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

The synthesis of mesoporous silica nanoparticles was investigated by pH monitoring, which gives valuable complementary information to the currently accepted mechanism.

Introduction

Mesoporous silica nanoparticles (MSNs) are being widely investigated for applications in nanomedicine, owing to their elevated porosity, rigidity, biocompatibility and ease for further surface modifications [START_REF] Vallet-Regí | Engineering mesoporous silica nanoparticles for drug delivery: where are we after two decades?[END_REF]. Their synthesis is usually performed by sol-gel reactions from tetraethoxysilane (TEOS) in the presence of cetyltrimethylammonium bromide (CTAB, CTA + , Br -) as structuredirecting agent. Though multiple preparation methods have been reported to date in order to control their size and texture, [START_REF] Vallet-Regí | Engineering mesoporous silica nanoparticles for drug delivery: where are we after two decades?[END_REF][START_REF] Kachbouri | Synthesis and characterization of a new silica nanoparticles using APG/CTAB as modified agent[END_REF][START_REF] Beltrán-Osuna | Colloidal and spherical mesoporous silica particles: synthesis and new technologies for delivery applications[END_REF][START_REF] Wu | Synthesis of mesoporous silica nanoparticles[END_REF][START_REF] Pal | Recent Trends in Morphology-Controlled Synthesis and Application of Mesoporous Silica Nanoparticles[END_REF][START_REF] Florensa | Key Parameters for the Rational Design, Synthesis, and Functionalization of Biocompatible Mesoporous Silica Nanoparticles[END_REF] two main systems are employed: (i) ammonia-based recipes, where ammonia acts both as basic and nucleophilic catalyst; (ii) sodium hydroxide-based recipes, where the hydroxide ions mainly act as basic catalysts for the hydrolysis and condensation reactions. In the latter case, the usual protocol consists in adding TEOS to a basic solution of CTAB at 80 °C. [START_REF] Lai | A Mesoporous Silica Nanosphere-Based Carrier System with Chemically Removable CdS Nanoparticle Caps for Stimuli-Responsive Controlled Release of Neurotransmitters and Drug Molecules[END_REF] Multiple parameters have been varied to control the size and dispersity of the MSNs, and the use of statistical design of experiments helped to find optimal conditions. [START_REF] Catalano | Design Rules for Mesoporous Silica toward the Nanosize: A Systematic Study[END_REF][START_REF] Kim | Optimization of Mesoporous Silica Nanoparticles through Statistical Design of Experiment and the Application for the Anticancer Drug[END_REF][START_REF] Castillo | Production of MCM-41 Nanoparticles with Control of Particle Size and Structural Properties: Optimizing Operational Conditions during Scale-Up[END_REF] In particular, the sodium hydroxide initial concentration has been found to play a key role in controlling the size, a higher initial pH leading to larger MSNs. [START_REF] Catalano | Design Rules for Mesoporous Silica toward the Nanosize: A Systematic Study[END_REF][START_REF] Kim | Optimization of Mesoporous Silica Nanoparticles through Statistical Design of Experiment and the Application for the Anticancer Drug[END_REF][START_REF] Castillo | Production of MCM-41 Nanoparticles with Control of Particle Size and Structural Properties: Optimizing Operational Conditions during Scale-Up[END_REF][START_REF] Varache | Optimization of MCM-41 type silica nanoparticles for biological applications: Control of size and absence of aggregation and cell cytotoxicity[END_REF][START_REF] Ribeiro | Silica nanocarriers with user-defined precise diameters by controlled template self-assembly[END_REF][START_REF] Varache | Improving structural stability of waterdispersed MCM-41 silica nanoparticles through post-synthesis pH aging process[END_REF] Accordingly, the determining factor governing the MSNs' size is indeed the ionic strength at which silicate-micelles composites aggregate, a larger ionic strength leading to larger particles as a result of increased charge screening between individual linear CTA +silicate micelles, enabling larger assemblies. [START_REF] Ribeiro | Silica nanocarriers with user-defined precise diameters by controlled template self-assembly[END_REF] This was indeed shown by systematically varying the ionic strength using sodium chloride with identical initial pH. pH plays a crucial rule in silica syntheses, affecting both the kinetics of hydrolysis and condensation. The hydrolysis reaction, enabled both by acids and bases is the slowest under neutral conditions, [START_REF] Mcneil | Kinetics and mechanism of hydrolysis of a silicate triester, tris(2-methoxyethoxy)phenylsilane[END_REF] whereas the condensation reactions are the slowest near the isoelectric point of silica at pH~2. Under basic conditions, the hydrolysis rate increases linearly with the hydroxide concentration according to equation [START_REF] Vallet-Regí | Engineering mesoporous silica nanoparticles for drug delivery: where are we after two decades?[END_REF]. This allows monitoring the hydrolysis reaction kinetics by pH measurements. [START_REF] Qiao | Synthesis of Mesoporous Silica Nanoparticles via Controlled Hydrolysis and Condensation of Silicon Alkoxide[END_REF] In turn, the condensation reactions (equations ( 2) and ( 3)) release hydroxide anions, resulting in a pH increase. The balance between hydrolysis and condensation reactions can thus be easily monitored during the reaction. However, this simple technique has never been applied to understand the initial stages of the MSNs synthesis. [START_REF] Qiao | Synthesis of Mesoporous Silica Nanoparticles via Controlled Hydrolysis and Condensation of Silicon Alkoxide[END_REF][START_REF] Issa | Kinetics of Alkoxysilanes and Organoalkoxysilanes Polymerization: A Review[END_REF] Hydrolysis: ≡Si-OEt + OH - ≡Si-OH + EtO - ≡Si-O -+ EtOH (1)

Condensation: ≡Si-O -+ ≡Si-OEt + H 2 O  ≡Si-O-Si≡ + EtOH + HO -(2) ≡Si-O -+ ≡Si-OH  ≡Si-O-Si≡ + HO - (3) 
Besides, TEM at various stages has been used to follow the initial stages of MSNs formation in the case of a synthesis using the dilution of a concentrated mixture right after nucleation. Under those conditions, small (ca 5 nm) ellipsoidal clusters were first observed, which then aggregated to form larger objects (ca 50 nm) which internally reorganized to yield surfactant-silicate nanocomposites with an internal 2D symmetry. [START_REF] Sadasivan | Nucleation of MCM-41 Nanoparticles by Internal Reorganization of Disordered and Nematic-Like Silica-Surfactant Clusters[END_REF] Small angle neutron scattering was used [START_REF] Hollamby | Growth of Mesoporous Silica Nanoparticles Monitored by Time-Resolved Small-Angle Neutron Scattering[END_REF] for systems employing tetramethoxysilane as precursor and triethanolamine as basic and nucleophilic catalyst, but which also forms atrane complexes thus involving a substantially different mechanism compared to the simple MSN synthesis. [START_REF] Cabrera | Generalised syntheses of ordered mesoporous oxides: the atrane route[END_REF] Interestingly, this study revealed that the mechanism likely begins with the adsorption of hydrolyzed or slightly condensed silanolates at the surface of positively charged CTA + micelles, followed by the aggregation of those micelles to form nanoobjects as the charge per micelle decreases. These objects likely further aggregate to form larger nanoparticles. SAXS studies were also employed which allowed to understand the evolution of the micellar phase during the process. [START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF] This study gave insights into the evolution of the CTA + micelles during the synthesis, but again for conditions (pH or temperature) significantly different from those usually applied for the synthesis of MSNs and with an elevated concentration of CTAB (82 mM) likely necessary to get sufficient scattering signal. Interestingly, this study revealed that the addition of TEOS would first lead to a swelling of the initially ellipsoidal CTA + micelles, with the hydrolysis of TEOS occurring at their surface. During the reaction, the micelles would then shrink as the TEOS is consumed and the obtained anionic silicates move towards the aqueous phase.

So far, the mechanistic investigations rely either on the initial and final state of the system varying synthesis parameters such as base concentration and salt addition, [START_REF] Catalano | Design Rules for Mesoporous Silica toward the Nanosize: A Systematic Study[END_REF][START_REF] Varache | Optimization of MCM-41 type silica nanoparticles for biological applications: Control of size and absence of aggregation and cell cytotoxicity[END_REF][START_REF] Ribeiro | Silica nanocarriers with user-defined precise diameters by controlled template self-assembly[END_REF][START_REF] Varache | Improving structural stability of waterdispersed MCM-41 silica nanoparticles through post-synthesis pH aging process[END_REF] and on SAXS or SANS in a flow cell and under conditions that slow down the processes. [START_REF] Hollamby | Growth of Mesoporous Silica Nanoparticles Monitored by Time-Resolved Small-Angle Neutron Scattering[END_REF][START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF][START_REF] Blin | Mechanism of self-assembly in the synthesis of silica mesoporous materials: in situ studies by X-ray and neutron scattering[END_REF] In the present study, we decided to monitor the formation of MSNs within the reaction vessel, trying not to disturb the reacting system. In particular we decided to use pH monitoring and light scattering to investigate the early stages of this sol-gel reaction. Together with the data found in the literature, the obtained results enable a deeper understanding on the interplay between physical processes and chemical reactions in these syntheses that lack of reproducibility, and for which scale up is still a significant challenge [START_REF] Castillo | Production of MCM-41 Nanoparticles with Control of Particle Size and Structural Properties: Optimizing Operational Conditions during Scale-Up[END_REF][START_REF] Varache | Optimization of MCM-41 type silica nanoparticles for biological applications: Control of size and absence of aggregation and cell cytotoxicity[END_REF].

Experimental section

Hexadecyltrimethylammonium bromide (CTAB, H5882), tetraethyl orthosilicate (TEOS), and all other reagents were purchased from Sigma-Aldrich. Fresh sodium hydroxide solutions were prepared every day (2.0 M, NaOH). Gradient HPLC grade water (Fisher) was used in all syntheses. The reaction temperature was controlled within the reaction medium and was set to 80 °C ± 1 °C unless otherwise stated.

The pH was monitored using a SevenEasy pHmeter from Mettler Toledo, with a pH inlab expert electrode working from 0 to 95 °C. pH values were transferred every second to a computer for further treatment. Scattering was measured using a VascoKin DLS equipment (Cordouan). The probe, which collects light backscattered at 173°, was located at a distance such that the focal point of the laser lied <1 mm from the wall of the reaction vessel. Field effect scanning electron microscopy (SEM) images were obtained on a Zeiss Gemini ULTRA plus electron microscope operating at 3.0 kV. The samples for SEM measurements were dropped and dried on a piece of silicon wafer. Mean particle sizes and standard deviations were obtained by measuring the dimensions of at least 80 particles in the SEM images. XRD data of the pure NPs were collected on a D8-Endeavor diffractometer with a mixed Kα1 and Kα2 Cu (λ = 1.5406 Å) source radiation, operated in a Bragg-Brentano geometry.

Typical MSN synthesis: A three-necks 250 mL round bottom flask containing a 20×40 mm olive stir bar was equipped with a thermometer and a pH probe. CTAB (333 mg, 0.92 mmol 5,7 mM), water (160 mL) and freshly prepared NaOH solution (2.0 M, 1.17 mL, 2.33 mmol, 14.6 mM) were added. The reaction mixture was heated to 80 °C ± 1 °C, with stirring at 700 rpm. After the temperature had stabilized, TEOS (1.67 mL, 7.50 mmol, 46.8 mM) was added at once. After 15 minutes, a condenser was adapted. The reaction mixture was stirred for a total duration of 2 h at 80 °C. After cooling, the MSNs were collected by centrifugation, resuspended in ethanol then centrifuged. The latter operation was repeated twice. Aliquots for SEM were taken at this stage. After drying (60 °C overnight), the surfactant was removed by calcination (2 h at 550 °C, heating rate 10 °C/min).

MSN synthesis with carbonated sodium hydroxide: The above protocol was followed, substituting a volume V of the NaOH solution (2.0 M) by 4V of NaHCO 3 solution (0.5 M).

Results and discussion

The classical MSN synthesis protocol was first evaluated, by adding TEOS (46.8 mM) to a solution of CTAB (5.7 mM), NaOH (14.6 mM) in water at 80 °C with stirring at 700 rpm. The measured starting pH value at 80 °C was 10.5 instead of the 12.1 value that would be expected at 25 °C, which is explained by the high self-ionization constant of water at 80 °C when compared to its value at room temperature (pK w 12.6 and 13.9 at 75 and 25 °C, respectively). [START_REF] Bandura | The Ionization Constant of Water over Wide Ranges of Temperature and Density[END_REF] Immediately after the one-shot addition of TEOS (t 0 = 0 s), a fast pH decrease occurs within the first minute, reaching a minimum at pH 9.3 before slowly raising to reach a final value of 9.5 at the end of the synthesis (Figure 1). This low final value is indeed due to the presence of deprotonated silanols within the nanoparticles, which consumed hydroxide anions from the reaction medium. Overall, these results tend to indicate that the first minute is dominated by the hydrolysis reactions, and that the condensation slowly takes over afterwards. It is noteworthy that the nucleation of NPs also takes place during this first minute, the mixture becoming cloudy after ca 45 s. Furthermore, no detectable temperature variation occurs during the first minutes, thus thermal effects can be neglected in this study. Considering the time resolution of the light scattering and pH measurements is close to the second, we decided to investigate in more details the kinetics of the early stages of the process (Figure 1). During the first seconds, a linear decrease of the pH is observed, suggesting that the hydrolysis of TEOS is the only process occurring with a partial first order relative to the hydroxide ions (Phase Ia). [START_REF] Issa | Kinetics of Alkoxysilanes and Organoalkoxysilanes Polymerization: A Review[END_REF][START_REF] Osterholtz | Kinetics of the hydrolysis and condensation of organofunctional alkoxysilanes: a review[END_REF] Then, and unexpectedly, a more pronounced decrease is observed after time t 1 = 17 s (Phase Ib), with a sudden change of slope at t 1 . At t 2 = 40 s, the pH stops to decrease, and reaches a plateau or even increases slightly for a few seconds (Phase II), before starting to decrease again, but with a much lower slope. It is noteworthy that a sharp increase in scattered light intensity occurs at t 2 , concomitantly with the plateau of the pH (Figure 2). This scattered intensity then reaches a plateau at the end of Phase II. As the scattered light intensity varies linearly with the concentration of scattering species and their diameter at the power 6, this result suggests that the nanoparticles have reached their final size yet at this stage. The pH variation between t 0 and t 2 enables determining that the (EtO) 3 SiO -concentration is 13 mM, ie 28% of the initial TEOS amount at nucleation, under the hypothesis that only singly hydrolyzed species are present at t 2 . This synthesis resulted in roughly spherical NPs with a diameter of 89±12 nm, with a 2D hexagonal structure of the pores (Figure 2 andS1c). Notably, the same reaction conducted in the absence of CTAB is characterized by a much slower kinetics, with a factor of ca 8 between the initial hydrolysis rates (Figure 1). To better understand the role of the surfactant, experiments were performed by varying its concentration between 2.9 and 7 mM (Figure 3 and S1), ie above the first critical micelle concentration determined at 80 °C and 14.8 mM NaOH to be 1.4 mM. A clear increase in rate constant is observed when the CTAB concentration is increased up to 6 mM, with no more increase above this value. Similarly, the stirring speed plays an important role, faster kinetics being observed when the stirring speed is increased. These observations suggest that the hydrolysis reaction mainly takes place at the surface of CTAB micelles, as TEOS is not miscible with water. Such a micellar catalysis was already suggested for the room-temperature hydrolysis and condensation of TEOS at high concentrations of CTAC (0.12 M), with an acceleration factor close to 2000 under such conditions. [START_REF] Cheng | The Role of Surfactant Micelles in the Synthesis of the Mesoporous Molecular Sieve MCM-41[END_REF] Accordingly, CTAB is able to encapsulate TEOS within inflated micelles, smaller micelles with higher surface over volume ratio being obtained when the stirring speed is increased, and more micelles being present as the concentration is increased, yielding an overall faster hydroxide consumption. The presence of micelles swollen with TEOS was indeed characterized by SAXS investigations, but for a much higher CTAB concentration. [START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF] Replacing CTAB by CTAC under identical concentrations led to slower kinetics. CTAC is known to form micelles with lower aggregation number, as a result of weaker coordination of chloride anions with respect to bromide. [START_REF] Zana | Fluorescence Probing Investigations of the Mechanism of Formation of Organized Mesoporous Silica[END_REF] Using CTAC, larger and more polydisperse NPs were obtained compared with CTAB, while keeping a good pore organization (Figure S2). The strength of stirring (Figure 3), which depends on the stir bar size, stirring speed and shape of the reaction vessel was found to play an important role on the reaction kinetics. Under otherwise constant conditions, we found that the reaction rate increases with the stirring speed between 200 and 400 rpm, being then constant above this value. An important factor leading to experimental discrepancies is the amount of carbonates in the sodium hydroxide solutions, which is reported to reach up to 40% mol . [START_REF] Varache | Optimization of MCM-41 type silica nanoparticles for biological applications: Control of size and absence of aggregation and cell cytotoxicity[END_REF] Thus we tested the influence of substituting part of the sodium hydroxide by sodium hydrogen carbonate to simulate the carbonatation of soda (Figure 4 andS3). Unexpectedly, we found that the hydrolysis kinetics were strongly enhanced by the presence of low amounts of sodium carbonate, the rate constant being almost doubled at 10% mol of carbonatation. This increase in rate constant is accompanied by a strong decrease in the size of the final MSNs. Indeed, starting from 90 ± 12 nm for freshly prepared sodium hydroxide, the diameter decreases down to 37±5 nm for sodium hydroxide bearing 40% of NaHCO 3 . These results corroborate those by Varache et al [START_REF] Varache | Optimization of MCM-41 type silica nanoparticles for biological applications: Control of size and absence of aggregation and cell cytotoxicity[END_REF] who reported that aggregated small MSNs were obtained for a highly carbonated sodium hydroxide solution. Altogether, these results show that freshly prepared sodium hydroxide solutions must be used for this kind of synthesis. The TEOS concentration was varied in the 10-80 mM range (Figure 5 and S4). A strong effect is observed on the hydrolysis kinetic constant as the TEOS concentration varies, with a linear increase at low to moderate concentrations, which is indeed coherent with first order kinetics with respect to TEOS [START_REF] Osterholtz | Kinetics of the hydrolysis and condensation of organofunctional alkoxysilanes: a review[END_REF]. However, the increase of kinetic constant stops for higher concentrations. The nucleation time t 2 is also strongly affected by the TEOS concentration, with no nucleation being observed for the lowest concentration of 10 mM. Indeed, this value is lower than the threshold of ca 12-13 mM of silicates at which the aggregates start to form for higher TEOS concentrations. At low TEOS concentration (20 mM), the MSNs feature a large size dispersion and a bad organization of the pores. For higher concentrations (46-80 mM), the diameter is constant (90 ±12 nm) and the MSNs feature a P6mm pore organization (Figure S4). Temperature has been reported as a determining factor for the pore organization and size of the MSNs [START_REF] Catalano | Design Rules for Mesoporous Silica toward the Nanosize: A Systematic Study[END_REF]. As expected, the reaction rate increases when the temperature increases over the range 60-90 °C (Figure S5), and the diameter also increases as already reported. However, and by contrast with the published results [START_REF] Catalano | Design Rules for Mesoporous Silica toward the Nanosize: A Systematic Study[END_REF], we found that the organization of the pores within the structure was worse at high temperature, a good pore organization after calcination being observed between 60 and 80 °C (Figure S6). 

Discussion:

The formation mechanism of MCM-41 materials has been studied by various groups since the first proposals from the seminal 1992 articles [START_REF] Beck | A New Family of Mesoporous Molecular Sieves Prepared with Liquid Crystal Templates[END_REF][START_REF] Kresge | Ordered mesoporous molecular sieves synthesized by a liquid-crystal template mechanism[END_REF]. Two kinds of mechanisms were proposed: in the first one, called true liquid crystal templating, a liquid crystal of 2D hexagonal symmetry would be present in solution then hydrolyzed TEOS would hydrolyze and condense in the voids between the rod-like micelles to form the walls of the MCM-41 structure around the micellar template. In the second mechanism, referred to as cooperative self-assembly, the CTAB surfactant would be initially present as spherical micelles and it is only as the TEOS hydrolyzes that the micelles would undergo a transition from spherical to rod-like then to a 2D-hexagonal arrangement. Though numerous reviews and research articles inappropriately mention the true liquid crystal templating as the actual mechanism for MSN synthesis, the CTAB concentrations at which MSNs are prepared (2-20 mM, 0.7-7 g/L) are much closer to the first critical micellar concentration than to the concentration required to achieve liquid crystals in solution (ca 40 % wt) or even ellipsoidal micelles (0.1-0.4 M). [START_REF] Cheng | The Role of Surfactant Micelles in the Synthesis of the Mesoporous Molecular Sieve MCM-41[END_REF][START_REF] Raman | Template-Based Approaches to the Preparation of Amorphous, Nanoporous Silicas[END_REF][START_REF] Goyal | Shapes and sizes of micelles in CTAB solutions[END_REF] Even at a high surfactant concentration of 30 g/L, ie 80 mM, Yi et al showed by SAXS that only ellipsoidal micelles of CTAB swollen with TEOS were present at the beginning of the synthesis [START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF]. The formation of rod-like micelles was found to occur above 0.2 M at 30 °C, and at higher concentrations when the temperature increases, according to viscosity measurements. [START_REF] Kuperkar | Formation and Growth of Micelles in Dilute Aqueous CTAB Solutions in the Presence of NaNO3 and NaClO3[END_REF] In all above-mentioned mechanistic studies, the focus was placed on the evolution of the micellar component, but much less on the silicate species. Indeed, under typical conditions, [START_REF] Lai | A Mesoporous Silica Nanosphere-Based Carrier System with Chemically Removable CdS Nanoparticle Caps for Stimuli-Responsive Controlled Release of Neurotransmitters and Drug Molecules[END_REF] most of the structure is formed within 2-3 minutes which precludes the use of analytical tools such as 29 Si NMR in solution. The pH monitoring having a time response of ca 1 s, it makes possible to monitor in situ the early stages of hydrolysis and condensation by pH changes. Furthermore, in situ light scattering measurements allow to precisely determine the turning point at which the nanoparticles start to form. In Figure 2, the first 15 s of the reaction are marked by a linear decrease of the pH, which indicates that the hydrolysis is the only reaction taking place. The much slower hydrolysis of TEOS in the absence of CTAB indicates that TEOS hydrolysis occurs at the interface between the micelle and the aqueous domain, but not at the surface of hypothetical TEOS droplets. However, an efficient mixing is required in order to efficiently encapsulate the TEOS within the micelles, as evidenced by the decrease of the rate constant when the stirring speed is reduced to less than 400 rpm (Figure 3). The first hydrolysis regime (Phase Ia) can be adequately described as pseudo first-order. However, an abrupt transition is observed at t 1 towards a new pseudo first order regime, characterized by a faster pH decrease, which rules out the occurrence of condensation at this stage, which would tend to increase the pH. The hydrolysis of mono-hydrolyzed TEOS to dihydrolyzed TEOS [START_REF] Mcneil | Kinetics and mechanism of hydrolysis of a silicate triester, tris(2-methoxyethoxy)phenylsilane[END_REF] with a rate constant k 2 would only have an influence on the pH if a doubly deprotonated silanediol would be formed, according to equations ( 4) and [START_REF] Pal | Recent Trends in Morphology-Controlled Synthesis and Application of Mesoporous Silica Nanoparticles[END_REF].

=Si(OEt)(O) -+ OH - = + EtOH (4) =Si(OEt)(O) -+ H 2 O  =Si(OH)(O) -+ EtOH (5)
However, numerical simulations at various k 2 /k 1 ratio (Figure S7) show that in neither case would an abrupt change of slope occur. Therefore, we conclude that t 1 may correspond to a physical change in the shape of the CTAB micelles swollen with TEOS, that leads to more accessible TEOS molecules at their surface, and hence to faster kinetics. We therefore propose that a change from spherical to elongated micelles occurs at t 1 , after a concentration of ca 9 mM of singly-hydrolyzed TEOS has been reached. When the silicate concentration reaches ca 13 mM at t 2 , the nucleation of a new phase occurs, which is indicated by the strong raise of the turbidity detected by light scattering measurements (Figure 2). This phenomenon can be attributed to the aggregation of wormlike micelles into micelle bundles. [START_REF] Ribeiro | Silica nanocarriers with user-defined precise diameters by controlled template self-assembly[END_REF] Interestingly, the appearance of the new phase occurs simultaneously with a strong change in pH evolution. Indeed, the pH reaches a plateau around t 2 , which means that either the hydrolysis stops or that both hydrolysis and condensation reactions occur at the same rate from this time, which seems more likely. Indeed, as silicate-covered micelles aggregate, the condensation between adjacent silicates in the interstices between micelles becomes favored, with the release of hydroxide anions. These anions are then used in the hydrolysis of unreacted ethoxysilane moieties.

Based on our experimental results and on those published in the literature, [START_REF] Ribeiro | Silica nanocarriers with user-defined precise diameters by controlled template self-assembly[END_REF][START_REF] Sadasivan | Nucleation of MCM-41 Nanoparticles by Internal Reorganization of Disordered and Nematic-Like Silica-Surfactant Clusters[END_REF][START_REF] Hollamby | Growth of Mesoporous Silica Nanoparticles Monitored by Time-Resolved Small-Angle Neutron Scattering[END_REF][START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF] the mechanism depicted in Figure 6 can be proposed. TEOS droplets are first dispersed in water thanks to the CTAB surfactant within spherical micelles. [START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF] TEOS then gets hydrolyzed by the hydroxide ions (Equation ( 1)) at the interface between the hydrophobic core in the micelles and the aqueous medium, following first order kinetics on both TEOS and OH -(Phase Ia). The resulting singly-hydrolyzed silanolates adsorb at the micelles surface by strong electrostatic forces. At t 1 , a sudden change from spherical to short rod-like micelles occurs, as ca 8 mM of TEOS is hydrolyzed. This results in the redistribution of the TEOS molecules within the micelles, with an increase in hydrolysis rate (Phase Ib). At t 2 , the micelles aggregate as the hydrolyzed TEOS concentration reaches 13 mM and condensation between neighboring silanes start to occur, at a similar rate (Phase II). Then the pH decreases again slowly, with concomitant fast hydrolysis and condensation reactions. The pH reaches a minimum after 5 minutes, and slowly raises again as the condensation rate becomes faster than the hydrolysis. The pH reaches an asymptotic value of ca 9.5 after 2 hours of reaction, which is explained by the presence of deprotonated silanol functions at the surface of the MSNs and of their pores. Unfortunately, it was not possible to measure the amount of ethanol released over time, which would be a good indicator of the progress of the reaction, as ethanol is formed by both hydrolysis and

Figure 1 :

 1 Figure 1: Evolution of the pH during the MSN synthesis: (left) full view over the two hours of synthesis; (right) zoom on the first minute. Reaction performed (black) in the presence and (pink) in the absence of CTAB; The green and blue lines depict two linear regimes of the pH decrease. The red line depicts the calculated pH evolution in the case of a first order reaction for both sodium hydroxide and TEOS.

Figure 2 :

 2 Figure 2: (left) Reaction kinetics monitored by (black dots) pH and (purple squares) light scattering. The red line shows the evolution of the triethoxysilanolate concentration, calculated from the pH decrease. (right) SEM micrograph of the MSNs obtained after synthesis, with a diameter of 89±12 nm.

Figure 3 :

 3 Figure 3: (Left) Dependence of the pH decrease on the CTAB concentration with [CTAB]= (black) 0.0; (red) 2.9; (blue) 4.0; (pink) 5.7; (purple) 7.0 mM. Inset: Evolution of the kinetic constant depending on the CTAB concentration. (Right) Dependence of the pH decrease on the stirring speed with r = (black) 200 rpm; (red) 400 rpm; (blue) 700 rpm. Inset: relative kinetic constant depending on the stirring rate.

Figure 4 :

 4 Figure 4: Dependence of the size and rate constant on the carbonatation of sodium hydroxide. (black squares) diameter; (red dots) relative rate constant.

Figure 5 :

 5 Figure 5: Effect of the TEOS concentration on the reaction kinetics. (black) 10 mM; (red) 20 mM; (blue) 47 mM; (pink) 60 mM; green 80 mM. Inset: dependency of the first relative kinetic constant on the TEOS concentration. The blue line depicts the linear fit on the first data points.
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condensation reactions. Nevertheless, we can assume that the hydrolysis reaction accelerates after t 2 , as the micelles are in close contact and hydroxide anions are liberated at the surface of the CTAB micelles swollen with TEOS. The proposed mechanism is in good agreement with the swellingshrinking model proposed by Yi et al. [START_REF] Yi | A New Insight into Growth Mechanism and Kinetics of Mesoporous Silica Nanoparticles by in Situ Small Angle X-ray Scattering[END_REF] It is also fully compatible with the nucleation model proposed by Sadasivan et al [START_REF] Sadasivan | Nucleation of MCM-41 Nanoparticles by Internal Reorganization of Disordered and Nematic-Like Silica-Surfactant Clusters[END_REF], though the experimental conditions are substantially different. In conclusion, monitoring the pH during the synthesis of MSNs enables to understand the physicochemical processes occurring during the early stages of their formation. The hydrolysis mechanism is bimolecular with a first order on both TEOS and OH -at the early stages, with a strong dependence of the rate constant on the CTAB concentration which is a signature of micellar catalysis. Importantly, we found that sol-gel condensation reactions only start after the nucleation of CTA + -silicate micelles as hexagonal 2D assemblies of elongated micelles. The nucleation indeed occurs at low TEOS conversion. Though no correlation could be found between the hydrolysis rate and the NPs size or pore organization, some factors strongly affecting the kinetics such as stirring speed and carbonatation of the sodium hydroxide solution may explain the lack of reproducibility of the MSNs synthesis depending on the authors. Much care must therefore be taken to control well all these factors to reproduce or scale up such MSNs synthesis.
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