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Introduction

Amphiphilic copolymers are macromolecules able to self-assemble in water and form aggregates or micelles of different morphologies. These systems, especially amphiphilic block copolymers, were widely studied in the literature and are often cited for potential applications such as drug delivery, enhanced oil recovery and viscosifying agent.

Actually, only few self-assembling amphiphilic (co)polymers are really used at an industrial scale. Among them can be found pluronics, Hydrophobically modified Ethylene oxide URethane (HEUR) or Hydrophobically Alkali-Soluble Emulsions (HASE). Two major limitations inhibit the use of self-assembling amphiphilic (co)polymers at large-scale: their synthesis difficulties/costs and/or their out-of-equilibrium states.

Indeed, contrary to molecular surfactants, most amphiphilic copolymers form frozen aggregates i.e. without dynamic exchange of single polymer chains between aggregates. 1 This out-of-equilibrium state limits their applications. For example, in the case of self-healing materials, physical hydrogels made of amphiphilic (co)polymers can "heal" i.e. recover their initial rheological properties, only if dynamic exchange occurs allowing the system to reequilibrate. This was illustrated by Okay et al. with polymers made of poly(N,Ndimethylacrylamide) modified with 2 mol% of stearyl methacrylate in aqueous sodium dodecyl sulfate-NaCl solutions. 2 The exchange dynamics of the hydrophobic moieties depended on the amount of surfactant thereby controlling the mechanical properties and the self-healing process. The dynamic exchange is one of the key parameters to control in order to modify the rheological properties of self-assembling amphiphilic (co)polymers.

One of the recently proposed strategies to control dynamic exchange is to add pH-sensitive hydrophilic units inside the hydrophobic block(s) of amphiphilic copolymers. This strategy allowed controlling the structure of several types of di/triblock copolymers [3][4][5][6][7][8][9] and it has been proven for triblock copolymers that the exchange dynamics were also controlled. 10,11 The triblock copolymers (THx) were composed of a poly(acrylic acid) (PAA) central block and two statistical copolymers made of AA and n-butyl acrylate (nBA) P(nBA1-x-stat-AAx)100 end blocks. The dynamic exchange was controlled by the pH and the AA content in the hydrophobic blocks. The general purpose of this work is to determine the most relevant parameters to control the rheological properties of amphiphilic copolymers.

The origin of the self-association of diblocks and triblocks coming from their random associating block(s) P(nBA1-x-stat-AAx)100, we chose to study the self-association of this neat INTRODUCTION 3 -The last part of this manuscript contains two appendices, one on gradient-triblock copolymers P(nBA1-x-grad-AAx)50-b-P(AA)100-b-P(nBA1-x-grad-AAx)50 and one on light scattering experiments performed on graft copolymers.

Finally, conclusions and perspectives of this work are available at the end of chapter three of the manuscript.

Chapitre 1 CHAPTER 1: BIBLIOGRAPHY

Hydrogels are materials consisting of a three dimensional polymer network typically containing more than 90 % water. They can be transient or permanent depending on whether the cross-links forming the network have a finite lifetime allowing the material to flow or are permanent. Moreover, reversible hydrogels are obtained when the crosslinks can be broken and reformed using a stimulus (pH, temperature...). A classical way to produce reversible and/or transient hydrogels is to use self-assembling amphiphilic copolymers. With the next two examples, the potential of such hydrogels is shown.

In the field of polymers for enhanced oil recovery, hydrophobically modified polyacrylamides (HMPAM) are widely studied and, to some extent, already used to increase oil extraction from oil wells. Indeed, high molecular weight polyacrylamides bearing small alkyl grafts consisting of ~12-18 carbons self-assemble in aqueous medium into transient physical networks drastically increasing the solution viscosity. 1 This helps pushing the oil out of the oil well. However, the size of the alkyl chains must remain rather short to keep the polymer soluble so that the network remains transient with a finite viscosity.

Self-healing properties of hydrogels were demonstrated using similar polymers. As emphasized by Okay et al., self-healing materials can be obtained using self-assembled polymers with adjustable exchange dynamics of the hydrophobic moieties from the hydrophobic microdomains. 2 For instance, poly(N,N-dimethylacrylamide) modified with 2 mol% stearyl methacrylate in aqueous sodium dodecyl sulfate-NaCl solutions leads to selfhealing hydrogels. The exchange dynamics of the hydrophobic moieties depended on the amount of surfactant thereby controlling the mechanical properties and the self-healing process.

Tuning the exchange dynamics is thus key to controlling the rheological properties of selfassembled polymers. However, it can be hard to tune the exchange dynamics to reach the desired rheological properties for a given application. In the following the most relevant parameters to control the rheological properties of amphiphilic polymers will be discussed.

First, BAB amphiphilic triblock copolymers consisting of a central hydrophilic A block and lateral hydrophobic B blocks will be discussed since they are « simple » systems that can be used as models. Then, polymers bearing many associative groups will be described. Since the exchange of hydrophobic moieties between hydrophobic cores has a strong influence on the rheological properties, its mechanism and the parameters affecting it will be explained.

To control the exchange dynamics several strategies can be used. Among them, addition of hydrophilic units inside the hydrophobic blocks of the copolymers leading to so-called "block-random copolymers" is of special interest and will be emphasized. Rheological properties of block-random copolymers will be reviewed and details of their self-assembly will be given.

Finally, another approach to control the rheological properties of amphiphilic copolymers by mixing different polymers will be discussed. Indeed, it would be useful to be able to change the rheological properties by formulation instead of synthesizing new copolymers for each application.

I. Rheology of self-assembled dynamic amphiphilic copolymers I.1. Rheology of dynamic triblock copolymers

In this section, the focus is on systems in thermodynamic equilibrium where exchange of hydrophobic blocks occurs within the experimental time-window. Despite its interest, the rheology of out-of-equilibrium (or frozen) self-assembled networks will not be described in details here.

When dissolved in a selective solvent for the A-block, amphiphilic triblock copolymers of BAB type self-assemble as described in Figure 1.1. When the polymer concentration is above the critical association concentration (c.a.c.), BAB triblocks form flower-like micelles with the B blocks forming their cores. Provided that the B blocks can exchange within the experimental time scale, the systems reach thermodynamic equilibrium.

If the polymer concentration is increased, the flower-like micelles can bridge and form aggregates by locating the two B blocks of one chain into two different micellar cores. If the concentration is further increased, a three-dimensional network forms above the critical percolation concentration (Cp). [3][4][5][6][7][8][9][10][11][12][13][14] Figure 1.1. Self-assembly of dynamic BAB triblocks with increasing polymer concentration, adapted from ref 84 .

By measuring the evolution of the viscosity with the polymer concentration, percolation of the aggregates can be observed. For example, let us consider two types of hydrophobically modified poly(ethylene oxyde)s, one functionalized only on one side by a fluoro-alkyl and the other functionalized on both sides. 12 With only one fluoro-alkyl end, the BA diblock copolymer does not form a 3D network and its viscosity remains low as shown in Figure 1.2 for concentrations below the concentration at which the polymeric micelles jam. However, with two fluoro-alkyls per PEO chain the viscosity increases dramatically by 6 decades at the percolation concentration. The fact that the viscosity is still measurable after Cp implies that the B blocks can exchange, leading to a transient network. For a (quasi-)permanent network with infinite relaxation time, the viscosity would diverge at Cp. 

. Static viscosity as function of the polymer concentration (ϕ) for poly(ethylene oxyde)

hydrophobically modified with fluoro-alkyls at one (α-PEO 5K) and two(α,ω-PEO 10K) extremities. 12 ϕ* represents the percolation concentration of the latter, the solid lines are guides to the eye.

To probe the rheological properties in more detail, dynamic oscillatory shear measurements in the linear regime can be done to determine the high frequency elastic modulus (Ge) and the relaxation time () of the transient network. The solution viscosity ( ) is equal to the product of these two parameters:

= .

Annable et al. studied the viscoelastic response of Hydrophobically Modified Urethane-Ethoxylate (HEUR) end-capped with hexadecanol on both sides. Oscillatory deformation was applied as illustrated in Figure 1.3 at C above Cp. 15 At low frequencies the system is liquidlike: the storage modulus (G') has a slope of two and the loss modulus (G') has a slope of one when plotted vs the frequency on a log-log scale. However, at high frequencies G' becomes independent of the frequency and is equal to Ge, whereas G" decreases and is much smaller than G'. This is typical behaviour for a solid. The relaxation time may be defined as the inverse of the angular frequency at which G' and G'' intersect ( =1/ω).

Figure 1.3. Evolution of the storage (G') and loss (G'') moduli as a function of the angular frequency

for a solution of hexadecanol end-capped HEUR of 20 kg/mol at 7% w/v and T=298 K. The solid lines correspond to the a single exponential relaxation process. 15 The lifetime and the amount of bridges define the visco-elastic properties. The elastic modulus Ge varies with the concentration since the fraction of chains involved in the network increases with the polymer concentration until all of them are elastically active. For a perfect network without defects, the value of the elastic modulus can be estimated using the rubber elasticity theory. 16 By assuming an extensional deformation of an incompressible rubber network, the elastic modulus is as follows:

≈ . . ℎ = . / with the total number of elastically active chains, kB the Boltzman constant, C the polymer concentration, Na the Avogadro constant, Mn the number-average molar mass of the polymer and T the absolute temperature.

Before the formation of a perfect network, the elastic modulus is lower than predicted by the model due to different types of defects as illustrated in Figure 1.4. Such defects can also affect the value of the relaxation time 17 and therefore measurements must be made at C>>Cp where the relaxation time does not depend anymore on the polymer concentration and is directly related to the exchange time of the B blocks. 

I.2. Rheology of multi-stickers

Polymers bearing many associative groups are often called multi-stickers and their selfassociation can lead to dynamic networks for the same reasons as triblock copolymers discussed in the previous section. Varying the size of the stickers, their hydrophobicity and their amount results in a wide range of systems with bottle-brush 18 and triblock copolymers as extreme cases. Since several stickers are bound to the same polymer chain, intramolecular aggregation can occur i.e. stickers from the same chain can form a hydrophobic microdomain.

There is a balance between intra and inter molecular aggregation with multi-sticker polymers.

For neutral multi-sticker polymers, Rubinstein and Semenov proposed a theory to explain their rheological response assuming pair-wise interaction between hydrophobic groups: the sticky reptation. 19,20 At low concentration, the intramolecular association governs the properties i.e. the viscosity remains low. At a specific concentration, the intermolecular association starts to play an important role and a sharp increase in viscosity occurs. In the semi-dilute non-entangled regime, a single relaxation time and a constant elastic modulus at high frequency are expected. Even if the assumption of the model of a pair-wise association is rarely true, [21][22][23] it gives an overall idea of the expected rheological behaviour.

I.2.1. Hydrophobically modified polymers with alkyl chains

In this section, the rheological properties of systems with a hydrophilic backbone and hydrophobic alkyl stickers are discussed. As will be explained in detail in section II.2, addition of hydrophobic stickers can lead to complex structures and even to phase separation if the system becomes too hydrophobic. [24][25][26][27][28][29][30][31] To date, most of the studies were conducted on Hydrophobically Modified PolyAcrylaMide (HMPAM). 13,[21][22][23][32][33][34][35][36][37][38][39][40][41] The sticker is usually an alkyl chain with a length ranging from 6 to 18 carbons. 22,23,[32][33][34][35][37][38][39][40][41][42][43] HMPAM are often obtained by micellar copolymerization, therefore the distribution of the hydrophobic monomers is usually not random. 21,37,41 Different HMPAM usually have the same qualitative behaviour. The relaxation time of the transient network increases with increasing alkyl length. The viscosity strongly increases with the concentration, the alkyl size and the grafting density. 13,[21][22][23][32][33][34][35][36][37][38][39][40][41] The oscillatory measurements indicate a broad distribution of relaxation times and a constant elastic modulus at high frequency. 21,22,37,40 So far we only focused on linear responses of such systems but we wish to highlight interesting work on non-linear rheology made by Cadix 44 and Wang 34,42 . They studied poly(N,N-dimethylacrylamide) modified by C12 to C18 alkyl stickers and containing some acrylic acid units within the backbone due to partial hydrolysis of some N,Ndimethylacrylamide units. Most self-assembled amphiphilic copolymers exhibit a weak shearthickening effect with increasing shear rate followed by a strong shear-thinning behaviour. By contrast, the systems studied by Cadix and Wang underwent shear induced gelation, i.e. the viscosity of the system diverged at a threshold shear rate value (Figure 1.5). The authors attributed this spectacular phenomenon to the formation of inter rather than intra chain crosslinks induced by shear as illustrated in Figure 1.6. The copolymers are made of N,N-dimethylacrylamide (DMA) and acrylic acid (AA) (both in blue) functionalised with alkyls groups (in yellow and red), from ref. 34 Hydrophobically modified polymers with alkyl chains already give access to interesting materials capable of enhancing the viscosity of aqueous solutions. However, they usually offer limited stimuli-responsiveness. 23,41 Graft copolymers are interesting to develop new smart materials since they can bear different types of stimuli-responsive grafts.

I.2.2. Graft copolymers

Graft copolymers are hydrophobically modified polymers with stickers different from simple alkyl chains. Thermosensitive groups may be grafted to the hydrophilic backbone to impart them with interesting rheological properties. Due to its Lower Critical Solution Temperature (LCST) around 33 °C close to the human body temperature, poly(N-isopropylacrylamide) (PNIPAM) has been used as an associative sticker by several research groups. 36,[45][46][47][48] For instance, Hourdet et al. grafted PNIPAM on a PAA backbone (PAA-g-PNIPAM). Viscosities of PAA-g-PNIPAM aqueous solutions are the same as those of the PAA homopolymer no matter the polymer concentration at 25 °C, but the viscosity increased by 2-3 decades around 40 °C at 0.42 mol/kg. The relaxation time was still measurable (~ 1 sec) at 60 °C. The network formed by PAA-g-PNIPAM was therefore reversible and dynamic. Petit et al.

obtained similar results using PAM as hydrophilic backbone even at higher grafting density (up to 70 wt%). The same thermothickening behavior was found using for the associative blocks POE, 49 PPO, 50 poloxamers 51 or statistical copolymers made of thermosentitive and acrylamide monomers. 52,53 For all these systems the networks were reversible and dynamic.

More hydrophobic poly(n-butyl acrylate) (PnBA) grafts were attached on a PAA hydrophilic backbone by Podhajecka et al. 54 PAA-g-PnBA displayed a sol-gel transition at very low concentrations compared to PAA-C12 for instance. The sol-gel concentration decreased as the hydrophobicity or the number of stickers increased. The network formed was however irreversible and frozen due to the high hydrophobicity of the PnBA grafts.

From these examples it appears that polymers with grafted hydrophobic groups may be used to form stimuli-responsive materials. However, the hydrophobicity of the grafts must remain moderate to obtain dynamic networks.

I.3. Definition of dynamic amphiphilic copolymers

Surfactants are molecules bearing a hydrophilic head group and a hydrophobic tail group.

Above their critical micellar concentration (c.m.c.), they self-assemble into micelles to reduce contact between the tail and water. Surfactant micelles are at equilibrium and surfactant molecules always exchange more or less rapidly between micelles. 55 Like molecular surfactants, amphiphilic copolymers contain both hydrophilic and hydrophobic parts and self-assemble in selective solvents. Unlike surfactants however, amphiphilic copolymers are not always able to exchange between micelles and may therefore form out-of-equilibrium structures. 56 This difference comes from the mechanism of extraction of unimers, i.e. amphiphilic molecules, from micelles. To extract a unimer, several steps are needed as illustrated in Figure 1.7. [56][57][58] Figure 1.7. Expulsion mechanism of a polymer chain from a micellar core 1) movement of the hydrophobic block inside the micellar core 2) creation of an interface between the hydrophobic block and the solvent by retraction of the hydrophobic block at the core/shell interface 3) diffusion of the polymer chain through the shell 4) release from the micelle. [56][57][58] Two major steps are usually rate limiting. Movement of the hydrophobic block inside the micellar core (step 1) is unfavorable for glassy polymers i.e. when the hydrophobic block has a high glass transition. The creation of an interface between the hydrophobic block and the solvent and migration of the hydrophobic bud to the aqueous medium (steps 2-4) have an energy cost that can be much higher than the thermal energy.

Halperin et al. demonstrated that the energy required to create an interface in step 2 is:

∝ / /
with / the interfacial tension between the hydrophobic block and the solvent and NB the size of the hydrophobic block. Even if the coefficient 2/3 is a matter of theoretical debate the importance of the block size and of its hydrophobicity is clear. [59][60][61] The importance of the hydrophobicity of the hydrophobic polymers has been well demonstrated experimentally by Jacquin et al. 62 They considered three diblocks with poly(acrylic acid) as hydrophilic block and poly(styrene) (PS), poly(n-butyl acrylate) (PnBA)

or poly(diethyleneglycol ethylether acrylate) (PDEGA) as hydrophobic blocks. PS has a glass transition (Tg) around 100 °C, PnBA around -55 °C and the glass transition of PDEGA is below -η0 °C. They demonstrated that both PS ( =γη mσ/m) and PnBA ( =β0 mσ/m) formed frozen micelles but PDEGA formed dynamic system because the interfacial tension was much lower (4 mN/m). It shows that even polymers with low Tg need low to be dynamic.

To measure the exchange dynamics, many different strategies were proposed in the literature.

The exchange dynamics can be computed indirectly by measuring the restructuration time of micelles after abrupt change of their environmental conditions. This can be achieved with several time-resolved techniques using fluorescence 63,64 , light scattering [65][66][67][68][69] or NMR 70 for detection.

To measure directly the exchange dynamics, many authors used TR-SANS 67 , 71-76 or TRfluorescence. 63,[77][78][79] These methods measure directly the exchange time. However, they usually require either deuterated polymers (TR-SANS) or molecular probes (TR-fluorescence) which might affect the system. To avoid perturbation of the system, exchange dynamics can also be measured by visco-elastic relaxation time of networks which is related to the exchange time as discussed in part I. 17 As explained previously, transient networks are formed only if the self-assembled polymers are dynamic. One strategy of particular interest to reach dynamic systems is to incorporate hydrophilic units inside the hydrophobic blocks. Tsitsilianis et al. suggested to call such copolymers "block-random" and highlighted their great potential. 80 In the next section, the interest of this strategy will be discussed.

II. Block-random copolymers

The incorporation of hydrophilic units inside hydrophobic blocks may allow the formation of dynamic systems. This block-random strategy was first described by Bendejacq et al. for P(Sstat-AA)-b-PAA. 81,82 It not only allows control of the exchange dynamics but also of the structure of the self-assembly as recently highlighted by Tsitsilianis et al. 80 The physicochemical properties of associative blocks such as thermo-sensitivity 80,83 and hydrophobicity, 17,[80][81][82][84][START_REF] Lejeune | pH Induced Desaggregation Of Highly Hydrophilic Amphiphilic Diblock Copolymers[END_REF][START_REF] Lejeune | [END_REF][87][START_REF] Wright | τ.ν τ'Reilly[END_REF] for instance, may be tuned depending on the ratio of the comonomers in the random block. This is first highlighted by discussing the structure and rheological properties of self-assembled block-random copolymers. Then, details of the structure of neat random copolymers are provided, because the behaviour of these blocks alone explains to some extent that of the block-random copolymers.

II.1. Structure and rheological properties of block-random copolymers

II.1.1. Copolymers based on acrylic acid and n-butyl acrylate

In recent years, our research group focused its attention on block-random copolymers based on acrylic acid (AA) and n-butyl acrylate (nBA) to design polymers with pH-controlled exchange dynamics. Several systems were studied and are depicted in Figure 1.8. Lejeune et al. synthesized a block-random diblock copolymer, P(nBA50%-stat-AA50%)100-b-P(AA)100, consisting of a hydrophobic random block containing 50% AA and 50% nBA units and a pure PAA hydrophilic block. [START_REF] Lejeune | [END_REF] This polymer, called DH50, self-assembles in aqueous medium into micelles exhibiting an aggregation number reversibly controlled by the pH as illustrated in Figure 1.9. [START_REF] Lejeune | pH Induced Desaggregation Of Highly Hydrophilic Amphiphilic Diblock Copolymers[END_REF][START_REF] Lejeune | [END_REF] The AA units in the hydrophobic block of DH50 provide the pHsensitivity, their ionization degree (α, percentage of ionized AA units) increasing with the pH from  = 0 (pH ~ 3) to  = 1 (pH ~ 9). 89 Charbonneau et al. designed TH50, a BAB triblock copolymer with two P(nBA50%-stat-AA50%)100 random blocks as B blocks and a PAA200 central A block. 17 The solid lines are guides to the eye. 84,[START_REF] Lejeune | pH Induced Desaggregation Of Highly Hydrophilic Amphiphilic Diblock Copolymers[END_REF] The rheological properties of the network were probed by Charbonneau et al. at several ionization degrees, temperatures and concentrations. 17 

II.1.2. Other copolymers

Even if the exchange dynamics were not systematically measured on other systems, some studies indicate that incorporating hydrophilic units within the hydrophobic block of blockrandom copolymers may be a universal strategy to obtain dynamic systems. For instance, our group applied this strategy with a copolymer based on dimethylaminoethyl methacrylate (DMAEMA) and n-butyl methacrylate (nBMA). 90 with different diethylaminoethyl methacrylate (DEAEMA) contents. [START_REF] Wright | τ.ν τ'Reilly[END_REF] They also used blockrandom blocks to obtain micelles in thermodynamic equilibrium. [START_REF] Wright | τ.ν τ'Reilly[END_REF]91,92 Figure 1.12. Evolution of the apparent aggregation number as a function of the ionization degree for a cationic diblock copolymer P(nBMA50%-stat-nBMA50%)-b-PDMAEMA at [Na + ]=0.5 mol/L. 90 It is interesting to note that gradient copolymers can be used as hydrophobic blocks in a similar way. Borisova et al. synthesised a diblock PAA-b-P(AA-grad-S) and a triblock P(AAgrad-S)-PAA-b-P(AA-grad-S) that could self-assemble reversibly. 93,94 However, it is not clear whether gradient copolymers can form dynamic systems since P(AA-grad-S)-PAA-b-P(AA-grad-S) did not exhibit any visco-elastic behaviour with a measurable relaxation time for the pH and temperatures investigated; either viscous liquids or gels were observed. 94

II.2. Random copolymer structure

The chemical structure of copolymers made of at least two monomers can vary from the two limiting cases of random and diblock copolymers affecting the polymer properties. Here only random copolymers are considered. As recently reviewed by Li et al., amphiphilic random copolymers can self-assemble into various morphologies due to the random distribution of hydrophilic and hydrophobic units. 95 As explained for multi-sticker polymers, amphiphilic random copolymers can form hydrophobic micro-domains either with themselves (intramolecular aggregation) or with other copolymers (intermolecular aggregation).

Important theoretical works were conducted within the last two decades to determine the phase diagrams of such copolymers. When intramolecular aggregation is dominant different morphologies such as "pearl-necklace" or "globule" were predicted at low concentration and low ionic strength. 25,27,28,96,97 The presence of salt was shown to drastically affect the phase diagram usually decreasing the extent of intramolecular aggregation. 98 Intramolecular aggregation was experimentally observed with poly(styrene-co-styrene sodium sulfonate)

(PSSNa) at low concentration and without added salt. [START_REF] Baigl | Etude expérimentale de polyélectrolytes hydrophobes modèles[END_REF][100][101][102] Intermolecular aggregation was also observed for hydrophobically modified copolymers. 107 It appeared that when the PAA backbone is studied at high pH and is decorated with short alkyl grafts, corresponding to less hydrophobic conditions, hydrophobic microdomains were not formed. However, with longer alkyl chains and at lower pH the electrostatic repulsion of the backbone could be overcome resulting in the formation of hydrophobic microdomains. 

III. Mixtures of dynamic amphiphilic polymers: structure and rheology

As previously shown, block-random copolymers can be used to produce dynamic copolymers and transient networks. The rheological properties of triblock copolymer solutions can be modified for given conditions of pH, temperature or ionic strength by synthesizing polymers containing different amounts of hydrophilic units within the hydrophobic blocks. Another interesting approach is to change the rheological properties by mixing different copolymers rather than doing extensive synthetic work for each application.

III.1. Structure of mixtures of dynamic amphiphilic copolymers

Theoretical studies on mixtures of neutral copolymers revealed some important criterions to obtain comicelles. [108][109][110] As first explained by Shim et al., the relative concentrations of each copolymer affects the comicellisation. 108 Usually, comicellisation occurs when both copolymers are above their critical association concentration and critical association temperature as illustrated in Figure 1.14. 108, 111 

III.2. Rheological properties of mixtures of amphiphilic triblock copolymers

Despite their interest, studies focusing on the rheological properties of mixtures of dynamic amphiphilic polymers are rare. Mixtures of amphiphilic triblock copolymers are more often done to tune the sol-gel phase diagram or to change the micelle morphology as in the case of pluronics for instance. 111,114,[118][119][120][121] Annable et al. studied transient networks formed by mixtures of PEO chains end capped with alkyls of different lengths (C12 to C20). 15 The average length of the alkyl chain was 16 for all mixtures. The authors demonstrated that polymer chains relax independently for all mixtures.

For instance, a 50:50 mixture of C12 and C20 leads to a co-network with two relaxation times corresponding to those of the corresponding pure network of C12 and C20 respectively, see 

IV. Conclusion of the literature review

The exchange dynamics of self-assembled amphiphilic copolymers bearing at least two hydrophobic parts per chain appear as a key parameter to control the rheological properties of aqueous solutions of these polymers. Within this PhD work, we aimed at rationalizing the parameters allowing a control of these exchange dynamics and of the resulting rheological properties so that such smart materials may be relevant for industrial applications.

The starting point of this work was three triblocks copolymers, THx, consisting of a poly(acrylic acid) P(AA) central block connected on each side to two random copolymers containing x mol% of AA and (1-x) mol% of n-butyl acrylate (nBA). 17,87 It was shown that using random copolymers as hydrophobic blocks allowed controlling the exchange dynamics based on the content x of AA units within the hydrophobic blocks. But the impact of x on the structure of the self-assembled aggregates was not clearly identified. It was shown that DH50 diblocks and TH50 triblocks self-assembled progressively with decreasing ionization degree of the AA units. However, the relationship between the self-assembly of the neat hydrophobic block and that of the di/triblocks remains unclear. To the best of our knowledge, only Gotzamanis et al. reported preliminary studies linking the self-association of diblock copolymers with that of their neat hydrophobic block. 83 One objective of this work was therefore to understand whether there is a relationship between the self-assembly of DHx diblock copolymers and that of their neat P(nBA1-x-stat-AAx)100 hydrophobic blocks noted MHx. This study will help determining whether the factors affecting the exchange dynamics (pH, ionic strength and %AA) also impact the structure of the self-assembled aggregates.

The rheological properties of aqueous solutions of THx triblock copolymers are mainly controlled by the fraction of charged units within their hydrophobic block, the latter depending on the AA content x within these blocks and on the pH. However, for applications, The second problem may be solved by using graft copolymers rather than triblock copolymers. The use of graft copolymers is of special interest for large-scale applications of amphiphilic copolymers as more resilient in industrial formulation due to the large amount of stickers. In addition, a comparison between the rheological properties of triblocks and multi stickers (or graft) copolymers will show the importance of the topology of the copolymers.

THx
Graft copolymers bearing thermo-sensitive associative grafts have been studied extensively, but graft copolymers with pH sensitive grafts leading to pH-controlled dynamics have not yet been reported.

Finally, the literature clearly shows that the incorporation of hydrophilic pH-sensitive units within the hydrophobic blocks of amphiphilic copolymers usually leads to smart materials exhibiting reversible self-assembly or sol-gel transition. Many systems have already been studied using different types of chemical groups with low or high glass transition, anionic or cationic monomers, statistical or gradient unit repartition. However, to date, it was clearly proven only in the case of the THx triblocks that the exchange dynamics could also be controlled by this strategy. Therefore, the last objective of this work was to extend the concept by determining whether the exchange dynamics could also be controlled similarly with other comonomers. DMAEMA, a monomer exhibiting both pH and temperature responsiveness, was used in order to impart pH and thermo-sensitivity to the systems. 

Chapitre

I.2. Light scattering

Light scattering experiments were used to characterise the self-assembled polymers in solution at the nanoscale. Two types of light scattering experiments were used: static and dynamic.

Static light scattering gives access to the weight average molar mass (Mw) and the z-average radius of gyration (Rg) of the scatterers. Dynamic light scattering measures the self-diffusion coefficient (D0) of the scatterers and hence their hydrodynamic radius. In both cases, interactions between the scatterers can affect the measurements giving only apparent values of the molar mass and hydrodynamic radius as explained in section I.2.4c) of this chapter.

I.2.1. Apparatus

Light scattering measurements were done using an ALV-CGS-8F system operating with a vertically polarized He-σe laser with wavelength 0 = 632.8 nm (ALV-GmbH, Germany)

coupled with an ALV-5003 multi tau correlator system (ALV-GmbH, Germany). Samples were placed in a thermostated decalin bath that is quasi isorefractive with glass in order to lower reflections of light at the surface of the light scattering cells.

The measurements were done at several angles of observation ranging from 12 to 150° giving access to about one decade of scattering wave vectors (from 2.77 x10 6 m -1 to 2.55 x10 7 m -1 in water) since = 0 (with the angle of observation and n = 1.γγ the refractive index of the solvent that is water in the present investigation).

I.2.2. Principle

In a light scattering experiment, a monochromatic plane-polarized light wave of intensity I0

and wavelength 0 illuminates a sample of volume V. With a detector at a distance B, the scattered light intensity I is measured at angle (Figure 2.2). The scattered light intensity I depends on the angle between the wave vector of the incident light ( і ⃗⃗⃗ ) and the wave vector of the scattered light ( ⃗⃗⃗ ). These wave vectors define the scattering wave vectors with the following norm:

= (2.1)
with n the refractive index of the solvent. 

I.2.3. Static light scattering (SLS)

In static light scattering, the scattered light intensity at one or several angles ( ) is studied.

The total scattered light intensity is the sum of the light scattered by the solvent (Isol) and by the particles in solution (I ). Because the volume V and the distance R to the detector are difficult to measure easily, a reference is generally used. In our case, toluene was used as reference since its Rayleigh ratio is well known (R -tol = 1.36x10 -5 cm -1 at 0 = 633 nm). The Rayleigh ratio of the system is calculated with equation (2.2).

= - - (2.2)
with Itol the scattered light intensity of toluene, ntol the refractive index of toluene (1.498).

The Rayleigh ratio depends on the weight concentration of the scattering particles (C), their weight-average apparent molar mass (Mapp), a structure factor (S(q)) and a constant K:

= . . . (2.3)
K is defined by equation (2.4) where Na is the Avogadro number (6.02 ×10 23 mol -1 ) and dn/dc is the refractive index increment of the solute.

= .

(2.4)

In this work, most structure factors were close to unity indicating that the scatterers were small (q.Rg<<1 with Rg the radius of gyration):

= -

(2.5)
Since q.Rg<<1, the Zimm equation was used to analyse the static light scattering data see equation (2.6). Usually, the coefficient A2.C was also negligible and the apparent molar mass determined for q→ 0 was equal to the true molar mass of the scatterers Mw.

= ( + ) + (2.6)

A last parameter widely used in this work is the aggregation number (Nagg) defined by equation (2.7) when aggregates were formed. Nagg is the number of hydrophobic blocks in a macromolecular aggregate, which equals the number of aggregated chains in the case of mono and diblocks. In DLS, only intensity measurements are performed and the normalised intensity autocorrelation function is defined by equation (2.9).

= < > = < . > < > (2.9)
In the case of a Gaussian distribution of intensity fluctuations, the electrical field fluctuations With "a" a constant between 0 and 1 which depends on the apparatus.

The origins of the variation of the electrical field are the particle relaxation mechanisms. It can be diffusion, rotation, translation or others. In this work, only the diffusion relaxation mechanism contributes to g2(t).

For monodisperse diffusive particles, the autocorrelation function of the electrical field can be described with equation (2.11). = (-) = -. . (2.11) where is the relaxation time and D the diffusion coefficient of the particles.

With polydisperse systems equation (2.11) is replaced by a sum of exponentials corresponding to the contribution of each species, see equation (2.12). = ∫ . (-)

(2.12)

with A( ) the intensity-weighted proportion of scatterers with relaxation time .

Therefore, by fitting equation (2.12) it is possible to deduce the z-average apparent diffusion coefficient Dapp by applying equation (2.13), an indication of the dispersity is calculated using equation (2.14). Details on the data treatment are given in section I.2.4b).

=< >. ²

(2.13) = < > . < >

(2.14)
The diffusion coefficient Di is extrapolated to C→0 by using equation (2.15).

= + + ⋯ (2.15)
where kD is the second dynamic virial coefficient.

The z-average hydrodynamic radius can be calculated by using the Stokes-Einstein equation assuming that the particles are spherical, see equation (2.16).

ℎ, = 6

(2. 16) where kB is the Boltzmann constant, T the absolute temperature and the solvent viscosity.

b) Data treatment

The aim of the data treatment is to determine the distribution of relaxation times A( ). A software called Gendist was used in order to solve equation (2.17) which is a combination of equation (2.10) and equation (2.12). = + [∫ . exp (-) ]

(2.17)

Since no general analytical resolution is possible, two models were used for A( ) to fit this equation: REPES and GAUSS-GEX.

The first model, REPES, assumes that A( ) is a sum of discrete relaxation times. This method can treat most of the results but might generate A( ) without physical meaning. A regularization parameter is used to smooth the data, also called probability (p), and eliminates meaningless peaks. However, the regularization parameter must be used carefully since it may also merge meaningful distinct peaks.

The GAUSS-GEX model can be used with systems having one or two populations. It uses two equations, (2.18) and (2.19), of relaxation time distributions A( ) to fit the data. In the case of a unimodal system, only the GAUSS equation was used.

= √ . - [ln 0 ] ) (2.18)
where determines the curve's width.

When two populations are expected, GEX equation is added to the GAUSS equation with a weight parameter.

= .

-.

-. exp (-( ) )

(2. 19) σ is a normalisation constant, a determines the relaxation time, p determines the width and s the asymmetry of the curve. GEX has an additional degree of freedom to describe broad monomodal distributions. Using GEX for A( ) allows one to describe broad monomodal distributions for which REPES would generate multimodal responses.

c) Correction of SLS with DLS

In the case of multimodal systems, the amplitude of each mode in DLS can be used to obtain, from the average scattered light intensity, the molar mass of each scattering particles if the weight concentration is known. Typically the weight concentration of the slow mode is considered negligible.

For example, let us focus on a polymer in solution that contains a small weight fraction of large spurious particles, 1 these large particles which contribute significantly to the total scattered light even though they represent only a negligible weight fraction. We illustrate the method for the diblock DH40 at an ionization degree of 0.6, [Na + ]=0.1 mol/L and a polymer concentration of 2 g/L. SLS indicates a molar mass of 2 x10 5 g/mol, but DLS analysis (Gauss-Gex here) shows a bimodal relaxation time distribution with up to ~80% of the scattered light intensity coming from spurious aggregates that cause the slow relaxation mode, as depicted in 

I.3. Rheology

I.3.1. Shear flow measurement

Rheology is the science and the study of the flow of matter. In the case of a laminar flow between an immobile and a mobile surface, the fluid is considered as a superposition of thin layers, parallel to each other, without any matter transfer between them. The movement of the mobile surface generates a shear force (F), which defines the shear stress ( =F/S) on a surface S. The sample flow is characterized by its deformation ( =displacement/thickness) and its derivative with respect to time the shear rate ( ). The viscosity ( ) is defined in equation (2.20)

. = ̇ - (2.20)
All measurements were done under steady-state flow i.e. when the results become independent of time. Shear flow measurements were used when C<Cp, Cp being the percolation concentration, and above Cp when possible i.e. when the viscosity was not too high.

I.3.2. Oscillatory shear measurement

In oscillatory shear measurement, a sinusoidal, time dependent, deformation of pulsation ω (rad.s -1 ) is applied to the sample. This results in a stress ( (t)) described by equation (2.21).

= sin + = sin cos + cos sin In this work, oscillatory shear measurements were conducted in the linear regime i.e. when both G' and G'' are independent of the stress. Strain sweeps were performed prior to oscillatory shear measurement to determine the proper stress to apply to remain in the linear regime while obtaining a sufficient signal to noise ratio. The viscosities of viscoelastic fluids (C>Cp) were computed by oscillatory shear measurements by using equation (2.23) and compared to flow measurements when possible.

= *

with Gel (Pa) the elastic modulus and (s) the relaxation time.

(2.23)

I.3.3. Rheometers used

All rheometers used for this work were stress-imposed apparatuses with cone-plate geometry.

The geometry sizes range from 20 to 60 mm. The temperature was controlled by a Peltier system and a water bath. To prevent water evaporation during measurement paraffin oil was added. The main characteristics of the geometry used are given in Table 2-1. Size exclusion chromatography analysis was done with an equipment consisting of a guard column (η m, η0 mm × 7.η mm) connected to a PLgel Mixed-D column (η m, γ00 mm ×7.η mm) and a PLgel "individual pore size" column (η m, η0 mm ×7.η mm) operating at room temperature in THF with a flow rate of 1 mL.min -1 . After filtration through a 0.2 µm pore size membrane, injection was done at a polymer concentration of ~5 mg.mL -1 in THF. In all cases except DH50 which had been synthesized and analyzed previously, absolute average molar masses were calculated using a light scattering (miniDAWN TREOS from Wyatt) and an Online refractive index (RID10A from Shimadzu) detectors with a specific refractive index increment of the polymer in THF of 0.057 mL/g. 3 For the precursor of DH50, molecular weights were determined as PS-equivalents using PS-standards for calibration of the SEC.

I.4.2. Polymers made of DMAEMA and nBMA

Size exclusion chromatography was performed using a EcoSEC semi-micro CPG Tosoh system equipped with a 3 PSS GRAM (10 m, γ00 x 7,ηmm) column with DMF with 0.01M of LiBr as eluent (flow rate = 0.8 mL/min), at 60°C, and using refractometry for detection (Shodex RI 71 refractometer, Showa Denko). The number-average molecular weight (Mn) and dispersity (Mw/Mn) were determined using poly(methyl methacrylate) standards for calibration ranging from 580 to 3 x10 6 g/mol. It should be noted that this conventional calibration of SEC yields apparent values of Mn, Mw, and dispersity (Mw/Mn). The molecular weights of the final polymers were calculated from the conversion assuming that termination and transfer reactions were negligible.

I.5. Gas Chromatography

Gas chromatography experiments were performed to follow the kinetics of polymerization on a Shimadzu GC-2014 apparatus equipped with an Equity-1 column (length: 30 m, internal diameter: 0.25 mm, thickness of the poly(dimethylsiloxane) stationary phase: 0.25 µm, Tmax: 320 °C, Tmin: -60 °C), an AOC-20i injector using a 10 µL syringe and an FID (Flame Ionization Detector). Nitrogen was used as mobile phase.

The injector temperature was 250 °C and the temperature program to measure the samples consisted of a plateau for 1 min at 60 °C followed by a temperature increment at 60 °C/min up to 150 °C and finally another temperature plateau at 150 °C for 2.5 min. This method was used to determine the evolution as a function of time of the nBA and tBA contents with respect to anisole used as internal standard. The data were treated using the GCSolution software.

I.6. NMR

1 H and 13 C NMR spectra were recorded on a Bruker DPX 200MHz and a Bruker Advance 400MHz. Chemical shifts (δ) used TMS (tetramethylsilane) as internal reference (δ=0 ppm).

Samples were dissolved in CDCl3, THF-D8 or MeOD. Data were treated with the MestRec software.

II. Polymer based on acrylic acid (AA) and n-butyl acrylate (nBA)

II.1. Synthesis of linear copolymers

Several copolymers of n-butyl acrylate and acrylic acid were synthesized during this PhD.

However, some of the copolymers used for this study were synthesised by others (the monoblocks MH50, the diblock DH50, and the triblocks TH40 and TH60) as described in previous publications 2,3 . The main characteristics of the polymers are given in Table 2-3.

a) Synthesis of the MHx precursors: P(nBA1-x-stat-tBAx)100-Br

The global strategy for the synthesis of the MHx precursors is depicted in Figure 2.5. For the synthesis of P(nBA0.6-stat-tBA0.4)100-Br, tert-butyl acrylate (60 g, 4.69 x10 -1 mol), nbutyl acrylate (90 g, 7.03x10 -1 mol), Cu(II)Br2 (0.049 g, 2.23 x10 -4 mol), and methyl 2bromopropionate (1.02 g, 6.10 x10 -3 mol) were introduced in a 500 mL round-bottom flask.

The flask was closed with a screw cap equipped with a septum and degassed by argon As reported elsewhere, samples were withdrawn throughout the reaction to follow the kinetics 5, 6 . The reaction was stopped at 52 % conversion by cooling the flask to 0 °C and injecting air. The polymer was purified by column chromatography (SiO2/CHCl3) followed by two precipitations at room temperature in methanol/water (90/10 vol/vol), yielding a sticky yellowish powder. Size exclusion chromatography (SEC) in THF was performed on the final polymer and on samples taken during the reaction to determine the number (Mn) and weight (Mw) average molar masses and the dispersity. The copper was removed prior to SEC analysis using a small column (SiO2/CHCl3), but no precipitation was done in order to avoid fractionation of the polymer. 1 H NMR in CDCl3 demonstrated that the tBA/nBA ratio in the final polymer was the same as in the initial monomer feed, see The reaction was stopped at 51% conversion and the polymer was purified as described in the previous section. 1 H NMR in CDCl3 demonstrated that the tBA/nBA ratio in the final polymer was the same as in the initial monomer feed, see Table 2-3. After purification, the yield was at 90% and 39.6 g of polymer were obtained.

The precursor of DH60 was synthesized according to the same procedure but starting from the MH60 precursor as macroinitiator, see 

c) Acidolysis

The final polymers were obtained by respectively dissolving P(nBA1-x-stat-tBAx)100 or P(nBA1-x-stat-tBAx)100-b-P(tBA)100 in dichloromethane at C~150 g/L and stirring the solution at room temperature for more than 24 h with 5 equivalents of trifluoroacetic acid (CF3COOH)

relative to the amount of tBA units, as previously reported. 5,6 The polymer was finally recovered by precipitation of the crude reaction mixture twice in pentane with yields higher than 95% each time.

13

C NMR revealed the absence of significant quantities of residual CF3COOH and complete acidolysis after drying as already published. 1 H NMR in THF-D8 demonstrated that the AA/nBA ratio after acidolysis was the same as the tBA/nBA ratio of the corresponding precursors, see 

II.2. Synthesis of graft copolymers a) Global strategy

The synthetic strategy of graft copolymers was partly adapted from references 7,8 and from our previous ATRP work 6 and is illustrated in Figure 2.6.

First, a functional monomer, called BIEA was prepared by esterification of 2-hydroxyethyl acrylate with α-bromoisobutyryl bromide. After purification, BIEA was copolymerized with tert-butyl acrylate by free radical polymerization. These steps allowed the formation of a PtBA backbone bearing ATRP initiating sites, P(tBA-stat-BIEA). Tert-butyl acrylate and nbutyl acrylate were subsequently copolymerized in a statistical manner from these initiating sites by ATRP according to a grafting from strategy. 9 Finally, the graft copolymer formed, P(tBA)-g-P(nBA-stat-tBA), was acidolysed with CF3COOH to obtain the final polymer P(AA)-g-P(nBA-stat-AA). The solution was filtered on a Büchner to remove the insoluble triethylammonium bromide salt and THF was evaporated under reduced pressure (T=40°C). An orange liquid was recovered.

To remove impurities, the liquid was diluted in CHCl3 (40 mL) and extracted five times with a saturated solution of NaHCO3 (87g/L) to hydrolyze and neutralize the excess of αbromoisobutyryl bromide, then twice with salted water (25 mL at 200 g/L) and once with water (10 mL). Finally, the organic phase was dried with MgSO4 and CHCl3 was removed by rotary evaporation (40°C). Despites our efforts impurities remained in the product, as illustrated by the double peaks at δ=1.λ ppm in 1 H NMR, see Figure 2.7. We do believe that it comes from side reactions between HEA and BIBB since hydrolysed BIBB should be totally removed after these purifications. The final product 11.2 g (yield of 95%) was analysed by gas chromatography confirming the existence of a minority side product corresponding to 12% (in area) of the Flame Ionization Detector signal.

Since the next step involves copolymerisation and precipitation, it is believed that this side product should not affect the reaction and will be removed with the polymer precipitation. 

c) Backbone synthesis

Here, the synthesis of the backbone of G7H50 is detailed. The others backbones were prepared by adjusting the functional monomer to tBA ratio.

For the backbone synthesis, tert-butyl acrylate (39 g, 3.05 x10 -1 mol), BIEA (1.04 g, 3.9 x10 -3 mol), anisole (4.56 g, 4.2 x10 -2 mol), toluene (119 g) and azobisisobutyronitrile (9.2 x10 -2 g, 5.6 x10 -4 mol) were introduced in a 250 mL round-bottom flask. The flask was closed with a screw cap equipped with a septum, degassed by argon bubbling for 30 min and dipped in an oil bath at 60 °C. The mixture was let reacting for 24 hours. The reaction was stopped by cooling the flask to 0 °C. The polymer was precipitated twice in methanol/water (90/10 vol/vol), yielding a white powder. 1 H NMR in CDCl3 was performed on the final polymer to confirm its composition, see Figure 2.8. Size exclusion chromatography (SEC) in THF yielded the number (Mn) and weight (Mw) average molar masses and the dispersity, see Figure 2.11a. For the three backbones, Mn was around 6.0 x10 4 g/mol with Ð~2.7.

The 1 H NMR gave a molar BIEA/tBA ratio of 1.48% assuming no impurity in agreement with the theoretical value of 1.44%, see Table 2345. 

d) Grafting from step

Here, the synthesis of the graft copolymer precursor of G7H50 is detailed. The others graft copolymers precursors were prepared by adjusting the polymer to monomers ratio.

For the graft copolymer P(tBA)500-g-[P(nBA0.5-stat-tBA 0.5)100]7, tert-butyl acrylate (41. linearly with time for G7H50 and G30H50, whereas it was linear versus t 2/3 for G2H50 due to the lower concentration in propagating species needed to reduce the bulk viscusity.

Conversion of both tBA and nBA were equal throughout the reaction meaning that statistical grafts were formed as previously observed. 6,10 The reaction was stopped at 50% conversion. The copper was removed by three liquid-liquid extractions with EDTA solution (1% (w/w) EDTA, 2:1 NaHCO3/EDTA and 20% (w/w) NaCl) since purification by flash column chromatography on SiO2 was not possible due to the viscosity of the polymer solution. Thereafter, the solution was washed three times with water.

The polymer was precipitated twice in methanol/water (90/10 vol/vol), yielding a white powder. Size exclusion chromatography (SEC) in THF yielded the number (Mn) and weight (Mw) average molar masses and the dispersity, see Figure 2.11b and 

Time (min)

e) Acidolysis

The polymer was dissolved in dichloromethane (C~150 g/L) and stirred at room temperature for more than 24 h with 5 equivalents of trifluoroacetic acid (CF3COOH) relative to the amount of tBA units, as previously reported. The polymer was finally precipitated twice in pentane. The nBA/AA ratios were measured by 1 H NMR and compared to the inputs, see Table 2-6. 13 C NMR revealed the absence of significant quantities of residual CF3COOH and complete acidolysis after drying as already reported elsewhere. 

II.3. Sample preparation

Aqueous samples of MHx, DHx, THx and GHx were prepared by dissolving the copolymers in demineralized water (Millipore) containing the required amount of NaOH to reach an ionization degree 0 ~ 0.9. Dissolution was done under vigorous stirring for at least 24 hours at room temperature. For the graft copolymer with a high grafting density the temperature was increased to 60 °C and two or three days were needed to obtain transparent and homogeneous solutions at high polymer concentrations. All the systems formed homogeneous and transparent solutions unless specified otherwise.

To obtain the desired ionization degree (α), the required amount of D-glucono-δ-lactone (GDL) was added to the solutions at  ~ 0.9 prior to analysis. As explained in detail in the supporting information of reference, 11 the hydrolysis of GDL takes around ~10 5 s at 20 °C and produces gluconic acid which has a pKa of 3.4. The final ionization degree can be calculated with equation (2.24) if the polymers and the gluconic acid are considered as strong acids.

= [ -] [] = - [ ] [] ℎ [] = + = (2.24)
with α0 the initial ionization degree, xAA and xnBA the molar fractions of each monomers, Cpolymer the polymer concentration and DP(AA) the number of acrylic acid units per chain.

At low ionization degrees, the pKa of the AA units of the polymer becomes too close to that of gluconic acid so that the acid-base reaction is no longer complete. Furthermore, the pKa of the polymers varies with α. Therefore, a different calculation is needed to compute α accurately, especially when it is small. This is illustrated in Figure 2.12 where it is shown that the true ionization degree is higher than that assuming complete reaction with GDL at low α.

The true α was calculated by solving equation (2.25). 1.25 as a function of uncorrected using eq. 1.24. T=20°C [Na + ]=0.5 mol/L. See SI of ref 12 .

= - . + + √ ( + -( - - ℎ = , , = (2 
This sample preparation method allows the formation of homogenous samples even for the lowest ionization degrees were the systems exhibit very long relaxation times and where the triblock copolymers lead to non flowing hydrogels. 1 The drawback of this technique is that it introduces a certain amount of sodium and gluconate ions, affecting the ionic strength. In light scattering experiments, the sodium concentration was kept constant (0.1 or 0.5 mol/L) by addition of NaCl using equation (2.26). Addition of NaCl was done after complete dissolution of the polymer.

[ + ] = + + [ ] (2.26)
For light scattering analysis, the samples were filtered through 0.2 µm pore size Acrodisc filters. For rheology measurements, the samples were degassed under vacuum, when needed, to remove the bubbles.

II.4. Potentiometric titration

The procedure used to titrate the polymer was described in ref. 13 .

II.4.1. Potentiometric titration

Titration experiments were performed on an automatic titrator TIM 856 equipped with TitraMaster 85 software. The electrode probe was a Radiometer Analytical pHC2401-8, the pH ranging from 2 to 11. Measurements were done at room temperature at an addition rate of titrant of 0.1 mL/min. The titrant used was either NaOH or HCl at 1 mol/L.

II.4.2. Determination of the AA contents in the polymers

In order to calculate the amount of AA (nAAH) within a polymer chain, potentiometric titrations were systematically performed. In a previous publication 13 , details of the data treatment of the titration curves were given.

Here, only equation (2.27) giving nAAH, the amount of protonated AAH units formed (= the amount of AA -units titrated), as a function of VHCl is presented. It was used to plot the inset in Figure 2.13. 

    1 Veq1 10 ). V ( 10 ). V ( - ).10 V (V - ).10 V (V - ).[HCl] V - ( n
V V V           (2.27)
Three stages are observed in the evolution of nAAH. First, nAAH ~ 0 corresponds to the domain were the excess NaOH is titrated. In this region, equation (2.27) is not perfectly reliable which explains why nAAH < 0 rather than nAAH = 0. The second stage is a linear increase of nAAH until a maximum. This represents the reaction between HCl and AA -and the production of AAH.

In the last stage, the total amount of AAH in solution hardly varies because only the dissociation of HCl occurs and all AA units are already protonated. 

II.4.3. Calculation of the ionization degree (α) and pKa

As previously reported 13 , the ionization degree and the pKa can be determined for each pH by treating the titration curve with equations (2.28) and (2.29). From the example illustrated in the previous section the Figure 2.14 was obtained.

    tot AA AAH tot n n AA AA      1  (2.28)            1 log pH pK a (2.29)
Here we wish to highlight that in the case of polyelectrolytes the acidity constant Ka depends on the ionization degree and therefore on the pH. The more ionized the polymer already is, the more difficult it becomes to create more charges on its backbone, because of electrostatic repulsions of the neighbouring AA -units. As a consequence the pKa increases with α. 14 

III. Polymer based on DMAEMA and nBMA

Until now, the focus was on copolymers using acrylic acid and n-buyl acrylate as monomers.

In this section, details will be given on polymers based on dimethylaminoethyl methacrylate (DMAEMA) and n-butyl methacrylate (nBMA).

III.1. Synthesis

The BAB triblock copolymer TH70c consisting of a central PDMAEMA200 A block and two statistical P(nBMA0.3-stat-DMAEMA0.7)100 B blocks was synthesized by RAFT 16 A few drops of the solution were taken as sample t0, and the flask was dipped in an oil bath at 70 °C. To follow the kinetics, samples were withdrawn throughout the reaction. The conversion was determined by 1 H NMR. 17 The reaction was stopped at 49 % conversion by cooling the flask to 0 °C and injecting air. The polymer was purified by two precipitations in pentane, yielding a dark pink powder (3.93g, yield of the precipitation = 65%). Size exclusion chromatography (SEC) in DMF calibrated with poly(methyl methacrylate) standards was performed in Lyon by Olivier Boyron (UMR5265) on the final polymer to determine the number (Mn) and weight (Mw) average molar masses as well as the dispersity, see Figure 

III.2. Sample preparation

Aqueous solutions of cationic polymers were prepared by dissolving the copolymer in demineralized water (Millipore) containing the required amount of HCl to reach an ionization degree of 00.9. Being a strong acid, HCl was used in stoechiometric quantities to obtain the desired amount of DMAEMA + units ([DMAEMA + ]=[HCl]). Dissolution was done under

strong stirring for at least 24 hours at room temperature. Transparent, slightly pink and homogeneous solutions were obtained.

To obtain the desired ionization degree (α), the required amount of NaOH was subsequently added. Dilute NaOH solution had to be used and the addition had to be done under vigorous stirring in order to limit the formation of heterogeneities. The final ionization degree can be calculated utilizing equation (2.30).

= [DMAEMA + ] [DMAEMA] = - [ ] [DMAEMA] ℎ [DMAEMA] = MA MA MA MA MA MA + = DMAEMA (2.30)
with [DMAEMA + ] and [DMAEMA]total the concentrations in mol/L of charged DMAEMA and total amount of DMAEMA, respectively.

III.3. Titration

The titration procedure was adapted from the one already published 13 and explained in section II.4.

III.3.1. Determination of the DMAEMA content

In order to calculate the amount of DMAEMA (nDMAEMA) in a polymer chain, potentiometric titrations were performed.

First, the polymer was dissolved in demineralized water (Millipore) containing the required amount of HCl so that ~10 % of the HCl was in excess. The salt concentration was adjusted by adding the required amount of a 4 M NaCl solution. The polymer concentration was calculated to have a theoretical concentration of DMAEMA units of 0.043 mol/L. Thereafter, the solution was back-titrated using NaOH at 1 mol/L to decrease the ionization degree. 

Let us consider the example in

III.3.2. Calculation of the ionization degree (α) and pKa

The ionization degree and the pKa can be determined for each pH using equations (2.31) and

(2.32). In this way Figure 1.20 is obtained for the example shown in the previous section 

    tot DMAEMA DMAEMA tot n n DMAEMA DMAEMA      1  (2.31)            1 log pH pK a (2.

Chapitre 3CHAPTER 3: PRINCIPAL RESULTS

In this chapter, the main results are presented in four sections. First, the self-assembly in aqueous medium of the random associative blocks P(nBA1-x-stat-AAx This chapter is based on four articles presented in the next four chapters. Two appendices are added and are referred to when needed.

I. Highlighting the Role of the Random Associating Block in the Self-

Assembly of Amphiphilic Block-Random Copolymers

It was shown in the literature that the amount of hydrophobic monomers in the random associating block can tune both the LCST 1 and the dynamic exchange 2 . However, the effect on the structure was not investigated and the relationship between the self-association of the random associating block and that of the di/triblocks is only mentioned once. 1 Therefore, the self-association in aqueous medium of three statistical copolymers consisting of acrylic acid and n-butyl acrylate, P(nBA1-x-stat-AAx)100 (MHx), with different x ratios was studied by light scattering and compared to that of their diblocks homologues (DHx) having a PAA hydrophilic block. 3,4 First, the self-association of the three MHx was studied by light scattering. The amount of AA units varied from 40 to 60 % (mol/mol) while the polymerisation degrees were kept constant at ~100 and the dispersities remained low (Ð~1.1) for the three statistical copolymers (MHx).

In Figure 3.2a, at high ionization degree (α), the three MHx were dissolved as unimers since their molar masses were around 1. It was previously shown that the amount of charges within the hydrophobic blocks of the triblocks THx also strongly determines their rheological properties. 2 Indeed, the evolution of the relaxation time as a function of the fraction of charged units (= x.αMHx) roughly superimposed for the three THx, x varying from 40 to 60%. As depicted in Figure 3.3b, the increase of the relaxation time of TH50 transient networks roughly starts when the Nagg of DH50 starts to increase. Here, for the sake of clarity, only systems with x=50% are shown.

Since the relaxation time of the triblock is related to the dynamic exchange of the micelle, these results imply that the amount of charges within the self-assembling block of this family of diblocks and triblocks controls both their exchange dynamics and their extent of selfassembly. A direct consequence is that a good understanding of the self-assembly of the neat associative blocks (monoblocks MHx) may allow predicting both the aggregation behavior and the exchange dynamics of the diblock/triblock copolymers.

To conclude, random copolymers appear to be a simple way to produce aggregates of different sizes as function of the pH with only two monomers. In addition, random block copolymers allow tuning the associative properties of diblocks using random block copolymers as hydrophobic blocks since the behavior of the system can be understood by knowing the fraction of charged units in the hydrophobic blocks for a specific pH. However, with triblock copolymers forming transient networks, to reach the desired rheological properties for a specific pH, new polymer syntheses are needed to change the monomer ratio i.e. the x value. To avoid this synthesis step, investigation of the behavior of mixtures of triblock copolymers was done in order to see whether it was possible to tune their rheological properties for a specific pH by formulation. This will be described in the next section. 

II. pH-Controlled Rheological Properties of Mixed Amphiphilic Triblock Copolymers

The literature contains very few examples of mixtures of triblock copolymers to tune the rheological properties of hydrogels and none of them are with copolyelectrolytes. However, such mixtures could be interesting in order to easily change the rheological properties without new polymer synthesis. Furthermore, mixtures of frozen copolymers with (very) dynamic ones could lead to an overall dynamic system since the dynamic system may enhance the exchange rate of the frozen one as was already observed for mixtures with surfactants which were shown to increase the exchange rate of diblock copolymers by Stam et al. [7][8][9] In order to facilitate understanding of the rheological properties of mixtures of triblock copolymers THx, the conditions of co-micellisation were studied by light scattering for mixtures of diblock copolymers DHx.

II.1. Self-Assembly of mixtures of diblock copolymers

By titrating three triblock copolymers THx with x varying from 40% to 60%, Shedge et al.

demonstrated that for such copolymers the dependence of the ionization degree on the pH was similar. 2 The same results were found for DHx entailing that two polymer solutions prepared at the same  had the same pH and that mixing them did not alter significantly their  (or pH 5 ). Studies on the diblocks therefore indicated that co-micellisation occurs only when both copolymers aggregated as illustrated in Figure 3.5. This behaviour was expected from the literature since comicellisation usually occurs when the cmc (or the cmt) of both polymers in the mixture is reached and as long as the difference of the spontaneous curvature of the interface is not too large. This was shown theoretically [10][11][12] and experimentally 11,13,14 .

Interestingly, Wright et al. demonstrated that the co-micellisation can be forced with mixtures of diblocks with P(DMAEMA) as hydrophilic block and P(DMAEMA-stat-DEAEMA) as hydrophobic blocks with different amounts of DEAEMA units within the hydrophobic block. 15 The major differences with the systems studied here is the aggregation number, which is around 5 for the present system and around 80 for the system studied by Wright et al.

In addition, Wright et al prepared all mixtures at α~0 removing the polyelectrolyte effect. 

II.2. Rheological Properties of Mixed Amphiphilic Triblock Copolymers

Two types of mixtures of triblock copolymers were studied: TH40/TH60 and TH40/TH50.

Based on the results on the diblocks, mixtures were analysed in conditions where comicellisation occurred or not by adjustment of the overall ionization degree.

First, mixtures of triblock copolymers TH40/THθ0 were made at α=0.θ4 with a constant global polymer concentration (30 g/L), which corresponds to conditions where DH60 forms unimers and DH40 is aggregated 2,3,16 . As explained for diblocks, no co-micellisation occurs at these conditions. The viscosity and relaxation time of the system were the same for mixtures of TH40 and TH60 at different weight fractions of TH40 (F40) and for solutions of pure TH40 at the same concentration as in the mixtures, see Figure 3.6. In other words, without hybridisation TH60 had no effect on the behaviour of TH40 as expected, and only a simple dilution effect of TH40 is observed. In mixtures of TH40/THθ0 triblocks where both THx associated, α=0.β, the behaviour was strongly different. At these conditions, co-micellisation occurred and gave the rheological response depicted in Figure 3.7. At α=0.β, pure TH40 formed frozen networks, whereas pure TH60 formed a dynamic network with a relaxation time of 1.310 -2 s. The evolution of the elastic modulus of the mixture as a function of the angular frequency, in Figure 3.7, indicates that the rheological properties strongly depended on F40, with a relaxation time ranging from 1.310 -2 s to infinity. For F40  0.33, the mixture formed a viscoelastic network with a relaxation time increasing with increasing F40 while becoming more and more polydisperse.

For F40  0.43, frozen networks were formed showing a plateau modulus at low frequencies the value of which increased sharply with increasing F40. Since co-micellisation occurred, it was concluded that a mixed network was formed with two types of junctions the relaxation of which was responsible for the overall rheological response. Unlike what was observed for alkyl-PEO-alkyl networks, 8,9 the relaxation time of each bridge was different in the hybrid network or in networks formed by only one component of the mixture. For TH60, the more dynamic copolymer, the relaxation time was slowed down by the incorporation of TH40 as is clearly seen for F40=0.33 in Figure 3.7. For TH40, the result was not clear since the relaxation time was immeasurably long. At F40=0.33, corresponding to a TH40 concentration of 10 g/L, the hybrid network still exhibited the behaviour of a transient network able to relax. Considering that the percolation concentration of TH40 alone at α=0.β is η g/L and that the obtained network is frozen, it can be concluded that either the exchange rate or the percolation concentration of TH40 increased in the presence of TH60. It is not possible to discriminate either scenario for TH40/TH60 mixtures, which is why experiments on mixtures of TH40/TH50 were conducted. With mixtures of TH40/TH60, no condition exists where TH40 and TH60 are dynamic and self-assemble for the same . However, such conditions occur with TH40/THη0 at α=0.θ0, their relaxation times being 110 3 s and 210 -2 s respectively. With mixtures of TH40 and TH50, tuning the relaxation time over the whole range of F40 was possible as illustrated in 17 The difference between the systems studied by Annable et al. and those studied here may be due to the polyelectrolyte nature of the latter.

That the rheological properties of mixtures of triblock copolymers can be controlled by the mixing ratio is interesting from a practical point of view.

III. pH-Responsive Transient Networks Formed By Amphiphilic Graft Copolymers

As explained in chapter 2 and in the previous section, THx triblock copolymers self-assemble in aqueous medium and form hydrogels with adjustable rheological properties. The production of this kind of triblock copolymers at an industrial scale can be challenging and expensive at high molecular weight. An alternative to triblock copolymers are graft copolymers which are easier to produce. Graft copolymers are also interesting since the grafting density can be varied to control further the rheological properties. Also, understanding the effect of the architecture on the rheological properties of polymers consisting of random associating blocks would be interesting since, to the best of our knowledge, the formation of hydrogels by copolymers with pH-sensitive grafts has not been reported in the literature.

Three graft copolymers, P(AA)500-g-[P(nBA0.50-stat-AA0.50)100]y, were synthesized with y standing for the grafting density (y = 2, 7 and 30 grafts per chain in number average), the subscript 500 and 100 corresponding to the number average degrees of polymerization of the backbone and the grafts respectively and the subscripts 0.50 corresponding to the molar ratios of nBA and AA units. All the details of the synthesis are given in chapter 6. The backbones were synthesized by free radical polymerization and have large dispersities (Đ ~ β.8),

implying that the number of grafts per chain is also polydisperse. On the contrary, the grafts were prepared by controlled radical polymerization (ATRP) and should therefore be rather monodisperse in terms of molecular weight and composition according to previous studies in similar conditions (Ð~1.2). 2,3,4 In Figure 3.9, the relaxation time of the viscoelastic fluids formed by three graft copolymers above their -dependent percolation concentration are reported as a function of the ionization degree. At high ionization degree the relaxation time was small (~10 -3 s) and it increased as the ionization degree decreased. Since the relaxation time of G7H50 became independent of the polymer concentration, see chapter 6, the relaxation time was correlated to the exchange time of the hydrophobic grafts. In addition, the elastic moduli were lower than predicted by the rubber elasticity theory if all hydrophobic blocks contribute elastically to the transient network indicating the presence of defects. 18,19 These defects most probably come from intramolecular aggregation.

Qualitatively the results are similar for the three graft copolymers; the relaxation time increased with decreasing ionization degree. However, the grafting density changed the results from a quantitative point of view. Indeed, for higher grafting densities the relaxation time was lower for a given α. For instance, at α=0.η the relaxation times were 10 7 , 60 and 10 -2 s for G2H50, G7H50 and G30H50 respectively, see Figure 3.9. For G7H50 and G30H50 the relaxation times became independent of the concentration and are therefore related to the exchange time of the grafts. This indicated that, at least for these two polymers, the exchange time is longer at the same  value for a lower grafting density. The results for G2H50 were more qualitative but follow the same trend. As previously reported 5 and explained in the bibliographic part, the ionization degree of the hydrophobic blocks is different from the overall ionization degree of the polymer (αMHx<α).

The relationship between αMHx and  was determined from titration experiments, revealing a strong influence of the grafting density on this relationship, as illustrated in Figure 3 G7H50 and G2H50 have similar relaxation time dependencies on the fraction of charges within the grafts. The evolution of the relaxation time is moreover equivalent to the one already observed for TH50 as shown in Figure 3.11. 2 Interestingly, G7H50 exhibits the same evolution of the relaxation time as TH50 even though the dispersity of its backbone was much higher than the dispersity of the hydrophilic block of TH50. This confirms that the relaxation times of both systems were mainly controlled by the charge density of the hydrophobic block, whereas the dispersity of the hydrophilic block (or backbone) had a negligible effect.

Interestingly, at high grafting density, the fraction of charges does not entirely explain the rheological behavior. Indeed, the behavior of G30H50 did not superimpose with that of the other graft copolymers especially at low fraction of charges within the grafts. The high grafting density clearly lowers the relaxation time for a specific fraction of charge. It should be reminded here that the relaxation time of G30H50 did not depend on the concentration within the investigated range.

The origin of the strong difference between the behaviour of G30H50 and that of the two other graft copolymers is not clear. However, it is speculated that intramolecular interactions between the grafts can be favoured compared to intermolecular interactions. At such high grafting density, G30H50 might have a rod-like shape instead of a coil-like shape leading to a different self-assembly at the nanoscale and to a different relaxation mechanism. Light scattering experiments were undertaken to determine the morphology of the aggregates as shown in appendix, however, due to the high polydispersity of the backbones no conclusion could be drawn. The dashed line is guide to the eye for TH50 data.

In conclusion, graft copolymers, P(AA)500-g-[P(nBA1-x-stat-AAx)100]y, with y=2 and 7 were able to form viscoelastic fluids with pH-sensitive exchange dynamics mostly controlled by the fraction of charged units of the grafts (f=x.αMHx) without significant effect of the high dispersity of the backbones. These graft copolymers are the first with pH-sensitive grafts used to form hydrogels. In addition, for moderate grafting density, their behavior was similar to the one of the triblock TH50 implying that the relaxation time was hardly affected by the polymer architecture. Only at high grafting density, y=30, were architectural effects involved. They lowered the relaxation times probably because of stronger intramolecular interactions. An optimum of the grafting density should be found for large-scale applications but a small grafting density seems desirable.

IV. pH and thermo-responsive self-assembly of cationic triblock copolymers with controlled dynamics

So far, the focus was on systems based on acrylic acid and n-butyl acrylate. Literature results

suggest that the strategy consisting of incorporating hydrophilic monomers in the hydrophobic block may be a universal way to control the exchange dynamics of amphiphilic copolymers. However, until now it was demonstrated quantitatively only for THx that the exchange dynamics were indeed affected and controlled by the addition of hydrophilic monomers. In order to assess whether dynamic exchange can be induced and tuned by incorporation also of other hydrophilic units, to extend the accessible pH range and to add thermo-sensitiveness to the hydrogels, triblock copolymers with dimethylaminoethyl methacrylate (DMAEMA) hydrophilic units were investigated.

Recent work in our group demonstrated that diblock copolymers made of DMAEMA and nbutyl methacrylate (nBMA) were able to form star-like micelles with pH-tunable aggregation numbers. 20 The diblock copolymers made of DMAEMA and nBMA were previously synthesized by our group using ATRP. 20 However, due to only partial reinitiation for the synthesis of the second block, RAFT polymerization was preferred here. It is important to remark that the polymer block length was similar for THx and THxc.

Results at 20°C will first be described followed by the effect of the temperature. It is important to note already however that the effect of temperature was partly irreversible preventing the construction of master curves by frequency-temperature superposition. A master curve at T=20°C could be obtained by shifting the results obtained at different ionization degrees for TH50c and TH70c, see Figure 3.12. In this manner relaxation times up to 10 4 s could be determined. At T=β0°C, the copolymers formed viscoelastic fluids above their α-dependent percolation concentrations. In Figure 3.13a, the evolution of the relaxation time of both TH50c and TH70c as a function of the ionization degree is reported. There is a strong dependence of the relaxation time on the ionization degree. When the ionization degree decreased, the relaxation time increased, sharply for TH50c. The relaxation times were higher than 10 4 s for TH50c below  = 0.6 and were no longer measurable. In Figure 3.13b, the evolution of the elastic modulus as a function of the ionization degree is reported. The elastic modulus increased with the decrease of α until a maximum. For THη0c, at high polymer concentration (80 g/L) and low ionization degree, the elastic modulus reached the theoretical value for purely entropic elasticity (Ge= .R.T with =C/Mn for ideal rubber elastic networks) 18 and the relaxation time became independent of the polymer concentration; in other words, TH50c formed an ideal network at low α and high concentration. The terminal relaxation times measured for ideal networks of THη0c at low ionization degrees (α<0.70) and C>γη g/L are related to the exchange rate of the hydrophobic blocks of TH50c.

Qualitatively, the behavior of the cationic triblock copolymers (THxc) was similar to that of the anionic triblock copolymers (THx). Therefore, the exchange dynamics can be controlled by the pH with cationic copolymers similarly to anionic copolymers, which supports the suggestion that the method may be generally applicable. This statement is further verified qualitatively with TH70c, even if only one concentration was investigated since the percolation concentration was high. For TH70c, when α<0.2, the elastic modulus was independent of the ionization degree and was the one expected for ideal networks. The relaxation time at low ionization degree was related to the extraction of hydrophobic blocks, whereas at higher α the extraction time was underestimated due to the presence of defects such as superbridges. 19 It is interesting to note that the increase of the relaxation time with decreasing ionization degree is much sharper for TH50c than for TH50. As shown in the chapter 7, for TH50c, the evolution of the fraction of charged units within the hydrophobic blocks as a function of the ionization degree was also sharper for TH50c. Also for TH50c the fraction of charged units within the hydrophobic blocks is an important factor that controls the properties and explains to a large extent why variation of the amount of DMAEMA led to a variation of the exchange dynamics for a given α.

At room temperature, the behavior of the cationic copolymers was similar to that of the anionic ones. However, the response under heating was strongly different. The effect of temperature for the cationic triblock copolymers was observed to be complex and even irreversible to some extent. Here, we focused on the temperature range below 50°C

where no irreversible phenomena were observed. Irreversible transformations can occur at higher temperatures as shown in chapter 7, leading to out-of-equilibrium systems which are not described here.

For TH50c, the relaxation time decreased upon increasing the temperature except at low ionization degrees. Indeed, for ionization degrees below 0.70 the relaxation time increased when the temperature increased. For TH70c the relaxation time increased upon heating for all ionization degrees. Figure 3.14 represents the evolution of the relaxation time at 50°C normalised by its original value at 20°C as a function of the fraction of charged units within the hydrophobic blocks (f). The relaxation time increased upon heating at low fraction of charged units and decreased at high fraction of charged units.

These results are in contrast with those observed for the anionic triblock copolymers TH50

where the relaxation time decreased upon heating with an Arrhenius dependence characterized by Ea~ 1β0 kJ/mol independent of α and the concentration. This unusual effect could be explained by the pH-dependent LCST of the DMAEMA units, which is well-known to induce temperature-responsiveness sensitive to the pH. Indeed, Plamper et al. showed that the LCST of DMAEMA increases from 45 °C at pH=10 to 80°C at pH=7. 21 In conclusion, cationic copolymers formed viscoelastic fluids with exchange dynamics controlled by , similarly to THx. The strategy consisting of incorporating hydrophilic units inside the hydrophobic blocks could be extended to other monomer units than nBA/AA ones to induce and control the exchange dynamics of self-assembled amphiphilic copolymers. The use of DMAEMA as hydrophilic monomers allowed controlling the exchange dynamics with temperature and gave access to interesting new rheological properties, although the effect of temperature is very complex and partly irreversible. Moreover, the study of the neat random associating block by titration and light scattering revealed that the behavior of this polymer guides that of the diblock, triblock and graft copolymers both in terms of aggregation and exchange dynamics. This observation can be utilized to rationally design new copolymers with tunable aggregation and dynamics. Indeed, full understanding of the behavior of the neat hydrophobic blocks by light scattering and potentiometric titration can drive the synthesis efforts as illustrated in Figure 3.17. First only neat hydrophobic blocks with various compositions are synthesized. Then, titration experiments may be used to predict the charge repartition within the hydrophobic segments (blocks or grafts) as a function of the overall ionization degree/pH of triblock or graft copolymers containing these hydrophobic segments as previously reported. 5 Thereafter, the evolution of the aggregation numbers of the random copolymer(s) as a function of the ionization degree can be studied by light scattering.

Results of both potentiometric titration and light scattering studies of the neat hydrophobic block could predict roughly the rheological properties of triblock and graft copolymers as a function of the pH without needing to synthesize them. Hence, the preliminary study of different hydrophobic segments alone may save a lot of synthetic efforts to rationaly design triblock and graft copolymers containing the proper amount of hydrophilic and hydrophobic units to fulfill a target application.

Conclusions and perspectives

The bibliographic study revealed that diblock (DHx) and triblock (THx) copolymers based on a poly(acrylic acid) (PAA) hydrophilic block and one or two poly(n-butyl acrylate-co-acrylic acid) (MHx) hydrophobic end block(s) exhibited pH-tunable aggregation numbers and exchange dynamics. The AA content (x) strongly affected the dynamic exchange of THx due to the modification of the fraction of charged units within the hydrophobic blocks MHx.

The aim of this PhD work was to rationalize the parameters allowing a control of the exchange dynamics and of the resulting rheological properties of amphiphilic copolymers in aqueous medium in order to design smart materials such as hydrogels potentially relevant for industrial applications.

In the present work, the self-assembly of MHx with different x contents was investigated in aqueous medium by light scattering. These polymers were found to form aggregates with a size and aggregation number drastically depending on their amount of charges. A strong relationship between the self-assembly of the neat hydrophobic block (MHx) and that of the diblocks (DHx) was observed since the size of the DHx diblocks was mainly controlled by the amount of charges within their hydrophobic blocks. The amount of charges within the hydrophobic block(s) therefore controlled both the structure and the exchange dynamics of such copolymers.

To easily tune the rheological properties of hydrogels by formulation rather than by synthesis, mixtures of triblocks were studied. Mixtures of two dynamic triblock copolymers were already described in the literature for neutral copolymers and always led to visco-elastic fluids with two relaxation times corresponding to the exchange time of each triblock. It appeared that for our copolymers co-micellisation occurred only when both copolymers aggregated as was reported for other systems in the literature. When co-micellisation occurred, the relaxation time and the viscosity were affected by the mixing ratio of triblock copolymers THx. Furthermore, the exchange rate of each THx was mutually affected by the presence of the other copolymer, broadening the relaxation time distribution. The difference between neutral copolymer mixtures and our systems may come from the polyelectrolyte nature of the THx. This may indeed have resulted in a different expression of the charges within a hybrid core compared to a hydrophobic core composed of only one type of associating blocks.

Graft copolymers, P(AA)500-g-[P(nBA1-x-stat-AAx)100]y, with y=2, 7 and 30 were synthesized and characterized to better understand the effect of topology on the rheological properties and because graft copolymers are more relevant for large-scale applications than triblock copolymers. The graft copolymers formed viscoelastic fluids with pH-sensitive exchange dynamics. When y=2 or 7 the properties were mostly controlled by the fraction of charged units of the grafts (f=x.αMHx) without significant effect of the high dispersity of the hydrophilic backbones. In addition, their behavior was similar to the one of the triblock TH50 implying that the relaxation time is hardly impacted by the polymer architecture. Only at high grafting density, y=30, were architectural effects involved, lowering the relaxation times probably because of stronger intramolecular interactions.

In order to assess whether dynamic exchange can be induced and tuned by incorporation of any other hydrophilic units, to extend the pH range of use of such copolymers and to add thermo-sensitivity to the hydrogels, triblock copolymers composed of dimethylaminoethyl methacrylate (DMAEMA) and n-butyl methacrylate (nBMA) were synthesized and investigated. The incorporation of hydrophilic units inside the hydrophobic blocks appeared as a universal strategy to induce and control exchange dynamics of self-assembled amphiphilic copolymers. In addition, the use of DMAEMA as hydrophilic monomers allowed to control the exchange dynamics with temperature to some extent and gave access to interesting new rheological properties. It must however be noted that the effect of temperature was not fully reversible.

From a more general point of view, both the structure and the rheological properties of all these copolymers were mostly controlled by the fraction of charged units in the hydrophobic blocks. It appeared that a deep understanding of the self-assembly of the neat random associating block in aqueous medium gives tools to roughly predict the self-association of diblock copolymers and to estimate the rheological properties of the triblock/graft copolymers.

Despite these interesting results, many questions remain partially or totally unsolved. As shown in appendix, preliminary results indicate that gradient triblock copolymers may form viscoelastic materials with relaxation times tuned by the pH. However, gradient triblock copolymers of similar sizes as THx are needed to draw conclusions on the effect of the monomer repartition on the exchange dynamics. Moreover, unlike our systems, graft copolymers with longer backbones might have pronounced non-linear rheological properties such as shear-thickening or even shear induced gelation.

During this PhD, a master student of our group used a triblock copolymer TH50 to stabilize water/(do)decane emulsions. These preliminary results were interesting, emulsions were stable with small amounts of polymer, and this work could be extended.

ABSTRACT: pH-sensitive random P(nBA1-x-stat-AAx)100 (MHx) and block-random P(nBA1-

x-stat-AAx)100-b-PAA100 (DHx) amphiphilic copolymers have been synthesized, x standing for the molar ratios of pH-sensitive hydrophilic acrylic acid (AA) units statistically distributed with hydrophobic n-butyl acrylate (nBA) ones within the random block. Static and dynamic light scattering revealed that self-assembly of the random associating block (MHx) and blockrandom (DHx) copolymers is strongly affected by the pH and ionic strength of the solution, but also by the amount of AA units within the MHx blocks. Below a characteristic pH, MHx self-assembles into finite size spherical particles that grow in size with decreasing pH until they eventually become insoluble. DHx self-assembles into similar spherical particles, but the hydrophilic PAA100 corona surrounding the MHx core prevents insolubility at low pH. Selfassembly of DHx at higher pH is fully correlated to that of the neat MHx blocks, indicating that it is possible to control precisely the extent of self-assembly of diblock copolymers by tuning the hydrophobic character of their associating block. Here, this was done by controlling the fraction of charged units within the random associating block.

KEYWORDS: Micelle, acrylic acid, n-butyl acrylate, stimuli responsive, gradient.

I. Introduction

Self-assembly of amphiphilic copolymers in aqueous solution has been studied intensively over the last few decades. 1,2 Their amphiphilic nature is due to the combination of hydrophobic and hydrophilic monomers within the same macromolecule. The hydrophobicity of the corresponding units can be permanent or tunable in a reversible way through external parameters such as pH and temperature. 3 The distribution of hydrophilic and hydrophobic units within the polymer chain can vary between the two limiting cases of random and diblock copolymers; which plays a key role on the properties of the copolymer both in bulk and in solution.

Amphiphilic random copolymers are macromolecules in which hydrophobic and hydrophilic units are statistically distributed. [4][5][6] This causes them to display average properties with respect to the two corresponding homopolymers in terms of glass transition temperature and mechanical properties in bulk 7 or of LCST 8 or UCST 9 in solution. Studies of the selfassembly of such copolymers in aqueous solution have mainly been done in the past with hydrophobic polyelectrolytes, such as sulfonated polystyrene (PSS) or hydrophobically modified polyelectrolytes. Experimental work [10][11][12] in this field has been complemented with theoretical predictions. [13][14][15][16] It has been shown that in dilute solution and at low ionic strength, the chains self-assemble and adopt a "pearl-necklace" morphology. Intermolecular aggregation has also been observed experimentally. 6,[17][18][19][20] Copolymers that consist of short sequences of hydrophobic units separated by short sequences of charged hydrophilic units have also been studied as models for proteins. [21][22][23][24] It was shown that with an appropriate arrangement of the hydrophobic and charged sequences the polymer chains collapse into single-chain globules similar to the coil-to-globule transition of proteins.

Diblock copolymers consist of a pure hydrophilic block connected to a pure hydrophobic block. [25][26][27][28][29] Once dispersed in solution, they may self-assemble into very well defined aggregates of various shapes. It must be noted though that most of these block copolymers lead to frozen aggregates, i.e. out of equilibrium nano-objects, whose characteristics depend both on thermodynamics and kinetics. 30 The reason is that a high glass transition temperature and/or a too strong hydrophobic character of the hydrophobic block inhibits its escape from the core of the aggregates.

Dynamic exchange can be induced by incorporating in a controlled way hydrophilic units within the hydrophobic associating block leading to amphiphilic block-random copolymers, i.e. block copolymers which contain at least one random block rather than only pure blocks.

This new type of amphiphilic copolymers combines the advantages of both extremes as recently reviewed in the litterature. 31 Their diblock architecture leads to the formation of welldefined aggregates, whereas the randomness of the associating block allows fine-tuning of the self-assembling properties. [32][33][34][35][36] The block-random architecture has been used by Bendejacq 37 , Wright 38 , Gotzamanis 39 and ourselves 40,41 to control the structure and/or dynamics of selfassembly of amphiphilic block copolymers. In our research group we have studied diblock and triblock copolymers consisting of a pure hydrophilic poly(acrylic acid) (PAA) block connected respectively to one or two associating random blocks of n-butyl acrylate (nBA) and acrylic acid (AA): P(nBA(1-x)-stat-AAx)100-b-PAA100 (DHx) and P(nBA(1-x)-stat-AAx)100-b-PAA200-P(nBA(1-x)-stat-AAx)100 (THx). 40,41 Pure PnBA-b-PAA diblocks formed frozen aggregates 42,43 unable to exchange unimers due to the strong hydrophobic character of the pure PnBA block, but DHx and THx formed aggregates with exchange rates that could be controlled by the pH. 40,41 Although preliminary results 44 highlighted the importance of x, the amount of charged units within the hydrophobic block of THx copolymers, there has been to the best of our knowledge only one investigation of the relationship between the selfassembly of a block-random copolymer (A-co-B)-b-B and that of its random associating block (A-co-B) by itself. 39 Here, we report on the self-assembly of three MHx with nearly identical degrees of polymerization and dispersity, but different AA contents and compare it to the self-assembly of corresponding diblock copolymers DHx consisting of the same MHx blocks connected to a PAA100 block.

II. Materials and methods.

1. Synthesis of the copolymers. All copolymers have been synthesised following already published procedures, 40 From the titration data, the total amount of titrable AA units and the evolution of the pH of the solution as a function of its ionization degree α = [AA -]/([AAH] + [AA -]) were determined, where [AA -] and [AAH] are the concentrations of charged and protonated AA units, respectively. All acrylic acid units within a DHx copolymer could be ionized no matter whether they belonged to the pure PAA100 block or the statistical P(nBA1-x-stat-AAx)100 block. However, the AA units within the PAA100 block are more acidic than those of the P(nBA1-x-stat-AAx)100 block. It was shown that for a given overall ionization degree of the diblock (DHx the specific ionization degree of the AA units within each block, MHx and PAA could be determined quantitatively. 45 Therefore, the fraction of charged units within the random associating block can be calculated as

: fMHx = [AA -]MHx/([AA -] + [AAH] + [nBA])MHx = xMHx.
3. Sample Preparation. For light scattering, stock solutions were prepared by dissolving the polymers with demineralized water (Millipore) in the presence of the required amount of σaτH to reach an ionization degree α ~ 0.λ-1 while stirring overnight. For the final solutions, α was decreased by adding the desired amount of either a hydrochloric acid solution (HCl) or a freshly prepared solution of D-glucono-δ-lactone (GDL). D-glucono-δ-lactone is slowly hydrolyzed into gluconic acid, a weak acid with a pKa of 3.4 44,46 which causes a decrease of . The solutions were prepared at least 24 hours prior to measurements to insure full hydrolysis of GDL into gluconic acid. The fact that the acid-base reaction between GDL and DHx is no longer complete below  = 0.4 was taken into account when lower values of were targeted, see Supporting Information of ref 47 for details. For MHx the correction is necessary only below  = 0.2 because MHx has a higher pKa. The solutions were filtered through 0.β m pore size GHP Acrodisc filters. Solutions at lower concentrations were obtained by simple dilution of the stock solutions with filtered NaCl solutions at the proper NaCl concentration. The [Na + ] was kept constant as explained previously. 41 4. Light scattering. Light scattering measurements were performed at 20 °C with a standard ALV-CGS-8F system equipped with an ALV-5003 multi tau correlator system (ALVGmbH, Germany). A vertically polarised Helium-σeon laser with wavelength =θγβ.8 nm was used as light source. Measurements were done at angles varying from 12 to 150° corresponding to scattering wave vectors (q=4nsin(/2)/, with  the angle of observation and n the refractive index of the solvent) ranging from 2.5 10 6 to 2.7 10 7 m -1 .

Dynamic light scattering. The measured normalized autocorrelation function of the scattered light intensity (g2(t)) is related to the electric field autocorrelation function (g1(t)) through the Siegert equation: g2(t)=1+ g1 2 (t), where is the spatial coherence factor. 48 The electric field autocorrelation function g1(t) was analyzed in terms of a relaxation time () distribution (A())

using the REPES routine.

   (1) 
The calculated average relaxation rate was q 2 -dependent indicating cooperative diffusion of the solute and the diffusion coefficient was calculated as Dc= -1 /q². The z-average hydrodynamic radius of the solute was calculated from Dc in dilute solution using the Stokes-Einstein equation:

(

with k Boltzmann's constant and  the viscosity of the solvent.
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For DHx solutions a second slow relaxation mode was sometimes observed that was caused by the scattering of a small weight fraction of large particles (spurious scatterers). 41 Static light scattering. The Rayleigh ratio, R , was calculated as:

= - (3) 
where Isolution, Isolvent, and Itoluene are the average intensities scattered, respectively, by the solution, the solvent, and the reference (toluene). The refractive index of the solvent (water) and the reference are nsolvent=1.333 and ntoluene=1.496 and the Rayleigh ratio of the reference is Rtoluene=1.35 10 -5 cm -1 . When a slow mode was observed in DLS, R was corrected for the contribution of the spurious scatterers by multiplying it with the relative amplitude of the fast mode. 49 The apparent molar mass (Mapp) of the solute was calculated from the Rayleigh ratio of the solution as: R =K.C.Mapp.S(q) (4)

where S(q) is the structure factor and K a constant:

= 2 2 4 (5) 
Here Na is Avogadro's number and ∂n/∂C is the specific refractive index increment of the solute. For all systems studied here S(q) was close to unity over the whole q-range investigated. Mapp is equal to the weight average molar mass (Mw) in dilute solution when interactions can be neglected.

Specific refractive index increment measurement. dn/dc has been measured with a differential refractometer, Optilab rEX Wyatt-8ββ, equipped with a laser light source ( =θγγ nm). The refractive index was determined for each polymer at five concentrations between 1 and 5 g/L in the presence of 0.1 or 0.5 mol/L NaCl.

The specific refractive index increment was found to depend linearly on the overall fraction of charged AA units: dn/dc=0.126+0.10.fAA-at 0.1 M NaCl and dn/dc=0.121+0.051.fAA-at 0.5 M NaCl, see Figure 2, with fAA-

= [AA -]/([AA -] + [AAH] + [nBA]
). In first approximation, the increase of dn/dc with increasing charge density can be explained by the contribution of the sodium counterions to the refractive index. The dependence of dn/dc on  was stronger than for pure PAA reported in the literature by Kitano et al. 50 , see dashed lines in Figure 2. In first instance, self-assembly in aqueous solution of P(nBA50%-stat-AA50%)100 (MH50) has been studied as a function of both  and polymer concentration. NaCl was added to all solutions to maintain a constant Na + concentration of 0.1 M. This value was chosen as a compromise between suppressing the polyelectrolyte effect classically observed in light scattering for salt-free polyelectrolyte solutions 51 and limiting macroscopic phase separation which occurs at low  and high ionic strength (see below and Supporting Information in section 2, Figure S1-4).

For   0.7, the weight average molar mass of the scatterers (Mw = 1.210 4 g/mol), corresponding to their apparent molecular weight Mapp at low concentrations where interactions can be neglected, corresponded to that of the unimers (Mw(MH50) = 1.110 4 g/mol), indicating that MH50 was not aggregated at these ionization degrees, see Figure 3. For  = 0.9, Mapp decreased while the concentration increased due to repulsive interactions between unimers. For 0.7≥≥0.3, Mapp was independent of the polymer concentration up to 30 g/L. This behavior is in contrast with that of DH50 for which strong repulsive interactions were observed above 5 g/L. 41 The difference between MH50 and DH50 can be understood by the fact that the aggregates formed by MH50 lack the PAA corona of DH50 which generates much stronger steric and electrostatic repulsive interactions between aggregates. Figure 4 shows that Mw increased when  decreased below 0.7, revealing a progressive association of the unimers. The size of the aggregates increased sharply with decreasing  and diverged at  = 0.3. At lower charge densities, electrostatic interaction was no longer sufficient to limit the growth of the aggregates and the polymer precipitated. Figure 5 shows that the dependence of the hydrodynamic radius (Rh) on Mw is compatible with spherical objects (Rh ~ Mw 1/3 ) with a density of 0.5-1 g/mL. The density of the particles was smaller than that of PnBA (PnBA = 1.04 g/mL 42 ) or of PAA (PAA > 1.2 g/mL 52 ), indicating that they contained water. Formation of finite size aggregates has already been observed for colloidal and associating polyelectrolytes systems 16,21,[53][54][55][56][57][58] and can be rationalized as follows. The nBA units within MH50 chains are not soluble in water and trigger the aggregation. However, the latter leads to increasing electrostatic interactions between the charged AA units, which is reduced by condensation of Na + counter ions causing a loss of translational entropy. The equilibrium size of the aggregates is determined by the balance between the hydrophobic interactions of nBA units and the charge accumulation and will therefore increase with decreasing charge density of MH50. The equilibrium size did not depend on the polymer concentration, at least between 2 and 30 g/L implying that the contribution of translational entropy of the polymers was not significant in this concentration range.

The self-assembly of MH50 was also studied at [Na + ] = 0.5 M, see Figure 4. Qualitatively, the behavior of MH50 at this ionic strength was similar to what was observed at [Na + ] = 0.1 M.

However, the size of the aggregates for a given  was larger and macroscopic precipitation started at a slightly higher . A more detailed description of the effect of [Na + ] on the aggregation of MH50 is given in the section 2 of the Supporting Information (Figure S1). For a given value of  the aggregate size increased with increasing ionic strength and precipitation was observed above a critical salt concentration. Qualitatively, these effects of increasing salt concentration can be understood by screening of electrostatic interaction and reduction of the loss of translational entropy of the counterions.

Effect of the fraction of charged units: MH40, MH50 and MH60

The self-assembly of MH50 was compared to that of MH40 and MH60 at [Na + ] = 0.1 M, see Quantitatively, the self-assembly of MHx was strongly dependent on its AA content as the evolution of Mw vs.  shifted to higher  (i.e. higher pH) when x decreased, see Figure 6a. In other words, for the same ionization degree the aggregation number increased when the AA content decreased. Moreover, precipitation of the polymer occurred at higher  when x was lowered. The effect of x can be understood by plotting the evolution of Mw as a function of the fraction of charged units within the MHx (fx = x., see Figure 6b. In this representation, the curves are much closer which shows that the fraction of charged units is a key parameter controlling the self-assembly of these polymers. Of course, the contribution of the hydrophobic nBA units is different from that of the hydrophilic uncharged AA units, which probably explains why the curves of MH40, MH50 and MH60 do not fully superimpose in this representation. 

P(nBA(1-x)-stat-AAx)100-b-PAA100 diblock copolymers (DHx)

The self-assembly of the DHx diblock copolymers has been studied as a function of both  and polymer concentration at [Na + ] = 0.1 M in order to compare the behavior of these polymers with that of their random associating block (MHx). The concentration dependence This diblock copolymer remained in the form of unimers for DH50  0.6. Below DH50, D self-assembled into aggregates with a size that increased with decreasing DH50. The behavior of the other DHx is qualitatively equivalent. Similar to MHx, the increase of the aggregate size started at higher DHx when x decreased. However, whereas MHx precipitated below a characteristic value of MHx, for DHx the growth of the aggregate size with decreasing DHx stagnated. 

Comparison of MHx and DHx

We have shown above that the self assembly of MHx was to a large extent controlled by their charge density. We suspected that the relevant parameter for the self assembly of DHx was of the block random copolymers (DHx) and that of the neat random associating blocks (MHx) roughly occur for the same ionization degree of the MHx block (MHx). This implies that the self-assembly of the DHx random block copolymers can be understood and controlled through the behavior of their MHx random block. A similar close correlation was reported by Gotzamanis et al. who compared the temperature dependent self-assembly of individual thermo-sensitive random blocks with that of the corresponding block-random copolymers. 39 In spite of the strong correlation between the self-assembly of the MHx and that of the DHx, there are some quantitative differences. The increase of Nagg with decreasing MHx started systematically at lower values of MHx for DHx than for MHx. The implication is that the selfassembly of the hydrophobic block in DHx is slightly hindered by the presence of the PAA corona. In addition, as we noted above, the presence of the corona inhibited large scale aggregation and precipitation at low MHx as was earlier shown by Ward et al. 59 who compared random and triblock pH and thermosensitive amphiphilic copolymers. 

IV. Conclusions

PAA with hydrophobic nBA units randomly distributed within the chain self-assembled below a certain degree of ionization into stable spherical aggregates. Their aggregation number increased with decreasing  (resp. pH) and diverged at a characteristic value below which the polymers were no longer soluble. The association behavior shifted to higher  when more nBA were incorporated in the random associating block and can for a large part be understood in terms of the total fraction of charged units (= charge density). The charge density can be varied by varying the pH or the fraction of nBA units within the random copolymer. The effect of the pH on the self-assembly can therefore be controlled by varying the fraction of nBA units.

If the same random block MHx was attached to a PAA chain, it was observed that the selfassembly of the resulting block-random copolymer DHx was strongly correlated to that of the single MHx blocks. It demonstrates that it is possible to control and predict the pH dependent self-assembly of block-random copolymers by studying the behavior of their neat associating block. Small differences were however observed between the behavior of the MHx block and that of the DHx. In the block random copolymers, self-assembly indeed occurred at slightly lower charge densities of the MHx block than when this block was not connected to a PAA hydrophilic block. In addition, for the DHx, the increase of the aggregation number stagnated at lower  due to the presence of the polyelectrolyte corona.

We believe that the present results obtained on block random copolymers are relevant also for gradient amphiphilic copolymers, because block random copolymers may be considered as gradient copolymers with an extreme strength of the gradient of composition. 60 Reports in the literature have shown that the control of the gradient strength was an elegant way of driving the self-assembly of such amphiphilic copolymers. [61][62][63] ASSOCIATED CONTENT Details on synthesis, titration, phase separation and polymer concentration effect are available in Supporting Information. This material is available free of charge via the Internet at http://pubs.acs.org.

acidolysing the corresponding P(nBA(1-x)-stat-tBAx)100-Br macroinitiator or the P(nBA(1-

x)-stat-tBAx)100-b-PAA100-Br diblock. After acidolysis, purification was done by precipitation into pentane. The final polymers were characterized by 1 H, 13 C NMR and by titration, confirming quantitative and selective acidolysis.

1 H, 13 C NMR spectra were recorded at β0 °C on a Brüker AC400 (400 MHz) spectrometer using CDCl3, MeOD or THF-D8.

Size exclusion chromatography analysis was done with an equipment consisting of a guard column (η m, η0 mm × 7.η mm) connected to a PLgel Mixed-D column (η m, γ00 mm ×7.η mm) and a PLgel "individual pore size" column (η m, η0 mm ×7.η mm) operating at room temperature in THF with a flow rate of 1 mL.min -1 . After filtration through a 0.2 µm pore size membrane, injection was done at a polymer concentration of ~5 mg.mL -1 in THF. In all cases except DH50 which had been synthesized and analyzed previously, absolute average molar masses were calculated using a light scattering (miniDAWN TREOS from Wyatt) and an

Online refractive index (RID10A from Shimadzu) detectors with a specific refractive index increment of the polymer in THF of 0.057 mL/g. 3 For the precursor of DH50, molecular weights were determined as PS-equivalents using PS-standards for calibration of the SEC. 

2) Phase separation

Figure S1, Figure S2 and Figure S3 represent the dependences of Mw on the concentration of Na + at several ionization degrees at C=2 g/L, for MH50, MH40 and MH60, respectively. It appears that adding salt has two effects on MHx. It causes an increase of the aggregation number at a given ionization degree and decreases the solubility of the polymer. For MH50, the aggregation number increases with increasing [Na + ] at α=0.η and 0.7 until precipitation.

However, at α=1 unimers are present at all [σa + ] until the system phase separates for

[Na + ]>1.5 M.
There is a threshold value of [Na + ] for each ionisation degree at which the polymer precipitated, characterized by clouding of the solutions. This critical value is represented as dashed lines and it decreases with the decrease of α. Phase separation leads to the formation of a viscous bottom phase containing most of the polymer. Light scattering measurements showed that the top phase contained a small amount of polymer at least just above the critical value (data not shown).

The salt induced phase separation occurred at different ionization degrees depending on x.

The phase diagram of MHx as a function of [Na + ] and the ionization degree is shown in Figure S4a. As might be expected a decrease in the fraction of AA units x favours phase separation.

The phase diagram of the MHx as a function of [Na + ] and the fraction of charged units is shown in Figure S4b. Good correlation is found between [Na + ] and the fraction of charged units for the three copolymers, demonstrating that the solubility of MHx is principally controlled by the charge density. The maximum fraction of charged units (fMHx) when =1 is indicated by dashed lines on Figure S4b. 

3) Influence of the concentration

As explained in the "Material and Methods" section of the paper, the effects of the concentration were systematically checked in order to choose a suitable concentration to measure Mw. For all the copolymers, 2 g/L of copolymer is an appropriate polymer concentration where interactions between the scatterers can be neglected. 

4) Titration

For all P(nBA(1-x)-stat-AAx)100 (MHx) and P(nBA(1-x)-stat-AAx)100-b-PAA100 (DHx) copolymers, all AA units eventually become ionized at pH > 9. However, due to differences of pKa between the AA units in the hydrophilic corona PAA100 and in the associating block P(nBA(1-x)-stat-AAx)100, preferential ionization of the AA units within the corona occurred as depicted on Figure S9. In other words, for a given overall ionization degree of the diblock, corresponding to the average ionization degree of all AA units within the polymer, the ionization degree is lower for the AA units in the P(nBA(1-x)-stat-AAx)100 block than for those in the PAA100 block as depicted in Figure S9. Note that the experimental data represented on Figure S9 have been obtained according to an already published procedure 7 and are in good agreement with extrapolations calculated in a previous article. 3 

I. Introduction

Amphiphilic diblock (AB) or triblock (BAB) copolymers consisting of hydrophobic B blocks

and hydrophilic A blocks self-assemble in aqueous solution in order to reduce contact between the B blocks and water. 1 Triblock copolymers may form a network through bridging of hydrophobic micellar cores by the A blocks 2 with rheological properties that depend on the exchange time of the B blocks between the cores 3 , the polymer concentration and the block lengths. In particular, controlling the exchange time of the B blocks may lead to soft hydrogels or visco-elastic fluids with tunable viscosities relevant for applications such as in Enhanced Oil Recovery (EOR) 4,5 or cosmetics 5,6 . However, few attempts have been made at controlling the exchange time which increases exponentially with the length of the B blocks and with their hydrophobic character. 7,8 Most amphiphilic triblock copolymers studied in the literature actually form networks with extremely long and poorly tuneable exchange times. 7 It has been shown recently [9][10][11][12][13] that incorporating hydrophilic units within the B blocks through controlled synthesis enables dynamic exchange even for relatively long B-blocks. In the past we have studied in some detail the amphiphilic triblock copolymers P(nBA(1-x)-stat-AAx)100b-PAA200-b-P(nBA(1-x)-stat-AAx)100 (THx) that consist of a poly(acrylic acid) (PAA) central A block and two lateral B blocks containing randomly distributed hydrophobic n-butyl acrylate (nBA) and hydrophilic acrylic acid (AA) units. Their exchange time could be varied over more than 10 orders of magnitude by modifying 14 the content of AA units within the B blocks (x) and/or by changing the pH 9 which affects the ionization degree  = [AA -]/([AA - ]+[AAH]) of the AA units 15 . Both parameters determine the fraction of ionized sodium acrylate units (AA -) within the B blocks, which was shown to be a key parameter to tune the exchange time. 14 Although this approach is useful to modify the relaxation time by changing the pH, modifying the relaxation time of aqueous solutions of THx at a given pH requires synthesis of polymers with different x. 14 Here, we have explored the possibility to use mixtures of THx copolymers with different x to control the dynamic mechanical properties of the mixtures. Many studies of mixtures of AB amphiphilic diblock copolymers have been reported [16][17][18][19][20][21][22][23][24][25][26][27][28][29][30][31][32][33][34][35] , but we are aware of only two relevant studies of mixtures of triblock copolymers, both using neutral copolymers 3,36 . Annable et al. 3 observed that the stress relaxation of the transient networks formed by mixtures of BAB triblock copolymers consisting of a poly(ethylene oxide) (PEO) A-block end capped with alkyl chains of different sizes were characterized by two distinct relaxation times corresponding to those of each individual BAB triblock. A similar observation was reported by Rufier et al. 36 for mixtures of PEO end capped either with alkyls or fluorinated alkyls though in that case the incompatibility between fluorinated and alkyl end-chains may lead to their segregation.

Here we will show that by mixing THx with different compositions it is possible to modify and control the rheological properties of the solutions at a given pH. In order to investigate if and when comicellization occurs, we discuss mixtures of diblock copolymer homologues of THx: P(nBA(1-x)-stat-AAx)100-b-P(AA)100 (DHx).

II. Materials and methods.

1. Synthesis of the copolymers. The synthesis of the P(nBA1-x-stat-AAx)100-b-P(AA)100 diblock 37,38 and of the P(nBA1-x-stat-AAx)100-b-P(AA)200-b-P(nBA1-x-stat-AAx)100 triblock 14 copolymers has been described elsewhere. 38 In each case, the number average degree of polymerization of each block was kept constant as indicated in subscripts while the AA content (x) was either 40, 50 or 60 %. The number average molecular weight and dispersity were, respectively, Mn = 1.7 10 4 g/mol and Ð ~ 1.2 for the diblocks and Mn = 3.4 10 4 g/mol and Ð ~ 1.1 for the triblocks. Diblocks are equivalent in mass and composition to triblocks cut in the middle.

Light scattering. Light scattering measurements were performed on an ALV-CGS-8F

system equipped with an ALV-5003 multi tau correlator system (ALVGmbH, Germany). A vertically polarised Helium-σeon laser was the light source ( =θγβ.8 nm). Measurement were done over a range of scattering wave vectors (q=4n/.sin(/2), with n the refractive index of the solvent and the angle of observation) between 2.5 10 6 and 2.7 10 7 m -1 .

Dynamic light scattering. The Siegert equation: g2(t)=1+ .g1 2 (t), where 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). 39 The relaxation time () distributions, A(), were extracted from g1(t) using the REPES routine 39 :

   (1) 
The calculated average relaxation rate was q 2 -dependent indicating cooperative diffusion of the solute and the diffusion coefficient was calculated as Dc= -1 /q². In dilute solution interaction between the solute is negligible so that the z-average hydrodynamic radius of the solute can be calculated from the diffusion coefficient using the Stokes-Einstein equation:

(2)
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with k Boltzmann's constant, T the absolute temperature and  the viscosity of the solvent.

Static light scattering. The Rayleigh ratio, R , was calculated as:

= - (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 10 -5 cm -1 and the refractive index of the reference and the solvent (water) are respectively ntoluene=1.496 and nsolvent=1.333.

The apparent molar mass (Mapp) of the solute was calculated from the Rayleigh ratio of the solution as: R =K.C.Mapp.S(q) (4)

where S(q) is the structure factor and K a constant:

= 2 2 4
(5)

Here ∂n/∂C is the specific refractive index increment of the solute and Na is Avogadro's number. S(q) was close to unity over the whole q-range measured. Light scattering experiments on the diblock copolymers were performed at a total polymer concentration of 2 g/L at which interactions could be neglected 37 so that Mapp could be considered equal to the true weight average molar mass (Mw) of the scatterers.

The total aggregation number (NT) was calculated by dividing Mw by the weight average molecular weight of the polymer chains.

3. Sample Preparation. Each sample was prepared independently using the following procedure. First, the polymer was dissolved in demineralized water (Millipore) with the right amount of sodium hydroxide to ionize ~λ0% of the acrylic acid units (α=[AA -]/([AA - ]+[AAH]) ~0.9). The system was homogenized by stirring during one day. The ionization degree (α) was then gradually decreased using freshly prepared D-glucono-δ-lactone (GDL) which slowly hydrolysed into gluconic acid (pKa~3.4). GDL was fully hydrolyzed after 24 hours leading to steady-state. For α>0.4, the acid-base reaction between gluconic acid and the AA units of the polymers is complete so that the amount of GDL required to reach a target value of α could be calculated straightforwardly. For α<0.4, it is necessary to take into account that GDL is not a strong acid as explained in the supporting information of ref 40 .

Mixtures were prepared at α~0.λ-1 and α was subsequently decreased using GDL, unless specified otherwise. As is shown in section 1 of the supporting information, the characteristics of the mixtures of diblocks determined by light scattering were the same no matter whether the solutions of polymers were mixed at  = 0.9 before decreasing  or were mixed once the targeted value of  had been reached. Since the relationship between the pH and α did not depend significantly on x within the range investigated, 15  was the same for both polymers in the mixtures.

4. Dynamic mechanical measurements. Oscillatory shear measurements were done in the linear response regime as a function of the frequency using controlled-stress rheometers equipped with cone-plate geometries: ARG2 (TA Instrument, angle = 4° -2 ° -1°, diameter 20 -60 mm) and MCR301 (Anton-Paar, angle = 2° -1°, diameter = 25 -50 mm). The geometry was covered with silicon oil in order to prevent water evaporation. The temperature was controlled with a Peltier system. GDL was added to the solution just before loading the samples onto the rheometer and the measurements were done after steady state had been reached, see refs 9,40 for details.

III. Results and Discussion

Diblock copolymers

Self-assembly of pure and mixed diblock copolymers (DHx) with different amounts of acrylic acid (AA) units within the hydrophobic block (x = 40, 50 and 60%) was investigated by light scattering in aqueous medium at 0.1 M and 0.5 M NaCl. The self-assembly of pure DH40 and DH60 aqueous solutions at 0.1 M NaCl was already reported, 37 as well as that of pure DH50 aqueous solutions at 0.1 M and 0.5 M NaCl. 10,37,41 The dependence of the total aggregation number (NT) on the ionization degree () for DHx in the presence of 0.5 M NaCl is shown in fig. 1 and was found to be qualitatively similar to that already reported at 0.1 M NaCl. 37 At α=1 the measured weight average molar masses were close to that of the unimers (Mw=1.9 and2c.

It was shown recently that mixtures of diblocks with a similar architecture as DHx, but consisting of a pure poly(dimethylaminoethyl methacrylate) (PDMAEMA) hydrophilic block connected to a random block of DMAEMA and diethylaminoethylmethacrylate (DEAEMA) units, also formed mixed polymeric micelles. 13 A remarkable difference is, however, that for the latter system, the aggregation number of the mixed micelles was lower than the average of the two individual micelles, whereas for the present system NT of the mixed micelles was larger. Furthermore, mixed micelles of PDMAEMA-b-P(DMAEMA-co-DEAEMA) were formed even if one of the diblocks did not form micelles by itself.

Triblock copolymers

As was mentioned in the introduction, self-assembly in aqueous solutions of THx leads to the formation of networks above a critical concentration and below a given ionization degree which depend on x. 9,14 The terminal relaxation time () of the transient networks was found to increase sharply with decreasing  and/or x until it becomes incommensurably long and the systems behave as permanently cross-linked hydrogels. 14 In the following we will first discuss mixtures that did not co-assemble and then mixtures that formed hybrid hydrophobic cores.

Non hybridized mixtures of TH40 and TH60.

The frequency dependence of the storage (G') and loss (G") shear moduli was measured for mixtures of TH40 and THθ0 with different weight fractions of TH40 (F40) at conditions where no hybridization occurred for the diblocks, viz. at α=0.θη and C=γ0 g/L. The results obtained at different temperatures could be superimposed using horizontal and vertical shift factors leading to a master curve as was already shown elsewhere for pure THx solutions 9,14 , see fig. 3a. The frequency dependence of G' and G" is typical for viscoelastic liquids with a broad distribution of relaxation times. The temperature dependence of the relaxation times was controlled by an activation energy that was independent of F40 and close to that reported earlier for pristine THx solutions (Ea≈120 kJ/mol), see section 3 of the supporting information. Master curves obtained at different F40 with Tref=20 °C and F40,ref =1 could themselves be superimposed, see Figure 3b, which means that the width of the relaxation time distribution did not depend significantly on F40. The relaxation time () defined as the inverse of the angular frequency at which G'=G" is plotted as a function of F40 in Figure 4a.  decreased initially weakly with decreasing F40 down to F40 = 0.6 followed by a sharp decrease at lower values of F40. The relaxation time could no longer be determined for F40 < 0.4 where viscous liquids were obtained. In order to distinguish the effect of replacing TH40 by TH60 in the mixtures from the mere effect of diluting TH40, the values of the relaxation time were compared with those obtained for pure TH40 solutions at the same TH40 concentrations as in the mixtures. The relaxation time and also the viscosity, see Figure 4b, were the same with and without TH60. The implication is that TH60 does not have a significant influence on the behavior of TH40 at =0.65, in agreement with the fact that no co-micellization of DH40 and DH60 was observed at the same conditions.

a T rad/s) 2.2 Hybridized mixtures of TH40 and TH60. TH40/TH60 mixtures were also studied at  = 0.2 where DH40 and DH60 co-micellized. Figure 5 shows master curves of the storage modulus obtained by temperature-frequency superposition for mixtures at different compositions at a total polymer concentration of C=30 g/L. The temperature dependence was controlled by an activation energy that was within the experimental error the same as for pure THx solutions. For F40  0.43, frozen networks were formed with a weakly frequency dependent storage modulus at low frequencies that increased sharply with increasing F40.

Mixtures with F40  0.33 formed viscoelastic networks with a terminal relaxation time that increased with increasing F40. The relaxation time distribution also appears to broaden with increasing F40. As previously reported, 14 pure TH40 solutions at  = 0.2 formed frozen networks ( > 10 7 s) above the percolation concentration Cp = 5 g/L, which corresponds to F40=0. 16 for the mixtures at C = 30 g/L. The elastic modulus of the frozen network increased with increasing polymer concentration. Pure TH60 solutions at  = 0.2 formed viscoelastic liquids with a terminal relaxation time that decreased with decreasing concentration close to the percolation concentration. It is clear that the behavior of the mixtures cannot be understood as the response of independent interpenetrated TH40 and TH60 networks. Considering that mixed micelles were formed in mixtures of DH40 and DH60 at  = 0.2, it is likely that the mixtures of TH40 and TH60 at =0.2 formed a single network of mixed micellar cores bridged by both TH40 and TH60 chains.

If it had been the case that neither the percolation concentration of TH40 nor its relaxation time were affected by mixing with TH60, the amount of frozen TH40 bridges would have been sufficient to allow the formation of a system spanning hybrid network for F40  0.16 (CTH40 = 5 g/L) and an elastic solid would have been observed at these conditions. However, the signature of an elastic gel was only observed for F40 > 0.43. It follows that either the percolation concentration of TH40 increased to 10-13 g/L (F40 = 0.33-0.43) and/or its relaxation time decreased in the presence of TH60. It was not possible to exclude either A relaxation process was observed at high frequencies for the relatively weak frozen network at F40 = 0.43 that can be attributed to the exchange of the TH60 bridges in the hybrid network.

This relaxation process was much slower than for pure TH60, indicating that the exchange time of TH60 was increased by the presence of TH40 in the micellar cores. For F40 < 0.43, the increase of  with increasing F40 can therefore be explained by the slow down of TH60 exchange by the presence of an increasing amount of TH40 in the cores.

Replacement of TH40 chains by TH60 chains at the same polymer concentration does not modify the total number of chains that constitute the fully formed network. Therefore, the elastic modulus at very high frequencies is not expected to depend on F40. mixing TH40 and THη0 at α=0.θ0 and C=30 g/L as a function of the fraction of TH40 in the mixture. At this ionization degree DH40 and DH50 co-micellized and both TH40 and TH50 had measurable relaxation times. 14 Master curves of the frequency dependence of G' could be obtained by temperature-frequency superposition, see Figure 7, showing viscoelastic behavior for all compositions. In section 4 of the supporting information the frequency dependence of both G' and G'' is shown. The temperature dependence of  was controlled by an activation energy that was the same as for pure THx solutions. The width of the relaxation time distribution appears broader for intermediate values of F40. The dynamic mechanical properties of these mixtures can be understood by assuming that the networks are formed by mixed micelles. 0 and  are plotted as a function of F40 in Figure 8.

With increasing F40,  increased sharply between F40=0.3 and 0.4 and more weakly at larger F40. The sharp increase of  and 0 in the mixtures occurred at a TH40 concentration close to the percolation concentration of pure TH40 solutions, see Figure 4 and ref. 14 .Most likely, the sharp increase of  at F40 = 0.3-0.4 is caused by percolation of micelles bridged by TH40 chains.

a T rad/s) The broader relaxation time distribution at intermediate values of F40 suggests that the stress relaxation involved dynamic exchange of both TH50 and TH40. However, we cannot distinguish two distinct relaxation processes corresponding to the exchange of B-blocks from TH50 and TH40, as was reported for mixtures of neutral triblock copolymers. 3,36 We speculate that the exchange time of B blocks of each polymer was affected by the presence of B blocks of the other polymer, i.e. the faster escape of TH50 B blocks was slowed down by the presence of TH40 blocks and vice versa. Since the relaxation time distribution of the pure system was already rather broad, this mutual influence in the mixture may have led to the observed monomodal broad relaxation time distribution.

The strong mutual influence on the exchange rate is most probably caused by the polyelectrolyte nature of the self-assembling blocks. It was shown elsewhere 14 that the exchange dynamics of THx are mainly controlled by the fraction of charged units within the hydrophobic blocks. The latter depends both on the fraction of AA units in the B block (x) within these blocks and on the pH, which affects their ionization degree. Mixing two polymer solutions at the same pH did not influence the pH. However, the average AA/nBA ratio changed as a function of F40 in the hybrid hydrophobic cores, which probably affected the way charges were expressed within the core because the local dielectric constant changed. 15 Note also that mixing amphiphilic copolymers with surfactants was already observed to increase the exchange rate. [42][43][44] In mixtures of TH40 with TH50 or TH60, the more dynamic triblock may play the same role as a surfactant by transforming the frozen TH40 network into a dynamic network.

TH40 and TH50 chains do not differ so strongly in their AA content within the hydrophobic blocks, but nevertheless mixing them resulted in an important broadening of the relaxation time distribution. This explains why stress relaxation even of networks formed by pure THx with small composition dispersity was characterized by rather broad relaxation time distributions. The implication is that a very precise control of the composition of the hydrophobic blocks is required if a narrow relaxation time distribution is aimed for. On the contrary, formulation by mixing THx with different x leads to a very broad relaxation distribution, but allows easy control of the viscosity at a given pH.

IV. Conclusions

Hydrophobic blocks of DHx and THx assemble into micellar cores below a critical ionization degree that depends on the content of AA units in these blocks. In mixtures of copolymers with different values of x, mixed micellar cores are formed only when both copolymers selfassemble in pure solutions, that is if  is below the critical value for both polymers. Hybrid networks have rheological properties controlled by the relaxation of both types of triblock copolymers, allowing control of the viscosity over a broad range at a given pH by simple formulation, see Figure 6 and8.

For hybrid networks the exchange rate of the B blocks was influenced by the presence of the other type of B block in the micellar core. The mutual influence was strong enough to render a frozen network of TH40 dynamic by adding rapidly exchanging TH60 chains. For TH40/TH50 mixtures the mutual influence resulted in a system with a monomodal broad relaxation time distribution with a terminal relaxation time that increased with increasing fraction of TH40 for a given pH and polymer concentration.
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I. Introduction

By association of their solvophobic block(s), amphiphilic block copolymers self-assemble in selective solvents. 1 When the copolymers consist of at least two solvophobic blocks, their self-assembly may result in the formation of a 3D network with useful rheological properties. 2,3 The self-assembly of BAB triblock copolymers with solvophobic B-blocks has been studied extensively because they are well-defined model systems. In water BAB triblock copolymers self-assemble in dilute solution into flower-like micelles consisting of a core formed by associated B blocks surrounded by a corona of hydrophilic A blocks. At higher concentrations the copolymers form bridges between the micelles and above a critical concentration (Cp) the bridged micelles percolate and form a system spanning network. As a consequence, the viscosity increases sharply, but does not diverge if the lifetime of the bridges is finite. [4][5][6][7][8] In recent years, we have studied in detail a particular type of BAB triblock copolymers in aqueous solution for which the lifetime of the bridges and therefore the rheology could be finely tuned by the pH. 9,10 The hydrophilic A block consisted of poly(acrylic acid) (PAA) and the hydrophobic B blocks consisted of random copolymers of acrylic acid and nbutyl acrylate: P(nBA1-x-stat-AAx)100-b-PAA200-b-P(nBA1-x-stat-AAx)100. 9,10 It was shown that the pH-range over which the dynamics of the self-assembled network varied could be shifted by varying the composition of the B-blocks. 10 However, polymers with relatively high molecular weight bearing many associative groups, also called multi stickers 2 , are easier to obtain than their triblock homologues and offer interesting rheological properties relevant for applications in coatings 11 and enhanced oil recovery 12 for example. Therefore, it is of interest to investigate if the approach to control the dynamics by the pH that was successful for triblock copolymers can be extended to copolymers containing more associative groups.

Most multi-sticker polymers that have been investigated so far are hydrophobically modified polymers (HMP) consisting of a hydrophilic backbone grafted with hydrophobic stickers.

Most of the literature on HMP deals with poly(acrylamide) (PAM) [13][14][15][16][17][18][19][20][21] or poly(acrylic acid) (PAA) 22,23 hydrophilic backbones bearing alkyl chains (6 to 18 carbons). An increase in alkyl chain length or in grafting density leads to an increase of viscosity, but when it is too high the polymer precipitates. Therefore, the size and the amount of the grafts are usually chosen so as optimize the desired rheological properties while maintaining good solubility.

In the field of pH-sensitive systems, hydrophobically modified alkali-swellable emulsion polymers (HASE) are interesting and already used at industrial scale for good performance and easy synthesis. HASE are comb-like polymers usually made of a polyelectrolyte poly(ethyl acrylate-co-methacrylic acid) backbone with poly(ethylene oxide)-alkyl grafts. [24][25][26][27][28] In alkaline medium, HASE form networks due to the hydrophobic grafts and the visco-elastic properties of the network are controlled by the size of the alkyl chains. 25 Temperature-responsive networks received many attentions two decades ago. They have been obtained by grafting a hydrophilic backbone, usually PAA or poly(acrylamide) (PAM) with temperature sensitive grafts such as poly(N-isopropylacrylamide) (PNIPAM) or poly(propylene oxide). 23,[29][30][31][32][33][34][35] However, to the best of our knowledge graft copolymers for which the dynamics can be finely tuned by the pH was not reported in the literature.

Here we report on an investigation of graft copolymers analogous to the P(nBA1-x-stat-AAx)100-b-PAA200-b-P(nBA1-x-stat-AAx)100 triblocks mentioned above. Instead of two terminal B-blocks attached to the central A block several B blocks were grafted to the PAA backbone at random positions; PAA-g-P(nBA-stat-AA). The dynamic mechanical properties in water of graft polymers with 3 different grafting densities as a function of the pH will be compared with those of the equivalent triblock copolymers.

II. Materials and methods.

1. Potentiometric Titration. An automatic titrator (TIM 856, Radiometer Analytical) controlled by the TitraMaster 85 software was used to run potentiometric titration at room temperature according to the procedure published in ref. 36 AA units, respectively. It was verified that all acrylic acid units within the graft copolymers could be ionized no matter whether they were situated in the backbone or in the grafts.

2. Sample Preparation. Stock solutions were prepared by dissolving the polymers in demineralized water (Millipore) with the required amount of NaOH to reach an ionization degree α ~ 0.λ-1 while stirring overnight. For the final solutions, freshly prepared solutions of D-glucono-δ-lactone (GDL) were used to decrease α in-situ as previously reported. 10 Solutions were prepared at least 24 hours prior to measurements to ensure full hydrolysis of GDL into gluconic acid. 37,38 The ionization degrees were corrected to take into account the incomplete acid-base reaction between gluconic acid and the polymer, as explained in details in the supporting information of ref. 38 3. Oscillatory shear measurements. Oscillatory shear measurements were performed using controlled-stress rheometers equipped with cone-plate geometries: ARG2 (angles = 4° -2 ° -1°, diameters 20 -60 mm) and MCR301 (angles = 2° -1°, diameters = 25 -50 mm). Silicon oil was used to protect the samples against water evaporation. A Peltier system controlled the temperature and the measurements were conducted in the linear response regime. Solutions were loaded onto the rheometers just after the addition of GDL.

III. Results.

1. Synthesis of the graft copolymers PAA500-g-[P(nBA50%-stat-AA50%)100]x graft copolymers with different grafting densities (x)

were synthesized in four steps as shown in Figure 1. First, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA) was obtained by reaction of 2-hydroxyethyl acrylate (HEA) with αbromoisobutyryl bromide. Second, BIEA was copolymerized with tert-butyl acrylate (tBA) by free radical polymerization to synthesize a P(tBA-stat-BIEA) copolymer. Third, the graft copolymer, PtBA-g-[P(nBA50%-stat-tBA50%)100]x, was obtained by a grafting-from method using P(tBA-stat-BIEA) as multifunctional ATRP macroinitiator to initiate the copolymerization of tBA and n-butyl acrylate (nBA) by atom transfer radical polymerisation (ATRP). The graft copolymer precursor was acidolysed to produce the final graft copolymer PAA500-g-[P(nBA50%-stat-AA50%)100]x. The backbone dispersities were always lower than 2.9

and the graft copolymers dispersities were equal to 2.5.

Three graft copolymers were produced consisting of a PAA backbone with number average polymerisation degree around 500 and 2, 7 or 30 grafts per chain noted as G2H50, G7H50 and G30H50, respectively. The grafts had a number average degree of polymerization of 100 and contained 50 %mol of AA units. More details of the synthesis are given in section 1 of the supporting information. 

pH dependence of the charge density

Figure 2a shows the ionization degree (α) of the 3 graft copolymers as a function of the pH.

The dependence is close for G2H50 and G7H50, but for G30H50 the increase of α with increasing pH starts at a higher value. Following the method described elsewhere for the equivalent triblock copolymers, 10,36 the ionization degree of the hydrophobic blocks (αMH)

and of the PAA backbone was determined as a function of the overall ionization degree (α), see Figure 2b. Figure 2b shows that the relationship between αMH and α depends strongly on the grafting density. For a given α, the ionization degree of the grafts decreases with increasing graft density, which is a consequence of the relative increase of AA units in the grafts if the grafting density is increased. The fraction of AA units in the hydrophobic blocks is close for TH50 and G7H50, which explains why the relationship between αMH and α is close for these two polymers. () and Gγ0Hη0 (□). 36

Viscosity

Figure 3a shows the evolution of the viscosity at different α as a function of the concentration at T=20 °C for G7H50. The viscosity increased steeply with increasing polymer concentration above the percolation concentration (Cp), which increased with α. The viscosity at C >> Cp remained finite for all α except α=0.17 where it became immeasurably high, implying that at higher α the network formed by self-assembly of the graft copolymers was transient. The increase of the viscosity was less steep at higher α. Similar measurements were done for G2H50 and G30H50, see section 2 and 3 of the supporting information. 

Shear modulus

The storage (G') and loss (G") shear moduli were determined as a function of the radial oscillation frequency (ω) at different temperatures and master curves could be obtained by frequency-temperature superposition as was shown elsewhere for the equivalent triblock copolymers, see ref. 9 and section 4 of the supplementary information. For all three graft copolymers the frequency shift factors had an Arrhenius temperature dependence characterized by an activation energy Ea≈ 120 kJ/mol. As an example Figure 5a shows the master curves for G7Hη0 at C=40 g/L at different α between 0.4η and 0.θη. The observed frequency dependence of the shear moduli is characteristic for viscoelastic fluids. Results

obtained at different α could be superimposed using horizontal and vertical shifts and a master curve was obtained with αref = 0.45 (see Figure 5b). Similar results were obtained at other polymer concentrations. concentration, increased strongly with decreasing α with values varying over seven decades within the investigated -range. In Figure 6b the elastic modulus (Ge) defined as G' at =10 2 is plotted as a function of the polymer concentration. Ge increased with the concentration, but the effect of α was small except close to the percolation threshold. The same measurements were done for G2H50 and G30H50. The shape of the master curves obtained by temperature-frequency and frequency superposition, was the same for all three graft copolymer, see section 5 of the supporting information.

Figure 6 shows that for G7H50 the relaxation time depended little on the concentration and that the elastic modulus depended little on  except close to the percolation threshold.

Therefore we compare the dependence of  on α (Figure 7a) and the dependence of Gel on C (Figure 7b) for systems that were not close to the percolation threshold. The relaxation time increases steeply with decreasing α for GβHη0 and G7Hη0, but occurs at larger α for GβHη0.

The increase of  with decreasing α is much weaker for Gγ0Hη0 and occurs at lower . There is a large spread of the values  at a given α as was also found for dynamic networks formed by the equivalent triblock copolymers. As expected, the elastic modulus increased with increasing concentration for all copolymers. Gel was significantly larger for G7H50 than for G2H50 over the whole concentration range covered in the experiment. For G30H50, Gel started to increase at higher polymer concentrations and reached values intermediate between G2H50 and G7H50 at the highest concentrations.

IV Discussion

The dynamic mechanical behaviour of the graft copolymers is qualitatively similar to that of the equivalent BAB triblock copolymer (TH50): P(nBA50%-stat-AA50%)100-b-PAA200-b-P(nBA50%-stat-AA50%)100 reported in refs 9,10,39 , with B blocks that were the same as the grafts. Master curves for TH50 formed by temperature-frequency and α-frequency superpositions had the same shape as for the graft copolymers and the temperature dependence of the relaxation time was characterized by the same activation energy. This suggests that stress relaxation is for all polymers controlled by the escape of a hydrophobic block from the micellar core, which is corroborated by the observation that the dependence of  on α was within the experimental error same for TH50 and G7H50 for which the charge density of the hydrophobic blocks (αMH) was by chance the same for a given α, see dashed lines in Figure 2b and Figure 7a. If the relaxation time is fully determined by the escape of a graft from the micellar core, it is to be expected that it is determined by the fraction of charged units in the grafts (f), which in turn depends on αMH. Figure 8, compares the relaxation time of the 3 graft copolymers as a function of f. In this representation the relaxation times of G2H50 and G7H50 were indeed closer, though still significantly different. However, the relaxation time of G30H50 was much smaller for a given f. We speculate that the escape time of the hydrophobic blocks is influenced by the length of PAA chain sections between grafts, which are on average very short (16 units) for G30H50. T the absolute temperature and R the gas constant. For the triblock copolymers each polymer can make a single bridge and it was found that most of the polymers were elastically active for C>>Cp. 9 For graft copolymers with x grafts per chain, each polymer can in principle form on average x-1 elastically active bridges. It follows that for ideal networks Ge should increase with increasing grafting density: Ge= 23.C, 1.4x10 2 .C and 6.6x10 2 .C for G2H50, G7H50 and G30H50, respectively. The experimentally observed moduli were much smaller implying that the networks were far from ideal even for C larger than 10xCp. We suggest that for the densely grafted polymers many inelastic loops are formed instead of elastic bridges, because the average length of the PAA chain sections between grafts is shorter. For G2H50, Ge is smaller than for ideal networks, because a significant fraction of the polymers contains a single graft and therefore cannot form elastic bridges. The elastic moduli of G7H50 happen to be close to those of TH50 for C>>Cp, see Figure 7b, due to a fortuitous compensation of the higher fraction of loops by the higher concentration of PAA chains sections between the hydrophobic blocks.

The percolation concentration of the graft polymers was independent of α for α<0. 4 where it was about 5 g/L, 10 g/L and 25 g/L for G7H50, G2H50 and G30H50, respectively. In the same range of α, Cp of TH50 increased from 4 to 10 g/L. 9,10 The decrease of Cp with increasing grafting density may be explained by the higher concentration of grafts for a given polymer concentration. However, if the grafting density is too high Cp increases again. In dilute solution more densely grafted polymers are collapsed into denser particles for which the overlap concentration is lower. We speculate that the minimum value of Cp at intermediate x is caused by the antagonistic effects increasing of graft concentration and increasing intra molecular association with increasing x.

IV. Conclusions

The dynamic mechanical behavior of aqueous solutions of pH sensitive graft copolymers with a hydrophilic backbone and hydrophobic grafts was qualitatively similar to that of the equivalent BAB triblock copolymers with hydrophobic B blocks with the same composition.

For all systems dynamic networks were formed by self-assembly of the hydrophobic blocks, whether terminal or grafted, into micellar cores bridged by the hydrophilic chains. Above a critical percolation concentration the terminal relaxation time of applied mechanical stress increased strongly with decreasing ionization degree and therefore decreasing pH. As a consequence, the viscosity of the systems could be modulated over many orders of magnitude by varying the pH. The strategy to obtained dynamic pH-sensitive self-assembled networks by inserting hydrophilic pH sensitive units within the hydrophobic blocks that was developed for triblock copolymers can be successfully applied to graft copolymers.
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refractive index increment dn/dc = 0.057 mL/g that was determined from the integrated refractive index (RI)-signal knowing the polymer concentration. An orange liquid was recovered.

To remove impurities, the liquid was diluted in CHCl3 (40 mL) and extracted five times with a saturated solution of NaHCO3 (87g/L) to hydrolyze and neutralize the excess of αbromoisobutyryl bromide, then twice with salted water (25 mL at 200 g/L) and once with water (10 mL). Finally, the organic phase was dried with MgSO4 and CHCl3 was removed by rotary evaporation (40°C), yielding o11.2 g (yield of 95%) of an orange liquid. Despites our efforts impurities remained in the products, as illustrated by the double peaks at δ=1.9 ppm in 1 H NMR, see Figure S1. We do believe that it comes from side reactions between HEA and BIBB since hydrolysed BIBB should be totally removed after these purifications. Since the next step involves copolymerisation and precipitation, it is believed that this side product should not affect the reaction and will be removed with the polymer precipitation.

the flask under argon using a double-tipped needle. A few drops of the solution were taken as sample t0, and the flask was dipped in an oil bath at 60 °C. Kinetics were followed by gas chromatography using anisole as internal standard, see Figure S6. Ln([M]0/[M]) evolved linearly with time for G7H50 and G30H50, whereas it was linear versus t 2/3 for G2H50.

Conversion of both tBA and nBA were equal throughout the reaction meaning that statistical grafts were formed as previously observed. 1,2 The reaction was stopped at 50% conversion. The copper was removed by three liquid-liquid extractions with EDTA solution (1% (w/w) EDTA, 2:1 NaHCO3/EDTA and 20% (w/w) NaCl) since purification by flash column chromatography on SiO2 was not possible due to the viscosity of the polymer solution. Thereafter, the solution was washed three times with water.

The polymer was precipitated twice in methanol/water (90/10 vol/vol), yielding a white powder. Size exclusion chromatography (SEC) in THF yielded the number (Mn) and weight (Mw) average molar masses and the dispersity, see Figure S7b and Table S1. The nBA/tBA ratio was measured by 1 H NMR in CDCl3 and compared to the expected values, see Table S2 and Figure S3. 

2) Viscoelastic properties of G2H50

Elution volume (mL) 

I. Introduction

When dissolved in a selective solvent for the A block at a sufficiently high concentration, BAB triblock copolymers form system spanning networks consisting of hydrophobic cores of the B blocks connected via bridging A blocks. 1 The rheological properties of these networks depend to a large extent on the lifetime of the bridges i.e. the dynamic exchange of the B blocks between the hydrophobic cores. 2,3 Amphiphilic copolymers are however usually in a frozen state in aqueous medium, so that the exchange of B blocks between the hydrophobic cores is immeasurable slow 4 and permanently cross-linked hydrogels are obtained. 5 Stimuli-responsive systems are obtained if the B blocks can switch between hydrophilic and hydrophobic upon application of a stimulus. Such polymers generally display on/off behavior between that of a hydrogel when the B blocks are hydrophobic and a low viscosity liquid when the B blocks are hydrophilic. 4,6,7 It was recently shown for BAB triblock copolymers based on a poly(acrylic acid) (PAA) hydrophilic A block and hydrophobic B blocks consisting of randomly distributed n-butyl acrylate (nBA) and AA units, that the incorporation of hydrophilic AA units within the B blocks resulted in dynamic rather than frozen networks. [8][9][10] Moreover, the pH-sensitive character of the AA units allowed control of the exchange dynamics over more than 10 decades by changing the pH, 8,9 the AA content 9 or by formulation. 10 In this manner, the rheological properties of the system could be reversibly modified to a large extent.

So far this methodology to control the dynamics of self-assembled triblock copolymers has not yet been tested quantitatively for other types of polymers. However, qualitative observations suggest that this strategy may be universally applicable. In particular, Billon et al. showed that at 20°C BAB triblock copolymers consisting of a PAA hydrophilic A block connected to gradient B blocks of styrene and AA units formed pH-sensitive hydrogels that were dynamic above pH~7.1 and frozen at low pH. 11 Moreover, the self-assembly in water of amphiphilic BA diblock copolymers became sensitive to pH after incorporation of AA [12][13][14][15][16] or dimethylaminoehtyl methacrylate (DMAEMA) 17 units within their hydrophobic blocks. For diblock copolymers, the temperature 11,16,18 and the microstructure (statistical vs. gradient distribution of the units within the B blocks) 11,16,19 strongly affected the reversibility of the self-assembly.

In order to assess the generality of this strategy consisting of incorporating hydrophilic units inside hydrophobic blocks to induce dynamic exchange, and in particular for cationic polymers, triblock copolymers made of a poly(dimethylaminoethyl methacrylate) central block and statistical copolymers containing dimethylaminoethyl methacrylate (DMAEMA)

and n-butyl methacrylate (nBMA) as end blocks (THxc) were synthesized. An additional interest of DMAEMA is that it is not only pH-sensitive, but also temperature-sensitive, [20][21][22][23][24][25][26][27] which has been used to form hydrogels above a Lower Critical Solution Temperature (LCST). [20][21][22][23] The synthesis of the polymers was done by Radical Addition Fragmentation Transfer (RAFT) polymerization. The rheological properties, and hence the exchange dynamics were studied in aqueous solutions as a function of the ionization degree of the DMAEMA units and of the temperature.

II. Materials and methods.

1. Polymer characteristics. Diblock copolymers made of DMAEMA and nBMA were previously synthesized in our research group using ATRP. 17 However, it was found that reinitiation of the P(DMAEMA)-Br macroinitiator for the synthesis of the second B block was only partial. Therefore, RAFT polymerization was preferred here. 28,29 Triblock copolymers made of dimethylaminoethyl methacrylate (DMAEMA) and n-butyl methacrylate (nBMA) were synthesized in three steps by RAFT polymerization as briefly shown in Figure dispersities as shown by Size Exclusion Chromatography (SEC), see Table 1. [DMAEMA] + [nBMA])MHxc = x.αMHxc. 9 The ionization degree of MH70c was computed from the data for TH70c and P(DMAEMA) assuming that the effect of covalent connection between the blocks on the ionization was negligible as was verified earlier for a different type of triblock copolymer. 9 3. Sample Preparation. Direct dissolution of these triblock copolymers at the desired  by addition of the required amount of HCl was only possible for a range of , typically   0.7 for TH50c and  0.05 for TH70c. For TH50c, below these values, the polymer powder hydrated, but did not form a homogeneous gel. Aqueous polymer solutions were therefore prepared by dissolving the copolymers in demineralized water (Millipore) containing the required amount of HCl to reach an ionization degree α0 between 0.9 and 1. HCl was used in stoechiometric quantities with respect to the amount of DMAEMA units to be ionized Measurements were done at high ionic strength in order to screen electrostatic interactions.

However, the transition from low viscous liquid to highly viscous fluids discussed here as a function of  was also visually observed without salt (data not shown).

To obtain the desired ionization degree, the required amount of NaOH was added. Dilute NaOH solutions, typically between 0.01 and 0.1 mol/L, had to be used and the addition had to be done under vigorous stirring in order to limit the formation of heterogeneities.

σevertheless, homogeneous and transparent solutions were obtained only for α>0.θ0. At lower degrees of ionization, the solutions were macroscopically heterogeneous.

4. Oscillatory shear measurements. Oscillatory shear measurements were performed using controlled-stress rheometers equipped with cone-plate geometries: ARG2 (angle = 4° -2 ° -1°, diameter 20 -60 mm) and MCR301 (angle = 2° -1 °,diameter = 25 -50 mm). Silicon oil was used during measurements to cover the samples and limit water evaporation. A Peltier system controlled the temperature and the measurements were conducted in the linear response regime.

III. Results and Discussion.

This section is divided into two parts. In part A, results obtained at 20°C are discussed, starting with those on the cationic triblock copolymer containing 50%mol of DMAEMA units within the hydrophobic end blocks (TH50c). Then the effect of the DMAEMA content is shown by comparing TH50c with TH70c. Finally, results obtained with the cationic triblock copolymers based on DMAEMA and nBMA are compared with those obtained with anionic triblock copolymers based on AA and nBA units (TH50) described in the litterature. 8 In part B, the effect of the temperature on the behaviour of TH50c and TH70c is discussed.

A. Rheological properties at 20°C

Viscosity of TH50c at 20°C

Figure 2a shows the evolution of the viscosity of TH50c as a function of the ionization degree at several polymer concentrations (C). For C>20g/L, the viscosity increased steeply when α is decreased below a characteristic value. By interpolation, the zero shear viscosity (0) could be determined as a function of the polymer concentration for a given degree of ionization. 0

increased sharply above at a critical concentration when a percolating network was formed as was already reported in ref. 8 for TH50. Figure 2b, shows the dependence of the viscosity as a function of the polymer concentration normalized by the percolation concentration (Cp). The sharp increase of the viscosity at Cp is expected for transient networks made by self-assembly of BAB triblock copolymers. It is important to note that the lowest ionization degree investigated was around 0.60 and that at lower α homogeneous samples could not be obtained.

Between α=0.θ0 and 0.70, Cp≈ β0 g/L and independent of α, but for α>0.70, Cp increased with increasing α to Cp=8η g/L at α=0.80. For TH70c, Cp was between 50-80 g/L for all α. 

Viscoelastic properties of TH50c and TH70c

The radial frequency () dependence of the elastic (G') and loss (G'') moduli at different ionization degrees between 0.68 and 0.71 are shown in Figure 3a for TH50c at C=50 g/L. By vertical and horizontal shifting, a master curve was obtained at αref=0.68 over a broad range of frequencies, see Figure 3b. The frequency dependence of the master curve is characteristic for viscoelastic liquids at all ionization degrees with a liquid like behaviour at low frequencies and a solid-like behaviour at high frequencies.

We define the terminal relaxation time ( ) as the inverse of the radial frequency at which G'=G'' and the elastic modulus of the network (Gel) as the value of G' at =100/.

Interestingly, the master curve of TH70c at C=80g/L superimposed with the one of TH50c at larger αref. The implication is that the relaxation process of the transient networks was the same even though the amount of hydrophilic units inside the hydrophobic blocks was different. Figure 4 shows the dependence of Gel on α at several concentrations for TH50c and at C=80 g/L for TH70c. We note that for TH70c homogeneous solutions could be formed down to α=0.1. For all systems Gel increased with decreasing α and for a given ionization degree, Gel increased with increasing polymer concentration. Increasing the concentration or decreasing α led to a network with less defects. 3,8 At the highest polymer concentration (C=80 g/L) the measured Gel was close to the value expected for an ideal rubber elastic network for which all chains are elastically active, i.e; Gel=CRT/Mn=2x10 3 Pa. 31 rad/s) The dependence of the elastic modulus and the relaxation time on  followed the same trends for TH70c at C=80g/L as for TH50c, see Figures 4 and5, but the increase of the relaxation time with decreasing  was much more progressive for TH70c than for TH50c and occurred at larger α. As might be expected, increasing the amount of hydrophilic DMAEMA units within the hydrophobic blocks leads to a decrease of the relaxation time for a given .

DMAEMA and AA-based triblock copolymers: similarities and differences

The behaviour observed for the cationic triblock copolymers THxc studied here was qualitatively similar to that previously reported for the anionic triblock copolymers THx, 8,9 with the same general chemical structure but with different monomer units: P(nBA1-x-stat-AAx)100-b-PAA200-b-P(nBA1-x-stat-AAx)100. Both types of polymers transformed from low viscous liquids to visco-elastic fluids and finally to gels upon decreasing  due to the formation of transient networks with increasing relaxation times. Moreover, the transition occurred for both types within different α-windows and more or less abruptly depending on the content of hydrophilic units within the hydrophobic blocks : x. The master curves of the frequency dependency of G' and G" obtained for THx and THxc could be superimposed, see Figure 6, implying that, qualitatively, the relaxation mechanism did not depend on α, x, the polydispersity or the chemical nature of the hydrophilic (and hydrophobic) monomer units. From a quantitative point of view, noteworthy differences were observed between the cationic DMAEMA-based THxc copolymers and the anionic AA-based THx copolymers. Most importantly, as DMAEMA units are basic the ionization degree of THxc increased with decreasing pH from α<0.1 at pH 8.η to α>0.λ at pH θ, see Figure 7, whereas the ionization degree of THx increased with increasing pH as AA units are acidic. 30 This is particularly relevant for applications where it may be required to form gels or more viscous solutions either by increasing or by decreasing the pH. The dependence of the relaxation time on  was much more abrupt for TH50c than for TH50 although both polymers contained the same proportion of hydrophilic units and had the same degrees of polymerization (Figure 5). It was found for THx that the dependence of  on α could to a large extent be explained by the dependence of the fraction of charged units within the hydrophobic blocks (f) on α. 9 Titration experiments analogous to those reported for THx, 9, 30 allowed us to calculate the ionization degree of the hydrophobic blocks of THη0c and TH70c as a function of α, see Figure 8. The ionization degree of the DMAEMA units within the hydrophobic blocks was always smaller than  due to the increased difficulty to create charges within a hydrophobic environment. 36 This effect was particularly strong for TH50c and led to a steep increase of f between  =0.6 and  =0.8, which explains the strong variation of the relaxation time for TH50c in this -range. In Figure 9 the relaxation times are plotted as a function of f for TH50c at different concentrations and for TH70c at 80 g/L. The comparison shows that for the same f relaxation is much faster for TH70c. The reason is that the hydrophobic character of the B blocks depends not only on f, but also on the chemical nature of the units. nBMA units are much more hydrophobic than uncharged DMAEMA units, which explains why TH50c, which contains more nBMA units, relaxes more slowly at the same value of f. A similar dependence of the relaxation time on x at constant f was found for THx. 9 For comparison the results obtained for TH50, TH40 and TH60 at high concentrations are also indicated in Figure 9. 8,9 For a given value of f, relaxation was much faster for TH50c than TH50. Since the polymerization degree of the B blocks of TH50c and TH50 are very close, the difference could be due to different hydrophobicity and/or different mobility of the hydrophobic blocks. (red) and TH60 (blue). 8,9 To summarize, incorporation of hydrophilic units inside the hydrophobic blocks appears to be a generally applicable method to obtain amphiphilic self-assembling copolymers with tunable dynamics of exchange both for cationic and anionic triblock copolymers. However, the required amount of hydrophilic units that needs to be incorporated in order to be able to tune the relaxation time with the pH depends on the chemical nature of the polymers.

B. Effect of temperature

At T>50°C, some systems slowly evolved with time and formed gels at higher concentrations that persisted after cooling. For example, THη0c at α=0.80 and C=η0 g/L was liquid at β0 °C, became a gel at 60-65 °C and remained gelled after cooling to 20 °C for at least 90 days, see Figure S5 of the supporting information. The origin of this irreversible heat-induced gelation is unclear. It was shown that DMAEMA homopolymers does not hydrolyze their DMAEMA units into AA units at conditions studied 32,33 To assess whether chemical cross-linking occurred during heating, the aggregation number (Nag) of assemblies formed by a THη0c solution at C=β g/L and α=0.η7 was determined by light scattering at 20°C before heating and after heating at 80°C during 1 hour. Before heating, Nag was around 5. After heating, Nagg increased to 8. However, when α was increased to 1 these aggregates fell apart and when α was set back to 0.ηλ σag was again around 5. The reversal of the aggregation upon increasing α showed that strong chemical cross-linking did not occur. Sui et al. studied a graft copolymer made of poly(ethylene oxide) backbone and P(DMAEMA) grafts with high content of P(DMAEMA). 34 They showed that aqueous solutions of this polymer had a pH-dependent LCST and the viscosity at 20°C was the same before and after heating up to 60°C. The origin of this irreversible process is therefore still unclear but cannot be attributed to chemical reactions.

In the following, we focus on systems at T<50°C since the rheological properties of these solutions did not evolve with time and were always reversible.

The dependence of Gel on α at 50°C is shown in Figure S6 of the supporting information for solutions of TH50c and TH70c at different concentrations. Similarly to anionic systems, THx, 8 Gel increased upon heating for TH50c and TH70c and the increase was more important close to the percolation concentration.

For TH70c,  increased with increasing temperature for all ionization degrees, but for TH50c,  either increased with increasing temperature at low  or decreased at high , see Figure S7 of the supporting information. As a consequence TH50c exhibits either a thermothinning or a thermothickening behavior depending on α and C as shown in Figure S8 of the supporting information.

Interestingly, the effect of the temperature on  appeared to be determined by f independent of the polymer concentration or composition, see Figure 10. For f>0.2,  decreased with increasing temperature, while for f<0.2 it increased. The temperature dependence of THxc is clearly very different from that of THx for which  systematically decreased with increasing temperature and was characterized by an activation energy of ~ 120 kJ/mol that was independent of α and C. 9

The original temperature dependence of THxc is most likely caused by the sensitivity of DMAEMA to the temperature. PDMAEMA is well-known to have a pH-dependent LCST that increases with decreasing pH from 45°C at pH=10 to 80°C at pH=7. 24 It follows that PDMAEMA is more sensitive to the temperature when α is smaller. The LCST was also observed to decrease when DMAEMA was statistically copolymerized with hydrophobic monomers. 23,35,36 We speculate that the increase of the associative interactions between DMAEMA segments with increasing temperature reduces the energy barrier. This effect increases with decreasing f and dominates the temperature dependence for f<0.2. 

IV. Conclusions

Cationic triblock copolymers consisting of a hydrophilic P(DMAEMA) central block connected to two lateral blocks containing randomly distributed hydrophobic nBMA units and hydrophilic DMAEMA units were synthesized by RAFT copolymerization. It was observed that these triblock copolymers formed system spanning networks in aqueous solution above a critical percolation concentration. The relaxation time of the transient networks was directly correlated to the exchange time of the hydrophobic blocks between the hydrophobic cores and could be varied by varying the ionization degree and the proportion of DMAEMA units in the B blocks. In the light of results previously obtained for AA-based amphiphilic triblock copolymers, 8,9 the study presented here suggests that incorporating hydrophilic units within the hydrophobic block of amphiphilic copolymers is a generally applicable method to obtain dynamic self-assembled structures. The basic character of the DMAEMA units allows the reversible formation of hydrogels with increasing pH, whereas for the triblocks based on ). The same analyses as for the first block were achieved see Figure S3, Figure S5b and Table 1. In this work and in the literature, random copolymers were used as hydrophobic blocks to tune the exchange dynamics of block copolymers. 1,2 However, the impact of the comonomers' repartition has not been investigated yet. 3 In the literature interesting sol-gel transitions were obtained after heating above the glass transition triblock copolymers made of a hydrophilic poly(acrylic acid) central block and two gradient copolymers made of styrene and acrylic acid as hydrophobic blocks: P(S-grad-AA)-b-PAA-b-P(S-grad-AA). [4][5][6] However, to date no comparison between triblock copolymers having statistical and gradient repartition of the monomers units was undertaken.

This appendix shows the results for three copolymers with poly(acrylic acid) as the hydrophilic central block and gradient copolymers end blocks containing x acrylic acid (AA)

and (1-x) n-butyl acrylate (nBA) units, hereafter called THgx = P(nBA1-x-grad-AAx)50-b-PAA110-b-P(nBA1-x-grad-AAx)50, illustrated in Figure 8.2. The length of these polymers was around half that of their statistical homologues: THx = P(nBA1-x-stat-AAx)100-b-PAA200-b-P(nBA1-x-stat-AAx)100. However, the comparison remains interesting as a preliminary study.

I. Synthesis and titration of the gradient triblock copolymers I.1. Synthesis of the gradient triblock copolymers

Three triblock copolymers were synthesized by nitroxide-mediated radical copolymerization (NMP) of acrylic acid (AA) and n-butyl acrylate (nBA) by L. Billon and E. Deniau-Lejeune (UMR5254). The synthesis strategy was adapted from previously published studies. 4,5 The nitroxide control agents used were SG1 (N-tert-butyl-N-[1-diethylphosphono-(2,2dimethylpropyl)]nitroxide) and its difunctional equivalents DIAMS.

The reactivity ratios of AA and nBA were around 3.2 and 4.5 respectively using the Fineman-Ross method. The evolution of the instantaneous fraction of AA and nBA units along the chain of a similar diblock copolymer, PAA100-b-P(nBA0.5-stat-AA0.5)100, were deduced from kinetic studies using 1 H NMR as shown in Figure 8.1. The data for the triblock copolymers are missing as yet, but are expected to be similar. The gradient strength of hydrophobic units was smooth, especially since it was almost a statistical copolymer at the end. From these kinetic data, it was concluded that the gradient blocks were rich in AA units close to the central PAA block and rich in nBA units at the extremities. As demonstrated by Zhang et al. 3 , when the gradient structure is particularly pronounced the titration curves of the gradient copolymer ares similar to the ones for the diblock copolymers i.e. the same as an homoPAA, and different from that of the statistical copolymers.

In Figure 8.4, the evolution of the ionisation degree as function of pH is similar for the three THgx and very close to that of the triblock TH50. No strong difference can be seen between gradient and statistical copolymers impluing that THgx does not exhibit gradients as strong as those obtained by Zhang et al. Considering that a gradient does exist in the THgx according to the kinetics of the polymerization, the titration experiments do not seem to be able to distinguish a perfectly statistical microstructure (TH50) from a moderate gradient (THgx). 

II. Self-association of THgx

To understand the self-association of THgx, light scattering experiments were conducted in aqueous medium at different concentrations and at α=1. As already observed for similar systems, a slow mode originating from the presence of spurious aggregates appeared in dynamic light scattering. 8 Since it represented a very small amount of the polymer it was neglected. The refractive index increment was taken from similar copolymers with a statistical repartition of the monomers in the hydrophobic blocks. 9 In Figure 8.5, the evolution of the apparent molar mass and hydrodynamic radius as a function of the polymer concentration indicated that at 2 g/L the repulsive interactions can be neglected so that the measured apparent molecular weight and hydrodynamic radius corresponded to the true molecular weight of the scatterers. Surprisingly, the molar mass of both THgη0 and THgθ0 at α=1 were twice smaller than the expected values for the unimers. Such results could come from an important error bar in the dispersity or the dn/dc. On the contrary, THg40 seemed associated even at α=1 with an aggregation number around γ. The evolution of the hydrodynamic radius was equivalent and indicates that both THgη0 and THgθ0 were unassociated at α=1.

More information could have been obtained from a study at different ionization degrees, 8 but for this preliminary study we focused on the investigation of the rheological properties of the solutions. 

III. Rheological properties

The solutions were prepared as described in the materials and methods section, p.54.

Solutions at different ionization degrees of the three triblock copolymers were prepared at C=60-80 g/L. τnly THgη0 percolated, THg40 and THgθ0 did not percolate even at α~0 and C=70 g/L.

This high percolation concentration for THg50 was most probably due to the size of the copolymer that was twice as small as that of the statistical triblock homologue TH50. The absence of percolation of THg60 at the conditions investigated was not surprising. Indeed, it was observed for the THx = P(nBA1-x-stat-AAx)100-b-PAA200-b-P(nBA1-x-stat-AAx)100 series, that the percolation concentration increased with increasing x and, here, even THg50 only percolated at high concentrations due to its small size. 2 This is reinforced by the shortness of the hydrophobic blocks of THg60 compared to the ones of the two other gradient copolymers, see Table 8-1. It is harder to understand the absence of percolation for THg40 since THg50 percolated. We speculate that the absence of percolation of THg40 may be due to the fact that this polymer formed frozen aggregates and could not rearrange into a network with increasing concentration. This speculation is supported by the fact that THg40 was already aggregated at  = 1 as explained in section II.

In the following we will, focus on THg50 and its rheological properties. However, since the percolation concentrations were high it was difficult from a practical point of view to reach polymer concentrations far from the percolation concentration (Cp>60 g/L). Therefore, the networks studied have many defects and it was not sure that the relaxation time was fully related to the exchange time of the hydrophobic blocks from the micellar cores. It would be interesting to compare these results with a study at several concentrations on a gradient triblock copolymer of the same size as TH50.

By doing vertical and horizontal shifts, a unique master curve for THg50 was obtained by superimposing data from different ionization degrees and temperatures as shown in Figure 8.6.

The activation energy derived from frequency-temperature superposition was close to 120 kJ/mol for all . At low frequencies liquid-like behaviour was observed with G'~ ω 2 and G''~ ω 1 and a solid-like behaviour was reached at high frequencies with the storage modulus almost independent of ω. The relaxation time distribution was extremely broad and different from TH50. This high dispersity led to some uncertainty in the determination of the relaxation time.

The very broad relaxation time distribution has three possible lorigiNs. First, the experiments were conducted close to the percolation concentration where the amount of defects in the network is larger, causing an increase of the dispersity of the relaxation phenomenon. 1 Second, it was previously shown that the relaxation time of the networks critically depends on the amount of AA units within the hydrophobic blocks. 2 As a consequence, increasing the dispersity of the polymers in terms of chemical composition of the hydrophobic blocks leads to a higher dispersity in terms of relaxation times as shown in this thesis for mixtures of THx copolymers with different %AA in the hydrophobic blocks. The rather high dispersity of the THgx triblock copolymers studied here (Đ = 1.8-2.4) implies a dispersity in length and most probably also in composition, which could very well explain the broad relaxation time distribution. Finally, the gradient structure may also cause broadening of the distribution of relaxation times. Further studies using longer and less disperse polymers will be required to conclude. 

IV. Conclusion

Three BAB triblock copolymers made of an hydrophilic poly(acrylic acid) central A block and gradient copolymers made of n-butyl acrylate and acrylic acid as hydrophobic lateral B blocks were investigated. The amount of AA varied from 40 to 60%, the dispersity was above 1.8, the triblocks were twice as small as previously studied triblock copolymers with a statistical distribution of the nBA and AA units within the B blocks and the gradient strength of hydrophobic units was small.

Only THg50 formed viscoelastic fluids, THg40 and THg60 did not percolate. We speculate that the percolation concentration is extremely high for THg60 and that THg40 did not percolate because it was in a frozen state.

Rheological properties of THg50 demonstrated a pH-dependent relaxation time as for statistical TH50. Interestingly, THg50 exhibited a much higher dispersity of relaxation times than TH50. The dispersity of the polymers, their gradient profile or the high percolation concentration could explain this result. In addition, THg50 had a larger relaxation time than TH50 for the same ionization degree, suggesting that the structure of the polymers is important.

Chapitre 9CHAPTER 9 : APPENDIX 2

Static and dynamic light scattering experiments were conducted on the three graft copolymers PAA500-g-[P(nBA0.5-stat-AA0.5)100]y with y=2, 7 and 30 for G2H50, G7H50 and G30H50. The aim of this study was to determine whether the unassociated polymers had a coil or a rod shape. A rod-like shape may be expected for polymers with high grafting density such as G30H50.

All solutions were measured at an ionization degree of one at which there were not associated.

Interactions between the polymers were negligible for C≤1 g/L (data not shown). The systems The main characteristics of the graft copolymers are summarized in Table 9-1. Mw and Rh were similar for G2H50 and G7H50 , whereas the values for G30H50 were larger.

Interestingly, the Rg of G2H50 and G30H50 was similar and larger than Rg of G7H50.

For monodisperse particles, the ratio Rg/Rh can be used as an indicated of the shape of polymers in solution for instance for sphere Rg/Rh=0.77 and for random-coil polymer Rg/Rh CHAPTER 9: APPENDIX 2 225 =1.54. In our case, the dispersities were high, as shown by the Ð values, which precludes drawing conclusion from the value of the Rg/Rh about the shape of the particles.

The only conclusion that can be drawn from these analysis is that the polydispersity is so high that it is impossible to determine the shape of the self-assemblies by scattering techniques. 

Abstract

The aim of this work was to control the rheological properties of aqueous solutions of amphiphilic copolymers. In water, these copolymers self-assemble and part of their properties can be controlled by their dynamic of exchange. As previously reported, the exchange dynamics can be controlled by the pH and the acrylic acid (AA) content for BAB triblock copolymers (THx) consisting of a poly(acrylic acid) (PAA) A block and two statistical B blocks (MHx) of n-butyl acryle (nBA) and AA.

First, the study of the self-association of B blocks (MHx) alone showed a strong relationship between their aggregation and the one of BA diblocks (DHx). This aggregation was mainly controlled by the amount of charges within the B blocks. Then, mixtures of BAB triblocks (THx) with different contents of AA units, x, formed hybrid networks the rheological properties of which were controlled by formulation rather than chemistry. Similar rheological properties were obtained using graft copolymers consisting of a PAA hydrophilic backbone and B grafts. Their rheological properties were mainly controlled by the chemical structure of the B grafts and by the grafting density. Such graft copolymers should be easier to produce at an industrial scale than triblock copolymers.

To finish, the strategy consisting of incorporating hydrophilic units inside the hydrophobic blocks of amphiphilic copolymers to control their exchange dynamics was successfully applied to copolymers made of dimethylaminoethyl methacraylate and n-butyl methacrylate. Their rheological properties were controlled by the pH on a different pH-range than the AA based polymers, and, to some extent, by the temperature.
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 12 Figure 1.2. Static viscosity as function of the polymer concentration (ϕ) for poly(ethylene oxyde)

Figure 1 . 4 .

 14 Figure 1.4. Schematic illustration of various possible network defects.15 

Figure 1 . 5 .

 15 Figure 1.5. Viscosity of aqueous solution of a Copolymer of N,N-dimethylacrylamide and acrylic acid at T=20°C as function of the shear rate at several polymer concentrations.34 

Figure 1 . 6 .

 16 Figure 1.6. Schematic drawing of two, chemically similar, polymer chains at rest and under shear.

Figure 1 . 8 .

 18 Figure 1.8. Schematic representation of the monoblock (MHx), diblock (DHx) and triblock (THx) copolymers with x the %AA in the hydrophobic blocks.

  This polymer is equivalent to two DH50 diblocks connected together by their PAA blocks. It was demonstrated that the aggregation number evolves similarly for TH50 and DH50 as a function of α in dilute solution (Figure1.9).17,84 However, since TH50 chains contain two hydrophobic blocks, they form flower-like micelles at low concentration with the two B blocks incorporated in the same hydrophobic core. With increasing concentration, two B blocks can enter two different cores thus bridging the flower-like micelles. Eventually, the percolation concentration is reached where the bridged micelles form a percolated 3D network. The percolation concentration increased as the ionization degree increased.

Figure 1 . 9 .

 19 Figure 1.9. Evolution of the aggregation number as a function of the ionization degree for solutions of DH50 and TH50. The solid lines are guides to the eye.84,[START_REF] Lejeune | pH Induced Desaggregation Of Highly Hydrophilic Amphiphilic Diblock Copolymers[END_REF] 

  Below  = 0.7, the system forms transient hydrogels with relaxation time directly related to the exchange rate of the hydrophobic blocks and increasing with decreasing . Master curves could be obtained both as a function of temperature and  (Figure 1.10). The temperature dependence of the relaxation time could be described in terms of an activation energy Ea 120 kJ/mol. The relaxation time distribution was broad probably due to the dispersity in length and chemical composition of the hydrophobic blocks. Shedge et al. designed two other triblock copolymers with different AA contents in the hydrophobic blocks, x = 40 and 60 % respectively. 87 The rheological response of the three triblocks was qualitatively similar to those depicted in Figure 1.10. A unique master curve was obtained for all triblock copolymers with the same activation energy and the same broad relaxation time distribution. Quantitatively, the relaxation time, defined as the inverse of the angular frequency ( for which G' and G'' cross, strongly increases for a given  with decreasing AA content in the hydrophobic block, see Figure 1.11a. Interestingly, the amount of charges in the hydrophobic blocks, called the fraction of charged units, appeared as the major parameter influencing both the relaxation time and the percolation concentration of THx as illustrated in Figure 1.11b. The fraction of charged units was defined as follows: f= [AA -]MHx/([AA -] + [AAH] + [nBA])MHx with MHx the hydrophobic blocks.
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 1 Figure 1.10. a) Evolution of the storage modulus (G', open symbols) and loss modulus (G'', closed symbols) as a function of the frequency for TH50 solutions at C=67 g/L and several ionization degrees. b) Master curves obtained by vertical and horizontal shifts of the data in a) with αref=0.48.17

17

 17 

Figure 1 . 11 .

 111 Figure 1.11. Evolution of the relaxation time of the three copolymers as a function of the ionisation degree (a) or of the fraction of charged units (b) at several concentrations. Tref = 20 °C, solid lines are guides to the eye.87 

  P(nBMA50%-stat-DMAMEA50%)-b-PDMAEMA diblock copolymers formed aggregates with a pH-dependent aggregation number, see Figure 1.12. In a similar manner, Wright et al. used this approach to tune the aggregation number as function of α of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblocks
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 113 Figure 1.13. Schematic illustration of the different aggregations behaviours for hydrophobically modified PAA at different pH. 107
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 114 Figure 1.14. Evolution of the count rate as a function of the temperature for 50:50 mixtures of pluronics F127 and L64. 111

Figure 1 . 15 .

 115 Figure 1.15. Evolution of the hydrodynamic radius of mixtures of PEO-alkyl with different alkyl lengths as a function of the fraction of long PEO-alkyl in the mixture (F). The solid line is a guide to the eye. The dashed line represents the prediction of the average Rh for binary mixtures of pure micelles with two different sizes. Adapted from ref. 115
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 116 Figure 1.16. Similar results were obtained by Ruffier et al. on mixtures of PEO end capped with alkyl or fluorinated alkyl chains. 8 For a 50:50 ratio, two relaxation times were observed as depicted in Figure 1.17. Since Renou et al. showed that PEO-alkyl of different sizes of the alkyl chain co-micellesizes, it is interesting to remark that polymers that co-micellise do not lead to a network with one single average relaxation time.
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 116 Figure 1.16. Loss modulus against angular frequency for mixtures of HEUR with C12, C16 and C20 end caps. 15 The ratios are (◊) 0:100:0 () 25:50:25 () 40:20:40 () 50:0:50, the weight average of the cap length is always C16.
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 117 Figure 1.17. Evolution of the elastic (□) and viscous () moduli as a function of the angular frequencyfor mixtures at 3%(w/v) and 50:50 of C18H37-PEO-C10H20-C8F17/C18H37-PEO-C2H4-C8F17 in the presence of SDS (8 mmol/L), at 25 °C.8 

  have two major drawbacks: a) new syntheses are needed to change the rheological properties of THx solutions at constant pH and b) triblocks are difficult to produce industrially. To solve the first problem, mixtures of triblocks would be interesting. The literature contains few examples of mixtures of dynamic copolymers used to design materials with controlled rheological properties and all of them are based on neutral polymers. Usually, mixtures of two dynamic triblocks lead to visco-elastic fluids with two relaxation times. However, to the best of our knowledge mixtures of amphiphilic copolylelectrolytes have never been studied. The study of mixtures of THx with different %AA in the hydrophobic blocks may also help to better understand how the distribution of relaxation times measured by rheology is affected by the dispersity of the THx copolymers since copolymer blending is a way to change the dispersity of the hydrophobic blocks composition in a controlled manner.
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 21 Figure 2.1. Evolution of the refractive index difference between the polymer solution and the pure solvent as a function of the polymer concentration forDH50 solutions at α=0.68 and [Na + ]=0.1 mol/L.
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 22 Figure 2.2. Schematic drawing of a light scattering experiment.
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 23 Figure 2.3. Evolution of the scattered light intensity as a function of time for a solution of scattering particles.

  For dynamic light scattering (DLS), the fluctuations of the scattered light intensity over time are studied. Due to brownian motion, the inhomogeneities, coming from the spatial density and concentration fluctuations are time-dependent and affect the scattered light intensity. The fluctuations of the intensity originate from the fluctuations of the electrical field. The

  and intensity fluctuations are related by the Siegert equation see (2.10). The Siegert equation holds for a diffusive volume larger than the correlation length of the concentration fluctuation.
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 224 Figure 2.4a. By considering the relative amplitude of the fast mode (~20 %) the apparent molar mass can be corrected and decreases down to 5 x 10 4 g/mol as shown in Figure 2.4b.

(2. 21 )

 21 With δ the characteristic phase shift (δ=0 for an ideal solid and δ= π/β for a σewtonian liquid) Both elastic (G') and viscous (G'') moduli are defined by dividing equation (2.21) by 0, as shown in equation(2.22).
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 25 Figure 2.5. Global synthesis strategy of random associating blocks MHx and diblocks DHx, adapted from ref. 4 .

bubbling for 1

 1 hour. The composition after argon bubbling was verified and always equal to the initial composition. The flask was then slightly opened to introduce CuBr (0.64 g, 4.43 x10 -3 mol) under a back-flow of argon and the solution was then degassed again by argon bubbling. PMDETA (0.798 g, 4.60 x10 -3 mol), and anisole (17 g) were introduced in a 50 mL vial. The flask was closed with a screw cap equipped with a septum and degassed by argon bubbling for 10 min. The degassed PMDETA solution was then transferred in the flask under argon using a double-tipped needle. A few drops of the solution were taken as sample t0, and the flask was dipped in an oil bath at 60 °C. The molar ratios were as follows [tBA+nBA]: [MBP]:[CuBr]:[ PMDETA] = 192 : 1 : 0.73 : 0.75.
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 26 Figure 2.6. Global synthesis strategy of the graft copolymers.
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 27 Figure 2.7. 200MHz 1 H NMR of the 2-(2-bromoisobutyryl)ethyl acrylate after purification in DMSO. δ (ppm) = 1.9 (s, 2H BIEA+impurtiy, H-d) ; δ (ppm) = 4.4 (m, 4H BIEA+impurtiy, H-c) ; δ (ppm) = 6.0 (dd, 1H BIEA, H-a) ; δ (ppm) = 6.2 (dd, 1H BIEA, H-b) ; δ (ppm) = 6.4 (dd, 1H BIEA, H-a).
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 28 Figure 2.8. 200MHz 1 H NMR of the polymer backbone of G7H50 in CDCl3 after purification. δ (ppm) = 1.4-2.5 (m, 21H, H-a-b-d-e-f-g) ; δ (ppm) = 3.7 (s, 4H BIEA, H-c).

2 g, 3 .

 3 22 x10 -1 mol ), n-butyl acrylate (41.3 g, 3.23 x10 -1 mol), Cu(II)Br2 (0.038 g,1.7 x10 -4 mol) and P(tBA-stat-BIEA) (32.8 g, 1.44% BIEA) were introduced in a 500 mL round-bottom flask. PMDETA (0.62 g, 3.58 x10 -3 mol) and anisole (9.2 g) were introduced in a 50 mL vial.The flask and the vial were closed with screw caps equipped with a septum, and degassed by argon bubbling for 2 hours (a long degassing time was selected because of the viscosity of the polymer solution) and 10 min respectively. CuBr (0.479 g, 3.34 x10 -3 mol) was introduced in the 500 mL round-bottom flask under a counter-flux of argon and the solution was degassed again after that. The molar ratios are as follows [tBA+nBA]:[active Br in P(tBA-stat-BIEA)]:[CuBr]:[PMDETA] = 200:1:1:1.05. The PMDETA solution was finally transferred in the flask under argon using a double-tipped needle. A few drops of the solution were taken as sample t0, and the flask was dipped in an oil bath at 60 °C. Kinetics were followed by gas chromatography using anisole as internal standard, see Figure2.10. Ln([M]0/[M]) evolved
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 210 Figure 2.10. Kinetics of the polymerisation for the synthesis of the P(nBA50%-stat-tBA50%)100 grafts from the PtBA functional backbones (step 3 in Figure 2.6) with [tBA+nBA]:[P(tBA-stat-BIEA)]:[CuBr]:[PMDETA] ratios of 200:1:1:1.05 for G7H50 (a), 200:1:1:1.05 for G30H50 (b) and 245:1:1:1.05 for G2H50 (c+d). The monomer consumption of tBA (Δ), nBA (□ measured by gas chromatography.
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 211 Figure 2.11. Size exclusion chromatograms for the backbones of G2H50 (◊), G7H50 () and G30H50 (□) (a), and for the unacidolyzed graft copolymers G2H50 (◊), G7H50 () and G30H50 (□) (b). The light scattering intensity detector was used.
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 212 Figure 2.12. Determination of the true ionization degree upon addition of GDL calculated using eq.

First, the polymer

  was dissolved in demineralized water (Millipore) containing the required amount of σaτH to reach α=1. Then, a solution of sodium hydroxide was added to reach ~10 % of NaOH in excess. The total amount of sodium hydroxide was not added before the dissolution of the polymer to avoid hydrolysis of n-butyl acrylate functions. The salt concentration was adjusted by adding the required amount of a 4 M NaCl solution. The polymer weight concentration was adjusted to have a theoretical AA concentration of 0.043 mol/L. Thereafter, the solution was back-titrated using HCl at 1 mol/L to decrease the ionization degree while measuring the pH. Let us consider the example in Figure2.13 which corresponds to the titration of a P(AA) in the presence of 0.5 mol/L of NaCl. Two pH jumps appeared, the first around pH=9 and the second between pH 4-2. Three reactions are involved in the titration. First, the strong acid HCl and the strong base NaOH react quantitatively until the first pH jump at pHVeq1 ~ 9 for a HCl volume Veq1. Then, HCl reacts with the acrylate ions AA -to form acrylic acid AAH until the second pH jump. The third reaction is the dissociation of HCl in water.
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 213 Figure 2.13.pH evolution as a function of the HCl (1M) volume added during the titration of a PAA solution at [AA]=0.043 mol/L, [Na + ]=0.5 mol/L with an addition rate of HCl of 0.1 mL/min. The inset represents the evolution of the amount of protonated AAH units.
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 214215 Figure 2.14. Evolution of the ionization degree as a function of the pH during the titration of a PAA solution at [AA]=0.043 mol/L, [Na + ]=0.5 mol/L with addition rate of 0.1 mL/min. The inset represents the evolution of the pKa as a function of α.

  according to the detailed procedure described below adapted from results obtained by a master student of our group, Julien Santarelli (M2, 2014-2015) who synthesized TH50c: P(nBMA0.5-stat-DMAEMA0.5)100-b-P(DMAEMA)200-b-P(nBMA0.5-stat-DMAEMA0.5)100. TH50c adapting the ratio of comonomers for the synthesis of the lateral blocks. a) First block: P(nBMA0.3-stat-DMAEMA0.7)100 For the first block P(nBMA0.3-stat-DMAEMA0.7)100, n-butyl methacrylate (3.31 g, 2.33 x10 -2 mol), dimethylaminoethyl methacrylate (8.52 g, 5.42 x10 -2 mol), azobisisobutyronitrile (AIBN, 2.16 x10 -2 g, 1.31 x10 -4 mol), cumyl dithiobenzoate (CDTB, 0.10 g, 3.77 x10 -4 mol) and dioxane (14.5 g) were introduced in a 500 mL round-bottom flask. The flask was closed with a screw cap equipped with a septum, and degassed by argon bubbling for 20 min. The molar ratios were as follows [nBMA+DMAEMA]:[CDTB]:[AIBN]=205:1:0.35.

2. 19 . 1 H

 191 NMR demonstrated that the DMAEMA/nBMA ratio was the same as in the initial monomer feed and the copolymerization was statistical, see Figure2.16. The polymer characteristics are summarized in Table 2-7.

Figure 2 .

 2 Figure 2.16. 1 H NMR of MH70c after purification in CDCl3. δ (ppm) = 4.04 (t, 2H, H-i) ; δ (ppm) = 3.92 (t, 2H, H-e) ; δ (ppm) = 2.55 (m, 2H, H-j) ; δ (ppm) = 2.26 (s, 6H, H-k) ; δ (ppm) = 1.59 (m, 2H, H-f) ; δ (ppm) = 1.38 (m, 2H, H-g) ; δ (ppm) = 0.93 (t, 3H, H-h); δ (ppm) = 2.40+1.93+1.80+1.30+1.03+0.87 (m, 6H, H-a+c+b+d).

Figure 2 .CHAPTER 2 :

 22 Figure 2.17. 1 H NMR of DH70c after purification in THF-D8. δ (ppm) = 4.03 (t, 2H, H-i) ; δ (ppm) = 3.93 (t, 2H, H-e) ; δ (ppm) = 2.52 (m, 2H, H-j) ; δ (ppm) = 2.24 (s, 6H, H-k) ; δ (ppm) = 1.62 (m, 2H, H-f); δ (ppm) = 1.43 (m, 2H, H-g); δ (ppm) = 0.93 (t, 3H, H-h); δ (ppm) = 2.40+1.93+1.80+1.30+1.03+0.87 (m, 6H, H-a+c+b+d).

Figure 2 .

 2 Figure 2.18. 1 H NMR of TH70c after purification in CDCl3. δ (ppm) = 4.03 (t, 2H, H-i) ; δ (ppm) = 3.93 (t, 2H, H-e) ; δ (ppm) = 2.54 (m, 2H, H-j) ; δ (ppm) = 2.26 (s, 6H, H-k) ; δ (ppm) = 1.59 (m, 2H, H-f) ; δ (ppm) = 1.39 (m, 2H, H-g) ; δ (ppm) = 0.90 (t, 3H, H-h); δ (ppm) = 2.40+1.93+1.80+1.30+1.03+0.87 (m, 6H, H-a+c+b+d).

Figure 2 . 19 .

 219 Figure 2.19. Size exclusion chromatograms of the first block MHxc (red), second block (blue) DHxc and triblock THxc (black) of TH50c (a) TH70c (b) in DMF with 0.01 M LiBr at 60°C

Figure 2 .Figure 2 . 20 .

 2220 Figure 2.20. pH evolution as a function of the volume of NaOH (1M) added during the titration of a TH70c solution at [DMAEMA]=0.043 mol/L, [NaCl]=0.5 mol/L and an addition rate of 0.1 mL/min.

Figure 2 . 21 .

 221 Figure 2.21. Evolution of the ionization degree as a function of the pH for TH70c at [DMAEMA]=0.043 mol/L, [Na + ]=0.5 mol/L. The inset represents the evolution of the pKa as a function of α.

  )100 was studied by light scattering and related to that of the diblocks P(AA)100-b-P(nBA1-x-stat-AAx)100. Secondly, the comicellisation of mixtures of diblocks was analysed to understand the rheological properties of mixtures of triblocks P(nBA1-x-stat-AAx)100-b-P(AA)200-b-P(nBA1-x-stat-AAx)100. Thereafter, graft copolymers, P(AA)500-g-[P(nBA1-x-stat-AAx)100]y, were studied as alternatives of triblocks. Finally, to extend our concept to a different pH range and bring new thermo-sensitive properties, cationic triblock copolymers, P(nBMA1-x-stat-DMAEMAx)100-b-P(DMAEMA)200-b-P(nBMA1-x-stat-DMAEMAx)100, were investigated. The structures of the copolymers studied in this work are shown in Figure 3.1.

Figure 3 . 1 .

 31 Figure 3.1. Schematic representation of the copolymers used.

Figure 3 . 2 .

 32 Figure 3.2. Evolution of the molar mass of MHx (MH40:, MH50:, MH60:□) as a function of a) the ionization degree, b) the fraction of charged units of MHx blocks . The dashed lines are guides to the eye.

Figure 3 .

 3 Figure 3.3a reveals that, at high ionization degree, the molar mass of the diblocks was equal to the value expected for unimers around 1.8 x10 4 g/mol. A decrease in the ionization degree led to an increase of the molar mass indicating self-assembly. By increasing the AA content x within the hydrophobic block, self-assembly started at lower . Overall, the behavior of the DHx was qualitatively very similar to that of the neat MHx blocks. However, unlike MHx, diblocks did not precipitate because of their PAA hydrophilic block. They rather formed starlike micelles of finite size at low ionization degree.

Figure 3 . 3 .

 33 Figure 3.3. (a) Evolution of the aggregation number of MHx (MH40:, MH50:, MH60:□) and DHx (DH40: DH50: DH60: ) as a function of the ionization degree of MHx blocks. The lines are guides to the eye, diblocks (solid lines) random associating blocks (dashed lines). (b) Evolution of the aggregation number of MH50 () and DH50 ( ) and evolution of the relaxation time of TH50 (◊) as a function of the fraction of charged units within the MHx blocks.6 

  DH40 and DH60 were mixed at different weight fractions of DH40 (F40) and a constant global polymer concentration (β g/L) for several values of the ionization degree α of both polymers, see Figure 3.4. The average aggregation numbers (NT) were calculated from molar mass measured by light scattering for each composition. At high ionization degree, α=0.77, when DH60 remained as unimers and DH40 had an aggregation number (NT) around 12, no comicellisation occurred since the measured NT (see points) was equal to the one calculated for unhybridized polymers (see solid line). At lower ionization degree, α=0.β and α=0.4, when both DH40 and DH60 were aggregated, co-micellisation occurred. Similar observations were made at several ionic strengths and for mixtures of DH40 and DH50.

Figure 3 . 4 .

 34 Figure 3.4. Evolution of the total aggregation number (NT) as a function of the weight fraction of DH40 (F40) in solutions of DH40 and DH60 at [Na + ] = 0.5 mol/L. Different ionization degrees were investigated as indicated in the figures. The values for mixtures in the absence of co-micellisation are shown for a number of systems by the solid lines.

Figure 3 . 5 .

 35 Figure 3.5. Schematic illustration of the self-association of mixtures of diblocks DHx. In green is the hydrophobic block with the highest amount of AA units in the hydrophobic block, in red with the lowest amount.

Figure 3 . 6 .

 36 Figure 3.6. Dependence of the relaxation time (a) and the viscosity (b) as a function of the TH40 concentration (bottom axis) or F40 (top axis) for mixtures of TH60 and TH40 at α =0.65, C=30 g/L and T=20 °C without added salt. The results for the mixtures (open symbols) are compared with those for pure TH40 solutions (closed symbols). The solid lines are guides to the eye.

Figure 3 . 7 .

 37 Figure 3.7. Master curves obtained by frequency-temperature superposition of the storage shear modulus at Tref=20 °C for mixtures of TH40 and different fractions of TH40 indicated in the figure at C=30 g/L and =0.2 without added salt. For clarity, not all data points are shown.

Figure 3 . 8 .

 38 Figure 3.8. The sharp increase of the relaxation time (and viscosity, data shown in chapter 5 at

Figure 3 . 8 . 3 G

 383 Figure 3.8. Master curves obtained by frequency-temperature superposition of the shear moduli at Tref=20 °C for mixtures of TH40/TH50 and different fractions of TH40 indicated in the figure at C=30 g/L and =0.60 without added salt. For clarity, not all data points are shown.

Figure 3 . 9 .

 39 Figure 3.9. Evolution of the relaxation time as a function of the ionization degree for G2H50 (◊), G7H50 () and G30H50 (□). The solid lines are guides to the eye. The dashed line is guide to the eye for TH50 data.

  .10. Since for the same overall ionization degree, the ionization of the grafts changed, it is interesting to compare the evolution of the relaxation time as a function of the fraction of charged units within the MHη0 grafts (f= αMHx.x, x=0.50 for all systems here), see Figure3.11.

Figure 3 . 10 .

 310 Figure 3.10. Degree of ionization of the backbone (open symbols) and of the grafts (closed symbols) as a function of the overall degree of ionization of the graft copolymers G2H50 (◊), G7H50 () and G30H50 (□).

Figure 3 . 11 .

 311 Figure 3.11. Evolution of the relaxation time as function of the fraction of charged units in the hydrophobic blocks for G2h50 (◊), G7H50 () and G30H50 (□). The solid lines are guides to the eye.

  Therefore, triblock copolymers made of DMAEMA and nBMA were synthesized by RAFT and evaluated: P(nBMA1-x-stat-DMAEMAx)100-b-P(DMAEMA)200-b-P(nBMA1-xstat-DMAEMAx)100 (THxc) with x at 50 and 70 %. The polymer dispersities remained below 1.4.

Figure 3 . 12 .

 312 Figure 3.12. Master curves obtained by frequency-α superposition for TH50c at C = 50 g/L and for TH70c at C=80g/L, with αref=0.68 for TH50c and αref=0.29 for TH70c.

Figure 3 . 13 .

 313 Figure 3.13. Evolution of the relaxation time (a) and of the elastic modulus (b) as a function of the ionization degree for TH50c (open symbols) and TH70c (closed symbols) at different polymer concentrations, T=20°C and [Cl -]=0.5M.

FractionFigure 3 . 14 .Figure 3 . 15 .

 314315 Figure 3.14. Evolution of the relaxation time (a) and of the elastic modulus (b) at 50°C normalized by its value at 20°C as a function of the fraction of charged units in the hydrophobic blocks at different concentration for TH50c (open symbols) and at 80 g/L for TH70c (closed symbols), [Cl -]=0.5M.

Figure 3 . 16 .

 316 Figure 3.16. Evolution of the relaxation time as a function of the pH at different concentrations for different systems, Tref=20°C.

see Figure 1 .

 1 First, P(nBA(1-x)-stat-tBAx)100 blocks with various molar ratios, x, of tert-butyl acrylate (tBA) were synthesized by Atom Transfer Radical Polymerization (ATRP). A fraction of these polymers were used as ATRP macroinitiators to yield P(nBA(1-x)-stat-tBAx)100-b-PtBA100 diblock copolymers in a second step. Finally, the tBA units of both the random P(nBA(1-x)-stat-tBAx)100 and the block-random P(nBA(1-x)-stat-tBAx)100-b-PtBA100 copolymers were selectively and quantitatively acidolysed with trifluoroacetic acid (CF3COOH) into AA units to yield MHx and DHx, respectively, where x was equal to 40, 50 or 60 %. Dispersity remained low for all copolymers (Ð ~ 1.1), see section 1 of supporting information for more details.

Figure 1 .

 1 Figure 1. Steps of the synthesis of P(nBA(1-x)-stat-AAx)100 (MHx) and of P(nBA(1-x)-stat-AAx)100-b-P(AA)100 (DHx) by Atom Transfer Radical Polymerization (ATRP): a) synthesis of the macroinitiator P(nBA(1-x)-stat-tBAx)100 b) synthesis of the P(nBA(1-x)-stat-tBAx)100-b-P(tBA)100 diblock copolymers and c) acidolysis into MHx and DHx.

Figure 2 . 50 III

 250 Figure 2. Evolution of the specific refractive index increment over the fraction of charged AA units for MH40 (), MH50 (), MH60 (), DH40 ( ), DH50 ( ) and DH60 ( ) at [Na + ]=0.1 mol/L and DH40 ( ), DH50 ( ), and DH60 ( ) at [Na + ]=0.5 mol/L. The solid line corresponds to dn/dc=0.126+0.101.fAA-. and dn/dc=0.121+0.051.fAA-. The dashed line corresponds to the evolution reported for PAA in the literature at the same NaCl concentrations.50 

Figure 3 .

 3 Figure 3. Concentration dependence of the apparent molar mass Mapp for MHη0 at α=0.λ (), 0.7 (), 0.θ (□), 0.η (◊), 0.4 (∆) and 0.γ () in the presence of 0.1 M Na + . The solid lines are guides to the eye.

Figure 4 .

 4 Figure 4. Dependence of the molar mass on the degree of ionization for MH50 at 0.1 (□) and 0.5 () mol/L Na + . The solid lines are guides to the eye.

Figure 5 .

 5 Figure5. Dependence of the hydrodynamic radius Rh as a function of Mw for MH50 at 0.1 (□) and 0.η () mol/L Na + . The solid and dashed lines represent Rh  Mw 1/3 with densities 0.5 g/mL and 1 g/mL, respectively.

Figure 6a .

 6a Figure 6a. Note that the three MHx differ only by their molar content x of AA units within the polymer while degrees of polymerization, distributions of the units within the chains and dispersities are nearly identical. The three MHx showed the same trends. At high ionization degree, the chains were present as unimers. With decreasing , self-assembly occurred leading to an increase of Mw with no dependence of Mapp on the polymer concentration up to at least 30 g/L (see Figure S5-6 in the section 3 of Supporting Information). Finally, a sharp

Figure 6 .

 6 Figure 6. Dependence of Mw on the degree of ionization (a) on the fraction of charged units (b) for MH40 () MH50 () and MH60 (□) at 0.1 M Na + . The dashed lines are guides to the eye.

of

  Mapp is shown in section 3 of Supporting Information, Figure S7-S8. In Figure 7, Mw and Rh of the three DHx samples are plotted as a function of DHx. Let us focus first on DH50.

Figure 7 .

 7 Figure 7. Dependence of Mw (a) and Rh (b) on the ionization degree for DH40 (), DH50 () and DHθ0 (□) at [σa+]=0.1 M. The solid lines are guides to the eye.

  Figure 8 as a function of MHx. The key result displayed in Figure 8 is that the self-assembly

Figure 8 .

 8 Figure 8. Evolution of the aggregation number of MHx (MH40:, MH50:, MHθ0μ□) and DHx (DH40: DH50: DH60: ) as a function of the ionization degree of MHx blocks. The lines are guides to the eye, diblocks (solid lines) random associating blocks (dashed lines).

Figure S1 .

 S1 Figure S1. Molar mass Mw (a) and hydrodynamic radius Rh (b) as a function of the concentration of Na + for MHη0 at β g/L and α=1 (), 0.7 (), 0.5 (◊) and 0.3 (). The solid lines are guides to the eye. The vertical dashed lines indicate the onset of phase separation.

Figure S2 .

 S2 Figure S2. Mw (a) and hydrodynamic radius Rh (b) as a function of the concentration of Na + for MH40 at β g/L and α=1(∆), 0.7(□), 0.η(), 0.35().The solid lines are guides to the eye. The vertical dashed lines indicate the onset of phase separation.

Figure S3 .

 S3 Figure S3. Molar mass Mw (a) and hydrodynamic radius Rh (b) as a function of the concentration of Na + for MHθ0 at β g/L and α=1(), 0.7(□), 0.η(∆), 0.β(◊). The solid lines are guides to the eye. The vertical dashed lines indicate the onset of phase separation.

Figure S4 .

 S4 Figure S4. Phase diagram of MH40 () MH50 () and MHθ0 (□) at different salt concentrations and ionization degrees (a) or fraction of charged units (b). The dashed lines are guides to the eye. The arrow in a) represents the increase of x, the AA content. The vertical dotted lines in b) correspond to the fraction of charged units within the MHx blocks for  = 1.

Figure S5 .Figure S6 .Figure S7 .Figure S8 .

 S5S6S7S8 Figure S5. Apparent molar mass Mapp (a) and apparent hydrodynamic radius Ra (b) as a function of the concentration of MH40 at [Na + ]=0.1M and at α=0.θ (□) and 0.78. The solid lines are guides to the eye.

Figure S9 .

 S9 Figure S9. Degree of ionization of the AA units in the hydrophilic block PAA () and in the hydrophobic blocks (MH40: , MH50: , MHθ0μ □) as a function of the overall ionization degree of the AA units in the diblocks (DH40: , DH50: , DH60: ). [Na + ]=0.1 mol/L and [AA]=0.043 mol/L. The solid lines are guides to the eye.

10 4 g

 4 /mol) implying that the polymers were not associated (NT =1). Decreasing the ionization degree (α) caused an increase of σT due to self-assembly of the diblocks into star-like polymeric micelles. In the case of DH40 and DH50, the increase of NT with decreasing α stagnated at approximately the same NT value, indicating that at low  the aggregation number of the micelles (NT) is limited by the corona. The limiting value of NT was not yet reached for DH60 at =0.2.

Figure 1 . 41 FigureFigure 2 .

 1412 Figure 1. Evolution of the total aggregation number (NT) as a function of the ionization degree for DH40 (), DH50 (), and DH60 (□) at [NaCl] = 0.5 mol/L. The solid lines areguides to the eye. The results for DH50 were taken from refs.37, 41 

Figure 3 .

 3 Figure 3. (a) Master curves obtained by frequency-temperature superposition of the shear moduli at Tref=20 °C for mixtures of TH40 and TH60 with different F40 as indicated in the figure at C=30 g/L and =0.65 without added salt. For clarity, not all data points are shown. (b) Master curve obtained by superposition of the data shown in figure 3a using F40=1 as the reference.

Figure 4 .

 4 Figure 4. Dependence of the relaxation time (a) and the viscosity (b) as a function of the TH40 concentration (bottom axis) or F40 (top axis) for mixtures of THθ0 and TH40 at α =0.65, C=30 g/L and T=20 °C without added salt. The results for the mixtures (open symbols) are compared with those for pure TH40 solutions (closed symbols). The solid lines are guides to the eye.

Figure 5 .

 5 Figure 5. Master curves obtained by frequency-temperature superposition of the storage shear modulus at Tref=20 °C for mixtures of TH60 and TH40 with different fractions of TH40 indicated in the figure at C=30 g/L and =0.2 without added salt. For clarity, not all data points are shown.

  basis of the present experimental results. Nevertheless, for F40 > 0.43, the absence of a terminal relaxation time in the frequency range investigated is a clear indication that TH40 chains eventually percolated the hybrid network with an immeasurably long terminal relaxation time.

Figure 6 .

 6 Figure 6. Evolution of the terminal relaxation time (a) and the viscosity (b) as a function of the TH40 concentration (bottom axis) or F40 (top axis) for mixtures of TH40 and TH60 at α=0.β, C =γ0 g/L and T=β0 °C without added salt. The solid lines are guides to the eye.

Figure 7 .

 7 Figure 7. Master curves obtained by frequency-temperature superposition of the shear moduli at Tref=20 °C for mixtures of TH40 and different fractions of TH40 indicated in the figure at C=30 g/L and =0.60 without added salt. For clarity, not all data points are shown.

Figure 8 .

 8 Figure 8. Terminal relaxation time (a) and viscosity (b) as a function of the TH40 concentration (bottom axis) or F40 (top axis) at C=γ0 g/L, α =0.θ0 and T=20 °C without added salt. The solid lines are guides to the eye.

Figure S2 .

 S2 Figure S2. Evolution of Rh as a function of the weight fraction of DH40 (F40) in aqueous solutions of DH40 and DH60 at [Na + ]= 0.5 mol/L (a) DH40 and DH60 at [Na + ]= 0.1 mol/L (b) and DH40 and DH50 at [Na + ]= 0.5 mol/L (c), C =2 g/L for different ionization degrees.

Figure S3 . 4 .Figure S4 .

 S34S4 Figure S3. Arrhenius representation of the temperature dependence of the shift factors normalized by the value at 20°C for mixtures of TH40/TH60 at different fractions of TH40 at C=30 g/L and =0.65 without added salt. The symbol keys are the same as in fig. 3.

  30 mL of an aqueous polymer solution at an overall AA concentration [AA] = 0.043 mol/L, 0.047 mol/L NaOH and 0.1 M NaCl was titrated with HCl (1 M) at a rate of 0.1 mL/min. The total amount of titrable AA units and the evolution of the pH of the solution as a function of the ionization degree of the polymer α = [AA -]/([AAH] + [AA -]) were determined from the raw titration data, where [AA -] and [AAH] are the concentrations of charged and protonated

Figure 1 .

 1 Figure 1. Schematic representation of the four steps of the synthesis of PAA-g-[P(nBA50%stat-AA50%)100]x : (1) synthesis of the functional monomer BIEA, (2) synthesis of the P(tBAstat-BIEA) backbone by free radical polymerization (3) synthesis of the PtBA-g-[P(nBA50%stat-tBA50%)100]x copolymer precursor by grafting from using atom transfer radical polymerization (ATRP) , and (4) acidolysis of the tBA units into AA.

Figure 2 .

 2 Figure 2. (a) Degree of ionization of the AA units as a function of the pH for G2H50, G7H50 and G30H50. (b) Degree of ionization of the PAA backbone (open symbols) and of the grafts (closed symbols) as a function of the overall degree of ionization ( for G2H50 (◊), G7H50

Figure 3 .

 3 Figure 3. Dependence of the zero shear viscosity ( 0) of G7H50 as a function of the concentration at different ionization degrees as indicated in the figure. The solid lines are guides to the eye.

Figure 4 .

 4 Figure 4. Dependence of the percolation concentration on the degree of ionization for G2H50 (◊), G7H50 () and Gγ0Hη0 (□). The solid lines are guides to the eye.

Figure 5 .

 5 Figure 5. (a) Frequency dependence of the storage (open symbols) and loss (filled symbols) shear moduli of G7Hη0 at different α for C = 40 g/L and Tref = 20 °C. (b) Same data as in (a) after frequency- superposition with αref=0.45.

Figure 6 .

 6 Figure 6. Concentration dependence of the relaxation time (a) and the elastic modulus (b) for G7H50 at different ionization degrees. The solid lines are guides to the eye.

9 , 10 CFigure 7 .

 9107 Figure 7. (a) Dependence of the relaxation time on the ionization degree at C>>Cp for G2H50 (◊), G7H50 () and Gγ0Hη0 (□) (b) Dependence of the elastic modulus on the polymer concentration at small α for G2H50, G7H50 and G30H50. Solid lines are guides to the eye. The dashed line indicates the results obtained for TH50.

Figure 8 .

 8 Figure 8. Evolution of the relaxation time of the transient networks as a function of the fraction of charged units within the grafts of G2H50 (◊), G7H50 () and G30H50 (□). The solid lines are guides to the eye.

  The relaxation time was to a large extent determined by the charge density of the hydrophobic blocks, but decreased with decreasing length of the PAA chain sections between the grafts.The elastic modulus of the transient networks was determined by the concentration of elastically active bridges. It was higher for polymers with intermediate graft density (x=7) than for polymers with smaller (x=2) or higher (x=30) average graft density. The percolation concentration was lowest for intermediate graft density. The optimum grafting density is a compromise between the increase of the density of hydrophobic grafts, which allows formation of more bridges, and the increase of intra over inter molecular association (loops vs bridges).

1 H

 1 NMR spectra were recorded in CDCl3 at β0 °C on a Brüker AC400 (400 MHz) spectrometer. b. Synthesis of the functional monomer. For the synthesis of the functional monomer, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA), 2-hydroxyethyl acrylate (5.52 g, 4.75 x10 -2 mol), triethylamine (5.29 g, 5.23 x10 -2 mol), 4methoxyphenol (5.9 mg, 4.75 x10 -4 mol), and dry THF (52 g) were mixed in a double-neck flask at 0 °C. A dropping funnel containing α-bromoisobutyryl bromide (19.8 g, 8.61 x10 -2 mol) and dry THF (20 g) was adjusted on the double-neck flask. A septum was placed on the other neck. The dropping funnel was gently opened to add dropwise, at 0 °C under stirring, the α-bromoisobutyryl bromide solution to the 2-hydroxyethyl acrylate solution. The mixture was let reacting for 22 hours. The solution was filtered on a Büchner to remove the insoluble triethylammonium bromide salt and THF was evaporated under reduced pressure (T=40°C).

Figure S3. 200MHz 1 H

 1 Figure S3. 200MHz 1 H NMR of the G7H50 graft copolymer precursor (unacidolyzed) in CDCl3 after purification. δ (ppm) = 0.λθ (t, γH, nBA, H-f) ν δ (ppm) = 1.β-1.5 (m, 13H, nBA+tBA, H-d+e+g) ν δ (ppm) = 1.78 (s, βH, nBA+tBA, H-b+i) ν δ (ppm) = β.1η (s, 4H, nBA+tBA, H-a+h)ν δ (ppm) = γ.λ7 (s, βH, nBA, H-c).

Figure S5 .

 S5 Figure S5. 50MHz 13 C NMR of the G7H50 graft copolymer after purification in THF-D8. δ (ppm) = 176 (C-a, AA) ν δ (ppm) = 17η (C-a', AA)ν δ (ppm) = 174 (C-b, nBA)ν δ (ppm) = 66.4 (C-c, nBA)ν δ (ppm) =41 (C-d, nBA+AA)ν δ (ppm) = β4 (C-a-b, nBA+AA)ν δ (ppm) = 19 (C-e, nBA)ν δ (ppm) = 1γ (C-f, nBA).

Figure S6 . 4 TimeFigure S7 .

 S64S7 Figure S6. Kinetics of the polymerisation for the synthesis of the P(nBA50%-stat-tBA50%)100 grafts from the PtBA functional backbones (step 3 in Figure 1 of the manuscript) with [tBA+nBA]:[P(tBA-stat-BIEA)]:[CuBr]:[PMDETA] ratios of 200:1:1:1.05 for G7H50 (a), 200:1:1:1.05 for G30H50 (b) and 245:1:1:1.05 for G2H50 (c+d). The monomer consumptionof tBA (Δ), nBA (□) and total () were measured by gas chromatography.4 

47 FigureFigure 4 )Figure 5 )Figure S12 .

 4745S12 Figure S8. (a) viscosity (b) relaxation time and (c) elastic moduli as a function of the concentration for G2H50 at different ionization degrees. The solid lines are guides to the eye.

1

  and described in detail in section 1 of the supporting information. Their chemical structure is P(nBMA1-x-stat-DMAEMAx)100-b-P(DMAEMA)200-b-P(nBMA1-x-stat-DMAEMAx)100, corresponding to a P(DMAEMA) central hydrophilic block with a number average degree of polymerization (DPn) of 200 and lateral blocks with DPn=100 made of x mol% of DMAEMA and (1-x) mol% of nBMA randomly distributed. Two triblock copolymers were synthesized with either x=50 (TH50c) or x=70 %mol (TH70c). The polymers had rather narrow

Figure 1 .

 1 Figure 1. Schemative respresentation of the three-step synthesis of the THxc triblock copolymers by Reversible Addition-Fragmentation chain-Transfer (RAFT) polymerization. x stands for the molar ratio of DMAEMA units within the hydrophobic lateral blocks and is equal to 50 or 70 %mol.

  polymer solution were prepared by addition of 1.1 equiv of HCl (1M) and water to the polymer powder to reach an overall DMAEMA concentration [DMAEMA]=0.043 mol/L. The NaCl concentration in the polymer solutions was adjusted to 0.5M by incorporation of the right amount of a NaCl stock solution (4M). Back-titrations with NaOH (1M) at a rate of NaOH addition of 0.1 mL/min were done to determine the total amount of titrable DMAEMA units and the ionization degree α=[DMAEMAH + ]/([DMAEMA]+[DMAEMAH + ]) as a function of the pH, with [DMAEMAH + ] and [DMAEMA] the concentrations of the charged and uncharged DMAEMA units, respectively. The fraction of charged units in the hydrophobic blocks was calculated as follows: f = [DMAEMAH + ]MHxc/([DMAEMAH + ] +

(

  [DMAEMAH + ]=[HCl]). Dissolution was done under stirring for at least 24 hours at room temperature. Transparent, slightly pink, homogeneous liquids were obtained. The Cl - concentration was kept constant at 0.5 mol/L by adding the desired amount of a NaCl stock solution (4M). The molar concentration of Cl -in the system, [Cl -], is the sum of the amount of HCl added to reach α0 and the amount of added NaCl: where C is the weight concentration of polymer, α0 is the initial ionization degree, xDMAEMA and xnBMA are the overall molar fractions of each monomer within the triblock and MDMAEMA = 157 g.mol -1 and MnBMA= 142 g.mol -1 are the molar masses of DMAEMA and nBMA units, respectively.

Figure 2 .

 2 Figure 2. (a) The dependence of the viscosity on the ionization degree (α) for THη0c at different concentrations (T=20°C). The solid lines are guides to the eye. (b) Same data as in figure 2a as a function of the polymer concentration normalized by the percolation concentration .

Figure 3 .

 3 Figure 3. (a) Frequency dependence of the storage (red) and loss (blue) shear moduli at different ionization degrees for TH50c at C = 50 g/L (T=20°C). (b) Master curves obtained by superposition of the results shown in fig. 3a using horizontal and vertical shifts, with αref=0.68. For comparison the master curve obtained for TH70c at C = 80 g/L with αref=0.29 is also shown.

Figure 4 . 3 Figure 5 .

 435 Figure 4. Evolution of the elastic modulus as a function of the ionization degree (α) for TH50c at different concentrations (open symbols) and TH70c at 80 g/L (closed symbols) (T=20°C). The solid lines are guides to the eye.

Figure 6 .

 6 Figure 6. Comparison of master curves of TH50c (∆), TH70c (□) and TH50 () obtainedafter frequency-α superposition, αref=0.68 for TH50c, αref=0.29 for TH70c and αref=0.48 for TH50. The data for TH50 were extracted from ref.8 

Figure 7 .

 7 Figure 7. Degree of ionization of DMAEMA units as a function of the pH for MHη0c (□), TH50c (), TH70c (), P(DMAEMA) (∆).

Figure 8 .

 8 Figure 8. Degree of ionization of the P(DMAEMA) block (∆), MH70c (◊), MHη0c (□) as a function of the overall ionization degree of the triblock copolymer TH50c and TH70c.

Figure 9 .

 9 Figure9. Same data as in Figure5represented as a function of the fraction of charged units (f), the dashed lines represent the results for anionic triblock copolymers TH50 (black), TH40

Figure 10 .

 10 Figure 10. Dependence of the relaxation time at 50°C normalized by the value at 20°C as a function of the fraction of charged units in the B blocks (f) for TH50c at different concentrations (open symbols) and for TH70c at C=80g/L (closed symbol). The solid line is a guide to the eye.

  For the diblock copolymer P(nBMA0.3-stat-DMAEMA0.7)100-b-P(DMAEMA)200 a similar procedure was used with the following amounts of reagents: dimethylaminoethyl methacrylate (15.3 g, 9.73 x10 -2 mol), azobisisobutyronitrile (1.4 x10 -2 g, 8.77 x10 -5 mol), P(nBMA0.3-stat-DMAEMA0.7)100 (3.72 g, 2.44 x10 -4 mol) and dioxane (9.31 g). The molar ratios were as follows [DMAEMA] : [P(nBMA0.3-stat-DMAEMA0.7)100] : [AIBN] = 399 : 1 : 0.36. The reaction was stopped at 49% conversion and the polymer was recovered by two precipitations in pentane which gave 8.1 g of a pink powder (yield of the precipitation = 71%

Figure S3. 1 H

 1 Figure S3. 1 H NMR of DH70c after purification in THF-D8. δ (ppm) = 4.0γ (t, βH, H-i) ν δ (ppm) = 3.93 (t, 2H, H-e) ν δ (ppm) = β.ηβ (m, βH, H-j) ν δ (ppm) = β.β4 (s, θH, H-k) ν δ (ppm) = 1.62 (m, 2H, H-f)ν δ (ppm) = 1.4γ (m, 2H, H-g)ν δ (ppm) = 0.λγ (t, γH, H-h)ν δ (ppm) = 2.40+1.93+1.80+1.30+1.03+0.87 (m, 6H, H-a+c+b+d).

Figure S6 .

 S6 Figure S6. Evolution of the elastic (red) and loss (black) moduli as a function of the temperature for THη0c at ω=1 rad/s, α=0.8, C=η0g/L without added salt. The arrows represent the evolution of the temperature.

Figure S7 .Figure S8 .

 S7S8 Figure S7. Evolution of the elastic modulus as a function of the ionization degree (α) for TH50c at different concentrations (open symbols) and TH70c at 80 g/L (closed symbols) (T=50°C). The solid lines are guides to the eye.

Figure S9 .=0. 65

 S965 Figure S9. Evolution of the viscosity normalized by its original value at 20°C as a function of the temperature at different ionization degrees and concentrations for TH50c. The solid lines are guides to the eye.

Figure 8 . 1 .

 81 Figure 8.1. Evolution of the instantaneous fraction of AA and nBA units along the chain of a PAA100b-P(nBA0.5-stat-AA0.5)100 diblock copolymer. The normalized polymerization degree is length of the block normalized by its final length.

Figure 8 . 2 .

 82 Figure 8.2. Schematic representation of the triblock copolymers THgx and THx.

Figure 8 . 4 .

 84 Figure 8.4. Evolution of the ionization degree as function of pH for the three gradient copolymers and TH50 at [Na + ]=0.5 M, [AA]=0.043 M and an HCl (1M) addition speed of 0.1 mL/min.

Figure 8 . 5 .

 85 Figure 8.5. Apparent molar mass Ma (a) and hydrodynamic radius (b) as a function of the polymer concentration for the three gradient triblocks at [Na + ]=0.5 M, α=1 and different concentrations. Open symbols correspond to the measurements, whereas the dashed line corresponds to the expected values of the unimers.

Figure 8 . 6 .Figure 8 . 7 .

 8687 Figure 8.6. (a) Frequency dependence of the storage and loss shear moduli at different ionization degrees for THg50 after temperature-frequency superposition at Tref=20°C (b) Master curves of master curves at several temperatures and ionization degrees for THg50. T=20°C, αref=0.55, C=60-80 g/L without salt.

Figure 9 . 1 .

 91 Figure 9.1. Distributions of relaxation times obtained by dynamic light scattering for solutions of graft copolymers at C= 1g/L, , θ=90°, α=1 and [Na + ]=0.5M.

  Tout d'abord, l'étude de l'auto-association en solution des blocs B seuls (MHx) a montré un lien fort entre leur agrégation et celle des diblocs de type BA (DHx). Cette agrégation est contrôlée par la quantité de charge des blocs B. Par la suite, des mélanges de triblocs (BAB) THx contenant différentes proportions (x) d'unités AA ont permis la formation de réseaux hybrides dont les propriétés rhéologiques sont maîtrisées par formulation plutôt que via la chimie. Des propriétés rhéologiques similaires aux triblocs BAB (THx) ont été obtenues avec des copolymères greffés possédant un squelette hydrophile PAA et des greffons B. Leurs propriétés rhéologiques sont principalement contrôlées par la structure chimique des blocs B, mais aussi par le taux de greffage. Ces copolymères greffés devraient être plus simples à obtenir à l'échelle industrielle que des triblocs. Pour finir, l'approche consistant à incorporer des unités hydrophiles dans les blocs hydrophobes de copolymères amphiphiles pour en contrôler la dynamique d'échange a été appliquée avec succès à des copolymères à base de méthacrylate de diméthylaminoéthyle et de méthacrylate de nbutyle. Leurs propriétés rhéologiques peuvent être contrôlées à nouveau par le pH, mais dans une gamme différente des polymères à base d'acide acrylique, et aussi dans une certaine mesure par la température.

  

  

  

  

  

  

  

  

  

Table 2 -1. Main

 2 characteristics of the geometries used in rheology experiments.

	Name of the apparatus	Diameter (mm)	Angle (°)	(µm) Truncation	Serial Number
		20	4	118	994327
	ARG2	40	2	54	988015
		60	1	27	989003
	MCR301	25 50	2 1	103 50	29256 15815
		20	3	96	987285
	DHR3	40	2	59	998173
		60	1	27	996962
	AR2000	40	2	55	991073
	I.4				

. Size exclusion chromatography I.4.1. Polymers made of tBA and nBA

  

Table 2

 2 

	-3. After purification,

b) Synthesis of the DHx precursor: P(nBA1-x-stat-tBAx)100-b-P(tBA)100

  

	The synthesis of the P(nBA0.6-stat-tBA0.4)100-b-P(tBA)100 diblock copolymer was done
	similarly to that of the P(nBA0.6-stat-tBA0.4)100-Br macroiniator described above, but with the
	following conditions: tert-butyl acrylate (45 g, 3.51 x10 -1 mol), Cu(II)Br2 (0.019 g, 8.60 x10 -5
	mol), P(nBA0.6-stat-tBA0.4)100 (21.5 g, 1.76 x10 -3 mol), CuBr (0.26g, 1.79 x10 -3 mol),
	PMDETA (0.33 g, 1.90 x10 -3 mol), and anisole (5 g). Here, P(nBA0.6-stat-tBA0.4)100-Br was
	the MH40 precursor whose synthesis was described in the previous section, see Figure 2.5.
	The molar ratios were as follows [tBA]: [P(nBA0.6-stat-tBA0.4)100]:[CuBr]:[ PMDETA] = 200:
	1 : 1.02 : 1.08.

Table 2

 2 

	-2. The polymer characteristics are available in

Table 2 -

 2 3. The polymer characteristics are available in Table 2-3.

Table 2 -2. Conditions

 2 

		of the synthesis of the associating blocks MH40, MH60, of the diblocks DH40,
		DH60 and of the triblock TH50.
	Type	Name	[Monomers]:[Initiator]:[CuBr]:[Ligand]
	Monoblock	MH40	192 : 1 : 0.73 : 0.75
		MH60	197 : 1 : 0.69 : 0.74
	Diblock	DH40	200 : 1 : 1.02 : 1.08
		DH60	200 : 1 : 0.75 : 0.81
	Triblock	TH50	400:1:2:2.10

Table 2 -3. Characteristics

 2 

			of the copolymers synthesized. a Theoretical Mn calculated from the
	conversion. b Theoretical Mn calculated assuming 100% acidolysis. c Copolymers synthesized in
					former studies 2, 3 .			
			Before acidolysis		After acidolysis
	Name	Mn, GC (g/mol) a	Mn, SEC (g/mol)	Ð	% tBA, th	% tBA, NMR	Mn (g/mol) b	% AA, th	% AA, NMR
	MH40	1.2 x10 4 1.2 x10 4	1.2	40	41	1.1 x10 4	40	39

b) Functional monomer

  

	For the synthesis of the functional monomer, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA),
	2-hydroxyethyl acrylate (5.52 g, 4.75 x10 -2 mol), triethylamine (5.29 g, 5.23 x10 -2 mol), 4-
	methoxyphenol (5.9 mg, 4.75 x10 -4 mol), and dry THF (52 g) were mixed in a double-neck
	flask at 0 °C. A dropping funnel containing α-bromoisobutyryl bromide (19.8 g, 8.61 x10 -2
	mol) and dry THF (20 g) was adjusted on the double-neck flask. A septum was placed on the
	other neck. The dropping funnel was gently opened to add dropwise, at 0 °C under stirring,
	the α-bromoisobutyryl bromide solution to the 2-hydroxyethyl acrylate solution. The mixture
	was let reacting for 22 hours at room tempature.

Table 2

 2 

-5. The nBA/tBA ratio was measured by 1 H NMR in CDCl3 and compared to the expected values, see Table 2

-6 and Figure 2.9.

Figure 2.9. 200MHz 1 H NMR of the G7H50 graft copolymer precursor (unacidolyzed) in CDCl3 after purification. δ (ppm) = 0.96 (t, 3H, nBA, H-f) ; δ (ppm) = 1.2-1.5 (m, 13H, nBA+tBA, H-d+e+g) ; δ (ppm) = 1.78 (s, 2H, nBA+tBA, H-b+i) ; δ (ppm) = 2.15 (s, 4H, nBA+tBA, H-a+h); δ (ppm) = 3.97 (s, 2H, nBA, H-c).

  6 

Table 2 - 4 .

 24 Synthesis conditions of the grafts for the graft copolymers.

		Backbone		Grafts		
	Name	% BIEA (mol/mol)	[Monomers]:[Br functions]:[CuBr]:[Ligand ]	t (hr)	DP, GC	Conversion %
	G2H50	0.5%	245: 1 : 1 : 1.05	80	100	36
	G7H50	1.4%	200: 1 : 1 : 1.05	10	92	50
	G30H50	5.8%	200: 1 : 1 : 1.05	7	100	50

Table 2 -

 2 

		Backbone		Graft copolymer
	Name	% BIEA (mol/mol) th.	% BIEA 1 H NMR (mol/mol)	Mn,SEC (g/mol)	Ð	Mn (g/mol) a
	G2H50	0.54	0.55	1.1 x10 5	2.5	5.6 x10 4
	G7H50	1.44	1.48	1.7 x10 5	2.5	8.6 x10 4
	G30H50	5.81	5.96	5.2 x10 5	2.5	3.4 x10 5

5. Characteristics of the synthesized copolymers. Theoretical Mn calculated assuming 100%

acidolysis of the tBA units into AA ones. a

Table 2 -

 2 6. tBA/nBA and AA/nBA ratios of the GxH50 copolymers synthesized.

		% tBA	% tBA	% AA	% AA
	Name	(mol/mol,	(mol/mol,	(mol/mol,	(mol/mol,
		th.)	exp.)	th.)	exp.)
	G2H50	85.0	85.2	85.0	83.4
	G7H50	71.0	71.4	71.0	72.8
	G30H50	58.0	57.6	58.0	56.1

Table 2 - 7 .

 27 Characteristics of the synthesized copolymers.

	Name	% DMAEMA th.	% DMAEMA NMR	Mn, th (g/mol)	Mn, SEC (g/mol)	Ð
	MH50c a	50	50	1.5 x10 4	1.7 x10 4	1.2
	MH70c	70	70	1.5 x10 4	9.5 x10 3	1.2
	DH50c	83	84	4.7 x10 4	3.4 x10 4	1.2
	DH70c	89	90	4.7 x10 4	2.3 x10 4	1.2
	TH50c a	76	76	6.1 x10 4	4.3 x10 4	1.4
	TH70c	85	85	6.2 x10 4	3.7 x10 4	1.3

a 

Copolymers made by J. Santarelli

(M2, 2014-2015)

.

  For neutral polymers, Annable et al. demonstrated that mixtures of triblock copolymers led to co-networks with several relaxation times equal to those of the neat components.

	the other copolymer.
	10 3
	0.00
	0.26
	0.39
	0.51
	0.87
	1.00

Table S1 .

 S1 Characteristics of the copolymers synthesized.

		Before acidolysis		After acidolysis
	Name	Mn,theo (g/mol) a	Mn,SEC (g/mol)	Ð	Mn,theo (g/mol) b
	MH40	1.22 x10 4	1.25 x10 4	1.17	1.00 x10 4
	MH50 c	1.28 x10 4	1.25 x10 4	1.10	1.00 x10 4
	MH60	1.26 x10 4	1.36 x10 4	1.34	1.03 x10 4
	DH40	2.55 x10 4	2.52 x10 4	1.17	1.74 x10 4
	DH50	2.54 x10 4	2.56 x10 4	1.10 c	1.72 x10 4
	DH60	2.50 x10 4	2.72 x10 4	1.13	1.59 x10 4

a Theoretical Mn calculated from the conversion. b Theoretical Mn calculated assuming 100% acidolysis.

Table S1 .

 S1 Characteristics of the GxH50 copolymers synthesized.

		Backbone	Graft copolymer
	Name	% BIEA (mol/mol) th.	% BIEA NMR 1 H (mol/mol)	Mn,SEC (g/mol)	Ð	Mn (g/mol) a
	G2H50	0.54	0.55	1.1 x10 5	2.5	5.6 x10 4
	G7H50	1.44	1.48	1.7 x10 5	2.5	8.6 x10 4
	G30H50	5.81	5.96	5.2 x10 5	2.5	3.4 x10 5
	a Theoretical Mn calculated assuming 100% acidolysis of the tBA units into AA ones.

Table S2 .

 S2 tBA/nBA and AA/nBA ratios of the GxH50 copolymers synthesized.

	Name	% tBA (th.)	% tBA (exp.)	% AA (th.) % AA (exp.)
	G2H50	85.0	85.2	85.0	83.4
	G7H50	71.0	71.4	71.0	72.8
	G30H50	58.0	57.6	58.0	56.1

Table 1 .

 1 Characteristics of the synthesized copolymers (see Figure1for the corresponding chemical structures). The molecular weights (Mn,SEC) are calculated by calibration with poly(methyl methacrylate) standards. a The molecular weights (Mn,th) expected at ~50% of monomers conversion, see supporting information for details. b DHxc has a hydrophilic block twice as long as that of the anionic DHx12, 13 or similar diblock copolymer made in our research group17 .

	Name	% DMAEMA theoretical	% DMAEMA NMR	Mn, th (g/mol) a	Mn, SEC (g/mol)	Ð
	MH50c	50	50	1.5 x10 4	1.7 x10 4	1.2
	MH70c	70	70	1.5 x10 4	9.5 x10 3	1.2
	DH50c b	83	84	4.7 x10 4	3.4 x10 4	1.2
	DH70c b	89	90	4.7 x10 4	2.3 x10 4	1.2
	TH50c	76	76	6.1 x10 4	4.3 x10 4	1.4
	TH70c	85	85	6.2 x10 4	3.7 x10 4	1.3
	2. Potentiometric Titration. Potentiometric titration of the copolymers was done at room
	temperature with an automatic titrator (TIM 856, Radiometer Analytical) controlled by the
	TitraMaster 85 software, utilizing the procedure described in ref. 30 For each sample, 30 mL of

Table 9 - 1 .

 91 Main characteristics of the graft copolymers solutions at C=1 g/L, α=1 and two salt concentrations. a measured in dynamic light scattering. Résumé L'objectif de ce travail était de contrôler les propriétés rhéologiques de solutions aqueuses de copolymères amphiphiles. Dans l'eau, ces copolymères s'auto-associent et leurs propriétés peuvent être contrôlées en partie par leur dynamique d'échange. Il avait précédemment était montré que cette dynamique pouvait être contrôlée par le pH et la quantité d'unités acide acrylique dans des triblocs BAB (THx) où le bloc A est du poly(acide acrylique) (PAA) et les blocs B sont des copolymères statistiques (MHx) d'acrylate de n-butyle (nBA) et d'acide acrylique (AA).

	Name	[Na + ] (M)	Mapp (g/mol) Rh (nm)	Rg (nm)	Rg/Rh	Ð a
	G2H50		2.2 x10 5	12	54	4.5	2.0
	G7H50	0.05	2.7 x10 5	13	45	3.5	1.5
	G30H50		4.3 x10 5	16	55	3.4	1.7
	G2H50		1.6 x10 5	9	37	4.1	2.4
	G7H50	0.50	1.9 x10 5	10	21	2.1	1.5
	G30H50		6.0 x10 5	14	39	2.8	1.9

Remerciements

These preliminary results did reveal differences between triblock copolymers consisting of statistical or gradient association blocks. However triblock copolymers having the same length and dispersity as the previously studied TH50 would be required to elucidate the the effect of the structure quantitatively.

V. References

1) Synthesis

The synthesis of MH50 and DH50 by ATRP was already described [1][2] . The synthesis of the other P(nBA(1-x)-stat-AAx)100 (MHx) and P(nBA(1-x)-stat-AAx)100-b-PAA100 (DHx), where x stands for the percentage of acrylic acid units in the hydrophobic block, was adapted from that of MH50 and DH50.

Briefly, methyl 2-bromopropionate (MBP), a monofunctional initiator, was used to prepare a monofunctional macroinitiator poly(n-butyl acrylate(1-x)-stat-tert-butyl acrylatex)100-Br, P(nBA(1-x)-stat-tBAx)100-Br. σ,σ,σ ,σ ,σ -pentamethyldiethyltriamine (PMDETA)/CuBr (monomers/anisole = 90/10 g/g) was used both as solvent and as internal standard to determine the monomer conversion by gas chromatography during the polymerization. [3][4] The polymerization was allowed to proceed at 60°C until a conversion of 50%. The reaction was then stopped and the polymer was purified by column chromatography (silica/CHCl3) followed by precipitation into methanol/water (90/10 vol/vol). Size exclusion chromatography (SEC) and 1 H NMR were used to characterise the polymer confirming its chemical structure as shown in Table S1.

To produce a P(nBA(1-x)-stat-tBAx)100-b-PAA100-Br diblock copolymer, the aforementioned for two different pathways of preparation. τpen symbolsμ polymer solutions mixed at α=0.λ, followed by addition and hydrolysis of D-glucono-δ-lactone to reach the target  value.

Closed symbols: polymer solutions prepared separately at the target  values using GDL, followed by mixing after the target  value has been reached. Aldrich), triethylamine (99% Fisher), toluene (99% Fisher), dichloromethane (99%, Fischer Chemical) and pentane (99%, Sigma-Aldrich) were used as received.

Evolution of the hydrodynamic radius as a function of F40

Size exclusion chromatography (SEC) was done with a system consisting of a guard column (η m, η0 mm × 7.η mm) connected to a PLgel Mixed-D column (η m, γ00 mm ×7.η mm) and a PLgel "individual pore size" column (η m, η0 mm ×7.η mm). τnline light scattering (miniDAWN TREOS from Wyatt) and refractive index (RID10A from Shimadzu) were used for detection. The samples were analyzed in THF at room temperature using a flow rate of 1 mL.min -1 with a Prominence HPLC system from Shimadzu. After filtration through a 0.β m pore size membrane, the polymers were injected at a concentration of 5 mg mL -1 in THF. The average molar masses were calculated from the light scattering detector, using a specific c. Synthesis of the backbone.

Here, the synthesis of the backbone of G7H50 is detailed. The others backbones were prepared by adjusting the functional monomer to tBA ratio.

For the backbone synthesis, tert-butyl acrylate (39 g, 3.05 x10 -1 mol), BIEA (1.04 g, 3.9 x10 -3 mol), anisole (4.56 g, 4.2 x10 -2 mol), toluene (119 g) and azobisisobutyronitrile (9.2 x10 -2 g, 5.6 x10 -4 mol) were introduced in a 250 mL round-bottom flask. The flask was closed with a screw cap equipped with a septum, degassed by argon bubbling for 30 min and dipped in an oil bath at 60 °C. The mixture was let reacting for 24 hours. The reaction was stopped by cooling the flask to 0 °C. The polymer was precipitated twice in methanol/water (90/10 vol/vol), yielding a white powder. 1 H NMR in CDCl3 was performed on the final polymer to confirm its composition, see Figure S2. Size exclusion chromatography (SEC) in THF yielded the number (Mn) and weight (Mw) average molar masses and the dispersity, see Figure S7a.

For the three backbones, Mn was around 6.0 x10 4 g/mol with Ð~2.7.

The 1 H NMR gave a molar BIEA/tBA ratio of 1.48% assuming no impurity in agreement with the theoretical value of 1.44%, see Table S1. d. Synthesis of the graft copolymer precursor.

Here, the synthesis of the graft copolymer precursor of G7H50 is detailed. The others graft copolymers precursors were prepared by adjusting the polymer to monomers ratio.

For the graft copolymer P(tBA)500-g-[P(nBA0.5-stat-tBA 0.5)100]7, tert-butyl acrylate (41. The polymer was dissolved in dichloromethane (C~150 g/L) and stirred at room temperature for at least 24 h with 5 equivalent of trifluoroacetic acid (CF3COOH) relative to the amount of tBA units, as previously reported. [1][2][3] The polymer was finally precipitated twice in pentane.

The nBA/AA ratio was measured by 1 H NMR, see Table S2. 13 C NMR revealed the absence of significant quantities of residual CF3COOH (data not shown) and complete acidolysis of the tBA units into AA ones as already reported. with αref=0.θ0 for GβHη0, αref=0.4η for G7Hη0 and αref=0. acidic AA units hydrogels were formed with decreasing pH. Finally, the thermosensitivity of the DMAEMA units resulted in a complex effect of the temperature on the self-assembly.

Provided that the content of charged DMAEMA units within the hydrophobic blocks was less than 0.2, the exchange dynamics slowed down with increasing the temperature, which resulted in thermothickening. However, for T>50°C irreversible aggregation and gelation was observed.
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Details on polymer synthesis and behaviour under heating are available in Supporting

Information. This material is available free of charge via the Internet at http://pubs.acs.org.
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1) Synthesis of the triblock copolymers

The BAB triblock copolymer TH70c consisting of a central PDMAEMA200 A block and two statistical P(nBMA1-x-stat-DMAEMAx)100 B blocks with x equal to 70%mol was synthesized by RAFT 1 according to the detailed procedure described below. TH50c, with x = 50%mol, was synthesized according to the same procedure simply adapting the ratio of comonomers for the synthesis of the lateral blocks.

i. Materials and Chemical Characterization

Materials. 2-dimethylaminoethyl methacrylate (98%, Sigma-Aldrich) and n-butyl methacrylate (99%, Sigma-Aldrich) were dried over CaH2 and distilled under vacuum before use. N,N-azobisisobutyronitrile (AIBN, 98%, Merck Chemical) was recrystallized from 95% methanol (99.99%, Fisher Chemical) before use. 1,4-dioxane (99%, Merck), 2-cyano-2-propyl benzodithioate (CPDB, 97%, Sigma-Aldrich), dichloromethane (99%, Fischer Chemical) and pentane (99%, Sigma-Aldrich) were used as received.

Size exclusion chromatography (SEC) was performed using a EcoSEC semi-micro CPG Tosoh system equipped with a γ PSS GRAM (10 m, γ00 x 7,ηmm) column with DMF with 0.01M of LiBr as eluent (flow rate = 0.8 mL/min), at 60°C, and using refractometry for detection (Shodex RI 71 refractometer, Showa Denko). The number-average molecular weight (Mn) and dispersity (Mw/Mn) were determined using poly(methyl methacrylate) standards for calibration ranging from 580 to 3 x10 6 g/mol. It should be noted that this conventional calibration of SEC yields apparent values of Mn, Mw, and dispersity (Mw/Mn).

The molecular weights of the final polymers were calculated from the conversion assuming that termination and transfer reactions were negligible. A few drops of the solution were taken as sample t0, and the flask was dipped in an oil bath at 70 °C. To follow the kinetics, samples were withdrawn throughout the reaction. The conversion was determined by 1 H NMR 2 revealing that both monomers polymerized at the same speed resulting in a statistical distribution of the monomer units, see Figure S2. The reaction was stopped at 49 % conversion by cooling the flask to 0 °C and injecting air. The polymer was purified by two precipitations in pentane, yielding a dark pink powder (3.93g, yield of the precipitation = 65%). Size exclusion chromatography (SEC) was performed on the final polymer to determine the number (Mn) and weight (Mw) average molar masses as well as their dispersity, see Figure S5b and Table 1. 1 H NMR demonstrated that the DMAEMA/nBMA ratio was the same as in the initial monomer feed, see Table 1. The polymer characteristics are summarized in Table 1. The reaction was stopped at 50% conversion resulting in 9.3 g of a pink powder (yield of the precipitation = 88%) after two precipitations in pentane. The same analyses as for the first block were achieved see Figure S4, Figure S5b and Table 1. It is interesting to remark that the Mn ratio between the theoretical and experimental values were different for the triblock copolymers than for the diblocks and monoblocks. 

I.2. Titration of the gradient triblock copolymers

First, the microstructure was probed by titration experiments. As was emphasized by Colombani et al. 7 it is harder to ionize AA units in statistical copolymers containing hydrophobic nBA units, P(nBA-stat-AA), than in a homopolymer of P(AA).