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New Insight into Cluster Aggregation Mechanism during Polymerization-Induced Self-Assembly by Molecular Dynamics Simulation

Investigations of polymerization-induced self-assembly in emulsion were conducted using MD simulations. Using umbrella sampling and the Weighted Histogram Analysis Method (WHAM) algorithm, we calculated the interaction free energy between different self-assembled copolymer aggregates. In the presence of poly(ethylene glycol) (PEG) at 80 • C side chains an attractive interaction between the copolymer micelles is observed. This attractive well is followed, in some case, by a repulsive barrier depending on the position of the PEG side-chains. The strength of this repulsive barrier controls the aggregation kinetics: a strong repulsive barrier leads to slower aggregation rate and thus larger and denser clusters (i.e. reaction limited cluster aggregation).

Theses clusters then coalesce into large vesicles due to the presence of interstitial water molecules in the cluster. Inversely, a weak repulsive barrier causes a rapid aggregation which gives loose and ramified clusters (i.e. diffusion limited cluster aggregation) that coalesce after swelling with hydrophobic monomer, leading to tubular nano-structures and small vesicles. This new mechanism approach can explain the change of morphology from spheres to fibers and vesicles depending on the polymer architecture in the case of polymerization-induced self-assembly (PISA) in emulsion.

Introduction

The development of reversible-deactivation radical polymerization (RDRP) is considered as a major step forward for the design of tailor-made polymer architectures. 1-7 Among the various accessible architectures, amphiphilic block copolymers represent probably the most studied systems since they can self-assemble in water to form a variety of nano-structures. [START_REF] Mai | Self-assembly of block copolymers[END_REF] Multiple morphologies of self-assembled block copolymers were first obtained by Eisenberg et al. using the solvent displacement method with well-defined amphiphilic block copolymers prepared by anionic polymerization followed by post-synthesis modification. [START_REF] Zhang | Multiple morphologies of "crew-cut" aggregates of polystyreneb-poly(acrylic acid) block copolymers[END_REF] The change of morphology from spheres to fibers or vesicles can be rationalized in terms of an increase in the packing parameter, P , which is given by the equation:

P = ν a 0 l c
Where ν and l c are the volume and the length of the hydrophobic block respectively, and a 0 is the effective interfacial area of the block junction. This concept, originally introduced by Israelachvili and co-workers [START_REF] Israelachvili | Theory of self-assembly of hydrocarbon amphiphiles into micelles and bilayers[END_REF] to explain surfactant self-assembly, was later extended to diblock copolymer self-assembly by Antonietti and Förster. [START_REF] Antonietti | Vesicles and liposomes: a self-assembly principle beyond lipids[END_REF] It is generally accepted that spherical micelles are favoured when P ≤ 1/3, fibers are produced when 1/3 < P ≤ 1/2, and vesicles are formed when 1/2 < P ≤ 1.0.

In the field of emulsion polymerization, the need for the production of self-stabilized latex without the use of molecular surfactant has led to the establishment of strategies to produce amphiphilic block copolymers directly in water. These self-assembly techniques have further face the need for the preparation of large amounts of materials and the need for better defined and predictable morphologies. [START_REF] Rao | Polymer nanoparticles: preparation techniques and sizecontrol parameters[END_REF][START_REF] Hayward | Tailored assemblies of block copolymers in solution: it is all about the process[END_REF] One of the developed strategies is based on the use of a hydrophilic living polymer precursor prepared via RDRP that is extended with a hydrophobic second block, leading to amphiphilic block copolymers that self-assemble in situ into self-stabilized nano-objects. [START_REF] Zhang | Well-defined amphiphilic block copolymers and nano-objects formed in situ via RAFTmediated aqueous emulsion polymerization[END_REF][START_REF] Charleux | Polymerization-induced selfassembly: from soluble macromolecules to block copolymer nano-objects in one step[END_REF][START_REF] Blanazs | Predictive phase diagrams for RAFT aqueous dispersion polymerization: effect of block copolymer composition, molecular weight, and copolymer concentration[END_REF][START_REF] Warren | Polymerization-induced self-assembly of block copolymer nano-objects via RAFT aqueous dispersion polymerization[END_REF][START_REF] Canning | A critical appraisal of RAFT-mediated polymerization-induced self-assembly[END_REF][START_REF] Zhou | Recent advances in RAFT-mediated surfactant-free emulsion polymerization[END_REF][START_REF] Lansalot | Macromolecular Selfassembly[END_REF] This approach, coined polymerization-induced self-assembly (PISA), can produce diblock copolymer nanoparticles in the form of either spheres, fibres or vesicles using either dispersion or emulsion polymerization. Aqueous dispersion PISA relies on chain-extension of a hydrophilic polymer with a water-soluble monomer which, upon polymerization, forms a water-insoluble block. This method enables the production of various copolymer morphologies such as spheres, worms or vesicles. [START_REF] Blanazs | Predictive phase diagrams for RAFT aqueous dispersion polymerization: effect of block copolymer composition, molecular weight, and copolymer concentration[END_REF][START_REF] Canning | A critical appraisal of RAFT-mediated polymerization-induced self-assembly[END_REF] On the other hand, PISA in emulsion uses a water-immiscible monomer, although exhibiting a low solubility in water, to produce the hydrophobic core-forming block. According to many literature reports, and contrary to dispersion polymerization, PISA in emulsion very often leads to spherical mor-phologies irrespective of the polymerization degree of the hydrophobic block. [START_REF] Zhou | Recent advances in RAFT-mediated surfactant-free emulsion polymerization[END_REF][START_REF] Chaduc | Batch emulsion polymerization mediated by poly(methacrylic acid) macroRAFT agents: Onepot synthesis of self-stabilized particles[END_REF][START_REF] Chaduc | Effect of the pH on the RAFT polymerization of acrylic acid in water. Application to the synthesis of poly(acrylic acid)-stabilized polystyrene particles by RAFT emulsion polymerization[END_REF][START_REF] Cunningham | Poly(glycerol monomethacrylate)-poly(benzyl methacrylate) diblock copolymer nanoparticles via RAFT emulsion polymerization: Synthesis, characterization, and interfacial activity[END_REF][START_REF] Chaduc | From well-defined poly(N-acryloylmorpholine)-stabilized nanospheres to uniform mannuronan-and guluronan-decorated nanoparticles by RAFT polymerization-induced self-assembly[END_REF] There seems to be a consensus as to the mechanism of formation of nano-objects using PISA.

Small spherical micelles appear at small conversion followed by their transformation into other morphologies. The formation of fiber-like structures is supposed to be the result of "worms" made of strings of micelles. Then, the fusion of these "worms" forms intermediate "jellyfish" structures that enclose themselves into vesicles. [START_REF] Blanazs | Mechanistic insights for block copolymer morphologies: how do worms form vesicles?[END_REF][START_REF] Brusseau | Nitroxide-Mediated copolymerization of methacrylic acid and sodium 4styrenesulfonate in water solution and one-pot synthesis of amphiphilic block copolymer nanoparticles[END_REF] Recently, new insights into the PISA process were provided by precisely controlling the position of poly(ethylene glycol) (PEG), side chains within the hydrophilic block obtained from Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization and later defined as a macroRAFT. [START_REF] De La Haye | The Effect of Hydrophile Topology in RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF] Unexpectedly, the introduction of PEG side chain leads to the formation of vesicles as the predominant morphology. According to the packing parameter, the presence of side chains should increase the effective interfacial area of the block junction (a 0 ) and thus lower the packing parameter which should favour a spherical morphology. An alternative way to form vesicles relies on the formation of crew-cut micelles upon an increase of hydrophobic block polymerization degree. [START_REF] Zhulina | Theory of block polymer micelles: recent advances and current challenges[END_REF] However, the presence of PEG branched onto the hydrophilic block which increases the corona thickness, should be unfavorable to the formation of crew-cut micelles leading to more star-like micelles. Such slight modifications of the polymer architecture resulting in a strong and unusual effect on the morphology offer a great opportunity to probe the impact of the hydrophilic block architecture on the formation of specific morphologies in PISA using molecular dynamics (MD). Following previous simulations that show the self-assembly of copolymers into small micelles (with an average number of copolymers per micelles, n agg , around 10) during the first moment of the process, [START_REF] De La Haye | The Effect of Hydrophile Topology in RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF] we decided to explore the fate of these micelles and how the final vesicular morphology can be obtained. To do so, we used first (i) the estimation of the coalescence and diffusional growth rate using the theory of Brownian encounter, and second (ii) MD simulations using the umbrella sampling method and the Weighted Histogram Analysis Method (WHAM) to calculate the interaction profile between the micelles. This simulation technique is commonly used to obtain the energy landscape for ligand-protein binding energy [START_REF] Woo | Molecular Modeling of Proteins[END_REF][START_REF] Baştug | Potential of mean force calculations of ligand binding to ion channels from Jarzynskis equality and umbrella sampling[END_REF][START_REF] El Hage | Free energy simulations for protein ligand binding and stability[END_REF][START_REF] Lee | Calculation of absolute protein-ligand binding affinity using path and endpoint approaches[END_REF][START_REF] Kokubo | Prediction of protein-ligand binding structures by replica-exchange umbrella sampling simulations: application to kinase systems[END_REF] and to generate free energy profiles for the conformational transition of protein molecules. [START_REF] Plazinski | The order-to-disorderconformational transition in CD44 protein: An umbrella sampling analysis[END_REF][START_REF] Higo | Enhanced and effective conformational sampling of protein molecular systems for their free energy landscapes[END_REF][START_REF] Yonezawa | A method for predicting protein conformational pathways by using molecular dynamics simulations guided by difference distance matrices[END_REF][START_REF] Wang | Exploring transition pathway and free-energy profile of large-scale protein conformational change by combining normal mode analysis and umbrella sampling molecular dynamics[END_REF] Recently, this simulation technique was applied to study polymer adsorption and shown to be very useful in the case of LLDPE adsorption onto graphene. [START_REF] Brunel | Molecular dynamics simulation of ethylene/hexene copolymer adsorption onto graphene: new insight into thermal gradient interaction chromatography[END_REF] Current findings suggest that it can also be used for studying interaction forces between colloidal particles. From these information we were able to propose in this paper a scenario explaining vesicles formation in emulsion PISA.

Materials and Methods

Molecular Dynamics Simulations. Molecular Dynamics (MD) simulations were carried out using the GROMACS package, version 5.1.4. 39-42 Martini coarse-grained force field [START_REF] Marrink | The MARTINI force field: coarse grained model for biomolecular simulations[END_REF] was applied to polystyrene, 44 poly(ethylene glycol) [START_REF] Lee | A coarse-grained model for polyethylene oxide and polyethylene glycol: conformation and hydrodynamics[END_REF] (PEG) and poly(N -acryloylmorpholine) (PNAM) (Figure 1). The Martini coarse-grained model of PEG usually require to enhance the self-interaction between the PEG beads (ǫ P EG/P EG = 3.5 kJ • mol -1 ) and the interaction between PEG beads and water beads (ǫ P EG/water = 3.5 kJ • mol -1 ) to ǫ P EG/P EG = 4.5 kJ • mol -1 and ǫ P EG/water = 4 kJ • mol -1 , respectively. [START_REF] Lee | A coarse-grained model for polyethylene oxide and polyethylene glycol: conformation and hydrodynamics[END_REF] However, at 80 • C, an LCST-type phase separation of PEG in water can occur due to the dehydration via the disruption of hydrogen bonding interaction between the oxygen atom of the ether moiety and water. [START_REF] Özdemir | Solubility profiles of poly (ethylene glycol)/solvent systems, I: Qualitative comparison of solubility parameter approaches[END_REF] Therefore in our simulations the interaction between PEG beads and water beads was kept to ǫ P EG/water = 3.5 kJ • mol -1 in order to mimic the hydrophobic behaviour of the PEG at 80

• C. PNAM martinized force field was parametrized on atomistic simulations using OPLS allatoms force fields as described by Marrink et al. [START_REF] Marrink | The MARTINI force field: coarse grained model for biomolecular simulations[END_REF] and verified by comparing coarse grained and SAXS-measured polymer dimensions, namely the radius of gyration and the persistence length (see supplementary material). Short-range nonbonded interactions were cut off at 1.4 nm and dispersion correction was applied to energy and pressure terms to account for truncation of Van der Waals terms. [START_REF] Essmann | A smooth particle mesh Ewald method[END_REF] Periodic boundary conditions were applied in all directions. Umbrella sampling. First a dozen of macroRAFT molecules with 10 styrene units were equilibrated in a 10×10×10 nm box, then the aggregation was forced by pulling the styrene beads toward the center of the box using the pull code option available on the GRO-MACS software. The number of styrene units (i.e. 10 units) is twice the critical chain length required for considering PS oligomers no longer soluble in the aqueous phase (j crit = 5) and thus sufficient to create small stable micelles. [START_REF] Thickett | Emulsion polymerization: State of the art in kinetics and mechanisms[END_REF] The stability of the corresponding micelles has been verified on a 1 µs simulation (data not shown) which is suitable for measuring intermicelle interaction using umbrella sampling. Two micelles were then placed in a rectangular box (10×10×30 nm) with varying distance between the center of masses of the polystyrene cores (from 5 to 15 nm every 0.5 nm) (Figure 2). Following steepest descents minimization, all boxes were equilibrated in two steps. The first phase involved simulating for 500 ps under a constant volume (NVT) ensemble and using position restraints on the polystyrene cores. Temperature was maintained at 355 K (82 • C) using the Berendsen weak coupling method. [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] Following NVT equilibration, 20 ns of constant-pressure (NPT) equilibration were performed, also using weak coupling to maintain pressure isotropically at 1.0 bar with position restraints applied to polystyrene cores. Production MD simulations were conducted for 10 ns with the harmonic force constant of 100 kJ • mol -1 • nm -2 between the two polystyrene hydrophobic cores. For this data collection period, the Nose-Hoover thermostat was used to maintain temperature, [START_REF] Nosé | A unified formulation of the constant temperature molecular dynamics methods[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] and the Parrinello-Rahman barostat was used to isotropically regulate pressure. [START_REF] Parrinello | Crystal structure and pair potentials: A moleculardynamics study[END_REF][START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] Analysis of results was performed with the WHAM algorithm. 

Results and Discussion

Previous MD simulations, using a rather simple coarse-grain model, suggest that the change of morphology induced by the presence and the position of PEGA units into a hydrophilic PNAM macroRAFT might be the result of a modification of self-assembly kinetics. [START_REF] De La Haye | The Effect of Hydrophile Topology in RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF] Recent MD simulations, using dissipative particle dynamic (DPD), [START_REF] Huang | An insight into polymerizationinduced self-assembly by dissipative particle dynamics simulation[END_REF][START_REF] Shupanov | Modelling Polymerization-Induced Self Assembly (PISA)[END_REF] also suggest that the polymerization kinetics has an impact on the final morphology. Therefore, we decided to explore in more detail the kinetic aspect of the self-assembly process. First, several observa-tions can be made based on our previous model: when enough hydrophobic monomer units were polymerized (DP ≈ 10 in the case of styrene) the self-assembly started very rapidly (≈ 100 ns) and led to the formation of small micelles of diblock copolymers (n agg ≈ 10).

These micelles remained stable during the timescale of a typical MD-simulation (< 1 µs).

In emulsion, further growth of these micelles depends on two mechanisms: (i) diffusional growth (i.e. the diffusion of the styrene monomer from the droplets to the micelles), and (ii)

the coalescence where two micelles merge during contact to form a single daughter micelle.

A simple calculation from the theory of Brownian motion allows discriminating between these two phenomena. First we can estimate the coalescence rate by calculating the collision frequency between small micelles (J(i → i)) to be around 10 5 collisions • s -1 .

J(i → i) ≈ 2φ πτ (1) 
With τ = ηR 3 k B T and the volume fraction φ = 4 3 πR 3 C. Where η is the viscosity of water (1× 10 -3 Pa • s), R the radius of the aggregate (≈ 2.5 nm, half of the minimum separation distance attainable between the center of mass of two micelles, i.e. the lowest value of the x-axis in Figure 3), k b the Boltzmann constant (1.38 × 10 -23 J • K -1 ), T the temperature (355 K), C the micelle concentration (6 × 10 22 micelle • m -3 ). The micelle concentration is derived from the macroRAFT concentration (2.78 × 10 -2 mol • L -1 ) with an average number of copolymers per particle n agg of 10.

It is also useful to estimate the diffusional growth rate of these small micelles (i-particles) in a solution of monomers (j-particles). In this case the collision frequency is approximately:

J(j → i) ≈ 4πD j R i c j (2) 
With

D j = k B T 6πηR 3 j
; where R j = 0.5 nm, R i = 5 nm and the monomer concentration c j = 3 ×10 -3 mol • L -1 = 1.74 × 10 24 molecules • m -3 derived from the solubility of styrene in water.

Therefore the increase in styrene concentration from diffusional growth (i.e. styrenemicelles collision frequency: J(j → i) ≈ 10 7 collisions • s -1 ) is about the same order of magnitude as the increase of styrene concentration from the coalescence (i.e. micelles-micelles collisions: (J(i → i) ≈ 10 5 collisions • s -1 ) since there are roughly hundred styrene units per micelle. This means that the micelles can grow from both of these mechanisms. One should note that this will not be the case in dispersion polymerization, where the monomer is soluble in the continuous phase at a concentration of around 10 -1 mol • L -1 compared to the value of 3 × 10 -3 mol • L -1 in emulsion polymerization. Therefore, in this case, there is a hundred times more monomer in solution and the monomer-micelles collision frequency is estimated at around 10 9 collisions • s -1 , which is a hundered times greater than the micellesmicelles collision frequency. Therefore, in dispersion PISA, micelles-micelles collisions are negligible compared to the swelling of the hydrophobic phase by the monomer. In short, in the case of emulsion PISA, one has a "slow" flow of monomer which stops only when all the monomer reservoir droplets are consumed, whereas in dispersion PISA the diffusional growth of the micelles with the monomer is extremely fast but will rapidly reach an equilibrium (the monomer being shared between the hydrophilic and hydrophobic phases). This fast swelling of the micelle could lead to their rapid destabilization and their coalescence as small particles which can later evolve into other morphologies via a mechanism similar to the one described below but on a larger length scale. Therefore, the mechanism presented here will focus mainly on emulsion PISA where the coalescence between small copolymer micelles can be observed, even so it could provide some interesting insight as to the dispersion PISA mechanism.

Having demonstrated above that a micelle coalescence growth mechanism is possible (i.e.

coalescence growth rate similar to the diffusional growth of styrene monomer from droplets)

we decided to study the interaction between such aggregates by performing umbrella sam-pling simulations. These MD simulations were performed using a coarse-grain model described in the materials and methods section. The N -acryloylmorpholine monomers were parametrized using all-atom simulation and polymer conformation (measured by SAXS) for bonded and non-bonded interactions, respectively. One should also note that the above calculation assumed a 100% collision efficiency (i.e. all collisions lead to the fusion of the micelles), which is hardly realistic considering the steric stabilization provided by the hydrophilic block. Such steric repulsion is indeed observed in the case of a pure PNAM hydrophilic block (PNAM 26 -b-PS 10 ), where the calculated energy profile shows purely repulsive forces (see Figure 3a). The interpretation is quite straightforward and illustrated in Figure 4a. The first micelles formed are very stable and do not coalesce with each other. However, the diffusional growth still happens, and these micelles swell with styrene monomer within their hydrophobic core and increase their radius while the number of hydrophilic segments remains constant. At a certain point, the number of hydrophilic chains per surface become too low to ensure sufficient steric stabilization and the coalescence will happen so that two aggregates can share their hydrophilic segments. This process will repeat itself up to the depletion of the styrene reservoir droplets. Note that, at first approximation, the number of chains double at each step and thus n agg increases exponentially: after only 5 coalescence events the final n agg of a few hundreds is reached.

With the presence of PEGA units, the situation is quite different. In these cases, an attractive well is observed on the interaction profiles (see Figure 3b-d). These energy minima appear at a higher separation (i.e. greater distance between the center of mass of the micelle) when the PEG side chains are located further away from the hydrophobic core. TThe radialdensity function of the PEG monomers around the micelle center of mass for the differentcopolymers are given in supplementary material (see Figure S6) and confirms that this attraction is in fact due to PEG-PEG interactions. The approximate values of these attractive wells are reported in Table 1. The presence of this attractive well leads to a completely different mechanism compared to the pure PNAM hydrophilic block (PNAM 26 -b-PS 10 ). In the presence of an attractive interaction between PEG segments, the small micelles could stick together upon collision and thus lead to the formation of small clusters. The swelling of the micelles within these clusters will then lead to their coalescence into more complex structures, such as vesicles, the interstitial water of the cluster forming the core of the vesicle. With the PEG side chains located statistically along the PNAM block or close to the polystyrene block, a repulsive barrier followed by an attractive well are observed (see Figure 3b andd From this information, the mechanism envisioned above can also be used to explain the different sizes of the final vesicles. The height of this repulsive barrier as well as the depth of the attractive well will impact the aggregation kinetics. When the interaction potential between the particles is purely attractive (cf. This mechanism suggests that cylindrical and vesicular morphologies are the results of the aggregation of copolymer micelles into clusters containing interstitial water. This clusteraggregation is likely caused by the lower water solubility of PEG segements with increasing temperature. Here, we have explained how the position of the PEG segements can directly impact the interaction between micelles and therefore modify the aggregation kinetics. The aggregation rate determines the structure of these clusters of aggregated-micelles and thus the final morphologies. A rather strong attractive interaction (i.e. small repulsive barrier) could explain the formation of strings of particles, which can then coalesce as a fiber-like structure as hypothesised by Armes and co-workers. [START_REF] Blanazs | Mechanistic insights for block copolymer morphologies: how do worms form vesicles?[END_REF] A weak attractive interaction (i.e. stronger repulsive barrier) will lead to denser clusters capable of trapping interstitial water during coalescence, hence forming large vesicles. One should note that in this case the coalescence rate will decrease and the diffusional growth will become predominate. However, as the micelle size is increased by swelling with monomer, the repulsion barrier decreases as the number of the polymer chains per surface unit decreases. Therefore, micelle/micelle coalescence still occurs alongside diffusional growth.

This scenario can also explain the discrepancy between the obtained morphology and the packing parameter. [START_REF] De La Haye | The Effect of Hydrophile Topology in RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF] Indeed, the PEG segments is often contributing to the hydrophilic block in the calculation of the packing parameter which might be problematic considering the loss of solubility of PEG with increasing temperature. More generally, this work points out the limitation of the packing parameter for complex copolymer architectures in which hydrophilic and hydrophobic blocks cannot be easily segregated. The packing parameter focuses mainly on the size of the block while the interaction between them is overlooked.

Recent simulation results, using Dissipative particle dynamics (DPD), show that the interactions between the blocks and the solvent could influence the morphology in a PISA process. [START_REF] Wang | One-pot production of porous assemblies by PISA of star architecture copolymers: a simulation study[END_REF] The authors observe the formation of "porous vesicles" with decreasing solubility between the hydrophilic block and the solvent. Furthermore, Lovett et al. examine the gelation behavior exhibited by diblock copolymer worms using small-angle X-ray scattering and percolation theory. [START_REF] Lovett | Can percolation theory explain the gelation behavior of diblock copolymer worms?[END_REF] They proved that the gelation occurs via multiple contacts between neighbouring worms, rather than as a result of worm entanglements. This suggests the existence of an attractive interaction between network junctions required for gelation. This mechanism is also supported by a thorough review of the existing literature on emulsion PISA, which shows that non-spherical morphologies are often obtained in emulsion PISA using a slight hydrophobicity within the hydrophilic block. In many cases, PEG branches are used to bring hydrophobic interactions in the hydrophilic block when the temperature is raised. [START_REF] Zhang | Well-defined amphiphilic block copolymers and nano-objects formed in situ via RAFTmediated aqueous emulsion polymerization[END_REF][START_REF] Qiao | Nitroxide-mediated polymerization-induced self-assembly of poly(poly(ethylene oxide) methyl ether methacrylate-co-styrene)-b-poly(n-butyl methacrylate-co-styrene) amphiphilic block copolymers[END_REF][START_REF] Zhang | One-pot synthesis of poly(methacrylic acid-co-poly(ethylene oxide) methyl ether methacrylate)-bpolystyrene amphiphilic block copolymers and their self-assemblies in water via RAFTmediated radical emulsion polymerization. A kinetic study[END_REF][START_REF] Zhang | Toward a better understanding of the parameters that lead to the formation of nonspherical polystyrene particles via RAFT-mediated one-pot aqueous emulsion polymerization[END_REF][START_REF] Boissé | Amphiphilic block copolymer nano-fibers via RAFT-mediated polymerization in aqueous dispersed system[END_REF][START_REF] Boissé | Influence of the stirring speed and CaCl2 concentration on the nano-object morphologies obtained via RAFT-mediated aqueous emulsion polymerization in the presence of a water-soluble macroRAFT agent[END_REF][START_REF] Truong | Facile production of nanoaggregates with tuneable morphologies from thermoresponsive P (DEGMA-co-HPMA)[END_REF][START_REF] Truong | Surfactant-free RAFT emulsion polymerization using a novel biocompatible thermoresponsive polymer[END_REF][START_REF] Truong | Overcoming surfactantinduced morphology instability of noncrosslinked diblock copolymer nano-objects obtained by RAFT emulsion polymerization[END_REF] Qiao et al. used brush-type copolymers with PEG side chains of various lengths and extended with butyl methacrylate and styrene as hydrophobic monomers. [START_REF] Qiao | Nitroxide-mediated polymerization-induced self-assembly of poly(poly(ethylene oxide) methyl ether methacrylate-co-styrene)-b-poly(n-butyl methacrylate-co-styrene) amphiphilic block copolymers[END_REF] They observed a drastic change in particle morphology (from spheres to vesicles and anisotropic objects) when varying the pH and the ionic strength whihc both impact the solubility of hydrophilic segment (i.e. increase hydrophobicity). Zhang X. et al. synthesized poly(methacrylic acidco-poly(ethylene glycol) methyl ether methacrylate) (P(MAA-co-PEGMA)) copolymers selfassembled upon chain extension with styrene. [START_REF] Zhang | One-pot synthesis of poly(methacrylic acid-co-poly(ethylene oxide) methyl ether methacrylate)-bpolystyrene amphiphilic block copolymers and their self-assemblies in water via RAFTmediated radical emulsion polymerization. A kinetic study[END_REF] At pH 7, only spheres were obtained, most likely due to a strong electrostatic stabilization imparted by the high ionization degree of the methacrylic acid units. [START_REF] Zhang | Toward a better understanding of the parameters that lead to the formation of nonspherical polystyrene particles via RAFT-mediated one-pot aqueous emulsion polymerization[END_REF] At pH 5, the decreased electrostatic repulsion makes the P(MAAco-PEGMA) more hydrophobic thus leading to non-spherical morphologies (fibers and vesicles). [START_REF] Zhang | Well-defined amphiphilic block copolymers and nano-objects formed in situ via RAFTmediated aqueous emulsion polymerization[END_REF] Finally at pH 3, the strong hydrophobic character of the carboxylic acid/ethylene glycol complex does not allow a good segregation strength between the blocks and spherical particles were obtained, but with some of the hydrophilic segments buried into the polymer core. Boissé et al. reported the formation of long filaments or vesicle-like structures using emulsion PISA of styrene with macroRAFT agents including acrylic acid and poly(ethylene glycol) arcylate units. [START_REF] Boissé | Amphiphilic block copolymer nano-fibers via RAFT-mediated polymerization in aqueous dispersed system[END_REF][START_REF] Boissé | Influence of the stirring speed and CaCl2 concentration on the nano-object morphologies obtained via RAFT-mediated aqueous emulsion polymerization in the presence of a water-soluble macroRAFT agent[END_REF] Charged carboxylic groups (pH = 8) provided sufficient repulsion and spheres were formed. However, the addition of CaCl 2 led to the formation of fibers and vesicles due to the ionic crosslinking of carboxylic acid groups with Ca 2+ . Truong et al.

have reported the formation of worms, vesicles and lamellae prepared by emulsion polymerization of styrene using thermosensitive copolymer (i.e. poly(di(ethylene glycol)ethyl ether methacrylate-co-N -(2-hydroxypropyl) methacrylamide)). [START_REF] Truong | Facile production of nanoaggregates with tuneable morphologies from thermoresponsive P (DEGMA-co-HPMA)[END_REF][START_REF] Truong | Surfactant-free RAFT emulsion polymerization using a novel biocompatible thermoresponsive polymer[END_REF][START_REF] Truong | Overcoming surfactantinduced morphology instability of noncrosslinked diblock copolymer nano-objects obtained by RAFT emulsion polymerization[END_REF] Non-spherical shapes were obtained by cooling down the hot latex from 70 They increased the hydrophobicity of this hydrophilic block by substituting the carboxylic demonstrates the importance of a slight increase of hydrophobicity within the hydrophilic block in order to form vesicles in emulsion PISA. All these examples demonstrate that the formation of non-spherical objects in emulsion PISA usually requires the introduction of an attractive interparticle interaction often provided by the increase hydrophobic character of PEG with the temperature. [START_REF] Qiao | Nitroxide-mediated polymerization-induced self-assembly of poly(poly(ethylene oxide) methyl ether methacrylate-co-styrene)-b-poly(n-butyl methacrylate-co-styrene) amphiphilic block copolymers[END_REF][START_REF] Truong | Facile production of nanoaggregates with tuneable morphologies from thermoresponsive P (DEGMA-co-HPMA)[END_REF][START_REF] Truong | Surfactant-free RAFT emulsion polymerization using a novel biocompatible thermoresponsive polymer[END_REF][START_REF] Truong | Overcoming surfactantinduced morphology instability of noncrosslinked diblock copolymer nano-objects obtained by RAFT emulsion polymerization[END_REF] In some cases, this attractive interaction was also assisted by ionic complexation, [START_REF] Boissé | Amphiphilic block copolymer nano-fibers via RAFT-mediated polymerization in aqueous dispersed system[END_REF][START_REF] Boissé | Influence of the stirring speed and CaCl2 concentration on the nano-object morphologies obtained via RAFT-mediated aqueous emulsion polymerization in the presence of a water-soluble macroRAFT agent[END_REF] or counter-balanced by the electrostatic repulsion from pH-sensitive charged groups [START_REF] Zhang | Well-defined amphiphilic block copolymers and nano-objects formed in situ via RAFTmediated aqueous emulsion polymerization[END_REF][START_REF] Zhang | One-pot synthesis of poly(methacrylic acid-co-poly(ethylene oxide) methyl ether methacrylate)-bpolystyrene amphiphilic block copolymers and their self-assemblies in water via RAFTmediated radical emulsion polymerization. A kinetic study[END_REF][START_REF] Zhang | Toward a better understanding of the parameters that lead to the formation of nonspherical polystyrene particles via RAFT-mediated one-pot aqueous emulsion polymerization[END_REF] in order to tune the morphology. However, non-spherical morphologies, obtained using emulsion PISA, were also reported without the use of PEGbased copolymer. [START_REF] Delaittre | Formation of polymer vesicles by simultaneous chain growth and self-assembly of amphiphilic block copolymers[END_REF][START_REF] Groison | Well-defined amphiphilic block copolymer nanoobjects via nitroxidemediated emulsion polymerization[END_REF][START_REF] Ratcliffe | RAFT polymerization of hydroxy-functional methacrylic monomers under heterogeneous conditions: effect of varying the core-forming block[END_REF][START_REF] Mable | ABC triblock copolymer worms: synthesis, characterization, and evaluation as pickering emulsifiers for millimeter-sized droplets[END_REF] Groison et al. used copolymer of methacrylic acid with 8.8 mol % of styrene sulfonate for the hydrophilic segment and methyl methacrylate (MMA) and styrene for the hydrophobic one. [START_REF] Groison | Well-defined amphiphilic block copolymer nanoobjects via nitroxidemediated emulsion polymerization[END_REF] In this case, because of the relatively high solubility (0.15 mol • L -1 ) of MMA at 80 However, the fact that it swells rather than dissolves in water proves that water is a poor solvent for the PHEMA as show by it relatively high Flory parameter (0.77 < χ < 0.83). [START_REF] Mikos | Flory interaction parameter χ for hydrophilic copolymers with water[END_REF][START_REF] Mark | Polymer data handbook[END_REF][76] Furthermore, swelling of PHEMA is due to intra-and intermolecular hydrogen bonding with water which weakens with increasing temperature. made of HPMA, an hydrophilic monomers (solubility around 0.9 mol • L -1 ), which gives upon polymerization an hydrophobic segment. [START_REF] Ali | Synthesis of poly(2-hydroxypropyl methacrylate) latex particles via aqueous dispersion polymerization[END_REF] In fact, both PHPMA and PHEMA are hydrophobic enough to prepare latexes by aqueous dispersion polymerization. [START_REF] Chu | Preparation of poly(hydroxyethyl methacrylate) and poly(hydroxypropyl methacrylate) latices[END_REF] Interestingly, these triblock (hydrophilic-intermediate-hydrophobic) copolymers can be viewed as intermediates cases between emulsion and dispersion PISA and can be used to expand our interpretation.

In the case of PISA in dispersion, the water-soluble monomer grows as an hydrophobic coreforming block. But a small portion of this segment located close to the hydrophilic block could remain partially soluble/hydrated and thus create an attractive interaction between copolymer micelles. This attractive interaction leading to their aggregation and the formation of non-spherical morphology.

More generally there seems to be a consensus as to the mechanism of formation of nanoobjects using emulsion and dispersion PISA. Small spherical micelles appear at small conversion followed by their transformation into fibers then to vesicles with increasing conversion. [START_REF] Blanazs | Mechanistic insights for block copolymer morphologies: how do worms form vesicles?[END_REF][START_REF] Brusseau | Nitroxide-Mediated copolymerization of methacrylic acid and sodium 4styrenesulfonate in water solution and one-pot synthesis of amphiphilic block copolymer nanoparticles[END_REF][START_REF] Groison | Well-defined amphiphilic block copolymer nanoobjects via nitroxidemediated emulsion polymerization[END_REF] This could be rationalized in accordance with the proposed mechanism: at low conversion, stables micelles are formed and remain spherical because of the dense hydrophilic corona (i.e. surface is saturated with surfactant) and the high mobility of the short hydrophobic block, which facilitate the coalescence of the micelles. With increasing conversion, a decreased stability of the micelles and the increased viscosity of the hydrophobic core induce the aggregation of micelles as described above, thus fibers and vesicles are formed. One should note that, in the experiments described in the litterature, the increased conversion (i.e. longer hydrophobic block) is usually obtained by decreasing the concentration of the hydrophilic block. [START_REF] Zhang | Well-defined amphiphilic block copolymers and nano-objects formed in situ via RAFTmediated aqueous emulsion polymerization[END_REF][START_REF] Blanazs | Mechanistic insights for block copolymer morphologies: how do worms form vesicles?[END_REF][START_REF] Zhang | One-pot synthesis of poly(methacrylic acid-co-poly(ethylene oxide) methyl ether methacrylate)-bpolystyrene amphiphilic block copolymers and their self-assemblies in water via RAFTmediated radical emulsion polymerization. A kinetic study[END_REF][START_REF] Zhang | Toward a better understanding of the parameters that lead to the formation of nonspherical polystyrene particles via RAFT-mediated one-pot aqueous emulsion polymerization[END_REF][START_REF] Groison | Well-defined amphiphilic block copolymer nanoobjects via nitroxidemediated emulsion polymerization[END_REF][START_REF] Zhang | RAFT-mediated one-pot aqueous emulsion polymerization of methyl methacrylate in presence of[END_REF] Therefore, the transition from fiber to vesicle could be the result of the dilution of the micelles, which slows down their aggregation. More concentrated suspension of micelles gives a faster aggregation creating loose and ramified clusters (i.e. fibers) whereas, at lower concentration, the aggregation rate is slowed down hence large and dense clusters are formed (i.e. vesicles). In any case, this morphological transition observed with increasing conversion always requires the presence of a slight hydrophobic segment within the hydrophilic block.

In summary, the observed mechanism of morphological transition can be rationalized considering the aggregation kinetics of the micelles into more or less dense and ramified clusters. The key phenomena controlling the final morphology are the competition between: (i)

the diffusional growth rate of the micelles (determined mostly via the hydrophobic monomer solubility) and (ii) the aggregation rate which depends on the concentration of the micelles as well as the interaction profile between them. The first one explains the substantial differences observed between emulsion and dispersion PISA. However, it could also play a role in emulsion PISA with slightly soluble hydrophobic monomers (≈ 0.1 mol • l -1 ). The latter determines the aggregation regime and thus the morphology of the clusters of aggregated micelles: loose or dense clusters coalescing into fibers or vesicles, respectively.

Conclusions

Using umbrella sampling and WHAM algorithm, we calculated the interaction free energy between different self-assembled copolymer aggregates. These simulations were used to propose a new mechanism that explains the change of morphology from spheres to fibers and vesicles depending on the polymer composition and architecture in the case of emulsion PISA. Without PEG branches the hydrophilic block provides strong interparticle repulsion and stable spherical particles are obtained. However, in the presence of PEG branches at 80

• C (the temperature at which the emulsion PISA was performed), the disruption of PEGwater hydrogen bonds leads to a decreased PEG water-solubility and thus an attractive interaction between the copolymer micelles. The position of the PEG branches induces very different interaction profiles. Indeed moving the PEG side chains close to the polystyrene block creates a stronger repulsive barrier. The strength of this repulsive barrier controls the aggregation kinetics: a strong repulsive barrier leads to slower aggregation rate and thus larger and denser clusters (RLCA). Theses clusters then coalesce into large vesicles due to the presence of interstitial water molecules in the cluster. Inversely, a weak repulsive barrier causes a rapid aggregation which gives loose and ramified clusters (DLCA) that coalesce after swelling with styrene, leading to tubular nano-structures and small vesicles. This new mechanism approach can provide better control over morphology of the final nano-objects depending on the copolymer composition and architecture for the emulsion PISA.

(Figure 1 :

 1 Figure 1: Topologies of the amphiphilic block copolymers used for the simulation. The architectures are designed to reproduce experimental data from Lesage de la Haye et al.. 27 A 10 styrene units hydrophobic block is used since it corresponds to the onset of the nucleation and the formation of the first micelles.

Figure 2 :

 2 Figure 2: Illustration of the umbrella sampling simulation / Weighted Histogram Analysis Method.
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Figure 3 :

 3 Figure 3: Potential of mean force (E) curves between two copolymer micelles having various hydrophilic block architectures.

(a

  kJ • mol -1 ) (kJ • mol -1 ) PNAM 26 -b-PS 10 -b-PS 10 / / spheres P(NAM 23 -co-PEGA 3 )-b-PS 10 17 10 small vesicles b P(NAM 8 -co-PEGA 3 )-b-PNAM 15 -b-PS 10 0 8 small vesicles b PNAM 15 -b-P(NAM 8 -co-PEGA 3 )-b-PS 10 From ref Lesage et al. b Structures also observed: fibers and tubular cylinders.

Figure 4 :

 4 Figure 4: Illustration of the cluster aggregation mechanism during polymerization-induced self-assembly. (a) Repulsive interaction occurring with pure PNAM macroRAFT ; (b) and (c) Attracto-repulsive interaction occurring with the introduction of PEGA units. Depending on the position of the PEGA units a strong (b) or weak (c) repulsive barrier was observed, which impacts the aggregation kinetics and thus the final morphologies.

Table 1 :

 1 Values of repulsive barrier and attractive well from the various copolymers architecture.

	Repulsive barrier Attractive well Final morphology a

Table 1

 1 NAM 23 -co-PEGA 3 )-b-PS 10 copolymers considering the relatively low value of the energy barrier and the relatively high value of the attractive well (cf. Table1, line 2). However, in the case of PNAM 15 -b-P(NAM 8 -co-PEGA 3 )-b-PS 10 , a high repulsive barrier is present between the particles (cf. Table1, line 4). The aggregation is slowed down by the fact that numerous attempts will be necessary to overcome this barrier, and one refers to slow or reaction limited cluster aggregation (RLCA) leading to denser clusters capable of trapping large amount of water, hence the formation of large vesicles.[START_REF] Lin | Universality in colloid aggregation[END_REF] 

	, line 3), the aggregation process is solely limited

[START_REF] Lin | Universality in colloid aggregation[END_REF] 

This is the case for the P(NAM 8 -co-PEGA 3 )-b-PNAM 15 -b-PS 10 copolymer, a fast aggregation occurs, leading to loose and ramified structures which can break down into small vesicles or long fiber-like structures. Similar mechanism may occur with the P(

  • C to ambient temperature in the presence of toluene to plasticize the polystyrene core. The decrease of the temperature changes the hydrophilicity of the thermosensitive block which drives the restructuring of the diblock copolymer assemblies into different morphologies. Finally, Khor et al. used a hydrophilic block composed of N -hydroxyethyl acrylamide and short poly(ethylene glycol) acrylate.[START_REF] Khor | Polymerizationinduced self-assembly: The effect of end group and initiator concentration on morphology of nanoparticles prepared via RAFT aqueous emulsion polymerization[END_REF] 

  C, the diffusional growth will again be much faster than the coalescence rate. Furthermore, the solubility difference between the styrene and MMA will induce a monomer composition gradient within the hydrophobic block, resulting in a hydrophilic-intermediate-hydrophobic polymer structure. This intermediate segment can provide an attractive interparticle interaction similar to PEG segments. The same interpretation could be done regarding the work of Ratcliffe et al.[START_REF] Ratcliffe | RAFT polymerization of hydroxy-functional methacrylic monomers under heterogeneous conditions: effect of varying the core-forming block[END_REF] and Mable et al.[START_REF] Mable | ABC triblock copolymer worms: synthesis, characterization, and evaluation as pickering emulsifiers for millimeter-sized droplets[END_REF] since they both used triblock copolymers with similar structure (i.e. hydrophilic-intermediate-hydrophobic). Ratcliffe et al. used an intermediate poly(2-hydroxyethyl methacrylate) (PHEMA) block. PHEMA is often described as a hydrophilic polymer due to is ability to form hydrogel by swelling up to 40% of water.[START_REF] Wichterle | Hydrophilic gels for biological use[END_REF][START_REF] Macret | Hydroxyalkyl methacrylates: kinetic investigations of radical polymerizations of pure 2-hydroxyethyl methacrylate and 2, 3-dihydroxypropyl methacrylate and the radical copolymerization of their mixtures[END_REF] 
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