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The effect of inserting a neutral water-soluble adsorbing polymer on the flexibility of amphiphilic bilayers in a lamellar phase is investigated. The La system is a stack of charged undulating bilayers composed of sodium dodecyl sulfate (SDS) and octanol separated by aqueous solutions of polyethylene glycol (PEG). The mean bending elastic modulus k is determined from the quadrupole splittings in the solid state NMR spectra of the perdeuterated octanol chains embedded in the membranes that undergo collective fluctuations. Parameters for describing the membrane behavior (bilayer thickness, elastic compressibility modulus, order parameter) are obtained by supplementing the NMR data with complementary experiments (xray scattering), NMR spectral simulations, and theoretical considerations. A fairly complete picture of the membrane rigidity emerges for any location in the lamellar phase thanks to a broad sweep of the lamellar domain by systematically varying the membrane fraction along dilution lines as well as the polymer composition. The most remarkable result is the difference between dilute and semi-dilute regimes. In the dilute PEG solution, no (or slight positive shift) polymer contribution to the rigidity curvature of the layered system is noted within the experimental resolution (≤ 0.3 kBT) and k remains around 2.7 kBT. In contrast, the membrane rigidity increases steadily upon polymer addition once the crossover concentration cp* is exceeded, amounting to a 60% increase in k at polymer concentration 2.5 cp* in the aqueous interlayers. These results are discussed with regard to the theoretical expectation of membrane rigidification upon irreversible polymer adsorption.

Introduction

Thanks to their compartmentalized structure of nanometer-sized hydrophilic and hydrophobic domains, lyotropic liquid crystalline phases [START_REF] Luzzati | X-ray diffraction studies of lipid-water systems[END_REF][START_REF] Ekwall | Composition, properties and structures of liquid crystalline phases in systems of amphiphilic compounds[END_REF][START_REF] Hyde | The language of shape. The role of curvature in condensed matter: Physics[END_REF] have been used to incorporate a variety of guest components. The mesophases formed by polar lipids in water can accommodate biologically active molecules such as vitamins, enzymes, and other proteins opening opportunities for utilizing liquid crystals in food, [START_REF] Mezzenga | Understanding foods as soft materials[END_REF][START_REF] Amar-Yuli | Solubilization of food bioactives within lyotropic liquid crystalline mesophases[END_REF] cosmetics, [START_REF] Kulkarni | Lipid self-assemblies and nanostructured emulsions for cosmetic formulations[END_REF] and pharmaceutical applications. [START_REF] Yaghmur | Liposomes, Lipid Bilayers and Model Membranes: From Basic Research to Technology[END_REF][START_REF] Kim | Lyotropic liquid crystal systems in drug delivery: a review[END_REF] As in the case for other liquid crystals, [START_REF] Oswald | Nematic and cholesteric liquid crystals: Concepts and physical properties illustrated by experiments; Smectic and Columnar Liquid Crystals: Concepts and Physical Properties Illustrated by Experiments[END_REF] lyotropic mesophases formed by amphiphilic molecules when mixed with water combine both the flow properties of liquids and the long-range order of crystals allowing them to act as prototype self-organizable supramolecular soft materials and tunable solvents. [START_REF] Bisoyi | Liquid-crystal nanoscience: an emerging avenue of soft self-assembly[END_REF] In the last two decades, these organized mesophases have increasingly being found applications in coatings, paints, detergency, separation, filtration, adsorbents, catalysis, capacitors and sensors, fuel cell and solar cell electrode materials. [START_REF] Bisoyi | Liquid-crystal nanoscience: an emerging avenue of soft self-assembly[END_REF][START_REF] Palmqvist | Synthesis of ordered mesoporous materials using surfactant liquid crystals or micellar solutions[END_REF] Although disordered on atomic distances, these lyotropic liquids crystals can be viewed as anisotropic mesoporous matrices providing a good support for the assembly of the guest components in multiple dimensions forced to follow the order of the host medium. One privileged topology as a host is the smectic structure, where the bilayers formed by the two surfactant monolayers facing each other through their hydrophobic moieties alternate with layers of solvent molecules along a regular one-dimensional array. Thus, organic dopants such as polymers, proteins, viruses, DNA, or inorganic (metallic or mineral) nanoparticles have been inserted into lamellar phases (for reviews, see refs. 10-14).

From a fundamental point of view, these hybrid materials address new issues about how the lamellar mesophase is affected by the guest components and how the latter experience new membrane-mediated interactions. This question is particularly relevant for polymer dopedsolvent lamellar phases [START_REF] Nallet | Elasticity and hydrodynamic properties of "doped solvent" dilute lamellar phases[END_REF] in which the macromolecular chains do not incorporate into the surfactant bilayers and remain in the interlayer solvent. Indeed, the confinement of hydrosoluble flexible polymer chains in the thin water lamellae of the stack deforms the random macromolecular coils [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF] into (almost) 2-dimensional objects. Therefore, the loss in entropic configurations upon the formation of 2D polymeric pancakes-like must be compensated for enthalpic gains in the free energy of mixing. This explains why the lack of favorable enthalpic terms has limited the dissolution of common polymers in thermotropic mesophases to short macromolecules only (degree of polymerization ~20). [START_REF] Dubault | Anisotropy of a flexible polymer chain in a nematic field: neutron scattering versus magnetic resonance[END_REF] Quite rightly the lyotropic lamellar phases are more fruitful as they can offer the needed balance between anisotropic enthalpic and entropic effects. This was first evidenced experimentally for the sodium dodecyl sulfate (SDS) / water lamellar phase doped with large water-soluble macromolecules of poly(ethylene oxide) (PEO; degree of polymerization ~1000). [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] For this ternary SDS/PEO/water system, there is a favorable surface attraction due to the adsorption of PEO chains on the water/hydrocarbon interface built by the SDS amphiphilic molecules. [START_REF] Cabane | Structure of some polymer-detergent aggregates in water[END_REF][START_REF] Cabane | Organization of surfactant micelles adsorbed on a polymer molecule in water: a neutron scattering study[END_REF] It was found that PEO macromolecules could indeed be dissolved in the lamellar phase of SDS/water where one-fourth of the water of the mesophase could be replaced by PEO. However, it was also found that the structural defects and deformations of the layers of this lamellar phase [START_REF] Kékicheff | Between cylinders and bilayers: structures of the intermediate mesophases of the S.D.S./water system[END_REF][START_REF] Kékicheff | Crystallography of Systems with Long Periods: a Neutron Scattering Study of Sodium Dodecyl Sulfate / Water Mesophases[END_REF][START_REF] Kékicheff | Structural defects of a lamellar lyotropic mesophase: a neutron scattering density[END_REF] allow some PEO segments to cross the SDS bilayers, thereby releasing the confinement of the macromolecules. [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] To overcome such crossings as a condition for the dissolution of large macromolecules in lamellar phases, surfactant systems with more flexible membranes have been sought. [START_REF] Ligoure | Polymer induced phase separation in lyotropic smectics[END_REF][START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Kötz | Polymers in lyotropic liquid crystalline systems[END_REF][START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF][START_REF] Porcar | Layer compression modulus of electrostatically stabilized lyotropic lamellar phases revisited: Application to the quantitative analysis of a polymer induced critical SmA-SmA phase separation[END_REF][START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Bouglet | Polymer-mediated interactions of fluid membranes in a lyotropic lamellar phase: a small angle X-ray and neutron scattering study[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Javierre | Effect of confinement of a polymer on the phase behavior of ternary and quaternary lyotropic mixtures[END_REF][START_REF] Imai | Inter-lamellar interactions modulated by addition of guest components[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] Inserting a polymer in a lamellar mesophase may induce modifications that can be minor, like the thinning of the membranes, or major, like the destabilizing of the stack, with an induced phase separation. The two-phase system usually consists of a lamellar phase rich in surfactant and an isotropic phase rich in polymer. [START_REF] Kötz | Polymers in lyotropic liquid crystals[END_REF][START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] Nevertheless, for lamellar systems with flexible membranes, it was also found that the polymer may affect the phase behavior in such a way that it eventually induces a smectic-smectic phase separation, [START_REF] Ligoure | Polymer induced phase separation in lyotropic smectics[END_REF][START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF][START_REF] Porcar | Layer compression modulus of electrostatically stabilized lyotropic lamellar phases revisited: Application to the quantitative analysis of a polymer induced critical SmA-SmA phase separation[END_REF][START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Bouglet | Polymer-mediated interactions of fluid membranes in a lyotropic lamellar phase: a small angle X-ray and neutron scattering study[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Javierre | Effect of confinement of a polymer on the phase behavior of ternary and quaternary lyotropic mixtures[END_REF][START_REF] Imai | Inter-lamellar interactions modulated by addition of guest components[END_REF] with the coexistence of two lamellar phases of different periodicities signaling that the lamellar structure phase separates into one surfactantrich-polymer-poor phase and one surfactant-poor-polymer-rich phase.

For all the lamellar mesophases with undulating and fluctuating membranes, the macromolecular chains have a tendency to concentrate where the interlayer spacing is larger (where it is less confined) and conversely to escape from the interstitial spaces where the aqueous layer is thinner. [START_REF] Ligoure | Polymer induced phase separation in lyotropic smectics[END_REF] This behavior is similar to the depletion interaction between colloidal particles in a polymer solution [START_REF] Asakura | On interaction between two bodies immersed in a solution of macromolecules[END_REF] with a destabilization of purely entropic origin for nonadsorbing polymers. For polymers that may also adsorb at the amphiphilic / water interfaces, an additional inter-membrane interaction via bridging may occur: different segments of a single macromolecule can anchor onto the surface of adjacent bilayers leading to their bridging. [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] This polymer-mediated interaction is also attractive, analogue to the flocculation of stable colloidal dispersions upon the addition of polymer when the adsorbing macromolecular chains bridge between particles resulting in demixing. [START_REF] Vincent | The effect of adsorbed polymers on dispersion stability[END_REF] The interplay between bilayer repulsion and excluded volume effects for the polymer seems also to dictate the phase behavior. Indeed, it is often reported that large polymer coils are more easily incorporated into a lamellar mesophase when the interbilayer repulsion is strong, rather in the case of weak repulsion. This observation is consistent with theoretical considerations [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF] and well illustrated with lamellar systems stabilized by electrostatic interactions. Thus, when the membranes are highly charged, the structure of the lamellar phase remains stable against phase separation upon addition of neutral flexible non-adsorbing polymers in all proportions. [START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF][START_REF] Porcar | Layer compression modulus of electrostatically stabilized lyotropic lamellar phases revisited: Application to the quantitative analysis of a polymer induced critical SmA-SmA phase separation[END_REF] On the contrary, when the electrostatic interaction is decreased, either by salt addition [START_REF] Ligoure | Polymer induced phase separation in lyotropic smectics[END_REF][START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF][START_REF] Bouglet | Polymer-mediated interactions of fluid membranes in a lyotropic lamellar phase: a small angle X-ray and neutron scattering study[END_REF] or by lower surface charge density of the bilayers, [START_REF] Porcar | Layer compression modulus of electrostatically stabilized lyotropic lamellar phases revisited: Application to the quantitative analysis of a polymer induced critical SmA-SmA phase separation[END_REF] the attractive polymer-mediated interaction is competing with the electrostatic repulsion between the membranes, and phase separation is unfailingly encountered. Concerning the excluded volume effects, a favorable interaction between the polymer and the surfactants can compensate the loss in entropic configurations of the confined macromolecular chains, facilitating their incorporation in the lamellar structure, [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Javierre | Effect of confinement of a polymer on the phase behavior of ternary and quaternary lyotropic mixtures[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] as it was beautifully demonstrated recently using temperature change to modulate the polymersurfactant interactions. [START_REF] Agzenai | The effect of temperature on the incorporation of poly(N-isopropylacrylamide) in the AOT lamellar mesophase[END_REF] Resulting from a delicate balance between different kinds of interactions (polymerwater, polymer-polymer, bilayer-bilayer, and polymer-surfactant), the contribution of the polymer incorporation to the behavior of the lamellar structure can be evaluated through the effects on the elastic constants of the layered stack. The intermembrane interactions are directly related to the layer compressibility elastic modulus at constant chemical potential, 𝐵 " , while the membrane flexibility can be traced from two smectic curvature moduli K and 𝐾 $ . [START_REF] Roux | Membranes, Microemulsions and Monolayers[END_REF] The splay K and the saddle-splay 𝐾 $ elastic constants are related to the smectic periodicity d and respectively to the mean bending elastic modulus, k, and to the Gaussian bending modulus, 𝜅̅ , of the membrane according to 𝐾 = 𝜅/𝑑 and 𝐾 $ = 𝜅̅ /𝑑. The layer compression modulus, 𝐵 " , can be measured by dynamic light scattering [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Nallet | Hydrodynamics of lyotropic smectics: a dynamic light scattering study of dilute lamellar phases[END_REF] and by the surface force apparatus technique (SFA) for any kind of interactions stabilizing the lamellar structure: repulsion due to electrostatics, [START_REF] Richetti | Measurement of the interactions between membranes in a stack[END_REF][START_REF] Richetti | Measurement of the layer compressibility modulus of a lamellar mesophase with a Surface Force Apparatus[END_REF] to undulation interactions, [START_REF] Antelmi | Measurement of the compressibility modulus in a lyotropic lamellar phase stabilized by undulation forces[END_REF] and to polymer-mediated interactions. [START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] The bending elastic modulus, k, has been measured by dynamic light scattering, [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] small-angle x-ray or neutron scattering (via the position of the Bragg peak, [START_REF] Imai | Inter-lamellar interactions modulated by addition of guest components[END_REF][START_REF] Yang | Confinement of polysoaps in membrane lyotropic phases[END_REF] the excess scattering in the low Q-region, [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF] or via the dynamic scattering function by neutron spin echo [START_REF] Imai | Inter-lamellar interactions modulated by addition of guest components[END_REF] ), and deuterium solid NMR spectroscopy [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] (note that other techniques such as electron spin resonance [START_REF] Di Meglio | Determination of the rigidity constant of the amphiphilic film in "Birefringent microemulsions": The role of the cosurfactant[END_REF] and optical microscopy of epitaxial relations [START_REF] Mcgrath | Spiral textures in lyotropic liquid crystals: first order transition between normal hexagonal and lamellar gel phases[END_REF] have also been proposed, but to our knowledge not used yet for polymer doped-lamellar phases). The line shape of the power-law singularities at the Bragg peaks measured by X-ray or neutron scattering provides the product 𝜅𝐵 " of the two elastic constants, allowing the lamellar structure collapse to be monitored through the decrease of 𝐵 " upon polymer addition. [START_REF] Ligoure | Polymer induced phase separation in lyotropic smectics[END_REF][START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF][START_REF] Porcar | Layer compression modulus of electrostatically stabilized lyotropic lamellar phases revisited: Application to the quantitative analysis of a polymer induced critical SmA-SmA phase separation[END_REF][START_REF] Bouglet | Polymer-mediated interactions of fluid membranes in a lyotropic lamellar phase: a small angle X-ray and neutron scattering study[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Imai | Inter-lamellar interactions modulated by addition of guest components[END_REF] Lastly, the measurement of the Gaussian bending modulus, 𝜅̅ , has appeared much more difficult: the observation of focal conic domains of positive Gaussian curvature like spherulites has allowed the ratio 𝜅̅ /𝜅 to be estimated. [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] Several theoretical approaches have investigated the effect that the introduction of a polymer would have on the bilayer elasticity. Whereas the theoretical prediction of membrane stiffening upon polymer grafting [START_REF] Milner | Bending moduli of polymeric surfactant interfaces[END_REF] is in agreement with experimental observations, [START_REF] Yang | Confinement of polysoaps in membrane lyotropic phases[END_REF] the effects on membrane rigidity are still in debate for flexible polymers forming dilute or semi-dilute solutions with the solvent and staying entirely in the solvent separating the two bilayers. Thus, some theoretical studies predict an increase in the membrane rigidity upon the addition of neutral and flexible polymers, [START_REF] De Gennes | Interactions between polymers and surfactants[END_REF] whereas other ones predict K to decrease and 𝐾 $ to increase. [START_REF] Brooks | Role of adsorbed polymer in bilayer elasticity[END_REF][START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF] In all these calculations, polymer adsorption on the bilayers was assumed to be homogeneous. Within this framework it is found that the magnitude of the effects on the elastic curvature moduli are rather small scaling as the thermal energy kBT with small numerical prefactors. Interestingly, the case of irreversible polymer adsorption appears subtle: [START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF][START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] the predicted reduction in the mean bending elastic modulus becomes less, and ultimately changes sign leading to an increased bending rigidity. [START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] However, the paucity of experimental data does not allow definitive conclusions to be set when comparing with theoretical predictions. Thus, the positive polymer contribution to the Gaussian curvature modulus [START_REF] Brooks | Role of adsorbed polymer in bilayer elasticity[END_REF][START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF] has not been observed, but rather a negative one has. [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] As to the predicted small decrease of k (a fraction of kBT), the experimental investigations have remained inconclusive: no effect [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] or a behavior opposite [START_REF] Iñiguez-Palomares | Effect of polymer on the elasticity of surfactant membranes: A light scattering study[END_REF] to the available models have been reported. Whether such discrepancies are the result of limitations in the theories (mean-field framework) or are a consequence of insufficient accuracy in the experimental techniques involved remains an open question. Resolution of this question requires further investigations, which is the object of this study.

We have performed deuterium solid NMR spectroscopy to measure the shift in the mean bending elastic modulus of a lamellar mesophase upon addition of a water soluble flexible homopolymer partially adsorbing onto the charged surfactant bilayers. Here the chosen system (sodium dodecyl sulfate (SDS) / octanol / water) offers additional interest to theory as it is an experimentally realized system of fluctuating charged surfaces: the aqueous layers separate the undulating bilayers that are constituted of anionic surfactant SDS and octanol acting as a cosurfactant. Previous studies have shown that water-soluble polyethylene glycol (PEG) can be incorporated in the lamellar phase of this ternary system. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF] Thus, for a degree of polymerization ~500, PEG can replace half the water content before inducing a phase separation between two lamellar phases of different periodicities. Remarkably the phase diagram reveals two critical points on the boundary of the close-loop smectic-smectic miscibility gap. The layer compressibility modulus, 𝐵 " , was shown to decrease upon polymer addition by small-angle neutron scattering [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF] and direct force measurements using a SFA. [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] The difficulty of orienting the SDS/octanol/PEG-in-water lamellar mesophases homeotropically prevented a systematic study of measuring the mean bending elastic modulus, k, by dynamic light scattering, and only one value of the splay curvature, K, was reported for this system. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] This difficulty has invited us to use deuterium solid NMR spectroscopy for investigating the effect on k upon PEG addition. In this contribution we report how k evolves over wide polymer concentrations spanning from dilute to semi-dilute solutions in the aqueous layers separating the surfactant bilayers. Furthermore, by varying the membrane volume fraction along dilution lines toward one of the critical point of the phase diagram, a fairly complete picture of the membrane rigidity emerged for any location in the lamellar phase. All these measurements yield a set of quantitative information for the elastic behavior of an adsorbing polymer doped-lamellar phase with charged undulating membranes, that will be compared with the background of present theoretical frameworks.

Materials and methods

Materials.

The anionic surfactant, sodium dodecyl sulfate (CH3(CH2)11OSO3 -Na + , noted hereafter as SDS) was purchased from Sigma-Aldrich as ACS reagent ≥ 99%. To avoid acidcatalyzed hydrolysis (autocatalytic reaction) that could produce dodecanol and sodium hydrogen sulfate, the surfactant was reneutralized in basic solution according to the procedure described in our previous works. [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Kékicheff | Phase diagram of sodium dodecyl sulfatewater system. 1. A calorimetric study[END_REF][START_REF] Kékicheff | Phase diagram of sodium dodecyl sulfate-water system. 2. Complementary isoplethal and isothermal phase studies[END_REF] The cosurfactant, 1-octanol, either protonated (from Sigma-Aldrich; ACS reagent ≥ 99%) for preparing samples investigated by x-rays and optical microscopy, or perdeuterated (CD3(CD2)7OH; from Euriso-Top, France) for NMR experiments, was used as received. The poly(ethylene oxide), a linear water-soluble non-ionizable polymer, was purchased from VWR (Merck) as "polyethylene glycol" (HO(CH2CH2O)nH, noted hereafter as PEG) for synthesis, of weight average 20000 g/mol, and used as received. Gel permeation chromatography revealed a weight average molecular weight Mw = 18713 g/mol and a polydispersity index Mw/Mn = 1.05 where Mn is the number average molecular weight. In aqueous solution its radius of gyration, Rg, is around 5.6 nm, a value inferred [START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF] from the scaling behavior 𝑅 g ~𝑀w /.12 obtained by neutron scattering for different PEO masses [START_REF] Cabane | Organization of surfactant micelles adsorbed on a polymer molecule in water: a neutron scattering study[END_REF] (see also Fig. S1, Supplementary Information). The three-dimensional overlap concentration between the dilute and semi-dilute solutions of polymer chains is close to 41g/L (estimated from 𝑐 * = 3𝑀 w 4𝜋𝒩 A 𝑅 g ;

⁄

where 𝒩 A is the Avogadro's constant [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF] ) corresponding to a cross-over volume fraction of 𝜙 " * ≃ 0.04. Ultra pure water was obtained from a commercial Millipore purification system (MilliQ Gradient system). The end product had a resistivity of 18.2 MW.cm, showed no bubble persistence, and had a pH about 5.7 due to equilibration with dissolved atmospheric CO2.

Sample preparation.

All surfactant and polymer solutions were freshly prepared prior to each series of experiments. The procedure to obtain homogeneous samples of lamellar mesophases at the thermodynamic equilibrium has already been described in details. [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF] In short, four successive steps are operated. Firstly, homogeneous aqueous polymer solutions are prepared at several fixed polymer weight fractions in water (cp). Then, the required quantity of SDS is weighed in a vial and the corresponding amount of polymer aqueous solution is added to the SDS. After sealing, a homemade setup rotates slowly the container for a few hours in order to get the SDS dissolved completely in the solution. Then, the required quantity of octanol is added to the mixture. Lastly, the samples are homogenized by slow rotation of the container for 3 to 4 weeks at 25°C.

The molar ratio between octanol and SDS was fixed to 2.7 as in previous works. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] The octanol acts as a cosurfactant because it is long enough to be insoluble in water and mixes with the amphiphilic molecules in the membranes, making possible the existence of the lamellar phase at room temperature and for low membrane volume fractions. This ratio corresponds to a volume fraction of SDS in the membrane 𝜙 ? = 0.37. Under the two assumptions of insolubility of octanol in water, and of no polymer in the SDS/octanol bilayer, the volume fraction of membranes F in every PEG doped-lamellar mesophase is defined as the sum of both volume fractions of SDS and octanol, and calculated with the following densities at 25°C: dSDS = 1.16, doctanol = 0.83 (and 0.94 for perdeuterated octanol), and dPEG-in-water = 0.9966+1.65x10 -4 cp with cp in g/L (according to the measurements reported in ref. 60). The compositions of the investigated polymer doped-lamellar mesophases prioritize two logics. One is to compare the effect of replacing water by polymer (i.e. by varying the PEG mass fraction in water, cp) while maintaining the membrane volume fraction constant. The other guideline is to monitor the effect of the membrane fraction while the interbilayers aqueous gap is filled with the same dilute or semi-dilute PEG solutions. In this latter case, F varies along dilution lines at constant polymer content cp in the water layers, while approaching at closer to the La / La miscibility gap of the phase diagram. These two approaches are established by a series of samples to map out the PEG doped-lamellar phase as depictured in Fig. 1. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] The "membrane" corner corresponds to SDS and octanol.

L is an isotropic phase and La a lamellar phase (the subscript a refers to a quasi-liquid state for the paraffinic chains). The two-phase regions are designated by the association of two symbols, such as La / La for the miscibility gap between the two lamellar phases. Ps1 and Ps2 locate the two critical points of the phase diagram. The white data points in the enlarged left corner of the phase diagram represent the compositions in wt.% of the mesophases investigated. They lie along two series of lines: 1) at constant membrane fraction, F, and 2) at constant polymer concentration, cp, in the water layers.

Cross-polarized optical microscopy. Optical microscopy was carried out using a LEICA polarizing microscope at room temperature. The technique was used to check that the birefringent mesophases prepared as described above are ultimately macroscopically homogeneous and well located in the lamellar phase according to their characteristic textures. These include four-leaf clovers corresponding to single unique focal domains, oily streaks and fan-like morphologies corresponding to a juxtaposition of several focal conic domains. [START_REF] Oswald | Nematic and cholesteric liquid crystals: Concepts and physical properties illustrated by experiments; Smectic and Columnar Liquid Crystals: Concepts and Physical Properties Illustrated by Experiments[END_REF][START_REF] Kléman | Points, lines and walls: in liquid crystals, magnetic systems, and various ordered media[END_REF] No Maltese crosses were observed between crossed polarizers. This suggests that care was taken to avoid the formation of spherulites thanks to our sample homogenization procedure of slow rotation of sample containers over weeks, rather than of centrifugation as shear may induce multilamellar vesicles. [START_REF] Berghausen | Influence of water-soluble polymers on the shear-induced structure formation in lyotropic lamellar phases[END_REF] Small-angle x-ray scattering (SAXS). The smectic structure of the mesophases was determined by SAXS on a diffractometer developed by Molecular Metrology (Elexience, France). X-rays are produced thanks to a rotating anode tube. The diffractometer operates with a pinhole collimation of the x-ray beam and a two-dimensional gas-filled multiwire detector. A monochromatic (l = 1.54 Å with Dl/l < 4%; Ka emission of Cu) and focused x-ray beam is obtained through a multilayer optics designed and fabricated by Osmic. The sample to detector distance was set at 0.71 m, allowing scattering vectors to be explored in the range from Q = 0.01 Å -1 to 0.33 Å -1 . Using a pinhole collimation the beam divergence is low and the sample area irradiated by the incident beam is close to 600 µm, resulting in a good in-plane resolution function with a half width at half maximum of the order of 6x10 -3 Å -1 (value calibrated by the diffraction on tricosane). The samples were placed in sealed cells made of two calibrated mica windows separated by teflon spacers of 1 mm thickness. The windows did not induce an orientation of the mesophases. Measurements were performed at room temperature with exposure time of about 2 hours.

Deuterium solid state NMR. The 2 H NMR spectra were collected on a Bruker Avance 300 wide-bore NMR spectrometer of the Membrane Biophysics and NMR laboratory (University of Strasbourg, France) operating at a frequency of 46.1 MHz for deuterium (magnetic field 7.05 T). High resolution quality spectra were obtained by spinning the samples at the magic angle to remove line broadening effects due to dipolar interactions and susceptibility differences within the sample. In order to fit the samples on the MAS (Magic Angle Spinning) rotor made of zirconium oxide with a Kel-F cap, and having a diameter of 4 mm and a sample volume of 200 µL, the mesophases were transferred into small NMR vessels. Their contents were then centrifuged at 6000 rpm for 10 min in order to remove eventual trapped bubbles prior to NMR measurements. NMR signals were recorded with a quadrupole echo technique (π/2 pulse width of 3.4 µs, pulse spacing 50 µs) with a spectra width of 500 kHz and a resolution of about ±15 Hz. The free induction decay (FID) was averaged over 16384 scans. Quadrupolar splittings were obtained by its Fourier transformation (FT) after having discarded the first 30 points in order to begin the FT at the echo. A 60-Hz exponential line broadening was applied to increase the signal-to-noise ratio. Sample temperature was monitored to within ± 1°C in using a gaseous flow at 25 °C. Before each experiment the sample was equilibrated at 25 °C in the probe for at least 10 min.

Results

Before presenting the effect of PEG addition on the mean bending elastic modulus of the membranes, we first provide the structural features of the polymer doped-lamellar phase, namely the evolution of both periodicity and bilayer thickness in scans of the PEG content in the water layers at constant membrane fractions, and in scans along dilution lines at different dilute and semi-dilute PEG solutions regimes.

Structure of the PEG doped-lamellar phase

For each lamellar mesophase the x-ray scattering pattern displays a series of three Bragg diffraction peaks in the ratio 1:2:3 as expected for a 1D smectic order. Figure 2 illustrates the scattering patterns of powder samples for different membrane mass fractions Φm located along the dilution line at constant PEG content in the water layers, cp = 7.5 wt.%. The three harmonics of the structure factor shift to small angles as Φm decreases, indicating that the lamellar periodicity, d = 2π/q0 (where q0 is the first Bragg diffraction order) increases. From the swelling behavior of the lamellar structure one can infer the thickness d of the bilayers. A first approach is to consider that the excess area related to the undulations of the membranes is negligible. Within this framework of a perfect one-dimensional stack of membranes, the intermembrane distance d is simply related to the volume fraction of the membranes Φ by:

𝑑 = 𝛿 𝜙 (1) 
Figure 3 shows the repeat distances between the bilayers, measured from the positions of the Bragg peaks (Fig. 2), as a function of the inverse volume fraction of the membranes along dilution lines at different polymer contents in the water layers. Each set of data follows a linear law with a slope being nothing but the bilayer thickness, d, according to eqn.1. along dilutions lines at constant polymer content, cp, in the water layers. The uncertainty in the values of the periodicities, as measured from the positions of the Bragg diffraction peaks (Fig. 2), is estimated to be around 0.1 nm (which leads to an error bar smaller than the size of the data points). Errors in the compositions are caused by gain or loss of water during the storage of "dry" SDS, during the mixing of surfactant with water and octanol, and while filling the x-ray cells. It has been estimated to be at maximum 3%. The solid lines show the linear fits to the data along every dilution line according to eqn.1 with fitting slopes reported in Fig. 4.

For polymer-free lamellar mesophases, the geometric thickness of the bilayer composed of SDS and perdeuterated octanol, d = 2.4 ± 0.1 nm, is in very good agreement with the reported values for the same system with protonated octanol. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF][START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF] This suggests that the replacement of protonated to perdeuterated octanol does not affect the membrane structure. The average surface area per polar head, S, can be estimated from the conservation of the molar volume: 

where vS and vA are the molecular volume of surfactant SDS and octanol respectively, and A/S = 2.7 is the molar ratio between alcohol and surfactant. Thus, the area per polar head is 0.36 nm 2 for SDS and 0.26 nm 2 for octanol, which gives an average surface area per charge of about 1 nm 2 (assuming a dissociation coefficient of sodium counterions to be close to unity [START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] as there is about one SDS polar head for 2.7 octanol molecules at each bilayer interface). In the presence of added polymer, the classical swelling law, as given by eqn.1, describes also very well all the dilution lines. The geometric thickness of the bilayer, as inferred from the slopes of the swelling law, is reduced as compared to the polymer-free mesophase, in agreement with previous investigation of the same system. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] But contrary to this report, [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] a smaller decrease of the geometric thickness of the bilayer is found, and no further shrinking is observed upon further polymer addition. Indeed, Figure 3 shows that all the corresponding data lie on parallel lines with a constant slope of 2.3 ± 0.1 nm (see also Fig. 4). We do not have any explanations about this slight discrepancy, except for the fact that we might note that setting adjustments were restricted to limited data and thus inevitably hampered when small sets of samples are employed for exploring the dilutions lines, [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] in contrast to our present investigation for which large numbers of mesophases were prepared. The geometric thickness, d, of the SDS/octanol bilayer is inferred from the slopes of the swelling law (eqn.1) along the dilution lines at constant polymer content, cp, in the water layers (Fig. 3).

Within the framework that the macromolecules stay exclusively in the water layers, the observed decrease of d suggests a slight increase of the average area per polar head in the bilayer. This interpretation will be examined in details in the Discussion section. So far, the analysis has considered the membranes as viewed with a geometric thickness. However, the membranes are flexible and fluctuate around their average position, leading to a smaller projected area [START_REF] Golubović | Smectic elastic constants of lamellar fluid membrane phases: Crumpling effects[END_REF] and to an interlamellar distance which depends also on the mean bending elastic modulus k of the membrane: 66,67

𝑑 = 𝛿 𝜙 I1 + 𝑘 B 𝑇 4𝜋𝜅 ln P 𝛿 𝜙𝑎 R 32𝜅 3𝜋𝑘 B 𝑇 ST ( 3 
)
where a is a microscopic cutoff length (typically the transverse size of an amphiphilic molecule). This equation is valid at large dilutions where 𝑑 ≫ 𝛿 , and a plot of the product dF as a function of ln(F) predicts a linear relation with negative slope in systems dominated by undulations. Quite rightly, for the SDS/octanol/water/PEG lamellar system, the curves appear to be moving in a downward trend (not shown), but the linear relationship is not clearly assessed. This may be due to the experimental uncertainty in our data hampering expected small slopes around 0.1 nm for 𝜅 ≈ 2 -5 kBT (this present work; see next section) to be evidenced. This may also arise from limitations when applying a pure undulation model. The bending of the membranes is required for the excess area to be observed, but the bilayers are also charged.

In view of the rather high nominal charge of the lamellae (one charge per nm 2 ; see above) the contribution of the undulations is at most a few percents of the electrostatic compressibility. [START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] As a result, the electrostatic contribution is the dominant interaction stabilizing the lamellar phase of this system, as shown both for free-polymer [START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] and PEG doped-lamellar mesophases [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] using direct force measurements (SFA). It is also conceivable that some bridging of the membranes by a few PEG chains adsorbed in neighboring membranes reduces and even ultimately hinders the membrane undulations. In such a situation an almost ideal swelling with no excess area will be maintained as Figure 3 could indicate. Consequently, the validity of employing eqn.3 is questioned.

Beyond the evolution of the positions of the Bragg diffraction peaks, several characteristics of the x-ray scattering patterns are also noted. The first feature is the widening of the Bragg peaks with increasing polymer concentration whatever the dilution of the lamellar phase. Even if the polymer addition has little consequences on the position of the Bragg peaks (along a line at constant bilayer volume fraction F), it affects their shapes. More precisely, broad tails appear at the bottom of the Bragg singularities. Figure 5 illustrates this effect for the first diffraction order. Representative scattering spectra corresponding to mesophases along a line at F = 0.12 are presented for the two extreme PEG concentrations investigated respectively in the dilute and semi-dilute solutions in the water layers. The curves are compared after renormalizing the intensities I(Q) by their respective peak values I(Q0) and the wavevectors Q by the peak positions Q0. This representation emphasizes the broadening of the peak width with increasing polymer concentration. This indicates an increase of the Caillé exponent h that describes the power-law singularity [START_REF] Caillé | Remarques sur la diffusion des rayons X dans les smectiques A[END_REF] of the Bragg peak, as given by 𝐼(𝑄)~|𝑄 -𝑄 / | ^_`a for samples consisting of randomly oriented domains. [START_REF] Safinya | Steric interactions in a model multimembrane system: A synchrotron x-ray study[END_REF] The exponent h is a function of the peak position, 𝑄 / = 2𝜋 𝑑 ⁄ (where d is the periodicity), and of the two elastic constants 𝐾 = 𝜅 𝑑 ⁄ and 𝐵 " of the smectic phase:

𝜂 = 𝑄 / c 𝑘 B 𝑇 8𝜋 e 𝐾𝐵 " = 𝜋𝑘 B 𝑇 2 e 𝜅𝐵 " 𝑑 ; (4) 
The observed increase of the peak width corresponds therefore to a reduction of the product 𝜅𝐵 " upon PEG addition, and hence to a decrease of the compressibility modulus 𝐵 " (since the effect on k is small; see next section). Further quantitative analysis of the peak profiles has been hampered by the too low Q-resolution (5x10 -3 Å -1 ) far from the requirement of being 2 or 3 times smaller than the width of measured profiles. Deconvolution to correct for the resolution effects showed limitations. As a consequence, the real profiles of measured peaks basically shaped by the resolution could not be obtained with accuracy hindering the Caillé exponent to be inferred. Such limitations also prevented us to go beyond qualitative conclusions concerning the second feature observed in the x-ray scattering curves, namely the variation of the intensity at small wavevectors Q. At vanishing Q, this intensity is related to 𝐵 " , according to 𝐼(𝑄 → 0) ≃ 1 𝐵 " ⁄ . The observed increase of diffuse scattering at low angles has thus been qualitatively ascribed to a decrease of 𝐵 " upon polymer addition. Further quantitative analysis was again prevented by the rather limited Q-range allowed by our laboratory SAXS setup. In conclusion and despite inherent experimental limitations preventing more robust conclusion to be drawn, the scattering patterns are altered with polymer addition with two essential features that confidently take place. Both the widening of the Bragg singularities and the additional diffuse scattering at low angles advocate for the same conclusion: with increasing PEG content the elastic compressibility modulus 𝐵 " of the doped-lamellar phase is reduced. This conclusion is in full agreement with other investigations using neutron scattering at small angles [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF] and direct force measurements [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] in the same lamellar system.

Mean bending elastic modulus k of the membrane

Solid state NMR spectroscopy is ideally suited to investigating structure and dynamics of lyotropic liquid crystals. [START_REF] Tiddy | NMR of liquid crystals and micellar solutions[END_REF][START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF] Deuterium ( 2 H) NMR is especially useful as it provides a means to measure the mean bending elastic modulus of the membranes in lamellar phases. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] The method takes advantage of the different time scales accounting for the molecular dynamics despite their complexity. Indeed, the thermal fluctuations of the membrane / water interfaces, the hydrodynamics modes of deformation, etc., operate in the range 1 µs -0.1 s in a lamellar phase, at much slower time scales than internal molecular motions and conformational changes in the amphiphilic molecules constituting the bilayers (in the range 1 ps -10 ns). [START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF][START_REF] Dufourc | Dynamics of phosphate head groups in biomembranes. Comprehensive analysis using phosphorus-31 nuclear magnetic resonance lineshape and relaxation time measurements[END_REF] By embbeding perdeuterated octanol in the bilayers of the SDS/octanol/PEG/water lamellar mesophases, the 2 H NMR spectrum reflects the motions experienced by the molecular segments to which the deuteron is attached, and molecular order is monitored through the orientation of individual C-D bond directions along the aliphatic octanol chain. NMR spectra are thus sensitive to the orientationally averaged order at the labelled position, and any perturbation to the degree of orientational averaging occurring over the spectroscopic time scale is reflected in the spectrum.

In the large magnetic field of 7 T, corresponding to the Larmor frequency 46.1 MHz operated by the 300-MHz Bruker spectrometer, the chemical shift range for deuterium is quite small (< 2 kHz), as well as its dipolar and scalar interactions of the order of only a few (< 5) kHz at 7 T. [START_REF] Abragam | The principles of Nuclear Magnetism[END_REF] Thus, they can be neglected in view of the quadrupolar coupling constant, which is ~167 kHz for aliphatic C-D bonds. [START_REF] Burnett | Deuteron quadrupole coupling constants in three solid deuterated paraffin hydrocarbons: C2D6, C4D10, C6D14[END_REF] Due to the tensorial coupling of the deuteron quadrupolar moment with the electric field gradient of the charge distribution of every C-D bond, the 2 H NMR line is split into a symmetrical doublet. The perturbation depends on the orientation of the electrical environment of the D nucleus with respect to the steady magnetic field of the experiment. This angular dependence is described by second-order spherical harmonics of Legendre polynomial of the cosine of that angle: 𝑃 c (𝜃) = _ c (3 cos c 𝜃 -1). Thus, for each C-D bond, the separation between the maxima of the corresponding symmetrical doublet -the quadrupolar splitting Dn, in Hz -is given by

∆𝜈 = 3 2 𝜈 Q ⟨𝑃 c (𝜃)⟩ (5) 
where 𝜈 Q is the static quadrupolar splitting (𝜈 Q ~167 kHz for methylene deuterons and ~177 kHz for methyl deuterons) [START_REF] Burnett | Deuteron quadrupole coupling constants in three solid deuterated paraffin hydrocarbons: C2D6, C4D10, C6D14[END_REF] and the time average of 𝑃 c (𝜃) is taken over time scales comparable to 1 𝜈 Q ⁄ . For anisotropic motions having an axis of symmetry (such as the optic axis of the lamellar domain), the averaging over azimuthal angles leads to the following expression for the splitting: [START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF] 

∆𝜈 = 3 2 𝜈 Q ⟨𝑃 c (𝛾)⟩𝑃 c (𝜃 L ) (6) 
where g and 𝜃 L are the angles made by the symmetry axis with, respectively, the C-D bond and the magnetic field direction 𝐵 t⃗ / .

In the present investigation, the samples consist of a large number of randomly oriented lamellar domains, and hence the 2 H NMR spectrum appears as a powder line shape (Pake pattern) [START_REF] Abragam | The principles of Nuclear Magnetism[END_REF] with characteristic horns (the maxima) and shoulders. Such a powder spectrum is characterized by the presence of two sets of doublets: the inner doublet, which is usually high in intensity, originates from parts of the sample in which the director is aligned perpendicular to the magnetic field, while the outer doublet, low intensity shoulders, originates from parts of the sample in which the director is parallel to the magnetic field. For lamellar mesophases, which are a uniaxial phase, the quadrupolar splitting of the inner peaks is one-half that from the outer shoulders. Owing to the foregoing, the splitting of the inner sharp peaks will hereafter be referred to as the quadrupolar splitting Dn and given by the expression

∆𝜈 = 3 4 𝜈 Q ⟨𝑃 c (𝛾)⟩ (7) 
By separating the different motional contributions accounting for the reorientation of the C-D bonds with respect to the steady magnetic field, the thermal fluctuations of the interfaces between the aqueous layers and the hydrophobic core of the bilayers lead to a quadrupolar splitting governed by the two main elastic constants (mean bending, k, and compressibility, 𝐵 " , moduli) and the smectic periodicity, d, of the lamellar phase: 64

∆𝜈 = 3 8 𝜈 Q 𝛼 w 3 1 + (𝑘 B 𝑇 8𝜋𝜅 ⁄ )ln(1 + 𝜅(𝜋 𝑎 ⁄ ) 2 𝑑 𝐵 " ⁄ ) -1x (8) 
where a is a constant that depends on the internal properties of the membrane (bilayer thickness, area per polar head, orientational order parameter of the corresponding CD2 (or CD3) group as it will be discussed in the next section) and a designates a microscopic cutoff (a molecular size parallel to the film of a few angströms). At this stage two remarks must be done. First, the additional term 𝜋𝑘 B 𝑇 y16𝐿 c e𝜅𝐵 " 𝑑 ⁄ | } that should appear in the denominator of eqn.8

(where 𝐿 ≈ 𝑑e𝜅 𝑘 B 𝑇 ⁄ ) is a cutoff length) [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF] was neglected as it amounts for less than 0.04 in the SDS/octanol/PEG/water lamellar phase with typical elastic moduli for this system: 𝜅 ≈ 2 -5 𝑘 B 𝑇 and 𝐵 " spanning the range 30 kPa down to a few hundreds of pascals [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] while the periodicity d varies from 5 to 30 nm (see previous section). Secondly, we point out that the nonknowledge of exact values of 𝐵 " does not hamper the mean bending modulus k to be extracted accurately from the evolution of the quadrupolar splitting with the periodicity (as it will be shown below), since 𝐵 " appears only as a logarithmic correction of the k dependence.

All the measured 2 H NMR spectra of perdeuterated octanol in the SDS/octanol/PEG/water lamellar phase consist of superposition of Pake powder patterns from non-equivalent deuterons at various carbon sites. A typical spectrum is illustrated in Figure 6. It comprises four overlapping powder spectra, for which the quadrupolar splitting values between the inner peaks of each doublet are noted Dna-d, and a central small peak. The most intense doublet corresponds to the methyl group CD3: it is identified from its relative intensity (~3/2 compared to all other signals) and from being the innermost doublet. Indeed, this terminal bound in the octanol molecule (8 th position along the chain) produces the smallest quadrupolar splitting Dna as it has the maximum freedom for wobbling. Because only three other splittings Dnb-d are observed, it is clear that some of them result from the overlap of close splittings from neighbored CD2 groups along the octanol chain. The assignment of the methylene resonances is proceeded from spectral simulation as shown below. With regard to the central peak, it corresponds to a degenerate doublet with the quadrupolar interaction averaged to zero because of fast molecular motions in an isotropic environment, such as in liquid solution. The resulting single narrow resonance line at the isotropic frequency corresponds to the chemical shift characteristic of the particular chemical environment of the deuterons (this observation was rendered possible thanks to the good resolution of the NMR spectrometer, even when large spectra widths were set for acquiring the deuterium solid state NMR spectra). Therefore, the small central peak, located close to the middle of the spectrum, but shifted from zero, corresponds to the chemical shift of the D2O or HDO due to the exchange of H and D in the O -D groups of perdeuterated octanol and water molecules in small amount. Figure 7 shows the evolution of NMR spectra along a dilution line at the same polymer content, cp = 10 wt.%, as in Fig. 6. The distances between intensity maxima, in frequency units, are seen to remain grossly constant independently of the membrane volume fraction, at least over its major range (0.10 < F ≤ 0.26; see also Fig. 6). However, caution must be exercised as an eventual frequency difference can be obscured by the broadening of the spectrum whether homogeneous or inhomogeneous. At low volume fraction (F = 0.10) the spectrum has an unusual shape. It consists of a narrow resonance line (attributable to HDO) superimposed upon a broad isotropic resonance, that sits on top of the usual overlapping Pake patterns observed at higher F. Nevertheless, the broad Pake patterns have a signal intensity more evenly distributed through the spectrum than it is at higher volume fractions, and the horns of the innermost doublet (corresponding to the CD3 group) appear indistinguishable. The presence of the overlapping Pake patterns is still indicative of deuterons undergoing anisotropic motional averaging due to the constrictions of the molecular environment. Around the broad isotropic resonance there is a hint of a Pake doublet spectral component, as indicated by the arrows in the figure. Overall, this part of the spectra is characteristic of hindered isotropic molecular motion. The simplest explanation, not necessarily unique, for the spectral line shape is that it arises from isotropic environment domains in the sample. Thus, the 2 H NMR spectrum would indicate the coexistence of different populations of octanol chains experiencing distinct motional environments with no molecular exchanges between them. Coexistence of two phases (isotropic and lamellar phases) is ruled out from the location of this mesophase in the lamellar region of the phase diagram, although not very far from its boundary (Fig. 1), and from the fact that the residual motional averaging experienced by the individual octanol molecules are insufficiently rapid to average to zero the deuterium quadrupolar interactions. It follows that isotropic tumbling motions, for example, of entire surfactant aggregates are slowed to the point that only anisotropic motional averaging influences the 2 H NMR spectrum. This may result from the presence of spherulites being dispersed in a lamellar matrix for mesophases close to the lamellar -isotropic phase boundary. [START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] Indeed, in a loosely packed ensemble an entire spherulite or vesicle trapped within lamellar domains might still undergo rotational tumbling, albeit at a decreased rate hindered relative to objects free in solution, but sufficient to produce overall isotropic 2 H line shapes. [START_REF] Douliez | Effect of vesicle size, polydispersity and multilayering on solid state 31 P-and 2 H-NMR spectra[END_REF] Additional considerations can be suggested. In particular, the loss of axial symmetry for very low membrane volume fractions cannot be excluded. In such cases, where the field gradient tensor is asymmetric, the powder pattern is more complicated than the usual Pake pattern. [START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Abragam | The principles of Nuclear Magnetism[END_REF][START_REF] Cohen | Quadrupole effects in nuclear magnetic resonance studies of solids[END_REF] Note that similar NMR spectra were also observed in lamellar phases with low membrane fractions, although their shapes were not discussed. These reports concern the same lamellar system but for another octanol/SDS molecular ratio and without added polymer, [START_REF] Auguste | Flexibilité et structure de deux phases lyotropes : phase lamellaire et phase de vésicules[END_REF] and a nonadsorbing polymer-doped lamellar phase. 46 With increasing polymer content, narrower quadrupolar splitting are observed. This is exemplified when comparing NMR spectra collected on lamellar mesophases at constant membrane fraction having incorporated different PEG content in their water layers (Fig. S2, Supplementary Information).

Figure 8 presents the quadrupolar splittings values inferred from the NMR spectra as a function of the smectic periodicity, d, between the bilayers, using the independent x-ray diffraction measurements performed on the same samples (see precedent section). The four sets of data, Dna-d, are analyzed using eqn.8 for each polymer content. Each set provides two fitting parameters: the mean bending modulus, k, and the constant term, a. Their values reported in Table 1 will be discussed in the next section. 1. Effect of PEG content in the water layers, cp, on the thermal fluctuations of the bilayers in the SDS/octanol/water/PEG lamellar phase. The evolution of the quadrupolar splittings of perdeuterated octanol chains is fitted as a function of the smectic periodicity using eqn.8. For each set of splittings Dna-d, as defined in Figure 6, two parameters are extracted: an effective mean bending elastic modulus, k, and a constant a related to the parameter order of CD2 (CD3) groups along the octanol chain.

Spectral simulations

As noticed in Figures 6,7,S1 the spectra contain some overlapping resonances and are hence rather difficult to analyze. Beyond the obvious signature of the methyl group CD3 giving a doublet that has the highest spectral intensity together with the narrowest quadrupolar splitting, Dna, the observation of three additional doublets only (b-d; Fig. 6) composed of rather broad peaks, suggests that they result from neighbored CD2 groups along the octanol chain. So far it has not been possible to unambiguously assign the different methylene resonances to specific chain positions. To make this assignment one would call for performing experiments on samples where the 2 H label is introduced at a specific position within the molecule. The synthesis of such selectively deuterated chains is nevertheless a difficult (and costly) chemical task. An alternative route to take full advantage of getting valuable insights from deuterium NMR is spectral simulation.

The experimental 2 H NMR spectra are modelled to a sum of 9 individual lines or contributions arising from the 8 groups constituting the perdeuterated octanol chain (the 7 methylene CD2 and the terminal methyl CD3) and an additional one from the HDO molecule. All these lines are characterized by their NMR parameters: [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR spectra[END_REF] isotropic chemical shift δiso, quadrupolar coupling constant νQ, asymmetry parameter η (axial symmetry: η = 0), amplitude (related to the integrated intensity), Gaussian/Lorentzian parameters (half-width at halfmaximum). A Lorentzian line shape was used to describe the contribution of free water molecules whereas typical Gaussian broadening of 800 Hz was applied for the resonance lines of most of the methylene groups along the octanol chain. Indeed, since the last CD2 group and the terminal methyl CD3 group have more freedom to wobble, smaller Gaussian broadening values were used (Table S1, Supplementary Information) according to the resonance line widths characterized by the spin-spin transverse relaxation time T2. Note also the various explanations advanced to interpret the broadening in terms of fluctuations in the energy and lifetime of the spin states due to the interactions between neighboring nuclei. [START_REF] Carrington | Introduction to magnetic resonance: with applications to chemistry and chemical physics[END_REF] A supplementary parameter for the apodization allows the powder pattern to be described. Following the most often used function in 1D NMR, an exponential apodization (or window multiplication) was applied with the main purpose to increase the signal to noise ratio of the data and to give greater weight to the Free Induction Decay at small time values where it has the greatest amplitude. A 60 Hz value (Lorentzian broadening) for the CD2 and CD3 groups was used during the Fourier Transformation.

Care was taken for phase and baseline correction for each of the acquired NMR spectra before proceeding to their simulation by means of the Solid line shape analysis (SOLA) and built-in TopSpin software (Bruker). Using the optimization algorithm SIMPLEX, the parameters of the different lines were systematically varied (except the line broadening for each resonance doublet that was kept constant during the iterative process of the spectral simulation) to minimize the mismatch criterion, defined in the simulation routine as the least square difference between experimental and modelled spectrum. Reliable simulations of the experimental NMR spectra were obtained as the overlap area of their lines and of the simulated ones (1 -(Sexp -Scalc)/Sexp) was found to be better than 95%. An illustration is given in Figure 9 with the corresponding parameters for the 9 lines reported in Table S1. The assignment of the methylene CD2 groups along the octanol chain, as reported in Table S1, was established following the general rule observed in lyotropic liquid crystals with averaging effects more and more effective as the distance from the membrane -water interface increases. [START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF] The larger the effective coupling constant, the closer to the polar head the methylene group. This assumption will be reexamined in the Discussion section. As already mentioned, the innermost doublet with the smallest and most intense quadrupolar splitting corresponds unambiguously to the terminal methyl CD3 group (8 th position on the octanol chain). The next larger one Dnb (the labels a-d are defined in Fig. 6) is mainly determined by the contribution of the 7 th CD2 group, although the peaks positions are influenced by the 6 th CD2 group as well (Fig. 9). The next splitting Dnc arises from the contributions of the 6 th , 5 th and 4 th CD2 groups whereas the CD2 groups closer to the polar head (3 th , 2 th and 1 st ) build the largest doublet Dnd. S1, Supplementary Information. The overlap area of these lines with the experimental ones equals to 98%.

Discussion

In this study the core experimental has been to promote a detailed investigation of how the curvature modulus of a surfactant membrane (SDS/octanol) is affected by addition of a flexible water-soluble adsorbing polymer (PEG). A wealth of information has been extracted from the deuterium NMR spectra collected in the SDS/octanol/water/PEG lamellar phase along dilution lines and as a function of polymer content both in the dilute and semi-dilute regime. While the general picture is thus quite straightforward, there are a great many additional features that require closer scrutiny. We will discuss the various issues in turn, starting with the validity of the experimental procedure. We will follow with the evolutions of k and their comparison with the theoretical predictions. Lastly, we will discuss the orientational order parameter of the deuteron groups along the paraffinic chains. From all these results one obtains insights into the structure of the fluctuating charged membranes in the presence of adsorbing polymer.

Validity of the experimental procedure

A wealth of information can be inferred from the deuterium NMR spectra (Figs. 6,7,S1). The evolutions of the quadrupolar splitting have been fitted using eqn.8 by a nonlinear least-squares method (Fig. 8) providing two fitting parameters (Table 1), the mean bending elastic modulus, k, of the membrane and the constant term a. This latter term is related to the internal molecular motions of the chains embedded in the SDS/octanol bilayer and is uncorrelated with the collective fluctuations of the films described by the bracket term in eqn.8. Indeed, in eqn.7 the term 𝜈 Q ⟨𝑃 c (𝛾)⟩ (where the time average is taken over time scales comparable to 1 𝜈 Q ⁄ ) appears as an effective quadrupolar coupling constant that is measured, and ⟨𝑃 c (𝛾)⟩ can be defined as the orientational order parameter, SCD, of the C-D bond relative to the axis of symmetry. The SCD order parameter reflects the rapid rotation about the longitudinal chain axis and a wagging motion of the chain relative to the average geometry. As illustrated in Figure 10, it originates from wobbling of the C-D bond about the angle 𝜃 I (accounting for the intramolecular motions such as trans-gauche izomerizations and librational bond motion), wobbling of the axis rotational averaging about the angle 𝜃 M (accounting for the reorientation of the molecular elongation axis with respect to the normal to the local interface, 𝑛 t⃗) and fluctuations of the entire ensemble about 𝜃 F (angle between 𝑛 t⃗ and the optical axis 𝑛 t⃗ / of the bilayer domain). These molecular motions and conformational transitions operate at different time scales. [START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF][START_REF] Dufourc | Dynamics of phosphate head groups in biomembranes. Comprehensive analysis using phosphorus-31 nuclear magnetic resonance lineshape and relaxation time measurements[END_REF] Typical correlation times are 1-100 ps for intramolecular motions (trans-gauche izomerizations, bond librations, etc.) and 1-10 ns for motions of the molecule as a whole (chain rotation of the molecule along its long axis, tumbling, chain fluctuations such as flexions, torsions, isomeric rotations). The few nanoseconds duration is also the time to take for one molecule to move past by another (diffusion coefficient of the order of 10 -6 cm 2 /s). Other molecular motions such as flip-flop in the bilayer and exchange between bilayers are estimated to be too infrequent to affect the NMR lines. [START_REF] Nakano | Flip-flop of phospholipids in vesicles: Kinetic analysis with time-resolved small-angle neutron scattering[END_REF][START_REF] Marquardt | 1 H NMR shows slow phospholipid flip-flop in gel and fluid bilayers[END_REF] With regard to the collective motions of the bilayers, the fluctuations of the interface shape, the hydrodynamics modes of deformation, etc., operate in the range 1 µs -0.1 s in a lamellar phase. The correlation times, varying by 10 orders of magnitude, reflect the complex molecular dynamics of membranes in lamellar phases. Nevertheless, the motions can be assessed as comparatively independent because of the hierarchy of time for each one. Consequently, as described extensively, if the molecular reference frame coincides with the principal axis of inertia tensor, the average of Legendre polynomial of cos 𝛾 is equal to the product of average polynomials of cosine of each component of the angle. As a result, SCD can be written as: 64

𝑆 CD = 〈 3 cos c 𝜃 I -1 2 〉 〈 3 cos c 𝜃 M -1 2 〉 〈 3 cos c 𝜃 F -1 2 〉 = 𝑆 I 𝑆 ‡ 𝑆 F (9) 
Thus, the constant term a relating the proportionality of the measured effective quadrupolar splitting Δ𝜈 to the second-rank orientational order parameter SF associated with layer curvature fluctuations (i.e. the term described by the bracket in eqn.8), is nothing but the product of the intramolecular and molecular order parameters: 𝛼 = 𝑆 I 𝑆 ‡ . Because the composition of the SDS/octanol bilayer is fixed, the product SISM is essentially independent of sample composition and interfacial curvature. [START_REF] Quist | Microstructure and thermodynamics of a lamellar phase with disrupted surfactant bilayers[END_REF] Therefore, for a deuteron group at a given position along the paraffinic chain of the octanol molecule, this quantity must remain constant. This is an important verification of the validity of the model. Our data suggest this is very nearly the case: there is a global (although non strict) invariance of the product SISM upon swelling along all dilution lines (Table 1; the deviation from constancy of this parameter is discussed below). Obviously, as the intramolecular and molecular order parameters depend both on the geometry of the octanol molecule and on the position of the deuterium nuclei, the product SISM is found to have smaller values for terminal CD3 (SISM ~ 0.046) and CD2 located at the end chain (0.164-0.190) than for CD2 closer to the hydroxyl group at the bilayer interface (0.185-0.237). This observation is also retrieved from the examination of the order parameter SCD as discussed in the latest section. Note that the aforementioned analysis does not need to assume that the angles 𝜃 I and 𝜃 M are uncorrelated, as mentioned in literature. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF] Before going further in the interpretation of the two output data sets (the term 𝛼 = 𝑆 I 𝑆 ‡ , and the bending elastic modulus k) extracted from the fits, it is appropriate to examine the parameters used in eqn.8 with scrutiny. A priori the magnitudes of two parameters are unknown: the microscopic cutoff, a, and the elastic compressibility modulus, 𝐵 " . In the theoretical framework that lead eqn.8 to be derived, the parameter a is a short-wavelength cutoff below which the continuum description fails. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] This microscopic cutoff appears as a molecular size parallel to the layers of a few angströms, that can be taken as 𝑎 ≈ √Σ with S the surface per polar head. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF][START_REF] Auguste | Flexibilité et structure de deux phases lyotropes : phase lamellaire et phase de vésicules[END_REF] From eqn.2, the area per polar head is 0.36 nm 2 for SDS and 0.26 nm 2 for octanol, leading to 𝑎 ≈ 0.5-0.6 nm. The fittings presented in Figure 8 used a = 0.6 nm for all the compositions. Note that this value appears all the more reasonable, since it lies well in the expected range 1.5 < d/a < 8 discussed in detail by Halle & Quist. [START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] To add further confidence to our results, we also fitted the dependence of the quadrupole splitting on the periodicity with smaller values for a. Such a choice increases the constant term 𝛼 = 𝑆 I 𝑆 ‡ whereas k is shifted to lower values in a nonlinear way. For instance, using half the expected value for this parameter (a = 0.3 nm), 𝛼 = 𝑆 I 𝑆 ‡ is increased by 5-10% at all cp. With regard to the effect on k, it is negligible for the polymer-free lamellar mesophases (about 1 % decrease) but can amount up to 20-30% decrease for the polymer doped-lamellar samples. Assigning exact magnitudes to the elastic compressibility modulus, 𝐵 " , for the polymerdoped lamellar is not an easy task. The best would be to resort to experimental data measured by independent techniques in the same way we did for getting the periodicity of the lamellar stack by SAXS (Figs. 2,3). Actually, in the literature, one can find some experimental reports of 𝐵 " measurements for the same lamellar system, by means of dynamic light scattering, [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] neutron scattering, [START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] and SFA. [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] Nevertheless, these data are scarce and do not cover the entire lamellar domain investigated (Fig. 1). Therefore, we used them as guidelines to supplement the theoretical framework which has also its own limitations. As shown by direct force measurements (SFA), the electrostatic contribution is the dominant interaction stabilizing the lamellar phase of the SDS/octanol/water/PEG system [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] For rigid charged planes (surface charge area S) separated by counterions only in water (no added salt), analytical meanfield expressions for the inter-membrane potential has been derived and hence the elastic compressibility modulus 𝐵 " of the smectic stack is known: [START_REF] Cowley | Measurement of repulsive forces between charged phospholipid bilayers[END_REF] 𝐵 " Š‹ = 𝜋𝑘 B 𝑇 2𝐿 B 𝑑 (𝑑 -𝛿) ; OE1 -

6 𝑑 • + 24 𝑑 •c + ⋯ • (10a) 
where 𝐿 B = 𝑒 c /(4𝜋𝜀 / 𝜀 ' 𝑘 B 𝑇) is the Bjerrum length of the solvent (≈0.7 nm for water at room temperature). With 𝜆 = " c•-- the Gouy-Chapman length for monovalent counterions, the correction terms ( _ T = š ˜^› ≪ 1) in eqn.10a can be neglected in our system (l ~ 0.2 nm with S ~ 1 charge/nm 2 ) for most of the investigated lamellar mesophases. Remarkably, 𝐵 " Š‹ determined by the counterions pressure in the mid-plan does not depend on the surface charge to leading order. For swollen lamellar structures of large periodicities (𝑑 ≫ 𝛿) 𝐵 " Š‹ scales as 𝑑 ^c.

However, the spatial correlation of the counterions near the membrane leads to an attractive contribution to the electrostatic intermembrane interaction, lowering the effective elastic compressibility modulus: [START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] 𝐵 "

•ž•Ÿ = 𝐵 " Š‹ w1 - 3 2 Ξ 𝑐 𝑑 • x (10b) 
where

Ξ = -- š = c•-- ¡ "
designates the coupling parameter that expresses the interaction energy between two counterions a distance l apart relatively to the thermal energy, and

𝑐 = 𝜁(3) 4𝜋 c + 𝜋 4 + ln £𝑑 • 𝜋 ⁄ ¤ ⁄ ⁄
is a slowly varying function with 𝑑 • (with the Riemann function 𝜁(3) ≈1.202). With a moderate coupling parameter Ξ ≈3 for this lamellar system, the negative contribution is important (Fig. 11), amounting for 60% at high membrane fractions (such as those with d ~ 7 nm), dropping to 22% upon swelling (d = 22 nm), but being never negligible (15% correction at d = 33 nm). Note that the corrections to the mean-field contribution remain of the same order even if the counterion dissociation rate of the SDS polar heads is affected by PEG adsorption at the water/bilayer interface. For illustration, for a stack of bilayers with a halved surface charge, 𝐵 " Š‹ would drop by 6% and the additional negative correction to meanfield would still be -18% at d = 22 nm.

When the membranes undulate due to their flexibility, the steric hindrance of a membrane bound between two neighbors induces an entropic repulsion as first shown by Helfrich, [START_REF] Helfrich | Steric interaction of fluid membranes in multilayer systems[END_REF] and is given by

𝐵 " ¥¦ § = 9𝜋 c (𝑘 B 𝑇) c 64𝜅 𝑑 (𝑑 -𝛿) 2 (11) 
For the present system with highly charged membranes and with bending modulus 𝜅 ≅ 2 -4 𝑘 B 𝑇 the contribution is at most 10% of the electrostatic compressibility modulus at high membrane fractions (such as those with d ~ 7 nm) and can safely be neglected upon swelling (the contribution drops to less than 2% at d ~ 20 nm) [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] since the steric hindrance scales as 𝑑 ^; (Fig. 11).

A guest hydrosoluble polymer in the interlayer spacing separating the membranes mediates their interaction and hence the elastic compressibility modulus. The experimental framework of our investigation is for an average thickness of solvent in between two adjacent bilayers (d -d) larger than the radius of gyration of the polymer. Because no significant squeezing of the PEG macromolecules is expected, two theoretical cases only are hence called for: dilute and semi-dilute 3D solutions of flexible macromolecular chains confined between membranes. Most of the effects of adding homopolymer to a lamellar phase have been investigated theoretically through additive models in which the polymer-mediated interaction is added to the interactions already present in the lamellar phase. Thus, the polymer is regarded as producing an interlamellar interaction which is a function of the layer spacing, the amount of added polymer, and depends on the nature of the polymer-bilayer interaction.

For water soluble adsorbing polymers on bilayers, scaling laws allowed the free energy to be calculated, and a criterion was established for predicting either homogeneous good admixture of polymer and surfactant or conversely segregated patches of polymer inside the solvent layers. [START_REF] De Gennes | Interactions between polymers and surfactants[END_REF] Unfortunately, these results lack precise numerical coefficients. Other theoretical works used the basis of additive models for investigating the effects of incorporating adsorbing polymers to lamellar phases mainly with the purpose of phase diagram determination. [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF] To the best of our knowledge no analytical expression of the polymer contribution to the smectic compressibility has been proposed so far in the case of adsorbing polymers. The less complex situation of confined polymer solutions with nonadsorbing flexible macromolecular chains can be used as a theoretical guide for predicting the evolution of 𝐵 " .

Thus, for water soluble nonadsorbing polymers confined between incompressible and uncharged bilayers, equivalent to hard slits, the polymer free energy within the lamellar stacking was shown to depend on the confinement regime, [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF][START_REF] De Gennes | Statistics of macromolecular solutions trapped in small pores[END_REF] with a polymer contribution to the smectic compressibility given by: [START_REF] Ligoure | Smectic compressibility of polymer-containing lyotropic lamellar phases: An experimental tool to study the thermodynamics of polymer confinement[END_REF] 𝐵 " pol ≅ -4𝑘 B 𝑇𝑁 _/¬ 𝑑 𝑏(𝑑 -𝛿) ; 𝑐 p ®1 + log ¯𝑐p 1 -2𝑏𝑁 ;/¬ 𝑑 -𝛿 °±c

(12a)
for dilute solutions of polymer retaining their average 3D coil conformation (N is the polymerization index and b the monomer size; eqn.12a is valid for solvent thickness 𝑑 -𝛿 larger than the polymer coils of radius 𝑅 F = 𝑏𝑁 ;/¬ ), and:

𝐵 " pol ≅ -1.57𝑘 B 𝑇 𝑑 𝑏(𝑑 -𝛿) ; 𝑐 p ;/2 (12b)
for semi-dilute solutions of polymer where chains overlap but remain unsqueezed (eqn.12b is valid for solvent thickness 𝑑 -𝛿 larger than 𝑏/𝑐 p ;/2 ). The contribution of the polymer to the elastic compressibility modulus is always negative arising from the combination of the usual osmotic pressure and depletion of macromolecular chains near each surface. Although these additive models have serious shortcomings as recognized by those authors [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF][START_REF] De Gennes | Interactions between polymers and surfactants[END_REF][START_REF] De Gennes | Statistics of macromolecular solutions trapped in small pores[END_REF] and others who pointed out coupling effects by exploring the polarization and dielectric properties, [START_REF] Netz | Neutral and charged polymers at interfaces[END_REF][START_REF] Croze | Nonadditivity of polymeric and charged surface interactions: Consequences for doped lamellar phases[END_REF][START_REF] Schlaich | Water dielectric effects in planar confinement[END_REF] we used this simplified theoretical framework for estimating the effective elastic compressibility modulus of the polymer-doped lamellar mesophases as 𝐵 " = 𝐵 " •ž•Ÿ + 𝐵 " ¥¦ § + 𝐵 " pol (13) where the electrostatic 𝐵 " •ž•Ÿ and undulation 𝐵 " ¥¦ § contributions are given respectively by eqns.10a,b and 11 assuming they are not affected by the presence of polymer in the water layers and at the bilayers interfaces, and the polymer contribution 𝐵 " pol is given by eqns. 12a,b (with a monomer length b = 0.35 nm for PEG [START_REF] Hansen | Osmotic properties of poly(ethylene glycols): Quantitative features of brush and bulk scaling laws[END_REF] ) depending on the polymer confinement regime. As illustrated in Figure 11, these components contribute differently to the total effective elastic compressibility modulus at varying solvent intermembrane thicknesses. Even if eqns.12 are valid for nonadsorbing polymers only, we used them for calculating 𝐵 " in eqn.8 as so far no other theoretical analytical expression has been proposed in the literature. Fortunately, the lack of knowledge of exact values or the departure from adequacy to the real experimental situation does not hamper the mean bending modulus k to be extracted accurately from the evolution of the quadrupolar splittings with the periodicity since 𝐵 " appears only as a logarithmic correction of the k dependence. This also explains why similar output values of k were obtained (within 5%) along the dilution line at cp = 3.8 wt.% (close to the crossover cp* = 4.1 wt.%) using either eqn.12a or eqn.12b despite the fact that these expressions are in fact strictly valid far from the crossover concentration. , as given by eqn.8, is a decreasing function of the periodicity d and an increasing function of the bending elastic modulus k (Fig. 12). At a given concentration (illustrated in Figs. 12a,b for cp=10 wt.%), the values of the quadrupolar splittings, Dn, will remain all parallel upon a change in the parameter a. Nevertheless, it can be noted that the shape of the profiles is very dependent of the periodicity d (or membrane volume fraction F) as indicated by their nonlinear dependence (Fig. 12b), whereas the shape profile is less affected by cp at constant membrane fraction (Fig. 12c). The curvature and shape of the Dn profiles determine the sets of the two parameters a and k inferred from the fits to the experimental data using eqn.8. As already mentioned, Table 1 shows that the parameter a cannot be held strictly constant over the cp range. For instance, along the dilution line in the absence of polymer (cp = 0) the quadrupolar splitting Dnd of the large peaks are well fitted by a = 0.237 ± 0.010 and k / kBT = 2.70 ± 0.25, a bending elastic constant value that appears in good agreement with what was found previously for the same system. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF] Based on this solid result, one would have expected that the same parameter a = 0.237 ± 0.010 could be used for describing the other dilution lines upon polymer addition. Unfortunately, the fits are poor due to the Dn profile shapes, which are mainly determined by k. The same observation is made if one uses the a-parameter inferred from the fit along the dilution line at cp = 10 wt.% (or other cp) to compel the fit at cp = 0. As a consequence, the framework that assumes the invariance of a over the cp range is to be abandoned. The relaxed constraint leads nevertheless to a small variation in a : it is less than 15% compared to the polymer-free values, only 7% compared to the dilute regime and no more than 3% over the semi-dilute regime. The small variation observed for the parameter 𝛼 = 𝑆 I 𝑆 ‡ is likely related to the inhomogeneities built at the membrane interface when PEG adsorbs. Indeed, eqn.8 is theoretically derived with the assumption that the internal properties of the film (intra and intermolecular ordering) remain unchanged upon composition. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] This is clearly not the case with nonuniform interfacial curvatures and heterogeneous lateral distributions of charged surfactant SDS and uncharged octanol molecules over the bilayers when PEG macromolecular chains favor local segregation along the interface. These features are discussed in the last section reporting the evolution of the orientational order parameter. 

Effect of polymer addition on the curvature elasticity

With its intrinsic noninvasive probes, deuterium solid state NMR allows the mean bending elastic modulus of the membrane, k, to be determined with accuracy from the quadrupole splittings of the perdeuterated octanol molecules embedded in the bilayers. The method is based on the fact that the quadrupole splittings, Dn, are governed essentially by the director fluctuations of the single-bilayer interface. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] Figure 8 shows that the dependence of Dn on the smectic periodicity, d, can indeed be described in a consistent manner for all the dilution lines investigated in the polymer-doped lamellar phase diagram. This result was obtained despite possible covariance of Dn with the two parameters needed in eqn.8 for fitting the data, namely the microscopic cutoff, a, and the elastic compressibility modulus, 𝐵 " , as discussed in detail in the preceding section. Confidence in the fitting outputs is also reinforced by our dual analysis of the NMR spectra. Not only effective ka-d values are extracted from each d-dependence of the raw quadrupolar splittings Dna-d measured in the overlapping Pake patterns following the same method as used by others, [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] but effective k1-8 values are also obtained for each deuteron group after deconvolution of these Pake patterns through numerical simulations of the NMR spectra (Fig. 9). Both methods lead to similar trends regarding the evolution of the magnitude of all these effective bending rigidities upon polymer addition as shown in Figure 13.

Figure 13. Variation of the effective mean bending elastic modulus of the SDS/octanol bilayer with the PEG content, cp, in the water layers of the polymer-doped lamellar phase. The curvature rigidity is extracted by fitting the dependence of the quadrupole splittings with the smectic periodicity, d, along dilution lines at constant cp using eqn.8 (see Fig. 8). For each set of quadrupolar splittings Dn an effective bilayer bending rigidity is obtained. Left: ka-d related to the evolution of the four splittings Dna-d defined in Fig. 6 and reported in Table 1. The lines are guides for the eyes. Middle: k1-8 related to the evolution of the splittings assigned respectively to the 7 methylene CD2 groups and the terminal methyl CD3 group of the perdeuterated octanol chain in the NMR simulation spectra (see Fig. 9). Right: The intrinsic mean bending elastic modulus of the SDS/octanol bilayer, k, is the one related to the CD2 methylene groups located in the vicinity of the membrane interface; here the uncertainties in k are obtained by averaging the results inferred by the two methods.

It is clear that the effective bending elastic moduli inferred from the evolution of Dn for each deuteron group cannot all represent the intrinsic curvature elasticity of the membrane. We recall that the splittings are governed by the short-wavelength layer fluctuation modes. [START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] Therefore these undulations have a smaller impact on the motions for terminal segments located in the mid-plane compared to segments of the octanol chain buried less deeply in the bilayer and located closer to the interface. This is due to a less stringent steric hindrance in the central region of the bilayer where the terminal methyl CD3 group and the (two) last methylene CD2 groups of the octanol chain have more freedom to wobble. As a consequence the effective values ka,b inferred from the overlapping Pake patterns, and those k6-8 inferred from the de-Paked spectra cannot be totally reflective of the bending elasticity the membrane is exposed to its interface fluctuations. Only, the effective values related to the methylene groups at the top extremity of the octanol chain and thus located in the vicinity of the bilayer -solvent interface correspond to the intrinsic mean bending elastic modulus, k, of the membrane. Within this framework, both methods give similar results and conclusions.

For the free-polymer lamellar phase with an octanol/SDS molar ratio A/S = 2.7 in the membranes, the elastic mean bending modulus is k = 2.65 ± 0.25 kBT, a value in good agreement with the measurements reported at a close A/S = 2.6 for the same system (depending on how the fit was proceeded, k/kBT was reported to be 2.7 ± 0.5 or 2.3 ± 0.5). [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF] Compared to the curvature elasticity of the free-polymer lamellar phase, the polymeric shift in the mean bending elastic modulus is small (comparable to kBT) but measurable thanks to our thorough experimental investigation. The most remarkable result is the difference between dilute and semi-dilute regime. In the dilute regime, no (or small) polymer contribution to k is noted within the experimental resolution (≤ 0.3 kBT). In contrast, the membrane rigidity increases steadily upon polymer addition once the crossover concentration is exceeded. The mean bending elastic modulus becomes k = 4.35 ± 0.3 kBT at cp = 10 wt.% (Fig. 13), signaling a 60% increase in the membrane rigidity compared to the bare surfactant bending modulus. The paucity of experimental reports about the effect of incorporating neutral watersoluble polymers on the bending rigidity of a lamellar phase makes difficult any profound comparison with our own data. For the same polymer-doped lamellar phase, only one composition was investigated by dynamic light scattering due to difficulties in aligning the samples homeotropically. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] Moreover, the lack of experimental data close to zero for the projection of the scattering wavevector to the normal to the layers, induces a large uncertainty in the inferred value of the curvature modulus, as the report pointed it out honestly. [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF] The same authors used also small-angle neutron scattering for measuring the Caillé parameter, [START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF] but the curvature modulus could not be extracted independently since the product 𝜅𝐵 " is inferred only (eqn.4). 68 To the best of our knowledge deuterium NMR was used for measuring k in another polymer-doped lamellar phase only. [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] The report concerned the semi-dilute regime experienced by a neutral water-soluble flexible nonadsorbing polymer. It was found that k remains constant or at least its shift is negligible (much less than the thermal energy) as the polymer contribution to k was below the experimental resolution. To prevent the default context from showing up too restrictive, we would like to mention that a wealth of different behaviors has been observed when polymer is added into disordered membrane systems such as sponge phases and microemulsions. We will not discuss them further in detail since their experimental framework is somewhat distant from our present lamellar system. The point here is to draw the attention to the complexity and to the variety of polymeric shifts in the membrane curvature elasticity (increased bending rigidity versus increased membrane flexibility) by two illustrations with the same water-soluble adsorbing polymer (PEG) as used in this present report. For the SDS/hexanol/brine sponge phase, the bending elastic modulus of the membrane is increased upon PEG addition, [START_REF] Iñiguez-Palomares | Effect of polymer on the elasticity of surfactant membranes: A light scattering study[END_REF] but is decreased if the brine solution is a water-glycerol mixture. [START_REF] Maugey | Effect of adsorbed and anchored polymers on membrane flexibility: A light scattering study of sponge phases[END_REF] For the aerosol OT/water/isooctane microemulsion, two opposite conclusions were reported about the effect of PEG addition on the membrane flexibility. [START_REF] Meier | Kerr effect measurements on a poly(oxyethylene) containing water-in-oil microemulsion[END_REF][START_REF] Bellocq | Phase equilibria of polymer containing microemulsions[END_REF] For completeness, let us briefly mention that the persistence length of the macromolecular chains may also modify their concentration profile by orientation depletion [START_REF] Auvray | Solutions de macromolécules rigides : effets de paroi, de confinement et d'orientation par un écoulement[END_REF][START_REF] Kékicheff | Measurement of depletion interaction in semi-dilute solutions of worm-like surfactant aggregates[END_REF] and affect the membrane curvature elasticity (for illustration, the insertion of a rigid triblock peptide in a nonionic lamellar phase was shown to increase k linearly with peptide concentration [START_REF] Tsapis | Modification of the elastic constants of a peptide-decorated lamellar phase[END_REF] ). Hence, depending on the polymer behavior and on its adsorbing or non-adsorbing tendency towards the surfactant, the bending rigidity of the membrane has been found experimentally to be affected in different and contrasted directions.

The modification of the membrane rigidity has been theoretically addressed in a number of cases. Through a microscopic level analysis, it was suggested that k is determined primarily by the conformational entropy of the alkyl surfactant chains rather than by the electrostatic interactions associated with the polar heads. 100 In this model, a strong dependence of k on the bilayer thickness d and the surface per polar head S was suggested: 𝜅 ∝ 𝛿 ¸ Σ ¹ ⁄ where 𝑛 ≈ 2 -3 and 𝑝 ≈ 5 are numerical coefficients. 101 The evolution of k measured in the polymer-doped lamellar system (Fig. 13) cannot be explained by this model, as d shrinks by ~4% upon polymer addition (Fig. 4) and S remains constant or rather increases if one considers some lateral spreading of amphiphilic molecules along the bilayer interface due to the adsorption of macromolecular PEG chains. Among other possible reasons for an increase of k is the control of the membrane undulations by the electrostatics. Indeed, when electrostatic interactions of fluctuating charged lamellar phases combine with the entropic-driven Helfrich interactions, the out-of-plane fluctuations are reduced and the bending constant is renormalized. 102 Our experimental system belongs to the Gouy-Chapman regime since the solvent thickness is part of the length scales hierarchy l < d -d < lD where l ~ 0.2 nm is the Gouy-Chapman length (see above) and lD ~ 50-80 nm is the Debye screening length. Thus, k is predicted to increase as ~ 0.12 kBT (d -d)/LB while being independent of the surface charge density. 103 In contrast, our experimental results do not show any linear dependence of k on d. Inapplicability of the theory arises from several limitations. Firstly, as pointed by the authors, 103 the theoretical framework of a uniformly charged surface becomes unrealistic when the intermembrane separation becomes comparable to the typical distance between charges in the membrane (~√Σ): the discreteness of the charges must be considered. Secondly, the nonuniform interfacial curvature of the fluctuating membrane favors an heterogeneous distribution of charged surfactant SDS and uncharged octanol molecules over the bilayers. This local segregation is also favored as the bilayer is made by a mixture of two amphiphiles having different chain lengths and different polar groups (see for example the studies to understand the existence of lyotropic nematic phases 104-106 that evidenced a partitioning of surfactant and alcohol molecules within oblate (disk-like) aggregates allowing their stability 107,108 ). Most likely the surfactant has a higher probability of moving to the higher curvature parts whereas the octanol molecules will rather reside in the flattened or lower curvature of the bilayer interface. In presence of adsorbing PEG at the bilayer -solvent interface, the macromolecular chains affect further the heterogeneous distribution of the two amphiphiles over the bilayer, and consequently inhomogeneous surface charge density is likely reinforced. The last argument advocating for the inadequacy of using the aforementioned scaling law in polymer-doped lamellar phases is the polarization and local dielectric response arising from the presence of dissolved macromolecules in the interlayer solvent. [START_REF] Netz | Neutral and charged polymers at interfaces[END_REF][START_REF] Croze | Nonadditivity of polymeric and charged surface interactions: Consequences for doped lamellar phases[END_REF][START_REF] Schlaich | Water dielectric effects in planar confinement[END_REF] It was shown theoretically that the way of how polymers interact with the membranes affects the curvature moduli of membranes differently. Thus, end-grafted polymers increase the elastic rigidity of the membrane [START_REF] Milner | Bending moduli of polymeric surfactant interfaces[END_REF]109,110 whereas nonadsorbing polymers are expected to decrease k by a fraction of the thermal energy. [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF] The intermediate situation of adsorbing polymers has appeared more complex with contrasting and widely differing results. A rigidification of the interfaces was predicted by de Gennes but the increased shift of k was not calculated quantitatively. [START_REF] De Gennes | Interactions between polymers and surfactants[END_REF] Built on this pioneering work, different authors investigated the delicate balance between osmotic, stretching and surface contributions. In the case where the flexible polymer homogeneously and reversibly adsorbs onto the surfactant bilayer without penetrating it, the calculations derived at the mean-field level or with a scaling approach both lead to a decrease in the mean bending elastic modulus. [START_REF] Brooks | Role of adsorbed polymer in bilayer elasticity[END_REF][START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF][START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] The predicted negative shift in k is nevertheless small, being a fraction of the thermal energy (for the present work it would be around -0.3 kBT). The mean-field theory was also used to investigate the curvature elasticity of an irreversibly adsorbed polymer. [START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF][START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] It was assumed that the total adsorbed polymer amount remains constant when the membrane bends but that the chain conformations inside the adsorbed layer reequilibrate freely. In the case of no free polymer in the bulk, the irreversibly adsorbed layer appears stiffer, and the shift in k is reduced, becoming extremely small, but still negative. [START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF] It was nevertheless noted that if the irreversibility is stronger, for instance with a loop distribution or a number of monomers in contact with the surface becoming frozen, the polymer contribution to the bending elastic modulus can eventually become positive as for a polymer brush. [START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF] The same conclusion was also found with models that allow for the presence of polymers in the bulk region. [START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] Note that in all these theoretical models, only loops at the interface were considered and the contribution of the tails was neglected. Furthermore, the calculations were developed in the context of the mean-field theory used, where fluctuations as they occur in a good solvent are not incorporated properly. Despite inherent limitations, the latter theoretical models are not too far off the actual situation concerning polymer-doped lamellar phases. The stiffening of the membrane is in agreement with what one would expect according to the prediction of de Gennes proposed three decades ago. [START_REF] De Gennes | Interactions between polymers and surfactants[END_REF] Finally, our experimental results are consistent with the most recent theoretical expectations. In the semidilute regime especially, when adsorption becomes larger than the equilibrium amount, i.e. adsorbing polymers are forced onto the membrane surface, a positive contribution to the rigidity curvature occurs in the polymer-doped lamellar phase: the mean bending elastic modulus increases.

Orientational order parameter of the deuteron groups Order parameters have a considerable value in the description of bilayers properties. So far, the NMR spectra have been discussed with the main focus of describing the collective motions of the bilayers with their fluctuations of the interface shape. It was already mentioned that the different methylene groups of a deuterated chain can be distinguished according to differences in the motional averaging of the static quadrupolar coupling of their C -D bonds, 𝜈 Q ⟨𝑃 c (𝛾)⟩. The hierarchy of time scales (explicitly recalled above) reflect the chain deformations and swinging along the local normal to the fluctuating membrane interface (Fig. 10). The measured quadrupolar splittings are then directly proportional to the orientational order parameter SCD according to |𝑆 CD | = ⟨𝑃 c (𝛾)⟩ (eqns. 7 and 9) of the C -D bonds, as they reflect the wobble relative to the average geometry. [START_REF] Tiddy | NMR of liquid crystals and micellar solutions[END_REF][START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF] Only the absolute value of the order parameter can be determined directly (0 ≤ |𝑆 CD | ≤ 1). However, for geometrical considerations it can be assumed that the CD2 order parameter of an amphiphile molecule in a lamellar aggregate is negative. [START_REF] Tiddy | NMR of liquid crystals and micellar solutions[END_REF][START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF] For each carbon-deuterium bond at the labelled site, SCD represents an average over all the different conformations and environments which are accessed by the molecule on the NMR timescale:

𝑆 CD = ∑ 𝑃 ½ 𝑆 CD ½ ½
where Pi is the probability of conformation i. As illustrated in Figure 9, computer simulation of the NMR spectra composed of a superposition of powder spectra for each of the inequivalent 2 H-labelled sites greatly assisted in the interpretation and peak assignments (this will be reexamined below). The octanol methylene and methyl order parameters extracted from NMR spectra (Figs. 6,7,S1), that were de-Paked by means of simulation (Fig. 9), are shown in Figure 14 for different dilution lines with constant polymer content, cp, in the water layers, and when water is progressively replaced by increasing PEG content. In all the curves, the order parameters pertaining to the different deuteron groups are evaluated from the simulated de-Paked spectra (as illustrated in Fig. 9). The methylene groups of the octanol chain are numbered starting from the polar head group (see the main text for the assignment).

The shape of the curves drawn through the deuterium order parameters resemble those observed for amphiphilic molecules embedded in a bilayer. [START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF] It indicates that there is a flexibility gradient along the alkyl chain governed by steric hindrance with the neighboring amphiphilic molecules in the bilayer. The steric interactions constrain the alkyl chains in such a way that the orientational disorder cannot increase along the chain as it would for an isolated chain, 111 except for the last segments near the center of the bilayer (those near the terminal CD3) which are less confined and can undergo far more motional averaging with relieved steric restrictions. The chain-chain interactions manifest themselves in the characteristic plateau in the variation of the order parameter with chain position (with a plateau level in agreement with alkyl chains of surfactants and alcohols embedded in bilayers of La phases [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Tiddy | NMR of liquid crystals and micellar solutions[END_REF][START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF][START_REF] Auguste | Flexibilité et structure de deux phases lyotropes : phase lamellaire et phase de vésicules[END_REF]112,113 ). This restriction to chain mobility is the reason why the methylene groups near the membranewater interface have very nearly the same quadrupolar splitting and lead to overlapping doublets. Conversely, for those closer to the central region of the bilayers, the increased freedom to wobble leads to smaller quadrupolar splittings and hence smaller order parameters. Nevertheless, the expected more resolved quadrupolar splittings are not fully realized as the octanol chain is shorter than the SDS alkyl chain and steric restrictions remain somewhat stringent enough. Note that the strong decrease of the methyl orientational order parameter arises also partly from a 1/3 additional reduction due to the random rotation of the tetrahedral CD3 group around its threefold axis making an angle of ~109° between the C -D bond and the C -C axis ( |(3 cos c (109°) -1 ) 2 ⁄ | = 0.33). [START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Burnett | Deuteron quadrupole coupling constants in three solid deuterated paraffin hydrocarbons: C2D6, C4D10, C6D14[END_REF] Before going further in the discussion about the effect of the polymer-doped lamellar composition (membrane faction and polymer content) on the order parameter profile, caution must be exercised about the assignment of the methylene groups along the octanol chain. This assignment was made by assuming that the orientational order parameter decreases steadily as the distance from the membrane -water interface increases, i.e. on going from the polar end towards the methyl end group of the octanol chain. This trend is general and was observed for alkyl chains of surfactant molecules in lamellar phases [START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF] and for octanol embedded in potassium oleate bilayers. 112 However, a few reports have shown that the monotonous decrease of the order parameter is not always valid for 1-alcohol molecules acting as cosurfactants in bilayers. Deuterium NMR [113][114][115][116][117] and numerical simulations 118 have reported that the order parameter profile may show a maximum depending upon the chain length, the concentration of the solute, the temperature, and the extent of bilayer hydration. In the case of irregular variation of the order parameter the upper deuterons groups next to the polar head are usually the only ones to be concerned. Thus, for octanol molecules embedded in membranes, the a-CD2 and b-CD2 order parameters may present slightly smaller magnitudes than the plateau level. 116,118 Among different suggestions, this decrease has been interpreted as resulting from hydrogenbonding of the hydroxyl group of the 1-alkanol with either the neighboring polar groups or the water molecules, or even with the neighboring acyl chain carbonyls in phospholipid systems. This results in a tilt of the hydroxyl group away from the local bilayer normal and in an increased probability for orientations of the upper methylene segments closer to the magic angle, 54.7°, which according to eqn.7 reduces the order parameter. Interestingly, in DMPC bilayers, the octanol order increases as the octanol concentration raises, but decreases if the hydration increases. 116 Concomitantly, higher lipid hydration rubs away the irregular variation of the order parameter. These observations underline the complexity of behaviors at the membrane interface governed by the different chemical nature of the two amphiphiles (having different chain lengths and different polar groups), their intermolecular interactions and their interactions with the water molecules and the counterions. For the polymer-doped lamellar phase, further intricacies occur with the presence of adsorbing macromolecular chains. Some PEG brands may intercalate in the vicinity of the SDS polar heads due to their favorable affinity [START_REF] Cabane | Structure of some polymer-detergent aggregates in water[END_REF][START_REF] Cabane | Organization of surfactant micelles adsorbed on a polymer molecule in water: a neutron scattering study[END_REF] inducing a lateral expansion in some parts along the bilayer interface. It is therefore likely that fine details of the order parameter profile are smoothed out in view of the subtle balance of the different effects. Obviously, CD2 assignment and order parameter profiles can be completely and unambiguously determined only if selectively deuterated compounds are used. However, for allowing comparison between mesophases with different compositions in membrane and in polymer content, all the order parameter profiles are presented in the following with the same reasonable assumption (and in agreement with most reports) that the |𝑆 CD | values decrease monotonically along the alkyl chain as the distance from the membrane -water interface increases. Thus, the exact order of the points in the order parameter profile among methylene segments numbers 1 to 3 may be debated, but is of no direct significance for the conclusions.

All the order parameter profiles appear very similar but small differences can nevertheless be observed with the composition of the lamellar mesophases. The tiny evolutions are governed by the chain packing of the polar heads that imposes steric constraints on the hydrocarbon chains reducing their individual conformational freedom. Along each dilution line at constant polymer content cp in the water layers, the evolutions of the curves exhibit two main features (Fig. 14). First, the swelling does not affect the order parameters of the terminal segments. This is expected as those reflect the behavior in the central part of the bilayer, i.e. in the vicinity of the mid-plane which is almost insensitive to the eventual changes occurring at the bilayer interface. Secondly, there is a slight downward shift of the plateau region (< 10%) characteristic of the order in the bilayers upon swelling. This observation suggests that at constant cp the free polymers in the solvent layer exert less pressure on the macromolecules adsorbed on the bilayer interface when the membrane volume fraction decreases. As a result, more curvature of the interface is favored implying a less ordered bilayer with the expansion of the lattice leading to larger conformational freedom for the hydrocarbon chains. The same evolution of the order parameters profiles is observed with increasing cp at constant thickness of the solvent interlayers (Fig. 14). Except for the terminal segments located away from the interface, which maintain similar orientational order parameter values, all the other segments of the octanol chains reduce their |𝑆 CD | with a small but significative shift (~10%). For these groups, the profiles without and with PEG are similar, but are shifted by a constant value. Remarkably, an almost stepwise decrease is observed as soon as the membrane interfaces are in the presence of adsorbing PEG macromolecules. It is followed by a smoother downward evolution when more water is replaced by PEG chains. This suggests that at a given intermembrane distance, the replacement of water by an increasing number of PEG chains induces some lateral expansion of the polar heads. As a result, the volume of the alkyl tails is likely to be distributed a little bit differently with more space in lateral directions for the upper segments of the amphiphilic molecules. An area per polar head larger in average goes hand-inhand with the thinning of the bilayer thickness, d, inferred from x-rays upon PEG addition (eqn.2; Fig. 4).

After all the data for the SDS/octanol/PEG/water system show little effect of the composition on the order parameters, except for fine feature. As they reflect the orientational order of the octanol molecules and the average curvature of the SDS-octanol / water interfaces the membrane structure is not drastically altered by the dissolved macromolecules. Our results also exclude defect formation. Indeed, two observations advocate for this conclusion. First, no diffuse scattering away from the regular diffraction peaks of the lamellar structure is noted. This is in contrast with the observations reported for the polymer-free [START_REF] Kékicheff | Crystallography of Systems with Long Periods: a Neutron Scattering Study of Sodium Dodecyl Sulfate / Water Mesophases[END_REF][START_REF] Kékicheff | Structural defects of a lamellar lyotropic mesophase: a neutron scattering density[END_REF][START_REF] Kékicheff | Phase diagram of sodium dodecyl sulfate-water system. 2. Complementary isoplethal and isothermal phase studies[END_REF] and polymerdoped [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] lamellar phase made of pure SDS bilayers without cosurfactant, in which the diffuse scattering was analyzed in terms of defects which break the symmetry of the smectic structure.

Structural defects seen as heterophase fluctuations of the structural elements (rods, ribbons, disks, etc.) of the neighboring phases were also reported for the same surfactant system in presence of alcohol (SDS/decanol/water lamellar system), but only when the alcohol/surfactant molar ratio is low (< 0.8). 119 The second argument against defect formation comes from the analysis of the quadrupole splittings. Bilayer thinning is consistent to a reduction of the effective 𝜈 Q (as observed), since the order parameter decreases with increased polar head area. Nevertheless, the CD2 bonds keep |𝑆 CD |~0.2 as alkyl chains in La phases [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Tiddy | NMR of liquid crystals and micellar solutions[END_REF][START_REF] Seelig | Deuterium magnetic resonance: theory and application to lipid membranes[END_REF][START_REF] Davis | The description of membrane lipid conformation, order, and dynamics by 2 H-NMR[END_REF][START_REF] Halle | NMR studies of lyotropic liquid crystals[END_REF][START_REF] Charvolin | Lyotropic liquid crystals: Structures and molecular motions[END_REF][START_REF] Auguste | Flexibilité et structure de deux phases lyotropes : phase lamellaire et phase de vésicules[END_REF]113,114 with a small reduction (10%) only. The decrease of the quadrupolar splittings is one order of magnitude smaller than the expected reduction if structural defects with curved topologies leading to water-continuous bilayers would form. 119-122 Indeed, with nonuniform interfacial curvatures the amphiphilic molecules access both flat and curved environments, thereby experiencing an effective 𝜈 Q , which is the average of the quadrupolar splitting of both flat and curved environments over the porous bilayers (eqns.5-7). Therefore, our measurements rule out bilayers with line defects giving rise to ribbonlike aggregates, random mesh structures, or bilayers fragmented into discrete discoidal aggregates, as well as bilayers perforated with small aqueous pores. We can also rule out localized pinching of the membrane coupled with the passage of one PEG strand across the bilayer. In such a case, the bilayer remains oil-continuous, but the order parameter should increase (due to an induced larger lateral pressure over the bilayer as was reported previously [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] ) rather than presenting the opposite trend here.

These conclusions parallel the statement noted previously, that the actual bilayer thickness is not determined by the balance between the inter-bilayer electrostatic and interfacial free energies, but rather by short-ranged lateral repulsion between the polar headgroups of the amphiphile molecules. 119 If any major modification of the SDS-octanol bilayer structure is ruled out when water is replaced by PEG, our results underline the effect on the curvature of the membrane interface. Polymer adsorption onto the bilayers induces increased polar head areas but may also deform the interfaces with local swelling of the solvent layers allowing the loss in entropy of configuration of the confined macromolecular chains to be reduced. 122 Concomitantly, the entropy of fluctuation of the membranes is reduced. This increases the mean bending elastic modulus of the polymer-doped lamellar phase since the curvature elasticity is primarily related to the fluctuation modes. Note that this crumpling effect cannot nevertheless sustain too large deformations when water is continuously replaced by polymer. Any spatial growing of local lenses of polymer will ultimately destabilize the smectic stack. A polymerinduced phase separation is undergone whereas polymer and solvent are expelled. As the SDS/octanol/PEG/water phase diagram indicates (Fig. 1), the two-phase system consists either of a lamellar and an isotropic phase present or of the coexistence between two lamellar structures with one surfactant-rich-polymer-poor phase and one surfactant-poor-polymer-rich phase.

Conclusion

Taking advantage of deuterium NMR with its noninvasive intrinsic local probe, the mean bending elastic modulus, k, of an adsorbing polymer-doped lamellar phase has been determined. The results are of particular interest as little experimental data have so far been reported in the literature for adsorbing neutral homopolymers. Thus, not only a common flexible water-soluble polymer (PEG) is concerned, but the lamellar structure is also considered as a model lyotropic liquid crystal of charged and undulating membranes (composed of SDS and octanol acting as a cosurfactant). The La system that we have studied is made of stacks of bilayers, with the bilayer thickness being ~2.3 nm, and the interlamellar thicknesses ranging from 5 to 25 nm. Having a coil size in this range (radius of gyration ~5.6 nm), the guest water-soluble nonionic PEG polymer is accommodated [START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Ficheux | Elastic properties of polymer-doped dilute lamellar phases: A small-angle neutron scattering study[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] thanks to its favorable affinity with the negatively charged SDS amphiphiles. [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF][START_REF] Cabane | Structure of some polymer-detergent aggregates in water[END_REF][START_REF] Cabane | Organization of surfactant micelles adsorbed on a polymer molecule in water: a neutron scattering study[END_REF] The purpose of this article was to report an accurate and detailed investigation for the k evolution upon polymer addition when the interlayer aqueous solvent spacing separating the membranes passes from dilute to semi-dilute solutions. Through a broad sweep of the lamellar domain in the phase diagram, by varying either the polymer concentration or the membrane fraction along dilution lines, a fairly complete picture of the membrane rigidity emerged for any location in the lamellar phase. In the dilute regime, no (or slight positive shift) polymer contribution to the rigidity curvature of the layered system was noted within the experimental resolution (≤ 0.3 kBT) and k remains around 2.7 kBT. In contrast, the membrane rigidity increases steadily upon polymer addition once the crossover concentration, cp*, is exceeded, amounting to a 60% increase in k at a polymer concentration cp ~ 2.5 cp* in the aqueous interlayers.

The robust experimental basis of this study relies on the development of a method alleviating uncertainties. Indeed, although solid state NMR spectroscopy is ideally suited to investigating the collective fluctuations of membranes in lamellar phases, from which the curvature elasticity is inferred, it relies on the description of the membrane behavior for which several parameters are called for. [START_REF] Auguste | Flexibility of molecular films as determined by deuterium solid state NMR[END_REF][START_REF] Halle | Membrane flexibility in a dilute lamellar phase: a multinuclear magnetic resonance study[END_REF] Structural ones such as the bilayer thicknesses were independently measured by x-ray scattering in this work. Other ones such as the evolutions of the elastic compressibility modulus, 𝐵 " , with membrane and polymer compositions were inferred from previous independent force measurements [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Polymers confined in lyotropic lamellar mesophases[END_REF][START_REF] Meklesh | Effect of confined polymer on the properties of lyotropic lamellar mesophases[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] and from theoretical considerations. In particular, we emphasize the importance of describing the electrostatic contribution beyond the mean-field approximation since it is the dominant interaction stabilizing the lamellar phase of the SDS/octanol/water/PEG system. [START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF][START_REF] Herrmann | Interactions between charged lamellae in aqueous solution[END_REF] To this end we would reiterate the need for such a suitable approach toward any deviations that can be potentially detrimental to reliable conclusions. Along this vein one might argue that the polymer contribution to 𝐵 " lacks theoretical predictions in the case of polymer adsorption. Fortunately, this weakness has not hampered k to be extracted accurately from the evolution of the quadrupolar splittings with the periodicity since 𝐵 " appears only as a logarithmic correction of the k dependence. Lastly, the NMR analysis of order parameters provided valuable insights onto both polymer and bilayer conformations, and allowed self-consistency in the results to be obtained. Further confidence to our results was also reinforced by numerical simulations of all the collected deuterium NMR spectra that provided a dual and accurate analysis in the fitting outputs.

The thorough analysis of both x-ray scattering experiments and NMR spectra lends support to a lamellar structure without any major modification after the incorporation of the water-soluble polymer. The PEG polymer stays entirely in between two bilayers in the solvent without fragmenting or perforating them with small aqueous pores. Possible localized pinching of the membrane coupled with the passage of one PEG strand across the bilayer [START_REF] Kékicheff | Macromolecules dissolved in a lamellar lyotropic mesophase[END_REF] is also ruled out. Nevertheless, the PEG adsorption at the bilayer -aqueous interface induces some lateral expansion of the polar heads and a concomitant slight thinning of the bilayer thickness (~6%). When water is progressively replaced by polymer, adsorbing macromolecular chains are forced onto the bilayer interfaces reducing the entropy of fluctuation of the membranes, and thereby increasing k since the curvature elasticity is primarily related to the fluctuation modes.

Therein lies the profound significance of our remarkable experimental result of an increase in the mean bending elastic modulus of an adsorbing polymer-doped lamellar phase. Our conclusions are at variance with nonadsorbing polymers incorporated in lamellar phases where invariance of k was observed (within the reported ±0.5 kBT experimental resolution). [START_REF] Bouglet | Bending moduli of a nonadsorbing-polymer-containing lyotropic lamellar phase: An experimental study[END_REF] Whether such an absence of effect is a consequence of insufficient experimental accuracy (nonadsorbing polymers are indeed expected to decrease k by a fraction of the thermal energy [START_REF] Brooks | The role of added polymer in dilute lamellar surfactant phases[END_REF] ), or the result of imperfections in the electrostatic theory used in the analysis remains an open question. Unfortunately, experimental data are too scarce in the literature for having provided a robust basis to determine trends. Here, our conclusions of membrane rigidification are consistent with the theoretical expectations in the case of irreversible polymer adsorption. [START_REF] De Gennes | Interactions between polymers and surfactants[END_REF][START_REF] Clement | Curvature elasticity of an adsorbed polymer layer[END_REF][START_REF] Skau | Mean-field theory for polymer adsorption on curved surfaces[END_REF] In the semi-dilute regime especially, when adsorption becomes larger than the equilibrium amount, i.e. adsorbing polymers are forced onto the membrane surface, a positive contribution to the rigidity curvature occurs in the polymer-doped lamellar phase: the mean bending elastic modulus increases. At this point a word of caution is in order. Short-range interactions, such as those related to polymer adsorption, are not only, and perhaps not even the main, determining peculiarities of interaction between charged undulating interfaces in the presence of macromolecules. That this seems to be the case is no cause for dismay. Effects on the surface charge distribution, spatial correlations of counterions, macromolecular chain conformations, water at interfaces, polarization and dielectric properties of the aqueous medium, curvature fluctuations of the membranes, are all mediated by the balance between reversible and irreversible adsorption of polymer chains at interfaces. Thus, at the bilayer / water interfaces the adsorption of macromolecular chains leads to inhomogeneous surface charge distributions [START_REF] Freyssingeas | Softening of the interactions between surfactant bilayers in a lamellar phase due to the presence of a polymer[END_REF][START_REF] Herrmann | Effect of Dissolved Polymer on the Elasticity and Plasticity of a Lyotropic Lamellar Mesophase[END_REF] with dramatic effects, such as the eventual reversal of the electrostatic repulsion between the membranes into an attractive interaction arising from the formation of patches along the interfaces. [123][124][125] Additional effects add to the subtle interplay of the electrostatics and counterion entropy with the ion-ion correlation effects, 126-129 the structure of liquid water close to the interfaces, 130,131 the local dielectric response and the polarization. [START_REF] Netz | Neutral and charged polymers at interfaces[END_REF][START_REF] Croze | Nonadditivity of polymeric and charged surface interactions: Consequences for doped lamellar phases[END_REF][START_REF] Schlaich | Water dielectric effects in planar confinement[END_REF] In filling the literature void with accurate data for adsorbing polymers incorporated in lamellar phases, our results can serve as a useful basis for other experimental investigations and for supplementing theoretical frameworks.

Figure 1 .

 1 Figure 1. Section at constant temperature (T = 25 °C) and membrane composition (octanol to SDS molar ratio A/S = 2.7) of the quaternary phase diagram SDS/octanol/PEG20000/water established by Ficheux et al. for polymer content up to 0.6 wt.%.[START_REF] Ficheux | Experimental study of a lyotropic lamellar phase swollen with polymer solutions[END_REF][START_REF] Ficheux | Solubilization of an adsorbing polymer in a lyotropic lamellar phase: Effect of polymer molecular weight[END_REF][START_REF] Ficheux | Étude de systèmes mixtes polymère/tensioactif en phases organisées : diagrammes de phases et interactions[END_REF] The "membrane" corner corresponds to SDS and octanol.

Figure 2 .

 2 Figure 2. Small-angle x-ray scattering for lamellar mesophases along the dilution line at constant PEG content in the water layers, cp = 7.5 wt.%, for different membrane mass fractions, Φm, spanning the range from 10 to 26 wt.%. Taking advantage of the isotropic intensity distribution of the unoriented (powder) samples irradiated under point collimation, the scattering curves are obtained by radial averaging of the 2D-scattering patterns (inset: Φm = 0.10 and 0.26). Each set of data is normalized to the peak intensity equal to unity for the first Bragg diffraction peak and plotted as a function of the wavevector Q. In each scattering curve, the positions of the three Bragg diffraction peaks are in the ratio 1:2:3 as expected for a 1-D smectic order.

Figure 3 .

 3 Figure 3. Periodicity, d, of the lamellar mesophases versus the inverse membrane volume fraction F

Figure 4 .

 4 Figure 4. Evolution of the bilayer thickness upon PEG addition in the polymer-doped lamellar phase.

Figure 5 .

 5 Figure 5. Line shape of the first diffraction order for lamellar mesophases at fixed membrane volume fraction F = 0.12 and different polymer contents. The data have been normalized with respect to the positions and intensities of the peaks. Compared to the free-polymer lamellar, the profile of the first harmonic broadens even further as one goes from the dilute (cp = 3.8 wt.%) to the semi-dilute solution (cp = 15.0 wt.%) of PEG chains in the water layers of the doped-lamellar phase.

Figure 6 .

 6 Figure 6. 2 H NMR spectrum of an unoriented lamellar mesophase of perdeuterated octanol with membrane volume fraction F = 0.26 and polymer content cp = 10 wt.% at n0 = 46.1 MHz. The spectrum is that of an axially symmetric system with quadrupolar splittings corresponding to orientations for which the symmetry axis is perpendicular to the external steady magnetic field. In the overlapping Pake powder patterns one can distinguish four quadrupolar splittings, Dna-d, of the 90° orientation and a small central peak. The most intense doublet with the narrowest splitting, Dna, is identified with the methyl group CD3. It is sitting on top of the methylene contributions whose shapes indicate the overlap of close splittings from neighbored CD2 groups along the octanol chain. The central peak corresponds to the chemical shift of the D2O or HDO due to the exchange of H and D in the O -D groups of perdeuterated octanol and water molecules in small amount.

Figure 7 .

 7 Figure 7. 2 H NMR spectra for unoriented lamellar mesophases along the dilution line at constant PEG content in the water layers, cp = 10 wt.%, for different membrane volume fractions, F, spanning the range from 10 to 26 wt.%. (see also Fig.6). The overlapping Pake patterns present the same characteristics with almost constant quadrupolar splittings Dna-d independent of F along most of the dilution line. However, close to the lamellar -isotropic phase boundary (F ≲ 0.10), the unusual shape of the NMR spectra with a broad isotropic resonance (arrows; see main text) is indicating the coexistence of two populations of octanol chains resulting from the presence of spherulites embedded in the lamellar matrix).

Figure 8 .

 8 Figure 8. Evolution of the four sets of quadrupolar splittings Dna-d with the periodicity of the lamellar structure, d, at different polymer content, cp = 0 (black); 3.8 (blue); 5.0 (green); 7.5 (red); and 10.0 wt.% (brown). The values Dna (open circles), Dnb (solid circles), Dnc (empty losanges), Dnd (solid squares)correspond to the measured splittings of the 90° orientation of the unoriented lamellar mesophases, as defined in Fig.6for NMR spectra of perdeuterated octanol. The periodicities are inferred from x-ray diffraction performed on the same samples (Figs.2,3with same colors). The error bars represent the uncertainties for the different compositions: along the d-axis they are around 0.1 nm (which leads to an error bar smaller than the size of the data points as in Fig.3), whereas the determination of the splittings is uncertain to 0.25 kHz for the well-defined doublet Dna, 0.3 kHz for Dnb, and 0.35 kHz for Dnc and Dnd due to the overlapping of the Pake patterns. The solid lines show the numerical fits to the experimental data using eqn.8 with fitting parameters for each curve reported in Table1.

Figure 9 .

 9 Figure 9. Experimental (black) and calculated (violet) 2 H NMR spectra of an unoriented lamellar mesophase of perdeuterated octanol with membrane volume fraction F = 0.260 and no added polymer (cp = 0). The contributions of the 7 CD2 and 1 CD3 powder patterns are presented in blue, whereas the isotropic resonance line of the HDO is in green. The parameters used for each of these lines in the simulated spectra are given in TableS1, Supplementary Information. The overlap area of these lines with the experimental ones equals to 98%.

Figure 10 .

 10 Figure 10. Schematic representation of the various axially symmetric motions of a perdeuterated octanol molecule embedded in a membrane. The fluctuations of the water -bilayer interface are accounted for 𝜃 F , the angle between the local normal 𝑛 t⃗ and the optical axis of the lamellar domain, 𝑛 t⃗ / . The anisotropic reorientation of the octanol molecule is described by the angle 𝜃 M between its long axis and 𝑛 t⃗. Along the aliphatic chain, each C-D bond undergoes intramolecular motions (trans-gauche izomerizations, librations) described through the variations of the angle 𝜃 I . In the 2 H NMR experiment, each lamellar domain constituting the macroscopic sample is oriented with a different angle, 𝜃 L , made by its optical axis with respect to the magnetic field direction 𝐵 t⃗ / .

Figure 11 .

 11 Figure 11. Electrostatic, undulation and polymer components that contribute to the elastic compressibility modulus 𝐵 " of a polymer-doped lamellar phase plotted as a function of the smectic periodicity, d. An additive model of these three contributions is assumed (see main text) with a polymer in the 3D semi-dilute regime in the water interlayers (cp = 5 wt.%). The system parameters are: membrane thickness d = 2.3 nm; surface charge S = 1 per nm 2 (coupling parameter Ξ ≈3); bending elastic modulus k = 4 kBT. For comparison, the mean-field Poisson-Boltzmann 𝐵 " PB is also shown: it dramatically overestimates the electrostatic contribution 𝐵 " elec by neglecting the spatial correlations of the counterions.

Figure 12 .

 12 Figure 12. (a): Quadrupolar splitting profiles, Dn, in the semi-dilute regime as a function of the periodicity, d, and of the bending elastic constant, k. The numerical calculation (eqn.8) is set for a PEG content, cp = 10 wt.%, in the water layers of the polymer-doped lamellar phase. It uses the full expression of the compressibility modulus 𝐵 " given through eqns.10-13 with parameters already all quoted in the main text: d = 2.3 nm, S = 1 charge / nm 2 , a = 0.6 nm, and b = 0.35 nm. The a parameter is set to 0.2. (b): Normalized quadrupolar splitting profiles, Δ𝜈 y ; µ 𝛼 𝜈 ¶ | } , as a function of d calculated at cp = 10 wt.% for different k values and using the same parameters. (c): Normalized quadrupolar splitting profiles as a function of cp at a lamellar periodicity d = 18 nm calculated for different k values with the same parameters (except d = 2.4 nm at cp = 0 according to Fig.4).

Figure 14 .

 14 Figure 14. Evolution of the deuterium orientational order parameter |𝑆 CD | profiles with the composition of the polymer-doped lamellar phase plotted as a function of the label position along the octanol chain. The bilayer structure is little affected upon varying membrane volume fraction, F, and polymer content cp in the water layers. A selection of |𝑆 CD | profiles illustrates the little increased disorder upon swelling along the dilution lines cp = 0; 3.8; 5.0; and 10.0 wt.% and when water is progressively replaced by PEG macromolecules with increasing cp at constant intermembrane thickness (d -d) ~ 13.6 nm (i.e. F ~ 0.14).

  

Table 1 .

 1 

	cp (wt.%)	0	3.8	5.0	7.5	10.0
	Dna	k / kBT	1.50 ± 0.15	1.60 ± 0.15	1.75 ± 0.15	1.75 ± 0.15	1.75 ± 0.15
		a	0.050 ± 0.010	0.046 ± 0.010	0.046 ± 0.010	0.046 ± 0.010	0.046 ± 0.010
	Dnb	k / kBT	1.93 ± 0.17	1.90 ± 0.17	2.70 ± 0.17	2.70 ± 0.17	2.60 ± 0.17
		a	0.190 ± 0.014	0.186 ± 0.014	0.168 ± 0.010	0.164 ± 0.010	0.164 ± 0.010
	Dnc	k / kBT	2.40 ± 0.23	2.30 ± 0.23	4.05 ± 0.23	4.00 ± 0.23	4.30 ± 0.23
		a	0.219 ± 0.010	0.215 ± 0.010	0.191 ± 0.010	0.188 ± 0.010	0.185 ± 0.010
	Dnd	k / kBT	2.70 ± 0.25	3.00 ± 0.25	4.15 ± 0.25	4.20 ± 0.25	4.40 ± 0.25
		a	0.237 ± 0.010	0.223 ± 0.010	0.212 ± 0.010	0.209 ± 0.010	0.207 ± 0.010
	Table						
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