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Introduction

Polyethers exhibit specific characteristics, such as low glass transition temperatures and hydrophilicity. Thus, they find applications in a wide range of fields ranging from biomedical science to solar energy harvesting or energy storage in battery. [1][2][3] Polyethers are commonly synthesized by AROP of epoxide monomers initiated by either alkali metal derivatives such as hydrides or alkoxides combined with metal counter ions.
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However, since the beginning of 2010's, organocatalyzed polymerization has gain interest and recent developments have been applied to AROP. [7][8][9][10] Organocatalysts allow in particular to enhance the propagation rates and to improve the selectivity of the polymerization toward competing reactions. Among the large variety of commerciallyavailable organocatalysts, the extremely strong, sterically hindered, nonionic phosphazene bases are of particular interest due to their ability to strongly increase the polymerization rates and to access new macromolecular architectures. 11 Tetrameric phosphazene base tBuP 4 is able to deprotonate very low acidic molecules (XH), generating extremely reactive anions associated with very large, highly stable, soft phosphazenium cations. The range of chemical moieties used as initiators in combination with tBuP 4 has been extended to carboxylic acids, 12 thiols, 13 CH acidic compounds, 14 or nitrogen containing functions such as primary, 15 secondary amides [16][17][18] or carbamates. 19 In particular, Möller and coworkers were the first to demonstrate the ability of these superbases to initiate the AROP of ethylene oxide using alcohol initiator. 20 Alcohol moiety is probably one of the most commonly found chemical functional group. Thus, tBuP 4alcohol initiating systems have then been extended to several oxirane monomers, such as 1,2-epoxypropane (PO), 1,2epoxybutane (BO), ethoxyethyl glycidyl ether (EEGE), benzyl glycidyl ether (BnGE), tert-butyl glycidyl ether (tBuGE) and glycidylamine derivatives. 2, 21-23 To the best of our knowledge, tBuP 4 is the only organic base that has been successfully used with alcohols as initiating systems for the polymerization of epoxides. Polymerization did not occurred with milder organic bases such as tBuP 1 , tBuP 2 , TBD, DBU, TiBP or MTBD.

of experimental conditions used in the literature. A rational study involving most common monomers under standardized reaction conditions is lacking. In addition, to the best of our knowledge, the nature of the propagating species involved in the presence of phosphazenium as counter ion has not been elucidated.

In this work, we aim to address these gaps in fundamental knowledge, and to provide a rational study involving the most common epoxide monomers. The AROP of 6 different epoxides, namely PO, BO, AGE, EEGE, BnGE and tBuGE, were carried out under identical reaction conditions with benzyl alcohol-tBuP 4 as initiating system. Kinetic studies have been performed, and the propagation rate constants have been calculated. The reactivities of epoxides have been compared and the influence of the chemical nature, the electron density and the steric hindrance of the lateral substituents have been highlighted. The nature of the phosphazenium alkoxide propagating species has been investigated using BO as model monomer. In the last part, kinetic studies were performed under the same conditions but in the presence of iBu 3 Al Lewis acid, under activated monomer mechanism conditions. A monomer reactivity scale has been established and compared with the previous one.

Experimental

Materials and methods. Benzyl alcohol (anhydrous, 99.8%, Sigma-Aldrich), phosphazene base tBuP 4 solution (0.8 mol.L -1 in hexane, Sigma-Aldrich), triisobutyl aluminum (iBu 3 Al) solution (1 mol.L -1 in hexane), 2-methyltetrahydrofuran (MeTHF) (98%, Sigma-Aldrich) were used as received. 1,2epoxybutane (>99%, Sigma-Aldrich), 1,2-epoxypropane, (≥99.5, Sigma-Aldrich), tert-butyl glycidyl ether (99%, Sigma-Aldrich), allyl glycidyl ether (≥99%, Sigma-Aldrich) were distilled over CaH 2 (93%, 0-2 mm grain size, Acros Organic) two times prior to use. Benzyl glycidyl ether (99%, Sigma-Aldrich) was dried over activated molecular sieves (3 Å).

Tetrahydrofuran was dried with an MBRAUN MB SPS-800 solvent purification system under nitrogen. Ethoxyethyl glycidyl ether was synthesized from glycidol and ethyl vinyl ether following the procedure reported by Fitton and al. [START_REF] Fitton | Synthesis-Stuttgart[END_REF] and distilled twice over CaH 2 prior to use.

Instrumentation. Procedures. All polymerization were carried out at 25°C, under nitrogen in a glass reactor fitted with a Rotaflo and equipped with a stirring bar and closed with a septum. The following typical procedure was applied. In a glove box, the phosphazene base tBuP 4 solution (242 µl, 0.194 mmol) was introduced into the polymerization reactor. Then hexane was evaporated using high vacuum from a vacuum line (≈ 10 -6 hPa).

Reaction vessel was transferred back into the glovebox and dried THF was added (4.15 ml) followed by benzyl alcohol (20 µl, 0.193 mmol). Finally, the monomer BO was added (840 µl, 9.66 mmol). After closure of the reactor, the reaction was stirred at 25°C and left to react for the required period of time.

For polymerization carried out in the presence of iBu 3 Al, the Lewis acid was added after tBuP 4 and just before the monomer. It may be noted that the addition of iBu 3 Al provoked a temporary rise of the temperature inside the reaction vessel above 25°C. Kinetic studies were followed by removing aliquots at various reaction times, conversion and molar masses were determined by 1 H NMR and by SEC, respectively (Figures S1-S11). The reaction was quenched by addition of 0.1 ml of acid acetic 10%. The polymer was dissolved in chloroform and purified by passing through aluminum oxide and by removing the solvent under vacuum at 50°C to give a colorless viscous liquid. Yield ≥ 80%. Kinetic experiments were run at least twice to confirm the behavior of each monomer towards the initiating system considered.

Results and discussion

Please do not adjust margins Please do not adjust margins Ring-opening polymerizations of alkyl-substituted epoxides (PO, BO) and glycidyl ether monomers (tBuGE, EEGE, AGE, BnGE) were first performed under N 2 atmosphere with benzyl alcohol:tBuP 4 as initiating system (Scheme 1). These epoxide monomers are among the most common epoxide monomers used to prepare well-defined polyethers. 2 The monomer concentration was fixed to [M] 0 = 2 mol.L -1 and the [tBuP 4 ] 0 /[initiator] 0 ratio was fixed to 1/1. A reaction temperature of 25°C was chosen and is expected to ensure reaction completion in a reasonable amount of time.

Preliminary experiments dealing with the nature of the propagating species were conducted with BO, a quite safe monomer providing the usual characteristics of substituted epoxide.

Investigation of the nature of the propagating species

First, the chemical nature identification of the propagating centers was carried out. Various [BO] 0 /[Initiator] 0 ratios were used, and the [tBuP 4 ] 0 /[initiator] 0 ratio set to 1 (Table 1).

Initiator concentration [I] 0 ranged from 7.5 mmol.L -1 to 60 mmol.L -1 for a fixed monomer concentration [M] 0 = 2.0 mol.L -1

. Kinetic data could be fitted according to a first-order equation. For all [M] 0 /[I] 0 ratios, the reactions were first order with respect to the monomer over the entire conversion range (Figure 1), which is in good agreement with previously reported results for AROP of BO initiated by low acidic molecules-tBuP 4 initiating systems. 16, 22 Furthermore, the poly(BO) molar mass increases linearly with the monomer conversion up to final yield. Experimental molar masses M n are in good agreement with the theoretical values and dispersity Ð remains narrow over the entire conversion range. These results are illustrated in Figure S13, which corresponds to experimental data obtained for [M] 0 /[I] 0 ratio = 50/1 (Table 1 run 4), but the conclusion applies equally well to the five [M] 0 /[I] 0 ratios. The above kinetic results argue in favor of a living polymerization mechanism occurring without transfer or termination reactions under the investigated conditions. Kinetic results obtained for all the [M] 0 /[I] 0 ratios are superimposed on a pseudo first order plot (Figure 1). A linear dependence regarding ln([M] 0 /[M]) versus time can be observed for each ratio. From each curve, a value of propagating constant k p, app was determined using the slope (k p [I] 0 ) of the linear regression. Anionic polymerization in polar organic solvent proceeds via a Scheme 1 tBuP 4 catalyzed AROP of oxirane monomers using BnOH:tBuP 4 as initiating system. b Slope of the curves in Figure 3. ). Please do not adjust margins Please do not adjust margins multiple state mechanism involving contact ions, solvent separated ion pairs and free anions. [START_REF] Schmitt | [END_REF] Szwarc and Schulz have demonstrated that the overall polymerization rate constant, k p , is function of the concentration of active species (c * ) according to the equation ( 1)
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where k ± is the rate constant of the ion pairs (contact and solvent separated ion pairs), k -is the rate constant of free ions and K D is the overall dissociation constant between the total concentration of ion pairs and free ions.
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(1)

In order to determine the contribution of the different propagating species, we plotted k p, app = f([I] -0.5

). Figure 2 shows that k p, app is constant with respect to the reciprocal square root concentration of benzyl alcohol initiator and has an average value of 0.0419 ± 0.0026 L.mol . This result suggests that the propagating active species are exclusively ion pairs. For the polymerization of BO in non-polar toluene, the k p, app values reported by Dentzer et al. 16 and by Misaka et al. 21 using secondary amide-tBuP 4 and alcohol -tBuP 4 as initiated systems are equal to 0.0336 L.mol -1

.min -1 and 0.0480

L.mol -1 .min -1
, respectively. Propagation rate constants have very similar values in THF and in toluene, suggesting comparable interactions between HtBuP 4 + counter-ions and alkoxides in both solvents and that ion pairs are mainly contact ion pairs.

Influence of the epoxide substituent on the propagation rates

Kinetic experiments were carried out with 6 epoxide monomers in THF at 25°C using benzyl alcohol:tBuP 4 as initiating system ( H NMR spectra are in excellent agreement with the theoretical ones. We can thus conclude that the initiation is quantitative and that each benzyl alcohol molecule generates one macromolecule. In addition, the M n of polyPO, polyBO, polyAGE, and polyEEGE determined by SEC in THF are also in very good agreement with the theoretical number-average molar masses, suggesting the absence or a negligible amount of transfer reactions. A discrepancy can be noticed in the case of polyether bearing bulky hydrophobic lateral substituents like polytBuGE and of polyBnGE. However, the dispersity remains low for each sample. A first explanation could be that SEC in THF using PMMA standards significantly underestimated the molar masses for these polyethers. In all cases, the reactions were first order with respect to the monomer over the entire conversion range, and the degrees of polymerization increased linearly with conversion over the same conversion range as shown in Figures S12-S17. The above kinetic results, coupled to the very narrow molar mass distributions (Ð<1.1), provide experimental evidences that support a living and controlled polymerization mechanism (no transfer or termination reactions) and a fast initiation step under the investigated experimental conditions and bearing in mind the relatively low targeted molar masses. The first order kinetic graphs of the AROP of the six epoxide monomers are superimposed in Figure 3, 2 distinctive groups having propagation rate constants with similar orders of magnitude are clearly visible: (i) BnGE, AGE and EEGE are the most reactive monomers having propagation rate constants ranging from 2.23 to 4.12 x 10 -1 L.mol We previously demonstrated that only one propagating specie exists in the case of the polymerization of BO, and we suggest a similar trend for tBuGE, PO. However, polymerizations of BnGE, AGE, EEGE provide much faster kinetics, that seem to follow a similar behavior. The reactivity differences between the two sets of monomers could be explained by the interactions between the alkoxide propagating center and the counter-ion phosphazenium HtBuP 4 + . It is known that the anionic ring-opening polymerization mechanism is based on a tri-molecular transition state valid for ionic pairs propagating species. 33 This state of transition is composed of the propagating center, the counter cation and a monomer unit. The phosphazene base is acting like a Lewis acid and interacts with the following nucleophilic species: the oxanionic propagating center and the monomer unit to be incorporated in the chain as shown in Figure 4. The coordination between alkoxide and HtBuP 4 + stabilizes the transition state and initiates the epoxide cleavage. 34 The substituents present on the monomer are known to play an important role in the transition state 35 which is confirmed in our case. The methyl and ethyl groups of PO and BO do not interact with the phosphazenium counter-ion in the transition state (Figure 4). On the contrary, in the case of BnGE, EEGE and AGE, multiple interactions are possible between the counter-ion HtBuP 4 + and the oxygen atoms in β-position of the lateral group of the last propagating chain monomer unit and of the monomer being incorporated (Figure 4). These additional interactions tend to weakened the main alkoxide -HtBuP 4 + interaction and thus to increase the nucleophilicity of the alkoxide propagating center and thus, the propagation rate. A similar effect has already been observed for the sodium phenolate initiated AROP of methyl glycidyl ether and thiomethyl glycidyl ether compared to the one of propylene oxide. 35 More recently Lynd and coll.

published a DFT calculation study reporting that for the AROP Please do not adjust margins Please do not adjust margins initiated by potassium alkoxide, the energetic transition state barrier was lower in the case of the addition of one AGE unit than one EO unit. 36 It can be noted that tBuGE has a propagation rate constant similar to those of PO and BO despite the presence of an oxygen atom in β position of its lateral substituent. We assume that in this case, the steric hindrance due to the bulky tert-butyl group prevents the coordination effect with the bulky phosphazenium counterion.

Polymerization in the presence of a Lewis acid

In this part, the influence of the addition of a Lewis acid in the reaction mixture will be investigated. To the best of our knowledge, no kinetic studies have ever been reported for the AROP of epoxide using a phosphazene base/ iBu 3 Al as polymerization promoter. Polymerizations were carried out at the same monomer concentration in MeTHF at 25°C with alcohol:tBuP 4 :iBu 3 Al (1:1:2) as catalytic system (Table 3). The solvent was switched from THF to 2-methyltetrahydrofuran (MeTHF), to avoid competitive complexation of the aluminum compound by THF. 37 As previously reported, 38 a ratio of [iBu 3 Al]/[benzyl alcohol] > 1 is required: one equivalent of aluminum derivative is consumed by the low-reactive propagating center, the excess activates the monomer and allows for the propagation. As expected compared to the polymerization without iBu 3 Al, the addition of a Lewis acid leads to faster kinetics. However for these moderate targeted polymerization degrees, a loss of polymerization control suggested by the increase of the dispersity (1.35<Ð<1.60) are concomitantly observed (Figure S18). All the samples were analyzed by MALDI TOF: only the expected populations could be detected (Supporting Information Figures S25-S30) suggesting living polymerization mechanisms without transfer reactions.

In order to determine the monomer order, monomer conversion and ln([M] 0 /[M]) were plotted as function of time (Figures S19-S24). All the polymerizations proceed at high speed: less than 30 minutes were actually needed to reach full conversion. The polymerization of PO, BO and tBuGE were zero-order with respect to the monomer. These results are similar to the ones obtained by Carlotti and coll. who have reported that the polymerizations of PO with alkoxide/iBu 3 Al, For AGE, EEGE and BnGE, kinetic data could not be fitted according to a zero order equation or a first order equation. Carlotti suggests that an induction period is observed at the early stage, and could be explain by the aggregation of complexes between low molar mass propagating macromolecules, phosphazenium counter-ion and iBu 3 Al. After the insertion of few additional monomer units the complex becomes fully soluble and the polymerization rate increased. At high monomer conversion, a reactivity decrease is observed due to competitive complexation of iBu 3 Al by the polyether chain. 41 Attempts to increase of the number of aluminum equivalents with respect to the benzyl alcohol did not led to significant improvement of the linearity of the kinetics. In order to scale the monomer reactivity, the plots of monomer conversion versus time have been superimposed in Figure 5. The presence of iBu 3 Al strongly modify the monomer reactivity scale: k p,PO > k p,BO > k p,EEGE ≈ k p,AGE > k p,BnGE ≈ k p,tBuGE .

Trialkylaluminum deactivates the alkoxide propagating center but in the meantime activates the monomer through its coordination with the oxygen atom of the oxirane ring, which is increasing the electrophilicity of the α-methylene carbon. These opposing effects result in an overall improved reactivity of all the monomers, demonstrating the key role of monomer Please do not adjust margins Please do not adjust margins complexation on the polymerization kinetics. The new reactivity scale can therefore be explained by the strength of the monomer coordination by iBu 3 Al (Figure 6). For PO and BO, iBu 3 Al can only be complexed by the oxygen atom of the epoxides ring resulting in strong monomer activation, high reactivity and fast polymerization. The activation of glycidyl ether monomers, such as EEGE and AGE, is reduced by the presence of additional oxygen atoms in the lateral substituent, which are also interacting with the Lewis acid and thus, slightly decreasing the expected electrophilicity of the α-methylene carbon, then their propagation rates. Similar reactivity differences have already been reported for the copolymerization of ethylene oxide (EO) with glycidyl ether monomers (EEGE and glycidyl methyl ether (GME)) under conventional oxyanionic or monomer-activated mechanisms. 42, 43 Lastly, the lower reactivity of tBuGE and BnGE can be explain by the steric hindrance induced by their bulky side chain which is added to the complexation of the Lewis acid by the oxygen atoms of their side-chains. This hypothesis is supported by the fact that activated-monomer AROP mechanism is already proceeding through bulky aluminum complexes, 44 and by the bulkiness of tBuP 4 , 11 which contributes to re-enforced the cumbersome environment around the propagating center.

Conclusions

Kinetics of the AROP of epoxyde monomers initiated by alcohol / tBuP 4 have been investigated. The propagating species have been identified to be exclusively ions pairs and the polymerization of epoxide monomers occurred via a living controlled polymerization process. A reactivity scale has been established for a library of 6 of the most commonly used epoxides monomers: 2 alkyl-substituted epoxides and 4 glycidyl ethers monomers: k p,BnGE > k p,AGE > k p,EEGE >> k p,tBuGE ≈ k p,PO > k p,BO . The epoxide lateral substituents have a significant influence on the monomer reactivity. Lateral substituents allowing an additional complexation of the phosphazenium couterions led to loose ion pairs and systems displaying higher reactivities. The addition of a Lewis acid in the reaction mixture, typical of monomer-activated ring-opening polymerization, led to an expected drastic increase of the kinetics but also to a full modification of the monomer reactivity scale due to differences in the strength of the monomer activation: k p,PO > k p,BO > k p,EEGE ≈ k p,AGE > k p,BnGE ≈ k p,tBuGE . 

Table 1 .

 1 1,2-epoxybutane polymerization, initiated by benzyl alcohol:tBuP 4 (1:1) at 25°C in THF; [M] 0 = 2.0 mol.

Figure 1 .

 1 Figure 1. First order plot for the polymerization of 1,2epoxybutane initiated by benzyl alcohol in decreasing concentration of initiator; in THF at 25°C. (BnOH:tBuP 4 (1:1) as initiating system at [M] 0 = 2 mol.L -1
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 112 Figure 2. Dependence of the propagation rate constant k p, app towards the reciprocal square root concentration of benzyl alcohol for BO polymerization in THF at 25°C.

Figure 3 .

 3 Figure 3. First-order-plot in the polymerization of BnGE, AGE, EEGE, tBuGE, PO, BO at 25°C in THF. Monomer/Initiator = 50/1, [Monomer] = 2.0 mol.L -1 .Figure 4. Transition-state structure scheme for the monomer addition regarding the substituent on the epoxide.

Figure 4 .

 4 Figure 3. First-order-plot in the polymerization of BnGE, AGE, EEGE, tBuGE, PO, BO at 25°C in THF. Monomer/Initiator = 50/1, [Monomer] = 2.0 mol.L -1 .Figure 4. Transition-state structure scheme for the monomer addition regarding the substituent on the epoxide.

38 onium salt/iBu 3

 383 Al,39 and tetraalkylammonium salt/iBu 3 Al as initiating systems40 are following a zero order kinetics according to the equation Rp = k p [I] 0 .([iBu 3 Al] 0 -[I] 0 ) where k p is the propagation rate constant and [I] 0 the initiator concentration.

Figure 5 . 1 , 1 ,

 511 Figure 5. Conversion versus time plots for the polymerization of alkylene oxide monomers BO and PO and for the protected glycidol monomers AGE, EEGE, tBuGE, BnGE. (MeTHF, 25°C, [M] 0 = 2 mol.L -1 , [benzyl alcohol] = 3,7 x 10 -2 mol.L -1 , Benzyl alcohol:tBuP 4 :iBu 3 Al (1:1:2)).

Figure 6 .

 6 Figure 6. Complexation of triisobutylaluminum by various epoxide monomer structures.
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and Figures
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). Poly(propylene oxide) (polyPO, Table

2

run 1), poly(butylene oxide) (polyBO, Table

2

run 2), poly(tert-butyl glycidyl ether) (polytBuGE, Table

2

run 3), poly(allyl glycidyl ether) (polyAGE, Table

2 run 4

), poly(ethoxyethyl glycidyl ether) (polyEEGE, Table

2 run 5

) and poly(benzyl glycidyl ether) (polyBnGE, Table

2

, run 6) were successfully synthesized with very narrow dispersities. For all runs, experimental number-average molar masses measured by end-group analysis of the 1

Table 2 .

 2 Ring-opening polymerization of epoxide monomers initiated by Benzyl Alcohol:tBuP 4 (1:1) at 25°C in THF; [M] 0 = 2 mol.L

	-1 .

k p,PO > k p,BO . When a potassium hydride suspension in THF with 18crown-6 is used as initiating system, a similar tendency was observed by Stolarzewicz et al.

31 

with k p,AGE >> k p,PO > k p,BO . But, it is worth noting that the monomer reactivity scale is also strongly dependent of the initiating system as illustrated by the results obtained by Möller et al.

32 

in diglyme at 120°C using potassium 3phenyl-1-propanol as initiator where k p,EEGE > k p,AGE > k p,tBuGE .

Table 3 .

 3 Monomer-activated ring-opening polymerization of epoxides initiated by benzyl alcohol:tBuP 4 :iBu 3

	Al (1:1:2) at 25°C in THF; [M] 0
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