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obtained in PISA because reorganization towards higher order morphologies (worms, vesicles, other exotic morphologies) is prevented for kinetic reasons 11, 12 .

). The exact contribution of each process remains mostly unexplored. Theories and experiments indicate unimer exchange as the most probable process occurring near equilibrium [13][14][15][16][17] . However, it is not unlikely that fusion/ fission may happen during (RAFT : Reversible Addition-Fragmentation chain Transfer polymerization) RAFT-PISA, especially at high copolymer concentrations where this process may be favored over unimer exchange as suggested by Armes and coworkers [18][19][20][21][22] . The role of reorganization kinetics, specifically the unimer exchange, on self-assemblies reorganization in PISA and the possibility to obtain different morphologies, has never been studied quantitatively though.

Introduction

Polymerization Induced Self-Assembly (PISA) is a synthesis pathway, which has been widely studied within the last decade [1][2][3] . This technique consists in simultaneously synthesizing and selfassembling Amphiphilic Block CoPolymers (ABCP), typically AB diblock copolymers, by conducting the synthesis of a second solvophobic B-block from a first solvophilic A one in a selective solvent. (see Figure 1). This process can be conducted in dispersion or emulsion, reaching high solids contents (10-40 wt%). PISA can therefore be industrially viable and environmentally friendly when conducted in water. A key interest of this synthesis lies in the variety of the self-assembled nanostructures which can be obtained, such as worms, vesicles or jellyfishes 4,5 . Nevertheless, in many examples, PISA leads only to spheres contrary to what would be expected from a thermodynamic point of view 6 . One possible explanation for this observation is that many amphiphilic block copolymers 7 lead to out-of-equilibrium, so called "frozen", self-assemblies hardly able to reorganize in solution (especially in aqueous medium) [8][9][10] . It is therefore possible that spherical morphologies are often In the frame of the present work, ABCP obtained by PISA in water are investigated. The Bblock refers to hydrophobic block or core-forming block, whereas the A-block represents the hydrophilic block or corona forming block (see Figure 3).

The "Dynamic PISA" ANR project focuses on improving the understanding of morphological transitions occuring during RAFT-PISA synthesis in dispersion in water by taking quantitatively into account the kinetics of reorganization of the self-assembled particles. In this context, the purpose of my PhD work was to measure the exchange time of hydrophobic B-blocks between self-assembled structures, i.e. unimer exchange time, (see Figure 3) by dynamic linear rheology and to probe the effect of different parameters (composition and length of the B-block, temperature, pH, ionic strength, addition of salts) on this exchange time. While, adding clues to PISA understanding, this study also focuses on tuning the rheological properties of hydrogels formed by self-associated BAB amphiphilic block copolymers (see Figure 3). For such hydrogels, modifying the exchange dynamic (= rate of exchange of the B-blocks) is a straightforward way to adjust their rheological properties, which can be useful for applications of these systems. Therefore, this work aims also at understanding and controlling the rheological properties of these complex fluids. To this extent, we choose to study triblock copolymers comprising a hydrophilic block of poly(dimethylacrylamide) (PDMAc) and two hydrophobic endblocks of poly(2-methoxyethylacrylate) (PMEA). MEA has been selected for the good water solubility of the monomer and insolubility of the polymer, which makes it a good candidate for dispersion PISA in water. Moreover, mostly spheres were obtained using a PMEA block in PISA, with only a few exceptions 23 , making this polymer relevant to investigate in the frame of the DYNAMIC PISA project.

In this manuscript, the first chapter will give an overview of the litterature on amphiphilic di and triblock copolymer exchange dynamics. The techniques used to measure the dynamics will be presented. A focus will be made on the correlation between di and triblock copolymers exchange dynamics, explaining the choice of triblock copolymers. Thereafter, strategies used to tune and control the exchange dynamics will be summarized. Lastly, the key aspects of diblock copolymer morphological transitions occurring in PISA are discussed.

The second chapter describes the experimental methods used. This will be supplemented by experimental issues encountered during those experiments and the technical specificities to be aware of.

The thermo-responsivity of PMEA-b-PDMAc-b-PMEA triblock copolymers is presented in the third chapter. The properties and especially unimer exchange dynamic for this system can be tuned with the temperature. The study is pursued with an investigation of the impact of the hydrophobic block length on the exchange rate of the B-blocks between micellar cores.

The fourth chapter falls within the frame of the ANR "Dynamic PISA" project aiming at improving the understanding of the morphological transitions occurring in PISA. More specifically, in this chapter is investigated the role of the unimer exchange in the morphological transitions observed in PISA.

In the fifth chapter the exchange dynamics modulation arising from copolymerization of the Bblocks with small amounts of hydrophilic units of acrylic acid (AA) is studied. The consequences of the distribution of the AA units (statistical or gradient) is also investigated. This is done by studying the combined thermo and pH-sensitivities of the exchange dynamics of the B-blocks.

Finally, salt addition impact on the exchange dynamics and hydrogel rheological properties is also investigated using monovalent sodium ions (Na + ) and multivalent ions of calcium (Ca 2+ ).

Finally, conclusions and perspectives are presented to end this manuscript.

Chapter 1: Bibliography 1. Introduction

In this manuscript the fundamental impact of the exchange dynamics on amphiphilic block copolymer self-assemblies in water is studied in the frame of the "Dynamic PISA" ANR project.

This project aims at improving the understanding of the kinetic contribution, and specifically unimer exchange, to self-assembled particle reorganizations (see Figure 2). The majority of the litterature discussed here focuses on systems with water as the solvent, but a few examples in organic selective solvents are also presented.

In this context, simultaneously adding clues to PISA understanding, this work also aims at tuning and controlling hydrogel exchange dynamics measured by dynamic linear rheology and at probing the effect of different parameters (B-blocks composition and length, temperature, pH, ionic strength, addition of salts) on the exchange time. ABCP transient hydrogels are three-dimensional polymeric networks formed in water (see Figure 3). Using BAB self-assembling triblock copolymers is one effective way to form transient networks in aqueous solution. Such hydrogels consist of hydrophobic cores, formed by B-blocks bridged by hydrophilic A-blocks (see Figure 3). Hydrophobic blocks can exchange between micellar cores. They are thus forming transient network bonds. Hydrogel properties depend on the network links and especially their lifetime.

Being able to tune the exchange dynamics is thus a key to control hydrogel properties and applications.

Such links can be broken and formed upon application of different stimuli (pH, T, …) which depend on the polymeric matrix sensitivity. Therefore, multiple strategies exist to control the dynamics, which are the key to control the properties of the system and opens up the possibility of diverse applications. Self-assembly and dynamics of diblock copolymer micelles will first be explained followed by the definition of the unimer exchange at steady state and the techniques used to measure it. This first part gives the context and the reasons why BAB triblocks have been chosen in this work to study the exchange dynamics. It will give essential information on the exchange dynamics theory to gain more insight on the parameters involved in its control and the means to measure it. The second part will explore triblock copolymers self-assembly and dynamics with a focus on strategies used to tune the exchange dynamics of transient networks. The last part will further define the ANR project context, explaining the reasons to investigate the role of the kinetic in the reorganizations occurring during RAFT PISA synthesis conducted in water.

Diblock copolymer micelles exchange dynamics

a. Diblock copolymer self-assembly A polymer chain can be formed by a repeated single monomer or by the succession of multiple and diverse monomers (copolymer). Polymer chains can be structured in blocks, forming block copolymers. A diblock copolymer is a polymer chain which comprises two distincts blocks with different features. For instance, amphiphilic diblock copolymers are formed by a hydrophilic block and a hydrophobic block (see Figure 4). In a selective solvent for one of the blocks, diblock copolymers spontaneously self-assemble into micelles above the critical micellar concentration (CMC). Considering PISA synthesis, a solvophobic B-block is progressively growing on a solvophilic A-block. It ultimately leads to the self-assembly of the block copolymer by the gathering of solvophobic B-blocks in the micelle core (see Figure 4). The aggregation process represents the transition from a single polymer chain, also called unimer, to a micelle which is the assembly of multiple unimers. 

 Diblock copolymer unimer exchange versus fusion/fission

Due to similarities between surfactants and amphiphilic block copolymers, theories developed for surfactants and surfactant micelles paved the way to the understanding of diblock copolymer behavior. Different self-assembled nanostructures are expected to be obtained. Spheres but also worms or vesicles are supposed to be observed according to thermodynamic considerations (packing parameter) 6 . However, many examples report systems displaying spherical structure while other moprhologies (worms, vesicles, etc) are thermodynamically predicted 24 .

When dispersed in water or upon a sudden change of the polymer concentration, amphiphilic block copolymers follow an association mechanism considered as a two steps process described by Anniason and Wall [25][26][27] . In the first step, unimer association occurs through nucleation and growth (see Figure 2). Then, in a second and longer step, micelles are reorganizing to reach their thermodynamic equilibrium. Aggregates may follow similar mechanism upon sudden change of the CMC or even upon strong T or pH modification in the case of T or pH-sensitive systems.

In general, self-assemblies are considered to reach their thermodynamic equilibrium due to their ability to reorganize (kinetic). Therefore, they are considered as dynamic (not frozen). Two processes are supposed to allow those reorganizations: unimer exchange or fusion and fission of self-assemblies (see Figure 2). Unimer exchange means that unimers are being exchanged between the self-assembled structures, while fusion and fission processes describe the merging and breakup of micelles.

The Halperin and Alexander 13,14 (H-A) theory for diblock copolymer association describes a situation close to thermodynamic equilibrium and supposes that chain exchange through unimer exchange prevails over fusion/fission. The steric hindrance caused by repulsions between coronas is supposed to prevent fusion. Fusion/fission was studied theoretically by Dormidontova 28,29 and by Haliloglu et al. 29 using computer simulations. Haliloglu et al. observed fusion/fission for short diblock copolymers with weak segregation between blocks. Considering large diblock copolymers with strong segregation between blocks, Nyrkova and Semenov 30 claimed that a lower energetic barrier for unimer exchange favored this process rather than fusion. The fusion mechanism was claimed to exist by Gazon et al 31 , however fusion appears to be far less observed than unimer exchange. Fusion is more likely to occur at high solid content or at high stirring speed, due to an increased number of particles and inelastic collisions 32 . However, fusion is still less likely to occur close to, or at the equilibrium, given that it is rather a slow process compared to the exchange of unimers.

In summary, diblock copolymer association depends on kinetic and thermodynamic considerations. Self-assemblies may fail to reach thermodynamic equilibrium due to very slow kinetics, which prevent reorganization. Two processes are to be considered: unimer exchange between micellar cores or fusion and fission of the micelles. Unimer exchange is most likely to occur close to the equilibrium.

 Diblock copolymer unimer exchange dynamics

From a more quantitative perspective, diblock copolymer micelles dynamics' theory was first developed by H-A 13 based on the following unimer exchange process, described by Tian et al 33 (see Figure 5). It proposes a three step process where the solvophobic block has first to extract from the core by forming a condensed globule at the interface with the corona (1). It then has to diffuse through the corona (2), forming another interface with the solvent before further diffusing through the solvent to another core (3). The escape of the solvophobic block from a micellar core appeared to be the rate-limiting step for chain exchange as was shown by Cao et al 34 using time-resolved and steady-state fluorescence.

There is a competition between the energy cost for unimer escape at the interface with the corona and the entropic penalty for chain stretching. To escape from the core, the block has to overcome an energy barrier (E) defined as : 𝐸 ∝ 𝛾 × 𝑎, which leads to : 𝐸 ∝ 𝛾 𝑁 𝑐𝑜𝑟𝑒 2/3 , 𝑎 ∝ 𝑁 𝑐𝑜𝑟𝑒 2/3 (1)

𝑎 : surface occupied by the condensed solvophobic block 𝛾: interfacial tension between the solvophobic block and the solvent, 𝑁 𝑐𝑜𝑟𝑒 : hydrophobic block length This energy barrier is proportional to the interfacial tension between the core and the solvent and to the hydrophobic block length to the power of 2/3 13,14,28,35 . Increasing the block length and solvophobic character induces a slower exchange rate, as demonstrated by Creutz et al 36,37 studying diblock and triblock copolymers consisting of a hydrophilic poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and hydrophobic poly(methacrylate) blocks in water. Dissipative particle dynamic simulations 38 and experiments [39][40][41] revealed that the energy barrier increases with the core block length. Their model proposes a different approach compared to H-A theory that may explain the experimental observation that the energy barrier increases linearly with the core block length (𝐸 ∝ 𝛾 𝑁 𝑐𝑜𝑟𝑒 1 ). B-block movement is also relevant given that unimer exchange requires their diffusion and compaction at the interface followed by their diffusion to another core.

Therefore, the block architecture can influence the exchange dynamics as it influences the mobility.

Tanaka and Edwards 42,43 developed a model, compatible with H-A's theory, to describe the dynamic of physical networks. Such theory can be applied to transient networks formed by BAB triblocks. It defines the bond lifetime as:

𝜏 𝑏𝑜𝑛𝑑 ∝ exp ( 𝐸 𝑎 𝑘 𝐵 𝑇 ) (2) 
with 𝐸 𝑎 the activation energy for disentanglement of a link, which can also be expressed as follows:

𝜏 𝑏𝑜𝑛𝑑 ~ exp ( 𝛾𝑎 2 𝑁 𝑐𝑜𝑟𝑒 2 3 𝑘 𝐵 𝑇 ) (3) 
The glass transition also influences the exchange dynamics given that it directly impacts the mobility of the B-blocks and therefore their ability to compact at the interface with the A-block (see Figure 5). Indeed, while for non glassy systems, the exchange dynamic process is limited by the energetic barrier for block extraction (see Figure 5), for glassy hydrophobic blocks the glass transition may add complexity. Temperature may impact B-blocks exchange dynamics due to the transition from a "rigid" state at T < Tg, to a "flexible/soft" state at T > Tg. The low block mobility below Tg directly impacts the first step of the exchange dynamics process, reducing the ability of the B-blocks to compact at the interface. However, the impact of the glass transition on the exchange dynamics does not always explain the lack of chain exchange [44][45][46][47] . Indeed, block copolymers comprising pure poly(n-butyl acrylate) (PnBA) B-blocks (Tg ~ -55 °C) appeared to be frozen even though T > Tg. [48][49][50] Therefore, glassy systems require the temperature to be set above Tg to render the B-blocks mobile, but that is not sufficient to guarantee chain exchange to occur.

The interfacial tension between B-blocks and the solvent is also expected to influence the exchange dynamics (see equation 3) so that changing the solvent is a way to tune the exchange dynamics. However, the focus of this investigation will remain on systems studied in water.

In the H-A model, the A-block is not considered as a relevant parameter affecting unimer exchange . However, Zinn et al 15 observed a slower exchange with increasing the length of the Ablock of alkane-poly(ethylene oxide) (Cn-b-PEO) diblocks in water, using TR-SANS, and estimated the following relation: 𝜏 0 ~ 𝑀 𝑃𝐸𝑂 9/5 , where 𝜏 0 is a prefactor in equation 3. This was attributed to an increased domain thickness to be crossed by the hydrophobic block during unimer exchange. On the other hand, simulations indicated a faster exchange upon increasing corona block length with a constant B-block length. They attributed this to an increased CMC and diblock solubility 51 . This was also supported by Wang et al 52 who observed faster dynamics for poly(styrene)-b-poly(ethylene-alt-propylene) (PS-b-PEP) micelles with increased PEP block length. However, they attributed this effect to stretching relief of the corona as the block leaves the corona.

How is measured and defined the exchange dynamics at steady state?

a. How is defined unimer exchange at steady state?

When using smart/stimuli-responsive polymers, it is important to understand what is meant by unimer exchange at steady state. Changes within the system occur upon a variation of the conditions (pH, T or solvent composition) that do not necessarily imply exchange of unimers at steady state. Indeed, the system can be frozen before or after reorganization upon application of a stimulus, but unimer exchange or fusion/fission may still be possible at some intermediate conditions allowing reorganization to occur.

A significant indication that unimers can exchange at steady state, but still not a definite evidence, is the progressive aspect of the evolution of the system upon small changes of the conditions. A second clue suggesting the ability to exchange unimers is the reversible character of the evolution. For instance, pH-sensitive micelles undergoing progressive and reversible assembly/disassembly upon small pH changes suggests that the system is able to exchange unimers at each steps of the pH variation. On the contrary, one can be assured of the frozen state of a system if its preparation process impacts its final state. In this thesis, the focus will be on exchange of unimers at steady state.

b. Techniques used to measure unimer exchange for diblocks Two techniques have been used to measure the exchange dynamics at steady state for diblock copolymers micelles: TR-SANS and TR-fluorescence. These techniques measure the exchange at equilibrium between labelled and unlabelled polymers.

TR-SANS technique is based on mixing two types of micelles, one with "unmodified" (hydrogenated) polymers and a second with deuterium-substituted polymers (see Figure 6), in a zero-average-contrast solvent (scattering length density in between the unmodified and deuterated polymers). At first, the scattering intensity will arise from the two distinct micelle populations. In the case of a dynamic system, unimers are being exchanged between micelles cores leading to mixed micelles. As a consequence, the scattering intensity is expected to decrease. This technique is quite powerful but nevertheless requires that the size and shape of the micelles is not affected by the labelling. determine the exchange dynamics. On the left, two micelle populations are represented: the "unmodified" polymer is represented with a red core while the labelled polymer is indicated by a yellow core, with an orange "in between" contrast solvent. On the right, mixed micelles are obtained. Chain exchange between micelles is represented above the arrow linking both states.

In a similar way, the use of fluorescent-labelling can be done instead of deuteration.

Fluorescence resonance energy transfer (FRET) 53 consists in an energy transfer from a fluorescent donor to an acceptor molecule (chromophore or fluorophore). This will induce photon emission if the acceptor is a fluorophore molecule, or leads to a quenching if the acceptor molecule is nonfluorescent, but only provided that both donor and acceptor are close enough (for example in the same micellar core).

A first approach consists in mixing two micelles populations: one population has cores loaded cores with a fluorescent probe such as pyrene, while the other one contains acceptor molecules (forming a photophysical donor-acceptor pair with pyrene such as pyrene-diphenylanthracene) 34 .

The donor-acceptor pair formation, upon mixing micelles populations, implies a change of the fluorescence signal, which is then indicative of the chain exchange. A more efficient FRET approach to probe unimer exchange consists in using labelled polymers. A FRET donor is grafted on the hydrophobic moiety or at the interface between the core and corona blocks of one polymer population, while an acceptor is grafted on another polymer population. Micellar solutions formed independently by each polymer population are mixed at time t0 and the evolution of the fluorescence signal is followed to probe unimer exchange.

Wang et al 54 studied the mixing of poly(styrene)-b-poly(ethylene oxide) (PS-b-PEO) micelles, separetely grafted with naphthalene or pyrene at the blocks interface. Nonradiative energy transfer from naphthalene to pyrene is probed with time. Following the time dependent evolution of the intensity of the naphthalene emission, they could follow the micelle equilibration process and determine the chain exchange kinetics.

The techniques described here require major modifications of a given sample (solvent, labelling, use of fluorescent molecules), which may have an impact on the self-assembly and its kinetics of exchange. This can be avoided by using rheology. To this end, triblock copolymers equivalent to diblocks are required. This technique will be further presented and explained in the following section. Dynamic mechanical properties of hydrogels can be obtained by measuring the elastic (Gʹ) and loss (Gʺ) shear moduli as a function of the frequency in the linear regime, at C > Cp (see Figure 8). The data obtained at different temperatures can sometimes be superimposed to form a master curve using horizontal and vertical shift factors. The viscoelasticity is characterized by a liquid behaviour (Gʹ < Gʺ) at low frequencies and a solid behaviour (Gʹ > Gʺ) at high frequencies. The cross-over frequency (𝑓 𝑟 ) where Gʹ = Gʺ can be used to define a characteristic relaxation time of the network 𝜏 𝑟 = 1 2𝜋𝑓 𝑟 (4). Close to the percolation threshold, the network contains inhomogeneities (loops, superbridges, …), so that the rheological relaxation is usually much smaller than the actual exchange time of the B-blocks. 15,55,56 The number of defects decreases with increasing polymer concentration. It results in an increase of the relaxation time, until reaching a constant value at relatively high concentration. This constant relaxation time can be considered as the system characteristic exchange time.

Combining a dashpot with a certain viscosity (𝜂) and a spring with a certain elastic modulus (𝐺 𝑒 ) the relaxation time is given by : 𝜏 𝑟 = 𝜂 𝐺 𝑒 (5). However, it is usually observed that Gʹ is not constant at 𝑓 ≫ 𝑓 𝑟 due to a broad distribution of relaxation times arising from polydispersity or different relaxation mechanisms. In this case, 𝐺 𝑒 was arbitrary defined in some studies as Gʹ at 𝑓 = 100 𝑓 𝑟 (6). According to the theory of rubber elasticity 57 , the elastic modulus at the rubbery plateau (𝐺 𝑒 ) is proportional to the number concentration of elastically active chains (𝑣) in the network, i.e. the number of BAB chains forming a bridge between two micellar cores connected to the network:

𝐺 𝑒 = 𝑣. 𝑘. 𝑇 (7) With 𝐺 𝑒 in Pa,  the number concentration of elastically active chains (number of molecules.m - 3 ), 𝑘 𝐵 Boltzmann's constant (m 2 .kg.s -2 .K -1 ) and T the absolute temperature (K). They demonstrated the correlation between the rheological relaxation time and the molecular exchange obtained by TR-SANS for a given intermediate concentration range.

The exchange time obtained using rheology is representative and characteristic of the system when all the polymer chains are involved in the network at high concentration. This specific value is obtained at relatively high concentration due to the network evolution with increasing polymer concentration: the polymeric network is progressively forming and therefore at low concentration it may contains defects such as superbridges. Zinn et al observations at low concentration appear to be consistent with this model. However, they observed a longer rheological relaxation at high concentration. This is suprising as the rheological relaxation time is supposed to reach a maximum, corresponding to the real exchange time of the B-blocks. Therefore, it can be assumed, as they suggested, that such increase may be the consequence of constraints induced by the high concentration. One other possible explanation may be that micelles cores jamming is progressively happening. Overall, those results ensure that the relaxation time measured by rheology and defined as the exchange time is coherent with molecular exchange time determined by TR-SANS.

The following section will focus on strategies used to modify block copolymers dynamics will be explored, allowing the identification of the key parameters for chain exchange control and modulation.

How to tune and control the exchange dynamics?

Chain exchange dynamics are rate limited by the expulsion of the B-block from the core as described by H-A (see Figure 5). It requires the B-block to contract at the interface and most importantly to extract from the core. This latter aspect, which limits the rate of the exchange when the mobility of the B-blocks is sufficient, is related to the energetic barrier for block expulsion from the core and is proportionnal to the interfacial tension between the block and the solvent.

Additionnally, the characteristics of the A-blocks might play a role, although it seems secondary to that of the B-block and the litterature on this aspect is more controversial.

The exchange dynamics can be influenced by: o chemical composition and length of the B-block and the A-block o solvent o environmental conditions such as pH, temperature and salt

In this part will be discussed the main conclusions regarding the influence of each of these parameters in order to understand how to tune and control the exchange dynamics.

a. Tuning dynamics by varying the hydrophobic block composition and length.

H-A theory predicts that longer B-blocks favor aggregation and slows down the exchange between cores 32 with the formula 𝐸 𝑎 ∝ 𝑁 𝑐𝑜𝑟𝑒 ) instead of (𝐸 𝑎 ∝ 𝑁 𝑐𝑜𝑟𝑒 2/3 ). 38,41 Those aspects were already discussed in section 3.b).

The chemical nature of the B-block constitutive monomers may also impact chain exchange dynamics if this results in a glassy polymer, slowing down the compaction of the block to the interface, as already mentionned in section 3.b. The copolymer Tg depends on the block length and its chemical nature, but it is not sufficient to explain the evolution from a frozen to a dynamic system. More importantly, the nature and hydrophobicity of the B-blocks impacts the interfacial tension between the hydrophobic block and the solvent. Therefore, modifying the interfacial tension between the solvent and the B-blocks may be a useful strategy to tune the dynamics of block copolymer assemblies.

b. Copolymerization of the B-blocks

In order to favor and enhance the exchange dynamics, B-blocks hydrophobicity needs to be reduced. One strategy consists in the copolymerization of hydrophilic co-monomers in the hydrophobic block. The latter was first reported by Bendejacq et al [START_REF] Badi | Non-linear PEG-based thermoresponsive polymer systems[END_REF]59 to render the PS-b-PAA frozen system dynamic by adding AA units in the solvophobic block.

Adding pH-sensitive hydrophilic units inside the B-block is a useful tool to tune the dynamics not only by varying the hydrophobicity of the block, but also by adding ionizable units. Bendejacq et al [START_REF] Badi | Non-linear PEG-based thermoresponsive polymer systems[END_REF] and Laruelle et al 60 showed that PAA-b-PS frozen diblock could self-assemble and display pH-dependent self-assembly by adding AA units inside the PS block, which indicates that the aggregates became dynamic. Borisova et al [START_REF] Tanaka | Cold crystallization of water in hydrated poly(2-methoxyethyl acrylate) (PMEA)[END_REF][START_REF] Tanaka | Effect of water structure on blood compatibility-thermal analysis of water in poly(meth)acrylate[END_REF] reported the pH-sensitivity of P(S-co-AA)-b-PAA-b-P(S-co-AA) hydrogels. They observed a reversible pH-triggered aggregation of the triblock copolymer due to the ionization of the AA units. A pH-triggered sol-to-gel transition was also observed upon increasing pH characterized by an increase in the zero-shear viscosity (up to 3 orders of magnitude). It was also reported to impact the system moduli, but no information was given on the relaxation time. The authors demonstrated the tunability of the rheological properties, suggesting a variation of the rate of B-blocks exchange.

E. Lejeune et al [START_REF] Mizoue | Association Behavior of Amphiphilic ABA Triblock Copolymer Composed of Poly(2-methoxyethyl acrylate) (A) and Poly(ethylene oxide) (B) in Aqueous Solution[END_REF][START_REF] Kurokawa | Antithrombogenic poly(2-methoxyethyl acrylate) elastomer via triblock copolymerization with poly(methyl methacrylate)[END_REF] also used this strategy for PnBA B-blocks, which are less hydrophobic and have a lower Tg than PS (Tg (PnBA) ~ -55 °C; Tg (PS) ~ 100 °C). They reported for a P(nBA50%stat-AA50%)100-b-PAA100 diblock copolymer pH-dependent reversible aggregation, with diblock aggregation induced by decreasing the ionization of the AA units. This result suggests that the frozen micelles became dynamic when AA units were incorporated within the PnBA block.

However, no direct measurements of the exchange dynamics were made to confirm this quantitatively. In the continuity of this work, C. Charbonneau et al [START_REF] Miwa | 2H-NMR and 13C-NMR Study of the Hydration Behavior of Poly(2-methoxyethyl acrylate), Poly(2-hydroxyethyl ethacrylate)and Poly(tetrahydrofurfuryl acrylate) in Relation30 to Their Blood Compatibility as Biomaterials[END_REF][START_REF] Bag | Impact of the Hydration States of Polymers on Their Hemocompatibility for Medical Applications: A Review[END_REF] studied the rheological properties of aqueous solutions of the equivalent BAB triblock copolymer (50 % of AA in the Bblocks) and demonstrated their pH-dependent exchange dynamics. They observed an increasing τ over 11 orders of magnitude (10 -3 to 10 8 s) upon decreasing the degree of ionization (α) of the AA units from 90 % to 10 %. Whatever the α, τ decreased with increasing T following an Arrhenius law with a constant activation energy (Ea = 120 kJ/mol).

A. Shedge et al [START_REF] Sato | The Relationship Between Water Structure and Blood Compatibility in Poly(2-methoxyethyl Acrylate) (PMEA) Analogues[END_REF] The addition of neutral hydrophilic units in the B-blocks on triblock exchange dynamics was reported by P. Biais et al [START_REF] Haraguchi | Highly Protein-Resistant Coatings and Suspension Cell Culture Thereon from Amphiphilic Block Copolymers Prepared by RAFT Polymerization[END_REF][START_REF] Haraguchi | Antithrombogenic Properties of Amphiphilic Block Copolymer Coatings: Evaluation of Hemocompatibility Using Whole Blood[END_REF] . They observed through light scattering and macroscopic observations that (PDAAm: Poly(diacetone acrylamide)) PDAAm-b-PDMAc-b-PDAAm BAB triblock copolymers formed frozen networks which break upon stirring. However, a rheological relaxation time was measured upon adding DMAc units within the B-blocks, inducing faster exchange with increasing co-monomer proportion. They also observed a non-monotonous behavior upon heating. Temperature-induced gelation was observed at high concentrations and not at lower concentrations even though a percolating network was formed. Therefore, this temperature gelation was attributed to a jamming of micelles, which has also been reported for other dynamic networks 10,[START_REF] Morita | Hydration Structure of Poly(2-methoxyethyl acrylate): Comparison with a 2-Methoxyethyl Acetate Model Monomer[END_REF] formed by triblock copolymers.

DMAEMA is commonly used to add pH-responsivity to block copolymers. Given that DMAEMA is a LCST (Lower Critical Solution Temperature) monomer, its incorporation can also According to the three latter studies, the addition of hydrophilic or moderately hydrophobic units in the B-blocks helped lowering those blocks hydrophobicity. Those studies moreover highlight the complex pH and T-responsivities induced by PDMAEMA. Thermo-responsive DMAEMA in its neutral form resulted in a decrease of the unimer exchange upon increasing temperature (thermo-thickening), whereas the opposite effect is usually expected for athermal (not thermoresponsive) B-blocks due to the Arrhenius law [START_REF] Mochizuki | Water structure of poly(2methoxyethyl acrylate) observed by nuclear magnetic resonance spectroscopy[END_REF] . Also, the combination of both T-and pHsensitivities of the exchange dynamics appears complex to achieve.

O'lennick et al 75 Different morphological transitions were observed upon pH switch depending on the AA distribution which indicates that the latter impacts the system properties.

In the light of these examples, the hydrophilic units distribution in the B-block impacts polymers properties. It can then be assumed to also have an impact on the exchange dynamics. A 2 orders of magnitude faster chain exchange was measured for the longest A-block than for the shortest. Contrary to Zinn et al, they observed a decreased activation energy for chain exchange upon increasing A-block length. This is attributed to an entropic gain as the corona stretching is relieved when the B-block is expulsed from the core. However, the exact contribution remains unclear.

Similarly to Wang et al, Z. Li et al 51 observed faster chain exchange between diblock copolymer micelles when increasing the A-block length using dissipative particle dynamics simulation.

Longer A-blocks inhibits micellization due to the increased compatibility with the solvent, which also lowers the potential barrier for chain escape and explains the faster exchange rate. Their studies are usually cited as the unique example reporting a faster dynamic with a longer A-block.

e. Solvent modification (co-solvent/ co-surfactant/ salt addition)

Another important parameter affecting the chain exchange dynamics and pointed out by H-A theory is the interfacial tension between B-blocks and the solvent (𝛾), which may be tuned by the addition of cosolvant or cosurfactant.

Choi et al [START_REF] Choi | Structure of Poly(styrene-b-ethylene-altpropylene) Diblock Copolymer Micelles in Binary Solvent Mixtures[END_REF][START_REF] Choi | Structure of Poly(styrene-b-ethylene-alt-propylene) Diblock Copolymer Micelles in Squalane[END_REF] reported less aggregated and more swollen PS-b-PEP micelles in squalane, upon the addition of a less selective cosolvent towards the B-block (1-phenyldodecane). The impact of similar solvent composition modifications on the exchange dynamics for PS-b-PEP was reported by Wang et al [START_REF] Wang | Effect of Solvent Selectivity on Chain Exchange Kinetics in Block Copolymer Micelles[END_REF] using TR-SANS. They measured a dynamic 5 orders of magnitude faster upon the addition of 25 vol% of phenyldodecane to pure squalane, which they attributed to both a reduced energetic cost for the block expulsion but also to an increased B-block mobility due to the core swelling. Schantz et al [START_REF] Schantz | PEE-PEO Block Copolymer Exchange Rate between Mixed Micelles Is Detergent and Temperature Activated[END_REF] also observed a faster exchange dynamic for poly(ethyl ethylene)20-bpoly(ethylene oxide)18 (PEE20-b-PEO18) upon the addition of surfactant (octyl-𝛽-D-glucoside), which they attributed to a decreased activation barrier for unimer exchange with increasing amounts of surfactant. Lund and coworkers [START_REF] Lund | Tuning of structure and kinetics of chain exchange in star-like PEP-PEO block copolymer micelles[END_REF][START_REF] Lund | Equilibrium Chain Exchange Kinetics of Diblock Copolymer Micelles: Tuning and Logarithmic Relaxation[END_REF][START_REF] Lund | Logarithmic Chain-Exchange Kinetics of Diblock Copolymer Micelles[END_REF] also tuned the chain exchange dynamics of PEPb-PEO diblock copolymer micelles in water by adding N,N -dimethylformamide (DMF). Using TR-SANS, they found that lowering the interfacial tension by adding DMF (selective to PEO) induced a transition from an almost frozen system to dynamic micelles. DMF addition to a PS23b-PAA1134-b-PS23 hydrogel led to an enhanced homogeneity of the system due to dynamic exchanges [START_REF] Tsitsilianis | Effect of DMF on the Rheological Properties of Telechelic Polyelectrolyte Hydrogels[END_REF] . A transition from gel to viscoelastic liquid was also observed upon acetone addition to (PMMA : poly(methyl methacrylate); PDEA : poly(2-(diethylamino) ethyl methacrylate-comethacrylic acid) PMMA86-b-P(DEA190-co-MAA96)-b-PMMA86 triblock copolymers at 3 wt% in water at pH = 3. [START_REF] Dyakonova | Effect of cosolvent on the rheological properties and self-assembled structures from telechelic polyampholytes[END_REF] Such triblocks are considered as frozen systems in water with positively charged AA at pH = 3. However, the addition of acetone allowed to measure an exchange time (C = 3 wt%, τ = 260 s). Acetone is a good solvent for PMMA and then is assumed to enhance B-blocks mobility, but also to lower the energy barrier for B-blocks expulsion.

To observe the impact of cosolvent on the exchange dynamics, Van Stam et al. 44 studied PS-b-PMA and (PBS : poly(tert-butylstyrene)) PBS-b-PMA systems in aqueous solution to which they added toluene and dioxane, using fluorescence spectroscopy. Due to its non-water miscibility, toluene is supposed to stay in the core whereas dioxane is miscible with water up to 82 %. The authors measured a dynamic upon adding toluene (Tol) to their systems (Tol/Pol = 1/1 at RT) whereas no exchange was observed at RT in aqueous solution, except at 60 °C. A twice lower exchange rate constant was measured upon dioxane addition which highlights the relation between the core cosolvent interaction and the exchange dynamics.

Lu et al 100 followed a different approach, studying the effect of adding PEP chains on the exchange dynamics to PS-b-PEP diblock copolymers in squalane using TR-SANS. They supposed that PEP dissolved in the squalane would decrease the interfacial tension inducing faster chain exchange. However, slower exchange dynamics were observed when adding enough PEP to penetrate the corona (5 vol%), until it became immeasurably slow when the solvent was almost replaced by PEP. They suggested an increased activation energy for chain expulsion and extraction upon PEP addition. They also supposed a potential contribution of the aggregation change due to PEP confinement in the micellar cores.

Adding a surfactant can also have an effect of the dynamics. Cosurfactant will induce different modifications to a system: it will swell the core but also perturbates both the interface and the corona. Also a modified aggregation is expected upon such addition due to the formation of mixed surfactant and polymer micelles, leading to a different system. In the literature 101-103 , Sodium Dodecyl Sulfate (SDS) addition is reported to impart different modifications depending on the surfactant/polymer ratio : at low ratios, SDS swells the micellar cores, while at higher ratios mixed micelles are formed. Similar exchange rate constants were observed upon adding SDS (SDS/Pol = 1/1) and dioxane. Nevertheless, contrary to cosolvent addition, this effect does not level off with increasing SDS concentration. Adding cosurfactant is more complex due to the system modification upon mixed micelles formation. Mixed micelles CMC depends on the CMC of the surfactants. 44 In order to understand how mixed micelles formation, upon surfactant addition, impacts the exchange dynamics and the interfacial tension, Myhre et al 104 studied SDS addition to PEP16-PEO497 and C28-PEO5 micelles with SAXS/SANS investigation of the microstructure evolution and equilibration. They used an interesting method to determine the equilibration kinetics by measuring the kinetics of polymeric micelles dissolution or mixed micelles formation after surfactant addition. While PEP1-PEO20 appears to form frozen micelles [START_REF] Lund | Equilibrium Chain Exchange Kinetics of Diblock Copolymer Micelles: Tuning and Logarithmic Relaxation[END_REF][START_REF] Lund | Logarithmic Chain-Exchange Kinetics of Diblock Copolymer Micelles[END_REF] , relatively slow (~ hours) exchange dynamics could be measured for C28-PEO5. 105 The addition of SDS did not affect PEP1-PEO20 micelles whereas SDS formed mixed micelles with C28-PEO5. SDS addition to PEP1-PEO20 did not change micelles even if a fraction of SDS could be found inside the cores and no exchange dynamics could be induced. Given that no unimer exchange was observed upon SDS addition to PEP1-PEO20, the authors assumed that it did not lower enough the activation energy to induce unimer exchange (even on large time scales).

Salt addition is also expected to induce modification of the solvent quality (at very high concentrations), which may directly impact the interfacial energy between the core and the solvent.

Additionnaly, added salt screens electrostatic interaction between polyelectrolytes chains. 106 The addition of monovalent ions had no effect on the exchange dynamics of P(nBA50%-co-AA50%)100b-PAA200-b-P(nBA50%-co-AA50%)100 for [Na + ] < 0.5 M. 107 Further salt addition induced the formation of heterogeneities within the hydrogels and an exponential increase of the relaxation time. The authors suggested that hydration of AA units decreased at high salt concentration, causing the exchange rate to decrease. Ionic interaction is an entropically driven process, which strength depends on the proportion of released water upon the interaction formation. This may result in a modification of the hydrophobic character given that it changes the water environnement. The presence of charges along the polymer chain implies counterions release in water, forming a layer surrounding charges. Di or trivalent ions can specifically bind to polyelectrolytes. 108 

Conclusion on the strategies used to tune the exchange dynamics

The addition of a hydrophilic co-monomer in the B-blocks is a useful strategy to favor and enhance chain exchange. It reduces the hydrophobicity of the B-blocks and therefore decreases the energetical cost for block exchange. pH sensitivity is an interesting tool to tune chain exchange dynamics and its effect depends on the fraction of ionizable groups and their degree of ionization.

An opposite pH sensitivity can be induced by using AA ("acidic" character) or DMAEMA ("basic" character). Temperature sensitivity is another interesting trigger to control hydrogels' properties by impacting their chain exchange dynamics. B-blocks are usually copolymerized with LCST monomers such as DMAEMA, NIPAM or DEGEA, to induce such T-responsivity. However, achieving independent pH and T control of the exchange time by copolymerization with pH and T-sensitive monomers appears particularly challenging.

Adding a cosolvent was demonstrated to be a powerful tool to induce unimer exchange by reducing the interfacial tension between the core and the solvent, favoring B-block expulsion as it gets more soluble. However, adding homopolymers of the A-block induced a slowdown of the chain exchange dynamics. Contrary to cosolvent addition, adding a cosurfactant accelerates the dynamics without a threshfold concentration. However, depending on the cosurfactant concentration and its CMC, different processes are suggested for micelles equilibration. Further investigation remains to be done to clarify this issue especially using rheology measurements.

Combining ionized hydrophilic units within the B-blocks with multivalent cations appears to be an interesting and promising strategy to tune the exchange dynamics of the transient network. To the best of our knowledge this has not yet been reported in the literature.

Diblock copolymer morphologies obtained by RAFT PISA conducted in dispersion in water

PISA is the name used for simultaneously synthesizing and self-assembling Amphiphilic Block CoPolymers (ABCP), typically AB diblock copolymers, by synthesizing a solvophobic B-block starting from a solvophilic A-block in a selective solvent (see Figure 9). RAFT-PISA synthesis is a powerful technique for diblock copolymer synthesis which allows one to obtain different self-assembled nanostructures other than spheres, such as worms or vesicles. 1,2,32,113,114 The latter are called "higher order morphologies". The obtained diblock copolymers can be used for multiple applications depending on the morphology : worms can be used as viscosity modifiers 115 while vesicles are often used as drug delivery systems 116 or even nanoreactors. 8 Different RAFT-PISA synthesis parameters influence the obtained nanostructures; some extrinsic (T, stirring speed, initiator concentration, solvent, pH, ionic strength, monomer concentration) and others intrinsic (monomer nature, core and corona blocks molar masses and lengths, molar mass dispersity, block structure). 32 Diblock copolymer morphology is usually described from a thermodynamic point of view using the packing parameter 117 defined as : 𝑝 = 𝑉 𝑎 0 𝑙 (12), where V the volume,l the length of the hydrophobic block and a0 the surface area between A and B-blocks. During PISA synthesis, the B-block size increases and so does 𝑝, from spheres (𝑝 ≤ 1/3) to worms (1/3 ≤ 𝑝 ≤ 1/2) and vesicles (1/2 ≤ 𝑝 ≤ 1) (see Figure 10). This indicates that from a thermodynamic perspective, higher order morphologies should always be obtained. An evolution from spherical to high order morphologies was observed during the growth of some hydrophobic blocks. 4,[118][119][120] Nevertheless, many examples reported a failure to achieve higher order morphologies. This suggests that kinetic constraints might be preventing the selfassemblies from reorganizing and reaching their equilibrium morphology. Out-of-equilibrium systems are defined as frozen given their incapacity to evolve. The incapacity to reorganize has been demonstrated in the literature through the dependency of the preparation route or the synthesis initiation system on the obtained nanostructures, but also through the incapacity to reversibly self-assemble. 9,10,121 Two processes may explain the morphological transitions of diblock copolymers which are unimer exchange between aggregates and fusion of nanostructures. As already mentioned in section 3.b), unimer exchange is more favorable than fusion at low concentrations or at the early stages of the polymerization process when the B-block is short and the steric hindrance caused by the corona is strong. 7

Conclusion on this review

Physical hydrogels are formed by association of BAB triblock copolymers into a percolatin network. Tuning and controlling the exchange dynamics of B-blocks within this percolated network is particularly interesting to tune the rheological properties of the hydrogels, with diverse potential applications. Measuring the rheological properties is also a powerful method to study the exchange dynamics. In the frame of the ANR Dynamic PISA, this work presents two major aims being:

1. To measure the exchange time of B-blocks by dynamic linear rheology and to investigate its modulation with multiple parameters (composition and length of B-blocks, temperature, pH, addition of salts).

2. To improve the understanding of the role of kinetics on morphological transitions during RAFT-PISA synthesis in dispersion in water.

To address these issues, 2-methoxyethyl acrylate (MEA) was selected as the hydrophobic monomer, given that it displays good water solubility as a monomer and rapidly becomes insoluble upon its polymerization. Interestingly, PMEA is hydrated at room temperature (~ 10 %) and is found to dehydrate progressively with increasing temperature, contrary to the abrupt dehydration at a critical temperature observed for poly(N-isopropyl acrylamide) (PNIPAM). 122,123 PMEA is widely studied due to this particular hydration, which allows good blood compatibility, strong interaction with water and a particular thermosensitivity. [124][125][126] Therefore, this monomer appears interesting for thermo-thickening properties.

To understand morphological transitions occurring during RAFT-PISA synthesis in dispersion in water, the role of the kinetic on self-assemblies' reorganization was investigated. To this aim, B-blocks exchange dynamics between self-assembled structures was studied by dynamic linear rheology to probe the effect of different parameters evolving during the synthesis. Given that morphological transitions were reported when increasing B-block length, the evolution of the exchange dynamics was studied along with such modification. To this extent the exchange dynamics of hydrogels formed by triblock copolymers with PMEA B-blocks was studied using rheology. Triblocks T-sensitivity was also investigated and especially its impact on the exchange dynamics. It was moreover investigated the impact of the presence of residual monomer in the reactive medium on the morphological transitions observed during the course of the RAFT-PISA synthesis. The addition of free MEA monomer to triblock copolymer was used to probe the potentially modification of the exchange dynamics.

The last chapter focuses on the copolymerization of MEA with ionizable AA units within the Bblocks. The ionizable units proportion and ionization were already proved to efficiently tune the exchange dynamics. However, the independent combination of thermo and pH sensitivities is hardly achieved. Copolymerization of AA and PDEGEA demonstrated to form pH and T-sensitive hydrogels with a reversible sol-gel transition but the exchange dynamics were not reported. In this manuscript, B-blocks with copolymerized MEA and AA were obtained to investigate independent thermo and pH triggers for chain exchange dynamics. Due to the moderately hydrophobic character of MEA, only 5 % of AA was incorporated to observe its impact on the exchange dynamics. Considering the potential impact of B-blocks composition profile, the latter was varied modifying 87,[START_REF] Zhang | Effect of Hydrophilic Monomer Distribution on Self-Assembly of a pH-Responsive Copolymer: Spheres, Worms and Vesicles from a Single Copolymer Composition[END_REF]127 AA distribution from random to gradient-like distributions. This also offered the opportunity to study salt addition impact on the chain exchange dynamics.

( 

Overview of the experimental techniques used in this work

In this chapter are presented the different techniques used to study the self-assembly of triblock copolymers and the obtained transient network properties. This chapter does not intend to present the technical experimental details, which are given in the "Materials and Methods" section of each chapter presenting the results of this PhD, but to give a general overview of how the techniques work and which are the aspects which should be given particular attention.

Scattering Techniques 1-5

Scattering techniques are nondestructive methods used to characterize the dimensions, morphology and molar mass of small particles (e.g. self-assembled polymers) as well as interactions between them. Such experiments are based on the fact that irradiating a sample containing particles by an incident beam leads to its scattering by the sample, the scattering intensity depending on the contrast, the concentration of the particles and the parameters mentioned above (dimensions, morphology, molar mass, interactions). Three main techniques are usually used, differing by the nature of the incident beam: light scattering, X-Ray scattering and neutron scattering.

In all three techniques the incident beam (𝜆 𝑖 ) is scattered by the particles contained in a sample of a volume V, placed at a distance R from the detector (Figure 1). The scattering process is supposed to be elastic, which means no absorption of energy by the particles. The distances probed by scattering techniques are of the same order of magnitude of those of the incident beam wave length, that is nanometers (X-ray, neutrons) to hundreds of nanometers (light).

The scattering vector 𝑞 ⃗ modulus is defined as follow :

𝑞 = 4𝜋𝑛 𝜆 0 sin ( 𝜃 2 ) (1.11)
Where 𝑛 is the refractive index of the solvent, 𝜆 0 is the wavelength of the incident beam in vacuum and 𝜃 is the observation angle (Figure 1).

The scattering intensity depends on the sample itself and especially on the molar mass of the particles, their size, morphology, concentration and their contrast relative to the surrounding medium. Particles may develop attractive or repulsive interactions which respectively increases or decreases the scattered intensity. Particle contrast in the solvent is another key aspect to take into account in scattering experiments. Indeed, a sufficiently high contrast is necessary to detect any excess scattered intensity with respect to the solvent, no matter the dimensions, morphology, molar mass and concentration of the particles. For light scattering, the contrast is related to the polarizability of the electron cloud of the particles and varies with the refractive index difference between the particles and the solvent. In X-Ray scattering experiment, the contrast depends on the electronic density difference between the particles and the solvent. In neutron scattering, the contrast varies in a non-systematic way depending on the atoms constituting the particles and the solvent. In the following sections, details are given on light and X-Ray scattering, which were used for experiments conducted in this work. 

2) Static Light Scattering (SLS)

In static light scattering, the scattered intensity is probed as function of the scattering angle (see Figure 3). The intensity scattered by particles is obtained by correcting the total intensity (𝐼 𝜃 ) for the solvent contribution (𝐼 𝑠𝑜𝑙𝑣 ). Accurate determination of the volume of the sample from which the scattered light is detected (V) is necessary, but is difficult. Moreover, V depends on the scattering angle. In practice a reference is generally used. Toluene can be used as reference given that its Rayleigh ratio is well-known (𝑅 𝜃_𝑇𝑜𝑙 = 1.35 × 10 -5 cm -1 for 𝜆 0 = 633 nm). The sample Rayleigh ratio is determined as:

𝑅 𝜃 = 𝐼 𝜃 𝑉 𝜃 𝐼 𝑇𝑜𝑙 𝑉 𝑇𝑜𝑙 𝑅 𝜃_𝑇𝑜𝑙 = 𝐼 𝜃 -𝐼 𝑠𝑜𝑙𝑣 𝐼 𝑡𝑜𝑙 ( 𝑛 𝑇𝑜𝑙 𝑛 ) 2 𝑅 𝜃_𝑇𝑜𝑙 (1.21)
with 𝐼 𝑡𝑜𝑙 the scattered intensity of the reference (toluene) and 𝑛 𝑇𝑜𝑙 (~ 1.498) the refractive index of toluene and n the refractive index of the solvent. The equation 1.21 assumes that 𝑉 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (90°) = 𝑉 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (90°) which is only verified with similar refractive index. This is corrected with the following correction :

𝑉 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (90°) 𝑉 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (90°) = ( 𝑛 𝑇𝑜𝑙 𝑛 ) 2 .
The Rayleigh ratio gives access to the weight average molar mass (𝑀 𝑤 ), when interactions can be ignored and (𝐶 → 0) and the particles are small (𝑞𝑅 𝑔 ≪ 1):

𝐾𝐶 𝑅 𝜃 ≈ 1 𝑀 𝑤 (1.22)
where C is the weight concentration of the particles and K is:

𝐾 = 4𝜋²𝑛²( 𝑑𝑛 𝑑𝑐 ) 2 𝜆 0 4 𝑁 𝑎 (1.23)
with Na (~ 6.02210 23 mol -1 ) Avogadro's number, 𝑑𝑛 𝑑𝑐 the refractive index increment of the solute.

For self-assembled structures in dilute solutions, 𝑀 𝑤 is used to determine the aggregation number (𝑁 𝑎𝑔𝑔 ) of the self-assemblies as defined in the equation 1. 24.

𝑁 𝑎𝑔𝑔 = 𝑀 𝑤 𝑀 𝑤,𝑢𝑛𝑖𝑚𝑒𝑟 (1.24) 
In general, 𝑁 𝑎𝑔𝑔 represents the number of molecules in a self-assembled particles. For AB amphiphilic diblock copolymers, Nagg therefore also represents the number of hydrophobic B blocks forming the hydrophobic core. To allow straightforward comparison between AB diblocks and BAB triblocks in the litterature 1 , Nagg is usually defined for BAB triblocks as the number of B blocks in the self-assemblies; which is twice as much as the number of BAB triblocks in the particle, see equation 1. 25.

𝑁 𝑎𝑔𝑔 = 2𝑀 𝑤 𝑀 𝑤,𝑢𝑛𝑖𝑚𝑒𝑟 (1.25) 

3) Dynamic Light Scattering (DLS)

In light scattering experiments, the intensity of the scattered light, at a given time (𝑡 0 ) and scattering wave vector (q), is measured and correlated with the intensity at time (𝑡 0 + Δ𝑡) :

𝐺 2 (𝑡, 𝑞) = 〈𝐼(𝑡 0 )𝐼(𝑡 0 + Δ𝑡)〉 (1.27). If t is short, the particles did not move much and their position at time (𝑡 0 + Δ𝑡) is not very different from that at time (𝑡 0 ). As a consequence, the intensity measured by the detector will not differ much at times (𝑡 0 + Δ𝑡) and (𝑡 0 ) and the correlation function will have a high value. As t increases, the particles move further, causing the scattered intensity at time (𝑡 0 + Δ𝑡) to differ more and more from its initial value at time (𝑡 0 ), leading to a decay of the correlation function. Smaller particles diffuse faster than bigger ones, therefore they move away faster from their initial position, causing a decay of the autocorrelation function at shorter time intervals t (see Figure 3). (1.32)

The z-averaged hydrodynamic radius of the particles can be calculated using the Stokes-Einstein relation:

𝑅 ℎ = 𝑘 𝐵 𝑇 6𝜋𝜂𝐷 (1.33)
where 𝑘 𝐵 (~ 1.38 × 10 -23 JK -1 ) is Boltzmann's constant, 𝜂 is the solvent viscosity (Pa 𝑠 -1 ) and T the absolute temperature (K).

4) Refractive index increment determination

One key parameter to determine the molar mass of the particles from the SLS experiments is the contrast between the sample and the surrounding solution (see equations 1.22 and 1.23). In light scattering the contrast corresponds to the refractive index increment (dn/dc). In this study, this parameter was measured using a differential refractometer (see Chapter 3 for detailed information).

5) Experimental verifications

A number of experimental issues need to be considered in light scattering experiments. It is essential to ensure that the studied particles, or polymers, do not absorb the incident radiation. The sample needs to be transparent and macroscopically homogeneous. It is also important to remove spurious large scatterers such as dust by filtration, because they strongly contribute to the scattering intensity even if their mass fraction is very small.

b. SAXS

In SAXS measurements the wave length of the incident beam nature is much smaller and the scattering contrast is determined by the electron density. Larger q-values are accessed so that it is possible to measure smaller scale structures that cannot be determined with visible light.

Rheology 4, 6

By definition, rheology means the study (logos) of the flow (rheo). This technique aims at measuring the flow or deformation of matter under stress and more precisely to establish models on the relationship between stress and deformation.

Rheometers are instruments used to determine materials' properties such as their viscosity (𝜂)

and their elastic modulus (G). Considering a material as a sum of multiple layers, a shear deformation applied to the upper layer will drag the lower ones (shear deformation). The friction between the constitutive layers of the material determines the material resistance to the applied deformation which defines its viscosity. The viscoelasticity is a material property to combine both a viscous and an elastic character. In shear measurements the rheometer applies a torque (T) and measures the angular displacement (). The torque is related to the shear stress (𝜎):

𝜎 = 𝐹𝑜𝑟𝑐𝑒 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑇. 𝐾 𝜎 (2.11)
𝐾 𝜎 : stress constant which depends on the geometry.

For a cone plate geometry used in this study:

𝐾 𝜎 = 3 2𝜋𝑟 3 (2.
12), with r the geometry radius. In shear flow measurement, the stress is determined while applying a constant shear rate. This is particularly helpful to determine the viscosity for liquids with low viscosities.

b. Oscillatory shear measurements

For oscillatory shear measurements in linear regime, the application of a sinusoidal stress with angular frequency 𝜔 (rad/s) results in the measurement of a sinusoidal shear deformation with a phase angle (δ). The phase angle is defined as the shift between the applied stress and the measured response (see Figure 4). 

𝜎 = 𝐺. 𝛾 + 𝜂. 𝛾̇ with 0 < 𝛿 < 𝜋 2 (2.31)
It is therefore possible to measure both a viscosity and an elastic modulus. A viscoelastic system may rather behave as an ideal elastic at high frequencies or an ideal liquid at low frequencies.

c. Experimental steps 1) Amplitude sweep

An amplitude sweep should be done before performing any measurements to determine the best conditions to study the system. It consists in measuring Gʹ and Gʺ as function of the oscillation strain (%). In the linear regime, stress and strain are proportional so that the modulus (being the proportionality constant) remains constant. The signal to noise ratio is poor at low strain, leading to a large error bar on the modulus. It becomes more accurate as the strain increases. However, at high strain (that is above the linear regime limit) the modulus is no longer constant because the deformation changes the behavior of the material: this is the non-linear regime (Figure 5). Optimal conditions to perform a measurement (in the linear regime) correspond to sufficiently high strain to have a good signal to noise ratio, while remaining in the linear regime. The linearity of the response should be checked at all frequencies and temperatures covered in the experiment. Covering with oil traps is more efficient than using a water trap to prevent drying. However, the high viscosity of the oil compared to that of water may significantly impact the measurement, leading to an overestimation of the viscosity and/or modulus of the material when it is very small.
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2) Solvent trap

In this study we used a water trap for systems with 𝜂 < 1 𝑃𝑎. 𝑠.

3) Time sweep

Time sweep experiments consist in applying a constant strain and measuring the resulting moduli (Gʹ and Gʺ) over time and are used to determine whether the system is stable with time.

4) Frequency sweep

Hydrogels are usually viscoelastic. Frequency sweeps may be used to observe both viscous and elastic contributions and in particular to determine the relaxation time, the elastic modulus and the viscosity.

Introduction to chapter 3

The ANR project aimed at understanding the contribution of unimer exchange to the morphological transitions observed for amphiphilic diblock copolymers obtained by dispersion PISA in water. MEA monomer was selected to conduct these syntheses given that this monomer is water soluble, whereas the resulting polymer is insoluble, allowing RAFT-PISA in dispersion.

Additionally, no studies reported the exchange dynamics for amphiphilic block copolymers comprising MEA as B-blocks.

The objective in this chapter, published in Macromolecules, was to determine the exchange dynamics of PMEA-containing polymers, both to design hydrogels with potentially tunable rheological properties and to better understand morphological transitions in RAFT. For the second aspect, given that B-block length is increasing during PISA synthesis, it appeared necessary to determine the evolution of the exchange dynamics with increasing B-block length. In this way, the evolution of the exchange dynamics in the course of the PISA synthesis can be compared to the morphological transitions occurring during the polymerization (Chapter 4).

In RAFT-PISA, AB diblock copolymers are designed. To quantitatively probe the diblock copolymer exchange dynamics evolution with increasing B-block length, rheological measurements can be done, as mentioned in the bibliography (Chapter 1). Those measurements require the synthesis of BAB triblock copolymers with similar B-blocks as in the studied diblock.

The relaxation rate measured by linear rheology for the triblock copolymers at relatively high concentration ( 𝐶 ≫ 𝐶 𝑝 ) gives access to the exchange time of the B-blocks.

Most examples found in the literature study the exchange dynamics of amphiphilic block copolymers with relatively strong B-blocks hydrophobicity (PS, PnBA, …) [1][2][3][4] . MEA has a moderate hydrophobicity and is significantly hydrated (~ 10%) close to room temperature [5][6][7][8][9][10][11][12] .

Additionally, it is reported in the literature that PMEA progressively dehydrates under heating 13,14 , which makes it particularly relevant to design thermo-responsive hydrogels. Thus, this study was the opportunity to explore the specific behavior of PMEA-containing amphiphilic block copolymers and to determine how to control the hydrogels' exchange dynamics by varying the hydrophobic block length and the temperature. Tc. This was characterized by an abrupt decrease of G' and G'' over time shortly after reaching Tc, followed by their recovery after a few minutes (Figure 1). It was assumed that a proportion of chains becomes temporary extremely dynamic allowing the system to reorganize rapidly. The origin of this phenomenon remains unclear. It was tentatively attributed to a variation of the hydration state of the PMEA hydrophobic core of the micelles upon temperature variation, but we could not prove or deny it. As this critical transition modified the organization and behavior of the polymers in a somewhat irreversible way, the rheological properties were mostly investigated below Tc, the value of which decreased with increasing B block length.

Below Tc, the exchange dynamics of the transient networks formed by PMEAx-b-PDMAc400-b-PMEAx with x = (50-100-200) were measured using rheology. PMEA300-b-PDMAc400-b-PMEA300

showed an incapacity to efficiently solubilize even after a prolonged period of time. It was considered as frozen and was not further investigated. A strong temperature sensitivity of the exchange dynamics was observed with a progressive slowdown of the exchange rate with increasing temperature (T < Tc). This is opposite to a classical arrhenian behavior and indicates an increase of the activation energy upon heating. In the literature, some examples reported systems with similar temperature responsiveness but only a few focused on the effective measurement of the exchange dynamics 15,16 . A strong increase of the exchange time (slower dynamics) was observed (~ 6 decades) with increasing B-block length (from 50 to 200) (Figure 2). Overall the results of these chapters are of the outmost importance in view of the objective of the DYNAMIC-PISA ANR project and they are exploited in chapter 4. Additionally, we report for the first time PMEA-based hydrogels which may find applications in biomedical fields as PMEA is bio-and blood-compatible. Finally, PMEA represents an interesting general class of hydrophobic block which is moderately hydrophobic and therefore leads to dynamic selfassemblies as long as temperature is low and/or the PMEA block is short, but also exhibits a dramatic slowdown of the exchange dynamics with increasing temperature, in strong opposition to a conventional arrhenian behavior.

Publication n° 1

Thermo-sensitive hydrogels of BAB triblock copolymers exhibiting gradually slower exchange dynamics and an unexpected critical reorganization temperature upon heating. 

Introduction

Gels are solid-like materials consisting of two or more components 1 , the main constituent being a liquid which can be water (hydrogels), an organic solvent (organogels [2][3][4][5][6] ), an ionic liquid (ionogels [7][8][9] ) or in some cases both water and an organic solvent (organohydrogels 10 ). They can find applications in various fields including the food industry [11][12][13] , the health sector [14][15][16][17][18][19][20][21][22][23][24] , coatings and sealants 23 , energy [25][26] storage, enhanced oil recovery 27 , organic electronics 28 or catalysis and sustainable chemistry 7 for example. Many strategies 5,12,23,[29][30][31][32][33][34][35][36][37][38][39] exist to form gels, but a very attractive one relies on the solution self-assembly of linear BAB triblock copolymers consisting of solvophobic lateral B-blocks connected to a central solvophilic A-block 3,40,41 . Solvophobic cores containing several B-blocks serve as physical cross-links bridged by the A-blocks, resulting in a 3D-spanning network preventing or slowing down flow. One key advantage of this strategy is that tuning the solubility of the B-blocks with an external stimulus affects the strength of the selfassembly between the B-blocks, leading to stimuli-responsive materials. In this context, temperature-responsive hydrogels [18][19][20][21][22]42, and ionogels 8 have been widely studied because the former class allows injectability 20 or controlled release of drugs 14 for biomedical applications, while the latter allows processability for applications in separation membranes, energy storage or electronics for example.

For ionogels, specific polymer-ion and cation-anion interactions allow tuning the solubility of the B-blocks 9,43 , leading either to B-blocks exhibiting an Upper Critical Solubility Temperature (UCST) or a Lower Critical Solubility Temperature (LCST), resulting respectively in gel-sol or sol-gel transitions upon temperature increase. For hydrogels 14,18,19,22,44 , hydrogen bonding of the B-blocks with water is mainly responsible for the existence of UCST-type or LCST-type transitions. However, in most studies on gels formed by the self-assembly of BAB triblock copolymers in solution, B-blocks exhibiting abrupt temperature-transition behaviors have been used, resulting in an on-off reversible transition from a low viscosity liquid to a non-flowing gel 8,18- 20 . This abrupt transition can be explained by the fact that the rheological properties of the physically cross-linked networks are controlled by the exchange time of the B-blocks, the latter depending primarily on their solvophobic character 40,[45][46][47][48] . Hence, highly solvophobic B-blocks lead to non-flowing gels because their exchange time is long compared to the experimental time window.

Rarely, hydrogels have been obtained with moderately hydrophobic and thermo-responsive Bblocks which become gradually more hydrophobic with increasing temperature [49][50][51] . This does not result in an abrupt temperature-induced transition from a low viscosity aqueous solution to a nonflowing gel, but causes a gradual increase of the viscosity of the solution with increasing temperature. This behavior is opposite to the classical Arrhenius behavior causing a decrease of viscosity with increasing temperature 40,47,48,52 . Hietala et al. 53 prepared BAB triblock copolymers with a central atactic poly(N-isopropyl acrylamide) (PNIPAM) block, which remained hydrophilic below its LCST = 32 °C, and lateral isotactic PNIPAM blocks, which did not exhibit any distinct LCST, but were partly hydrated at 5 °C and dehydrated with increasing temperature. As a result, hydrogels exhibiting a thermo-thickening behavior were observed below 32 °C: the viscosity of the solutions increased with increasing temperature, suggesting an increase of the exchange time of the B-blocks with increasing temperature. Mistry et al. 49 studied BAB triblock copolymers with short poly(butylene oxide) (PBO) lateral B-blocks (DPn = 10) and a long central poly(ethylene oxide) block. An increase of the rheological relaxation time with temperature was observed. The authors attributed the phenomenon to the dispersity of the PBO blocks. It seems however more reasonable to explain these results by an increase of the hydrophobic character of the PBO blocks with temperature as reported by Castelletto et al. 54 . More recently, Tsitsilianis et al. 50 and Lauber et al. 51 studied BAB triblock copolymers with a central hydrophilic poly(dimethyl aminoethyl methacrylate) (PDMAEMA) block and lateral B-blocks consisting of random copolymers of very hydrophobic n-butyl methacrylate and a rather hydrophilic and thermosensitive comonomer (respectively triethylene glycol methacrylate or DMAEMA). In both cases, the presence of the thermo-sensitive comonomer imparted temperature responsiveness to the triblocks, resulting in an increase of the exchange time of the B-blocks with increasing temperature. The former was studied in view of preparing injectable hydrogels exhibiting sufficiently low viscosity at 5 °C for injection, but becoming gels at body temperature. Another polymer architecture has been described by Podhajecka et al. 55 who studied poly(sodium acrylate)s grafted with moderately hydrophobic poly(tert-butyl acrylamide). These graft copolymers formed transient networks also exhibiting an increase in viscosity with increasing temperature. The small number of systems leading to gradual increase of the viscosity with T is probably due to the rarity of intrinsically moderately hydrophobic homopolymers that are able to dehydrate progressively with increasing temperature.

In these earlier studies, the effect of the length of the B-blocks on the variation of the exchange time had not been investigated yet on such systems.

In this context, poly(methoxyethyl acrylate) (PMEA) is of interest. PMEA belongs to the poly(oligoethylene glycol (meth)acrylate) series [56][57][START_REF] Badi | Non-linear PEG-based thermoresponsive polymer systems[END_REF][59] , but contrary to other polymers of this series, PMEA is already hydrophobic at room temperature, because its LCST is close to 5 °C. 60 Still, PMEA is significantly hydrated (~ 10 wt%) at room temperature [START_REF] Tanaka | Cold crystallization of water in hydrated poly(2-methoxyethyl acrylate) (PMEA)[END_REF][START_REF] Tanaka | Effect of water structure on blood compatibility-thermal analysis of water in poly(meth)acrylate[END_REF] . Contrary to the better known PNIPAM, which dehydrates abruptly at its LCST, PMEA dehydrates progressively with increasing temperature, making it potentially suitable to design thermo-responsive hydrogels exhibiting gradual increase of their exchange time with T. Chemical gels, homopolymers or block copolymers containing PMEA [START_REF] Mizoue | Association Behavior of Amphiphilic ABA Triblock Copolymer Composed of Poly(2-methoxyethyl acrylate) (A) and Poly(ethylene oxide) (B) in Aqueous Solution[END_REF][START_REF] Kurokawa | Antithrombogenic poly(2-methoxyethyl acrylate) elastomer via triblock copolymerization with poly(methyl methacrylate)[END_REF] have been widely studied especially in view of the strong blood compatibility [START_REF] Tanaka | Cold crystallization of water in hydrated poly(2-methoxyethyl acrylate) (PMEA)[END_REF][START_REF] Tanaka | Effect of water structure on blood compatibility-thermal analysis of water in poly(meth)acrylate[END_REF][START_REF] Kurokawa | Antithrombogenic poly(2-methoxyethyl acrylate) elastomer via triblock copolymerization with poly(methyl methacrylate)[END_REF][START_REF] Miwa | 2H-NMR and 13C-NMR Study of the Hydration Behavior of Poly(2-methoxyethyl acrylate), Poly(2-hydroxyethyl ethacrylate)and Poly(tetrahydrofurfuryl acrylate) in Relation30 to Their Blood Compatibility as Biomaterials[END_REF][START_REF] Bag | Impact of the Hydration States of Polymers on Their Hemocompatibility for Medical Applications: A Review[END_REF][START_REF] Sato | The Relationship Between Water Structure and Blood Compatibility in Poly(2-methoxyethyl Acrylate) (PMEA) Analogues[END_REF][START_REF] Haraguchi | Highly Protein-Resistant Coatings and Suspension Cell Culture Thereon from Amphiphilic Block Copolymers Prepared by RAFT Polymerization[END_REF][START_REF] Haraguchi | Antithrombogenic Properties of Amphiphilic Block Copolymer Coatings: Evaluation of Hemocompatibility Using Whole Blood[END_REF] of this polymer, which is attributed to its strong interaction with water 61,62,64- 75 , or for the design of self-assembled particles by Polymerization-Induced Self-assembly 76,77 .

However, to the best of our knowledge, PMEA has so far not been used as B-block in view of preparing transient networks exhibiting thermo-thickening properties.

In this study, we investigated the exchange dynamics of BAB triblock copolymers consisting of We observed that the triblock copolymers not only exhibit the targeted progressive thermosensitivity leading to thermo-thickening hydrogels with gradually slower exchange dynamics, but that they also show an unprecedented transient network reorganization at a critical temperature that depends on the DPn of the B-blocks.

Material and methods

Synthesis of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers

The three PMEAx-b-PDMAc400-b-PMEAx with x = 50, 100 or 200 were prepared by RAFT polymerization as described in section 1 of the Supporting Information.

Preparation of aqueous polymer dispersions for light scattering and rheology

Aqueous polymer samples were prepared by directly dispersing the polymer powder in deionized water (Millipore, 18 M.cm) at room temperature. For samples at low polymer concentration (< 10 g/L) macroscopic dissolution was achieved under stirring at room temperature overnight. The samples were then stored at least 24h in the fridge (~ 5 °C) to make sure that equilibrium was reached. For higher polymer concentrations leading to highly viscous solutions or hydrogels, the samples were placed in an iced bath (~ 0 °C) or in a fridge (~ 5 °C) and regularly homogenized by manual shaking to speed up the dissolution process. Homogeneous samples were obtained after one to three days depending on the polymer concentration and x. They were stored in the fridge until use.

Static and Dynamic Light Scattering (SLS and DLS)

Light scattering measurements were done using ALV-CGS3 and ALV-CGS8 systems operating with vertically polarized He-Ne laser with a wavelength λ = 633 nm (ALV-GmbH, Germany) coupled with an ALV-5004 and ALV-5003 multi tau correlator system (ALV-GmbH, Germany) respectively. Samples were placed in a thermostated decalin bath that is quasi isorefractive of glass in order to lower reflections of light at the surface of the light scattering cells.

The measurements were done over a wide range of scattering wave vectors q = 6.8.10 4 -2.5. .

𝑅 ℎ = 𝑘 𝐵 𝑇 6𝜋𝜂𝐷 equation (2) 
With 𝑘 𝐵 = 1.38 × 10 -23 J/K Boltzmann's constant, η the solvent (water) viscosity which depends on temperature, T.

Static Light Scattering (SLS).

The Rayleigh ratio, Rθ, was calculated according to equation 3.

R θ = I solution (θ)-I solvent (θ) I toluene (θ) ( n solvent n toluene ) 2 R toluene equation (3)
where Isolution, Isolvent and Itoluene are the average intensities scattered respectively by the solution, the solvent, and the reference (toluene). The Rayleigh ratio of the reference is Rtoluene = 1.35 x 10 - 5 cm -1 , and the refractive indexes of the reference and the solvent (water) are respectively ntoluene = 1.496 and nsolvent = 1.333.

The apparent molar mass (Mapp) of the solute at concentration C was calculated from the Rayleigh ratio of the solution according to equation 4.

R θ = KCM app S(q) equation ( 4)

where S(q) is the structure factor and K a constant defined in equation 5.

K = 4π 2 n solvent 2 λ 4 N A ( ∂n ∂c ) 2 equation (5)
where ∂n/∂c is the specific refractive index increment of the solute and NA is Avogadro's number.

A refractive index increment ∂n/∂c = 0.15 mL/g was measured with a differential refractometer (Oprilab rEX -Wyatt Technology Corporation) at λ = 633 nm for one of the triblock copolymers with solutions at a concentration between 1 and 5 g/L.

In dilute solutions (C = 0.1-3 g/L), one single population of scatterers was observed by DLS for all x and T investigated (see data for x = 100 within the T-range of investigation Figure S4 SI).

Mapp exhibited no significant angular dependency, implying that S(q) ~ 1 and that the radius of gyration Rg of the scatterers was too small to be determined accurately (Rg < 20 nm). Moreover, Mapp (resp. Rapp) did not vary with C in this concentration range implying that it represented the true weight average molecular weight of the scatterers, Mw, (resp. true hydrodynamic radius, Rh)

with an uncertainty of about 10 %.

The aggregation number, 𝑁 𝑎𝑔𝑔 , corresponding to the number of B-blocks within the selfassembled structures, was determined as 𝑁 𝑎𝑔𝑔 = S2).

Characterization of the self-assembly in aqueous medium

2.1. Self-assembly at the nanometric scale. 

Transient networks with T and x-dependent exchange dynamics

The . The relaxation is caused by exchange of the B-blocks among different hydrophobic cores 40,45,46 . The relaxation of the transient network is characterized by a distribution of relaxation times as was already observed for other BAB triblock copolymers and can be explained by the dispersity in length of the B-blocks 40,[80][81][82] .

For x = 50, 100 and 200, the same qualitative behavior was observed for all T < Tc and C > Cp investigated, allowing the construction of a single master curve (see Figure S8 SI) and implying that a transient network was formed with a similar relaxation mechanism independent of x and T.

Dependence of the percolation concentration on T and x. According to the theory of rubber elasticity 83 , the elastic modulus at the rubbery plateau (Ge, determined as described in the experimental part) is proportional to the number of elastically active chains in the network that is the number of BAB chains forming a bridge between two micellar cores connected to the network (equation 7). Increasing temperature

The evolution of Ge/Ge_ideal is qualitatively the same at different temperatures for x = 100 (Figure 3a, where Ge_ideal is defined in equation 6, see experimental part) and is consistent with the expected behavior of a transient polymer network: Ge increases with C above Cp as more and more chains become part of the network 40,45 . The fact that the curves on Figure 3a Quantitative evaluation of the exchange dynamics.

Within the investigated T-range, rincreases with increasing C for all x (Figure S10 in SI). This behavior is typical for self-assembling triblock copolymers and can be explained by the decrease of the percentage of defects in the network with increasing C, as discussed in the previous section.

In particular, super-bridges relax more rapidly than one single elastically active chain 45,80 . As a consequence, the relaxation time measured by rheology gives a correct estimation of the exchange dynamics of the B-blocks only for C >> Cp where defects become negligible. We hypothesize that the increase of the exchange time with T is due to a decrease of the hydration of the PMEA block. Many studies have been conducted to determine the interaction of water with PMEA and how this affects the crystallization of water. However, these studies were mostly conducted at temperatures below 0 °C61,62,65,70,71,74,75 . PMEA being water-insoluble at room temperature, the evolution of its hydration with temperature above 0 °C has seldom been studied.

Mochizuki et al. [START_REF] Mochizuki | Water structure of poly(2methoxyethyl acrylate) observed by nuclear magnetic resonance spectroscopy[END_REF] performed a 2 D NMR study revealing that PMEA still contains about 10 wt% water between 15 and 45 °C and that the water is heterogeneously distributed within the polymer.

Hou et al. [START_REF] Hou | On the abnormal ''forced hydration'' behavior of P(MEA-co-OEGA) aqueous solutions during phase transition from infrared spectroscopic insights[END_REF] prepared statistical copolymers consisting of 90 mol% MEA and 10 mol% oligo (ethylene glycol) acrylate (OEGA 480 containing 8-9 ethylene oxide units per monomer) and observed a progressive, rather than abrupt, decrease of the hydration of the copolymer with increasing temperature. Similarly, it was observed 84 that nanogels of P(MEA-co-OEGA480) shrink in water with increasing temperature due to water expulsion. Interestingly, for this kind of nanogels, the evolution of the shrinkage with temperature was progressive rather than critical 52,85,86 , suggesting a gradual rather than abrupt variation of the hydrophobic character/hydration. These results, although they were not conducted with pure PMEA, agree with the gradual increase of the relaxation time observed in our study for the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers. We stress that this behavior is very different from that of poly(Nisopropyl acrylamide) which abruptly dehydrates at its LCST, causing a critical sol-gel transition at the LCST.

Considering that the variation of the hydration of the PMEA blocks most probably explains the evolution of the exchange time of the B-blocks with T, we compared the behavior of PMEA100-b-PDMAc400-b-PMEA100 in D2O and H2O. D2O-D2O interactions have been reported by Schvartzman et al. 87 to be stronger than H2O-H2O interactions, which should make D2O a poorer solvent for neutral polymers solubilized by hydrogen bonding with water. The authors consistently observed an increase of micelle aggregation number in D2O compared to H2O for PEO-b-PPO-b-PEO triblock copolymers. Surprisingly though, chemically cross-linked nanogels of P(MEA-co-OEGA 480) containing 90 mol% of MEA swelled more in D2O than in H2O according to Hou et al. 84 ; which is in disagreement with the findings by Schvartzman et al. Additionally, the variation of the swelling of these nanogels with temperature was steeper in D2O than in H2O.

Light scattering experiments conducted with PMEA100-b-PDMAc400-b-PMEA100 at 3 g/L and 20 °C showed that Rh was not significantly different in H2O and D2O (23 nm in H2O vs. 25 nm in D2O), but that Nagg was slightly larger in D2O (45) than in H2O (37). Rheological experiments (Figure 6) showed longer relaxation times in D2O than in H2O, whereas Ge was unaffected.

Moreover, the evolution of these parameters with T is identical. Our results are thus consistent with those of Schvartzman et al. 87 suggesting that PMEA is less hydrated in D2O than in H2O, causing an increase of the extent of aggregation and of the exchange time of the B-blocks. 

Evidence for a critical reorganization temperature Tc

As briefly mentioned in the beginning of section 2.2, the transient network was found to reorganize above a critical temperature Tc, which varied with x. A typical rheological signature is presented in Figure 7 for x = 100 at 50 g/L and f = 1 Hz. Upon heating the aqueous dispersion from 10 to 30 °C (< Tc), G' and G'' varied only during the first 20 s required to reach the target temperature and then remained constant even for long periods of time (data not shown), implying no specific behavior. Up to 30 °C, the rheological properties were moreover reversible: full recovery was observed by heating from 10 to 30 °C and shortly after cooling back down to 10 °C (see Figure S11 in SI). On the contrary, upon heating from 10 to 50 °C (> Tc), which takes about 1 minute, an abrupt drop of Gʹ and Gʺ was observed after ~30 s followed by a subsequent increase after 2 minutes (Figure 7 and Figure S12). Moreover, Gʹ and Gʺ slowly continued to evolve with time afterwards even for days (data not shown). After cooling back from 50 to 10 °C, which takes about 10 minutes, the initial rheological properties of the system at 10 °C are not recovered (see SI Figure S13). The variations of Ge and r after returning back to 10 °C were moreover not reproducible. In some cases, applying a strong shear (30 s at 100 rad/s, for a few minutes) helped recovering partially the initial properties (see SI Figure S14), but in other cases even shearing was not efficient (see SI Figure S13). There is no abrupt variation of Nagg close to Tc at steady-state (Figure 1). Moreover, no significant dynamic variation of Nagg was observed by SLS during the time-span of the transition at Tc after heating PMEA100-b-PDMAc400-b-PMEA100 from 10 to 50 °C (data not shown). It follows that the molar concentration of micelles hardly changes close to Tc both at steady-state and over time. Therefore, the abrupt decrease of Gʹ and Gʺ at Tc cannot be explained by an abrupt variation of the number of elastically active chains. It is therefore probably caused by many of the bridging chains becoming temporarily more dynamic at Tc, so that they can relax rapidly and are able to reorganize. The subsequent increase of Gʹ and Gʺ implies that the system probably becomes again less dynamic. However, Figure 9 shows that if the same experiment is conducted at f = 0.1 or 10 Hz instead of 1 Hz, the behavior is qualitatively similar. It follows that when Tc is crossed, the number of elastically active chains does not vary, but some of them become so dynamic that they relax even at 0.1 Hz, causing an abrupt decrease of Gʹ, allowing the network to reorganize.

The temperature at which this phenomenon occurs depends on x and the speed of the reorganization decreases with increasing temperature above Tc. According to those findings, we speculate that the transition is initiated when the dehydration of the core has reached a critical value during heating. 

Conclusion

PMEAx-b-PDMAc400-b-PMEAx triblock copolymers form in aqueous solution small micelles at low concentrations and transient hydrogels above a critical percolation concentration.

Unexpectedly, an abrupt reorganization of the transient networks was observed above a critical temperature, Tc. The reorganization was characterized by an abrupt decrease of Gʹ and Gʺ shortly after reaching Tc, followed by their recovery after a few minutes. This phenomenon was caused by a large fraction of elastically active chains becoming transiently very dynamic. The transition might be initiated by dehydration during heating, but further investigation is required to understand the origin of the process on a molecular level. From a more practical point of view, this unprecedented reorganization phenomenon causes strong variations of the elastic modulus and relaxation time of the network, which are not reproducible and most often irreversible even upon application of a strong shear to rejuvenate the network. This critical temperature decreases with increasing PMEA block length.

Below Tc, the behavior of the transient network is perfectly reproducible and the exchange time of the PMEA blocks between micellar cores could be determined by rheology. As expected, the exchange time increases for longer PMEA blocks, because the latter are less mobile and more hydrophobic. More originally, the exchange time increases strongly with increasing temperature, which is opposite to the classical arrhenian behavior and means that the activation energy increases with increasing temperature. A key result is that the variation of the exchange time with T is progressive (rather than abrupt as for PNIPAM which exhibits a critical sol-gel transition at its LCST), allowing fine-tuning of the rheological properties of the network with T. These results are attributed to the gradual dehydration of the thermo-sensitive PMEA-block with increasing temperature.

These findings are not only relevant to design thermo-thickening hydrogels based on PMEA, but they may also shed light on applications where PMEA is used, notably the design of bloodcompatible hydrogels or the synthesis of self-assembled particles consisting of a PMEA core by Polymerization Induced Self-Assembly. 

Appendix_ Supporting Information

1 H-NMR

Monomer conversions were followed by 1 H NMR in acetone-D6 or D2O for DMAc and in CDCl3 for MEA. All analyses were recorded at room temperature with a Bruker 300 or 400 MHz spectrometer in 5-mm diameter tubes 2 .

SEC

Size Exclusion Chromatography (SEC) analyses were carried out on two PSS GRAM 1000 Å columns (8 × 300 mm; separation limits: 1 to 1000 kg•mol -1 ) and one PSS GRAM 30 Å column (8 × 300 mm; separation limits: 0.1 to 10 kg•mol -1 ) coupled with a differential refractive index detector (RI), a UV detector and a light scattering detector (LS). DMF (+ LiBr 1 g•L -1 ) at 60 °C was used as the mobile phase at a flow rate of 0.8 mL•min -1 . Samples were prepared at a concentration around 5 mg•mL -1 and filtered through 0.20 µm pore-size PTFE membrane before the injection (Vinj = 100 µL). The number-average molar mass (Mn), the weight-average molar mass (Mw) and the dispersity (Đ = Mw/Mn) were calculated from the RI signals with the OmniSEC 5.12 software thanks to a conventional calibration curve based on PMMA standards. The numberaverage molar mass (Mn, LS) of the PDMAc macro-RAFT agents was determined from the LS signal using a refractive index increment (dn/dC) of 0.081 mL•g -1 .

Synthesis of the CTA-PDMAc400-CTA bifunctional macroCTA

In a typical experiment (PDMAc-1 in Table S1), 111. air. Thereafter, the yellow aqueous solution was dialyzed against pure water using a 1 kD SpectraPor® RC-membrane during 23 h. The resulting solution was freeze-dried providing 8.45 g of an off-white powder (η = 93 %), which was eventually characterized by SEC (Figure S1).

Negligible monomer residues were detected (< 0.1 wt%).

Two batches of macroCTA were prepared in the same conditions to afford sufficient amounts for the design of all triblock copolymers. Their characteristics were similar (Figure S1 * Initial molar ratios introduced: DMAc/CTA1/ACPA = 440/1/0.10. 1 Monomer conversion at the end of the polymerization, determined by 1 H NMR using trioxane as internal reference. 2 Number-average degree of polymerization, DPn, and number-average molar mass, Mn, calculated using the experimental conversion. 3 Numberaverage and weight-average molar masses, Mn and Mw, and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration. 4 Number-average molar mass Mn and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using the light scattering detector (dn/dC = 0.081 mL/g) and a PMMA standard for calibration.

Synthesis of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers in ACN solution

In a typical experiment (sample TB50, in Table S2), 3.806 g (96.8 µmol) of PDMAc-1, 302 mg 1 Name of the PDMAc macro-RAFT agent used to provide the triblock copolymer, see Table S1. 2 Initial molar ratios of MEA/trithiocarbonate (TTC, twice the amount of PDMAc macro-RAFT agent)/V-70 introduced, calculated with Mn, SEC LS of the macro-RAFTs. 3 Conversion in MEA determined by 1 H NMR using a trioxane internal reference. 4 Number-average degree of polymerization, DPn, of MEA per arm of the triblock copolymer, and overall number-average molar mass, Mn, calculated with the experimental conversion. 5 Ratio of the integrals of signals B+C and E of the NMR spectrum of the triblock (see Figure S2). 6 Numberaverage degree of polymerization, DPn, per arm and number-average molar mass, Mn, calculated using the ratio r and the DPn, SEC LS of the macro-RAFT agent. 7 Number-average and weight-average molar masses, Mn and Mw, and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration. Note that the viscosity is the product of the elastic modulus and of the relaxation time. For x = 100 and 200 in the temperature-range investigated, Cp is in the range of 20-30 g/L. This means that -close to this concentration -the number of defects within their respective networks is large, but rapidly decreases from 20 to 60 g/L. Consequently, both Ge and r change sharply with C, causing an abrupt variation of viscosity. On the contrary, for x = 50 Cp is much lower (8-20 g/L), so that the variation of viscosity in the same concentration range depends less dramatically on C.

Formation of a transient network.

At 100 g/L, for each x, a master curve was constructed by shifting Gʹ and Gʺ as a function of T with Tref = 10 °C. Then, for each x, the master curve obtained for C = 100 g/L and Tref = 10 °C is shifted onto xref = 200 (Figure S8). Note that it is also possible to shift the curves obtained at different concentrations on this global master curves. This was however not done here for the sake of clarity. 

Above Tc: reorganization of the network and irreversibility

Reversibility of the rheological properties at 10 °C before and after heating at 30 °C Step Time (min) 10 -1 10 0 10 1 G', G" (Pa) As a reminder, it was observed in the previous chapter that the triblock with DPn,B = 300 was frozen, that is unable to exchange unimers, at least over several hours, which corresponds to the RAFT-PISA polymerization time (~ 2 h). This indicated that the only diblock showing a nonspherical nanostructure at the end of the RAFT-PISA was not under thermodynamic equilibrium.

10 2 10 3 G'_10 to 30°C G'_10 to 40°C G'_10 to 50°C G''_10 to 30°C G''_10 to 40°C G'' _10 to 50°C C=100g/L f=1Hz
However, morphological transitions may have occurred during the RAFT-PISA process while exchange of unimers was still possible. It was therefore necessary to track the evolution of the morphologies during the course of the PISA polymerization rather than only by the end of it to conclude.

The evolution of the morphologies of the AB self-assembled structures was probed during PISA synthesis and compared to the morphologies obtained at final conversion. A discrepancy was reported between the self-assemblies' morphologies obtained during the course of PISA synthesis and at full conversion. Those results highlighted an interesting parameter which is the presence of free monomers in solution during PISA synthesis. The latter may be contributing to selfassemblies' morphological transitions. Those monomers induce a change in the solvent composition which may modify the exchange dynamics. In the literature, some examples reported that adding co-solvent or co-surfactant accelerates [1][2][3][4][5] the exchange rate while others reported the opposite trend 6 . In order to investigate the impact of residual MEA on the exchange rate, the exchange dynamics of PMEA100-b-PDMAc400-b-PMEA100 were measured as a function of the content of added MEA monomer. Contrary to our expectations, the presence of monomers slowed down the unimer exchange (Figure 1). By taking this crucial information into account and by estimating the exchange time at the stage of the PISA-process where morphological transitions occur, it was concluded that unimer exchange was too slow compared to the polymerization time to allow morphological transitions (Figure 2). This means that morphological transitions may occur during PISA even in the absence of unimer exchange, probably by fusion of self-assembled particles. It was also shown that even though the presence of residual monomer does not enhance the exchange rate and does not favor unimer exchange from a kinetic point of view, its addition to a dispersion of PDMAc24-b-PMEA200 triggered morphological transitions. This implies that the presence of residual monomer during PISA plays a thermodynamic role in the morphological transitions.

The results presented in this chapter present for the first time a quantitative investigation of the role of unimer exchange on morphological transitions occurring in PISA and shed some light on the mechanism of formation of higher order morphologies (cylinders, vesicles) with this process. 

Introduction

Polymerization-Induced Self-Assembly (PISA) has been widely studied during the last 15 years 1,2 . It consists in simultaneously synthesizing and self-assembling amphiphilic block copolymers (ABCP) in a selective solvent of one of the blocks, typically water, to prepare nano-assemblies at high solids contents through a straightforward and green process. Not only spheres can be prepared, but also higher order morphologies (such as worms or vesicles). The latter are of particular interest because they find use in many applications, for instance as viscosity modifiers or soft hydrogels (worms) 3 , as nanoreactors 4 and as drug delivery systems (vesicles) 5,6 . For diblock copolymers, the morphology is thermodynamically dictated by the packing parameter 7 which is defined as

𝑝 = 𝑉 𝑎 0 𝑙
where V is the volume occupied by the solvophobic B block, l its length and 𝑎 0 the contact surface between the two blocks. As the size of the B block increases during polymerization, so does p. Therefore, higher order morphologies should eventually always be obtained in PISA from a thermodynamic point of view, at least for short and uncharged solvophilic blocks 8,9 .

However, in the literature there are many examples where only spherical nano-objects have been obtained despite a favorable block length ratio, which suggests kinetic hurdles preventing reorganization to higher order morphologies [10][11][12][13][14] . The fact that most nano-objects at the end of PISA are out-of-equilibrium (= frozen) due to kinetic constraints is confirmed by the role of the preparation route on the obtained morphologies. For instance, Ferji et al. demonstrated that glycopolymer self-assemblies exhibited different morphologies when prepared via PISA or via nanoprecipitation 15 . It was also reported that the initiation system used in PISA 16,17 , which affects the end-group fidelity and kinetics of polymerization, can impact the particle morphology even though it should not have any influence on the thermodynamics of selfassembly.

Higher order morphologies (worms, vesicles) have been produced with various polymers.

Kinetic monitoring of the PISA process in these cases revealed that spheres are formed at the early stages of the polymerization that then transform into other morphologies 18,19 . This implies that reorganization of the AB diblock copolymers occurs at some point. A key question remains however unanswered: What are the processes involved in PISA that promote the reorganization of nano-assemblies into higher order morphologies?

Generally, two main processes take place during self-assembly of ABC [20][21][22] : unimer exchange 23,24 and fusion/fission 23,[25][26][27] . The former involves the displacement through the aqueous medium of a single polymer chain (unimer) from one solvophobic core to another.

The energy barrier for such exchange depends on the mobility, hydrophobic character and length of the B block. Fission or fusion of self-assemblies is usually considered unlikely for ABC, at least at low concentration, because of the steric hindrance caused by the corona 28,29 .

The fact that the morphologies depend on the preparation pathway for the same final conditions implies that unimer exchange is generally inhibited at the end of PISA. Otherwise, the same thermodynamic equilibrium would be reached no matter the pathway. However, since the B block grows during the polymerization and monomer is present during PISA, it is possible that unimer exchange occurs up to some point during the process, allowing morphological transitions, but eventually becomes too slow.

In this communication, we study a typical Reversible Addition-Fragmentation Chain-Transfer Polymerization (RAFT)-PISA system in water, and investigate for the first time the role of unimer exchange in morphological transitions during PISA. Our strategy is to monitor the morphological transitions during PISA and to correlate this to the rate of unimer exchange.

2-Methoxyethylacrylate (MEA) was chosen as a model monomer to build the hydrophobic block while possessing a good water solubility. MEA has already been studied as a coreforming monomer in PISA 8,[30][31][32] , but the variability of the obtained self-assemblies makes a study of its re-organizations and dynamics even more interesting and valuable. PMEA has a low glass transition (Tg(PMEA) ≈ -50 °C) 33 and its rate of unimer exchange has recently been shown to strongly depend on its molar mass 34 , making this polymer a good candidate for our study.

Results and discussion

1. Synthesis of PDMAc-b-PMEA diblock copolymer self-assemblies by RAFT-mediated PISA.

In order to produce PDMAc-b-PMEA amphiphilic diblock copolymer assemblies in water, water-soluble PDMAc macroCTA (with DPn = 24, see Supporting Information section 3.a)

was chain extended in aqueous PISA with MEA (see Scheme S1). The reaction was conducted at 40 °C using VA-044 (t1/2 (40 °C) ≈ 16.5 h) 35 as a radical initiator, because preliminary tests showed that a better control was achieved at moderate temperature 30 , where transfer and recombination reactions are disfavoured. The initial monomer concentration was set to 1.5 M (corresponding to final solids contents of ≈ 20 wt%). In these conditions, the initial reaction medium was biphasic because the solubility of MEA in water at 40 °C is equal to 11 wt%. As reported in Table S2, the samples are named PR, where R corresponds to the targeted numberaverage degree of polymerization, DPn, of the hydrophobic PMEA block at 100 % conversion.

R was systematically increased by varying the initial monomer to macroCTA molar ratio,

[MEA]0/[CTA]0 (= R), from 150 to 400 in order to study its impact on the obtained morphologies. All polymerizations reached high monomer conversion (> 92 %) and were wellcontrolled: size exclusion chromatography (SEC) revealed low dispersities (Ɖ < 1.2) and quantitative chain extension of the macroRAFT agent (Figure S2). S2). The dark spots are surface contaminations stemming from water crystals.

As observed by cryo-TEM (Figure 1), the minimum R necessary to obtain higher order morphologies close to full conversion is situated between 250 and 280. Indeed, the final morphologies were spheres for R ≤ 250, while a mixture of vesicles and smaller objects were obtained for R = 280, and vesicles were formed for R = 300 and 400. The cryo-TEM pictures are consistent with the visual aspect of the polymer dispersions: P150 is a translucent yellowish liquid; the dispersions become more and more turbid with increasing R, whereas all vesicle dispersions (P300 and P400) are milky and liquid. No worms were observed in these conditions, but this might be explained by the fact that the compositional window where worms can be found is very narrow 8,[36][37][38] and was apparently not covered in this set of experiments.

Worms were actually observed in other conditions (see below, Mz series).

P150 P200 P250 P280 P300 P400

Kinetic monitoring of the formation of vesicles

We showed that vesicles were obtained for R ≥ 280. In order to determine whether the formation of higher order morphologies was only controlled by the final DPn of the B block or by additional parameters, we monitored the morphologies as a function of conversion. R = 400

(see Table S3) was chosen, as it should allow us to determine the morphologies over a large range of DPn. Kinetic monitoring of typical PISA formulations, in particular by in situ SAXS analyses 18,19 , has already been described for other copolymers, but the driving force for the observed morphological transitions has not been identified yet. The samples taken from the reaction medium during polymerization were named Mz-conv., where z indicates the reached DPn at the given monomer conversion (conv.) in %. The polymerizations were well controlled as shown by the progressive shift of the SEC signals towards higher molar masses and the disappearance of the macroCTA (Figure S4). to DPn,B = 72 (sample M72-18). During the polymerization, the spheres then quite quickly evolved and led to a mixture of morphologies. In M107-26, a majority of spheres and short worms (L < 100 nm) were observed. This confirmed that a transition from spheres to cylinders occurred before further evolution towards vesicles, as expected 7 . In sample M132-33, spheres, vesicles and long fibers (several hundreds of nm long) were obtained. The morphological transitions continued, passing through a mixture of spheres, short worms and vesicles in quasi identical proportions (M166-41), a mixture of mainly vesicles with a few worms (M197-49)

and finally only vesicles (M372-92).

Strikingly, for comparable DPn,B, i.e. PMEA block length reached, there is a strong difference in morphology between the self-assemblies obtained at quasi full monomer conversion (series PR) and at intermediate conversion (series Mz-conv.), as illustrated in Figure S5. For example, M132-33, M166-41 and P150, at 33 %, 41 % and 95 % conversion respectively, have comparable DPn,B but P150 consisted only of small spheres, whereas the two others contained a mixture of spheres, worms and vesicles. Similarly, P200 (at 95 % conversion) contained only spheres, whereas vesicles and a few long worms were observed in M197-49. Thus, it seems that a smaller hydrophobic block is required to trigger morphological evolutions during PISA than at full conversion. Such discrepancy was already observed by Sumerlin et al. 19 using diacetone acrylamide as a hydrophobic monomer, but the origin of the difference between full conversion morphologies and their appearance during PISA was not discussed. Two major differences exist between series PR and Mz-conv.: because of the incomplete monomer conversion in the latter series, the total polymer solid content is lower and a large amount of residual monomer is still present.

It is now clear that PDMAc-b-PMEA copolymers with DPn,B ≥ 100 can form higher order morphologies and that the morphological transitions are not only influenced by the actual DPn,B, but also by the conversion at which it is reached. This implies that the concentration of free monomer, of polymer or of both may be a key parameter that favors morphological transitions. In order to rationalize these results, the kinetics of unimer exchange were determined in the absence or presence of MEA monomer.

Measurement of the rate of unimer exchange by rheology

Different strategies exist to estimate the rate of unimer exchange for self-assembled amphiphilic block copolymers in solution 20 . One reliable strategy consists in the synthesis of BAB triblock copolymers possessing a central hydrophilic A block and two lateral hydrophobic B blocks. At sufficiently high concentration (percolation concentration, Cp), the polymers selfassemble into a transient network consisting of hydrophobic cores containing the B blocks, surrounded by bridges of A blocks. This physically cross-linked network is able to relax provided that the B blocks exchange between different cores. The rheological response of the network therefore gives a quantitative estimation of the exchange rate of the B blocks [39][40][41] . In order to estimate the exchange rate of the B blocks, we therefore studied PMEAx-b-PDMAc400b-PMEAx BAB triblock copolymers by oscillatory linear rheology 42,43 in aqueous medium 34 .

It should be noted that at concentrations slightly above Cp super-bridges (defects in the network) may cause the measured rheological relaxation time to be much lower than the actual exchange time of the B blocks 39 3a) 33 . Briefly, it was observed that the exchange time increases with x, which can be explained by a decrease in mobility and an increase of the surface area of contact with water as the B block becomes longer 20,42 . Moreover, the exchange time progressively increases with temperature no matter

x, which is opposite to a classical Arrhenian behavior and was attributed to the fact that the PMEA blocks dehydrate with increasing temperature. In PISA, free monomer, swelling the hydrophobic cores, was suggested to have a plasticizing role, promoting morphological transitions 44 through enhanced chain mobility and, as a consequence, an increased unimer exchange rate. To check this hypothesis, the rheological properties of PMEA100-b-PDMAc400-b-PMEA100 were investigated at C = 70 g/L between 20 and 40 °C in the presence of increasing amount of MEA, mimicking various monomer conversions during PISA (wt%MEA = mfree MEA/(mfree MEA + mPMEA) = mfree MEA/mtotal MEA = 0 to 75 wt%). Very surprisingly, the exchange dynamics was slowed down in the presence of monomer. Indeed, τR increased with the monomer content up to one order of magnitude (see

Figure 3a

). This behavior might be explained by the fact that MEA swells the hydrophobic core, replacing partially the water hydrating the PMEA blocks, making them even more hydrophobic.

In the PISA experiment with R = 400, morphological transitions were first observed for M107-26, that is for x ≈ 100, i.e. in the presence of approximately 75 wt%MEA. At 30 °C and with such a high MEA content, τR is already close to an hour (see Figure 3b). The polymerizations were actually conducted at 40 °C, where τR is even higher 53 (see Figure 3). In view of the polymerization kinetics (Figure S3), which are rapid compared to those exchange rates, it is clear that any morphological transitions occurring during PISA for monomer conversions higher than 25 % cannot result from unimer exchanges 54 . We therefore demonstrated that the exchange of unimers is not responsible for morphological transitions and that the free monomer is actually not accelerating the dynamics of unimer exchanges. This leads us to conclude that fusions of primary aggregates are necessarily involved in the morphological transitions. However, the role of the monomer in the formation of worms/vesicles is still unclear.

Interestingly, it has been proposed in the literature that the presence of solvent, monomer or molecules with similar chemical structure may help morphological transitions [44][45][46][47][48][49][50] . On the one hand, we have demonstrated that the presence of toluene in a typical emulsion polymerization of styrene via PISA has a great impact on the morphologies formed 45 ; on the other hand, the addition of plasticizing solvents postpolymerization (to particles obtained by PISA or mini-or nanoemulsion) was extensively explored by the groups of Davis 44 and Anastasaki 48 . For instance, the latter showed that the addition of toluene in an aqueous dispersion of nano-objects comprising a polystyrene solvophobic block can trigger quick transitions toward higher order morphologies.

Role of unreacted monomer

In order to assess the role of MEA on the morphological transitions observed during PISA, we added varying quantities of MEA, post-polymerization, to sample P200 that was diluted to 5 wt%. As a reminder, this sample contained only spherical particles. Visually, an increase in turbidity was instantaneously observed upon the addition of 50 to 70 wt%MEA (leading to a solvent composition of around 5-11 vol%MEA = Vfree MEA / (Vfree MEA + Vwater)). Cryo-TEM was used to detect any morphological changes (Figure 4). Unlike the pristine sample containing 4

wt%MEA, the samples obtained upon addition of 22 wt%MEA already contained some short worms (see Figure 4). The objects further evolved into a mixture of vesicles, worms and spheres (with similar sizes around 100 nm) at 32 wt%MEA and to only vesicles at 72 wt%MEA (accounting for the visually observed increase in turbidity). We suppose that the formation of worms and/or vesicles happens quasi-instantaneously: the increase of turbidity was immediately detected after the addition of MEA to reach ≈ 50 wt%MEA. S3). *residual MEA after PISA.

Considering that the unimer exchange is extremely slow in these conditions, (τR > 10 4 s at 20 °C even without monomer, see Figure 3a), we can conclude that these morphological transitions originate from the fusion of the initially spherical particles triggered by the sole addition of monomer.

We hypothesize that the addition of monomer increases the volume of the hydrophobic cores by swelling them and therefore favors higher order morphologies (increase in packing parameter).

It is quite unlikely that the free MEA plays a crucial plasticizing role on the PMEA cores (which would favor fusion from a kinetic point of view), because the latter are already soft at 20 °C (Tg ≈ -50 °C) 33 . Importantly, as the monomer is quite soluble in water, MEA partitions between water and the particles. Therefore, the absolute concentration of MEA in the particles does not only depend on the wt%MEA (wt%MEA = mfree MEA/(mfree MEA + mPMEA) = mfree MEA/mtotal MEA), but also on the polymer concentration in the dispersion (i.e. the solids content). For highly diluted dispersions, it could thus be necessary to add much more MEA than to concentrated polymer dispersions in order to reach similar concentration of MEA in the micellar cores.

Consistently, no noticeable change in particle size or turbidity was observed upon addition of 95 wt%MEA (corresponding to 2 vol%MEA in solvent) to highly diluted polymer dispersions (0.1 wt%), suggesting that no evolution happened. We believe that this phenomenon, along with the less likely collisions at low solids contents, might explain why only spheres are formed at low polymer content in many examples in the PISA literature 8,51,52 . While these preliminary experiments suggest that the total solids content also plays a role in the occurrence of morphological transitions, more work is required to fully elucidate the importance of this parameter.

Conclusions

In summary, in order to better understand what triggers morphological transitions during PISA, we have studied the formation of PDMAc-b-PMEA amphiphilic block copolymer nanoassemblies in a typical RAFT-PISA process. As expected, the final morphologies, i.e. the nanoobjects formed at quasi-full monomer conversion, depend on the length of the PMEA core block. However, different morphologies were observed for the same PMEA block length depending on the conversion at which this length was reached, because the presence of MEA favors morphological transitions. Through rheological analyses, we quantitatively assessed that the presence of free monomer, swelling the hydrophobic cores during the course of PISA, does not enhance, but, to our surprise, diminishes the rate of unimer exchange. Considering the timescale of the polymerization, the intermediate self-assemblies must therefore be considered unable to reorganize by unimer exchange. We stress that although these results were obtained on one particular PISA system, this is sufficient to prove that unimer exchange is not a prerequisite for morphological transitions in PISA. Considering that unimer exchange is too slow compared to the polymerization kinetics, the observed transitions to higher order morphologies (worms, vesicles) must be formed through fusion of primary spherical nano-objects. We however insist that this result does not imply that unimer exchange never occurs during PISA, nor that morphological transitions will not be observed in case unimer exchange is fast. Actually, fast unimer exchange should favor morphological transitions in PISA provided that the B block is long enough compared to the A block. Indeed, fast unimer exchange implies the formation of self-assembled structures at thermodynamic equilibrium, the morphology of which is dictated by the packing parameter, and therefore by the length of the B block.

Table of Content

We demonstrate that morphological transitions do not require unimer exchanges during radical RAFT-mediated PISA in water and that the monomer present in the polymerization medium enables morphological transitions although it unexpectedly slows down unimer exchange.
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Materials

Ethyl 2-(butylthiocarbonothioylthio)propanoate (CTA) was synthesized following an already published protocol [1] . was used for all PISA polymerizations.

The syntheses of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers exhibiting a degree of polymerization x = 50, 100 or 200 for the PMEA block and 400 for the PDMAc block were achieved by RAFT polymerization in solution as described formerly [2] .

Characterizations

1 H Nuclear Magnetic Resonance spectroscopy (NMR).

All analyses were recorded at room temperature with a Brucker 300 or 400 MHz spectrometer in 5-mm diameter tubes.

Size-Exclusion Chromatography (SEC).

SEC analyses were carried out on two PSS GRAM 1000 Å columns (8 × 300 mm; separation limits: 1 to 1000 kg•mol -1 ) and one PSS GRAM 30 Å column (8 × 300 mm; separation limits: 0.1 to 10 kg•mol -1 ) coupled with a differential refractive index detector (RI) and a UV detector (λ = 309 nm, maximal absorption of the trithiocarbonate moiety). DMF (+ LiBr 1 g•L -1 ) at 60 °C was used as the mobile phase at a flow rate of 0.8 mL•min -1 . Samples were prepared at a concentration around 5 mg•mL -1 and filtered through 0.20 µm pore-size PTFE membrane before the injection (Vinj = 100 µL). The number-average molar mass (Mn), the weight-average molar mass (Mw) and the molar mass dispersity (Đ = Mw/Mn) were calculated from the RI signals with OmniSEC 5.12 software thanks to a conventional calibration curve based on PMMA standards.

Dynamic Light Scattering (DLS)

DLS measurements were carried out on a Zetasizer Nano S90 from Malvern (90° angle, 5

mW He-Ne laser λ = 633 nm). The apparent z-average particle radius of diluted dispersions (at 0.1 wt%) in water was determined and assimilated as the true Rh considering the low concentration.

Cryo-Transmission Electron Microscopy (cryo-TEM)

Polymer solutions were prepared at 3 wt% in water by directly diluting the pristine reaction medium down to this concentration. 3 µL of the aqueous solutions (at 3 wt%) were then deposited on a quantifoil grid. The excess of solution was removed with a Whatman paper and the grid was immediately frozen in liquid ethane. The observations were carried out at -180 °C by a JEOL JEM-2100 LaB6 microscope operating at 200 kV. The images were taken on a Gatan US1000, 2k by 2k CCD Camera.

Addition of MEA to sample P200 post-polymerization

Distilled MEA was added in 5 wt% polymer dispersion (prepared from the raw synthesis medium) of sample P200. The dispersion was homogenized by vortex and diluted at around 3 wt% to perform cryo-TEM.

Rheology

Rheological experiments conducted in the absence of MEA (Figure 3a) are detailed in ref [2].

In the presence of MEA, rheological measurements were carried out in similar conditions, that is using a DHR3 rheometer equipped with cone-plate geometries (angle = 1°, 2°; diameter = 1 Initial molar ratios of CTA/DMAc/AIBN introduced. 2 Monomer conversion at the end of the polymerization, determined by 1 H NMR using trioxane as internal reference. 3 Number-average degree of polymerization, DPn, and number-average molar mass, Mn, calculated using the experimental conversion. 4 Number-average degree of polymerization, DPn, and number-average molar mass, Mn , determined by 1 H NMR. 5 Number-average molar mass, Mn, and dispersity Đ determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration.

Figure S1.

(top) 1 H NMR recorded in acetone-d6 of purified macroCTA (bottom) SEC trace of macroCTA.

Synthesis of PDMAc-b-PMEA diblock by dispersion PISA in water

In a typical experiment (Entry P400' in Table S2), 90.5 mg (33.7 µmol) of the macroCTA, oil bath at 40 °C. Aliquots were taken from the reaction medium and analyzed by 1 H NMR in acetone-d6 to determine the conversion in MEA, using the three vinylic protons of the monomer (between  = 5.85 and 6.43 ppm) and 1,3,5-trioxane as an internal reference ( = 5.11 ppm).

After 6h 44, the reaction was stopped by immersing the flask into an ice bath and opening it to air. The diblock copolymer dispersion was characterized without further purifications by DLS and cryo-TEM. The Mn and molar mass distribution Đ of the copolymers were determined by SEC.

Figure S2.

(left) Normalized SEC traces, and (right) evolution of the MEA conversion versus time for the syntheses P150 to P400 (see Table S2). 1 Initial molar ratios of macroCTA/MEA/VA044 introduced. 2 Monomer conversion at the end of the polymerization, determined by 1 H NMR using trioxane as internal reference. 3 Number-average degree of polymerization, DPn, and number-average molar mass, Mn, calculated using the experimental conversion. 4 Number-average and weightaverage molar masses, Mn and Mw, and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration. 5 z-average diameter of the polymer particles in aqueous dispersion (0.1 wt%) determined by DLS at 90°. 6 Morphology of the polymer particles determined through cryo-TEM observations of 3 wt% aqueous dispersions. S = spheres, W = worms, V = vesicles.
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P400 and P400' syntheses for kinetic monitoring

In the case of the syntheses of PDMAc24-b-PMEA400, the usual kinetic monitoring was completed by (1) assessing the progressive increase in molar mass and the presence of the trithiocarbonate moiety at the polymer chain end by SEC using simultaneous UV and RI in line detection, (2) assessing the size of the self-assemblies by DLS, and (3) performing cryo-TEM imaging when relevant. In order to increase the number of different kinetic samples, we combined the results of two polymerizations performed in identical conditions (Table S2, entry P400 and its reproduction, P400').

Kinetic monitoring of PISA P400 and P400'

Figure S3. Superimposition of (left) the conversion in MEA against time and (right) of the SEC traces of the syntheses P400 and P400' (see Table S2).

The evolution of the monomer conversion and the final SEC traces of P400 and P400' matched very well (see Figure S3), justifying the use of both experiments together. The resulting samples are designated Mz-conv., with z being the experimental DPn reached at the given monomer conversion. Table S2 details from which synthesis (P400 or P400') the samples were taken. The RI signal of the macroCTA completely shifted toward higher molar masses in each case, indicating a successful chain extension of the PDMAc block. Moreover, the UV absorption (λ = 309 nm) signal could be superimposed with the RI one, which means, given that the dispersity was low for all samples, that all chains bear the trithiocarbonate function absorbing at this wavelength. This is an additional proof that the macroCTA was chain extended in a controlled way.

Assessment of morphological changes via DLS during PISA

For the Mz-conv. samples, aliquots of the reaction medium were withdrawn from the polymerization medium and diluted to 0.1 wt% (accordingly to the experimental conversion and the deduced polymer concentration of the aliquots) before measurement. DLS on diluted samples at 0.1 wt% provided quick evidence that spherical nano-objects were formed in the early stages of the polymerization (Table S3). Indeed, the z-average diameter (Dz) of M72-18

(Dz = 28 nm) was close to those of P150, which self-assembled into spheres (see Table S2 and = 107. Dz further increased progressively until it reached around 140 nm at DPn,B ≈ 300 and remained stable afterward. The sharp increase of Dz at a DPn,B as low as 107, along with the high turbidity of the reaction medium, suggested that a dramatic change in the nature of the self-assemblies had occurred. These preliminary observations allowed us to select the samples to investigate in more details by cryoTEM (see Figure 2). Note that imaging confirmed that a small amount of worms were formed in sample M107-26, which is still compatible with the strong increase of Dz, as it is a z-average value. * Samples are named Mz-conv., with z the DPn,B determined using the given experimental conversion. 1 Monomer conversion determined by 1 H NMR using trioxane as internal reference. 2 Concentrations in free MEA (mfree MEA / mtotal) and in diblock copolymer (mdiblock / mtotal) in the medium calculated with the experimental conversion. 3 Mass ratio of free MEA over the total MEA content: wt%MEA = mfree MEA / (mfree MEA + mB block) = 1 -xMEA. 4 Number-average degree of polymerization, DPn, and number-average molar mass, Mn, calculated using the experimental conversion. 5 Number-average molar mass and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration. 6 Z-average diameter of the polymer particles in aqueous dispersion (0.1 wt%) determined by DLS at 90°. 7 Morphology of the polymer particles determined through 

Introduction to chapter 5

As reported in the previous chapters, increasing DPn,B slows down the unimer exchange until its "freezing" for DPn,B = 300 no matter T. In this chapter, submitted in Macromolecules, we therefore investigated ways to tune the exchange rate of the amphiphilic block copolymers through chemistry and formulation with two objectives in mind. The first was to design hydrogels with controlled rheological properties (viscosity, viscoelastic response). The second, was to be able to design polymers with tunable exchange dynamics to pursue our understanding of the PISA process with respect to the exchange of unimers. Only the first objective is addressed in this chapter.

In the literature, hydrophilic and responsive (pH, T) co-monomers have been incorporated within the B blocks of amphiphilic block copolymers to tune their hydrophobic character and adjust their exchange rate. Endowing amphiphilic block copolymers with pH and T-responsive exchange dynamics where both triggers have an independent impact is extremely rare and still relevant for the objectives stated above. MEA is already a T-sensitive monomer; therefore it appeared relevant to copolymerize it with a pH-sensitive monomer. DMAEMA and AA are pH-sensitive monomers which are often used to tune unimer exchange depending on their degree of ionization: ionization induces a faster exchange. DMAEMA is also T-sensitive and then endowed systems with both responsivities. However, Lauber et al 1 observed a switch in the T-dependency of the exchange dynamics depending on the degree of ionization of the DMAEMA units. Another example reported a system comprising B-blocks with both T and pH responsivities but the impact of the degree of ionization on the exchange dynamics was not investigated 2 .

AA was therefore incorporated in the PMEA block of BAB amphiphilic block copolymers. This investigation was conducted using BAB with DPn,B = 100 as a compromise between the longest B-block (DPn,B = 300, frozen) and the most tunable exchange time with T (DPn,B = 50). 5 %mol of AA was copolymerized with MEA in the B-blocks. This relatively small proportion of AA was chosen 1) to determine whether the exchange dynamics could be tuned with a very small amount of AA and 2) because PMEA100 led to already rather fast dynamics so that more AA might lead to too fast exchange rates. A P(MEA95%-b-AA5%)100-b-PDMAc400-b-P(MEA95%-b-AA5%))100 was prepared by Clément DEBRIE by RAFT polymerization in solution.

As long as the AA units remained protonated, this BAB triblock showed similar exchange rate and T-sensitivity as the equivalent triblock without AA investigated in chapter 3. The exchange dynamics could be tuned upon increasing the degree of ionization of the AA units even though only 5%mol of AA was incorporated within the B blocks. More importantly, it was shown that this triblock presented a dynamic which could independently be controlled by pH and/or T (Figure 1). In the literature, are reported examples for which the composition profile (gradient/statistic) impacts the system properties (morphology, aggregation state, glass transition…). [3][4][5][6] However, no investigation was conducted on the role of the composition profile of the B blocks on the exchange rate modulation. To investigate this, the AA units distribution was modified from a random to a gradient-like distribution to determine its impact on the exchange dynamics. With only 5 %mol of AA units, it appeared that the repartition of the AA units within the B blocks had a minor impact on the exchange rate.

Finally, it was intended to alter the exchange dynamics upon the addition of salts. In the literature, it was observed no modification of the exchange dynamic upon the addition of sodium up to [Na + ] = 0.5M for P(n-butyl acrylate50%-co-AA50%)100 B blocks 7 . However, less is known about Ca 2+ addition on the exchange rate of self-associating amphiphilic block copolymers. AA interaction with multivalent ions such as Ca 2+ was expected to strongly impact the exchange dynamics. Ca 2+ :(AA -)2 bidentate complexation was expected to allow binding B-blocks together by physically cross-linking them, therefore slowing down further their exchange rate.

Nevertheless, the addition of mono or divalent salts to P(MEA95%-b-AA5%)100-b-PDMAc400-b-P(MEA95%-b-AA5%) aqueous dispersion at an ionization degree of 50 % of the AA units did not result in any significant impact on the exchange dynamics.

It was assumed that the lack of significant effect of the composition profile or Ca 2+ addition on the exchange rate was due to the very small proportion of AA units within the B-blocks. Further studies should be conducted with more AA units within the B blocks. However, this cannot be achieved with PMEA100 which would certainly become too dynamic and was therefore not investigated within this PhD work.

Finally, it should be noted that it was not possible to prepare the equivalent AB diblocks at different ionization degree of the AA units by RAFT-PISA polymerization because the reactivity of AA and MEA was strongly affected by the pH in the heterogeneous reaction conditions of RAFT-PISA. Therefore, it was not possible to correlate the evolution of the exchange rate of the polymers as a function of the different parameters presented in this chapter with morphological transitions observed in PISA in the presence of AA co-monomer.

Introduction

Amphiphilic block copolymers (ABCP) consist of covalently connected hydrophobic and hydrophilic blocks. Their hydrophobic blocks collapse in water to reduce unfavorable interactions, leading to the formation of nanoscale aggregates which are stabilized by the hydrophilic blocks 1- 4 . These aggregates are typically kinetically frozen: they do not reach thermodynamic equilibrium because exchange of unimers (free polymer chains) between aggregates is usually slow. 5 The characteristics of frozen aggregates strongly depend on the preparation pathway [6][7][8][9] , implying complex preparation procedures/pathways (use of organic co-solvents, heating, dialysis…) and/or reproducibility issues, whereas dynamic aggregates of ABCP that can rapidly exchange unimers can reach thermodynamic equilibrium, leading to self-assemblies that are pathway-independent and can reversibly adapt to changes in their environment [10][11][12][13] . Transient hydrogels formed by threedimensional self-assembly of BAB triblock copolymers exhibit rheological properties which strongly depend on the exchange rate 7,14,15 of the hydrophobic B-blocks. These highly hydrated polymeric networks find many applications, particularly in biomedicine (coatings, drug delivery, tissue engineering) 2,4,16,17 .

According to Halperin and Alexander 18 , the hydrophobicity of the core-forming block has a major influence on the exchange dynamics. This hydrophobicity can be tuned by modifying the B-blocks length [19][20][21][22][23] or by changing the chemistry of the hydrophobic block itself 24,25 . One versatile strategy is to incorporate hydrophilic units into the hydrophobic blocks. This was illustrated by Bendejacq et al. 26 and Billon et al. 27 who demonstrated that frozen block copolymers containing hydrophobic poly(styrene) B-blocks became dynamic when acrylic acid (AA) units were incorporated through copolymerization within the B-blocks. Similarly, incorporation of AA 10,11,[27][28][29][30] , dimethylaminoethyl methacrylate (DMAEMA) 31,32 or tri(ethylene glycol) methacrylate (TEGA) 33,34 hydrophilic units into ABCP containing hydrophobic poly(n-butyl (meth)acrylate) (PnBA or PnBMA) blocks transformed frozen assemblies into dynamic ones.

The presence of stimuli-responsive hydrophilic units may moreover allow the exchange dynamics to be tuned by modifying the pH, ionic strength or temperature. The exchange dynamics of triblock copolymer gels containing AA 10,11,29 and DMAEMA 32 units in the hydrophobic block vary over several orders of magnitude in response to changes in pH and/or ionic strength. While triblock copolymer gels typically become less viscous with increasing temperature (thermothinning) due to the Arrhenius law, triblock copolymer gels containing TEGA 33,34 or neutral DMAEMA 32 show thermo-thickening as the rate of unimer exchange decreases with increasing temperature. Combining T (thermo-thickening) and pH-responsive exchange dynamics is hard to achieve. P(nBMA-stat-DMAEMA)-b-PDMAEMA-b-P(nBMA-stat-DMAEMA) 32 triblock copolymers exhibited pH and temperature responsiveness, but their exchange dynamics reversed from thermo-thickening to conventional Arrhenian behavior when the DMAEMA units became ionized. O'Lenick et al 35 studied P(DEGEA140-co-AA7)-b-PEO-b-P(DEGEA140-co-AA7) which combines poly(ethoxydi(ethylene glycol) acrylate) (PDEGEA) as a moderately hydrophobic block imparting thermo-thickening behavior and AA units inducing pH-responsivity. This hydrogel displays a multi-sensitive reversible sol-gel transition depending on both T and pH. However, the evolution of the exchange dynamics for these ABCP remains poorly understood.

Inspired by these results, we synthesized BAB triblock copolymers with a central neutral hydrophilic poly(dimethyl acrylamide) (PDMAc) block connected to two moderately hydrophobic blocks of poly(2-methoxyethyl acrylate-co-acrylic acid) (P(MEA-co-AA)). PMEA-b-PDMAc-b-PMEA triblock copolymers was previously shown to exhibit thermo-thickening properties with an exchange rate that increases by more than 3 orders of magnitude upon increasing the temperature from 10 to 30 °C (for C = 100 g/L α = 0) 32 . In the present study, the incorporation of AA within the PMEA blocks resulted in hydrogels combining independent control of their rheological properties by temperature and/or degree of ionization () of the AA units. Moreover, the effect of the composition profile, i.e. the spatial distribution of AA units within the PMEA blocks, on the exchange dynamics was investigated in response to recent reports that the composition profile has a significant effect on the properties of ABCP self-assemblies. 13,36,37 Material and Methods A reference polymer PMEA100-b-PDMAc400-b-PMEA100 triblock copolymer containing no AA units was synthesized as reported in a previous work. 38 

Samples preparation for rheology

Aqueous polymer samples were prepared by directly dispersing the polymer powder in deionized water (Millipore, 18 M.cm) at room temperature. For samples containing AA, hydrogels were prepared by dissolving the polymer with the addition of NaOH (0.1 M) or HCl (0.1 M) to reach the desired degree of ionization (see calculations below). The samples were then stored at least 24 h in the fridge (~ 5 °C) to make sure that equilibrium was reached. For conditions leading to highly viscous solutions or hydrogels, the samples were placed in an ice bath (~ 0 °C) or in a fridge (~ 5 °C) and regularly homogenized by manual shaking to accelerate the dissolution process. Homogeneous samples were obtained after one to three days depending on the conditions.

They were stored in the fridge until use.

For samples with added Ca 2+ or Na + , aqueous solutions of CaCl2 (0.1 and 1 M) or NaCl (1 M and 4 M) were added at 20 °C to already prepared hydrogels. Samples were cooled in an ice bath (~ 0 °C) and then stored for at least 24 h in the fridge (~ 5 °C) before measurements.

The degree of ionization (𝛼) is defined as the ratio of the number of ionized AA units (𝑛 𝐴𝐴-, mol) to the total number of AA units (𝑛 𝐴𝐴 𝑡𝑜𝑡 , mol) along the polymer chain.

𝛼 = 𝑛 𝐴𝐴- 𝑛 𝐴𝐴 𝑡𝑜𝑡 (1)

where 𝑛 𝐴𝐴_𝑡𝑜𝑡 = 𝑛 𝐴𝐴/𝑔_𝑝𝑜𝑙 . 𝑚 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 , 𝑚 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is the polymer mass within the sample (g), and

𝑛 𝐴𝐴/𝑔_𝑝𝑜𝑙 the molar amount of AA units per gram of polymer (mol/g) (see Table S2).

Rheology

Rheological measurements were carried out using a Discovery HR-3 rheometer (TA S2 in SI). A copolymer containing no AA (Pure, its synthesis was already reported 38 ) was also considered in this study. . This is the typical behavior expected for a 3D-spanning transient physical network formed by BAB triblock copolymer chains assembling into B-rich hydrophobic cores bridged by A-blocks (Figure 1a) for which the relaxation is caused by the exchange of the B-blocks between different hydrophobic cores 16,19,39 .

Instruments
Close to the percolation concentration (Cp), the network contains defects (loops, superbridges, …), so that the rheological relaxation time is usually much smaller than the actual exchange time of the B-blocks 16,19,39 . The number of defects should decrease with increasing polymer concentration, so that for C > Cp the relaxation time increases with polymer concentration, until a constant value is reached that is representative of the exchange time of the B-blocks. Experiments

were therefore conducted at different polymer concentrations to determine the evolution of 𝜏 with concentration and Cp. At C < 60 g/L, a continuous evolution of the moduli with time was observed for T > 20 °C (Figures S8 andS9), implying that the hydrogels were progressively reinforcing so that the properties at steady state could not be investigated. This prevented accurate determination of Cp, which was nevertheless estimated to be around 40 g/L (Figure S7) since at lower concentrations the signature of a network (G′ > G″ at high frequencies) was no longer observed.

At C ≥ 60 g/L, the rheological properties reached steady state within a few seconds. About a decade of variation of the rheological relaxation time was observed for independently prepared samples measured under identical conditions, while a variation of about a factor of 2 was observed for repeated measurements on the same sample (Figures S12 to S15).

The relaxation of the transient network was characterized by a distribution of relaxation times.

This has previously been observed for BAB triblock copolymers and can be explained by the dispersity in length and/or composition of the B-blocks 10,16,40,41 . The elastic modulus of the network (𝐺 𝑒 ) was defined as the value of Gʹ at f = 100•𝑓 𝑐 , i.e when most bridging chains did not relax. Master curves formed by frequency-temperature superposition (Figure 1b) enabled us to obtain values of 𝐺 𝑒 when they could not be determined directly within the measured frequency range. At C = 80 g/L, Ge was close to 𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 , the elastic modulus of an ideal network with no defects where all BAB chains are elastically active (equation 2). The relaxation time determined at C = 80-100 g/L was therefore considered to be a fair estimate of the exchange time of the Bblocks.

The relaxation time increased with increasing temperature, implying a decrease in the exchange rate of the B-blocks at higher T, see Figure 1a) Master curves could be obtained by frequency/temperature superposition (Figure 1b), implying a similar relaxation mechanism (exchange of B-blocks) independently of temperature in this range.

Influence of the composition profile at  = 0

Ran, t_Grad and m_Grad were first studied at  = 0, that is with fully protonated AA units, and compared to the reference Pure triblock copolymer without AA units. In figure 2 are shown the evolutions of τ, 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 and η, as a function of temperature for Ran (C = 100 g/L,  = 0).  increases by 4 orders of magnitude upon heating from 7 °C to 30 °C (Figure 2a), whereas 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 varies only by a factor 2 (Figure 2b). The drastic change of  with T was attributed to the increased hydrophobicity of the B-blocks with temperature, which reduces their ability to exchange, as previously reported for pure PMEA blocks 38 and confirmed here with the reference Pure triblock containing no AA units. The strong increase of  with increasing temperature explains the corresponding increase in viscosity.

Qualitatively, the temperature dependence of  is similar for Pure, Ran, t_Grad and m_Grad at  = 0, except m_Grad (Figure 2). In addition, the absolute values of  (Figure S16) are close for all polymers. More precisely, the difference is lower than one decade for all polymers studied at the same T, which corresponds to the typical error for two samples prepared independently as mentioned above. The main conclusion is that the small proportion of AA introduced in Ran, t_Grad and m_Grad (5 mol%) has a negligible effect on the relaxation time of these polymers compared to a pure PMEA block (Pure), independently of the composition profile. This result can probably be explained by the low concentration of AA units and their lack of charge.

a)

T(°C) Figure 3 shows the evolution of τ, 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 and η for the Ran triblock copolymer at 100 g/L as a function of  and for different temperatures. At 30 °C, a decrease of more than 4 decades in the relaxation time is observed upon increasing  (Figure 3a), while 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 does not vary much up to  = 0.5. The strong increase of the exchange dynamics with increasing  which explains the sharp decrease in η (Figure 3c), is attributed to an increase in the hydrophilic character of the B-blocks due to presence of charged units as reported for other amphiphilic block copolymers 10,11,29,32 . The decrease in 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 at  = 0.7 indicates that fewer chains are involved in the transient network.

Measurement of and 𝐺 𝑒 at α ≥ 0.5 becomes difficult at T ≤ 20 °C as the exchange of B-blocks becomes very fast. As a result, measurements of Gʹ are less precise and it is difficult to obtain the master curve (Figure 3a). In this case, the evolution of the viscosity (Figure 3c) was used to give a qualitative estimate of the variation of τ. A key result illustrated by Figure 3a and 3c is that the impact of  is maintained at all temperatures.

Additionally, Figure 3c suggests that the effect of T is maintained with the same amplitude up to  For α ≥ 0.7 the viscosity is much less sensitive to changes in temperature, suggesting a reduced effect of the temperature on the exchange dynamics. The decreased effect of T on η at α ≥ 0.7 may indicate that the B-block has become so much more hydrophilic that its intrinsic thermosensitivity shifts to higher temperature and/or is blurred. Similar evolutions can be observed at 80 g/L (Figure S17).

The incorporation of a few pH-sensitive AA units in the thermoresponsive PMEA block therefore results in an independent double-responsiveness of the chain exchange dynamics and thus of the rheological properties of the resulting transient hydrogels; these values being altered independently with T and .

Increasing the degree of ionization creates charges within the B blocks and induces faster exchange dynamics. We therefore wondered whether the addition of salt, which screens electrostatic interactions, has a similar effect as decreasing α by screening repulsive interactions between the ionized AA units. The effect on τ of adding 0.1 M of monovalent (Na + ) or bivalent (Ca 2+ ) salt to the Ran hydrogel was investigated at C = 80 g/L, 20 °C and α = 0.5. The addition of 0.1 M of NaCl, which is usually enough to induce charge screening 11 , had a negligible effect on hydrogel properties and especially on the exchange dynamics (Figure S18). Screening electrostatic interactions by addition of salt therefore cannot be used to control . This might be due to the fact that the charges are already not interacting too much in the hydrophobic PMEA environment. The effect of  on  is therefore probably due to an increased hydrophilic character of the ionized AA units compared to the neutral ones. Surprisingly, Ca 2+ addition did not impact hydrogel properties either whatever [Ca 2+ ] in the range 0 to 0.02 M, corresponding to up to 2 equivalents of Ca 2+ compared to the number of charged AA units (Figure S18). This is more surprising given that Ca 2+ is a divalent ion which would have been expected to bind to two acrylate units [42][43][44][45] , causing physical cross-linking of the B-blocks within the core and thereby decreasing their exchange rate. Moreover, the PAA/Ca 2+ interaction is entropically favored as shown by isothermal titration calorimetry (ITC) 42 with the liberation of ten water molecules per bound Ca 2+ [43][44][45] . The negligible effect of Ca 2+ on the exchange rate may be explained by the low number of charges within the B-blocks. This hypothesis could be tested with additional experiments using Bblocks that combine more hydrophobic units and a higher amount of AA units, although this is beyond the scope of the current study. A difference of slightly more than a decade in the relaxation time observed between t_Grad and the two other polymers at  = 0.2 may suggest a possible effect of the distribution. However, the difference remains small compared to the variability between independently prepared samples (1 decade) and is anyway much smaller than the effects of T and α.

The weak to negligible effect of the composition profile of the B-blocks on the exchange dynamics and rheological properties can probably be explained by the very low amount of AA charges present in these blocks. Indeed, for 5 mol% AA, DPn(B) = 100 and  = 0.5, only 2.5 charges are present on average within each B-block. It is thus not that surprising that changing the spatial distribution of those charges hardly affects the exchange dynamics. Using a polymer containing more AA units in the B-blocks may increase the impact of the composition profile, but this would require replacing MEA units by more hydrophobic monomers to compensate for the increased rate of exchange induced by the higher number of AA units; which lies out of the scope of this study.

Conclusion

The impact of the addition of 5 mol% of AA within the B-blocks of self-assembling amphiphilic BAB triblock copolymers on their exchange dynamic was investigated by rheology. The influence of four parameters was investigated. Temperature was studied because the PMEA block is known to be thermo-responsive. The ionization degree of the AA units was changed to investigate the pHresponsiveness of the polymers. Moreover, monovalent cations (Na + ) or divalent cations (Ca 2+ )

were added to the hydrogels with the idea to impact the electrostatic interactions between charged AA units and/or respectively to create physical cross-linking points within the hydrophobic cores and tune in this way the exchange dynamics. Finally, the repartition of the AA units within the B blocks was altered in order to probe the role of the composition profile on the relaxation.

Adding mono or divalent salt had a negligible impact on the exchange dynamics, even at concentration where Ca 2+ could act as a physical cross-linker between B-blocks containing charged AA units. Moreover, changing the distribution of the AA units within the B-block had, at best, a minor impact on the exchange dynamics. It is assumed that the lack of significant effect of the composition profile or Ca 2+ addition was due to the scarcity of AA units within the B-blocks.

Combining thermo-responsive PMEA B-blocks with pH-sensitive AA units resulted in transient hydrogels whose exchange dynamics could be tuned independently by changing the temperature and the degree of ionization of the AA units even though the proportion of AA units was very low.

The exchange dynamics of the B-blocks decreased by 4 orders of magnitude at all temperatures on increasing α from 0 to 0.5, which was attributed to an increased hydrophilic character of the Bblock in the presence of charges. Heating led to a deceleration of the exchange dynamic for degrees of ionization up to 0.5, which is opposite to typically observed arrhenian behavior. This leads to an increase in the viscosity of the solution upon heating.

All in all, incorporation of AA within the PMEA blocks of PMEA-b-PDMAc-b-PMEA triblock copolymers resulted in hydrogels whose rheological properties can be controlled independently by the degree of ionization of the AA units and/or by the temperature.

Table of Content

BAB triblocks comprising P(MEA-co-AA) B-blocks form hydrogels displaying combined and independently tunable thermal and pH-responsive exchange dynamics.

Appendix_ Supporting Information for MEA and AA. All analyses were recorded at room temperature with a Brucker 300 or 400

MHz spectrometer in 5-mm diameter tubes.

SEC

Size Exclusion Chromatography (SEC) analyses were carried out on two PSS GRAM 1000 Å columns (8 × 300 mm; separation limits: 1 to 1000 kg•mol -1 ) and one PSS GRAM 30 Å column (8 × 300 mm; separation limits: 0.1 to 10 kg•mol -1 ) coupled with a differential refractive index detector (RI), a UV detector and a light scattering detector (LS). DMF (+ LiBr 1 g•L -1 ) at 60 °C was used as the mobile phase at a flow rate of 0.8 mL•min -1 . Samples were prepared at a concentration around 5 mg•mL -1 and filtered through a 0.20 µm pore-size PTFE membrane before injection (Vinj = 100 µL). The number-average molar mass (Mn), the weight-average molar mass (Mw) and the dispersity (Đ = Mw/Mn) were calculated from the RI signals with OmniSEC 5.12 software thanks to a calibration curve based on PMMA standards. The number-average molar mass (Mn, LS) of the PDMAc macro-RAFT agents was determined from the LS signal using a refractive index increment 2 (dn/dC) of 0.081 mL.g -1 and a PMMA standard (Mw = 59.6 kgꞏmol -1 , [η] = 0.212 mL g -1 at 50-60 °C in DMF and dn/dC = 0.054 mL. g -1 in DMF) for calibration of the LS detector.

Synthesis of CTA-PDMAc400-CTA bifunctional macroCTA

In a typical experiment (PDMAc-1 in Table S1), 112.  𝑥 𝐷𝑀𝐴𝑐  𝑀 𝐷𝑀𝐴𝑐 . 3 Numberaverage and weight-average molar masses, Mn and Mw, and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration. 4 Experimental number-average molar mass, Mn, and number-average degree of polymerization, DPn, determined by SEC in DMF (+ LiBr 1 g•L -1 ) using the light scattering detector (dn/dC = 0.081 mL/g) and a PMMA standard (Mw = 59.6 kgꞏmol -1 ) for calibration.

1.5 Synthesis of Pure and Ran in ACN solution. 1 Name of the PDMAc macro-RAFT agent that was used to provide the block copolymers. 2 Initial molar ratios of (MEA + AA)/trithiocarbonate (twice the amount of the macro-RAFT agent)/V70 introduced, calculated from the experimental mass (Mn, SEC LS for the PDMAc macro-RAFTs and Mn,NMR for Pre_m_Grad). 3 Global conversion in monomers at the end of the polymerization, determined by 1 H NMR using a trioxane internal reference. For Ran, the individual conversions of MEA and AA were determined and are indicated in brackets, respectively. 4 Molar fraction of AA incorporated in the copolymer calculated with the experimental individual conversions and the molar fraction in AA in the monomer feed. 5 Theoretical number-average degree of polymerization, DPn,th per arm of the copolymer and theoretical number-average molar mass, Mn,th calculated with the experimental conversion. 6 Ratio of the integrals of signals (B+C) and E of the NMR spectrum of the BAB copolymer (see Figure S1). 7 Experimental number-average degree of polymerization, DPn, per arm and number-average molar mass, Mn, calculated using the ratio r, the molar content in AA FAA and the DPn, LS SEC of the PDMAc macro-RAFT agent. 8 Amount of AA incorporated per unit of mass of the copolymer calculated using its determined molar mass Mn,NMR and the mean number of AA units contained in the copolymer. 9 Number-average and weight-average molar masses, Mn and Mw, and dispersity determined by SEC in DMF (+ LiBr 1 g•L -1 ) using a PMMA conventional calibration.

Additional technical information

Critical transition temperature (Tc)

A specific reorganization phenomenon is observed above a critical transition temperature, Tc, as already observed in the absence of AA units within the PMEA blocks 3 . The three figures S4, S5

and S6 present the time evolution revealing this phenomenon above a certain temperature for α = 0, 0.2, 0.5 and C = 80 g/L for Ran in water. 3. Additional information of the effect of pH, temperature, ionic strength and composition profile on the exchange dynamics and resulting rheological properties.

Moduli evolution at low concentration (C < 60 g/L)

Moduli are found to increase over time after heating at T ≥ 20 °C (which takes a few tens of seconds) for C < 60 g/L (Figures S8-S9). This means that progressive reinforcement of the hydrogels is occurring. Therefore, the steady state hydrogels properties could not be investigated trustworthily in this concentration range. Lines are guides to the eye.

For C ≥ 60 g/L, repeatability on  is estimated at about a decade for independently prepared samples studied in the same conditions, and at about a factor 2 for the same sample analyzed twice. A discrepancy was reported between the self-assemblies' morphologies obtained during the PISA synthesis and at full conversion. It was attributed to the presence of unreacted MEA monomers in the solution during PISA synthesis. Additionally, it was observed that MEA addition slowed down unimer exchange, contrary to suppositions reported in the literature. It was finally demonstrated by considering quantitatively the exchange dynamics at stages where morphological transitions occurred during PISA that the observed morphological transitions could not be due to unimer exchange and therefore involved another mechanism, probably fusion of self-assembled particles.

In a last chapter, a small amount of AA units was incorporated within the PMEA blocks to design hydrogels exhibiting tunable dynamics. The use of copolymerization with ionizable units was already reported as an efficient strategy to tune hydrogels exchange dynamics and rheological properties. However, no examples reported simultaneous controllable dynamics with independent pH-and T-sensitivities. Therefore, AA copolymerization in the B-blocks was particularly interesting and the exchange dynamics of BAB with B-blocks comprising AA was investigated.

The addition of 5 mol% of AA within PMEA100-b-PDMAc400-b-PMEA100 B-blocks showed no BAB B-blocks showed no major impact on the exchange dynamics, when compared to triblocks with pure PMEA B-blocks. Therefore, it could be interesting to pursue this investigation for relatively low AA units' proportion (~ 10 to 20 %), and the comparison with PISA synthesis would remain possible for protonated AA. Therefore, given that vesicles are observed for DPn,B = 200 with AA = 30 %, the PISA project investigation could be further extended. Meanwhile, the composition profile impact on the exchange dynamics could be studied for such AA units proportion. It would however represent important work load with limited outcome.

Another perspective would be to lower B-blocks hydrophobicity by changing the nature of its constitutive monomer. This could be done with oligo ethylene glycol acrylate (OEGA) with lower hydrophobicity than MEA such as for instance 2-hydroxyethyl acrylate.

Nevertheless, a modification of the block hydrophobicity using a change of its composition can induce both an aggregation change and a modification of the system dynamic. Therefore, the thermodynamic and the kinetic are respectively being impacted. Such B-blocks modification can also be assumed to affect the nanostructure morphology. However, given that both the thermodynamic and the kinetic contributions are simultaneously modified it is impossible to identify their role in the observed morphological evolution. It is necessary to select a system where the aggregation or the dynamic remains unaffected. Triblocks copolymers comprising P(nBA-co-AA) B-blocks showed an aggregation change but no dynamic variation upon salt addition for [Na + ] < 0.5 M. This could probably also be achieved for other systems, more suited for PISA in dispersion in water. In addition, besides the lack of significant impact of Ca 2+ on the exchange dynamics, it can be considered to tune the aggregation number by the means of cation/ligand interactions. Such interactions are particularly relevant due to their stronger binding constants which would give the AA -/Ca 2+ strategy more chance to succeed. Fe 3+ /AA -or Al 3+ /AA - interactions would in principle be interesting for example because of the higher valency of these trications compared to Ca 2+ . However, Fe 3+ and Al 3+ are lewis acids which would undergo acidbase equilibrium with AA -. For instance, Fe 3+ is only present in solution at pH < 2 for [Fe 3+ ] = 10 - 2 M and transforms into its hydroxide states (Fe(OH) 2+ , Fe(OH)2 + , Fe(OH)3) at higher pH. Then, such species cannot interact with ionized AA which are obtained for higher pH (pH > 3). AA units may then be replaced by terpyridine (tpy) to allow metal-ligand interactions with specific cations (Ru 2+ , Ni 2+ , Zn 2+ , Co 2+ , Mn 2+ , Fe 2+ ). This has already been proven to efficiently modify networks mechanical properties and stress relaxation [1][2][3] . This strategy was efficiently proven on networks formed by PS27-b-PNIPAM300-tpy for which were combined both hydrophobic and metal-ligand interaction 4 . However, our strategy would be different as we intend to insert several tpy units within the B-blocks.

Regarding PISA synthesis, two options might be interesting to study: to tune the exchange dynamics during PISA synthesis and observe the effect on the morphology or to try to obtain systems which remain dynamics even at final conversion and undergo morphological transitions under equilibrium. In addition, co-monomers with different stimuli responsivity (UV, electric field, …) could be used instead of ionizable AA units to pursue the PISA project investigation on the exchange dynamics contribution to the observed morphological transitions. Title : Quantifying and tuning the exchange dynamics of amphiphilic triblock copolymers comprising temperature and/or pH sensitives units.

Keywords : Unimer exchange ; Rheology ; PISA ; Amphiphilic triblock copolymers ; Hydrogels.

Abstract : This PhD was part of a collaborative "Dynamic PISA" ANR project which aimed at improving the understanding of morphological transitions (MT) occurring during RAFT-PISA synthesis in dispersion in water, a process where amphiphilic AB diblock copolymers are simultaneously synthesized and self-assembled. Studies reported that self-assemblies obtained by PISA rarely reach the morphologies predicted by thermodynamic considerations. The failure of the selfassembled structures to reorganize and to undergo MT was assumed to be due to a lack of unimer exchange between micelles. The focus of this project was to investigate the kinetic contribution (exchange of unimers) to the MT observed in RAFT-PISA. My PhD aimed at quantifying and tuning the exchange rate of unimers (νuni) by measuring the rheological properties of self-associated amphiphilic triblock copolymers (BAB) in water. This also allowed the design of hydrogels with controllable rheological properties. Clément DEBRIE (PhD student, Paris) synthesized the polymers and investigated the morphologies obtained by PISA. The bibliography highlighted the relevance of 2-methoxyethyl acrylate (MEA) monomer for its use in PISA synthesis in dispersion in water but also to design hydrogels with tunable exchange dynamics. The rheological properties of hydrogels formed by PMEAx-b-PDMAc400-b-PMEAx (PDMAc: poly (dimethylacrylamide)) were measured as a function of x = 50-100-200-300 and temperature (T). These polymers formed transient networks showing an abrupt reorganization above a critical T, Tc. Rheological measurements suggested that this was resulting from a fraction of the elastically active chains with a temporarily faster dynamic. However, its molecular origin could not be explained.

The T-sensitivity is opposite to the classical arrhenian behavior, leading to hydrogels with original thermo-thickening properties. We suggest that the moderate hydrophobicity of MEA and the progressive dehydration under heating of PMEA explains this behavior. Together with the colleagues from Paris, we demonstrated that PDMAc-b-PMEA diblock copolymers prepared by PISA yielded different morphologies ranging from spheres to worms and vesicles with increasing PMEA-block length. However, the νuni was too slow to account for the MT observed during PISA. The presence of residual MEA during the polymerization did not enhance unimer exchange. It reduced νuni contrary to what suggests the literature. It was then proven quantitatively for the first time that unimer exchange is not necessary for MT observed in PISA. Still, the monomer played a role as its addition to post-PISA dispersions of PDMAc-b-PMEA resulted in an evolution of the morphologies. Finally, the addition of 5 mol% of Acrylic acid (AA) within PMEA100-b-PDMAc400-b-PMEA100 B-blocks successfully induced controllable dynamics independently with the pH and T. It was attempted to freeze the exchange dynamics by the addition of a multivalent cation, Ca 2+ , which was expected to act as a physical cross-linker within the micellar cores.

The impact of the B-blocks composition profile on the exchange dynamics was also investigated by varying the distribution of AA units within these blocks. However, neither the addition of Ca 2+ , nor the variation of the composition profile resulted in significant modification of the exchange dynamics. We assumed that this was related to the small proportion of AA units in the B-blocks.
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  continued Charbonneau's work studying the impact of varying the proportion of hydrophilic units in the B-blocks on the exchange dynamics. They studied similar triblock copolymers P(nBAy-co-AAx)-b-PAA200-b-P(nBAy-co-AAx)100 with x = 40 to 60 %. They observed a smaller terminal relaxation time (faster exchange) with increasing x and α, i.e decreasing hydrophobicity of the B-blocks. They highlighted that the number of charged units within the Bblocks is the driving parameter of the relaxation time, quasi independent of x.

  impart hydrogels with T-responsivity. The copolymerization strategy for chain exchange control has also been used by Dutertre et al[START_REF] Morita | Time-Resolved In Situ ATR-IR Observations of the Process of Sorption of Water into a Poly(2-methoxyethyl acrylate) Film[END_REF] who studied a (nBMA: nbutyl methacrylate) P(nBMA50%stat-PDMAEMA50%)100-b-PDMAEMA235 diblock copolymers. They observed reversible aggregation when the PDMAEMA was ionized. L. Lauber et al[START_REF] Mochizuki | Water structure of poly(2methoxyethyl acrylate) observed by nuclear magnetic resonance spectroscopy[END_REF] studied the equivalent triblock copolymers using rheology. Similarly to the triblock with P(nBA-co-AA) hydrophobic blocks, they observed that varying the proportion and the ionization of DMAEMA units within the Bblock tuned the exchange dynamics. They also showed that the pH-dependency is the inverse to that of the PAA-based systems because of the "basic" character of the DMAEMA units. The latter become charged with decreasing pH. On the oppostie, AA units charges are obtained with increasing pH. Different impacts of the temperature were observed on the exchange dynamics depending on  for the DMAEMA-containing triblocks: for  > 20 %, τ decreased upon heating, whereas for  < 20 %, it increased, independently of the polymer concentration and the proportion of DMAEMA in the polymer. It shows a switch in the T-responsivity from a behavior following an Arrhenius law to the opposite depending on the degree of ionization of the DMAEMA units in the B-blocks. In addition, irreversible gelation was observed after heating above 50 °C and cooling down to 20 °C. No clear explanation was given for this phenomenon.Poly(triethylene glycol methyl ether methacrylate) (TEGMA) is a neutral hydrophilic LCSTmonomer (52 °C). Its copolymerization with hydrophobic nBMA imparted P(nBMA-co-TEGMA)-b-PDMAEMA-b-P(nBMA-co-TEGMA) with thermo-responsivity. At a fixed pH = 6.5 Tsitsilianis et al[START_REF] Hou | On the abnormal ''forced hydration'' behavior of P(MEA-co-OEGA) aqueous solutions during phase transition from infrared spectroscopic insights[END_REF] observed a decreased dynamic upon heating from 5 to 45 °C with a viscosity increase by 5 orders of magnitude. They attributed this to the increased hydrophobicity of the Bblocks with increasing temperature. Lencina et al[START_REF] Gemmei-Ide | Recrystallization of Water in Non-Water-Soluble (Meth)Acrylate Polymers Is Not Rare and Is Not Devitrification[END_REF] studied the effect of ionization of the mid-block of the triblock P(nBMA-co-TEGMA)-b-PDMAEMA-b-P(nBMA-co-TEGMA) and reported three pH-dependent domains. At pH < 6 they found no change of the exchange time induced by the pH, which was attributed to the rigidity of the PDMAEMA block due to repulsive interactions. At pH > 6 they observed an increasing exchange time (6 fold) attributed to a decrease of the DMAEMA charge density and to strengthening of the network. Further pH increase was reported to decrease the network connectivity, decreasing 𝐺 𝑒 and allowing faster exchange dynamics.

  studied DEGEA : ethoxydi(ethylene glycol) acrylate) P(DEGEA140-co-AA7)b-PEO-b-P(DEGEA140-co-AA7) where PDEGEA is moderately hydrophobic and imparts thermoresponsivity (LCST ~ 9 °C), while the AA induces pH-responsivity. Using rheology, they measured τ ~ 8 s at T = 24.5 °C for a 10 wt% aqueous solution of the triblock copolymer. This dynamic was found to slowdown upon heating. Such hydrogel was then proved to display a multisensitive reversible sol-gel transition depending on both T and pH stimuli. They observed a decreasing proportion of elastically active chains in the network upon pH increase (~ 90 % pH = 3 to ~ 25 % at pH = 5.23); suggesting that loops were favored over bridges due to the increased hydrophilic character of the chains with the introduction of charges. Their study focuses on the sol-gel transition and little information is given on the dynamic and especially about the impact of the degree of ionization of the AA units.The particular T-sensitive behavior, not following an Arrhenius law, observed for PDMAEMA networks under specific conditions (cf L. Lauber[START_REF] Mochizuki | Water structure of poly(2methoxyethyl acrylate) observed by nuclear magnetic resonance spectroscopy[END_REF] ), was also witnessed for other systems such as poly(butylene oxide)-b-poly(ethylene oxide)-b-poly(butylene oxide) (PBOx-b-PEOy-b-PBOx)76,77 . Cambon et al76 studied and compared PBO8-b-PEO90-b-PBO8 and PBO20-b-PEO411-b-PBO20 and measured negative activation energies (respectively 𝐸 𝑎 = -11 and -41 𝑘𝐽. 𝑚𝑜𝑙 -1 )in coherence with the observed system hardening during heating. Similarly, Mistry et al.78 reported an increased relaxation time upon heating for PBO10-b-PEO-b-PBO10 and a negative activation energy (𝐸 𝑎 = -40 𝑘𝐽. 𝑚𝑜𝑙 -1 ) using rheology.Poly(N-isopropylacrilamide) (PNIPAM) is a well-studied T-sensitive polymer that has also been used to create thermo-responsive hydrogels. It turns from hydrophilic to hydrophobic above 32 °C. During this transition hydrogen bonds are broken and water molecules are released which increases the hydrophobicity.[79][80][81][82] Hydration of PNIPAM decreases from 90 % at T = 32 °C to 40 % at T = 55 °C83 . Hietala et al84 studied BAB Poly(isotatic NIPAM)-poly(atactic NIPAM)poly(isotactic NIPAM), where the A-block is an atactic PNIPAM (always hydrophilic), while a short isotactic PNIPAM is used as a non-water-soluble block.1 H NMR measurements showed a decreased relaxation and lower diffusion coefficients during heating for isotactic B-blocks, compared to atactic ones. This restricted motion was attributed to interchain association. Rheology measurements showed an increased viscosity upon heating which suggests reduced dynamics. This thermo thickening was attributed to a less favored interaction between B-blocks and water during heating. This was further investigated and confirmed by S. E. Kirkland et al85 who studied the mechanical properties of PNIPAM-b-PDMAc-b-PNIPAM and its thermo-responsivity. Using rheology, they observed a T-sensitive dynamic with an increased bond lifetime upon heating, which they attributed to an increased hydrophobicity of the B-blocks at higher temperatures. et al87 studied copolymerized NIPAM and vinyl acetate (VAc) and observed a transition from small to large aggregates around 30 °C. A rapid reorganization was observed for gradient copolymer micelles by NMR and light scattering upon solubility change (heating). It suggests an enhanced chain mobility, compared to block copolymers, which do not show any change in their hydrodynamic radius. These results suggest that the composition profile may have an impact on the association of the B-blocks. Computer simulations also showed that diblock copolymers with gradient B-blocks formed smaller micelles in comparison with pure B-blocks. These results were proposed to be due to the increased compatibility of the gradient B-block with the solvent compared to the pure block. An exception was observed for poly(2-methyl-2oxazoline)50-b-poly(2-phenyl-2-oxazoline)50 copolymers where the block copolymer was soluble in water and not the equivalent statistical gradient copolymer.[START_REF] Hoogenboom | Solvent Responsive Micelles Based on Block and Gradient Copoly(2-oxazoline)s[END_REF] Furthermore, J. Zhang et al[START_REF] Zhang | Effect of Hydrophilic Monomer Distribution on Self-Assembly of a pH-Responsive Copolymer: Spheres, Worms and Vesicles from a Single Copolymer Composition[END_REF] studied PnBA-b-PAA with copolymerized AA in the B-blocks with different distributions (gradient and/or asymmetrical distribution) but the same composition.
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 9 Figure 9. Simplified scheme representing the Polymerization Induced Self-Assembly synthesis
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 10 Figure 10. Nanostructures at different packing parameters.

Figure 1 .

 1 Figure 1. Schematic representation of a scattering experiment with the quasi-elastic scattering

a. Light scattering 1 )

 1 PrincipleSuch experiments consist in irradiating a sample with monochromatic plane-polarized radiation with intensity 𝐼 0 and wavelength 𝜆 0 through. Particles within the sample scatter the incident beam and the resulting scattered intensity (𝐼 𝑠 , 𝜆 𝑠 ) at an angle 𝜃 is measured by a detector placed at a distance R. The scattered intensity depends on the amount of scatterers in the detected volume (V), their scattering power and their relative positions leading to destructive or constructive interferences (Figure2). Particles are in constant movement due to Brownian motion, which induces fluctuations in their relative positions and thus the scattered intensity over time.

Figure 2 .

 2 Figure 2. The sum of constructive and destructive interferences between the scattered waves from

Figure 3 .

 3 Figure 3. Static and Dynamic light scattering experiments.

𝐺 2 (

 2 𝑡, 𝑞) is related to the electic field autocorrelation function 𝐺 1 (𝑡, 𝑞) = 〈𝐸(𝑡 0 )𝐸 * (𝑡 0 + Δ𝑡)〉 by Siegert relation : 𝐺 2 (𝑡, 𝑞) = 〈𝐼(𝑡, 𝑞) 2 〉 + |𝐺 1 (𝑡, 𝑞)| 2 (1.28) Given that the intensity fluctuates around an average value 𝐼(𝑡, 𝑞), the normalized autocorrelation function 𝑔 2 (𝑡, 𝑞) is defined as: 𝑔 2 (𝑡, 𝑞) = 𝐺 2 (𝑡,𝑞) 〈𝐼(𝑡,𝑞) 2 〉 (1.29) 𝑔 2 (𝑡, 𝑞) = 1 + 𝛽 |𝑔 1 (𝑡, 𝑞)| 2 (1.30), with 𝛽 a constant which is relative to the apparatus. Usually, samples are polydisperse and the electric field autocorrelation function is a sum of exponentials with different relaxation times and amplitudes: 𝑔 1 (𝑡, 𝑞) = ∫ A(τ) exp (-𝑡 𝜏 ) 𝑑𝜏 = ∫ A(τ) exp(-𝐷𝑞 2 𝑡)𝑑𝜏 (1.31) with τ the relaxation time and A the amplitude of the contribution of a given population of scatterers to the overall scattering intensity. The average diffusion coefficient is determined from the average relaxation rate: 𝐷 = 〈𝜏 -1 〉 𝑞 2

1 𝛽( 2 .

 12 The angular displacement is related to the shear strain: 𝛾 = 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝐾 𝛾 . 𝜃 (2.13) 𝐾 𝛾 : strain constant which depends on the geometry.For a cone plate, 𝐾 𝛾 = 14), with 𝛽 the angle of the geometry in radians.The shear rate is defined as:

Figure 4 . 2 ( 2 . 26 ) 2 ( 2 . 29 )

 422262229 Figure 4. Deformation and stress signals characteristics (phase angle: δ, stress amplitude: 𝜎 0 ; deformation amplitude: 𝛾 0 ).

Figure 5 .

 5 Figure 5. a) Oscillation strain performed at different frequencies selected to cover the frequency

  Some measurements such as time sweep experiments or frequency sweep measurements down to very low frequencies (e.g. 10 -3 Hz) are long during which the water may evaporate. To prevent water evaporation from the sample a water traps can be used or the sample can be covered with paraffin oil.

Figure 6 .

 6 Figure 6. Schematic representation a) with a sectional view and a b) top view of a DHR3 rheometer

Figure 7 .

 7 Figure 7. Picture of the front view of a DHR3 rheometer equipped with ring that allows covering

Figure 1 .

 1 Figure 1. Time dependence of the storage (opened symbols) and loss moduli (filled symbols)

Figure 2 .

 2 Figure 2. Relaxation time (s) as a function of temperature (°C), for the three triblock copolymers,

  PMEA B-blocks of varying degrees of polymerization (x = 50, 100 or 200) and a central poly(dimethyl acrylamide) (PDMAc) hydrophilic A-block with y = 400. The polymers were prepared by Reversible Addition Fragmentation chain-Transfer (RAFT) radical polymerization and their self-assembly in aqueous solution was studied by light scattering and linear rheology.

10 5 𝑐𝑚 - 1

 51 defined as 𝑞 = 4𝜋𝑛 𝜆 𝑠𝑖𝑛 ( 𝜃 2 ) (with n = 1.33 the refractive index of the solvent that is water in the present investigation, and 𝜃 = 30-150° the angle of observation). Polymer solutions were studied by light scattering in a concentration range C = 0.1 to 3 g/L. The temperature was controlled between 10 and 50 °C by a thermostatic bath to within ± 0.2 °C. All solutions were filtered through Acrodisc GHP 0.45 µm pore size filters before measurement.Dynamic Light Scattering (DLS). The Siegert equation g2(t) = 1 + βg1²(t), where β is the spatial coherence factor, was used to determine the electric field autocorrelation function, g1(t), from the measured normalized autocorrelation function of the scattered light intensity, g2(t). The relaxation time (τ) distributions, A(τ), were extracted from g1(t) using the REPES78,79 routine (equation 1).𝑔 1 (𝑡) = ∫ 𝐴(𝜏) exp (-𝑡 𝜏 ) 𝑑𝜏 equation(1)In the concentration range investigated, a single relaxation mode was observed. The cooperative diffusion coefficient, D, was determined from the average relaxation rate : 𝐷 = 〈𝜏 -1 〉 𝑞 2 and is linked to the z-average hydrodynamic radius Rh of the solute using the Stokes-Einstein equation (equation 2)

and discussion 1 .Scheme 1 .

 11 Scheme 1. Synthesis route for the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers obtained

For x = 50 ,Figure 1 .

 501 Figures 1a)and b) present the evolution of the aggregation number Nagg (extracted from Mw,

Figure 2 . 4 .

 24 Figure 2. PMEA100-b-PDMAc400-b-PMEA100. a) newtonian viscosity (Pa.s) as function of C (g/L)

Figure 3 .

 3 Figure 3. a) Ge/Ge_ideal as a function of the polymer concentration (g/L) at different temperatures

Figure 4 .

 4 Figure 4. a) Cp in mol/L and b) Cp in g/L as a function of temperature (°C) determined for the
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 55 Figure 5. Relaxation time (s) as a function of temperature (°C), for the three triblock copolymers,
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 6 Figure 6. a) Relaxation time (s) as function of temperature (°C); b) elastic modulus (Pa) as function

Figure 7 .

 7 Figure 7. Time dependence of the storage (opened symbols) and loss moduli (filled symbols)

Figure 8 .

 8 Figure 8. Time dependence of the storage (filled symbols) and loss moduli (opened symbols)

Figure 9 .

 9 Figure 9. Time dependence of the elastic modulus (Pa) while heating above Tc (10 to 50 °C) at

1 .

 1 Synthesis of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers 1.1 Reagents 1,2-bis[2-(n-butyltrithiocarbonato)propionyloxy] ethane (CTA1) was synthesized following an already established protocol 1 , 1,3,5-trioxane (99 %, Aldrich), 4,4'-azobis(4-cyanopentanoic acid) (ACPA, ≥ 98 %, Aldrich), 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70, Wako) and acetonitrile (ACN, ≥ 99.9 %, Aldrich) were used as received. N,N-Dimethylacrylamide (DMAc, > 99 %, Aldrich) and 2-methoxyethylacrylate (MEA, 98 %, Aldrich) were distilled under vacuum in order to remove radical scavengers from the commercial monomers. Deionized water was used for the synthesis of the central PDMAc blocks.

  4 mg (0.222 mmol) of the RAFT agent (CTA1), 925 mg (10.1 mmol) of trioxane, 1.073 g of an ACPA solution (0.022 mmol) in DMAc (14.8 mg of ACPA dissolved in 2502 mg of DMAc) and 8.627 g of pure DMAc (resulting in a total amount of 97.8 mmol of DMAc) were introduced in a 50 mL round-bottom flask. The reaction medium was put in an ice bath and degassed under argon for 1 h. The flask was then transferred to an oil bath at 60 °C to start the polymerization in bulk. Small aliquots were regularly taken from the reaction medium and diluted in D2O to determine monomer conversion. After 20 min of reaction, around 40 mL degassed water was introduced in order to reduce the viscosity of the reaction medium. The temperature of the oil bath was then increased to 70 °C. After 135 min of reaction, the polymerization was stopped by immersing the flask in an iced bath and opening it to

Figure S1 .

 S1 Figure S1. SEC traces of the RI detector (blue) and the UV absorption at 309 nm (purple) of

( 3 .

 3 29 mmol) of trioxane, 4.067 g (31.3 mmol) of MEA, 586 mg of a V-70 solution in ACN (12.5 mg of V-70 dissolved in 5003 mg of ACN, resulting in adding 4.74 µmol of V-70) and 6.043 g of ACN were introduced in a 25 mL round-bottom flask. The reaction medium was put into an ice bath and degassed with argon for 43 min. The flask was then transferred to an oil bath at 35 °C to start the polymerization. The conversion was monitored by 1 H NMR to estimate the reaction time needed to reach the targeted 30 % conversion. After 85 min, the polymerization was stopped by immersing the flask in an iced bath and opening it to air. The polymer was precipitated twice in cold Et2O. The polymer was then dried under reduced pressure during 24 h and characterized by 1 H NMR in MeOD (see Figure S2) and by SEC (see Figure S3). No residual monomer could be detected. The ratio of the integrals 𝐵, 𝐶 and 𝐸 (see Figure S2) was used to determine x, i.e. the DPn of each PMEA block, knowing the DPn of the central PDMAc block (DPn, SEC, LS reported in

Figure S2. 1 H

 1 Figure S2. 1 H NMR spectrum of TB50 in MeOD (400 MHz, 64 scans).

Figure S3 .

 S3 Figure S3. SEC traces of the RI detector of (a) PMEA50-b-PDMAc400-b-PMEA50 (TB50), (b)
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 2 Figure S4. a) Autocorrelation function; b) distribution of relaxation times (normalized by the

FigureFigure S5 .Figure 2 . 2 .Figure S7 .

 S522S7 Figure S5 presents the evolution of Mw of the self-assemblies formed by the BAB triblock
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 S8S9S10 Figure S8. Frequency dependence of the storage (Gʹ) and loss (Gʺ) moduli (Pa) after frequency-
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 S11 Figure S11. Frequency dependence of the storage () and loss () moduli (Pa) at 10 °C, before
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 S12S13S14S14S15S1644 Figure S12. Time dependence of the storage (filled symbols) and loss (opened symbols) moduli
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 12 Figure 1. Relaxation time as a function of MEA weight fraction (wt%MEA = mfree MEA/(mfree MEA +

Figure 1 .

 1 Figure 1. Representative cryo-TEM pictures of the final diblock copolymer dispersions diluted

Figure 2 .

 2 Figure 2. Representative cryo-TEM pictures of samples Mz-conv., see TableS3.

  . On the contrary, Zinn et al. showed that at concentrations sufficiently above Cp, the terminal relaxation time measured by rheology for transient networks formed by BAB triblocks is quantitatively identical to the exchange time (τR) of B blocks measured for AB diblock copolymer assemblies in dilute solution41 . Rheology experiments were therefore conducted above 70 gL -1 (far above Cp ~ 20-30 g/L) to give a more realistic estimation of the exchange time of the B blocks in the PISA conditions. Additionally, we stress that we chose a long PDMAc block (DPn,A≈ 400) on purpose for the BAB triblocks to reduce Cp and favor the formation of spherical assemblies, which facilitates the quantification of the exchange dynamics by rheology. The exchange rate of B blocks is actually mainly controlled by the length and composition of these blocks with little influence of the length of the hydrophilic A block42, 43 . Therefore, the exchange times measured by rheology on PMEAx-b-PDMAc400-b-PMEAx trustworthily inform on the exchange time of AB diblock copolymers consisting of B blocks with the same DPn but shorter A blocks in the conditions of the PISA polymerizations.We have recently measured the exchange time of PMEA blocks as a function of T and DPn,B (with DPn,B = x = 50, 100, 200) for PMEAx-b-PDMAc400-b-PMEAx triblock copolymers in aqueous solution (without additional MEA monomer present) (Figure

  Figure 3a summarizes the evolution of the exchange time as a function of T for the different x 53 .

Figure 3 .

 3 Figure 3. (a) Relaxation time as a function of temperature for triblock copolymers PMEAx-b-

Figure 4 .

 4 Figure 4. Representative cryo-TEM pictures of P200 dispersions recorded at 3 wt% to which

1 .

 1 777 g (13.7 mmol) of MEA, 0.119 g (1.30 mmol) of 1,3,5-trioxane, 202 mg of an aqueous solution of VA044 (9.4 mg of VA044 dissolved in 1.644 g of water, resulting in adding 3.55 µmol of VA044) and 7.030 g of water were introduced in a 10 mL round-bottom flask. The reaction medium was degassed under argon in an ice bath for 30 min and then immersed in an

Figure S4 .

 S4 Figure S4. Normalized SEC traces ((left) RI and (right) UV absorption at 309 nm signals) of

Figure 1 ).

 1 Figure1). Quite interestingly, a strong increase of Dz from 28 to 114 nm was observed at DPn,B

Figure S5 .

 S5 Figure S5. Summary of the nano-object morphologies obtained during and at the end of PISA

Figure 1 .

 1 Figure 1. τ (s) as function of the degree of ionization at C = 100 g/L without added salt for T = 10

1 .

 1 Synthesis of triblock copolymersThree P(MEA0.95-co-AA0.05)100-b-PDMAc400-b-P(MEA0.95-co-AA0.05)100 triblock copolymers with distinct composition profiles were prepared by RAFT polymerization as described in section 1 of the Supporting Information. The spatial distribution of AA units in the B-blocks was varied, giving copolymers in which the AA was concentrated close to the central PDMAc block, far from the central block, or uniformly distributed throughout the P(MEA-co-AA) blocks, see Scheme 1.

4 . 1 .

 41 Scheme 1. Schematic representation of BAB triblock copolymer structures with 5 % of AA units
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 21a Figure1a) Frequency dependencies of the storage () Gʹ and loss () Gʺ moduli at different T

Figure 1a )

 1a Figure 1a) shows the evolution of the elastic (G′) and loss (G″) moduli of Ran as a function of

Figure 2 .Figure 3 .

 23 Figure 2. a) τ (s), b) 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 and c) η (Pa.s) as function of temperature (°C) at C = 100 g/L

Figure 4 .

 4 Figure 4. a) τ (s), b) 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 and c) η (Pa.s) as function of the degree of ionization at C = 100

Figure 4

 4 Figure 4 represents the evolutions of τ, 𝐺 𝑒 /𝐺 𝑒 𝑖𝑑𝑒𝑎𝑙 and η as a function of  for Ran, m_Grad

  7 mg (0.224 mmol) of the RAFT agent (CTA1), 758 mg (8.26 mmol) of trioxane, 573 mg of an ACPA solution (0.023 mmol) in DMAc (17.6 mg of ACPA dissolved in 1510 mg of DMAc) and 9.321 g of pure DMAc (resulting in a total amount of 99.7 mmol of DMAc) were introduced in a 50 mL round-bottom flask. The reaction medium was put in an ice bath and degassed under argon for 45 min. The flask was then transferred to a 60 °C oil bath to start the polymerization in bulk. Small aliquots were taken from the reaction medium regularly and diluted in D2O. After 20 min of reaction, around 30 mL of degassed water were introduced in order to dilute the reaction medium. The temperature of the oil bath was then increased to 70 °C. After 116 min of reaction, the polymerization was stopped by immersing the flask in an ice bath and opening it to air. Thereafter, the yellow aqueous solution was dialyzed against pure water using a 1 kD SpectraPor® RC-membrane during 24 h. The resulting solution was freeze-dried providing 9.08 g of an off-white powder (η = 96 %), which was eventually characterized by1 H NMR in D2O and by SEC (FigureS1). No monomer or trioxane residues were detected.

  Scheme S1. Synthesis route for the PMEA100-b-PDMAc400-b-PMEA100 triblock copolymer (Pure)

Figure S1. 1 H

 1 Figure S1. 1 H NMR spectrum of t_Grad in MeOD (400 MHz, 64 scans).
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 S2 Figure S2. SEC traces of the RI detector of (a) the two PDMAc400 macro-RAFT agent batches
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 S4S5S6S7 Figure S4. Time evolution of the storage (dark blue) Gʹ and loss (dark green) Gʺ moduli at C = 80
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 S8S9S10S11S12S1334S142S15 Figure S8. Time evolution of the storage () Gʹ and loss () Gʺ moduli at different T (°C): 20
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 35 Figure S16. a) τ (s), b) Ge/Ge_ideal and c) η (Pa.s) normalized by their respective values at 20 °C,
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 36 Figure S17. a) τ (s), b) Ge/Ge_ideal and c) η (Pa.s) as function of the ionization degree at C = 80 g/L
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  Figure S21. a) τ (s), b) Ge/Ge_ideal and c) η (Pa.s) as function of the degree of ionization at C = 100

  

  

  

  

  

  For an ideal network where all chains are elastically active 𝜈 𝑖𝑑𝑒𝑎𝑙 = 𝑘 𝐵 is the Boltzmann constant, T is the absolute temperature, 𝑁 𝑎 is Avogadro's number, C is the polymer concentration and 𝑀 𝑛 is the number-average molar mass. For a non-ideal network, 𝜈 <

					𝑁 𝑎 .𝐶 𝑀 𝑛	(8) where 𝑁 𝑎 .𝐶 𝑀 𝑛	(9),
	𝐺 𝑒_𝑖𝑑𝑒𝑎𝑙 can be defined as: 𝐺 𝑒_𝑖𝑑𝑒𝑎𝑙 = 𝑣 𝑖𝑑𝑒𝑎𝑙 . 𝑅. 𝑇 =	𝐶.𝑁 𝑎 𝑀 𝑛	. 𝑘 𝐵 . 𝑇	(10)
	𝐺 𝑒 𝐺 𝑒_𝑖𝑑𝑒𝑎𝑙	reaches a maximum of 1 when all the chains are elastically active in the network.

b. Correlation between rheological relaxation time and TR-SANS chain exchange dynamic.

Comparison of the relaxation obtained using rheology to the chain exchange kinetic obtained through TR-SANS measurements wass done by Zinn et al.

15 

Using 50 % v/v mixtures of C22-PEO10-C22 and C22-PEO5 they compared the relaxation times obtained using both techniques at different polymer concentrations. At low concentrations they observed a faster relaxation in rheology : 𝜏 𝑟ℎ𝑒𝑜 < 𝜏 𝑇𝑅-𝑆𝐴𝑁𝑆 . They attributed it to network inhomogeneities such as superbridges, which are suppposed to relax faster. At intermediate concentration, they found a good correlation between both techniques, 𝜏 𝑟ℎ𝑒𝑜 ~ 𝜏 𝑇𝑅-𝑆𝐴𝑁𝑆 while at high concentrations they reported: 𝜏 𝑟ℎ𝑒𝑜 > 𝜏 𝑇𝑅-𝑆𝐴𝑁𝑆 . They attributed this slower dynamic to an increased chain overlap but it remains unclear.
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Table S1 .

 S1 Characterization results of the PDMAc macro-RAFT agents.

	Central	conv. 1	DPn, conv 2	Mn, conv 2	Mn, SEC eq 3	ĐSEC eq 3 Mn, SEC LS 4	DPn, SEC LS
	block	(%)	(kg/mol)	(kg/mol)	(kg/mol)		(kg/mol)	4 (kg/mol)
	PDMAc-1	92	408	41.0	36.0	1.11	39	392
	PDMAc-2	82	364	36.6	34.8	1.13	35	348

* 

Table S1 )

 S1 through the following formula:

	𝐼 𝐵 + 𝐼 𝐶 2𝐼 𝐸	=	𝑥 𝑥 + 𝐷𝑃 𝑛,𝑃𝐷𝑀𝐴𝑐

Table S2 .

 S2 Characteristics of the PMEAx-b-PDMAc400-b-PMEAx triblock copolymers (TB).

	#	macro-RAFT	[MEA]0/	conv. 3	DPn, conv	Mn, conv 4	r = x /	DPn, NMR	Mn, NMR 6	Mn, SEC 7	Mw, SEC 7	Đ 7
		agent 1	[TTC]0/[V-70]0 2	(%)	/ARM	4	(kg/mol)	DPn, tot 5	/ARM	6	(kg/mol)	(kg/mol)	(kg/mol)
	TB50	PDMAc-1	161/1/0.025	34	54		53.4	0.189	46		51.2	49.9	56.4	1.13
	TB100	PDMAc-2	285/1/0.022	31	88		57.9	0.325	84		56.8	53.4	65.6	1.23
	TB200	PDMAc-1	643/1/0.025	30	192	89.2	0.498	194	89.9	86.0	100.3	1.17

Table S1 .

 S1 Synthesis conditions and characteristics of the PDMAc macro-RAFT agent macroCTA.

	Entry [CTA]0/[DMAc]0/[I]0 1	Time (min) Conv. 2 (%)	DPn, conv 3	Mn, conv 3 (kg/mol)	DPn, NMR 4	Mn, NMR 4 (kg/mol)	Mn, SEC 5 (kg/mol)	Đ 5
	1	1/35.7/0.10	72	79	28.2	3.06	24.1	2.65	2.32	1.13

Table S2 .

 S2 PDMAc-b-PMEA copolymer synthesis and characterizations

	Sample [macroCTA]0/[MEA]0/[I]0	Reaction	Conversion	DPn, conv 3 Mn, conv 3	Mn, SEC 4	Đ 4	Dz 5	Morpho. 6
		1	time	2 (%)		(kg/mol)	(kg/mol)		(nm)	
	P150	1/154/0.11	6h43	95	147	21.8	25.4	1.08	37	S
	P200	1/209/0.10	4h41	95	200	28.6	37.4	1.11	36	S
	P250	1/254/0.24	22h23	99	251	35.3	45.5	1.17	52	S
	P280	1/278/0.24	24h11	94	262	36.7	48.4	1.11	158	V
	P300	1/301/0.11	4h37	95	286	39.9	52.8	1.12	107	V(+s)
	P400	1/403/0.10	7h22	92	372	51.0	64.7	1.15	143	V
	P400'	1/405/0.11	6h44	93	378	51.8	70.2	1.13	138	V

Table S3 .

 S3 Evolution of the self-assemblies during a kinetic monitoring of the syntheses of PDMAc24-b-PMEA400

	Entry*	Taken	Conv.	[MEA]fre	[diblock	wt%MEA 3 DPn,B conv 4	Mn, conv 4	Mn, SEC 5	Đ 5	Dz (nm) 6 Morpho. 7
		from	(%) 1	e 2	copolymer			(kg/mol)	(kg/mol)			
		synthesis		(wt%)	] 2 (wt%)							
	M72-18	P400	18	16.1	4.49	82.1	72	12.0	13.9	1.07	28	S
	M107-26	P400'	26	14.2	6.06	73.6	107	16.6	25.0	1.06	114	S+w
	M132-33	P400	33	13.2	7.40	67.3	132	19.8	25.2	1.10	119	W+v+s
	M166-41	P400'	41	11.4	8.86	59.1	166	24.2	32.9	1.06	122	s+w+v
	M197-49	P400'	49	9.88	10.4	51.3	197	28.3	41.0	1.07	124	V+long w
	M288-71	P400	71	5.61	15.0	28.7	288	40.1	50.2	1.12	138	n.d
	P400	P400	92	1.53	19.0	7.8	372	51.0	64.7	1.15	143	V

  Aldrich) were distilled under vacuum in order to remove radical scavengers from the commercial monomers. Deionized water was used for the synthesis of the central PDMAc blocks.

	1. Synthesis of the triblock copolymers
	1.1 Reagents
	1,2-Bis[2-(n-butyltrithiocarbonato)propionyloxy] ethane (CTA1) was synthesized following an
	already established protocol 1 . 1,3,5-Trioxane (99 %, Aldrich), 4,4'-azobis(4-cyanopentanoic acid)
	(ACPA, ≥ 98 %, Aldrich), 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70, Wako) and
	acetonitrile (ACN, ≥ 99.9 %, Aldrich) were used as received. N,N-Dimethylacrylamide (DMAc, >
	99 %, Aldrich), 2-methoxyethylacrylate (MEA, 98 %, Aldrich) and acrylic acid (AA, 99 %,
	1.2 1 H-NMR
	Monomer conversions were followed by 1 H NMR in acetone-D6 or D2O for DMAc and in CDCl3

Table S1 .

 S1 Characterization of the PDMAc macro-RAFT agents.

	Central	Conv. 1
	block	(%)

DPn,th 2 Mn,th 2 (kg/mol) Mn, SEC eq 3 (kg/mol) Mw, SEC eq 3 (kg/mol) ĐSEC eq 3 Mn, LS SEC 4 (kg/mol) DPn, LS SEC 6

  Conversion in DMAc at the end of the polymerization, determined by 1 H NMR using trioxane as internal reference.2 Theoretical number-average degree of polymerization, DPn,th and theoretical number-average molar mass, Mn,th calculated from the experimental conversion (x) as follows: 𝑀 𝑛,𝑡ℎ = 𝑀 𝐶𝑇𝐴1 +

	PDMAc-1	95	421	42.2	35.8	41.4	1.16	41	405
	PDMAc-2	82	364	36.6	34.8	39.3	1.13	35	348
	PDMAc-3	91	403	40.5	36.8	42.2	1.15	42	421
	1 𝑛 𝐷𝑀𝐴𝑐			
						𝑛 𝐶𝑇𝐴1			

Table S2 .

 S2 Experimental conditions and characteristics of the BAB copolymers.

	Type of copolymers Type of copolymers r = p / (p + q + DPn,PDMAc) macro-RAFT [M]0/[TTC]0/[V-70]0 2 DPn, exp /ARM	Global conv. 3 Mn, NMR 7 nAA/mpoly 8	FAA 4 Mn, SEC 9 DPn,th Mw, SEC 9 Mn,th 5 Đ 9
		agent 1 6	(MEA/AA) 7	(kg/mol)	(%)	(mmol/g)	/ARM (kg/mol)	5 (kg/mol) (kg/mol)
	Pure Pure	PDMAc-2 0.325	285/1/2.2. 10 -2 84 (84/-)	56.8	31	0	0	53.4	88		65.6	57.9 1.23
	Ran Ran	PDMAc-3 0.301	336/1/2.8. 10 -2 98 (93/5)	28 (28/27) 67.0 0.147	0.050 64.3	94		75.2	66.1 1.17
	t_Grad t_Grad	PDMAc-1 0.321	216/1/2.6. 10 -2 104 (98/6)	67.1	52	0.167	0.054 69.9	112	82.1	69.2 1.17
	Pre_m_Grad Pre_m_Grad	PDMAc-1 0.150	164/1/2.5. 10 -2 41 (37/4)	50.8	24	0.166	0.103 50.0	40		55.9	50.7 1.12
	m_Grad m_Grad	Pre_m_Grad 0.303	166/1/2.6. 10 -2 94 (90/4)	64.7	31	0.130	0	66.6	91		75.9	64.1 1.14

  Quantification et modulation de la dynamique d'échange de copolymères triblocs amphiphiles comprenant des unités thermo et/ou pH sensibles. Echange d'unimères ; Rhéologie ; PISA ; Copolymères triblocs amphiphiles ; Hydrogels. Résumé : Cette thèse a fait partie du projet de collaboration ANR "Dynamic PISA" qui avait pour but d'améliorer la compréhension des transitions morphologiques (TM) ayant lieu au cours de la synthèse par PISA-RAFT en dispersion dans l'eau, un procédé durant lequel des copolymères diblocs amphiphiles (AB) sont simultanément synthétisés et auto-assemblés. Des études rapportent que les auto-assemblages obtenus par PISA n'arrivent que très rarement à atteindre les morphologies prédites pas des considérations thermodynamiques. Leur incapacité à se réorganiser et subir des transitions morphologiques a été supposée provenir d'une absence d'échange d'unimères entre les micelles. L'objectif de ce projet était donc d'étudier la contribution cinétique (échange d'unimères) aux TM observées en PISA-RAFT. Mon doctorat a donc visé à quantifier et à moduler la vitesse d'échange d'unimères (νuni) par l'étude des propriétés rhéologiques de copolymères triblocs amphiphiles (BAB) dans l'eau. Cela a aussi permis de concevoir des hydrogels à propriétés rhéologiques modulables. Clément DEBRIE (doctorant à Paris) a synthétisé les polymères et étudié les morphologies obtenues par PISA. La littérature souligne la pertinence de l'acrylate de 2-méthoxyéthyl (MEA) pour la PISA en dispersion dans l'eau mais aussi pour la conception d'hydrogels de dynamique d'échange modulable. Les propriétés rhéologiques d'hydrogels formés par PMEAx-b-PDMAc400-b-PMEAx (PDMAc: poly (acrylamide de diméthyle)) ont ainsi été étudiées en fonction de x=50-100-200-300 et de la température (T). Les réseaux transitoires formés par ces polymères ont montré une réorganisation au-delà d'une T critique, Tc. La rhéologie suggère que cela résulte d'une dynamique temporairement plus rapide d'une fraction des chaînes élastiquement actives.Son origine moléculaire reste inexpliquée. Cette sensibilité à la T est opposée au comportement classique arrhénien et apporte des propriétés rhéo-épaississantes originales aux hydrogels. Nous supposons que l'hydrophobie modérée du MEA et la déshydratation progressive du PMEA au chauffage pourraient expliquer ce comportement. La collaboration avec l'équipe de Paris a permis de démontrer que les diblocs PDMAc-b-PMEA obtenus par PISA évoluent de sphères à cylindres puis vésicules avec l'allongement du bloc PMEA. Cependant, la νuni est trop lente pour expliquer les TM observées durant la PISA. La présence durant la synthèse de monomère non convertit n'accélère pas l'échange d'unimères. Il a même été montré que cela réduisait la νuni contrairement à ce qui été supposé dans la littérature. Il a ainsi été montré quantitativement pour la première fois que TM observées en PISA ne nécessitent pas forcément l'échange d'unimères. Le MEA résiduel joue néanmoins un rôle car des TM ont été induites par son ajout post-PISA à des dispersions de PDMAc-b-PMEA. Enfin, l'addition de 5mol% d'acide acrylique (AA) a permis de contrôler indépendamment la dynamique d'échange par le pH et la T. Cet ajout n'a pas impacté significativement la dynamique d'échange lorsque l'AA est protoné, mais l'ionisation de l'AA s'est avéré être un outil puissant pour induire une νuni plus rapide des blocs B. L'ajout de cations multivalents, Ca 2+ a été envisagé pour geler la dynamique d'échange. Le profil de composition des blocs B a aussi été modulée par la variation de la distribution de l'AA. Cependant, ni l'addition de Ca 2+ ni la variation du profil de composition n'a significativement impacté le dynamique d'échange. Nous avons supposé que cela était lié à la faible proportion d'AA dans les blocs B.
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excluded. Indeed, these transitions occur between 25 % and 50 % conversion, that is within less than 1 h, which corresponds on average to the time needed for one unimer-exchange event.

Chapter 3

Thermo-sensitive hydrogels of BAB triblock copolymers exhibiting gradually slower exchange dynamics and an unexpected critical reorganization temperature upon heating.

Chapter 4 Unimer Exchange Is not Necessary for Morphological

Transitions in Polymerization-Induced Self-Assembly ABSTRACT Polymerization-induced self-assembly (PISA) has established itself as a powerful and straightforward method to produce polymeric nano-objects of various morphologies in (aqueous) solution. Generally, spheres are formed in the early stages of polymerization that may evolve to higher order morphologies (worms or vesicles), as the solvophobic block grows during polymerization. Hitherto, the mechanisms involved in these morphological transitions during PISA are still not well understood. Combining a systematic study of a representative PISA system with rheological measurements, we demonstrate that -unexpectedly -unimer exchange is not necessary to form higher order morphologies during radical RAFT-mediated PISA in water. Instead, the monomer present in the polymerization medium is responsible for the morphological transitions occurring during PISA, even though it slows down unimer exchange. 20, 40 mm; chosen depending on the sample viscosity). Temperature was controlled by a Peltier system.

For samples containing additional MEA monomer, a homogeneous monomer-free polymer stock solution was prepared first. Therefore, aqueous solutions of PMEAx-b-PDMAc-b-PMEAx triblock copolymer (with x = 100) were prepared at 70 g/L by directly dispersing the polymer powder in deionized water at room temperature yielding a highly viscous solution.

Thereafter, the sample was placed in an iced bath (≈ 0 °C) or in the fridge (≈ 5 °C) and regularly homogenized by manual shaking to speed up the dissolution process. A homogeneous sample is obtained after two days in the fridge. Then, different amount of MEA were added to the sample at 20 °C, and the samples were further homogenized in an ice bath/ fridge and regularly manually shaken (turning upside down a few times to ensure sample homogenization). Samples were analyzed after at least one day after MEA addition.

Samples were loaded onto the rheometer at 10 °C and homogenized by shearing (3 rad/s).

Silicon oil was used to cover the free sample surface in order to avoid water evaporation during the measurements. Linear domains were determined at different frequencies (0.1, 1 and 10 Hz) and 20 °C by applying a strain-sweep from 0.1 to 100 %. Oscillatory frequency-sweeps shear measurements were done in the linear domain in the 0.01-10 Hz frequency range and at constant temperatures ranging from 5 to 60 °C.

Syntheses

Scheme S1. Synthesis of the PDMAc macroCTA and its subsequent chain extension by aqueous PISA to form PDMAc-b-PMEA diblock copolymers.

Synthesis of the hydrophilic PDMAc macro-RAFT agent (macroCTA)

In a 50 mL round-bottom flask, 0.401 g (1.51 mmol) of CTA, 5.326 g (53.7 mmol) of DMAc, 0.312 g (3.40 mmol) of 1,3,5-trioxane, 0.025 g (0.15 mmol) of AIBN and 19.8 g of DMF were introduced and degassed under argon in an ice bath for 1h. The flask was then immersed into an oil bath at 70 °C. The conversion in DMAc was followed by taking small aliquots from the reaction medium and analyzing them by 1 H NMR in CDCl3. After 72 minutes of reaction, the polymerization was stopped by immersing the flask in an ice bath and opening it to air again.

The polymer was precipitated twice in cold Et2O. After filtration, the yellow powder was dried under vacuum for 48 h (m = 3.43 g, yield = 74 %) and eventually characterized by 1 H NMR in acetone-d6 and SEC. Negligible traces of Et2O (1.3 wt%) were detected (see Figure S1). A number-average degree of polymerization of 24.1 was determined by 1 H NMR. Hence, an experimental number-average molar mass of Mn, NMR = 2.65 kg/mol was deduced and used for all the following block copolymer syntheses. (see Table S1). Ratio of the mass of free monomer over the mass of the AB diblock copolymer. 3 Composition of the solvent i.e. ratio (in %) of the volume of free MEA over the volume of free MEA and water. 4 z-average diameter of the polymer particles in aqueous dispersion (0.1 wt%) determined by DLS at 90°. 5 Morphology of the polymer particles determined through cryo-TEM observations of 3 wt% aqueous dispersions. S = spheres, W = worms, V = vesicles.

Effect of monomer addition in a P200 aqueous dispersion diluted at 5 wt%

Capital letters indicate the nature of the majority of the nano-objects. Three batches of macroCTA were prepared in the same conditions to afford sufficient amounts for the design of all triblock copolymers. Their molar masses were estimated by SEC equipped with a light scattering detector, which revealed that polymers with similar macromolecular characteristics were obtained (Figure S1 and Table S1). 

Conclusions and Perspectives

This PhD was part of a collaborative "Dynamic PISA" ANR project which aimed at improving the understanding of morphological transitions occurring during RAFT-PISA synthesis in dispersion in water. Studies reported that self-assemblies obtained by PISA did not reach the morphology predicted by thermodynamic considerations. The low ability of the self-assembled structures to reorganize was assumed to be due to a lack of unimer exchange between micelles.

The focus of this project was to investigate the kinetic contribution (exchange of unimers) to the morphological transitions observed in RAFT-PISA. Additionally, my PhD also aimed at tuning the rheological properties of hydrogels formed by self-associated amphiphilic triblock copolymers (BAB). For such hydrogels, modifying the exchange dynamics (= rate of exchange of the B-blocks between micellar cores) is a straightforward way to adjust their rheological properties, which can be useful for applications of these systems. In this context, one purpose of this PhD work was to design hydrogels exhibiting stimuli-responsive rheological properties by self-assembly of BAB triblock copolymers in aqueous medium and to measure the exchange time of the hydrophobic Bblocks between the hydrophobic cores using linear rheology. The impact of different parameters (composition and length of the B-block, temperature, pH, ionic strength, addition of salts) on the exchange dynamics was therefore investigated.

Considering that B-block length (DPn,B) is growing during PISA synthesis, the evolution of the exchange dynamics upon increasing DPn,B had to be probed. Due to the correlation of AB exchange dynamics and BAB exchange rate at high concentrations ( 𝐶 ≫ 𝐶 𝑝 ), the quantitative evolution of the exchange dynamics could be determined with increasing DPn,B, using rheology measurements. increasing temperature. This was assumed to be arising from the very moderated hydrophobicity of MEA and its progressive dehydration under heating.

significant impact on the exchange dynamics compared to triblocks with pure PMEA B-blocks as long as the AA units remained protonated. However, the increase of the AA degree of ionization revealed a powerful tool to induce a faster B-blocks exchange. Independent thermo-and pHresponsivities were observed with a 4 orders of magnitude decrease of the exchange time upon increasing α from 0 to 0.5 or with a 2-3 orders of magnitude increase of the exchange time by changing T from 10 to 30 °C.

Furthermore, it was intended to freeze the exchange dynamics by the addition of a multivalent cation, Ca 2+ , which was expected to act as a physical cross-linker within the micellar cores. The impact of the B-blocks composition profile on the exchange dynamics was also investigated by varying the distribution of AA units within these blocks. However, neither the addition of Ca 2+ , nor the variation of the composition profile resulted in significant modification of the exchange dynamics. We assumed that this was related to the small proportion of AA units in the B-blocks.

Future works might go into two main directions: design of smart hydrogels formed by BAB triblock copolymers with tunable exchange dynamics and further understanding of the PISA process.

In order to enhance the potential effect of Ca 2+ cations or of a variation of the composition profile on the control of the exchange dynamics, it seems relevant to investigate the exchange dynamics for higher AA units' proportions. However, this would probably induce much faster exchange rate, given the already strong impact of only 5 mol% of partially ionized AA units. With a PMEA100 B-block, it might therefore be impossible to measure the exchange dynamics (or even to form self-assembled structures). However, the addition of 5 mol% of AA (protonated) within