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Understanding the reshaping of fluorinated polyester vitrimers by kinetic and DFT studies of the transesterification reaction
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Vitrimers are a third class of polymers gathering the mechanical properties and solvent resistance of 3D thermosets and the reprocessability of thermoplastics. This unique behaviour is due to the triggering of certain covalent exchange reactions that allow the network to rearrange upon application of a stimulus. The constitutive feature of vitrimers is the adoption of a glass-like viscosity during the rearrangement of the network, often due to an associative mechanism for the exchange reaction. Transesterification networks are one of the most studied type of vitrimers that usually require the incorporation of a catalyst, implying the associated drawbacks. Our group recently reported catalyst-free transesterification vitrimers in which the ester functions are particularly reactive thanks to the presence of fluorine atoms in -or -position. In the present contribution, we present parallel DFT calculations and an experimental kinetic study on model molecules in order to quantitatively assess the effect of neighbouring fluorinated groups on the transesterification reaction rate.

Introduction

For almost two decades, the frontier between the two traditional categories of polymers, namely thermoplastics and thermosets, has been blurred by the development of vitrimers, a particular class of covalent adaptable networks (CANs). [1] This new breed of organic materials indeed gathers the mechanical and chemical resistance of permanent 3D networks and, to some extent, the reprocessability and recyclability of linear polymers. [2] The peculiar properties of CANs rely on the following simple strategy: the 3D network is composed of covalent links that can be exchanged with other functions or similar links elsewhere in the network upon application of a stimulus (heat or light). [3] A fast and efficient reversible reaction and the availability of the two reactive functions in the network are therefore required to allow the dynamic behaviour of the material at high temperature and its reprocessability. [4] Organic chemistry is rich of reversible reactions that can be applicable to such a purpose but the Diels-Alder reaction is certainly the most emblematic and was implemented in a CAN as early as 1990. [5] However, the reversibility of the Diels-Alder reaction is based on a dissociative mechanism in which the initial diene and dienophile have to be regenerated before reacting with another partner in the network. Such a mechanism results in a decrease of network connectivity associated to a drop of viscosity when the retro-Diels-Alder process is thermally activated. In contrast, the use of the transesterification reaction in polyester materials gave rise to reshapable polymers with a glass-like linear dependence of the viscosity versus temperature, named "vitrimer" by Leibler et al. [6] This peculiar behaviour is linked to the associative nature of the transesterification reaction, which requires the addition of a free alcohol to the ester carbonyl function prior to the release of the initial alkoxy group. [7] Since this seminal work, a considerable variety of reversible reactions was implemented but, despite outstanding properties, the resulting vitrimer materials have not yet led to notable industrial and commercial applications. [8] Long reprocessing times, high temperatures and, in most cases, high catalyst loadings are often required, limiting the applicability of such materials through ageing or catalyst leaching. [7,9] The development of catalyst-free vitrimers was initiated by work based on vinylogous urethanes, which allowed fast exchange reactions and short reprocessing times in the absence of any additive. [10] This pioneering work was followed by many examples of fast exchange reactions applied to vitrimers, [11] highlighting the strong influence of the molecular reactivity on the material properties. [12] However, the use of a specific, particularly fast, reaction is not the sole strategy to provide additive-free materials: a standard reaction can be accelerated by the use of a catalyst covalently embedded in the network, or more generally by neighboring group participation (NGP) or electronic effects introduced by specific substituents, the latter being sometimes improperly termed "internal catalysis" [13] The different NGP-activated reactions implemented in additive-free adaptable networks have recently been summarized in a perspective article by our group. [14] Due to their wide applicability and ease of preparation, polyester networks remain interesting targets and constitute an ideal platform to explore the possibilities of designing additive-free vitrimers. [6,15] Indeed, most of the polyester vitrimers reported so far, including those described in Leibler's seminal work, require high catalyst loadings. Using internal catalysis or NGP to inherently promote this reaction and trigger a thermally stimulated dynamic exchange is a real challenge. [12] We envisioned that placing a fluorocarbon group in the ester -or -position should result in a strong increase of the electrophilicity of the carbonyl group, thanks to the electron-withdrawing effect of the fluorine atoms. [16] Fluorinated carbonyl derivatives are well known to be very reactive electrophiles and, as such, the transesterification reaction may be strongly promoted without the need of additives, or may occur at lower temperatures, relative to that of nonfluorinated analogues. However, to the best of our knowledge, no detailed kinetic study dealing with the transesterification of fluorinated esters is available. The limited interest of this reaction from a synthetic chemist's point of view is probably responsible for this shortcoming.

Our group has recently reported polyester vitrimers featuring two fluorine atoms in -position the ester functions, which indeed can be reshaped under mild conditions without catalyst and thus confirmed the above-mentioned F-effect hypothesis. [START_REF] Cuminet | [END_REF] Additional work has also revealed that the reshaping of transesterification vitrimers can be accelerated by the introduction of an -CF3 group (fluorine atoms in -position), which was supported by DFT calculations on a model transesterification reaction. [START_REF] Berne | [END_REF] Following those initial investigations, we have conducted more extensive DFT calculations in order to quantitatively assess the effect of neighbouring fluorinated groups on the transesterification reaction rate. In addition, we have conducted experimental kinetic studies on model molecules to verify and validate the DFT predictions. We wish to report herein the details of this joint theoretical and experimental study.

Results and Discussion

DFT calculations

Following the recently reported acceleration for the reshaping process in transesterification vitrimers upon introduction of F atoms at the ester α [START_REF] Cuminet | [END_REF] and β [START_REF] Berne | [END_REF] positions, it was of interest to use the computational approach to understand the origin of this effect and to predict how to possibly further improve the transesterification rate.

Transesterification can in principle follow two different pathways, a direct one (single transition state) and a two-step pathway with formation of a tetrahedral intermediate (paths a and b in Scheme 1). Both have been investigated in previous computational contributions. [19] In each pathway, the carbonyl group may be activated by interaction of the O atom with a Brønsted or Lewis acid catalyst and possible additional assistance may be provided by proton relay molecules through Hbond chains. One recent contribution has specifically addressed a model system of the metal-catalyzed transesterification in vitrimers. [19e] A comparative investigation of the direct and twostep pathways, with extensive analysis of the H-bond chain assistance, has been presented for a mechanistically related reaction (the carbonate ester amination), [20] yielding activation barriers that are highly dependent on the number of proton relay molecules in the chain. Since the present investigation only aims at examining the relative effect of the F substitution, which presumably is mostly expressed at the electronic level, we have opted to limit the investigation to the two step-pathway. For simplicity, we have examined simple model molecules and a degenerate exchange (identical incoming and outgoing alcohol). Therefore, only one transition state is of interest, because the alcohol elimination (second step) is the microscopic reverse of the alcohol addition (first step). A comparison of the activation barriers for the model degenerative exchange of the propionate esters CX3CH2COOCH3 (X = H, F) with methanol has already been reported. [START_REF] Berne | [END_REF] In the present contribution, we have expanded this investigation to systems having a variable number of F atoms at the ester α and β positions, RFCOOCH3 (RF = CH3-nFnCH2-mFm; n = 0-3, m = 0-2), as well as on the alcohol (CH3-nFnOH, n = 0-3).

Scheme 1. Possible transesterification pathways (degenerative exchange).

The calculations were carried out with the BP86 functional with corrections for dispersion forces and other effects (see the computational details). The vitrimer synthesis and reshaping occurs in the absence of solvent, but a solvation correction was nevertheless carried out using an arbitrary permittivity value (ε) of 10. The permittivities of methyl and ethyl acetate are 6.7 and 6.0, [START_REF] Weast | CRC Handbook of Chemistry and Physics[END_REF] while those of the corresponding F-substituted esters do not appear to have been measured, but several trifluoromethyl derivatives have values around 10 (trifluorotoluene, 9.1; cyclohexyltrifluoromethane: 11). [START_REF]Honeywell Dielectric Constant Table[END_REF] In addition, a slight ε increase may be related to the presence of free alcohol. All values reported below are standard Gibbs energies (25 °C, 1 M concentration).

Preliminary investigations on acetate esters.

Initial calculations were carried out on the degenerative transesterification of differently F-substituted methyl acetates (CH3-nFnCOOCH3, n = 0-3), with only the reacting alcohol molecule in the calculations. The alcohol addition to the ester gives an H-bonded adduct, CH3-nFnCOOCH3•••HOCH3, as a stable minimum, in which the alcohol H atom interacts with the acetate carbonyl O atom and the alcohol O atom is correctly placed on top of the ester carbonyl C atom to perform the nucleophilic addition. This minimum is stabilized relatively to the separated reagents on the electronic energy scale, but endoergic on the Gibbs energy scale. The TS and local minimum for the resulting tetrahedral intermediate CH3-nFnC(OH)(OCH3)2 were located for all n values. The height of the Gibbs energy barrier decreases as the F substitution (n value) increases, the highest drop being observed between the CH2F and the CHF2 system, but the absolute values are unreasonably high (34-37 kcal mol -1 range, see Figure S1). This was expected, since the proton transfer occurs via a strained 4-member cycle with an unfavorable geometry for the H-bond stabilization. The calculations were therefore repeated for a system that includes a second alcohol molecule as a proton relay. As expected, the reaction barriers are dramatically reduced, see Figure 1. The starting point of the reaction is the combination of the separate ester and MeOH dimer, (MeOH)2, in which there is an H-bond between the proton one MeOH molecule and the O atom of the second one. The two partners form an adduct, which is nearly isoergic with the separate partners, where the "free" (MeOH)2 proton docks onto the ester carbonyl O atom and the O atom of the second MeOH molecule faces the ester carbonyl C atom, ready for the nucleophilic addition. The transition state energy is located at an energy in the 15.9-22.1 kcal mol -1 range relative to the separate fragments and becomes smaller as the F substitution on the ester increases. The tetrahedral intermediate is located at a relative energy in the 3.9-12.6 kcal mol -1 range and is also more stabilized for greater F substitutions. Like for the trend outlined above in the absence of the second alcohol molecule, the barrier drop is most significant on going from the CH2F to the CHF2 system, whereas the barrier reductions for the CH3/CHF2 and CHF2/CF3 pairs are smaller.

In terms of the transesterification process in the fluorinated vitrimers, these calculations suggest not only that the F inclusion at the ester α position is beneficial, particularly on going from CHF to CF2, but also that the process should become more favorable when a larger excess of free alcohol functions are available in proximity of the reacting ester and alcohol groups. Given the established H-bond chain effect, all subsequent calculations were only carried out with inclusions of two alcohol molecules.

Effects of α-F and β-F substitution in propionate esters.

Additional calculations aimed at probing the generality of the α-F substitution effect and to explore in greater details the already established [START_REF] Berne | [END_REF] β-F substitution effect on the transesterification barrier. The overall numerical results are summarized in Table 1. Views of the reaction profiles and of the optimized geometries are available in the Supporting Information (Figure S2, Figure S3 and Figure S4 for the CH2, CHF and CF2 systems, respectively).

Table 1. Gibbs energies (ΔG298K,1M in kcal mol -1 ), relative to the separate reagents for the methanol addition from (CH3OH)2 to CH3-nFnCH2- The analysis of the activation barriers (TS energy relative to the starting reagents), which can better be visualized in the graphical representation of Figure 2, shows that the effect of the α-C substitution (m) is qualitatively identical to that in the acetate esters analysed in the previous section, with a slight drop for the CH2/CHF pair and a bigger on for the CHF/CF2 pair. The F substitution at the β-C atom, on the other hand, has a much smaller and non-monotonous effect. There is a slight decrease of the activation barrier on going from CH3 to CF3 in this position, but the lowest barrier is associated to either CF3 or CHF2, depending on the F substitution at the α-C atom. The structural analysis of the transition state as a function of n and m (Figure 3; data are in the Supporting Information, Table S1) reveals a few interesting trends. The Mulliken charge on the carbonyl C atom, contrary to expectations, does not increase with the F substitution. Conversely, the cumulative charge for the (MeOH)2 fragment increases, particularly as a function of m (0.38-0.47 for α-CH2, 0.44-0.49 for α-CHF, 0.50-0.53 for α-CF2, the exact value depending on the number of β-F substituents, n). This trend is paralleled by a significant decrease and increase for the MeOH2) + ], for the transition state, namely an earlier methoxide transfer to the ester carbonyl C atom than the proton transfer to the carbonyl O atom. This is also consistent with the reduced degree of the C=O bond (A) lengthening from the free ester values (1.215-1.244 Å, shorter for more F-substituted esters). This phenomenon rationalizes the relative invariance of the carbonyl C atom electron density at the TS level and confirms the enhanced ester carbonyl electrophilicity as a result of the F substitution. The increase of the F substitution and corresponding TS stabilization results, in addition, in the shallowing of the potential energy surface at the TS level, namely a lower imaginary frequency (curvature along the reaction coordinate at the saddle point), by a factor of almost 2 between the two extremes (1117.8i cm -1 for CH3CH2COOCH3 vs. 679.3i cm -1 for CF3CF2COOCH3). 

Effects of the F substitution on the alcohol reagent.

It was also of interest to probe whether the transesterification would be accelerated if the F substituents are placed on the alcohol part. For this purpose, the degenerative exchange was also probed for the acetate esters of differently F-substituted methanols, CH3-nFnOH (n = 0-3). From the results of this investigation (details in Figure S5), it appears that this F substitution does not enhance the exchange rate. Strangely, the introduction of the first F atom (CH2FOH) stabilizes both the H-bonded adduct and the tetrahedral intermediate. Consequently, the TS energy (relative to the separated reagents, CH3COOCH2F + CH2FOH•••O(H)CH2F) is also lower. However, the barrier from the H-bonded adduct is greater than that of the non-substituted ester. The barrier then further increases for the CHF2OH and CF3OH degenerative exchange processes (only slightly for CF3OH and much more for CHF2OH). The TS geometry analysis (Figure 4; data in the Supporting Information, Table S2) again shines light on the dynamics of this transesterification process. In this case, the [ROH2] unit is not increasing its charge upon increasing the F substitution. Rather, it decreases it. It seems, on the other hand, that the introduction of F groups on the alcohol induces an increased tendency to transfer a proton to the carbonyl function, to formally obtain a [CH3C(OH

)(OR)] + [RO•••H•••OR] -
structure, before transferring the alkoxide to the carbonyl C atom. This is clearly shown by the decrease of the F and D distances, by the increase of the B and E distances, and by the increase of the negative charge of the (ROHOR) fragment at the transition state level. In addition, the imaginary frequency drops from the CH3 (1127.8i cm -1 ) and CH2F (1136.6i cm -1 ) systems on one side, to the CHF2 (124.7i cm -1 ) and CF3 (162.3i cm -1 ) systems on the other one. In fact, the imaginary vibrational mode for the first two systems has the greatest component from the D shortening and E lengthening, whereas the last two systems show a much greater contribution from the B shortening and the C lengthening. Attemps to locate a possible charge-separated intermediate with the homoconjougate (ROHOR) -anion were not successful. 

Experimental kinetic studies

The above-described DFT calculation results suggest that the strongest accelerating effect in transesterification should occur for a double H/F substitution at the ester α-C atom, whereas substitution at the β-C atom, though still providing an accelerating effect, is predicted to be less important and substitution in the alcohol part conversely induces a retardation effect. In order to check the reliability of these predictions, kinetic measurements of reaction rates and activation barriers have been conducted on a few model compounds, using conditions (solvent permittivity) as close as possible to those used in the vitrimer network and in the computational study.

A small set of easily accessible ethyl or methyl ,difluorinated esters was selected, as well as their hydrogenated counterparts, to first explore the feasibility of the transesterification reaction with a heavier primary alcohol, n-hexanol (Figure 5). A large excess (at least 10 equivalents) of this competing alcohol was used, at the same time keeping the alcohol concentration approximately constant and shifting the equilibrium in favour of the heavier ester product, hence removing the need to include reversibility in the kinetic analysis, at least up to relatively high conversions.

Preliminary study

Propionates 1-H and 1-F were first tested in preliminary experiments using 10 equivalents of n-hexanol and CH2Cl2 as solvent, resulting in no conversion at room temperature. Therefore, the temperature was gradually raised under solventfree conditions. A low conversion (8 %) could only be observed for the fluorinated ester 1-F after 24 h at 100°C. These transesterification reactions were obviously slower than expected, requiring much higher temperatures than allowed by the substrate volatility for a proper kinetic investigation. Consequently, the less volatile ethyl 2,2-difluoro-2-phenylacetate 2-F and the nonfluorinated methyl 2-phenylacetate 4-H analogue were selected for further investigations without solvent and the reaction temperature was increased to 130 °C. Under these conditions, the transesterification of 2-F with n-hexanol reached a 78.6 % conversion after 24 h and a GC/MS monitoring of the product concentrations in the presence of an internal standard (see data in Table S4) allowed us to depict a first kinetic profile. The ln([2-F]/[2-F]0) vs. time (pseudo-first order) plot gave a linear fit (Figure 6), yielding kobs = (1.78±0.02)•10 -5 s -1 . Given that the rate law is also first order in alcohol (as independently verified, see next section), the second-order rate constant k2-F for this substrate is calculated as (2.41±0.03)•10 -6 L mol -1 s -1 . Under the same conditions, the transesterification of the non-fluorinated substrate 4-H is much slower since only a 12% conversion was reached after 48 h and barely 47% after over 8 days. As for 2-F, the reaction was monitored by GC/MS (data in Table S5), yielding again a linear first-order plot (Figure 6) with kobs = (8.8±0.3)•10 -7 s -1 and k2-H = (1.19±0.04)•10 -7 L mol -1 s -1 . From these preliminary investigations, a strong positive kinetic effect of the fluorine substitution on the transesterification reaction (k2-F /k2-H = 20) was demonstrated. All rate constants determined in the present investigation are collected in Table 2.

Determination of the partial order in alcohol

The kinetic investigation was continued with the verification of the reaction order in alcohol for the transesterification of 2-F. In order to vary [HexOH]0 without changing [ester]0, 1,2dichlorobenzene (1,2-DCB; boiling point = 179 °C) was used as a solvent. This choice was based, besides its high boiling point, on the close value of its dielectric constant (ε = 9.93) to that use in the model DFT study. Using the same [HexOH]0/[2-F]0 ratio as in the solvent-free experiment, the kinetic profile is very similar, yielding kobs = (5.40±0.05)•10 -6 s -1 (data in Table S6). The same experiment was then conducted using [HexOH]0/[2-F]0 ratios of 15 and 20, yielding again excellent fits to the pseudo-first-order rate law with faster conversions, kobs = (7.04±0.15)•10 -6 and (1.02±0.01)•10 -5 , respectively, see Figure 7. A plot of kobs vs.

[HexOH] yields a linear correlation as expected for a first-order dependence (Figure 8), yielding k2-F = (2.02±0.13)•10 -6 L mol -1 s - 1 . The latter value is very close to that obtained in the solvent-free experiment, presumably because the dielectric constants of 1,2dichlorobenzene is similar to that of n-hexanol ( = 13.03). 

Influence of the carboxylate nature

Having established that the reaction follows a first order rate law on both transesterification partners, a comparative study was carried out with different esters RCX2CO2Et with variation of the fluorine substitution at the C α atom ( 2 S7 andFigure S11) exhibited a kinetic profile very similar to 2-F. The rate constant for 3-F, k3-F = (1.45±0.03)•10 -6 L mol -1 s -1 , is only slightly smaller than that of the phenyl derivative (see Table 2), showing very little influence of the R group on the transesterification kinetics. The comparison of the differently F-substituted 2 derivatives at the C α position (Table S8 and Figure S12) shows that the monofluorination has little influence on the rate of the reaction (k2-HF/k2-H = 2.4) compared to the effect of difluorination (k2-F/k2-H = 47). 

Influence of the ester alkoxy moiety

The effect of the ester leaving group was also examined. We first checked that the length of a linear alkyl chain had little influence on the rate of the reaction. The methyl esters 4-X (X = H, F; data in Table S9 and graphs in Figure S13) gave rate constants only slightly greater than those of the corresponding 2-X (k4-H/k2-H = 1.5; k4-F/k2-F = 1.3), see Table 2, probably because of a slight steric effect of Et vs. Me.

The ester 5-F was prepared by a catalyst-free epoxide ringopening reaction between ,-difluorophenylacetic acid and benzyl glycidyl ether (Scheme 2). This reaction is similar to that used for the preparation of our first fluorinated vitrimer, thus 5-F features the same -hydroxy group as in the vitrimer material. [START_REF] Cuminet | [END_REF] The transesterification of 5-F by n-hexanol (data in Table S10, pseudo-first order plot in Figure S14) revealed an interesting rate enhancement relative to the ethyl ester 2-F, see Table 2 (k5-F/k2-F = 4.3). This modest but sensible accelerating effect is most likely due to an electrophilic activation of the ester thanks to an intramolecular hydrogen bond between the carbonyl function and the -hydroxy group, as also recently evidenced for the cyclic carbonate aminolysis. [START_REF] Quienne | [END_REF] Scheme 2. Preparation of ester 5-F.

Influence of the competing alcohol

Finally, the influence of the steric hindrance of the alcohol nucleophile was also examined using 4-heptanol as the competing nucleophile for the transesterification of 2-F (data in Table S11). As explained above, the vitrimer material was prepared by the opening of a monosubstituted epoxide (benzyl glycidyl ether) with an ,-difluorinated acid (2,2difluorophenylacetic acid), giving rise to the privileged, but not exclusive, formation of secondary alcohols such as in 5-F. It was thus necessary to examine the reactivity of an alcohol modelling this kind of nucleophiles. The comparison of the transesterifications kinetics for ester 2-F with 4-heptanol (kobs = (1.31±0.03)•10 -7 s -1 ; k2-F(4-HeptOH) = (5.35±0.14)•10 -8 L mol -1 s -1 ) and n-hexanol (Figure S19) clearly shows a severe drop in the reaction rate on going from the primary to the secondary alcohol (k2-F(HexOH)/k2-F(4-HeptOH) = 38). Consequently, although the accelerating effect of the fluorine substitution on the transesterification reaction is clear, the result of this experiment raises questions on the nature of the exchange reactions occurring during the vitrimer material reshaping process. At least two hypotheses need consideration. First, it is plausible that the transesterification reaction involved in the early reprocessing of the material is due to the minority fraction of more reactive primary alcohols (such as in 9) that are generated from the network synthesis (Scheme 3, path a). One should keep in mind that multiple transesterification reactions would result in the release of other primary alcohols and eventually in a possible statistical distribution of primary and secondary alcohols. Another possible reaction is the 1,2-migration of an ester group to the adjacent secondary alcohol, thus releasing a novel primary alcohol (Scheme 3, path b). However, we have never been able to observe such a migration at the molecular level and care must thus be taken to formulate this hypothesis for the material. 

Determination of the activation enthalpy and entropy

The final part of the kinetic investigation dealt with the determination of the rate constant at different temperatures (110-140 °C range) for the transesterification of 2-F, thus allowing the extraction of the activation parameters through the Eyring-Polanyi relationship for comparison with the computed values. In addition to the data at 130 °C already reported in Table S6, experiments were repeated at 110, 120 and 140 °C (data collected in Table S12 and pseudo-first order plots shown in Figure S20). The Eyring plot of the resulting second-order rate constants (Figure 9) shows a good linearity and the corresponding activation parameters can be extracted with confidence: ΔH ‡ = 27.7±1.4 kcal mol -1 ; ΔS ‡ = -16.7±3.4 cal mol -1 K -1 . The negative activation entropy is as expected for a reaction with a strongly associative character at the transition state. The corresponding activation Gibbs energy, ΔG ‡ , at 130 °C is 21.0 kcal mol -1 . The calculated values for the α-CF2-containing model compounds CHF2COOCH3 and CH3CF2COOCH3 under standard conditions (16.5 kcal mol -1 and 16.8 kcal mol -1 , respectively) after extrapolation to 130 °C, yield 22.3 kcal mol -1 for CHF2COOCH3 and 22.7 kcal mol -1 for CH3CF2COOCH3, in relatively good agreement with the experimental value for the 2-F/n-hexanol system. 

Conclusion

The experimental investigation of the transesterification kinetics revealed a strong influence of α-difluorination on the reaction rate, whereas monofluorination exerts almost no effect (Scheme 4). These results qualitatively agree with predictions based on DFT calculations. We have confirmed that the nature of the R 1 group is not crucial (similar rate constants for 2-F and 3-F), thus the use of simple model ester substrates (R 1 = CH3) should not introduce a strong bias in the DFT calculations. The kinetic study also highlighted an unexpected influence of a -hydroxy group on the ester alkoxy chain, while the length of the same chain has a negligible effect. Finally, transesterification with a secondary alcohol proved to be much slower than with a primary alcohol. This combined DFT and experimental kinetic study of the transesterification reaction confirmed the primary hypothesis that initiated the preparation of fluorinated polyester vitrimers: a sufficient fluorination degree considerably enhances the transesterification reaction rate and this acceleration is most certainly responsible for the remarkable mechanical behaviour of our additive-free vitrimers. Not only was this confirmation necessary, the present study has also revealed other features and has raised a few questions regarding the discrepancies between the molecular reaction and the macromolecular behaviour.

First of all, we were surprised in our vitrimer study by the exceptional reactivity between our difluorinated triacid and the epoxy partner in a reaction which usually requires a catalyst and a high temperature. [START_REF] Cuminet | [END_REF] The network was formed very quickly at room temperature without additive and this high reactivity was also observed at the molecular level between ,-difluoro-phenylacetic acid and benzyl glycidyl ether. If the increased acidity of the carboxylic acid partner most probably accounts for this reactivity, a thorough study of this particular reaction is necessary to confirm this assumption.

Secondly, we were surprised in the early stage of our study by the differences between the exchange rate in our molecular models and the reshaping of our vitrimer material. [START_REF] Cuminet | [END_REF] Vitrimers are characterized not only by their glass transition temperature (Tg, the temperature above which chain mobility in the material is possible) but also by their topology freezing transition temperature (Tv, the temperature above which exchange reactions are fast enough to decrease viscosity down to 10 12 Pa.s). [1b] A vitrimer can be reprocessed above these two temperatures since both chain mobility and fast exchange reactions are required for that purpose. Our reported material has a low Tg (47°C) so transesterification reactions obviously occur (at least at a sufficient rate) far above this temperature, as illustrated by the temperature required for reshaping (100°C) and even more by the present experimental molecular study. Indeed, vigorous conditions and long reaction times are required here to perform a transesterification reaction, including with difluorinated esters. In contrast, our first material based on difluorinated esters could be rapidly reshaped at a temperature close to our reaction conditions at the molecular level. [START_REF] Cuminet | [END_REF] Since molecular mobility above the Tg is obviously constrained in the material, this was a bit unexpected, though several hypotheses can explain the remarkable properties of the material.

Regarding the exchange reaction itself, the associative mechanism of the transesterification translates into a negative entropy of activation, confirmed experimentally by our kinetic study. A reasonable assumption would be that the volume of activation is also negative and that the reaction is accelerated at higher pressures, such as in the press used for the polymer reshaping. A supramolecular effect should also be taken into account, depending on the network density. Indeed, the material might also force the reactive functions to be closer to each other than what is possible in solution and therefore compensate the T -1 /K -1 lack of molecular mobility by a seclusion of the partners. However, these are only mere hypotheses, requiring more thorough studies for validation. 

Experimental Section

All the reactions were carried out in 10 mL microwave reaction vials with Teflon® cap and egg-shaped stirring bars purchased from VWR®. 1,3,5trimethoxybenzene (99%), ethyl phenylacetate (99%), methyl phenylacetate (99%), anhydrous 1,2-dichlorobenzene (99%) and ReagentPlus® 1-hexanol (99.5%) were purchased from Sigma Aldrich® and used without further purification. Ethyl 2,2-difluorohexanoate (95%) was purchased from Fluorochem® and used without further purification. All the other starting esters were synthesized according to known procedures from the literature. 1 H and 13 C NMR spectra were recorded with a Bruker AC-400 MHz spectrometer in CDCl3. Transesterification kinetics procedure: In a 10 mL microwave sealed vial were introduced the ester (0.25 mmol), the alcohol (2.5 mmol), the internal standard (1,3,5-trimethoxybenzene, 14.0 mg, 0.33 equiv) and a volume of 1,2-dichlorobenzene was added so that the total volume of the reaction mixture is 1.0 mL. The reaction was stirred at the given temperature (oil bath) and the conversion of the starting ester was monitored by GC/MS (aliquots of the reaction mixture were taken after cooling down the reaction to room temperature in a cold-water bath).

Computational details: The computational work was carried out using the Gaussian09 suite of programs. [START_REF] Frisch | Gaussian 09, Revision D.01[END_REF] The geometry optimizations were performed without any symmetry constraint using the BP86 functional and the 6-311G (d,p) basis functions for all atoms. The effects of dispersion forces (Grimme's D3 empirical method [START_REF] Grimme | [END_REF] ) and solvation (SMD, [26] ε = 10) were included during the optimization. The ZPVE, PV, and TS corrections at 298 K were obtained with Gaussian09 from the solution of the nuclear equation using the standard ideal gas and harmonic approximations at T = 298.15 K, which also verified the nature of all optimized geometries as local minima or first-order saddle points. A correction of 1.95 kcal/mol was applied to all G values to change the standard state from the gas phase (1 atm) to solution (1 M). [27] 
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 1 Figure 1. Gibbs energy profile (relative G298K,1M values in kcal mol -1 ) for the MeOH addition to CH3-nFnCOOCH3 (n = 0-3) with inclusion of an additional MeOH molecule as proton relay.
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 2 Figure 2. Transition state Gibbs energy (in kcal mol -1 ) as a function of n and m for the transesterification of CH3-nFnCH2-mFmCOOCH3 (n = 0-3, m = 0-2) with inclusion of an additional MeOH molecule as proton relay.

  O•••H distances E and F, respectively, and by a decrease of the C•••O distance B, whereas the O•••H distances C and D are much less affected. These trends indicate an increased ionic character, [RFC(OMe)2O -•••(

Figure 3 .

 3 Figure 3. Structural parameters for the geometric analysis of the transition state of the degenerate transesterification of propionate esters by methanol, with inclusion of an additional MeOH molecule as proton relay (RF = CH3-nFnCH2-mFm; n = 0-3, m = 0-2).

Figure 4 .

 4 Figure 4. Structural parameters for the geometric analysis of the transition state of the degenerate transesterification of acetate esters of fluorinated alcohols RFOH (RF = CH3-nFn; n = 0-3), with inclusion of an additional RFOH molecule as proton relay.

Figure 5 .

 5 Figure 5. Esters used in the kinetic study.

Figure 6 .

 6 Figure 6. Pseudo-first order plot for the transesterification of 2-F and 4-H with n-hexanol at 130 °C. The dashed lines are the least-squares fits.

  -H, 2-HF, 2-F) and of the lateral chain (R = Ph or n-Bu; 2-F vs. 3-F). The transesterification reaction of 3-F under standard conditions ([3-F]0 = 0.25 M, [HexOH]0 = 2.50 M, 1,2-DCB, 130 °C; data in Table

Figure 7 .

 7 Figure 7. Pseudo-first order plots for the transesterification of 2-F with nhexanol at 130 °C with different [HexOH]0/[2-F]0 ratios. The dashed lines are the least-squares fits.

Figure 8 .

 8 Figure 8. Dependence of kobs (x10 6 ) on [HexOH] for the transesterification of 2-F with n-hexanol at 130 °C. The dashed line is the least-squares fit.

Scheme 3 .

 3 Scheme 3. Possible transesterification pathways in the material.

Figure 9 .

 9 Figure 9. Eyring plot of the rate constants for the transesterification of 2-F by n-hexanol in the 110-140 °C range. The dashed line is the least-squares fit and the red marks are the error bars based on the standard deviations.

Scheme 4 .

 4 Scheme 4. Influence of the structural parameters on the transesterification rate.

  For 1 H NMR (400 MHz), CHCl3 and TMS served as internal standards (δ = 7.26 and 0 ppm) and data are reported as follows: chemical shift (in ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constant (in Hz), and integration. For 13 C NMR (100 MHz), CHCl3 was used as internal standard (δ = 77.16) and spectra were obtained with complete proton decoupling. Gas chromatography-mass spectra (GC/MS) were recorded on a Shimadzu QP2012-SE with a Zebron ZB-5MS (20 m × 0,18 mm), capillary apolar column (Stationary phase: 0.18 µm film). GC/MS method: Initial temperature: 50 o C; Initial time: 2 min; Ramp: 22 o C/min; Final Temperature: 280 o C; Final time: 15 min. MS Spectra were recorded from 5.3 min to 15 min to avoid saturation of the spectrometer with 1-hexanol (3.5 min) and 1,2-dichlorobenzene (5.1 min).

Table 2 .

 2 Rate constants for the transesterification of various esters by excess n-hexanol.

			1.8			
			1.6				2-F
			1.4				4-H
		ln([ester] 0 /[ester])	0.2 0.4 0.6 0.8 1.0 1.2			
			0.0			
			-0.2	0	200000	400000	600000	800000
						time/s
	Ester Solvent T/°C	kobs/s -1		[HexOH]0	k/L mol -1 s -1
	2-F	-		130 (1.78±0.02)•10 -5	7.39	(2.41±0.03)•10 -6
	4-H	-		130	(8.8±0.3)•10 -7		7.14	(1.23±0.04)•10 -7
	2-F 1,2-DCB 130 (5.40±0.05)•10 -6	2.47
	2-F 1,2-DCB 130 (7.04±0.15)•10 -6	3.70	(2.02±0.13)•10 -6
	2-F 1,2-DCB 130 (1.02±0.01)•10 -5	4.94
	2-HF 1,2-DCB 130 (2.55±0.07)•10 -7	2.51	(1.02±0.03)•10 -7
	2-H 1,2-DCB 130 (1.08±0.04)•10 -7	2.51	(4.31±0.14)•10 -8
	3-F 1,2-DCB 130 (3.63±0.06)•10 -6	2.51	(1.45±0.03)•10 -6
	4-H 1,2-DCB 130 (1.64±0.08)•10 -7	2.51	(6.52±0.31)•10 -8
	4-F 1,2-DCB 130 (6.66±0.16)•10 -6	2.51	(2.66±0.06)•10 -6
	5-F 1,2-DCB 130 (2.17±0.03)•10 -5	2.51	(8.66±0.13)•10 -6
	2-F 1,2-DCB 110 (6.90±0.08)•10 -7	2.51	(2.75±0.03)•10 -7
	2-F 1,2-DCB 120 (1.89±0.01)•10 -6	2.51	(7.55±0.05)•10 -7
	2-F 1,2-DCB 140 (5.25±0.09)•10 -6	2.51	(3.99±0.08)•10 -6
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DFT calculations and an experimental kinetic study of a transesterification reaction were conducted in order to quantitatively assess the effect of neighbouring fluorinated groups on the reaction rate and provide a molecular model for the observed accelerating effect of proximal fluorinated groups in the reshaping of transesterification vitrimers.