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also by the additive used to control the curing kinetics. Interestingly, the measurement of the tensile properties at large deformations demonstrates that the resulting system offers a series of materials with a wide range of mechanical properties.

TOC Introduction

In today's polymer market, thermoset polymers have become key-materials in many applications where high mechanical strength and chemical resistance are required. 1,2 They are used in a myriad of industrial processes ranging from the insulation of small electronic components 3 to the fabrication of large parts for cars and aircrafts. 4 The crosslinked structure of thermoset polymers results in their superior stability compared to thermoplastics. 5,6 However, the proper control of their synthesis and network topology comes with two challenges. In particular, it is necessary to control the kinetics of the crosslinking reaction because the formation of the network is accompanied by a transition from a liquid to a solid: the gelation. 6 The gel time, t gel , is often considered as a reference to estimate the period of time during which the reactive mixture is still liquid and thus can be manipulated. On the other hand, it is also important to control the final properties of the fully cured network because each application has specific requirements. In thermoset technology, one key parameter is the crosslink's density, that is to say the density of elastically active chains in the network. 5,[7][8][9][10] It governs the mechanical strength and the elasticity of the material 11 as well as its swelling properties by controlling the diffusion of solute within its mesh. 12 Most of the time the crosslink's density is estimated by considering M X , the total sample weight that contains one mole of elastically effective network chains, which in the case of an ideal network coincides with the molecular weight between crosslinks. 7 It is directly related to the tightness or looseness of the networks.

Several methods have been used to control t gel and M X , in particular for epoxy-based thermoset. Indeed, the versatility of epoxide chemistry 13 combined with the large number of commercially available epoxy monomers 14 offer many options to control these parameters.

In the case of step polymerization, the prominent polymerization mode in thermoset technology, a common approach to control both t gel and M X consists in playing with the functionality of the crosslinkers. [15][16][17] In the foremost case of epoxy-amine reactive mixtures, diepoxides can be reacted with a mixture of mono-and di-amines where primary monoamines and primary diamines respectively act as bifunctional and tetrafunctional curing agents, leading to linear chain extension and crosslinking points. In these conditions, the [monoamine]/[diamine] ratio permits to adjust the size of the linear chains between crosslinking points, i.e. M X . [18][19][20] Moreover t gel is an increasing function of [monoamine] since gelation is directly related to the formation rate of the crosslinking points. Thus, in this approach, M X and t gel are co-dependent.

Chain polymerization of epoxy monomers is also extensively used in the literature. In particular, the cationic ring opening polymerization (ROP) exhibits fast kinetics and is not oxygen sensitive. [21][22][23] In recent years, these attractive features, combined to the continuous development of cationic initiators as curing agents of epoxy monomers, 6 have been used to design advanced materials including photoresponsive, 24,25 3D-printed, 26 or nanostructured thermosets. 27 Interestingly, this polymerization mode undergoes transfers in presence of protic additives (e.g. water, alcohols) that can be used to control the kinetics of the curing reaction. [28][29][30]19 Indeed, in aprotic conditions, the classical activated chain end (ACE) propagation mode operates and yields weakly branched polymer chains that percolates in the early stages of the curing reactions resulting in short t gel as well as small conversion at the gel point (α gel ) (Figure 1A). In the presence of protic additives, protonated monomers are attacked by hydroxylated chain ends resulting in an activated monomer (AM) propagation mode which is accompanied by many transfers and branching. In the AM mode, t gel is considerably delayed in comparison with the ACE mode and gelation is observed for higher values of α gel (Figure 1B). We recently demonstrated that chelating species such as linear and cyclic polyethers can be added to trap the protons during the transfers associated with the AM propagation mode. 6,29,31 Once the protons are involved in a complexation equilibrium, their availability for the propagation of the ROP considerably decreases, resulting in an increase of t gel . By combining protic additives and complexing polyethers, we proposed a general approach to control the two fundamental parameters of the gelation process for the curing of epoxy monomers in the cationic mode, i.e. t gel and α gel . 6,31 Under certain conditions, this system offers the possibility to decorrelate the control of t gel and α gel .

It is still to be established how transfers and supramolecular complexation influence M X after completion of the curing reaction. The protic compounds used to initiate the AM mechanism are eventually inserted in the cured network 32,33 and M X is also dependent on their chemical structure making it difficult to interpret the distinctive influence of the AM mechanism solely.

On the other hand, the non-reactive complexing agents (i.e. aprotic polyethers -cyclic and linear) that are used to complex recirculating protons and that are not inserted in the final network, are believed to have no influence on the final structure of the thermoset.

Figure 1:

Mechanisms of the acid-initiated cationic ring-opening polymerization of epoxy monomers and schematic representation of the network architecture at the sol-gel transition when the substituent R contains another epoxy function (diepoxides). On the left side is depicted the activated chain end mechanism (ACE) with typically small conversion at the gel point (α gel ). On the right side is represented the activated monomer mechanism with large α gel .

Just like in step polymerization, M X can be controlled by playing with the functionality of the monomers. This strategy has been extensively used for producing thermosets via the free radical polymerization of vinylic and multivinylic monomers (e.g. styrene/divinylbenzene, 34 acrylate/diacrylate, [START_REF] Gao | Synthesis of polyacrylate networks by ATRP: Parameters influencing experimental gel points[END_REF] methacrylate/dimethacrylate [START_REF] Kannurpatti | A study of the evolution of mechanical properties and structural heterogeneity of polymer networks formed by photopolymerizations of multifunctional (meth)acrylates[END_REF] ). Surprisingly, very few results have been reported regarding the cationic copolymerization of mono and poly-epoxides. Matsumuto and his group studied the copolymerization of 1,2 epoxycyclohexane (ECH) as a monoepoxide and bis [3,4-epoxycyclohexylmethyl] adipate (BECHMA) as a diepoxide crosslinker. [START_REF] Katahira | Mechanistic Discussion of Cationic Crosslinking Copolymerizations of 1,2-Epoxycyclohexane with Diepoxide Crosslinkers Accompanied by Intramolecular and Intermolecular Chain Transfer Reactions[END_REF] They discussed the mechanism of the three dimensional network formation on the basis of size exclusion chromatography (SEC) investigations but the properties of the resulting materials were not studied. Recently, Sangermano and collaborators reported the synthesis of a photodegradable epoxy network based on the copolymerization of a diepoxide containing a photolabile group and a monoepoxide, the glycidyl 2-methylphenyl ether. 24 They investigated the influence of the monoepoxide content on the photodegradation properties of thin films but the mechanical properties of the materials were not characterized. From our view point, the copolymerization of a diepoxide and a monoepoxide is an interesting alternative for the systematic control of M X and thus of the toughness and swelling properties of the networks. This paper is devoted to the study of the cationic crosslinking copolymerization of phenyl glycidyl ether (PGE) with diglycidyl ether of bisphenol A (DGEBA) (Figure 2). We propose a continuous investigation of the curing kinetics through rheometric and spectrometric monitoring of the copolymerization. In particular, the sol-gel transition is investigated in details at various frequencies. Results are interpreted from the view point of the percolation theory. The critical exponents of the sol-gel transition are evaluated and compared to literature data. The influence of a series of protic and/or chelating additives (Scheme 1) on t gel , α gel and the critical exponents is studied as well. Finally, the thermomechanical and swelling properties of the materials are investigated. The influences of the crosslinker content and of the nature of the additives are reported. M X values are estimated from mechanical and swelling experiments and the results are compared to the values expected for ideal networks.

Experimental

Fits and integrations of data were performed using the OriginPro® 8.0 software.

Materials

Diglycidyl ether of bisphenol A (DGEBA) produced by the Dow Chemical Company, with an average number of hydroxyl groups per molecule around 0.03, was used. Phenyl glycidyle ether (PGE), poly(ethylene glycol), M n = 300 g mol -1 (HO-PEO-OH), monomethylated poly(ethylene glycol), M n = 350 g mol -1 (MeO-PEO-OH), phenoxy propane-1,2-diol (PPD) were puchased from Sigma Aldrich. 4-chloroanilinium tetrafluoroborate (4CA + -BF 4 -) was prepared as previously described. 31

Sample preparation

Reactive compositions incorporating (100 -x) wt% PGE and x wt% DGEBA were prepared using 4CA + -BF 4 -as an initiator in the presence or not of an additive (hydroxylated and/or chelating additives). First, the solid epoxy monomer DGEBA was dissolved in the liquid monomer PGE to give a viscous liquid. A predetermined amount of the additive (diol and/or polyether, 0.061 equiv/epoxy) was then added to the monomer and the resulting mixture was vigorously stirred to give a homogeneous and colorless sample. In a separate vial, the initiator (0.026 equiv/epoxy) was predissolved in acetone. The solution was then added to the previous mixture by means of a syringe. The resulting sample was vigorously stirred to give a homogeneous system and placed under vacuum for several minutes to evaporate the solvent.

Aliquots of reactive compositions thereby obtained were then immediately studied by spectroscopic and rheological experiments. Films for swelling and mechanical measurements were obtained by curing the remaining part in a mold made of a brass frame sandwitched between two silicon paper sheets. The samples were cured 10 hours at 40 °C and postcured 2 hours at 120 °C with the help of a Carver heating press. FT-IR analyses of the resulting films indicate the total disappearance of the epoxy bending absorbance peak at 914 cm -1 (i.e. no residual monomers). Unmolded sheets were then punched in the form of circular, rectangular and dogbone samples for swelling and mechanical tests. Measurements were always performed within a few days after the synthesis of the materials. Moreover, the samples were stored in zip bags in-between each measurements in order to prevent any water uptake from atmospheric humidity.

Monitoring of the curing process

FT-IR measurements were performed using a Bruker Tensor 37 spectrometer. Curing at 40 °C was performed in situ using a Specac Goldengate temperature-controlled ATR cell. The epoxy conversion was calculated by measuring the decay of the epoxy bending absorbance peak at 914 cm -1 according to a method previously described in the litterature. 29,31 In parallel, another sample of the same mixture was placed at 40 °C in the gap of an Anton Paar Physica MCR 501 rheometer equipped with φ = 50 mm diameter disposable parallel plates and operating in the multiwave mode using Fourier transfrom mechanical spectroscopy (FTMS). A multiwave strain signal of 1% amplitude for the 1 rad s -1 component was applied in order to collect G', G" data every 30 s for eight different frequencies: 1, 2, 4, 8, 16, 32, 64, and 128 rad s -1 .

A more detailed description of the experimental setups and additional information regarding the multiwave mode are available in the ESI.

Swelling experiments

Circular samples (diameter = 6 mm, thickness = 1.2 mm) were immersed for 2 weeks in pyridine. The variation of the sample diameter was accurately measured by taking a numerical picture of the sample before and after complete swelling equilibrium (see ESI, supplementary Figure S5). The linear swelling ratio, given by λ = D/D 0 where D and D 0 are the diameter of the circular sample before and after swelling was used to determine the polymer volume fraction, ν p , in the equilibrium swollen network, as given by ν p = 1/λ 3 .

Glass transition temperature (T g ) from DSC

Differential scanning calorimetry (DSC) experiments were performed using a TA DSC Q1000

analyzer. Samples of about 5 to 10 mg were placed in standard aluminum T-zero pans with hermetic lids. Scans were conducted under an inert (N 2 ) atmosphere at a rate of 10 °C min -1 .

Glass transition temperatures, T g 's, were determined during the second heating ramp within the temperature range of 0 °C to 200 °C. were too sticky to perform DMA measurements.

Large-strain mechanical properties

Measurements were performed using dogbone shaped samples of working length: 25 mm, width: 2 mm, thickness: 1.2 mm dimensions. The load-elongation curves were recorded using an INSTRON 5564 tensile testing machine at a constant crosshead speed of 5 mm min -1 . At room temperature, extensions were monitored with the help of an extensometer giving the true strain of the specimen. Measurements as a function of temperature were performed in an oven. In that case, the strain was determined from the crosshead displacement by taking the gauge length as the length of the parallel portions of the dogbone.

Every strain-stress curve is representative of a series of at least 3 similar measurements. The modulus (determined from least square fitting of the linear part of the curve), the elongation and stress at break (ε b , σ b ) and the yield strain and yield stress (ε y , σ y ) were all measured using the OriginPro® 8.0 software. The systematic error reported is the standard deviation observed within the series of at least 3 similar measurements. Again, DGEBA 15 PGE 85 and DGEBA 25 PGE 75 PEO were too sticky to perform proper tensile tests.

Results and discussion

Chemistry

Various types of polyoxylated molecules were used as additives for the cationic curing of mixtures of DGEBA and PGE initiated by 4CA + -BF 4 -. They differ by the type of skeleton and number of alcohol groups. The reagents are depicted in Scheme 1.

The studied systems will be noted DGEBA 

Study of the sol-gel transition

In order to detect the occurrence of gelation the elastic, G' and loss, G", moduli are determined at several frequencies by Fourier transform mechanical spectroscopy (FTMS). [START_REF] Holly | Fourier-Transform Mechanical Spectroscopy Of Viscoelastic Materials With Transient Structure[END_REF] FTMS enables the measurement of the complex moduli, G'(ω) and G"(ω), at several frequencies simultaneously as the system structure evolves with time (the method is further described in the ESI). The gel point is revealed by the shape of G' and G" variations as a function of ω. According to the Winter and Chambon criterion [START_REF] Winter | Analysis Of Linear Viscoelasticity Of A Cross-Linking Polymer At The Gel Point[END_REF] (more information in the ESI), gelation is reached when G" and G' are both proportional to ω n with n being the relaxation exponent.

Figure 3 shows the dependences of G' and G", on the angular frequency, ω, in the course of polymerization of DGEBA 25 PGE 75 initiated by 4CA + -BF 4 -used at a concentration of 0.026 equiv. per epoxy function. The data are shifted along the horizontal axes by a factor A in order to avoid overlapping. In the early stage of the reaction, G' is lower than G" for the frequency range used in this study. As the reaction proceeds, G" is approached and eventually crossed by G'. This behavior is typical of the sol-gel transition. Following the above criterion, t gel is estimated as the time at which the frequency dependence of G'' and G' are linear and parallel to each other in logarithmic axes. n is taken as the slope of G'(ω) and G''(ω) variations at t = t gel . The physical meaning of n will be discussed later. Following the Winter and Chambon criterion, another way to determine the gel time is to plot the loss tangent, tan δ, against time, t. With tan δ = G''/G' and G'' ̴ G' ̴ ω n for t = t gel then tan δ is expected to be independent on ω at the gel point. Figure 4 illustrates the variation of tan δ during cure as a function of time for the polymerization of DGEBA 25 PGE 75 . The different lines corresponding to the different frequencies intersect for t = t gel . By comparing this plot with the epoxy conversion profile as obtained by IR spectrometric measurements, it is possible to estimate the conversion at the gel point, α gel . This is illustrated in the inset of Figure 4 for the case of DGEBA 25 PGE 75 : in the plot representing the epoxy conversion, α, as a function of time, t, the ordinate corresponding to t = t gel gives α = α gel . We find t gel = 510 s, n = 0.70 ± 0.01 (error estimated according to a linear least square analysis) and α gel = 47%. The combination of rheometry data with the measurement of conversion enables the representation of the dynamic viscosity (taken as the real part of the complex viscosity) [START_REF] Eloundou | Temperature dependence of the behavior of a reactive epoxy-amine system by means of dynamic rheology .2. High-T-g epoxy-amine system[END_REF][START_REF] Eloundou | Temperature dependence of the behavior of an epoxy-amine system near the gel point through viscoelastic study .1. Low-T-g epoxy-amine system[END_REF] and the storage modulus as a function of ε, the relative distance to the gel point. For commodity we note ε = ε sol = (α gel -α) /α in the pre-gel region and ε = ε gel = (α -α gel ) / α gel in the post-gel region.

Figures 5a shows the time dependence of rheological properties during the curing reaction as a function of ε for the polymerization of DGEBA 25 PGE 75 at 40 °C and at the angular frequency ω = 1 rad s -1 . In the pre-gel region, curing is accompanied by a divergence of viscosity as ε sol approaches 0. In the post-gel region, the increase of ε gel results in a rapid buildup of the storage modulus, G'. Figure 5b represents the same data in log-log scale when considering a region restricted to the vicinity of the gel point (0.03 < ε sol < 2 for η' and 0.03 < ε gel < 0.2 for G' ). Clearly, both η' and G' exhibit a power law dependence on ε, η' ~ ε -k and G' ~ ε z , as indicated by their linear dependency. The critical exponents z and k can be determined from a linear least square analysis. For DGEBA 25 PGE 75, the example illustrated in Figure 5, we found k = 1.35 ± 0.02 and z = 2.65 ± 0.08. For each tested composition, the values of t gel , and α gel as well as those of n, k and z, are reported in Table 1. 4 and5). The glass transition temperatures obtained by dynamic scanning calorimetry (DSC) for DGEBA x PGE 100-x Y cured at 40 °C for 10 hours and postcured at 120 °C for 2 hours. (a) For these samples (DGEBA 100 PGE 0 Y) vitrification interferes with the sol-gel transition making FTMS unreliable; gelation was detected by the crossover of G' and G" traces at 1 rad s -1 (shear strain = 1%). (b) For these samples (DGEBA 100 PGE 0 Y), the resulting network is very tight and there is no clear T g transition on the DSC traces. Beyond the classical effect of x on the average functionality per monomer unit, t gel and α gel are also strongly impacted by the additive Y. For a given value of x in Table 1, α gel measured for DGEBA x PGE 100-x Y (where Y is a protic additive) is always at least 20 % higher than in the case of the neat system, DGEBA x PGE 100-x . This is illustrative of the transfers promoted by the AM mechanism in the presence of hydroxyl groups as mentioned earlier in the introduction. In this paper, the precise measurement of α gel provides an interesting way to rationalize these observations. Indeed, by considering the mathematical methods developed for the modelisation of the network formation for the ideal chainwise copolymerization of bifunctional and f-functional monomers, 5 α gel can be estimated according to Eq. ( 1):
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where a f is the molar fraction of the f-functional monomers (in this study, the f-functional monomer is DGEBA and f = 4) q, is the probability that the active end of the propagating chain adds another monomer to the growing chain and ξ, the probability that the termination of active species takes place through a mechanism resulting in longer chains than the active chains before termination. In this model, α gel depends not only on x, through a f , but also on the characteristics of the polymerization reaction, through q and ξ. Using the α gel values reported in Table 1, q was calculated in the two limit cases ξ = 1 (terminations with increase of chain size) and ξ = 0 (terminations without increase of chain size). Calculation is reported in the ESI. The results should be considered with care because the ideal model used to obtain Eq. ( 1) does not take into account cyclisation, an important side reaction in the case of cationic ROP. [START_REF] Katahira | Mechanistic Discussion of Cationic Crosslinking Copolymerizations of 1,2-Epoxycyclohexane with Diepoxide Crosslinkers Accompanied by Intramolecular and Intermolecular Chain Transfer Reactions[END_REF] However, it is evident that the q value would be hardly superior to 0.9 whatever the x values or the Y additives one considers. As a comparison, the free-radical polymerizations of vinyl monomers typically afford q values very close to unity. 5 Here, the lower values of q calculated for the cationic copolymerization of DGEBA and PGE are illustrative of the many terminations and transfers occurring during this polymerization mode which can in no way be assimilated to a living cationic polymerization. A practical consequence is that gelation in these systems takes place at rather high conversions and the networks thereby formed are expected to carry an important number of defects, independently from the presence of an additive Y or not. For a given value of x, when a protic additive Y is added to the system, the value of q calculated for DGEBA x PGE 100-x Y is even lower than in the case of the neat system, DGEBA x PGE 100-x , illustrating an increase of the number of termination and transfer reactions as a consequence of the promotion of the AM mechanism.

By taking a deeper look at the values of t gel , which cannot be predicted by the model used to derive Eq. ( 1), it appears that it is also strongly impacted by the chemical structure of the additive Y. As an example, for x = 35 wt%, t gel is increased from 45 min, for DGEBA x PGE 100-x PPD, to 99 min for DGEBA x PGE 100-x PEO. This significant lengthening of the pot life was previously rationalized by considering the ability of PEO to complex the anilinium cation used as the initiator of the polymerization. 6,29,31 The structure of the complex is illustrated in Scheme 2a. Under this protected form, the releasing rate of the Brønsted acid HBF 4 is considerably decreased and the polymerization rate is decreased as well. Thus, HO-PEO-OH can affect the cationic ROP of epoxy monomers through 2 different ways: the promotion of transfer reactions via its -OH end groups and the complexation of the ammonium moiety of the initiator via its polyether backbone.

Scheme 2: (a) Stabilization of the initiator 4CA + -BF 4

-by complexation of the ammonium moiety through the formation of three hydrogen bonds with the polyether backbone of the poly(ethylene oxide) additive, PEO (b) Intramolecular stabilization of the linear oxonium ion resulting from the attack of an activated monomer by the vicinal diol, PPD. The oxonium ion is possibly stabilized by formation of two hydrogen bonds between the proton of the cationic center and the two hydroxyl groups in β-position.

By studying the influence of the additive, Y, for DGEBA 35 PGE 65 Y, it is possible to evaluate the respective role played by the hydroxyl groups and the polyoxide chains of HO-PEO-OH.

The chart of Figure 6 represents the (α gel , t gel ) coordinates associated to the tested additives, all used at 0.061 equiv. per epoxy function. Several regions can be distinguished. Reactive mixtures containing HO-PEO-OH and MeO-PEO-OH are both located in the right upper corner. For these compounds, the protic hydroxyle functions and complexing poly(ethyleneoxide) skeleton both concur to produce large α gel and t gel values as already observed in the homopolymerization of DGEBA (grey diamonds in Figure 6). 29 Evidently, the copolymerization with the comonomer, PGE, permits to obtain even larger values of α gel and, and the critical conversion (α gel ) was obtained by using the value of t gel and the evolution of the epoxy conversion as a function of time (see Figure 4). For DGEBA 100 PGE 0 (Y = NA), the sol-gel transition was monitored at a frequency of 1 rad s -1 and t gel was determined as the point of crossover of the storage modulus G' and the loss modulus G''.

Formulations containing HO-PPO-OH and PPD are located in a different region of the chart.

Like HO-PEO-OH and MeO-PEO-OH, their α gel coordinate is much higher than that of the neat system suggesting that their hydroxyl groups are effectively initiating the AM mechanism that promotes transfers. However, both HO-PPO-OH and PPD have shorter t gel than HO-PEO-OH and MeO-PEO-OH.

The lack of poly(ethyleneoxide) backbone for both HO-PPO-OH and PPD supports well the idea that the decrease of t gel with these two additives is correlated to their inability to complex the anilium cation (4CA + -BF 4 -) used for the polymerization initiation.

In the case of HO-PPO-OH, the poly(propyleneoxide) backbone of the additive is too hindered to effectively complex 4CA + -BF 4 -. This was previously reported in the literature for the cationic homopolymerization of DGEBA. 29 PPD is lacking a polyoxylated backbone making the complexation of 4CA + -BF 4 -impossible from the view point of stereochemistry.

However, it is noteworthy that t gel with PPD is 1.5 times longer than in the case of HO-PPO-OH. This observation may be ascribed to the 1,2 diol moiety of PPD. It has been previously

reported that protons can be intramolecularly stabilized within the linear oxonium resulting from the attack of 1,2 diol on an activated monomer (Scheme 2b). [START_REF] Hartwig | Cationic polymerization of a cycloaliphatic diepoxide with latent initiators in the presence of structurally different diols[END_REF][START_REF] Wang | Synthesis of bis(2,3-epoxycyclohexyl) and its cationic photopolymerization in the presence of different diols[END_REF] This may explain why PPD results in a gel time that is intermediate between the values observed with the strongly chelating polyethers (PEO, monomethylated or not) and the non-chelating polyether (PPO).

Overall, these results are in good accordance with the effect of protic and polyether additives reported in the case of DGEBA homopolymerization (grey diamonds in Figure 6). 29 They demonstrate that the promotion of the AM mechanism and the supramolecular complexation of active cationic species, together with copolymerization with a monoepoxide, are valuable tools to control the gelation of epoxy monomers when di-glycidyl ethers are copolymerized with mono-glycidyl ethers.

Critical exponents

The power law dependences of η' and G' in the vicinity of the gel point are in accordance with the theoretical studies of the sol-gel transition where the gelation process obeys the percolation laws (more information in the ESI). [START_REF] Jan | On The Relation Of Kinetic Gelation And Percolation[END_REF][START_REF] Stauffer | Gelation And Critical Phenomena[END_REF] In particular, in the percolation model based on the Rouse description, [START_REF] Martin | Viscoelasticity Of Near-Critical Gels[END_REF] Values in very close agreement with these predictions were reported for epoxy networks formed by step-growth polymerization. [START_REF] Eloundou | Temperature dependence of the behavior of a reactive epoxy-amine system by means of dynamic rheology .2. High-T-g epoxy-amine system[END_REF][START_REF] Eloundou | Temperature dependence of the behavior of an epoxy-amine system near the gel point through viscoelastic study .1. Low-T-g epoxy-amine system[END_REF][START_REF] Martin | Viscoelasticity Of Near-Critical Gels[END_REF][START_REF] Lairez | Rheological Behavior Of An Epoxy Amine System Near The Gel Point[END_REF][START_REF] Tanaka | Interpretation of Gel Points of an Epoxy-Amine System Including Ring Formation and Unequal Reactivity: Measurements of Gel Points and Analyses on Ring Structures[END_REF] For the polyaddition of diglycidyl ether of For DGEBA x PGE 100-x (neat system), the critical exponents are also in very close agreement with these predictions. For instance, when x = 25 wt%:

n = 0.70 ± 0.01, k = 1.35 ± 0.02, z = 2.65 ± 0.08.
Thus, the values found for DGEBA 25 PGE 75 correlates well with the theory and with the measures made by others for both step-and chain-growth polymerizations.

When considering the DGEBA x PGE 100-x series, it appears that n is almost unaffected by x (see Table 1). On the contrary, k and z values decrease as x is increased. It is noteworthy that x is correlated to the T g of the fully crosslinked network (values of T g as measured by DSC are reported in Table 1). Several authors have reported discrepancies in the critical exponents' values due to interferences between gelation and vitrification. [START_REF] Eloundou | Temperature dependence of the behavior of a reactive epoxy-amine system by means of dynamic rheology .2. High-T-g epoxy-amine system[END_REF][START_REF] Mortimer | Rheological behavior and gel-point determination for a model Lewis acid-initiated chain growth epoxy resin[END_REF] For instance, Eloundou et al. studied the temperature dependence of the critical exponents for a high-T g epoxy amine system. [START_REF] Eloundou | Temperature dependence of the behavior of a reactive epoxy-amine system by means of dynamic rheology .2. High-T-g epoxy-amine system[END_REF] Interestingly, in the percolation model, the critical exponent n may be related to the fractal dimension of the molecular clusters at the gel point, d f . This exponent relates the mass M of an object to its spatial size R according to Eq. (2): 50

R df ~ M Eq. ( 2 
)
Muthukumar developed a model in which the fractal dimension of the molecular clusters, d f , is related to the critical exponent n, via Eq. (3). [START_REF] Muthukumar | Screening Effect On Viscoelasticity Near The Gel Point[END_REF] ) 2 ( 2
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where d is the space dimension (here d = 3). According to this theory, a looser (resp. tighter) structure will lead to a lower (resp. higher) value of d f and a higher (resp. lower) value of n.

Thus, by using this formula, it is possible to estimate the influence of the chemical composition of the system on the molecular dimension of the network during the sol-gel transition.

In particular, Muthukumar's equation gives d f ~ 1.7 for DGEBA x PGE 100-x and d f ~ 1.5 for DGEBA x PGE 100-x PEO. Thus, according to this theory, the structure of the molecular clusters of DGEBA x PGE 100-x PEO at the sol-gel transition is looser than the structure of their counterparts in DGEBA x PGE 100-x . This may be explained by two reasons: (i), the very flexible poly(ether) backbone of HO-PEO-OH may be responsible for an expansion of the molecular clusters as compared to the neat system. This would result in a more "open" structure and thus in a decrease of the fractal dimension, or (ii), the transfers associated with the AM mechanism (promoted by the hydroxyl groups of HO-PEO-OH) could result in less densely filled clusters with the same consequences on d f .

For DGEBA 35 PGE 65 PPD, n is unchanged as compared to the neat system DGEBA 35 PGE 65 , despite the initiation of the AM mechanism confirmed by a high conversion at the gel point, α gel = 57%. This suggests that the fractal structure of the molecular clusters is not affected by the transfers observed during the AM mechanism. Thus, the increase of n with DGEBA x PGE 100-x PEO is probably not correlated with the effect of the hydroxyl moieties of HO-PEO-OH.

When using HO-PPO-OH and MeO-PEO-OH, two other polyoxylated additives with polyether backbones of similar length as HO-PEO-OH, a slight increase of n is also observed but in a lesser extent than HO-PEO-OH. This supports the idea that the fractal dimension of the molecular cluster is mostly impacted by the structure of the additive: when an additive with a chemical structure similar to the monomers is used (e.g. PPD), n is unchanged.

However, all the polyoxylated additives (e.g. PEO, PPO, MeOPEO) result in an increase of n with an amplitude that seems to be dependent on the flexibility of their polyether backbones and their ability to be inserted in the growing network.

Indeed, the moderate increase of n observed in the case of HO-PPO-OH and MeO-PEO-OH may be ascribed to their reduced capacity to expand the molecular clusters. For instance, the poly(propyleneoxide) backbone of HO-PPO-OH is bulkier and less flexible than the poly(ethyleneoxide) backbone of HO-PEO-OH. MeO-PEO-OH is a mono-functional alcohol that is not inserted in elastically active chains when reacting with the oxiranium cation involved in the polymerization propagation.

In the end, our results demonstrate the steadiness of the critical exponent, n, whether the AM mechanism is initiated or not. They also suggest that the fractal structure of the growing network is mostly impacted by the chemical structure of the additives used to control the solgel transition.

One possible explanation to these observations can be formulated by considering the mechanism of the network build-up. Indeed, in their study regarding the cationic copolymerization of 1,2 epoxycyclohexane (ECH) as a monoepoxide and bis [3,4-epoxycyclohexylmethyl] adipate (BECHMA) as a diepoxide crosslinker, Matsumoto et al.

demonstrate that intramolecular and intermolecular reactions result in the formation of highly branched network polymer precursors (NPPs), whose structure is core-shell type dendritic.

They possess a number of freely mobile dangling chains as a shell part. It is the intermolecular reactions between the dangling chains of NPPs that result in the formation of the macroscopic gel. It is possible that the initiation of the AM mechanism primarily impacts the inner structure of the core-shell type NPPs with very little influence on the molecular dynamics of the larger clusters resulting from their aggregation.Knowing that the critical exponent, n, is associated to the relaxation of the molecular object formed during the sol-gel transition, i.e. the larger clusters, the value of n might not reflect the influence of the propagation mechanism (ACE or AM) on the structure of the growing network in the early stage of the reaction (i.e. the core of the NPPs).

Structure-property relationship of the cured network

Swelling

We previously introduced, M X , the total sample weight that contains one mole of elastically effective network chains. The rigorous definition of the crosslink density of a thermosetting material is "the number of moles of elastically effective network chains per volume of sample". 7 It is usually noted ν e . According to this definition, M X is related to ν e via Eq. ( 4):

e X M ν ρ = Eq. ( 4 
)
Where ρ is the density of the material.

M X is usually preferred to ν e because it can be calculated in the case of an ideal network even if the density of the polymer is unknown. The calculated estimations of M X , noted M X,c , corresponds to the molecular weight of an elastically effective network chain assuming that the network is free of any defects (i.e. ideal). With this in mind, the comparison between an experimental estimation of M X and M X,c is a good approach to probe the extent of "non-ideal" phenomena in the network structure, including loops (resulting from cyclization), dangling chains (unreacted on one of their ends), and sol chains (unreacted on either ends and thus unattached to the network).

The values of M X,c for the compositions tested in this work are reported in Table 2 (more information regarding the calculation method in the ESI) and the equilibrium swelling method was used to measure an experimental estimation of M X , M X,s . The swelling experiments were performed in pyridine for all the samples. Indeed, the calculated values of the solubility parameters, δ, of DGEBA x PGE 100-x Y are almost independent of x and Y (δ(x, Y) ∈ [22.1 -22.3] MPa 1/2 , calculation reported in ESI) and are very close from the solubility parameter of pyridine (δ pyridine = 21.9 MPa 1/2 ). [START_REF] Grulke | Solubility parameters values[END_REF] This was experimentally confirmed by a rapid screening of three different solvents with increasing solubility parameters: toluene (δ toluene = 18.2 MPa 1/2 ), [START_REF] Grulke | Solubility parameters values[END_REF] dichloromethane (δ dichloromethane = 19 MPa 1/2 ) [START_REF] Grulke | Solubility parameters values[END_REF] and pyridine (δ pyridine = 21.9

MPa 1/2 ). [START_REF] Grulke | Solubility parameters values[END_REF] For all DGEBA x PGE 100-x Y samples, pyridine gave the largest swelling ratio (results are reported in the ESI).

The swelling ratio (= volume of swollen sample/volume of dry sample) was determined by measuring the linear swelling ratio of circular samples. The variation of the sample diameter is accurately measured and the swelling ratio is given by λ = D/D 0 where D is the diameter of the swollen sample (after 2 weeks of immersion) and D 0 is the diameter of the unswollen network (See ESI, Figure S5). The polymer volume fraction, ν p , in the equilibrium swollen network is then given by ν p = 1/ λ 3 , and the crosslink density is calculated by injecting ν p in the Flory-Rehner equation: [START_REF] Flory | Statistical mechanics of cross-linked polymer networks II Swelling[END_REF][START_REF] Nam | Petrogel: New Hydrocarbon (Oil) Absorbent Based on Polyolefin Polymers[END_REF][START_REF] Flory | Principles of polymer chemistry[END_REF][START_REF] Rubinstein | Polymer physics[END_REF] 
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Where M X,s is the total sample weight that contains one mole of elastically effective network chains obtained via the equilibrium swelling method, χ is the polymer-solvent interaction parameter, ν c is the polymer volume fraction in the network obtained after the curing reaction and that is partially swollen by the residual soluble fraction, [START_REF] Hild | Interpretation of equilibrium swelling data on model networks using affine and 'phantom' network models[END_REF] ρ p is the density of the polymer network and V S is the molar volume of the solvent. ν c is introduced to take into account the presence of the soluble fraction inside the cured network. The measurement of the soluble fraction, w s , is discussed below. Details regarding the estimation of ν c , χ and ρ p are provided in the ESI.

The values of λ, ν p and M X,s for all DGEBA x PGE 100-x Y compositions are reported in Table 2.

It is worth noting that none of the networks is soluble in pyridine. This supports well the idea that all the samples are effectively cross-linked and can be considered as true thermosetting materials. As expected, the equilibrium dimension and M X,s are found to be strongly dependent on the initial composition of the curing mixture. and by calculation assuming the formation of an ideal network (M X,c ) versus 100 -x (PGE wt%) for DGEBA x PGE 100-x and DGEBA x PGE 100-x PEO. In both cases, M X,s /M X,c is an increasing function of 100 -x, the weight fraction of the mono-epoxy, PGE, which means that M X,s is deviated from its theoretical values as the cross-linker (DGEBA) content, x, is decreased. This is interpreted as a general illustration of the effect of transfers in cationic polymerization of oxiranes. Indeed, the typical degree of polymerization for the cationic ROP of epoxy is low as previously illustrated with the estimation of the parameter q, the probability that the active end of the propagating chain adds another monomer to the growing chain. Thus, when the cross-linker content decreases, the number of dangling chains rapidly increases and M X,s increases as well. In the case of DGEBA x PGE 100-x PEO, the deviation from the theory is observed for much lower values of x. This is most probably due to an increased number of transfers in the presence of the protic hydroxyl groups of the additive. Moreover, for a given value of x, M X,s is much higher in the case of DGEBA x PGE 100-x PEO as compared to DGEBA x PGE 100-x . Again, this is illustrative of the effect of the transfers promoted by the additive. The effective insertion of PEO inside elastically active chains probably contributes to the increase of M X,s as well. ) and the critical conversion (α gel ) was obtained by using the value of t gel and the evolution of the epoxy conversion as a function of time (see Figure 4). M X,s is measured after swelling equilibrium in pyridine, a good solvent of the thermoset, for the samples cured 10 hours at 40 °C and postcured 2 hours at 120 °C prior to measurement.

The influence of the various additives, Y, was investigated as well. The values of M X,s /M X,c for DGEBA 35 PGE 65 Y with Y = PPD, PPO and MeOPEO are reported in the graph of Figure 8.

They are distributed between the lower limit defined by DGEBA 35 PGE 65 and the upper limit defined by DGEBA 35 PGE 65 PEO. Another way to illustrate this result is to assign (α gel , t gel , M X,s ) coordinates to the different DGEBA 35 PGE 65 Y systems. They are plotted in the 3D chart of Figure 9. For all the hydroxylated additive, Y, M X,s for DGEBA 35 PGE 65 Y is much higher than M X,s for the neat system DGEBA 35 PGE 65 (of at least 1000 g mol -1 ). This demonstrates that M X is systematically impacted when a protic additive is added to the system. Polyether diols (HO-PEO-OH and HO-PPO-OH) gives the highest values of M X,s . They are approximately 1000 g mol -1 higher than the values measured with the mono-alcohol (MeO-PEO-OH) or small molecular diol (PPD).

The discrepancies of M X,s observed from one additive to the other can be interpreted in terms of functionality and/or nucleophilic strength of the additives. For instance, the effective concentration of hydroxyl groups in DGEBA 35 PGE 65 MeOPEO is twice smaller as compared to the other systems, DGEBA 35 PGE 65 Y. Thus, it is possible that, overall, less transfers are promoted during the curing reaction. In the case of PPD, the 1,2-diol structure of the additive decreases the nucleophilic strength of its alcohol functions as compared to the other additives, Y. Thus, their ability to attack oxiranium cations and to promote transfers is reduced.

Overall, the 3D chart of Figure 9 demonstrates that the use of protic and/or polyoxylated additives for the cationic polymerization of epoxy monomers permits to control to a great extent not only the sol-gel transition, i.e. (α gel , t gel ), but also the structure of the resulting network after completion of the crosslinking reaction, i.e. (M X,s ).

For all the additives Y, it is noteworthy that M X,s is strongly deviated from its calculated counterparts, M X,c (Table 2 and grey data points in Figure 9). This could be related to a massive loss of crosslinking molecules, DGEBA, into the sol fraction, w s . w s was measured for each sample in order to estimate the proportion of sol chains and loops. The values, obtained by comparing the weight of the sample before swelling equilibrium and after 2 weeks in pyridine followed by overnight vacuum drying, are reported in Table 2. Similar values were obtained after swelling the samples in a large excess of toluene at 70°C during 5 days (see Table S3), providing a good indication that all the soluble fraction is extracted from the network during these experiments. If one considers the influence of the cross-linker content, x, w s is increased as x is decreased. This is expected and it is classically observed for lightly cross-linked polystyrene matrices for instance. [START_REF] Dale | Cross-Linker Effectiveness In Styrene Copolymerization[END_REF] Additionally, the use of a hydroxylated additive, Y, is also accompanied by an increase of w s .

For x ≥ 35 wt%, w s values are ranged between 1 and 7%. This correlates well with classical values reported for crosslinked networks obtained via step and chain polymerizations. [START_REF] Hild | Model networks based on 'endlinking' processes: Synthesis, structure and properties[END_REF][START_REF] Ilavsky | Formation, Structure, And Elasticity Of Loosely Crosslinked Epoxy-Amine Networks .2. Mechanical And Optical-Properties[END_REF][START_REF] Gao | Determination of gel point during atom transfer radical copolymerization with cross-linker[END_REF][START_REF] Asgarzadeh | Synthesis of polymer networks by "Living" free radical polymerization and end-linking processes[END_REF] Thus, the protic additives are not responsible for excessive sol fraction in this case.

For lower values of x (x = 25 wt% and x = 15 wt%), large values of w s were measured. This is the case for DGEBA 15 PGE 85 and DGEBA 25 PGE 75 PEO whose soluble fraction are 18% and 14% respectively. If one considers the homopolymerization of PGE with or without PEO, i.e. DGEBA 0 PGE 100 and DGEBA 0 PGE 100 PEO, the analyses of the crude viscous polymer obtained after completion of the reaction indicates a number average molecular weight, M n ∼ 2500 g mol -1 , for both system (as measured by size exclusion chromatography, experimental details are available in the ESI). Interestingly, for both DGEBA 15 PGE 85 and DGEBA 25 PGE 75 PEO, M X,s are much larger than 2500 g mol -1 , while M X,s ≤ 2500 g mol -1 for all the other DGEBA x PGE 100-x Y compositions. Thus, the increase of the sol fraction in the case of DGEBA 15 PGE 85 and DGEBA 25 PGE 75 PEO seems to illustrate the decrease of the probability that linear chains of PGE gets incorporated into the network because their typical size is smaller than the typical size of the chain of the network, i.e. of the polymer strands between two crosslink points. Thus, the experimental observations obtained from the swelling experiments are consistent with the formation of free poly(PGE) molecules that would stay in the soluble fraction. weight that contains one mole of elastically effective network chains obtained by using the value of E r '(100) in Eq. ( 7). (g) The temperature, T α , of the maximum of the alpha relaxation, α, associated with the glass transition. (h) Height and (i) full-width-at-half-maximum (FWHM) of the tan δ peak (fitted with an asymmetric double sigmoid function). (j) not analyzed by DMA. 2. T α and E' r(100) decrease as x is decreased. It is consistent with the increase of the chains' flexibility and the number of their possible conformations as the crosslink density is decreased, i.e. as M X increases. The characteristics of the tan δ peaks (inset of Figure 10a) correlates with these observations as well. The intensity of the maximum of the tan δ peak reflects the mobility of the polymer chain segments at this temperature. [START_REF] Ge | The influence of water on visible-light initiated freeradical/cationic ring-opening hybrid polymerization of methacrylate/epoxy: polymerization kinetics, crosslinking structure and dynamic mechanical properties[END_REF][START_REF] Hill | Dynamic mechanical properties of networks prepared from siloxane modified divinyl benzene pre-polymers[END_REF] Here, we note a clear increase of the height of the tan δ peak from DGEBA 35 PGE 65 to DGEBA 25 PGE 75 that is consistent with a decrease of the crosslink density. Moreover, the width of the tan δ peak is classically related to the heterogeneity of the network. 10,[START_REF] Ge | Visible-Light Initiated Free-Radical/Cationic Ring-Opening Hybrid Photopolymerization of Methacrylate/Epoxy: Polymerization Kinetics, Crosslinking Structure, and Dynamic Mechanical Properties[END_REF] Indeed, the coexistence of regions with different crosslinked structures in the same network results in a broader distribution of relaxation times and a wider tan δ peak. We note a small increase of the full-width-at-halfmaximum (FWHM) of the tan δ peaks in the case of DGEBA 25 PGE 75 . This observation is consistent with an increase of "non-ideal" phenomena in the network structure as the crosslinker content x is decreased from 35 wt% to 25 wt%. The formation of loops and dangling chains have already been correlated to an increase of heterogeneity in polymer networks. [START_REF] Lorenzo | Macroscopic and Microscopic Elasticity of Heterogeneous Polymer Gels[END_REF] Here, it is also in agreement with the results obtained via swelling equilibrium experiments where we observed that M X,s /M X,c increases as x is decreased. The increase of the deviation of the ratio between the experimental estimation of M X (M X,s ) and the calculated value of M X (M X,c ) assuming the formation of an ideal network was another illustration of a larger number of non-ideal structures in the polymer network, including loops and dangling chains. In addition to those classical non-ideal structures, it is also noteworthy that the network properties are strongly influenced by the dispersity of the strand length. [START_REF] Tehrani | Effect of chain length distribution on mechanical behavior of polymeric networks[END_REF] The cationic copolymerization of mono-and di-epoxy monomers is an uncontrolled crosslinking process that will result in the formation of a polydisperse network with shorter and longer chains. Thus, the resulting networks are intrinsically inhomogeneous and the polydispersity will increase as the mono-to di-epoxy ratio increase, i.e. as the possibility to form long strands increases. This is also contributing to the enlargement of the tan δ peaks as x is decreased.

Calculated

Swelling equilibrium DMA Materials

M X,c (g mol -1 ) a λ b M X,s (g mol -1 ) c w s (%) d E r ' (100) (MPa) e M X,d (g mol -1 ) f T α (°C) g Height of tan δ peak h FWHM of
Another experimental estimation of M X can be obtained from the variation of the viscoelastic properties with temperature. Indeed, in the rubber elasticity theory, the rubbery modulus, E' r , is related to the crosslink density ν e by the following relationship: [START_REF] Flory | Principles of polymer chemistry[END_REF][START_REF] Rubinstein | Polymer physics[END_REF][START_REF] Vergara | The effect of pendant alkyl chain length on the barrier properties of epoxy/amine crosslinked networks[END_REF] kT E c e r
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Where k is the Boltzman constant and T is the temperature in Kelvin and is the polymer volume fraction in the network obtained after the curing reaction (see Eq. ( 5)). ν c is introduced to take into account the presence of the soluble fraction inside the cured network. [START_REF] Patel | Elastic-Modulus And Equilibrium Swelling Of Poly(Dimethylsiloxane) Networks[END_REF] Given the relation between ν e and M X (Eq. ( 4)), it comes:
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Where M X,d is the total sample weight that contains one mole of elastically effective network chains obtained via DMA measurements, R is the gas constant, ρ is the density of the polymer network and E' r is the modulus measured in the rubbery plateau (in our case at 100 °C for every sample).

The values of M X,d obtained with Eq. ( 7) are reported in Table 2. M X,d is larger than M X,s , the estimation of M X obtained via swelling equilibrium measurements. However the ratio between M X,d and M X,c , the calculated value of M X assuming the formation of an ideal network, vary in the same way than the ratio between M X,s and M X,c . M X,d /M X,c is an increasing function of 100 -x. Thus, the DMA measurements confirms that a larger amount of non-ideal structures, including loops and dangling chains, are formed when the crosslinker content is decreased.

The difference between M X,d and M X,s might possibly be explained by considering that E' r (the dynamic storage modulus used to determine M X,d ) results from a dynamic stretching of the network strands under small deformation while λ ( the linear swelling ratio used to determine M X,s ) is obtained after stretching of the network strands in an equilibrium conformation. In particular, Eq. ( 6) is obtained in the affine network model where the end of network strands are fixed in space and are displaced affinely with the whole network. [START_REF] Flory | Principles of polymer chemistry[END_REF] In real networks, the ends of network strands are joined at crosslink junctions that can fluctuate around their average positions. [START_REF] Rubinstein | Polymer physics[END_REF] Taking these fluctuations into account, for instance by considering a phantom network model, would lead to a better estimation of ν e . [START_REF] Rubinstein | Polymer physics[END_REF][START_REF] Syed | Entanglements, Defects, and Inhomogeneities in Nitrile Butadiene Rubbers: Macroscopic versus Microscopic Properties[END_REF] However, this is out of the scope of the present study. and M X,d (determined using E' r(100) and Eq. ( 7)) as well as the height and FWHM of the corresponding tan δ peaks are all reported in Table 2 for both additives. Finally the ratio of M X,d (Y) with M X,c (Y), the calculated value of M X , is much larger in the case of Y = PPD and Y = PEO compared to the neat system. Again this was previously observed with M X,s and it is consistent with an increased number of loops and dangling chains as a consequence of the transfers promoted by PPD and PEO. The height and the FWMH of the tan δ peak are also substantially higher for the networks containing PPD and PEO. This supports the idea that the crosslink density of the resulting network is lower, providing polymer chains with improved mobility, and that the networks contains more defects most probably as a consequence of the transfers initiated by PPD and PEO.

Thus, the viscoelastic properties of the networks obtained via DMA measurements confirms the effect of x and Y observed via swelling equilibrium measurements. They also provide an insight into the heterogeneity of the networks by considering the width of the tan δ peaks. DGEBA 100 PGE 0 exhibit a very similar behavior in this region. As a result, their tensile moduli are very similar (see Table 3). The yielding region (2) results from cooperative chain motions without significant increase of their length. It is now well established that yielding is the main source of energy absorption before failure in high-T g crosslinked materials. 5 Many studies have been performed in order to understand the influence of network structure on yielding. 73- 76 Authors varied the crosslink's density and the stiffness of the chains of thermoset networks.

Mechanical properties at large deformations

It was concluded that the yield stress depends mainly on the difference between the testing temperature and T g . Therefore, crosslink's density affects yielding through its influence on the T g , by varying the constraint on the molecular segment and not by increasing the molecular weight, M X , between two consecutive crosslink points. In the case of cationic copolymerization, the presence of dangling ends, as evidenced in the previous section, is certainly playing a role by providing additional mobility to the chains. Strain softening (3) results from shear-induced changes in the structure of the glass. [START_REF] Robertson | Theory For Plasticity Of Glassy Polymers[END_REF] It is still unclear how the structure of the network influences this phenomenon and it will not be discussed here. Strain hardening (4) results from glassy polymer chains experiencing sufficient mobility to be stretched between their crosslinks. As a consequence of this phenomenon, it is thought that an entropic "back stress" produces a dramatic increase of σ. Thus, entire network chains are involved and become oriented with the applied stress. Clearly, strain hardening is related to the crosslink's density, M X . To our knowledge, strain hardening has been rarely reported for extended epoxy-amine networks [START_REF] Ortiz | Deformation of a polydomain, liquid crystalline epoxy-based thermoset[END_REF][START_REF] Kontou | Viscoplastic deformation of an epoxy resin at elevated temperatures[END_REF] and it is much more documented for glassy thermoplastic. [START_REF] Haward | Strain-Hardening Of Thermoplastics[END_REF][START_REF] Van Melick | On the origin of strain hardening in glassy polymers[END_REF] Here, the results show that copolymerization of DGEBA with PGE provides networks with molecular chains of sufficient length to experience an entropic "back stress".

As the crosslink's density is further decreased, the T g of the material becomes smaller than the testing temperature (room temperature, T ̴ 22 °C) and the material exhibit a "rubber-like" tensile profile. DGEBA 25 PGE 75 (T g = 18 °C, see table 1) exhibits a tensile behavior similar to conventional rubbery materials with low tensile modulus (406 MPa) and stress at break (about 6 MPa) as well as high elongation at break (about 150%) (see Figure 11a and Table 3).

Thus the progressive decrease of the crosslinker content permits to experience the three main fracture regimes of a thermoset: (i) the brittle fracture at high crosslinker content (x = 100 wt%) with a high stress at break but a very small elongation, (ii) the ductile fracture, with a yielding and a post-yielding flow, at intermediate crosslinker content (x = 35 wt%) and finally (iii) the rubbery fracture at lower crosslinker content (x = 25 wt%) with a high deformation at break for a rather moderate stress.

In thermoset technology, a ductile behaviour with yield point and large post-yield deformation before fracture is commonly presented as the most desirable. Indeed, in this configuration, there is a good compromise between the extent of the strain and the stress at break so that toughness is maximal. This is further illustrated by considering the modulus of toughness, which defines the energy needed to break the material and is measured by integrating the area under the stress-strain curve. [START_REF] Burattini | A Supramolecular Polymer Based on Tweezer-Type pi-pi Stacking Interactions: Molecular Design for Healability and Enhanced Toughness[END_REF] The inset of Figure 11a represents the modulus of toughness of DGEBA x PGE 100-x for x = 100, 35 and 25 wt%. Clearly, it is maximal when yielding is operative, i.e. for x = 35 wt%. The temperature, T α , of the maximum of the alpha relaxation, α, associated with the glass transition obtained by DMA of rectangular samples. (c) Tensile modulus (E) of the polymer networks obtained by fitting the linear region of the stress-strain curve for ε → 0% using OriginPro® 8.0. (d) Yield stress (σ y ) and (e) yield strain (ε y ) corresponding to the coordinate of the yield point of the stress-strain profile of the materials. (f) Stress at break (σ b ) and (g) strain at break (ε b ) corresponding to the failure of the materials. (h) These samples cannot be manipulated after swelling in pyridine. They break under very small mechanical stress making the measurement of the linear swelling ratio, λ, too difficult. (i) These samples do not undergo a plastic deformation. There is no yield point on their stress-strain profile. Very few studies have been devoted to the measurements of large-strain mechanical properties of epoxy thermosets in their rubbery state where the mechanical properties are usually less interesting. [START_REF] Ilavsky | Formation, Structure, And Elasticity Of Loosely Crosslinked Epoxy-Amine Networks .2. Mechanical And Optical-Properties[END_REF][START_REF] Dusek | Epoxide Networks As Model Networks[END_REF][START_REF] Gupta | The Temperature-Dependence Of Some Mechanical-Properties Of A Cured Epoxy-Resin System[END_REF][START_REF] King | Fracture Energy Of Epoxy-Resins Above Tg[END_REF] Strain and stress at break are generally reported as being very weak because of the moderate chain extensibility combined to the decrease of the intermolecular forces. It is worth noting that the copolymerization of DGEBA and PGE yields rubbery networks with pretty good properties as exemplified by DGEBA 25 PGE 75 . However, in that case, the material is used very near T g so that it is not strictly used in its rubbery state. This is illustrated by running cyclic loadings on this material. Figure S8 (see ESI) shows a residual plastic deformation indicating that the material is used in the vicinity of T g .

Materials M X,s (g mol -1 ) a T α (°C) b E (MPa) c σ y (MPa) d ε y (%) e σ b (MPa) f ε b (%) g DGEBA
Overall, from this first set of experiments it can be concluded that the effect of the crosslinker content is dominated by the variation of the materials' T g . In order to identify the part play by the variation of the entire chains' length, one has to compare material in their rubbery state or in the strain-hardening region of the post yielding flow. Moreover, experiments must be performed at the appropriate temperature, i.e. at constant T ˗ T g , so that the variation of segmental mobility, from one material to the other, is compensated.

Figure 11b and 11c illustrate the influence of the additives, Y, on the stress-strain behavior of DGEBA x PGE 100-x Y materials. Two representative protic additives were used: PPD whose molecular formula is very similar to the monomer, PGE, and PEO which is made of an oligomeric polyoxide backbone (see Scheme 1).

In both cases, the additive is expected to impact the mechanical behavior of the network through two distinctive phenomena: (1) the promotion of the AM mechanism that results in transfers and thus in the variation of the crosslink's density (influence on chain length and T g ) and (2) the incorporation of the additives within the networks' chains that results in the variation of the chains stiffness (influence on T g ) and the crosslink's density (influence on chain length and T g ).

From our previous observations, we know that the AM mechanism is less efficiently promoted by PPD as compared to PEO. Furthermore, the incorporation of PPD within the network's chains will be of very limited impact. Indeed, PPD structure (size and chemical nature) is similar to PGE and DGEBA. Instead, PEO exhibits a very flexible oligomeric backbone free of any bulky substituent. Thus, the chains' stiffness will be significantly impacted in the presence of PEO. Moreover, the oligomeric size of PEO will result in a decrease of the crosslink's density.

In a first series of experiments, PEO was investigated at constant concentration (0.061 equiv.

epoxy) for various values of x. Figure 11b illustrates the stress-strain profiles of DGEBA x PGE 100-x PEO for x = 100, 45 and 35 wt%. It is worth noting that, even at relatively high crosslinker concentration (x = 45 wt%), the T g of the materials is sufficiently low (T g = 25 °C, see Table 3) to observe a rubber like behavior. In that case, the material submitted to cyclic loading does not show residual deformation (see ESI, Figure S9). It behaves as a true rubber. When comparing DGEBA 45 PGE 55 PEO and DGEBA 35 PGE 65 PEO, the evolution of the ultimate properties (σ b and ε b , see Table 3) is consistent with the evolution of M X , that is σ b is decreased and ε b is increased from DGEBA 45 PGE 55 PEO (M X,s = 1300 g mol -1 ) to

DGEBA 35 PGE 65 PEO (M X,s = 2890 g mol -1
). This is consistent with the expected influence of PEO.

In order to have a clearer picture of the impact of PEO on the mechanical properties of the networks, DGEBA 35 PGE 65 and DGEBA 35 PGE 65 PEO were also compared in similar T ˗ T g conditions. To this end, DGEBA 35 PGE 65 was tested at 40 °C. The inset of Figure 11b illustrates the tensile profile of DGEBA 35 PGE 65 at 40 °C (T ˗ T g = 9 °C) as compared to the tensile profile of DGEBA 35 PGE 65 PEO at room temperature (T ˗ T g = 6 °C). In this condition, DGEBA 35 PGE 65 behaves as a rubber with a deformation at break twice smaller than DGEBA 35 PGE 65 PEO. This time, the difference can be interpreted in term of chain length. In particular, the large increase of the deformation at break in the presence of PEO is consistent with the decrease of crosslink's density observed in the previous section (M X,s = 872 g mol -1 for DGEBA 35 PGE 65 and M X,s = 2890 g mol -1 for DGEBA 35 PGE 65 PEO). It is noteworthy that there is no direct correlation between the respective increasing factors of the deformation at break and M X,s . This is certainly due to the dispersity of the strand length as mentioned earlier during the analysis of the results obtained via DMA. Indeed, the stress-strain relationship is strongly dependent not only on the average crosslinking density (i.e. M X,s ) but also on the non-uniformity of the network strand length. In particular, the deformation at break is primarily controlled by the stretching of the shorter strands. Thus, a larger chain polydispersity may explain why the deformation at break of DGEBA 35 PGE 65 PEO is only increased by a factor of ∼2 while M X,s is actually increased by a factor of ∼3. common way to characterize the post-yielding flow of glassy materials is to consider the slope of the strain hardening region as a tensile modulus, E R . E R characterizes the "rubber-like" response of the material during the hardening. [START_REF] Haward | Strain-Hardening Of Thermoplastics[END_REF] This is illustrated in Figure 11b where the strain hardening regions have been linearly fitted to yield E R.

The To conclude PEO and PPD can be used as additives to control the mechanical properties of DGEBA x PGE 100-x Y in the rubbery state, above T g , and in the post yielding flow of a ductile fracture, below T g . More importantly, this study demonstrates that the cationic copolymerization of mono-and di-glycidyl ethers and its control with small amounts of hydroxyl additives can be used as a tool to tune the toughness of common epoxy thermosets (i.e. DGEBA) at the expense of a decrease of the T g of the network. In this sense, this strategy, along many other recent works, 17,[START_REF] Sharifi | Epoxy Polymer Networks with Improved Thermal and Mechanical Properties via Controlled Dispersion of Reactive Toughening Agents[END_REF][START_REF] Jang | Toughness enhancement of thermosetting polymers using a novel partially reacted substructure curing protocol: A combined molecular simulation and experimental study[END_REF][START_REF] Tian | Self-toughening of epoxy resin through controlling topology of cross-linked networks[END_REF] is part of an ongoing research topic devoted to the control of the topology of epoxy networks to obtain tougher materials.

Conclusions

The cationic cross-linking copolymerization of PGE with DGEBA was studied. The sol-gel transition of the curing reaction was investigated in rheology at various frequencies by using the FTMS method and the gel points were determined according to the Winter and Chambon criterion. The epoxy conversion was monitored in parallel through IR measurements. Several hydroxylated and chelating additives were tested in order to control t gel and α gel .

To sum up, we control the cationic ROP and the gelation of epoxy reactive systems by three independent means: i) the addition of diols, that act as transfer agents and get inserted into the network, ii) the addition of polyethers, that act as chelating agent of cationic reactive species and iii) the combination of mono-epoxides, that promote chain-extension, and di-epoxides, that promote branching. The addition of hydroxyl groups results in a large increase of α gel due to the promotion of the AM propagation mechanism. On the other hand, chelating additives considerably increase t gel as a result of the complexation of the cationic active centers.

Eventually, increasing the mono-epoxides to di-epoxides ratio is another way to increase both α gel and t gel by playing with the average functionality. This way, while keeping curing temperature equal to 40 °C in all cases, we are able to cover a wide range of gel times (2 -120 min), gel conversions (7 -77%) and mechanical properties of the final networks (fragile, ductile, elastomeric).

Detailed procedure for the monitoring of the curing reaction

The isothermal curing process was monitored using a Bruker-Tensor 37 IR spectrometer at a resolution of 4 cm -1 , equipped with a thermally controlled SPECAC Goldengate ATR accessory. Samples were deposited on the ATR diamond in the center of a Teflon seal covered with a metallic lid held in place by pressure, resulting in a leak-proof cavity presenting very good atmosphere tightness. The disappearance of the 914 cm -1 absorption peak (epoxy bending) was monitored to determine the epoxy conversion. The peak at 1605 cm -1 (DGEBA phenyl groups) was chosen as an internal standard.

Conversion was determined by the Lambert-Beer law from the change of normalized absorbance at 914 cm -1 : Rheological measurements under isothermal conditions were monitored using an Anton Paar Physica MCR 501 rheometer operating in the parallel plates geometry. Disposable plates were preheated in the environmental chamber of the rheometer for approximately 30 min at the set temperature before loading the samples. The gap between plates was fixed at 1 mm. The experiments were performed in the multiwave mode using Fourier transfrom mechanical spectroscopy (FTMS). A multiwave strain signal of 1% amplitude for the 1 rad s -1 component was applied in order to collect G', G" data every 30 s for eight different frequencies: 1, 2, 4, 8, 16, 32, 64, and 128 rad s -1 (more details below). Samples were placed under a nitrogen atmosphere (N 2 99.99%, H 2 O ≤ 5 ppm) during the whole procedure to avoid the potential moisture effect.

𝛼 &'()* = 1 - . /
The uniformity of the reaction kinetic on the IR stage and in the rheometer was investigated for the following system: DGEBA 100 PGE 0 with the addition of 18-crown-6 (0.061 eq. per epoxy functions) and 1,4-butanediol (0.061 eq. per epoxy functions). These additives were used in a previous study. 1 They provide a curing system with a curing rate that is slow enough to stop and quench the reaction for various curing times before completion of the reaction.

A first batch was prepared and studied via IR and rheology according to the protocol reported above.

For the sample crosslinked on the IR stage, an IR spectrum was recorded every 3 min until completion of the reaction.

The very good agreement between the two sets of data indicates that the reaction is proceeding at the same rate in the rheometer and on the IR stage.

Note: the uniformity of the reaction from one batch to another was already investigated in a previous study. 1

FTMS method

In order to make use of the Winter-Chambon criterion, the dynamic moduli must be obtained at different frequencies as crosslinking progresses. One possible way of accomplishing this is to realize dynamic mechanical measurements at constant frequency for various frequency values (=time sweep at various frequency). 2 This requires the preparation of a new sample for each frequency. As a result, this approach is a bit tedious.

Another possibility is to realize frequency sweeps at certain time intervals. 3 In that case, measurement time has to be short as compared to the curing kinetic so that no appreciable changes occur during a given frequency sweep. Thus, this method is inappropriate in most of the configuration where curing is performed in cationic mode (fast reactions).

One possible alternative to circumvent the drawbacks of the two aforementioned methods is to use Fourier transform mechanical spectroscopy (FTMS). 4 This technique is based on the Boltzmann superposition principle, which in simplified terms, states that two or more mechanical waves can simultaneously pass through a material independent of each other (providing they are in the linear viscoelastic range).

Thus, it is possible to apply a compound waveform on the sample of the type:

𝛾 > ? >@6 sin (𝜔 > 𝑡) Eq. (S2)
Where 𝑚 is the number of frequency of the compound waveform, 𝛾 > , the amplitude of the 𝑖 𝑡ℎ component and 𝜔 > the frequency of the 𝑖 𝑡ℎ component (which is an integer multiple of the fundamental frequency 𝜔 8 ).

By measuring the resulting stress from this compound strain, FTMS permits to effectively decouple the frequency dependence and the time dependence of the fluid properties. This enables to directly obtain the complex moduli, 𝐺 L 𝜔 and 𝐺 LL 𝜔 , at several frequencies simultaneously as the system structure evolves with time (see Figures S2 andS3 for a comparison of the mono-and multiwave methods). The minimal duration between two successive measurements is determined by the fundamental frequency, 𝜔 8 . Indeed, measurements at higher frequencies do not require additional time since they are conducted simultaneously. 

The Winter and Chambon criterion

An accurate estimation of the gel point is given by the criterion introduced by Winter and Chambon. [4][5][6][7][8] They revealed that the stress relaxation of a network polymer at the gel point follows a power law:

𝐺 𝑡 = 𝑆𝑡 U^ Eq. (S3)
Where S is the strength of the gel and is dependent on the flexibility of molecular chains and on the crosslink density at the gel point. 

𝐺 LL 𝜔 ~ 𝐺 LL 𝜔 ~ 𝜔 ^ Eq. (S4)
Additionally, the phase angle, δ, between stress and strain is independent of the frequency (𝜔) but is proportional to the relaxation exponent. As a result, the gel point may be identified either by studying the evolution of 𝐺 L 𝜔 and 𝐺 LL 𝜔 , or of their ratio, the loss tangent tan 𝛿 as a function of time and angular frequency:

• In the former case, the gel point is revealed by 𝐺 L 𝜔 and 𝐺 LL 𝜔 curves as a function of the angular frequency, 𝜔, that correspond to parallel lines over a wide frequency spectrum for a given time.

• In the later case, the various curves at different frequencies of tan 𝛿 , as a function of cure time, would coincide at a single point corresponding to the gel point.

In both cases, it is possible to estimate the relaxation exponent, 𝑛. 𝑛 values are well predicted by various model based on scaling theory that further corroborate the validity of the Winter criterion. [9][10][11][12] By using these models, 𝑛 can be related to the geometry of cluster existing at the gel point. 13 4. Calculation the probability that the active end of the propagating chain adds another monomer to the growing chain, q.

By using the methods developed for the simple modelisation of ideal chainwise copolymerization of bifunctional and f-functional monomers, it comes: 14

α klm = (1 -q) [2a p q + ξ 2 ] Eq. (S6)
Where a f is the molar fraction of the f-functional monomer and is given by: The parameter ξ gives the probability that the termination of active species takes place through a mechanism resulting in longer chains than the active chains before termination. Typically, "chain combination" is an example of termination step that results in an increase of M n for the free radical polymerization of vinylic monomers. In this latter case, when termination takes place by combination exclusively, ξ = 1. On the other hand, when termination takes place by chain transfer or disproportionation exclusively (termination mechanism with no change of M n ), ξ = 0.

a p = s×u v wx [ ( 
In the case of the cationic polymerization of epoxy monomers, the situation is a bit more complex because of the many transfer reactions (in particular when alcohols are added to the compositions). They generally result in the formation of alcohols that will either stay unreacted ("dead") or that will react with an activated chain or an activated monomer to provide a longer chain (AM mechanism). In any case, the termination of active species (monomer or chain end) results in the formation of an alcohol that is also a potential active species in the cationic polymerization of epoxy. Another possible mechanism of termination is back-biting 15 but it is an intramolecular reaction that is outside the scope of ideal systems.

Overall, it is very difficult to predict 𝜉 values or even to suggest an estimation of it and the best option seems to consider the two limit cases, i.e. x = 1 (terminations with increase of chain size) and x = 0 (terminations without increase of chain size).

For these two cases, the calculated values of q are reported in Table S1, along the calculate values of a 4 : S9 Table S1: Calculated values of a 4 , the molar fraction of DGEBA and q, the probability that the active end of the propagating chain adds another monomer to the growing chain.

Summary of critical exponent values in gelation models

In gelation models based on the percolation theory, [16][17][18] 

Calculation of M X,c

For the copolymerization of a monomer with a polyfunctional cross-linking agent, 𝑋𝐿, the calculation of 𝑀 •,• can proceed as follow:

Assuming a quantitative reaction of cross-linking and a formation of a network with very few free ends as compared to the number of cross-linking, the concentration of cross-linked chains is expected to be the number of functional group, 𝑛 s , of the cross-linking agent 𝑋𝐿, times its concentration, 𝑋𝐿 : 26,27 𝜈 & = 𝑛 s 𝑋𝐿 Eq. (S9) Thus, it comes: From the resulting formula, it is evident that 𝑀 •,• can be calculated without an experimental density.

Note: additives can be considered as a monomer like PGE. Indeed, diols are inserted in the network just like PGE. Their concentration and molecular weight impact the value of 𝑤𝑡% • ‡ and thus the value of 𝑀 •,• . The only special case is MeO-PEO-OH. This is a monoalcohol. It is thus inserted in the network as a pendant chain. We assumed it does not have a significant impact on the calculation of 𝑀 where 𝛽 is the lattice constant whose numerical value is classically taken as 0.34 for rubbery networks.

𝑅 and 𝑇 have their usual significance and 𝑉 ¥ is the molar volume of the solvent.

The values of 𝛿 and 𝜒 are reported in Table S3.

𝜌 ' the density of the polymer network was experimentally estimated after measuring the volume of weighted samples with a pycnometre. Whatever the composition of the sample (cross-linker content and additives), repeated measurements yield similar values of 𝜌 ' that is about 1.19 g ml -1 . This value is very close to previously reported estimation of the density of cationically polymerized epoxy resins. 31 For each composition, maximal 𝜆 is obtained with pyridine. This is in accordance with the solubility parameter of conventional epoxy resin that one can find in the Polymer Handbook, 𝛿 = 22.3 𝑀𝑃𝑎 Then, the resulting mixture was introduced in the schlenk, equipped with a magnetic stir bar, and the reaction mixture was allowed to stir under nitrogen atmosphere. Reaction is monitored through IR spectroscopy (decrease of the epoxy bending at 914 cm -1 ). After completion of the reaction, the crude viscous polymer was analyzed by SEC.

Solvent screening for the swelling experiment

Procedure for DGEBA 0 PGE 100 :

Similar to DGEBA 0 PGE 100 PEO without PEO addition.

Size exclusion chromatography:

Size exclusion chromatography (SEC) analyses were performed in THF at 35°C, at a flow rate of 1 ml min -1 , with a setup consisting of a Malvern GPC1000 pump and a Viscoteck TDA 305 triple detection array using three thermostated columns set (LT5000L). The apparent molecular weights (M n and M w ) S16

and dispersities (M w /M n ) were obtained with a calibration based on low dispersity polystyrene (PS) standard.

Results: 

Fitting of tan δ peaks

The tan δ peaks obtained in DMA were fitted in order to get an accurate estimation of the height and the full-width-at-half-maximum (FWHM) of the peaks. To do so, we used the "peak analyser" function of OriginPro 8.0.

For each peak, a baseline was defined (see Figure S7, blue line) and the maximum of the curve was automatically detected by the software. For most of the samples, the tan δ peaks are asymmetric. Based on studies previously reported in the literature, 33,34 the peaks were fitted with an asymmetric double sigmoid. The corresponding mathematical function is given by: 

Figure 2 :

 2 Figure 2: Control of the crosslink density of cationically cured epoxy networks through the copolymerization of mono-and di-glycidyl ethers (here DGEBA and PGE).

1. 6

 6 Elastic modulus from DMA Rectangular specimens of length = 25 mm, width = 5 mm, thickness = 1.2 mm dimensions were used to perform dynamic mechanical analysis (DMA) experiments in the tensile mode from -100 °C to + 150 °C with a heating rate of 3 °C min -1 . The dynamic moduli E', E" and the damping factor, tan δ = E"/E' were measured as a function of temperature at a frequency of 1 Hz and an amplitude of 10 µm. Two samples, DGEBA 15 PGE 85 and DGEBA 25 PGE 75 PEO

Scheme 1 :

 1 Scheme 1: The monomers, the initiator and the additives used in this study. PGE = Phenyl Glycidyl Ether, DGEBA = Diglycidyl Ether of Bisphenol A, 4CA + -BF 4 -= 4-chloroanilinium tetrafluoroborate, HO-PEO-OH = Poly(ethylene glycol) (300 g mol -1 ), MeO-PEO-OH = monomethylated Poly(ethylene glycol) (350 g mol -1 ), HO-PPO-OH = Poly(propylene glycol) (400 g mol -1 ), PPD = 3-Phenoxy Propane-1,2-Diol

Figure 3 :

 3 Figure 3: Angular frequency (ω) dependence of storage modulus G' (open symbols) and loss modulus, G" (filled symbols) for the curing of DGEBA 25 PGE 75 at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The plots are represented for various times near the sol-gel transition. The parameter t is the reaction time. The curves have been shifted by a factor A to avoid overlapping.

Figure 4 :

 4 Figure 4: Time dependence of tan δ at various angular frequencies (open circles) obtained by using the Fourier transform mechanical spectroscopy method (FTMS, ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1 ) and time dependence of the epoxy conversion (solid line) obtained by the decay of the IR absorbance at 914 cm -1 during the curing of DGEBA 25 PGE 75 at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The inset illustrates a magnification of the plots in the region close to the sol-gel transition.

Figure 5 :

 5 Figure 5: (a) Real part of the complex viscosity, η', as a function of ε in the pregel region (filled symbols, ε = ε sol ) and storage modulus, G', as a function of ε in the postgel region (open symbols, ε = ε gel ) for the curing of DGEBA 25 PGE 75 at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The data were obtained by FTMS (ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1 ) and the plot represents η' and G' for ω = 1 rad s -1 . (b) Linear least square analysis of the real part of the complex viscosity, η', as a function of ε sol (filled symbols) and storage modulus, G', as a function of ε gel (open symbols), in the vicinity of the gel point for the same system using the same method. The plot represents η' and G' for ω = 1 rad s -1 . η' and G' exhibit a power law dependence allowing the determination of the critical exponent k and z where η' = ε sol k and G' = ε gel z .

  t gel . It is worth noting that HO-PEO-OH and MeO-PEO-OH have very similar (α gel , t gel ) coordinates proving that the number of hydroxyl function of the additive have little influence on the gelation.

Figure 6 :

 6 Figure 6: (α gel , t gel ) coordinates for the curing of DGEBA 35 PGE 65 Y (black squares) and DGEBA 100 PGE 0 Y (grey diamonds) at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The data points are labeled with Y. Y = NA (neat), PPD, PPO, MeO-PEO-OH and HO-PEO-OH. For DGEBA 35 PGE 65 Y the gel time (t gel ) was obtained by using the Winter-Chambon criterion with the data obtained by FTMS (ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1 )and the critical conversion (α gel ) was obtained by using the value of t gel and the evolution of the epoxy conversion as a function of time (see Figure4). For DGEBA 100 PGE 0 (Y = NA), the sol-gel transition was monitored at a frequency of 1 rad s -1 and t gel was determined as the point of crossover of the storage modulus G' and the loss modulus G''.

  the theory predicts the values of the critical exponents n, k and z at the gel point: n = 2/3 = 0.67, k = 4/3 = 1.33 and z = 8/3 = 2.67.

  As the curing temperature is decreased close to or below the glass transition temperature of the growing network, they observed a decrease of both k and z below the values predicted by the percolation model. In our study, increasing x results in an increase of the T g of the epoxy network close to the curing temperature (40 °C) with the same influence on k and z. When considering the influence of the additive Y, it appears that the k and z exponents are mostly unaffected. On the other hand, n values are substantially higher for DGEBA x PGE 100-x PEO as compared to the other additives. Figure 7 represents the evolution of n as a function of 100 -x (PGE wt%) for the different compositions, DGEBA x PGE 100-x Y, used in this study.

Figure 7 :

 7 Figure 7: Evolution of the critical exponent, n, as a function of 100 -x (PGE wt%) for the gelation of DGEBA x PGE 100-x Y, cured at 40 °C with 4CA + -BF 4 -(0.026 equiv. per epoxy function). The values of n are determined by using the Winter-Chambon criterion with the data obtained by FTMS (ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1 ).

Figure 8 :

 8 Figure 8: Ratio between experimental (M X,s ) and calculated (M X,c ) values of the total sample weight that contains one mole of elastically effective network chains for different DGEBA x PGE 100-x Y networks. M X,s is measured by swelling experiments in pyridine, a good solvent of the system. M X,c is calculated assuming the formation of an ideal network. All samples were cured 10 hours at 40 °C and postcured 2 hours at 120 °C prior to measurement.

Figure 8

 8 Figure 8 represents the ratio between the total sample weight that contains one mole of

Figure 9 :

 9 Figure 9: (α gel , t gel , M X,s ) coordinates for the curing of DGEBA 35 PGE 65 Y at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The data points are labeled with Y. Y = NA (neat), PPD, PPO, MeO-PEO-OH and HO-PEO-OH. The grey points correspond to the (α gel , t gel , M X,c ) coordinates. The gel time (t gel ) was determined by using the Winter-Chambon with the data obtained by FTMS (ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1) and the critical conversion (α gel ) was obtained by using the value of t gel and the evolution of the epoxy conversion as a function of time (see Figure4). M X,s is measured after swelling equilibrium in pyridine, a good solvent of the thermoset, for the samples cured 10 hours at 40 °C and postcured 2 hours at 120 °C prior to measurement.

Table 2 :

 2 Properties of the DGEBA x PGE 100-x Y networks. (a) Calculated values of the molecular weight between crosslinks assuming an ideal network (M X,c ). (b) Values of the linear swelling ratio (λ) of circular samples after immersion in pyridine for 2 weeks. (c) Values of the total sample weight that contains one mole of elastically effective network chains (M X,s ) obtained by injecting the value of λ in the Flory-Rehner equation (Eq. (5)). (d) Values of the sol-fraction (w s ) obtained by weighting the samples before and after swelling in pyridine for 2 weeks. (e) Value of the storage modulus in the rubbery plateau at 100 °C (E r '(100)) obtained by DMA of rectangular samples (25×5 mm) in the tension mode with an oscillatory deformation (f = 1 Hz, ε = 1%). (f) Experimental estimation of the total sample

Figure 10 :

 10 Figure 10: (a) Storage modulus (E') versus temperature (-100 °C ≤ T ≤ 125 °C) for (a) DGEBA x PGE 100-x with x = 35 and 25 wt% and for (b) DGEBA 35 PGE 65 Y with Y = none, PPD

Figure 10b illustrates the

  Figure 10b illustrates the variation of the viscoelastic properties with temperature for

T

  α and E' r decrease upon addition of Y and the lowest values are observed for Y = PEO.Again this is consistent with the evolution of the molecular weight between cross-linking, M X,d . M X,d is much larger for Y = PEO and Y = PPD than for the neat system. Moreover, M X,d (PPD) is smaller than M X,d (PEO). The same observation was done with the estimation of M X obtained from swelling equilibrium experiments, M X,s . In particular, M X,s (PEO)/M X,s (PPD) = 1.5 and M X,d (PEO)/M X,d (PPD) = 1.7. These two values are very close confirming that swelling and DMA measurements provide estimations of M X that vary with the same trend as a function of x and Y.

Figure 11a illustrates the 72 Figure 11 :

 7211 Figure 11a illustrates the stress-strain behavior for DGEBA x PGE 100-x with x = 100, 35 and 25

  presence of PPD is accompanied by a decrease of E R and an increase of ε b consistent with the decrease of the crosslink's density observed during swelling experiments (M X,s = 872 g mol -1 for DGEBA 35 PGE 65 and M X,s = 1870 g mol -1 for DGEBA 35 PGE 65 PPD). Given the small difference between the T g of DGEBA 35 PGE 65 and DGEBA 35 PGE 65 PPD, the variation of E R and ε b is most probably illustrative of the influence of the chain length in the glassy state.

Figure S3 :

 S3 Figure S3: Rheometric measurements in the multiwave mode. The sample is subjected to a complex multiwave sinusoidal oscillatory strain (𝐴 6 cos 𝜔 6 . 𝑡 + 𝐴 [ cos 𝜔 [ . 𝑡 + 𝐴 \ cos (𝜔 \ . 𝑡)) resulting from the superposition of several monosinusoidal oscillatory strains. After treatment (Fourrier transform) of the signal resulting from the material response, the evolution of G', G'' and tan(𝛿) is obtained for the three angular frequencies, 𝜔 6 , 𝜔 [ and 𝜔 \ .

  6Uu) v y v wx Eq. (S7) with M XL , the molecular weight of the f-functional monomer (the crosslinker, XL), M m the molecular weight of the bifunctional monomer and x the weight fraction of the crosslinker, XL. In the present study, XL = DGEBA and f = 4.

  Ž<% ‰ŠEq. (S10)where 𝑚 <(< is the mass of the network polymer one considers. 𝑚 • ‡ , 𝑤𝑡% • ‡ and 𝑛 • ‡ are respectively the mass, the mass fraction and the number of mole of cross-linking agent within the network polymer one considers. 𝑀 • ‡ is the molecular weight of the cross-linking agent.

7 . 28 𝛿 30 𝜒

 72830 Estimation of the solubility parameter of the polymer network, δ, the density of the polymer, ρ p and the polymersolvent interaction parameter, χ.In order to have a composition dependent estimation of the solubility parameter of the networks, 𝛿 '(š*?èoe& was estimated on the basis of the simple equation that is usually employed for the calculation of mixtures' solubility parameter: systems DGEBA x PGE 100-x Y were considered as a mixture of the resin (DGEBA+PGE) and an additive (Y). Using the numerical values of 𝛿 oe&Ÿ>^ and 𝛿 ---><>˜& tabulated in Polymer Handbooks, 𝛿 '(š*?&oe was calculated as follow: 𝛿 '(š*?&oe = 𝜙 oe&Ÿ>^. 𝛿 oe&Ÿ>^+ 𝜙 ---><>˜& . 𝛿 ---><>˜&Eq. (S12)The polymer-solvent interaction parameter, 𝜒, was subsequently calculated by employing the Bristow and Watson equation that yields:29, 

Figure S4 :

 S4 Figure S4: 𝝀 versus 𝜹 for various compositions DGEBA x PGE 100-x X. Three solvents are tested: toluene 𝛿 = 18.2 𝑀𝑃𝑎 6 [ , chloroform, 𝛿 = 19 𝑀𝑃𝑎 6 [ and pyridine, 𝛿 = 21.9 𝑀𝑃𝑎 6 [

11 .

 11 Homopolymerization of PGE: DGEBA 0 PGE 100 and DGEBA 0 PGE 100 PEO Procedure for DGEBA 0 PGE 100 PEO:A schlenck was flame dried under vacuum before use and maintained under nitrogen atmosphere. The initiator 4CA + -BF 4 -(0.026 equiv. per epoxy) and HO-PEO-OH (0.061 eq. equiv. per epoxy) were weighted in separated vials and. PGE (2 g, 1 eq.) was added to HO-PEO-OH and stirred to provide an homogeneous mixture. The resulting solution was added to 4CA+-BF4-. Solubilization is immediate.

Figure S6 :

 S6 Figure S6: Size exclusion chromatography for DGEBA 0 PGE 100 and DGEBA 0 PGE 100 PEO.

  tan 𝛿(𝑇) = 𝐴(1 + exp (𝑎)) U6 ×[1 -(1 + exp 𝑏 ) U6 ]Eq. (S14)Where 𝑎 = (𝑇 -𝜇) 𝜎 6 and 𝑏 = (𝑇 -𝜇) 𝜎 [ . When σ 1 = σ 2 , the function is symmetric about µ but is asymmetric otherwise. The peak height is determined by A.

Figure S7 :

 S7 Figure S7: Fitting of the tan δ peak for DGEBA 25 PGE 75 , using an asymmetric double sigmoid function.

  

  

  

  

  

Table 1 :

 1 Gel time, gel conversion, critical exponents and glass transition temperature for the curing of DGEBA x PGE 100-x Y at 40 °C initiated by 4CA + -BF 4 -(0.026 equiv. per epoxy function). The gel time (t gel ), and the critical exponent n are obtained by FTMS (ω = 1, 2, 4, 8, 16, 32, 64, 128 rad s -1 ). The critical conversion (α gel ) and the critical exponents k and z are obtained by combination of FTMS and IR data (see Figure

  1,4-butanediol and 4,9-dioxa-1,12-dodecanediamine, Eloundou et al. found: 41 n = 0.70 ± 0.02, k = 1.44 ± 0.03, z = 2.65 ± 0.02. Similar values were also reported for the gelation of epoxy monomers polymerized by cationic ring opening polymerization. Mortimer et al. studied the critical exponents for the cationic ROP of a trifunctional epoxides and found power law dependences with critical exponents in close agreement with the percolation theory in the Rouse limit.[START_REF] Mortimer | Rheological behavior and gel-point determination for a model Lewis acid-initiated chain growth epoxy resin[END_REF] 

n = 0.64 ± 0.03, k = 1.33 ± 0.03, z = 2.26.

  Figure 10a illustrates the variation of the viscoelastic properties with temperature for DGEBA 35 PGE 65 and DGEBA 25 PGE 75 . The modulus in the glassy state is nearly identical for the two networks and the rubbery plateau of DGEBA 25 PGE 75 is approximately 400 MPa below the plateau of DGEBA 35 PGE 65 . Similarly, the temperature, T α , of the maximum of the main relaxation peak, α, associated with the glass transition is strongly influenced by the

										tan δ
										peak i
	DGEBA 15 PGE 85	1135	1.83	6760	18	NA j	NA j	NA j	NA j	NA j
	DGEBA 25 PGE 75	681	1.48	1780	7.9	1.57	6780	40	2.4	14.7
	DGEBA 35 PGE 65 DGEBA 25 PGE 75 PEO	486 761	1.34 1.74	872 4980	0.9 14	3.64 NA j	3000 NA j	49 NA j	1.9 NA j	14.0 NA j
	DGEBA 35 PGE 65 PEO	543	1.58	2890	5.3	1.59	6760	34	2.2	15.8
	DGEBA 45 PGE 55 PEO DGEBA 35 PGE 65 MeOPEO DGEBA 35 PGE 65 PPO	422 553 562	1.42 1.51 1.58	1300 1990 2840	4.5 6.9 3.2	4.15 NA j NA j	2600 NA j NA j	30 NA j NA j	1.7 NA j NA j	16.9 NA j NA j
	DGEBA 35 PGE 65 PPD	518	1.49	1870	5.7	2.73	3920	48	2.2	15.7
	Dynamic mechanical analysis								

amount of crosslinker, x. T α for DGEBA 25 PGE 75 is 13 °C below T α measured for DGEBA 35 PGE 65 . The values of T α and E' r(100) , the rubbery modulus at 100 °C, are listed in Table

Table 3 :

 3 Tensile properties of the DGEBA x PGE 100-x Y networks. (a) Values of the molecular weight between crosslink (M X,s ) obtained by swelling equilibrium experiment in pyridine. (b)

  Figure 11c compares the influence of PEO and PPD for x = 35 wt%. The tensile profiles of DGEBA 35 PGE 65 PPD and DGEBA 35 PGE 65 PEO are also compared to the profile of the neat system, DGEBA 35 PGE 65 . As previously described, DGEBA 35 PGE 65 PEO exhibits a rubberlike behavior with a low stress at break and a large elongation. Instead, DGEBA 35 PGE 65 PPD is still in the glassy state with a T g very similar to DGEBA 35 PGE 65 (see Table3). This is consistent with the limited impact of PPD on the chain stiffness. As a result, the tensile profile of DGEBA 35 PGE 65 PPD exhibits a yield point and an extensive post-yield flow.Contrarily to DGEBA 35 PGE 65 , strain softening is almost inexistent. Strain hardening is effective but at a slower rate as compared to DGEBA 35 PGE 65 and on a larger strain region. A

  t is the time. 𝑛 is called the relaxation or critical exponent. By considering the Fourrier transform of the above equation, i.e. the complex shear modulus 𝐺 * 𝜔 , it can be deduced that, at the gel point, the storage, 𝐺 L 𝜔 , and loss, 𝐺 LL 𝜔 modulus (𝐺 * 𝜔 = 𝐹𝑇 𝐺 𝑡 = 𝐺 L 𝜔 + 𝑖. 𝐺 LL 𝜔 = 𝑓 𝑛 . 𝑆. 𝜔 ^(cos (𝑛𝜋 2) + 𝑖. sin (𝑛𝜋 2)), depend on frequency in an identical manner:

Table S2 :

 S2 polymerization and gelation are described through the random connection of monomers occupying sites on a lattice of arbitrary dimensions, leading to polydisperse distributions of clusters with fractal geometries. At the gel point an infinite cluster is formed, with a size and a mass that diverge. On the basis of this model, calculations have been reported that consider the clusters under various approximations (Rouse-like dynamics, electrical network analogy). They all result in power law dependences for properties of interest close to the gel point : shear modulus : G' ~ ε z , viscosity : η ~ ε -k , weight average molecular weight :M w ~ ε -γwhere ε is a dimensionless parameter characterizing the distance to the gel point, defined as the chemical conversion and α gel its value at the gel point. Previously reported values of critical exponents (predictions and experiments) are summarized in TableS2. Predicted and experimental values of critical exponents for the gelation of crosslinked networks.

			e	=	a	a -gel	a	Eq. (S8)
	with α Systems					n	k	z	References
	Predicted values	Electrical network model Rouse model Rouse model	without hydrodynamic interactions with hydrodynamic		0.71 0.67 1	0.75 1.33 0	1.94 2.67 2.67	19 9 9
			interactions			
		Chain					
		copolymerization of styrene and	in benzene			0.78	2.1	20
		divinylbenzene					
		Physical gelation					
	Experimental values	of alginate systems Epoxy-amine systems Epoxy-amine systems Epoxy-amine systems	in water in bulk T curing > T g of final network T curing ≈ T g of final network		0.73 0.70 0.70 0.70	0.63 1.4 1.44 1.39	1.81 2.65 2	21 2, 9, 12, 22-25 24 23
		Cationic chain					
		copolymerization of mono-and di-	in bulk			0.70 -0.98 0.90 -1.64	2.20 -2.69	This work
		epoxides					

Table S3 :

 S3 •,• . Calculated values of M X,c , 𝛿 and 𝜒 for the polymer networks used in this study

	Materials	𝑥 'i"". (wt%)	𝑥 •i" (wt%)	𝑥 ---><>˜& (wt%)	M X,c . (g mol -1 )	𝛿 (MJ/m 3 ) 1/2	𝜒
	DGEBA 15 PGE 85	15	85	0	1135	22.3	0.345
	DGEBA 25 PGE 75	25	75	0	681	22.3	0.345
	DGEBA 35 PGE 65	35	65	0	486	22.3	0.345
	DGEBA 25 PGE 75 PEO	22	67	11	761	22.2	0.344
	DGEBA 35 PGE 65 PEO	31	58	11	543	22.2	0.344
	DGEBA 45 PGE 55 PEO	40	49	11	422	22.2	0.344
	DGEBA 35 PGE 65 MeOPEO	31	57	12	553	22.2	0.344
	DGEBA 35 PGE 65 PPO	30	56	14	562	22.1	0.342
	DGEBA 35 PGE 65 PPD	33	61	6	518	22.3	0.345

Table S4 :

 S4 6 [ Measured values of the soluble fraction (𝑤 Ÿ ) according to two procedures (swelling in pyridine at RT for 2 weeks and swelling in toluene at 70 °C for 5 days) and calculated values of the polymer volume fraction in the network obtained after the curing reaction, 𝜈 • , by using 𝑤 Ÿ measured in pyridine.

		𝑤 Ÿ , swelling in	𝑤 Ÿ , swelling in	
	Materials	Pyridine at RT	Toluene at 70 °C	𝜈 •
		(wt%)	(wt%)	
	DGEBA 15 PGE 85	18	19	0.82
	DGEBA 25 PGE 75	7.9	8.2	0.92
	DGEBA 35 PGE 65	0.9	1.1	0.99
	DGEBA 25 PGE 75 PEO	14	13	0.86
	DGEBA 35 PGE 65 PEO	5.3	5.0	0.95
	DGEBA 45 PGE 55 PEO	4.5	4.3	0.96
	DGEBA 35 PGE 65 MeOPEO	6.9	6	0.93
	DGEBA 35 PGE 65 PPO	3.2	3.2	0.97
	DGEBA 35 PGE 65 PPD	5.7	6.3	0.94
	29 .			

IR spectroscopy together with multiwave rheology permit to finely detect the sol-gel transition, according to the Winter-Chambon criterion, and give access to the critical exponents. We found that, despite the wide range of accessible curing profiles and networks, the variations of the viscosity and the elastic modulus near the gel point obey quite constant power laws throughout the series. Surprisingly, the values of the critical exponents are close to those reported for epoxy systems crosslinked by a step polymerization mechanism.

DMA and swelling experiments confirm large variations of the crosslink density depending on the nature of the additives and the mono-to di-epoxides ratio. In all cases, it also reveals the presence of networks defects such as loops and dangling chains.

All in all, these polymerizable formulations results in a very versatile system where both the curing process and the mechanical properties of the material can be tailored. Interestingly, the curing temperature is close to the ambient (40 °C) and only a very short post-curing step (2 h at 120 °C) is necessary to make sure that the material is fully cured. These are key points to prevent evaporation of the volatile mono-epoxide and to limit energy consumption during the curing process. The sol fractions are also small. For all these reasons, the system might be practically relevant to produce tough and rubber-like materials.

Supporting Information:
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For the sample crosslinked in the rheometer, after a given amount of time (t = 360 min), the sample was taken out of the rheometer and quenched in liquid nitrogen. It was then stored in a freezer (-30 °C).

Three other batches of the same composition were prepared and crosslinked in the rheometer (in each case, prior to curing in the rheometer, an IR spectrum of the sample was acquired for t = 0). Similarly, the reaction was quenched after a given amount of time (t = 600 min, t = 780 min and = 900 min).

The four samples crosslinked in the rheometer and quenched in liquid nitrogen were then analyzed by IR spectrometry. The epoxy conversion (at the curing time corresponding to the quenching time) was then calculated by comparison with the spectrum acquired for t = 0.

The data are reported in the following Figure (Figure S1). The red line represents the epoxy conversion obtained for the sample crosslinked on the IR stage (Batch number 1). The black squares represent the epoxy conversion obtained for the samples crosslinked in the rheometer and quenched after a given amount of time.

Figure S1:

Epoxy conversion as a function of time for various batches of DGEBA100PGE0 with the addition of 18-crown-6 (0.061 eq. per epoxy functions) and 1,4-butanediol (0.061 eq. per epoxy functions). The red line represents the epoxy conversion for a sample crosslinked on the IR stage (a spectrum was collected every 3 min). The black squares represent the epoxy conversion for samples crosslinked in the rheometer and quenched in liquid nitrogen after a given amount of time (corresponding to the abscise of the square). For these samples, the epoxy conversion was measured by comparing the IR spectrum collected for the liquid mixture (prior to curing) and the IR spectrum for the sample obtained after quenching in liquid N 2 .

Among possible limitations of this approach, one has to consider that the total strain applied is related to the sum of the Fourier series described by each individual strain. Thus, if individual 𝛾 > are too elevated, then it is possible to go beyond the linear viscoelastic domain of the material. On the other hand, if individual 𝛾 > are too small, the contribution of each mode would be too small to be detectable with sufficient accuracy.

For these reasons, this experimental approach was inappropriate for the study of DGEBA homopolymerization (for which the viscoelastic domain is very narrow due to the high T g of the cured material). Furthermore, for the study of PGE and DGEBA copolymerization, it was necessary to use large cell geometry (Φ = 50 mm, i.e. two times larger as compared to the cells usually used for this type of measurements) in order to increase the signal of the strain of small amplitude components.

FTMS was used on an Anton Paar Physica MCR 501 rheometer operating in the parallel plates geometry (disposable cell with a diameter Φ = 50𝑚𝑚). 𝐺′, 𝐺′′ data were obtained every 30s for frequencies ranged from1 to 100 rad/s (1, 2, 4, 8, 16, 32, 64, 100 rad/s) and for a strain amplitude fixed at 1% for the fundamental angular frequency (𝜔 8 = 1 𝑟𝑎𝑑 𝑠 U6 ). 

Measure of the linear swelling ratio, λ

10.

Measure of the soluble fraction, 𝒘 𝒔 and the polymer volume fraction in the network obtained after the curing reaction, 𝝂 𝒄 .

In order to take it into account the presence of the sol fraction inside the cured network, Eq. ( 5) (the Flory-Rhener equation) and Eq. ( 7) (expression of the rubbery plateau modulus) have been modified with ν c , the polymer volume fraction in the network obtained after the curing reaction and partially swollen by the sol fraction: 𝜈 • = 1 -𝜈 Ÿ = 1 -𝑤 Ÿ . 𝜈 Ÿ and 𝑤 Ÿ are respectively the volume fraction and the weight fraction of the sol fraction with 𝜈 Ÿ = 𝑤 Ÿ assuming that the density of the soluble fraction is equal to the density of the network chains (classical approximation). 32 w s was measured for each sample by comparing the weight of the sample before swelling equilibrium and after 2 weeks in pyridine followed by overnight vacuum drying. Similar values were obtained after swelling the samples in a large excess of toluene at 70°C during 5 days.

These values were then used to calculate 𝜈 • . They are reported in Table S4.

13.

Tensile tests: cyclic loading 14.