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Homolytically weak metal-carbon bonds make robust controlled radical polymerizations systems for "less-activated monomers"

Introduction

Alkyl derivatives of the transition metals are the quintessence of organometallic chemistry.

Initially developed as curiosities, they are now of great importance since they are recognized to play crucial roles in living systems (notably vitamin B12 [1]) and in all catalyzed transformations of organic substrates that result in the functionalization of sp 3 -hybridized carbon atoms [START_REF] Bhaduri | Homogeneous Catalysis: Mechanisms and Insdustrial Applications[END_REF].

Compounds containing a transition metal-alkyl bond are generally prone to facile decomposition by a number of different pathways including protonolysis, aerial oxidation, α-and β-H eliminations, reductive elimination and homolytic cleavage. For these reasons, special care is needed to design alkyl complexes that are sufficiently stable under laboratory conditions to be isolated and characterized [START_REF] Collman | Principles and Applications of Organotransition Metal Chemistry[END_REF][START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF]. In particular, the bond dissociation free energy (BDFE) must be sufficiently high in order to avoid homolytic cleavage with the production of radicals, because the latter spontaneously and quickly (at close to diffusion-limited rates) combine with each other and/or disproportionate. Nevertheless, it has become clear in the last 20 years that organometallic compound with homolytically weak metal-carbon bonds may play a crucial role in controlled radical polymerization, providing unique features that make them preferred controlling agent for certain monomers.

Controlled radical polymerization, also known as Reversible Deactivation Radical

Polymerization (RDRP) [START_REF] Jenkins | [END_REF], has now become a preferred tool for the fabrication of functional polymers by macromolecular engineering [START_REF] Matyjaszewski | Macromolecular Engineering: Precise Synthesis, Materials Properties, Applications[END_REF]. It gives access to size-and distribution-controlled and chain-end-functionalized macromolecules under mild conditions for a wide variety of monomers and is compatible with most any reaction medium, including water. It rests on either one of two distinct strategies: reversible termination (RT, see Scheme 1) and degenerative transfer (DT, see Scheme 2). Each one of these allows chain growth while greatly reducing the impact of spontaneous bimolecular radical terminations. Scheme 1. Mechanism and activation/deactivation free energy profile of a controlled radical polymerization based on reversible termination. Pn = polymer chain with degree of polymerization n, T = radical trapping species, M = monomer.

In RT methods, the active radicals are generated from a dormant species by reversible bond cleavage with an activation rate constant ka, producing at the same time a radical trapping species T, also called "moderating agent" or "persistent radical" (although it does not necessarily need to either have radical character or to be persistent [START_REF] Maria | [END_REF]). The latter remains available to trap the growing chains and regenerate the dormant species with a deactivation rate constant kda. The active radicals also add to monomer to extend the chain with the propagation rate constant kp and undergo irreversible bimolecular terminations with the termination rate constant kt. The pseudo-equilibrium between active and dormant chains (K = ka/kda) is suitably placed to significantly reduce the free radical concentration, rendering the chain extension process slow (vp = kp[P • ][M], where [P • ] = ∑ P • ) and the terminations even slower (vt = kt[P • ] 2 ), thus reducing the impact of termination over propagation: vt/vp = (kt/kp) (

[P • ]/[M]) = (kt/kp)(K[Pn-T]/[T][M]

). This is widely known as the "persistent radical effect" [8]. A variety of species T have been successfully used; our interest here is limited to transition metal complexes (T = Mt x /L with Mt = metal, x = formal oxidation state; /L = coordination sphere). Therefore, the dormant species is organometallic, with a metal-carbon bond at the chain end, Pn-Mt x+1 /L. Whereas the steady-state [P • ] in free radical polymerization is usually in the 10 -7 -10 -8 M range, a typical controlled process features lower concentrations by 2-4 orders of magnitude, which is insured by equilibrium constants K of the order of 10 -9 -10 -14 , depending on temperature. This requires a BDFE in the 12 -20 kcal/mol range, namely a rather weak bond.

Equilibrium constants that are even lower than the above range, associated to stronger bonds for the dormant species, yield too low free radical concentrations. In that case, even though leading to better control (lower impact of irreversible terminations), the polymerization process becomes impractically slow and a compromise has to be found. In degenerative transfer methods, the active radical is liberated from the T-Pn dormant species by exchange with another like radical, hence in an associative manner. This dormant species acts in this case also as a reversible and degenerate chain transfer agent, like in immortal polymerization processes [9]. There is no persistent radical effect and no moderating species is present to reduce the active radical concentration. Rather, a standard radical initiator must be present to continuously inject a small flux of new radicals into solution. Hence, the reaction follows the free polymerization kinetics and the impact of the bimolecular terminations is not reduced. However, the chains grow in a controlled fashion provided that the associative exchange (vexch = kexch

[P • ][T-P]) is much faster than the propagation (vp = kp[P • ][M]), namely kexch[T-P] >> kp[M].
The process can essentially be considered as a quasi-immortal polymerization. As in the RT methods, the role of the fragment T in DT methods can be played by a transition metal complex, namely the dormant species/chain transfer agent can be an organometallic species Pn-Mt x+1 /L. Since the bond being broken is compensated by the formation of an identical bond, the metal-carbon bond strength (i.e. the BDFE) is not necessarily an issue here. The only important criterion is to have a very fast degenerative exchange process. However, when applied to the controlled polymerization of less activated monomers (more on this in section 4), bond strength considerations do become important when these are asymmetric, as will be shown in that section. Another key structural parameter that makes a metal complex successful is the presence of a vacant coordination site, ideally placed trans to the existing Pn ligand in order to avoid the competing reductive elimination process.

The use of transition metal complexes as moderating species in RDRP, generating an organometallic dormant species, whether operating by the RT or by the DT approach, has been termed "organometallic-mediated radical polymerization" (OMRP) [10] and a number of reviews have previously been published [11][12][13][START_REF] Poli | Organometallic Mediated Radical Polymerization[END_REF][START_REF] Peng | [END_REF][16][17][18][START_REF] Poli | Organometallic Mediated Radical Polymerization[END_REF][20]. This article will retrace a few of the leading concepts and underline the specificity of the technique on the basis of a few of the most recent results.

Brief history of OMRP.

The first use of a metal complex as a reversible trap for polymer radical chains, operating by the RT strategy, appeared in 1994, nearly simultaneously and under different conditions from two research groups. Acrylates were radically polymerized with controlled growth either in the presence of neopentyl(tetramesitylporphyrin)cobalt(III) with thermal activation at 60°C [21] or in the presence of alkylcobaloximes with photolytic Co-C bond cleavage at room temperature [22,23]. The principle of control for a radical photopolymerization process had in fact already been announced in 1992 for a study with a (porphyrin)rhodium(II) system [24]. While excellent control was achieved by the thermal process with the porphyrin system (degree of polymerization up to 2000 with Mn close to target and relatively low disperities of 1.1-1.3) [21,25], the cobaloxime photopolymerization led to polymers with molecular weights lower than target and broader molecular weight distributions, caused by competing chain transfer processes, particularly for lower monomer/cobalt ratios [22,23]. An analysis of the mechanistic issues and the achievement of control in photo-OMRP processes has been reported much more recently [26]. These discoveries were made in the realm of intense studies of catalytic chain transfer (CCT), an area of keen industrial interest, whereby the addition of small amounts of a metal complex to a free radical polymerization system may catalyze chain transfer to monomer, with the generation of short polymer chains characterized by unsaturated chain ends [27,[START_REF] Slavin | Cobalt-Catalyzed Chain Transfer Polymerization: A Review[END_REF]. The process occurs by transfer of a β-H atom from the radical chain to the reduced Mt x /L catalyst, producing an unsaturated dead chain and the hydride complex H-Mt x+1 /L. The latter then initiates the growth of a new chain by transferring the H atom to a monomer molecule, see Scheme 3. Note that the formation of direct metal-carbon bonds does not occur in CCT, hence this phenomenon is, stricto sensu, not organometallic. Complexes based on cobalt are the most active catalysts for this process. Note that the slow step of CCT (β-H atom transfer) and the OMRP trapping (direct Pn-Mt x /L bond formation) involve the same two partners, Mt x /L and Pn • , and are therefore in direct competition with each other. Since these early reports, many other cobalt(II)/alkylcobalt(III) systems able to promote polymer chain growth in a controlled fashion with low or no impact of CCT have been reported and, to this day, continue to dominate the OMRP research activity [11]. However, several other metals, particularly iron [16] but also molybdenum, titanium, vanadium and others, have been investigated as well [11][12][13][START_REF] Poli | Organometallic Mediated Radical Polymerization[END_REF][START_REF] Peng | [END_REF][16][17][18][START_REF] Poli | Organometallic Mediated Radical Polymerization[END_REF]. Scheme 3. Mechanism and free energy profile of metal-catalyzed chain transfer to monomer (CCT). FG stands for "'functional group". Mt = metal, x = formal oxidation state, /L = coordination sphere. Pn has the same meaning as in Scheme 1; P0 = H.

The pioneering publications highlighted above actually appeared before the first reports of the much more popular "atom transfer radical polymerization" (ATRP) [START_REF] Wang | [END_REF]30], a catalytic process that functions by the reversible termination protocol (see Scheme 4) where halogen-capped dormant species are activated by a reduced transition metal complex Mt x /L. ATRP has immediately gained much more popularity than OMRP [START_REF]The OMRP acronym, now universally accepted, was actually introduced only in[END_REF], partly because it is more practical and flexible in terms of initiator choice and stability, but especially because the transition metal complex acts catalytically without being chemically linked to the polymer chain. In OMRP, on the other hand, the recovered polymer has the metal covalently bonded as chain-end functionality. Therefore, in addition to the increased cost of the moderating agent, costly and time consuming postmodifications are necessary if metal-free polymers are desired. Indeed, there has been essentially no further contribution to the OMRP area until we discovered in 2001, using molybdenum systems, that the OMRP trapping equilibrium interplays not only with CCT but also with the ATRP equilibrium [START_REF] Le Grognec | [END_REF]. A qualitative energy profile illustrating the interplay of the three processes is shown in Figure 1. Other systems displaying various types of mechanistic interplays have been reported later, for instance an osmium system featuring ATRP/OMRP [33,34], an iron system with ATRP/CCT [35][36][37], and yet another iron system with ATRP/OMRP [38][39][40]. The first degenerative transfer OMRP was disclosed only in 2004, once again based on a alkyl(porphyrin)cobalt(III) system, for the controlled polymerization of acrylate monomers [41].

The same contribution has also highlighted the interplay between OMRP-RT and OMRP-DT approaches. There are two ways, in principle equivalent, to initiate an OMRP, using either a unimolecular R0-Mt x+1 /L initiator or a dual initiating system consisting of Mt x /L and a conventional radical initiator that generates the primary radical R0 • in situ. When using the second approach, the system operates under the OMRP-RT regime so long as the amount of produced primary radicals is substoichiometric relative to Mt x /L, but switches to the DT regime when the radicals exceed the metal amount, see Scheme 5. The alternative initiation method using a unimolecular organometallic initiator, on the other hand, can only operate under the RT regime as the radicals can never exceed the metal amount, although the addition of a conventional radical initiator to an organometallic R0-Mt x+1 /L species led to an OMRP-DT process without induction period [42]. The interplay of RT and DT in OMRP has only been shown, to the best of our knowledge, with cobalt complexes as moderating species. The same interplay has also been shown for main group elements in organotellurium-mediated radical polymerization (usually referred to as TERP) [43]. Scheme 5. Interplay of RT and DT OMRP when starting the polymerization with a dual initiating system. I = initiator, R0 = primary radical. The other symbols have the same meaning as in Scheme 1 and Scheme 3.

The importance of ligand coordination in OMRP

Coordination chemistry (ligand engineering) is of great aid in the modulation of OMRP for three reasons. Firstly, the steric encumbrance of the ligand coordination sphere modulates the Mt-C bond strength in RT methods. Secondly, vacant coordination sites that become available by chain release from the dormant species can be occupied by external ligand, modulating the dissociation equilibrium. Thirdly, the vacant coordination site needed for the associative radical exchange in the DT regime may also be occupied by external ligands, negatively affecting or even completely blocking the associative radical exchange. The effect of sterically induced bond labilization is one of the main interests in the OMRP technique for the control of less activated monomers and will be analysed more in details in the next section. We will discuss here the other two effects on the basis of the OMRP of vinyl acetate (VAc) moderated by [Co(acac)2] (acac = acetylacetonate). This controlled polymerization was first reported with dual initiation by V-70 and [Co II (acac)2] in bulk at 30°C. V-70 is the trade name of 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile), a diazo compound with a half-life of 10 h at this temperature. There is a long induction period before a rapid phase of controlled polymerization [44], during which the initially formed short R0(VAc)n • chains (n ~ 4) are trapped irreversibly to form [R0(VAc)nCo III (acac)2] species that are not reactivated under these conditions, because the Co-PVac bond is too strong (more on this below). Indeed, the generated metal-capped oligomeric chains have been isolated and characterized [42], and later used as efficient unimolecular initiator. With the dual initiating system, after the induction period and the quantitative conversion of [Co II (acac)2] to [R0(VAc)nCo III (acac)2], the polymerization is triggered by the excess radicals via degenerate transfer (Scheme 5). Addition of external monodentate ligands (pyridine, water, DMF, DMSO, etc.) to the medium, however, switches the polymerization from the DT to the RT regime while maintaining a controlled chain growth [45,46]. This is shown quite clearly by the elimination of the initial induction period, see This ligand coordination effect is often neglected or overlooked. For instance, the polymerization of VAc was recently studied under similar conditions to those mentioned above, in bulk at 60°C with dual initiation, using three different Co II complexes and AIBN as a source of primary radicals (t1/2 ~ 6 h at this temperature) [47]. With the [Co II (TMP)] and [Co II (salen*)] moderators (TMP = tetramesitylporphyrin; salen* = N,N′-bis (3,5-

di-tert-butylsalicylidene)-1,2-cyclohexanediamine)
the observed behaviour is identical to that originally reported for the [Co II (acac)2]/V-70 dual initiator at 30°C, with an induction period lasting until all the [L/Co II ] moderating complex is transformed into the [L/Co III -PVAc] dormant species (ca. 45000 s or 12.5 h, see Figure 3). This behaviour is rationalized by the irreversible radical trapping in the RT regime, followed by a fast and controlled polymerization in the DT regime (Scheme 5). The [Co II (acac)2]-mediated polymerization, on the other hand, gave rise to a shorter induction time (ca. 20000 s or 5.6 h) and an initially faster polymerization, see Figure 3. The authors of this contribution attributed this difference to the intervention of the RT mechanism, proposing that "the raised polymerization temperature weakened the Co-C bond in the organocobalt(III) species and shifted the mechanism from DT to RT" [47]. However, if this were true, this scenario should be valid from the very beginning of the polymerization. We rather consider it more likely that this phenomenon results from contamination of the [Co II (acac)2] mediating agent, which is more hygroscopic than the TMP Monomers that belong to the family of so-called "more activated monomers" (MAMs) have been successfully controlled by several methods, whether they operate by RT or DT. These include styrenics, acrylates, methacrylates, acrylamides, and other monomers that are associated with stabilized radicals, namely radicals that benefit from π delocalization of the unpaired electron.

While the moderating agents "protect" the reactive radicals in the dormant state, propagation may only occur while the chain is in the free radical state, thus same reactivity as in free radical polymerization is observed, see Figure 4. The reactivity of the monomer in radical polymerization is inversely proportional to that of the associated radical. The monomers on the right hand side of this scale, associated to the more reactive radicals, are usually referred as "less activated monomers" (LAMs) and represent a challenge for controlled radical polymerization. It is important to underline that the term "less activated", widely used by the polymer community in reference to this radical reactivity scale, is specific for radical polymerization. Different polymerization mechanisms lead to different reactivity scales. Is it easy to understand why LAMs are a challenge for the RT methods. The dormant species must be activated dissociatively by homolytically cleaving the Pn-T bond. The free radicals associated to LAMs are more reactive and produce homolytically stronger bonds with the moderating agent, slowing down the activation process. For a successful RT polymerization of these monomers, moderating agents T that naturally form very weak bonds are needed. This is where metal complexes become of interest. As already stated, the catalytic ATRP is more interesting than the stoichiometric OMRP. In ATRP, in addition, the cost of homolytically breaking the bond between the latent radical and the capping species T (a halogen atom in ATRP) is compensated by the formation of a new bond between the halogen atom and the metal atom (Scheme 4). The free energy change for the ATRP activation equilibrium is ΔGATRP = BDFE(C-Y) -BDFE(Mt x+1 -Y). Although equilibria are related to the reaction free energy change, homolytic bond strengths are more frequently assessed through the bond dissociation enthalpies (BDE), since these are often experimentally accessible through calorimetry, photoionization mass spectrometry, and other methods [48]. Using an activating metal complex able to make a stronger Mt x+1 -Y bond should compensate the cost of cleaving a stronger C-Y bond. However, having at the same time a more reactive radical and a more reactive metal with a fortiori render more favorable the formation of the organometallic dormant species Pn-Mt x+1 /L and switch the controlling mechanism, via the interplay shown in Figure 1, from ATRP to OMRP [10,[START_REF] Poli | Organometallic Mediated Radical Polymerization[END_REF]18]. For this reason (in addition to other criteria discussed further below) OMRP is more promising than ATRP for the application to LAMs. Note also that, whereas using ATRP conditions always leads to the contribution of OMRP trapping, using OMRP conditions does not lead to interplay with the ATRP mechanism if no halogens are present in the system. However, OMRP may always potentially interplay with CCT (Figure 1).

OMRP is more interesting than other RT methods for the application to a LAM polymerization because the Pn-Mt x+1 /L bond in the dormant species may be sterically labilized by ligand engineering. Nitroxide-mediated polymerization (NMP, a popular RT controlling methods where T = R2NO • ) is less flexible in this respect, even though steric effects from the nitroxide R groups do have an impact on the O-C bond strength in the dormant species [49]. We have demonstrated the impact of ligand steric effects on the OMRP of VAc, a typical LAM, in two different occasions.

Using the half-sandwich [CpCr II (nacnac Ar,Ar )] complex as a moderating species, where nacnac Ar,Ar is the β-diketiminate ArNC(Me)CHC(Me)NAr, in combination with a diazo compound in a dual initiating system operating under the RT regime (primary radical/Cr < 1), the polymerization is much faster for the bulkier Ar = 2,6-diisopropylphenyl (Dipp) system than for the analogous one with Ar = 2,6-dimethylphenyl (xylyl) [50,51]. DFT calculations suggest that the Cr III -PVAc BDE for the Dipp system is 2 kcal/mol lower than for the xylyl system and > 7 kcal/mol lower than for the simpler system with unsubstituted phenyl groups.

The second example is the bis(β-diketonate)cobalt system, again for the VAc polymerization.

Using [Co II (acac)2] and V-70 as dual initiating system for a bulk polymerization at 30°C, there is a long induction time before a rapid phase of controlled polymerization by degenerative transfer (Scheme 5) as already detailed in the previous section [44]. The Co III -PVAc bond in the [R0(VAc)n-Co III (acac)2] dormant species is too strong (more on this below) and is not reactivated under these conditions. Moving to the bulkier 2,2,6,6-tetramethylheptanedionate (tmhd) ligand, The [Co(acac)2] controlling agent is rather special for the OMRP of LAMs, mostly thanks to the labilizing effect of ligand coordination detailed above in section 3, but also because of intrinsically weaker Co III -C bonds than for related systems with a nitrogen-based coordination sphere (porphyrins, Schiff bases, etc.). While the latter are suited to the OMRP-RT of MAMs and lead to irreversible trapping of LAMs (although VAc has been controlled in the DT regime by porphyrin [53,54] and Schiff base [47] complexes), [Co(acac)2] is able to control the polymerization of VAc and also, as will be shown later in section 8, vinylidene fluoride (VDF) in the RT regime in the presence of donor ligands. On the other hand, it is not able to trap MAMs as efficiently because the Co III -C bond is too weak, leading to lower degrees of control, as shown for instance for the polymerization of n-butyl acrylate [55].

The challenge of less activated monomers. Part 2: the inverted monomer addition issue in RT methods.

In addition to the bond strength problem, the ability of metal complexes to control the polymerization of LAMs by an RT strategy is also affected by a more subtle problem, whenever the monomer molecule features chemically different alkylidenes across the unsaturation. These two monomer groups are called "head" and "tail", the former usually referring to the more substituted alkylidene. For instance, in an acrylate ester the CH(COOR) group is the head and CH2 is the tail. This problem affects also the control by any other moderating species T, but metal complexes offer corrective measures that are not available to the other species.

As is well known from polymer chemistry introductory courses, stabilized radicals are formed more rapidly than less stabilized ones. Therefore, MAMs yield a strictly regular chain with 100% head-tail additions because the head end of the monomer yields a much more stabilized radical than the tail end. This is, however, not the case for LAMs, because of a much lower stability differential. Consequently, the propagation induces a significant fraction of monomer addition errors. The head-tail (regular) addition usually dominates and generates head radicals, but there are significant head-head (inverted) additions, leading to isomeric tail radicals, see Figure 6. For instance, depending on conditions (mostly temperature), there may be 1-2% of inverted monomers in a poly(vinyl acetate) chain [56] and 4-5% in a poly(vinylidene fluoride) (PVDF, the VDF monomer is CH2=CF2) [57]. These fractions are obviously the same whether the polymerization is conducted as a free radical or as a controlled radical process, since the key propagation step always occurs on the free radical. The inverted monomer addition problem not only introduces random irregularities in the macromolecule, impacting the materials properties. In controlled polymerizations based on the RT strategy, the more reactive tail radical generates a stronger bond in the dormant species (Figure 6), which is therefore less easily reactivated and accumulates in the medium. This leads to a slowdown, possibly even a complete stop, of the polymerization. This phenomenon was observed, for instance, for the above-cited OMRP of VAc controlled by the halfsandwich [CpCr II (nacnac Xyl,Xyl )] system [51] and also for other attempts to polymerize VAc by other RT strategies [58][59][60]. The key to avoid this slowdown phenomenon is to equilibrate the Pn-T bond strengths in the two isomeric dormant species, which is not a trivial thing to do for most RDRP-RT methods. In OMRP-RT, two different ad hoc solutions have so far been found. The first one is based on chain chelation for the polymerization of VAc and will be detailed in section 7.

The second one, which provides the needed corrective measure for the polymerization of VDF, is based on polarity effects on the Mt x+1 -Pn bond strength, see section 8. Figure 6. The problem of the inverted monomer additions for LAMs.

The challenge of less activated monomers. Part 3: DT methods.

Since the degenerative transfer methods do not involve dissociative cleavage of the Pn-T bond but rather simultaneous cleavage and formation of equivalent bonds, the Pn-T bond strength should not be a critical issue so long as the associative exchange rate (kexch, Scheme 2) is high and thus DT methods are in principle suited to control the polymerization of LAMs. This is indeed true, but only when the monomer is symmetric. For instance, a controlled polymerization of ethylene, CH2=CH2, has been achieved by the RAFT technique [61] (RAFT = reversible additionfragmentation chain-transfer), a DT method that makes use of a thiocarbonylthio system as transfer agent [Pn-S-C(S)Z; e.g. dithiocarboxylate if Z = alkyl or aryl, dithiocarbamate if Z = dialkylamino, etc.]. Significant amounts of ethylene, up to >50% molar, could also be incorporated in a controlled fashion in EVA (ethylene/vinyl acetate random copolymer) by OMRP with the [Co(acac)2] system, although this polymerization took place under the RT regime [62]. When the monomer is asymmetric, however, the inverted monomer additions lead again to trouble. The reason is that while exchange of the majority head dormant chain, Pn,H-T, with the majority head radical, Pm,H • , is degenerative, the isomeric tail radical generated by an inverted monomer addition, Pn,T • , leads to a non-degenerative exchange with formation of a more stable dormant species, Pn,T-T, which cannot be easily reactivated by the next majority head radical, see Figure 7. This more stable tail dormant species therefore tends to accumulate in the system. It may be reactivated by the more reactive tail radical (the tail-tail exchange is again degenerative), but the latter is present only as a minor fraction. Therefore, even though the kexch(TT) rate constant may be high, the rate of exchange (vexch = kexch(TT)[PT-T][PT • ]) will be low because the radical concentration is low. Contrary to the RT methods where inverted monomer additions lead to a slowdown of the polymerization, these inverted additions slow down only the associative exchange rate, not the polymerization.

Slowdown of the exchange rate leads to a loss of control. This situation is commonly observed when DT methods are applied to the controlled polymerization of asymmetric LAMs. For instance, while the RAFT technique using xanthates (Pn-S-C(S)Z species with Z = OR) as transfer agents leads to reasonable control for the polymerization of VAc [63] and VDF [64], this control is accompanied by a steady increase of polymer dispersity with conversion, which is opposite to the expected behavior and is a signal of decreasing control.

The ITP method (iodine transfer polymerization, using Pn-I as chain transfer agents) yields similar results [65,66]. A more detailed study of the polymer evolution for the RAFT of VDF has shown that the PVDFT-SC(S)OEt dormant chains, initially a minority, steadily accumulate until they represent 100% of the sample, at which point the polymerization becomes uncontrolled and thus the technique efficiency is limited to low conversions and short chains [67].

Figure 8 shows how the thermodynamics of the non-degenerative head-tail radical exchange is equivalent to the BDFE difference of head and tail dormant species. Therefore, the key to achieve an equally facile reactivation of both the major head and the minor tail dormant species is the same as for the RT methods, namely the strengths of the Pn-T bonds in the two isomers must be equilibrated. 

Effect of chain chelation in the OMRP of VAc

On the basis of the contents of sections 4-6, it is easy to rationalize the failure of most RDRP techniques to achieve a well-controlled polymerization of VAc. Indeed, most reported attempts to obtain chain-end-functionalized PVAc-T polymers with targeted molecular weights and low dispersity, whether using an RT or a DT methods, yielded polymers with decent control only at low conversions, with slowdown behavior for the RT methods, low number-average degrees of polymerizations (Xn) and relatively high dispersities (Đ). The best (less worse) results appear those of the two most popular DT techniques, ITP (Xn up to ~ 400, but with a relatively high Đ of 1.45 [65]) and RAFT with xanthates (Xn up to ~ 580 for a 56% conversion and a Đ value reported as 1.18 but only at 25% conversion [68]). However, OMRP with [Co II (acac)2] (already described in some detail in section 3) is an exception. It has yielded polymers with Xn up to ~ 1630 with Đ < 1.3, which is particularly notable because it was achieved under RT conditions with [R0(VAc)nCo III (acac)2] (n ~ 4) as monomolecular initiator and the polymerization kinetics did not indicate any significant slowdown [42]. A rationalization of this behavior was possible from a combined experimental and computational study [69]. The possibility that the presence of the cobalt complex somehow leads to a lower impact of the HH and TT defects, which would not be consistent with the polymerization mechanism, was discarded following a careful NMR study of the polymer product. The degree of inverted monomers in the chain backbone revealed by the NMR analysis was indeed as expected (1.2-1.3%). DFT calculations of the Co III -C BDE in model systems of the tail and head dormant species were performed with a variety of different functionals. The results obtained with the BPW91* functional, which is well-suited to systems of variable spin states (the Co II complex with S = 3/2 and the organic radical with S = 1/2 combine to yield the organocobalt(III) product with S = 0), are shown in Figure 9. As expected, the more reactive tail radical establishes a stronger bond with [Co(acac)2], namely ca. 5 kcal/mol stronger than the head radical. However, the dormant species generation is completed by chelation via the carbonyl group of the metal-bonded monomer, because d 6 Co III has a preference for a saturated octahedral environment. Chelation by the head chain model yields a 5-member chelate ring and provides an estimated stabilization of 6.2 kcal/mol to the system. Chelation by the tail chain model, on the other hand, generates a less stable 6-member chelate ring with an estimated stabilization of only 2.3 kcal/mol. Therefore, the stronger σ bond of the tail radical is associated to a weaker chelation and vice versa, the two effects compensating to end up with very similar overall stabilization energies.

The use of other functionals provided quite different absolute values for the head and tail BDEs, but in all cases the same compensating effect of homolytic BDE and chelation was observed, yielding a difference between the stabilizing effects close to zero for the two isomers. For other CH3CH(OAc)-T and T-CH2CH2(OAc) bonds, on the other hand, no additional phenomenon compensates for the BDE difference, which is much greater and in favor of the tail dormant species (again, different absolute BDE values but quite similar differences were obtained with use of different functionals). Quite obviously, the same chelation effect would operate for this controlling system in the DT regime, because of the arguments presented in section 6, Figure 8. 

Effect of bond polarity in the OMRP of VDF.

VDF is another asymmetric LAM that leads to inverted monomer addition [57], to an even greater extent than VAc, making it impossible to obtain polymers with high Xn values and low Đ by standard DT techniques such as ITP and RAFT [64,66], while RT methods have not been applied. A significant improvement in the controlled polymerization of this monomer has been provided quite recently by OMRP-RT using, once again, [Co II (acac)2] as moderating agent [70]. In this case, in contrast to the VAc story told in the previous section, predictions by DFT calculations have preceded the experimental work. Chain chelation cannot help for this monomer because the fluorine atoms bonded to carbon in the PVDF chain are not sufficiently strong electron donors to provide any stabilization. The key effect is the influence of the fluorine substitution at C α and C β on the Co-C bond polarity, which is reflected in the cost of the homolytic bond cleavage. The calculated BDEs for the entire series of X-CFnH2-nCFmH3-m (n = 0, 1, 2; m = 0, 1, 2, 3) molecules, for X = I, SC(S)OMe and Co(acac)2, are shown in Figure 10 [71]. The iodide series is of relevance for the ITP results and the xanthate series is useful to rationalize the RAFT polymerization results.

The DFT chosen method was benchmarked on a number of molecules with X = H, for which experimental BDE values are available [72,73], yielding correct trends and acceptable quantitative agreement. While all observed trends shown in Figure 10 cannot be fully explained, it is at least possible to advance a likely rationalization for the fact that the X-CH2R bond is stronger than the X-CF2R bond for X = I and SC(S)OEt (i.e. the blue line is above the green line in Figure 10A andB), whereas the opposite is true for X = Co(acac)2 (blue line below the green line in Figure 10C). The energy required to homolytically break a bond can be decomposed into three contributions (see Scheme 6). This first one is a polar contribution related to the charge redistribution in the bond being broken, from the equilibrium charges of the two atoms in the molecule (δ/ε), for a charge difference Δq = (δ-ε), to the equilibrium charges of the same atoms in the separate fragments (δ'/ε'), for a charge difference Δq' = (δ'-ε'). The second one is related to orbital overlap and energy difference between the fragment frontier orbitals in the bond cleavage process to produce fragments with the same geometry as in the initial molecule, and the final one is related to the geometry relaxation to yield the two fragments in their most stable geometries. It is not easy to predict the effect that F substituents on C α and C β have on the second contribution while the effect of the third contribution was shown by the DFT calculations to be quantitatively small and to contribute little to the trends shown in Figure 10. However, the effect on the charge redistribution can be easily predicted. When the atom bonded to carbon is more electronegative (i.e. for I and S in the xanthate group), the bond formation displaces charge from C to X (ε > ε' and δ < δ'), hence Δq < Δq'. In this case, the introduction of F substituents (especially at the α position, but also at the β position, particularly for X = I) opposes this electron density flow and reduces the charge redistribution.

Conversely, the Co atom in [Co(acac)2] is more electropositive than the C atom and the bond formation displaces charge from X to C (ε < ε' and δ > δ'), hence Δq > Δq'. Here the introduction of F substituents, both on C α and on C β , helps this electron density flow and thus increases the charge redistribution. homolytic bond cleavage process. These new experimental values are in agreement with the DFTcalculated BDEs [75]. Preliminary VDF polymerization studies in the presence of [Mn(CF3)(CO)5] confirm that this compound is able to produce CF3 • radicals under thermal or photochemical (UV or visible light) conditions, producing PVDF in high yields. However, the unstable nature of the [ • Mn(CO)5] moderating species did not provide a sufficient control for this OMRP process.

Catalytic chain transfer for LAMs.

As shown in section 2, CCT potentially interferes with controlled chain growth in OMRP, in some cases even becoming the predominant phenomenon. CCT leads to short-chain polymers with unsaturated chain ends, which are valuable commodities. They have a number of interesting applications related to the controlled reduction of the molecular weight and to the possible use as macromonomers for graft polymers or for alternative chain-end functionalization [27]. Obtaining such materials for LAMs is less facile than for more activated monomers. CCT is particularly effective for methacrylates, methacrylonitrile, α-methylstyrene and other monomers yielding tertiary radicals, namely radicals that do not form strong bond with metals in the OMRP dormant species [27,[START_REF] Slavin | Cobalt-Catalyzed Chain Transfer Polymerization: A Review[END_REF] and becomes increasingly difficult as the formation of the OMRP dormant species becomes more favorable, because the concentration of the active metal catalyst decreases. Thus, the key to promote CCT for LAMs is to employ metal complexes with which even the strong radicals associated to these monomers cannot establish strong bonds. We have recently shown the first evidence (in the open literature) for catalytic chain transfer in the polymerization of VAc [76], preceded only by a claim in an early patent [77]. This observation has followed our exploration of ligand effects for the cobalt(II) bis(β-diketonate) moderating system. Using the 9hydroxyphenalenone as ligand precursor, the resulting [Co II (OPN)2] complex (OPN = 9-oxyphenalenone) gave evidence of weaker interaction with the growing PVAc • chains relative to [Co II (acac)2] and even to [Co II (tmhd)2] (see section 4, Figure 5), since the polymerization carried out with the dual V-70/[Co II (OPN)2] initiating system did not reveal any induction time under anhydrous conditions. The produced macromolecules have lower molecular weights than predicted by the monomer/Co ratio that did not increase with monomer conversion and their MALDI-TOF analysis revealed both R0 (from V-70) and H (from CCT) α-chain ends. The lowest molecular weights (highest catalytic efficiency) were found in the presence of moderate amounts of added pyridine (L). These results are rationalized as shown in Scheme 

Conclusions.

Organometallic species featuring homolytically weak metal-carbon bonds are of great utility as labile dormant species in controlled radical polymerization (OMRP), particularly for "lessactivated monomers" (LAMs). In this area of organometallic chemistry, the metal-carbon bond weakness is an advantage rather than a nuisance. It is easier for metal complexes in OMRP, relative to other moderating agents used in more popular RDRT methods, to engineer systems able to promote, in the dormant species, homolytic bond cleavage to liberate the free carbon-based radical (in "reversible termination" or RT methods), or the associative radical exchange (in "degenerative transfer" or DT methods). Metal complexes have provided additional handles, not available for other moderating systems, to cope with the problem of monomer addition "errors", i.e. inverted monomer additions, for asymmetric LAMs leading to isomeric "head" and "tail" dormant species.

These handles are based on coordination chemistry principle (availability of coordination sites, chelation equilibria) and on the bond polarity switching by the less electronegative metal atom.

They are ad hoc solutions, valid only for certain monomers. However, the intelligent use and extension of these handles to yet unexplored monomers is an available resource to be kept in mind.

The nuisance of having to use the stoichiometric amount (chainwise) of metal and having to postmodify the isolated polymer to remove the metal from the ω-chain end may be tolerated, if the polymer material has sufficiently high added value and if it is accessible with the desired chain length, molecular weight distribution and chain-end fidelity only by the OMRP method. Finally, when the strength of the metal-carbon bond is decreased to the point that radical chain trapping becomes insufficient to control the macromolecular chain growth, the profitable process of catalytic chain transfer (CCT) to monomer may become accessible, even for the more reactive radicals associated to LAMs. In this case, the metal complex has a catalytic role like in ATRP and is not consumed stoichiometrically. This is an area that presents opportunities for interesting further developments.

Scheme 2 .

 2 Scheme 2. Mechanism and free energy profile of a controlled radical polymerization based on degenerative transfer. The symbols have the same meaning as in Scheme 1.

Scheme 4 .

 4 Scheme 4. Mechanism of atom transfer radical polymerization. Y = halogen atom. The other symbols have the same meaning as in Scheme 1 and Scheme 3.

Figure 1 .

 1 Figure 1. Interplay between ATRP, OMRP and CCT processes. All symbols are defined in the schemes and within the text.

Figure 2 .

 2 Figure 2. The activation of the RT pathway is made possible by the greater stabilization of the

Figure 2 .

 2 Figure 2. Effect of the addition of external ligands (L) to kinetics of the bulk OMRP of VAc mediated by [Co(acac)2] with V-70 at 30°C ([VAc]0/[Co(acac)2]0/[V-70]0/[L]0 = 500:1:1:30). (■)no addition, (•) addition of py (30 equiv), (▲) addition of NEt3 (30 equiv). Reproduced with permission from ref.[45]. Copyright 2007 Wiley-VCH.

  and salen* complexes, by [Co II (acac)2(H2O)2]. During the induction period, the anhydrous [Co II (acac)2] irreversibly traps the radicals. Then the polymerization starts by the DT mechanism, through the anhydrous [Co III (PVAc)] dormant species, and the polymerization is faster simply because the radical flux from AIBN after 20000 s is greater than after 45000 s. In this regime, the [Co II (acac)2(H2O)2] contaminant can also assist by reversibly trapping the radical chains and therefore the target degree of polymerization should correspond to the molar ratio between the monomer and the overall cobalt amount.

Figure 3 .

 3 Figure 3. First order kinetic plot for the bulk VAc polymerization mediated by different cobalt(II) complexes with AIBN at 60°C ([VAc]0/[Co II ]0/[AIBN]0 = 700:1:3). Reproduced with permission from ref. [47]. Copyright 2016 Wiley-VCH.

Figure 4 .

 4 Figure 4. Qualitative reactivity order of a few representative radical chains and of their associated monomers. BD = butadiene; AN = acrylonitrile; MMA = methyl methacrylate; St = styrene; VA = vinyl chloride; VAc = vinyl acetate; Hex = 1-hexene; MVE = methyl vinyl ether; VF = vinyl fluoride.

[

  tBuC(O)CHC(O)tBu] -, namely using [Co II (tmhd)2] instead of [Co II (acac)2], the results are similar under bulk monomer conditions. However, running the polymerizations in toluene (50% v/v), which slows down propagation, leads to only partial monomer conversion at the end of the V-70 initiator lifetime (ca. 7 half-lives, i.e.70 hours at 30°C). Under these conditions, the behavior of the two complexes is different: whereas the kinetics is approximately identical during the induction time and during the subsequent DT regime, after ca. 70 hours the polymerization returns to the RT regime and slows down dramatically in the presence of [Co II (acac)2], while it continues at a faster rate in the presence of [Co II (tmhd)2], see Figure5. The DFT calculations suggest that the Co III -C BDE in [(tmhd)2Co III -PVAc] is 1.4 kcal/mol weaker than in [(acac)2Co III -PVAc] (15.8 vs. 17.2 kcal/mol)[52].

Figure 5 .

 5 Figure 5. Time dependence of ln([M]0/[M]) for polymerization of VAc at 30°C in toluene solution (50% v/v). VAc/V-70/Co=500/2/1. Squares: polymerization mediated by [Co II (tmhd)2]; diamonds: polymerization mediated by [Co II (acac)2]. Reproduced with permission from ref. [52]. Copyright 2009 Wiley-VCH.

Figure 7 .

 7 Figure 7. Mechanisms and energy profiles of the associative exchange processes involving head and tail dormant species with head and tail radicals in controlled polymerization of asymmetric monomers.

Figure 8 .

 8 Figure 8. Thermodynamic cycle involving the non-degenerative head-tail exchange and the dissociative equilibria of the individual head and tail dormant species.

Figure 9 .

 9 Figure 9. Energy profile (relative H values in kcal/mol) and views of the optimized geometries for the trapping of head and tail PVAc model radicals CH3CH(OAc) • and • CH2CH2(OAc) [69].

Figure 10 .

 10 Figure 10. C-X bond dissociation enthalpies (in kcal/mol) calculated for X-CFnH2-nCFmH3-m (A, X = I; B, X = SC(S)OEt; C, X = Co(acac)2; n = 0 (squares), 1 (triangles), 2 (circles); m = 0, 1, 2, 3) by DFT.

7 .

 7 Scheme 7. Mechanism of [Co II (OPN)2]-catalyzed chain transfer (CCT) in VAc polymerization and effect of L coordination.

  

Scheme 6. Ideal three-step process for the homolytic cleavage of a C-X bond.

The most interesting comparisons are the predicted BDE values for the X-CF2CH3 and X-CH2CF2H, models of the head and tail dormant species in VDF polymerizations with the moderating species X, namely PVDFH-X and PVDFT-X. The BDE difference, ΔBDE(T-H) = [BDE(X-CH2CF2H) -BDE(X-CF2CH3)], is 4.5 kcal/mol for X = I, 6.6 kcal/mol for X = SC(S)OEt, and -1.4 kcal/mol for X = Co(acac)2. These values rationalize rather well the effect of the inverted monomer additions in the VDF ITP and RAFT polymerizations by xanthates, as highlighted above in section 6, and predict that OMRP with [Co II (acac)2] as moderating agent should lead to better results. This prediction was indeed confirmed by the OMRP-RT implemented with [R0(VAc)nCo III (acac)2] (n ~ 4) as monomolecular initiator [70], yielding a PVDF with Xn up to 160 and Đ < 1. The DFT calculations on the corresponding X-CFnH2-nCFmH3-m series of compounds with X = Mn(CO)5 yields a trend similar to that of Co(acac)2, although with much higher BDE values (ca. 20 kcal/mol greater) [71]. The calculations were also extended to [Mn(CF3)(CO)5] and [Mn(CHF2)(CO)5], because experimental BDE values for these compounds were available [48,74], but the calculated values were found unacceptably higher. Since the available experimental