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Introduction

Atom transfer radical polymerisation (ATRP) has been intensively investigated in the last two decades thanks to its outstanding capability of producing well-defined polymers with predictable molecular weight as well as narrow molecular weight distribution. [1][2][3][4][5][6][7][8][9] There are two complementary ways to initiate the polymerisation, leading to the same moderating equilibrium: a "direct" method where a suitable alkyl halide R0-X is used as initiator in the presence of an activator (A), which is an acceptor of the halogen atom, and a "reverse" method where a conventional radical initiator (I) produces the primary radical (R0 • ) in the presence of the oxidized version of the activator (A-X), see Scheme 1. The moderating equilibrium is characterized by an equilibrium constant K, which is the ratio between the activation and deactivation rate constants ka and kda, respectively. In most ATRP implementations, a redox-active transition metal complex in its lower oxidation state has been used as activator species, with copper(I) 5,7,10,11 and iron(II) [12][13][14][15][16][17][18] being the most commonly used central metal ions, owing to their considerable versatility. Iron attracts considerable interest because of its lower cost, greater availability, lower toxicity and higher biocompatibility. [19][20][21] However, it has recently become apparent that a controlled polymerisation process initiated by alkyl halides may also occur in the presence of non-metallic activators. One important family is that of photocatalysts, which are excited by light irradiation to become strong reductants, thus able to abstract a halogen atom from an alkyl halide. [22][23][24][25][26][27][28][29][30][31] These systems operate only in the presence of light and are able to function when the transferred halogen atom is chlorine or bromine. Other metal-free ATRP systems, however, have been shown to also operate under thermal conditions, without light. In this case the catalyst may be phenol or other oxygencontaining antioxidants, 32 an amine, [33][34][35][36] hexamethylphosphoramide 37 or a soluble iodide salts with a variety of organic cations such as ammoniums, phosphoniums, sulfoniums, imidazoliums, 38,39 substituted quinoliniums, 40 and choline derivatives, 41 and even with crown ether-complexed alkali and alkaline earth metals (Na, K, Cs, Mg, Ca). [START_REF] Goto | Controlled Radical Polymerization[END_REF][START_REF] Sarkar | [END_REF] Notably, these systems used only alkyl iodides as initiators. The alternative use of an alkyl bromide initiator was shown to proceed, in the presence of sodium iodide, via halogen exchange and ARTICLE Polymer Chemistry 2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins subsequent activation of the iodoalkane by the iodide catalyst. 44,45 The use of salts other than iodides as activators has not been described to the best of our knowledge, except for one report involving azide, cyanate and thiocyanate, still in combination with alkyl iodide initiators. 46 The proposed mechanism involves reversible transfer of the iodine atom to the catalyst, thus forming for instance an amine•••I • or Mt + I2 •- (Mt = metal) system as radical trapping agent and the deactivation process involves reverse transfer of the I atom to the polymer radical chain end. It has also been proposed that the above species dimerize, e.g. to (amine)2•••I2, and that the dimer may then act as additional deactivator. All these propositions imply a reversible termination mechanism of action, with involvement of the persistent radical effect (PRE). 47 In the course of studies carried out in our laboratories on salt promoted Fe-catalysed ATRP and more specifically while carrying out control experiments in the absence of the Fe catalyst, we have discovered the activating action by a variety of different salts on a typical alkyl bromide initiator, ethyl αbromophenylacetate (EBrPA). The results of these experiments, which complement those previously reported for the iodoalkane/iodide salt activation, and a DFT investigation of selected systems, lead to the suggestion that the chain growth for the iodide system, though regulated by the PRE in terms of polymerisation rate, cannot be controlled in terms of target molecular weight, low dispersity and chain-end functionality through the exclusive action of a PRE. We therefore suggest the contribution of a degenerative exchange, as in iodine transfer polymerisation (ITP), to provide the observed control.

Results and Discussion

(a) Experimental investigations.

Ethyl α-bromophenylacetate (EBrPA) is a commonly used ATRP initiator, able to control the polymerisation of MMA in the presence of suitable activators such as L/Cu I complexes. 48 It is not efficient for the initiation of MMA polymerisation, at 90°C, without the addition of activators, as shown by the control experiment in Table 1, entry 1. Nevertheless, faster radical polymerisation of MMA occurs in the presence of a large variety of inorganic salts (entries 2-36). The radical nature of the process is proven by two parallel experiments run under identical conditions in the presence of Na2CO3 (same conditions as in Table 1, entry 20). TEMPO was added into one of them after 5 h, when the conversion was 5.3%. After 18 h of continued polymerisation, the conversion in this reaction did not further increase, whereas that of the parallel experiment increased to 29.2%. For different salts with the same anion, the PMMA yields vary with the cation nature in ways that seem at least in part related to the salt solubility in the bulk monomer (see for instance the chloride series, entries 2-8, and the bromide series, entries 9-16). Adding 18-crown-6 (CE) to the polymerisations activated by NaCl, KCl, NaBr and KBr increased the solubility and also the yield (cf. entries 3 and 4 for NaCl, 5 and 6 for KCl, 10 and 11 for NaBr and 12 and 13 for KBr). For the bromide series, the highest yields were achieved with the fully soluble nBu4N + salt (entry 16) and with K(CE)Br (entry 13). The solubility of the various salts in MMA, as well as in other low-polarity solvents, is not available to the best of our knowledge. In propylene carbonate, which has a much higher permittivity (ε = 64.4), the alkali halide Please do not adjust margins Please do not adjust margins solubility varies non-monotonically as Li >> Cs > K > Rb > Na for the chloride series and as Li >> Rb ~ Cs > Na ~ K for the bromide series. 49 In addition to the solubility effect, the cation nature also appears to influence the activation process, as suggested by the recovered polymer properties (Mn and Đ). Whereas the PMMAs obtained with the bromide activators (entries 9-16) have approximately the same dispersity and Mn,GPC/Mn,th ratios (with the exception of nBu4NBr for which these parameters are significantly higher), those obtained for the chloride series (entries 2-8) show more disparate properties with Đ values from 1.60 (Li) to 3.73 (K) and Mn,GPC/Mn,th from 3.8 (Na) to 416 (Na(CE)Cl). Both solubility and cation nature were shown to also affect the MMA polymerisation initiated by cyanoisopropyl iodide (CPI) in the presence of a variety of activating iodide salts. [START_REF] Sarkar | [END_REF] A monitoring of the polymerisation carried out in the presence of KBr showed increasing molecular masses and decreasing Đ values with conversion (see Table S1), suggesting the presence of a PRE, but the Mn,GPC/Mn,th and Đ values are far from those expected for a controlled chain growth. The use of iodide salts (entries 17-19) leads to a similar activation phenomenon. The polymerisation is slightly faster with NaI than with KI, which is the same trend previously reported for the polymerisation initiated by CPI/Mt + I -, [START_REF] Sarkar | [END_REF] but LiI leads to an even greater activation. This again suggests a major role of the salt solubility in the activation process. The solubility for these salts is known to vary as KI < NaI < LiI in solvents such as acetone 50 and C1-C5 alcohols. 51 A point of greater interest, however, is that the polymers produced in these cases show significantly lower dispersities and the molar masses are in better agreement with the expected values for a controlled chain growth. This confirms the previously published Na(CE)I effect on the thermal polymerisation of MMA and other monomers 44 and on the photopolymerisation of PEGMA, 45 S1), with similar results relative to KBr. The MMA polymerisation carried out in the presence of EBrPA and LiI was investigated in greater detail at 70°C using different EBrPA:LiI ratios and compared with the corresponding polymerisations carried out in the presence of CPI and LiI run under the same conditions. The Li salt was selected because it is fully soluble in bulk MMA at the polymerisation temperature without the need for a crown ether additive. These polymerisations are closely related to those reported by Goto et al., [START_REF] Sarkar | [END_REF]44 which involved iodide salts with other cations (Na, K, Cs, Mg and Ca) in the presence of crown ether. The kinetics results are shown in Figure 1, whereas the Mn and Đ evolutions with conversion are illustrated in Figure 2 for the polymerisations initiated with EBrPA and in Figure 3 for those initiated with CPI. There results lead to several interesting considerations. First, we can observe an excellent degree of control for the polymerisations initiated by CPI + LiI (Figure 3). The CPI consumption, independently monitored by 1 H NMR Please do not adjust margins Please do not adjust margins spectroscopy, is relatively fast (see Figure S1). Thus, LiI provides rates and a level of control similar to those previously shown for other iodide salts in combination with the iodide initiator. [START_REF] Sarkar | [END_REF] The polymerisations initiated by EBrPA + LiI yield slightly less satisfactory results (e.g. Đ up to 1.4), but may still be considered to have controlled behaviour (Figure 2). This controlling ability is not quite as good as that shown in the previously published polymerisations with EBrPA (and other bromoalkyl initiators) and NaI. 44 However, the previously reported polymerisations were carried out in the presence of excess iodide salt, whereas our less controlled polymerizations are those with a substoichiometric amount. The polymerizations with a 1:2 or 1:1 Li/EBrPA ratio are quite well-controlled with Đ ≤ 1.15 (see further discussion below). An independent 1 H NMR monitoring in the absence of monomer revealed the immediate EBrPA disappearance (to yield EIPA, according to the previous investigation), see Figure S2. 44 Under polymerization conditions, 1 H NMR could not give any information on the EIPA disappearance because the most characteristic methyne resonance unfortunately overlaps with one resonance of MMA, which is present in large excess. However, HPLC provided an alternative convenient monitoring of the EBrPA conversion to EIPA and on the disappearance of the latter. The experiment confirms the very fast salt exchange and shows an EIPA disappearance faster than that of CPI (see Figure S1). One of the most interesting points is that the pseudo-first-order rate constants (kobs) for the polymerisations initiated by CPI are very similar to that observed with a 1:1 LiI/CPI ratio when using different substoichiometric amounts of LiI, whereas they scale more or less linearly with the LiI:initiator ratio when using EBrPA as initiator (see Table 2). The observed pseudo-first order rate constant for a controlled polymerisation operating by ATRP (Scheme 1) is given by where P-X is the polymer dormant chains concentration and the other parameters are defined in Scheme 1. [P-X] is the same in all experiments and approximately equal to initial initiator concentration ([R0-X]0). The initial activator concentration will distribute among A and A-X:

[A]0 = [A] + [A-X].
The observed rate constant does not depend on the total activator concentration, but rather on the [A]/[A-X] ratio. Matyjaszewski has shown that identical rates are obtained by reducing the amount of activator, under conditions in which an external reducing agent is used to regenerate the activator A from A-X. 52 Thus, the behaviour observed for the CPI + LiI polymerisations is not surprising for a process controlled by ATRP, where the PRE regulates the polymerization rate. The trend of kobs for the EBrPA-initiated polymerisation, showing a proportional increase with the amount of LiI catalyst, can be rationalized on the basis of the established halogen exchange process (equation 1). 44 The equilibrium of reaction 1 was previously investigated by Goto et al. using a slight excess of NaI in a mixed acetone-d3/toluene solvent, 44 to mimic the permittivity of MMA. They reported extensive but not quantitative exchange after 10 min at 50°C, leading to the conclusion that the reaction is reversible. We have carried out the same experiment using LiI (strictly 1 equivalent), which is fully soluble in this mixed solvent, and find an essentially quantitative exchange at 70°C (i.e. the temperature used in the polymerization) after 10 min, see SI, Figure S3. The extensive halide exchange is also confirmed by the marginally smaller kobs value for the EBrPA-initiated polymerization conduced with 1 equivalent of LiI, with respect to the kobs obtained when using 2 equivalents (Table 2). Therefore, in the presence of x equivalents of LiI, the corresponding amount of EBrPA is transformed into EIPA plus the equivalent amount of LiBr, whereas the other fraction (1-x) of EBrPA remains unreacted. Therefore, the polymerisation proceeds at a rate that scales linearly with x because only the EIPA is efficiently activated by LiBr (EBrPA is activated by LiBr much less effectively, see Table 1 entry 9, although this process may also slightly contribute to the polymerisation rate). Thus, the rate does not decrease because the activator concentration is decreased. Rather, it decreases because the useful initiator concentration, and ultimately the dormant chain concentration [P-X], is decreased. A further point of interest is that, after the initial and very rapid halogen exchange, no LiI remains present under the hypothesis ). This means that not only the EIPA molecules produced by the initial halogen exchange, but also the residual EBrPA molecules, eventually produce PMMA chains with a certain degree of control. However, the polymerisation rate is consistent with efficient activation of only the iodineterminated chains. The only way to reconcile these results is to assume that the growing PMMA-I chains can exchange the iodide atom rapidly with the Br atom of the residual EBrPA, a process that may be catalysed by the presence of LiBr (Scheme 2a), to eventually obtain a mixture of PMMA-I and PMMA-Br in relative amounts that correspond to the initial LiI/EBrPA ratio.

During polymerisation, a degenerative halogen exchange between the active PMMA-I chains and the inactive PMMA-Br chains continues to occur (Scheme 2b). A slow rate for this halogen exchange process, relative to the rate of chain growth, is expected to lead to higher molar masses with a broader distribution. This phenomenon may well be the main reason for the poorer control observed for the EBrPA+LiI-initiated polymerisations, relative to the CPI+LiI-initiated polymerisations. (also shown graphically in the SI, Figure S3), all salts are predicted to exert a significant labilization of the C-Br bond in EBrPA, in agreement with the observed polymerisation rate enhancement. There is no linear correlation between the polymerisation rate (Table 1) and the C-Br BDE in the presence of salt (Erreur ! Référence non valide pour un signet.). This is partly a consequence of the above-mentioned approximated model, but the major reason is probably the neglect of solubility issues. For instance, when comparing the labilization effects of Na and K salts with the same anion, the K salt is always predicted to have a greater effect, whereas the activity of the less soluble KCl and KBr are lower than those of the more soluble NaCl and NaBr, respectively. Furthermore, the activity increases in all cases upon addition of crown ether, which enhances the salt solubility. Monomer conversions in the order K > Na are experimentally observed for the bicarbonate (entries 24 and 25), sulphate (entries 28 and 29) and nitrate (entries 33 and 34) series, whereas the conversions are very close for the carbonate salts (entries 20 and 21). The DFT calculations also indicate a strong activating effect by KOH and by the carbonates, whereas the rate enhancement by these salts is moderate, again most probably because of solubility issues, as confirmed by the strong rate enhancement for KOH upon addition of crown ether (Table 1, entry 27 vs. 26). Table 3 and graphically in Figure S3, whereas the detailed energies and atomic coordinates of all optimized structures are collected in Tables S2 andS3, respectively. Only one salt molecule was used for the optimisation of the salt, salt•Br • , salt•EBrPA and salt•EPA • systems, without the explicit introduction of solvent (MMA) molecules for the stabilisation of the salt cation. The solvent effect was only considered as a polarisable continuum. Hence, the values obtained by this analysis cannot be considered as realistic, but serve nevertheless as guidance to understand the effect of the salt addition on the initiator activation process. A consequence of using this simplified model is that a significant stabilisation is associated to the formation of the salt•EPA • adducts (Scheme 3, equation 6), which features a relatively strong interaction between the cation and the carbonyl O atom of the acetate function (e.g. -11.5 Kcal/mol for NaCl or -8.1 Kcal/mol for KCl).

In the absence of cation (i.e. for the free anions), there is no stabilizing interaction (e.g. ΔG6 = +4.6 for Cl -). We neglect this interaction because, in the real system, the stabilizing C=O•••cation interaction can only be established by replacement This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins of an equivalent interaction with the MMA molecules in the medium. Therefore, the net stabilisation provided by equation ( 6) is probably insignificant. The formation of the salt•EBrPA adducts (Scheme 3, equation 5) does not lead to any stabilisation (e.g. ΔG5 = +14.2 and +1.4 kcal/mol for Cl -and NaCl, respectively) and is therefore equally neglected. The ΔG5 and ΔG6 values for all salts are listed in Table S4. The stabilisation of Br • (ΔG3), on the other hand, is much stronger (vide infra) and does not involve displacement of MMA from the coordination environment of the cation. As shown by the ΔG4 values in Erreur ! Référence non valide pour un signet. (also shown graphically in the SI, Figure S3), all salts are predicted to exert a significant labilization of the C-Br bond in EBrPA, in agreement with the observed polymerisation rate enhancement. There is no linear correlation between the polymerisation rate (Table 1) and the C-Br BDE in the presence of salt (Erreur ! Référence non valide pour un signet.). This is partly a consequence of the above-mentioned approximated model, but the major reason is probably the neglect of solubility issues. For instance, when comparing the labilization effects of Na and K salts with the same anion, the K salt is always predicted to have a greater effect, whereas the activity of the less soluble KCl and KBr are lower than those of the more soluble NaCl and NaBr, respectively. Furthermore, the activity increases in all cases upon addition of crown ether, which enhances the salt solubility. Monomer conversions in the order K > Na are experimentally observed for the bicarbonate (entries 24 and 25), sulphate (entries 28 and 29) and nitrate (entries 33 and 34) series, whereas the conversions are very close for the carbonate salts (entries 20 and 21). The DFT calculations also indicate a strong activating effect by KOH and by the carbonates, whereas the rate enhancement by these salts is moderate, again most probably because of solubility issues, as confirmed by the strong rate enhancement for KOH upon addition of crown ether (Table 1, entry 27 vs. 26). Views of the optimized geometries and key electronic parameters of the (salt•Br • ) molecules are collected in Figure 4 and Table 4. Adducts with most 1:1 salts (LiCl, LiBr, LiI, NaCl, NaBr, KCl, KBr, NaI, KI and KOH, but not NaHCO3 and KHCO3) feature a "three-electron bond" 53 between the Br atom and the salt anion, such that the adducts may be better represented as Mt + (BrX • ) -(Mt = Li, Na or K). The metal atom does not have any significant spin density and the positive charge is less than 1, indicating partial covalence for the cation-anion interaction, which increases as K < Na (qK > qNa). The negative charge and the spin density are shared by the Br and X atoms or group. The Br atom has a lower charge and a higher spin density than X in Mt + (BrCl • ) -, equivalent values in the symmetric Mt + (Br2 • ) -, and an opposite trend is observed in Mt + (BrI • ) -. This is as expected from the atom electronegativities. In this respect, the Mt + (BrI • ) -compounds would formally be better described as (Mt + Br -)•I • than as (Mt + I -)•Br • , although the Mt + (IBr • ) -representation is to be preferred. Greater C-Br bond labilization is observed in the order Li + salt < Na + salt < K + salt < free ion, particularly when X = Cl and less so when X = Br, whereas when X = I the cation has a very small effect. In parallel, the Br-X bond distances in (BrX • ) -gets shorter along the same order (Li + salt > Na + salt > K + salt > free ion). The K + (BrOH • ) - adduct features a greater charge and a lower spin density on Br, in agreement with the lower "group electronegativity" of OH relative to Br. 54 Please do not adjust margins Please do not adjust margins In the Br • adducts with the 2:1 salts (carbonates and sulphate), the Br atom interacts only with the metal cations. The spin density on the Br atom is strongly reduced (to 0.294) in the Na2SO4 adduct and complete electron transfer is indicated for the Na2CO3 and K2CO3 adducts, which can therefore be formally described as adducts of M + Br -with M + (CO3 • ) -. In these adducts, the spin density is distributed among the dianion O atoms. The bicarbonates feature two different geometries for the Na and K salts, a "linear" one with a single Br•••Na interaction in the first case and a "bent" one with Br•••K and Br•••H interactions in the second one. Both geometries gave stable minima for both cations, but the relative energy is in the opposite order for the Na and K structures. These adducts also show a moderate extent of charge and spin density sharing between Br and the bicarbonate group. The spin density data in Table 4 indicate partial electron transfer from the Br atom to the salt anion in the order Cl -< Br -< I -< OH -< SO4 2-< CO3 2-, with the HCO3 -ion being located just above Cl -in the Na series and very close to OH -in the K series. This electron transfer appears to contribute to a large extent to the stabilisation of the salt•Br • adduct, but is certainly not the only factor, since the correlation between the spin density parameter and ΔG3 is not linear (see Figure S4). The experiments carried out in the presence of iodide salts lead to halogen exchange (equation 1), as shown in previous work. 44 It is well-established that this process is endoergic in a homogeneous medium 55 and this is confirmed by our DFT calculations: ΔG1 = +19.8, +10.5, +13.7 and +13.5 kcal/mol when Mt + = absent (free ions), Li + , Na + and K + , respectively. The reaction occurs in the direction shown in equation 1 thanks to the lower solubility of the bromide salt in low polarity solvents. 56 After the initiation phase, the polymerisations initiated by EBrPA + LiBr, EBrPA + LiI (via exchange to EIPA + LiBr) and CPI + LiI proceed by continuous reactivation of the dormant species via the equilibria shown in Scheme 4. The Gibbs energy changes associated to these equilibria have been estimated by replacing the PMMA beyond the last two monomer units with an H atom. Leaving only the last monomer unit in the calculations led to greater Gibbs energy changes, as predictable on the basis of the known strong penultimate monomer effect for methacrylates. 57 The results are shown in Scheme 5.

The rate of polymerisation is proportional to (KATRP•kp) (kp = propagation rate constant), thus a faster polymerisation is expected for a greater activation equilibrium constant. The results are consistent with a faster polymerisation when initiated by CPI+LiI (equation 7c) and a slower one when initiated by EBrPA+LiBr (equation 7a), in agreement with the experimental results. However, a critical analysis of the data reveals two problems. The first one is that the computed ΔG This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins values for equations 7 are too high. ATRP activation equilibria leading to relatively fast polymerisations require a much smaller total ΔG gap. For instance, a polymerisation half-life of 10 h at 90°C requires a ΔGgap of 29.2 kcal/mol. Given that ΔGgap = ΔGATRP + ΔG ‡ p and that the activation free energy for the MMA propagation at 90°C is estimated as 16.1 kcal/mol (see SI section, Table S5), 58 the required ΔGATRP value for this example would be 13.1 kcal/mol. Indeed, ΔGATRP values close to this, or lower, have been reported for a variety of initiator activations by copper complexes. 59,60 The second problem is that the value calculated for the mixed halogen system (equation 7b) is closer to that of the bromide system (equation 7a), whereas the experimental behaviour is essentially identical to that of the iodide system (equation 7c). Incidentally, exchanging the halogen atoms on the left hand side of equation 7b (namely, considering the hypothetical isomeric deactivation products PMMA-Br + LiI) yields a less stable system, 3 kcal/mol higher than PMMA-I + LiBr in Gibbs energy. This is consistent with a polymerisation proceeding via the I-terminated dormant species with continuous reactivation by LiBr, rather than the other way around. We believe that the above discrepancies result from the drastic approximation of the model, especially the neglect of explicit cation-solvent interactions. However, the similar values obtained for the three systems confirm that the ATRP of Br-terminated PMMA by transfer to LiBr is also a viable process, even though slower than the ATRP of I-terminated PMMA by transfer to LiBr or LiI. A further mechanistic scenario, as suggested in previous contributions, [START_REF] Sarkar | [END_REF]46 is that the trapping agent Li + (XY • ) -generated by activation of PMMA-Y with LiX (X,Y = Br, I) disproportionates in a bimolecular process (equation 8) and that the resulting Li + XY2 -product acts as an additional deactivator. Our DFT calculations indeed show that this process is favourable (ΔG8 = -5.8 kcal/mol for X = Y = Br; -13.9 kcal/mol for X = Br, Y = I; -10.1 kcal/mol for X = Y = I). However, occurrence of this process requires dissociation of the radical caged pair {(PMMA • )(LiXY • )} generated by the activation of the dormant species. It will ultimately occur when the Li(XY • ) species accumulate as a consequence of the irreversible PMMA • terminations, but reaction 8 cannot contribute to the thermodynamics of the initiator activation pre-equilibrium that regulates the polymerisation rate. Similar situations of a "persistent radical" effect insured by a non-persistent radical have been described for other moderating species. [61][62][63] 2 Li + (XY • ) - Li + X -+ Li + XY2 -

(c) Mechanistic discussion

The results shown above demonstrate that the combination of a bromide initiator, EBrPA, and salts with a variety of anions, most notably bromide, leads to radical generation and to polymerisation with variable rates, which are in certain cases as fast as when iodides are used (e.g. with KOH). However, none of these polymerisations show the same level of control as when the dormant species is PMMA-I. Under the hypothesis that the controlled growth rests solely on the PRE, the MtXcatalysed polymerisations that proceed more slowly than those catalysed by MtI salts should be even better-controlled, because the lower radical concentration indicated by the slower polymerisation rate should lead to a lower impact of bimolecular terminations. The lack of control for the slower polymerisations would be consistent with a reversible termination mechanism only if, after generation of the active PMMA • + Mt + (BrX • ) -radical pair, deactivation would somehow be slower for all X anions than for iodide. This is, however, against Hammond's postulate, because formation of the more stable (as suggested by the DFT investigations) PMMA-Br + Mt + X -pair, as opposed to the PMMA-I + Mt + X -pair, is expected to proceed through a lower activation barrier. The quality of the obtained polymers (Table 1) clearly shows that the PMMA • deactivation by Mt + (BrX • ) -for X ≠ I is not fast enough and the DFT results, in combination with Hammond's postulate, suggest that this deactivation should not be faster when X = I. It is known that controlled growth in radical polymerization can only rest on only two principles: (i) reversible termination, in which a PRE reduces the radical concentration and lowers the impact of the bimolecular terminations; (ii) degenerative transfer, which is effective when the rate of associative exchange between free radicals and dormant species is much faster than the rate of propagation. The collective experimental and computational evidence reported in the previous sections shows that a PRE is indeed present, regulating the rate of monomer consumption, but this effect is insufficient to provide chain growth control. On the other hand, PMMA-I chains have been shown to undergo a moderate degree of chain growth control by ITP, a technique resting on the degenerative transfer principle. 64 Thus, we propose that the special effect of iodine as a dormant chain capping agent in the current system with Please do not adjust margins Please do not adjust margins initiation by EBrPA/Mt + I -is related to the contribution of ITP. However, the quality of the PMAA produced by the EBrPA/Mt + I - initiating system is also inconsistent with the exclusive contribution of ITP, because the dispersity in a pure degenerative transfer process is given by

Đ = 1 + 1 2 -1
where p is the conversion and Ctr is the transfer constant. The transfer constant for MMA in ITP has been estimated as 2.6 at 80°C, 65 thus a limiting value of 1.38 can be expected for Đ at complete conversions, whereas the isolated polymers show narrower molecular weight distributions (Figure 2 and Figure 3). Quite clearly, the only way to reconcile the observed polymerization rates and parameters (Mn, Đ) for the collective PMMA samples obtained with the EBrPA/Mt + X -systems is to invoke a contribution of both a PRE (providing by itself insufficient control for all salts) and a degenerative transfer (effective only for X = I, though also insufficient to provide the observed level of control). were also used as received.

Experimental section

Measurements. 1 H NMR spectroscopy was performed using Bruker AV400, AdvanceIII400 HD and Varian INOVA-400 MHz spectrometers with deuterated chloroform as the solvent and tetramethylsilane (TMS) as the standard. The Mn,GPC and Mw/Mn of the polymers were determined by GPC using an Agilent 1100 gel permeation chromatograph, with a column in type of PLgel 79911GP-104 (7.5 mm × 300 mm, 10 μm bead size) or a Shimadzu system equipped with a Shimadzu RID-20A refractive index detector with two PSS SDV analytical columns (1000 Å and 100000 Å, 5 μm, 8 × 300 mm). THF was used as the eluent at a flow rate of 1 mL/min at 35°C. Linear polystyrene standards were used for calibration. HPLC chromatograms were recorded on a Shimadzu LC-2010A(HT) equipped with a BETASIL Silica-100 column, using a 95 : 5 pentane/iPrOH solvent mixture as the eluent.

General polymerisation procedure. Unless otherwise stated, a typical system consisted of [monomer]0/[initiator]0/[activator]0 = 200:1:2. A Schlenk flask (25 mL) was charged under argon with the salt and sealed by a rubber septum. Then the degassed monomer and initiator were added through degassed syringes.

The solution was stirred for 30 min at room temperature. After three freeze-pump-thaw cycles, the flask was immersed in a thermostatic oil bath at 90°C. At timed intervals, samples were withdrawn from the flask with a degassed syringe. The monomer conversion was determined gravimetrically after the removal of the unconverted monomer under reduced pressure.

The resulting residue was diluted with tetrahydrofuran (THF) and then filtered through a column filled with neutral aluminium oxide to remove any insoluble salt. The poly(methyl methacrylate) (PMMA) solution was then precipitated using an excess of n-hexane, and these polymers were dried under vacuum overnight at 80°C for gel permeation chromatography (GPC) characterisation.

Computational details. The calculations were carried out with the Gaussian 09 program package 66 using the density functional B3LYP. [START_REF] Becke | [END_REF] Corrections for dispersion were included during optimisation using Grimme's D3 empirical method 68 (B3LYP-D3). For geometry optimisations, all elements except Br and I were described using the 6-31G(d,p) basis sets. The LANL2TZ(f) and LANL08(D) 69 bases were adopted for the Br and I atoms, respectively. The solvation and final energies in MMA (ε = 6.534) 70 were determined as single-point calculations on the optimized structures using the SMD continuum solvation model. Analytic frequency calculations were performed on all the optimized structures under the harmonic approximation to obtain Gibbs free energy corrections at 298.15 K. A correction of 0.003108 hartrees (1.95 Kcal/mol) was made to the G values to bring the standard state from 1 atm to 1 M. 71 

Conclusions

This investigation has demonstrated that the typical ATRP initiator ethyl α-bromophenylacetate (EBrPA) is activated by addition of a wide variety of inorganic compounds Mt + X -with production of PhCH • (COOEt) radicals and Mt + (XBr • ) -. The activation equilibrium is not as facile as for the previously reported [START_REF] Sarkar | [END_REF] iodoalkyl + Mt + I -systems and, contrary to those systems, does not lead to controlled polymerisation of MMA, with the exception of the EBrPA + Mt + I -(Mt = Li, Na, K) systems which lead to halogen exchange. It has also demonstrated that the iodine-terminated PMMA macromolecules are efficiently activated by these bromide salts. 44 Thus, bromide salts are a new addition to the list, which comprises iodide, azide, cyanate and thiocyanate salts, 46 of transition metal-free catalysts for atom transfer radical polymerisation. The investigation carried out with a substoichiometric amount of activator has also revealed the presence of a degenerative halogen exchange between iodine-and bromine-terminated chains, PMMA-I and PMMA-Br. Furthermore, in the previous contributions, [START_REF] Sarkar | [END_REF]44,46 the operating mechanism was speculated to rest on reversible This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins termination and the presence of a PRE, but was not fully clarified. On the basis of the collective experimental and computational results reported in this contribution, notably showing that the EBrPA activation by iodide salts leads to PMMA-I growing chains and that this polymerization is at the same faster and better controlled than those involving other salts, we suggest that the special effect of the iodine atom at the polymer chain end is related to the significant contribution of a degenerative transfer mechanism for the controlled chain growth, as in ITP. 64,65 However, differently from a classical ITP, where the active radicals are continuously injected into solution from the thermal decomposition of a conventional radical initiator such as AIBN, in the present case the radicals are continuously generated (and subsequently deactivated) from the alkyl halide initiator by atom transfer to the salt catalyst. Therefore, a reversible termination mechanism, which is regulated by the PRE, is responsible for the radical generation and for the polymerisation rate. This reversible termination equilibrium is insufficient to insure chain growth control, except for X = I where it contributes to the controlled chain growth together with degenerative transfer, after halogen exchange leading to PMMA-I + Mt + Br -.

Scheme 1 .

 1 Scheme 1. General mechanism of ATRP.

Figure 1 .

 1 Figure 1. First-order plots of the bulk MMA polymerisation at 70°C, initiated by (a) EBrPA or (b) CPI, using [MMA]:[initiator]:[LiI] = 100:1:x (x = 1, 0.75, 0.5, 0.25).

Figure 2 .

 2 Figure 2. Plots of Mn (a) and Đ (b) vs. conversion for the PMMA obtained from the polymerisations of Figure 1(a) initiated by EBrPA.
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Figure 3 .

 3 Figure 3. Plots of Mn (a) and Đ (b) vs. conversion for the PMMA obtained from the polymerisations of Figure 1(b) initiated by CPI.

  Please do not adjust marginsPlease do not adjust margins of a quantitative exchange. Indeed, the 1 H NMR analysis did not show any detectable EBrPA when the reaction was carried out with the stoichiometric amount of LiI. The generated EIPA and the dormant PMMA-I chains obtained after initiation must be activated by the LiBr produced by the exchange. As shown in Table2, the kobs values for the polymerisations initiated by EBrPA and CPI with the stoichiometric amount of LiI are approximately the same. This indicates that the PMMA-I bond is activated equally efficiently by LiI and LiBr (similar K for the ATRP activation equilibrium). Yet another point of interest comes from the analysis of the molar masses for the polymerisations initiated by EBrPA. As concluded from the analysis of the kobs values, the concentration of dormant chains corresponds to the concentration of activator. However, the polymer molar masses are in closer agreement with the values expected for the total initial [MMA]/[EBrPA] ratio. They are only a bit higher than the target values, as clearly visible in Figure2, but much smaller than the values expected for the [MMA]/[LiI] ratio, particularly for the experiments with the lowest LiI/EBrPA ratios (0.25 and 0.5

Scheme 2 .

 2 Scheme 2. Halogen exchange responsible for activation of all the EBrPA initiator when using a substoichiometric amount of LiI.

Scheme 3 .

 3 Scheme 3. Model used for the action of salts on the EBrPA activation.

Figure 4 .

 4 Figure 4. Views of the optimized salt•Br • geometries with selected interatomic distances in Å.

262 0. 613 a

 613 Mulliken change on the metal atom (Na or K). b Mulliken charge on the Br atom. c Mulliken spin density on the Br atom. d Total Mulliken charge on the salt anion. e Total Mulliken spin density on the salt anion.

Scheme 4 .

 4 Scheme 4. Atom transfer equilibria regulating the rate of MMA polymerisation with different initiating systems.

Table 1 .

 1 Effect of added salts on the bulk polymerisation of MMA at 90°C initiated by EBrPA. a

		Additive b	Sol. c	t/h	Yield/%	Mn,GPC(Mn,th), d Đ
	1	-		12	2.3	11.4(0.7), 1.37
	2	LiCl	PS	12	24.2	21.0(5.1), 1.60
	3	NaCl	SS	12	12.1	10.3(2.7), 2.16
	4	Na(CE)Cl	PS	18	26.5	624.5(1.5), 1.80
	5	KCl	SS	12	7.8	58.5(1.8), 3.73
	6	K(CE)Cl	PS	9	9.8 e	10.2(2.0),1.63
	7	MgCl2	SS	12	3.4	18.9(0.9), 1.77
	8	CaCl2	SS	12	26.9	134.5(5.6), 2.64
	9	LiBr	PS	12	9.6	26.6(2.2), 1.34
	10	NaBr	SS	12	13.0	62.6(2.8), 1.71
	11	Na(CE)Br	S	8	26.3	124.2(5.5), 1.48
	12	KBr	SS	18	8.1	146.8(1.9), 2.16
	13	K(CE)Br	PS	18	37.6	47.0(7.8),1.69
	14	RbBr	SS	12	5.1	20.4(1.3), 1.68
	15	CsBr	SS	12	4.8	17.8(1.2), 1.76
	16	nBu4NBr	S	18	36.7	655.4(7.6), 2.49
	17	LiI f	S	9	72.8	7.3(6.3), 1.10
	18	NaI	PS	12	32.0	6.9(6.7),1.73
	19	KI	PS	12	22.5	5.2(4.8),1.41
	20	Na2CO3	SS	12	21.9	483.2(4.6), 2.46
	21	K2CO3	SS	12	21.1	523.5(4.5), 2.78
	22	Rb2CO3	SS	12	30.6	58.7(6.4), 1.76
	23	Cs2CO3	SS	12	19.5	498.7(4.2), 2.43
	24	NaHCO3	SS	18	2.7	37.9(0.8), 1.70
	25	KHCO3	SS	18	6.5	497.6(1.5), 1.82
	26	KOH	SS	5	13.9	541.2(3.0), 2.91
	27	K(CE)OH	PS	3.5	37.5	122.9(7.8),1.57
	28	Na2SO4	SS	12	9.6	234(2.2), 1.67
	29	K2SO4	SS	5	17.6	408.7(3.8), 1.54
	30	Rb2SO4	SS	12	10.4	517.4(2.3), 1.61
	31	Cs2SO4	SS	12	12.6	127.6(3.4), 3.9
	32	NaHSO4	SS	12	18.3	1054(3.9), 1.34
	33	NaNO3	SS	12	13.2	1166(2.9), 1.56
	34	KNO3	SS	12	18.8	105.8(4.0), 1.68
	35	NaPF6	SS	18	60	202.5(12.3), 2.47
	36	nBu4NPF6	S	18	9.4	358.89(2.1), 2.26
					Yield = 22.8% after 18 h, Mn,GPC =
	34.1, Đ = 1.89. f [MMA]:[EBrPA]:[LiI] = 100:1:2.	

a Conditions: [MMA]:[EBrPA]:[Salt] = 200:1:2, T = 90°C. b CE = crown ether (18crown-6). c SS = sparingly soluble, PS = partly soluble; S = fully soluble (at the polymerisation temperature). d Both in Kg/mol. e

Table 2 .

 2 Observed rate constants (in h -1 ) for the MMA polymerisation in the presence of LiI for different initiators and initiator:LiI ratios. a

	LiI:initiator	Initiator = CPI	Initiator = EBrPA
	1:2		0.1419
	1:1	0.1145	0.0922
	0.75:1	0.0962	0.0542
	0.5:1	0.0996	0.0313
	0.25:1	0.0997	0.0122

a Polymerisations carried out in bulk at 70°C with an MMA/initiator ratio of 100.

Table 3 .

 3 DFT calculated Gibbs energy changes (in kcal/mol) for equations 3 and 4 (Scheme 3).

	Salt/Anion	ΔG3	ΔG4
	-	-	52.9 a
	LiCl	-12.6	40.2
	NaCl	-15.8	37.1
	KCl	-18.5	34.3
	Cl -	-22.7	30.2
	LiBr	-17.7	35.2
	NaBr	-19.5	33.4
	KBr	-21.6	31.3
	Br -	-22.9	29.9
	LiI	-21.5	31.4
	NaI	-20.1	32.8
	KI	-22.5	30.3
	I -	-20.9	31.2
	Na2CO3	-33.7	19.2
	K2CO3	-44.8	8.1
	NaHCO3	-3.0	49.8
	KHCO3	-13.2	39.7
	KOH	-42.4	10.5
	Na2SO4	-16.0	36.9

a This value corresponds to ΔG2.

Table 4 .

 4 Selected electronic parameters for geometry-optimized salt•Br • adducts.

	Salt	qM a	qBr b	αBr c	qX d	αX e
	Cl -•Br •	-	-0.474	0.561	-0.526	0.439
	LiCl•Br •	0.454	-0.198	0.595	-0.256	0.421
	NaCl•Br •	0.666	-0.295	0.587	-0.371	0.425
	KCl•Br •	0.854	-0.379	0.582	-0.475	0.423
	Br -•Br •	-	-0.500	0.500	-0.500	0.500
	LiBr•Br •	0.495	-0.247	0.512	-0.247	0.512
	NaBr•Br •	0.687	-0.343	0.510	-0.343	0.510
	KBr•Br •	0.864	-0.432	0.505	-0.432	0.505
	I -•Br •	-	-0.503	0.480	-0.497	0.520
	LiI•Br •	0.491	-0.329	0.401	-0.162	0.618
	NaI•Br •	0.683	-0.405	0.422	-0.278	0.596
	KI•Br •	0.880	-0.487	0.436	-0.384	0.575
	Na2CO3•Br •	0.567	-0.611	0.000	-0.523	1.034
	K2CO3•Br •	0.761	-0.802	0.000	-0.719	1.022
	NaHCO3•Br •	0.563	-0.278	0.558	-0.286	0.457
	KHCO3•Br •	0.856	-0.534	0.396	-0.323	0.610
	Na2SO4•Br •	0.613	-0.479	0.294	-0.747	0.727
	KOH•Br •	0.849	-0.587	0.392	-0.	
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