts: Microwave-Assisted and Droplet-Based Millifluidic Processes in an Ionic Liquid Medium. Polym. Chem. 8, 5910–5917. doi:10.1039/C7PY01255A
 Rajasekhar, T., Singh, G., Kapur, G. S., and Ramakumar, S. S. V. (2020). Recent Advances in Catalytic Chain Transfer Polymerization of Isobutylene: A Review. RSC Adv. 10, 18180–18191. doi:10.1039/d0ra01945c
 Rother, M., Barqawi, H., Pfefferkorn, D., Kressler, J., and Binder, W. H. (2010). Synthesis and Organization of Three-Arm-Star PIB-PEO Block Copolymers at the Air/Water Interface: Langmuir- and Langmuir-Blodgett Film Investigations. Macromol. Chem. Phys. 211, 204–214. doi:10.1002/macp.200900435
 Sawamoto, M., and Higashimura, T. (1986). Living Cationic Polymerization of Vinyl Monomers: Mechanism and Synthesis of New Polymers. Makromolekulare Chem. Macromolecular Symposia 3, 83–97. doi:10.1002/masy.19860030108
 Seki, Y., Kanazawa, A., Kanaoka, S., Fujiwara, T., and Aoshima, S. (2018). Precision Synthesis of Polylactide-Based Thermoresponsive Block Copolymers via Successive Living Cationic Polymerization of Vinyl Ether and Ring-Opening Polymerization of Lactide. Macromolecules 51, 825–835. doi:10.1021/acs.macromol.7b02329
 Sipos, L., Zsuga, M., and Deák, G. (1995). Synthesis of poly(L-Lactide)-Block-Polyisobutylene-Block-poly(L-Lactide), a New Biodegradable Thermoplastic Elastomer. Macromol. Rapid Commun. 16, 935–940. doi:10.1002/marc.1995.030161209
 Storey, R. F., Brister, L. B., and Sherman, J. W. (2001). Structural Characterization of Poly(ϵ-caprolactone) and poly(ϵ-caprolactone-b-isobutylene-b-ϵ-caprolactone) Block Copolymers by Maldi-TOF Mass Spectrometry. J. Macromolecular Sci. Part A 38, 107–122. doi:10.1081/MA-100103337
 Sugihara, S., Konegawa, N., and Maeda, Y. (2015). HCl·Et2O-Catalyzed Metal-free RAFT Cationic Polymerization: One-Pot Transformation from Metal-free Living Cationic Polymerization to RAFT Radical Polymerization1. Macromolecules 48, 5120–5131. doi:10.1021/acs.macromol.5b01071
 Sugihara, S., Yamashita, K., Matsuzuka, K., Ikeda, I., and Maeda, Y. (2012). Transformation of Living Cationic Polymerization of Vinyl Ethers to RAFT Polymerization Mediated by a Carboxylic RAFT Agent. Macromolecules 45, 794–804. doi:10.1021/ma201988n
 Szabó, Á., Szarka, G., and Iván, B. (2015). Synthesis of Poly(poly(ethylene Glycol) Methacrylate)-Polyisobutylene ABA Block Copolymers by the Combination of Quasiliving Carbocationic and Atom Transfer Radical Polymerizations. Macromol. Rapid Commun. 36, 238–248. doi:10.1002/marc.201400469
 Szwarc, M. (1956). ‘Living’ Polymers. Nature 178, 1168–1169. doi:10.1038/1781168a0
 Szwarc, M., and Beylen, M. V. (1993). Ionic Polymerization and Living Polymers. London: Chapman & Hallp. doi:10.1007/978-94-011-1478-3
 Szwarc, M., Levy, M., and Milkovich, R. (1956). Polymerization Initiated by Electron Transfer to Monomer. A New Method of Formation of Block Polymers1. J. Am. Chem. Soc. 78, 2656–2657. doi:10.1021/ja01592a101
 Takács, A., and Faust, R. (1995). Synthesis of Poly(isobutylene-B-Methyl Methacrylate) Copolymers by the Combination of Living Carbocationic and Group Transfer Polymerization. Macromolecules 28, 7266–7270. doi:10.1021/ma00125a033
 Wu, Y.-B., Li, K., Xiang, D., Zhang, M., Yang, D., Zhang, J.-H., et al. (2018). Surface Immobilization of Heparin on Functional Polyisobutylene-Based Thermoplastic Elastomer as a Potential Artificial Vascular Graft. Appl. Surf. Sci. 445, 8–15. doi:10.1016/j.apsusc.2018.03.048
 Zhang, H., Banerjee, S., Faust, R., and Hadjichristidis, N. (2016). Living Cationic Polymerization and Polyhomologation: an Ideal Combination to Synthesize Functionalized Polyethylene-Polyisobutylene Block Copolymers. Polym. Chem. 7, 1217–1220. doi:10.1039/C5PY01892G
 Zhang, N., Huber, S., Schulz, A., Luxenhofer, R., and Jordan, R. (2009). Cylindrical Molecular Brushes of Poly(2-Oxazoline)s from 2-Isopropenyl-2-Oxazoline. Macromolecules 42, 2215–2221. doi:10.1021/ma802627y
 Zhu, J., Zhu, Y., Li, Z., Yu, Z., Guan, X., Liu, R., et al. (2000). Chemiluminescence-Induced Free Radical–Promoted Cationic Polymerization. Macromol. Rapid Commun. 41, 004–2000009. doi:10.1002/marc.202000004
 Zhu, Y., and Storey, R. F. (2010). New Dual Initiators to Combine Quasiliving Carbocationic Polymerization and Atom Transfer Radical Polymerization. Macromolecules 43, 7048–7055. doi:10.1021/ma1011655
 Zhu, Y., and Storey, R. F. (2012). Synthesis of Polyisobutylene-Based Miktoarm star Polymers from a Dicationic Monoradical Dual Initiator. Macromolecules 45, 5347–5357. doi:10.1021/ma3007762
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Dey, Haldar and De. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-644547-g005.gif
=

"?N% = W

N —15 “%”'






OPS/images/fchem-09-644547-g006.gif





OPS/images/fchem-09-644547-g003.gif
3‘*;5 w wm
w

*%S%ﬂ' N"i
‘?!N ';;'”?ﬁtj

i %’?ﬂ :{k





OPS/images/fchem-09-644547-g004.gif
e At
oo fw:r‘v‘iﬁ

"“’“"fak C‘é‘f‘@—»— C&X,





OPS/images/fchem-09-644547-t001.jpg
Polymers
P(St-b-1B-b-St) (P1)

PIB-H-MA) (P2)
P(MA-b-1B-b-MA) (P3)

PPEGMA--IB-b-PEGMA) (P10)
PIMAPOSS-b-1B) (P13)
P(NH2-L-Leu-HEMA-b-1B) (P14)
Plethylene-1B-b-ethylene) (P23)

Morphology

Micelle

Micelle

Micelle

lonomer network
Crystaline
Crystalline
Micelle

Applications

Hemocompatible
Heart valve leafiets

Thermoplastic elastomer
Thermoplastic elastomer

Non-ionic surfactant
Composite materia

pH triggered delivery
Thermoplastic elastomer

References

Coca and Matyjaszewski (1997)

Fang and Kennedy (2002)
Fang and Kennedy (2002)

Szab et al. (2015)
Heldar et al. (2015b)
Bauri et al. (2013)
Espinosa et al. (2013)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Block Copolymer Synthesis by the Combination of Living Cationic Polymerization and Other Polymerization Methods		Introduction

		Living Cationic Polymerization

		Combination of Living Cationic Polymerization with Other Polymerization Techniques		Combination of Living Cationic Polymerization with Controlled/Living Radical Polymerization

		Combination with Atom Transfer Radical Polymerization

		Combination with Reversible Addition-Fragmentation Chain-Transfer Polymerization

		Combination with Nitroxide-Mediated Polymerization





		Combination of Living Cationic Polymerization with Ring Opening Polymerization		Combination of Living Cationic Polymerization with Anionic Polymerization

		Combination of Living Cationic Polymerization and Click Chemistry

		Combination of Cationic Polymerization with Other Polymerization Techniques





		Conclusions and Perspectives

		Author Contributions

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Chemistry

Block Copolymer Synthesis by
the Combination of Living
Cationic Polymerization and
Other Polymerization Methods





OPS/images/fchem-09-644547-g001.gif
T\
w
SN
Ry
Rt Cationically

= Polymerizable
. Honomer






OPS/images/fchem-09-644547-g002.gif
e EBeSePed: - Wedeved
Bovevesd .1 Woveosedisisis
P . .

»a
W.;""\;m
Spopo0d@ Madgdgiy
rormcrias BN, /@ i
L EEEE]










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





