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Synthesis of PMMA-based block copolymers by consecutive irreversible and reversible addition-fragmentation chain transfer polymerizations

Easy to implement reversible-deactivation radical polymerization (RDRP) methodologies for the synthesis of block copolymers from monomers of disparate reactivities are scarce. We report the direct synthesis of PMMA-PVAc block copolymers by addition-fragmentation chain transfer polymerization without resorting to a chemical switch strategy.

Instead, we took advantage of the good chain transfer activity of xanthogen and thiuram disulfides in methyl methacrylate (MMA) polymerization in order to obtain xanthate and dithiocarbamate-terminated PMMA (respectively PMMA-X and PMMA-T) displaying terminal functionalities of 0.9. Unlike PMMA-T, the xanthate group of PMMA-X was unstable and tended to partly degrade during the polymer purification. Both types of precursors have been successfully used as macrochain transfer agents for RAFT polymerization of vinyl acetate (VAc). This simple method for block copolymer synthesis can be potentially applied to numerous combinations of more-activated and less-activated monomers. As an example, PMMA-T was chain extended with ethylene to achieve, for the first time using a RDRP, block copolymers incorporating PMMA and polyethylene (PE) segments.

Introduction

Reversible-deactivation radical polymerization (RDRP) 1 techniques are well adapted to the synthesis of copolymers with controlled architectures. [2][3][4] Over the years, processes combining more-activated monomers (MAMs, e.g. styrene, (meth)acrylates and (meth)acrylamides) and less-activated monomers (LAMs, e.g. vinyl esters and N-vinyl monomers) for the synthesis of well-defined poly(MAM)-b-poly(LAM) have gained an increasing interest. [5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20][21][22] Some groups have proposed original routes to achieve poly(MAM)-b-poly(LAM) by combining different polymerization mechanisms for each block, for example atom transfer radical polymerization (ATRP) 6 for the poly(MAM) block and reversible addition fragmentation chain transfer (RAFT) 7 polymerization for the poly(LAM) block. 8,9 The synthesis of such block copolymers by sequential monomer addition using the same polymerization mechanism is far more attractive and RDRPs based on degenerative transfer have shown the most promising results in that respect. Organoheteroatom-mediated living radical polymerization with Te, Bi and Sb derivatives produced numerous MAM-LAM block copolymers, 10 like well-defined poly(styrene)-b-poly(Nvinylpyrrolidone) (PS-b-PNVP). 11 On the other hand, RAFT polymerization has been frequently used and stands out as one of the most robust and versatile processes for the preparation of such block copolymers. Switchable chain transfer agents (CTAs) such as N-methyl-N-(4-pyridinyl) [12][13][14] and N-aryl-N-(4pyridinyl) 15 dithiocarbamates control either MAMs upon protonation by a strong acid, or LAMs after deprotonation by a base. CTAs with intermediate reactivities, such as 3,5-dimethyl-1H-pyrazole-1-carbodithioates, have also enabled the synthesis of PDMA-b-PVAc 16 without the need for an external stimulus. Alternatively, O-ethyl xanthates, 17 fluoroxanthates 18 or N,Ndithiocarbamates 19 offer moderate control over MAMs (styrene 19 , acrylates 20 and acrylamides 21 ) and good control over LAMs. Very recently, Müllner and coworkers combined a xanthate and a bismuth oxide photocatalyst to provide excellent control over both LAMs and MAMs. PDMA-b-PVAc and PDMA-b-PNVP copolymers with high molar mass were obtained with remarkably low dispersities. 22 Among MAMs, methacrylates have several advantages compared to their acrylate counterparts, such as much higher T g , greater industrial availability and lower susceptibility to hydrolysis. Their use in RAFT polymerization is well established, but the synthesis of poly(methacrylate)-block-poly(LAM) copolymers remains a challenge. For instance, 3,5-dimethyl-1Hpyrazole-1-carbodithioates are efficient for acrylamides but not for MMA. The control of the polymerization of MMA could be slightly improved by introducing halogen atoms at the 4position on the pyrazole ring, but this negatively affected the polymerization of the LAM. 23 To the best of our knowledge, there are only three examples of the synthesis of PMMA-b-PVAc by RAFT via the use of (i) switchable dithiocarbamates 12 , (ii) fluorinated xanthates in a semi-batch emulsion process, 18 or (iii) diselenocarbonate (Se-RAFT) agents. 24 however, PMMA-b-PVAc copolymers are potentially attractive to tailor interfaces in Please do not adjust margins Please do not adjust margins PMMA/PVAc blends 25 or to generate nanostructured phases in epoxy networks (benefiting from the miscibility of MMA block with epoxy-amine formulations). 26 In addition, they could be selectively hydrolyzed leading to amphiphilic PMMA-b-PVA copolymers (VA: Vinyl Alcohol).

The limited number of methods to prepare PMMA-b-poly(LAM) by RAFT polymerization has led us to explore alternative options. In the late 50's, Otsu et al. introduced the iniferter concept with the use of xanthogen and thiuram disulfides as thermal and photo-polymerization initiators for vinyl monomers. 27,28 Subsequent developments enabled the synthesis of telechelic (i.e difunctionalized) PMMA by photopolymerization of MMA in the presence of either diisopropyl xanthogen disulfide (xanthate-functionalized PMMA) 29 or a tetralkyl thiuram disulfide (dithiocarbamatefunctionalized PMMA). 30 The resulting telechelic PMMAs were used to prepare A-B-A type triblock copolymers with styrene under UV irradiation. 31,32 On the other hand, the conventional polymerization of MMA (initiated by a thermal radical initiator) in the presence of diethyl xanthogen disulfide 33 or isopropylxanthic disulfide 34 has been shown to afford xanthateterminated PMMA (PMMA-X). However, conclusions about xanthate functionality f differ depending on authors. Niwa et al. 27 determined a f value close to 2 by UV analysis whereas Catala 33 and Zhang et al. 34 hypothesized a mechanism dictated by chain transfer to xanthogen disulfide and primary termination of xanthyl radicals, i.e. f=1. Some of the resulting PMMAs have been used as macromolecular CTAs (macro-CTAs) and chain-extended in a controlled fashion with a LAM (VAc 33 and NVP 34 ) to afford a PMMA-b-poly(LAM) according to a RAFT mechanism, without the need for a switchable RAFT agent.

Although very promising, this MMA/xanthogen disulfide system was limited to low MMA conversions (<40%) 34 and no experimental data for f was given to support the proposed mechanism, which motivated a more detailed study from a kinetic and mechanistic point of view.

In this publication, we determine the end-functionality and elucidate the kinetics and mechanisms of formation of PMMA chains when initiated by AIBN in the presence of diethyl xanthogen disulfide (XD, Scheme 1). We reveal a practical problem related to the instability of the PMMA-xanthate upon prolonged handling. Block copolymer synthesis was facilitated by considering N,N'-dimethyl-N,N'-diphenyl thiuram disulfide (TD, Scheme 1) as an alternative irreversible additionfragmentation chain transfer agent for MMA polymerization in a first step, followed by RAFT polymerization of VAc using the resulting PMMA-T as macro-CTA to achieve PMMA-b-PVAc. In the last part of the manuscript, we apply recent advances in the RDRP of ethylene using RAFT 35,36 to produce block copolymers incorporating polyethylene (PE) and PMMA segments by chain extension of PMMA-T with ethylene.

Materials and Methods

Methyl Increasing amounts of CTA (XD or TD) were added so that the [MMA]/[CTA] molar ratio ranged from 0 to 0.02. Toluene was added in the case of TD. The reaction mixture was degassed by three freeze-vacuum-thaw cycles and immersed in an oil bath at 80°C. The polymerization was allowed to proceed at 80 °C for a short time and then rapidly cooled down to stop the reaction at low conversion. Monomer conversions were determined by 1 H NMR and Mw by SEC-RI in THF. See Table S1 for details of the experiments.

Preparation of PMMA-X. XD and AIBN were dissolved in toluene in proportions according to Table 2. This solution and MMA were poured into a Schlenk flask equipped with a magnetic stirrer. The mixture was then degassed by three freeze-pump-thaw cycles and filled with argon. The flask was settled into an oil bath at 80 °C and the reaction mixture was allowed to polymerize during 6 h. The obtained polymers were purified by precipitation in cold hexane. Preparation of PMMA-T. MMA, TD, AIBN and MeCN were introduced in a Schlenk flask to the desired quantities. The flask was degassed by three freeze-vacuum-thaw cycles, sealed under Argon and immersed in an oil bath at 80 °C for the desired time. The polymerization was stopped by rapid cooling. The volatiles were removed in vacuo, the residue was dissolved in the minimum amount of acetonitrile and the resulting viscous oil was filtered to remove unreacted TD. The polymer was then recovered by precipitation in cold methanol. Preparation of PMMA-b-PVAc from PMMA-X1. PMMA-X1 (0.11 mmol), AIBN (0.33 mmol) and VAc (32 mmol) were dissolved in ethyl acetate (1 mL). The mixture was poured into a Schlenk flask and degassed by three freeze-pump-thaw cycles before being filled with argon. The flask was immersed into an oil bath at 60 °C and stirred during 6 h. The volatiles were removed in vacuo and the polymer was recovered. Preparation of PMMA-b-PVAc from PMMA-T. PMMA-T (0.12 mmol), AIBN (0.04 mmol) and VAc (34.8 mmol) were dissolved in ethyl acetate (1 mL). The mixture was transferred in a Schlenk tube equipped with a septum, degassed by three freezevacuum-thaw cycles and filled with Argon. The flask was immersed in an oil bath at the desired temperature (60 or 70 °C) and samples withdrawn from the polymerization mixture at different times for 1 H NMR and SEC analyses. Preparation of PMMA-b-PE from PMMA-T4. An autoclave reactor (160 mL) was equipped with a mechanical stirring apparatus, a thermometer and a pressure sensor. A degassed solution of PMMA-T4 (9.12 mmol L -1 ) and AIBN (3.04 mmol L -1 ) in DMC (50 mL) was added to the reactor preheated to 80 °C under argon atmosphere with a mechanical stirring of 600 rpm.

Immediately after the injection port was closed, ethylene gas was fed into the reactor until the targeted pressure of 80 bar was reached. If necessary, additional ethylene gas was introduced to keep a constant pressure during the polymerization. After a predetermined period of time, the stirring was slowed down and the reactor was cooled with iced water. When the temperature inside the reactor dropped below 25 °C, the remaining pressure was carefully released. The content of the reactor was collected and evaporation of the solvent gave the polymeric product. 1 H NMR and HT-SEC analyses were performed on the polymers without further purification.

Results and discussion

Dithiocarbonate functionalized PMMA

The Mayo method was used to determine the chain transfer constant (Ctr) to XD. 38 In this study, the weight average degree of polymerization (DPw) was preferred to the number average degree of polymerization (DPn) as it is less susceptible to errors when analyzing the SEC chromatograms (e.g. baseline selection). 39 A Ctr value of 0.80±0.02 was calculated (Fig. S3), meaning that XD reacts slightly more slowly than MMA during polymerization. This was confirmed by monitoring the MMA and XD conversions by 1 H NMR and SEC-UV at 290 nm, respectively, for different AIBN and XD initial concentrations at 80 °C (Table 1, Fig. S4). The rates of consumption of MMA and XD increase with increasing initial AIBN concentration as expected for a conventional free radical polymerization. The experimental number-average molar masses (Mn,SEC) are in relatively good agreement with theoretical values (Mn,theo) calculated on the assumption that initiation and termination can be neglected and chain transfer to XD predominates with no RAFT activation of PMMA-X. The latter assumption of irreversible chain transfer is supported by the established low reactivity of S-tertiary alkyl O-ethyl xanthates in RAFT polymerization of MMA (Ctr~10 -2 ). 18 Mn,SEC determined with MALS detection and M n,theo match particularly well in the case of entry 3 of Table 1, for which the AIBN concentration is the lowest of the series. More generally, entries 1 to 5 of Table 1 This journal is © The Royal Society of Chemistry 20xx
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show that XD concentration influences Mn to a much greater extent than AIBN. Dispersities (Ð) are significantly lower than the expected value of 2.0 for a polymerization where chain transfer is the main chain breaking event. 40 This may be because Ð is often underestimated due to weak scattering by low molar mass polymers and band broadening, both of which result in overestimation of Mn. [START_REF] Seiler | Please do not adjust margins and[END_REF]42 Table 1 Experimental details of a series of MMA polymerizations in toluene at different XD and AIBN concentrations.

[MMA] = 4.1 mol L -1 , T = 80 °C, t = 6h. (For more details refer to Table 1).

Fig. 1 shows that XD retards MMA polymerization under the reaction conditions of Table 1. This is most likely due to slow reinitiation by the xanthyl radical. [START_REF] Moad | The Chemistry of Radical Polymerization[END_REF] We studied the influence of initial AIBN and XD concentrations on the terminal xanthate functionality f for four different PMMA-X (Table 2). The xanthate functionality f was calculated from SEC analysis and It is worth pointing out that only for PMMA-X1, the purification of the crude product by precipitation was accompanied by the loss of ~15 % of the xanthate terminal groups (Fig. S5). This was determined by comparing f values calculated from Eq.1 taking into account that crude PMMA contains ~25 % unreacted XD (whose methylene signals overlap with those of terminal xanthate groups). This unexpected phenomenon is much more pronounced when PMMA-X samples were precipitated twice, with halved f values between first and second precipitation. The instability of PMMA-X is not yet understood because in our experience, other xanthate-capped polymers (e.g. polystyrene, polyacrylates or polyvinyl acetate) do not exhibit such degradation. Consequently, the purification of PMMA-X was limited to one precipitation in cold hexane. In addition, the use of THF to dissolve the polymer between each precipitation was avoided (due to the presence of peroxides which could cause chain-end cleavage). As well, the use of the rotary evaporator and high vacuum for long periods of time were avoided and the polymer was protected from light. The MALDI-TOF spectrum of the crude low molar mass difunctional PMMA-X2 (Fig. 3a 

PMMA-b-PVAc block copolymer

A PMMA-X1 sample (purified by one precipitation in cold hexane) was used as macro-CTA for the synthesis of the block copolymer with VAc by RAFT (experimental details available in Table S2). The experimental molar masses are very close to the theoretical values. This means that despite the slight loss of functionality during the purification of PMMA-X1, the copolymerization is well controlled. It is worth pointing out that for VAc polymerization, an unusually high concentration of AIBN ([AIBN]0/[PMMA-X]0~3) was necessary to initiate the polymerization, which started after a 1 hour induction period. These initiation conditions together with a small fraction of nonfunctional PMMA (f=0.91) and a non-negligible proportion of side reactions at high VAc conversions 5 can explain the relatively high dispersity value of 1.8. This hypothesis is supported by recent works of some of the co-authors on xanthate-mediated RAFT of ethylene. 35 While the obtained results gave higher dispersity than what is obtained with switchable RAFT agents our proposed methodology is easier to implement as there is no need for protonation/deprotonation. 

Dithiocarbamate functionalized PMMA.

The synthesis of PMMA-b-PVAc block copolymers with dithiocarbamates has been reported only once, using a switchable N-(4-pyridinyl)-N-methyldithiocarbamate 12 to afford a narrow PMMA-b-PVAc (Mn = 55 900 g mol -1 , Ð = 1.39).

N,N'-dimethyl-N,N'-diphenyl thiuram disulfide (TD, Scheme 1)

was investigated as an alternative to XD for the synthesis of functional PMMA with a dithiocarbamate chain-end (PMMA-T, Scheme 1). The same procedure used for the determination of Ctr with XD was applied, except that a minimal amount of toluene was added to the reaction mixture to ensure the complete solubility of TD at 80 °C for all the concentrations of the disulfide used for this experiment (from 4.2 mmol L -1 up to 422 mmol L -1 ). The Mayo plot of 2/DPw vs [TD]/[MMA] gives a straight line, the slope of which gives C tr = 0.64±0.02 (Figure S7). The chain transfer constant of toluene to MMA is 2×10 -5 which is negligible by comparison. [START_REF] Moad | The Chemistry of Radical Polymerization[END_REF] The Ctr value is slightly lower than

Please do not adjust margins Please do not adjust margins that for XD (Ctr = 0.80±0.02) and is very similar to values reported earlier for other thiuram disulfides. 46 TD is thus consumed more slowly than XD during the polymerization. Both TD and XD have chain transfer constants that are fairly close to the ideal value of 1. This is advantageous as the ratio of CTA to monomer will remain approximately constant throughout the polymerization.

For the preparation of polymer for chain extension, acetonitr ile was preferred to toluene as polymerization solvent. TD is almost completely insoluble in cold acetonitrile (solubility < 5 mg mL -1 ), whereas PMMA is readily soluble (solubility > 100 mg mL -1 ). Thus, unreacted TD could be efficiently removed from the PMMA by filtration of the crude product dispersed in a minimal amount of cold acetonitrile. The subsequent precipitation of the polymer in a large excess of cold methanol allowed the isolation of PMMA free of unreacted TD. Using this method, we synthesized four different PMMA-T (experimental conditions summarized in Table 3). Their corresponding molar mass features (Mn, Ð) are listed in the same table. Functionality f was calculated with Eq. 2 and the integral values of the aromatic protons a-c of the dithiocarbamate chain-end ( = 7.35-7.55 (3H) and  = 7.25-7.15 ppm (2H)) and of the methoxy protons f of the PMMA main chain ( = 3.50-3.65 ppm) obtained by 1 H NMR (Fig. 5 in the case of PMMA-T3). Eq. 2 Determination of the functionality of PMMA-T, with DPn,SEC = degree of polymerization obtained from Mn,SEC By changing the [MMA]:[TD] ratios (100, 50 and 25) different Mn values of PMMA-T can be achieved (Mn = 8 900, 5 600 and 1 600 g mol -1 , respectively) with limited impact on the dispersity (Ð = 1.55, 1.49 and 1.79, respectively). PMMA-T1 was precipitated twice with no apparent loss of functionality (compared to PMMA-X for which functionality was halved after two precipitations). This indicates a better stability of the  chainend when Z=N(Me)Ph.

Fig. 5 1 H NMR spectrum of PMMA-T3 after isolation (Mn,SEC = 8 900 g mol -1 ).

The presence of ~0.9 dithiocarbamate end-group per chain on average is confirmed by the protons in the aromatic region that integrate for three ( = 7.35-7.55) and two protons ( = 7. 25-7.15). The characteristic multiplet of ten aromatic protons ( = 7.45-7.65, see Fig. S8) of TD is not observed. MALDI-TOF MS analysis performed on PMMA-T2 (Fig. 6) confirms monofunctionalization. The main species observed corresponds to a PMMA chain featuring a double bond at the  chain-end (T3). 1 H NMR analysis does not show vinylic protons between 5 and 6 ppm while the aromatic protons from the dithiocarbamate moiety are undoubtedly assigned (Fig. 5 for PMMA-T3 and Fig. S8 for PMMA-T2). Consequently, T3 and T4 correspond to the expected monofunctionalized PMMA chains carrying a dithiocarbamate  chain-end that underwent degradation in the spectrometer during ionization. Indeed, a small quantity of PMMA still bearing the dithiocarbamate chainend (T1) is detected as well. MALDI-TOF MS shows no sign of telechelic PMMA, either before  chain-end loss due to ionization (T2) or after chain-end loss (T5). Our results confirm the conclusions of Otsu et al. who reported that TD is a very poor thermal iniferter compared to tetraalkyl counterparts. 28,47 [TD] (mol L -1 )

[AIBN] (mol L -1 ) Conv a (%) ) and identification of corresponding species after precipitation in methanol.

Mn SEC b (g mol -1 ) Ð b f c Precipitation 1X
SEC analysis confirms the presence of a thiocarbonylthio moiety on the entire MMDs of PMMA-T2 and PMMA-T3 as the UV absorbance at 290 nm (corresponding to the maximum absorbance of the C=S double bond) is consistent with the refractive index (RI) trace (Fig. 7). UV and RI traces are slightly offset relative to each other because the UV detector is sensitive only to the RAFT agent and hence gives the number distribution of the polymer, while the RI detector is sensitive to the mass concentration of polymer in solution and hence gives the weight distribution. Thus low molar mass chains that may form as a result of the peculiar mechanism of initiation/primary recombination give a stronger signal in the UV trace. 

PMMA-b-PVAc block copolymers

The resulting PMMA carrying a dithiocarbamate chain-end could be chain extended with VAc. Although the control on the PMMA segment could not compete with that obtained using a switchable CTA, similar block copolymers can be obtained in a more convenient way. PMMA-T2 and PMMA-T3 were used as macro-CTA for the synthesis of PMMA-b-PVAc copolymers by RAFT at 60 °C and 70 °C respectively. A strong induction period was observed at 60°C with no polymerization taking place over the first 6 hours (Fig. S10) and a conversion of only 20% was reached after 20 hours (Fig. S9 and Fig. S10). This induction period could be reduced to less than 1 hour by performing the chain extension at 70 °C and 90 % of conversion could be reached after 6 hours of polymerization (Fig. S10). The presence of an induction period may be due to slow addition of the PMMA macroradical to VAc. The results of the chain extension with PMMA-T3 at 70°C are presented in Fig. 8. A clean shift of the MMD towards higher values is observed (Fig. 8a) and the Mn determined by both 1 H NMR and SEC-RI are close to theoretical values while Ð decreases from 1.55 to 1.43 as the polymerization proceeds (Fig. 8b). This decrease in dispersity is consistent with expectations for a well-controlled polymer. 48 

PMMA-b-PE copolymers

We recently demonstrated that RDRP based on reversible degenerative transfer such as tellurium mediated radical polymerization (TeRP) 49 or RAFT, 35 could be used to control the polymerization of ethylene. In the case of RAFT, aromatic dithiocarbamates are particularly efficient to obtain welldefined PE chains. 36 PMMA-T4 (Table 3) (Mn = 1 600 g mol -1 , high chain-end fidelity of 0.99) was used for chain extension with ethylene at 80 °C and 80 bar using DMC as solvent. The chain-extension was performed in an autoclave reactor and, because of the difficulty of sampling under pressure, each polymerization times (2h, 3h, 4h, 5h) represent an independent experiment. The results of the chain extension are presented in Fig. 9. A clean shift of the MMD towards higher elution times is observed (Fig. 9a) via HT-SEC. Noteworthy, the conditions used for HT-SEC (150 °C, 1,2,4-trichlorobenzene) are adapted for the analysis of PE but not PMMA and result in the apparent Mn and Ð of PMMA-T4 being substantially different for those obtained by SEC-THF (Mn = 450 g mol -1 and Ð = 3.38 via HT-SEC (PS calibration) versus Mn = 1 600 g mol -1 and Ð = 1.79 via SEC-THF (PMMA calibration)). The behavior of the targeted PMMA-b-PE during HT-SEC analyses and the corresponding determined molar mass characteristics are thus to be taken with care. Nonetheless, the molar masses of the block copolymers obtained after chain extension increase with the conversion of ethylene, expressed as the yield of ethylene (Fig. 9b). A 1 H NMR spectrum of the polymer obtained after 5 hours of chain extension of PMMA-T4 with ethylene is presented in Fig. 10. The characteristic signals of PE and PMMA protons can be observed (methoxy protons c of PMMA at 3.45 ppm, methylene protons of PMMA between 1.7 and 2.1 ppm, methylene protons of PE and methyl protons of PMMA between 0.9 and 1.5 ppm).

In addition, the presence of d and e of the PE-CH2-CH2-SC(S)Z species indicate that ethylene units have been inserted between the PMMA segment and the dithiocarbamate chain end. Aromatic protons g, I, h and methyl protons f of the dithiocarbamate chain ends are visible between 7 and 7.5 ppm and at 3.58 ppm, respectively. HT-SEC, together with 1 H NMR analyses, confirm the successful chain extension of PMMA-T4 and the synthesis of the desired PMMA-b-PE copolymers, for the first time achieved using a free radical process and for the first time using a RDRP technique to produce the PE block. 

Conclusions

Fig. 1

 1 Fig. 1 MMA conversion as a function of time for different XD concentrations. [AIBN]0 = 41 mmol L -1 .(For more details refer to Table1).

1 H

 1 Fig.1shows that XD retards MMA polymerization under the reaction conditions of Table1. This is most likely due to slow reinitiation by the xanthyl radical.[START_REF] Moad | The Chemistry of Radical Polymerization[END_REF] We studied the influence of initial AIBN and XD concentrations on the terminal xanthate functionality f for four different PMMA-X (Table2). The xanthate functionality f was calculated from SEC analysis and 1 H NMR of precipitated PMMA. The integration of the signal at  = 4.55-4.77 ppm (methylene protons b of the xanthate chain-end) at  = 3.5-3.65 ppm (methoxy group a of MMA repeating units, Eq. 1, Fig.2 and S5). As expected for a telomerization (i.e. a radical polymerization for which irreversible chain transfer is the main event for the formation and deactivation of polymer chains), a xanthate telechelic PMMA with f=2.0 was obtained after precipitation of the crude product for the lowest [AIBN]0/[XD]0=1/10 of the series (PMMA-X2). This important result can be explained by the efficient chain transfer to XD and addition of the resulting xanthyl radical EtO-(C=S)-S • to MMA to create a new chain. This result has been confirmed by MALDI-TOF MS analysis (vide infra). The higher the AIBN to XD initial concentration ratio, the lower f with f=1.6 for [AIBN]0/[XD]0≈1/4 (PMMA-X4) and f≈1 for [AIBN]0/[XD]0=1 (PMMA-X1 and -X3), attributed to an increasing contribution of AIBN-initiated chains. It is worth pointing out that only for PMMA-X1, the purification of the crude product by precipitation was accompanied by the loss of ~15 % of the xanthate terminal groups (Fig.S5). This was determined by comparing f values calculated from Eq.1 taking into account that crude PMMA contains ~25 % unreacted XD (whose methylene signals overlap with those of terminal xanthate groups). This unexpected phenomenon is much more pronounced when PMMA-X samples were precipitated twice, with halved f values between first and second precipitation. The instability of PMMA-X is not yet understood because in our experience, other xanthate-capped polymers (e.g. polystyrene, polyacrylates or polyvinyl acetate) do not exhibit such degradation. Consequently, the purification of PMMA-X was limited to one precipitation in cold hexane. In addition, the use of THF to dissolve the polymer between each precipitation was avoided (due to the presence of peroxides which could cause chain-end cleavage). As well, the use of the rotary evaporator and high vacuum for long periods of time were avoided and the polymer was protected from light.

a

  Determined by 1 H NMR; b Determined with UV detector of SEC in THF at 290 nm with a XD calibration curve; c Mn,theo = ([MMA]0 * Conv(MMA))/([XD]0 * Conv(XD))*MW(MMA); d Determined by SEC-RI-MALS in THF Please do not adjust margins Please do not adjust margins

Fig. 2 a

 2 Fig. 2 a) Comparison of 1 H NMR spectra of PMMA-X2 (Mn = 3 000 g mol -1 ) at different stages: crude product, precipitated once and precipitated twice, with their respective integration values of the xanthate chain-end (4.55-4.77 ppm) and PMMA (3.50-3.65 ppm) regions. b) Zoom in the characteristic zone of the xanthate chain end. Analysis performed in CDCl3. ( †) NMR solvent CDCl3. (•) residual toluene, (ᴏ) residual dichloromethane.

Fig. 3

 3 Fig. 3 MALDI-TOF MS spectra and identified species S1-S5 of PMMA-X2 (Mn = 3 000 g mol -1 ) a) crude product, b) purified by one precipitation in cold hexane.

Fig. 4

 4 depicts the SEC traces (RI and UV traces are shown in Fig. S6) of PMMA-b-PVAc compared with PMMA-X1, with the expected clean shift of the PMMA-X1 molar-mass distribution (MMD) to the higher molar mass region after chain extension. For a PMMA-X with f = 0.91, a fraction of chains is difunctional. Even though tertiary xanthates are expected to show much greater activity than the primary -xanthates, a dual activation is likely to occur to yield a fraction of PVAc-b-PMMA-b-PVAc in addition to the corresponding diblock.

Fig. 4

 4 Fig. 4 SEC traces of PMMA-b-PVAc compared with starting macroCTA PMMA-X1.

Fig. 6

 6 Fig.6MALDI-TOF MS spectrum of PMMA-T2 (5 600 g mol-1 ) and identification of corresponding species after precipitation in methanol.

Fig. 7

 7 Fig. 7 SEC-THF traces ( RI) and ( UV) of PMMA-T2 (a) and PMMA-T3 (b).

Fig. 8 a

 8 Fig. 8 a) SEC-RI traces of the chain extension of PMMA-T3 with VAc. b) evolution of the corresponding Mn,NMR ( , determined by integration of PVAc -(CH2-CH(OAc))-signal relative to -(CH2-C(CH3)(C(O)OCH3))-signal), Mn,SEC ( , calibration PMMA standards) and Ð ( ) values of PMMA-b-PVAc made with PMMA-T3 at 70 °C. The dotted line corresponds to the theoretical Mn values calculated for f = 1.

Fig. 9 a

 9 Fig. 9 a) HT-SEC-RI traces of the chain extension of PMMA-T4 with ethylene. b) evolution of the corresponding Mn,HT-SEC ( , calibration PS standards) and D ( ) values of PMMAb-PE made with PMMA-T4 at 80 °C. The dotted line corresponds to the theoretical Mn values calculated for f = 1.

Fig 10 1 H

 1 Fig 101H NMR spectrum of PMMA-b-PE after 5 hours of chain extension of PMMA-T4 with ethylene at 80 °C and 80 bar. †: NMR residual solvent benzene; °: transfer to DMC35,36 

  

  To a cold (-20 °C) solution of N-methylaniline (12 g -0.111 mol) in dry THF (50 mL) was added n-butyl lithium (47 mL -0.117 mol) over 20 minutes under Argon. A white precipitate appeared upon addition. The suspension was allowed to stir for 1 hour at that temperature and cooled down to -20 °C before the dropwise addition of CS2 (10 mL -0.167 mol). The resultant bright orange solution was allowed to stir at room temperature overnight. The reaction mixture was cooled to 0°C and an iodine solution (14 g I2 dissolved in 250 mL 10 % aqueous KI solution) was added dropwise. More water was added and THF was removed in vacuo to afford a thick suspension. The solid was isolated by filtration, washed with water, methanol and heptane until colorless filtrate. The crude product was recrystallized from DCM/MeOH to afford TD as a tan colored crystalline powder that was dried in vacuo until stable weight (15.71 g, 78 % yield).
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H NMR (CDCl3)  (ppm) 3.82 (s, 6H, 2x N-CH3); 7.45 (m, 10H, 2x ArH). LC-MS (M+H) + m/z = 365.0269 (365.0267 theo.).

1 

H NMR spectrum is shown in Fig.

S2

.

Determination of chain transfer constant by Mayo plot.

A fixed quantity of MMA and AIBN were introduced in a Schlenk flask.

Table 2

 2 Series of PMMA samples with different XD and AIBN concentrations and their xanthate-end functionalities; [MMA] = 4.1 mol L -1 , T = 80 °C. Solvent = toluene.

	Polymer	[XD] (mmol L -1 )	[AIBN] (mmol L -1 )	Time (h)	Conv a (%)	Mn,SEC b (g mol -1 )	Mw,SEC b (g mol -1 )	Ð b	Precipitation 1X	f c	Precipitation 2X
	PMMA-X1	82	82	6	91.3	4 100	6 800	1.66	0.91		0.45
	PMMA-X2	205	20.5	20	90.0	3000	4 700	1.57	2.0		0.94
	PMMA-X3	41	41	20	90.3	7 600	14 800	1.95	1.10		0.70
	PMMA-X4	41	10	20	83.8	14 200	19 800	1.39	1.60		0.73
	a Determined by 1 H NMR; b Determined by SEC-RI-MALS in THF; c Determined by Eq.1					

Table 3

 3 Experimental details for the synthesis of PMMA-T

	𝒇 =	𝑫𝑷 𝒏 ,𝑺𝑬𝑪 𝑫𝑷 𝒏 ,𝑵𝑴𝑹	=	𝟏 𝟓	[(∫ 𝟕 .𝟓𝟓 𝟕 .𝟑𝟓	𝑪 𝟔 𝑯 𝟓 𝟏 𝟑 [∫ 𝟑 .𝟔𝟓 ) + (∫ 𝟕.𝟐𝟓 𝟕.𝟏𝟓 𝑶𝑪𝑯 𝟑 𝟑 .𝟓𝟎 ]	𝑪 𝟔 𝑯 𝟓	)]	* 𝑫𝑷 𝒏 ,𝑺𝑬𝑪

  This journal is © The Royal Society of Chemistry 20xxPlease do not adjust margins Please do not adjust margins In summary, the conventional free radical polymerization of MMA in the presence of xanthogen or thiuram disulfide transfer agents afforded PMMA functionalized with the corresponding xanthate or dithiocarbamate chain-end. XD afforded both monofunctionalized and telechelic PMMA depending on relative AIBN and XD concentrations. Xanthate-terminated PMMA exhibited relatively low stability with gradual decrease of chain-end functionality during the purification process. However, degradation could be limited by precipitating the polymer only once. This instability may be due to the lability of the -O-ethyl xanthogenate group when bonded to a MMA unit. Under the presently used polymerization conditions, TD afforded exclusively monofunctionalized PMMA that maintains high chain-end fidelity during the handling process. Xanthate and dithiocarbamate functionalized PMMA with a functionality greater than 90% were successfully used for the synthesis of well-defined block copolymers with VAc by a RAFT process. As xanthogen and thiuram disulfides are commonly used industrial vulcanization accelerators for rubber manufacturing, they may serve as more accessible alternatives to switchable CTAs for the synthesis of MAM-LAM block copolymers containing polyethylene segments.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Polymerizations carried out in acetonitrile at 80 °C during 6h. a Conversion of MMA determined by 1 H NMR, b Determined by SEC-RI in THF, conventional PMMA calibration, c determined by Eq. 2.
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