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Mechanism and kinetics of oligosilsesquioxanes growth in the ISWP sol-gel route: dependence on the water availability

Thiol functionalized nanobuilding blocks (NBBs) have been synthesized from 3mercaptopropyltrimethoxysilane, using the in-situ water production (ISWP) process in which the water needed to hydrolyze the precursor was provided via an esterification reaction. In the present study the reaction between 1propanol and chloroacetic acid was used. While the growth of the Si oligomers has been followed at room temperature and 100 °C with 1D 29 Si and 2D 1 H-29 Si HSQC NMR experiments, the amount of water delivered along the process was followed by 1 H NMR. The results show a good correlation between the evolution of the degree of condensation and the amount of water produced in situ. They also point out the preferential formation of cage-like structures and the narrowing of the species distribution at long reaction time. The average size of the growing oligomers was estimated from their diffusion coefficient that was measured by 1 H diffusion-ordered NMR spectroscopy (DOSY NMR). Like gel permeation chromatography, DOSY NNR shows a plateau between 70 to 100 hours in the growth of the oligomers, a time when, according to 29 Si NMR, the well-defined octakis(3mercaptopropylsilsesquioxane) is the major species.

Introduction

Hybrid organic/inorganic materials are highly promising multifunctional materials in a vast area of applications. [1][2][3] They have been widely exploited during the last decade thanks to the structural flexibility and possibility of controlling their structure on the nanometric scale. Many strategies can be followed in order to prepare such hybrids. [START_REF] Gómez-Romero | Functional Hybrid Materials[END_REF] Among them, sol-gel process is a well-established one and allows preparation of homogeneous hybrids starting from alkoxide precursors and using hydrolysis-condensation reactions. The organoalkoxysilanes of the type RnSi(OR')4-n, with various R organic functional groups and OR' alkoxy groups, are well-known as precursors for the preparation of silica-based organic/inorganic hybrids. [1,2] Silsesquioxanes prepared via hydrolysis-condensation of organoalkoxysilanes find applications among the most popular commercial sol-gel products, particularly in the field of coatings. [START_REF] Kickelbick | Hybrid Materials[END_REF] A number of studies were carried on different organically modified alkoxysilanes, where their pre-hydrolysis step usually initiates the network formation. [START_REF] Ogasawara | Colloids Surfaces A Physicochem[END_REF][7][8][9][10][11][12][13][START_REF] Brochier Salon | Colloids Surfaces A Physicochem[END_REF][15][16][17][18][START_REF] Brochier Salon | Colloids Surfaces A Physicochem[END_REF][20] However in the case of conventional hydrolytic sol-gel synthesis some negative aspects such as local inhomogeneity and low crosslinking degree of the final material structure are often unavoidable. [START_REF] Burggraaf | Fundamentals of Inorganic Membranes and Technology[END_REF] In order to overcome these negative aspects, the nanobuilding blocks (NBBs) approach can be used for hybrids preparation, [1,22,23] thus preserving initial structural features during the formation of the final material and allowing to fine tune the properties. [24,25] As we reported recently the NBBs synthesis is achievable under strictly controlled conditions exploiting in situ water production (ISWP) provided by the esterification reaction between a carboxylic acid and an alcohol. These reactions were compared in terms of the influence of the chosen reagents on the condensation degree and the product structure. [26,27] In this paper we report on the structural development and growth mechanisms of NBBs prepared by the ISWP route from 3-mercaptopropyltrimethoxysilane (McPTMS). This starting precursor, with its thiol function is interesting for different applications, ranging from the immobilization on the hybrid surface of bio-molecules, such as enzymes or proteins [START_REF] Pierre | Biocatal[END_REF] and transition metals, [29] to the development of bio-sensing [30] and peptide separation [31] devices. All these applications require particular control of the availability and reactivity of the SH functions in the final hybrids. 1 H NMR, 29 Si NMR, Pulsed Field Gradient Spin Echo 1 H NMR (DOSY), Gel Permeation Chromatography and FTIR techniques were combined to yield a deeper insight on the chemical composition and structural network development in relation with reaction time. Optimization of the hydrolysis-condensation extent, with preferential cage-like and ladder-like small oligomers formation, was reached by time-dependent monitoring of two different temperature conditions: room temperature and 100 o C.

Results and Discussion

Alkoxysilanes hydrolysis-condensation kinetics is known to depend, among other factors, on the H2O availability in the reacting system. [START_REF] Kickelbick | Hybrid Materials[END_REF]32,33] In the ISWP route used in the present work, the water is generated in situ by the esterification reaction between chloroacetic acid and 1-propanol (Figure 1, reaction a). The water availability depends on the kinetics of reaction a, which is affected, apart from other factors, by the temperature. Moreover, as the alcohol used is 1-propanol but the precursor introduced is a trimethoxy, transalcoholysis can also take place (Figure 1, reaction b). It yields new alkoxysilane precursors, of general formula HSCH2CH2CH2Si(OMe)3-n(OPr)n (with n = 1,2 or 3), and free methanol that can be involved both in an esterification reaction, similar to (a), and in a transesterification reaction (Figure 1, reaction c). All these reactions are simultaneous and interconnected in the means of their reagent-products interaction and reactions kinetics, thus the influence of such a system on the hydrolysis-condensation of McPTMS is complex. To follow the structural development and the growth of NBBs in situ, 29 Si NMR spectra were acquired for solutions reacted at room temperature or 100 °C after different times ranging from 0.5 to 380 hours. Figure 2 presents a selection of 29 Si DEPT NMR spectra acquired during the first 72 hours of reaction at room temperature. Their general formula is HSCH2CH2CH2Si(OMe)n(OPr)p(OH)3-(n+p) with n and p equal to 0, 1, 2 or 3 (but n+p ≤ 3). The replacement of Si-OR or Si-OH moieties by Si-O-Si link, that occurs upon condensation, is known to cause a high field shift for each additional siloxane bridge. [34] Accordingly, the more complex and overlapping signals that grow with time between -48 and -54 ppm correspond to T 1 sites (i.e. Si with just one Si-O-Si link), while the weak ones that start to appear after 16 hours between -55 and -62 ppm are associated to T 2 environments (i.e. Si with two Si-O-Si links). No further condensed T 3 sites (i.e. Si with three Si-O-Si links) are observed after 72 hours at room temperature. According to the very small amount of T 2 sites, most of the T 1 signals are related to dimers of general formula RSi(OPr)n(OMe)p(OH)2-(n+p)-O-Si(OPr)n'(OMe)p'(OH)2-(n'+p')R, where R stand for -CH2CH2CH2SH and n, p, n' and p' equal 0, 1, or 2 (but n+p ≤ 2 and n'+p' ≤ 2). When n equals n' and p equals p', the corresponding dimers are symmetric and give rise to one signal, whereas in all other cases two signals are expected.

With the help of the time evolution of the T 0 signals and 1 H- 29 Si HSQC (or HMBC) experiments, that allow correlating a given Si signal with the proton signals of -OCH3 or -OCH2-moieties attached to this silicon, a complete assignment of the T 0 region was possible. It is schematically presented in Figure 3. The substitution of an alkoxy group by a hydroxyl group induces a conventional downfield shift [33] in the ranges 0.9 -0.6 ppm and 2.2 -1.8 ppm for methoxy and propoxy replacement, respectively. This downfield shift decreases with the increase of hydrolysis ratio. Such effect can be traced to steric interaction, as previously described. [35] On the contrary, the high field shifts observed upon substituting a methoxy group by a propoxy group equals 1.26 ± 0.02 ppm, regardless of the amount of hydroxyl groups in the monomers. A stack plot of 29 Si DEPT NMR spectra is shown in Figure 4 for the first 48 hours at 100 °C. Peaks are spread in four main separated groups. They reflect the condensation reactions and can be assigned as follow: T 0 (from -39 to -46 ppm), T 1 (from -48 to -54 ppm), T 2 (from -54 to -63 ppm), T 3 (from -63 to -70 ppm). Figure 4 highlights the changes that species undergo during the reaction: the gradual disappearance of T 0 and T 1 units, the recombination of T 2 units and the formation of T 3 units, among which the most intense peak at -66.7 ppm can be attributed to the [T3]8 cage. [36] As expected, the reactions proceed much faster than at room temperature and a higher degree of condensation is reached. After only 0.5 hour, some T 2 sites are already observed, indicating the rapid formation of trimers or oligomers of higher nuclearity, but the main species are still dimers. After 48 hours, only T 2 and T 3 sites are observed, indicating the total disappearance of dimers. As DEPT introduces a different transfer function for each environment, quantification requires the assignment of each signal and is therefore tedious and not straightforward. [32] Yet, comparison of the T n relative integrals of 29 Si DEPT and quantitative 29 Si NMR experiments for various ageing times at 100 °C (Table 1) shows a good agreement within the accuracy of the method. Accordingly, 29 Si DEPT NMR data can be considered quantitative in this peculiar case and kinetic profiles of the various T n species can be extracted from the 29 Si DEPT NMR experiments. They are presented in the Figure 5. Table 1. Comparison of the T n relative amounts determined in 29 Si DEPT (D) or quantitative inverse gated decoupling (Q) 29 Si NMR experiments for various ageing times at 100 °C. 1 H NMR spectra, obtained between 0.5 and 380 hours of reaction at 100 °C, also bring information on the evolution of the system. The 1 H NMR spectrum for 24h hours is presented as an example in Figure 6. A full assignment of the signals has been performed with the help of 1 H-13 C HSQC and HMBC, as well as 1 H- 29 Si HSQC or HMBC. 1 H NMR confirmed the transalcoholysis (reaction b), already observed by 29 Si NMR (Figure 2), and also the formation of propyl chloroacetate and methyl chloroacetate.

Time T 0 T 1 T 2 T 3 D Q D Q D Q D Q 5h 
1 H NMR has also evidenced a partial loss of -SH functionality after ca. 20 hours of reaction at 100 °C, as can be seen in the zoom insertion for higher reaction times in Figure 6. A new signal, labeled g2, appears at slightly higher chemical shift than signal g1 (HS-CH2-). As 1 H-13 C HMBC clearly shows a correlation of this new signal with a 13 C signal in the carbonyl region (ca. -170 ppm), this g2 signal was attributed to the gamma protons of the chlorothioacetate derivatives of propylsilane: ClCH2-C(O)S-CH2-CH2-CH2-SiO3. These species are either formed by a direct reaction between McPTMS derivatives with free ClAA, or via transesterification reactions between McPTMS derivatives and propyl chloroacetate or methyl chloroacetate. This loss of -SH functionality is about 10% at 80 hours and reaches 40% after 380 hours at 100 °C. The formation of these parasitic species is clearly activated by temperature. Sols prepared at 100 °C for 80 hours and then stored for 90 days at 5°C do not show any evolution of their g1 and g2 signals, and exhibit an identical amount (90%) of -SH functionality in the fresh and stored sols.

As in situ water formation, used in this work, depends on the kinetics of the esters formation, 1 H NMR analysis was used to determine the amount of water produced for each reaction time. Deconvolution of the overlapping components attributed to ClAA (e), methyl chloroacetate (e') and propyl chloroacetate (e"), as shown in Figure 7, allowed to quantify these compounds and derived the amount of produced water (A(H2O)) for a given reaction time, from equation 1 in which e, e' and e" represent the integral of each signal. The kinetics of water production is presented in Figure 8 for both temperature conditions. They compared very well with the time evolution of the degree of condensation (DOC) that can be computed from 29 Si NMR data with the formula displayed in equation 2. This good match emphasizes the relation that exists between the extent of water availability and condensation. Water is continuously produced at room temperature by the esterification reaction and reaches only a maximum amount of 45 % of the theoretical value (i.e. H2O/Si = 6) after 80 hours. This rather low production of water results in a poor condensation of the siloxane network with only a small amount of T 2 and almost no T 3 species. On the contrary, the sol-gel reaction at 100 °C leads already after 1 h to the availability of about the same amount of water. After 24 h the water production reaches its maximum (about 90% of the theoretical value). The high temperature conditions (Figure 5) increase strongly the hydrolysis-condensation capability, with only few % of residual monomer found after 1 h. The structural recombination of T 2 into T 3 species after longer reaction times is noteworthy and 29 Si DEPT NMR spectra acquired after selected reaction times are presented on the Figure 9.
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Owing to the vast number of species formed, their detailed attribution is complicated, but nevertheless the assignment of peak groups related to the typical structures can be attempted. Formation of cyclic species and their further rearrangement to more complex architectures is a known feature of silsesquioxanes polymerization under acidic conditions. [37,38] The 29 Si signals of the smaller (RSi(OR')O)n cyclic products (n ≤ 4 and R'=Pr, Me, or H) show a lower field shift in comparison to the linear T 2 , because the cyclization reduces the valence angles, decreasing density of positive charge on Si atoms. [39] The smaller cycles demonstrate lower field shift as a result of increasing internal tension, thus the sharp signals in the Figure 9 4), reaching the maximum by 9 hours, and then decreases gradually with a plateau in the range of 21-24 hours of reaction. The signals in the range from -59 to -61 ppm (green) can be attributed to the middle Si atoms of linear T 2 species, and also to (RSi(OR')O)n cycles (n=5, 6). [40] Detailed assignment of the species in green region is unclear due to the extensive amount of possible signals for these cycles.

The T 3 region is composed of five groups of peaks, where the two overlapped peaks around -64.2 ppm can be attributed to the signals of ladder-like and T6 cage-like species. Both species are likely formed by the cycles, detected in the T 2 region, that can build this type of structures in one step. [40] The signals centered at -65.6 ppm can be assigned to (T 3 )4T 2 (X)T 2 (Y)T 2 (Z) species (where X, Y, Z can be OPr, OMe or OH). Such species can also be described as the T8 cages with one Si atom missing. The sharpest signal at -66.7 ppm (red) belongs to closed T8 cages, as reported previously, [36] and since it is well known that the half-peak width decreases with increase in regularity of the species skeleton. [40] The corresponding signal appears well visible in the spectra collected after 9 hours of reaction, grows gradually until the plateau in the range of 21-24 hours of reaction and reaches the maximal intensity and minimal half-peak width by 80 hours. It is noteworthy, that detection of T8 cages starts simultaneously with reduction of (RSi(OR')O)4 cycles net amount and also respects the 21-24 hours growth plateau. Contrariwise to (RSi(OR')O)4 cycles, the net amount of other T 2 species changes negligibly in the time range 9-21 hours. Considering the high chemical stability of the (RSi(OR')O)4 cycles, [40] they most probably directly rearrange into the T8 cages. Such rearrangement starts when the amount of water produced in situ reaches 75% of the theoretical value, which can be considered as the transformation threshold value.

New groups of signals centered at -67.8 ppm and -68.6 ppm appear in T 3 region after 24 hours of reaction. According to Laine, the 29 Si NMR resonance associated to the T10 cage is located 0.7 ppm at lower frequencies than the one of the T8 cage (i.e. ca -67.4 ppm) and the 29 Si NMR resonances associated to the T12 cage are 0.5 and 2.3 ppm at lower frequencies than the one of the T8 cage (i.e. ca -67.2 and -69.0 ppm). [41] These proposed values match well the one observed here. However, for Ervithayasuporn, the shifts to lower frequencies are larger (1.9 ppm for the T10 resonance and 1.6 and 4.3 ppm for the T12 resonances), [42][43][44] which in our case would result in a T10 cage around -68.6 ppm and T12 cages around -68.3 and -71.0 ppm. It seems therefore difficult to exactly assigned these two new groups of signals, but they likely correspond to higher member cages (T10, T12 and other bigger and less symmetrical polyhedral structures). Moreover, contrary to T8 cages the mechanism of these species formation cannot be pointed out clearly.

By 380 hours of reaction, a broadening of all signals is observed. The branching or co-condensation of incompletely condensed cages may result in the formation of poly-cage structures with higher molecular weights. As a result, restricted mobility of such species, increase in reaction solution viscosity, as well as the substantial number of possible structural combinations can be the main reasons of observed signals broadening. Apart from that, the signal attributed to the ladder-like species (-64.2 ppm) almost disappears by 380 hours of reaction, suggesting the ladders rearrangement into polyhedral structures.

To confirm the species identification, FT-IR measurements were performed on as-made sols after various reaction times at 100 °C (Figure 10). Spectra indicate that Si-O-Si links are well formed via the condensation of McPTMS, as shown by intense and broad bands in the region between 950 and 1200 cm -1 . The band at 1033 cm - 1 that can be attributed to the open chains, [26] is visible at the early stages of reaction, but begins to fade already after 6 hours of reaction. The bands at 1095 cm -1 and at 1067 cm -1 can be attributed to (T 1 )2(OH)4 and ladder-like species respectively. However, it appears that strong bands at 1097 cm -1 and 1053 cm -1 of 1-propanol, highly abundant in sols, contribute to the same region, complicating the analysis. The band at 996 cm -1 , attributed to (T 3 )4(T 2 )2(OH)2 open cages, shows the gradual intensification of related shoulder after 24 hours of reaction. The band centered at 1135 cm -1 can be attributed to T8 cage-like species. [41] The amount of T8 species increases starting from about 6 hours and reaches its maximum by 72 hours of reaction, when the corresponding peak experiences slight reduction of intensity and broadening. The characteristic absorption of S-H stretching vibration is identified by a very weak and broad band at 2560 cm -1 (not shown). Accordingly, conclusions on -SH functions reactivity in produced NBBs and their decrease with time can only be inferred from 1 H NMR measurements (vide supra). The evolution with reaction time of oligomers size distribution was evaluated by gel permeation chromatography (Figure 11). The retention volumes can be converted into equivalent molecular weights using polystyrene standards calibration. Yet, such a conversion can present some limitations on this type of systems, as previously reported. [39] In agreement with FTIR and NMR, a variety of small oligomers are formed within the first 2 hours of reaction at 100 °C. These oligomers are distributed into three retention volumes: 23.95, 23.23 and 22.85 ml. After 6 hours of reaction, the GPC trace still shows three main families of species with smaller retention volumes (23.07, 22.73 and 21.37 ml), in agreement with the overall growth of the oligomers. After 24h of reaction, further growth and recombination lead to only two contributions: a major one at 22.50 ml and a minor one at 21.22 ml. Till 72 hours, these two contributions keep on growing to reach equivalent molecular weights of 760 and 1430 Da, corresponding to retention volumes of 22.10 and 20.77 ml, respectively. From 72 to 96 hours of reaction, the growth appears stopped, but after 380 hours the two main contributions in the GPC trace increase to 950 and 1770 Da, which correspond to retention volumes of 21.62 and 20.32 ml. The smaller species are likely associated to simple cage and ladder-like species, while the bigger ones might correspond to more complex poly-cage architectures.

The growth of the oligomers was also evaluated by 1 H PFG NMR (or DOSY NMR). [46] This technique measures translational diffusion coefficients, which can then be converted into hydrodynamic diameters with the well known Stokes-Einstein formula (Equation 3), where T is the temperature (298 K), kB the Boltzmann constant (1.38 10 -23 JK -1 ), h the viscosity of the medium (0.501 cP for [D8]THF at 298 K [47] ), and DT the diffusion coefficient. This hydrodynamic diameter is just an estimation of the size of the species as it merely corresponds to the diameter of a spherical object that would exhibit the same diffusion coefficient.
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These measures were performed in THF-d8, the deuterated version of the GPC solvent. To take into account a possible evolution of the viscosity caused by the siloxane oligomers, octakis(trimethylsiloxy)silsesquioxane (Q8M8) was added to each sample. A diffusion coefficient of 6.5 ± 0.1 10 -10 m 2 s -1 , was found in all the samples for the Si-CH3 signal, around 0 ppm, associated to Q8M8. This value corresponds to a hydrodynamic diameter of 1.34 nm, in good agreement with the molecular dimensions of Q8M8, which is a globular and isotropic entity. Because of strong overlapping with resonances related to propanol or propyl chloroacetate (Figure 6), the signals h and i of the siloxane species could not be confidently analyzed. Only the results obtained for signals g1 and g2 are reported in Table 2 as normalized diffusion coefficients, i.e. ratios of a diffusion coefficient by the diffusion coefficient of Q8M8. The corresponding hydrodynamic diameters are also given in Table 2. The attenuation profiles measured at each studied reaction time were always mono-gaussian and, accordingly, only one diffusion coefficient was necessary to describe each species at a given reaction time. This result might appear contradictory to GPC, which evidenced two main populations above 24 hours, but the resolution by DOSY of two diffusive components in a single signal is known to be rather difficult, especially when they differ by a factor lower than two. [46] Analysis of the DOSY results was therefore mainly focused on their evolution with the reaction time. While the normalized diffusion coefficient measured for g1 decreases from 0.84 to 0.72, when the reaction time goes from 24 to 380 hours, the one associated to g2 appears rather constant at 0.73. It seems therefore that the chlorothioacetate siloxane derivative, ClCH2C(O)SCH2CH2CH2SiO3, is mostly formed with the larger oligomers (i.e. smaller diffusion coefficients). The evolution observed for signal g1 corresponds to a rather small change in hydrodynamic diameter: from 1.57 to 1.83 nm, i.e. by a factor of ca. 1.16. The factor is even smaller (~1.08) when considering the evolution from 72 to 380 hours. This small evolution corresponds however to a change in volume by a factor of ~1.26 (i.e. 1.08 3 ). This factor is in good agreement with the equivalent mass evolution measured by GPC between 72 and 380 hours, which corresponds to a factor of 1.23-1.24 for both populations (vide supra). This good match seems also to indicate that the formed NBBs are rather globular (Mw α dH 3 ). DOSY NMR results also confirm the growth plateau observed by GPC between 72 and 96 h of reaction time.
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It is worth of noting that, apart from the stability of thiol function during storage (vide supra), the NBBs oligomers stored in as-made sols for 90 days at 5 °C did not show any structural evolution and retained their average molecular weights. Such stability can be an asset for further processing for desired applications. Indeed, the NBBs after different reaction times (24, 48, 80 and 380 hours) were tested for coating applications before and after their storage. All sampled sols demonstrated good filming ability on both soda lime glass and pure silicon substrates, resulting in smooth featureless coatings, prepared by spin-coating technique.

Conclusions

This study investigates the complex kinetics of growth of the thiol-functionalized Nanobuilding Blocks (NBBs). ISWP route was exploited for the sol-gel preparation of NBBs. In this route, the water provided in situ by the esterification reaction of chloroacetic acid and 1-propanol enabled the hydrolysis-condensation of 3mercaptopropyltrimethoxysilane (McPTMS). 1 H NMR, 29 Si NMR, 1 H DOSY NMR, Gel Permeation Chromatography and FTIR were jointly applied for the characterization of sols. Despite a rich number of species formed at early ages, we were able to characterize structural units growth and recombination during the reactions. Optimization of the hydrolysis-condensation extent was explored by time-dependent monitoring of different temperature conditions reactions: room temperature and 100 o C. It was shown, that the Si network structural features can be tuned by simply controlling the reaction duration. The water generated during the reaction was derived from 1 H NMR spectra fitting. Paired with the degree of condensation of NBBs, it demonstrated that hydrolysis-condensation rate follows the in situ water production trends versus reaction time. It was found, that after reaching a threshold value of the water availability in the reaction mixture (75% of theoretical value with exploited conditions), the cyclic species of Si network tend to directly rearrange into the cage-like species. -SH functions availability in the final material was evaluated by 1 H NMR, showing that 10% of -SH functionality has disappeared by 80 hours of reaction at 100 o C, when the NBBs were represented mainly by cage-like oligomers and ladder-like species. The combination of gel permeation chromatography with 1 H DOSY NMR gave two different looks at the NBBs growth process and seems to suggest that the NBBs exhibit a globular architecture.

Experimental Section

1. Materials and reagents 3-mercaptopropyltrimethoxysilane (McPTMS), dibutyltin dilaurate (DBTL) were purchased from ABCR and used without any further purification. Chloro-acetic acid (ClAA), 1-propanol (PrOH), octakis(trimethylsiloxy)silsequioxane (Q8M8), and NMR deuterated solvents ([D8]THF, CDCl3 and D2O) were purchased from Sigma-Aldrich and used as received.

Synthesis of thiol-functionalized NBBs

The synthesis of the thiol-functionalized nanobuilding blocks (NBBs) was performed in nitrogen atmosphere using Schlenk technique. All solvents were dried before use, following standard procedures. [48] All the glassware used for reactions was dried in oven at 80 °C for 24 hours prior to use. 465 µl of McPTMS (2.5 mmoles, 1 eq.) was diluted in PrOH (3.36 ml, 18 eq.) in a self-condensing Schlenk flask. ClAA (1.417 g, 6 eq.) and the condensation promoter DBTL (22 µl, 0.015 eq.) were then added to the solution under vigorous stirring. The clear solution was left reacting at room temperature or 100 °C for different times. The reaction solution kept its initial transparency and homogeneity, and no precipitate was ever observed after all analyzed reaction times at both room temperature and 100 °C conditions.

Characterization Techniques

The FT-IR spectra of as-made solutions were recorded on a Thermo Optics Avatar 330 instrument, in transmission mode in the range 4000 to 400 cm -1 using KRS-5 windows (256 scans, 4 cm -1 resolution).

Gel Permeation Chromatography (GPC) traces were recorded with a Knauer system (Smartline Pump 1000 and RI detector 2300) completed with Polymer Laboratories-Varian PLgel 5 µm MIXED-C columns (7.5 x 300 mm). Samples of reaction solutions were injected (20 µl) and pumped through the columns with THF as mobile phase (flow-rate: 1 ml . min -1 ). The calibration curve was measured using polystyrene standards (Polymer Laboratories) with Mw ranging from 580 to 100000 Da. Solution 29 Si NMR spectra were collected on a Bruker Avance III 400 instrument (400.13 and 79.49 MHz, for 1 H and 29 Si, respectively) equipped with a 10 mm BBO probe. Sols were analyzed as prepared in 10 mm NMR tubes with just a 3 mm D2O coaxial capillary inserted for the lock. 29 Si-{ 1 H} NMR spectra were mainly with a DEPT (Distortionless Enhancement by Polarization Transfer) sequence using the following experimentally adjusted parameters: evolution period (1/2J) of 55 ms (i.e. an equivalent coupling of ca. 9 Hz), 3 rd 1 H pulse of 33°, and recycling delay of 4 s. Spectra with a good signal-to-noise ratio were obtained within 30 min, allowing to properly monitor the species along the ageing time. Quantitative 29 Si-{ 1 H} NMR experiments, using inverse gated decoupling to avoid NOE, were also acquired for selected reaction times (5, 9, 24, 48 and 380 h) with the following parameters: pulse angle of 30°, acquisition and decoupling time of ca. 0.75 s, and recycling delay of 10 s (much larger than the decoupling time). Spectra with a good signal-to-noise ratio were obtained in 4h. The 29 Si chemical shifts are referenced to tetramethylsilane (TMS) and the silicon units are labeled according to the usual notation: T n where T represents SiCO3 units and n the number of siloxane bridges. 1 H, 1 H-n X ( 13 C or 29 Si) and 1 H DOSY NMR experiments were recorded on a Bruker Avance III 300 spectrometer (300.13, 75.47 and 59.62 MHz for 1 H, 13 C and 29 Si, respectively) using a 5 mm BBFO probe equipped with a zgradient coil providing a maximum gradient strength of 49.7 G.cm -1 . Deuterated solvents were added in various amounts to the solutions to analyze or, alternatively, a D2O capillary was introduced in the 5 mm NMR tube. All experiments were performed, at 25 o C. 1 H-n X HSQC (Hetero Single Quantum Correlation) and HMBC (Hetero Multiple Bond Correlation) 2D experiments were performed with standard pulse sequences from the Bruker library (hsqcetgp and hmbcetgpnd). The delays in the sequences were set for coupling constants of 145 and 5 Hz for 1 H-13 C HSQC and HMBC, respectively, and 9 Hz for 1 H- 29 Si HSQC or HMBC. 1 H DOSY NMR experiments [46] were performed with a double stimulated echo (dstebpgp3s) to compensate possible convection artifacts. [49] Sine shaped bipolar gradient pulses and an eddy current delay of 5 ms were used. The gradient amplitude was varied, in 32 increments, from 2 to 90% of the maximum gradient strength. The diffusion delays and gradient pulses length were in the range 100 -600 ms and 0.7 -2.0 ms, respectively. They were set to achieve an attenuation of ca. 95% for the signals of interest at the higher gradient strength. 50 µl of as prepared sols were diluted into 700 µl of [D8]THF and 5 to 10 mg of Q8M8 was added as an internal reference. [50] 1 H chemical shifts are referenced to TMS, using the signals of the protonated impurities of the solvents as secondary references (7.26, 4.70, 1.72 and 3.58 for CDCl3, D2O and [D8]THF, respectively [58] ). All NMR data processing and treatments (integration, fitting, deconvolution, and analysis of DOSY attenuation profile,) were performed with Topspin 3.1, the Bruker built-in software package.

Figure 1 .

 1 Figure 1. Esterification (a), transalkoholysis (b) and transesterification (c) reactions occurring in the reaction mixture.

Figure 2 .

 2 Figure 2. 29 Si DEPT NMR spectra of thiol functionalized NBBs obtained by mixing McPTMS, PrOH, ClAA and DBTL (1:18:6:0.015) after various times at RT. T-units structures are shown for reference.

Figure 3 .

 3 Figure 3. 29 Si NMR chemical shifts for the ten T 0 species that can be generated upon mixing McPTMS, PrOH and ClAA. A: RSi(OPr)3, B: RSi(OPr)2(OMe), C: RSi(OPr)(OMe)2, D: RSi(OMe)3 (i.e. McPTMS), E: RSi(OPr)2(OH), F: RSi(OPr)(OMe)(OH), G: RSi(OMe)2(OH), H: RSi(OPr)(OH)2, I: RSi(OMe)(OH)2, and J: RSi(OH)3 (R = -CH2CH2CH2SH).

Figure 4 .

 4 Figure 4. 29 Si DEPT NMR spectra of thiol functionalized NBBs obtained by mixing McPTMS, PrOH, ClAA and DBTL (1:18:6:0.015) after various times at 100 o C.

Figure 5 .

 5 Figure 5. Evolution of the amount of T n species during reaction at 100 °C for McPTMS/PrOH/ClAA/DBTL in a 1:18:6:0.015 ratio.

Figure 6 .Figure 7 .

 67 Figure 6. 1 H NMR spectrum and assignments after 24 hours of reaction at 100 °C. Zoom on the signals labelled g (S-CH2-) for increasing reaction times (24, 48, 80, 380 hours).

Figure 8 .

 8 Figure 8. Kinetics of the in-situ water production and degree of condensation (DOC) determined for the sols at different times of reaction for McPMS/PrOH/ClAA/DBTL in a 1:18:6:0.015 ratios.

Figure 9 .

 9 Figure 9. 29 Si DEPT NMR spectra of thiol functionalized NBBs in the T 2 -T 3 region after selected reaction times at 100 o C.

  in the range -54 to -56.5 ppm (yellow) can be attributed to the most constrained (T 2 )3 cyclic units, bearing different alkoxy or -OH groups. This region contains also the T 2 signals associated to the condensed cyclic units [(T 2 )2(T 3 )] and [(T 2 )(T 3 )2]. The group of resonances centered at -58 ppm (blue) is due to (RSi(OR')O)4 cycles. As each silicon can bear an OPr, OMe or OH moiety, and due to different possible isomerization of such species, this group of signals appears broad due to the overlapping of vast number of individual resonances. The net amount of (RSi(OR')O)4 cycles in reaction solution increases from the first hours of reaction (see Figure

Figure 10 .

 10 Figure 10. FTIR spectra of sols (McPTMS/PrOH/CLAA/DBTL 1:18:6:0.015) with increasing reaction time from 2 to 380 hours (bottom to top) at 100 o C.

Figure 11 .

 11 Figure 11. GPC traces of sols (McPTMS/PrOH/CLAA/DBTL 1:18:6:0.015) with increasing reaction time from 2 to 380 hours at 100 °C.

Table 2 .

 2 Normalized DT and hydrodynamic diameters 𝒅 𝑯 of species corresponding to g1 (2.73 ppm) and g2 (2.84 ppm) resonances by 1 H DOSY NMR in THF-d8 at T=298K. (a): too weak signal to be analyzed.
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