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Abstract

:

Nitroxide-mediated polymerization is now a mature technique, at 35 years of age. During this time, several variants have been developed: enhanced spin capture polymerization (ESCP), photoNMP (NMP2), chemically initiated NMP (CI-NMP), spin label NMP (SL-NMP), and plasmon-initiated NMP (PI-NMP). This mini-review is devoted to the features and applications of these variants.
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1. Introduction


The first report on alkoxyamines was published by Jones and Major in 1927 (Figure 1) [1]. Nonetheless, it took almost half a century before Kovtun et al. [2] noticed the reversible thermal homolysis of alkoxyamines into alkyl and nitroxyl radicals (Scheme 1).



The first valuable application of alkoxyamines was reported by Rizzardo and coll. [3] when they discovered nitroxide-mediated polymerization in 1986 (Scheme 2) [4]. Indeed, they used reversible homolysis in the presence of monomers, and showed that a controlled insertion of units occurred, affording polymer chains of controlled sizes with re-activable ends. A decade later, this generated [5,6,7,8] a tremendous amount of investigations on the synthesis of initiators/controllers [9,10], the fundamental kinetics [11,12,13,14,15], the development of polymerization procedures [16], and the preparation of new materials [17,18,19,20,21].



All these investigations led to the development of variants of NMP. The variants discussed hereafter report non-conventional procedures for NMP (enhanced spin capture polymerization, aka ESCP, and spin labelled-NMP, aka SL-NMP), non-thermal initiation (photoNMP, aka NMP2 and plasmon initiated-NMP, aka PI-NMP), and non-conventional initiation (chemically initiated NMP, aka CI-NMP). In situ NMP corresponds to the in situ generation of alkoxyamines, unlike the conventional NMP, for which previously prepared alkoxyamines are used, and this has been thoroughly reviewed by Detrembleur and coll. [22] and Grishin et al. [23]. Surface initiated NMP (SI-NMP) is not considered, as it relies on the covalent attachment of siloxane-modified alkoxyamines onto a surface, and conventional NMP being performed next [24]. NMP performed in dispersed media has been discussed [25,26,27].



Interestingly, all the variants of NMP have been discovered in the last decade (Figure 1), and all the fundamental kinetics and procedures of conventional NMP have been laid out.




2. Generality in NMP


In their preliminary results, Rizzardo et al. [3,28] showed that NMP relies on the homolysis of the alkoxyamine C—ON bond and that the kinetics of polymerization can be modeled [29]. NMP relies [30] on the persistent radical effect (PRE) [31], a kinetic concept which was developed by Fischer [32] at the same time as but independently from NMP. In 1998, Fischer and coll. [33] showed that the evolution of species involved in the pseudo equilibrium displayed in Scheme 1 is controlled by the PRE, that is, the self-termination reaction of alkyl radical R3•, generated by the homolysis of alkoxyamine (dormant species) R1R2NOR3, affords an excess of nitroxide R1R2NO•, the persistent species, which favors the re-formation of alkoxyamine via the cross-coupling reaction with the alkyl radical R3•. The main consequence of the kinetics of Scheme 3 is an unexpectedly long lifetime for the alkoxyamines; that is, with alkoxyamine model 1 (Figure 2), at 83 °C, 2% decomposition is observed after 30000 s, whereas in the presence of radical scavengers, 100% decomposition is observed after 3000 s [4,33]. A few years later, it was shown that the equations [6,30,34,35] based on the kinetics of polymerization described in Scheme 4 hold for the polymerization of styrene using the nitroxides 2 [36] and 3 [37] as controlling agents. More details on kinetics as well as on the applications are available in the reviews listed in the reference section [4,5,6,7,8,9,10,11,12,15,16,17,18,19,20,21,22,23,24,25,26,27,30,38,39,40]. Interestingly, except for ESCP, the general comments on the kinetics of NMP hold for other variants.




3. Enhanced Spin Capture Polymerization ESCP


This process has been promoted by Barner-Kowollik and coll. since 2008 [41,42,43,44,45]. Indeed, radical polymerization is initiated using a conventional initiator, then the growing polymeric chain radical is captured by a nitrone to generate a nitroxide. The latter is thus able to capture another polymeric chain radical to generate an alkoxyamine, affording a mid-chain functionalized polymer (Figure 3). When such a polymerization is performed at temperatures below 50 °C, the cross-coupling reaction between the alkyl and nitroxyl radicals is often considered as non-reversible (depending on the structure of the nitroxyl fragment) [45]. On the other hand, depending on the monomer [46], i.e., the polymer chain, and on the structure of the nitroxyl fragment, the alkoxyamine may behave as expected in conventional NMP, affording ABA triblock-copolymers in a straightforward way. ESCP is a valuable technique for readily reaching polymers exhibiting elaborate structures, such as miktoarm star polymers [47].



The numerical calculations on the kinetics of ESCP performed by Nikitin et al. [48] revealed the influence of different factors, in particular, the rate of initiation, spin capturing, including spin capturing rate constant and nitrone concentration, on the kinetics of the process and the characteristics of the polymer. Interestingly, the fast initiation of polymerization in ESCP can lead to the decrease in “living” chains that is absolutely contrary to NMP, where the rapid decomposition of the initiator is required for reaching the controlled regime. In the absence of side-reactions, the criteria for successful ESCP based on kin, kp, kt and Csc and initial concentrations of monomer and nitrone, allowing the prediction of molecular weight and DPn, were developed in the same way as was done for BMP by Fischer. As well as in NMP, side reactions have a detrimental effect on the kinetics of ESCP and the parameters of the formed polymer: an increase in the impact of the H-atom transfer leads to the broadening of the molecular weight distribution and a decrease in the “living” fraction. The other side-reaction, e.g., the homolysis of the C–ON bond, turns ESCP into NMP, increasing conversion and DPn and decreasing Ð, but also reducing the number of “living” chains.




4. Nitroxide Mediated PhotoPolymerization NMP2


Preliminary results on the homolysis of the C—ON bond under light irradiation were obtained with alkoxyamine 1 by Scaiano et al. in 1997 [49]. However, the system was not very efficient and did not raise too much interest. It was in 2008 that Yoshida and coll. [50,51] proposed first light-initiated NMP and in 2010 that Gigmes and coll. [52,53] proposed an efficient system based on alkoxyamine 4 as an example (Figure 4).



Fundamental investigations revealed that the homolysis rate constants depend on the alkoxyamine structure, dye, wavelength, the power of the light and the attachment of the dye onto the nitroxyl fragment rather than onto the alkyl fragment. Density Functional Theory (DFT) calculations showed that the homolysis requires three steps (Figure 5): (i) light absorption and subsequent singlet-to-triplet conversion localized on the moiety carrying the dye; (ii) triplet energy transfer, in which the excitation energy is delocalized over the alkoxyamine moiety; and (iii) cleavage of the alkoxyamine O−C bond [54].



NMP2 can be applied either in bulk [55] or for SI-NMP [24]. In the latter case, the best efficiency is observed when the alkyl fragment is attached to a surface and the dye to the nitroxyl fragment. Recently, the combination of UV-light-initiated NMP (NMP2) and thermal (conventional) NMP has been proposed to extend the range of applications of this variant (Figure 6) [56].



NMP2 is now an efficient approach for lithography [57]. It has also found many applications in materials science (Figure 7) [55,56].




5. Chemically Initiated Nitroxide Mediated Polymerization CI-NMP


A few years ago, the chemical activation by protonation of the alkyl fragment of alkoxyamine 7 was reported, with a 10-fold increase in kd [58]. During the same period, Bagyanskaya and coll. [59] reported activation/de-activation events by the protonation of the nitroxyl fragment of alkoxyamine 14. Later on, several modes of activation—oxidation [60], alkylation [60], acetylation [60], and coordination [61]—were investigated with 7, affording very different responses (Figure 8) and providing a 23-fold increase in kd for coordination with di(hexafluoroacetylacetonate) copper [61] and zinc ligands [62].



Preliminary results on CI-NMP were obtained by protonation/deprotonation events [59,63] of 14, which were applied to the NMP of styrene and acrylamide monomers. Later, NMP promoted by the protonation of the alkyl fragment of 7 was reported and exhibited the expected output from conventional NMP experiments [64]. CI-NMP was then developed using di(hexafluoroacetylacetonate) zinc ligand with 7 and showed an improvement in NMP features—linearity of Mn vs conversion and Ð vs conversion (Figure 9)—when low polymerization temperatures were applied [65].



The interest in CI-NMP relies on its application for SI-NMP. Indeed, activation would only occur for surface-coordinated initiators. Moreover, this would afford the opportunity for coordination and de-coordination at will for applications in self-healing polymers.



Another interest-arousing approach to the in situ initiation of alkoxyamine homolysis was recently proposed by Edeleva et al. [66]. This concept is based on the well-known fact that vinyl monomers involved in NMP usually show high reactivity in cycloaddition reactions, such as 1,3-dipolar cycloaddition (Figure 10). At room temperature, alkoxyamine 12 is relatively stable, thanks to the electron-withdrawing effect of the nitrone group and is ineffective as an NMP initiator. Under NMP conditions, if the substituent at the fourth position on the imidazoline ring is hydrogen, then it readily reacts with styrene, acrylonitrile, or acrylates to form tricyclic adducts such as 13a, which have a much higher propensity for C–ON bond homolysis. The experimental kinetics measurements reveal the difference between the activation energy of alkoxyamine homolysis in the non-activated and activated state ~9 kJ/mol for styrene and 13 kJ/mol for butyl acrylate.



Alkoxyamine 12 was used as model of safe initiators, i.e., switch from stable (safe molecule) to labile alkoxyamine (hazardous molecules), for NMP of styrene [66]. Moreover, by varying the alkyl fragment R in 13—R can be a polymer chain, a bio-conjugate, a drug and so on—“click chemistry” is used both for the initiation of NMP using safer initiators for industry and for orthogonal conjugation.




6. Spin Labeled Nitroxide Mediated Polymerization SL-NMP


Polymerization-initiated self-assembly (PISA) materials have been a field of interest for several years [26]. Noteworthily, for the investigation of the dynamics of protein, of RNA/DNA, of protein–protein interactions, the use of the EPR and site-directed spin labeling (SDSL) method has been well developed for several decades [67]. On the other hand, the investigation of the nanostructuration of polymers/materials using these methods is of increasing interest [68,69,70]. Indeed, the most convenient technique to label end-chain polymers is the use of “click” reactions. However, with such an approach, whose efficiency depends on the organization of the materials, the labeling is lower than 100%. This might make investigations quite challenging, and it impedes the development of this field. Although performing controlled radical polymerization in the presence of two different types of persistent radicals seems at first glance to be strange, we have decided to investigate this approach. Prequels [71,72,73,74] on controlled radical polymerization have reported the use of trityl radical as a controlling agent with very moderate success. Taking into account this observation, we developed SL-NMP with the trityl radical moiety attached either onto the nitroxyl fragment or onto the alkyl fragment, as exemplified with 8 [75], to ensure a successful NMP experiment with two persistent radicals: a nitroxide as controller and a trityl radical as a spectator. As displayed in Figure 11, a good control was observed, as highlighted by the linear plot of Mn vs conversion and by values of Ð close to 1.5. Moreover, after the purification of the polymer, more than 90% livingness was observed, as usual, and more than 90% of trityl radical was recovered. Obviously, controlled radical polymerization such as NMP can be performed in the presence of another type of persistent radical whatever its position: on the alkyl fragment for -end chain labeled polymers or on the nitroxyl fragment for -end chain labeled polymers.



With these results in hand, we turned our interest to the preparation of a stable organic radical polymer (SORP), i.e., a polymer backbone made up of monomer units carrying a persistent radical such as a nitroxide. Indeed, in the literature, it was quoted [76,77]: “free-radical polymerization techniques cannot be used in the direct polymerization method” which is in sharp contrast with our claims concerning SL-NMP. Therefore, two types of trityl monomers were prepared—a trityl radical 9 carrying three acrylamides as monomer units and a trityl radical 10 carrying one unit of acrylamide as monomer—and were investigated in conventional polymerization and in NMP (Figure 12) [78]. Depending on the experimental conditions, up to 90% of trityl radicals were recovered both in crude and purified materials. These results strikingly highlight the potential of SL-NMP for the preparation of SORP.




7. Plasmon Initiated Nitroxide Mediated Polymerization PI-NMP


A decade ago, plasmon-induced chemistry emerged, and has since raised a keen interest [79,80]. The plasmon effect has found many applications in various fields, such as sensors [81], nanomaterials [82], optics [83], biology [84], data storage [85], and so on. Nevertheless, nowadays scientists are paying great attention to the influence of plasmon on the reaction rate in the transformation of organic molecules on the surfaces of plasmon-active nanomaterials [86,87]. The exact mechanism of the interaction of plasmon with organic molecules is still questionable and has been discussed extensively recent years [88,89]. Anyway, now we can certainly confirm that plasmonic energy significantly enhances the rate of the reaction and provides an alternative method for the activation of chemical transformations, such as Pd-catalyzed cross-coupling reactions [90,91], hydrogenations [92,93,94], cycloadditions [95,96], oxidative reactions [97,98].



The synthetic potential of plasmon-induced transformations led us towards its application to surface-assisted polymerization, which can provide a novel tool for the design of materials with controlled properties. Thus, a surface covered with a layer of polymer may dramatically change the properties of the material, provided that the composition and the size of the polymer layer are well defined and controlled. Moreover, such material must be both easily accessible and cheaply processed. Up to now, the most convenient approach has been to use surface-initiated controlled radical polymerization techniques. However, such an approach requires specific procedures to remove all initiators that are not attached to the surface. Obviously, in such a case the plasmon-induced polymerization can sufficiently improve the creation of the targeted materials.



The first application of plasmon energy for the polymerization was proposed by Baumberg [99,100], where styrene underwent radical polymerization between two nanoantennas. Slightly later, some attempts were made with RAFT agents [101]. At first glance, such an approach was not suitable for atom transfer radical polymerization. By contrast, the first report [102] of PI-NMP by our teams was successful, and highlighted the potential of the combination of the plasmon effect and NMP (Figure 13). In the first step, alkoxyamine 11 was attached onto the gold surface via diazonium chemistry. Then, upon laser irradiation at 785 nm, the homolysis of the C–ON bond of the grafted alkoxyamine occurred at room temperature, initiating radical polymerization of N-isopropyl acrylamide (NIPAM) and of styrene boronic acid (VBA). As the homolysis of the C–ON bond was controlled by the plasmon effect, it was possible to prepare a block co-polymer of 15 NIPAM units and 15 VBA units. This new material was applied to the detection of glycoproteins using surface enhanced Raman spectroscopy (SERS).




8. Conclusions


Two among the five new variants of NMP—ESCP and NMP2—are already commonly used for the preparation of new materials. The other three variants—CI–NMP, SL–NMP, and PI–NMP—have been developed more recently and exhibit a high potential: CI–NMP should find application in self-healing polymers by combining orthogonal reactivity (i.e., coordination/de-coordination and reversible homolysis), SL–NMP is interesting for the investigation of materials prepared using PISA techniques or for the preparation of SORP using radical polymerization of monomers carrying persistent radicals, and PI–NMP is highly valuable for the preparation of smart materials using metal- and UV-light-free polymerization at room temperature.
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Figure 1. Timeline of the discoveries of the variants of NMP 
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Scheme 1. Reversible C—ON bond homolysis in alkoxyamines. 
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Scheme 2. Oversimplified scheme of nitroxide-mediated polymerization (NMP) [4]. 
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Scheme 3. Elementary reactions involved in the alkoxyamine decomposition. 
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Scheme 4. Kinetics of NMP: kd is the rate constant for the homolysis of initiator, kc for the re-formation of initiator, kadd for the addition of initiating alkyl radical onto monomer, kc,ds for the re-formation reaction of dormant species (ds = macro-initiator), kd,ds for the homolysis of dormant species, kp for the propagation of the polymer chain, kt,ds for the self-termination reactions of the propagating radicals, kdD for the side-reactions occurring during the homolysis, kcD for the side-reactions occurring during the re-formation reaction, and kdec for the decay of nitroxide. 
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Figure 2. Alkoxyamines used to exemplify the variants of NMP 
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Figure 3. Scheme of electron spin capture polymerization (ESCP). Reprinted with the permission of Royal Society of Chemistry (RSC) from ref. [43]. 






Figure 3. Scheme of electron spin capture polymerization (ESCP). Reprinted with the permission of Royal Society of Chemistry (RSC) from ref. [43].



[image: Polymers 12 01481 g003]







[image: Polymers 12 01481 g004 550] 





Figure 4. NMP2 concept. Reprinted with permission from (Guillaneuf, Y.; Bertin, D.; Gigmes, D.; Versace, D.-L.; Lalevée, J.; Fouassier, J.P. Toward Nitroxide-Mediated Photopolymerization. Macromolecules 2010, 43, 2204–2212). Copyright (2010) American Chemical Society. 
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Figure 5. General scheme of the photochemically induced NMP2 initiation mechanism. The red part of the structure indicates the localization of the excitation energy in the structure. Reprinted with permission from (Huix-Rotllant, M.; Ferré, N. Theoretical Study of the Photochemical Initiation in Nitroxide-Mediated Photopolymerization. J. Phys. Chem. A 2014, 118, 4464–4470). Copyright (2014) American Chemical Society.". 
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Figure 6. The two different polymerization modes that could be used with 5 and 6. An amine is used as co-initiator for UV-induced polymerization with 6. Reprinted with the permission of RSC from ref. [56] 
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Figure 7. Use of a dual photoinitiator for the linkage of two polymer films by combining UV and thermal polymerization in laminate. Reprinted with the permission of RSC from ref. [56] 
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Figure 8. Various modes of activation of 7. Bold (green for normal activation, red values for unexpected values for the coordination by Lewis acid) numbers are for relative kd values. 
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Figure 9. Plots of Mn versus conversion, Ð versus conversion, and ln([M]/[M0]) versus time for the polymerization of styrene at 90 °C initiated with RS/SR-7 (●); RS/SR-7Zn(hfac)2 (■); in situ RS/SR-7Zn(hfac)2 (RS/SR-7 + 0.5 equiv. Zn(hfac)2) (★); RS/SR-7 + 10 equiv. Zn(hfac)2 (▲), the monomer-to-initiator ratio is 250 : 1. Reprinted with the permission of CSIRO from ref. [65] 
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Figure 10. (a) Huysgen reaction between 12 and various alkenes; (b) Ea for activation in situ by the Huysgen reaction using various alkenes. Reprinted with permission from ref. [66]. Copyright 2019 Royal Society of Chemistry. 
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Figure 11. Molecular weight (left axis, filled squares) and polydispersity index (right axis, open squares) evolution vs. conversion plot for bulk polymerization of styrene initiated with alkoxyamine 8 at 130 °C with styrene/8 ratio 5000:1. Dotted line for the theoretical evolution of Mn. Audran, G.; Bagryanskaya, E.; Bagryanskaya, I.; Brémond, P.; Edeleva, M.; Marque, S.R.A.; Parkhomenko, D.; Rogozhnikova, O.Yu.;. Tormyshev, V.M.; Tretyakov, E.V.; Trukhin, D.V.; Zhivetyeva, S. Trityl-based Alkoxyamines as NMP Controlers and Spin-labels. Polym. Chem. 2016, 7, 6490–6499. Published by The Royal Society of Chemistry. 
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Figure 12. Preparation of stable organic radical polymer (SORP) using conventional radical polymerization and NMP. Reprinted with the permission of Wiley from ref. [78]. 
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Figure 13. Scheme for plasmon-initiated NMP (PI-NMP). Reprinted with the permission of RSC from ref. [102]. 
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